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ABSTRACT:

Anovel method is introduced to describe quantitatively hysteresis seen in flow curves of microfibrillated cellulose suspensions.
Also, a data normalisation procedure is presented that allows a direct comparison of data from suspensions of different solids
contents. The discussion of the flow curve hysteresis of an MFC suspension is proposed to provide a lot of information on the
suspension morphology under flow. Such information is not only useful for process design, but also may serve as a quality
control tool. Hysteresis data as a function of the suspension solids content are provided, and considered with reference to an
overview made of peer work in the field. Two discrete hysteresis loop areas were found in the flow curves presented in this
work, each associated with a distinct shear rate region, one where the viscosity of the flow curve during shear rate increase is
higher than that of the shear rate flow curve at decreasing shear rate (named positive hysteresis) and another where it is the
opposite (named negative hysteresis). This behavior seems to have been rarely reported, and where reported we offer an expla-
nation, based on morphological models and rheometer measurement set up, as to why other researchers may find a variety
of hysteresis forms. It is hypothesised that the negative normalised hysteresis is mainly depending on the excessive floccula-
tion/structurationinduced atintermediate shearrates duringthe shearrateincrease,and thatitis necessarily less withincreas-
ing solids content because of the reduced availability of free water. The positive normalised hysteresis, however, is considered
to originate from the different morphologies at lower shear rates, i.e. the initial, homogeneous structure vs. the structure that
was previously induced by the intermediate shear during shear rate decrease. The positive normalised hysteresis appears not
todepend on the solids content, indicating a self-similarity or scaling behavior of the structuring with respect to the underlying
network structure.
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1 INTRODUCTION

ing for high volume applications due to the lower pro-
duction energy requirements that enable lower costs

In recent years and currently, the potential for micro-
and nanofibrillated cellulose materials (MFC, NFC) in
various applications continues to be exploited inten-
sively, not only by academia, but also by the industry
[1-3]. The reason for this is the material’s versatility, its
interesting mechanical properties and of course the
abundancy and sustainability of its raw feed source [4].
The coarser MFC grades (referring to the nomenclature
proposal by Kangas et al. [5], whereby the term NFC
should be used for materials containing onlyfibrils with
width on the nanometre scale), are especially interest-
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[6] and higher volume productions [7]. Whilst abiding
by the definition of Kangas et al. [5], it is important to
recognise that MFC itself will inevitably display nano-
fibrillation on the microfibre surface, leading on occa-
sions to the term micro nanofibrillated cellulose (MN-
FC). As these grades naturally have a broad fibril size
(widths) distribution,and may have different fibril mor-
phologies depending on the fibrillation processes, indi-
vidual products may exhibit differing sets of properties
and each may be more, or less, suitable for a specific ap-
plication.


mailto:michel.schenker@fiberlean.com

To be able to select an adequate MFC product, a
meaningful characterisation is necessary, and so lately
also some effort is being put into developing proce-
dures to classify the various MFC grades [5, 8]. The com-
monfindings aretypicallythatasingle characterisation
method is not sufficient and that even a set of proper-
ties provides limited comparability for MFC grades of
different origin, e.g. from different raw materials
and/or derived via different pre- and post-fibrillation
treatments. By getting a better understanding of the
MFC (suspension) morphology, data obtained from dif-
ferent characterisation techniques may be understood
better and more detailed interpretation may be possi-
ble. Even though rather indirect, rheological investiga-
tions can, if applied judiciously, provide essential in-
sights into the suspension morphology. Therefore, the
combination of direct and/or indirect imaging tech-
niques with rheology measurement techniques are
very strong tools to test hypothesised mechanistic
models [9-12]. Yet, to be able to compare data of dif-
ferent studies, it is necessary to quantify the observed
data and describe the used measurement parameters
with an adequate level of detail. The latter is of special
importance for MFC suspensions as they exhibit a com-
plex rheology, including shear rate- as well as time-de-
pendencies. These inherent properties in connection to
the fact that they are at least two-phase (heteroge-
neous) hydrocolloids can lead to many measurement-
induced artefacts, that also can depend strongly on the
measurement parameters [13-15].

Whereas it is very common to report different vis-
cosity numbers and storage and loss moduli, it is rare
that further rheological properties are reported for MFC
suspensions. Flow curves (viscosity as afunction of shear
rate) as well as amplitude and frequency sweep graphs
are also provided sometimes [16, 17]. Several articles
specifically investigate the rheology of MFC suspen-
sions,commonly using shear rheometers [14,18 - 22], but
also pipe rheometers are used [23, 24], sometimes even
coupled with additional techniques to get more direct
information on the suspension morphology [10, 11, 22,
25]. Acomprehensive and extensive review on recent de-
velopments in measuring the rheology of micro- and
nanofibrillated cellulose suspensions is provided by
Nechyporchuk et al. [26]. Yet, especially the information
within flow curve graphs is typically not quantified. This
is unfortunate, especially for a material like an MFC sus-
pension that exhibits a very distinct flow behaviour, e.g.
a discontinuous power law shear thinning flow curve,
composed of different regions [17, 19, 27, 28]. A recent
study by Schenker et al. [13] proposed several descriptors
to describe quantitatively amplitude sweep measure-
mentsandflow curves,yet,onlytheshearrateincreasing
ramp of the flow curve is evaluated. This is especially
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highlighted because it was shown before, that MFC sus-
pensions have different flow curves, depending on the
direction of the shear rate profile, i.e. from low to high
and vice versa. This behavior is expressed as the hystere-
sis areas between the two flow curves when they are
overlaid [9, 19, 29]. As described by Martoia et al. [9] and
lotti et al.[19], this phenomenon can be attributed to dif-
ferent suspension morphologies, that originatefromthe
different shear histories of the two flow curves. So, the
hysteresis itself contains some information on the dif-
ferent morphologies at different shear rates, and there-
fore is a very promising property for deriving morpho-
logical models of MFC suspensions under flow.

The content of this work aims at comparing differ-
ent approaches on how to describe the hysteresis in a
usefulway, and thentoinvestigate those hysteresis de-
rived properties in dependence of solids contents of the
MFC suspension. The obtained data are tested statisti-
cally to identify whether potential trends are signifi-
cant or not. Finally, the data are discussed with a view
on existing morphological models of sheared MFC sus-
pensions and a direct comparison made with hysteresis
data seen from previous researchers’ work. This work
appearstobethefirsttoproposethe useof quantitative
flow curve hysteresis data of MFC suspensions to derive
mechanistic models. Further work is then carried out,
to be reported in an upcoming study, to test the applic-
ability of this promising characterisation method on
different grades of MFC.

2 EXPERIMENTAL
2.1 MATERIALS

The materials used in this work are the same as those
studied previously by Schenker et al. [13, 29]. As de-
scribed previously, the MFC was manufactured by a
purely mechanical process [29]. Briefly, bleached euca-
lyptus pulp was mechanically disintegrated as 3 wt%
aqueous (tap water) suspension by means of an ultra-
fine friction grinder (Supermasscolloider MKCA 6-2,
Masuko Sangyo Co.,Japan). The method employs single
passes at different grinder rotational speeds. The total
electrical energy consumption normalised by the
amount of dry cellulose matter, defined as the specific
grinding energy, was 7.2 kWhkg™. This process of me-
chanical fibrillation leads typically to a broad size dis-
tribution [10], i.e. containing both coarse fibres as well
asindividualfibrils (Figure1). Thus, isit classified as MFC
ratherthan NFC. In addition, since the MFC was not fur-
ther modified, it forms a flocculated structure accord-
ing to the description of Nechyporchuk et al. [26]. The
starting suspension was diluted to 1, 1.5, and 2 wt% for
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Figure 1: Optical microscopy image of MFC suspension at 0.5 wt% (a), and SEM images of freeze-dried aerogels from 0.5 wt%
suspensions at increasing magnifications (b—d). Some left over coarse fibres are apparent, as well as some individual and iso-

lated fibrils (Taken from Schenker et al. [13]).

use by further addition of tap water, followed by 2 min
mixingat12000 min”(rpm)in arotorstator mixer (Poly-
tron PT 3000, Kinematica, Switzerland) followed by
5 min exposure in an ultrasonic bath. Prior to perform-
ing measurements, the diluted samples were left to
stand for at least one hour.

2.2. IMAGING

Optical microscopy was the prime method of imaging
(Axio Imager.M2m, Zeiss, Switzerland). Sample prepa-
ration consisted of diluting the MFC suspension to
0.5 wt% and then adding carboxymethyl cellulose
(Finnfix10, CP Kelco, Finland), made down to 1 wt% so-
lution as a dispersing agent, at an amount equivalent
to 5 wt%, based on dry weight of MFC prior to mixing
and ultrasonication. One drop of the prepared MFC sus-
pension was placed between two glass slides for exam-
ination in the optical microscope. A second portion of
the sample suspension was frozen in liquid nitrogen
andfreezedried (Apha1-2LD Freeze Dryer, Martin Christ
Gefriertrocknungsanlagen GmbH, Germany). A piece of
theresultingaerogelwasbroken away fromthe sample
and mounted on a support and sputtered with gold
(8 nm) to enable imaging of the internal MFC aerogel
structure by scanning electron microscopy (SEM) (Sig-
ma VP, Zeiss, Switzerland).

2.3. RHEOLOGICAL MEASUREMENTS

All the measurements were performed on an MCR 300
rheometer (Anton Paar, Austria) at 20 °C, equipped with
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avane (sixblades)inserrated (length profiled) cup system
(vane: ST22-6V-16, diameter d, ;.. = 22 mm, cup: CC27-SS-
P,diameter d,, = 28.88 mm, profile depth = 0.5 mm, pro-
file width = 1.65 mm), also supplied by Anton Paar (VS).
This measurement system was selected because it ap-
pears to be less prone to produce measurement system-
related artefacts, like shear banding or water depletion
and connected apparent wall slip. In recent work,
Schenker et al. [13] came to this conclusion by comparing
different commonly used measurement systems and
their influence on flow curve properties.

Flow curves (viscosity nin dependence of the shear
rate y) were recorded by performing an automated
shear rate increase ramp from o0.01to 1 000 s directly
followed by a shear rate decrease ramp from 1000 to
0.015™. 30 log- equidistant distributed point measure-
ments were performed for each ramp, all with auto-
mated acquisition time mode and shear rate control.
Furtherinformation onthe automated acquisitiontime
settingcanbefoundin[30]. Thetested shearrate points
yican be calculated according to

5
¥ :0.01-10[29] s ()
Minimal and maximal acquisition times are 15.2 and
soosrespectively, however, typically only the first mea-
surement point (shear rate of 0.015™") shows acquisition
times around and longerthan300s. The automated ac-
quisition time setting is chosen, in order to let the sus-
pension equilibrate at a given shear rate before deter-
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miningthe viscosity. Thisis of specialimportancein the
transition region (non-power law region of the shear
rateincreasing curve “1” in Figure 2), where it is hypoth-
esised that a dynamic aggregation process is taking
place.Arespective, detailed discussion was provided re-
cently by Schenker et al. [13, 30]. For each of the 3 MFC
suspension dilutions, 3 individual makedowns were
produced, where each makedown was characterised
from its own individual measurements which were re-
peated 3 times, creating 9 separate rheometer mea-
surements per dilution.

Figure 2 shows a typical flow curve obtained in this
work. The typical three region behavior can be seen for
the flow curve of the increasing shear rate (curve 1)
ramp-up [9, 13, 31], as well as the measurement set-up
induced artefact at the very highest shearrates [13]. The
flow curve of the decreasing shear rate (curve 2) ramp-
down does not exhibit such clearly defined regions, yet
there are indications that also two different regions
with different power law parameters can be found [19].
Very apparently, the two flow curves are not identical
over the whole shear rate range, creating two separate
hysteresis areas. At low shear rates, the viscosity of the
increasing shear rate ramp-up is higher compared to
the decreasing shear rate ramp-down at a given shear
rate (+). The end of the positive hysteresis y , is defined
asthelast shear rate where the viscosity of the increas-
ing shear rate ramp n, is larger than the viscosity of the
decreasing shear rate ramp n,. At intermediate shear
rates, the opposite can be observed (-), and, at even
higher shear rates, there is no or only an insignificant
difference between the two flow curves. The end of the
negative hysteresis y is defined as the first shear rate
where the viscosities of both flow curves are again
about the same. To characterise the hysteresis, the fol-
lowing approaches are introduced.

The first method aims to describe the actual hys-
teresis area, i.e. the actual area between the two flow
curves. For the sake of simplicity, the area is not analyt-
icallyintegrated, butthetrapeziumruleapproximation
isemployed, where the individual trapezia are made up
from neighbouring viscosity curve differences and their
shear rate differences, which are then summed dis-
cretely:
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Figure 2: Typical flow curve of an MFC suspension charac-
terised in this work, showing the positive (+) and negative (-)
defined hystereses. The insert shows schematically the appli-
cation of trapezia and triangles to determine the hysteresis
area.

with Hy,*and H,_* being the positive and negative ab-
solute trapezia sum, respectively, and n,(y;) and n,(y;)
being the viscosity of flow curve1and 2at the shearrate
v To capture also the rates of change of area at the
crossing of the viscosity curves, the respective area ad-
joining either side the boundary with the crossing
point, i.e. that spanned by the shear rates before and
after the crossing point, can be expressed as two trian-
gles (each equivalent to a trapezium with one side zero
length), and thus used to approximate the area growth
each side of the crossing point as:

H;:"X%)”LWJh
2 (4)

H;: _I’I; <7a+7);n2 (j/lﬁ’)((yaﬂ 770>7h)

(Vo = 7a) (0, (70) = 1,(3,))

"), (7)) + (0 (Vo) =1 (7arr)) (6)

with Hy,**and H, **being the positive and negative ab-
solute triangle and h being the height of the positive
triangle. The respective trapezia sum and triangle are
summed together to get the positive H,, and negative
H,. absolute hysteresis, respectively:

Hy =Hy +Hy. (7)

H, = H;7 + H:, (8)

The second method uses the same approach as used for
the absolute hysteresis, but the trapezium areas are
normalised by the mean viscosity that is defined by the
two viscosity pairs (the two parallel sides of the
trapezia):
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with Hy,*and Hy.*being the positive and negative nor-
malisedtrapezia sum, respectively.Also, thetrianglear-
eas, as before, representing the area growth behavior
either side of the crossing point are normalised using
the following formulae:

u 2H,
N+ . . . .
771(7a)+n2(yu>+ n1(ya)+hr]1<)"a+1)+71(70)
2 ’ya+1_’ya
(1)
b 2H,
N— R R . .
(T 40, (Vo) . (et (7.)
2 Yari = 7a
(12)

with Hy, ™ and Hy.** being the positive and negative
normalised triangle hysteresis area. The trapezia and
triangle areas are again summed up to give:

Hy. :HI:HJFHI:I‘Jr (13)
H, =H, +H, 0a)

with Hy, and Hy._ being the positive and negative nor-
malised hysteresis, respectively. The third method aims
to describe the data as it is presented in a log-log plot
(Figure 2), so instead of looking at viscosity differences,
the viscosity ratios are evaluated. As for the previously
described methods, the hystereses are calculated by
summing up trapezia and triangle areas. The calcula-
tion for this approach is simplified because the height
of the trapezia is constant. To ease the calculations fur-
ther,the constantlengthwassetto1,andtherespective
term for the height was removed completely from the
calculations:
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with Hg,* and Hg_* being the positive and negative rel-
ative trapezia sum, respectively. The positive and neg-
ative relative triangle areas (Hg,**, Hg.*"), as well as the
positive and negative relative hystereses (Hg,, Hp.) were
then calculated as follows:

IOg 771 Erj./a) IOg 771 (’):/ﬂ)
I o I e
2 ol (p) og| ™ (w)
nz (ya) 772 (70+1> (17)
log| ™ (7.‘”’) log| " (7.“)
o . (Vo))| n,(7.)
2 Iog 771 ((’):/a)) _/og n1 (<’}:/a+1))
772 ’)/a T]Z ’yﬂ‘f"’
(18)
He, = H,:,+ + H;‘+ (19)
He =Hg +Hg (20)

The fourth method is a very simple alternative to cal-
culate the relative hysteresis. Hence, instead of calcu-
lating the hysteresis areas, only the viscosity ratios are
summed up (that is the same as summing up the log
quotient of the viscosities):

HRS+ :Z /Og UT()./i) fOf Vi<V,
i 772(7:‘)
(21)
B n(7,) o
HRS— - Z IOg . fOI' Yan <yi <7b
i n,(¥,)
(22)
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with Hgs, and Hgs. being the positive and negative rel-
ative hysteresis calculated by the simplified method,
respectively. For all the different hysteresis types, a to-
tal hysteresis was calculated (sum of the magnitudes
of the respective positive and negative hysteresis, Hy,
Hg, Hrs and Hy, as well as the positive share in % of the
total hysteresis (Ha,/Ha, Hr+/Hg, Hrs/Hgs and Hy,/Hy).
Finally, also the “positioning” of the two different hys-
tereses is characterised: The end of the positive hys-
teresis y, is defined as the last shear rate where n, > 1,
and the end of the negative hysteresis y, is defined
where n, = n, for the first time after n, < n,. Also, the re-
spective “length” of the hysteresis is described by sum-
ming up the log-equidistantly distributed number of
point measurements i (for the similarly defined point
separation) within a respective hysteresis (/,, ). Please
note that this method leads to a value depending on
the acquisition settings of the rheometer. However, as
long as the settings are consistently the same within a
study, the thus obtained length data can be compared
without any problems. The hysteresis parameterising
data described above, consisting of nine individual
measurements per dilution, are presented in box
charts (see e.g. Figure 4a) containing the data median
(line), mean (triangle), 25 to 75 percentile (box) and
minimum to maximum range (whiskers). The hystere-
sis position properties data are presented differently
because box charts are not suitable. Here, the individ-
ual values are shown (hollow diamonds) instead of the
percentile box. Themeanand mediandataare present-
ed the same way as described for the other hysteresis
data.

Firstly, a normality test (Shapiro-Wilk, o0.o5 signifi
cance level, Origin 2017) was carried out on the data
points within each dilution and given property in order
to identify potential grouping effects. Secondly, an
analysis of variance test (ANOVA, 0.05 significance lev-
el, Origin 2017) was carried out among the different lev-
els of dilution within each property separately. The test
not only reveals whether different dilutions (mean val-
ues) at a given property are significantly different from
each other, but also provides the strength of effect and
the test power. For data where a significant difference
was identified, a mean comparison test (Tukey, 0.05
significance level, Origin 2017) was carried out addition-
ally toidentify which combination of datasets were dif-
ferent. As the hysteresis position properties (end and
length of positive and negative hysteresis) appearto be
not normally distributed and have discrete values, a
Kruskal-Wallis test was carried out for these data in-
stead [32].
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3 RESULTS AND DISCUSSION
3.1 MORPHOLOGICAL MODEL

The presence of the so called “rheological hysteresis” in
complex fluids is well known and attributed to the
time-dependence of their viscosity, i.e. their thixotropy
[33]- The reason for thixotropic behavior is very often a
morphological change of the fluid thatisinduced by de-
formation (shear), e.g. orientation of macromolecules,
phase separation or other structural reorganisations.
MFC suspensions are well known also to undergo mor-
phological changes under flow, leading for instance to
the typical discontinuous shear thinning behavior [13,
31,34], butalso to hysteresis [9, 17,19, 35]. The hysteresis
between the increasing shear rate viscosity curve and
the decreasing shear rate viscosity curve is typically ex-
plained by different structures that depend on the
shear history and the characteristically long relaxation
times (= the time needed for a non-equilibrium struc-
ture induced at a given shear rate to transform back to
itsequilibriumstructure). Forthefollowingdiscussions,
it should be noted that the mechanistic model of Mar-
toia etal.[9]is followed, and that this is well supported
by, forexample, Karppinen et al.[31] and Schenker et al.
[13] for the shear rate increase part of the flow curve. In
short, they explain the observed positive hysteresis
(present at lower shear rates, as seen in this work, Fig-
ure 2) as originating because the initial structure (low
shear rates of the increasing shear rate curve) is homo-
geneous, and has, therefore, a higher viscosity com-
pared to the more flocculated structure that was in-
duced by intermediate shear rates (on the decreasing
shear rate ramp). It is apparent that the negative hys-
teresis is mainly caused by the “dip” of the increasing
shearrateflow curve (Figure 2). Followingthe argumen-
tation of Schenker et al. [13], based on findings of Karp-
pinen et al.[31],this behavioris related to the formation
of loosely bound flocs and water-rich voids, reducing
overall viscosity. It is interesting to note, that there is
no such dip (or a lot less pronounced one) at the same
shear rates in the decreasing shear rate ramp. So, it is
possible to assume that the flocculated structure that
isinduced by the high shear rates differs from the (floc-
culated) structure at the lower shear rates.

3.2 FLOW CURVES

Figure 3 shows the averaged flow curves of the 1, 1.5,
and 2 wt% MFC suspensions investigated in this work.
Positive as well as negative hysteresis areas can be seen
in all curves, and it is apparent that the negative hys-
teresis becomes smaller with increasing solids content.
As isto be expected, the overall viscosity levels increase
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Figure 3: Flow curves of averaged data for 1 (circles), 1.5 (trian-
gles), and 2 wt% (squares) MFC suspensions including stan-
dard deviations (error bars). The full symbols represent the
data during shear rate increase and the hollow symbols rep-
resent the data during shear rate decrease, respectively.

with the solids content. The quantitative evaluation of
the hysteresis of these flow curves, as well as the po-
tential underlying morphological reason will be dis-
cussed in the next section.

3.3 INFLUENCE OF SOLIDS CONTENT ON HYSTERESIS
PROPERTIES

When comparing the data spread in the following Fig-
ures (Figure 4 to Figure 6) with the standard deviations
shown in Figure 3, they may at first sight appear incon-
sistent. However, itshould be keptin mind that the stan-
dard deviation is inversely scaled with the square root
of the number of sample points, n, so becoming smaller
withanincreasing numberof data points. Thus, thedata
in the following graphs do not show a standard devia-
tion, but quantiles,and maximumand minimumvalues
(so the complete data spread). It is very apparent from
the data in Figure 4a that the positive absolute hystere-
sis Hy, increases significantly (Table 1) with the solids
content, keeping in mind the logarithmic scale. This is
not surprising if one considers the overall viscosity in-
crease with the solids content (Figure 3) and that H,, is
calculated from absolute viscosity values without any
normalisation (Equations 2 to 8). Keeping this in mind,
atfirstthetrend observed forthe negative absolute hys-
teresis H,.appears counterintuitive (Figure 3 and Figure
4b). This can, however, be explained straightforwardly,
onceagain,intermsofthe strongly changing overall vis-
cosities. Alsoforthesamereason, thetotal absolute hys-
teresis Hy, Figure 4c,as well as the positive share Hy . /H,,
Figure 4d, are basically just depending on the positive
absolute hysteresis. To undertake a separate evaluation
of these properties is, therefore, questionable.

As seen in the discussion before, the absolute hys-
teresis data are very strongly dominated by the initial,
low shear rate data due to the strongly shear thinning-
and solid content-depending nature of MFC suspen-
sions. To be able to decouple this effect, the normalisa-
tion was introduced according to Equations 9 to 14.
These data are presented in Figure 5. The dependency
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of the positive normalised hysteresis Hy, on the solids
content seems to have vanished (there was no signifi-
cant difference found by the ANOVA test, Table 1). This
contrasts with the H,, data, yet it reflects directly the
situation seen in the log-log flow curve diagram (Fig-
ure 3). Furthermore, the normalised data show clear
trends (statistically significant, Table1) thatan increase
in solids content leads to a decrease in the negative and
total normalised hystereses Hy. and Hy (Figure 5b and
) and an increased share of the positive normalised
hysteresis Hy,/Hy (Figure 5d). The normalisation proves
to be very useful with respect to making the hysteresis
data of different dilutions directly comparable.

Itis apparent, that the normalised hysteresis data
(Figure 5) and the relative hysteresis data (Figure 6)
have very alike trends. This is supported by the statisti-
cal test data (Table 1), except for the positive hysteresis
where the normalised data show no trend with the sus-
pension solids content, but the relative data do. How-
ever, the low power of the ANOVA test for Hy, already
indicates that the chance is high, that a significant dif-
ference is not found by the test. Furthermore, the
strength of effect for the positive relative and nor-
malised hysteresis is small (in general, but also com-
pared to the rest of the tested data). This indicates that
even if there is a trend, the dependency of Hy, and Hg,
on the suspension solids content will be small. As is to
be expected, the relative hysteresis data, like the nor-
malised hysteresis data, are not affected by the overall
viscosity levels, because of their relative character. It
was found that the relative hysteresis data obtained by
the simplified method (line summation) correlate very
well (r2 > 0.99 for all data sets) with the relative hys-
teresis data obtained by the extensive procedure (Fig-
ure 7), so no box charts are provided. The ANOVA test
results are almost identical for both approaches
(Table 1) as well, legitimising the simplified procedure.

As mentioned in the methods section, the data of
the hysteresis positioning were not normally distrib-
uted (non-Gaussian), and, therefore, not presented as

Property  ANOVA result Test Effect Significant pair-wise comparisons
(a=0.05) power strength (& =0.05)

Has Significantly different 1 0.92 All

Ha- Significantly different 0.89 0.37 1-1.5wt%, 1 -2 wt%

Ha Significantly different 1 0.92 All

Has/Ha Significantly different 1 0.63 All

Hne Not significantly different 0.35 0.13

Hy. Significantly different 1 0.70 All

Hn Significantly different 1 0.71 All

Hne/Hn Significantly different 0.98 0.48 1-2

Hrs Significantly different 0.9 0.32 1-2wt%, 1.5-2 wt%

Hg- Significantly different 1 0.74 All

Hr Significantly different 1 0.72 All

Hg+/Hr Significantly different 1 0.66 1-1.5wt%, 1 -2 wt%

Hgs+ Significantly different 0.78 0.30 1-2wt%

Hgs- Significantly different 1 0.74 All

Hrs Significantly different 1 0.70 All

Hrsi/Hrs  Significantly different 1 0.66 1-1.5wt%, 1 -2 wt%

Table 1: Statistical test decisions including the ANOVA test
power and strength of effect for hysteresis data.
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and HRS-). Circles represent the 1 wt% suspension data, trian-
gles the 1.5 wt% data and the squares the 2 wt% data.

box charts (Figure 8). As all these data are based on
shear rate values that are predefined by the rheometer
software and the measurement settings, they are dis-
crete. The different data groups that are apparent next
to each otherin Figure 8a and b, for instance, represent
data of adjacent pre-set measurement shear rates
(0.24, 0.36, and 0.53 s for y,, respectively, 3.86, 5.74,
and 8.53 s for y ). For all properties except the end of
the positive hysteresis, and corresponding hysteresis

© Appl. Rheol. 28 (2018) 22945 | DOI: 10.3933/ApplRheol-28-22945

length (y, I,), both of which must have the same test
results anyway in a parametrised test, a significant dif-
ference was found for the different solids contents
(Table 2). The pair-wise test only identified a difference
between 1 and 2 wt% for all these properties. Looking
atthe data directly then shows, that the median values
of those data-pairs are just one value apart from each
other, so the effect strength is low. Due to the nature
of the present data, as discussed above, it is difficult to
identify a potential trend. Yet, with some caution, it
may be hypothesised that the end and the length of the
negative hysteresis (y , ) as well as the total hysteresis
length | decrease with increasing solids content, pro-
vided the increase in solids content is large enough.

Property  Kruskal-Wallis result Significant pair-wise comparisons
(a =0.05) (a =0.05)

Ya Not significantly different

I+ Not significantly different

b Significantly different 1-2wt%

I Significantly different 1-2wt%

i Significantly different 1-2wt%

L/1 Significantly different none

Table 2: Statistical test decisions for the hysteresis positioning
data. Even though the test for the fractional contribution of
the positive length in respect to total hysteresis length (I,/1)
has provided a decision in favor that there is a significant dif-
ference among the data sets for the different solids contents,
the pair-wise test, however, did not identify a significantly
different dataset.
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T T

s : erties.Ontheonehand,compar-

isons between positive and neg-
ative hysteresis become by-
passed, and on the other hand
even within the positive hys-
teresis, theoverall propertiesare
mostly dominant within the
very low shear rate region. Due
to the high sensitivity, the ab-
solute hysteresis may probably
be used to differentiate be-
tween different solids contents.
However, there are other more
direct and equally sensitive rhe-
ological properties providing
the same information [13]. The
normalisation of the hysteresis
data was successful in describ-
ing the data accurately from the
point of view of their expression
on the log-log flow-curve graphs. This is not only sup-
ported by visual observation, but also indirectly evi-
denced by the very good correlation between the rela-
tive hysteresis data and the actual quantified log-log
plot data. The simplified calculation of the relative hys-
teresis has shown to be accurate enough, so presents a
legitimate way of obtaining the relative hysteresis data
with less effort.

Ifone comparesthe normalised hysteresis with the
relative hysteresis data, exemplified here with the pos-
itive hysteresis (Figure 9), it is apparent that the corre-
lation is not very good. The reason for this can be ex-
pected from the hysteresis calculation procedures: For
both the absolute and normalised hysteresis, trapezia
and triangles are used as approximations to the real
area between the curves. However, as the flow curves
mostly follow power laws, there will be inherent errors
arising from this approximation. As the log data are
used for the relative hysteresis calculation, the power
law behavior is transformed to linear functions, and so
trapezia and triangles become better approximations
for the data. Therefore, it can be expected, that the rel-
ative hysteresis data are more accurate than the ab-
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solute and normalised data, and should be used in pref-
erence. Having a small data variation in respect to the
hysteresis positioning may indicate that the number of
contributing point measurements within the flow
curves are too few. With the settings used in this work,
each successive measured shear rate is about 150% of
the previous one. So, the span may be indeed too large
to get a sufficiently closely stepped distribution. If
enough points would be added, the length data should
then follow a normal distribution, as it is based on log-
arithmic shear rate data. As the number of point mea-
surementsis determined by the flow curve parameters,
it may easily be increased by just changing those para-
meters adequately. If the span of shear rates should re-
mainthe same, this, of course, also means a significant-
ly increased experimental data collection time.

3.5. HYSTERESIS PROPERTIES DEPENDENCE ON SOLIDS
CONTENT

As the positive relative hysteresis apparently does not
change strongly with solids content, it may be hypoth-
esisedthatthe morphologyattheend ofthedecreasing
shear rate ramp-down is homomorphic with its struc-
ture at the beginning of the increasing shear rate ramp
atlowshearrates. Theself-similarity in this caseisinter-
preted in such a way that the amount and types of in-
teractions between thefibrilsinthe primary shear state
and within the structure at the end of the second flow
curve scale with each other, independent of the solids
content. This would also imply, that there is only a mi-
nor release of free water in the structure at the end of
the second flow curve, because otherwise it could be
expected that the positive hysteresis is increased more
pronouncedly with a decrease of the solids content
(higher potential availability of water). Since precisely
this free water behavioris seen for the negative relative
hysteresis, itis likely that thereis a significant water re-
lease in the transition zone during the increasing shear
rate ramp-up, probably originating from a very pro-
nounced flocculation as seen by Karppinen et al. [31]. As
a lower solids content means more water to be freed,
the negative relative hysteresis increases with decreas-
ing suspension solids content. Following the proposed
mechanistic model by Martoia et al. [9], the positive
hysteresis is attributed to the difference between the
initial structure and the finally flocculated structure
thatisinduced andrecoveringattheend of the decreas-
ing shear rate ramp-down. However, since the applica-
bility of the morphological models proposed by Martoia
etal.andKarppinenetal.totheexperimental setup dis-
cussed here cannot be taken for granted ad hoc, the
above discussion remains speculative and requires fur-
ther proof, e.g. by rheo-optical measurements.
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3.6. COMPARISON WITH OTHER MFC SUSPENSION
HYSTERESIS DATA

Comparing a typical hysteresis obtained in this work,
characterised by a positive and negative contribution
m (vi) > myi) and my(y ) < n,(v1), respectively, with ex-
amples reported by others [9, 17, 19, 35], reveals some
significant differences. Very apparently, all of them on-
ly report one type of hysteresis, either positive or neg-
ative according to our here-used definition. Whereas it
is not clear if it is positive or negative in the works by
Jiaetal.and Agoda-Tandjawa et al. [17,35], itis reported
to be positive by Martoia et al. [9] and to be negative in
the work by lotti et al. [19]. A direct comparison may be
somewhat critical, as the MFC suspensions were man-
ufactured differently (here: grinding; lotti et al.: ho-
mogenised; and Martoia et al.: enzymatic pre-treat-
mentand grinding) and, therefore, mayinherently have
adifferent flow curve profile. Nonetheless, all those dif-
ferenthystereses seemtobe strikingly similarwhenthe
dilutions and measurement conditions are considered
in addition, and a qualitative comparison should be
possible. The following apparent differences should be
especially highlighted:

B The MFC suspensions were pre-sheared in the cited
experiments and was not pre-sheared in the current
work (Martoia et al. [9]: 1 000 s for 60 s, no men-
tioning of resttime, lotti et al. [19]: 50 s for120sand
600 s rest time)

B The measurement systems were different (Couette
in Martoia et al. [9], parallel plate in lotti et al. [19]
and vane in serrated cup in our work)

B Thesolids contents (1to4wt% inlottiet al.[19], even
though only the 1 wt% flow curve was discussed in
detail, and only 2 wt% in Martoia et al. [9])

B The acquisition times were fixed in the cited works
(lotti et al. [19]: 10 s, Martoia et al. [9]: 50 s) and was
automated in this work (min. of 15.2 s)

B Theshear rate ranges were different (0.1to10005s™
andvice versain lotti et al.’s setup, 0.001to 1000 5™
and vice versa in Martoia et al. [9] and we used 0.01
to 1000 s and vice versa).

Based on those differences, the absence of the positive

hysteresis in lotti et al.’s [19] data may be explained by

the pre-shearing. This may already have introduced a

flocculated structure, which did not relax to recover the

homogeneous structure during the rest phase, and
therefore, the low shear viscosity during the shear rate
ramp-up was already low (equal to the low shear vis-
cosity of the shear rate ramp-down), and so no positive
hysteresis is seen. The absence of the negative hystere-
sis in Martoia et al.’s work may have several reasons.

Firstly, as shown in the work of Schenker et al. [13], the

vane spindle (VS) system appears to lead to a stronger
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flocculation at intermediate shear rates, leading to a
deeper viscosity drop during the shear rate ramp-up
compared to smooth cylinder roughened cup systems
as used by Martoia et al. [9]. When comparing the flow
curves obtained by different measuring systems
through Schenker et al.’s work [13], the smooth system
should be considered for Martoia et al.’s data [9]. This
is based on observations (unpublished), that the condi-
tion of the moving geometry (typically the inner partin
modern shear rheometers using Couette type cells) is
the main contributor to the overall flow curve. Second-
ly,as shown in this work, the negative hysteresis seems
to become smaller with increasing solids contents, and
as Martoia et al. [9] only provided data at 2 wt% that
can be considered as “high” solids content only, and so
only a small hysteresis would be expected anyway. The
above comparison shows the critical influence of the
rheometer set-up and measurement parameters. Yet,
still, qualitative comparisons, like the one above, can be
made when these conditions are fully considered. Todo
so, it is of critical importance to know all the relevant
measurement parameters, as they strongly affect the
obtained data. We, therefore, would highly encourage
peersto provide such parameters when publishing rhe-
ologicaldatainthe context of similar systems, especial-
ly those including micro and nanofibrillated cellulose
suspensions.

4 CONCLUSIONS

In this paper, we have set out to provide a procedure to
quantify the hysteresis data of flow curves that are typ-
ically observed in MFC suspensions. At low shear rates
(0.01up to about 157), a “positive hysteresis” area was
found where the viscosity of the initial, shear rate in-
creasing flow curve is higher than the viscosity of the
following, shear rate decreasing curve. At further in-
creasing shear rates up to about 10 57, a “negative hys-
teresis” area was found, having a reversed order of the
viscosities compared to the positive hysteresis. It was
shown that a viscosity depending normalisation of the
data is necessary to be able to compare directly data of
MFC suspensions of different solids content. Whereas
the positive normalised hysteresis decreased only
slightly with an increasing suspension solids content,
the negative normalised hysteresis decreased very
strongly, as supported by statistical test results. These
datashow,that MFCsuspensionsexhibitdifferent mor-
phologies, not only depending on the shear rate, but al-
so on the direction of the shear rate ramp, and, under
some conditions, also on the suspension solids content.
Finally, hypothetical mechanistic models of the MFC
suspensionsasafunctionof shearrate were suggested,

© Appl. Rheol. 28 (2018) 22945 | DOI: 10.3933/ApplRheol-28-22945

based on prior models proposed by other researchers,
but remain to be proven. The need to define both mea-
surement geometry and data collection parameters in
detail, including collecting sufficient measurement
points, is emphasised by the uncertainty identified by
statistically relevance testing. However, the same sta-
tistical rigor clearly provides confidence the principles
applied. Further work is carried out to investigate the
influence of the degree of fibrillation of an MFC suspen-
sion on this and other rheological properties, to further
demonstrate the usefulness of this novel characterisa-
tion method.
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