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ABSTRACT

The physico-chemical characteristics of wet fibre surfaces and their 
role in fibre bonding and paper properties have been under debate and 
research for decades. The gel-likeness of the fibre surfaces has been 
addressed in many studies but has not been explicitly demonstrated. 
In this study, the structure of wet beaten kraft pulp fibre surface and 
its similarity with microfibrillated cellulose (CMF) was shown using 
helium ion microscopy (HIM) imaging. Beaten kraft fibres and CMF 
were dried using two mild drying methods to preserve the delicate 
fibrillated structures. The fibre surface had a strong resemblance with 
gel-like CMF material. The amount of external fibrillation varied 
along the fibre length and was often shown to extend tens of microm-
eters from the fibre surface. The gel-like behaviour of wet fibrillated 
material was demonstrated using rheological tests. The examined 
CMF and CNF samples with solids contents of 1.97% and 1.06%, 
respectively, showed gel-like behaviour. A low gelling point suggests 
that fibrillated fibre surfaces have the ability to transfer forces at very 
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low consistencies, and that the ability increases as a power function of 
the solids content. This is assumed to play a remarkable role in 
increasing inter-fibre adhesion and in transmitting inter-fibre forces 
within consolidating webs, whether arising from external tensions or 
internal drying stresses.

INTRODUCTION

The properties and appearance of wet fibre surfaces and their effect on fibre 
bonding have been under extensive research for decades. Strachan [1] and Clark 
[2], [3] were among the firsts ones to state that in a wet state, the external fibrils 
on the fibre surface are important components contributing to inter-fibre bonding. 
Nanko and Ohsawa [4] showed using transmission electron microscopy (TEM) 
that the interphase between bonded fibres in papers composed of an amorphous-
appearing layer consisting of the external microfibrils and secondary fines contri-
buting to the strength of the interfibre bond. This layer was designated a “bonding 
layer” and was said to have a film-like structure. Pelton et al. [5] hypothesised that 
in a wet state, fibre surfaces consist of a gel-like layer of hydrated fibrils and 
hemicelluloses.

Refining has been the main method applied for improving the strength of paper 
made of chemical pulps and external fibrillation has been named as one of the 
primary effects of refining [6], [7]. External and internal fibrillation together with 
the creation of fines have definite increasing effect on fibre bonding, wet web-, 
and dry strength of paper [8]. The quantification of the separate role of external 
fibrillation is difficult. However, separate addition of fibril material, such as fines, 
microfibrillated cellulose (CMF) [9]–[12] and nanocellulose (CNF) [13], is 
known to strongly increase paper strength. For example, as much as a 15%  
addition of fines to kraft or CTMP fibres have been shown to increase tensile 
strength significantly (136%–1670%) [14], [15] and CMF has been shown to 
have a similar effect [16], [17]. The effect of fines depends highly on the used 
fibre material. With stiff mechanical fibres, the effect is stronger when compared 
to more flexible chemical pulp fibres. The external fibrillation can be expected to 
have a similar role.

Fibrillated cellulose materials are extracted from plant cell walls using only 
mechanical fluidisation [9], [18] or its combination with chemical [13]or enzy-
matic treatments [19]. Depending on the preparation method and raw material 
used, the fibril dimensions and morphology can vary a lot [20]. The fibril widths 
are between 1-100 nm while length is on a micrometer scale. Thus, the aspect 
ratio and specific surface areas of fibrillated cellulosics are very high. Aspect 
ratios varying between 100-370 [21], [22] and specific surface areas from 30 to 
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100 m2/g for CMF [23], [24] and even 400–500 m2/g for CNF [25], [26] have 
been reported. Due to this, fibrillated materials have been shown to possess a  
gel-like character at low solid contents (0.1-0.4%) in rheological tests [19], [27]. 
In terms of rheology, gel is a viscoelastic material which possesses both viscous 
and elastic behaviour under stress. A dispersion can be assumed to be a gel when 
the elastic properties dominate the viscoelastic behaviour, meaning that the 
storage modulus (G') is larger than the loss modulus (G") and the phase angle (δ) 
is 45° > δ > 0° [28].

As fibrillated cellulosics originate from the fibre wall, it is natural that they are 
considered to be a representative model for cellulose fibre surfaces having similar 
physical and mechanical properties. This approach has been utilised especially in 
adsorption and interaction studies using quartz crystal microbalance (QCM) and 
atomic force microscopy (AFM) [29]–[33]. The similarities between fibrillated 
materials and fibre surface, including the actual gel-likeness and the corresponding 
rheological characteristics, are challenging to prove explicitly. However, there is 
implicit evidence on the matter utilising high resolution imaging and surface 
analytical methods. Myllytie et al. [34] studied wet CMF and cellulose fibre 
surfaces using optical and scanning electron microscopy (SEM) and QCM. The 
dispersing and aggregating effects of polymer additives on the CMF and fibre 
surfaces were similar and the gel-likeness of the fibre surfaces was used to explain 
the polymer adsorption behaviour. Chhabra et al. [35] also showed with AFM 
that there is a compliant fibrillar layer on the fibre surface and that the fibre beating 
increases the thickness of this layer. The thickness of this layer was estimated to 
be hundreds of nanometers. Water retention value (WRV) is a simple method  
to analyse external and internal fibrillation of fibres and it has also been applied  
to fibrillated cellulose materials [36]. Fibrillated cellulose materials have WRV 
values from 6 g/g to 16 g/g depending on the degree of fibrillation. In general, the 
WRV of cellulose fibres is around 1 g/g (centrifuged at 3000 g for 15 minutes) 
and fibre refining increases the WRV of fibres as the fibre surface fibrillation  
and specific surface area increases binding more water (and possibly turning more 
gel-like).

SEM is an excellent tool to study material surface morphology and character-
istics. It has been used for imaging the ultrastructure of fibre surfaces [37]–[39] 
and fibrillated cellulosics [40]–[42]. Recently, a new powerful imaging technique, 
scanning helium ion microscopy (HIM), has entered the imaging field [43]. HIM 
has drawn attention due to its better resolution, higher depth of field than SEM 
and the possibility to image non-conductive samples without coating. This is 
because the charging caused by helium ions can be compensated for with an elec-
tron flood gun [44]–[46]. High surface contrast can be achieved without the need 
for sample coating and HIM was also a more delicate method for biological 
samples. In addition to fibres, HIM has also been used in the detection of other 
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cellulose-based materials like CNF [25], [47], [48], cellulose nanocrystals [44], 
[48] and CNF-kaolin composites [49]. However, no direct comparison of fibre 
surface fibrils and fibrillated cellulose materials have been done using the powerful 
imaging methods.

The objective of this study was to characterise the surface of wet kraft pulp 
fibres using HIM imaging. The hypothesis was that the surface of beaten kraft 
pulp fibres is composed of microfibrillated cellulose and that this material behaves 
like a gel. Both fibres and CMF samples were imaged with HIM without sample 
coating to analyse the similarity between the wet CMF and fibre surfaces. In order 
to maintain the wet fibrillated structures in as natural a state as possible, they were 
dried using two mild drying techniques, i.e., critical point drying (CPD) and freeze 
drying preceded by cryofixing in liquid propane. These methods have previously 
been used in the preparation of CNF aerogels and they have been shown to 
preserve the delicate fibrillated structures well [23], [25], [50]. In our previous 
study [25], CPD exhibited a higher specific surface area for nanofibrillated cellu-
lose (SSA 386 m2/g) than freeze drying from liquid-propane (SSA 172 m2/g) and 
is a recommended technique if very delicate structures are studied. However, CPD 
is more laborious and time-consuming than freeze drying and involves the use of 
solvents. Here, both methods were applied to estimate whether any significant 
differences are observed when drying microfibrillated cellulose and fibres. In addi-
tion, the effect of carboxymethyl cellulose (CMC) on fibre surface fibrillation was 
also studied as it has been said to increase the gel-likeness of the fibre surfaces 
[31], [51].

Rheological measurements of microfibrillated cellulose at low solids content 
was carried out to determine the viscoelastic properties and gel-like behaviour of 
CNF and CMF. Two criteria were used for evaluating the gel-likeness of the 
materials: (1) Material can be assumed to behave like a gel if the phase angle is 
<45°, and (2) the storage modulus G′ is much higher than the loss modulus G″. In 
the experiment, the storage modulus (G′) and loss modulus (G″) of the material 
were determined and the ratio between G′ and G″ was used to characterise the 
material properties.

MATERIALS AND METHODS

Chemicals

Liquid propane (class 2, UN 1965: 95% propane and 5% butane) was purchased 
from AGA. Liquid nitrogen (ABB) was received from the University of 
Jyväskylä. Acetone (≥99.9%) was purchased from Sigma. Ethanol (absolute AA, 
Etax) was obtained from Altia Industrial. Sodium carboxymethyl cellulose, CMC, 
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(MW 700 kDa, DS 0.800.95, Aldrich) was received in a dry form. CMC was 
diluted to a 1% solution with deionised water, heated to a boil and kept under 
agitation until clearly dissolved.

TEMPO-oxidised Cellulose Nanofibrils (CNF) and  
Cellulose Microfibrils (CMF)

CNF was prepared from never-dried birch kraft pulp by TEMPO-mediated 
oxidation and fluidisation. TEMPO-mediated oxidation was performed as previ-
ously described [13]. Fibres were oxidised using TEMPO-reagent, sodium 
bromide and NaClO in pH 10 at room temperature. After oxidation, fibres were 
microfluidised using two passes (Microfluidiser M7115-30).

CMF was prepared from bleached, never-dried birch kraft pulp by mechanical 
disintegration [52]. The dispersed pulp (1.7% consistency) was first pre-refined 
with a grinder (Supermasscolloider MKZA10-15J, Masuko Sangyo Co.) at 1,500 
rpm, followed by treatment with a fluidiser (Microfluidics M-7115-30). The CMF 
was produced after five passes at an operating pressure of 1,800 bar. No chemical 
modification was applied.

Kraft Fibres

The fibres used in the experiments were bleached softwood kraft pulp from a pulp 
mill in central Finland. The pulp was refined with a Prolab refiner (Valmet, 
Finland) using conical fillings and using specific refining energy of 135 kWh/t to 
SR 25 (at 3.6% consistency). Fibre, fines and crill properties were determined 
using an L&W Fibre Tester Plus analyser (ABB), and the results are shown in 
Table 1. The fibre measurement system is based on optical image analysis in 
which single fibres are investigated in a water-fibre suspension. The crill measure-
ment uses ultraviolet (UV) and infrared (IR) light to give a relative number for 
the macrofibrillated and also for part of the microfibrillated material in the sample, 
also including the fibrils attached to the fibres. With the UV light, both fibres and 
crill can be detected, while IR sees only fibres. Results are given as a dampening 
ratio of UV/IR light. The ratio is a relative number and it does not depend on the 
fibre concentration. A more detailed description about the crill measurement can 
be found in related literature [53], [54].

Table 1. Kraft pulp (SR25) fibre properties and crill quota

Mean length Mean width Mean shape Mean fines content Crill Quota (UV/IR)
2.073 mm 30.0 µm 86.9%, 19.0% 1.118
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Mild Drying Methods

Two mild drying methods were applied: (1) Plunge freezing (cryofixing) followed 
by freeze drying and (2) critical point drying (Figure 1). Kraft pulp was used as a 
1.6%fibre slurry and CMF was used as a 1% solution. In cryofixing, a drop of 
CMF/fibre solution was placed on a TEM grid (300 mesh)/membrane (Millipore, 
ME25, 0.45 µm pore size) and immediately plunged in liquid-propane (propane 
gas was liquefied using liquid nitrogen). Cryofixed samples were placed on a cooled 
metal plate (cooled using liquid nitrogen) and dried in a freeze drier at –50 °C  
at 0.520 mbar (Christ LOC-1m) over night. The dried samples were kept in a  
desiccator until HIM-imaging.

The critical point drying (CPD) process was started with a solvent exchange 
with ethanol and acetone by first dehydrating the samples of CMF and kraft fibres 
in the ethanol (absolute) step series 50%, 70%, 90%, 95%, 99.5% and 99.5%. 
Each step was 30 minutes. The final step was done in acetone overnight. A critical 
point dryer (Leica CPD 300) was used to dry the samples from ethanol or acetone. 
The CPD programme included 16 exchange cycles of CO2 at medium speed 
(speed value 5) without stirring. Slow speed was used for gas fill, heating, and 
venting steps. For HIM imaging, the dried samples were attached to metal stubs 
using the carbon tape and kept in a desiccator until HIM imaging.

Helium Ion Microscope-imaging

A helium ion microscope (Zeiss Orion Nanofab) was used for imaging the mild-
dried CMF and fibre samples. An acceleration voltage of 30 kV and an ion current 
in the range of 0.1 pA were used. A beam aperture was 10 µm, line averaging was 
8 or 16 lines, dwell time 1.0 µs and working distance 9 mm. An image size was 
set to 1024 x 1024 pixels. All samples were studied without coating and an elec-

Figure 1. Sample preparation chart of wet CMF and kraft fibre samples for imaging with 
HIM. Two mild drying methods were applied: freeze drying and critical point drying.
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tron beam from flood gun (energy 750 eV) was used to neutralise the charges in 
the sample. Pressure in the measurement chamber was approximately 1·10–7 Torr.

Rheology

Viscoleastic properties of CNF at 1.06% consistency and CMF at 1.97% consist-
ency were measured using a hybrid rheometer (TA Instruments, Discovery HR-2) 
with flat plate geometry (20 mm diameter) in oscillation mode. The operating gap 
was adjusted to 1,500 um. The temperature was set at 22 °C. A metal cover was 
used to minimise sample evaporation. Measurements were repeated four times. 
The oscillation strain sweeps from 0.01 to 10% at the angular frequency of 1 Hz 
were carried out to define the linear viscoelastic regimes. Then the oscillation 
frequency sweeps in the range of 0.1–100 rad/s at 0.1% strain for CMF and at 
1.0% strain for CNF was performed.

RESULTS AND DISCUSSION

Surface Morphology of CMF and Fibrillated Kraft Fibres

Materials dried with mild drying methods, such as freeze drying and CPD, are 
often called aerogels [55]. HIM images of fibres and the CMF material dried with 
the mentioned methods can be seen in Figure 2 and Figure 3. The examined CMF 
showed similar highly porous structure after mild drying (Figure 2a,b,c). Density, 
porosity and specific surface area of CMF dried using freeze drying (with cryo-
propane fixing) has been reported to be 0.02 g/cm3, 98.7% and 70 m2/g, respec-
tively [23]. Due to the high surface area and low density, CMF aerogel is interesting 
material, for example, for sensor- and oil-absorbent applications [50], [56].

The challenge in preparing wet samples for microscopy is how to retain the 
original high surface area and avoid the coalescence of fibrils during drying. In 
our recent study [25], it was shown that although freezing CNF sample in liquid 
nitrogen and subsequent vacuum drying yields a relatively high surface area  
(42 m2/g), the freezing in liquid propane gives even higher surface areas 
(172 m2/g), but the highest values were obtained with critical point drying (375 
m2/g). In this work, the difference between freeze drying and CPD was also 
observed. Freeze dried samples (Figure 2a,d) seemed to have bigger pores in cell-
like structure and more film formation. Film formation is an indication of the 
formation of ice crystals during the drying process, meaning that the sample 
cryofixing and freeze drying has not been optimal [57], [58]. The appearance of 
CPD dried samples (Figure 2b,e) was more fluffed, showing no clear film forma-
tion and better separation of fibril structure. When using the CPD method, the 

38548_03_Session3_3.indd   7 18/07/22   2:27 pm



A. E. Ketola, M. Leppänen, T. Turpeinen et al.

8 Session 3: Bonding

Figure 2. HIM images of kraft-fibre surfaces (right row) and CMF samples (left row) 
dried with different mild drying methods: (a), (b) cryo-propane freeze dried; (c), (d) CPD; 
and (e), (f) cryo-propane freeze-dried (CMF sample was filtrated to 15% DSC with 
centrifugation before freezing).
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water in the sample is exchanged for ethanol/acetone. The hydrogen bonding 
between cellulose hydroxyl groups is hindered, which can result in better separa-
tion of fibrils in the dried structure [25].

The external fibrillation of fibres (Figure 2d,e and 3) was seen as partly detached 
and separated surface fibrils from the more solid fibre surface. The fibril material 
appeared white and was distributed unevenly over the fibres, extending even tens 
of micrometers from the fiber surface. Primary wall layer P and often also S1 are 
usually detached from fibre surfaces during pulping and refining, hence revealing 
the S2 layer [46], [59] so fibrillated material on the fibres may originate from the 
S1 and S2 layers. In Figure 3, the high fibril angle of the fibre surface suggests that 
there is still some S1 layer left but in Figure 2f, the S2 layer seems to be fully 
revealed. The detached surface fibrils on fibres showed high resemblance with 
CMF, especially between the freeze-dried samples (Figure 2a,d), although fibrils 
had more parallel orientation.

One of the CMF samples was filtrated to 15% dry solid content with centrifu-
gation before cryofixing in propane (Figure 2c). The appearance of filtrated CMF 
was more compact than directly-fixed samples but fibrils were still separated 
showing that already at that low dry solids content the fibrillar structure is consol-
idated. The filtrated CMF sample had similarities with a fibre S2 layer, where, 
however, the fibrils are parallel and still more closely attached to the fibre wall. A 
clear difference between the fibre S2 surface layer (Figure 2f) and CMF (Figure 
2c) is the high degree of orientation of fibrils in the S2 layer compared to a more 
random orientation in the CMF sample. A certain waviness suggests that the fibre 
surface was swollen.

Both CMF and fibre surfaces began to break down during imaging at high 
resolutions in a similar way, which has been observed with CNF [25]. This may 
be due to the ionization of the cellulose by the ion beam, which breaks down the 
more loosely bound amorphous regions in the cellulose structure.

Imaging of Fibre Surfaces with CMC

Subsequently, the effect of CMC on wet fibre surfaces was examined. Samples of 
pure CMC solution and CMC in fibre suspension were cryofixed and freeze 
dried. As with CMF, an aerogel-like structure was also achieved with CMC 
(Figure 4a,b). However, a pure CMC structure resembled more agar [60] than 
CMF, due to its denser structure and smaller pore size.

CMC-treated fibres were more fibrillated compared to additive-free ones 
(Figure 4c,d), being surrounded and covered with very thin fibril strands. Unlike 
with pure CMC, where both film- and fibril-like structures could be observed, 
CMC added to fibres showed only fibril-like structures. Myllytie et al. [31] have 
shown that absorption of CMC onto CMF model fibrils and fibre surface causes 
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dispersion of fibrils. This is probably the main reason for the high fibrillation of 
CMC treated fibre samples. However, in addition to that, Figure 4b shows that 
also CMC forms some fibril-like structures on its own.

As mentioned before, HIM also causes some degradation of the thin fibrils of 
the samples at high magnification. Interestingly, there was no notable degradation 
of the pure CMC or CMC-treated fibres even when imaging at high magnifica-
tions. This suggests that part of the observed higher number of small fibril strands 
of CMC-treated fibres may be due to their superior resistance to degradation. 
Ershov [61] observed that functionalised cellulose-derivates, including CMC, do 
not degrade as much as pure cellulose during radiation treatment. Thus, HIM 
could be an interesting technique for nanoscale structural characterisation of  
derivatised paper additives.

Figure 3. HIM images of CPD-dried kraft fibre with different magnifications.
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Viscoelasticity of Wet CMF and CNF

Wet CMF and CNF materials were used for model materials for fibre surface 
fibrillation and their viscoelastic and possible gel-like behaviour was tested using 
a rheometer. CMF and CNF samples were tested at consistencies of 1.97% and 
1.06%, respectively. The mean values of oscillation amplitude-, and frequency 
sweep measurements are shown in Figure 5. Both CMF and CNF had the phase 
angle below 45° (Figure 5a). The wet CMF sample had higher storage modulus 
than the CNF samples, which can be explained by the higher dry solid content 
(DSC) of CMF. G′ and G″ values did not depend on the frequency (Figure 5b).

Figure 4. HIM images of (a), (b) kraft fibres with CMC and (c), (d) CMC dried with 
cryopropane with different magnifications.
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Arola et al. [27] showed independently that Tempo-oxidised CNF has the crit-
ical gel point at 0.4% consistency. Thus, the behaviour of the oxidised CNF at 
1.06% consistency was far above the gelling point and the elastic behaviour 
(described by the storage modulus, G′) dominated over the viscoelastic behaviour 
(described by the loss modulus, G″). The same applies to CMF at 1.97% concen-
tration as it has been shown to behave like a gel in the concentration range 0.1% 
to 6% [19]. The gel-like behaviour of CMF and CNF materials have been 
addressed in many studies before [19], [62], [63] as well as the strong power law 
dependence of the storage modulus on the DSC of the cellulosic material. The 
yield point has been shown to increase proportionally in step with the consistency 
to the power of 2.3 [64].

The results of this study and earlier studies [19], [27] show that the gelling 
point of CNF and CMF material is below 1% consistency and above that, the 
elastic behaviour dominates over the viscoelasticity. With increasing solids 
content, the storage modulus increases rapidly indicating that the material 
becomes more and more solid-like and is also able to transmit higher stresses. At 
15% dry solids content, the CMF already looked consolidated (Figure 2). Due to 
the low gelling point of CMF, it can be assumed that a low amount of fibrillated 

Figure 5. (a) Oscillation amplitude-sweep as a function of oscillation strain (%) and 
(b) Frequency sweep as a function of angular frequency (rad/s) of CMF (sphere) and CNF 
(square) CNF. Storage modulus (G′, black), loss modulus (G″, white) and phase angle  
(δ, grey). Red marks indicate the strain values where the material structure starts to break.
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material on fibres creates a gel-like surface, which can have several effects. For 
example, a gel-like surface has an impact on the fibre rheology, fibre swelling, 
polymer adsorption on fibres and fibre shrinkage during drying, which again 
affect the water retention during the formation process and the strength of fibre-
fibre bonding in the dry structure [33]–[35].

Gel material has high conformability and it probably has a strong effect on 
increasing molecular contact area within a fibre-fibre bond [65], [66]. Chhabra et 
al. showed that the thickness of the soft compliant layer on fibre is hundreds of 
nanometers [35]. However, the images shown here indicate that the gel-like mate-
rial can actually extend even tens of micrometers from the fibre surface (Figure 3). 
The low gelling point and high conformability of fibrillated materials indicate that 
it can both increase the molecular contact area within a fibre-fibre bond and 
deliver forces already at low dry solids content. This explains why a small addi-
tion of fibrillated material can considerably increase the wet web, and dry strength 
of paper [67]–[69].

The gel-likeness of the fibre surface was also found to vary along the fibre 
length. With the studied mildly refined pulp (SR25), some wet fibre surfaces 
showed a nearly smooth S2 layer surface without notable fibrillation. This type of 
clean fibre surface can have a lower bonding ability than fibrillated surfaces. This 
may offer an explanation of why the inter-fibre bonds between two very flat fibres 
may have a low actual contact area [66]. The exposure of the S2 layer, however, 
means that the S1 layer has been removed and it probably can be found in the fine 
fraction of the pulp. Increased refining degree would have resulted in a higher 
amount of fibrillation and more fibrillation originating from the S2 layer, which 
could lead to a stronger contribution to interfibre bonding like the fines created at 
later stages of refinement [15].

The dispersion of fibrils is promoted by a higher charge, which probably also 
contributes to a reduced gel-point of the fibrillated material. A swollen gel-like 
fibril layer occupies a rather high volume and is mechanically soft and conform-
able. With increasing solids, the gel-like layer becomes more dense and less soft 
[19] and is able to transfer higher forces. Thus, for good bonding, the fibre surfaces 
need to come into contact at very low solids content in order to fully utilise the 
bonding potential of the gel-like layers.

The mechanical cohesion of CMF at wet pressing solid contents (~30% DSC) 
is already high and it can transmit high forces from on fibre to another. It also has 
an increasing effect on the shrinkage behaviour of the fibre network, as the “the 
adhesion before shrinkage” forces [70] are at a higher level. For a web that dries 
under restraint, this results in higher tensile stiffness and elastic modulus due to 
better fibre segment activation [7], [71], [72]. For a web allowed to shrink freely, 
this means that the shrinkage of fibres is transmitted to the shrinkage of the web 
at a higher degree, resulting in a higher elongation potential of the paper.

38548_03_Session3_3.indd   13 18/07/22   2:27 pm



A. E. Ketola, M. Leppänen, T. Turpeinen et al.

14 Session 3: Bonding

The high surface area of fibrillated and gel-like surface layers presumably tends 
to promote adsorption of chemical additives and fillers by offering connection 
points. The HIM images of CMC-treated fibres suggest that adsorbed CMC 
increases the dispersion of fibrils, but it is also capable of making fibril-like 
strands that can connect surfaces. CMC has been shown to form a soft gel on 
cellulose that enhances the paper properties significantly [51]. The softer and 
more swollen the layer, the higher the increase in the tensile properties was 
observed. CMC is known to increase fibril dispersion on fibre surfaces [34], 
decrease friction between fibres in suspension and increase the wet web and dry 
strength of paper [73]–[75].

Based on the presented results, it is seems clear that wet fibrils, whether on 
fibrillated fibres or as separate fibril material, seem to behave like a gel and have 
the potential to affect various mechanical properties of wet and dry fibre networks.

CONCLUSIONS

The following conclusions were made based on the investigations of fibrillated 
fibre surfaces and pure CMF material carried out by using mild drying methods, 
helium ion microscopy and rheometry:

1 Two mild drying methods (CPD and freeze drying) were used to dry CMF 
and fibre samples to estimate whether any significant differences are observed. 
Both methods provided similar results, but CPD showed better fibril separa-
tion and higher specific surface area than freeze drying. However, CPD is a 
more laborious and time-consuming technique than freeze drying and includes 
the use of solvents. When selecting a suitable drying method for fibrillated 
materials, one can consider whether it is necessary to use a laborious method 
and have highly preserved structure.

2 Fibrillation on a wet fibre surface had a striking resemblance to pure CMF 
material imaged with helium ion microscopy, suggesting that they basically 
have similar structure and properties. Fibrillated materials are gel-like already 
at very low solids content (<1%), meaning that only a small amount of fibrils 
on fibres can result in a gellike behaviour (G' > G" and δ = 45° > δ > 0°).

3 The amount of external fibrillation was shown to vary along the fibre length 
and extended even tens of micrometers from the fibre surface. This means that 
the gel-like behaviour of the fibre surface can also vary correspondingly. An 
increase in the dry solids content of the fibrillated material (following a power 
function) leads to a strongly increased elastic component and its dominance 
over the viscoelastic component. The same behaviour is also expected to 
apply to fibrillated fibre surfaces.
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4 The gel-likeness of the fibre surfaces can be assumed to play a notable role in 
transmitting forces already at low dry solids content. This has an impact on 
the consolidation of the fibre network, adhesion between fibres, transmittance 
of shrinkage forces and strength on the fibre bonds, and the fibre network 
structure.
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