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Abstract The influence of the degree of fibrillation
(DoF), i.e. the fibril width distribution, on the rheo-
logical properties of microfibrilated cellulose (MFC)
suspensions was investigated. To extend the under-
standing of the dominating effect of either fibril
diameter alone or diameter size distribution, flow
curves (viscosity against shear rate) and viscoelastic
measurements were performed on single, double and
ternary component mixtures of medium and highly
fibrillated MFCs and pulp fibres across a range of
solids content. The data were quantified using classical
and recently introduced descriptors, and presented in
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comprehensive 3D/ternary contour plots to identify
qualitative trends. It was found that several rheological
properties followed the trends that are generally
described in the literature, i.e. that an increasing DoF
increases the MFC suspension network strength. It
was, however, also found that coarse pulp fibres can
have additional effects that cannot be explained by the
increased fibril widths alone. It is hypothesised that the
increased stiffness (directly caused by the larger fibril
width) as well as the reduced mobility of the pulp
fibres are additional contributors. The data are dis-
cussed in relation to recent findings in the field of
rheology and related morphological models of MFC
suspension flow behaviour.

P. Gane
e-mail: patrick.gane @omya.com

P. Gane

Department of Bioproducts and Biosystems, School of
Chemical Engineering, Aalto University,

00076 Aalto, Helsinki, Finland

@ Springer


http://orcid.org/0000-0002-5629-7072
https://doi.org/10.1007/s10570-018-2117-4
http://crossmark.crossref.org/dialog/?doi=10.1007/s10570-018-2117-4&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10570-018-2117-4&amp;domain=pdf
https://doi.org/10.1007/s10570-018-2117-4

846

Cellulose (2019) 26:845-860

Graphical abstract

Keywords Microfibrillated cellulose (MFC) -
Rheology - Vane - Degree of fibrillation (DoF) - Flow
curve - Viscoelasticity

Introduction

The nanocellulose (NC) material-space contains a
wide variety of different products with unique prop-
erties, despite their same underlying chemistry. The
grades are ranging from fibrillated over crystalline to
bacterial cellulose, and they have characteristic widths
in the micrometre as well as in the nanometre range,
they have medium to very high aspect ratios and can
be manufactured from very different source materials
(Nechyporchuk et al. 2016a). Chemical modifications
of the surface hydroxyl groups widen the property-
and application-space even more (Missoum et al.
2013; Stenstad et al. 2008). The classification of such a
versatile material class is challenging, and still not
completely aligned. Yet, a common strategy is to
differentiate between bacterial, fibrillated and crys-
talline grades. Within the latter two, another classifi-
cation regarding their characteristic size, i.e. fibril
diameter or width for fibrillated grades, or crystallite
size (width and length), is applied (Kangas et al.
2014). Typical examples of fibrillated grades are
microfibrillated cellulose (MFC) or nanofibrillated
cellulose (NFC), both of which having different names
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like cellulose filaments (CF) or cellulose nanofibrils
(CNF).

Due to their chemistry, but also due to their shape
and mechanical properties, fibrillated cellulose mate-
rials yield high viscous aqueous suspensions, already
at low solids contents (Herrick et al. 1983; Paakko
et al. 2007). The ability of the fibrils to form networks
and aggregates, to entangle and to align, as well as
their flexibility leads to a complex rheological
behaviour (Hubbe et al. 2017). The same applies for
crystalline cellulose suspensions, where the typically
platelet shaped crystallites can organise in different
phases, and, due to their crystalline nature, specifically
interact with visible light (Shafiei-Sabet et al. 2012).
There seems to be an increasing interest, not only in
NC materials in general, but also in investigating their
complex aqueous suspension rheology, as is apparent,
for example, from two recent review articles in the
field (Hubbe et al. 2017; Nechyporchuk et al. 2016b).
On the one hand, it is necessary to know the rheology
of these materials in practical applications, e.g. during
pumping, extrusion or casting processes to make them
processable. On the other hand, an understanding of
the rheology with respect to the underlying suspension
particulate morphology and chemistry enables
researchers to design products for very specific needs.

A major challenge in MFC rheology measurements
is the non-linear behaviour, and the heterogeneous, at
least two-phase, composition. Related effects include
complete or partial phase-segregation (depleted, water
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rich layers or voids), related apparent wall slip, and
shear banding (Haavisto et al. 2015; Nazari et al. 2016;
Nechyporchuk et al. 2014). The presence and the
intensity of such effects do not only depend on the
shear conditions, but also on the measurement system
and protocol (Schenker et al. 2017). Not taking such
effects into account, may lead to contradictory results,
not infrequent in the literature, and probably wrong
model hypotheses. Quite some effort is put into
quantifying these effects (Yoshimura and Prud’-
homme 1988), mathematically correcting them (Mo-
htaschemi et al. 2014a, b), and in developing protocols
on how to avoid or supress them (Barnes 2000).
Cloitre and Bonnecaze (2017) pointed out in a recent
review on wall slip of high solids dispersions, that such
mechanisms are often considered as a nuisance
because they violate assumptions and boundary con-
ditions of the measurement method, yet it should be
understood, that those mechanisms are fundamental
components of how the material responds to the
deformation. This valid comment highlights that it is
as important to be at least aware of such effects, ideally
quantify and describe them, rather than trying to
suppress them.

Occasionally, complementary measurement tech-
niques are used to quantify directly or indirectly such
non-linear effects, though they can also be used to
study the suspension morphology under different
shear conditions. Such complementary techniques
include optical imaging (Saarikoski et al. 2012),
velocity profiling using, e.g. ultrasound and/or tomog-
raphy techniques (Kataja et al. 2017), and structural
investigations like small angle neutron scattering (Orts
et al. 1998) or X-ray scattering (Nechyporchuk et al.
2015). Such work has revealed, for instance, the
tendency of unmodified MFC and NFC suspensions to
aggregate (flocculate) at intermediate shear rates in
constant shear experiments (Martoia et al. 2015), or
the presence of a water (-rich) film close to measure-
ment boundary geometries, as well as concentration
gradient development and plug flow under certain
shear conditions (Kataja et al. 2017).

It is well known that various suspension and
cellulose fibril/crystallite conditions have an influence
on the nanocellulose suspension rheology. Prominent
conditions are the suspensions solids content, pH,
salinity or temperature (Agoda-Tandjawa et al. 2010;
Pdadkko et al. 2007). To a lesser extent, also the
influences of the fibril dimensions, aspect ratio (the

degree of fibrillation, short DoF) and surface charge
(Besbes et al. 2011), and their respective probability
and spatial distributions (Colson et al. 2016; Moberg
et al. 2017), on the suspension rheology are investi-
gated. In the case of mechanically produced (with or
without enzymatic pre-treatments) MFC materials, the
sign of the specific surface charge and the total surface
charge is given by the feed pulp, and predominantly
the DoF is changed during processing. Yet, processing
towards increased DoF may still potentially change
the surface charge density of the fibrils due to a
potential release of solubles, hemicellulose and/or
lignin from the original fibre structure into the
suspension, though the process per se, being purely
mechanical, does not add or subtract charge. Depend-
ing on the process and the process conditions, very
different fibril width and length distributions, as well
as residual fibre content may result. With a view, for
example, on qualifying rheological measurements as
quality control tools, or manufacturing a product with
a dedicated rheology profile (rheological property
profile is tailored to fit a specific application), the
understanding of the influence of the DoF on the
rheological behaviour of the suspension can be very
beneficial.

The aim of this work was to investigate the
influence of the DoF, including the impact of residual,
coarse fibres on rheological properties of MFC
suspensions. Of particular interest were industrial
type of MFC suspensions, typically characterised to
have a broad size distribution, i.e. containing residual
fibres and nanometre sized fibrils together with the
main body of micrometre sized fibrils. In contrast to
other works in this area, we chose to use only
mechanical fibrillation processes to obtain different
DoF MFC suspensions in order to exclude surface
charge related effects (Moberg et al. 2017). To obtain a
wide variety of different DoFs, but without changing
other aspects of the fibrils, an extensive ternary
mixture trial matrix was set-up. To be able to identify
potential trends, the data were quantified using
previously introduced techniques and descriptors
(Schenker et al. 2017, 2018). Finally, the findings
are discussed phenomenologically with a view on
potential suspension morphologies, based on recent
models obtained from rheo-optical studies of MFC
suspensions (Haavisto et al. 2015; Karppinen et al.
2012; Martoia et al. 2015). The work presented here is
intended not only to motivate other researchers in the
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field to consider thorough quantification of their
rheological data, but also to propose some interesting
aspects to investigate further the use of optical, or
other, structure revealing techniques in combination
with rheological studies of MFC suspensions.

Methods
Materials

To obtain samples made up of fibrillated cellulose
material having three different degrees of fibrillation
(DoF) whilst trying to avoid changing other material
characteristics, like surface chemistry and charge,
only mechanical fibrillation processes of increasing
intensity were applied to a starting batch of a
eucalyptus pulp suspension made down in tap water
from dry pulp mats. The lowest DoF material in this
study, representing residual fibres, was the eucalyptus
pulp itself, denoted as pulp. Respective concentrations
of pulp suspension were manufactured by adding
according amounts of dry mat pulp to water under
stirring using a dissolver disc type impeller.

The manufacturing process of the intermediate DoF
material, denoted in this work simply as MFC, is
described in detail elsewhere (Schenker et al. 2016a)
and was the same as in recent works also reported by
Schenker et al. (2017, 2018). In short, the eucalyptus
pulp was mechanically disintegrated at 3 wt% in tap
water using an ultrafine friction grinder under a
varying chosen number of single passes, each at a
different rotational speed. The specific grinding
energy, is defined as the total electrical energy
consumption normalised by the amount of dry cellu-
lose matter was 7.2 kW h kg~ ".

To achieve a higher DoF MFC (short H-MFC) an
additional fibrillation process was applied to the
previously described MFC suspension, namely an
homogenisation process. To avoid having to undergo a
subsequent concentration of the short H-MFC suspen-
sions for the following rheological characterisation,
the solids content for the homogenisation process was
set to 2 wt%. This is a rather high solids content for
homogenisation in laboratory scale, so, to avoid
blockages or other process failures, the starting MFC
suspension was subjected again to an ultrafine friction
grinder pass at 500 min~' (rpm) and a gap setting of
“— 80 um”, maintaining the solids concentration still
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at 3 wt%. The process was carried out on an NS 2006 L
homogeniser (Niro Soavi), equipped with an LPN60
dispersion module (formerly Serendip AG, now
Neztsch-Gruppe, Germany). The suspension was then
subjected to single passes, with a throughput pump
setting of 30 dm> h™' and a pressure of 600 bar for all
passes, achieved by adjusting the back-pressure han-
dle accordingly. For the first ten passes, a 120 um
diameter nozzle was used to avoid clogging. To
intensify the fibrillation process, an 80 um diameter
nozzle was used for two additional passes. The specific
energy input of these additional process steps was
20.7 kW h kg™ "

Mixtures of the three materials, pulp, MFC and H-
MFC were realised by adding the respective amounts
of the suspensions and diluting the combination by the
addition of tap water. The realised dilutions were 0.5,
1, 1.5 and 2 wt% and the mixture matrix can be found
in Figure 2 of the supplementary information. The
mixtures, as well as the pure MFC and H-MFC
suspensions were treated by 2 min of rotor stator
mixing at 12,000 min~' (rpm) (Polytron PT 3000,
Kinematica, Switzerland) and 5 min exposure to an
ultrasonic bath (Transsonic T 890, Elma, Switzer-
land). Before further measurements, the dilutions were
let to rest for at least 1 h.

Data presentation

The rheological data are presented in ternary contour
plots, one for each solids content. For a complemen-
tary visualisation, the contour surfaces are overlaid
using a rainbow-type colour gradient, starting from
purple at low values and ending at red for high values.
The scale among the different ternary plots within one
property is the same, so also the dependence on the
solids content is directly visible. Instead of providing a
separate colour scale, several contour lines within a
ternary diagram are labelled with their respective
values. A detailed introduction on the interpretation of
ternary diagrams is provided in the supplementary
information, but, generally speaking, the diagrams
describe the composition of a ternary mixture, always
adding up to 100%. Each vertex of the triangle
represents 100% of one of the three components. The
share of this component decreases constantly along the
bisector of this vertex perpendicular to the opposite
edge until it reaches that opposing side, where the
share of this component is 0%. In the present work, the



Cellulose (2019) 26:845-860

849

left vertex represents 100% pulp, the right vertex
100% MFC and the top vertex (apex) 100% H-MFC.
Missing data points in the ternary graph mean that the
specific mixture at the respective dilution was not
evaluated because it was disturbed by irreproducible
or other physical effects. An example of such an effect
is the observation of sedimentation after high shear
under decreasing shear rate at low solids content (0.5
wt% suspensions) due to structure breakdown.

Alternatively set-up ternary diagrams can be found
in the supplementary information document. Also,
animated 3D ternary diagrams where the different
solids content data were stacked can be found in the
online repository. Each solids content dataset is
represented as individual surface. The grid line colour
indicates the solids content (purple: 0.5 wt%, blue: 1
wt%, green: 1.5 wt% and red: 2 wt%).

Degree of fibrillation analysis

Several attempts were made to determine the fibre and
fibril width distributions of the sample materials using
image analysis methods. Due to the anticipated high
polydispersity of the materials, SEM-image based
techniques were evaluated rather than AFM or TEM
based ones in an attempt to give visual confirmation
and sufficient statistical relevance. Namely, two
approaches described by Onyianta and Williams
(2018) and Pyrgiotakis et al. (2018) were reproduced,
including modifications in the sample preparations.
Unfortunately, either the obtained images were not
suitable for image analysis (overlapping and confused
configuration), or the obtained distribution histograms
did not represent the apparent full width distributions
(insufficient statistical relevance), i.e. they were not
able to account for the coarser fibril/fibre fraction, like
described for instance by Colson et al. (2016).
Additional details on the apparent width distribution
discrepancy can be found in the supplementary
information. However, the exercise enabled us to
identify the tendency of fibrils to aggregate at rest,
even under very dilute regimes (perhaps meniscus
force), as being one of the major challenges here.
Common strategies to improve the level of dispersion,
like adding carboxymethyl cellulose (Veen et al.
2015), were not sufficient (probably again related to
the high levels of dilution).

The evolution of the degree of fibrillation (DoF) in
this work is therefore indicated by qualitative and

indirect data, namely by optical and scanning electron
microscopy images and specific surface area (BET)
measurements. For this, 0.5 wt% suspensions of pulp,
MFC and H-MFC were frozen by immersion into
liquid nitrogen directly after the ultrasonication step of
the makedown procedure. The frozen samples were
then subjected to freeze-drying (Alpha 1-2LD Freeze
Dryer, Martin Christ GmbH, Germany). The specific
surface area was measured using the Brunauer—
Emmett-Teller (BET) method on torn out pieces of
the resulting aerogels, sampled in duplicate (Tristar,
Micromeritics, Germany). SEM images (Sigma VP,
Zeiss, Switzerland) were taken as well from such torn-
out pieces after being sputtered with gold (8 nm). For
optical microscopy (Axio Imager.M2m, Zeiss,
Switzerland), one drop of the respective 0.5 wt%
suspension was placed between two glass slides.

Rheological measurements

All the rheological measurements were performed on
an MCR 300 rheometer (Anton Paar, Austria) at
20 °C, equipped with a vane (six blades) in serrated
(length profiled) cup system (vane: ST22-6V-16,
dyane = 22 mm, cup: CC27-SS-P, d ., = 28.88 mm,
profile depths = 0.5 mm, profile widths = 1.65 mm),
also supplied by Anton Paar. The vane system was
used because it is less prone to depletion at the wall
and related apparent slip effects, as described, for
example, by Mohtaschemi et al. (2014a) and Schenker
et al. (2017).

All the suspensions were measured as triplicates,
and each measurement within a triplicate was obtained
from a separate filling of the measurement system. For
a given dilution, several dilution makedowns were
used throughout the work presented here, and the
repeatability was checked in all cases (data not
shown). The data are presented as average values
from the triplicate measurements. Individual standard
deviations are not presented, however, typical maxi-
mal standard deviations are provided for a given
property as per cent of the average property values.
Further standard deviation data can also be found in
preceding work (Schenker et al. 2017, 2018). After
loading the samples and immersing the vane, the
system was let to rest for about 2 min before the
measurement protocols were started. No pre-shearing
protocol was applied in order to induce as little
morphological changes to the suspension as possible.
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Fig. 1 Flow curve (a) and amplitude sweep (b) measurement
data of a 1 wt% MFC suspension. In the flow curve, the blue
circles represent shear rate increase data and the orange triangles
represent shear rate decrease data. In the amplitude sweep graph,

Flow curves (viscosity # in dependence of the shear
rate y) were recorded by performing an automated
shear rate increase ramp from 0.01 to 1000 s~ ',
directly followed by a ramp with reversed direction.
30 log-equidistant distributed point measurements
were performed per ramp with automated acquisition
time mode (minimal acquisition time is 15.2 s) and
shear rate control. The automated acquisition time
mode should ensure a steady state situation when
acquiring a measurement (Schenker et al. 2016b).
Having a steady state situation is important for the data
interpretation with view on suspension morphology as
it reduces the likelihood of time-dependent or start-up
effects interferences (Puisto et al. 2015; Korhonen
et al. 2017). Preliminary experiments have shown that
the same flow curves can be obtained with different
amounts of point measurements (data not shown). The
typically obtained three region flow curve, exempli-
fied with a 1 wt% MFC suspension flow curve in
Fig. 1, was quantified using the descriptors introduced
by Schenker et al. (2017, 2018). In short, zone 1 is
described by the power law parameters K; (consis-
tency coefficient) and n; (flow index), the low shear
viscosity #o.02, Where the subscript refers to the shear
rate which the viscosity is quoted, and its end (end of
zone 1). The transition region is characterised by the
position of the local minimum and its relative depth
(Amin)- Zone 2 is again described by its onset (start of
zone 2), the power law parameters K, and n, and the
representative high shear viscosity #;oo. Finally, also
the hysteresis between the shear rate increasing and
shear rate decreasing curve is described with the
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Strain (%)

the blue circles and the orange triangles represent the storage
and loss moduli, respectively, and the hollow squares represent
the phase angle

positive and negative relative hysteresis Hgs, and
Hgs_ respectively, using the simplified calculation
according to Schenker et al. (2018).

Viscoelastic properties were determined by an
amplitude sweep measurement at a frequency of
0.5 Hz. The automated, strain amplitude-controlled
ramp was set from 0.001 to 1000% with 60 log-
equidistant distributed point measurements and auto-
mated acquisition time mode. In practice, the acqui-
sition time was seen to be around 25.5 s for all points in
all measurements. As for the flow curves, preliminary
experiments have shown that the same rheograms can
be obtained with different amounts of point measure-
ments (data not shown). Here also, the descriptors
introduced by Schenker et al. (2017) are evaluated,
namely storage and loss moduli in the linear regime
(Gl..xs Giiy), as well as the limit of linearity (LoL) and
the yield stress (ty ), both determined via the phase
angle data. Typically, the plateau values for the
storage and loss modulus in the linear viscoelastic
(LVE) regime are reported. In the present and
precedent work (Schenker et al. 2017) it was however
found, that only the loss modulus shows this plateau
characteristic, whereas the storage modulus goes
through a local maximum before it decreases with
increasing strain. It was therefore decided to evaluate
the maximal storage modulus (G/,,), and as com-
monly done, the plateau value of the loss modulus
(G}l Especially at lower solids content and low strain
values, the moduli data tend to be noisy, such data was
omitted from evaluation. The yield point, defined by
the LoL (or strain at yield) and the yield stress (tys)
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Fig. 2 Optical (top) and SEM images (bottom) of the pulp (a), MFC (b) and H-MFC materials (c). The scale bars in the optical

microscopy images are 200 pm

Table 1 Specific surface area data of the pulp, MFC and H-
MFC materials, including the standard deviations for the MFC
and H-MFC materials

Material BET surface area (m2 gfl)
Pulp 0.4*

MFC 7.7+ 1.1

H-MFC 19.6 £ 1.2

%Only one valid measurement was obtained for the pulp
material, hence no standard deviation is provided

was determined using the phase angle data, rather than
the storage modulus data (Schenker et al. 2017). As a
consequence of the behaviour of the moduli as a
function of strain, the phase angle typically shows a
local minimum. The yield point was defined to be
where the phase angle deviates (increases) more than
5% from its minimal value, adapted from Moberg and
Rigdahl (2012) and further described by Schenker
et al. (2017).

Results

Degree of fibrillation

The increase of the DoF from the pulp, through the
MFC and to the H-MFC materials is apparent from the

microscopy images (Fig. 2). On the one hand, the
amount of clearly visible fibres and fibrils in the
optical microscopy images decreases with increasing
treatment intensity. On the other hand, SEM images
reveal an increasing amount of fine fibrils. This
qualitative observation is well supported by the
surface area data presented in Table 1. It is likely,
that the MFC material has the broadest fibril width
distribution among the investigated materials, as
residual fibres are present as well as isolated fibrils,
whereas the other two materials contain predomi-
nantly one or the other. The role of the pulp material in
this work is to investigate the influence of residual
fibres on the suspension rheology. The hypothesised
(as there is no quantitative data to proof this)
differences between the MFC and H-MFC materials
are the absence of residual fibres in the H-MFC
material, together with its narrower size distribution,
also resulting in a smaller median width.

Suspension particulate morphology hypothesis

As described in previous publications (Schenker et al.
2017, 2018), we place our interpretations and discus-
sions of the present rheological data in the light of
findings from other researchers. In those works, flow
curves very alike the ones reported here were
described, and in parallel the solid phase morphology

@ Springer
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G',.x (Pa)
1.5 wt%

Fig. 3 Storage modulus (G, ) data presented in ternary
mixture contour plots for the different total solids contents of
the mixtures, standard deviation was typically < 10%. High
storage modulus values are apparent for the left and top corner
regions, representing high pulp and H-MFC shares respectively.

was visualised (Haavisto et al. 2015; Karppinen et al.
2012; Martoia et al. 2015), confirming the aggregation
behaviour in the transition region. Furthermore, a
theoretical work, supported by experimental evidence,
on concentrated rigid fibre suspensions containing
adhesive contacts (Bounoua et al. 2016) describes the
present flow curves and trends very well.

Influence of DoF on static structure morphology

Figure 3 shows the storage modulus (G, ) data of the
investigated mixtures. The strong dependence on the
solids content is very apparent and is expected and
well reported (Jia et al. 2014; Padkko et al. 2007,
Shafiei-Sabet et al. 2012). Among the different
dilutions, a very alike trend is observed. The storage
modulus is highest at 100 wt% H-MFC, but also as
high or only slightly reduced at increased pulp shares
along and close to the 0 wt% MFC line. Furthermore, it
increases monotonically from MFC to H-MFC. The
loss modulus G, follows the same trends (data not
shown) and was lower by about one order of magni-
tude for all conditions. An increase of G, with an
increasing DoF is expected and is reported frequently
(Moberg and Rigdahl 2012; Shafiei-Sabet et al. 2016;
Taheri and Samyn 2016), so the trends seen for MFC
to H-MFC are expected as well. Yet, there is also work
showing different trends, e.g. Shogren et al. (2011)
found a maximum of moduli (and viscosity) in
dependence of the amount of homogeniser passes for
a corn cob based cellulose gel, or work by Saarinen
et al. (2009) showed a constant decrease of G' with
increasing number of passes through a fluidiser.
Nechyporchuk et al. (2016b) discussed these discrep-

ancies recently with a view on the used measurement
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Increasing MFC shares at the expense of H-MFC and pulp
(moving toward right corner) reduces the storage modulus. A
comprehensive instruction on how to interpret the ternary
diagrams can be found in the supplementary information

geometries and procedures and related the opposing
trends to potential measurement artefacts and pre-
treatment protocols. The measurement system and
procedures used in this work are in line with the
recommendations to obtain reliable data given by the
cited authors. The present data indicate that coarse
residual fibres can have a significant influence on the
storage modulus of an MFC suspension by providing a
high modulus that is also observed for highly fibril-
lated MFCs. This previously unreported finding may
be useful to consider when comparing MFC suspen-
sions that are manufactured with different processes,
as they may lead to different polydispersities and/or
residual fibre contents.

The storage modulus is a measure that describes a
system’s ability to store elastic energy, and its increase
with an increasing DoF is typically reasoned to be
caused by a stronger, more homogeneous network due
to the reduced fibril size (Moberg and Rigdahl 2012;
Shafiei-Sabet et al. 2016). So, the observed modulus
increasing effect of the pulp fibres is somewhat
contradictory, as a more open, less connected network
is present. A potential explanation may be found by
considering the flexibility of the network elements,
and not only the inter-fibril distances. If it is assumed
that thicker fibres are more rigid compared to finer
fibrils (as bending stiffness scales with the feature
dimensions), then it may well be that they also can
contribute strongly to the overall observed storage
modulus.

Influence of DoF on yielding behaviour

With increasing strain amplitude, ), the suspensions
start to yield and their behaviour begins to be
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Fig. 4 Yield stress determined from the amplitude sweep
measurements using the phase angle approach (tys), standard
deviation was typically < 5%. The yield stress increases with
increasing DoF, i.e. low values are obtained for increased pulp

Lol (%)
0.5 wt%

Lol (%)

Fig. 5 Limit of linearity (LoL) data. For solids contents > 1
wt%, the LoL is decreasing with an increasing pulp content,
apparent as the contour lines are parallel to the 0 wt% pulp line

determined as well by the ability of their interacting
network to deform plastically (viscous dissipation).
This transformation is characterised by the force
(shear stress) that is needed to initiate it, and at which
deformation it happens. In this work, the yield stress,
Ty.s, and the limit of linearity (LoL), both determined
from phase angle data, J, describe these parameters.
From Fig. 4, it is apparent on the one hand, that the
yield stress increases with increasing solids content [as
also seen, for example, by Mohtaschemi et al.
(2014a)]. On the other hand, higher DoF materials
lead to increased yield stress, and residual fibres do not
have an additional effect. As the yield stress will be
strongly determined by the breaking of adhesive
contacts and/or overcoming steric hindrances (Nechy-
porchuk et al. 2016b), the amount of contact points
between fibrils/fibres is a determining factor for this
property. The present data support this well, as
increasing solids content, as well as increasing DoF
(and a lower amount of residual fibres), results in a
higher contact point density, and this is also supported
by data from other researchers (Moberg and Rigdahl
2012; Taheri and Samyn 2016).

Lol (%)

shares (left corner), intermediate values for high MFC shares
(right corner) and high values for high H-MFC shares (top
corner). Exchanging shares leads to monotonically changing
yield stresses

(right triangle side). As the LoL was obtained from averaged
amplitude sweep rheograms, no standard deviation can be
calculated

The corresponding limit of linearity data are
presented in Fig. 5. Especially for solids contents > 1
wt%, it is obvious that the LoL is strongly defined by
the amount of residual fibres. The 0.5 wt% data show
the same general trend, yet there is somewhat more
variation. Furthermore, the LoL generally decreases
with an increasing solids content, similarly to that
shown in work by Jia et al. (2014). As reasoned in an
earlier work (Schenker et al. 2017), this trend can be
explained by a stiffening of the network with increas-
ing solids content due to the reduction of the distance
between the connection points. Using the same
reasoning, residual fibres would have an opposite
effect, as less connection points are present. Yet, the
present data show the opposite. So, it seems more
likely that the number of coarse fibres per unit
component solids content is less than the fine fibres
they accompany, and the additional rigidity of the
coarse fibres is reducing static entanglement. Coarse
fibre involvement in flocculation, due to the lower
charge density compared with fines, if present, there-
fore, is too weak to generate a strong elastic structure
at high deformation.
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Fig. 6 Apparent low shear viscosity (#9.02) data, standard deviation was typically < 10%. The trends resemble the ones described for
the storage modulus data in Fig. 3, i.e. the highest values are present at either high pulp (left corner) or high H-MFC shares (top corner)

To investigate the suspension behaviour further
beyond the yield region, the constant shear experi-
ments (flow curves) are now examined. It should be
mentioned at this point, that viscosity measurements at
low shear rates are very likely to be dominated by side
effects. On the one hand, there is evidence for
depletion near the measurement geometry boundary,
leading to a water (-rich) layer (Kumar et al. 2016;
Lauri et al. 2017) when smooth surfaces are used, and
on the other hand, especially for larger gap settings,
shear banding is likely to occur (Kumar et al. 2016;
Mohtaschemi et al. 2014b). The use of serrated and/or
rough surfaces or vane geometries (as in this work) are
typically employed to prevent or reduce the solid
depletion effects, commonly also referred to as
apparent slip (Buscall 2010; Mohtaschemi et al.
2014b; Schenker et al. 2017). However, the shear
banding cannot be prevented under uniform planar or
axial flow, unless the measurement gap would be very
small. But a small gap may lead to even more severe
side effects for a heterogeneous suspension like MFC
(Barnes 2000). When a critical shear stress and/or
shear rate is overcome, however, the banding disap-
pears, and so the interpretation of the results without
an according correction is less critical (Martoia et al.
2015; Mohtaschemi et al. 2014b; Servais et al. 2003).
This critical shear rate or stress is very likely
depending on the MFC suspension properties, but is
also likely to be in zone 1 and close to the transition
region for the data presented in this work (Martoia
et al. 2015; Mohtaschemi et al. 2014b; Servais et al.
2003). As we did not apply a correction to account for
the shear banding, our zone 1 data have to be
understood as apparent data only, yet the relative
trends are likely not to be influenced by omitting to
make correction(s) (Mohtaschemi et al. 2014a).

@ Springer

Comparing the apparent low shear viscosity data
(10.02) shown in Fig. 6 with the storage modulus data
(Fig. 3) reveals striking similarities, i.e. the general
increase with solids content, as well as the trend for
increased values at increased H-MFC and pulp shares.
Even though an evaluation of the shear thinning power
law behaviour may be critical with shear banding
being likely, it may be worth mentioning that the flow
index n; was basically independent of solids content
and composition, fluctuating around a value of 0.13
(data not shown). If one includes the assumption of
Karppinen et al. (2012), that the reforming of new
contacts within the network was fast enough to
compensate the breaking induced by the shear in this
region of the flow curve, one may hypothesise that the
viscosity in zone 1 is determined by the network-
induced elastic and viscous moduli. This could explain
the likeness between the apparent low shear viscosity
data with the moduli data, which is often the case in
complex suspensions, yet remains purely speculative.

Influence of DoF on aggregation behaviour

When increasing the shear rate further beyond a
certain point it is hypothesised that the here-used MFC
suspensions start to segregate into fibril rich-regions
(aggregates or strong flocs) and water rich voids
between them, as described in earlier work (Schenker
et al. 2017, 2018) and based on findings of, for
example, Karppinen et al. (2012) and Martoia et al.
(2015). This transition region is defined here by the
end of zone 1 (onset of aggregation), the position of
the local (viscosity) minimum, where the aggregation
is believed to be maximal, and the start of zone 2,
where a homogeneous structure is reinstalled/re-
sumed. Figure 7 shows the data for the position of
the local minimum and are exemplary for the end of
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Local min 0.5 wt% Local min

(s

Fig. 7 Position of the local minimum data. Generally, the
position of the local minimum is at lower shear rates for low
pulp contents (right triangle side) and increases with an
increasing pulp share (moving towards the left corner). The

zone 1 as well as the start of zone 2 data, as these
properties follow the same general trend. It is apparent
that the position of the local minimum is shifted to
higher shear rates for an increased pulp fibre share.
The data may also indicate that the shift to higher shear
rates is more pronounced for a combination of pulp
and H-MFC shares. Yet, the distance from one to the
next contour plot value is just one shear rate point
measurement, and typically the data variation within a
triplicate is & 1 measurement point for this type of
data. So, the significance between two neighbouring
values may not be a given in every case. Therefore,
this discussion should be considered from a more
generalised point of view. Namely, the end of zone 1
(not shown), the position of the local minimum and the
start of zone 2 (not shown), becomes shifted to higher
shear rates, and the overall span of the transition is
increased (not shown) for increased pulp shares. This
behaviour appears to be stronger at increased solids
content, though more so only when sufficient pulp
fibres are present in the mixture. It may be hypothe-
sised, that the coarse pulp fibres and/or a sufficiently
high polydispersity generally hinder a structural
reorganisation.

HRS+ (1)
1 wt%

HRS+ (1)
1.5 wt%

1wt% Local min

1.5 wt%

Local min

contour lines represent actually probed shear rate values
(measurement points). As the data are discrete, no standard
deviation can be provided, however, a typical variation observed
was £ | measurement point

As described earlier, the relative transition zone
depth (4,,;,) additionally characterises the degree of
aggregation (Schenker et al. 2017). However, no
conclusive trends with regards to the DoF were found
here, yet, nonetheless, the previously found trend of
increasing relative transition zone depth with decreas-
ing solids content (Schenker et al. 2017) was repro-
duced (data not shown).

When a complete shear rate loop (shear rate
increase ramp followed by shear rate decrease ramp)
is performed, a difference between the two viscosities
at a given shear rate can be seen (Fig. 1). This
hysteresis was observed before and generally a
difference in the suspended material morphology,
caused by the respective shear history, is held
responsible (Iotti et al. 2011; Martoia et al. 2015). A
recent publication by Schenker et al. (2018) discussed
the potential origin of different hysteresis behaviours
observed in the literature, and introduced a novel
quantification approach that is applied also now in this
present work. In short, two different types of hysteresis
are identified: one where the viscosity of the shear rate
increasing ramp is higher than the viscosity of the
shear rate decreasing ramp, called positive hysteresis,

Fig. 8 Positive hysteresis data, standard deviation was typically < 15%. The decrease of the positive hysteresis with a decreasing pulp
share is apparent, as the contour lines are parallel to the 0 wt% pulp line (right triangle side)
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and the other one, the negative hysteresis, where it is
vice versa. The positive hysteresis (Hggs) is attributed
to the difference between the initial, homogeneous
structure and the moderately aggregated structure after
a full shear rate loop (Martoia et al. 2015; Schenker
et al. 2018). The negative hysteresis (Hrs_) appears to
be mainly dominated by the viscosity drop under the
level of the shear rate increasing ramp at the transition
zone, and therefore related to the degree and span of
aggregation during this flow curve.

Figure 8 shows the results for the positive hystere-
sis. Please note that the data of the 0.5 wt% suspen-
sions (and some points of the 1 and 1.5 wt%
suspensions) are not shown, because those suspen-
sions typically showed sedimentation, starting shortly
after the shear rate decrease ramp started. It is apparent
that the positive hysteresis is independent of the solids
content for all mixture ratios, confirming earlier
findings (Schenker et al. 2018). Furthermore, there is
a clear trend of higher positive hysteresis values for
increased pulp shares. Following the above described
reasoning, this may indicate a larger difference in
suspension morphology between the unsheared and
the pre-sheared (through the shear rate loop) state,
induced by coarse fibres. It may be hypothesised
again, that the coarser fibres may hinder structural
rearrangements due to their stiffness compared to finer
fibrils. The addition of visualisation, or other structure
revealing techniques to such flow curve measurements
would be of high value and could test this hypothesis.
The negative hysteresis generally increases with a
decreasing solids content (data not shown), that was
also observed previously and attributed to a higher
amount of available free water at decreased solids
content (Schenker et al. 2018). Trends with the DoF
are not very apparent, but a general reduction of the
negative hysteresis with high pulp share is likely, as

Moo (Pas)

Fig. 9 High shear viscosity (1) data, standard deviation was
typically < 10%. The high shear viscosity generally increases
monotonically with the DoF, i.e. it is low towards the left corner
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Moo (Pas)
1.5 wt%

well as that the highest values are typically found at a
combination of 20-40% pulp with low to no MFC
share. These general trends are somewhat unexpected,
yet may be explained again by the stiffness of coarse
fibres hindering a dense aggregate formation, for
instance, (Bounoua et al. 2016), and a tendency for
rather fine, easily entangling fibrils to aggregate more
strongly (Naderi and Lindstrém 2015; Taheri and
Samyn 2016). However, again, without any additional
direct or indirect visualisation of the aggregated
structure, such models remain hypothetical.

Influence of component mix on high shear
behaviour

When the shear rate is high enough, the aggregated
structure that formed in the transition region starts to
break down again and the second, power law shear
thinning zone starts (Bounoua et al. 2016; Karppinen
et al. 2012; Martoia et al. 2015). Here, this zone is
described by the apparent high shear viscosity #;qo,
and the respective data can be found in Fig. 9. The
typical increase of viscosity with solids content is
clearly apparent, as well as that a higher DoF increases
the high shear viscosity. This is in good agreement
with the literature, consolidated in a recent review by
Nechyporchuk et al. (2016b). It may be worthwhile to
recall the different trend that is observed for the low
shear viscosity. This difference indicates that the
suspension morphologies, defining the apparent vis-
cosities in zone 1 and 2, are different, i.e., the
morphology of the sheared suspension material in
zone 1 is supported by coarse, presumably stiff, fibres,
whereas the morphology at increased shear rates (zone
2) is not affected by such fibres.

Further insight can be obtained by looking at the
shear thinning behavior of zone 2, i.e. by looking at the

Moo (Pas)
2 wt%

(high pulp shares), intermediate towards the right corner (high
MFC shares) and high towards the top corner (high H-MFC
shares)
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n, (1)
0.5 wt%

Fig. 10 Flow index of zone 2 (n,) data, standard deviation was
typically < 13%. The general trend of n, appears to follow the
pulp share, becoming higher (lesser shear thinning tendency)

consistency coefficient K, and the flow index n,.
While K, basically shows the same trend (not shown)
as the apparent high shear viscosity, the flow index
appears to change strongly as a function of pulp
content at low pulp contents, following also a function
of solids content (Fig. 10). It should be noted also, that
the flow index was the highest at the maximal possible
pulp content before sedimentation occurred within the
flow shear cycle, at each given solids content, and its
absolute value was almost the same (0.64 4+ 0.04)
under this condition. The increase of shear thinning
tendency (decrease of the flow index) with an
increasing solids content was reported before for
MFC suspensions (Bounoua et al. 2016; Lasseuguette
et al. 2008; Schenker et al. 2017), and for pulp
suspensions as well (Chaouche and Koch 2001).
Bounoua et al. (2016) attributed this effect to the
increasing role of attractive interactions at increased
solids contents. Likewise, we (Schenker et al. 2017)
attributed this effect to the increased importance of
entanglements at lower shear rates of zone 2 for
increased solids content. Extending those hypotheses
may also explain the observed effect of a reduced
shear thinning behaviour with an increased pulp share.
As the coarser fibres lead to less entanglements and/or
less attractive interactions (compared to the same
mass/volume of fine fibrils), their presence resembles
the effect of an increased dilution.

Conclusions

The present work investigates the rheological beha-
viour of suspensions containing MFC suspensions of
different DoFs, as well as pulp fibres that mimic
residual, unfibrillated fibres. The results follow the
well-known  properties of multimodal (and

with an increasing pulp share. The maximum value is very
similar for all solids content and is found at the maximal pulp
share in the mixture

polydisperse) dispersions of particles in general, i.e.
interactions at a distance and upon close approach
(colloidal) are important flow controlling factors. The
exception here is the extra factor that the fibrils are
flexible to varying degree and become entangled,
whereas round colloidal particles do not.

Given the above conclusion, refinements can be
made in the way the flow response of complex shaped
solids can be parameterised, including particle prop-
erties such as flexibility and entangled aggregate
formation. It appears that the present set of data enable
us to split the structure and flow behaviour into three
categories with view to the observed trends as a
function of the suspension composition. The first
category contains the properties that are trending with
the fibre/fibril widths (DoF) only. The second set of
properties is characterised by a discontinuous beha-
viour, i.e. the coarse pulp fibres lead to the same or
alike level of property effect as the highly fibrillated
H-MFC. The third category seems to depend mainly
on the pulp share.

The behaviour observed in the first category applies
for the following properties: yield stress (ty s, Fig. 4),
high shear viscosity (#1100, Fig. 9) and the consistency
coefficient in zone 2 (K5, not shown). In all these
properties, the values are increasing with an increasing
DoF, considering the pulp as being equivalent to a low
DoF component, and are also strongly increasing with
the suspension solids content. Such behaviour was
described before in the literature. It is typically
hypothesised that the increasing amount of fibrils
(due to the increased DoF and/or the increased solids
content) is responsible for the respective property
increase. It is reasoned, that the relative movement
between fibrils is hindered by the increased amount of
physical interactions and entanglements. The present
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work supports those hypotheses, also for highly
polydisperse MFC suspensions.

The second category, where the pulp share leads to
a discontinuous behaviour includes specific changes in
the following paramaters: storage modulus (G,
Fig. 3), loss modulus (G}, not shown) and the low
shear viscosity (1902, Fig. 6). As mentioned in the
results section, the interpretation of the low shear
viscosity may be critical, though, because of poten-
tially dominating shear banding. The trend in this
category is that the unfibrillated pulp fibres and the
highly fibrillated H-MFC lead to high parameter
values. Alike behaviour was reported before (even
though not specifically for materials containing resid-
ual fibres), yet the observed effects were attributed
either to measurement artefacts related to the mea-
surement geometries, or inadequate sample pre-treat-
ment. It seems justifiable to assume that those artefacts
were not present in this work, so it appears that this
behaviour was not observed before. It is concluded
that the pulp fibres contribute to the network strength
by their stiffness, which is a direct cause of their width,
whereas highly fibrillated systems gain their network
strength from an increased network density and
entanglement.

The properties that mainly depend on the pulp share
include the limit of linearity (LoL, Fig. 5), the positive
hysteresis (Hgrs,, Fig. 8) and probably the flow index
of zone 2 (n,, Fig. 10). The reduction of the LoL with
an increasing pulp share may be explained by the
combined effect of the pulp fibres to increase the
network stiffness, but also to lead to a smaller network
density (less physical interactions). In turn, the lower
amount of physical interactions caused by the coarser
fibres may also explain the reduced shear thinning
tendencies in zone 2 for higher pulp shares.

The trends for the aggregation descriptors with the
DoF are not so clear, yet it appears that the coarse pulp
fibres also influence the aggregation behaviour in the
transition region, probably caused by a reduced
mobility of the fibres compared to the finer fibrils.
This is at least partially supported by the positive
hysteresis data. The addition of rheo-optical measure-
ment techniques to such measurements could be very
insightful and probably help to reveal the mechanisms
and contributions of the individual components.

In conclusion it can be stated that (residual) coarse
fibres can influence the rheological properties of MFC
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suspensions, not always following trends that are
typically observed for changing DoFs. We further
conclude, that it is not only the increased width that
leads to a lower network density (compared to fibrils)
causing these differences, but also their increased
stiffness and lower mobility. To confirm this conclu-
sion, rheo-optical investigations could be envisaged.
Additionally, the impact of a polydisperse system with
improved packing and smoother transitions plays a
distinct role. From an application point of view, this
work also has shown that it is possible to obtain MFC
suspensions with specific sets of rheological properties
by combining different DoF MFCs and pulp fibres,
potentially opening up an even wider application space.

As shown by other researchers, and summarized for
instance by Nechyporchuk et al. (2016b), there seem
to be two different types of fibrillated cellulose types
with view on their rheological behaviour and respec-
tive suspension morphology under flow. The primary
difference between the two types is the surface charge,
being typically low for unmodified grades and high for
chemically modified grades. The latter grades typi-
cally are relatively stable colloidal suspensions due to
the increased electrostatic repulsion. As this repulsion
alters e.g. the frictional interactions between the
fibrils, the here-presented findings cannot be trans-
ferred ad hoc to modified fibrillated cellulose grades.
Additional experimental work would be needed to
check the transferability.
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