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ABSTRACT 

When producing thermomechanical pulps (TMP), wood chips and fiber material 
are loaded mechanically in a disc-refiner to separate the fibers and to make them 
flexible. In the process, much of the energy supplied is transferred to the fiber 
material through cyclic compression, shear and friction processes. Therefore, 
compression and friction characteristics are needed in order to gain a better grasp 
of the forces acting during refining. To this end, in this thesis, the compressive and 
frictional behaviors of wood were investigated under simulated chip refining 
conditions (i.e., hot saturated steam, high strain rate compression, and high sliding 
speed). Two new, custom-designed, experimental setups were developed and 
used. The equipment used for compression testing was based on the split 
Hopkinson pressure bar (SHPB) technique and the friction tester was a pin-on-disc 
type of tribotester (wear rig). Both pieces of equipment allow a testing 
environment of hot saturated steam.  
 
In the wood–steel friction investigation, the influence of the steam temperature 
(100−170°C) was of primary interest. The wood species chosen for the friction tests 
were spruce (Picea abies), pine (Pinus sylvestris, Pinus radiata), and birch (Betula 
verrucosa). When performing measurements in the lower-temperature region 
(100−130°C), the friction coefficients registered for the softwoods were generally 
low and surface properties such as lubrication were suggested to have a great 
influence on the results; however, in the higher-temperature region (∼130 −170°C), 
the friction coefficients of all investigated wood species were probably determined 
by bulk properties to a much greater extent. When most of the wood extractives 
had been removed from the specimens, testing results revealed distinct peaks in 
friction at similar temperatures, as the internal friction of the different wood 
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species are known to have their maxima at ∼110–130°C. One suggested explanation 
of these friction peaks is that reduced lubrication enabled energy to dissipate into 
the bulk material, causing particularly high friction at the temperature at which 
internal damping of the material was greatest. During the friction measurements in 
the higher-temperature region, the specimens of the different wood species also 
started to lose fibers (i.e., produce wear debris) at different characteristic 
temperatures, as indicated by peaks in the coefficient of friction. In refining, the 
generally lower shives content of pine TMP than of spruce TMP could partly be 
explained by a lower wear initiation temperature in the pine species.  
 
Wood stiffness is known to decrease with temperature, when measured at low 
strain rates. The results presented in this thesis can confirm a similar behavior for 
high strain rate compression. The compressive strain registered during impulsive 
loading (using a modified split Hopkinson equipment) increased with tempera-
ture; because strain rate also increased with temperature. Accordingly, the strain 
rates should determine the strain magnitudes also in a refiner, since the impulsive 
loads in a refiner are of similar type. Larger strains would thus be achieved when 
refining at high temperatures. The results achieved in the compression tests were 
also considered in relation to refining parameters such as plate clearance and refin-
ing intensity, parameters that could be discussed in light of the stress–strain rela-
tions derived from the high strain rate measurements. Trials recorded using high-
speed photography demonstrated that the wood relaxation was very small in the 
investigated time frame ∼6 ms. As well, in TMP refining the wood material has lit-
tle time to relax, i.e., ∼0.04–0.5 ms in a large single disc refiner. The results present-
ed here are therefore more suitable for comparison with the impulsive loads aris-
ing in a refiner than are the results of any earlier study. It can therefore be conclud-
ed that the modified SHPB testing technique combined with high-speed photog-
raphy is well suited for studying the dynamic behavior of wood under conditions 
like those prevalent in a TMP system. 
 

 
 

Keywords:  Friction, High strain rate testing, Wood, Mechanical pulping, Tribology, 
Refining, Energy consumption 
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1 INTRODUCTION 

When producing mechanical pulps, the wood raw material is loaded mechanically 
in a steam pressurized chip refiner that separates the fibers and makes them flexi-
ble. In the process, much of the supplied energy is transferred to the fiber material 
through cyclic compression, shear, and friction processes. Most of the supplied 
electric energy has been demonstrated to be consumed when making the fibers 
flexible and creating fine material (by peeling off some of the fiber wall), not when 
actually separating the fibers from each other. Steam is generated in the process, 
mostly due to frictional heating. One advantage of using steam-pressurized refin-
ers is that most of the steam can be recycled within the mill. However, the primary 
goal of mechanical pulping today is therefore to achieve these desired fiber chang-
es while consuming a minimum of electric energy. To optimize the process we 
need additional fundamental information, derived under relevant conditions, 
about the energy transformation taking place in the plate gap of a refiner. 
 
The strain rates experienced by the wood chips in the plate gap are very high, 
probably well above 103 s-1. The loading frequencies in the periphery of a large 
single disc refiner are usually as high as 25 kHz, i.e., one hit every 0.04 ms. In 
addition, the temperature is around 130–150°C in a saturated steam environment 
in the feeding zone of the refiner [1], though during refining, the temperature can 
rise up to 180°C [2-8]. The wood material is subjected to different types of forces in 
a refiner, e.g., compressive forces, shear forces and friction forces (surface 
shearing). These forces should probably be more intelligently controlled to 
optimize the process efficiency when producing a certain pulp quality. However, it 
is not yet known exactly what happens in the contact surfaces between the plates 
and the fiber material during refining, or what happens in the contact surfaces 
between the fibers themselves. Still, wood is a viscoelastic, natural polymeric 
material, so it is natural to suspect that both friction and compressive properties 
are strongly affected by the refining conditions (i.e., high temperature steam 
environment, rapid courses of events). Consequently, both the compression and 
friction forces acting on wood under refining conditions need to be characterized, 
to gain a better understanding of the influence of the action of these forces during 
refining. To this end, two purpose-designed experimental setups were developed 
within the scope of this research and used to investigate wood compression and 
friction under conditions similar to those prevalent in a refiner producing 
mechanical pulp.  
 
The device developed for high strain rate compression studies is based on the split 
Hopkinson pressure bar technique, a testing technique that is commonly used for 
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high strain rate testing of various materials. The apparatus designed for the friction 
tests is a type of wear-rig, where wood specimens are pressed against a rotating 
disc, held to a constant diameter wear track. In both pieces of equipment, pressure 
vessels are used so as to achieve the desired hot, saturated steam environment.  
 
1.1 Objective 
The ultimate aim of this work was to obtain increased knowledge of how wood 
material behaves when subjected to sliding friction or impulsive loading in 
environments similar to those prevalent in TMP refiners. The expectation was that 
such information could be useful for developing new mathematical models of 
refining (i.e., simulations).  
 
When striving to reach the ultimate aim, one important objective along the way has 
been to develop and improve the two experimental techniques, to be used in 
friction and compression investigations relevant to mechanical pulping 
applications. 
 
In the experimental part of the work, the temperature dependence of wood friction 
and wood high strain rate compression were the primary interests. 
 
Another aim has been to look for connections between the laboratory-scale 
measurements and refining operations.   
 
 
1.2 Contents description 
Below is given a short description of the contents of this thesis:  
 
Section 2 presents background to the research performed for this thesis. First 
comes a general presentation of wood as raw material (section 2.1) and a short 
description of the refining process (section 2.2). This is followed by some basic 
definitions and terms in tribology (section 2.3) and two short reviews on the 
frictional properties of wood (section 2.4) and the compressive behavior of wood 
(section 2.5). Sections 2.4 and 2.5 are given from a mechanical pulping perspective. 
 
In section 3 the design and functions of the friction tester (section 3.1) and the 
modified split Hopkinson device (section 3.2) used in the laboratory-scale 
investigations are described. The developed measurement techniques are 
presented and the raw materials used in the studies are described as is the 
specimen preparation method used (section 3.3).  
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Section 4 presents the results of the friction measurements and related discussion. 
First, the friction measurements made at room temperature under ambient 
conditions are presented (section 4.1); then, the results from measurements in a 
saturated steam atmosphere (i.e., high temperature, high pressure, and high 
sliding speed) are described (section 4.2).  
 
In section 5 the results of the high strain rate compression tests are presented. The 
first part of the section presents split Hopkinson data collected by Svante 
Widehammar, who investigated the high strain rate compression of wood at room 
temperature under ambient conditions (section 5.1). Then new results, obtained 
from measurements made in a steam environment using the encapsulated split 
Hopkinson device (ESHD) are presented and discussed (section 5.2).  
 
Section 6 contains general discussions, comparing some results of the laboratory-
scale tests with those of pilot- and full-scale refining trials. First, energy 
consumption and defibration efficiency are discussed based on the friction and 
compression results (section 6.1); then, the new findings are also considered in 
relation to production of radiata pine TMP (section 6.2).  
 
Section 7 presents the conclusions of the research described in this thesis. 
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2 BACKGROUND 

To make it easier to benefit from the results presented here, this section gives the 
background to the study. The section starts with a short examination of wood as a raw 
material, followed by a description of the chip refining process. Then, some basic 
terminology in tribology is presented, followed by two short literature studies of the friction 
properties and the compressive behavior of wood – from a mechanical pulping point of view. 
 

2.1 Wood as raw-material 
The wood species are commonly categorized into softwoods (e.g., spruce and pine) 
and hardwoods (e.g., birch and aspen). All wood material is non-homogenous and 
strongly anisotropic. The physical properties vary along the following principal 
axes: radial and tangential with respect to annual growth rings, axial and cross-
sectional relative to the fibers (see Figure 1). 
 
The inner part of older stems consists of so called heartwood. In some wood 
species, e.g. pine, the heartwood is darker than the surrounding sapwood (see 
Figure 1). There is no water transport in heartwood, and therefore the moisture 
content compared to sapwood is much lower. In between the sapwood and the 
bark the cambium layer of living cells is situated, where new wood fibers and bark 
cells are created. The raw-materials used in the experiments described here, have 
consistently been sapwood. 

Axial

Heartwood

Sapwood

Axial

Cross-sectional
Bark

Tangential

Radial

Cambium

Axial

Heartwood

Sapwood

Axial

Cross-sectional
Bark

Tangential

Radial

Cambium

 

Figure 1. The principal anisotropy axes in a tree stem [9]. 

The growth of the tree stem is greatest in the spring, because of the good supply of 
nutritional compounds during this season. The fibers grown during spring have a 
large cross-sectional diameter, thin fiber walls and are referred to as earlywood 
fibers. The fibers grown in late summer are referred to as latewood fibers and they 
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have a smaller cross-sectional diameter and thick fiber walls. Between the 
earlywood and latewood is the transition wood (see Figure 2). The dark annual 
rings in the cross-sectional direction of a tree stem consist of latewood.  

 
Figure 2. Cross-section of spruce wood (approximately one annual ring) as observed in 

a light microscope.  

 
When going even more into detail, a wood fiber consists of different layers. In 
Figure 3 is shown a softwood fiber. In the middle of the fiber there is a cavity 
which is much larger in earlywood than in latewood; this cavity is referred to as 
the lumen. Now, when moving outwards from the lumen, there is the secondary 
wall (consisting of layers S3, S2 and S1) and the primary wall (P). The relative 
thickness of the different layers is indicated in Figure 3. The difference in fiber wall 
thickness between earlywood and latewood predominantly depend on the 
S2 layer, which is thicker in latewood than in earlywood. Also, the orientation of 
the fibrils of the different layers is indicated in the figure. The fibrils comprise the 
even smaller micro fibrils, which in turn comprise cellulose chains. In the wood 
matrix, the fibers are held together by the middle lamella (M). 
 
The middle lamella comprises a high percentage of lignin which is one of the main 
components of wood. The other major components are cellulose and hemi-
celluloses. This composition makes wood a complicated natural polymeric 
material. In Figure 4 is shown the approximate percentage of each component in 
the middle lamella and in the secondary fiber wall. 
 

Latewood Transitionwood Earlywood 
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Lumen

M

Lumen

M

 
Figure 3. Schematic drawing of a softwood fiber. M = middle lamella, P = primary wall,  

S1 = outer layer of secondary wall, S2 = middle layer of secondary wall, S3 = 
inner layer of secondary wall. 

           
Figure 4. An approximate distribution of the three main components in the different 

layers of a softwood fiber [10]. 

There are other types of wood components that also deserve to be mentioned – the 
wood extractives. The wood extractives represent a variety of chemical 
components that are extractable from wood together with various solvents. The 
broader term extractives can be used when extracting not only wood but also pulp 
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and paper. The solvent used must be specified in this connection. The literature 
considering extractives is extensive and complex as are the substances themselves. 
The wood resins are a subcategory of the extractives and represent the most 
interesting components from a frictional point of view. The wood resins can be 
classified into two principal groups, namely organic acids and neutral components. 
Organic acids include fatty and resin acids. The main parts of the neutral 
components are glycerides and steryl esters of fatty acids, although other 
components such as sterols are present [11]. The composition of wood resin is 
strongly dependent on the wood species and the growing site. The approximate 
average composition of wood resins in four different wood species is indicated in 
Figure 5.  

 
Figure 5. An approximate average composition of the diethyl ether soluble wood resins 

in different pulpwoods [11]. 

Pine species normally contain more wood resin compared to spruce; an example of 
this can be seen in Figure 5. It is also interesting to note that the hardwoods (in 
temperate regions) comprise no resin acids. Thus, the resin that originates from 
hardwoods is roughly two thirds fatty acid soaps (esterified fatty acids) and one 
third neutrals (e.g., sterols) [11].  
 
The chemical composition in the different parts of a tree stem varies prominently. 
Figure 6 shows the distribution of wood resin component groups across the stem 
of Scots pine tree. Another source of variation is wood storage, where glycerides 
and esters are hydrolyzed, which lead to a strong increase in content of fatty acids 
and a decrease in the amount of neutrals [11].  
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Figure 6. The distribution of wood resin component groups across the stem of a 75-
year-old Scots pine (Pinus sylvestris) tree. 1 = total amount of wood resin, 2 = 
triglycerides, 3 = resin acids, 4 = fatty acids, 5 = pinosylvin, and its methyl 
ethers [12]. 

Hence, there are large natural variations in the physical and chemical properties 
between various wood species and within a specific species. Additionally, the 
wood and fiber properties found in the different parts of a tree stem vary. 
Avoiding large variations in the properties of the raw material entering the 
pulping processes is therefore not easy. Factors normally used in describing wood 
quality include wood species, basic density, moisture content, fiber properties, 
content of earlywood and latewood, content of heartwood and sapwood, content 
of mature and juvenile wood, content of compression wood, content of knotwood, 
defects, chemical composition, effects of wood handling, and effects of impurities. 
These factors are not independent of each other, so their relative importance is 
difficult to grasp [1]. 
 
To model wood behavior is not trivial considering all large natural variations.  
However, the concept of viscoelasticity applies to polymeric materials, including 
wood. These materials are neither ideally elastic bodies nor viscous liquids, but 
display both types of properties. The reaction of wood, as an elastic body, to 
external impact thus depends on its ratio of elastic and viscous properties. 
Examining these properties properly entails the analysis and evaluation of the 
factor of time. 
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Wood softening 

Softening of the wood chips prior to refining is usually beneficial for keeping the 
fiber lengths intact and to achieve flexible fibers from the process. In thermo-
mechanical pulping the softening is normally achieved by steam preheating and by 
utilizing steam pressurized refiners. Wood softening has therefore been studied by 
various techniques. It has been shown that the wood components soften at 
different temperatures [13] and the softening is both moisture [13-16] and strain-
rate dependent [17, 18].  
 
There are several methods for studying the softening temperature, or the glass 
transition temperature, of polymeric materials. Common methods used to evaluate 
these temperatures of polymeric materials include both static and dynamic 
techniques. Differential scanning calorimetry (DSC), differential thermal analysis 
(DTA) and thermogravimetric analysis (TGA) are examples of static methods [19]. 
Dynamic mechanical analysis (DMA/DMTA), dielectric thermal analysis (DETA) 
and torsional pendulum analysis represent common dynamic techniques for 
investigating the softening/transition temperatures [19]. Most of the above 
mentioned measurement techniques were proven useful to determine also the 
softening temperature of wood (lignin). An example of results from torsional 
pendulum measurements [20] is shown in Figure 7; there, the softening 
temperature is defined as the temperature at which the material’s internal friction 
reaches its maximum. The glass transition temperature is normally defined as the 
temperature at which the available thermal energy of the polymer segments is 
sufficient to overcome the rotational energy barriers in the chain [21]. However, in 
technical applications the softening temperature is generally used. 
 
Several investigations [14, 17, 20, 22-24] were done to determine the softening 
temperature of different wood raw materials; the characteristics of the pulp 
produced at different refining temperatures could then be discussed based on the 
findings. Due to the viscoelastic nature of wood, one must bear in mind the high 
loading frequencies in a refiner when discussing the internal friction of wood in 
relation to chip refining. The frequency dependence of the softening temperature 
of lignin in relation to chip refining has been discussed by numerous authors. For 
example, Irvine [25] utilized the frequency–temperature WLF transform to shift the 
softening region of lignin to other frequencies more comparable with the refining 
frequencies (see Figure 8).  
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Figure 7. Torsional modulus and internal friction of spruce wood [20]. The softening 

temperature is defined as the temperature where the internal friction reaches its 
maximum. 

 
Figure 8. Calculated variation with time (frequency) of the lower (T1) and upper (T2) 

temperature limits of the softening region of lignin in water-saturated radiata 
pine wood [25].  
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To additionally soften the wood chips, a sodium sulfite pretreatment is used in 
chemi-thermomechanical pulping (CTMP), to chemically soften the wood material 
prior to refining. The softening effect of sulfonation has been studied e.g. by Atack 
and Heitner [26], Corson and Fontebasso [22]. It has been shown that the softening 
temperature of lignin is shifted towards lower temperatures by using a higher 
degree of sulfonation [26]. The effect of sulfonation on the fiber-level (softening of 
the primary wall and the middle lamella) has been investigated by Östberg el al 
[27].  
 
2.2 The chip refining process 
In the thermomechanical pulping (TMP) and chemi-thermomechanical pulping 
(CTMP) processes, pulp is produced in a refiner. Usually, the refiner is pressurized 
by saturated steam to 0.2-0.4 MPa which corresponds to a temperature of 130-
150°C, but other operating pressures can also be used [28, 29]. A refiner consists, in 
essence, of two patterned discs, where one disc rotates and one is fixed (single-disc 
refiner), or both discs rotate in opposite directions (double-disc refiner) (see 
examples in Figures 9 a and 10). Preheated (chemically pretreated) wood chips are 
fed into the center of the refiner. Then, the fiber material is transported radially 
outward between the discs due to inertia. The chips break due to loading, in both 
compression and shear, at high strain rates in the breaker bar zone (see Figure 9 b). 
The fiber bundles are then defibrated further into separated fibers and fiber 
fragments through contact with the radial bars, the segment pattern on the discs in 
the refining zone, and also by fiber–fiber contacts in the plate gap. Measurements 
by using radioactive tracers show that the residence time of the fiber material in a 
first stage refiner is as short as 0.5 seconds [30]. 
 

  
 Figure 9 a. Cross-section of single-disc refiner.    Figure 9 b. Typical refiner segment. 



12 

In the periphery of a large (1.75 m in diameter) single-disc TMP refiner, a fiber or 
fiber bundle is most likely hit by radial bars (considering a fine segment pattern 
with approximately 5 mm between the bars) at a frequency of over 25 kHz, i.e., one 
hit every 0.04 ms. In the breaker bar zone, the lowest impact frequency is 
approximately 2 kHz and the “pulses” have durations of ∼0.5 ms. 
 

 
 

Figure 10. Example of a mill situated refiner. 

To produce a pulp that is good for papermaking, separated fibers are not enough; 
the fibers also must be flexible, and that can be achieved when peeling off some of 
the fiber wall (see Figure 11). In doing so, it should be important to control friction 
during refining, a matter dealt with in more detail in section 6. The fine material 
(fines) produced in the process is good for promoting both bonding and light 
scattering in the final paper product. It is also very important to maintain the 
length of the fibers to achieve good strength properties in the paper [31]. 
 
When refining, the wood material fractures at the weakest positions in the wood 
matrix. Refining at high temperatures normally directs the fractures to the middle 
lamella, which consist primarily of thermally softened lignin. Refining after 
preheating to conventional TMP temperatures (130-150°C) tend to direct the 
fractures to the outer layers of the fiber walls, the primary wall and the S1-layer. 
Insufficient softening of the wood material during refining results in split and cut 
fibers, and the pulp quality will then be poor. 
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Figure 11. When refining a mechanical pulp for papermaking; this illustration shows the 

ideal treatment of the fibers. “A hypothetical division of the chip refining 
process into different process stages” as presented by Sundholm [32]. 

The refining process normally consumes a great deal of electric energy, so much 
research over the years has had the ultimate aim of saving energy (see reviews in 
[32-34]). Many pilot-scale trials have been reported as successful, and have 
promised to reduce energy consumption by up to 30% [32-34]; however, using 
these new techniques at full scale has often been either difficult or simply less 
successful. So far, the ideas for energy savings have usually been based on using 
higher operating temperatures [35, 36], higher rotational speeds [37-39], double 
disc refining instead of single disc refining [40, 41], new segment designs [42], low 
consistency refining in a second stage [43, 44], enzymes or fungi for modification of 
the raw material [45-48],  or better process control [7, 49-52].  
 
In 1980, Atack [53] presented his thoughts concerning the need of a working theory 
of refiner mechanical pulping. To this end, equations describing the flow of pulp in 
chip refiners were derived and presented by Miles and May in the early 1990s [54-
56]. “The Miles and May model” consists of a set of constitutive equations that can 
be used for predicting the refining intensity in a chip refiner. The model was 
preceded by laboratory-scale and pilot-scale studies. For example, temperature 
profile measurements from a pilot-scale refiner at Paprican were used, which were 
presented by Lunan et al. in [57].  According to the model, the radial velocity 
gradient of the pulp v  at radius r  is given by 
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where ω  =  angular velocity of the discs 
 a  = 4 for a single disc refiner, 2 for a double disc refiner 
 tr µµ ,  = radial and tangential friction coefficients 
 E  = specific energy 
 C  = consistency at radius r  

 k  = -1 where steam is flowing backwards;  
+1 where steam is flowing forwards 

 21, rr  = inner and outer radius of the refining zone 
 fC  = frictional drag coefficient of steam on pulp 
 U,ρ  = density and radial velocity of the steam at radius r 
 pA  = aerodynamic specific surface of the pulp. 

 
The first term is a centrifugal term, the second a friction term, and the third a steam 
flow term. The equation is implicit and is solved by computer; alternatively, 
simplifications of the equation based on assumptions (also presented by Miles and 
May [58]) can be used. When the radial velocity is known at each point, the 
residence time of the pulp, τ , is given by integration across the refining zone, 
 

 ∫=
2

1

r

r v
drτ . (2) 

 
Like most models, the Miles and May model is based not only on facts but also on 
assumptions, most of them relevant. However, here are some of the more uncertain 
assumptions: pulp quality is independent of the refiner radius, pulp can be 
represented by a continuous medium, there is no free water, specific energy input 
per area element is the same in each point of the refiner, all energy supplied is 
transformed into heat (and steam production), and the friction coefficients are 
considered constant (i.e., independent of segment age, temperature in the plate 
gap, moisture content of the fiber material, and rotational speed of the refiner). 
However, even the simplified version of the model [58] has been shown useful to 
predict the performance of refiners . 
 
Although, to develop this model (and other models) further, increased knowledge 
and understanding of the process, the raw materials, and the whole refiner system 
is needed. Ever since the Miles and May model was developed, new data that is 
more relevant for actual refining conditions in a full-scale refiner has been 
presented that could add to the cumulative knowledge. To mention a few 
examples: There are now several studies of the temperature profiles in refiners [2-
8]. Shear force measurements in the refining zone have been successful [2, 59, 60]. 
The residence time in the plate gap has been measured in full-scale refining [30]. 
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Viscoelastic and plastic properties of wood have been studied more extensively 
[61-63]. Other approaches to developing refining models have also been presented 
[4, 7, 51, 64]. Also, the results presented in this thesis provide new information 
regarding friction and compression that can be taken into consideration when 
designing new models.   
 
2.3 Tribology 
Over half of this thesis (Papers I-III, and parts of Paper VI) consider tribology – the 
science and technology of interacting surfaces in relative motion. The word itself 
comes from the Greek word “tribos” meaning “to rub” and was first used in 
England in the 1960s. The intension was to combine three historically independent 
fields, i.e., friction, lubrication and wear, while attaching a scientific-sounding label 
to studies that were mostly very applied [65]. 
 
The history of tribology dates back to the studies of friction by Thermistius, 350 
BC, who found that the friction for sliding is greater than the friction for rolling 
[66]. In modern terms, this finding led to the understanding that the static friction 
coefficient is greater than the kinetic friction coefficient. As early as in the 1500s da 
Vinci made interesting notes about friction; these findings were re-discovered by 
Amontons in 1699, and verified by Euler in 1750 and Coulomb in 1781. They all 
found that the friction force is proportional to load and independent of the area of 
the sliding surfaces. Thus, the coefficient of friction is independent of load, and in 
the case of dry (unlubricated) sliding, independent of velocity [66]. 
 
Of the three closely related areas of friction, wear, and lubrication, until recently 
only the last has had solid theoretical foundation [65]. In 1886, Osborne Reynolds 
developed his theory of hydrodynamic lubrication. Reynolds’ equation provides a 
solution to the equations of Newtonian fluid mechanics (i.e., the Navier-Stokes 
equations) for a thin, confined film. Many researchers have approached tribology 
from a fluid mechanics perspective, since the nature of Reynolds’ equation is 
relatively straightforward. However, the development of theories of plasticity and 
viscoelasticity has allowed application of solid mechanics to a wider range of 
materials and conditions. So far, however, no single governing equation or set of 
equations can be said to adequately define the solid mechanics of friction and wear 
problems [65]. 
 
The purpose of many tribological studies is to predict friction and wear. Since 
tribology is a varied and diffuse field, experimentation remains the primary 
method for determining quantities such as rates of wear and coefficients of friction. 
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Friction 

The force known as friction may be defined as the resistance encountered by one 
body moving over another. A tangential force, F , is needed to move one body 
over a counter surface. The ratio between this frictional force, F , and the normal 
load, N , is known as the coefficient of friction,  
 

 .
N
F

=µ  (3) 

 
In general, two kinds of coefficients are used; a static and a kinetic coefficient of 
friction. The static coefficient of friction is the ratio between the force needed to 
start a motion and the normal load. The kinetic coefficient of friction involves the 
friction force required to keep the sliding bodies in a uniform relative motion. The 
static coefficient of friction is normally larger than the kinetic and is not discussed 
further in this thesis since the measurements here consider uniform sliding motion. 
  
Three classical generalizations were formed for kinetic friction by Amontons: 
• the friction force is independent of the nominal area of contact, 
• the friction force, F , is proportional to the normal force, N , and 
• the friction coefficient is practically independent of sliding speed. 
 
In many instances, low friction is desirable. Work done in overcoming friction in 
bearings and other mechanical components of machines is dissipated as heat, and 
its reduction will lead to an overall increase in efficiency. However, low friction is 
not necessarily beneficial in all cases; for example, in brakes and clutches friction is 
essential. High friction is similarly desirable between vehicle tires and the road 
surface when driving a car.  
 
It must be borne in mind in all quantitative discussions of friction that the precise 
value of the friction coefficient depends critically on the experimental conditions 
under which it is measured: friction is not a material property but a system 
property [67].  
 
Contact areas 
In tribology, it is very important to consider the contact areas – though they are not 
at all easy to control. Even the smoothest surfaces are rough on the atomic scale, 
and contact only occurs at the very tips of asperity peaks [68, 69]. This is important 
to bear in mind when one wants to determine the possible influences of surface 
texture and roughness on the friction properties. One should be aware of the 
following terms: 
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• A nominal surface is the intended surface. The shape and extent of a nominal 
surface are usually shown and dimensioned on a drawing. The nominal 
surface does not include intended surface roughness.  

• A real surface is the actual boundary of a physical object. It deviates from the 
nominal surface as a result of the process that created the surface. The extent 
of the deviation also depends on the properties, composition and structure of 
the material the object is made.  

• A measured surface is a representation of the real surface obtained using a 
measuring instrument. This distinction is made because no measurement will 
give the exact real surface. 

 
A scanned area or line profile can also be converted into roughness values. The 
roughness values are not intrinsic properties of the surface itself but tightly bound 
to the measurement technique used. A roughness value can be derived in many 
different ways, ranging from simple average values to weighted higher order 
terms. In engineering industry, the most universally recognized roughness 
parameter is the arithmetic mean value for line profiles, aR , which is defined by: 

 ( )dxxz
L

R
L

a ∫=
0

1  (4) 

for the continuous height profile, )(xz , of length L . The aR value is also the rough-
ness parameter used throughout this thesis. 
 
Lubrication 

A lubricant is a layer of material introduced between sliding surfaces and having a 
lower shear strength than those of the surfaces themselves. In some lubricated 
systems, i.e., boundary lubrication or mixed lubrication, the lubricant may not 
completely prevent asperity contact, although it will reduce it and may reduce the 
strengths of the junctions formed. In other cases, i.e., hydrodynamic or fluid film 
lubrication, the lubricant completely separates the surfaces and no asperity 
junctions are formed at all. Thus, to a greater or lesser extent, the use of a lubricant 
always reduces the rate of sliding wear, and this is normally a substantial benefit of 
lubrication [70]. 
 
Wear 

Whenever surfaces move over each other, wear occurs. Wear damages one or both 
surfaces, generally involving the progressive loss of material. The English term 
“wear” includes mechanical, chemical and thermal effects. Mechanical wear is 
defined as the removal of material due to mechanical processes under conditions 
of sliding, rolling, or repeated impact. Thermal wear is the removal of material due 
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to the softening, melting, or evaporation during sliding or rolling. The quantity of 
material removed by wear may be measured in terms of mass, volume, or 
thickness [71]. 
 
Wear can be divided into sliding wear, which occurs in the absence of hard 
particles, and abrasive wear, which occurs in their presence. Not only friction is 
affected by adhesion between bodies; as well, wear is influenced by the strong 
interfacial attractive forces developed in welded junctions. The adhesive wear 
process is initiated by the interfacial adhesive junctions that form when solid 
materials are in contact at an atomic scale. The adhesive theory of friction assumes 
that a junction can be ruptured in two ways, either through the breakage of 
attractive bonds or through the shear fracture of the bulk material. The adhesive 
wear mechanism is based on the shearing of the bulk material. When the adhesive 
junctions are ruptured, fragments are pulled off the weaker material and adhere to 
the other surface; eventually, these fragments may break loose from the surface 
and be removed in form of wear debris [71]. 
 
Surface fatigue is a wear phenomenon observed during repeated sliding or rolling. 
Repeated mechanical stressing may cause micro-structural changes in the bulk 
material, which can result in mechanical failure. Asperities also undergo cyclic 
stressing during sliding, which can lead to stress concentration effects and the 
generation and propagation of cracks that cause wear debris [71]. 
 
2.3.1 Tribology of polymeric materials 
The frictional behaviour of polymers differs greatly from that of metals, and the 
classical laws of friction formed by Amontons (see section 2.3) become almost 
invalid in connection with polymers. The tribological properties of polymeric 
materials are governed by many parameters that are less important for the 
tribology of metallic materials, for example, Young’s modulus, creep resistance, 
hysteresis and damping properties, and crystallization ability. Temperature 
dependence and sliding speed dependence are normally stronger for polymeric 
materials than for metals. In addition, most polymeric materials are viscoelastic, 
i.e., with mechanical properties that are strongly time dependent. Since these 
materials do not obey the classical friction laws, tables containing friction 
coefficients of various pairs of materials are meaningless [72]. The friction of 
polymeric materials can originate from two sources: one deformation term, caused 
by energy absorption in a large volume under the contact, and one adhesion term, 
caused by energy absorption in the interface between the sliding bodies (see Figure 
12).  
 



19 

Polymeric material
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Contribution to friction
from deformation

Contribution to friction
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Figure 12.  Sketch illustrating the origins of the two sources of friction for polymeric mate-

rials: the deformation term and the adhesion term. 

This somewhat unphysical separation of friction into two non-interacting terms is 
based on experimental experience and considerably facilitates the study and 
understanding of the frictional behavior of polymers. In most cases there is no 
clear boundary between the two contributions of the two terms, but in some 
experiments one terms dominates and can be studied in isolation from the other 
term [72]. 
 
At high temperatures, well above the softening temperature of wood lignin (see 
section 2.1), the wood material closely resembles rubber [14]. When acting on 
rubber material, the friction is claimed to have two contributions, usually referred 
to as the adhesion and hysteretic components. Oscillation forces on the rubber 
surface occur during sliding, leading to cyclic deformations of the rubber and 
energy dissipation via the internal damping of the rubber. The energy dissipation 
into the bulk material contributes to high friction without any real deformation 
and without surface asperities having an influence (see Figure 13). This 
contribution to the friction force will therefore be as temperature dependent as is 
the elastic modulus (internal damping – a bulk property) [73]. 

Fluctuating stress σ(t)

Contribution to friction from energy 
dissipation via internal damping

Rubber material

Fluctuating stress σ(t)

Contribution to friction from energy 
dissipation via internal damping

Rubber material

 
Figure 13.  Sketch illustrating the origin of the hysteretic component of rubber friction. 
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The wear mechanisms of polymers are classified according to three broad 
approaches which primarily reflect how this subject has been historically studied. 
The wear of polymers is influenced by the contact conditions, the bulk mechanical 
properties of the polymer, and the properties of the “third body”, which generally 
appears in the form of transfer film or degraded polymer particles between the two 
sliding surfaces [74]. The wear processes in polymers are usually explained as 
combinations of adhesive and cohesive failures leading to wear debris, where the 
adhesive failures relate to the adhesion term of friction and the cohesive failures 
relate to the deformation term [75]. The cohesive wear mechanisms work within 
the bulk material and can be related to the cohesion (internal strength and internal 
bonding) of the material. Adhesion wear can, strangely enough, be the main wear 
mechanism also under lubricated conditions [76]. In cases in which the shear 
strength of the transfer film becomes higher than that of the bulk material, the 
shearing of the bulk material is explained as adhesive wear [72]. 
 
2.4 Frictional properties of wood 
Various branches of ancient engineering and technology, e.g., in mechanical, naval 
and vehicle engineering, promoted the earliest extensive investigations of the 
friction of wood. Wood was the material commonly used for constructing 
machines in the past, iron only being used for reinforcement and to resist wear.  
 
Coulomb [77] was one of the first to investigate friction anisotropy in wood, taking 
into account the orientation of the sliding direction with respect to wood fibers. In 
1785 he studied the friction of sliding between two pieces of seasoned wood (i.e., 
oak on oak, oak on pine, pine on pine, and elm on elm) and between wood and 
metals with or without lubricating coatings. He then concluded that heterogeneous 
surfaces, such as wood, provide friction results that differ from those of 
homogeneous surfaces, such as metals [9].  
 
In the 1950s, Bowden and Tabor [68, 69] carried out several series of intelligently 
planned friction experiments using different materials, which helped them to 
propose a friction model. Their work turned out to be a scientific breakthrough. As 
well, numerous measurements were made by Atack and Tabor explicitly to explain 
the frictional behavior of wood [78]. By applying the ideas developed by Bowden 
and Tabor [68, 69], Atack and Tabor found that the friction force between wood 
and a hard slider could be expressed as the sum of two terms: one directly related 
to the internal friction or hysteresis losses in the wood itself, and another required 
to overcome the interfacial adhesion between the surfaces. Thereafter, several 
investigations concerning wood friction was performed by McKenzie and 
Karpovich, and McMillin et al. to mention a few [69, 79, 80].  
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Friction in mechanical pulp production 

Over the years there has been an interest in friction in research concerning both 
refining and grinding, especially in the case of grinding where the measurements 
are more straight forward. Friction is understandably essential in groundwood 
pulping, where wood is literally grinded against a stone surface to separate the 
fibers from the wood matrix. Over the years, many researchers have contributed to 
our cumulative knowledge of friction in grinding, e.g. [81-85]. In 1958, Atack and 
May described the friction in grinding [82], based on Atack’s and Tabor’s work on 
the friction of wood [78]. Atack and May express the sliding friction, µ, between a 
blunt grit on the pulpstone surface and the wood raw material, as the sum of two 
terms, 

 AD µµµ +=  (5) 
 

where Dµ  is directly related to energy-dissipative processes in the bulk material 
(here considering both deformation and internal friction) and Aµ  is the contri-
bution from the interfacial adhesion [82].  
 
During grinding, a lubricating water film is present between the wood and the 
stone at stone surface speeds of over approximately 10 m/s [83]. Measurements of 
substantial hydraulic pressures in this lubricating layer indicate that the film takes 
up a considerable proportion of the load exerted by the wood surface [81]. The 
thickness of the water film determines how far the grits will be pressed into the 
wood, i.e., how far the grits protrude through the water film. Probably, the grit 
itself is also covered by very thin water layers, but not thick enough to cause 
hydrodynamic lubrication. Nevertheless, even an extremely thin layer of water 
molecules could give rise to boundary lubrication and effectively inhibit interfacial 
adhesion between wood and stone. This would indicate that friction caused by 
wood deformation, caused by the grits and hysteresis losses in the bulk material, 
accounts for most of the power consumed in grinding [83].  
 
The task of measuring friction forces in a refiner is not trivial, due to the 
complexity of the system. Despite this, several researchers have performed 
experiments to determine the forces and pressures acting between refiner bars in 
operation. Most such trials concern low-consistency refining, but some 
experiments with high-consistency or chip refining are also reported. At least two 
such investigations include shear force measurements, i.e., Backlund et al. [2], and 
Senger et al. [59]. 
 
 



22 

2.5 Compressive behavior of wood 
The compressive behavior of wood has been studied extensively over the years. In 
this section, the part of that literature concentrating on high temperatures, high 
strain rates, and morphological observations (like dimensional changes of the fiber 
cross-sections) during compression is reviewed briefly.  
 
Most stress-strain curves for wood generally have a linear range at lower stress 
levels, before the curve starts to deviate from that characteristic of linear elastic 
behavior. In particular, the radial compression curves for softwoods and ring-
porous hardwoods are composed of three definite zones: the first is the elastic 
curve for the earlywood layers, the second is the failure of these layers, and the 
third is the elastic curve of the latewood layers up to their failures [86] (see Figure 
14). 

(A)

(A)

(A)

(A)

(A)

(A)

(A)

(A)

 
Figure 14.  Sketch of a typical stress-strain curve for wood loaded in compression in the 

axial (A), radial (R), and tangential (T) directions and for tension in the axial di-
rection [87]. 

In other words, after the linear elastic range, strain can suddenly be increased 
without any major increase in stress [86, 88]. This “plateau region” is likely due to 
the cell walls buckling into the lumens [61, 62, 86, 88]. Then, when the strain 
becomes so great that the space in the lumens available for buckling becomes 
limited, the compressive stress again starts to increase significantly as a function of 
increasing compressive strain [61, 62, 88]. 
 
Similarly, Tabarsa and Chui [89, 90], Dumail and Salmén [91], Holmberg [87], and 
Persson [92] among others, have reported that when testing wood in the radial 
direction, the deformation in the specimens is very local and varies largely within 
the annual rings. These investigations indicate, in different ways, that the first 
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collapse of the cellular structure occurs at a location with minimum cell-wall 
thickness and density, i.e., in the early earlywood. Salmén et al. [93] conclude that 
the simultaneous compression of both earlywood and latewood, as occurs in 
refining, is unfavourable; the authors suggest that the two different fiber types 
should be refined separately. 
 
Kärenlampi et al. [94] found that the mechanical behavior of steamed spruce wood 
changes dramatically with compression along the fiber direction, the change being 
much more moderate perpendicular to the fiber direction. The authors also found 
that the stiffness decrement due to increased temperature was greatest in the 
tangential direction of the wood. They also demonstrated that compression to 0.8 
compressive strain at 131°C inverted the order of the material directions regarding 
decreasing degree of stiffness, stiffness now being the lowest along the grain. The 
plastic strain due to compression was also found to be greater at higher 
temperatures. 
 
High temperature compression combined with steaming have been studied, e.g. by 
Inoue et al. [95] and Ito et al. [96], to see if complete strain fixation could be reached; 
i.e., achieve a fixed shape of compressed wood that retains its shape when 
released.  
 
In refining, the wood material is subjected to numerous impacts. Miles [58] 
estimated that a single fiber receives in the range of 10 000 impacts on its way 
through the refiner. This estimation was based on the residence time in a pilot-
scale refiner. Nevertheless, it can be assumed that fatigue is important in the 
mechanical pulping process, and considerable research has been performed based 
on that assumption, e.g. [97-99]. 
 
Uhmeier and Salmén [61] used a servohydraulic testing equipment to study the 
radial compression of spruce at various temperatures, strain rates, densities and 
moisture contents; however, they did not reach the temperatures or strain rates 
characteristic of a refiner. In a subsequent study, Uhmeier et al. [63] raised the 
testing temperature to approximately 200°C; however, the strain rates were still not 
close to those found in a refiner, the highest attained strain rate being 25/s at 98°C. 
To compare the results of laboratory studies with those of real refining, a different 
testing technique allowing higher deformation rates must be used. 
 
Experiments aiming to quantify the dynamic behavior of wood loaded in 
compression at higher strain rates have been carried out by, for example, 
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Björkqvist et al. [100], Renaud et al. [101], Widehammar [102], Reid and Peng [103], 
and Pragov and Lomunov [104]. 
 
Björkqvist et al. [100] used a custom-designed experimental setup to investigate the 
effects of prestress and temperature on the viscoelastic properties of wood. Wood 
specimens were loaded by falling weights; the compressibility of the wood 
material was measured, as were the damping and propagation velocities of the 
shock waves. The temperature range investigated was 20-127°C, in a steam 
environment; no information regarding the achieved strain rates was given.  
 
Renaud et al. [101] used the split Hopkinson pressure bar (SHPB) technique to test 
moist wood at high strain rates at room temperature. Renaud and co-workers used 
three species of hardwoods (trembling aspen, birch and oak) soaked in water, 
caustic soda solutions, glycerol and hexane. Widehammar [102] investigated the 
dynamic behavior of spruce wood, focusing especially on the dependence of strain 
rate, moisture content, and loading direction. The measurements were made using 
the same split Hopkinson equipment as was used for the compression experiments 
in this thesis, except that Widehammar did not modify the equipment to allow 
testing in a steam environment. Widehammar’s results are summarized in section 
5.1. 
 
Wood compression at high deformation rates (at room temperature) have also been 
investigated using the split Hopkinson technique by Reid and Peng [103] and 
Bragov and Lomunov [104].  
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3  THE EXPERIMENTAL EQUIPMENTS AND TECHNIQUES 

This section briefly describes two new experimental devices developed within the scope of 
this thesis, i.e., the friction tester (TT2000) and the setup for high strain rate compression 
tests (the ESHD). The TT2000 is more thoroughly described in Paper I and the ESHD in 
Paper IV. The second part of this section describes the raw materials and methods used for 
specimen preparation.  
 
3.1 A new device for friction measurements (TT2000) 
The laboratory scale friction tester (TT2000) is an in-house customized device. The 
tester is a type of wear rig that allows control of the testing environment, sliding 
velocity, and the normal load. The overall layout is shown in Figure 15. Friction 
measurements can be made in a steam atmosphere at high temperature/pressure 
(100-180°C) and with a maximum sliding velocity of approximately 150 m/s. The 
equipment is described in greater detail in Paper I. 
 

 
 
Figure 15.  The TT2000 friction tester. 

When making a friction measurement, a normal load is applied to the wood 
specimen by means of a dead weight loading device, shown in light-grey in 
Figure 16. The friction force is then measured using a piezoresistive load cell, 
which restrains the rotational movement of the specimen holder. The load cell is 
placed outside the chamber to prevent moisture and high-temperature problems. 
The friction force is transmitted through the chamber wall via a custom-made 
sealed system, shown in dark grey in Figure 16. The output of the load cell is 
acquired and registered on a computer. 
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The steel disc 
The steel disc (SS2333 0,07% C stainless steel) that was used as a counter surface 
was grinded, annealed and then polished at random directions to get between 0,03 
and 0,1 µm in surface roughness ( aR ). The disc was fastened to a flat disc holder 
which was connected to the main spindle of the rig. More details are given in 
Paper I. 
 
 

 
Figure 16.  Systems for dead-weight loading and frictional force transmission.  

 
3.1.1 Measurement technique 
The refining process consists of a rapid sequence of events [30], so the initial 
friction occurring directly after the load is applied is of great interest. In this initial 
study, all room temperature (23°C and 50 % RH) measurements were made as 
soon as any transient due to loading had faded away. At a sliding velocity of 
25 m/s, the mean of the frictional data registered over 1 s was used for further 
analysis (see Figure 17 a). As the sliding velocity was varied, the timing of each 
measurement was adjusted to obtain equal sliding distance in all contact situations. 
The test disc was carefully cleaned with acetone and lint-free laboratory tissue 
between measurements.  
 
When the measurements were made in a high-temperature environment in 
saturated steam, the previously described measurement technique developed for 
room temperature and ambient conditions was adjusted in two ways: 

i) To reduce the heating time of the wood material, the friction tester was 
preheated with steam to the desired temperature before each measurement. This 
preheating reduced thermal degradation and prevented variations in heating time 
between different specimens. To reduce the incidence of condensation and thereby 
of hydrodynamic lubrication by water, the following procedure was repeated 
before every friction measurement: A wood specimen was placed in the specimen 
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holder and the pressure in the chamber was rapidly raised to the level 1 bar higher 
than that of the pressure/temperature chosen for the friction test. This higher 
pressure was kept constant for 1 min and then promptly lowered 1 bar to the 
desired pressure/temperature, which also was maintained for 1 min, before the 
specimen was loaded and the measurement made. 

ii) In the steam environment, the friction force value that arose immediately after 
loading the specimen could not be used – at least not at a sliding velocity of 25 m/s; 
the results were simply too unreliable and had too much scatter. The mean value of 
the friction coefficient registered between 5 and 6 seconds after loading was 
therefore used instead. By that time, the friction coefficient registered had 
stabilized, i.e., representing the steady-state coefficient of friction, and could 
therefore be used for further analysis (see Figure 17 b). 
 
It should be pointed out that at a sliding speed of 25 m/s, each rotation of the steel 
disc caused periodical variations in both friction force and normal load with a 
frequency of approximately 45 Hz (see Figure 17 a). A possible explanation to this 
could be that any small misalignment or distortion in the face of the disc implied 
accelerations and thereby inertia loads. 
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Figure 17 a.  At room temperature, data 
was registered directly after loading. The 
periodical variation in the coefficient of 
friction has a frequency of about 45 Hz and 
is caused by the rotation of the steel disc. 

Figure 17 b.  In saturated steam, the steady 
state coefficient of friction is the mean of the 
friction coefficient registered over 5–6 s after 
loading. 
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3.2 A new device for high strain rate compression (ESHD) 
To determine the stress–strain relationships of materials at high strain rates, the 
split Hopkinson pressure bar (SHPB) technique is commonly used. A preliminary 
version of the SHPB equipment, situated at Mid Sweden University, was built by 
Widehammar [105], who also further developed the testing technique so it would 
be suitable for wood testing. A modified version of the equipment was designed 
for the present research, to handle the pressurized steam conditions that normally 
prevail in a refiner. The development of the encapsulated slit Hopkinson device 
(ESHD) is presented in more detail in Paper IV. Figure 18 show the modified 
experimental setup, while Figure 19 is a schematic of the bar arrangement inside 
the casing.  

 
Figure 18.  The encapsulated split Hopkinson device (ESHD). 

In preparation for compression testing, a wood specimen is first placed between 
the transmission bar and the receiver bar. Then, a prestress (here using a 2.5 kg 
dead weight) is applied by means of a prestress tube and dead weights to keep the 
specimen in place. The encapsulated system is then heated with saturated steam to 
the desired testing temperature and pressure. A striker is accelerated to impact 
velocity by a high-pressure air gun. The axial impact of the striker on the transfer 
bar gives rise to a loading pulse (i.e., the incident pulse). The transfer bar is a 
movable transfer part separating the encapsulated system from its surroundings 
(see Figure 20). Through the impact, a compressive wave is generated in the 
transmitter bar, inside the encapsulated system. When this compressive wave 
reaches the specimen, the transmitter bar compresses the specimen. A portion of 
the pulse is reflected, while the remainder is transmitted through the specimen into 
the receiver bar. The axial strain versus time histories, i.e., Iε , Rε , and Tε , 
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associated with the incident, reflected, and transmitted waves, respectively, are 
registered in the positions indicated in Figure 19.  

 
Figure 19.  The encapsulated split Hopkinson device (ESHD). 

 
To equilibrate the action of the internal pressure so that the bars will be loaded 
with a prestress that is independent of the internal pressure, the valve at the striker 
end was designed as depicted in Figure 20.  

 
Figure 20.  Equilibration of the internal pressure. 

 
 
3.2.1 Data collection and evaluation 
The internal pressure, P1, acts on two surfaces of equal area but with the resulting 
loads in opposite directions; the same is true of the external pressure, P2. Therefore, 
the resulting load on the valve is nil. When the wood specimen is mounted 
between the bars, the transmitter bar is pressed against the locking. A prestress is 
used to attain good contact between specimen and the bars. 
 
The bars and the specimen are shown in Figure 19. At position A, the incident and 
reflected strain pulses, Iε  and Rε , are recorded, while at position B, the transmit-
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ted strain pulse, Tε , is recorded. By performing proper time shifts of the recorded 
signals, strains Iε , Rε  and Tε  can be referred to the bar–specimen interfaces. The 
stress, σ , acting on the right bar–specimen interface is given by 
 
 TEεσ = , (4) 
 
where E  is the Young’s modulus of the bars. Assuming that the inertia of the 
wood specimen can be ignored, the stress given by (4) will then load the wood 
specimen uniformly. The velocities Lv  and Rv  on the left and right ends, respec-
tively, of the specimen are  
  
 )( RIL cv εε +−= ,           TR cv ε−= , (5) 
 
where c  is the phase velocity. If the length of the specimen is L , the average strain 
rate is ( ) Lvv LR /− , which gives  
 

 ).( TRIL
c

dt
d εεεε

−−=  (6) 

 
The average strain in a wood specimen is obtained through numerical integration. 
 
 
3.3 Raw materials and specimen preparation 
 
3.3.1 Raw materials 
The raw materials used in the studies were sapwood sections from green logs ob-
tained from three countries, as follows: 
Paper I  Norway spruce (Sweden),  
Paper II  Norway spruce (Sweden) and radiata pine (Tasmania),  
Paper III  Norway spruce (Sweden) and birch (Sweden) 
Papers IV and V Norway spruce (Sweden) 
Paper VI Norway spruce (Sweden), birch (Sweden), radiata pine 

(Tasmania), and Scots Pine (Norway) 
 
Selected sections of wood were cut from the bottom log approximately 1.5-3 m 
above ground level. Data describing the wood material used for specimens are 
shown in Tables I – III. The wood material was stored in a freezer until it was 
needed in the experiments. 
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Density was experimentally estimated by dividing the dry weight of each of the six 
specimens by its green volume. Similarly, the moisture content was determined as 
the weight of water in each of the six specimens divided by its total wet weight. 
 
Surface roughness, aR , based on height profiles was determined by means of opti-
cal high-resolution scanning of random specimens. The equipment used for this 
was the MicroProf profilometer (Fries Research and Technology GmbH, Bergisch 
Gladbach, Germany).  
 
 
TABLE I. THE RAWMATERIAL USED IN THE NORWAY SPRUCE AND RADIATA PINE STUDY (PAPER II). 
 
 

Spruce (Picea abies) 
sapwood 

Pine (Pinus radiata) 
sapwood 

Density (g/cm3)  0.37   0.45 

Moisture content prior 
to friction measurement 
(%) 
 
 

native 
extracted 
sulfonated: 
(5g/L) 
(20/L) 

64 
68 
 
70 
73 

native 
extracted 
- 
 
 

60 
65 
 
 
  

Extractives content  
(% DCM)  1.5   0.8 

Distance between  
annual rings (mm) 

 3.8   4.3 

 
 
TABLE II. RAW MATERIAL USED IN THE BIRCH STUDY (PAPER III). 

 Spruce (Picea abies) 
sapwood 

Birch (Betula verrucosa) 
sapwood 

Density (g/cm3)  0.38 (±0.03)  0.63  (±0.02) 

Moisture 
content prior to 
friction meas-
urement (%) 
Mean values 
with 95% confi-
dence interval 

native  
 
 
extracted  

63.7 (±0.8) 
 
 
68.4 (±1.2) 

native  
impr. 3% Na2SO3 
impr. 3% Na2SO3 +  
2% NaOH 
extracted 
extr. and impr.  
0.5% Na2SO3 

50.8 (±1.3) 
57.7 (±0.4) 
 
60.5 (±0.7) 
60.1 (±0.7) 
 
59.0 (±0.8) 

Extractives  
(% DCM) 

native  
after extraction 

1.5 (±0.2) 
≈0.4 

native  
after extraction 

2.0 (±0.2) 
≈0.3 
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TABLE III. DATA DESCRIBING THE RAW MATERIAL FOR THE SPECIMENS USED IN PAPERS IV–VI. 

 Spruce 
(Picea abies) 
 
sapwood 

Pine 
(Pinus sylvestris) 
(Pinus radiata) 
sapwood 

Birch 
(Betula verrucosa) 
 
sapwood 

Density (g/cm3)   0.37 (±0.02) P. syl: 0.46  (±0.02) 
P. rad:  0.45  ±0.02) 

  0.61  (±0.02) 

Moisture 
content (%) 

friction* 64  (±1) 
comp.**  30  (±2) 

friction* 60  (±2) 
comp.**  30  (±2) 

friction* 50  (±1) 
comp.**  30  (±2) 

Extractives content  
(% DCM) 

  1.5  (±0.2) P. syl: 2.8  (±0.1) 
P. rad:  0.8  (±0.2) 

  2.1  (±0.2) 

Distance between 
annual rings (mm) 

  3.8  (±0.5) P. syl: 3.0  (±0.3) 
P. rad: 4.3  (±0.4) 

  3.5  (±0.3) 

Surface roughness 
(µm) of friction 
test surfaces 

  6.8  (±0.2) P. syl: 7.0  (±0.2) 
P. rad: 7.2  (±0.2) 

  8.5  (±0.3) 

* – mean moisture content of the specimens used in the friction investigation. 

** – mean moisture content of the specimens used in the high strain rate measurements. 

 
 
3.3.2 Specimen preparation 
The wood specimens used for the friction measurements were 12 × 12 × 12-mm 
cubes, while the compression tests were performed on both 12 × 12 × 12-mm and 
6 × 12 × 12-mm specimens. The specimens were prepared by cutting thin sections 
of wood from the surfaces using a sledge microtome. This technique resulted in 
surfaces that were far from smooth but had a characteristic appearance due to the 
internal structure of the wood material. However, the technique allowed high 
accuracy in the specimen’s dimensions and created reproducible test surfaces (i.e., 
similar surface roughness) for the friction tests. An SEM image of one spruce test 
surface is shown in Figure 21. 
 
The friction tests were performed on tangential, earlywood surfaces of specimens 
in which the annual rings were as parallel to the surface as possible; Figure 22 de-
pict a typical wood specimen. Earlywood surfaces were chosen of two reasons:  
i) earlywood surfaces were easier to characterize than were mixed surfaces of both 
early- and latewood fibers; and ii) when comparing different wood species, the 
greatest between-species variation would be expected in the earlywood fibers.  
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The compression tests were performed in the axial and radial directions of the 
specimens.  Also here, the specimens were prepared so that the annual rings were 
as parallel to the tangential surfaces as possible. 
 

200 µm200 µm

 
Figure 21.  SEM image of early wood test surface from Norway spruce (Picea abies). 
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Figure 22.  Illustration of a wood specimen. 

When producing extracted specimens, extraction was carried out using a Soxhlet 
apparatus in the following three steps: 8 hours in acetone, 16 hours in DCM (di-
chloromethane), and 8 hours in acetone respectively. After the treatments the 
wood specimens were taken out of their solutions and left to be conditioned in con-
trolled humidity air. 
 
Specimen of various moisture contents were used in the experiments. To obtain a 
moisture content of about 8 %, specimens were conditioned at 23°C and 50 % RH. 
To achieve fiber wall saturation (about 30 % moisture content), specimens were 
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conditioned in a climate chamber at 23°C and about 98 % RH. Specimens with wa-
ter filled lumen (about 70 % moisture content) were obtained by placing the cubes 
in water. The time needed for the treatments varied.  
 
Sulfonation was carried out in autoclaves in excess of solution for 15 min at 130°C. 
The sodium sulfite solution had a pH value of ~9.5 both prior to and after the 
treatment. Birch specimens were also sulfonated at a higher pH value (∼13.5). 
 
To detect the presence of extractives, a stain selective for fatty acids only, Sudan 
orange (Sigma-Aldrich), was used in combination with light microscopy. 
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4   FRICTION MEASUREMENTS – RESULTS AND DISCUSSION 

The results of the friction measurements are mainly reported in Papers I–III, but are also 
reported in Paper VI. This section starts by presenting some results of measurements made 
at atmospheric pressure and room temperature (i.e., ambient conditions), followed by 
results of friction measurements made in a pressurized steam environment. The results are 
both presented and discussed in this section.  
 
4.1 Room temperature and ambient conditions 
Many matters must be considered when starting to investigate friction on an aniso-
tropic, visco-elastic/plastic material such as wood. What was important to learn 
with regard to mechanical pulping? What can be investigated in laboratory scale? 
When the new tribo-tester had been initiated, some preliminary investigations 
were made at room temperature under ambient conditions. The results of these in-
vestigations were meant to facilitate ensuing studies conducted in a steam envi-
ronment, not least by reducing the number of variables under study, i.e., by deter-
mining what variables to keep constant. However, the results of these investiga-
tions were also new, and to our knowledge no earlier investigation of wood–steel 
friction had been performed at as high sliding speed as was used here.  
 
A sliding direction parallel to the fiber direction was chosen primarily of two rea-
sons: i) high-speed photography studies of chip refining demonstrate that in the re-
fining zone most fibers “line up”, so that the radial bars beat them along their fiber 
direction [106-108]; and ii) the results of friction measurements made across the fi-
ber direction, at room-temperature, had slightly more scatter than did the results of 
measurements made along the fiber direction.  
 
When measuring friction between dry wood specimens (approximately 8% mois-
ture content) and a smooth steel surface, the temperature in the contact zone raises 
during the measurement due to frictional heating. It is both impossible to control 
this temperature and very difficult to measure it. Temperature gradients can arise 
in the nominal contact area (described in section 2.3) and flash temperatures most 
likely arise in discrete spots of real contact. However, a thin thermocouple was 
used to measure the temperature as close to the wood–steel interface as possible. 
This was done by drilling a small hole through many specimens, to allow the 
thermocouple to be located very close to the wood–steel contact. Example results 
of this kind of measurement are shown in Figure 23. From the figure, it can be seen 
that the registered temperature rise is quite small (i.e., ∼15°C) during the 5.5 s of 
loading. Other measurements carried out (i.e., a number of 16), using earlywood 
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surfaces of spruce, birch, and pine, revealed both higher and lower temperature 
rises. The highest temperature rise of approximately 35°C was registered when 
testing an acetone extracted birch specimen (5 s loading, µ ∼1.2). 
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Figure 23.  Typical temperature development in the wood–steel interface (normal load 

8 N, sliding speed 24 m/s, 20°C, moisture content 8%, RH controlled before 
rather than during tests). The friction signal was here filtered to eliminate high 
frequency noise. 
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Figure 24.  Influence of normal load on wood-steel friction (sliding speed 24 m/s, 20°C, 

moisture content 8%, RH controlled before rather than during tests). 
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4.1.1 Normal load dependence 
Figure 24 show how the coefficient of friction between spruce wood and a smooth 
steel surface varies with the applied normal load (seven specimens were tested 
with a normal load of 2 N, seven new specimens were tested under 4 N, and so 
on). Small normal loads (2–4 N) produced large scatter in the results, probably 
caused by tilting of the specimen during the tests. No obvious load dependence 
was revealed in this load interval. Under an 8-N load, measurements indicated 
stable values, so this normal load was chosen for the ensuing studies. 
 
4.1.2 Influence of moisture content 
The friction between steel and extracted spruce wood specimens was measured, 
conditioned to three different moisture contents (8 %, 30 %, and 70 %). The 
measurements were performed at room temperature, at a sliding velocity of 
25 m/s, and under a normal load of 8 N. Eight different wood specimens were 
tested at each moisture content level. The results are presented in Figure 25 in the 
form of three median values from the 3 × 8 measurements (mean values over 1 s; 
see Figure 17 a). The standard deviation (95% confidence level) is based on the 24 
registered mean values, not the scatter in the separate measurements (cf. Figure 
17 a and 17 b). The figure indicates a significant increase in the coefficient of 
friction with increasing moisture content. An AFM study made by Garoff and 
Zauscher [109] also demonstrated a significant increase in the coefficient of friction 
between a clean cellulose surface and the AFM-tip with increasing humidity.  
 

 
Figure 25. Influence of moisture content on wood–steel friction (normal load 8 N, sliding 

speed 24 m/s, 20°C, RH controlled before rather than during tests). 
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Atack and Tabor [78] described wood friction using two terms, one caused mainly 
by interfacial adhesion and the other related to deformation (which is essentially a 
bulk phenomenon). These terms help explain the increase in friction due to 
increased moisture content. As the wood specimens are softened by increased 
moisture contents [110], energy dissipation due to hysteresis losses (internal 
friction) or viscoelastic/plastic deformations contribute more to the coefficient of 
friction. Internal friction is resistance to movement between the long polymer 
chains of the material. In comparison, the pioneering research of Grosch [111] 
demonstrated that rubber friction, in many cases, is directly related to the internal 
friction of the rubber. In later years, Persson [73], and Bui and Ponthot [112], 
among others, studied both the adhesion and hysteric components of rubber 
friction.   
 
Softening due to increased moisture could also cause the area of real contact to 
increase, as the surface roughness causes contact to occur only at discrete spots. A 
larger contact area would increase the contribution to surface interactions 
dominated by interfacial adhesion, i.e., the coefficient of friction would increase.  
 
4.1.3 Influence of wood extractives 
After extraction of the wood specimens, impregnation with extracted substances, 
and conditioning to approximately 8% moisture content, the friction properties 
were tested under a normal load of 8 N. In Figure 26, the median values of the 
friction coefficient for the impregnated specimens are presented as a function of 
sliding velocity; the friction coefficients of extracted and untreated wood were 
included as references. The shaded areas in the figure are the 95% confidence 
intervals.  
 
The friction between steel and extracted wood surfaces increased with sliding 
velocity. Conversely, it seems that wood extractives slightly reduce the friction 
between dry wood and steel surfaces at high sliding speeds. This reduction in 
friction could be explained by the presence of a thin lubricating layer of extractive 
substance between the surfaces. Higher sliding velocity increases the temperature 
in the contact region, and friction might arise primarily from the shear of a 
softened or molten layer of extractives with a temperature-dependent viscosity or 
shear strength [113]. Some components among the extractives have low melting 
points, which decreases the melting point of the mixture. 
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Figure 26. Influence of wood extractives on wood–steel friction (normal load 8 N, 20°C, 

moisture content 8%, RH controlled before rather than during tests). 

 
4.1.4 Influence of model components among the extractives 
Friction tests with two model components (i.e., abietic acid and octadecanoic acid) 
normally found among the extractive substances were also performed under a 
normal load of 8 N. After impregnation followed by the appropriate conditioning 
procedure, friction measurements were made at three moisture levels, i.e., 8%, 
30%, and 70%. Figure 27 indicates that the coefficient of friction was not altered by 
the presence of either abietic acid or octadecanoic acid at high moisture contents.  
 
Increased moisture seemed to mask the lubricating effect of the extractives. At the 
fiber wall saturation point (∼30%), the components already had no significant 
effects; at low moisture contents of approximately 8 %, however, the two 
components tested lowered the coefficient of friction considerably. This 
phenomenon could possibly be attributed to surface dominated friction at low 
moisture contents and more of a bulk dominated friction at higher moisture 
contents (cf. section 2.3.1). The two model components used here have also been 
shown, by Garoff et al. [114], to lower the friction between impregnated paper 
surfaces significantly, and on paper at low sliding velocity, octadecanoic acid 
lowered the friction more than abietic acid did.  
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Figure 27. Influence of wood extractives and moisture on wood–steel friction (normal 

load 8 N, sliding speed 24 m/s, 20°C, RH controlled before rather than during 
tests) 

 
4.2 High temperatures – saturated steam environment 
This section describes measurements of friction between wood and steel made in a 
saturated steam environment. Note the slightly modified experimental method 
used for this case, as described in section 3.1.1. 
 
During the measurements, the temperature in the contact zone between the speci-
men and the steel surface stayed very close to the surrounding steam temperature. 
This was investigated by drilling small holes through many of the specimens and 
placing a thin thermocouple very close to the wood–steel interface. None of the 
registrations by the thermocouple indicated a temperature rise greater than 4°C.  
 
A friction measurement normally ends after 6 s, but even when extending that time 
to a few minutes, the temperature in the interface did not become much higher. 
The highest measured temperature rise in the contact zone was 4°C, which oc-
curred after two minutes of sliding contact (normal load 14 N, µ ∼ 0.8). Figure 28 
presents an example from a typical measurement, where a high coefficient of fric-
tion was registered. Despite the high coefficient of friction, the temperature did not 
rise more than approximately 1°C at the tip of the thermocouple.  
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Figure 28. Temperature measurement close to the contact zone between the wood and 

steel surfaces. This measurement was performed with a spruce specimen at a 
surrounding steam temperature of ∼148°C (registered by a separate thermo-
couple). The friction signal was here filtered to eliminate high frequency noise. 

 
How wood–steel friction is affected by the wood anisotropy when the friction is 
measured in a steam environment probably deserves a separate study. However, 
measurements made along the fiber direction displayed slightly less scatter (i.e., 
scatter over time of the measurement) than did measurements made perpendicular 
to the fibers at room temperature under ambient conditions. Conversely, in satu-
rated steam, measurements made along the fiber direction indicated slightly higher 
scatter and higher µ-values. Figures 29 and 30 present the results of measurements 
on extracted spruce specimens, made in a 120°C steam atmosphere, which indicate 
that the sliding direction affects the coefficient of friction. However, all the results 
presented in this thesis (except those in Figure 29) are based on measurements 
made along the fiber direction.   
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Figure 29. Coefficient of friction versus time. The measurements were made on four ex-

tracted spruce specimens (earlywood surfaces, sliding direction perpendicular 
to the fiber direction, 24 m/s, 14 N, approximately 120°C saturated steam). 
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Figure 30. Coefficient of friction versus time. The measurements were performed on 

three extracted spruce specimens (earlywood surfaces, sliding direction along 
the fiber direction, 24 m/s, 14 N, approx. 120°C saturated steam). 
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Figure 31 presents the coefficient of friction versus sliding speed. Since many pol-
ymers show speed-dependent friction characteristics, it was interesting to see 
weather any trend could be observed for wood–steel contacts in a steam environ-
ment. The measurements were made at 110°C in a saturated steam environment, 
on native Scots pine specimens sliding along to the fiber direction. The Scots pine 
specimens were chosen based on results presented in Paper VI, where light mi-
croscopy was used to reveal lubricating “layers” of extractive substances on the 
tested earlywood surfaces. The figure indicates that the coefficient of friction was 
relatively high at low sliding speeds. Then for higher sliding speeds the friction 
curve was fairly flat. This supports the assumption of some lubricant present in the 
wood–steel contacts, since a low sliding speed usually makes it more difficult to es-
tablish and sustain a lubricating regime. Even though these measurements were 
carried out in a steam environment, friction tests in room temperature had similar 
speed dependence, cf. Figure 26, for untreated specimens (6–24 m/s). It would be 
interesting to make measurements at even higher sliding speeds, to see what direc-
tion the curve takes; however, at the time of the study this was impossible. From 
the results presented in Figure 31 it can be concluded that a sliding speed of 24 m/s 
could be a good choice for use in future investigations, considering the relatively 
small scatter of the results produced at this speed. 
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Figure 31. Coefficient of friction versus sliding speed. The measurements were made on 

native Scots pine specimens (earlywood surfaces, sliding direction along the 
fiber direction, 14 N, approx. 110°C saturated steam). 
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In the ensuing sections, the friction characteristics of various wood species are con-
sidered. The friction properties of such a complex material as wood are not trivial 
to discuss. Possible reasons for the shapes of the curves presented will therefore be 
treated one by one. 
 
4.2.1 Norway spruce (Picea abies) 
Figure 32 presents the coefficient of friction for the extracted and native specimens 
of Norway spruce in contact with the steel disc, as a function of temperature in a 
saturated steam environment. For the native wood (shown by dark grey shading), 
the coefficient of friction increased with the temperature of the surrounding steam 
environment up to 165°C, after which it begun to decrease. The curve shown by 
circular symbols and light grey shading represents the extracted specimens;  in this 
case, the friction forces also increased with temperature, but here a local maximum 
in friction occurred at approximately 125°C. Each point in the figure represents a 
median value of 10 separate measurements of the friction coefficient made on vari-
ous wood specimens. 
 
One explanation to the increase in friction with temperature could be an increase in 
the area of real contact, due to thermal softening. A softer wood material would al-
so more likely become deformed, either microscopically or macroscopically, so the 
contribution of deformation, µD, to the coefficient of friction would thereby in-
crease. 

 
Figure 32. The coefficient of friction as a function of temperature, for native and extracted 

specimens of Norway spruce. Each point represents a median value of 10 
measurements (various specimens), and the shaded areas are the 90% con-
fidence intervals. 
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The local maximum seen for the extracted specimens can be related to the soften-
ing temperature reported for wood (or lignin) [17, 20, 25, 110, 115]. A local maxi-
mum in sliding friction at the softening temperature was reported for various pol-
ymers by McLaren and Tabor already in 1963 [116]. More recently, Israelachvili et 
al. found similar effects when shearing thin surfactant films [117]. It is well estab-
lished that the damping ability of the wood material is especially high around the 
softening temperature, where the internal friction reaches its maximum [20]. It is 
therefore reasonable to suggest that the peak in friction observed here for extracted 
specimens was related to the softening of the wood at the softening temperature of 
lignin, and that the increase in friction was due to energy dissipation at the inter-
face and in the bulk of the material. This is also in accordance with work on adhe-
sion and friction of model surfaces, polymers and carbon-fiber-reinforced poly-
mers [116, 118, 119]. 
 
If the maximum in friction is caused by energy dissipation, at least partly due to 
bulk deformation of the material, why can that phenomenon not be seen for native 
wood? A proposition may be that extractives on the wood surfaces caused lubri-
cated friction, which is more of an interfacial phenomenon and prevents energy 
transfer into the bulk of the material.  
 
After the measurements the test surfaces were examined under a stereo micro-
scope. At temperatures below the softening temperature, the wood test surfaces 
remained remarkably undamaged throughout the measuring procedure (see imag-
es in Table IV of section 4.2.4). During the sliding of the native specimens, thin lay-
ers or films of wood extractives may have formed at the interface. The smoothness 
of the test surfaces could possibly have made it easier to establish and sustain a lu-
bricating regime between the specimen and the disc. In addition, the resin channels 
were directed vertically against the test surface, and extractives could have been 
transferred to the test surface continuously providing additional material and lu-
brication.  
 
Above the softening temperature, the wood in the test surfaces was noticeably 
damaged, and the degree of deformation increased with temperature (see images 
in Table IV of section 4.2.4). As these test surfaces got rougher, they were probably 
more difficult to lubricate with the available amount of extractives. A higher tem-
perature means that the extractives are more likely to desorb, and some compo-
nents possibly evaporate, which could decrease the lubrication, especially if the lu-
bricating regime was dominated by boundary lubrication. However, well above 
the softening temperature, the contribution to friction from deformation may dom-
inate. 
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At the highest temperatures in this investigation, around 165°C, a second peak oc-
curred on both curves in Figure 32. These peaks mark the point where fibers and 
fiber bundles started to wear off from the test surfaces. This is probably the reason 
for the decrease in friction, since the presence of wear debris in the contact zone 
can lubricate and thereby decrease the sliding friction. 
 
Extracted and sulfonated wood 

To further investigate the effect of temperature and softening, some of the extract-
ed wood specimens were sulfonated. Figure 33 shows the coefficient of friction 
versus temperature for extracted and sulfonated specimens of Norway spruce. The 
solid curves and the curve with triangles in Figure 33 a and 33 b represent results 
from specimens impregnated in liquids with 5 g sodium sulfite/L and 20 g/L re-
spectively. 
 
The local maxima in friction appeared also in these curves, but were shifted to-
wards a lower temperature with increasing degree of sulfonation. The shape of the 
curve for the higher degree of sulfonation in Figure 33 b even suggests that it peaks 
at or below the lowest temperature studied, 100°C. It is well established that the 
softening temperature of wood decreases with an increasing degree of sulfonation, 
see e.g. Atack and Heitner [26]. This fact supports the interpretation of the ob-
served local maximum in the friction of extracted spruce as being related to the sof-
tening temperature of the wood. The fairly low degree of sulfonation, 5 g/L, in-
creased the coefficient of friction below 125°C, but above that temperature the fric-
tional behavior is essentially the same as for extracted specimens (see Figure 32). 
 
The higher degree of sulfonation, 20 g/L,  led not only to a shift of both the local 
maxima, but also to considerably higher peaks compared to the other curves. At 
temperatures above the second peak, 150°C, the wood specimens were decom-
posed into fibers to a much higher extent than the other test series. This “pulping” 
led to a state where the µ-values dropped drastically. The dominating contribution 
to friction should thereafter be determined by the shear resistance of either the 
bulk material or the interfacial wear debris – or a combination of both. The second 
friction peak of all curves in Figure 33 is systematically shifted towards lower tem-
perature with increasing degree of sulfonation, indicated by “wear debris”. It is 
suggested in section 6 and in Paper VI that similar peaks can be related to the tem-
perature above which the defibration during refining becomes more effective. The 
wear initiation temperature can thus be related to the shives content of the pulp 
produced at various pre-heating temperatures. If applying the arguments present-
ed, the wear debris peaks in Figure 33 would indicate that with a high enough de-
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gree of sulfonation, pulp with low shives content could be produced at low pre-
heating temperature. Conversely, with a low degree of sulfonation, shives-free 
pulp could also be produced by using a temperature that is high enough (i.e., 
above the temperature indicated by the initiated wear debris peaks of the light 
sulfonated and the non-sulfonated specimens). See also the discussion of friction in 
relation to high-temperature rejects refining in section 6.1. 
 

 

 
Figure 33. Median friction coefficients for extracted and then sulfonated specimens of 

Norway spruce. The shaded areas are the 90% confidence intervals. (a) Solid 
line – results from specimens impregnated with 5 g/L sodium sulfite. The 
curve with circular symbols represents the extracted specimens. (b) Curve 
with triangles represent measurements made on specimens impregnated with 
20 g/L sodium sulfite. 

 



48 

4.2.2 Radiata pine (Pinus radiata) 
The friction properties of radiata pine had similarities with Norway spruce but also 
differences. Figure 34 shows curves from measurements made on native specimens 
of both species. The native radiata specimens also showed an increase in friction 
with temperature. However, the friction coefficient peaked at about 150°C, where a 
sudden increase in the amount of wear debris occurred and the µ-values dropped 
rapidly (see images in Table IV of section 4.2.4). This peak is considerably higher 
than the peak observed for spruce; also, it appears at a lower temperature. The dif-
ference in temperature between the initiated wear peaks of the two species can be 
related to defibration efficiency (see section 6.2). Between 100 and 130°C, the fric-
tion properties of Norway spruce and radiata pine showed the same behavior. 
 

 
Figure 34.  Friction coefficients of native radiata pine and Norway spruce. The shaded ar-

eas are the 90% confidence intervals. 

Figure 35 shows results from friction measurements made on extracted specimens 
of radiata pine with the results of extracted Norway spruce as a reference. The ma-
terial in the extracted radiata specimens began to break and lose fibers around 
125°C, i.e., at a lower temperature and to a greater extent compared to the native 
specimens. At a temperature of 150-160°C, only half of each specimen remained in 
the form of wood after the measurements – the rest was in the form of free fibers.  
 
When the extracted radiata specimens were tested, only one local maximum could 
be found around 125°C. The peak was probably due to lignin softening, which 
would be consistent with the spruce study. This raises the following question: why 
do the extracted radiata specimens start to lose fibers at such a low temperature? 
One suggestion is that the friction forces at this point exceeded the shear resistance 
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of the bulk material causing wear debris (or “pulping”). The temperature-
dependent shear resistance is probably reduced by the extraction procedure.  
 

 
Figure 35.  The coefficient of friction as a function of temperature for extracted specimens 

from radiata pine and Norway spruce. 

The higher friction values of the extracted specimens (cf. Figure 34 and 35) could 
possibly be attributed to less effect of lubrication by extractives and increased in-
terfacial interactions due to a less contaminated wood surface.  
 
Additionally, the extracted wood material was more prone to take up water and 
therefore initially had higher moisture content compared to the native specimens 
(see Table I). The higher level of friction could therefore be supported by results 
reported in the previous section (see Figure 25) which indicate that the coefficient 
of friction between wood and steel increases with moisture content. One reason for 
this increase could be a larger contribution from energy dissipations in the bulk 
material, which was softened by the water. Also an enlarged area of real contact 
caused by softening may have increased the coefficient of friction.  
 
When the results of the extracted specimens from both wood species were com-
pared, local maxima were found at roughly the same temperature (see Figure 35). 
Assuming that these peaks correspond to the softening temperature of lignin, the 
softening temperature of both Norway spruce and radiata pine would be approxi-
mately 125°C. The fact that the local maxima found with sulfonated spruce speci-
mens were shifted to lower temperatures, supports the assumption that the friction 
peaks correspond to the softening of lignin. 
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4.2.3 Birch (Betula verrucosa) 

Frictional properties of native and chemically modified birch wood were also in-
vestigated within the scope of this thesis. Figure 36 shows the coefficient of friction, 
µ, registered for native birch and extracted birch from 100°C to 170°C. The curve 
for the native birch specimens was fairly flat, i.e., the change in friction over the 
temperature range was quite small. Images of native birch surfaces tested at vari-
ous temperatures are shown in Table IV of section 4.2.4.  
 
The extracted specimens displayed higher µ values over the temperature range 
than did native birch. At approximately 150°C the measurements started to cause 
wear on the extracted wood material and fibers were worn off from the surfaces. 
At even higher temperatures the wear debris increased in amount and the friction 
was considerably reduced. This has also been observed in contacts between other 
viscoelastic materials, such as rubber [120].  
 
In the extracted birch specimens most of the extractive substances had been re-
moved, so lubrication from extractives was, if not non-existent, clearly reduced. 
This may partly account for the higher µ values of the extracted specimens. The ex-
traction procedure also affected the wood material in other ways, for example, by 
increasing the saturated moisture content (see Table II, section 3.3) and void vol-
ume of the wood matrix. The higher level of friction could also partly be due to the 
higher moisture content of the specimens, since it was shown in Figure 18 that the 
coefficient of friction between wood and steel increases with moisture content. One 
reason for this increase could be a larger contribution to the friction from energy 
dissipations in the bulk material, because the bulk was softened by the water.  

 
Figure 36.  The coefficient of friction, µ, of native and extracted birch as a function of 

temperature.  
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The frictional behavior of chemically treated birch wood was studied in order to 
see if there would be any connections between the friction results and chemi-
thermomechanical pulping (CTMP) of birch wood. Figure 37 shows the coefficient 
of friction registered for native birch that had been impregnated with Na2SO3 at pH 
9.5 and 13.5 (2% NaOH).  
 
The friction coefficient was fairly constant up to 130°C for specimens that had been 
impregnated without any added alkali, i.e. at pH 9.5. At approximately 130°C, 
wear was initiated and at 150°C fibers started to come loose from the wood matrix. 
The curve showing the coefficient of friction of the specimens that had been im-
pregnated at pH 13.5 (with 2% NaOH) had a slightly different profile. The coeffi-
cient of friction was initially lower than for the specimens impregnated without 
additional alkali. However, between 130°C and 150°C there was a local maximum 
at which the friction caused deformation, followed by material losses (i.e., wear) 
when the temperature exceeded 150°C. The moisture content of the specimens was 
essentially the same, approximately 60% (see Table II, section 3.3).  
 
However, there was a considerable difference in the perceived softness of the ma-
terial when the specimens were removed from the friction tester after the meas-
urements. The specimens impregnated at pH 13.5 had “rubbery features” and were 
easily irreversibly deformed when they were removed with a tool from the equip-
ment. The specimens impregnated without extra alkali showed no such rubbery 
features, but also these specimens felt slightly “softer” than the native specimens. 
 
The broad friction maximum that appeared for the specimens impregnated with 
3% Na2SO3 at pH 13.5 (2% NaOH) approximately coincided with the temperature 
range at which the energy consumption in the manufacturing of birch CTMP start-
ed to decline, according to [121] and [122]. These results thus seem to indicate that 
the frictional forces may be one explanation of the lower energy consumption at 
high pre-heating temperatures, yield also being cited as an explanation. The above 
studies also indicated that the shives content became quite high at a very high 
temperature (170°C) when the energy input was kept low, despite a comparatively 
small plate gap. The experimental results produced here indicate that the coeffi-
cient of friction is very low at a high temperature, i.e. 170°C. One explanation to the 
high shives content at 170°C was likely to be the very low friction forces at this 
temperature. The forces were probably not sufficient for complete defibration to 
occur; enough energy could not be transferred to the fiber material. 
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Figure 37.  The coefficient of friction, µ, of native birch impregnated with 3% Na2SO3 at 

pH 9.5 and 13.5 (2% NaOH) as a function of temperature. 

 
The only difference in treatments between the specimens used for the two curves 
in Figure 37 is the alkalinity of the impregnation liquid. Considering the impact al-
kalinity had on the perceived viscoelastic/plastic properties of the wood, it was in-
teresting to see what would happen to the frictional forces when impregnation was 
done with liquids of various pH values. Measurements were made at 110°C, that 
is, approximately where the difference between the two curves in Figure 37 was 
the largest. The results of the pH study show that the coefficient of friction peaks 
for specimens impregnated with liquid of pH 7–9. Very low friction was registered 
for pH values higher than 10. More details concerning the pH study is presented 
and discussed in Paper III. 
 
4.2.4 Comparison between the species examined  

The frictional coefficients of native wood of Norway spruce (Picea abies), radiata 
pine (Pinus radiata), birch (Betula verrucosa), and Scots pine (Pinus sylvestris) are 
presented in Figure 38 to facilitate comparison between the species. In addition, the 
Scots pine results included in the figure were not presented in previous sections. 
 
Friction in the low temperature region (100–130°C) – native wood 
At temperatures ranging from 100°C to approximately 130°C, the friction coeffi-
cient between birch and steel was quite high. The softwood species had significant-
ly lower coefficients of friction, Scots pine having the lowest measured friction, fol-
lowed by Norway spruce and then radiata pine. This sequence is in accordance 
with the extractives content (%DCM) of the softwood species: low friction was as-
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sociated with high extractives content, and higher friction with lower extractives 
content (cf. Figure 38, and Table III in section 3.3). 
 

 
Figure 38.  The coefficient of friction for native spruce, pine, and birch specimens as a 

function of the surrounding steam temperature. The counter surface was of 
smooth steel. 

As mentioned previously, in this temperature range, surface properties seem to de-
termine the friction level; for example, the friction between Scots pine and the steel 
surface was assumed to be reduced by the presence of a lubricating film or layer. 
To support this assumption, thin sections of the pine surfaces that had been friction 
tested at various temperatures were stained with Sudan orange, which is soluble 
only in fatty acids (a major component of wood extractives). Small drops of fatty 
acids were revealed all over the surface that had been friction tested at 110°C, indi-
cating that a lubricating layer or film was formed at the wood-steel interface dur-
ing friction testing (see Figure 39). The presence of fatty acids is probably an indi-
cation of other component groups of extractives as well. When using this staining 
technique on specimen sections tested at temperatures above 130°C, there were no 
signs of a lubricating film or layer; instead, the fatty acids observed were found 
more in their natural locations in the wood (see Figure 40). 
 
The birch specimens tested at 110°C also had some fatty acids present at their sur-
faces, but they did not seem to have spread over the surface to the same extent as 
on the pine surfaces. Spruce and pine wood contain resin channels oriented both 
vertically (axially) and radially in the wood matrix, and some of these resin chan-
nels will be directed vertically against the steel disc during the friction measure-
ments. Birch wood does not contain these resin channels; instead, the extractives 
are contained and transported in rays comprising parenchyma cells, making the 
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extractives less physically accessible. Thus during the friction measurements, lay-
ers or films of wood extractives at the interface are likely to be formed more easily 
with pine and spruce than with birch specimens. As well, the smoother test surfac-
es of pine and spruce could also have made it easier to establish and sustain an ef-
fective lubricating regime between the specimens and the disc (see surface rough-
ness parameters in Table III and the images and surface roughness profiles shown 
in Figure 6 of Paper III). The rougher test surfaces of birch were probably more dif-
ficult to lubricate with the available amount of extractives. Specimen surfaces test-
ed at various temperatures are depicted in Table IV. 
 

 
Figure 39.  Thin section of a Scots pine test surface, friction tested at 110°C. The section 

was stained with Sudan orange, soluble in the fatty acids found among the 
wood extractives. 

 
Figure 40.  Section of a Scots pine test surface, friction tested at 163°C. 
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Friction in the high temperature region (130–170°C) – native wood 
At temperatures above approximately 130°C, the frictional behavior was not likely 
determined by the presence of lubricating extractives in the wood−steel interface, 
but rather was assumed to be more related to the bulk material properties. Certain-
ly, as long as extractive substances were present in the contact zone between the 
specimen and the disc they probably somewhat affected the friction. However, the 
contact surfaces at higher temperatures were probably not efficiently lubricated by 
the extractives.  
 
During the friction measurements, the specimens of the different wood species 
started to lose fibers (produce wear debris) at different characteristic temperatures 
“wear initiation temperatures”, indicated by a peak in the coefficient of friction. 
The pine species, Pinus sylvestris and Pinus radiata, began to produce wear debris at 
approximately 150°C, while spruce held on to its fibers up to somewhere between 
160°C and 165°C (see Figure 38). Birch, on the other hand, did not produce any 
wear debris in the temperature interval investigated. However, in the previous sec-
tion, wear was registered for birch after impregnating the specimens with sodium 
sulfite and alkali (cf. Figure 37). For spruce, measurements indicate that the wear-
off temperature can be shifted lower by using sodium sulfite of various concentra-
tions (cf. Figure 33).  
 
Extracted wood 
When most of the wood extractives had been removed from the specimens, distinct 
peaks in friction were found (see Figure 41). These peaks occur at similar tempera-
tures as the internal friction of the different wood species are known to have their 
maxima. One explanation to these friction peaks is therefore that reduced lubrica-
tion enabled energy dissipation into the bulk material causing particularly high 
friction at the softening temperature, were the internal damping of the material 
was at its maximum. 
 
Generally, higher friction values were registered for extracted specimens of spruce, 
pine and birch compared to those of native specimens; this could possibly be at-
tributed to less effect of lubrication by extractives, increased interfacial interactions 
due to a less contaminated wood surface, and/or an increased contribution from 
energy dissipations and deformations in the softened surface and bulk material.  
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Figure 41.  The coefficient of friction for extracted spruce, pine, and birch specimens as a 

function of the surrounding steam temperature. The counter surface was of 
smooth steel. 

 

 

TABLE IV.  STEREOMICROSCOPE IMAGES OF TEST SURFACES AFTER FRICTION MEASUREMENTS AT 

VARIOUS TEMPERATURES (EQUAL MAGNIFICATION) 

 Pine 
 (Pinus radiata) 

 Spruce 
 (Picea abies) 

 Birch 
 (Betula verrucosa) 

 
Prior to test 

  

 
119°C 
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 Pine 
 (Pinus radiata) 

 Spruce 
 (Picea abies) 

 Birch 
 (Betula verrucosa) 

 
132°C 

  

 
143°C 

  

 
152°C 

  

 
158°C 

  

 
170°C 
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5 HIGH STRAIN RATE COMPRESSION – RESULTS AND 
DISCUSSION 

This section presents the results of experiments using the ESHD for testing in a steam at-
mosphere (section 5.2). More details of the interpretation of these results are given in Paper 
V and VI. First, however, results of measurements earlier made by Widehammar [102] are 
included to make the discussion more complete (section 5.1).  
 
 
5.1 Room temperature and ambient conditions 
The influence of several experimental conditions on the compressive behavior of 
Swedish spruce wood where described by Widehammar in 2004 [102]. The exper-
imental conditions investigated in that study were strain rate (low, medium, and 
high), moisture content (oven dry, fiber saturated, and fully saturated), and load-
ing direction (radial, tangential, and axial). Figure 42 shows representative curves 
from that study, in which the effects of the experimental conditions can be com-
pared: the influence of different strain rates is obvious for all studied conditions.  
 
The tests carried out with fiber wall saturated specimens are of most interest in a 
mechanical pulping perspective. With these specimens, the levels of the plateau-
stresses increased with approximately a factor 2 between the lowest (8×10-3 s-1) and 
highest (103 s-1) strain rate of the tests. It is also interesting to note the large differ-
ences in the registered plateau-stresses between the loading directions tested (axial, 
tangential, and radial). The results achieved at high strain rates are of relevance for 
refining. Therefore, the strain-rate dependence shown in these results inspired to 
the work performed within the scope of this thesis. A description of the experi-
mental setup (i.e., the preliminary version of the ESHD), more wood compression 
results, and thorough investigations concerning wave propagation and dispersion 
in the bars are given in the doctoral thesis of Widehammar [105]. 
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Figure 42.  Representative stress-strain curves in compression: low strain rate, L≈8×10-3 
s-1; medium strain rate, M≈17 s-1; H, high strain rate, H≈103 s-1 [102]. 
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5.2 High temperatures – saturated steam environment 
The encapsulated split Hopkinson device (ESHD) was used to obtain relevant 
stiffness data regarding the refining process. This was done by firing the striker 
towards the transfer bar and the transmitter bar, which rapidly compressed the 
specimens (see Figures 18 and 19 in section 3.2).  
 
5.2.1 Results of the initial tests 
In the initial tests, spruce, pine and birch were subjected to impulsive loading in 
axial compression. The preparation of the specimens is described in section 3.3.2, 
and information regarding the raw-materials is presented in Table III. 
 
Figure 43 presents the negative stress as a function of the achieved negative strain 
(compression) for 6-mm-long spruce specimens tested under three different tem-
perature regimes (20°C under ambient conditions, 110°C and 143°C in saturated 
steam). Representative curves chosen from three measurements on separate speci-
mens, at each temperature, are presented in the figure. The striker was fired from 
the air gun at a pressure of 0.1 MPa, i.e., the pulses could be expected to contain an 
equal amount of energy in each trial. The plateau stress registered for this pulse 
load was, as expected, highest at room temperature. At 110°C in saturated steam 
the plateau stress is approximately half of the stress registered at room tempera-
ture under ambient conditions; then again, at approximately 143°C in saturated 
steam the plateau stress is reduced considerably.  
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Figure 43.  Representative stress-strain curves in compression for spruce specimens 

compressed axially (in the fiber direction) at three different temperatures;  
6-mm-long specimens with cross-sections of 12 × 12 mm were used in the 
tests.  



61 

The strain rates achieved, at the three different temperature regimes chosen for the 
tests, were approximately 550/s for the 20°C tests and 580-620/s for the tests per-
formed at higher temperatures in steam. The strain rates as well as the strains 
could, if desired, have been increased by using a higher pressure in the air gun. 
More details in Paper VI. 
 
Figure 44 presents representative stress−strain curves registered for birch, Scots 
pine, and Norway spruce specimens in a 110°C steam environment. Because the 
specimens used in these tests were 12 mm long, the recorded strains are lower than 
those presented in Figure 43, and the strain rates achieved were approximately 
300/s. The figure reveals differences in the plateau-stresses for the three wood spe-
cies, birch wood displaying the highest resistance to compression, followed by pine 
and then spruce. 
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Figure 44.  Negative stress versus negative strain at 110°C for birch, pine and spruce 

wood compressed axially (in the fiber direction); 12-mm-long specimens with 
12×12 mm cross-sections were used in the tests.  

 
5.2.2 Results of the second round of trials 
In a second round of trials, wood specimens were also subjected to impulsive load-
ing in axial compression, but now at five different temperatures, i.e., at approxi-
mately 20°C (under ambient conditions) and at approximately 110°C, 130°C, 150°C, 
and 170°C (in pressurized saturated steam). At each temperature, four experiments 
were performed and data were collected. Radial compression was studied at two 
temperatures, 20°C (under ambient conditions) and 130°C (in pressurized saturat-
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ed steam). The radial compression tests were recorded with a high-speed camera, 
as described in Paper V. All specimens used had dimensions 6 × 12 × 12-mm and 
were prepared according to the description in section 3.3.2; only spruce wood was 
tested this time (see raw-material data for spruce in Table III). 
 
Axial compression tests 
Here also an air pressure of 0.1 MPa in the air gun was used. The strain rates of the 
tests varied between the measurements, due to the different stiffness of the wood 
specimens at different temperatures in the steam environment. However, the strain 
rates obtained in the four separate measurements at the same tempera-
ture/pressure remained fairly stable and are shown in Table V. 
 
TABLE V. MEAN STRAIN RATES IN THE AXIAL COMPRESSION TESTS. 

Temperature [°C] Mean strain rate [s-1] 

20 (±2) 321 (±9) 
110 (±3) 493  (±14) 
130 (±3) 597 (±21) 
150 (±2) 662  (±18) 
170 (±2) 781 (±27) 

 
Figure 45 presents the stress–strain curves obtained from the impulsive loading 
tests in axial compression from two separate measurements made at four of the in-
vestigated temperatures. There is some scatter in the results; however, the curves 
all follow the same trend (the curves for 130°C have been omitted solely for the sa-
ke of clarity). The results show that the higher the temperature used in the steam 
environment, the lower the plateau-stress, Yσ , registered. Also, the maximum 
strain varied with temperature. This is an effect of the different strain rates 
achieved in the tests and of the duration of the incident pulses. The incident pulses 
had a duration of approximately 0.2 ms, corresponding to the length of the striker 
(i.e., 500 mm). The strain achievable in each test was therefore determined by the 
strain rate; for example, at 170°C the strain is approximately equal to the product 
of pulse duration and strain rate, i.e., 16.0781102.0 3 ≈×× − , which is in good 
agreement with the actual measurements. In addition to the high strain rate and 
the hot steam environment, the short duration of the loading pulses used here 
makes comparisons with refining even more appropriate. The high impact fre-
quencies in a large single-disc TMP-refiner, as mentioned in the introduction, give 
pulse durations that range between 0.04 and 0.5 ms, depending on the bar-pattern 
in the various radial zones; note that the short pulse durations used here also dis-
tinguish this study from most previous studies on the compression of wood, since 
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the maximum compression of the material is never reached here. Thus, the nega-
tive strain magnitudes increase with temperature due to the higher strain rates 
achieved in the high temperature tests. This can be put in relation to the strains 
achieved during refining. Given a certain duration of the impulsive loads in a re-
finer, the strain rates should determine the strain magnitudes. Therefore, larger 
strains would be achieved when refining at high temperatures. These large nega-
tive strains will probably cause a higher degree of structural changes in the wood 
matrix, i.e., affect the fiber shapes more than the smaller strains achieved at low 
temperatures will. However, when refining at low temperatures, the higher wood 
stiffness and stress level will most probably result in a higher degree of decomposi-
tion of the fiber structure (i.e., production of damaged and broken fibers as well as 
fines). 

 
Figure 45.  Two representative stress–strain curves in compression from the measure-

ments at each temperature. 

 
In refining, the shear strain rate can largely be controlled by the plate gap. By as-
suming that the strain-rate responses of wood in compression and shear are simi-
lar, a certain plate gap can approximately be described as a certain negative strain. 
When refining at a plate gap corresponding to 01.0=−ε , which is indicated by the 
dashed line in Figure 45, an intense mechanical treatment should be achieved 
when using a low operating temperature according to the high stress levels of the 
compression tests carried out at low temperatures. Conversely, a low-intensity me-
chanical treatment of the fibers should be obtained with a high operating tempera-
ture in the refiner. According to the results in Figure 45, more intense refining 
could also be obtained at high temperatures by increasing the negative strains, i.e., 
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by reducing the plate gap. Similarly, to obtain more moderate refining at low tem-
peratures, the negative strains could be decreased by increasing the plate gap. The-
se indications concerning refining intensity and plate clearance are in line with 
what actually happens during refiner operations.  
 
As mentioned, the temperature dependence of wood compression has been inves-
tigated previously, but not at such high strain rates as were used here. If the plat-
eau-stresses, Yσ , are proportional to kTe− , this would indicate that thermal soften-
ing largely determines the stress levels. Figure 46 shows the natural logarithm of 
the normalized plateau-stresses ( )0ln σσY , 10 =σ MPa, versus the steam tempera-
ture in Kelvin (i.e., an Arrhenius type of plot). It is interesting to note that 

( )0ln σσY  roughly follows a linear fit, so the softening of the wood material can 
therefore be assumed to be mostly a thermal effect. However, it should be borne in 
mind that the strain rates varied in the measurements, and that higher strain rates 
were noted at higher temperatures, as shown in Table V. However, wood is a vis-
coelastic material that normally gets stiffer at higher strain rates. If there is such a 
strain rate dependence, tests performed at similar strain rates should reveal even 
larger softening effects than can be observed in Figure 45.  
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Figure 46.  ( )0ln σσY  versus temperature, 10 =σ MPa. 

 
Wood specimens compressed in the radial direction were extremely soft due to the 
hot steam environment; this was expected, and caused low accuracy with the split 
Hopkinson evaluation method. Therefore, the radial compression tests were in-
stead conducted using a high-speed digital camera. 
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Radial compression tests 
The high strain-rate compressive behavior of wood was studied using a high-speed 
digital camera. Photographic recordings were made at two different frame rates, 
8 000 and 30 000 frames per second. The problem using the higher frame rate was 
that the resolution was reduced from 1024×256 to 256×128 pixels.  
 
Figure 47 shows photo frames registered at room temperature (under ambient 
conditions) (a) prior to, (b) during, and (c) right after the reflection and transmis-
sion of the incident pulse (the time between frames is 0.125 ms). The compression 
was exerted in the radial direction of the wood specimen and at a strain rate of ap-
proximately 800 s-1. Figure 47 includes vertical gray lines to emphasize the annual 
rings in the wood – the latewood. The diagonal line was drawn, using a graphite 
pencil, on the specimen surface before the test to visualize local strains.  
 
Tabarsa and Chui [89, 90], Holmberg [87], Persson [92] and Salmén et al. [93], 
among others, have reported that when testing wood in the radial direction, the 
deformation in the samples is very local, largely varying within the annual rings; 
this agrees with the images in Figure 47. For example, it can be seen that the strains 
are locally larger to the right in the second annual ring (in the earlywood), causing 
the straight pencil line to deform into a Z-like form. When studying the photo 
frames it is important to know that during the compression in the x-direction (hor-
izontally in the images), the specimens expanded in the y-direction (vertically). 
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Figure 47.  High strain rate compression in the radial direction of a wood specimen (Nor-

way spruce) at room temperature (20°C). Section of a wood specimen (a) pri-
or to loading, (b) after 0.125 ms, and (c) after 0.25 ms, i.e., after the incident 
pulse. The radial direction is indicated by R and the tangential direction by T. 
The diagonal line in the images was drawn using a graphite pencil to visualize 
local strains. The vertical lines are included to indicate where the annual rings 
are situated – the latewood.  

 In Figure 48, compression was exerted in the radial direction of a wood specimen 
and at a strain rate of approximately 1200 s-1. Figure 48 a shows the wood specimen 
before it was subjected to steam. Figures 48 b–d show photo frames registered at 
approximately 135°C in saturated steam (b) prior to, (c) during and (d) after the re-
flection and transmission of the incident pulse. Since the wood material at this 
temperature was soft enough to deform only from the 25 N prestress, the pencil 
line in the second frame (Figure 48 b) was not straight. When comparing the imag-
es in Figures 47 and 48, one can discern that the local strain variations were not as 
pronounced in the steam environment; even so, the negative strains in the late-
wood fibers of the annual rings were smaller than in the earlywood fibers.  
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Figure 48.  High strain rate compression in the radial direction of a wood specimen (Nor-

way spruce) in saturated steam (135°C). Section of a wood specimen (a) be-
fore it was subjected to steam, (b) prior to impulsive loading, (c) after approx-
imately 0.125 ms and (d) after approximately 0.25 ms, i.e., after the incident 
pulse. The radial direction is indicated by R and the tangential direction by T. 
The diagonal line in the images was drawn using a graphite pencil to visualize 
local strains. The vertical lines are included to mark where the annual rings 
are situated – the latewood.  
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The stress-strain curves and the images in the figures presented so far were based 
on the load from the first incident pulse. The reflected pulse, traveling backwards 
in the transmitter bar, was reflected at the end of the bar and then hit the specimen 
again. Similarly, the transmitted pulse, traveling forward in the receiver bar, was 
reflected at the end of the bar and hit the specimen again. These reflections were 
repeated a number of times and as a consequence the maximum strain, to which a 
specimen had been subjected during testing, was actually a sum of many strains 
caused by the numerous pulses.  
 
However, all compression pulses, the first initial pulse and also the following puls-
es that arose due to reflections, appeared clearly in the high-speed recordings, i.e., 
the specimen was not hit only one but many times during a few ms. The strain 
measured in the separate photo frames versus time is shown in Figures 49 and 50 
to illustrate these pulses. Figure 49 show the strain development at room tempera-
ture and Figure 50 at 135°C in a steam environment.  
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image in Figure 16a

The images in Figure 14 
are recorded during this 
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image in Figure 16a

The images in Figure 14 
are recorded during this 
first pulse only

The images in Figure 47 
are recorded during this 
first pulse only

Maximum strain observedThe negative strain 
here is based on the 
image in Figure 16a

The images in Figure 14 
are recorded during this 
first pulse only

The negative strain 
here is based on the 
image in Figure 16a

The images in Figure 14 
are recorded during this 
first pulse only

The images in Figure 47 
are recorded during this 
first pulse only

Maximum strain observed

 
Figure 49.  High strain rate radial compression at 20°C. Negative strain measured in each 

registered photo frame during 6.5 ms versus time (0.125 ms between the 
frames). 

 
In Figures 49 and 50, the largest negative strains that were captured in a photo 
frame are indicated by arrows. At room temperature this strain was approximately 
0.5 and occurred during the fourth pulse. The largest negative strain registered 
during the test performed at 135°C was approximately 0.8 and occurred during the 
fifth pulse. In Figures 49 and 50 can also be seen that the wood relaxation was very 
small, especially after the first pulse. At higher strain levels (achieved by numerous 
impulsive loads) the relaxation increased somewhat, which could possibly be at-
tributed to an enhanced “spring effect” of an increased number of compressed 
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thick-walled fibers. It is known from the literature that loaded wood material, test-
ed at similar temperatures in a steam atmosphere, nearly revert to its original 
shape if the relaxation may continue long enough [93]. However, in refining the 
wood material does not have much time to relax. So, the results presented in this 
study are relevant for comparison with the impulsive loading that arises in a refin-
er both when considering the durations of the pulses and when taking into account 
the fact that the wood material is not given much time to relax. 
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Figure 50.  High strain rate radial compression at 135°C. Negative strain measured in 

each registered photo frame during 6.5 ms versus time (0.125 ms between 
the frames). 

 
To further visualize how the steam environment affected the wood material, two 
images recorded during the mentioned reflection pulses are shown in Figure 13. 
Figure 51 a shows an image recorded during the forth pulse in the room tempera-
ture test. Figure 51 b shows an image from the fifth pulse during the 135°C steam 
test. Note that slightly larger strains could have appeared in between the frames 
registered by the digital camera. Here again it should be pointed out that the max-
imum compression of the material was not reached. The limiting factor was the ini-
tial energy of the loading pulse and the system damping which caused the reflec-
tions to die out. In Figure 51 b it can be observed that the transition wood was most 
likely compressed. However, it should also here be mentioned that the specimens 
expanded in the y-direction (vertically in the images) as they were compressed in 
the x-direction (horizontally). 
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Figure 51.  Radial compression at high strain rate of two comparable wood specimens of 

Norway spruce. Section of one wood specimen exposed at the maximum ob-
served strain (a) at room temperature (ambient conditions) and (b) in a satu-
rated steam environment (135°C). Prior to the impulsive loadings the speci-
mens had approximately the same widths, which are shown in Figures 47 a 
and 48 a. 
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6 FRICTION AND COMPRESSION IN RELATION TO REFINING 

Based on new findings from the friction and compression studies, the effect of refining tem-
perature is discussed in this section. Predicting or explaining refining trends based on 
wood parameters examined in laboratory scale is difficult. However, in the previous sec-
tions 4.2.1 and 4.2.2 efforts were made to relate friction results to defibration efficiency. 
Here are two more specific examples, where both friction and compression results are relat-
ed to the experiences of refining trials; also here, the influence of temperature was of prima-
ry interest. Most of the discussions in this section are also presented in paper VI. 
 
6.1 High temperature reject refining 
Figures 52 and 53 are taken from the work of Norgren et al. [36] and depict the ef-
fects of TMP-reject refining at a much higher temperature than that normally used. 
The full-scale reject refining trial was performed at the Ortviken paper mill in 
Sundsvall, Sweden. The high temperature reject (HT in the figures) was preheated 
at above 170°C while the reference reject (“Reference” in Figures 52 and 53) was 
preheated at a more normal refining temperature of approximately 130°C. High-
temperature preheating has been demonstrated to decrease the energy needed to 
refine to a certain degree of freeness (CSF) (see Figure 52). The trial was carried out 
similarly to the second-stage refining used in Thermopulp [29]. 
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Figure 52.  Energy consumption as a function of freeness from a full-scale reject refining 

trial presented in Norgren et al. [36]. 

Friction properties can probably partly explain the reduced amount of energy 
needed. At 170°C the wood material is very soft and the friction coefficient for na-
tive spruce wood is low (cf. Figure 38). A low friction coefficient should be benefi-
cial in terms of keeping the energy consumption low, provided the energy re-
quired for mechanical defibration can still be transferred from the refiner plates to 
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the fiber material. In this case, enough energy was most likely transferred to the fi-
bers, since the shives content remained low (see Figure 53) and was even signifi-
cantly reduced by HT treatment.  
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Figure 53.  The Sommerville shives content versus freeness from the same reject refining 

trial [36]. 

While measuring the friction on spruce at 165°C and above, fibers were continu-
ously worn off the wood test surfaces by the action of the friction forces (see Fig-
ure 38). This implies that at these temperatures, the wood matrix was unable to 
hold onto the individual fibers to any great extent, since they were easily removed 
by quite small friction forces (low friction above 170°C.) This phenomenon could 
explain the reduced amounts of shives found in the HT trials, and is also in line 
with the results presented in 1981 by Koran; he concluded that 170°C was the op-
timum temperature, in terms of energy consumption, for separating spruce fibers 
[123]. 
 
In the reject-refining trial, the temperature was high and the plate gap was narrow. 
A narrow plate gap would, according to the results and suggestions in section 
5.2.2, give an intense refining also at high temperatures. In addition, large com-
pressive strains would be achieved due to the high temperature and high strain 
rates used. Large compressive strains should cause a higher degree of structural 
changes in the wood matrix, i.e., affect the fiber shapes more than the smaller 
strains that can be achieved at lower temperatures would. These suggestions seem 
to be in accordance with results obtained in the reject-refining trial. For example, a 
higher degree of irreversible fiber collapse was achieved by high-temperature re-
fining compared to reference refining [36]. Especially the transition wood, that has 
been reported to be a main cause of problems with moisture-induced surface 
roughening [124], showed a significantly higher degree of irreversible fiber col-
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lapse as a result of the high-temperature refining [125]. This supports the sugges-
tions and discussion in section 5.2.1 and in Paper V. 
 
6.2 Radiata pine TMP vs. Norway spruce TMP 
In 1992 Richardson et al. [126] reported that radiata pine TMP contain substantially 
less shives and more long fibers than do spruce pulps produced under the same 
pulping conditions (see Figure 54). The authors also suggested that the processing 
of radiata pine pulps would benefit from the use of a lower presteaming tempera-
ture than normally used for spruce.  

 
Figure 54.  Differences in shives content between single disc TMP pulps from radiata pine 

(top and slab) and Norway spruce as reported by Richardson et al. in 1992 
[126]. 

As in the above discussion of the HT reject, the low shives content of radiata pine 
TMP could probably be partly explained by the results of the friction investigation. 
As mention earlier, the characteristic wear-off temperature for the pine species is 
significantly lower than that for the spruce. It should thus be possible to produce 
pine pulps at lower temperatures that are reasonably free of shives, especially con-
sidering the higher friction coefficients of pine (cf. Figure 38, section 4.2.4) in the 
130°C−160°C interval of interest. Furthermore, during the friction measurements, 
considerable loose fiber material was noted at and above the characteristic wear-off 
temperature for radiata pine. When comparing the mass loss between the species, 
radiata wood was most prone to losing fibers, followed by Scots pine and Norway 
spruce. No mass loss was noted for the birch specimens in the temperature interval 
investigated and under the normal load used. 

When producing radiata pine TMP, generally 10-20% more energy is needed to 
reach a certain freeness compared to Norway spruce TMP [127]. Possibly, this 
could partly be explained by the generally higher friction registered in the high-
temperature range for the pine specimens (cf. Figure 38). 
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7 CONCLUSIONS 

In this thesis, compressive and frictional behaviors of wood were investigated un-
der simulated chip-refining conditions (i.e., hot saturated steam, high strain rate 
compression, and high sliding speed).  
 
Two new, custom-designed, experimental setups were developed and used, name-
ly, the tribology tester (TT2000) and the encapsulated split Hopkinson device 
(ESHD). Both pieces of equipment provide testing conditions that are comparable 
to those prevalent in a refiner during the production of mechanical pulp.  
 
Friction study 
The wood species chosen for the friction tests were spruce (Picea abies), pine (Pinus 
sylvestris, Pinus radiata), and birch (Betula verrucosa). The frictional forces registered 
between wood and steel were strongly affected by the temperature of the sur-
rounding steam environment (100−170°C).  
 
When performing measurements in the lower-temperature region (100−130°C), the 
friction coefficients registered for the softwoods were generally low and surface 
properties such as lubrication were suggested to have a great influence on the re-
sults. When most of the wood extractives had been removed from the specimens, 
testing results revealed distinct peaks in friction at similar temperatures, as the in-
ternal friction of the different wood species are known to have their maxima at 
∼110–130°C. It is therefore suggested that these friction maxima are related to en-
ergy dissipative processes occurring at or around the softening temperature, due to 
the internal friction (or damping) in the bulk material.  
 
In the higher-temperature region (∼130−170°C), the friction levels were probably 
determined by bulk properties to a much greater extent. Generally, the registered 
coefficients of friction increased with temperature to a point were fibers started to 
wear off from the test surfaces. At temperatures above this initiated wear peak, the 
friction decreased with temperature. It is suggested that these wear initiation 
temperatures, which are indicated by friction peaks, can be related to defibration 
efficiency in refining. For example, the generally lower shives content of pine TMP 
than of spruce TMP could partly be explained by a lower wear initiation 
temperature of the pine species. The production of wear debris started at 
approximately 150°C for both native radiata pine and Scots pine while at 165°C for 
native Norway spruce. 
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Generally higher friction values were registered for extracted specimens of spruce, 
pine and birch than for native specimens. This could possibly be attributed to a re-
duced lubrication effect stemming from the removal of extractives, increased inter-
facial interactions due to less contaminated wood surfaces, and/or an increased 
contribution from energy dissipations and deformations in the softened surface 
and bulk material.  
 
Chemical modification of birch wood had a great impact on the frictional forces in 
the studied temperature range (100°C−170°C). Wood sulfonation generally low-
ered the birch–steel friction level. Sulfonating the birch specimens at high pH re-
sulted in low friction both at low and high temperatures. At temperatures between 
130°C and 150°C the friction coefficients were in level with those registered for na-
tive wood. 
 
High strain rate compression study 
Wood stiffness is known to decrease with temperature, when measured at low 
strain rates. The results presented in this thesis can confirm a similar behavior for 
high strain rate compression of spruce (Picea abies).  
 
The compressive strain registered during impulsive loading (using the ESHD) in-
creased with temperature, because strain rate also increased with temperature. The 
strain rates should have similar effect on the strain magnitudes also in a refiner, 
since the impulsive loads in a refiner are of comparable type. Larger strains would 
thus be achieved when refining at high temperatures.  
 
The results achieved in the compression tests were also considered in relation to re-
fining parameters such as plate clearance and refining intensity. For example, at a 
certain compressive strain, which in refining can be related to a certain plate gap, 
low temperatures imply higher stress levels than high temperatures do. However, 
large compressive strains (i.e., a narrow plate gap) would provide higher stress 
levels also at high temperatures. 
 
Trials recorded using high-speed photography demonstrated that the wood relaxa-
tion was very small, in the investigated time frame (∼6 ms). As well, in TMP refin-
ing, the wood material has little time to relax, i.e., ∼0.04-0.5 ms in a large single disc 
refiner. The results presented here are therefore more suitable for comparison with 
the impulsive loads arising in a refiner than are the results of any earlier study. The 
extremely large compressive strains that could be recorded, when specimens were 
compressed in a high temperature steam environment, imply that not only ear-
lywood was compressed but also transition wood.  
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It can be concluded that the ESHD testing technique combined with high-speed 
photography is well suited for studying the dynamic behavior of wood under con-
ditions like those prevalent in a TMP system.   
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