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Abstract — Processing cellulose nanofibril (CNF) hydrogels with a high concentration is a solution
to reduce logistics costs and drying energy and to produce CNF-based materials with good dimensional
stability. However, the rheology of concentrated and highly concentrated CNF hydrogels is poorly
understood due to the difficulties to characterise them using standard shear rheometers. In this study,
enzymatic CNF hydrogels in the concentrated and highly concentrated regimes (3-13.6 wt.%) were
subjected to lubricated compression at various strain rates. At low strains, compression curves exhibit
a linear regime. At higher strains and low strain rates, a heterogeneous and marked hardening of
stress levels was observed and accompanied with a two-phase flow with significant fluid segregation
and network consolidation. At high strain rates, a homogeneous and incompressible one-phase plateau-
like regime progressively established. In this regime, a yield stress was measured and compared with
literature data, showing a good agreement with them.

Keywords — cellulose nanofibrils; flocculated hydrogels; lubricated compression; elongational flow;
segregation.

1. Introduction

Cellulose nanofibrils (CNFs) are the main elementary reinforcements of plant and wood
cell walls (Dufresne, 2017). They are mainly extracted in the form of colloidal hydrogels
(Nechyporchuk et al., 2016) at a concentration that classically ranges between 1 wt.% and
3 wt.%, using a mechanical disintegration process of the plant or wood fibres (Dufresne,
2017) (Nechyporchuk et al., 2016; Klemm et al., 2018). The mechanical process is often
combined with enzymatic or chemical pre-treatments to reduce the input energy needed for
the production of CNF hydrogels (Henriksson et al., 2007; Paakko et al., 2007; Saito et al.,
2007; Isogai et al., 2011).

Depending upon the extraction route, the morphology (width, slenderness, tortuosity)
and the physico-chemical surface properties (e.g., surface charge density) of CNFs can
significantly vary (Nechyporchuk et al., 2016). Mechanically and enzymatically treated CNF
hydrogels are usually flocculated systems that contain a great amount of nanoscale elements
in the form of fibril aggregates and residual microscale elements such as partially fibrillated
fibres (Nechyporchuk et al., 2016). Typically, the diameter and length of nanoscale elements
range from 5 to 100 nm and from 1 pm to 10 pm, respectively (Dufresne, 2017; Martoia et
al., 2015). Owing to their important aspect ratio (~ 50-300), significant specific surface area
(~ 40-800 pm™), as well as their remarkable mechanical properties (longitudinal Young’s
modulus » 90 GPa, longitudinal stress at break ~ 0.5-1 GPa (Moon et al., 2011; Cheng et



al., 2009)), CNFs constitute promising biosourced nanofibrous reinforcements that can be
used as gelling agents for cosmetics (Meftahi et al., 2022), coating slurries for the
papermaking industry (Lavoine et al., 2012; Missoum et al., 2013; Li et al., 2021), thickeners
or emulsion stabilisers for the food industry (Gémez H. et al., 2016) or as building blocks to
obtain filaments, films or nanopapers as well as foams or aerogels for a wide range of
applications (Lundahl et al., 2017; Liu et al., 2022; Gupta et al., 2018).

During the processing of the aforementioned materials, CNF hydrogels are subjected to
complex flow kinematics, including shear and elongational deformations (Hubbe et al., 2017;
Wang et al., 2019). For instance, intense shear can occur during pumping and mixing
operations (Hubbe et al., 2017), elongation during spinning and drawing operations related
to the fabrication of continuous filaments (Lundahl et al., 2017; Kim et al., 2019), or
compression during pressing and coating operations of films or nanopapers (Rantanen et al.,
2015; Dimic-Misic et al., 2017) as well as during the solidification phase of the ice-templating
processing route to produce CNF foams or aerogels (Gupta et al., 2018). To obtain CNF-
based materials with optimised microstructures and end-use properties, it is crucial to control
the rheology and related flow-induced nanostructures (e.g., fibril orientation) and
mesostructures (e.g., evolution of the size and shape of flocs) of CNF hydrogels under various
flow conditions.

The shear rheology of the mechanically and enzymatically treated CNF hydrogels has
been studied extensively in the literature (Hubbe et al., 2017). The majority of the rheological
studies are focused on CNF hydrogels with moderate CNC concentrations of 0.5-3 wt.%,
leading to semi-concentrated to concentrated systems. Only few shear rheological data have
been reported for highly concentrated (up to 10 wt.%) enzymatic CNF hydrogels (Jaiswal et
al., 2021). However, this is of great interest since processing highly concentrated CNF
hydrogels allows reducing the transportation and logistics costs, saving energy, reducing
shrinkage during drying of CNF hydrogels and enhancing dimensional stability of CNF-based
products (Sinquefield et al., 2020). All these studies have shown that CNF hydrogels exhibit
an apparent yield-stress at low shear rates and a shear thinning behaviour at higher ones
(Hubbe et al., 2017) (Martoia et al., 2015; Martoia et al., 2016; Koponen, 2020). At
intermediate shear rates, their shear response is erratic. This particular behaviour is related
to complex phenomena related to the aggregation and/or disaggregation of flocs, which
evolve with the applied shear rate history (Karppinen et al., 2012; Saarikoski et al., 2012;
Martoia et al., 2016). Several studies have shown that shear tests are often affected by
heterogeneous flow kinematics (e.g., wall slippage, shear wall depletion, shear banding
(Martoia et al., 2015; Nechyporchuk et al., 2014; Saarinen et al., 2014)) that hinder the
interpretation of the rheological data and question the relevance of these tests for CNF
hydrogels. These problems are all the more prone to occur as the CNF concentrations is
increased (Nechyporchuk et al., 2015). To circumvent these difficulties, various observation
techniques such as ultrasonic speckle velocimetry (Martoia et al., 2015) or optical coherent
tomography (Saarinen et al., 2014) have been used to better analyse the flow kinematics and
extract relevant rheological parameters for CNF hydrogels.

Few studies in the literature are dedicated to the extensional rheology of CNF hydrogels.
These experiments used devices based on the principle of capillary flow rheometers equipped
with a convergent nozzle (Moberg et al., 2014) or capillary breakup extensional rheometer
(Lundahl et al., 2018). Due to the complexity of these setups, the data obtained by these
approaches are difficult to analyse. Even if the results are difficult to interpret, they tend to
show an extensional thinning behaviour of the CNF-hydrogels. However, the authors did not
report any measurements of extensional yield stress for the studied CNF hydrogels. It is
worth mentioning that for other concentrated fibrous and/or aqueous systems, lubricated
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compression was proved to be a suitable test to analyse their complex in-plane elongational
flow (Guiraud et al., 2012; Chalencon et al., 2010; Orgéas et al., 2008; Le Corre et al., 2002;
Meeten, 2002; Ovarlez et al., 2010).

In this context, we hypothesized that the extensional behaviour of concentrated and
highly concentrated enzymatic CNF hydrogels (CNF concentration up to 13.6 wt.%) can be
thoroughly investigated using lubricated compression under various strain rates. The used
compression device was equipped with optical visualisation systems to observe and to better
understand the complex flow of CNF hydrogels during compression.

2. Materials and Methods

2.1 Materials
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Figure 1. (a) SEM micrograph of a film obtained after drying a CNF hydrogel that was
diluted with distilled water at 0.1 wt.%. (b) TEM micrograph of a film obtained after drying
a CNF hydrogel that was diluted with distilled water at 0.001 wt.%. (¢) Width distribution
of the microscale elements obtained from 100 measurements performed on 5 SEM
micrographs. (d) Width distribution of the nanoscale fibril aggregates obtained from 100
measurements performed on 5 TEM micrographs.



An enzymatic CNF hydrogel at a weight (resp. volume) concentration ¢, (resp. ¢yo)
of 3 wt.% (resp. 2%) was supplied by Centre Technique du Papier (Grenoble, France). These
CNF hydrogels were obtained from a birch bleached kraft pulp using a procedure briefly
described hereafter. The pulp was slushed in a pulper and then transferred to a tank in which
the enzymatic treatment was carried out. The fibres in water suspension (4 wt.%) were
hydrolysed under mild conditions (15 min, pH = 6, 50°C) by adding 4 ml of endoglucanases
(Novozym 476, Novozymes, Denmark) per kilogram of fibres (or conversely 20 Ug'), The
enzymatically-treated fibres were then extensively refined in disc refiners using a decreasing
refining intensity from 0.5 Wsm™ to 0.1 Wsm™. The suspension was then diluted to a
concentration of 3 wt.% and subjected to a second refining stage with a decreasing refining
intensity from 0.1 Wsm™ to 0.01 Wsm™. Then, the fibres were mechanically disintegrated
using a homogeniser M-110 EH-30 (GEA Niro Soavi, Parma, Italy) at 1500 bar and 3 passes.
Figure la,b show SEM and TEM micrographs of a CNF film obtained after drying drops of
diluted CNF hydrogel (Martoia et al., 2016). These micrographs reveal that the CNF
hydrogel contains microscale elements, i.e., partially fibrillated fibres, and nanoscale
elements in the form of cellulose fibril aggregates. The quantitative analysis of both SEM
and TEM images was performed manually with ImageJ software (Schneider et al., 2012).
This enabled the distributions for the widths of the microscale and nanoscale elements to be
plotted in Erreur ! Source du renvoi introuvable. 1lc,d, respectively. The microscale
elements exhibited a mean width of W =~ 9.4 um and the nanoscale elements had a mean
width w = 21.6 nm. Due to the difficulty to distinguish individualised CNFs, it was not
possible to measure with enough accuracy their lengths.
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Figure 2. Schematic representation of the methodology used to obtain CNF hydrogels at
high CNF concentrations. Photographs of the CNF hydrogels at concentrations ¢ of (a) 3.0
wt. % (Pro=2%) and at high concentrations of (b) 8.0 wt.% (¢pp= 5.5%) and (c) 13.6 wt. %
(br= 9.5%).

2.2 Concentration of CNF hydrogels

A specific methodology was developed to prepare CNF hydrogels at high weight (resp.
volume) concentrations ¢ (resp. ¢s) of 8 wt.% (resp. 5.5%) and 13.6 wt.% (resp. 9.5%)
(Figure 2). A mass m of 100 g of CNF hydrogel at the initial weight concentration ¢, was
poured into a rectangular aluminium tray of 250 ml capacity and placed into a vacuum oven
(Thermo scientific Heraeus, VT6060M) at a vacuum pressure p of 0.01 mbar and a
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temperature T of 50°C. The hydrogel was taken out from the vacuum oven every 20 min
and was homogenised with a disperser (IKA Ultra-Turrax T-18) at 3000 rpm. The drying
and homogenisation process was repeated until reaching the desired concentrations ¢ of 8
wt.% and 13 wt.%. The final hydrogel concentration ¢ was checked using a gravimetric
method [38].

2.3 Lubricated compression experiments

The rheology of concentrated and highly concentrated CNF hydrogels was studied using
lubricated compression tests with cylindrical samples. The testing procedure was adapted
from those reported in (Le Corre et al., 2002; Chalencon et al., 2010; and Guiraud et al.,
2012) to characterise the complex in-plane elongational flows of concentrated fibre
suspensions and granular systems. To prepare the samples, a mass of 10 g of CNF hydrogel
was homogenised at 3000 rpm using the Ultra-Turrax disperser. To remove the air bubbles
introduced during the mixing step, the CNF hydrogel samples were placed in vacuum at
0.01 mbar for a few minutes. A prescribed amount of CNF hydrogel was then poured into a
cylindrical mould made of Teflon. Finally, the CNF hydrogel sample was removed carefully
from the mould. The as-prepared samples were cylinders with an initial diameter d, = 13.1
mm, and an initial height hy = 3.0 mm. The lubricated compression experiments were
performed using an electromechanical tension-compression machine (Shimadzu — AG-X
with force sensor of 100 N) equipped with parallel square aluminium platens (25 mm in
width) (Figure 3a). Teflon sheets were stuck onto their surface. In addition, to avoid friction-
induced shear effects, the platens were coated with silicone oil with a shear viscosity pu =
0.02 Pa s.

During the tests, the instantaneous height h and the compression force F were
recorded. The CNF hydrogels at standard concentration (3 wt%) were compressed with
constant compression velocities h that ranged from 0.2 to 150 mm min~!, whereas the
CNF hydrogel at 8 wt.% and 13.6 wt.% were compressed at a constant compression velocity
of 5 mm min~!. These velocities correspond to initial strain rates &, = |f1/h0| that ranged
between 0.001 s™!and 0.8 s™!. By assuming the CNF hydrogel incompressibility, the axial
compression stress o = 4|F|h/(whyd?) was plotted as a function of the axial compression
Hencky strain € = |In(h/hy)| (up to 0.9). During the tests, side views of the deformed
samples were acquired using a high-frequency video camera (Figure 3a). In addition, to
better observe the in-plane flow of the samples, some compression experiments were
performed between lubricated transparent glass slits that were stuck to the metallic platens
as shown in Figure 3b. Photographs showing a top view of the samples during their
deformation were also taken with a video camera.

Figure 3c shows a typical stress-strain compression curve recorded during the flow of a
CNF hydrogel at a concentration ¢ =3 wt%. From these curves, we assessed the
compression modulus E of the CNF hydrogels from the linear part of the stress-strain
curves. In addition, the transition stress o, and deformation at transition stress &, were
also estimated from the intersection of two tangent lines, one with the initial apparent linear
part and another with the strain hardening part of the stress-strain curves (Figure 3c¢).

€
Figure 3. (a) Photographs showing the compression setup equipped with lubricated and
parallel metallic platens. (b) Scheme and photograph of the compression device equipped
with lubricated and transparent glass slits, enabling the observation of the top of the samples



during compression. (c¢) Typical stress-strain compression curve of a CNF hydrogels at ¢ =

3 wt.% obtained for an initial compression strain rate & = 0.1 s™1.
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3.1 Stress-strain curves obtained at various strain rates

Figure 4 shows typical stress-strain curves obtained for CNF hydrogels at 3, 8 and 13.6
wt.% and various compression strain rates &, . Regardless of the CNF hydrogel
concentrations and strain rates, the compression curves exhibit two distinct regimes: an
apparent linear regime characterised by an apparent compression modulus E at low strain
(0 < & < g,) followed by a strain hardening or plateau-like regime (¢ = ¢&,). Below the
strain &,, the compression response depends slightly on &. On the contrary, above ¢, the
compression response exhibits a plateau with weak or marked hardening of stress levels,
depending on the applied strain rate. Astonishingly, the hardening behaviour is strengthened
with decreasing the strain rate, leading to important stress levels at the end of the
compression test. In addition, it is interesting to note that for all the investigated CNF
contents, the stresses measured at high strain (¢ > 0.7) are decreasing functions of &,. This
unusual behaviour is further illustrated in Figure 6. for a CNF hydrogel at 3 wt.%.
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Figure 5. Evolution of the compression modulus E (a), the transition stress o, (b) and strain
g, (c) as functions of the initial strain rate €, for a CNF hydrogel at 3wt.%.



3.2 Stress-strain curves below &p

Figure 5 shows that the apparent compression modulus E and the transition stress oy,
and strains &, of the CNF hydrogel at 3 wt.% exhibit a high variability and slight increases
for the strain rate range 0.001 s™1 < &, < 0.1 s~1. Above, these parameters exhibit lower
variabilities, with still an increase for &,, and a decrease for E and o,. Figure 6 shows that
the compression modulus E and the transition stress o, measured when &, = 0.2 st
were power-law functions of the CNF volume fraction ¢, ie., E cl)fn and o, qbfm
with n = 2.4 and m = 2.7, respectively.
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Figure 6. Evolution of the compression modulus E (a) and the transition stress o, (b) as
functions of the nanofibre volume fraction ¢ when &, = 0.2 s~1.

3.3 Stress-strain curves above &p

Figure 7 shows the evolution of the stress gy, measured at € = 0.7 as a function of
the strain rate &,. Astonishingly, this stress exhibits a non-linear decrease with &,. This
evolution is well fitted by the power-law function oy, « £,9 with g = —0.18. In addition,
below 0.1 s~! that corresponded to the transition between the marked and weak strain
hardening regimes (Figure 4), it is interesting to notice that the stress gy, exhibits large
and erratic variations. Conversely, above this point, it exhibits a lower discrepancy that is
related to a more uniform flow (c¢f. subsection 3.4).

3.4 Flow mechanisms above &p

The compression curves in Figure 3 revealed that the CNF hydrogels exhibit complex in-
plane equi-biaxial elongational flow properties above &,. Astonishingly, these curves showed
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that the flow stress oy, increases significantly with decreasing the strain rate &,. This
particular behaviour is observed for all the investigated CNF hydrogels. However, an
opposite trend is commonly observed for homogeneous incompressible viscous fluids,
including Newtonian, shear thinning as well as shear thickening fluids. Thus, to better
understand the flow mechanisms at the origin of this particular behaviour, we performed
lubricated compression tests coupled with optical visualisations on CNF hydrogels at 3 wt.%.
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Figure 8. Typical stress-strain curve and inset photographs showing the top and side views
of a CNF hydrogel sample at 8 wt.% during a compression performed at &, = 0.001 s
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Figure 8 shows top and side views of a CNF hydrogel sample that were recorded during

a compression test performed at &, = 0.001 s~

1

, i.e., within the regime where a pronounced

hardening of stress levels was observed. These photographs reveal that the samples remained
practically cylindrical whene < &, =~ 0.2, thus emphasising an homogeneous plug flow of the
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samples with in-plane equi-biaxial elongation. However, above ¢g,, several radial cracks
appeared on the outer vertical surface of the samples, emphasising an heterogeneous flow
with severe damage of the CNF networks. Interestingly, these cracks were coupled with solid-
liquid segregation, with noticeable migration of the hydrogel water (or a mixture of water
with a low content of CNF) out of the CNF network, thereby inducing a radial gradient of
the CNF concentration within the sample. This phenomenon was also associated with the
formation of a whitish core area at the centre of the samples that was visible in the top views
of samples. In this area, the CNF network was presumably subjected to a marked
consolidation and its volume content was thus increased compared to the initial fibre volume
content. Crack nucleation and propagation together with solid-liquid segregation became
more and more pronounced with the increase in the compression strain.
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Figure 9. Evolution of the ratio ¢prc./df as a function of €, obtained from several samples
of CNF hydrogel at 3 wt.% deformed at a compression strain € = 0.9. Note that these
values were obtained from the averaging of three measurements. The photographs show top
views of the deformed samples corresponding to the numbers indicated in the graph.

Assuming the CNF hydrogel incompressibility, we estimated the degree of segregation
e/ Py between the CNF volume fraction in the core zone denoted ¢y, i.e., in the zone
from which the water was expelled, and the initial CNF volume fraction ¢ as follows:
re _ Moo g 1y
¢ hooSsc
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where hg and hgg are the height of the cylindrical sample measured at compression strains
e =0 and &= 0.9, respectively. S, is the initial area of the sample and S, is the area of
the core zone measured at a compression strain & = 0.9. Then, to measure Sg., an image
analysis method based on the gradient in the grey levels of the top photographs taken at an
axial compression strain of 0.9 (Figure 7) was used. The core zone was roughly identified
with a thresholding operation applied on the pixels of the images with the highest grey levels
(whitish zone). This operation was done manually using the Threshold function implemented
in ImageJ software. Then, the area Sr. was measured using a pixel counting method
(Schneider et al., 2012). Doing so, the ratio ¢s./¢; was slightly overestimated, since it was
assumed that all CNFs were concentrated in the volume of the core zone. The low
concentrated CNFs located in the greyish transition area around the central zone were not
taken into account. Figure 9 shows the evolution of the ratio ¢r./¢s as a function of the
initial strain rate &, for a CNF hydrogel at 3 wt.% as well as top views of several samples
deformed at & = 0.9 that were used to estimate this ratio (points 1 to 4 which are indicated
in the graph). The ratio ¢y./¢; obviously exhibits a decrease with increasing the initial
strain rate &,. Indeed, for the lowest initial strain rates (&, <0.01 s™1), brc/ b5 is
approximately equal to 2-2.3, showing that a large quantity of water was expelled from the
samples. As underlined in the previous paragraph, this phenomenon is also associated to a
pronounced consolidation of the CNF phase within the CNF hydrogels during compression.
In addition, for initial strain rates &, > 0.01 s_l,(j)fc /&5 progressively reaches the value of
one, showing that the deformation of the samples was more and more homogeneous as the
strain rate &, was increased, so that the flow of the CNF hydrogels tended to be one-phase
and incompressible for the highest investigated compression strain rate of 0.5 s™1.

The aforementioned flow mechanisms are also suspected to be at the origin of the complex
rheology behaviour shown in Figures 3 b,c for CNF hydrogels at higher concentrations.

6. Discussion

The previous results show the critical effect of the compression strain rate &, on the
compression response of the studied enzymatic CNF hydrogels. At the lowest compression
strain rates, the stress-strain compression response exhibited (i) a large discrepancy and (ii)
a two-phase flow with liquid migration, cracks of the fibrous network and pronounced
hardening of stress levels. Concerning point (i), the observed discrepancy could arise from
the heterogeneous structure of enzymatic CNF hydrogels: it has often been reported that
these hydrogels exhibit flocculated mesostructures due to dominant van der Waals colloidal
attractive forces between nanofibres. For point (ii), the observed hardening is linked with a
consolidation of the CNF networks in the centre of the samples, i.e., a compression-induced
increase of the volume fraction of CNF in this zone, as emphasised from Figure 9. Such a
consolidation could result from the in-plane flow of water through the networks of CNF and,
more probably, through the networks of CNF flocs as well as through the observed opening
cracks. On the opposite, for the largest investigated strain rate, the observed flow was
practically a one-phase and incompressible flow with small radial cracks that appeared at
large compression strains. Furthermore, the compression response of the investigated CNF
hydrogels was less scattered with a weak or moderate hardening of stress levels. This
behaviour could be related to the disentanglement of the CNFs together with their
reorientation perpendicular to the compression axis (Laurencin et al., 2019) and/or the
disaggregation of CNF flocs. For this strain rate, the interstitial pressure of water should
reach sufficient high values to promote these mechanisms and to restrain fluid migration.
Thus, by progressively increasing the compression strain rate, the marked two-phase flow
regime evolved towards a one-phase flow regime with less consolidation and segregation,
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leading presumably to the establishment of homogeneous in-plane deformation of the CNF
networks and CNF flocs. This mechanism could also explain the decrease in the scattering
of the results. It could also be at the origin of CNF volume fractions that remained closer
and closer to the initial CNF volume fraction with the increase in the compression strain
rate. This could explain the slight decrease of the compression modulus E and transition
stress o, observed for compression strain rates that were above the aforementioned
transition compression strain rate that corresponds to the occurrence of the plateau-like
regime.
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Figure 10. Evolution of the shear yield stress ty as a function of the CNF volume fraction
¢ for the CNF hydrogels investigated in this study and for mechanically and enzymatically
treated CNF hydrogels reported in (Koponen, 2020). Dashed line: power law function
identified in this study.

It is important to notice that similar compression behaviour, i.e., with fluid-fibre
segregation and fibre network consolidation at low compression rates and homogeneous flow
at higher compression strain rates, has already been reported for granular suspensions, i.e.,
cement mortars (Cardoso et al., 2009), fibre-reinforced suspensions such as fibre-reinforced
mortar (Chalencon et al., 2016) or fibre-reinforced polymer composites (Orgéas et al., 2008),
that were subjected to lubricated compression experiments. This complex behaviour was
shown to be governed by the suspending fluid viscosity, the fibre network connectivity and
permeability (Orgéas et al., 2015).

For the nearly one-phase and homogeneous flow conditions, keeping in mind that the
investigated strain rates remained relatively low, the transition stresses g, could be
reasonably associated to a compression yield stress gy and thus compared with shear yield
stresses available in the literature for similar CNF hydrogels. For that purpose, the shear
yield stress Ty of the tested CNF hydrogels was deduced from the compression yield stress
oy using the Von Mises criterion (Ovarlez et al., 2010), 4.e., Ty = oy/v/3. Hence, Figure 10
shows the evolution of the as-calculated yield stress Ty as a function of the fibre volume
fraction ¢y for the studied CNF hydrogels as well as yield stress values obtained from the
literature for several mechanically and enzymatically treated CNF hydrogels that exhibited
flocculated mesostructures (Koponen, 2020). A remarkable result is that the evolution of all
reported shear yield stresses Ty reasonably follows the power-law function that has been
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identified in subsection 3.2. However, the shear yield stress ty exhibits a large scattering
between these experiments. Its origin can be related to the differences in the CNF
morphology (slenderness, tortuosity) (Varanasi et al., 2013; Sanchez-Salvador et al., 2020 ;
Bennington et al., 1990) the CNF physico-chemical surface properties (surface charge
density) (Mendoza et al., 2018), the CNF mechanical properties (CNF longitudinal moduli,
presence of defects) as well as in the formation of microstructures (differences in CNF
orientation (Martola et al., 2016; Rosén et al., 2020)) and mesostructures (variations in size
and shape of CNF flocs (Karppinen et al., 2012; Saarikoski et al., 2012; Martoia et al., 2015))
and the physico-chemical properties of the suspending fluid (e.g., ionic force (Sim et al.,
2015)). The measurements of the shear yield stress Ty can also be affected by heterogeneous
flow conditions (e.g., wall-slippage, shear wall depletion, shear banding) that are known to
arise during this type of experiments (Saarinen et al., 2014; Nechyporchuk et al., 2014;
Martoia et al., 2015).

7. Conclusion

Original lubricated compression tests were performed to probe the in-plane equi-biaxial

elongational flow properties of concentrated and highly concentrated enzymatic CNF
hydrogels. The compression curves of CNF hydrogels exhibited two distinct regimes,
regardless of the CNF concentration. First, an initial linear regime characterised by an
apparent compression modulus appears at low strain. This regime is followed by a plateau
with weak or marked hardening of stress levels. Photographs of the samples that were
acquired during compression reveal that the pronounced hardening observed at low strain
rates was associated to fluid segregation and CNF network consolidation, i.e., to the
development of a two-phase flow behaviour of the CNF hydrogels. For the highest strain
rates, the hardening is restrained and photographs prove the occurrence of a one-phase and
incompressible flow. Furthermore, by estimating from these measurements a shear yield
stress, we showed that the measured yield stress was close to values reported in the literature
for a wide range of mechanically and enzymatically treated CNF hydrogels with classical
and moderate CNF concentrations. Interestingly, most of the literature data followed the
same scaling law with the nanofibre content, and also our data obtained in the concentrated
and hyper-concentrated regimes.
Processing highly CNF hydrogels is a desired solution to reduce logistics costs and drying
energy and to produce CNF-based materials with good dimensional stability. However, to
fully exploit the remarkable intrinsic properties of CNFs and thus to manufacture CNF-
based materials with optimised end-use properties, it is crucial to build or feed 3D tensorial
rheological models for the prediction of the rheological behaviour and the flow-induced
microstructures of CNF hydrogels in situations that are representative of industrial
processing conditions. In the case of one-phase and incompressible flow situations, the
rheology of concentrated and highly concentrated CNF hydrogels could be modelled using
existing phenomenological elastoviscoplastic (Fraggedakis et al., 2016) or multiscale (Martoia
et al., 2016; Bounoua et al., 2016) models. However, the prediction of the two-phase flow
behaviour of the CNF hydrogels during material forming processes constitutes a challenging
task that is required to optimise the processing conditions (e.g., applied stress, flow rate,
tool geometry, etc.) and limit the formation of defects (e.g., the spatial variations in CNF
contents, formation of pores, heterogeneous CNF orientations, etc.) in CNF-based materials.
Various bi-phasic modeling approaches are reported in the literature (Orgéas et al., 2015)
and could be used for that purpose. However, these approaches often required the knowledge
of microstructure descriptors such as the fibre network connectivity and permeability that
are up to now unknown for enzymatic CNF and/or CNF floc networks.
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