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Abstract

Polylactide Foams Reinforced with Wood Fibers or
Microfibrillated Cellulose

Münire Orhan

The growing environmental awareness of pollution and climate change has set up new
rules and regulations, which forces the industries to seek and satisfy the demand for
more alternative and renewable products. Research has been launched for finding
novel lightweight materials for packaging, transportation and construction. Currently,
there is an interest of finding new applications of new forms of cellulose since they
offer low density and cost, renewability and biodegradability. The potential of using
nano-scale cellulose as reinforcement in novel forms of composite materials opens up
a fairly new unresearched area.

The primary goal with this project is to produce foams by composite materials. This is
a part of the large scale European collaboration project SustainComp, which aims to
develop more "green" materials. A manufacturing process similar to papermaking is
used to make completely renewable and biodegradable materials. 

In this study, a repeatable manufacturing method for foaming of wood fiber (WF) and
microfibrillated cellulose (MFC) reinforced polylactide (PLA) composites was studied
and tailored to produce thermally adapted pre-forms with an uniform dispersion. A
manufacturing process based on a wet commingling technique, was used to prepare
the pre forms with a significant drying step to avoid material degradation in the
subsequent melting and pressing steps. Furthermore, various characterizations were
carried out to get a more detailed understanding of the materials. 

The future looks promising for these types of novel materials, using this new
technique of manufacturing pre-forms. However, it requires more studies to ensure
that there is a possibility of making foams of PLA pre-forms reinforced with MFC as
with the case for WF reinforced composites.  
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Polylaktid-skum förstärkt med träfibrer  
eller microfibrillerad cellulosa 

Münire Orhan 
 
Den alltmer växande kännedomen om miljöförstöring, klimatförändringar och ökande 
oljepriser har satt upp nya miljökrav och regler för avfallshantering. På senare tid har även 
konsumenternas efterfrågan på miljövänliga och återvinningsbara produkter ökat. Detta ökar i 
sin tur trycket på tillverkarna att ta fram nya sätt att lösa problemen genom att byta ut 
konventionella material mot ”gröna” material. Forskning på nya lätta material har inletts i 
områden såsom förpackningar, transport och konstruktion. Detta har medfört att det finns 
intresse för att finna nya tillämpningar för nya former av cellulosa, eftersom det medför låg 
densitet och kostnad samt är förnybart och biodegraderbart. Möjligheten att använda cellulosa 
och framförallt cellulosa i nano-storlek som förstärkning av kompositmaterial, har öppnat upp 
nya outforskade områden.  
 
Syftet med arbetet har varit att ta fram en ny typ av kompositmaterial för skumnings-
applikationer baserade på polylaktid (PLA). Kompositerna är förstärkta med väl dispergerade 
träfibrer och microfibrillerad cellulosa (MFC). 
 
Material 
 
Polylaktid (PLA) är en biopolymer som är tillverkad av helt förnybara resurser såsom 
majsstärkelse eller sockerrör, vilket innebär att den är komposterbar. Fysikaliska egenskaper 
hos polymeren, såsom elasticitetsmodul och styrka kan skräddarsys, framförallt genom 
förstärkning av fibrer. 
 
Trä är ett förnybart och biodegraderbart material som i huvudsak består av cellulosa. 
Cellulosa är den vanligaste biopolymeren på jorden och används därför i stor utsträckning. 
För närvarande finns det ett ökande intresse att använda träfibrer som en bärande del i 
kompositer, i syfte att reducera kostnaderna och att förbättra de mekaniska och termiska 
egenskaperna.   
 
Nya former av kompositmaterial förstärkta med MFC har på senare tid uppdagats. MFC är en 
trögflytande transparant gel, där de ingående fibrillerna har en diameter mellan 10 – 20 nm. 
MFC har goda kemiska och fysikaliska egenskaper vilket möjliggör ett brett spektrum av 
kommersiell användning. Trots detta har MFC inte ännu gjort ett genombrott på marknaden. 
Det finns flera orsaker till varför. En anledning är höga framställningskostnader, en annan är 
svårigheterna att få en jämn spridning av fibrillerna i en matris. 
 
Utveckling av tillverkningsprocess 
 
En ny repeterbar tillverkningsprocess liknande papperstillverkning användes för att ta fram 
biokompositer innehållande PLA, träfibrer samt MFC. Tillverkningsmetoden som baseras på 
en våt blandningsteknik, användes för att ta fram väl dispergerade förformar. En optimal 
fiberförstärkt komposit kräver en bra mixning av komponenterna, vilket var signifikant vid 
bestämning av mekaniska och reologiska egenskaper. Framförallt vid framställning av 
förformar med MFC eftersom det även ger upphov till svåra problem med avvattning och 



retention. Även torkningssteget i tillverkningsprocessen var signifikant. Eftersom cellulosa är 
hydrofil och absorberar fukt bidrar detta till kritiska effekter på mekaniska egenskaperna.  
 
Karakterisering av kompositmaterialen 
 
Materialkarakterisering bidrog dessutom till en bättre förståelse för både reologiska och 
mekaniska egenskaper för träfiber- respektive MFC-förstärkta PLA-kompositer. Dessutom 
användes olika mikroskopitekniker för att undersöka fiberdistribution.  
 
Slutsatser 
 
I projektet utvecklades en repeterbar tillverkningsmetod för framställning av mer tidseffektiva 
träfiberbaserade kompositer. Framförallt utvecklades en ny produktionsmetod för 
framställning av MFC-baserade kompositer. Eftersom det aldrig tidigare har varit möjligt att 
tillverka MFC-förstärkta förformar, användes samma blandningsteknik som tidigare, men 
med vissa modifikationer.  
 
Studier visade en ökad viskositet och mekaniska egenskaper med en något ökad andel fiber. 
Undersökning av fiberdistributionen visade att förformar framställdes med en mer 
homogenare dispergering när olika mixningssteg introducerades. 
 
Slutligen är det i framtiden nödvändigt att genomföra flera tester för analys av kompositer 
framtagna med den nya produktionsmetoden. Framförallt för att se om det finns en möjligt att 
göra skum av MFC-förstärkta PLA-kompositer.  
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1.   Introduction 

1.1.  Background and aim 
 
One topic that affects everyone is the global environmental issue. Consumers demand on 
recyclable and light products has increased as a result of fluctuating oil prices, pollution, 
climate change and since waste management policies was updated [1]. This has lead to an 
increasing pressure on the manufacturers to steer the trend away from traditional dense 
materials, into composite technology and renewable polymers instead of non-degradable 
polymers, which are currently available on the market. A composite is a combination of at 
least two materials with different properties, where the construction material takes advantage 
of the beneficial characteristics of the constituent materials [2]. The use of polymers over 
conventional materials in various applications have increased due to advantages, such as the 
ease of processing, high productivity and substantial cost reduction [3]. 
 
The European project SustainComp is a large scale collaboration project involves 17 partners 
around Europe [4]. This project is financed by the European Commission and one of the aims 
is to develop new sustainable hybrid materials based on cellulose derived from wood for 
packaging, transportation and construction. One group of materials of special interest is 
bio-based reinforced foams, primarily based on polylactide (PLA) and wood fibers or fibrils. 
Research and preparation of samples for foaming has been performed as a collaboration 
between Innventia AB (Stockholm, Sweden) and École Polytechnique Fédérale de Lausanne 
(EPFL) (Lausanne, Switzerland).  
 
A repeatable manufacturing route similar to papermaking process was utilized to enable 
production of pre-forms reinforced with wood fibers and microfibrillated cellulose [1]. One of 
the key problems when manufacturing composite materials is commingling and 
compounding, which is the mixing of the two main constituents such as fiber and matrix. 
Studies in SustainComp have shown a way to solve this problem by using wet commingling. 
The focus has so far only been on making wood based composites. The aim now was to study 
whether there is a possibility to also make use of fibrils as a reinforcement material. However, 
composites with fibrils give rise to severe problems with drainage, retention, distribution and 
ability to achieve even dispersion. These were some of the issues that were studied, and 
finally making pre-forms which would be used for various characterizations and eventually 
foaming in an autoclave using a chemical blowing agent [2]. However, studies by foaming 
were unfortunately not possible due to complications with the autoclave.    
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2.  Theory 

2.1.  Materials 

2.1.1.  PLA 
 
Poly(lactide), (PLA), is a biodegradable and compostable polyester belonging to the aliphatic 
polyesters family derived from α-hydroxy acids [5]. PLA is a fairly brittle thermoplastic with 
high strength and modulus, making it similar to polystyrene. It is derived from renewable 
resources such as corn, sugar beets and sugarcanes, or even wheat and other starch-rich 
products.  
 
The chemical structure of PLA can easily be modified by polymerization [5]. The lactic acid 
which is the building block of PLA is a chiral molecule [6] and constructed with three 
existing types of enantiomers; L-lactide (polymer abbreviated PLLA), D-lactide (polymer 
abbreviated PDLA) and L,D- or D,L-lactide also called meso-lactide [7], see Figure 1. L- and 
D-lactide is optically active [6], contrary to the meso-lactide which is not, although it has also 
different properties.  
 
 
 
 
 
 
 
 
 
 
 
Lactic acid can be produced either by chemical synthesis or carbohydrate fermentation [8], 
were the latter is the predominant production method for renewable resources. The proportion 
of the enantiomers gives a variety of material properties [7]. The physical properties are 
therefore dependent of the stereochemical composition and the molecular weight, which will 
influence melting point and the rate of crystallization. Lactic acid derived by fermentation 
typically consists 99.5% of L-isomer and the remaining content is D-isomer [6]. Polymers 
with higher amount L-lactide can be used to produce crystalline polymers, respectively more 
amorphous with higher D-lactide.   
 
As shown in the Figure 2, several techniques can be used to produce high molecular weight 
polymers, such as azeotropic dehydrative condensation, direct condensation or ring-opening 
polymerization [8]. However, the two dominating techniques to prepare PLA are by direct 
polycondensation and by ring opening polymerization [7]. Because of the presence of water 
and impurities [6], the former one is producing a low molecular weight polymer. The latter is 
therefore the most favourable and common to yield high molecular weight. 
 

 
 

 
 

Figure 1. Stereochemical structure of D-, L- and meso-lactide [5]. 
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PLA can be processed using standard plastics process equipments to produce molded parts, 
films, fibers and foams [8]. Thermoplastics are suitable for the packaging and other consumer 
products, due to light weight and rheological characteristics [7].  
 
The melt viscosity for aliphatic polyesters like PLA is not particularly sensitive for shear and 
has a relatively poor strength [7]. The rheological properties can therefore be enhanced with 
branched PLA to receive desired shear sensitivity and melt strength, by in the polymerization 
process introducing PLA to treatments. As a matter of fact, this means that the rheological 
properties for this type of PLA are well suited for especially foaming. The PLA can be 
tailored for use in a variety of processes and applications. The rheological characteristics and 
physical properties of PLA can be tailor made by controlled parameters with specific 
stereochemical composition and characteristics for a wide range of process such as injection 
molding, extrusion, blow molding, thermoforming and fiber spinning. However, processing 
temperatures above 200ºC implies that the PLA undergoes a thermal degradation [5]. The 
degradation is also dependent on time, low molecular weight and impurities. Typical physical 
properties of PLA are listed in Table 1 [5, 7, 9].  
 
 
  Table 1. Typical physical properties of PLA. 
 
 
 
 
 
 
 
 
 
 
 
 

Density 
 

[g/cm3] 

Glass transition 
temperature 

[ºC] 

Melting point 
 

[ºC] 

Tensile modulus  
 

[GPa] 

1.12 55 – 60 150 – 180 3 – 5 

Figure 2. Polymerization schedule. 
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Most of the plastics in the market today are derived from non-renewable crude oil and natural 
gas resources [8]. Although some of these are being recycled and reused, most of it is 
disposed. Since the interest for compostable material begun, over the two last decades, 
research has been done to reduce waste disposal problems and find suitable materials to 
reduce usage of petroleum based polymers. As a matter of fact, until recently the main use of 
PLA were limited to medical field by high production cost, low availability and especially 
limited molecular weight. New techniques have led to economical production and more use in 
commodity. PLA is a well suited renewable resource used in the packaging industries 
including in the biocompatible medical device market [6]. Further decrease in cost will occur 
when new markets for lactic acid become available [10].  
 
As illustrated in Figure 3, naturally recycling occur by biological process of biodegradable 
polymers [10]. After composting of biodegradable polymers such as PLA it will degrade to 
natural substances for instance CO2, water, biomass and humic matter which in the end the 
new agricultural crop gets the nutrition from.    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Figure 3. Lifecycle of biodegradable polymers (BP) [10]. 
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2.1.2.  Use of natural fibers in composites 
     
Recently, conventional materials have been replaced by polymers in various applications [11]. 
The reasons are mainly due to ease of processing, productivity and low cost that polymers 
provide. Properties of the polymer can be tailored to suit the imposed requirements. 
The polymers are therefore reinforced with natural fibers (lignocellulosics) to achieve the 
high strength and high modulus in most of the applications. Natural fiber reinforced polymers 
has lately been a subject of interest, especially due to its biodegradability, and also because 
the fibers are renewable and recyclable compared to synthetic fibers [12]. Natural fibers are 
characterized by low-cost fibers with low density and high specific properties [11]. Hence, the 
most common fibers used for polymer composites are jute, ramie, flax and sisal. 
 
The structure of natural fibers is cellulose reinforced with microfibrils in an amorphous matrix 
of lignin and hemicellulose, where the fibers themselves consists several fibrils along with the 
fiber length. The strength and stiffness to the fiber is mainly provided by the hydrogen bonds. 
Nevertheless, the main content of natural fibers dependent upon type of fiber is cellulose, 
hemicellulose, pectin and lignin. Each and everyone contribute to the properties of the fiber. 
Hemicellulose contributes to biodegradation, moisture absorption and thermal degradation, 
while lignin is thermally stable. Since the natural fibers are hydrophilic it contains up to 20% 
moisture dependent of the type of fiber, the rest generally contains 60-80% cellulose and 
5-20% lignin.  
 
A natural fiber have a low density and is a low cost fiber with high performance, which gives 
a composite that can replace many conventional materials in various applications. The high 
specific properties offer a major advantage of using fibers in composites, where one desired 
property is weight reduction. However, there are several disadvantages of natural fibers, such 
as susceptibility and poor resistance to moisture since the fibers are hydrophilic. In addition, 
natural fibers have lack of good dispersion, as the elongated cellulose fibers have the tendency 
to form coherent fiber network in water suspensions or aggregates [12, 13]. The disadvantages 
influence the mechanical properties, such as poor stiffness and strength [12]. This entails 
reduced potential of using the fibers as reinforcement in polymers [11].  
 
The matrix has a crucial role of the performance of a composite based on polymer. Attractive 
matrix materials for composites are thermosets and thermoplastics. However, thermoplastics 
are more favorable since thermosets formulation is more complex due to the large number of 
components. Some of the major advantages of thermoplastics are low processing cost and also 
design flexibility, which implies ease of moulding complex parts, such as injection moulding. 
In addition, extrusion is also a common processing method. 
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2.1.3.  Wood fibers 
 
Wood is an interesting material; it is not only renewable and biodegradable but it is non 
linear, self repairing and adaptive [12]. The main composition of wood is based on wood cells 
or tracheids for softwood and libriform cells for hardwood [14]. These have a support 
function, and are shaped with pointed ends with an internal cavity, lumina.  
 
As mentioned before, cellulose is the main element in plants [13]. In view of the fact that the 
cellulose is a fibrous and semi-crystalline polymer with a high molar mass, it is the most 
common biopolymer on earth and is therefore used extensively in paper-paper products [13]. 
At the same time as materials used in buildings, furniture, rope, textiles and packaging by 
utilizing the mechanical properties in applications of wood, paper, hemp, flax, sisal and 
cotton.  
 
However, the plant cell wall can be seen as a composite material [13]. Whereupon the 
ultrastructure layer, where the cell wall structure is the extremely fine, has an arrangement of 
several layers with different thicknesses and orientations of the cellulose microfibrils as 
shown in the Figure 4 [12]. The layers are first and foremost the primary cell wall (P) and the 
secondary wall (S) which can be considered as a composite with a matrix of hemicellulose 
and lignin and reinforced with cellulose. The secondary cell wall is further subdivided into 
three layers, the outer (S1), the middle (S2) and the inner (S3) secondary cell wall layer. The 
middle lamella (ML) which is not shown in the Figure 4 is mainly composed of lignin [15] 
and surrounds the wood fibers (WF) and holds the cell wall layers together in the wood 
structure and that is the reason why it is not considered as a cell wall [12]. Hence, the middle 
lamella is more or less completely dissolved during the cooking process in the manufacturing 
of chemical pulps, whereby the individual fibers are liberated [14].  
 
The cellulose and hemicellulose distribution in the cell wall layers is not uniform, larger 
amounts are to be found in the secondary wall [12]. However, the secondary wall layers S1, 
S2 and S3 have just about the same amount of lignin. S2 is the most critical layer since the 
cell wall consists mainly of this layer and also because it contains the largest amount of 
cellulose, and therefore affects the mechanical properties significantly.  
 
 

 
 
Figure 4. Schematic presentation of the cell wall for softwood trachied, where P = primary wall; S1 = outer 

layer of secondary wall; S2 = middle layer of secondary wall; S3 = inner layer of secondary wall. 
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2.1.3.1. Wood fiber based composites  
 
Currently, there is an increasing interest of wood fiber as a reinforcing material in 
thermoplastics, and especially to use wood fiber as a load bearing element in composites [12], 
with the aim of reducing the cost and enhance the mechanical as well as thermal 
properties [21]. Wood fiber composites have not yet reached their full potential since they are 
relatively novel materials [12]. A long term ambition is to tailor the composite to obtain 
optimal material performance.  
 
The reinforced fiber and the matrix properties in the composite are important to achieve 
enhanced mechanical properties, where the tensile stress is more dependent on the matrix 
properties, while the fibers steers the modulus. The tensile strength for wood fibers is 
substantially lower than glass fibers, despite the modulus being of the same order. If the 
specific modulus (modulus/density) for wood fibers is taken under consideration, it is striking 
that the natural fibers has the same or better values compared to glass fibers.  
 
Wood fibers can be further tailored for enhanced properties, and there are a number of 
parameters to take under consideration when developing reinforced composites with 
improved mechanical properties. Volume fraction and the aspect ratio are some of these, but 
there is also: 
 

• water absorption 
• dispersion and orientation of the fibers in the matrix 
• adhesion at the fiber-matrix interface 
• thermal stability of the fiber  
 

Since cellulose is hydrophilic and absorbs water, this contributes to crucial effects on the 
mechanical properties due to dimensional variation in the composite [11]. It can also lead to 
porosity in the composite and poor processability. However, humidity absorption on the fibers 
can be reduced through the introduction of treatments such as chemicals or grafting of vinyl 
monomers. 
 
The fibers orientations in the composites are usually random and an optimum fiber length and 
good dispersion leads to good mechanical properties. Obtaining a uniformly distribution of 
the fibers in the composite is also difficult because of the aggregation of the fibers with the 
hydrophobic polymer. Pre-treating the fibers by introducing additives before processing 
contributes to good distribution and leads to enhanced mechanical properties. High fiber 
aspect ratio of the fiber, determines the tensile modulus. The fracture properties are therefore 
dependent on both of the aspect ratio and critical fiber length for short fiber reinforced 
composites. A critical length of the fibers is required to avoid failure since the fibers shorter 
than the critical length lead de-bonding of the fibers from the interface. However, fibers that 
are longer then the critical length are not optimal either. The applied load leads to congested 
fibers and as a result a higher strength will be obtained.  
 
In addition, the properties are also governed by the fiber-matrix interface, because the 
adhesiveness between the fiber and the polymer surfaces contributes to the properties of the 
composite. When the composite is exposed to load, the transmission between the matrix and 
the fiber are dependent on the adhesiveness. The stress transfer from the matrix to the fiber is 
dependent on the surface characteristics of the fiber.  
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Finally, thermal stability of the fiber is important since most of the thermoplastics undergoes 
high processing temperatures. The processing parameters are also important to have in 
consideration as they affect the properties. For instance, parameters such as mixing time, rpm 
(revolutions per minute) and temperature should be kept in mind so they do not affect the 
properties considerably. 
 

2.1.4.  Microfibrillated cellulose 
 
In the early 1980s Turbak [16] and his co-workers at ITT Rayonnier Inc., USA, introduced a 
novel form of cellulose called microfibrillated cellulose (MFC) [17]. This form of cellulose is 
prepared by forcing a suspension of wood-based cellulose fibers through a high-pressure 
homogenization process to disintegrate the cellulose fibers [18]. The microfibrillation 
treatment applied to wood-based cellulose fibers provides a product with particularly high 
surface area while also retaining high molecular weight. There is a wide area with good 
conditions of usage of MFC in food, cosmetic and medicinal products. Low-calorie whipped 
toppings, cake frostings, salad dressings and sauces have been done as a demonstration of the 
wide utility of MFC [16]. A concentration of 0.3% MFC helps to retain juice during cooking 
meat. However, generally usage is in industry as a mineral suspending agent, thickener and 
binder for nonwoven textiles. New uses and markets for MFC open up with increased 
accessibility to chemical reagents [18].  
 
Preparation of MFC starts with the dilute slurry suspension of wood pulp fibers, which can be 
pre-cut in the dry state before the process to reduce fiber length [16]. The slurry undergoes a 
repeated mechanical action and heat, see Figure 5 below, and then “fed through a 
spring-loaded valve assembly” [18]. In rapid succession opens and closes the valve. By 
measuring the flow rate, an estimated value of the number of passes through the valve was 
obtained [16]. The large pressure drop, shearing and impact force, which the cellulose is 
exposed to leads up to a process that promotes fibrillation, where the cellulose fibers opens up 
and exposes ultimately the smaller fibrils and microfibrils [18], where the latter has a width 
around 20 nm [17]. The result is a viscous gel-like product at about 1 or 2% concentration in 
water with pseudo plastic and thixotropic properties. If the gel is stirred at high shear rate, 
then it is very fluid due to the pseudo plastic viscosity properties [18]. The water is a 
requirement, due to crucial loss of physical and chemical properties without it. Moreover, it is 
a convenient and a cheap liquid which contributes exceptionally smooth characteristics [16].   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 5. Schematic presentation of the homogenizer [13]. 
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Fibrils, microfibrils and fiber fragments are interconnected like a network or a fabric after the 
homogenization process. The original wood cellulose structure has totally changed. The fibril 
diameter is in the range 10-100 nm and is only visible with the scanning and transmission 
electron microscopy. Partially embedded microfibrils in rope-like bundles of fibrils are what 
appear on SEM pictures from the Herrick et al [18]. But after 10 passes and 55 MPa pressure 
of the pulp through the homogenizer, the structure consisted of single fiber fragments, 
although mostly out of microfibrils associated with fibrils. A model of microfibril is presented 
in Figure 6. Nano-fiber reinforced composites are made by utilizing the microfibrils with a 
width of 10-50 nm, however the parallel arranged elementary fibrils with a dimension of 3 nm 
will vary depending on the source of cellulose and the disintegration procedure of the 
cellulose [13].  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
MFC suffers irretrievable properties loss on drying, which is a common factor with all highly 
swollen and fibrillated cellulose systems [16]. When MFC is spray or freeze dried and 
followed by re-dispersing with water to form the hydrogels again, the original properties 
drops to only 80-85% of their original property since dissolution becomes extremely difficult 
due to the strong hydrogen bonds between microfibrils [13]. As mentioned earlier, the 
microfibrillated cellulose viscous gel exhibits thixotropic properties and the dispersions are 
excellent thickeners. “In addition to controlling the flow, the high thixotropy is useful in 
dispersing and suspending other solid materials”. 
 
There is a wide range in commercial use of MFC which is attributable to the physical and 
chemical properties [16]. The reason why nano-scale cellulose has not made a commercial 
breakthrough, although it has a high Young’s modulus, is mainly the difficulties to 
disintegrate the cellulose from the plant cell wall without degradation at a reasonable cost 
[13]. It was also found that the second cell wall was not as favorable as the primarily cell 
wall, because of the ease to produce MFC with the latter. Strong interaction between 
microfibrils due to the high density of hydroxyl groups at the surface of the microfibrils 
contributes agglomeration. This leads to a major loss of dispersion of the cellulose 
microfibrils in a polymer matrix.  
 
 

Figure 6. Model of microfibril structure in the secondary cell wall [13]. 
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Impediment occurs by using only shear forces, as in Turbak et al [16], to prepare MFC with 
the homogenizer. Hence, it requires multiple passes which leads to the prohibitively high 
shearing energy [19]. High energy consumption of 20 000 kWh/t is therefore on of the main 
reason why the use of MFC has not succeeded commercially [17]. Another major impediment 
was clogging of the homogenizer. Focus on different and more efficient production methods 
has recently been done in order to reduce the energy consumption. Production with a 
degradation step was introduced with various pre-treatments such as physical, biochemical or 
chemical processing methods which have been used on the fibers before homogenization. 
Extraction and disintegration of cellulose utilizing biochemical or chemical degradation 
process is used as enzymatic hydrolysis, acid hydrolysis or bleaching [13]. A combination of 
mechanical shearing and mild enzymatic hydrolysis enables more controllable and efficient 
method to prepare MFC, in contrast to acid hydrolysis, which enables highly crystalline and 
low aspect ratio fibril aggregates also denoted as whiskers [19]. The obtained result is a MFC 
with a diameter in the nanometer range and high aspect ratio. 
 

3.  Materials 
 
In this project commercial PLLA fibers were used, purchased from N. I. Teijin Shoji Co., 
LTD, Japan. The fibers have the industrial name PL01 and were produced 2008. All of the 
fibers had a width of 20 μm, and were available in different lengths (1 - 5 mm). To make it 
clear which length were used, the PLA fiber length will be included when referring to fibers 
in the text, e.g. PL01:5.  
 
The natural fibers used in this project as reinforcement material in the composites was 
bleached sulfite wood fibers (hardwood), from Borregaard and microfibrillated cellulose 
derived from the same pulp stock. The MFC was prepared at Innventia according to the 
procedure described by Pääkkö et al [19]. The cellulose pulp, bleached sulfite softwood, was 
exposed to a combination of high-pressure shear force and a mild enzymatic hydrolysis to 
prepare a highly swollen cellulose. Initial concentration of MFC was 2%. As the suspension 
was repeatedly passed through the homogenizer it was continuously diluted to a final 
concentration of 0.2%.  
 
To ease the possibility to follow the cellulosic material a coloring black agent (Sandoz 
Cartasol black dye) were used to dye fibers and fibrils. This coloring agent, which proved to 
be cationic, marked only the cellulose fibers without affecting the PLA.   
 

4.  Methods  
 
Since the fibers and fibrils tend to aggregate in water [14], the production of well dispersed 
wood fiber and nano-fiber reinforced composite materials has not been straightforward. A 
repeatable manufacturing process method, similar to paper making was developed to produce 
composite materials with various weight fractions of WF and MFC.  
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Commingling and 
compounding 

Drying 

Consolidation  

Foaming and 
analyzing 

A theoretical description of the full foam production process based on commingled material 
can schematically be divided into four fundamental steps; i) commingling and compounding 
where the actual mixing of the constituents occurs; ii) drying, which is significant since PLA 
fibers are susceptible to degradation in the presence of moisture at elevated temperatures; iii) 
consolidation in a hot-press and iv) foaming and analyzes.   
 

 
 

Figure 7. Fundamental scheme for production of fiber and fibril reinforced foams. 
 

4.1. Manufacturing of pre-forms 
 
The work performed in this project largely builds on the findings of Cuénoud and Gascou 
[20, 21]. A method has been developed where pre-forms of 30 g are produced by 
commingling PLA and wood fibers in a wet state followed by compounding. After drying, 
smaller pre-forms of 2 g were taken out from the 30 g batch. These were re-slushed and 
formed in to smaller pre-forms, dried and hot-pressed, see Figure 14 scheme 1 for more 
details. The reason for making 30 g batches was to reduce production time and streamline the 
production of composites, as well as to particularly ensure that the smaller pre-forms 
contained the same amount of wood fibers. 
 

4.1.1. Production of wood fiber pre-forms according to scheme 1 

4.1.1.1.   Commingling and compounding  
 
In order to ease dispersion during slushing and mixing, a specific amount of wood fibers were 
weight out and placed in 0.5 l deionized water to swell overnight. The swelled wood fibers 
were then mixed with in a mixer (200 revolutions). A corresponding amount of PLA to make 
30 g commingled material was either taken directly from the bag or defibrillated with a 
Wennberg screen. The Wennberg screen is an equipment that can be used to disperse fibrous 
material by pumping a suspension of water and fibers through a sieve (see Figure 8).  
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The equipment was used to split the staple PLA fibers into its constituent filaments. 
Poorly dispersed PLA gives rise to problems with dispersion and presence of lumps in 
produced pre-forms. Therefore, the PLA was soaked in 1.5 l deionized for 4 h followed by 
mixing using a mixer (1000 revolutions). Finally, the PLA and wood fiber suspensions were 
combined and mixed together using a mixer (800 revolutions). 
 

 
 

Figure 8. Picture of the Wennberg screen that was used to disperse the PLA staple into filaments. 
 
The mixed suspension was thereafter dewatered using a flat funnel with filter and vacuum, 
Figure 9 (a), forming a 30 g pre-form. After dewatering, the pre-form was oven dried at 40ºC 
for 24 h to ensure that the whole pre-form was completely dry (c.f. Figure 9 (b)). After drying, 
2 g batches of commingled material were taken from the 30 g pre-form and re-dispersed in 
0.5 l deionized water. This suspension was then drained using a tube with radius of 2 cm (c.f. 
Figure 9 (c)). The final result after dewatering was the smaller pre-forms, as shown in Figure 
10, which were subsequently oven dried at 40ºC for 48 h to make sure that they were 
completely dry before any further processing.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(a) (b) (c) 
 

Figure 9. Flat funnel with filter in (a) and the final 30 g pre-form in (b) obtained after dewatering using a 
vacuum pump. Picture (c) shows funnel and filter used for the 4 g small pre-forms.  
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4.1.1.2.  Consolidation scheme 1 
 
The final processing step before foaming is the consolidation of the pre-form through melting 
of the PLA using an oven and pressing. As schematically shown in Figure 10, the pre-forms 
were placed inside an assembly using a 1.5 mm thick steel frame (A) placed between two 
steel plates (B) with a thickness of 3 mm and PET films that were used to avoid the material 
from sticking to the metal surfaces (c.f. Figure 10). The assembly was placed in an oven 
heated to 210ºC. The pre-forms were left in the oven for 45 min until the temperature was 
185ºC in the center of the pre-forms. Thereafter the assembly was rapidly moved from the 
oven to the heated press (70ºC), before it was pressed at 80 bar for 5 min.  
 

 
(a) 

 

 
(b) 

 

4.1.2. Production of wood fiber pre-forms according to scheme 2 
 
This scheme is principally based on scheme 1, but with some modifications in order to 
improve the quality of produced pre-forms. Some of the requirements placed on scheme 2 
were: 
 

• Find a better mixing method to make the fibers in the pre-forms more evenly dispersed   
• Method to separate PLA fibers and prevent flocculation/lumping  
• Address the problem with bubbles that can be present in the pre-form after 

consolidation 
• Minimize discoloration of samples 

 
 

Figure 10. The assembly used for consolidation of pre-forms, where (a) is the cross section and  
(b) is the setup seen from above. 
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After formulating these requirements, a trial and error approach were used to find the best 
procedure. A few tests with PLA fibers of different lengths (1, 2, 3 and 5 mm) were run based 
on the existing scheme 1 using 1 wt% wood were also performed in order to find out which 
type of PLA worked best. 
 
First the problem with PLA dispersion was addressed. It was early discovered that pre-form 
samples produced using PLA taken directly from the bag were not as good when compared to 
the ones prepared using the Wennberg screen. Typically PLA fibers flocculated and a good 
dispersion of the wood fibers was not obtained. Based on this observation the preparation of 
PLA fibers using Wennberg screen equipment was included in the scheme. To ensure 
accurate weighing of treated PLA fibers, they needed to be dried at 40ºC for 10 h. 
Nevertheless, even when treated PLA fiber was used the fibers tended to flocculate although 
to a lesser extent than earlier. A further improvement in the preparation of the suspension 
used to make the pre-forms where the substitution of the traditional re-slushing equipment for 
a kitchen type hand blender. The use of the hand blender significantly improved the 
dispersion and also allowed for rapid transfer to the funnel for draining.  
 

4.1.2.1.  Commingling and compounding 
 
The first steps of scheme 2 is similar to scheme 1 where wood and PLA fibers are treated 
separately and mixed together before the dewatering step (see Figure 14). However in this 
case a hand blender with an effect of 160 watt and with a blade length of 42 mm was used 
instead of normal re-slushing equipment.  

 
 
 

 (a) (b) 

Instead of taking out 2 g samples from the large pre-form it was now subdivided into 4 g of 
smaller pre-forms. These were then re-slushed in 0.5 l of deionized water and mixed with the 
hand blender for one minute before they were drained on a machine cloth onto which a 
Whatman paper filter with a pore size of 6 μm (c.f. Figure 11 (a)) was placed. For some of the 
experiments, the cellulose was colored by adding Cartasol black dye to the suspension before 
it was drained.  
 

Figure 11. The equipment of the tube with a filter and a hand blender is shown in (a), and the result of a 
4 g pre-form is shown in (b). 
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4.1.2.2.  Consolidation scheme 2 
 
Before consolidation the pre-forms were oven dried in a vacuum oven in 60ºC for 12 h. 
Previous work showed a glass transition effect around 60ºC in tests done with Differential 
Scanning Calorimetry (DSC) on different grades of PLA, which made the selection of drying 
temperature more advantageous. The pre-forms were placed in a sealable plastic jar, which 
were closed during handling of the samples outside of the oven to prevent water uptake (c.f. 
Figure 12). After drying the consolidation procedure used was the same as in scheme 1 except 
that the pressure was increased to 100 bar (on the dial) and the temperature decreased to 40ºC. 
The higher pressure was applied in an attempt to decrease porosity in the pre-forms. After 
removing the consolidated pre-forms from the assembly they were quickly placed in heat 
sealable aluminum bags to avoid contact with humidity. 
 

 

 
 
 
 
 

 
 
 
 
 
 (a)   (b) 

 
 
 
 
 
 
 
 

 
 (c)   (d) 

Figure 12. In order to prevent moisture uptake during handling, the pre-forms were placed in plastic jars.

Figure 13. Composites manufactured according to Scheme 2 containing 1 wt% WF in (a) and (b) and 
5 wt% in (c) and (d). Picture (a) and (c) is melt-pressed without the steel frame. 
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In Figure 14 the two manufacturing schemes used are depicted, where the former was 
developed by Gascou [21]. They are broadly similar but scheme 2 includes changes that have 
some effects with regard to time saving and mixing. 
 
 
 
       
      
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Scheme 1 

Wennberg screen 

Oven: 24 h, 40ºC 

4 h in 1.5 l H2O 

Mix 1'000 turns 

Mix 800 turns 

Flat funnel + vacuum 
pump: 30 g pad 

Oven: 24 h, 40ºC 

2 g in 0.5 l H2O, tube 

Oven: 48 h, 40ºC 

Oven: 45 min, 185ºC, 
1.5 mm frame 

Press: 5 min, 80 bar, 
70ºC 

PLA WF 

24 hrs in 0.5 l H2O 

Mix 200 turns 

PLA WF 

Scheme 2 

Wennberg screen 

Oven: 10 h, 40ºC 

4 h in 0.3 l H2O 

Mix 1 min with hand 
blender in 1.5 l H2O 

Mix 1'000 turns 

Flat funnel + vacuum 
pump: 40 g pad 

Oven: 10 h, 40ºC 

Vacuum oven: 12 h, 
60ºC 

Oven: 45 min, 185ºC, 
3 mm frame 

Mix 4 g in 0.5 l H2O 
with hand blender for 
1 min, tube + vacuum 

Mix 1 min with hand 
blender 

Press: 5 min, 100 bar, 
40ºC 

Oven: 45 min, 185ºC 

Figure 14. Comparison of the two schemes investigated for producing PLA/WF pre-forms. 
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4.1.3.  Production of MFC pre-forms according to scheme 3 
 
An attempt to make commingled pre-forms containing microfibrillated cellulose was also 
made. This resulted in a modified scheme that was mainly based on scheme 2, see Figure 17.   
 

4.1.3.1.   Commingling and compounding 
 
Unlike scheme 1 and 2, scheme 3 does not include the production of a large pre-form from 
which smaller batches were taken. Instead smaller pre-forms were made directly. The correct 
amount of MFC was weighted in and colored using Cartasol black dye. The corresponding 
amount of Wennberg screen treated PLA for 2 g commingled material was placed in 0.3 l of 
deionized water. The suspensions were then mixed together for one minute with using the 
hand blender and drained in the tube on a Durapore membrane filter with a pore size of 
0.65 μm. The compound were placed in a plastic jar and placed in a vacuum oven at 60ºC for 
12 h, see Figure 15. 
 
 
 

 

 

 
 
 
 
 
 

(a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 (b) (c) 
 
 
 

Figure 15. Manufactured pre-form, containing; (a) 1 wt%, (b) 5 wt% and (c) 20 wt% MFC. 
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4.1.3.2.  Consolidation scheme 3 
 
Carefully dried samples were consolidated before being foamed and tested with regard to 
rheological and mechanical properties. Pre-forms designated to be foamed were consolidated 
according to scheme 1 and 2 while pre-forms for mechanical and rheological measurements 
were pressed without the 1.5 mm thick plate. The assembly was pressed at 150 bar in the 
press that were pre-heated to 40ºC for 5 min. After pressing, the pre-forms were quickly 
removed from the assembly and placed in the sealable aluminum bags, see Figure 16.  
 
 
 
 
 
 
 
 
 
 
 
 
  (a)  (b)  
 
 
 
 
 
 
 
 
 
 
  
 (c) (d) 

Figure 16. Result of composites containing 1 wt% MFC in (a) and (b) and 5 wt% in (c) and (d). Picture (a) 
and (c) is melt-pressed without the steel frame. 
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Fabrication scheme for producing pre-forms containing fibers of PLA and MFC are presented 
in Figure 17. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

PLA MFC

Scheme 3 

Wennberg screen 

Oven: 10 h, 40ºC 

Vacuum oven: 12 h, 
60ºC 

Oven: 45 min, 185ºC, 
1.5 mm frame 

Apply 10 μl black dye 
and stir 

Press: 5 min, 150 bar, 
40ºC 

Oven: 45 min, 185ºC 

Mix 1 min with hand 
blender in 0.3 l H2O 

2 g in 0.4 l H2O, tube 
+ vaccum 

Figure 17. Scheme for production of PLA/MFC pre-forms.
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4.2.  Mechanical testing and modelling 

4.2.1.  MiniMat 
 
Mechanical testing was carried out using MiniMat (Rheometric Scientific) to measure the 
Young’s modulus, strength and strain to break of samples of pure PLA and with 1, 5 and 
20 wt% MFC. The samples were prepared and melt-pressed without the steel frame to make 
them easier to cut and analyze. They were cut into strips with the width of 5 mm. At least 
5 specimens of each material were tested. The clamping length was 20 mm and the thickness 
was measured with a digital calliper (TESA DigiCal) for each sample. The cross-head speed 
was 0.1 mm/min. The Young’s modulus was determined from the slope of the stress strain 
curve in the linear region, while the strength and strain to fracture were the tensile stress that 
led to failure and its corresponding strain value (worked out from the sample length and the 
cross-head movement), respectively. 
 

4.2.2.  Model the Young’s modulus 
 
The Gibson - Ashby model [22] was used to simulate behavior of open cell and closed cell 
foams for microfibrillated cellulose reinforced PLA composites. This model is a self-
sustained approach used for low density foams with isotropic cell wall material [21, 22]. It is 
a well established model analysis of mechanical data of microcellular materials. The approach 
used in this study was to predict the Young’s modulus Es as a function of Vf, (Vf, - volume 
fraction of reinforcing element) of the tested samples and compare the result with actual data 
from tensile property measurements. The relation for low density foams is [22]: 
 

n
f

c s

p
C

p
ρ
ρ

⎛ ⎞
= ⎜ ⎟

⎝ ⎠
 (1) 

 
where pf and pc represent the foam and cell wall property, respectively and ρ/ρs is the relative 
density of the foam, and C and n are constants determined from experiments. The Young’s 
modulus for open cell foams is [23]: 
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where Es is the Young’s modulus of the cell wall material, and Vm is the relative density, and 
C1 is a constant. It has been shown that C1 = 1 is required for most foams. The expression for 
the Young’s modulus E* for closed cell foams in equation (2) leads to [24]: 
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Where C2 is a constant related to the cell geometry and Φf is solid fraction in the cell edges. 
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The fiber volume fraction in the pre-form are defined as 
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where Wf is the weight fraction of the pre-form, whereas ρf and ρm is the density of the fiber 
respectively matrix.  
 
The composite density is then determined as 
 

( )1c m f f fV Vρ ρ ρ= − + . (6) 
 

4.3.  Determination of fiber dispersion and content 

4.3.1.  Optical microscopy 
 
A light optical microscope (LOM) was used to visualize the fiber dispersion and to get a 
perception on the different wood fiber reinforced materials. The melt-pressed samples were 
magnified with a 5x and 10x objectives, which results an image of the samples with a length 
of 900 μm and 1800 μm, respectively. A black coloring agent was added when making pre-
forms to track fibers in the structure. In order to ease the preparation of test specimens from 
different pre-forms they were consolidated without the frame. This produced sample that was 
easy to cut and handle during microscopy. 
 

4.3.2. Solvent extraction 
 
In order to determine the MFC content in the commingled and compounded pre-forms, 
samples for solvent extraction were prepared according to scheme 3. The solvent used to 
dissolve and separate the PLA from the MFC was chloroform. The purpose of removing the 
PLA was to quantitatively asses how much of the MFC that was retained in the pre-forms, 
thus enabling the formulation of a mass balance for MFC and asses the efficiency of the 
commingling technique to make MFC containing pre-forms.  
 
The filter used to collect the commingled material during dewatering was weighted before and 
after making the pre-form. Thereafter the filter was extracted twice using chloroform to 
remove PLA fibers stuck to the filter. The extracted filter was then weighted and the amount 
of MFC calculated.  
 

4.3.3.  SEM 
 
A number of samples were analyzed with SEM (Philips XL30 SFEG) to assess fiber and fibril 
orientation and distribution. The following settings were used: voltage 3 keV, secondary 
electron mode. 



Münire Orhan   Master Thesis 2010 

 22

 
The SEM characterizations were made on fracture surfaces of samples that were first 
mechanically tested. Tested samples were manufactured according to scheme 2 and scheme 3 
and melt-pressed without the steel frame distance, which produced thin, circular-shaped 
samples. The weight fraction of cellulose varied between 1 and 5 wt% both for WF and MFC 
containing samples. Because the samples were thin it was relatively simple to cut out test 
specimens and test these, see previous 4.2. “Mechanical testing and modelling”. After the 
mechanical testing, the fracture surface of the tested samples was coated with a carbon layer 
of 15 nm using a Cressington Carbon Coater 208. The carbon layer protected the surface as 
the electron beam would otherwise destroy the surface area.  
 

4.3.4.  TEM  
 
Transmission electron microscope (TEM) analysis was performed on a Philips CM20 
instrument, operated at 200 kV in bright field. The purpose of the analysis was to observe 
cellulose fibrils and possibly also fibril orientation and distribution. A beam of electrons is 
transmitted through the ultra thin (around 100 nm thick) specimen. Image contrast is obtained 
by interaction of the electron beam with the sample, where the density of the material 
determines whether the electrons will get scattered or not. The non scattered electrons hit a 
fluorescence screen and gives rise to an image.   
 
Samples containing 1, 5 and 20 wt% MFC was prepared according to scheme 3 and 
consolidated without the steel frame to make thin samples. The thin samples were easy to 
prepare 5x10 mm specimens by cutting. Prepared specimens were placed in a sample holder 
and additionally adding an epoxy solution, before placing them in an oven set to around 70ºC 
for 7 h in order to harden. The epoxy resin was prepared to place the samples more easily in 
the cutting device. After hardening, the samples were cut into ultra thin sections in room 
temperature using Reichert Jung Ultracut E ultramicrotome equipment with a Diatome 35° 
diamond knife. The specimens were stained by exposing them to RuO4 vapor, which made the 
surface easier to analyze. This was carried out to get more clear images, since the sample 
otherwise were easily destroyed by the electron beam. 
 

4.4.  Rheological measurements  

4.4.1.  Viscosity 
 
Viscosity measurements were carried out on pure PLA samples and consolidated pre-forms 
reinforced with wood fiber and MFC. The rheological properties of the different compositions 
in melted form were determined using a lab-sized extruder. The use of an extruder, Thermo 
Scientific Haake Rheomax Minilab II, a counter-rotating twin screwed extruder, made it 
possible to measure the shear viscosity of each sample with two different operating 
temperatures (185ºC and 210ºC). However, the measurement with this equipment gives a 
rough estimation of the materials shear viscosity, since the material flow and pressure at the 
sensors where not controllable.   
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Samples of pure PLA and PLA reinforced with 1 and 5 wt% wood fibers as well as pre-forms 
containing the corresponding weight fractions of MFC were prepared before tests were 
performed. Samples were specially prepared for these measurements according to processes 
scheme 2 and 3, respectively, and consolidated without the steel distance. In order to run the 
measurements about 8 g of each composition was needed, so 2 pre-forms of 4 g with wood 
fibers as well as pure PLA and corresponding 4 pre-forms of 2 g with MFC was prepared. 
After consolidation the pre-forms were cut into small pieces (5x5 mm) in order to allow easy 
feeding to the extruder. Thereafter, the extruder was set at given temperature before manually 
feeding the extruder. The screw rotation speed increased from 10 to 50 rpm in 5 
logarithmically spaced steps. A new data point was registered for every second at each step, 
resulting in a total of 20 data points to generate the average value. To assess material behavior 
over time, the material was left inside the extruder after each measurement for 10 extra min at 
a screw rotation of 10 rpm, before the second data points were taken and was repeated for an 
additional 15 min for the third data points. 
 

4.4.2. Extrusion 
 
Analysis was performed to evaluation whether there was a possibility to make continuous 
fabrication of composites using the extruder instead of the commingling step. Material 
behavior and mechanical testing on the extruded samples was analyzed. Preliminary tests 
were done on samples which were produced and prepared the same way as the ones for 
viscosity measurements. Processing temperature was set to 185ºC and screw rotation around 
7 rpm, before the samples were feed manually into the extruder.  
 

4.5. Compilation of all produced samples  
 
Table 2 gives a summary of samples made and methods used for analysis and characterization 
of different properties, where the total amount of samples produced were about 140. Samples 
for analysis of foams were also produced. Produced amount of samples for characterization of 
wood fiber and microfibrillated composites for foaming were 143 respectively 6. The samples 
that are marked with (x) are samples in which analysis could not be completed due to 
complication with the instruments.  
 
Table 2. A summarization of produced composites that were used for characterization and analysis.  

Sample Microscopy Solvent 
extraction SEM TEM MiniMat Viscosity Extrusion

Pure PLA - - - - x (x) x 

1 wt% WF x - x - x x x 

5 wt% WF x - x - x x x 

1 wt% 
MFC x x x x x x x 

5 wt% 
MFC x x x x x (x) (x) 

20 wt% 
MFC - - - x x - - 
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5.  Result and discussion 

5.1.  Manufacturing of pre-forms 
 
The purpose of producing well dispersed cellulose and PLA pre-forms lead to several 
approaches that were used to evaluate and address difficulties with homogeneity, as well as to 
discover which parameters were affected and needed to be changed. Difficulties with 
flocculation and dispersion of pure PLA fibers in water suspension were detected already in 
the first phase of the study. Examples are shown in the pictures taken of different slurries. 
Figure 18 (a) to (d) shows pure PL01:5 that were taken directly out of the bag and processed 
according to scheme 1. The PLA in picture (a) was soaked 4 h in 1.5 l deionized water to 
swell, before it was stirred by hand. As can be seen in the picture (a) as well as in (b) which is 
a magnification of fiber stables, there are some flocculation in the water suspension. 
Moreover, despite that the PLA fibers in picture (c) hade been mixed in a mixer (1000 
revolutions), there were still some flocculated fiber stable as can be seen on the magnified 
picture (d). The amount of flocks is nevertheless significantly fewer compared to picture (b).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(a) (b) 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 (c) (d) 

Figure 18. Pictures taken from above of PL01:5 slurries where (a) is hand stirred PLA taken right out of the bag, 
(b) is magnification of fiber yarns, where (c) is after mixing the PLA with 1000 revolutions and with the 

magnification in picture (d).  

2 cm 

2 cm 

0.5 cm 

0.5 cm 
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The pure PLA fibers seen in Figure 19 has also been prepared by scheme 1, however the PLA 
fibers are pre-prepared by implementing the Wennberg screen in order to defibrillate the PLA 
staples into its constituent filaments. The PLA fibers have also been stirred by hand to further 
diminish flocculation. As can be seen in the picture (a) below and the magnified picture (b), 
there are still some flocculation. Even though the PLA in the latter picture (c) has additionally 
been mixed in the mixer (1000 revolutions), there are still some flocculation, however, the 
result is noticeably much better as shown in the magnification in (d). 
 
 
 
 
 
 
 
 
 
 
 
 
   
 
 (a) (b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 (c) (d) 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 19. Pictures of slurries taken from above, where (a) shows pre-defibrillated and stirred pure PLA,  
(b) is magnified flocculated fibers, the PLA in (c) has additionally been mixed, which gave a noticeable result  

as shown in the magnified picture in (d). 

2 cm 

2 cm 

0.5 cm 

0.5 cm 
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Studies made by following the new processing method, scheme 2, confirmed that better 
results were achieved by introducing the hand blender as shown in the pictures below 
(c.f. Figure 20). The flocculation diminished and gave significantly conclusive results. The 
PLA in picture (a) was taken directly out of the bag, soaked for 4 h in 1.5 l deionized water 
and mixed with the mixer (1000 revolutions) followed by further mixing with a hand blender. 
The result is noticeably better compared to Figure 18 (c) where the PLA were prepared by 
following the process method for scheme 1 without the pre-prepared defibrillation step using 
the Wennberg screen. The final and best result was achieved with the pre-prepared 
defibrillated pure PLA shown in picture (c). The PLA was pre-prepared with the defibrillation 
step and further mixed for 3 min with the hand blender. The magnified picture in (d) shows 
that the pure PLA fibers are completely separated and there is no flocculation, which enables 
more homogeneous pre-forms when the cellulose fibers will eventually be added. Mixing the 
pre-prepared PLA for one minute gave a satisfying result in further processing.  
 
 
  
  
 
 
 
 
 
 
 
 
  
 
 (a)  (b) 
 

  
 
 
 
 
 
 
 
 
 
 
 
 
 (c) (d) 

 
 

Figure 20. Pictures of pure PLA slurried taken form above where (a) is mixed for 1000 revolutions and further 
mixed with the hand blender for 3 min, (b) is the magnification, where (c) is pre-defibrillated PLA mixed with the 

hand blender for 3 min.  

2 cm 

2 cm 

0.5 cm 
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Comparison of studies made on wood fiber reinforced PLA pre-forms by following the 
manufacturing methods for scheme 1 and scheme 2 are presented in Figure 21. The sample to 
the right was produced with the commingling and compounding method for scheme 1, while 
the one to the left is produced with the new enhanced production method by following 
scheme 2. Adding the coloring agent made it easier to follow the cellulose fibers and the PLA 
fiber flocculation on the pre-forms. As shown in the pictures pre-forms produced by scheme 1 
have some flocculation, while the one prepared with scheme 2 seems more evenly dispersed 
and uniform. This improvement was achieved by introducing the hand blender in the 
commingling method. The mixing separated the PLA fibers from flocculation and made the 
wood fibers in the pre-forms more evenly dispersed. During filtration in the compounding 
step, the dewatering process was slightly changed by introducing a filter paper instead of a 
woven mesh. The filter paper was another factor that contributed to make the pre-forms more 
uniform, since the pressure in the tube became more controllable in the dewatering process.  
 

 

 
Since the focus in the project hitherto had been on making wood based composites, more 
effort was focused on how to make microfibrillated cellulose (MFC) reinforced pre-forms 
using the same commingling and compounding method as is used for fibers. However, the 
dewatering of MFC based pre-forms turned out to be critical, since severe problems with 
drainage and drainage time, drying and dispersion are encountered. This could be attributed to 
the properties of MFC. Since MFC is a highly swollen cellulose [16] and a viscous gel even in 
very dilute systems, it contributes to severe loss of properties on drying and are difficult to 
dewater and the dewatering time increases with higher concentrations. A similar processing 
method to produce MFC based composites was made by Nakagaito et al. [1]. To ease the 
dewatering in their commingling and compounding step, they used a high molecular weight 
polymer flocculant polyacrylamide (PAM) as a drainage aid. Flocculant was not used in this 
project; however, an important observation was made using different amount of the coloring 
agent in the MFC suspension. Producing pre-forms with 5 wt% MFC could normally take 
more than 6 h to dewater. The observed drainage time was strongly dependent on the amount 
of dye used, which proved to act as a drainage aid. The fastest drainage observed was 
approximately 8 min, see Figure 22. This was a remarkable finding since the drainage time 
also has an effect on the amount of MFC that stayed inside the pre-form. Several attempts 
were made to find out the optimal ratio of the coloring agent. The fastest drainage time was 
obtained by adding 40 μl of the coloring agent in a 2 g pre-form with 5 wt% MFC, i.e. 0.1 g 
dry MFC, as presented in Figure 22. This was only the case for production of 5 wt% MFC and 
for higher weight fractions, such as 20 wt% MFC (0.4 g dry MFC), the amount of coloring 
agent changed to 60 μl and drainage time to about 20 min, see Figure 23.   

Figure 21. Sample to the left is produced according to Scheme 1, where the one to the right is with the 
new processing method, scheme 2.

1 cm 
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It was possible to make a mass balance for the added MFC by determining the amount 
trapped on the filter membrane used during dewatering. The use of the coloring agent 
minimized the amount of MFC that percolated through the PLA fiber web and got trapped on 
the filter suggesting that more MFC remained in the pre-form. Solvent extraction was used to 
remove any PLA present on the filter before the amount of cellulose was determined 
gravimetrically. For pre-formed material containing a weight fraction of 1 and 5% in the 
samples after dewatering yielded the result presented in the Table 3. As can be seen, the result 
is noteworthy, due to the difficulties with dewatering of MFC. The minimum amount of MFC 
that got stuck on the filter was achieved by 40 μl of the coloring agent, which at the same time 
also confirms the earlier results (c.f. Figure 22).  
 
Table 3. The coloring agent has also an affect on the fiber content in the pre-forms.   

Sample Coloring agent [μl] MassMFC [mg] MFC content on 
filter [%]

1 wt% MFC 10 2.20 11.0 
5 wt% MFC 30 3.24 6.5 
5 wt% MFC 40 2.16 4.3 
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Figure 22. Effect of the coloring agent on drainage time of 5 wt% MFC yielded best result at 40 μl. 
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Figure 23. Fastest drainage time for 20 wt% MFC was achieved by adding 60 μl of the coloring agent. 
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Re-dispersing dried MFC in water, as mentioned in the literature, will not yield dispersed 
fibrills. The strong hydrogen bonds developed during drying make it impossible to obtain the 
original hydrogel form. An indication of this could be seen in the tube for the dewatering 
process. The pre-forms with higher weight fractions had smaller fractions of flocculated 
MFC, as can be seen in pictures in Figure 29 in section 5.3. “Determination of fiber dispersion 
and content”. This could also have been an effect of the coloring agent, which acted like a 
flocculent material and by that lessened the dewatering time.   
 
Wood fibers are hydrophilic, as mentioned in the literature [10, 11] and causes due to matrix 
hydrolysis, degradation of the samples by water uptake from the air. This could be avoided by 
first placing the samples in a sealable plastic jar during transportation, before placing them in 
a vacuum oven at 60ºC and setting the drying time to 12 h. The drying time for pre-forms 
with 1 wt% WF and 5 wt% MFC with a starting weight of 2 g was determined. By monitoring 
the weight of the pre-forms with time resulted in an approximately time of 4 h with reference 
to the graph below (cf. Figure 24) and the corresponding time for pre-forms with 5 wt% MFC 
was 8 h. The large difference in drying time between the pre-forms can be attributed to the 
difference in water absorption of wood fibers and MFC. The graphs also show that the drying 
times was well within the actual drying time set to 12 h.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 24. The approximately drying times for 1 wt% WF and 5 wt% MFC were 4 and 8 h, respectively. 
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5.2. Mechanical testing and modelling 
 
The results of the mechanical testing of wood fiber and MFC reinforced composites are 
compared and some factors that influence the stiffness are discussed. The properties of 
composites of various weight fractions are presented in Figure 25 as Young’s modulus and 
tensile strength as function of weight fraction, respectively. The Young’s modulus of wood 
fiber reinforced PLA composites is compared to the tensile modulus of pure PLA in picture 
25 (a). The PLA used in this project was more ductile compared to values found in the 
literature of conventional polymers in this type of characterization [16]. The tensile modulus 
for pure PLA is usually around 3-5 GPa [5], whereas the average result in this case were 2.3 
GPa. The stiffness of wood fiber composites increases with increased weight fraction, 
however, the strength decreased slightly at a weight fraction of 5%. Mechanical tests done on 
MFC reinforced composites are shown in picture 25 (b). Although the observed differences in 
stiffness are within the experimental error, a tendency of increased strength and stiffness was 
observed as the amount of MFC was increased. The stiffness compared to wood fiber 
reinforced composites were however slightly lower. It is worth to mention that the high stress 
concentrations on the areas where the sample were fastened caused that all the samples 
ruptured in the vicinity of the clamp. It should be kept in mind that this might have affected 
the reported strength values.  
 

(a) 

(b) 
Figure 25. Result of mechanical characterization for wood based composites in (a) and for MFC  

based composites in (b). 
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A composite containing well dispersed MFC is expected to show improved mechanical 
properties, since MFC has a high Young’s modulus [13]. In this case, the presented results 
indicate that the MFC is not as well dispersed as would be required in order to achieve the 
expected effects. By reinforcing PLA with wood fibers and MFC yielded indeed positive 
composite properties, with increased stiffness and strength. However, there is no significant 
difference in properties between wood fiber and MFC based composites. This indicates that 
the MFC fibrils were insufficiently dispersed in the matrix, and that the larger fibrils bundles 
and fiber fragments contributed to the enhanced properties, hence increased stiffness and 
strength. Increased fiber content contributes only to more aggregates (c.f. Figure 30), without 
improved mechanical properties. An in depth discussion of MFC reinforced composites and 
problems with aggregation during wet and dry forming can be found in the literature [12, 13].  
 
Results from mechanical characterization for consolidated samples reinforced with 1, 5 and 
20 wt% MFC were compared with results of Nakagaito et al [1] (c.f. Figure 26). They 
produced PLA/MFC composites using a related technique used herein but as mentioned 
earlier they included a flocculating agent to decrease dewatering times. As can be seen in 
Figure 26 (a), the Young’s modulus for our pre-forms containing 1 and 5 wt% MFC is more 
or less comparable to the result of Nakagaito et al. However, the result is lower at higher 
weight fraction such as 20 wt%. The reason for this may e.g. be the result of less well 
dispersed MFC, although it should be remembered that it can be difficult to directly compare 
the results. The pure PLA used in this project is more “ductile” and has a Young’s modulus 
less than 3 GPa (c.f. Figure 26 (c)), as mentioned earlier and this may also affect the final 
results. Nevertheless, as can be seen in Figure 26 (b) the observed strength of our composites 
was systematically higher than the result for Nakagaito et al a result that might suggest a more 
well dispersed MFC in our materials.  
 
As is seen in Figure 26 (c), the consolidated samples made according to scheme 3 was more 
ductile compared to the results presented by Nakagaito et al. Moreover, the decrease in 
ductility observed as the amount of fiber was increased to 5 and 20 wt% is in line with 
expected results. The spread in the data points indicates that we have a rather large error in 
these measurements. 
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Figure 26. Result comparison for MFC based composites with Nakagaito et al, where (a) is  
Young’s modulus, (b) strength and (c) strain to fracture. 
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Simulated behavior for MFC reinforced foams with predicted E* as a function of relative 
density ρ/ρs for open cell as well as closed cell foams at low density are presented in 
Figure 27. Data of Young’s modulus was obtained from mechanical characterizations to 
calculate the prediction. As presented in the figures, at the slightest increase in weight fraction 
the result is significantly higher compared to pure PLA. On the other hand, the result for 
composites reinforced with 5 wt% MFC is lower than 1 wt% MFC, which could also be seen 
in the results in mechanical testing. Comparison of the result for open cell foam in figure (a) 
with closed cell foam in figure (b) yielded the conclusion that the closed cell foam has a 
higher Young’s modulus than the open cell foam. 
 

 
(a) 

 

 
(b) 

Figure 27. The results of simulated behaviour for (a) open cell and (b) closed cell foams. 
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5.3.  Determination of fiber dispersion and content 
 
The fiber orientation distribution was studied first with LOM to get a better understanding 
how the fiber alignment affects the properties, since it perhaps is the most significant 
microstructural variable in composites. Pictures of consolidated samples with various weight 
fractions of fiber and fibril content were taken with a 5x and 10x objectives. The fibers and 
fibrils were dyed with the coloring agent to ease the ability to follow them in the matrix. Due 
to the low contrast the PLA was not seen in the microscope. Figure 28 (a) and (b) shows 
fiber dispersion of 1 and 5 wt% wood fiber reinforced PLA, taken with 5x objective, with an 
image length of 900 µm. The fiber distribution appears to be uniformly dispersed, even 
though the rope-like bundles were random. Moreover, no voids and no local variations in 
fiber density were observed. Furthermore, it seems that the fibers got more homogenously 
dispersed with slightly increased weight fraction. Overall conclusion based on the results, 
indicates that the commingling and compounding technique is efficient method to prepare 
wood fiber reinforced composites. 
 

 

(a) 
 

 
(b) 

Figure 28. Fiber distribution of WF based samples; (a) is 1 wt% and (b) is 5 wt%. 
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Figure 29 show consolidated samples with 1 wt% MFC content. The magnified pictures (a) 
and (b) are taken with 5x and 10x objectives, which results an image with a length of 900 μm 
and 1800 μm, respectively. The same was applied to Figure 30, which shows consolidated 
samples with 5 wt% MFC. As before, by adding the coloring agent made it possible to see the 
MFC fibers more clearly. The gel-like MFC suspension is based on fibrils and microfibrils, 
which is interconnected in a web. Since the diameter for a fibril is in the range of 10-100 nm 
[25], it is impossible to observe the fibrils in this microscopy technique. Nevertheless, the 
pictures give information about dispersion and if there is some agglomeration. The darker 
more patched areas suggest that the MFC has flocculated and is present in the material as 
aggregates. Noticeably, the coloring is much higher with increased weight fractions of MFC 
in Figure 30 compared to Figure 29, which indicates an increased amount of MFC. 
Even though rope-like bundles appeared clearly in the magnified pictures (Figure 29 (b) and 
Figure 30 (b)), which can be larger fiber fragments and fibers that where not completely 
defibrillated in the homogenizer, the MFC seems to be uniformly dispersed in the composite. 
 

 
(a) 

 

 
(b) 

Figure 29. Fiber distribution and orientation of 1 wt% MFC based composites, where image length in (a) 
is 900 µm and in (b) is 1800 µm. 
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(a) 

 

  
(b) 

Based on the pictures, pre-formed material shows little porosity after the consolidation. 
Although the MFC clearly has aggregated it seems to be quite evenly distributed in our 
samples and no significant variation in fiber density was observed. The commingling process 
seems to be an effective way to produce PLA compounds reinforced with microfibrillated 
cellulose. However, the given information of fiber and fibril arrangements is only in two 
dimensions. As mentioned before, the microfibrils are interconnected like a web of fibrils, this 
means that the structure could also look like a sandwich structure in three dimension. It 
remains to be seen how the fibers appear in the other test methods, especially for foaming. 
Also, the clear aggregations suggest that a true composite containing well dispersed MFC 
cannot be produced using aggregating chemicals, such as coloring agent. 
 
 
 

Figure 30. Fiber distribution of consolidated samples reinforced with 5 wt% MFC, with an image length of 
900 µm in (a) and 1800 µm in (b). 
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Characterization and analysis after the mechanical testing was carried out using SEM at 
EPFL. The aim was to look at the fraction surface area after the tensile test and locate the 
fibers and fibrils in the composite material, followed by studying the bonding between fiber 
and matrix. All the samples that were tested were produced with the new manufacturing 
methods (scheme 2 and 3) with various weight fractions, such as 1 and 5 wt% for WF as well 
as MFC. The results given from SEM characterization for the consolidated samples reinforced 
with wood fibers respectively MFC are shown in the pictures (a) to (d) of the fractured 
surface in Figure 31. 
 
Picture (a) shows a wood fiber reinforced PLA composite with a weight fraction of 1%. As 
can be seen in the picture, a split wood fiber that protrudes from the matrix can be noticed, 
whereas the matrix around it appears to have bonded very well to the fiber. The nature of the 
matrix in the area around the fiber indicates a fairly ductile fracture surface. This can also be 
seen in a higher weight fraction such as 5 wt%, where the fiber is split through the middle, 
seen from above (c.f. Figure 31 (b)). The SEM picture was in this case taken with a lower 
magnification. Overall, in the pictures for consolidated samples reinforced with wood fibers, 
several traces of wood fibers in the matrix were found, which indicates to good fiber 
dispersion and implies also as mentioned earlier that the matrix and fiber reached a high level 
of interaction.  
 
  
 
 
 
 
 
 
 
 
 
 
 
  
 (a) (b) 
  
 
 
 
 
 
 
 
 
 
  
 
 
 (c) (d) 

Figure 31. SEM pictures of fracture surfaces from mechanical testing on samples with different cellulose weight 
fractions. (a) 1 wt% WF, (b) 5 wt% WF, (c) 1 wt% MFC and (d) is 5 wt% MFC. 
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On the other hand, the mechanical tests that were carried out on the consolidated samples 
reinforced with MFC with weight fractions of 1 and 5%, showed no traces at all of fibrils, 
fibril bundles and/or fiber fragments in the matrix (c.f. Figure 31 (c) and (d)). It is not 
expected that well dispersed MFC entities can be visualized at this magnification. However, 
since reinforcing elements can be observed (the picture indicates the presence of wavy, 
flake-like structures) this observation suggest that the MFC used is heavily aggregated and not 
uniformly dispersed. Moreover, the rough surface structure in picture (d), compared to picture 
(c), of composite with 5 wt% MFC clearly indicates the increased amount of material with 
increased weight fraction. The nature of the surface in Figure 31 (d) also seems to point to a 
pull-out type failure of the material during tensile testing.  
 
An attempt to analyze the fibril distribution and dispersion were carried out using TEM at 
EPFL. Consolidated samples reinforced with MFC with a weight fraction of 1, 5 and 20% 
were prepared according to scheme 3 (c.f. Figure 32). During analysis severe difficulties with 
the stability of our samples was encountered, which led to problems of managing to get clear 
pictures. These problems were mainly related to samples rapidly melting when exposed to the 
electron beam. In order to tackle this problem, the samples were coated with RuO4 vapor to 
enhance the contrast and decrease the detrimental effect of the beam emission and to enhance 
the quality of pictures.  
  
Although picture 32 (a) of 1 wt% MFC is rather blurry, there are noticeably thread-like 
structures in the darker areas that could be interpreted as stemming from the added MFC. The 
arrow in the picture was placed to mark a possible MFC fiber. This hypothesis is however not 
possible to verify, except by comparing the dimension of a single fibril with the scale bar. 
This estimation gives a diameter of about 20 nm, which is comparable with the literature [19]. 
Observation of rope-like bundles in the range of tenth of micrometer and up to twenty 
micrometer were made in all of the tested samples, which in addition increased with 
increasing weight fraction (c.f. Figure 32 (b) and (c)). This indicates that the gel-like MFC 
suspension that was used was not completely defibrillated in the homogenizer, even though an 
enzymatic hydrolysis was used in the pre-treating process. Also, the MFC in the suspension 
was in all likelihood aggregated during the pre-form production process (cf. Figure 29-30). 
The dramatically improved dewatering characteristics achieved by the addition of cellulose 
coloring agents to the system also indicated aggregation. These morphology pictures give a 
conclusion that there was no evidence of well dispersed MFC nano-fibrils in the composites. 
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  (a)  (b) 

 

 
(c) 

 
 
 
 
 
 
 
 
 
 

Figure 32. Result from tracing MFC fibrils with TEM for 1 wt% in (a) shows a MFC fiber, whereas 5 wt% 
MFC in (b) and 20 wt% MFC in (c) shows fibril bundles in the matrix. 
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5.4.  Rheological measurements 
 
Produced materials were further characterized with respect to rheological properties using a 
small experimental extruder. The measurements were carried out on consolidated samples 
containing various weight fractions of wood fibers. The shear force was controlled by varying 
the mechanical action at different temperatures. In Figure 33 the effect of time on the material 
behavior on samples containing 1 wt% wood fiber at 185ºC as well as at a temperature at 
210ºC are shown. Notice that the shear viscosity indeed is smaller at higher temperatures and 
it should be kept in mind that the material properties changes with this particular testing 
method. Hence, the material undergoes degradation by mechanical action of the extruder 
screws (10 rpm), as well as with increased residence time in the extruder.  
 
In the particular case of 1 wt% wood fiber based composites with a processing temperature at 
185ºC, a continuous degradation of approximately 25% after every new measurement is 
observed, so that after 25 min residence time in the extruder the shear viscosity of the sample 
had decreased by approximately 50%. An unexpected complication appeared after the first set 
of measurement at the processing temperature of 210ºC, which lead to longer residence time 
in the extruder, as can be seen in the graph below. However, the shear viscosity dropped 
around 40% after the first measurement for composites with a processing temperature at 
210ºC, as well as 50% at the final measurement. Moreover, by comparing the choice of 
processing temperature for the composites shows that the temperature is contributing to a 
decisive effect on the materials. The shear viscosity of the material that was exposed to a 
higher temperature drops much faster than one with lower temperature, where the latter is 
more viscous. A rough estimation is that the shear viscosity decreases approximately 65%.  
 
The viscosity characterization of consolidated samples reinforced with 5% wood fiber is 
presented in Figure 34. An increased amount of wood fibers noticeably raised the observed 
shear viscosity value. However, as before the shear viscosity degrades as the sample ages in 
the barrel of the extruder. As is seen in the figure the shear viscosity drops quickly and, as 
expected, is lower at higher temperatures. Notice that the initial shear viscosity is much 
higher, twice as high compared to composites with 1 wt% wood fibers, as shown in Figure 33. 
 
As reported in the literature by L. Lundquist et al [15] and R. Gosselin et al [26], using 
mechanical action contributes to certain amount of degradation of wood fibers. Indeed, as the 
amount of wood fibers is increased the concomitant increase in melt viscosity cause an 
increase in the thermo mechanical degradation of the fibers. The shearing of the fibers will 
cause a continuous fiber shortening in the extruder up until a critical length is reached where 
enough force to break the fiber element no longer can be attained. This fact explains the major 
shear viscosity drops in observed in the graphic readings. An interesting continuation of this 
study would be the characterization of the wood fiber length distribution as a function of 
residence time in the extruder. 
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Figure 33. The graph shows viscosity measurements for 1 wt% wood fiber based composites at a 

temperature of 185ºC and 210ºC. 
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Figure 34. Viscosity characterization of 5 wt% wood fibers based composites at a temperature of 185ºC 

and 210ºC. 
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It was especially interesting to follow the shear viscosity of MFC reinforced samples. These 
measurements were carried out on consolidated samples reinforced with 1 wt% 
microfibrillated cellulose. This allowed for a comparison of the rheological properties of MFC 
and wood fiber reinforced composites. The set of viscosity measurements for 1 wt% MFC 
based composites at 185ºC and 210ºC are presented in Figure 35. There is clearly a noticeable 
effect on the viscosity measurements by reinforcing PLA with MFC compared to wood fibers. 
Undoubtedly, the graph shows pseudo plastic and thixotropic properties as is also reported in 
the literature [17]. In this case, the first set of measurements for 185ºC is more or less twice as 
high as for 1 wt% WF. However, the graph has more similarities to the set of measurements 
taken for 5 wt% WF, therefore comparable to the viscosity values and drops. However, 
complications arose with the instrument which led to the measurements with the 
characterization of viscosity for pure PLA and 5 wt% MFC reinforced composites could not 
be performed. An estimation can however be done, and the result would be much higher than 
the corresponding amount of wood fiber based composite. 
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Figure 35. Result from the set of measurements taken to characterize viscosity for 1 wt% MFC. 
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Comparison of the viscosity for wood fiber and MFC reinforced composites can be seen in 
Figure 36. Overall conclusion, is that composites with a higher weight fraction such as 5 wt% 
wood fibers results in a less viscous material, however, for MFC reinforced composites with a 
weight fraction of 1% is almost as viscous as 5 wt% WF. On the other hand, using the 
extruder for measuring the absolute viscosity readings are not optimal since material flow 
might undoubtedly not be constant, and also due to moisture absorbance because of the non 
inert atmosphere which affects the value. For more accurate and significant results, the effect 
of the mechanical action and minimizing the duration in the extruder has to be kept in mind. 
In the future, a controlled strain dynamic rheometer (ARES, Rheometrics Scientific) can also 
be used. 
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Figure 36. Summary of the viscosity measurements for wood fiber and MFC composites, which shows 
initial curves at a temperature of 185ºC. 
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6.  Summary  
 
In conclusion, the processing scheme for making composites for foaming in a previous project 
was studied and modified. The main goal was to make pre-forms with wood fiber reinforced 
PLA by achieving well distributed fibers and consequently maintain effective fiber reinforced 
composites for foaming applications. A wet commingling production method was used to 
produce wood fiber reinforced composites. 
 
Overall, after studying previous work, based on the conclusions drawn, more time efficient 
pre-forms were manufactured. The pre-forms were manufactured with shorter drying times 
and with a more systematically repeatable production method. This resulted in a faster 
production and by implementing the Wennberg screen and by introducing the hand blender, 
resulted indeed in a successfully enhanced dispersion of the fibers. Moreover, porosity was 
diminished as a result of pre-heating two steel plates before placing them between the main 
pressing setup.  
 
Most significantly, a novel production method for making microfibrillated cellulose 
reinforced PLA composites with weight fractions of 1, 5 and 20% was developed. Since it has 
never been possible to make pre-forms in a more continuous manner, the wet commingling 
technique was used to produce the pre-forms for analysis.  
 
The fibers dispersion in the composites was studied with an optical microscopy and material 
separation was carried out using solvent extraction, hence, the result showed that an effective 
commingling of the constituents had been achieved. Materials with microfibrillated cellulose 
were also studied in the electron microscopes SEM and TEM to determine if the composites 
were well dispersed. Since wood and nano-scale fiber behavior at the foaming process with 
the new processing schemes are unknown, it is therefore essential to study the fiber dispersion 
in the future.   
 
Additionally, materials characterization contributed to a better understanding of both 
rheological and mechanical properties, of the wood fiber respectively microfibrillated 
cellulose reinforced PLA composites. Studies showed an increased viscosity with a slightly 
increased fiber fraction.  
 
Finally, in the future it is necessary to carry out more tests for analyzing foams of composites 
produced by the novel production method. Particularly, see if it is possible to make foams of 
microfibrillated cellulose reinforced PLA composites and then draw conclusions using the 
knowledge and improvements extracted from this report, that will either give a successful 
output or not by comparing the obtained foams. Moreover, a more time efficient production 
method should be investigated to produce material in a more continuous manner such as 
extrusion and the new production type of sheet-form. 
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7.  Conclusions 

7.1. Manufacturing of pre-forms 
 
Wood fiber and MFC based pre-forms were successfully processed by improved commingling 
method. Improvements made in the compounding process are:  
 

• separating PLA fibers from flocculation and making the wood fibers in the pre-forms 
more evenly dispersed by changing the mixing 

 
• even dewatering pressure by introducing a paper filter instead of a woven mesh, which 

might contributed to make the WF based pre-forms more uniform  
 

• higher pressure at the consolidation step was applied, which is thought to lead to lower 
porosity in the samples 

 
• material degradation of the samples was avoided by drying at higher temperatures in a 

vacuum oven 
 

• improved commingling step for MFC based compounds by introducing the coloring 
agent which reduced the dewatering time with approximately 98% 

 
• faster drainage time had also an effect on the amount of MFC that remained inside the 

pre-form. 
 

7.2. Mechanical testing and modelling 
 
Mechanical characterization showed that both use of WF and MFC resulted a positive 
reinforcement in the composites. Main results are:  
 

• the result of stiffness and strength of the reinforced composites increased on average 
with 40% and 60%, respectively 

 
• no significant difference in properties between WF and MFC reinforced composites 
 
• implementing the new papermaking manufacturing process on MFC based composites 

yielded less stiff but stronger composite than the corresponding weight fraction 
compared to Nakagaito et al.   
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7.3. Determination of fiber dispersion and content 
 
Reflections of the mechanical characterizations of reinforced composites can be seen in the 
morphological observations: 
 

• optical microscopy showed uniformly fiber distribution and no voids and no local 
variations in fiber density were observed. However, as the MFC content in the 
composites increased, more aggregates of MFC fibrils and fibril bundles were created 

 
• SEM studies of fractured WF composite surfaces showed evidence of good fiber 

bonding, which can explain mechanical properties in this study such as better 
toughness of the WF based composites  

 
• fractured surfaces of MFC based composites showed no evidence of MFC fibrils, fibril 

bundles and/or fiber fragments. The surface were rough, which presents further 
evidence of non uniformly dispersed MFC fibrils, due to aggregates 

 
• evidence of well dispersed MFC fibrils in the composites was also difficult to detect 

with TEM analysis. However, observation of rope-like bundles was made at higher 
weight fractions. This indicates that the MFC suspension used in this project was not 
completely disintegrated.   

 

7.4. Rheological measurements 
 
The results from the rheological measurements of WF and MFC based composites are indeed 
important for further processing, in particular for the foaming process. However, more 
accurate reading is necessary. Observations of the extruder are: 

 
• properties of WF and MFC based composites chances as the material undergoes 

material degradation by mechanical action of the extruder screws   
 

• studies of 1 wt% MFC based composites showed similar material behavior as 
materials with 5 wt% WF when compared to viscosity values and viscosity drops.  
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