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Abstract 

Thermoplastic based composites that contain a variable amount of wood and addi-

tives are commonly known as Wood Plastic Composites (WPC). Usually, WPC-man-

ufacturers use wood flour as a filler, due to its relatively easy processability, low cost 

and good availability. Wood fibers compared to wood flour differ in size and shape. 

Fibers exhibit a high length to diameter ratio, which can potentially provide reinforce-

ment to the polymer matrix. A drawback of wood fibers is their low bulk density and 

tendency to form bridges when processed with conventional compounding equip-

ment, such as extruders. Thus, processing at industrial scale is difficult. Thermome-

chanical wood fibers, as one specific group of fibers, are processed by defibration of 

wood chips in a refining process. Characteristics such as a high aspect ratio make 

these fibers a promising candidate for the utilization in polymer composites.  

The present thesis evaluates a novel compounding process, which enables the uti-

lization of thermomechanical wood fibers in WPC. The potentials of thermomechan-

ical wood fibers are identified by conducting a literature review and an experimental 

setup. The reviewed literature is catalogued according to wood fiber pretreatments, 

composite processing equipment, fiber contents, polymer types and coupling agents. 

Furthermore, the feed-in and dosing issue is described and possible solutions are 

discussed. It is concluded, that the composite properties are determined by the fiber 

morphology and the processing technology used. The reinforcement was found to 

be peaking at a fiber content of around 40 - 50 wt. %. The experimental study con-

firmed the challenge of wood fiber feed-in. Regarding the reinforcement of the com-

posite, a threshold value is reached at fiber contents between 40 - 50 wt. %. No sig-

nificant increment of tensile strength is observed at higher fiber contents. The me-

chanical properties decreased with increasing fiber content for wood fiber based 

composites without coupling agent. Additionally, the fiber length was investigated 

after compounding and injection-molding. The compounding process was found to 

be the major lever regarding fiber length degradation. The initial fiber aspect ratio of 

around 30 is reduced between 1 and 7 after injection-molding.  

To solve the fiber feed-in challenge and fiber agglomeration, the novel developed 

process comprises an approach using refiner technology to defibrate wood chips 

simultaneously with polymer granulates under wet and pressurized conditions. Re-

finer systems are usually applied for fiber production in the panelboard or papermak-

ing industry. For the experimental evaluation different refiner systems (Sprout-Wal-

dron 12”, atmospheric, batch pressurized and continuous pressurized) were used. 

The process was found to be stable and continuously operating at different shares 
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of wood chips and polymer granulates. The obtained fiber / polymer compound 

showed typically high aspect ratio wood fibers with entangled chopped polymer 

flakes, which are inseparably attached to the fibres. However, issues regarding the 

defibration process, such as polymer behavior during defibration, are open and have 

to be improved in further studies. The compound was further proccesed to bulk 

material by different processes. The mechanical properties of the produced compo-

site are depending on the further process applied. With each study, however, the 

mechanical properties of the composites were improved. It is believed that the novel 

compounding process can save production steps compared to the conventional 

WPC compounding process. Hence, a less expensive product is expected.  
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Zusammenfassung  

Wood Plastic Composites (WPC) zählen zu den thermoplastisch basierten Verbund-

werkstoffen, die aus unterschiedlichen Anteilen von Kunststoff, Holzpartikeln und 

Additiven zusammengesetzt werden können. Auf Grund der guten Verarbeitbarkeit 

und der günstigen Beschaffung wird üblicherweise Holzmehl als Füllstoff in WPC 

eingesetzt. Holzfasern haben im Vergleich zu Holzmehl, auf Grund ihres vorteilhaf-

ten Längen zu Durchmesser Verhältnisses (Aspekt-Verhältnis), zusätzlich das Po-

tential die Festigkeiten der Kunststoffmatrix zu verstärken. Holzfasern haben jedoch 

ein geringes Schüttgewicht und die Neigung sich ineinander zu verhaken, was nach-

teilig bei der Verarbeitung mit den üblichen Aggregaten der Kunststoffindustrie ist. 

Daher ist der industrielle Einsatz von Holzfasern in WPC bisher schwer umsetzbar.  

Die vorliegende Arbeit untersucht die Eigenschaften von thermomechanischen auf-

geschlossenen Holzfasern, die in thermoplastischen Verbundwerkstoffen eingesetzt 

wurden. Des Weiteren wird ein neu entwickeltes Verfahren sowie die daraus herge-

stellten Werkstoffe, bzw. deren Eigenschaften, evaluiert. Die Arbeit basiert auf be-

reits veröffentlichten und nichtveröffentlichten Publikationen. Der bisherige Einsatz 

von thermomechanischen Holzfasern in WPC wurde durch eine Untersuchung der 

aktuellen Literatur und Forschungsarbeiten begutachtet. Die Ergebnisse der begut-

achteten Literatur wurden den eingesetzten Verarbeitungsverfahren und Technolo-

gien, dem verwendeten Fasergehalt im Komposit, dem Polymertyp und der Faser-

Vorbehandlung zugeordnet. Des Weiteren wurden das Verarbeitungsproblematik 

von Holzfasern diskutiert und mögliche Lösungsansätze aufgezeigt. Es zeigt sich, 

dass das Verstärkungspotential von holzfaserbasierten Kompositen von der Faser-

morphologie und dem jeweilig eingesetzten Verarbeitungsverfahren abhängig ist. 

Ein Effekt der Faserverstärkung kann bis zu einem Faseranteil von 40 - 50 mass. % 

erreicht werden. Das Verstärkungspotential von thermomechanischen Holzfasern in 

einer Polypropylen-Matrix konnte durch eine experimentelle Untersuchung bestäti-

gen werden. Eine Faserverstärkung in spritzgegossenen Kompositen kann bis zu 

einem Faseranteil von 50 mass % erzielt werden, wenn ein Haftvermittler verwendet 

wird. Ohne Haftvermittler sinkt die Festigkeit mit steigendem Faseranteil. Unabhän-

gig des Haftvermittlers steigt das E-Modul linear. Eine Untersuchung der Faserlänge 

nach der Compoundierung und dem Spritzgießen zeigte, dass bereits nach der 

Compoundierung die Fasern erheblich eingekürzt sind. Vor der Compoundierung lag 
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für die Holzfasern ein Aspekt-Verhältnis von 30 vor. Nach dem Herauslösen der Fa-

sern aus der Matrix eines Spritzgußprüfkörpers konnte ein Aspekt-Verhältnis zwi-

schen 1 bis 7 festgestellt werden.  

Zur Lösung der schwierigen Faserdosierung und möglicher Faseragglomeratbil-

dung, die die bisherige Verwendung von Holzfasern in WPC erschwerten, wurde ein 

neuer Verfahrensansatz entwickelt. Das entwickelte Verfahren kombiniert die her-

kömmliche Holzfasererzeugung mittels Refiner-Technologie und einer Mischung 

(Compoundieren) eines Thermoplasten in einem Verfahrensschritt. Dabei werden 

die nassen Hackschnitzel gleichzeitig mit Polymergranulaten unter Druck zerfasert 

und so untrennbar miteinander vermischt. Üblicherweise werden solche Refiner-Ag-

gregate zur Faserstofferzeugung für Faserplatten oder Kartonage verwendet. Für 

die experimentelle Evaluierung des Verfahrens wurden unterschiedliche Refiner-

Systeme (drucklos, batch unter Druck, kontinuierlich unter Druck) verwendet. Es 

konnte gezeigt werden, dass der Prozess der Holzzerfaserung mit gleichzeitiger Po-

lymer-Vermischung stabil und kontinuierlich umsetzbar ist. Unterschiedliche Anteile 

von Hackschnitzel / Polymer wurden getestet. Das nach der Zerfaserung erhaltene 

Faser / Polymer Compound weist typische Refinerfasern mit hohem Aspekt-Verhält-

nis, auf, an denen angeschmolzene Polymerfragmente angebunden sind. Trotz der 

positiven Evaluierung des Verfahrens, ist die Frage des Polymerverhaltens während 

der Zerfaserung noch offen und muss in nachfolgenden Versuchsdurchführungen 

untersucht werden. Das Compound wurde mit unterschiedlichen Verfahren weiter-

verarbeitet. Mit fortlaufender Entwicklung des Verfahrens konnten die Eigenschaften 

der Komposite verbessert werden. Jedoch wurde aufgezeigt, dass die mechani-

schen Eigenschaften der geprüften Spritzgußprüfkörper in Abhängigkeit zur Weiter-

verarbeitungsmethode stehen. Mit der Entwicklung des neuartigen Verfahrens wird 

erwartet, dass im Vergleich zur herkömmlichen WPC‐Herstellung Prozessschritte, 

wie das Trocknen und die aufwendige Mahlung sowie Fraktionierung, eingespart 

werden können. Im Vergleich zu herkömmlichen WPC-Verfahren werden erheblich 

größere Durchsätze erzielt, die schlussendlich zur Reduzierung der Herstellungs-

kosten beitragen könnten. 
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Chapter 1  

Introduction 

1.1 Wood Plastic Composites 

Within material science wood plastic composites (WPC) are one specific group of 

wood based composites (WBC). WPC are defined differently worldwide and cover a 

wide range of products. In some regions WPC may comprise a material that contains 

any kind of natural material and thermoplastic or thermosetting polymer. Composites 

containing natural fibers (jute, hemp, flax or others) are defined as natural fiber com-

posites (NFC). Composites made of wood, from virgin sources, like trees or wood 

residuals from manufacturing side-streams, are defined as WBC. However, WBC 

have to be further divided concerning the polymers used as binder or matrix material. 

Classical WBC products, like particleboards, oriented strand boards (OSB) and fi-

berboards (high or medium density fiberboards, HDF, MDF) use thermoset resins to 

bind the wood together. In Europe, WBC based on thermoplastic polymers com-

monly referred to as WPC, because “plastics” are typically associated with thermo-

plastics. However, the decisive factors between the two different polymer groups are 

(i) the present state before processing and (ii) the interaction between the polymer 

and the wood. Thermoset resins are present in a liquid state prior to processing. 

They form rigid solids after curing. After curing, unlike thermoplastics, they do not 

melt again. The curing leads to chemically cross-linked polymer chains that form a 

three-dimensional network (Hull and Clyne 1996). Thermoplastic polymers are pre-

sent as solid granulates, flours or fibers prior to processing. In contrast to thermo-

sets, thermoplastic polymers are not cross-linked and thus, thermoplastics are able 

to melt when heat is applied. Their melt generally features higher viscosity than liquid 

thermosets prior of curing and are therefore less suitable for impregnation purposes. 

(Madsen and Gamstedt 2013).  

According to the standard EN 15534-1: 2014 WPC are a “material or product made 

thereof being the result of the combination of one or several cellulose-based mate-

rial(s) with one or several thermoplastics, intended to be or being processed through 

plastic processing techniques”  

The basic idea behind the concept of composites is, to combine at least two different 

constituents in a single material, whereby each constituent maintains its identity, re-

sulting in a composite material with enhanced properties (Stokke et al. 2014). Next 
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to the property enhancement the addition of a less expensive filler material substi-

tutes a share volume of the polymer and thus results in less expansive material (Cal-

lister 2001). 

With the beginning of the industrial production of WPC the interfacing of two different 

industry branches –the plastic and wood manufacturing industry- took place. The 

addition of fillers like talc, calcium carbonate and glass or carbon fibers had been 

well established within the traditional plastic industry. These traditionally produced 

composites have a broad range of applications. Before the industrial production of 

WPC, the utilization of wood in composites was mostly constrained by the plastic 

processors, because of using an inhomogeneous natural material that is difficult to 

process with the established processing equipment (Clemons 2002, Pritchard 2004). 

However, wood as filler or reinforcing element in composites has a number of ad-

vantages such as its ecological character, low cost, non-abrasive nature and low 

density (Ashori 2008). Therefore, since 1996, the utilization of wood in thermoplastic 

composites has gained interest (Clemons 2002) and has been investigated in a vast 

extent. For several load-bearing applications WPC and NFC pose a viable alterna-

tive to conventional glass or carbon fiber composites (Madsen and Gamstedt 2013).  

The wood content in WPC can reach up to 80 % (Klyosov 2007). For injection-

molded parts, wood contents between 20 % and 50 % are usual (Carus and Par-

tanen 2017). Due to the low thermal stability of wood, process temperatures have to 

be lower than the degradation temperature of wood which is about 200 °C. This is 

one of the reasons why commodity thermoplastics like polyethylene (PE), polypro-

pylene (PP) and polyvinylchloride (PVC) with melting points below 200 °C are widely 

used and currently common as matrix material (Carus et al. 2015, Oksman and Sain 

2008). Another point is that the properties and the processing of these commodity 

polymers are well known, despite the fact that they are less expensive than other 

technical polymers.   

WPC have a wide range of properties, depending on the resources and processing 

equipment used. Additives can improve the production process, enhance UV pro-

tection, flame retardancy and the resistance against biological decay (Oksman and 

Sain 2008). Coupling agents are needed to enhance the interfacial adhesion be-

tween the polar wood component and the non-polar polymer surface (Lu et al. 2000).  

To date, WPC are well established products in different fields of applications. Most 

of the products are used for building, automotive and consumer applications. The 
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production volume of WPC in the European Union was 260,000 tons in 2012. In 

2017, the total biocomposite production volume in the European Union reached 

410,000 tons, including WPC and NFC. The highest growth rate (30%) is to be found 

in innovative applications, such as technical applications, injection-molding, furniture 

and consumer goods. Roughly 30 manufactures in Europe produce compound gran-

ulates for further processing. But only a few producers are able to produce more 

than 10,000 tons a year. The majority of the granulate producers have capacities of 

about 500-1000 tons a year (Carus and Partanen 2017).  

1.2 Processing technologies for WPC-production 

The manufacturing of WPC is based on the production technologies of the polymer 

industry (Clemons 2002, Schwendemann 2008). Exemplary some of these technol-

ogies are displayed in Figure 1.1.  

 

Figure 1.1 Processing technologies for WPC-production. 

Independent of the processing equipment the overall process may be divided into a 

series of basic steps, feed-in, blending, compounding and forming. Additionally, a 

distinction has to be made between standalone (batch) and continuous operating 

technologies. The feed-in of the polymer granulate, filler particles and further addi-

tives needs to be precise at adequate speed. This can pose a challenge if wood is 

used as filler. The bulk density of particular wood may range from 70 - 350 kg/m³ 
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(Schwendemann 2008). Fibrous materials cover the lower and flour particles the up-

per end of this range. The blending of the ingredients may be done as a standalone 

process with heating-cooling mixers, common in polyvinylchloride processing, where 

the temperatures stay below the melting point of the polymer and a homogeneous 

granular dry-blend is produced.  

Compounding 

The blending may also be integrated into the next processing step, the compound-

ing, which is common in polyolefin processing. Compounding describes a process 

of changing the properties of a polymer by the addition of additives. Common tech-

nologies for compounding are co-rotating twin-screw extruders (Schwendemann 

2008). During compounding the polymer is exposed to heat and shear, generated 

by narrow meshing screw elements, and thereby plasticized. The fillers and additives 

are dispersed to achieve a homogeneous melt, which is called compound. Disper-

sion is quite important especially for highly filled composites (Schirp and Stender 

2010). If the compounding is not sufficient, reduced mechanical properties are ob-

tained (Schwarzkopf and Burnard 2016). The compounding step also removes mois-

ture and gases from the compound, which is particularly critical in the case of wood. 

Wood with high moisture contents can act as a foaming agent, which is undesired. 

To prevent this, atmospheric and vacuum degassing vents support moisture evapo-

ration (Schwendemann 2008). Therefore, a wood moisture content of 1 - 2 % is rec-

ommended (Pritchard 2004, Clemons 2002). The venting units are also needed, to 

remove the air inside the system and to avoid a backward flow which maybe lead to 

a blocking of the feed-in section (Schwendemann 2008). With the processing of low 

bulk density materials, a great amount of air enters the extruder which then has to 

be removed. It has been found, that compounding with extruders is causing filler 

degradation (Teuber et al. 2013). After compounding the material may be directly 

formed into products (one-step process) or pelletized for later forming processes 

(two-step process) (Stark et al. 2010). 

Forming  

Combining the compounding and forming in a single process, extruders are the most 

common technologies for infinite linear WPC production. Next to co-rotating twin-

screw extruder, single or counter-rotating twin-screw extruders are used. At the end 

of the process the plasticized melt is forced through a tool with a desired shape. 
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These types of extruders are mostly used for WPC deckings and profiles, as depicted 

in Figure 1.1.  

To form more complex, three-dimensional structures, injection-molding equipment is 

used. These machines contain a rotating single screw, which melts the pre-manu-

factured compound and forces the melt into a mold. After a certain time of cooling 

the product is ejected. Injection-molding is used, when high production rates and 

high product qualities are desired.  

In order to produce large-scale 3-dimensional structures, like car-indoor panels, 

compression molding equipment is used. Defined amounts of polymer, additives and 

wood or pre-manufactured WPC-compounds are placed in a mold. The upper part 

of the mold moves down, pressing and forcing the placed material into the mold 

cavity. The mold is equipped with a heating system to melt the polymer. After a de-

fined time, the mold opens and the finished part is removed by an ejector-pin. 

 

1.3 Wood as filler or reinforcement component in WPC 

Wood as natural composite, consisting primarily out of cellulose, lignin and hemicel-

lulose, shows different characteristics which differ in a wide range among species, 

and between the same species and even between pieces of the same pieces (Stark 

et al. 2010). The natural fibrous structure of wood however, has excellent mechanical 

properties, which are accompanied by low density. For example, an isolated spruce 

fiber exhibits an ultimate tensile stress of 530 MPa and a modulus of elasticity of 

10,100 MPa (Burgert et al. 2003). It is evident, that wood in WPC is not present in 

its natural fibrous structure. Wood from virgin sources or post-industrial byproducts 

like trimmings from sawmills, logging trimmings as well as sawdust and chips have 

to be chipped and grounded, before may be used for WPC (Schwarzkopf and Bur-

nard 2016). To do so, mechanical breakdown technologies like hammer, attrition 

mills and refining aggregates are utilized. Due to mechanical and thermal treatment 

during breakdown, the wood structure is heavily altered and its properties are far 

away from those present in virgin wood. In dependency of the used technology, the 

resultant wood geometry may appear in a shape of particles or fibers.  

Confusingly though, the term “wood fiber” is often used in general for any form of 

wood particles. The definition of fibers depends on the point of view: biologically or 

technically. From a biological perspective, fibers are cell types, specified as softwood 
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tracheids, hardwood tracheids and hardwood libriform fibers, that provide structural 

stability to the tree (Schirp and Stender 2010). From a technical point of view, wood 

fibers may contain single anatomical fibers or bundles, whole fibers or fiber frag-

ments and are obtained through mechanical or chemical processes. Depending on 

the process, a different fiber geometry is obtained. In the present thesis the technical 

definition will be used. 

In WPC usually wood flour is used, because of the good availability and easy feeding 

into conventional plastic processes (Oksman and Sain 2008, Clemons 2002, Stark 

and Rowlands 2003). Wood flour particles (size 100 - 500 µm) are less than 1mm in 

length and have a wide distribution of length to diameter ratio (aspect ratio or L/D 

ratio) (Schwarzkopf and Burnard 2016). Wood fibers differ from particles in that they 

exhibit a higher length to width ratio, i.e. aspect ratio. It is reported, that particle size 

characteristics, and in particular the aspect ratio is significantly influencing the com-

posite strength and stiffness (Stark and Rowlands 2003, Nourbakhsh and Ashori 

2008). Wood flour instead, is more acting as a filler, improving the stiffness but not 

the strength.  

According to the composite theory, a reinforcement of the polymer matrix is 

achieved, when the resulting strength and stiffness of the composite is higher com-

pared to the properties of the polymer matrix. If the added material only improves 

the stiffness, the material acts more as a filler (Ehrenstein and Wurmb 1977). For 

reinforcement effects the following conditions must be met (Ehrenstein 2006): 

1. fiber strength ߪ > matrix strength ߪ  
2. fiber modulus ܧ > matrix modulus ܧ  
3. matrix fracture ߝ > than the fiber ߝ  

If for example a tensile load is applied to a composite, the matrix expands more than 

the embedded fiber, due to a different stiffness of the components. Thus, shear 

stress occurs at the interface between fiber and matrix and the forces are finally 

introduced to the fiber. However the theory requires a good adhesion between the 

interface of the fiber and the matrix. With increasing fiber length a more efficiently 

force distribution is achieved (Ehrenstein 2006) which finally results in an strength 

improvement of the composite. The minimum fiber length that is required to obtain a 

reinforcement is known as critical fiber length (݈). The critical fiber length may be 

calculated by the following equation, with fiber diameter ݀, fibre tensile strength ߪ 

and matrix shear strength ߬ܿ. 
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݈ ൌ 	
ఙ	ௗ

2߬ܿ
   

The equation indicates that the smaller the fiber diameter, the shorter the fiber length 

may be and reinforcements are still feasible (Peltola et al. 2014). Tiny wood fibers 

with high aspect ratios have the potential to provide a good stress transfer, when a 

load is applied to the matrix. 

It is maybe reasonable to classify fibers by their length. Wood fibers are classified 

as short fibers (1mm – 5mm) and are typically randomly oriented within the compo-

site. Other natural fibers from crops, such as hemp, flax or jute, are classified as long 

fibers (5 - 50mm) and are typically aligned and oriented within the composite (Mad-

sen and Gamstedt 2013). The effects of fiber length and alignment on mechanical 

properties of fiber reinforced composites are shown in Figure 1.2. Short fibers com-

posites are preferably processed with injection-molding technology due to fast pro-

cessing cycles and simplicity. For infinite linear products, short fiber composites are 

produced by extrusion technology. Long fiber composites are usually produced by 

open molding and autoclave processes (Ho et al. 2012).  

 

Figure 1.2 Relationship between rel. mechanical properties, fiber length and fiber alignment (modified 

from Buerkle et al. (2003)) 

In addition to the particle geometry and aspect ratio, the wood content of the com-

posite is a crucial parameter influencing the mechanical properties. It was found that 

with increasing wood content the modulus of elasticity increases, whereas tensile 

strength decreases. By using coupling agents a positive effect of improved strength 
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properties can be achieved for wood contents of up to 50 wt.-% (Caulfield et al.). 

However, it was investigated that during compounding, high wood contents increase 

particle length reduction (Teuber et al. 2016a, Puglia et al. 2008). This is due to a 

stronger particle-particle interaction (Teuber et al. 2016a) and an increasing viscos-

ity, accompanied by high shear forces (Peltola et al. 2014). In addition, with increas-

ing fiber content, fiber distribution and orientation within the composite becomes 

more inconsistent. This increases the chance of areas with only partially covered 

fibers, leading to void formations, which then may have a negative effect on the com-

posite properties (Thomason 2005, Erdmann 2017).  

Despite the fact that wood fibers potentially can provide a reinforcement effect, their 

utilization in WPC is difficult with the traditional processing equipment. General draw-

backs of wood fibers and other natural fibers are their low bulk density, the non-free 

flowing behavior and the tendency to form bridges during feed-in in continuous com-

pounding processes (Thumm et al. 2011). With a low bulk density material, a high 

amount of air enters the process and has to be removed. If air is trapped in the 

process, the composite might include voids and finally reduces the composite per-

formance.  

In addition, dissolving fiber agglomerates during compounding is challenging with 

established technologies such as extruders (Le Baillif and Oksman 2009). The for-

mation of agglomerates leads to a lack of fiber dispersion, influencing the composite 

performance. In case of natural fibers, the formation of agglomerates is believed to 

be a result of strong hydrogen bonds between the fibers (Gatenholm et al. 1993). 

The formation of agglomerates takes place by fiber volume collapsing of one to an-

other fiber surface whereby the surfaces are connected by strong hydrogen bonds. 

Agglomeration maybe occur prior or during compounding. During drying, before 

compounding, the internal fiber volume shrinks irreversibly (Diniz et al. 2004), due to 

structural changes of removed water from the wood structure. The dissolving of fiber 

agglomerates during compounding is investigated by using dispersion aids (Qiu et 

al. 2003) or by increasing shear energy (Le Baillif and Oksman 2009).  
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1.4 Thermomechanical produced wood fibers   

Thermomechanical produced wood fibers are technical wood fibers, which are usu-

ally utilized for: 

 fiberboards (medium / high density fiberboard (MDF / HDF) 
 paperboards (classified as thermomechanical pulp, TMP) 
 insulation material  

 

Principles of defibration 

The main mechanism of fiber production is the defibration of the wood structure to 

fibers with thermal and mechanical energy (Sundholm et al. 1999). These fibers are 

obtained through a continuous pre-heating of wood chips in a digester followed by 

defibration in a pressurized system, which is done in a consecutively way (Wender-

del 2015). The thermal treatment of the moist wood chips is done by elevated tem-

perature and pressure in order to soften the lignin within the wood structure. After 

the thermal treatment, the wood chips are continuously fed via a conveying screw 

into the defibration zone, where the mechanical treatment and fiber separation takes 

place. (Sundholm et al. 1999, Chapman 2006). The wood chips enter the eye of two 

discs, one rotating and the other stationary (Chapman 2006). The opposing discs 

have a specific pattern obstructed by grooves, bars and dams. The separation of the 

wood structure to fibers is achieved by contact with the disc pattern and by centrifu-

gal forces. Centrifugal forces and pressure differences in the inner and outer part of 

the defibration zone, drive the wood outwards. Due to the harsh fiber-fiber collision 

and narrowing gap distance the fibers become defibrated and fibrillated (Sundholm 

et al. 1999). The disc is equipped with circumferential dams, that ensure a material 

movement radial forward, bringing the material back in contact between the grooves 

and bars. During the process the fibers are constantly flexed up to 5,000 times per 

second (Chapman 2006, Walker 2006b). During defibration the process heat in-

creases the temperature of the water that is saturated in the fiber, and evaporates 

the water into steam. Thus, the temperature and pressure between the disc gap can 

be higher than those in the refiner system. After leaving the defibration zone, the 

separated fibers are discharged into a blow-line. The received fibers occur in differ-

ent shapes and geometries, as single fibers, fiber bundles, and shives. The capacity 

of fiber production can range up to 60 tons/h (Chapman 2006). Figure 1.3 presents 

a typical refiner plant scheme and a refiner disc pattern as it used for fiber production.  
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Figure 1.3 Refiner plant scheme and refiner disc pattern (Andritz AG) 

MDF and thermomechanical pulp (TMP) production follow the same basic approach. 

Even the design of the used equipment is very similar. However, the processing 

conditions and the received fiber quality are different. The processing differences of 

MDF and TMP fiber production are compared in Table 1.1.  

Table 1.1 Processing conditions for MDF and TMP fiber defibration (Walker 2006b, Chapman 2006, 

Wenderdel 2015, Sundholm et al. 1999) 

Parameter MDF defibration TMP defibration 

pre-steaming 
> 150 – 190 °C  
(2 – 15 min.) 

120 – 140°C  
(~4 min.) 

defibration pressure 8 bar 1.5 – 5 bar 

mechanical treatment 250 – 300 kWh/t > 2000 - 2500 kWh/t

gap distance 0.2 – 0.4 mm 0.2 – 0.4 mm 

 

Fiber morphology  

The properties of the fibers after defibration are heavily influenced by the wood spe-

cies (Krug and Mäbert 2008, Ohlmeyer et al. 2015), the initial shape of the wood 

resource, intensity of pre-steaming (pressure and temperature), disc gap (Wender-

del and Krug 2012, Ohlmeyer et al. 2015, Benthien et al. 2016) and disc pattern. In 

general, the MDF and TMP fiber production have two different approaches. MDF 

fiber production uses higher temperatures which are above the glass transition point 

of lignin, resulting in a fiber separation between the lignin-rich middle lamella. This 

leads to a lignin coated fiber surfaces, accompanied with poor hydrogen bonding 
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properties (Atack 1972, cited from Walker 2006b). In TMP fiber production, the 

higher mechanical treatment results in fiber surface which is more torn open and the 

polysaccharide rich regions are exposed, encouraging good hydrogen bonding prop-

erties (Walker 2006b).  

The amount of individual fibers and fiber bundles can vary depending on the defibra-

tion conditions (Wenderdel and Krug 2012). Depending on the defibration conditions, 

the amount of fiber bundles vary between 40 - 60%, and single fibers between 

8 - 32% and coarser dust >1% (Wenderdel 2015). 

Figure 1.4 shows typical MDF fibers and fiber bundles after defibration and drying.   

 

Figure 1.4 Visual (left) and microscopic (right) image of MDF fibers and fiber bundles obtained after 

defibration.  

With increasing steam pressure and retention time in the digester, fiber length de-

creases while the amount of short fibers increases (Benthien et al. 2014). Also the 

color of the fibers gets darker with increasing steam pressure and retention time 

(Lerche et al. 2014, Benthien et al. 2016). Groom et al. (2006) found extensive fiber 

delamination, darker fibers and high quantities of fine fraction at high steaming pres-

sures (18bar). In a previous work, Groom L. et al. (2002) found that with increasing 

pressure the hemicellulose content decreases and the fiber surface tears open, lead-

ing to an increase in fiber surface roughness.  

The influence of the defibration conditions on the chemical composition of wood was 

investigated by Kelly et al. (2015). With increasing pressure during softening the 

amounts of extractives and glucose increase, while the amount of hemicellulose is 

decreasing. With increasing pressure and retention time an increasing amount of 

lignin on the fiber surface was observed by Krug (2010). 
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Benthien et al. (2016) investigated the influence of the disc gap distance and wood 

species on fiber morphology. It was found that increasing the disc gap is accompa-

nied with an increase in fiber coarseness. A small disc gap is resulting in finer fibers. 

Using the same defibration conditions, shorter fibers are obtained from hardwoods 

(beech and poplar) than from softwoods (pine).  

For composite designing or for predicting of composite properties, the fiber strength 

is important as explained in Chapter 1.3. It is evident, that the above mentioned dif-

ferent processing conditions alter the fiber properties and thus strength properties. 

Groom et al. (2002) and Mott et al. (2002) showed a differences in tensile strength 

and modulus of elasticity between juvenile and adult macerated single pine fibers. 

Tensile strength of adult pine fibers is between 410 – 1422 MPa and a tensile mod-

ulus of 6.55 – 27.5 GPa. Tensile strength of juvenile fibers is 33 % and modulus of 

elasticity 73 % lower. The range of properties depends on tree height and position 

within the trunk. The same results were obtained by Eder et al. (2008). They stated 

that the lower tensile strength for juvenile fibers are related to thinner cell walls. The 

crack initiation of juvenile fibers compare to adult fibers was found to be in relation 

with the cell wall pits. The pits of juvenile fibers are larger than pits of adult fibers. 

This different structural nature is leading to different crack initiation accompanied 

with different tensile strength properties. This observation was confirmed by Mott et 

al. (2002), who stated that pits serve a strain concentration in fibers under stress and 

are therefore points of failure.  

For defibrated wood fibers, Wenderdel (2015) stated that the properties are ex-

tremely influenced by hydro-thermal and mechanical treatment during processing. 

Due to the variations of fiber geometry distribution, Wenderdel (2015) investigated 

the tensile strength and modulus of elasticity of single fibers and fiber bundles, de-

pended on the defibration conditions. For single fibers tensile strength between 

300 – 600 MPa and a modulus of elasticity between 4 – 16 GPa was observed. 

Compared to the single fiber strength, the values for fiber bundles are reduced to a 

half. With regard to the entire investigation higher and lower values as outliers are 

observed. Wenderdel (2015) as well as Groom et al. (2006) found no linear relation-

ship between tensile strength and defibration conditions, which is discussed by 

Groom et al. (2006) with regard to the glass transition temperature of the different 

wood components. 
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It can be concluded, that thermomechanical produced wood fibers show promising 

characteristics for the application in thermoplastic composites. Additionally, thermo-

mechanical produced wood fibers are readily available at commercial scale which is 

an advantage over other agricultural-based fibers (Wolodko et al. 2015). 
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1.5 Working hypothesis and integration of the publications 

Based on the introduction, there are indications that thermomechanical wood fibers 

have distinct characteristics for the utilization in WPC. However, the processing of 

thermomechanical wood fibers in thermoplastic polymers with standard technologies 

seems to be limited due to the low bulk density of the fibers and fiber agglomeration. 

Therefore, the following working hypothesis is drafted: 

“The novel process, of simultaneous wood chip and polymer defibration using the 

refiner technology to obtain a wood fibers based thermoplastic compound, solves 

the problem of the fiber feed-in challenge and fiber agglomeration, whereby the high 

aspect ratio of the wood fiber is maintained.” 

In order to confirm the drafted working hypothesis, the present thesis is divided into 

two research scopes. 

1. Identify the potentials of thermomechanical wood fibers as resource in 

thermoplastic polymers.  

To identify the potentials, a literature review and an experimental study is 

conducted. 

2. Evaluation of the novel developed process of simultaneous defibration 

and compounding of thermomechanical wood fibers and thermoplastic 

polymers.  

The evaluation of the simultaneous defibration and compounding process is 

conducted in three different steps: 

1. Preliminary study 

2. Proof of concept 

3. Up-scaling to industrial level 

The present thesis is primarily based on four peer-reviewed publications, which are: 

Paper I: Mertens O, Gurr J, Krause A (2017) The utilization of thermomechanical 

pulp fibers in WPC. A review. Journal of Applied Polymer Science 52:10. 

Paper II: Mertens O, Krause KC, Weber M, Krause A (2018) Performance of ther-

momechanical wood fibers in polypropylene composites. Submitted to Wood Mate-

rial Science and Engineering (under review)  
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Paper III: Mertens O, Krause KC, Krause A (2017) Evaluation of wood fiber compo-

sites based on a novel simultaneous defibration and compounding process. Journal 

of Applied Polymer Science 99:45859.  

Paper IV: Mertens O, Benthien JT, Krause A (2017) Monitoring of fibre dimensions 

after a novel wood-plastic compounding approach. European Journal of Wood and 

Wood Products 46(2):175 

 

Additionally, the thesis includes two sub-chapters (Chapter 5.1 and 5.4) which in-

clude unpublished work.  

Integration of the publications 

The peer-reviewed publications are integrated into the present thesis and refer to 

the defined scopes and following the below shown scheme. The entire conducted 

research is finally interrelated discussed in Chapter 6.  
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Chapter 2  
Materials and methods  
The following Chapter will give an overview on the materials and methods used to 

confirm the working hypothesis. More detailed information about the materials and 

methods, can be found in the corresponding Chapters (publications and unpublished 

work) of the present study. 

(1) Identifying the potentials of thermomechanical wood fiber as resource 

in thermoplastic composites.  

The literature review in Chapter 3 was done by the revision of 50 peer-reviewed 

publication, conference proceedings and technical reports. The publications were 

searched by using the following web based scientific literature search engines: 

 SCOPUS (www.scopus.com) 

 Web of Knowledge (www. webofknowledge.com) 

 KVK - Karlsruher Virtueller Katalog (www. http://kvk.bibliothek.kit.edu) 

In order to provide an overview on the current state of thermomechanical wood fiber 

utilization in WPC, the cited publications is catalogued according to: 

 thermomechanical wood fiber production conditions,  

 pretreatments,  

 batch or continuous procedures, processing at laboratory or industrial scale, 

 fiber contents,  

 polymer types, coupling agents as well as wood species. 

For the experimentally (Chapter4) investigation of the performance of thermome-

chanical wood in thermoplastic polymers a broad experimental set-up was sched-

uled and conducted. Several wood fiber based PP composites with fiber contents 

from 20 wt.% to 60 wt.% were produced using a twin-screw extruder. Different me-

chanical properties were tested. The characteristics of fiber length after compound-

ing and injection-molding were investigated applying a dynamic image analysis sys-

tem.  
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(2) Development of an alternative compounding process for utilizing ther-

momechanical wood fiber in thermoplastic composites  

A novel process of simultaneous defibration and compounding was developed. For 

the process the refiner technology was applied, which is basically used for the pro-

duction of thermomechanical wood fibers. For all conducted experiments a 12” 

Sprout-Bauer (Waldron, Andritz) refiner was used. For all conducted experiments a 

PP and HDPE polymer was used as matrix material. Commercially wood chips, con-

sisting out of spruce (Chapter 5.2) and pine (Chapter 5.4) were used for the defibra-

tion process. The received wood fiber polymer compound was further processed to 

investigate the composite performance. The characterization of the composites and 

the fiber length was done by applying X-ray micro-computed tomography (Chapter 

5.2 and 5.4) and dynamic image analysis (Chapter 5.3 and 5.4).  
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Abstract  

Thermomechanical pulp, among other natural fibers, features characteristics that 

make it a promising candidate for the utilization in polymer composites. This review 

is providing an overview on the current state of research on TMP reinforced polymer 

composites. More than fifty references were reviewed. The cited literature is cata-

logued according to pretreatments, batch or continuous procedures, processing at 

laboratory or technical scale, fiber contents, polymer types, coupling agents as well 

as wood species. The reinforcing potential of TMP utilized in composites is demon-

strated. The reinforcement was found to be peaking at a fiber content of around 

40 wt-%. Fiber morphology is presumed to be an important determinator for compo-

site properties. Specific mechanical energy (SME) is presented as an indicator suit-

able to compare the influence of various processes on fiber morphology. Further-

more, the feed-in and dosing issue that generally accompanies the utilization of cel-

lulosic fibers is described and possible solutions are discussed. 
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3.1 Introduction 

Wood based materials such as OSB, fiber- or particleboard that utilize thermosets 

as adhesives are well established and are used in many applications. In addition to 

these products wood-plastic-composites (WPC) have increasingly gained interest in 

recent years (Paulitsch and Barbu 2015, Clemons 2002), offering a unique set of 

properties. WPC consist of a thermoplastic polymer, such as polypropylene (PP) or 

polyethylene (PE), wood particles in different sizes and shapes, such as wood flour 

(WF) or fibers, as well as additives. The combination of thermoplastics and wood 

particles offers new opportunities for wood-based products (Marutzky and Thole 

2005). In terms of application WPC are particularly used for building and construction 

purposes and in the automotive industry (Carus et al. 2015, Oksman and Sain 2008).  

Commercially available WPC usually contain WF. WPC-manufacturers use WF due 

to its good processability, its low cost and high availability (Schirp and Stender 2010, 

Stark and Rowlands 2003, Clemons 2002). However, the utilization of wood fibers 

as reinforcement in composites is gaining interest. Confusingly though, the term 

“wood fiber” is often used in general for any form of wood particles. The definition of 

fibers depends on the point of view, biological or technical. From a wood biological 

point of view, fibers are cell types, specified as softwood tracheids, hardwood tra-

cheids and hardwood libriform fibers, that provide structural stability to the tree 

(Schirp and Stender 2010). From a technical point of view, wood fibers or WF may 

contain single anatomical fibers or bundles, hole fibers or fiber fragments and are 

obtained through mechanical (thermo-mechanical pulp, TMP) or chemical (bleached 

or unbleached pulps, e.g. kraft pulp) processing. Wood fibers differ from WF in that 

fibers are significantly longer than wide, rather than particle like (Warnes et al. 2006). 

In this review the technical definition will be used and the terms fiber and flour will 

be used specifically.  

In general, the reinforcing performance of fibers in composites depends on fiber and 

matrix polymer properties as well as on the interfacial bond quality (Callister 2001). 

The fibers strength and stiffness need to be higher than of the matrix polymer. Also, 

the matrix should not fail before the fibers (Ehrenstein 2006). In addition, in order to 

have a reinforcing effect fibers need to have a minimum ratio of length to diameter 

(aspect ratio). This minimum aspect ratio is also influenced by the matrix properties 
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and is expressed as the critical fiber length. The critical fiber length may be calcu-

lated by the following equitation, with critical fiber length ݈, diameter ݀, fibre tensile 

strength ߪ	
∗  and matrix shear strength ߬ܿ. 

݈ ൌ 	
	ߪ
∗ 	݀

2߬ܿ
 

The equation indicates that the smaller the fiber diameter, the shorter the fiber length 

may be and reinforcements are still feasible (Peltola et al. 2014). Furthermore, a 

composite may only perform well if induced forces are transferred from the matrix 

onto the fibers, for which fiber-matrix adhesion is required. However, the compatibil-

ity of many commonly used polymers with wood is low (Nygård et al. 2008). In order 

to enhance the composite properties several studies investigate possible enhance-

ments of fiber-matrix adhesion. 

In recent years the interest in the utilization of thermomechanical pulp (TMP) instead 

of WF has grown (Lerche et al. 2014) due to several advantages. TMP is usually 

produced for medium density fiber boards (MDF) using a refiner process. Relatively 

high yields are obtained by TMP refining, resulting in cheaper pulp compared to e.g. 

chemical pulps (Lee et al. 2001). Due to processing conditions, the surfaces of TMP 

fibers are predominantly covered by lignin. Lignin is less polar than polysaccharides 

and therefore more compatible towards nonpolar polyolefin matrices (Schirp et al. 

2014). The high aspect ratio of TMP fibers has a reinforcing effect on the composite, 

increasing their strength and stiffness properties (Stark and Rowlands 2003, Schirp 

and Stender 2009, Schirp and Stender 2010, Horbens et al. 2012, Lerche et al. 

2014). In contrast to TMP, WF, with its cubical particle shape, tends to only increase 

the stiffness of composites, but does not improve their tensile strength (Stark and 

Rowlands 2003). After refining, fiber lengths may vary from 20 μm to 4500 μm and 

fiber widths from less than 1 μm to 80 μm (Lohmann and Blosen 2010). The aspect-

ratio of TMP fibers range from 24 (Gehrmann et al. 2004) to 72 (Nygård et al. 2008, 

Peltola et al. 2014, Horbens et al. 2012). From an economical perspective, compared 

to other natural fiber composites and glass fiber composites, composites containing 

TMP have a good price-performance ratio (in terms of specific strength and specific 

modulus). Furthermore TMP is readily available at commercial scale, which is a sig-

nificant advantage over agricultural based fibers (Wolodko et al. 2015). 

By revision of a number of references that address the utilization of TMP as rein-

forcement for polymers, this review aims to answer the following questions:  
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 What kind of technologies are used to process TMP polymer compo-

sites? 

 How does the refiner process influence the fiber morphology and the re-

sultant composite properties? 

 What kind of compounding and forming technologies are utilized and do 

they influence the concerning composite properties? 

 Is it possible to give a general overview on the mechanical properties 

that have been achieved and are they comparable? 

3.2 Methods 

To answer the stated questions, we collected peer reviewed articles, conference 

proceedings, patents and project reports related to TMP polymer composites. Liter-

ature was searched by using the following web based scientific literature search en-

gines: 

 SCOPUS (www.scopus.com)  

 Web of Knowledge (www. webofknowledge.com) 

 KVK - Karlsruher Virtueller Katalog (www. http://kvk.bibliothek.kit.edu) 

The following Keywords were used: 

 TMP fibers, thermoplastic  

 Refiner fibers WPC  

 TMP fiber, composites 

The term “wood fiber” was consciously avoided since it is often used unspecifically 

for any form of wood particles. Including the term wood fiber would have led to an 

unmanageable amount of references.  In a second step the references of the re-

viewed literature were analyzed and further related literature was selected. 

3.3 The conventional WPC process 

The manufacture of WPC is based on the production technologies of the polymer 

industry. Independent of the processing equipment the manufacture may be divided 

into few basic steps, feed-in, blending, compounding and forming. The feed-in of the 

polymer, filler and further additives needs to be precise at adequate speeds. In the 

case of natural fillers this can pose a challenge, which will be addressed in this re-

view. The blending of the ingredients may be done as a standalone process, com-
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mon in polyvinyl chloride processing, in which the temperatures stay below the melt-

ing point and a homogeneous granular dry-blend is produced. The blending may 

also be integrated into the next processing step, the compounding, which is common 

in polyolefin processing. During compounding the polymer is exposed to heat and 

shear and thereby plasticized. The fillers and additives are dispersed to achieve a 

homogeneous melt, which is called compound. The compounding step also severs 

to remove moisture and gases from the compound, which is particularly critical in the 

case of WPC. After compounding the material may be directly formed into products 

(one-step process) or pelletized for later forming processes (two-step process) 

(Stark et al. 2010). 

3.4 The feed-in challenge of natural fibers  

Several options are available for compounding WPC, using either batch (internal or 

high-intensity mixer) or continuous (extruders) mixers (Clemons 2002). For industrial 

scale processing (e.g. twin-screw extrusion) high feed rates are desired (Teuber 

2016a) and thus, continuous and precise feed-in technologies are required. TMP 

and natural fibers in general have a low bulk density, a non-free flowing behavior 

and tend to form bridges. This makes continues feed-in into the compounding pro-

cess quite challenging. Moreover, dissolving fiber agglomerates within the extruder 

is difficult to achieve and poor fiber-matrix bonding is expected. As a consequence, 

many investigations related to cellulosic fiber composites use laboratory batch pro-

cesses for compounding (Lee et al. 2001, Gehrmann et al. 2003, Marutzky and Thole 

2005, Warnes et al., Nygård et al. 2008, Bengtsson et al. 2007, Schirp et al. 2015, 

Schirp and Stender 2010, Stadlbauer 2010).  

Several references discussed the issue of fiber feed-in. Nygård et al. (2008) 

pelletized TMP to increase its bulk density. Pelletizing allowed for portioned feed-in 

into the extruder. Though, due to occurring shear during pelletizing, a significant re-

duction in fiber length was observed. The pelletizing approach was also adopted by 

Bengtsson et al. (2007) and Le Baillif and Oksman (2009), while using bleached kraft 

pulp. They also observed fiber length reduction. Stadlbauer (2010) adapted a cutting 

compactor technology, which is originally used for foil agglomeration. Their results 

showed that the utilized method can provide for constant feed-in, but the fiber length 

reduction was observed to be comparable to the pelletizing approaches (Stadlbauer 

2010). To overcome these feed-in difficulties during compounding Horbens et al. 

(2012) used a modified ball-mill to produce dosable fiber agglomerates for extruder-
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type processes. A complete resolve of the agglomerates after injection-molding was 

observed.  

Warnes et al. (2006) developed a method for using the MDF process technologies 

to produce MDF fiber pellets which are ready to use for extruders. After refining the 

fibers are transported through a conduit (blow-line); meanwhile a liquid polymer for-

mulation is applied onto the surface. After a drying stage the fibers are pressed to 

thin solid panels and cut into pellets. These temporarily bound fibers are then able 

to be used in further extrusion production steps. 

3.5 Process parameters influencing fiber morphology 

Fiber morphology has a large impact on composite properties and therefore factors 

that influence the fiber morphology have to be considered. The major processes that 

influence the TMP-fiber morphology are: 

 TMP processing parameters (e.g. temperature (Solala et al. 2016, Lerche et 

al. 2014), residence time (Lerche et al. 2014), disc gap (Schirp et al. 2014) and 

plate pattern) 

 composite processing equipment, conditions and fiber pretreatments 

 

a) Influencing TMP-processing parameters 

Lerche et al. (2014) investigated different defibration conditions and their influence 

on properties of maleic anhydride modified HDPE/TMP reinforced composites. TMP 

was produced with different boiling times, temperatures and pressures. Higher tem-

peratures and longer defibration times caused darker and shorter fibers. The ob-

tained data from mechanical tests revealed that differing defibration conditions led 

to statistically significant differences in flexural, tensile and impact properties. They 

argue that not necessarily great fiber lengths, but mild defibration conditions, asso-

ciated with lower thermal wood degradation and less lignin coverage on fiber sur-

faces, could be advantageous. Nygård et al. (2008) stated that high amounts of sur-

face lignin may impair the effect of coupling agents and thus, decrease the mechan-

ical properties of the resultant composite.  

In contrast to these assumptions, Solala et al. (2016) investigated the reinforcing 

effect of high temperature (HT-) TMP on melt-compounded PLA composites. Fiber 

contents of up to 20 wt-% were investigated and no coupling agents were used. It 

was observed that higher defibration temperatures (150 to 170°C) led to higher lignin 
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surface coverage, weaker fiber-fiber bonding, and a loss of hemicelluloses. Due to 

the high amount of lignin on the fiber surfaces and its hydrophobic nature, relatively 

high compatibility to nonpolar thermoplastics is expected. The TMP of higher de-

fibration temperatures probably had a lower level of fiber surface fibrillation and thus 

weaker fiber-fiber interactions, leading to less agglomeration. 

Yam et al. (1990) compared the influence of acetylated and heat treated aspen TMP 

on recycled HDPE composites. No coupling agents were used. Composites contain-

ing untreated or acetylated fibers showed higher tensile and flexural strength than 

those containing heat treated fibers. The authors conclude that the untreated fibers 

retain most of their lignin and natural waxes and therefore show better compatibility 

to the non-polar HDPE matrix. 

Schirp et al. (2014) analyzed the influence of beech wood particle geometry (flour 

compared to fibers) and various modification treatments on composite properties. 

The influence of refiner disc gaps between 0.15 to 1.00 mm on pulp geometry were 

evaluated. As was expected, an increase in refiner disc gap resulted in coarser pulp. 

An important result was that the flexural strength of TMP-composites increased with 

increasing refiner gap width. Under the applied conditions (batch process) the longer 

the TMP-fibers, the higher the flexural strength of the composite. Interestingly 

though, TMP did not improve the flexural strength considerably compared to wood 

flour or wood particles. Furthermore, the authors conclude that the effect of hornifi-

cation may have a large influence on fiber and ultimately composite properties. Horn-

ification takes place in lignocellulosic materials up on drying or water removal. During 

drying the internal fiber volume shrinks irreversible because of structural changes. 

This leads to stiffer fiber properties (Diniz et al. 2004). It was suggested, if pre-drying 

of the fibers before compounding could be avoided, a positive influence on the prop-

erties of the fibers and resulting composites may be achieved. It was also obtained 

that TMP modified with emulsifiable methylene diphenyl diisocyanate (EMDI) could 

be used as an effective coupling agent in WPC. The use of EMDI resulted in reduced 

water absorption and increased flexural strength (Schirp et al. 2014). 

Winandy et al. (2008) pretreated red pine chips with oxalic-acid and diethyloxalat. 

They pointed out that the treatments do affect the mechanical properties of TMP-

HDPE composites. The modulus of elasticity of composites containing treated TMP 

was decreased compared to composites containing untreated TMP or wood flour. A 
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conclusive interpretation of the mode of action of the modifications was not provided 

by the reference.  

Refiner plate patterns were not discussed in any of the analyzed references. This is 

surprising, as the plate pattern would be expected to influence fiber length and mor-

phology considerably. 

 

b) Influencing WPC processing parameters 

To date, a wide range of process types and processing conditions for compounding 

and forming are utilized. Most investigations used low feed rates at laboratory scale 

(Teuber 2016a). Teuber (2016a) mentioned that a laboratory process such as an 

internal mixer is not directly comparable to industrial relevant processes such as 

twin-screw extrusion. During compounding and forming, the filler is subject to high 

temperature and shear which may cause severe morphology changes. Composites 

properties are largely influenced by filler size and morphology. Thus, it is important 

to take the applied processes into account in order to be able to draw conclusions 

from the results of the different investigations (Teuber 2016a). Various aspects such 

as initial parameters and conditions need to be considered. 

The literature to date regarding the process types and processing conditions of TMP 

polymer composites are listed in Table 3.1. The overview is divided in pretreatment, 

compounding and forming. Furthermore, it is being distinguished between: 

 laboratory scale processes (batch, e.g. kneading mixers, and continuous, 

e.g. micro-extruders). 

 industrial scale processes (batch, e.g. high-intensity mixers, and continuous, 
e.g. twin-screw extruders and injection molding. 

  



   

Table 3.1 Overview of the different compounding and forming processes used in the cited literature. The pretreatment process is tagged with different numbers for 
different processes (1Pelletizing after patent from Warnes et al.2 Pelletizing with Amandus Kahl pelletizing machine, 3Granulation drum). rpm = rounds per 
minute used for the different compounding processes. SME = specific mechanical energy. The temperature column indicates which temperature (for batch 
processes) or which temperature range (for continuous processes, mostly extruders) were applied during the compounding process. 

Pretreat‐
ment 

Compounding Forming

laboratory scale  industrial scale 
rpm 

temperature through put laboratory 
scale 

industrial 
scale Reference Pelletizing  continuous  batch  continuous  batch  [C°]  [kg/h] 

Solala et al. (2014) ‐  x ‐ ‐ ‐ 225  190 ‐ x ‐

Teuber (2016a)  x1  ‐ ‐ x ‐ 200‐400  180‐210 6‐24 ‐ x

Zierdt et al. (2015) ‐  ‐ x ‐ ‐ 50  196 ‐ x ‐

Schirp et al. (2015) ‐  ‐ x ‐ ‐ 50  190 ‐ x ‐

Dickson et al. (2014) x1  ‐ ‐ x ‐ ‐  < 200 C° ‐ ‐ x

Lerche et al. (2014) ‐  ‐ x ‐ ‐ 50  160 ‐ x ‐

Peltola et al. (2014) x2  ‐ ‐ x ‐ 200  60 – 190 2,5 ‐ x

Schirp et al. (2014) ‐  ‐ x ‐ ‐ 50  160 ‐ x ‐

Horbens et al. (2012) x3  ‐ ‐ x ‐ ‐  ‐ ‐ ‐ x

Peltola et al. (2011) x²  ‐ ‐ x ‐ 200  60 – 190 ‐ ‐ x

Thumm and Dickson (2013) x1  ‐ ‐ x ‐ ‐  ‐ ‐ ‐ x

Schirp and Stender (2010) ‐  ‐ ‐ ‐ x ‐  ‐ ‐ ‐ x

Schirp and Stender (2009) ‐  ‐ ‐ ‐ x ‐  ‐ ‐ ‐ x

Nourbakhsh and Ashori (2008)  ‐  ‐ x ‐ ‐ 50  180 – 200 ‐ x ‐

Nygård et al. (2008) x²  ‐ ‐ x ‐ 200  190 ‐ x ‐

Zhang et al. (2007) ‐  ‐ x ‐ ‐ 50  150 ‐ x ‐

Lu et al. (2004)  ‐  ‐ x ‐ ‐ 60‐90  150 – 180 ‐ x ‐

Li and Sain (2003) ‐  ‐ ‐ ‐ x 4600  190 ‐ ‐ x

Stark and Rowlands (2003) ‐  ‐ ‐ x ‐ ‐  < 190 ‐ ‐ x

Kazayawoko et al. (1999) ‐  ‐ ‐ x ‐ 3300  180 ‐ ‐ x

Ren and Hon (1993) ‐  ‐ x ‐ ‐ ‐  ‐ ‐ x ‐

Yam et al. (1990) ‐  ‐ ‐ x ‐ 100  150 ‐ 210 ‐ x ‐

Woodhams et al. (1984) ‐  ‐ x ‐ ‐ 90  225 ‐ x ‐

Kokta et al. (1983) ‐  ‐ x ‐ ‐ ‐  ‐ ‐ x ‐

Sean (2010)  ‐  ‐ x ‐ ‐ 10‐30  155‐175 ‐ x ‐

Winandy et al. (2008) ‐  ‐ ‐ ‐ x 5000  196 ‐ ‐ x

Caulfield et al.   ‐  ‐ ‐ ‐ x 4600  190 ‐ ‐ x
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Warnes et al.  x1  ‐ ‐ x ‐ 150‐200  160‐210 ‐ ‐ x

Gehrmann et al. (2003) ‐  ‐ ‐ x ‐ ‐  ‐ ‐ ‐ x

Total number of refer‐
ences: 29 

8  1 11 12 5 14 15
12 17

 



   

According to table 3.1, in twelve references continuous compounding processes, such 

as twin screw extruders, which are able to mimic industrial processes, were used. In 

eight references the TMP was pretreated in order to compact the fibers before com-

pounding. This was done to achieve constant feed-in into the extrusion process. A 

significant fiber length reduction was observed when pelletizers were used as com-

paction technology (Nygård et al. 2008, Bengtsson et al. 2007, Le Baillif and Oksman 

2009). In several investigations in which continuous compounding processes and in-

jection molding were used significant fiber length reduction was determined (Dickson 

et al. 2014, Peltola et al. 2014, Horbens et al. 2012, Peltola et al. 2011, Thumm et al. 

2011, Stark and Rowlands 2003, Yam et al. 1990), independent from the processing 

conditions, fiber loading and kind of polymer. Thermo-degradation, leading to the 

darkening of the fibers, occurred with increasing mixing time (Yam et al. 1990) and 

increasing shear forces due to e.g. high viscosity polymers (Peltola et al. 2011). 

In all studies, with the exception of Schirp et al. (2014), in which laboratory scale 

compounding equipment was utilized fiber length reduction was not investigated after 

compounding, but rather observed after forming. Schirp and Stender (2010) stated 

that a heating-cooling mixer, as a batch process, is an economically feasible way to 

process TMP with only minor fiber damage compared to twin-screw extrusion. 

Process parameters derived by different processes are often not directly transferable 

to other setups, as they produce different outcome. Finding a key variable that is ap-

plicable to different compounding processes would aid further research in this field. 

Teuber (2016a) mimicked industrial extrusion conditions by compounding TMP com-

posites with a laboratory twin-screw extruder. They chose feed rates and screw 

speeds that resulted in commercially relevant specific mechanical energy (SME) val-

ues. SME [ܹ݄݇/݇݃ሿ is an important process parameter influencing the final product 

characteristics. SME represents the amount of dissipated mechanical energy per unit 

mass, that is applied by the engine driven screw to the material(Godavarti and Karwe 

1997) and can be deduced according to: 

ܧܯܵ ൌ 	
ܧ
ܳݐ

	 

with consumed energy by the engine ܧ [kWh], compounding time ݐ [h] and feed rate 

ܳ [kg/h]. To avoid attrition and thermal degradation of natural fibers it is desirable to 

keep the SME to a minimum. Teuber (2016b) confirmed that fiber breakage could be 
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reduced by choosing low SME values, which are still in a range applicable in industrial 

processes. 

According to the previous conclusions it appears that the SME may be a suitable 

processing parameter to compare different compounding processes and their influ-

ence on fiber morphology. 

3.6 Mechanical properties of TMP polymer composites 

We have well established that a comparison of the composite properties of different 

investigations is difficult since varying processing parameters and fibers were used. 

In addition to the production processes and settings (Graupner and Muessig 2016) 

major influencing factors on composite properties are (Oksman and Sain 2008, Klyo-

sov 2007, Rowell 2005): 

 characteristics of the fibers and matrix itself 

 fiber/matrix adhesion  

 fiber length and fiber length distribution 

 fiber dispersion  

 fiber compaction 

Figure 3.1 provides an overview of tensile strength values as a function of modulus of 

elasticity (MOE) of various TMP- and wood flour-polypropylene composites. The plot-

ted data was derived from the references listed in Table 3.1. The tensile strength 

values are related to fiber contents of up to 50 wt-% illustrated in an Ashby-plot. The 

values for the TMP composites are subdivided in laboratory and industrial scale pro-

duction. As a point of reference, the tensile strength and MOE of wood flour compo-

sites are also displayed. The strength values derived for the wood flour composites 

were all compounded utilizing twin-screw extruders (Peltola et al. 2011, Nygård et al. 

2008, Li and Sain 2003, Winandy et al. 2008, Stark and Rowlands 2003). 

As one can see Figure 3.1 depicts a broad range of tensile strength and MOE values 

of TMP composites, produced by either laboratory or industrial scale processes, as 

well wood flour composites. Independent of the fiber content, industrial scale TMP 

composites display higher MOE in comparison with laboratory scale TMP composites. 

This might be explained by the added pressure formation as well as dispersion during 

continuous compounding by means of industrial scale extruders. Additionally, injec-

tion molding was utilized in all cited industrial scale investigations, in contrast to mostly 

compression molding in the cited laboratory scale investigations. Graupner and 
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Muessig (2016) compared injection molded to compression molded Lyocell fibers and 

PLA matrix composites. They came to the general conclusion, that injection molding 

leads to better compaction and fiber/matrix adhesion compared to compression mold-

ing. This may explain the higher MOE of the injection molded, industrial scale pro-

duced TMP-polymer composites. The industrial scale TMP composites and the wood 

flour composites do exhibit comparable MOE. 

Wood flour composites display similar tensile strength properties to the laboratory 

scale TMP composites, but wood flour composites reveal higher MOE. An explanation 

for this phenomenon may be, that smaller particles with lower aspect ratio disperse 

more easily in the polymer matrix resulting in additional homogeneity and therefore 

stiffer composites (Shahi et al. 2012, Nygård et al. 2008). Furthermore, it is assumed 

here, that twin-screw extruders have a larger free volume within the mixing barrel 

compared to laboratory scale compounding technologies. This may lead to an incre-

ment of fiber dispersion, especially when processing aids are used. Good dispersion 

with extruders can also be achieved by high screw speeds (Le Baillif and Oksman 

2009) and proper screw design (Teuber 2016a). 

The tensile strength of laboratory scale composites ranges from 20 MPa to 40 MPa. 

The tensile strength of industrial scale composites ranges from 25 MPa to 52 MPa. 

The tensile strength of wood flour composites ranges from 27 MPa to 44 MPa. The 

strength properties of the industrial scale TMP composites exhibit a large range, with 

a considerable portion displaying higher values than laboratory scale and wood flour 

composites. However, an also notable portion exhibits comparable strength proper-

ties. According to the plotted strength values here, it is evident, that a certain reinforc-

ing effect can be achieved by TMP in comparison to wood flour. Teuber (2016a) dis-

covered that fiber lengths are considerably reduced just after fibers are fed in during 

compounding.  Therefore, the processing is presumably a major lever in the discovery 

of the full reinforcing potential of TMP. Furthermore, Schirp et al. (2014) stated that 

next to the aspect ratio and fiber length the fiber surface, i.e. its topography as well 

as its surface chemical composition, have to be considered. In contrast to that, Nygård 

et al. (2008) came to the conclusion that high aspect ratios do not improve the MOE, 

because of the non-linear alignment of the fibers in the polymer. 
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Figure 3.1 Tensile properties of TMP- and wood flour- PP composites with a fiber content ≤50 wt. %. 

Comparison of laboratory (blue area) and industrial scale (purple area) TMP composite and wood flour 

composites (green area) values illustrated in an Ashby-plot. Data for TMP composites were derived from 

references listed in Table 3.2. 

3.7 Influence of fiber content on mechanical properties 

WPC properties are strongly affected by their wood content (Sain and Pervaiz 2008). 

The following Table 3.2 gives an overview on tensile strength and MOE values re-

garding to different TMP contents used. Also the utilized polymers, coupling agents 

are listed. In two thirds of the cited literature fiber contents between 30 and 40 wt.% 

were used. Fiber loadings greater than 65 wt.% are difficult or not feasible to process 

(Ehrenstein 2006) due to the low bulk density of TMP. Materials with low bulk density 

contain high shares of air. Because air hinders the plasticization of a polymer 

(Kohlgrüber 2007) and leads to voids in the composites it has to be removed during 

compounding. In more than half of the cited literature PP was used as matrix polymer. 

In the majority of the cited literature coupling agents were applied to enhance material 

properties. The mechanism of coupling agents and their effect on mechanical proper-

ties is well documented but not subject of this review. 
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Table 3.2 Overview of tensile strength and tensile Modulus (tMOE) in dependency of fiber content, matrix 

polymer and coupling agents (CA). Also listed are the processing methods (IS = industrial scale, LS = 

laboratory scale). In the references at the bottom of the table no tensile strength and tMOE were deter-

mined. 

  tensile strength [MPa] tMOE [GPa] polymers 
fiber content [%] 20 30 40 50 60 >60 20 30 40 50 60 >60 PP PE PLA others CA IS LS

(Caulfield et al.) 

  29,3   4,5 x       x x
    34,9 5,2 x       x x
      28,4 5,8 x       x x
      25,6 6,9 x       x x

(Dickson et al. 2014)     44 4 x       x x
(Gehrmann et al. 2003)       25 4,1 x       x x
(Kazayawoko et al. 1999)

  44,1           2,4         x       x x   

(Lee et al. 2001) 
20,6     2,04 x       x x

  21,3   2,2 x       x x
    21,6 2,4 x       x x

(Lerche et al. 2014)       x 4,5   x     x x
(Migneault et al. 2008)   22,7   2,7   x     x x

(Nourbakhsh and Ash-
ori 2008) 

29,4     1,4 x       x
  32,9   1,5 x       x
    34 1,7 x       x

(Nygård et al. 2008)       54 4,2 x       x x
(Peltola et al. 2011)   35,5   3,2     x   
(Ren and Hon 1993)       33,7 2,5 x       x x
(Schirp et al. 2014)       10,3 x       x x

(Sean 2010) 
33     1,9 x       x
  34   2,4 x       x
      42 2,4 x       x

(Solala et al. 2016) 55,3     5,1     x   x
(Stark and Rowlands 2003)   52,8 4,2 x       x
(Teuber 2016a)   41   3,6 x       x
(Thumm and Dickson 2013) 

                        x       x x   

(Warnes et al.)   36   3,5 x       x
    42,7 4,6 x       x

(Winandy et al. 2008)   37   2,2   x     x

(Woodhams et al. 1984)     44 4,5 x      x x
    39 4,4   x     x

No tensile strength or tMOE were determined in the references below
(Horbens et al. 2012) x     x       x x
(Kokta et al. 1983)   x         x x x
(Li and Sain 2003)     x x       x x
(Lu et al. 2004)       x   x     x x
(Michaud et al. 2005)       x x       x x
(Schirp et al. 2014)       x   x     x x

(Yam et al. 1990) 
x       x     x
  x     x     x
      x   x     x

(Zhang et al. 2007)  x       x     x x
    x   x     x x

(Zierdt et al. 2015) 
  x         x 
    x       x 
      x       x 
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Mechanical properties depend on various parameters (Krause and Krause 2012), 

whereby wood or fiber content is one of the main factors (Schirp and Stender 2010). 

Figure 3.2 displays tensile strength values of industrial scale TMP (red), laboratory 

scale TMP (black/grey) and wood flour (blue) composites as a function of fiber con-

tent. The plotted data is based on references for PP composites presented in Table 

3.2. It is known that MOE increases with increasing fiber content, but tensile strength 

increases only to a certain fiber content (Yam et al. 1990, Woodhams et al. 1984). 

Several studies observed that the tensile strength increases up to fiber contents of 

40-50 wt.%. Fiber loadings beyond led to decreasing strength values (Yam et al. 

1990, Woodhams et al. 1984, Sean 2010, Caulfield et al.). Sean (2010) stated that 

strength properties with fiber contents beyond 40 wt-% are no more linear and reach 

an asymptote. These phenomena indicate poor fiber dispersion. The efficient stress 

transfer is reduced due to imperfections such as agglomerates which do not contrib-

ute any strength to the composites. Woodhams et al. (1984) pointed out that beyond 

40 wt.% composites gave lower strength values because the viscosity of the melt was 

too high to mold properly. According to these references it seems that in general ten-

sile strength increases up to a fiber content of approximately 40-50 wt.%. 

Krause and Krause (2012) stated that mechanical properties depend on the produc-

tion method as well as that the highest strength values are achieved by using injection 

molding in contrast to extrusion. In Figure 3.2 the industrial scale composites show 

higher strength values up to a fiber content of 40 wt.% than laboratory scale compo-

sites. Graupner and Muessig 2016 (2016) found that the tensile strength of injection 

molded cellulose fiber-reinforced PLA composites decreased significantly at a fiber 

content of 40 wt.% compared to compression molded samples. They argued that the 

fiber aspect ratio of injection molded samples is below the critical fiber length. More-

over, at a fiber loading of 40 wt.% an increased occurrence of voids was observed, 

which may cause the reduced tensile strength (Gehrmann et al. 2003). Comparing 

wood flour composite strength values and TMP strength values beyond a fiber content 

of 40 wt.%, it appears that wood flour values are in between. This could be due to the 

fact that during compounding of fiber contents of 40 wt.% and above, fiber-fiber inter-

action increase, leading to fiber length reduction below the critical fiber length. 
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Figure 3.2 Tensile strength as a function of fiber content for industrial produced TMP composites (red 

dots and area), laboratory produced TMP composites (black dots and grey area) and wood flour compo-

sites (blue dots). 

3.8 Conclusions  

Overall, there are strong indications that long or rather high aspect ratio TMP fibers 

have a reinforcing effect on composites. However, although not consistently reported 

in all references, it appears that the majority of thermo-mechanical pulping, feed in, 

compounding and forming processes do potentially alter fiber morphology as well as 

chemical composition. Consequently, in order to realize the reinforcing potential of 

TMP fibers all processing steps and their influence need to be taken under consider-

ation.  

The feed in issue continues to be unsolved. Varying approaches did lead to improved 

fiber dosing, but were accompanied by either fiber agglomerates in the final composite 

or fiber length reduction. Additionally, further promising approaches were investi-

gated, but fiber agglomeration and fiber length reduction were not evaluated or re-

ported on. As fiber agglomeration and length reduction both presumably lead to di-

minished composite properties, in the future, considerable efforts towards finding a 

solution for the feed in issue should be put in. 

TMP processes alter the morphology as well as the chemical composition of TMP 

fibers. Harsh defibration conditions may lead to thermal degradation and shortening 
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of the fibers as well as an increase of surface lignin. There are strong indications, that 

changes in the fibers chemical composition affect the fiber matrix adhesion or the 

mode of action of certain coupling agents. Depending on the polarity of the matrix 

polymer, high or low shares of surface lignin may be advantageous. The TMP process 

should be adjusted accordingly. Furthermore, coupling agents need to be chosen un-

der the consideration of the TMP process or more specifically the chemical composi-

tion of the resultant fibers. Ultimately, in order to achieve optimum composite perfor-

mance, it is inevitable to take the TMP’s chemical composition, the polymer type as 

well as the coupling agents under consideration. 

WPC processes also alter the morphology as well as the chemical composition of 

TMP fibers. In several investigations in which continuous compounding processes, 

extrusion and injection molding were used significant fiber length reduction was de-

termined. In those investigations this reduction in fiber length was found to occur in-

dependently from the processing conditions, fiber loading and polymer type. Thermo-

degradation, leading to the darkening of the fibers, occurred with increasing mixing 

time and increasing shear forces due to e.g. high viscosity polymers. Therefore, the 

processing is presumably a major lever in the discovery of the full reinforcing potential 

of TMP. In general though, it is difficult to provide an overview on the influence of 

different compounding and forming processes on fiber morphology and degradation. 

In one reference the specific mechanical energy (SME) was introduced as figure suit-

able to compare different processes and there influence on fiber and composite prop-

erties with one another. It was demonstrated that low SME values lead to less fiber 

breakage. Further investigation of the SME could provide a way to mimic industrial 

scale processes with laboratory technologies and predict composite properties. 

It is well known that the fiber content have a significant influence on the mechanical 

properties of composites. In the cited references the MOE of TMP composites in-

creases with increasing content. In the case of tensile strength, this relation appears 

to be true only for TMP contents of up to around 40 wt-%. In several references tensile 

strength values started to decrease at TMP contents between 40 and 50 wt-%. This 

was attributed to poor dispersion and increased agglomeration, leading to inefficient 

stress transfer. Although the decreasing tensile strength of fiber contents beyond 

50 wt-% were only investigated by few studies, it appears that the optimum fiber con-

tent resides between 40-50 wt-%. To determine the cause of the decreasing strength 

properties as well as a possible solution further investigation is needed.  
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Abstract  

Thermomechancial wood fibers, as usually used for medium density fiberboard or 

cardboard production, feature promising characteristics, like a high aspect ratio, for 

the utilization in thermoplastic composites. The present study investigates the influ-

ence of fiber loading and fiber geometry on the mechanical properties of wood poly-

propylene composites in order to confirm the results that were found in a previous 

published literature review. Composites were compounded at fiber contents from 20-

60 wt.%, using a co-rotating twin screw extruder and subsequently injection moulded 

to test specimens. Field emission scanning electron microscopy was carried out to 

evaluate the fracture morphology of the composites. Fiber length was evaluated using 

a applying a dynamic image analysis system. The compounding process was found 

to be the major lever regarding fiber length degradation. The mechanical properties 

decrease with increasing fiber content for composites without coupling agent. The 

addition of a coupling agent increased the tensile and flexural strength up to a fiber 

content of 50 wt.%. However, it was found, that the processing of these fibers into 

conventional compounding equipment is still challenging.  
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4.1 Introduction 

Wood polymer composites (WPC) consist of wood particles in different shape and 

size, a thermoplastic polymer and additives. The most common polymers for WPC 

are polyethylene (PE), polypropylene (PP), and polyvinyl chloride (PVC) (Clemons 

2002). To date, WPC are well-established with products in different fields of applica-

tions. Most of the products are used for decking, automotive and siding applications. 

The production of WPC in the European Union was 260.000 tons in 2012 (Partanen 

and Carus 2016). The wood content in WPC can reach up to 80 % (Klyosov 2007). 

The manufacturing of WPC is based on the production technologies of the polymer 

industry. These technologies (e.g. extruders) require dry material in order to avoid an 

excessive moisture evaporation during the process. Due to its low cost and good 

availability and its relatively easy processability, WPC-manufactures usually use 

wood flour as a filler (Schirp and Stender 2010, Stark and Rowlands 2003, Clemons 

2002). Wood flour particles are less than 1mm in length and have a wide distribution 

of length to diameter ratio (aspect ratio or L/D ratio) (Schwarzkopf and Burnard 2016). 

Stark and Rowlands (2003) as well Nourbakhsh and Ashori (2008) showed that the 

particle size characteristics are significantly influencing the composite properties. 

They concluded that the aspect ratio and not particle size has the greatest effect on 

strength and stiffness. If the added material does not improve strength and stiffness, 

the material largely acts as a filler rather than reinforcing (Ehrenstein and Wurmb 

1977). However, it has to be kept in mind that during processing of wood fiber com-

posites the fiber geometry and thus the aspect ratio is heavily altered.  

Wood fibers obtained through mechanical defibration have a promising high aspect 

ratio and a  good price-performance ratio (Wolodko et al. 2015) and thus are may a 

candidate for the application in WPC. Compare to the traditionally used wood flour, 

wood fibers are rather long compared to their width. Basically, these fibers are used 

for medium density fiberboards (MDF) or cardboards (TMP). Both fiber types are us-

ing refiner technology. The process of fiber production differs in that way, that the 

process for MDF fibres is using a low energy thermomechanical defibration. The 

TMP process used for paper is much higher in temperature and shear forces (Walker 

2006a). The high temperatures during MDF fiber production, which are above the 

glass transition point of lignin, resulting in a fiber separation in the lignin-rich middle 

lamella. This leads to a lignin coated fiber surface accompanied by poor hydrogen 

bonding properties (Atack 1972, cited from Walker 2006b). Due to higher mechanical 
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treatment during TMP fiber production, the resulting fiber surface is more torn open 

and the polysaccharide-rich regions (first and secondary cell wall, S1 and S2 lamella) 

are exposed, encouraging in good hydrogen bonding properties (Walker 2006b). The 

defibration conditions do affect the fiber properties and the ratio of single fibers and 

fiber bundles (Wenderdel and Krug 2012). Depending on the defibration conditions 

Wenderdel and Krug (2012) showed, that the amount of single fibers vary between 8-

32 % and for fiber bundles between 40-60 %.  

In a previous study (Mertens et al. 2017a) the utilization of thermomechanical fibers 

in WPC were investigated. The promising characteristics of thermomechanical wood 

fibers are highlighted in many publications. Overall, there are indications that long or 

rather high aspect ratio wood fibers have a reinforcing effect on composites. The per-

formance of these fibers depends on the production method used (Mertens et al. 

2017a). However, the determination of the fiber length which is present after the last 

process step applied is important to conclude about the reinforcement potential of 

fiber. The reinforcement potential of a composite is expressed with the critical fiber 

length (lୡ). The critical fiber length is the minimum fiber length that is required to en-

sure a sufficient stress transformation from the matrix to the fiber. Additionally, the 

modulus of the fiber has to greater than of the matrix, the fracture of the matrix has to 

greater than the fiber and the strength of the fiber is greater than thus of the matrix. 

The critical fiber length is calculated with  

݈ ൌ 	
ఙ	
∗ 	ௗ

ଶఛ
  

According to the given equation, fiber tensile strength and the matrix shear strength 

ሺ߬ܿሻ have to be known. These two parameters are difficult to measure for small wood 

fibers (Thumm and Dickson 2013) and differ therefore to other natural fibers. The 

common models of analytical approaches to determine the composite properties are 

based on assumptions like that the particles are impermeable, the particles/fibers 

have a cylindrical shape, the bonding between the components is perfect and that the 

components are isotropic (Schwarzkopf and Muszynski 2015). All these assumptions 

do not meet the properties of wood fibers. On the one hand, thermomechanical wood 

fibers are present as fiber bundles and single fibers in different ratios, which makes 

the calculation of an appropriate fiber tensile strength difficult. On the other hand, 

thermomechanical wood fibers show a wide distribution in their length and width. 

Since the fiber diameter is important parameter for the determination of the critical 
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fiber length, it is difficult to define a diameter for thermomechanical wood fibers due 

to their wide distribution.  

 

The present study aims to investigate the performance of thermomechanical wood 

fibers in polypropylene composites. The study is conducted to verify the findings re-

garding the maximum threshold for tensile strength  the results of the maximum tensile 

strength at a fiber content of around 40 wt.%, which was previously investigated based 

on a literature review by Mertens et al. (2017a). The publications found in the literature 

review are dealing all with different fiber contents. However, a consistent study that 

evaluates the performance of thermomechanical wood fibers at several fiber contents 

in composites and a consideration of fiber length reduction during processing was 

missing. Thus, in the present study, several fiber loadings from 20 to 60 wt.% were 

produced and the mechanical properties are investigated. Additionally, the literature 

review found, that fiber length is observed rather after composite forming than after 

compounding. However, it is important to know what kind of process step leads to a 

sever fiber length reduction. In the present study for all composites formulations fiber 

length and aspect ratio is determined after compounding and injection-molding. The 

determination of the fiber characteristics after injection-molding aims to draw conclu-

sions regarding the mechanical properties achieved.  
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4.2 Materials and Methods  

Materials  

Industrial produced thermomechanical wood fibers (Steicozell©, Steico, München, 

Germany), were used as a reinforcement material. The pine fibers were delivered as 

bulk material. The wood fibers are originally used as insulation material for building 

purposes. According to the fiber manufacturer, the fibers were defibrated with a pres-

sure of 10 bar and 180 °C, respectively.  

Polypropylene (PP), PP 575P from Sabic (Saudi Basic Industries Corporation, Ri-

yadh, Saudi Arabia), melt flow index (MFI) 10.5 g/10 min, melting point 160 °C was 

used as matrix polymer. Maleic anhydride-modified PP (MAPP; Licocene® PP MA 

7452, Clariant GmbH, Gersthofen, Germany) was used as coupling agent. MAPP was 

delivered in granulate form.  

 

Compounding and forming 

Compounding of wood fibers and polymer was done by using a co-rotating twin screw 

extruder (TSE) (Leistritz ZSE 27 MAXX, Leistritz Extrusionstechnik GmbH, Nürnberg, 

Deutschland) with two gravimetric feeders. Both materials were fed through the main 

feed throat of the TSE. The TSE is equipped with 10 heating barrels. The temperature 

ranged from 180 °C (feed-in unit) to 145 °C at the material outlet. The materials were 

compounded with a screw speed of 130 rpm and a throughput of 1.3 kg/h, resulting 

in a specific energy of 0.61 kWh/kg.  

The composites were compounded with 20, 30, 40, 50, 60 wt.% wood fiber and with 

and without the addition of 3 % MAPP, respectively. Test specimens were manufac-

tured according to DIN EN 527:2012-06 and DIN EN 178:2003 using an injection-

moulding machine (moulding pressure 1,500 bar at 170 °C) (Arburg Allrounder 420C 

Golden Edition, Arburg GmbH + Co KG, Loßburg, Germany). 

 

Testing 

Tensile (DIN EN 527:2012-06) and flexural (DIN EN 178:2003) tests were conducted 

using a universal testing machine (Zwick Roell GmbH & CO.Kg, Ulm, Germany). Un-

notched Charpy impact bending (DIN EN ISO 179 1-2 (2005)) was conducted by using 

an impact testing machine (HIT5.5p Zwick Roell GmbH & CO.Kg, Ulm, Germany) with 

a 1 and 5 Joule pendulum. 
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Fiber extraction 

For fiber size measurements, the fibers were separated from the polymer matrix via 

Soxhlet extraction in hot xylene. Fibers were separated from the compounded granu-

lates and the injection-moulded specimens. Prior to testing, the extracted fibers were 

conditioned in a climatic chamber at 20°C and 65% relative humidity.  

 

Microscopic imaging 

A digital microscope (VHX-5000, Version 1.6.1.0, HDR, Keyence Corporation, Osaka, 

Japan) was used to reveal the wood fiber characteristics before and after processing.  

 

Field emission scanning electron microscopy (FE-SEM) 

Field emission scanning electron microscopy (FE-SEM) was carried out to evaluate 

the fracture morphology of the composites. Images were taken from the fractured sur-

face of the tested tensile test specimen using a Quanta FEG 250 FE-SEM device (FEI 

Company, Netherlands). The investigations were performed at a voltage of 5 kV and 

at 50x and 200x and 400x magnification. The fractured surfaces were sputter coated 

with gold. 

 

Fiber characterization  

Fibre characterization was done applying the dynamic image analysis system QICPIC 

combined with vibrating chute VIBRI and dry dispersion unit RODOS (Sym-

patecGmbH, Germany). In the device, the particles are dispersed in an accelerated 

air jet. A high-speed camera takes pictures of the particle stream. Measuring particle 

size and shape from the projected particle area of binary pictures and calculating size 

and shape distributions was done by the software WINDOX (Sympatec GmbH, Ger-

many). 

Fiber length was characterized with respect to the median and quartiles of the length-

based particle length distribution (q1) (DIN ISO 9276-1) (Teuber et al. 2016b). Fiber 

length (length of fiber, LEFI) was determined using skeletonization algorithm for the 

shortest distance between the furthermost endings of the fiber. The fiber diameter 

(diameter of fiber, DIFI) was determined by the projected area of the respective fiber, 

divided by their respective total length of all skeleton sections. The elongation value 
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describes the ratio between length to diameter and represents the inverse of the as-

pect ratio (Krause et al. 2017b).  

4.3 Results and Discussion  

Processing observations  

During compounding at higher fiber contents (>40%), difficulties occurred by feeding 

the fibers into the feed throat of the extruder. The low fiber bulk density led to bridges 

of fiber material at the feed throat, which was circumvented by forcing the fibers man-

ually into the process. However, a stable compounding process was initiated, without 

a mechanically induced increase in bulk density of the fibers.  

 

Fiber length  

Figure 4.1 gives a visual impression of the influence of the manufacturing processes 

on the initial fiber geometry (a). The images (b) and (c) are exemplarily shown for the 

composite with 50 % wood fibers. Before processing the initial wood fibers appear as 

fiber bundles and single fibers as it is also reported by Wenderdel (2015). From 

Figure 4.1 it is clearly evident that the processing steps of compounding and injection-

molding are noteworthy reducing the fiber length (Teuber 2016a). The determined 

fiber length, aspect ratio and their respective x10, x50 and x90 quantiles of the separated 

fibers are listed in Table 4.1. The fibers were gained from all composites without 

MAPP (compounds and injection-molded specimens). For the granulated and 

injection-molded specimens containing MAPP, a separation between the wood fibers 

and the matrix was not successful. It appeared that even after two up to four days of 

boiling time in hot xylene the fibers and matrix material were still entangled. Thus, a 

characterization of fibers originated from MAPP containing composites was not pos-

sible. 

 

Figure 4.1 Microscopic observations of the native fibers before processing (a) and extracted fibers after 

compounding (b) and injection-molding (c) 
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The median of the initial wood fiber length is 1825.9 µm with an L/D ratio of 33.3. The 

cumulative initial fiber length distribution is displayed in Figure 2a. The graph shown 

provides a good overview on the distribution of the initial fiber length (x10 = 316.3 and 

x90 = 3708.7). Moreover, the notable effect of the process, by means of compounding 

and injection-molding, on fiber length is displayed. As it is shown, composite pro-

cessing heavily influences the length of the wood fibers. After compounding, the fiber 

length is reduced up to 97 % (x50 = 60 % fiber content) compared to the initial fiber 

length. However, the injection-molding causes only a minor additionally reduction in 

fiber length. In line with Puglia et al. (2008) and Teuber et al. (2016a), fiber length 

reduction is increasing with increasing fiber content during compounding. With 

increasing fiber content the chance of higher interactions between the fibers 

increases. Moreover, the polymer viscosity increases with increasing fiber content 

resulting in higher shear forces (Peltola et al. 2014). 

For co-rotating twin-screw extruders, severe fiber breakage occurs right after feeding 

the fibers into an extruder (Teuber 2016). With regard to injection-molding, further 

reduction in fiber length occurs rather at lower fiber contents than at higher fiber 

contents (Figure 4.2 b). As longer the fibers are after compounding, as higher is the 

degradation during injection-molding. Similar observations were reported by Peltola 

et al. (2014). The reduction in fiber length during injection-molding is a result of high 

shear forces, which occur during the melt transportation at the injection-molding die.  

Based on the investigation of the fiber length and aspect ratio along the applied 

process chain, it is evident that the fiber geometry is altered. 

Table 4.1 Revealed fiber length and L/D ratio of native wood fibers (WF) and various wood fiber contents 

for compounds (C) and specimens (IM). Fiber length and L/D ratio are presented as 10% (x10), 50% (x50) 

and 90% (x90) quantile of the length-based cumulative distribution.   

   fibre content  20%  30%  40%  50%  60% 
      WF  C  IM  C  IM  C  IM  C  IM  C  IM 

length 
 [µm] 

x10  316,3 28,2 15,1 16,7 16,2 12,2 13,4 12,3 13,1 9,7 9,6 

x50  1825,9 130,1 96,2 89,5 90,2 80,2 86,0 82,1 78,3 62,2 55,8 

x90  3708,7 281,2 247,6 246,8 229,2 222,1 240,1 252,6 226,3 205,5 191,0

L/D 
x10  7,7 2,0 1,9 1.8 1,9 1,9 1,9 1,9 1,9 1,2 1,0 

x50  33,3 4,3 3,8 3.3 3,4 3,4 3,3 3,4 2,9 3,0 1,5 

x90  50,0 7,7 7,1 7.1 6,7 6,7 6,7 7,1 6,7 6,3 3,8 
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Figure 4.2 Cumulative fiber length distribution (a) for the initial wood fibers and the fibers after processing. 

Influence of the fiber content and processing step on fiber length (b). 

 
FE-SEM observations 

The fracture surface of tensile tested specimens containing 50 wt. % wood is dis-

played Figure 4.3 and 4.4. It was decided to investigate the fracture surface for a low 

(20 wt. %) and high (50 wt. %) fiber content for composites with and without MAPP. 

As apparent from Figure 4.3 and 4.4, the wood fibers are present as single fibers and 

fiber bundles and they are well distributed in the matrix. Additionally, the cross-section 

of the fractured surface indicates, a partial alignment of the fibers in the melt flow 

direction. All fracture surfaces investigated show small holes and fibers that are pre-

sumably pulled out of the matrix. The formation of holes are maybe due to inhomoge-

neous cooling during injection-molding and/or due to fiber pull out during testing. The 

latter seems to be more likely since intact fiber ends are visible for all investigated 

specimens. Fiber pull outs indicate a weak interfacial bonding between fiber and pol-

ymer or is a result of a fiber length which is below the critical fiber length (Erd-

mann 2017). The composites without MAPP show consistently clearly gaps between 

fiber and polymer which underlines the weak interfacial bonding resulting in fiber pull 

outs. For composites with MAPP and especially at 20 wt.% fiber content both gaps 

between the polymer and wood fibers and well-bonded fibers are observed (Figure 

4.3 d). This is maybe a reason for insufficient distribution or not enough of MAPP 

used. However, composites with 50 wt.% wood fibers and MAPP (Figure 4.4 c and d) 

imply a better adhesion between fiber and polymer since some fibers seem to be 

broken under tension and others are pulled out.  
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The observed cross-sections of composites show a different fracture morphology 

along the surface. Composites containing 20 wt.% wood fibers show areas of a plane 

fractured surface and areas where a more ductile behavior of the polymer matrix ap-

pears. Composites containing 50 wt.% wood fibers a ductile polymer matrix does not 

occur.    

 

 
Figure 4.3 FE-SEM images of composites containing 20 wt. % wood fibers without (a and c) and with (b 

and d) MAPP with a 50x and 200x magnification. 
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Figure 4.4 FE-SEM images of composites containing 50 wt. % wood fibers without (a and c) and with (b 

and d) MAPP with a 50x, 400x and 500x magnification 

 
Mechanical Properties 
 
Table 4.2 summarizes the determined mechanical properties of the tested wood fi-

ber/PP composites.  

Figure 4.5 shows, that the modulus of elasticity (MOE) is not very different between 

the tensile and flexural test. With increasing fiber content tensile and flexural MOE 

increases, which is in agreement with other studies (Radovanovic 2007, Caulfield et 

al. 2005). Composites with 60 wt.% wood fibers are showing 4.5 times higher MOE 

than the neat polymer matrix. The addition of MAPP did not affect any significant dif-

ferences in MOE. Similar results for jute fiber composites are found by Thomason 

(2009). Of interest is the almost linear slope of the tensile MOE. Using a linear regres-

sion, the correlation coefficient amounts R²= 0.99 for tensile MOE. It is well known 

that the measurement of strength and MOE values for small wood fibers is difficult 
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(Thumm and Dickson 2013). However, due to an appropriate correlation, the linear 

regression equation (y ൌ ax  b) can be used to integrate the rule of mixture  

ሺEୡ ൌ ሺE െ E୫ሻ ∗ f  		E୫ሻ. Since the composite ሺEୡሻ and polymer MOE ሺE୫ሻ as well 

as the fiber volume fraction ሺfሻ is known, the calculation of the fiber MOE is possible. 

If the known regression variable ሺaሻ consists out of the values a ൌ E െ E୫, the wood 

fiber modulus is calculated with E ൌ a  E୫. Using the provided data, the wood fiber 

MOE results in 8.7 GPa, calcultated for tensile MOE without coupling agents. Applying 

the same approach for composites with MAPP the wood fiber MOE amounts 9.6 GPa. 

The differences are explained due to use of MAPP, which increases the MOE of the 

neat polymer (Krause and Krause 2012). Using the reported data for tensile MOE 

(R²= 0,98) from Caulfield et al. (2005) for thermomechanical aspen fiber PP 

comopsites, the wood fiber MOE is calculated with 9.8 GPa. The calculated values 

are in between the range of the experimental MOE values for thermomechanical wood 

fibers (4.3 - 15.8 GPa) reported by Wenderdel (2015). The presented approach is 

enable to give an appropriate estaimate for the calculation of the fiber MOE. 

 

Figure 4.5 b shows the tensile strain of the composites as a function of fiber content. 

The strain decreases as the fiber content increases. Coupling agents improving the 

interfacial adhesion between wood fibers and the polymer by forming a covalent bond, 

a polymer chain entanglement and/or a strong hydrogen bond (Lu et al. 2000). Thus, 

the lower strain results in higher MOE for MAPP containing composites than for com-

posites without MAPP. The previous mentioned ductile fractured surface of compo-

sites containing 20 wt.% wood fibers is maybe explained with the higher strain rate 

compare to composites containing 50 wt.% wood fibers.  

The results of similar MOE values for composites with and without MAPP in this study 

is in contrast to Krause and Krause (2012), who found that independent from the par-

ticle size an increase in MAPP concentration is accompanied with increasing MOE. 

Moreover, Krause and Krause stated that optimum MAPP concentration for smaller 

particles is around 4 % and 2 % for larger particles. However, the findings are based 

on the initial particle size. Fiber size after processing was not observed.  

For composites without MAPP, tensile strength steadily decreased with increasing 

fiber content (Figure 4.6). A reason for the decreasing strength is presumably at-

tributed to the challenging adhesion at the interface between the fibers and the poly-

mer. Thomason (2009) suggested when discussing the strength properties of natural 
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fiber composites to consider the anisotropy structure of natural fibers and their contri-

bution to the stress-transfer interface of the fiber-matrix system. Due to different ther-

mal expansion coefficients of the fiber and polymer, the cooling process during com-

posite forming induces compressive radial stresses at the interface. The resulting re-

sidual stresses improving the coefficient of friction resulting in a higher physical bond-

ing between fiber and polymer (Parlevliet et al. 2006). Thomason (2009) modelled the 

interface residual stress and showed that for jute fiber PP composites the residual 

compressive stress is in a great order of magnitude lower compared to glass-, carbon- 

and aramid-fiber based PP composites.  

The addition of 3 % MAPP increases tensile strength for about 1.6 times up to a fiber 

content of 50 wt. %. No significant differences in tensile strength occur at higher fiber 

concentrations (60 wt. %). The results of a peaking tensile strength at fiber contents 

around 50 wt. %, that are found in the previously published literature review (Mertens 

et al. 2017) are in line with the results found in the present study. These findings are 

also found for glass fiber composites (Thomason 2005). It is assumed that the wood 

fiber tip beyond 40-50 wt. % is attributed to several factors. Thomason (2005) stated 

that, with increasing fiber contents, fiber distribution is getting more inconsistent, the 

void and agglomeration formation increases and fiber alignment decreases. Also the 

possibility of areas with fibers which are not fully covered by the polymer increases 

(Thomason 2005). This is most likely a result of a high viscosity melt which is difficult 

to mold properly (Woodhams et al. 1984). 

Flexural strength increased up to a fiber content of 30 % and started to decrease 

linearly for wood fiber contents beyond 30 % without MAPP. Increasing flexural 

strength up to fiber content of 60 wt. % is determined if 3 % MAPP is applied. The 

maximum strength is 2.2 times higher compared to the neat polymer. The results 

showed similar strength values than for wood flour based WPC known from the liter-

ature (Krause et al. 2017b, Schirp et al. 2014, Stark and Rowlands 2003, Krause et 

al. 2015). 

Figure 4.7 shows that the impact bending strength is decreasing with increasing fiber 

content. Similar tendencies are found for composites with and without MAPP. The 

revealed values are the only mechanical properties in this study, in which the utiliza-

tion of MAPP does not increase the properties. It is proposed to keep the fibers aspect 

ratio as long as possible, in order to enhance impact bending properties (Ashori 2010). 
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The fibers aspect ratio determined in this study is rather low for all fiber contents com-

pared to the initial length which may explain the decreasing impact bending strength. 

Additionally, impact bending strength reacts sensitively on structural defects, like 

voids, agglomerates and areas of higher and lower fiber concentrations (Erdmann 

2017) since it disrupts the efficient energy distribution in the composite during impact 

bending. Some of these structural defects are partially observed with the FE-SEM 

analysis and are therefore an indication of the decreasing impact bending strength.  

 

Discussing the mechanical properties with regard to the measured fiber length, the 

following conclusions can be drawn: 

1. Tensile and flexural MOE for composite with and without MAPP increases with 

increasing fiber content, while for the same composites fiber length and aspect 

ratio is decreasing. 

2. Tensile and flexural strength for MAPP containing composites increases up to 

a certain fiber content, while fiber length and aspect ratio decreases. 

3. Tensile strength for composites without MAPP decreases with increasing fiber 

content and decreasing fiber length and aspect ratio.  

4. Flexural strength for composites without MAPP increases to fiber content of 

30 wt.%, while fiber length and aspect ratio decreases.  

5. Impact bending strength decreases for all formulations, while fiber length also 

decreases. 

 

Overall, the mechanical properties of the composites are in line with other studies 

using similar wood fiber types. The decreasing properties for composites without 

MAPP is explained with the presumably poor challenging adhesion between fiber and 

polymer. However, it is shown that fiber length is decreasing with increasing fiber 

content for all formulations, resulting in aspect ratios between 1 – 7, which is rather in 

the range of wood flour than wood fibers (Stark and Rowlands 2003). The obtained 

results of the fiber length analysis are in agreement to Teuber (2016a), Peltola et al. 

(2014) and Puglia et al. (2008). For our study, it is therefore doubtful that the aspect 

ratio is the dominating parameter that enhances the mechanical properties. However, 

it is still unclear whether a rather small amount of retentive fibers might be enough to 

reinforce the composite. Additionally to the fiber length as important parameter, other 
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structural fiber properties such as surface chemistry and topography (Schirp et al. 

2014) or the residual stress formation (Thomason 2009) might have to be considered. 

Table 4.2 Mean values (MV) and standard deviation (SD) of tensile, flexural and impact strength and the 

corresponding MOE of various wood fiber composites with and without MAPP. Results of the statistical 

analyses are displayed in groups (HG), whereas measured values assigned with the same letter (differ-

entiation by small and capital letters) are not significantly different from each other at a significance level 

of α = 0.05. 

fiber 
content 

M
AP

P 
[%

]  tensile 
strength  tensile MOE  flexural 

strength  flexural MOE  Charpy Impact 

[MPa]    [GPa]  [MPa]  [GPa]    [kJ/m²]   

MV  SD  HG  MV  SD HG MV  SD HG MV  SD HG  MV  SD  HG

0%  0  29.9  0.2  ‐  1.7  0.0 34.6 0.2 ‐  1.5  0.0    ‐  ‐  ‐ 

20% 
0  29.6  0.2  A  2.9  0.1 A  46.9 0.7 A  2.7  0.0  A  18.5  1.2  A 

3  37.0  0.2  a  3.0  0.0 a  56.6 0.4 a  2.8  0.1  a  19.9  1.5  a 

30% 
0  29.0  0.1  B  3.8  0.1 B  49.0 0.7 B  3.4  0.1  B  14.5  0.8  B 

3  41.3  0.3  b  3.9  0.1 b  67.2 0.5 b  3.5  0.0  b  18.4  1.8  a 

40% 
0  28.2  0.1  C  4.6  0.1 C  46.4 0.7

A&
A1 

4.3  0.1  C  9.5  3.8  C 

3  45.2  0.2  c  4.7  0.0 c  71.3 0.3 c  4.3  0.0  c  16.3  1.3  b 

50% 
0  27.2  0.3  D  5.1  0.1 D  45.5 0.9 A1  5.3  0.1  D  7.1  2.8  D 

3  48.1  0.3  d  5.5  0.1 d  76.4 1.0 d  5.2  0.1  d  14.4  0.7  b 

60% 
0  23.9  0.3  E  5.9  0.1 E  40.8 0.8 C  6.5  0.2  E  4.6  2.0  E 

3  48.1  0.8  d  6.6  0.1 e  77.3 0.8 e  6.8  0.1  e  11.1  4.5  c 
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 Figure 4.5 Tensile (a) tMOE and flexural (b) fMOE modulus of elasticity at different fiber contents with 

and without MAPP. 

 

Figure 4.6 Tensile and flexural strength at various wood fiber contents for composites with and without 
MAPP. 

  

Figure 4.7 Charpy impact strength as a function of wood fiber content for composites with and without 

MAPP 
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4.4 Conclusions 

The present study investigates the influence of thermomechanical wood fibers by 

means of their geometry and fiber content on the mechanical properties of wood-

polypropylene composites. The WPC material was compounded using a co-rotating 

twin screw extruder and subsequently injection moulded to test specimens. The re-

spective fiber loading ranged from 20 wt. % to 60 wt.%, with and without MAPP. For 

the results found in this study, the following conclusions can be drawn: 

1. The processing of thermomechanical wood fibers with conventionally used 

compounding technologies is still challenging due to the low bulk density of 

these fibers. 

2. The production process applied is resulting in a significant reduction in fiber 

length. The compounding process was found to be the major lever regarding 

the fiber degradation. Moreover, it was found that increasing the fiber content 

is accompanied by an increase of fiber length reduction. It is assumed that this 

is most likely attributed to an increase in melt viscosity.  

3. Adding wood fibers to the polymer matrix results in a steadily increase of MOE, 

independent of the use of coupling agents.  

4. Tensile strength properties increase up to a fiber content of 50 wt.% when 3% 

MAPP is added to the composite formulation. 

Since the fiber length is drastically shortened after composite processing, although, 

tensile strength and MOE still increase with increasing fiber content, it is assumed 

that maybe other parameters have to be considered when discussing the mechanical 

properties of wood fiber thermoplastic composites. In this regard, it was discussed 

whether a rather small amount of retentive fibers might be enough to reinforce the 

composite. 
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Chapter 5  
Evaluation of a simultaneous defibration and 
compounding process 
 

In the previous chapters of the thesis the application and performance of thermome-

chanical wood fibers as resource in WPC was highlighted. However, it was found that 

there is a lack of appropriate processes of compounding wood fibers and thermo-

plastic polymers. Based on the findings an alternative compounding process is devel-

oped. The basic idea is, to use the refiner technology, as described in Chapter 1.4, in 

order to defibrate wood chips together with polymer granulates in a single process 

step. The process is based on the idea to solve the feed-in problematic of wood fibers 

and to save production steps of wood preparation, as it usually required for WPC 

production. Another problem that is caused by traditional compounding methods is 

that dry fibers tend to agglomerate during compounding. These agglomerates are dif-

ficult to dissolve in the process and are weak points, initiating crack propagation in 

the final product. Thus, the refiner technology aims to defibrate and compound the 

two different materials simultaneously in a wet and pressurized state in order to avoid 

any agglomerate formation. Compare to the conventional WPC compounding pro-

cesses (kg/hours), the production of themomechanical wood fibers with refiner tech-

nology is characterized by large production quantities (tons/hour). A successful de-

velopment of the novel process could therefore presumably lead to cost savings for 

WPC products. The structure of the present Chapter is based on the evaluation of the 

development steps of the process, including preliminary studies (5.1) followed by a 

proof of concept (5.2 and 5.3) and finally an industrial scale-up of the process (5.4).  

5.1 Preliminary studies of a simultaneous defibration and 
compounding process 

During the preliminary studies of the simultaneous wood chip defibration and polymer 

compounding process, an atmospheric Sprout Waldron 12” laboratory refiner was 

used. The intention of the fist experiments was, to use a simple system to investigate 

the behavior of the refiner during the process. It was expected that occurring shear 

forces within the refiner lead to a polymer melting which finally could stop the turning 

disc. These expectations were not confirmed. For the first experiments a low density 

polyethylene (LDPE, Sabic Riyadh, Saudi Arabia, melt flow rate 85.0 g/10 min (load 
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2.16 kg), melting point 104°C) and bleached kraft pulp fibers were used. LDPE was 

used because of the low melting point. The share of pulp fibers and polymer was 10% 

to 90%. Mechanical properties were not investigated.  

In a further experiment spruce shavings (picea abies, no further informations were 

provided) were mixed with high density polyethylene granulates (HDPE, Sabic Ri-

yadh, Saudi Arabia, melt flow rate 30.0 g/10 min (load 2.16 kg), melting point 132°C). 

Both components were mixed manually prior to defibration with a share of 50 % to 

50 %. In order to provide additionally energy, a steam generator was additionally at-

tached to the refiner body. During defibration water was added to the refiner to provide 

a material flow. This was done because of to less power of the conveying screw. 

During defibration the process run stable. The free water was afterwards detached 

from the fiber-polymer mixture using a conventional spin dryer. To manufacture test 

specimens, the mixture were pelletized with an pellet press (Type: 14-175, Amandus 

Kahl GmbH, Reinbek, Germany) to increase the bulk density for further injection-

molding. The pellets are further manufactured to dog-bone shaped specimens using 

an injection-molder (Arburg Allrounder 420C Golden Edition, Ar-

burg GmbH + Co KG, Loßburg, Germany). To investigate the composite perfor-

mance, which is made out of the novel produced compound, tensile and flexural prop-

erties were tested. To classify the properties, the novel produced material was com-

pared to pure HDPE test specimens and to reference wood flour containing compo-

sites. Wood flour (Arbocel C100, Rettenmaier & Söhne GmbH + Co KG, Rosenberg-

Germany) and HDPE polymer (same as above) were compounded using a co-rotating 

twin-screw extruder (Leistitz ZSE27iMaxx-400).  The extruded compound was directly 

cut into granulates of 5 mm in diameter using a hot pelletizer. The granulates were 

injection-molded as described above. All composites were tested according to DIN 

EN 527:2012-06 (tensile test) and DIN EN 178:2003 (flexural test). The mechanical 

evaluation was conducted using a universal testing machine (Zwick Roell GmbH & 

CO.Kg, Ulm, Germany). For each composite, ten specimens were evaluated. The 

properties are presented in Table 5.1.1. 
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Table 5.1.1 Mechanical properties of HDPE pure and based wood flour and wood fiber composites. 

 tensile test flexural test 
 strength 

[MPa]
tMOE 
[GPa]

strength 
[MPa]

fMOE 
[GPa] 

HDPE 19.13 1.04 19.03 0.95 
wood flour 50/50 19.21 3.76 32.0 4.0 
wood fiber 50/50 19.12 4.1 38.6 3.8 

 

The results obtained, display some interesting facts. Tensile strength is whether im-

proved nor it is deteriorated. Flexural strength is improved by 40% when adding wood 

flour to the matrix. Wood fibers produced with the novel approach is improving the 

flexural strength twice compare to the neat polymer strength. The addition of wood to 

the matrix improves the tensile and flexural modulus. This is a common fact since 

wood has a much higher stiffness compare to polymers. First of all it could be shown 

that the novel process is an alternative way to produce a compound with satisfactorily 

properties. From a resource prospective, adding 50% wood flour or fiber to the poly-

mer matrix can save 50% of polymer by maintaining the properties. Therefore, it is 

possible to declare, that the properties of the novel produced composite are at least 

preserved.  

The preliminary experiments of the novel process of simultaneous defibration and 

compounding of wood fibers and polymer led finally to the fact to submit the process 

as patent. In the following section further developments and other findings are pre-

sented.  
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Abstract 

The distinctive length and morphology characteristics of thermomechanical produced 

wood fibres make it a promising candidate for the utilization in polymer composites. 

However, due to the low bulk density of these fibres, the feeding into the compounding 

process (e.g. extruders) is quite challenging. In this study, a novel simultaneous de-

fibration and compounding process is conducted in order to solve the feed-in problem 

of thermomechanical fibres. A disc-refiner was used to defibrate wood chips to fibres 

and compound the fibres with neat polymer granulates in one process step. After the 

process, the material showed typically thermomechanical fibres with chopped poly-

mer particles which were inseparably attached to the fibre. The observed mechanical 

properties of the composites were slightly lower than some literature values. With FE-

SEM and X-ray microtomography analysis, voids and a polymer enriched surface 

were found influencing the composites performance. 

  



Chapter 5  
Evaluation of a simultaneous defibration and compounding process 

60

 

5.2.1 Introduction  

In the past decade wood-plastic-composites (WPC) have gained great interest in 

commercial products, such as in construction, automotive, or other consumer good 

applications (Carus et al. 2015, Ashori 2008). WPC consist of wood particles in differ-

ent shape and size, a thermoplastic polymer and additives. The most common poly-

mers for WPC are polyethylene (PE), polypropylene (PP), and polyvinyl chloride 

(PVC). Usually, WPC-manufactures use wood flour as a filler due to its relatively easy 

processability, its low cost and good availability (Schirp and Stender 2010, Stark and 

Rowlands 2003, Clemons 2002). The manufacturing of WPC is based on the produc-

tion technologies of the polymer industry. These technologies (e.g. extruders) require 

dry material in order to avoid an excessive moisture evaporation during the process.  

In recent years, the utilization of wood fibres instead of wood flour as reinforcement 

in composites is gaining interest (Lerche et al. 2014). Wood fibres differ naturally from 

wood flour, in that wood fibres consist of the entire cell wall of one former living wood 

cell. They are rather long compared to their width, but exhibit a wide distribution in 

size and shape (Lohmann and Blosen 2010, Benthien et al. 2014). The term “wood 

fibres” in this study is referred to technical produced wood fibres obtained through 

thermomechanical defibration of wood chips. These fibres are usually used for me-

dium density fibreboards (MDF) or paper (thermomechanical pulp, TMP). Processes 

for TMP or MDF-fibres differ in that way, that the process for MDF fibres is using a 

low energy thermomechanical defibration. The TMP process used for paper is much 

more higher in temperature and shear forces (Walker 2006a). However, both TMP 

and MDF fibers are produced via a refining process. In this process, steam-heated 

wood chips are continuously fed into the center of a refiner, consisting of a rotating 

and a stationary disc. Centrifugal forces and a certain disc pattern provide a defibra-

tion (refining) of the wood chips to wood fibers. Due to the thermomechanical 

processing conditions, most of the lignin remains on the fiber surface. Therefore, it is 

claimed to enhance the bonding between the fibers and the hydrophobic polyolefin 

matrices (Schirp et al. 2014). After refining, fiber lengths may vary from 20 μm to 

4500 μm and fiber widths from less than 1 μm to 80 μm (Lohmann and Blosen 2010). 

Thermomechanical fibers have a promising high aspect ratio (length to diameter ratio) 

which provides the potential to reinforcement the composite (Schirp and Stender 

2010). The aspect-ratio of these fibers range from 24 (Gehrmann et al. 2004) to 72 

(Nygård et al. 2008, Peltola et al. 2014, Horbens et al. 2012) and tend to increase 
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tensile strength and elastic modulus (MOE) (Stark and Rowlands 2003). Stark and 

Rowlands (2003) showed that wood fibers compare to wood flour improve strength 

and stiffness in WPC. Compared to other fiber composites, composites containing 

wood fibers have a good price-performance ratio. Furthermore, wood fibers are con-

stantly, readily available at commercial scale, which is a significant advantage over 

agricultural fibers (Wolodko et al. 2015).  

A drawback of wood fibers and other natural fibres, in general, is their low bulk density, 

the non-free flowing behavior and the tendency to form bridges during feed-in into 

continuous compounding processes (Thumm et al. 2011). In addition, dissolving fibre 

agglomerates during compounding is challenging with established technologies such 

as extruders (Le Baillif and Oksman 2009). To avoid the feed-in problem, scientific 

investigations (Lerche et al. 2014, Schirp et al. 2014, Nourbakhsh and Ashori 2008, 

Woodhams et al. 1984) often use laboratory scale batch processes to compound lig-

nocellulosic fibres (Mertens et al. 2017a). Others (Woodhams et al. 1984, Peltola et 

al. 2011) pelletized the fibres before compounding, resulting in a significant fibre 

length reduction. Warnes et al. (2006) used the MDF process for producing MDF fibre 

pellets with a polymer solution which are ready to use for extruders. This product is 

commercially available under the trade name “Woodforce” supplied by Sonae-Indus-

try. Nevertheless, the industrial utilization of thermomechanical fibers in composites, 

seems to be limited due to the mentioned drawbacks (Mertens et al. 2017a) given by 

the compounding process.  

In order to solve the feed-in problem of wood fibres into extruders and to avoid fibre 

drying before compounding, Krause et al.(Krause et al. 2017a) developed a process 

of simultaneous defibration and compounding process using refiner technology. In 

this process, fibre production and compounding simultaneously take place within the 

refiner, resulting in a wood fibre compound. This process is an alternative to the con-

ventional compounding processes and offers several advantages.  

 higher throughputs, compared to extruder compounding 

 reduction of process steps e.g. wood drying 

 convenient process for the application of wood fibres in thermoplastic com-

posites 

The objective of this study is, to use this new process in order to evaluate the resulting 

wood fibre composite properties. In detail, the following objectives are addressed: 

 evaluation of the simultaneous defibration and compounding process 
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 investigation of the mechanical properties and water absorption of the manu-

factured composites. Mechanical properties are compared with literature val-

ues  

 visual observation of the composites with field emission scanning electron 

microscopy (FE-SEM) and X-ray micro-computed tomography (XµCT)  

Thermomechanical produced fibres are in the following text termed as “wood fibres” 

(WF). 

5.2.2 Materials and Methods 

Commercially available wood chips (Räuchergold FS 14, Rettenmaier & Söhne 

GmbH + Co KG, Rosenberg, Germany) from a mixture of norway spruce (Picea abies) 

and silver fir (Abies alba) were defibrated and at once compounded with the thermo-

plastic polymer, achieving a wood share of 50% and 70% by weight. As polymers 

were applied: 

a) Polypropylene (PP), PP 575p from Sabic (Saudi Basic Industries Corporation, 
Riyadh, Saudi Arabia), melt flow index 10.5 g/10 min (load 2.16 kg), melting 
point 160 °C 

b) High-density polyethylene (HDPE), CC 3054 (Sabic), melt flow index 30 g/10 
min (load 2.16 kg), melting point 130 °C 

Simultaneous defibration and compounding process 

For the simultaneous wood chip defibration and wood-polymer compounding, a 

Sprout-Waldron 12“ (305 mm) pressurized disc refiner with an upstream 55 l boiler 

was used. Prior to refining the wood chips, the polymer granulates and approximately 

12 l of water were mixed manually and filled into the digester of the refiner. In Ta-

ble 5.2.1 the refining conditions are listed.  

Table 5.2.1 Refining parameters applied for compounding 

Formulation boiling time pre-steaming Refiner disc gap 
WF 50/50 PP 

10 min. 

145°C 

0.4 mm 
WF 70/30 PP 145°C 
WF 50/50 HDPE 125°C 
WF 70/30 HDPE 125°C 
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After pre-steaming, the mixture was continuously fed into the refiner. After the refining 

stage, the compound was discharged through a conduit into a cyclone (see Figure 

5.2.1). After the refining stage the moisture content of the compound was measured 

with a moisture measuring device (Satorius M35, Sartorius AG, Göttingen, Germany).  

 

Figure 5.2.1 Schematic view of the refiner.  

Sample manufacture and testing 

The WF compound was first pelletized using an pellet press (Type: 14-175, Amandus 

Kahl GmbH, Reinbek, Germany). Afterwards, the pellets were dried to a moisture 

content below 1 % using a granulate dryer (Luxor CA 30 S, Montan GmbH, Isny, Ger-

many). Subsequently, the pellets were injection moulded (Arburg Allrounder 420C 

Golden Edition, Arburg GmbH + Co KG, Loßburg, Germany) to test specimens. 

Tensile properties were determined according to DIN EN 527:2012-06.  

Flexural properties were determined according to DIN EN 178:2003. The mechanical 

evaluation was conducted using a universal testing machine (Zwick Roell GmbH & 

CO.Kg, Ulm, Germany). For each composite, ten specimens were evaluated. Water 

absorption of the samples was tested according to DIN EN 15534-1. The water ab-

sorption was described by the difference in mass (g) of a dried sample (Mend) and a 

submerged sample (Mi). The water absorption was calculated after 1, 2, 3, 4, 7, 14, 

21 and 28 days using the following equation . 

 

ሾ%ሿ	ܣܹ ൌ 	
ெି	ெ

ெ
   100	ݔ	

WA = water absorption 

Mend = mass after end of test 

Mi  = mass at specific submersion time 
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Statistical analyses were performed using Origin (OriginLab, Northampton, MA USA). 

A single factor analysis of variance (ANOVA) at a level of significance of α = 0.05 and 

a Tukey HSD test was conducted for the data from mechanical testing. For the statis-

tical analysis, the PP and HDPE composites were dealt with as a single population 

for each mechanical test. 

 

Visual analysis 

a) Microscopic imaging  

Digital microscopy were carried out to evaluate the macro-structure of the obtained 

WF compound after the refining stage. The digital microscope VHX-5000 (Version 

1.6.1.0, Objective: 100x-200x, HDR, Keyence Corporation, Osaka, Japan) was used. 

b) Field emission scanning electron microscopy (FE-SEM) 

Field emission scanning electron microscopy (FE-SEM) was carried out to evaluate 

the fracture morphology of the composites. Images were taken from the fractured sur-

face of the tested tensile test specimen using a Quanta FEG 250 FE-SEM device (FEI 

Company, Netherlands). The investigations were performed at a voltage of 7 kV and 

at 50x and 100x magnification. The fractured surfaces were sputter coated with gold.  

c) X-ray micro-computed tomography (XµCT) 

X-ray micro-computed tomography was carried out to evaluate non-destructively the 

internal composite structure. The investigated test samples (4x5x6 mm) were pre-

pared from the middle of a untested WF 50/50 HDPE and WF 50/50 PP tensile test 

specimens (Figure 2).  

The X-ray micro-focus CT system Nanotom® s (phoenix|x-ray, GE Measurement & 

Contro, Wunsdorf, Germany) was equipped with a cone beam geometry, a transmis-

sion molybdenum target, and a CCD detector. The tube voltage was 60 keV, whereby 

the current was 280 µA. The exposure time per projection was 750 ms. 2000 axial 

projections were collected over a total angle range of 360° in every tomographic run. 

The achieved spatial resolution was 4 µm.  

The image processing and reconstruction were performed using the software datos|x 

reconstruction© (phoenix|x-ray, GE Sensing & Inspection Technologies GmbH, Wun-

storf, Germany). The captured stack of two-dimensional projections was transformed 

into a three-dimensional data volume. Subsequently, the volume analysis was con-

ducted using the Avizo® Fire 9 software (FEI, Hillsboro, Oregon, USA). The yellow 
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box in Figure 5.2.2 indicates the investigated sub-volume (ROI: 

3472x4640x4016 µm), which was analysed regarding the average grayscale values 

of X-ray attenuation. Based on the X-ray attenuation, a watershed segmentation was 

conducted, which led to a binarized data stack. The binarized data contains the seg-

mented volume fractions and their spatial distribution. 

 

Figure 5.2.2 WF HDPE composite sample volume (grey section; 4x5x6 mm; grey box) scanned via X-

ray micro-computed tomography and the analyzed sub-volume (yellow bounding box, ROI: 

868x1160x1004 µm). 

5.2.3 Results and Discussion 

Process observations  

After pre-heating of the wood chip and polymer, this mixture was continuously fed into 

the refiner for defibration and compounding. During refining the process was stable. 

The polymer granulates did not exhibit any tendency to get stuck into the refiner 

plates’ patterns. After discharging, the compound showed chopped polymer flakes 

which were inseparably entangled to the fibres (see 5.2.4). Figure 5.2.4 b displays 

molten polymer granulates with incorporated fibres. The moisture content of the com-

pound after refining was between 35-40 %. Apparent from Figure 5.2.4 a, a fibrous 

material was received after the refining stage. Next to the produced fibres, shives, 

fibre bundles and coarser fibres were visually determined. The fibre geometry is influ-

enced by the refiner disc gap. Increasing the refiner gap leads to increasing fibre 

lengths and number of shives and coarser particles and decreases the amount of 

shorter fibre (Ohlmeyer et al. 2015, Wenderdel and Krug 2012). Hence, the visual 

investigated coarse fibre geometry is probably a result of the applied disc gap distance 
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of 0.4 mm. Nevertheless, the exact fibre length and width of the obtained WF have to 

be measured in further studies.  

 

Figure 5.2.3 WF HDPE compound after defibration. Processed polyethylene granulates are inseparably 

entangled to the fibres. a) 100x magnification, b) 200x magnification. 

 

Image analysis  

a) FE-SEM  

Figure 5.2.4 displays exemplary FE-SEM images of WF PP 50/50 and WF HDPE 

50/50 with different magnifications (50x, 100x). Voids were detected in both compo-

site types (tag 1). In both composites coarser particles (tag 2a) and single fibres (tag 

2b) occur, which are embedded in the polymer matrix. This observation was found to 

be consistent throughout all investigated specimens. With regard to the FE-SEM im-

ages, a first conclusion is that the process was consistent over the compounding, 

pelletizing and injection-moulding processes since the first visual observation shows 

an adequate material distribution. Nevertheless, the detection of voids and coarser 

particles presumably influence the composite performance. The FE-SEM image anal-

ysis only gives information of the scanned surface structure. For a deeper understand-

ing on how much voids and agglomerates or coarser particles are embedded, is given 

by the X-ray micro-computed tomography scanned volume. Further conclusions are 

discussed in the following sections. 
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Figure 5.2.4 FE-SEM images of the fractured surface of WF HDPE 50/50 (a - b) and WF PP 50/50 (c - 

d) composites. Left: 50x magnification, right: 100x magnification. Note the arrows indicate voids (tag 1) 

within the composites. Tag 2a displays coarser particles and tag 2b single fibres. 

 

b) X-ray micro-computed tomography 

Figure 5.2.5 shows the segmented volume fractions within a WF HDPE 50/50 and 

WF PP 50/50 composite. The presence of segmented fractions and spatial distribution 

of air is illustrated. The volume fraction distribution displays an inhomogeneous 

material distribution. For both composites, a notable spatial increase of polymer was 

revealed near the surface (polymer enriched surface). The increase of polymer near 

the surface is formed by the mold filling mechanism and the flow pattern during 

injection-moulding in a manner of a fountain flow (Throne 1998). During injection 

moulding three microstructural regions are formed: a core, a shear zone and a skin 

(Bailey and Rzepka 1991). All these regions are created by different shear rates (Toll 

and Andersson 1993). Within the core layer of the WF composites, coarser particles 
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and fibre agglomerates are found, which are responsible for the polymer enriched 

surface. Coarser particles and agglomerates tend to migrate away from planes of 

higher shear, which occur next to the cavity wall (Throne 1998). Hence, these particles 

and agglomerates are accumulated in the core layer of the composite. Less and finer 

fibers are found in the surface layer leading to an enriched polymer surface (Figure 

5.2.6) 

Between the composites, differences are determined regarding the WF and polymer 

fraction. In the case of the HDPE composites volume fractions of WF and polymer 

amounted to 48.4 % and 47.5 %, respectively (Figure 5.2.5 c). However, in the case 

of the PP composite, the volume fractions of WF and polymer amounted to 42.2 % 

and 55.2 %, respectively (Figure 5.2.5 d). In both composites, the occurrence of air 

voids are detected. However, the spatial distribution and amount of air are different 

between the composites. The PP based composite exhibited a content of 2.6 % air 

and an accumulation of air near the centre of the composite, whereas the HDPE 

based composite exhibited a content of 4.0 % air and a broader spatial distribution of 

the air. Voids in composites have a negative impact on its performance (Graupner et 

al. 2014). The formation of voids may be caused by a non-uniform temperature profile 

due to inhomogeneous cooling of the composite during injection-moulding. During this 

cooling phase and the absence of external forces (low stagnation pressure), residual 

stresses occur inside the composite. The residual stress distribution shows tensile 

stresses at the surface and core regions and compressive stress at the intermediate 

region (Ho et al. 2012). For injection moulded polymers this effect is well known as 

shrink or sink marks (Jaroschek 2008). In the case of the WF composites in this study, 

the stagnation pressure was quite low due to feed in difficulties of the pelletized fibres. 

Shrink marks at the surfaces are not observed. Thus, the residual stresses in 

combination with the incorporated stiff wood material may have led to a shrinkage in 

the centre part of the specimens, which in turn led to the formation of voids.  

In addition to the detected voids, fibre agglomerates are observed. Agglomerates are 

a result of strong hydrogen bonding forces between the fibres and indicate lack of 

fibre dispersion  (Gatenholm et al. 1993) and poor interfacial adhesion between fiber 

and polymer (Qiu et al. 2003). Agglomerates observed within the WF composites are 

presumed to be the result of fibre compaction during pelletizing. During injection-

moulding the agglomerates were not able to dissolve into single fibres. Thus, the 

problem of agglomeration formulation as it is known for these fiber type could not be 

solved at the current state of the project. For future experiments regarding the 
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developed compounding approach, it is suggested to entirely circumvent the 

pelletizing step.  

Furthermore, a volume fraction containing a highly absorbent material was detected 

within the composites. However, the respective volume content was less than 0.1 % 

and are may a result of metal abrasion during refing, pelletizing and injection-

moulding.  
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Figure 5.2.5 Depiction of segmented material fractions and their spatial distribution within the refiner-

compounded WF thermoplastic composites. (a) Binarized and visually rendered material fractions of WF 

tissue (light grey), thermoplastic matrix (dark grey) and air (red). (b) Spatial distribution of air voids. Spa-

tial distribution of volume fractions of (c) WF HDPE 50/50 and (d) WF PP 50/50 composites. 

 

Figure 5.2.6 Hypothetical surface and core layer formation of WF HDPE composite sample scanned via 

X-ray micro-computed tomography. Left in y-z direction, right in y-x direction. The different layers are 

referring to the interfaces from the segmented material fractions in Figure 5.2.5. 



Chapter 5  
Evaluation of a simultaneous defibration and compounding process 

71

 

Mechanical properties 

Table 5.2.2 summarizes the values obtained from the tensile and flexural tests. 

Statistically, differences occurred among the results for the tensile and flexural tests. 

For both polymer types, tensile strength decreases with increasing fiber content (Fig-

ure 5.2.7 a). Both neat polymers show the highest tensile strength values. For PP 

composites, the addition of WF decreases tensile strength between 1.5 times to 1.8 

times. For HDPE composites, a decrease of 1.2 times for WF 50/50 and 1.6 times for 

WF 70/30 is determined. In general, a comparison of data from former studies is dif-

ficult, given by different used resources and technologies. Nevertheless, in contrast 

to former studies, the addition of wood fibers did not enhance the tensile properties. 

Improved tensile properties with wood fibers, are reported by Woodhams et al. (1984) 

and Sean (2010). They achieved tensile strength of 32.5 MPa and 42 MPa respec-

tively for PP based composites with 50%-wt. WF. Composites were compounded with 

a kneading (batch) mixer and further injection-moulded (Woodhams et al. 1984) or 

compression moulded (Sean 2010). In contrast to this, Schirp and Stender (2010) 

manufactured extruded composites with 70%-wt. refiner wood fibers and determined 

tensile strength of 10.3 MPa. Schirp and Stender (2010) stated that reduced strength 

is a result of poor fibre dispersion in the polymer matrix. For PP based wood flour 

composites Radovanovic (2007) found tensile strength values of about 50 MPa (50%-

wt.) and 60 MPa (70%-wt.). 

Figure 5.2.7 b presents flexural strength of PP and HDPE composites as a function 

of WF content. Compared to the neat polymers, the addition of WF improved the flex-

ural strength significantly. However, no significant difference between WF 50/50 and 

WF 70/30 was observed for composites with a PP matrix. For the HDPE composites 

flexural strength increases to WF content of 50 % and decreases for a WF content of 

70 %. With regard to the values achieved in this study, flexural strength of WF and 

wood flour composites reported in the literature, are higher. For HDPE based WF 

composites (50%-wt. fibers) Lerche et al. (2014) and Woodhams et al. (1984) reported 

flexural strength values for of 63 MPa and 65 MPa respectively. For PP composites 

containing 70%-wt. WF, Schirp and Stender (2010) reported flexural strength of 24 

MPa and Stadlbauer (2010) of 32 MPa. For PP based wood flour composites flexural 

strength of 85 MPa Radovanovic (2007) (50%-wt. wood flour) are reported. 

Overall, tensile and flexural strength are lower compared to some reported WF and 

wood flour composite values. Mechanical properties of composites depend on the 
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production method (Krause and Krause 2012), fiber-content, polymer properties as 

well as additives and are difficult to compare to each other. The reduced tensile 

strength in this study is may a result of the detected voids and agglomerates. Both 

effectively act as initiators for crack propagation, causing reduced composite perfor-

mance (Joffre et al. 2014b). Agglomerates or fiber bundles also indicate ineffective 

dispersion of the fibers in the matrix and provide weak points when aligned perpen-

dicular to the test direction (Spear et al. 2002). Voids may lead to reduced stress 

transfer from the matrix to the fiber and indicate insufficient fiber-matrix adhesion, 

resulting in lower strength properties. Thus, the potential benefits of WF leading to 

improved properties are not fully exploited in this study.  

Figure 5.2.8 shows the influence of WF on tensile and flexural MOE of PP and HDPE 

composites as a function of fibre content. The addition of WF increased tensile and 

flexural MOE of the composites except of WF-HDPE with 70 %-wt. In case of both 

polymers, the flexural MOE is 1.6 to 1.9 times higher than the corresponding tensile 

MOE. Both neat polymers, PP and HDPE, show no significant differences in tensile 

and flexural MOE. The tensile MOE for WF PP composites and flexural MOE of WF 

HDPE composites are not significantly different. The difference in tensile and flexural 

MOE are a result of the surface layers properties. More homogenous distributed fibers 

or particles leading a denser surface with a higher expected MOE (Figure 5.2.7). The 

expected denser surface for the WF composites would be in agreement to the inves-

tigations of Huang et al. (1999) who showed that the surface layer exhibits a higher 

Young’s modulus than the core layer. For tensile test, the stress distribution is uniform 

throughout the cross-section during testing, resulting in an overall mean MOE value. 

However, due to the bending theory there is a maximum stress distribution at the top 

(compression) and bottom side (-tension) of the specimen and the stress increases 

with distance from the neutral phase into the middle. Therefore, we conclude that 

higher local MOE in the surface layers is presumably leading to higher overall MOE 

value for the flexural test. 
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Table 5.2.2 Summary of mechanical properties of WF PP and WF HDPE composites MV: mean value; 

SD: standard deviation; HG: homogenous group (group with no significant differences within the same 

test indicated by the same letter; α = 0.05 significance level) 

 tensile test flexural test 

 strength (MPa) tMOE (GPa) strength (MPa) fMOE (GPa) 

MV SD HG MV SD HG MV SD HG MV SD HG
PP 29.95 0.19 A 1.72 0.04 A 34.56 0.20 A 1.50 0.02 A 

WF PP 50/50 19.21 0.62 B 3.22 0.07 B 40.58 1.21 B 5.50 0.20 B 
WF PP 70/30 16.80 0.81 C 3.32 0.06 B 41.08 1.20 B 6.40 0.18 C 

HDPE 19.13 0.10 A 1.04 0.03 A 19.03 0.16 A 0.95 0.02 A 
WF HDPE 50/50 15.91 0.26 B 3.57 0.07 B 29.34 0.70 B 5.67 0.22 B 
WF HDPE 70/30 11.61 0.53 C 3.10 0.29 C 24.86 1.01 C 5.79 0.26 B 

 

 

Figure 5.2.7 Tensile strength a) and flexural strength b) of WF PP and WF HDPE composites as a func-

tion of fibre content. Data derived from Table 5.2.2 

 

Figure 5.2.8 Tensile and flexural MOE of WF PP (black) and WF HDPE (grey) composites as a function 

of fibre content. Data derived from Table 5.2.2 
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Water absorption 

Figure 5.2.9 shows the water absorption of WF composites up to 28 d. It appears that 

water absorption of PP composites is slower than the HDPE composites. HDPE com-

posites with a WF content of 70 % revealed the highest water absorption. Thus, it 

seems that the WF are better encapsulated with PP than with HDPE. An additionally 

indication is also given in Figure 5.2.9, were PP composites show a higher share of 

polymer at the surface than HDPE composites. This, however, can explain the slower 

water absorption of PP composites. Both neat polymers show no water absorption. 

The high water absorption is maybe caused by voids and agglomerates. Voids are 

believed to promote water absorption. During water immersion, the water molecules 

first enter the free space of microvoids and then diffuse along the interface (Hom et 

al. 2014). In addition, an incomplete encapsulation of wood particles and the occur-

rence of agglomerates lead to water absorption (Krause et al. 2017b). 

 

Figure 5.2.9 Water absorption of WF PP and WF HDPE composites. 

5.2.4 Conclusions  

A novel developed compounding process for thermoplastic based WF composites is 

successfully demonstrated in this study. Instead of the established compounding 

technologies such as extruders, a refiner is used for wood chip defibration and poly-

mer compounding in one process step. Under the given process conditions, the WF 

based composites showed lower tensile strength values compared to literature val-
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ues. The lower performance is attributed to the detected void and agglomerate for-

mation. The occurrence of voids is found to be a result of residual stresses leading to 

an inner shrinking effect of the polymer.  

For further investigations concerning this research, the following issues have to be 

considered to enhance the composite properties: 

 investigation of material treatment between refining and consolidation. As sug-

gested a pelletizing of the compound shall be avoided   

 further verification of the composite formulation by means of wood content, 

processing adjustments, and coupling agents, to enhance the composite per-

formance and to reduce the formation of fibre agglomerates 

 upscaling of the process to an industrial level 

Nevertheless, for the first conducted experiment it is proved that a composite produc-

tion is possible. The novel compounding process with the refiner technology offers 

new usefulness compare to the conventional technologies. However, enhanced com-

posite performance is essential for further product developments. Despite the men-

tioned advantages the developed process offers alternative markets for MDF or TMP 

manufactures, if this process is implemented to an MDF or TMP production line. The 

manufactures would be able to provide an intermediate compound product for com-

posite manufactures or are able to produce composite products by themselves.  
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Abstract  

Fibre length and width development was monitored for a novel procedure of combined 

wood chip defibration and wood-polymer compounding as well as further process 

steps for the production of wood fibre-based composites by applying an image anal-

ysis-based particle size measuring technique. While fibre dimension were maintained 

at a common level after refiner compounding, pelletizing was found to reduce both 

fibre length and width to about 50% of its initial dimension after refiner compounding. 

Subsequent injection moulding led to an additional fibre length reduction. 
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5.3.1 Introduction 

For the manufacture of wood-plastic composites (WPC), usually wood particles or 

wood flour is used as wooden component. Technical wood fibres obtained from a 

thermomechanical defibration process feature the characteristics to increase tensile 

strength and stiffness of WPC compare to wood flour particles (Stark and Rowlands 

2003). However, conventional WPC compounding and shaping processes alter the 

morphology of the fibres, resulting mostly in a reduction in fibre length (Mertens et al. 

2017a). Krause et al. (2017a) developed a process, which combines wood chip defi-

bration and fibre-polymer compounding in a one-step process using the refiner tech-

nology. The development of the process aims to solve the problem of fibre feeding of 

the low bulk density and fluffy fibres into continuously operating extruders. The inten-

tion of the present study was to monitor the change in fibre dimension throughout this 

novel process and additional pelletizing and injection-moulding. Fibre length and 

width of the different production steps are monitored by applying an image analysis-

based particle size measuring technique. 

5.3.2 Materials and Methods 

Refiner compounding 

Commercially available wood chips (Räuchergold FS 14, Rettenmaier & Söhne 

GmbH + Co KG, Rosenberg, Germany) from a mixture of Norway spruce (Picea 

abies) and silver fir (Abies alba) were disintegrated and at once compounded with 

thermoplastic polymers, achieving a wood share of 50% by weight. As polymers were 

applied: 

a) Polypropylene (PP), PP 575p from Sabic (Saudi Basic Industries Corporation, 
Riyadh, Saudi Arabia), melt flow index (MFI) 10.5 g/10 min, melting point 160 
°C 

b) High-density polyethylene (HDPE), CC 3054 (Sabic), MFI 30 g/10 min, melting 
point 130 °C 

For the combined wood chip defibration and wood-polymer compounding, a Sprout-

Waldron 12“ (305 mm) pressurized refiner with an upstream 55 l boiler was used. 

Prior to defibration the wood chips (5.5 kg,), the polymer granulates (4,4 kg) and 12 l 

of water were mixed manually in a bin and then filled into the digester of the refiner. 

The pre-steaming was set by 145 °C (4.2 bar) in the case of the PP mixture and 125°C 

(2.3 bar) in the case of the HDPE mixture for a time of 10 minutes each. The pre-

steaming temperatures were consciously chosen below the polymer melting point in 
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order to avoid an agglutination of the wood chips and the polymer before the defibra-

tion stage. It is assumed that the melting of the polymer takes  place between the 

refiner plates (discs gap 0.2 mm) due to occurring shear energy. During defibration 

the pressure was kept constant in the digester and decreases after the defibration 

stage due to the atmospheric discharging unit. After defibration the compound was 

discharged through a conduit into a cyclone. With an overall temperature below the 

glass transition temperature of lignin (approximately 170 °C for softwood), the ob-

tained fibres have to be specified as technical fibres (TMP -- short for thermomechan-

ical pulp). Its morphology, thus, differs from medium-density fibreboard (MDF) fibres 

by its disintegration across the cell lumen instead of disintegration of the wood sub-

stance along the fibre’s middle lamella. The moisture content after defibration com-

pounding was about 30%. 

Pelletizing 

The compounds were pelletized in order to ensure a proper feeding into the injection-

moulding machine using a Pelleting Press 14 - 175 from Amandus Kahl GmbH, Rein-

bek, Germany. Prior to pelletizing, the pellets were dried to a moisture content below 

1 % using a granulate dryer (Luxor CA 30 S, Montan GmbH, Isny, Germany).  

Injection-molding 

Test specimens were made according to DIN EN 527:2012-06 and DIN EN 178:2003 

using an injection-moulding machine (Arburg Allrounder 420C Golden Edition, Arburg 

GmbH + Co KG, Loßburg, Germany). 

Fiber separation 

For size measurement, fibres were separated from the polymer via Solet extraction 

(8 hours boiling time in xylene). Fibre samples were separated from the compound, 

the pellets, and the injection moulded specimens. The revealed fibres are specified in 

the following text as: “COMPOUND” (here the initial length and width), “PELLET”, and 

“SPECIMEN”.  Prior to testing, the extracted fibres were conditioned in a climatic 

chamber at 20 °C and 65% relative humidity.  
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Fiber characterization 

Image analysis-based fibre size characterization was done applying a measuring sys-

tem, which was initially developed for the characterization of MDF fibres. Technical 

details of the system are described by Benthien et al. (2014). 

To conduct the measurements, approximately 0.1 g of sample material were trans-

ferred into the sample feeding device, automatically spread on the rotating object slide 

and imaged by a high resolution camera. Length and width of the imaged fibres were 

determined applying the rectangular model. All elements smaller than 23 µm were 

omitted from the evaluation. From each of the three fibre types, ten replicates were 

measured in order to permit statistically backed assertions regarding differences in 

fibre length and width. 

The results from fibre size measurement are presented as the length or width of the 

fibre, which is in the position of the size-sorted measurement data where 10%, 50% 

(median), and 90% of the overall cumulated fibre length or width are reached. This 

procedure corresponds to the 10 %, 50 %, and 90 % quantiles (also referred as x10, 

x50, and x90) of a length-based cumulative distribution in accordance with DIN ISO 

9276-1:2004-09. 

Statistical analysis 

Statistical analysis was performed using Origin (OriginLab Corporation, Northampton, 

Massachusetts, USA). A single factor analysis of variance (ANOVA) was conducted 

at a level of significance of α = 0.05 and a Tukey HSD test. The remaining data anal-

ysis was done with Excel (Microsoft Corporation, Redmond, Washington, USA). 

5.3.3 Results and Discussion 

The results from fibre size measurements are shown in Table 5.3.1, giving the fibre 

length and width of the compounds, pellets and specimens as mean values (MV) with 

standard deviation (SD) of the ten replicates. Fibre length and width are displayed for 

the 10 %, 50 %, and 90 % quantile of the length-based cumulative distribution Fig-

ure 5.3.1  displays the 50 % quantile of fibre length (left) and width (right) with regard 

to polymer type along the process steps. 

Fibre length and width were found to be different across the fibre types for each pol-

ymer type (except for the 10 % quantile of fibre length of PP-bonded compounds and 
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pellets) (Table 5.3.1). The statistical analysis showed neither differences between fi-

bre lengths nor widths at different polymer types at the different fibre types.  

The median length (x50) of the fibre type COMPOUND was measured to about 1.3 

mm and is in agreement with the fibre length of TMP fibres found by Peltola et al. 

(2014). It can be concluded from this, that the process step of refiner compounding 

delivers compounds containing comparably long fibres as would be the case in solely 

wood chip refining.  

Pelletizing and injection moulding were found to reduce fibre length by around 70% 

in comparison with the initial fibre length after refiner compounding. The median fibre 

length (x50) decreases during pelletizing from approximately 1.3 mm to about 0.6 mm 

after pelletizing. Injection moulding leads to a further fibre length reduction of about 

30% and is about 0.4 mm. The decrease in fibre length is most likely caused by high 

shear forces applied to the fibre during pelletizing (Le Baillif and Oksman 2009) and 

injection moulding.  

The decrease in fibre width was found to be in the same proportion as fibre length 

reduction. This is in contrast to other studies. For pelletized TMP fibre- and cellulose 

fibre-based compounds produced on a twin-screw extruder, Peltola et al. (2014) and 

Le Baillif and Oksman (2009) found fibre width to be preserved and only length is 

decreased. However, fibre length was not measured after injection moulding.  

With regard to the measured length and width values, it appears that the fibres are 

patterned more like shives than fibres. The shive pattern can be expressed with the 

length to diameter ratio (aspect ratio). The aspect ratio for the x50 values is about 3, 

whereas Peltola et al. (2014) reported a length-to-diameter ratio of 23 after extrusion. 

Therefore it is questionable if the produced fibres, with their low aspect ratio, provide 

a reinforcement effect to the composite.  
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Table 5.3.1 Average fibre length and width as well as standard deviation (in brackets) of the ten replicate 

measurements as 10%, 50% and 90% quantile of the length-based cumulative distribution in respect to 

polymer type (differentiation by small and capital letters). Results of the statistical analyses are displayed 

in groups, whereas measured values assigned with the same letter are not significantly different from 

each other at a significance level of α = 0.05. 

Fibre 
axis 

Polymer 
type 

Fibre 
origin 

10% Quantile (x10) 50% Quantile (x50) 90% Quantile (x90) 

Measured 
value 
(µm) 

Statistic 
Group 

Measured 
value 
(µm) 

Statistic 
Group 

Measured 
value 
(µm) 

Statistic 
Group 

Le
ng

th
 PP 

Compound 213 (28) a 1263 (479) a 3615 (724) a 

Pellet 196 (19) a 653 (48) b 1793 (294) b 

Specimen 152 (7) b 416 (42) c 1252 (210) c 

HDPE 

Compound 222 (31) A 1292 (146) A 3402 (213) A 

Pellet 161 (19) B 602 (43) B 1789 (153) B 

Specimen 132 (17) C 399 (54) C 1111 (246) C 

W
id

th
 

PP 

Compound 73 (10) a 409 (124) a 1501 (257) a 

Pellet 95 (10) b 317 (24) b 970 (88) b 

Specimen 71 (3) a 190 (16) c 622 (118) c 

HDPE 

Compound 87 (4) A 378 (40) A 1409 (174) A 

Pellet 72 (6) B 208 (21) B 745 (50) B 

Specimen 64 (5) C 161 (13) C 483 (46) C 

 

 

Figure 5.3.1 Averaged fibre length (left) and width (right) as well as standard deviations of the 

ten replicate measurements as 50% quantile of the length-based cumulative distribution in 

respect to polymer type for the samples Compound, Pellet and Specimen. 
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5.3.4 Conclusions  

Fibre length and width were measured throughout the three process steps of (1) re-

finer compounding, (2) pelletizing, and (3) injection moulding for fibre-based WPC. 

Fibre length and width were monitored applying an image analysis-based particle size 

measuring technique. It was the intention to investigate the potential of a combined 

wood chip defibration and fibre-polymer compounding in a one-step process, to solve 

current limitations of extruder compounding with respect to fibre degradation during 

processing and continuous feeding of low bulk density and fluffy technical fibres in the 

process. As the length of the fibres in the compound were found to be equal to those 

of conventional thermomechanical fibre manufacturing, it has to be concluded that 

refiner compounding solves the problems of fibre degradation during compounding 

and continuous fibre feeding in WPC manufacture. This applies irrespective of the 

polymer (PP and HDPE) used. Apart from the promising findings regarding fibre 

length maintenance in refiner compounding, the further process steps, pelletizing and 

injection moulding lead to a strong decreases of fibre length.  

For further investigations regarding the refiner compounding, it is suggested to put 

effort into the material treatment between refining and consolidation. Pelletizing of the 

fibres should be avoided as its decreases fibre length by about 50 %. Nevertheless, 

the approach of refiner compounding provides the possibility for existing refiner ca-

pacities to enter the market of WPC compound manufacture. 
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5.4.1 Introduction  

The process of simultaneous wood chip and polymer defibration, presented in the 

previous Chapters, describe an interesting approach for using thermomechanical 

wood fibers in thermoplastic composites. The process was first experimentally con-

ducted by Mertens et al. (2017b), using a pressurized laboratory batch refiner. In order 

to further verify the novel approach, the present Chapter aims to up-scale the process 

to industrial level. A further investigation of the mechanical properties of various pro-

duced products made out of the novel produced wood fiber polymer compound is 

presented. The conducted study was done by using a continuous operating refiner 

plant, which is able to mimic industrial scale processes. Compared to the previous 

used batch refiner, the refiner in the present work is able continuously run the process 

over. Additionally, the received wood fiber polymer compound is further manufactured 

to different products, using a twin-screw extruder, injection-molder and hot-pressing 

technologies. Fiber length is analyzed for the received wood fiber compound and for 

an injection-molded sample. Finally, the mechanical properties of the produced prod-

ucts were tested.  

5.4.2 Materials and Methods  

Materials 

Wood fibers were derived from industrial pine wood chips (moisture content 80 wt-%). 

Polypropylene, PP 575p from Sabic (Saudi Basic Industries Corporation, Riyadh, 

Saudi Arabia), melt flow index 10.5 g/10 min (load 2.16 kg), melting point 160°C were 

used as matrix polymer. The share of wood fibers for the produced composites were 

70%, 60% and 50%. The mixture and the manufactured samples are specified as: 

70% wood fiber and 30% PP  WF 70/30 

60% wood fiber and 40% PP  WF 60/40 

50% wood fiber and 50% PP  WF 50/50 

Simultaneous defibration and compounding process 

Before processing, the wood chips and polymer granulates were mixed manually in 

bins. Principally, the procedure is used as described by Krause et al. (2017a) and 

Mertens et al. (2017b). For the simultaneous defibration and compounding process  
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the refiner plant at Fraunhofer Institute for Wood Research (WKI, Braunschweig, Ger-

many) was used. A schematic draw of the plant and the process-flow is given in Fig-

ure 5.4.1. The in advance mixed wood chips and polymer granulates were placed into 

the hopper. After material feed-in the material is compressed via a plug screw feeder 

(MSD, multiple screw device) and then fed into pressurized pre-steaming unit. The 

plug screw feeder ensures that the following system is pressurized. A screw conveyor 

inside the angled digester moves the material upwards and drops the material after a 

certain retention time into the defibration (refining) zone. After passing the defibration 

zone the material is forwarded to the cyclone due to a pressure gradient. The refiner 

plant used is equipped with a 12” pressurized Andritz Sprout-Bauer defibrator. The 

process conditions are summarized in Table 5.4.1.  

Table 5.4.1 Parameter and settings used for the defibration process. 

parameter  settings 
MSD rotation 3.5 rpm 
pre-steaming 140°C (3,3 bar) 
retention time  5 min. 
refiner rotation 3000 rpm 
gap distance 0.1 mm 
disc pattern Andritz 12XY802 
through put  40 kg/h 

 

Figure 5.4.1 Scheme of the refiner plant and the process-flow used for the conducted test. 
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Sample manufacture and preparation 

The received wood fiber polymer compound (WFC) was dried to moisture content of 

3 wt.%. In order to demonstrate possible fields of application, the material was further 

manufactured in different ways.   

Compounding 

The WFC (60/40 and 50/50) was further manufactured to injection-moldable granu-

lates by using a co-rotating twin screw extruder (TSE) (Leistritz ZSE 27 MAXX, Leis-

tritz Extrusionstechnik GmbH, Nürnberg, Deutschland). The TSE is equipped with 12 

heating barrels. The temperature was set from 180°C (feed-in unit) to 145°C at the 

material outlet. The WFC was fed into the TSE with a gravimetric feeder. The TSE 

was run with 120 rpm and a throughput of 1.5 kg/h resulting in a specific energy of 

0.37 kWh/kg.  

THE WFC 70/30 was used as “Masterbatch” material. The same procedure as men-

tioned above was used, whereby the WFC was mixed up with PP to achieve a wood 

fiber/polymer content of 50% to 50%. Additionally, a coupling agent (3% of Maleic 

anhydride-modified PP (MAPP); Licocene® PP MA 7452, Clariant GmbH, Gerstho-

fen, Germany) and color pigments (RAL1550) were added.  

Hot-pressing 

The WFC (50/50 and 60/40) was pressed to thin panels (170 x 250 x 4 mm) using a 

laboratory hot-press (Siempelkamp Labor-Heißpresse Typ2, Siempelkamp GmbH, 

Krefeld, Germany).  

Injection-molding 

Test specimens were manufactured according to DIN EN 527:2012-06 and DIN EN 

178:2003 using an injection-moulding machine (Arburg Allrounder 420C Golden Edi-

tion, Arburg GmbH + Co KG, Loßburg, Germany). 

In addition to the manufactured wood fiber polymer granulates, a panel (50/50) was 

milled to approximately 10 x 10 mm pieces using a Retsch cutting-mill for the injection-

molding process.  

Testing  

Tensile (DIN EN 527:2012-06) and flexural (DIN EN 178:2003) tests were conducted 

using a universal testing machine (Zwick Roell GmbH & CO. Kg, Ulm, Germany). 



Chapter 5  
Evaluation of a simultaneous defibration and compounding process 

88

 

Charpy impact bending (DIN EN ISO 179 1-2 (2005)) was conducted by using an 

impact testing machine (HIT5.5p Zwick Roell GmbH & CO. Kg, Ulm, Germany) with 

a 1 and 5 Joule pendulum. The tensile and flexural test specimens from the hot-

pressed panels were cut and shaped according to the standards. For all formulations 

and tests 10 specimens were tested. 

Fiber characterization  

The fibers of the WFC (50/50) were analyzed after defibration and injection-molding. 

Prior to the analyzation, the fibers of the compound and an injection-molded specimen 

were separated from the matrix with a Soxhlet extraction in hot xylene. Arbocell C100 

wood flour (Rettenmaier & Söhne GmbH + Co KG, Rosenberg, Germany) was used 

as a reference to compare the particle geometry to conventional used flour materials. 

The wood flour was not separated from a polymer and therefore analyzed in a native 

state. Fiber characterization was done applying the dynamic image analysis system 

QICPIC. In the device, the particles are dispersed in an accelerated air jet. A high-

speed camera takes pictures of the particle stream. Measuring particle size and shape 

from the projected particle area of binary pictures and calculating size and shape dis-

tributions was done by the software WINDOX (Sympatec GmbH, Germany). Fiber 

length was characterized with respect to the median and quartiles of the length-based 

particle length distribution (Q1) (DIN ISO 9276-1) (Teuber et al. 2016b). 

X-ray micro-computed tomography  

X-ray micro-computed tomography was carried out to evaluate non-destructively the 

internal composite structure. The investigated test samples (4x10x6 mm) were pre-

pared from the middle of a untested WF 50/50 PP tensile test specimens.  

The X-ray micro-focus CT system Nanotom® s (phoenix|x-ray, GE Measurement & 

Contro, Wunsdorf, Germany) was equipped with a cone beam geometry, a transmis-

sion molybdenum target, and a CCD detector. The tube voltage was 60 keV, whereby 

the current was 280 µA. The exposure time per projection was 750 ms. 2000 axial 

projections were collected over a total angle range of 360° in every tomographic run. 

The achieved spatial resolution was 6 µm.  

The image processing and reconstruction were performed using the software datos|x 

reconstruction© (phoenix|x-ray, GE Sensing & Inspection Technologies GmbH, Wun-

storf, Germany). The captured stack of two-dimensional projections was transformed 
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into a three-dimensional data volume. Subsequently, the volume analysis was con-

ducted using the Avizo® Fire 9 software (FEI, Hillsboro, Oregon, USA). 

5.4.4 Results and Discussion  

Process observations 

The conducted study carried out, that the process of simultaneous wood chip and 

polymer defibration as described by Krause et al. (2017a) is able to run continuously 

under industrial conditions. It was found, that the pre-steaming temperature is a cru-

cial factor in the process. The polymer granulates tend to agglomerate when the pro-

cessing temperature is close the polymer melting point. This results in an inhomoge-

neous distribution of wood and polymer during defibration. It is assumed, and in ac-

cordance with the theoretical principals of defibration, that the temperature during me-

chanical and thermal treatment between the refiner discs is higher than in the rest of 

the pressurized system. Hence, the polymer becomes molten between the narrow 

disc gap because of higher temperature, pressure and friction. In addition to the con-

ducted experiments by Mertens et al. (2017b), it could be shown that the process is 

stable over a longer period of processing time independent of the wood fiber polymer 

ratio. For each formulation the process was conducted for about 1.5 hours. No signif-

icant increase in power consumption was found in relation to the polymer content. 

The mechanical power consumption ranged between 18 – 21 kW/h. The received 

wood fiber polymer compound showed typical thermomechanical produced wood fi-

bers with chopped polymer flakes which are visually entangled to the wood fibers. 

Compare to the results reported by Mertens et al. (2017b) the wood fibers are obvi-

ously finer due to the narrower gap distance (0.1 mm).  

X-ray micro-computed tomography (µ-CT) 

µ-CT was carried out to evaluate non-destructively the composite structure. Fig-

ure 5.4.2 shows ortho-slices of the scanned volume. The shown grey-scale image (a) 

is taken close to the composite surface. Figure 5.4.2 a, displays that the wood fibers 

are present as fine and coarser particles. The wood fibers near the surface area are 

predominately orientated in the flow direction of the melt during injected-molding. 

However, near the center, the wood fibers are more randomly orientated. The different 

orientated fiber are a result of different shear rates during forming (Bourmaud et al. 

2013, Mertens et al. 2017b). Figure 5.4.2 b shows the spatial wood fiber fraction dis-

tribution within the region of interest (ROI). The wood fiber fraction was analyzed with 
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the mentioned software while using different separation and analyzing algorithms. For 

the ROI a spatial distribution of wood fiber and polymer is calculated to 54.0% and 

45.0% respectively. Additionally, around 0.05% of air is detected (Figure 1 c)). Thus 

and as expected, twin-screw extrusion leads to a satisfactorily material distribution 

within the composite. With the non-destructive image analysis it is proved, that the 

volume fraction of wood fiber polymer is close to the ratio (50/50) that has been de-

termined before the simultaneous defibration and compounding process. Thus, it 

seems that after defibration the polymer is entangled or attached to the wood fiber, 

even it is obviously difficult to see. However, possible errors during these quantitative 

analysis (scanning duration and software adjustments) must be taken into account, 

which may can falsify the result. 

 

 

Figure 5.4.2 Ortho-slices of the XµCT scanned volume. A) displays the slices in x-z-y direction. B) shows 

the spatial distribution of wood fibers within the volume of the ROI. C) shows the separated air within the 

ROI. 

  

Fiber length  

Fiber length was investigated for the fiber polymer compound after defibration and 

injection-molding. The revealed length and the respective aspect ratio is displayed in 

Table 5.4.2. Figure 5.4.3 shows the cumulative distribution (q1) and the fibers elon-

gation after defibration and injection-molding. Additionally, the length and the length 

distribution of conventional used wood flour is shown. The mean length (x50) of the 

initial wood fibers after simultaneous defibration and compounding is around 880 µm 

with an aspect ratio of 16. Compare to the wood fibers used in Chapter 4, the mean 
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length in this study is about 1000 µm shorter. Injection-molding causes a fiber length 

reduction of 85% and has therefore roughly the same length as untreated wood flour.  

Also the aspect ratio after injection-molding shows similar values as the wood flour. 

However, the mean length fiber after injection-molding is about 40% longer compare 

to the mean fiber length revealed after injection-molding in the experimental study in 

Chapter 4. Nevertheless, the low aspect ratio of the wood fibers appears more particle 

like. Schirp and Stender (2010) found that the aspect ratio of wood flour is not signif-

icantly changed after compounding and extrusion. Teuber et al. (2013) stated that, 

wood particles might have a threshold particle size, at which a further reduction of the 

particle geometry is unlikely due to the intrinsic structural and mechanical properties 

of wood. Additionally, Teuber et al. (2013) found that the strongest effect on particle 

reduction was found during compounding. This would be also in agreement to the 

findings in Chapter 4, and can also be accepted in current case.  

Finally the investigation of the fiber length revealed that the process of simultaneous 

defibration and compounding generates high aspect ratio wood fibers, however the 

subsequent processes applied leading to an severe fiber length reduction.  

 

Table 5.4.2 Revealed fiber length and aspect ratio of initial wood fibers (length after defibration) and after 

injection-molding. Arbocell C100 is presented as wood flour reference without any composite processing 

step. Fiber length and aspect ratio are presented as 10% (x10), 50% (x50) and 90% (x90) quantiles of the 

length-based cumulative distribution q1. 

q1 
  

initial wood fibers 
(50/50) 

injection molded
sample (50/50) 

Arbocell  
reference 

length [µm] 

x10 123.93 34.53 29.39 
x50 884.12 126.42 96.67 
x90 2352.29 297.94 297.05 

aspect ratio
x10 2.8 1.5 1.3 
x50 16.6 2.7 2.4 
x90 33.3 5.8 5 
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Figure 5.4.3 Cumulative fiber length distribution (left) for the initial wood fibers, the fibers after injection-

molding and the reference wood flour. Elongation to particle length for the analyzed fibers and flour 

(right).  

 

Mechanical properties 

Table 5.4.3 summarizes the mechanical properties. The formulation with highest 

wood fiber content (IM-WFC 60/40) also reveal the highest modulus of elasticity 

(MOE). Comparing the overall MOE, the formulations that are further processed to 

granulates by twin-screw extrusion show higher MOE values than the other further 

processing technologies used. Thus it is concluded that twin-screw extrusion leads to 

a satisfactorily material distribution. 

Table 5.4.3 Summary of mechanical properties for the manufactured composites.  

Formulation 

tensile 
strength 

tensile 
MOE 

flexural 
strength 

flexural 
MOE 

charpy 
impact 

[MPa] [GPa] [MPa] [GPa] [kJ/m²] 

Masterbatch (50/50) 53.50 5.3 88.35 5.6 - 

IM-WFC 50/50 32.50 4.8 54.96 5.4 9.5 

IM-WFC 60/40 28.31 5.7 50.82 6.5 6.1 

IM-Panel (50/50) 19.80 3.5 45.64 4.8 - 

Panel (50/50) 9.10 2.2 20.00 2.1 - 

Panel (60/40) 11.0 2.6 18.46 2.1 - 

 



Chapter 5  
Evaluation of a simultaneous defibration and compounding process 

93

 

Tensile and flexural strength of the tested composite are displayed in Figure 5.4.4. 

The Masterbatch (50/50) formulation shows the overall highest strength values. The 

higher strength properites compare to the other formulations is owed to the addition 

of MAPP. It is found, that the addition of MAPP increases the strength properties for 

about 1.6 times. Compared to the strength values of pure PP, the Masterbatch formu-

lation revealed a significant fiber reinforcement effect. Similar results were found in 

the experimental study in Chapter 4 were the performance of thermomechanical wood 

fibers was generally investigated. The achieved strength properties of the formula-

tions IM-WFC 50/50 and 60/40 (both without coupling agent) in this study, are higher 

than those obtained for similar wood fiber contents in Chapter 4, despite the fact that 

they are produced in the same way. Compare to other studies (Caulfield et al.), the 

strength properties are higher.  

 

Figure 5.4.4 Tensile and flexural properties of the tested composites. The number in brackets refer to 

the wood fiber / polymer ratio.  

Significant lower strength are observed for the injection-molded panel (IM-Panel 

(50/50)) and the tested panel formulations 50/50 and 60/40. The IM-WFC (50/50) 

show similar strength properties as found in the previous study by Mertens et al. 

(2017b). In the previous study, the poor strength are attributed to the pelletizing step 

and the low stagnation pressure during injection-molding. Additionally it is believed, 

that the injection-molding conveying screw is not able to dissolve the compressed 

structure of the panels. The insoluble structure results in a formation of agglomerates, 
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which significantly influence the mechanical properties of the composite. This findings 

are in accordance to other studies (Joffre et al. 2014a, Spear et al. 2002). The hot-

pressed panels show for both formulations the overall lowest strength properties. This 

is attributed to two factors. One is owed to the insufficient manually scattering of the 

WFC mat before hot-pressing, which is difficult to do manually. Due to imperfections 

during scattering the resulting panel show different densities. On the other hand, the 

hot-pressing process did not lead to effective flow of the molten polymer. Thus, the 

wood fibers are only partially in contact with polymer. The effect on the resulting panel 

is displayed in Figure 5.4.4. It is therefore evident, that an insufficient polymer distri-

bution and flow behavior during pressing results in poorer strength properties.   

Figure 5.4.5 Wood fiber compound (50/50) manufactured to panels. Here view on the cross section. 

5.4.4 Conclusions  

From a processing prospective, the conducted study of simultaneous defibration and 

compounding could generally confirm that: 

 an industrial scale-up of simultaneous wood chip and polymer defibration us-

ing continues operating refiner equipment is possible. 

 the process is stable over a period of time. No significant change in power 

consumption was recognized, while changing the wood chip / polymer ratio.  

 the novel produced compound, that is further processed with an twin-screw 

extruder and injection-molder to test specimens, show quite sophisticated 

strength properites 

 the analysis of fiber length, revealed that the fibers are considerable degraded 

in their length after injection-molding.  
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Chapter 6  
Results and discussion of the conducted research 
6.1 Identification of the potentials of thermomechanical wood 
fibers in thermoplastic composites 

Overall, the potentials of thermomechanical wood fibers in thermoplastic composites 

are identified in Chapter 3 (literature review) and 4 (experimental performance evalu-

ation). Based on the findings, it can be stated that thermomechanical wood fibers can 

provide reinforcement to the polymer matrix. However, generally it is found that the 

composite properties depend on: 

a) Compounding and forming technology  

b) Scale of the compounding and forming technology 

c) Fiber content and additives  

d) Defibration conditions  

 

6.1.1 Processing effects on mechanical properties and 
fiber characteristics  

For industrial produced composites, the mechanical properties, achieved in the con-

ducted study described in Chapter 4, are in agreement with the findings of the litera-

ture review (compare Figure 6.1). Although the matrix properties from the data in the 

literature review are often unknown and may differ from each other, it is evident that 

with industrial scale equipment higher tensile strengths and MOEs are achievable 

than with laboratory scale equipment. This leads to the assumption that full exploita-

tion of fiber reinforcement depends on the production method. To achieve appropriate 

composites properties, wood fibers have to be properly mixed in the polymer matrix. 

Laboratory scale processes differ to industrial scale processes in feed-rates (Teuber 

2016a), operating conditions such as heat transfer and shear (Kohlgrüber 2007) as 

well as processing effects (Inceoglu et al. 2011) such as distributive and dispersive 

mixing. Stresses in in twin-screw extruders are more diverse than in internal mixers 

(Teuber 2016a), since the process length and design of the mixing and shear ele-

ments is different compared to e.g. internal mixers. In the literature review it was found 

that, in extruders a different pressure formation and a better dispersion takes place, 

leading to overall higher MOE.  
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Figure 6.1 Influence of fiber content on tensile strength. The black dots display the tensile strength values 

obtained in Chapter 4 for MDF fiber polypropylene composites with (upper line) and without (lower line) 

coupling agent. The green area displays the range of tensile strength values for industrial-scale produced 

wood fiber composites gathered from the literature review conducted in Chapter 3. Values for various 

wood flour composites are taken from Gehrmann et al. (2003) (60 wt. %). Krause et al. (2017b) (60 wt. 

%). Nygård et al. (2008) (50 wt. %). Stark and Rowlands (2003) (40 wt. %). All wood flour composites 

were produced with industrial-scale technologies.  

On the other hand the literature review (Chapter 3) and the experimental performance 

evaluation (Chapter 4) found, that during twin-screw extrusion, the fiber length con-

siderably reduced. The experimental study (Chapter 4) confirmed, that fiber degrada-

tion increases with increasing fiber content. The resultant aspect ratio after twin-screw 

extrusion was found to be between 1.8 and 7 which is a reduction of about 80-90 % 

compared to the initial fiber aspect ratio. In part, this may be caused by the increasing 

fiber-fiber interaction with increasing fiber content. In this regard Schirp and Stender 

(2010) stated, that a heating-cooling mixer is economically way to process wood fiber 

based composites with minor fiber damage compared to twin-screw-extrusion due to 

a larger free volume. 

Moreover, fiber length reduction also occurs during injection-molding. The longer the 

fibers are prior to injection-molding, the more their length is reduction during that pro-

cess. The promising fiber lengths could not be maintained with the processing equip-

ment and conditions used. Hence, the preservation of the promising fiber length is a 

question of the applied processes.  
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In addition to compounding, the technology of composite forming is highly influential 

on the mechanical properties of the composite. Many of the publications cited in the 

reviewed literature found lower mechanical properties for compression molded com-

posites compared to injection molded ones. In the literature review it is therefore con-

cluded, that the processing technology is a major factor in discovering the full rein-

forcement potential of thermomechanical wood fibers. Krause and Krause (2012) 

stated that with injection molding higher strength values are achievable compared to 

compression molding. They argued that during compression molding a relatively low 

polymer melt flow and a lack in degassing lead to lower strength properties. This 

statement is in agreement with many of the reviewed literature. However, it is in con-

trast to the results of Graupner et al. (2016), who found higher tensile strength for 

compression molded Lyocell/PLA (40 wt. % with 92 - 118 MPa) composites than for 

injection-molded (40 wt. % with 45 - 66 MPa) composites. They argued, that injection-

molding leads to better compaction and fiber/matrix adhesion than compression mold-

ing. However, by injection molding the fibers aspect ratios are reduced below the crit-

ical aspect ratio and thus influencing the strength properties negatively (Graupner et 

al. 2016).  

It has to be noted that Graupner et al. (2016) used pre-manufactured multilayer webs 

in their study. These webs have a predefined fiber alignment, which significantly in-

fluences the mechanical properties. Due to the process, fibers are shortened more 

extensively during injection-molding than in compression molding (Graupner et al. 

2016). Thus, fiber alignment and fiber length are more maintained during compression 

molding than injection molding.  
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6.1.2 Influence of fiber content on composite properties  

For most common fiber or particle based composites it is well known, that MOE in-

creases with increasing fiber or particle content. Wood in general is stiffer than most 

common thermoplastic polymers. Thus, the addition of a stiff material such as wood 

yields improved potential stiffness to the composite. In material science the composite 

modulus (Eୡ) is expressed by the rule of mixture as given with the following equation 

Eୡ ൌ fܧ  ሺ1 െ fሻ	E୫ሻ 

where f is the volume fraction of the fiber and ܧ is the modulus of the fiber and E୫ is 

the modulus of the matrix. In Chapter 4 it was shown, that the MOE is almost linearly 

increasing with increasing fiber content independent of the utilization of MAPP. For 

composites without MAPP it is of interest, that the mechanical properties, except the 

MOE, decrease with increasing fiber content. Strength properties of the composite 

are very dependent on the inherent parameters of the fiber and the polymer matrix. 

Furthermore strength properties are controlled by critical defects, which are statisti-

cally distributed in the composite (Wisnom 1992). Tensile strength for example is the 

maximum force in tension before failure for a given cross-section. The determination 

of the MOE during testing takes place in the range of linear-elasticity with little elon-

gation and only low stress concentrations, which would promote fracture propagation 

(Erdmann 2017). Thus, it becomes more understandable why the MOE increases 

while other values of the composite properties decrease.  

In Chapter 3 and 4 it is found, that for coupling agent containing composites (Figure 

6.1) at fiber contents between 45 - 50 wt.% a tensile strength threshold is reached. At 

a fiber content of 50 wt.% the tensile strength reaches its maximum and no significant 

further increase is observed. Thomason (2005) stated, that with increasing fiber con-

tent, the formation of fiber agglomerates increases. This leads to areas with fibers, 

which are not fully covered by the polymer. Thus, an increasing fiber content is likely 

to contribute to void formation by the mentioned structural formations during pro-

cessing. From a processing perspective, high fiber contents are difficult to mold 

properly due to an increase in melt viscosity (Woodhams et al. 1984). The difficult 

processing with high fiber contents is confirmed in the experimental performance eval-

uation in Chapter 4.  
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The lower reinforcement effect at higher fiber contents is presumably explained with 

a decreasing interfacial shear strength (ISS) (Erdmann 2017). Thomason (2007) an-

alyzed the effect of decreasing ISS as a function of increasing fiber content for glass 

fiber composites. It was shown that the ISS from the matrix to the fiber, depends on 

the residual radial compressive stresses their action on the fiber surface. During the 

cooling phase in the mold, the polymer shrinks on the fiber surface and therefore 

generating radial compressive stress. Residual stresses improve the coefficient of 

friction, which results in a higher physical bonding between fiber and polymer (Parle-

vliet et al. 2006). However, the decrease of residual radial compressive stresses with 

increasing fiber content, yields finally in a lower reinforcement effect. Thomason 

(2009) showed, that the radial compressive stress is even lower for natural fiber com-

posites compared to glass fiber composites.  

Although the wood fiber based composites without coupling agent (Chapter 4) show 

decreasing tensile strength with increasing fiber content, it is assumed that some re-

inforcement occurs. The statement is based on the following assumptions: 

 tensile strength is a value that refers to the cross-section of the tested material 

and is calculated with σ ൌ 	



, with	F the applied force and	A the cross-section 

of the material. 

 the volume and respectively the cross-section of a polymer matrix is reduced 
by the addition of any fiber volume 

 no load transmission between the fiber and the polymer matrix occurs (some 
indications are given by the FE-SEM images in Chapter 4) 

With these assumptions, the tensile strength of a filled composite would be lower 

compared to the tensile strength of the neat polymer matrix, since the cross-section 

is reduced. However, it is found that a composite containing 20 wt.% wood fibers has 

the same tensile strength as neat PP. Further is has to be noted that the addition of 

60 wt.% wood fibers, reduces the tensile strength just by 10 % compare to the 

strength of the PP matrix. Thus, it is concluded, that some kind of reinforcement oc-

curs even when the strength is not significantly improved. Maybe only a small volume 

of fibers with an aspect ratio above the critical aspect ratio is responsible to provide a 

reinforcement to the composite.  

As mentioned by Thomason (2005), understanding the structure-property relationship 

(especially for injection-molded composites) is one of the toughest challenges for 

composite scientists, due to the complex material and processing parameters. 



Chapter 6  
Results and discussion of the conducted research 

100

 

A deeper understanding of the results obtained here, and of wood fiber polymer com-

posites in general, maybe gained by applying analytical or numerical models, in order 

to investigate the impact of different influencing variables. There are several ap-

proaches available for modelling different composite properties. For example, one can 

calculate the critical fiber length to get an information about the reinforcement effect. 

Or the model of Kelly and Tyson (1965), can be used for predicting the strength of 

short fiber reinforced composites. The rule of mixtures for calculating the composite 

stiffness, was developed and adjusted to different parameters over time. It is reported 

that for natural fiber composites the rule of mixtures is able to predict acceptable prop-

erties. Most of the models available today though were developed to analyze conven-

tional composites (glass-fiber, carbon-fiber, etc.) rather than WPC. These approaches 

all have in common, that at least one input value is required to be constant (e.g. fiber 

diameter, perfect bonded interfaces or fiber alignment). These assumptions usually 

do not meet the real properties of wood fiber based composites, because of inhomo-

geneous geometries and properties inherent to these fibers. The difficulties for calcu-

lating natural fiber based composites properties are summarized by Nystrom et al. 

(2007), who attributed the complexity to the single constituents, which are in detail: 

 “ fiber/matrix interfacial shear strength between wood particles and PP is not 
easy to measure since these fibers are very short; 

 for the same reason as above, direct measurements of fiber strength are also 
rather complicated; 

 fiber orientation measurements are not the simplest task either ”. 
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6.1.3 Conclusion  

In Chapter 3 and 4 of the present thesis, the potential of thermomechanical wood 

fibers as reinforcement material in thermoplastic composites is presented. Thermo-

mechanical wood fibers, as received after the defibration process, show characteris-

tics (e.g. the aspect ratio) to provide a reinforcement effect to thermoplastic compo-

sites. The mechanical properties of thermomechanical wood fiber based composites 

are influenced by the production process. Industrial scale produced composites per-

form better than laboratory scale produced composites. However, as shown in the 

conducted experiment in Chapter 4, the use of industrial scale production technolo-

gies, e.g. extruders and injection-molding equipment are leading to severe fiber deg-

radation. The resulting aspect ratio is between wood flour and wood fibers. Though 

the fiber length is reduced, it is shown that the performance of the composites prop-

erties are comparable to reported literature values or even better. Finally, it is con-

cluded that with the current technologies utilized in the composite manufacturing in-

dustry, is difficult to appropriately process thermomechanical wood fibers to fully 

reach their mentioned potential as reinforcement.  
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6.2 Evaluation of the simultaneous defibration and 
compounding process 

In the present thesis it is pointed out, that there is a lack of appropriate processes to 

fully exploit the potential of thermomechanical wood fibers in thermoplastic based 

composites. In Chapter 5 the development of an novel process of compounding wood 

fibers and polymer is presented.  

The development of the process was carried out in three stages. The objectives and 

results of the conducted study, are summarized as follows: 

1. Preliminary Studies (Chapter 5.1) 

Objective: General process observations. How does the wood fiber and polymer mix-

ture influence the refiner system? 

Result: Generally, it was found that the idea of simultaneous defibration and com-

pounding using refiner equipment is realizable. However, the atmospheric refiner sys-

tem was not able to generate enough energy for fiber defibration and optimal polymer 

melting.  

2. Proof of Concept (Chapter 5.2) 

Objective: General process observations, using a pressurized batch refiner system. 

How does the refiner perform when wood chips and polymer is preheated prior to 

defibration?  

Results: The conducted study demonstrated, that the process of simultaneous de-

fibration of wood chips and polymer granulates did not influence the refiner system. A 

stable process within the utilized system was realized. After the process typical ther-

momechanical wood fibers and chopped polymer particles, which were inseparably 

attached to the fiber, were received. It was found that with the given conditions, the 

polymer does not influence the defibration process. 

3. Up-scaling process to industrial level (Chapter 5.4) 

Objective: General process observations. Is the process able to run continuously 

over a long period of time (hours) while using an industrial scale refiner? Further, it 

was intended to use industrial wood chips (as usually used in industrial processes) to 

investigate their influence on the defibration performance while changing the wood 

chip and polymer ratio. 
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Results: Generally, it has been proven, that the simultaneous defibration of industrial 

wood chips and polymer granulates over long periods of time, using industrial scale 

refiner equipment, is feasible. The process was found to be stable and no significant 

increase in power consumption was noticed even with changing wood chip and poly-

mer ratios.  

 

In addition to the successful evaluation of the developed process, the idea of simulta-

neous defibration and polymer compounding with refiner equipment was patented 

(WO2017/045676 A1). A successful international evaluation was reported to the in-

ventors by the European Patent Office (EPO) and therefore confirms the novelty of 

this approach. 

According to the conducted studies, it is believed, that the developed process can 

save production steps compared to the traditional way of wood flour or fiber production 

and compounding. Schematically both processes are illustrated in Figure 6.2. It is 

believed, that the developed process results in a less expensive product compared to 

the conventional WPC-process. This statement is based on the following assump-

tions: 

 the milling process for wood flour production and the following particle frac-
tioning is expected to be more energy intensive with respect to the final prod-
uct.  

 the developed process can save production steps (e.g. drying). 

 refiner units have usually much higher capacities (tons/hour) than the tradi-
tionally milling units and compounding extruders (kg/hour). 

 

Figure 6.2 Conventional way of WPC processing compared to the novel approach of simultaneous de-

fibration and compounding. 
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Unresolved process issues  

A successful development of a novel process approach for wood fiber based thermo-

plastic compounds is presented. However, at the current state of the process devel-

opment, some issues are unresolved and are discussed in the following: 

Polymer agglomeration 
During the up-scaling process, it was noticed, that the polymer granulates have the 

tendency to form agglomerates and stacked together in the pre-heating stage and 

consequently entered the defibration zone. However, the polymer agglomerates ob-

viously did not affect the material distribution within the final composite. This may be 

attributed to the subsequent processing steps (see following discussion Chapter 

6.2.3). 

Compound composition  
The wood fiber / polymer compound, as received after defibration consists of typical 

thermomechanical wood fibers and partly larger polymer fragments (see exemplary 

Figure 6.3). During the process the wood chips and polymer granulates have to pass 

a narrow gap (for instance 0.1 mm during the up-scaling process) of a stationary and 

opposing rotating disc. Thus, it is astounding that the polymer granulate was partially 

in their initial grain size after the defibration process. Hence, the following considera-

tions are made: 

 

Figure 6.3 Obtained compound after simultaneous defibration and compounding (Chapter 5.4). The red 

circles show larger polymer fragments. 
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1. Considering that the stator and rotor discs may not be absolutely parallel to 
each other and may have changed their adjusted position during the process, 
the possibility, that some of the polymer granulates or fragments moved un-
damaged out of the defibration zone, arises.  

2. It is assumed, that, due to the plasticized wood structure, lower shear forces 
are needed for their defibration than, for polymer granulate defibration. Hence, 
the possibility of only partially molten polymer granulates or larger fragments 
increases. 

3. It is reported that the temperature and pressure between the disc gap can be 
higher than in the refiner system (Chapman 2006) (was in both experiments 
below the polymer melting point). Hence, it is assumed that the polymer be-
comes molten and starts to flow while passing the defibration zone. Due to the 
high disc rotation (3000 rpm) it is believed that the polymer melt forms threads 
while leaving the defibration zone, which then agglomerate to larger particles.  

 

To avoid the mentioned larger polymer fragments, the following suggestions are 

made:   

a) Utilization of polymer powder for the following experiments: With the utilization 
of polymer powder, the previous mentioned consideration 1) is at least is 
avoided. However, if consideration 3) still come up, the taken assumption is 
confirmed.  

b) Improvement of refiner disc pattern: A specific tailored disc pattern for wood 
chip and polymer defibration may help produce homogenous fiber and poly-
mer morphologies.  

c) Two step defibration: To avoid larger polymer particles, a series of two con-
nected refiner units may help to homogenize the material morphology. 
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6.2.1 Further processing of the novel produced 
compound  

After the simultaneous wood fiber and polymer defibration, the received compound 

has to be further processed to generate the final composite. In principal, three 

measures need be implemented: 

1. Compound drying. 

2. Processing the compound to bulk material (intermediate product). 

3. Forming / consolidation of the bulk material to a final product.  

In the present study, exemplary three different approaches were used to process the 

received compounds into bulk materials. Schematically, the used processes and the 

received intermediate products of each conducted study are displayed in Figure 6.5.  

It can be stated, that each applied further process is suitable to manufacture the com-

pound into a bulk material as intermediate product, which can be used for composite 

forming. However, some issues have to be discussed regarding the further processes 

and the respective intermediate product.  

 

Figure 6.4 Conducted experiments and their respective production processes. 
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Unresolved process issues for the further processes 

Pelletizing  

Pelletizing was used as further process in two studies (Chapter 5.1 and 5.2). It was 

found, that drying the compound to a moisture content of about 12 % is needed to 

receive an appropriate pellet. After leaving the matrices channel the compressed 

compound expands and breaks apart, if the moisture content is not adjusted appro-

priately. 

Nevertheless, even after drying many pellets broke apart into smaller pieces. It was 

obvious, that the polymer and in particular polymer fragments acted as fracture initia-

tors. The induced mechanical energy was probably insufficient to produce a malleable 

fiber-polymer mass, which may result in a solid bulk material. 

The monitoring of the fiber dimensions after pelletizing (Chapter 5.3) revealed that 

pelletizing leads to severe fiber length degradation. Similar observations during fiber 

pelletizing are reported by Nygård et al. (2008), Le Baillif and Oksman (2009) and 

Bengtsson et al. (2007). It s therefore suggested, to avoid fiber pelletizing in order to 

preserve fiber dimensions. 

During the study of the proof of concept, fiber agglomerates and voids were present 

in the final composite after injection-molding. The observations are attributed to: 

 the poor dispersion ability of the injection-molding screw. 

 a low back pressure during injection-molding. 

 

Usually the injection-molding screw is not designed for the dispersion of particle or 

fiber based granulates. Rather the screw is designed to realize the material feed-in, 

polymer plasticization, melt transportation and material compression. The pelletized 

material is difficult to disperse properly, because of hydrogen bonds between the fi-

bers (Felix and Gatenholm 1991, Le Baillif and Oksman 2009), which have been 

formed during the process. Thus, fiber agglomerates are still present in the final com-

posite.  

 

The back pressure is an adjustable process parameter which ensures material com-

pression and the elimination of remaining air that is previously transported into the 

screw channel. A low screw back pressure was chosen, because of feed-in difficulties 

of the pelletized material. It is assumed, that some remaining air was not driven out 

of the melt and thus trapped in the final composite.  
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Hot-pressing 

Hot-pressing was used to manufacture fiber based panels made out of the compound 

(Chapter 5.4). Exemplary the cross section of a manufactured panel (thickness 4mm) 

is displayed in Figure 6.6. As seen here the material distribution over the panel thick-

ness is highly inhomogeneous. This is most likely due to: 

 inhomogeneous manual scattering of fibers and polymer prior to ho-pressing.   

 polymer impregnation through of the entire panel thickness was not achieved 
because larger polymer particles were only molten locally.  

 

Figure 6.5 Panel cross section manufactured from a compound produced by the up-scaling process 

containing a 50/50 ratio of wood fibers to polymer. 

In addition to panel manufacture, in a second step the panels were milled in a cutting-

mill in order to produce a bulk material for further injection-molding. The specimens 

produced, show fiber agglomerates, as previously discussed for the produced pellets. 

It is also here assumed, that the poor mixing ability of the injection-molding screw 

could not release the compressed material, which results in agglomerates within the 

composite. 

Suggestion for further process improvements 

It can be stated, that in general a composite production was achieved. However, at 

the current state of the project, the processes have to be further optimized to improve 

the composite quality. The following improvements are suggested: 

1. The application of dispersion aids, as reported by Le Baillif and Oksman 
(2009) may release the hydrogen bonds between the fibers and thus, the mix-
ing ability of the injection-molding screw may improve.  

2. Instead of using polymer granulates it is suggested to evaluate the influence 
of polymer powder on the different process behaviors and composite charac-
teristics. It is assumed, that powder may disperse better between the fibers 
due to the very small grain size. For polymer powders only localized flow of 
melt is required, resulting in better impregnation (Thomason and Vlug 1996) 
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of hot-pressed panels. This presumably results in an enhanced fiber-polymer 
network and appropriate composites.  

6.2.2 Characteristics and properties of the wood fiber 
based composites  

Fiber characteristics 

The fiber characteristics of the novel wood fiber-polymer compound were determined 

after defibration, further processing and composite forming. Table 6.1 summarizes 

the fiber length and aspect ratio of various investigated fibers. All listed values are 

obtained from composites containing 50 wt.% wood fibers. 

Table 6.1 Average fiber length l [µm] and corresponding aspect ratio AR as 10 %, 50 % and 90 % quan-

tile of the length-based cumulative distribution for composites containing 50 wt.% wood fibers. Values 

are presented for "initial" fibers (as received after defibration) and fibers after injection-molding. Further 

information is listed in the respective chapters. 

 
“initial” fibers 

fibers after  
injection-molding method 

x10 x50 x90 x10 x50 x90 

MDF Wood fibers 
(Chapter 4) 

l 316.3 1825.9 3708.7 12.3 82.1 252.6 
Quickpic 

AR 7.7 33.3 50 1.9 3.4 7.1 

proof of concept 
(Chapter 5.3) 

l 213.0 1262.0 3615.0 152.0 416.0 1552.0 Fiber-

Cube AR 2.9 3.0 2.4 2.1 2.2 2.0 

up-scaling 
(Chapter 5.4) 

l 123.9 884.1 2352.3 34.53 126.4 297.9 
Quickpic 

AR 2.8 16.6 33.3 1.5 2.7 5.8 

Initial wood fiber characteristics  

Table 6.1 shows that different initial fiber length in each study are obtained after de-

fibration. The fiber characteristics after defibration are influenced by the intensity of 

pre-steaming (pressure and temperature), disc gap (Wenderdel and Krug 2012, 

Ohlmeyer et al. 2015, Benthien et al. 2016) and disc pattern. The longest fibers with 

the highest aspect ratio are used in the experimental study in Chapter 4, in which the 

potentials of thermomechanical wood fibers in thermoplastic composites were identi-

fied. Regarding the fiber length that is obtained after the novel process of simultane-

ous wood chip and polymer defibration, the fibers in the proof of concept are obviously 

longer than those obtained in the up-scaling process. However, difference occur if the 

aspect ratios between the fibers from the proof of concept and the up-scaling process 

are compared. The “initial” fibers received after defibration in the proof of concept 
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(Chapter 5.3) show the overall lowest aspect ratio. From this it is concluded, that the 

fibers are quite coarse and maybe consisting out of fiber bundles and fiber agglomer-

ates, which is presumably a result of the adjusted disc gap (0.4 mm).  

Fiber characteristics after composite processing 

It is previously shown that the initial fiber length and aspect ratio after defibration are 

different. However, after composite processing (compounding and forming) the values 

are overall almost similar. All investigated wood fibers are severely degraded during 

composite processing. Based on this, the composite processing technology used, did 

not preserve the former promising fiber lengths and aspect ratios. The resulting ge-

ometry is more similar to that of wood flour than of fibers. The results of the investi-

gated final fiber lengths and aspect ratios are summarized as follows: 

 the investigation of the fiber geometry in the proof of concept revealed, that 
pelletizing and injection-molding reduced the fiber length to some extent by 
the half. However, the aspect ratio is found to be nearly the same compare to 
the initial aspect ratio. Thus, it is concluded that particle with a larger volume 
(agglomerates and fiber bundles) were present in the final composite. A further 
investigation concerning that issue is discussed in the following section. 

 the fibers investigated in the up-scaling process and in the experimental study 
in Chapter 4 show nearly the same order of magnitude in their length reduc-
tion. Twin-screw extrusion and injection-molding which were used as pro-
cesses lead to severe fiber length reduction. The presented values revealed, 
that as longer the initial fiber length is, as higher is the length reduction.  

The results found in this concern, are similar and in agreement to the results found by 

Teuber (2016a). Teuber (2016a) stated that changes towards a gentle compounding 

process are needed, to fully exploit the reinforcement potential of fibers.  

Investigation of fiber geometry using µ-CT imaging  

In addition to the dynamic image analysis for fiber characterization, an alternative ap-

proach was applied by investigating the scanned µ-CT volumes which were analyzed 

in Chapter 5.2 and 5.4.  

The final aspect ratio (after injection-molding) of the fibers obtained from the proof of 

concept and the up-scaling study are quite similar. However, notable differences oc-

cur when considering the final fiber length. Thus, greater fiber length with a low aspect 

ratio should result in a larger particle geometry or agglomerates and therefore in a 

total higher particle volume and vice versa.  
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To proof the hypotheses, the scanned µ-CT volumes of each composite were further 

investigated. The particle geometry was analyzed applying a Watershed algorithm 

and different separation and labeling tools by using the software Avizo® Fire 9. Figure 

6.7 presents the obtained data, shown as cumulative frequency of the particle volume. 

The algorithms applied, separated in total 9643 particles, for the proof of concept 

composite, and 54102 particles from the up-scaling process composite. The data sup-

ports the previous found results and statements that: 

a) Twin-screw extrusion and injection-molding (both used in the up-scaling pro-
cess) causes small particles resulting in volume of smaller single particles  

b) Injection-molding is not able to dissolve fiber agglomerates that have been 
formed during pelletizing (used in the proof of concept) 

Thus, it is stated here, that µ-CT-analysis is an appropriate technique to investigate 

non-destructively the particle geometry. However, the approach presented can be 

subjected to errors such as set threshold parameters when applying the algorithm or 

different scan quality or duration.  

 
Figure 6.6 Particle volume and their respective frequency for composites investigated in Chapter 5.2 

(proof of concept) and 5.4 (up-scaling process). Data is based on µ-CT volume image analysis and 

manipulated with Avizo® Fire 9. 
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Mechanical properties  

Table 6.2 summarizes the mechanical properties of the composites made out of the 

novel produced compound. As a point of reference, the values obtained from the wood 

fiber composites revealed in the experimental study (Chapter 4), are also listed. All 

presented composites have a fiber content of 50 wt.% and the same polymer matrix, 

except the composites produced in the preliminary studies. Additionally, all compo-

sites are formed with the same injection-molder machine.  

With regard to the mechanical properties, generally it can be stated, that,: 

1. An improvement of the mechanical properties has been achieved in the order 
of each conducted study. 

2.  The composite properties are depending on the production technology used.  

The highest strength properties are achieved with the Masterbatch formulation that 

was used in the up-scaling study. From Table 6.2 it is also evident, that composites 

which are further processed with a twin-screw extruder show reveal higher strength 

values than composite which are not processed with extrusion technology (see IM-

WFC, Masterbatch and References). 

The lower mechanical properties that are revealed in the preliminary studies, the proof 

of concept and the up-scaling process (only IM-Panel), confirm the previous dis-

cussed statements. If the fiber / polymer compound as received after defibration is 

processed to bulk material with pelletizing or hot-pressing technology, the injection-

molding screw is not able to release and distribute the former compressed material. 

As a result of the unsolved hydrogen bonds between the fiber, agglomerates and 

voids occur in the composite and thus affecting the properties.  
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Table 6.2 Mechanical properties of several produced wood fiber based composites. All presented com-

posites have a wood fiber / polymer ratio of 50-50%. The reference values are taken from Chapter 4. 

Further information can be found in the respective chapters.  

formulations  polymer 
tensile 

strength 
tMOE 

flexural 
strength 

fMOE 

[MPa] [GPa] [MPa] [GPa] 

preliminary studies* HDPE 19.12 4.1 38.6 3.8 

proof of concept*  PP 19.21 3.22 40.58 5.5 

up-scaling  
PP 

    
IM-Panel* 19.80 3.5 45.64 4.8 

IM-WFC 28.31 5.7 50.82 6.5 
Masterbatch (incl. MAPP) 53.50 5.3 88.35 5.6 

references (Chapter4) 
PP 

    

wood fibers 27.2 5.1 45.5 5.3 
wood fibers (incl.MAAP) 48.1 5.5 76.4 5.2 

* not further processed with extrusion technology 

 

In order to classify the performance of the composite made out of the novel process, 

the tensile strength of the composites are implemented in Figure 6.8. The red dot (1) 

presents the Masterbatch composite, red dot (2) the composite IM-WFC and red dot 

(3) comprises values obtained from the preliminary studies, the proof of concept and 

the up-scaling process (here IM-Panel). As can be seen from the graph, the values 

obtained from composite made out the novel produced compound fit well to the al-

ready discussed composite performance, which are found and determined in the pre-

sent thesis. From Figure 6.8 it is evident, that thermomechanical wood fibers have 

potentials to reinforce a thermoplastic matrix. It was previously discussed, that the 

further processes for composite production lead to severe fiber length reduction. 

However, fiber length should not be overestimated, since other aspects like fiber dis-

persion fiber orientation and fiber matrix adhesion are also influencing the composite 

performance (Le Baillif and Echtermeyer 2010, Thumm and Dickson 2013). Since for 

example the performance of the Masterbatch (1) composite is much better than wood 

flour composites, maybe some fibers are left that are above the critical fiber length 

and thus are responsible to provide a reinforcement effect (Teuber 2016a).  
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Figure 6.7 Influence of fiber contents on tensile strength. Red marked dots indicate tensile strength of 

the composites made out of material obtained from the novel compounding process. The black dots 

display the tensile strength values obtained in Chapter 4 for MDF fiber polypropylene composites. The 

green area displays the range of tensile strength values for industrial-scale produced wood fiber compo-

sites found in the literature review (Chapter 3). Tensile strength for various filler loadings of wood flour 

composites are taken from Gehrmann et al. (2003) (60 wt. %). Krause et al. (2017b) (60 wt. %). Nygård 

et al. (2008) (50 wt. %). Stark and Rowlands (2003) (40 wt. %). All wood flour composites are produced 

with industrial-scale technologies. 
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6.2.3 Conclusions  

The previous chapter evaluated the development of a novel process of simultaneous 

wood chip and polymer defibration as well as the respective composite properties.  

The process of simultaneous wood chip and polymer defibration to a novel kind of 

compound is successfully established and the process is principally feasible. The re-

finer technology, which is usually used for wood fiber production, is able to simulta-

neously process wood chips and polymer. The process, including material preheating 

and defibration, runs continuously over a longer period. An implementation in existing 

industrial processes for MDF or TMP fiber production is supposed to be possible. It is 

believed that production steps can be saved compared to the conventional WPC com-

pounding process. Hence a less expensive product is expected. However, the poly-

mer behavior during defibration is an open issue and has to be investigated in further 

studies.  

The received wood fiber / polymer compound was further processed using different 

approaches. Generally, it was shown that a further processing to intermediate prod-

ucts is possible. For further studies it is suggested to investigate the application of 

processing aids to avoid fiber agglomeration in order to manufacture appropriate com-

posite properties. Severe fiber length reduction was revealed after pelletizing and in-

jection-molding.  

The mechanical properties of the produced composite are depending on the further 

process applied. The obtained mechanical properties are in the range of the wood 

fiber composites that have been previously evaluated. 
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Chapter 7  
General Conclusions  
For the production of WPC, different raw materials and polymers are suitable. Usually, 

wood flour with a low aspect ratio is used as a filler in thermoplastic composites. Ther-

momechanical produced wood fibers show characteristics, such as a high aspect ra-

tio, that make these fibers to a promising candidate for the utilization in thermoplastic 

composites. The fiber morphology is presumed to be important and influenced by the 

fiber defibration process. The performance of the final composite depends on the 

WPC processing technology used. However, the industrial application of thermome-

chanical wood fibers in WPC seems to be limited, due to the low bulk density of the 

fibers. Thus, the processing with traditional continuously operating technologies, such 

as extruders, is quite challenging. Additionally, these fibers tend to form agglomerates 

after drying, which are difficult to disperse in the final composite. The experimental 

performance evaluation showed that these fibers can reinforce the polymer matrix. A 

reinforcement to the matrix can be achieved up to a fiber content of 40 - 50 wt.%, if 

coupling agents are used. However, the processing with extruders and injection-mold-

ing leads to a severe fiber length reduction. In addition, it is confirmed that the pro-

cessing with extruders is challenging.  

The novel process of simultaneous wood chip and polymer defibration with refiner 

technology was developed to solve the fiber feed-in challenge and fiber agglomera-

tion, which occurs with traditional compounding equipment. It is successfully demon-

strated, that the refiner technology is able to produce a wood fiber polymer compound. 

The received compound consists of typical high aspect ratio thermomechanical wood 

fibers and chopped polymer granulates, which are inseparably attached to the fiber. 

It is believed that the developed process saves production steps compared to the 

traditional procedures of WPC compounding. Regarding the novel process, further 

investigations are needed for a better understanding of the material behavior within 

the refiner. According to the current state of the project, an industrial application in 

existing thermomechanical wood fiber production lines is expected to be possible. 

Pelletizing, hot-pressing and twin-screw extrusion were used to further process the 

received novel wood fiber polymer compound to intermediate products. The proper-

ties of the injection-molded test specimens revealed different results. It is concluded 

that the properties are depending on the production technology used. The applied 
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further processes have to be improved in following studies to obtain appropriate com-

posites.  

Finally it can be stated, that according to the presented results and conclusions, the 

drafted working hypotheses is confirmed. A successful demonstration of the novel 

process is presented. The refiner technology is able to solve the previously discussed 

fiber feed-in and agglomeration problem. 
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