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Abstract Refining (i.e., mechanical beating of pulp)
is a common procedure that is used in paper-making to
improve the mechanical properties of the final product.
The improvements caused by refining are mainly
attributed to increased density and to a better bonding
between fibers. In this work, we study how various
mechanisms that can be triggered by refining affect the
tensile behavior of the sheets. Consequently, we use
direct numerical simulations of fiber networks. We
relate our finding to the experimental measurements
that we conducted on handsheets. We have found that
fibrillar fines with size distributions below the resolu-
tion of modern state-of-the art pulp characterization
tools have a substantial contribution to the increased
strength and stiffness of the sheets.
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Introduction

Refining, or beating, is a mechanical treatment of pulp
fibers to improve the properties of the final product.
The effect of refining is attributed to the change of the
mechanical and geometrical properties of the fibers
and the fiber bonds. Through the effects introduced to
the fibers, refining influences the density, porosity,
formation and a number of other essential paper
properties. The density of the sheet can affect the
extent of modification in the elastic modulus and
strength caused by refining. In a sparse sheet, the
relative effect of refining is much bigger than in a
high-density sheet, as the impact of bond parameters
can be more significant (Brandberg and Kulachenko
2017). The main direct effects of refining on fibers, as
presented in the literature, are as follows:

Internal fibrillation

Internal fibrillation is the delamination of the P and S1
layers of the fiber wall. Internal fibrillation is believed
to be among the main reasons for the improvement of
the strength properties of a paper network (Abitz and
Luner 1989; Giertz 1957; Hartman 1985; Ingmanson
and Thode 1959). As a result of internal fibrillation,
the fibers will have a greater swelling potential
because water can penetrate into the fibers’ wall
following the new voids that have been introduced by
the mechanical action of refining. This increase in the
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swelling makes the fibers more compliant in the
transverse direction, which results in better fiber
conformability during sheet forming and is one reason
behind sheet densification upon beating (Genco 1999).
In addition, refining causes an increase in flexibility or,
equivalently, a reduction of the bending stiffness. This
is linked either to local damage in the fiber wall, such
as delamination (Rusu et al. 2011), or to the reduction
of the transverse shear and longitudinal stiffness of the
fibers (Lammi and Heikkurinen 1997). Considering
that hemicellulose, which acts as a glue to bond fibers
together, is more available on the fiber surfaces due to
the refining process (Gallay 1957; Giertz 1957), the
increased conformability and flexibility lead to greater
opportunities for bonding, larger bonded areas and
stronger bonds between the fibers.

External fibrillation

External fibrillation is a phenomenon in which fibrils
are pilled off from the fiber’s surface (while they are
still attached to the fiber). A number of researchers
have concluded that external fibrillation enhances the
bonding between fibers through mechanisms such as
mechanical interlocking and, as a result, leads to paper
with a higher tensile strength (Abitz and Luner 1989;
Afra et al. 2013; Biermann 1996; Clark 1969; Jayme
and Hunger 1957; Nanko and Ohsawa 1989; Page and
Sargent 1957; Strachan 1932). However, there is
evidence that external fibrillation has a negative effect
on the tensile strength of paper, which is linked to a
reduction of the fiber strength (Gallay 1957; Tasman
1969) and a weakening of the inter-fiber bonds
(Cottrall 1950; Gallay 1949).

Formation of fines

The refining process causes the formation of small,
detached fiber pieces, which are generally known as
fines. Fines are formally defined as particles that pass
through a 74—76 pum-diameter round hole or, nomi-
nally, a 200-mesh screen (ISO 10376:2011, n.d.; Seth
2003; TAPPI T 261 cm-94, n.d.). Fines include
detached segments of fibers, fibrils, lamellae frag-
ments, ray cells, and do on. Fines are categorized into
two groups based on their shape. In the first group are
flake-like or chunky particles which are known as flour
stuff (Brecht and Klemm 1953), flakes (Luukko 1998),
and chunks (Forgacs 1963). These fines are described
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as being lignin-rich, with a small length to width ratio
and a low potential to bond (Alince et al. 2001). They
are known to have an adverse effect on the mechanical
properties of the paper because they hinder the
formation of fiber bonds. The second group of fines
includes finer, flexible, and swellable cellulose-rich
particles which are known as slime stuff (Brecht and
Klemm 1953), fibrils (Luukko 1998), or ribbons
(Forgacs 1963). This group of fines have a large
length to width ratio and good bonding properties
(Alince et al. 2001). They are known to contribute to
the increased strength of paper.

In the case of the bleached chemical pulps, yet
another classification of fines exists. The fines that are
already present in the pulp before refining are called
primary fines and those created during refining are
called secondary fines. Secondary fines are mainly
composed of fibrils (Retulainen et al. 1993) and they
improve the strength of paper. External fibrillation and
the formation of secondary fines during refining are
naturally related (Kang 2007; Retulainen et al. 1993).
However, the formation of fines is considered to have a
greater impact on the strength of paper compared to
external fibrillation (Hartman 1985; Kibblewhite
1975; Paavilainen 1990; Retulainen et al. 1993). This
can be explained by the mobility of the fines and by the
possibility to have a higher concentration at fiber
crossings. This can increase the effective contact area
of the bonded fibers and it can help to establish contact
between close fibers, which would not be bonded in
the absence of fines (Hartman 1985).

Two mechanisms have been suggested for the
effect of fines on the strength of paper, namely:
improving bonding between fibers and forming the
load-carrying bridges between the fibers. The reasons
behind the improved bonding have been discussed in
various contexts. For example, fines have small sizes,
and good swelling and chemical compatibility, and
thus can fill the gap or openings between fibers at the
bond locations (Retulainen et al. 1993). In contrast,
evidence of the formation of bridges between fiber
surfaces around the points of fiber crossings have been
observed trough SEM and other imaging techniques
(Alince et al. 2001; Buchanan and Lindsay 1957;
Jayme and Hunger 1957; Page and Sargent 1957).
Fines are speculated to reduce the stress concentra-
tions in the bonded regions, which leads to more
uniform stress distributions (Lobben 1978).
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It has also been demonstrated that the incremental
addition of fibrillar fines to the same unrefined pulp
leads to incrementally increased strength (Luukko and
Paulapuro 1999; Retulainen et al. 1993). Similar
results have been achieved through adding microfib-
rillated or nanofibrillated cellulose (Boufi et al. 2016).

Shortening of fibers through cutting

Another effect of refining is the shortening of fibers
through cutting. This effect is generally considered to
be negative for the tensile strength of paper (Nord-
strom 2016). However, because the shortening of the
fibers leads to a better formation (Bither and Water-
house 1992), it has sometimes been found to have a
positive effect on the strength of paper (Abitz and
Luner 1989), in particular in paper with longer fibers
(Biermann 1996).

Straightening or curling of fibers

Refining can cause both an increase (Nordstrom 2016)
and a decrease in the fiber curl (Page 1989; Robertsén
and Joutsimo 2004), depending on the pulp type and
the refining equipment. Curl is known to have a direct
coupling to tensile properties, particularly to stiffness.
In addition, refining can cause straightening of fibers
and removal of kinks (initial localized defects), which
improves the stress distribution and results in higher
strength (Dasgupta 1994). Some studies have also
suggested that refining can improve fiber strength and
stiffness by modifying the fibrillar angle, in addition to
the removal of cell-wall defects (Alexander et al.
1968; Bither and Waterhouse 1992; Kim et al. 1975).

Combined effects on the sheet level

Refining pulp generally leads to a denser paper, which
has higher stiffness and tensile strength. Although the
main effects are usually attributed to improved
bonding and densification, the contribution and exact
mechanisms of each of the many factors listed earlier
is still debated due to the overwhelming complexity of
the phenomenon. For example, the role of fines and the
exact mechanism through which they influence the
properties is unclear. It is impossible to generalize the
experimental findings since they are subjected to
additional factors related to the choice of pulp
(Gharehkhani et al. 2015; Rusu et al. 2011), refining

method (Kerekes 2005; Stoere et al. 2001), degree of
refinement (Joutsimo and Robertsé 2004), reference
density of the product (Giertz 1957) and, finally, the
mutual relations between these factors.

Traditionally, the bond strength has been studied
using predominantly chemical pulp, while it is
important to recognize the differences between the
factors affecting the bonding propensity for the
mechanical and chemical pulps. These factors include
(Retulainen and Nieminen 1996; Vainio and Paula-
puro 2007):

e the higher swelling/deswelling rate of chemical
pulp fibers due to differences in acidic groups.

e the greater negative surface charge on the TMP
fibers, which explains a limiting response to the
addition of cationic strength additives.

e a greater degree of fibrillation of the TMP fibers,
which makes the interlocking mechanism more
influential and yet limits the effect of added fines,
since the effect from the fibrillar content is already
saturated.

In the present paper, we combine experimental and
numerical methods to help us to understand the effect
of PFI refining on chemi-thermomechanical pulp
(CTMP). In particular, we focus on the effect of fines
generated during refining and characterized using the
state-of-the-art methods to assess the effect of refining
on fine generation. The PFI mill is the most commonly
used refining mill in lab-scale experiments (Kerekes
2005). This device consists of a stainless steel roll with
bars and a smooth beater housing, which rotates at
different speeds. The refining level is usually reported
in revolutions or alternatively in PFI count which is
equal to 10 revolutions. CTMP is made of wood chips
that are pretreated with chemicals before undergoing a
thermo-mechanical process. The chemical treatment
of CTMP is less vigorous than in a chemical pulping
process as the goal is to prepare the fibers for
mechanical treatment and not to remove the lignin.
From the morphological point of view, CTMP pulp
consist of bulky, often uncollapsed fibers of medium
or large length-to-width ratio. This pulp is widely used
in the medium ply of the commercial paper boards.
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Experiments and measurements

The material used for this study was chemi-thermo-
mechanical pulp (CTMP), which was made from
spruce and is often found in the middle layer of
commercial paper boards. The CTMP pulping process
is a hybrid between chemical and mechanical pulping
in that the wood is treated with chemicals before
mechanical treatment. However, in contrast to chem-
ical pulping, the lignin that gives the fibers their plastic
behavior is preserved in CTMP. The main chemical
added to the pulp is sodium sulfate, which is added to
the wooden chips before the refining process.

In this study, we have tested six different materials
with various combinations of refining and strength
additives; that is, three different refining levels, each
with and without strength additives. The material was
provided by StoraEnso, Karlstad, Sweden. The
strength additive that we used in the material for this
article was Avebe Amlofax HS, which is a potato
based cationic starch with DS 0.045-0.049 mol/mol
degree of substitution. This strength additive was
added to half of the samples at 25 kg/t. The pulp was
mechanically beaten between two rotating cylinders in
a PFI mill. An increased number of PFI mill revolu-
tions corresponds to a more refined pulp. The three
different levels of refining were 0, 1000, and 2000 PFI
mill revolutions. Here, O PFI mill revolutions refer to
the unbeaten pulp. Different combinations of strength
additive and refining level, including the naming
convention that will be used in the rest of this article
are shown in Table 1.

Table 1 Different combinations of strength additives and
refining levels

Material Strength additive (kg/t) Refining (PFI revolutions)

RO 0 0
R1000 0 1000
R2000 0 2000
SRO 25 0
SR1000 25 1000
SR2000 25 2000
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Pulp characterization

The pulps were characterized to find the geometrical
data of the fibers and fines in the pulps with different
degrees of refining. Pulp characterization is the
measuring of the dimensions of the fibers in a pulp.
These measured dimensions are shown schematically
in Fig. 1. These characterization data were used not
only to investigate the effect of refining but also in the
numerical modeling of the networks, as described in
“External fibrillation” section. We used two different
devices for characterization: a Kajaani (presently
Valmet) Fiber Image Analyzer Analyzer at PTS
(Papiertechnische Stiftung), Munich, Germany and
an L&W Pulp Tester Plus at Graz University, Graz,
Austria. The main difference between the devices is
that the L&W Pulp Tester Plus has a better resolution
and can detect and characterize more fines and smaller
fibers while Kajaani can report extra parameters such
as fiber wall-thickness and number of kinks. The
resolution and measurement limitations of the char-
acterization devices is given in Table 2. In the data
from Kajaani Fiber Image Analyzer, for all the
particles with lengths lower than 200 um, which are
categorized as fines, no other data apart from the
length is reported. For the sake of consistency, we use
the same length criteria to differentiate between fibers
and fines in the rest of this article. In other words, all
the fibers with length lower than 200 um will be
considered fines, although it is not strictly according to
the standard definition of fines which was mentioned
previously in Sect. 1.

The distributions of the measured parameters
including fiber length, width, wall-thickness, shape
factor, external fibrillation, kinks, and fine length,
width, and aspect ratio using both characterization
devices (if data was available) are shown in Figs. 23,
24,25,26,27,28,29,30 and 31 of “Appendix”. The
arithmetic, as well as the length-weighted averages for
these distributions, are gathered in Table 3 for data
from the Kajaani Fiber Image Analyzer and in Table 4
for data from the L&W Pulp Tester Plus. These
averages are calculated according to the following
equations:

27,:11 P; (1)

Arithmetic average of P =
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Fig. 1 Schematic visualization of measured fiber and fine dimensions
Table 2 Resolution and measurement limitations of the characterization devices
Device name Length measurement Width measurement
Minimum (pm) Resolution (pm) Minimum (pm) Resolution (pm)
Kajaani 10 10 1 (2.5%) 1.5
L&W Pulp Tester 4 (7%) 0.1 4 (7%) 0.1
*Values in parenthesis are based on measured data while the others are according to device data sheets
Table 3 Mean values of Averaging method Arithmetic Length-weighted
pulp characterization data
from Kajaani Pulp RO R1000 R2000 RO R1000 R2000
Fiber length (mm) 0.966 0.925 0917 1.694 1.614 1.591
Fiber width (pm) 30.2 29.4 29.7 36.1 353 34.8
Fiber wall-thickness (pum) 8.9 8.5 8.1 11.1 10.4 9.9
Fiber shape factor (—) 0.91 0.91 0.91 0.91 0.91 0.92
External fibrillation (%) 4.33 4.92 4.46 3.83 4.43 4.36
Fine length (um) 117.9 119.8 117.6 140.8 142.1 142.0
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Table 4 Mean values of

Averaging method Arithmetic Length-weighted

pulp characterization data

from L&W Pulp Tester Plus Pulp RO R1000 R2000 RO R1000 R2000
Fiber length (mm) 0.698 0.659 1.555 1.370 1.297
Fiber width (um) 30.2 30.7 30.2 36.9 36.8 36.3
Fiber shape factor (-) 0.87 0.87 0.85 0.86 0.86
Fine length (um) 25.7 25.5 25.5 514 50.8 50.1
Fine width (um) 16.5 16.4 16.5 20.0 19.8 19.9
Fine aspect ratio (-) 1.5 1.5 2.8 2.8 2.8

Y1 (Pi % Li)
Elr‘;l L;

Length-weighted average of P =

(2)

where P is the parameter to be averaged, n is the total
number of fibers/fines, and L; is the length of ith fiber/
fine. It is seen that although the refining has slightly
reduced the average length of the fibers, the other
geometrical properties of the fibers and fines are not
affected considerably. Specifically, no considerable
change in width and wall-thickness of fibers was
detected. It is known that the main effect of internal
fibrillation is an increase in the wall-thickness due to
intensified swelling. The characterization results indi-
cate that the internal fibrillation, which might be the
dominant effect of refining in some cases, is not a
major factor in this specific case.

We know that although the PFI mill is considered to
cause less external fibrillation in comparison with
other refining devices (Stoere et al. 2001), it proves to
be very effective in creating fines (Kibblewhite 1972).
The distribution of fine aspect ratios is shown in
Fig. 31 and the mean values of fine aspect ratios are
given in Table 4. These data show that the fines
captured by the L&W Pulp Tester Plus are mostly
flake fines and are not fibrillar fines. The secondary
fines (i.e., fines created by refining) are mostly fibrillar
fines that have a width in the range 250-350 nm
(Sundberg and Holmbom 2004; Sundberg et al. 2003)
and which cannot be detected by the characterization
devices. The non-fibrillar fine content of the pulps
calculated using the data from the L&W Pulp Tester
Plus is shown in Table 5. These data show that refining
has resulted in the formation of flake fines as well.
These fines are mostly broken parts of fibers or fiber
walls. This is consistent with the results on the length
of fibers, which showed a slight shortening.
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Table 5 Fine content using data from L&W Pulp Tester Plus

Pulp All fines Fines with aspect ratio > 4

Arithmetic Volumetric Arithmetic ~ Volumetric
RO 97.6 22.6 24 0.9
R1000 97.7 24.2 24 1.0
R2000 97.8 27.0 2.4 1.1

Another finding from the characterization data, as
shown in Fig. 28 in “Appendix” is that the percent-
age of kinked fibers in the pulp has not changed with
refining. This can be interpreted as a sign that the
properties of the fibers are not significantly affected by
the refining process.

Dewatering tests

One way to compare the fibrillar fine content (and also
the external fibrillation) of different pulps is to
examine the dewatering property of the pulps. Dewa-
tering is the measurement of the freeness of the pulp or
the drainability of the pulp suspension. In other words,
it is a measure of the rate at which a dilute suspension
of pulp may be drained. In general, if network
constituents (fibers, fines, etc.) can have larger
swelling, they will take more water inside their
structure and decrease the freeness of the pulp (Scallan
1983). However, we were not able to detect a
significant difference between neither the widths nor
the wall-thicknesses of the pre-swelled fibers with
different levels of refining using the fiber character-
ization tools (see Figs. 24, 26). Another reason for
increased dewatering time can be a higher fine content
and external fibrillation, because fibrils and fibrillar
fines have a high tendency to swell.
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The dewatering of our pulps is measured by two
different methods. The first method is SR [Schopper-
Riegler (ISO 5267-1:1999, n.d.)] method, which is
common for chemical pulps. A higher dewatering
number in this method indicates slower draining. The
second method that we used is the CSF [Canadian
Standard Freeness (ISO 5267-2:2001, n.d.; TAPPI T
227 om-99, n.d.)] method, which is mostly used for
mechanical pulps. In this method, higher numbers
mean faster draining or a more easily dewatered pulp.
The results are shown in Table 6. The data from both
methods are consistent and they clearly show that
there is a significant difference between the freeness
levels and, thus, in the fibrillar fine content of our
different pulps. However, this was not detected by the
optical characterization tools due to limited resolution.
We will investigate the effect of the existence of these
fibrillar fines wusing numerical simulations, as
described in “External fibrillation” section.

Micro-tomography

The fiber characterization that was data presented in
the previous section was extracted from pulps con-
taining saturated swollen fibers. However, given that
the focus of the study is on the dry strength, the use of
this data as an input in the subsequent network-level
simulation tools is not viable. To relate the gathered
data to the dry state, we engaged the micro-tomogra-
phy equipment and analyzed staples of handsheets
produced from pulps of different refining levels. These
handsheets were later used in mechanical testing.
The machine that we employed to acquire the
micro-tomography data was an Xradia MicroXCT-
200 at Innventia, Stockholm, Sweden. The sample size
was 1.5 mm in diameter and the image element (voxel)
size was 0.5 um along all three axes. Three different
samples (RO, R1000, R2000) were studied. Due to the
small size of the samples most of the fibers were cut

Table 6 Dewatering properties of pulps with different refining

levels

Pulp SR (mL) CSF (mL)
RO 20.8 590
R1000 25.6 500
R2000 30.8 410

and the data regarding fiber length and as a result,
shape factor could not be extracted reliably. We
assume that during the handsheet making and subse-
quent constrained drying, the length and the shape of
the fibers is not affected significantly, so that we can
rely on the length and shape factor data acquired by the
fiber characterization tools. To obtain the cross-
sectional dimensions, more than 100,000 cross-sec-
tions per sample were analyzed. Only those cross-
sections corresponding to free segments (not bonded
to other fibers) were processed and the results were
averaged over the identified fibers. The analysis
method that we used is presented in (Wernersson
et al. 2014). The distributions of measured parameters
including fiber width, height, wall-thickness, and
width-to-height ratio are processed, and the mean
values and standard deviations for these parameters
are given in Table 7. Due to internal fibrillation, the
fibers become more collapsible. This can potentially
affect the width-to-height ratio of the fibers in different
samples. However, we found that width-to-height ratio
of the fibers had no noticeable change after refining,
which means that internal fibrillation is not a remark-
able outcome of beating in our case. This result
collaborates with our previous finding from pulp
characterization data in the wet state, which did not
show significant changes of the cross-section. The
changes in the bonds could not be reliably processed
due to uncertainties in identifying the individual fibers
in the bond region.

Mechanical properties of the handsheets

For each combination of refining level and strength
additive amount, 10 handsheets were prepared under
identical conditions by StoraEnso, using Rapid
Kothen sheet-making equipment according to ISO
5269-2:2004 standard. The diameter of all of the
handsheets was 15.9 cm. The thickness of the hand-
sheets was measured using STFI Thickness Tester
M201 and the weight was found using Sartorius
BP110 S. Consequently, the grammage and density of
handsheets were calculated by dividing the weight by
the area, and the grammage by the thickness, respec-
tively. The mean thickness, grammage, and density for
all of the combinations are shown in Table 8.

To study the effect of refining on the strength and
stiffness of the samples, an Alwetron Th1 machine by
Lorentzen&Wettre was used. For each pulp, 10 test
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Table 7 Mean and

Pulp Mean Standard deviation
standard deviation for
cross-sectional dimensions RO R1000 R2000 RO R1000 R2000
from micro-tomography
Fiber width (pm) 25.54 25.95 25.69 5.6 5.7 5.1
Fiber height (um) 14.85 15.05 15.25 34 3.0 32
Wall-thickness (um) 3.09 4.00 3.23 0.75 0.85 0.63
Width-to-height ratio 1.85 1.78 1.78 0.85 0.44 0.62

Table 8 Mean values of

‘ Pulp Thickness (pum) Grammage (g/m?) Density (kg/m3)
thickness, grammage, and
dCHSi[y for different RO 521.3 151.2 2901
samples
R1000 443.7 153.2 345.2
R2000 377.0 148.4 393.7
SRO 547.4 156.1 285.1
SR1000 423.3 153.6 362.7
SR2000 349.1 144.5 414.0

samples (60 test samples in total) with dimensions of
100mm X 15 mm were prepared and tested in in a
climate controlled environment at a temperature of 23
°C and 50% relative humidity. The testing device
measured forces and elongations, which were trans-
formed into stress and strain using the dimensions of
the samples. The mean stress—strain curves for hand-
sheets produced from all the six different pulps are
shown in Fig. 2. The combined effect of refining and
strength additive on the strength and stiffness of paper

— RO
41— Ri1000 ]

= R2000

Stress (MPa)

| | | | | | |
0O 02 04 06 08 1 12 14 16 18 2 22
Strain (%)

(a)

Fig. 2 Stress—strain curves from the uniaxial tensile test,
arefined pulp without strength additives and b refined pulp with
strength additive. The bars show the maximum and minimum of
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is demonstrated in Fig. 3. We observe that the impact
of refining on both strength and stiffness is intensified
when strength additives are present. We also see that
although the strength additives improve the strength of
paper and stiffness of paper from refined pulps, they do
not affect the stiffness of unbeaten paper. In other
words, to increase the stiffness of paper, refining is
necessary and increased bond strength alone cannot
lead to stiffness improvements.

= SRO
= SR1000
= SR2000

| | | | | | |
0 02 04 06 08 1 12 14 16 18 2 22
Strain (%)

(b)

the strength results from testing 10 samples for each material
and the curves represent the averages
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Fig. 3 Combined effect of refining and strength additive on a stiffness and b strength of paper

We observed the densification caused by refining at
a constant level of wet-pressing. The wet-pressing is
another tool which can cause densification. The elastic
modulus of the sheets densified by wet-pressing scales
linearly with density in a fashion similar to the one
caused by refining. The effect on the strength is
different, however. The sheets densified due to beating
generally have greater strength at a given density. This
effect is attributed to the increased bonding strength
and it is also linked to the addition of fines. In fact, the
addition of fines causes the densification and improved
strength as well (Niskanen 2008). It is hard to
distinguish the effects coming from the improved
bonding and reinforcement by the fines
experimentally.

Retention of strength additives

As refining can potentially change the retention of the
strength additive (i.e., cationic starch), a test was
conducted at MoRe Research Ornskoldsvik AB,
Domsjo, Sweden to compare the mass percentage of
starch present in the dry sheet. The test was conducted
on SRO, SR1000, and SR2000. The results are shown
in Table 9. As seen in this table, the difference
between the retention of pulps with different levels of
refining is not significant. This means that the amount
of remaining starch in the handsheets from these pulps
is approximately the same, and the interaction
between refining and strength additives cannot be

Table 9 Retention of strength additives for pulps with dif-
ferent levels of refining

Pulp Starch retention (%)
SRO 1.1

SR1000 1.12

SR2000 1.21

explained by the difference in their starch retention.
Most probably, starch amplified the effect of the other
factors that were changed by refining, such as fines or
swelling. However, this particular aspect is outside the
scope of this paper.

Summary of the experimental results

Higher levels of refining resulted in handsheets with
increased strength and stiffness, as was expected. This
increase happened together with densification of the
handsheets. By analyzing the changes in the pulp using
the fiber characterization tools and micro-tomography,
we conclude that the structural changes in the fibers
upon refining are small. The changes in the detected
fines fractions are also minor. However, the increased
presence of fibrillary fines was detected directly
through decreased freeness as observed in two differ-
ent methods.

@ Springer



4108

Cellulose (2019) 26:4099-4124

The experimental results from adding the strength
additive to the unbeaten pulp show improved strength,
practically unchanged stiffness, and little densifica-
tion. When adding the strength additive to the refined
pulp, densification was observed and both strength and
stiffness were improved. The retention of starch was
not changed by refining. This means that although the
total quantity of strength additives was not signifi-
cantly affected by refining, the influence of starch is
greater in the refined pulp.

The pulp characterization data showed that, apart
from the shortening of fibers with increased refining,
there is no significant difference that can be captured
with these tools. In other words, we observed no
change in external fibrillation, kinks, and curl of fibers
with different levels of refining.

The shortening of the fibers produced an additional
quantity of flake-like fines. However, the characteri-
zation devices were unable to detect the fibrillar fines,
the presence of which was only indirectly captured
through the dewatering tests. The fibrillary fines alone
are known to have a positive impact on the sheet
properties, which is the reason for the improved
stiffness and strength. At the same time, the exact
mechanisms behind these improvements are not
completely clear because they occur in conjunction
with densification, which increases the number of
contacts and also changes the geometrical alignment
of the fibers.

Numerical simulations

3D numerical simulations of paper have previously
been used to study network properties. For example, a
study simulating the wet pressing operation with the
ability to calculate the shape of fibers at the contact
sites was presented in (Lavrykov et al. 2012). In this
study, the deformation of fibers at the bonds naturally
results in a specific thickness of the network that can
be used to calculate the density. In a similar study, the
same simulation techniques were used to study the
contribution of fiber properties to the network prop-
erties with a focus on the bending stiffness (Lavrykov
et al. 2011). In these studies, the fibers were modeled
using 3D solid elements. Using such 3D elements
requires a fine resolution of the fiber cross-section and
is computationally expensive for considering large
sizes and grammages. On the other hand, it has the
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advantage of capturing the cross-sectional deforma-
tions of fibers, specifically at the bonds. In this work,
the compliance of the bonds is captured through the
penalty-based beam-to-beam constraint (Motamedian
2018; Motamedian and Kulachenko 2018).

Since the pulp characterization tools were unable to
capture any significant morphological changes
induced by refining, a considerable difference in
mechanical response is not expected to be made due to
pulp variabilities. However, for the sake of consis-
tency, we investigated the impact of these small
changes by creating networks using the characteriza-
tion data corresponding to different levels of refining
while keeping other properties such as density and
through-thickness profile constant. Later, we also
investigated the impact of the factors that could not be
detected by the pulp characterization tools. This
included the growth in the number of bonds due to
increased density, the improved bond strength, and the
increased fibrillar content with characteristic sizes
outside the detectable range.

In this analysis, we will use network-level compu-
tational tools (Kulachenko and Uesaka 2012), which
rely on an accurate 3D representation of the network.
The method used for network generation and analysis
is described below.

Simulation method

We use the pulp characterization data to create the
geometry of the network. However, the characteriza-
tion data are extracted from fibers in the saturated
state, in which they are swollen. In the sheet-making
process, the fibers are pressed and then they shrink
during drying. We use the data from micro-tomogra-
phy to account for drying shrinkage and the change of
the width-to-height ratio of the fibers (shown in Fig. 1)
due to pressing. We use a deposition technique from
(Kulachenko and Uesaka 2012) following the model
of (Niskanen and Alava 1994) to generate the geom-
etry of the networks. The major steps of this procedure
are as follows:

e We choose a random set of fiber geometry
information from the corrected pulp characteriza-
tion data and create a single fiber. This information
includes the fiber length, width, width-to-height
ratio, shape factor, and wall-thickness.
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e This fiber is then placed at a random location and
with a random orientation on an imaginary 2D
plane (for isotropic handsheets).

e The intersections of this newly place fiber with the
previously deposited fibers (from top view) are
found.

e The intersection points are raised vertically with
appropriate values to avoid penetration of fibers.
However, the fibers can undergo larger pressing at
the bond sites and consequently, the distance
between their centerlines becomes smaller. The
normalized variation of the distance of cross-
sectional centers before and after being pressed is
demonstrated schematically in Fig. 4 as the press
ratio.

e The deposited fiber is then smoothed along its
length. The smoothing procedure uses a given
value for the maximum interface angle and it only
permits the fiber segments to move upwards during
the smoothing procedure to avoid penetration. The
interface angle is schematically shown in Fig. 5.

e This procedure is repeated until the desired
network grammage is reached.

This algorithm uses the actual corrected characteriza-
tion data for fiber dimensions. This means that
shortening of fibers and its effect on formation is
automatically accounted for in the simulations. A
sample of a generated network is shown in Fig. 6.
We used FEM (finite element method) in an
implicit solution scheme to analyze the networks. To
do so, the generated network was discretized using
nonlinear 3-node Timoshenko/Reissner beam ele-
ments (Ibrahimbegovi¢ 1995) with either solid or
hollow rectangular cross-sections. The inter-fiber

=

///// / do
|
——
Before pressing
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press ratio = %0
d
|
—_t
After pressing J

Fig. 4 Schematic representation of the parameter press ratio
used in numerical generation of networks

= interface angle

77

// 2
-

o

Fig. 5 Schematic representation of the parameter interface
angle (Borodulina et al. 2016) used in numerical generation of
networks

bonds were simulated as bonded (adhesive) beam-to-
beam contact elements (Motamedian 2016, 2018) with
a separation criteria. A more detailed description and
demonstration of application of the formulations can
be found in (Borodulina et al. 2016; Motamedian and
Kulachenko 2018, 2019). The geometric, mechanical,
and discretization parameters that were used in the
simulations are listed in Table 10.

One of the known effects of the fibrillar fines is
forming bridges between the neighboring crossing
fibers and reinforcing the bonds as shown in Fig. 7a. In
some cases, this can result in the formation of webs of
fines, as shown in Fig. 7b. Note that the SEM images
of Fig. 7 have only captured the fines on the surface
while the inner structure is more intricate. To mimic
the behavior of fines in the simulations, we introduced
a large number of truss elements, which are shown as
blue components in Fig. 8. These truss elements have
two nodes with three translational degrees of freedom
at each node and they solely transmit load in axial
tension. The nodes of these elements are connected to
the existing nodes of the beams representing the fibers.
Owing to their small dimensions, the fibrillary parti-
cles tend to converge to the bonds according to
literature. To represent this placement, the deposition
of the fibrils is made by first selecting an arbitrary node
and then finding a second node within a sphere of a
designated radius. The sphere radius equals the
maximum fine length and it is centered on the first
node, which is randomly chosen. This distribution
approach yields a fibrillary deposition in which most
of the fines gather near the bonds between fibers which
is consistent with what is reported in literature. Using
this method, no additional degrees of freedom are
added to the system. For clarity, this approach is
visualized in Fig. 9. The properties of the elements
used to simulate the fines can be found in Table 10.
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(a)

(b)

Fig. 6 A sample of a numerically generated network, a in-plane view, and b thickness view

The effect of captured pulp variations

To show that the captured variability between pulps
with different levels of refining do not have a large
effect on the properties of the handsheets, we created
five different networks using the characterization data
corresponding to each level of refining (15 networks in
total). We considered similar other properties for these
networks. The resulting averaged stress—strain curves
are shown in Fig. 10. These results show that the pulp
variations captured through characterization do not
have a considerable effect on the properties of the
handsheets. Given that no considerable differences
were revealed, in the generation of the subsequent
networks we used a set of pulp data consisting of the
combined data captured for all three pulps.

The effect of density

It is suggested that the improvements caused by
refining can mainly be attributed to the increased
density (Sehaqui et al. 2013). According to the
measurements shown in Table 8, the density of
handsheets is greatly affected by refining. The change
in the density is mainly due to the difference in the
thickness of the handsheets. According to our network
generation algorithm, there are three parameters that
can greatly affect the thickness of the handsheets: the
width-to-height ratio of the fiber cross-sections, the
press ratio at the bonded sites, and the interface angle
between two bonded fibers. The data extracted from
the micro-tomography images showed that neither the
width-to-height ratio of free fiber segments nor the
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interface angle distribution are considerably affected
by different refining levels. Consequently, while using
the micro-tomography extracted data on width-to-
height ratio and interface angle in generating net-
works, we focused on the press ratio at bond sites as
the main reason affecting the thickness of the
networks. Unfortunately, it was not possible to extract
data on the press ratio parameter from tomography
images due to difficulties in precisely tracking fibers at
the bonded sites caused by the limited resolution of the
images. To ensure the correctness of the network
representation, we extracted the through thickness
density profiles of the handsheets from the tomogra-
phy data. In the network generation process, we used
the press ratio parameter to match these density
profiles and also the measured thicknesses of the
handsheets. The density profiles of the unrefined and
mostly refined samples, and examples of density the
profiles of corresponding numerically generated net-
works are shown in Fig. 11.

For each level of refining five different networks are
generated. The averaged resulting stress—strain curves
from the analysis of the generated networks are shown
in Fig. 12 together with the experimental stress—strain
curves, for comparison. As can be seen in the results,
although the increase in the density of the handsheets
affects the strength and stiffness of the networks
through the increased number of bonds, it is not
sufficient to explain the total improvements.
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Table 10 Parameters and settings used in numerical simulations

Analysis

Network

Type

Convergence criteria
Size

Thickness

Number of fibers
Number of bonds

Nonlinear, implicit

L2 norm of residual force < 1073
5 mm X 3 mm

374 pm to 526 pm

5300 to 6300

60,000 to 90,000

Fibers Element type Timoshenko/Reissner with geometric nonlinearity
Number of nodes per element 3
DoF per node 6
Element size 50 pm
Element cross-section Solid or hollow rectangular
Element cross-section Width: 4.4 um to 95 pm
dimensions Height: 2.5 pm to 53 pm
Total number of elements 75,000 to 95,000
Material type Linear elastic
Stiffness 15 GPa to 45 GPa
Strength 70 MPa
Density 1430 kg/m’
Fines Element type Link
Number of nodes per element 2
DoF per node 3
Element size One element per fine
Element cross-section Circular
Element cross-section Diameter: 1 um (varied between 0.5 to 16 um in parameter study)
dimensions
Total number of elements 600,000 if fines are included (varied between zero to 3,000,000 in parameter study)
Matrial type Linear elastic
Stiffness (Varied between 50 and 120 GPa in parameter study)
Strain to failure 3% (varied between 0.5 and 8% in parameter study)
Density 1430 kg/m’
Bonds Element type Inconsistent beam-to-beam inseparable point contact element based on closest point
projection
DoF per element 24
Penalty stiffness 3000 N/m

Failure criteria

Maximum separation distance of 2 pm Borodulina et al. (2016)

Note: Close-to-parallel contacts (with contact angle <2°) were neglected (less than 0.5% of the total)

The effect of inter-fiber bond strength

Refining is often described as a process that leads to
increased bond area and strength. As we use a
pointwise beam-to-beam contact model to represent
the inter-fiber bonds, we cannot study the effect of the
increased bonded area directly but rather through an
indirect change of bonding properties. The increase in
the bond strength can be related to the increased

bonded area between fibers, which may likely happen
upon densification or the use of strength additives.
Consequently, we studied the effect of stronger bonds
combined with the previously considered effect of
density. The stress—strain curves from our analyses of
the same network (only one of the networks, keeping
the geometry, meshing, etc. constant), with different
strengths for inter-fiber bonds, are shown in Fig. 13.
As expected, the increase in bond strength improves
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(a) (b)

Fig. 7 SEM image of paper surface showing, a some fibrillar bridges and b a web structure formed by fines

Fig. 8 Representation of
fibrillar bridges with (blue)
link elements. (Color
figure online)

the strength of the network; however, the stiffness of
the sample remains unchanged. This result is consis-
tent with the experimental results on the handsheets
from unbeaten pulp in response to the addition of bond
strength additives. Those experimental results had
shown that using strength additives in unbeaten pulp
does not noticeably affect the density and stiffness, but
it does improve the strength of paper.

The effect of fines

Previous experimental study has shown that both
refining and the addition of fibrillary fines have the
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same effect on the mechanical properties and the
dewatering characteristics of paper products (Afra
et al. 2013). This suggests that the creation of fines can
be a major reason behind the modifications achieved
by refining. A microscopic photo of a fiber and fines of
both fibrillar and chunk type can be seen in Fig. 14. To
get a better understanding of the characteristics of the
fines in the handsheets, microscopic images of the
pulps were taken. The goal was to qualitatively
compare the shape and amount of fines in the
differently refined pulps. The microscopy images of
the pulps were taken using an Olympus BX50 System
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First randomly
selected node

Fig. 9 Deposition of fines as fibrillar bridges

Microscope. Representative microscopic images of
the pulps can be seen in Fig. 15.

Although we can see from the microscopic images
that refining has resulted in an increased fine percent-
age, the amount and size of fibrillar fines in our pulps
are not known due to the limited resolution of
measuring devices. Consequently, we conducted a
parameter study to investigate the effect of fine size,
the mechanical properties, and the percentage on the
stiffness and strength of the networks. We have chosen

the reference set of values for all parameters as
presented in Table 11, and investigated the effect of
varying each of those parameters while keeping the
others as the reference value. The range of studied
variations are given in Table 11. We have added the
fines to a network corresponding to the unrefined
sample, unless stated otherwise.

The effect of fine diameter

The pulp characterization tools have limited resolution
and the fines below certain size will not be detected.
This fact was previously reported in the literature
(Brodin and Eriksen 2014). In this study, we used a
constant mass fraction of the fines equal to 3% and
varied the diameter of the fines. We generated a base
network and assumed a specific diameter size for fine
cross-sections. We started adding link elements to the
network until the target mass fraction was reached. We
then repeated the same procedure for different diam-
eters of fines. The resulting stress—strain curves from
the analysis of the mentioned networks are shown in
Fig. 16. As seen in the figure, fines with large
diameters of 16 or 10 um, which are on the verge of
what can be detected by the characterization tools,
have almost no effect on the properties of the networks
and fines with smaller cross-sections, which are in fact
not detected by the characterization devices, have the
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Fig. 10 The effect of pulp variations captured through pulp characterization on the simulated stress—strain curves in comparison with

the experimental results
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Fig. 12 Effect of density on the simulated stress—strain curves
in comparison with the experimental results. The bars show the
maximum and minimum of the strength results from 10

largest impact on both the strength and the stiffness of
the networks. As we have considered a fixed mass
percentage of fines, decreasing the fine diameter
results in a large increase in the number of fines. This
leads to a more effective distribution of fines, and
better collective stiffening and strengthening of the
network, especially close to the bonded sites where
most of the fines are located.
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experimental or 5 numerical samples for each density and the
curves represent the averages

The effect of fine fraction

For this part of the study, fines with the diameter of
1 um were added to a base network (with a thickness
corresponding to the experimental handsheet from the
unrefined pulp, RO) and a denser network (corre-
sponding to the handsheet from the mostly refined
pulp, R2000) at different mass fractions. The results in
response to the addition of fines are shown in Fig. 17.
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Fig. 13 Effect of bond strength on simulated stress—strain curves

Fig. 14 Microscopic images of pulp showing a fiber and some
fines

The baselines indicate the experimental results for
both stiffness and strength in case of the mostly refined
and densified sheets. Unless the densification is not
taken into account, the experimentally measured
stiffness cannot be matched within the reasonable

Fig. 15 Microscopic
images of differently refined

pulps

Table 11 Initial parameter values and the range of variations
in the fine parameter study

Parameter Initial value  Variation range
Fine diameter (1m) 1 0.5-16

Fine length (um) 100 20-200

Fine stiffness (GPa) 70 50-120

Fine strain to failure (%) 3 0.5-8

Fine mass percentage (%) 3 0-10

range of fines fraction. This indicates that accounting
for densification is important. Obviously, there is a
direct relationship between the fines content and the
amount of refining, which is consistent with previous
studies (Kibblewhite 1972) but was not detected by the
tools used for the pulp characterizations. The degree of
the change in response to adding fines for both the
stiffness and strength is comparable with the findings
in which controlled amounts of fibrillar fines were
added to the pulp (without refining) to improve the

(c) R2000
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strength and stiffness (Boufi et al. 2016; Johnson et al.
2016; Luukko and Paulapuro 1999).

We can now shed the light on the exact mechanisms
brought by fines through observing how the strain
energy is partitioned between different forms of
deformation. We separated the energy into elongation
and bending (stored in the fibers), inter-fiber bonding
and fines. The bonding energy is collected from the
penalty-based contact elements. The other forms of
deformations, including torsion and shear, are small
and presented combined. The computed partitioning is
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of networks

shown in Fig. 18, where the strain energy output from
the simulations of a network without and with 3% fines
are compared. In both cases, most of the energy is
stored in the longitudinal deformation. Given that fines
act as bridges connecting fibers together, it is not
surprising that the greatest effect they have is on the
strain energy stored in the bonds. They also help in
immobilizing the fibers, and therefore, also reduce the
bending energy.

Other than carrying part of the load applied to the
network, an increased amount of fines helps to smooth
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Fig. 18 Strain energy stored in different components of the network in a absence and b presence of fines

the strain field, which in turn can lead to the higher load
capacity of the network. Figure 19 shows the strain
localization from simulations of networks with differ-
ent fine content.

Scattering coefficient is related to the total specific
surface area and has traditionally been used to assess
the degree of bonding. It was shown that fines are able
to reduce the scattering coefficient at constant density
(Lehtonen 2004). This was linked to the higher
number of smaller pores resulted by the addition of
fines at constant pore volume. Using experimental
methods, separating out fiber fractions and doing hot
wet-pressing, Lehtonen also concluded that fines
ensure better stress transfer between bonded fibers
and this effect is activated during wet-pressing. It
collaborates well with the finding of this study.

The effect of maximum length of fines

Previous study has shown that the length of fines
increases with the amount of energy used in refining

Fig. 19 Effect of fine
percentage on stress
localization (from numerical
simulations)

(Retulainen et al. 1993). In this section, we again
consider a fixed mass fraction of fines equal to 3%;
however, we study the effect of maximum length of
fines. Increasing the maximum length combined with
the assumed mechanism of fine distribution will yield
more fibrillar fines connecting distant regions of the
fibers. The results from this study are shown in Fig. 20.
It can be seen that the increase in the length of fines
does not give a consistent trend. Increasing the
maximum length has a positive effect on the strength
of the networks up to a certain value between 50 and
100 um and afterwards the effect becomes negative.
Increasing the length of fines results in fewer fines
with the given fines fraction; however, this reduction is
not as drastic as the in case of increasing the diameter.
This reduction in the number of fines tends to reduce
the improvement in the strength and stiffness. Mean-
while, longer fines can connect fibers at longer
distances, which can contribute to better stiffness or
strength improvement. The results show that the
positive effect of increased length is more dominant

Strain (%)

2.5% fines

1% fines
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to a certain value, after which the negative effect takes
over. These results also suggest that the main effect
from the fines comes through the collective reinforce-
ment of the bond surroundings.

The effect of fine strength and stiffness

In this part, we study the effect of fine strength and
stiffness on the strength and stiffness of the networks,
separately. The stiffness of the fines depends on their
type, while the strength is dependent on the bond
between fines and fibers. The results shown in Fig. 21
correspond to varying the elastic moduli in the range
of 50-120 GPa for the fines, while keeping all of the
other properties of the networks intact. We have used
maximum strain as the failure criteria for fines. Upon
reaching this strain, the fines are behaving ideally
plastic, that is, without an incremental addition of
stress upon increased strain. The effect of varying this
failure criteria from a maximum allowable strain of
0.5% to 8% is shown in Fig. 22.

In case of increased stiffness with a given strain-to-
failure of 3%, both the stiffness and the strength
increased. The increase of the strength can be explained
by the fact that fines can store more energy prior to
failure. A similar effect is achieved by increasing the
strain to failure. At the same time, increasing the
strength of fines while keeping their stiffness unchanged
does not affect the stiffness of the network because there
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are very few fines broken in the initial part of the loading
with the property range used in the study.

Conclusion

In this study, we investigated the effects induced by
PFI refining through experimental and numerical
investigation of handsheets produced from pulp sub-
jected to different degrees of refining. Mechanical
testing of the handsheets showed that refining, expect-
edly, increased strength and stiffness, as well as sheet
densification.Although the pulp characterization tools
did not reveal significant differences in the geometry of
fibers or presence of fines in response to refining, the
freeness testing suggested a considerable modification
in the pulps. By engaging micromechanical simula-
tions, we showed that while increased density is a
major reason for the improvement in the strength and
stiffness of the handsheets, it cannot solely explain the
degree of the change observed in the mechanical tests.

We studied the role of the fines in altering
mechanical properties with a specific focus on the
morphology of the fine fractions. We found that the
presence of fines can significantly change both the
stiffness and the strength, independent of the density
change. More specifically:

e Fines with diameters below the resolution of the
characterization devices have a greater influence at
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a given volume fraction. The main mechanism of
improvement is the collective reinforcement and
stiffening of the bonds.

Increasing the length of the fines up to a certain value
with a given volume fraction improves the stiffness
and strength of fiber networks because these fines
can bridge more distant fibers. However, further
increasing the length has an opposite effect since
longer fines (resulting in their lower amount with the
given volume fraction) cannot significantly change
the properties as the collective action is required.
Even low volume fractions of fines affect the
stiffness of the network, however, unless the fines

are sufficiently well-bonded, the strength of the
sheet is not affected.

We can explain the experimentally observed effects of
refining by the combined contribution of densification
and presence of fines below the resolution of the state-
of-the-art characterization tools.

Finally, we have also determined that an increase in
bond strength can only lead to a greater strength on the
sheet level and does not affect the stiffness of the
samples. This agreed with the experimental results
achieved by adding bonding agents to the unrefined pulp
during sample production and observing improved
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strength and unchanged stiffness. At the same time,
adding bonding agents to the refined pulp improved both
the stiffness and the strength. This suggests a collabo-
rative effect of fines and strength additives.
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Appendix: Pulp characterization data

See Figs. 23, 24, 25, 26, 27, 28, 29, 30 and 31
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