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Abstract All-cellulose composites (ACCs) were
prepared from filter paper via partial dissolution in
the ionic liquid 1-ethyl-3-methylimidazolium acetate,
and material tensile properties were investigated using
various approaches. One is based on data directly
taken from a tensile testing machine, and the other
uses two-cameras stereovision with digital image
correlation (DIC) technique. In the latter case, virtual
extensometer with different locations on the sample
and averaging over sample surface were tested.
Nominal and true stress—strain dependences were
built and Young’s modulus, tensile strength, elonga-
tion at maximal stress and toughness were evaluated as
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a function of ACC density. A minor difference was
observed for the stress—strain dependences derived
from different approaches which use the DIC tech-
nique, most probably because of low ACC deforma-
tion. However, the results reveal that the nominal
stress—strain curve from DIC is significantly different
from that which is directly derived from the data
provided by machine sensors thus strongly impacting
Young’s modulus and elongation at break values. This
study provides an insight into the evaluation of the
mechanical properties of ACCs.
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Introduction

The growing concerns on environmental issues moti-
vate the development of biobased and biodegradable
materials such as biocomposites. One of the sub-
classes of biocomposites is all-cellulose composites
(ACCs) (Nishino et al. 2004). The principle of ACC
fabrication is based on the concept of all-polymer
composites in which the matrix and the reinforcing
fibers are made from the same matter (Capiati and
Porter 1975). The advantage of this concept is that the
adhesion between the matrix and the fibers is perfect,
and there is no need of compatibilisers. The difference
between all-polymer and all-cellulose composites is
that cellulose is not melting, and thus ACC preparation
requires a dissolution step followed by washing out the
solvent and drying.

There are two main routes for making all-cellulose
composites: (1) one-step method via partial dissolu-
tion of fibers in cellulose solvent with the dissolved
cellulose forming the composite matrix (Soykeabkaew
et al. 2008; Huber et al. 2012; Piltonen et al. 2016;
Khakalo et al. 2019; Chen et al. 2020a) and (2) two-
step method which involves the preparation of a
cellulose solution used for the impregnation of the
reinforcing fibers (Nishino et al. 2004; Sporl et al.
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2017; Labidi et al. 2019; Korhonen et al. 2019). In
both cases the reinforcing phase can be natural or man-
made fibers, aligned or isotropic (dispersed short
fibers, a fabric, or a filter paper). Nanocellulose based
composites will not be considered here as it is out of
the scope of this work.

Various cellulose solvents have been used to make
ACCs: LiCl/dimethylacetamide (DMAc) (Nishino
et al. 2004; Soykeabkaew et al. 2008), NaOH-water
based solutions (Piltonen et al.2016; Korhonen et al.
2019) and, recently, ionic liquids (Sporl et al. 2017;
Khakalo et al. 2019; Chen et al. 2020a). For applica-
tion reasons, the tensile properties of ACCs were
always in the focus of most of the publications. For
example, when aligned native ramie fibers were
immersed in LiCI/DMAc for 2 h, exceptional longi-
tudinal tensile properties of 460 MPa tensile strength
and 28 GPa Young’s modulus were obtained (Soyke-
abkaew et al. 2008). One of the strongest man-made
fibers, Bocell, was also used for making ACCs with
volume fractions of up to 90% of fibers, resulting in an
average tensile strength of 910 MPa and a Young’s
modulus of 23 GPa with 8% elongation at break
(Soykeabkaew et al. 2009). The above-mentioned
mechanical properties far exceed the values reported
for the traditional unidirectional natural fiber rein-
forced polymer composites. Nevertheless, the major-
ity of the tensile properties of ACCs lies in the interval
of 1-20 GPa for Young’s modulus and 50-200 MPa
for tensile strength (Baghaei and Skrifvars 2020). The
results depend on numerous parameters such as the
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origin of the reinforcing fibers, their concentration and
alignment, and processing conditions (type of solvent,
dissolution or impregnation time and temperature,
drying mode, etc.) (Baghaei and Skrifvars 2020). It
should be noted that the values obtained with tensile
testing also depend on sample geometry and the
method used to obtain the specimen elongation
(directly from the tensile machine, from extensometer
in which gauges are “clipped” on the material, using
video extensometers or digital image -correlation
(DIC)). We will not consider here “contact” exten-
someter as it may induce damage or additional stress
on the sample. Mechanical analysis will be performed
using DIC technique; for example, it is commonly
used for the analysis of the deformation mechanisms
of polymers (Hild and Roux 2006). This method is
accurate and provides crucial information on the strain
field at macroscale level. It also allows measuring non-
uniform deformation and 3D effects. However, DIC is
rarely used for natural fiber reinforced polymer
composites (Xu et al. 2019; Ramakrishnan et al.
2020) and, to the best of our knowledge, was never
considered for the evaluation of the tensile properties
of all-cellulose composites.

There are different ways to assess the tensile
properties of a material. Below we recall the back-
ground equations determining nominal stress (o,) and
strain (g,):

F
n— 1
=0 (1)
L ks 2)
Ly Loy

where F is force, Ay is cross-section area of the
sample, d is displacement, and L, and L are the initial
length of the sample and the length at a given applied
force, respectively. The displacement d can be mon-
itored in different ways. One is using data obtained
from the machine displacement sensor; in this work
such method will be named “machine approach”. The
other uses local measurement of sample displacement,
i.e. either with video extensometer or DIC techniques;
it will be named “local approach”.

Irrespective of the approach used, stress—strain
dependences are built to characterize the material with
Young’s modulus in the linear region, maximal stress
(often called “tensile strength” or “ultimate stress”),
elongation at break and elongation at maximal stress.

The as-obtained results will include different levels of
errors depending on the approach used. For instance,
the measurement of displacement made with the
machine approach includes not only the elongation
of the sample in the gauge length region, but also the
displacement induced by the stiffness of the tensile
machine, the last one inducing erroneous mechanical
properties (G’Sell et al. 1992). To exclude this
problem which is common for all tensile testing
machines, non-contact measurements of the displace-
ment were developed. For example, video extensome-
ter was introduced in the pioneering work of G’Sell
et al. (G’Sell et al. 1992) to study highly deforming
materials showing “necking”, the latter resulting in
the alteration of the cross-section during experiment.
However, the displacement of the specimen may not
be homogeneous along the specimen length. The
displacement measured using video extensometer may
depend on the location of the marks on the sample and
also on the length L which can be either sample length
(Eq. 2) or the distance between selected two points.
Finally, the most precise (but the most time-consum-
ing) way of having a complete information on the
deforming material is digital image correlation that
allows obtaining a map of local strains on the
specimen surface due to video cameras in stereovision
which monitor the displacements of the markers (or
speckles) randomly placed on the sample surface
(Sutton et al. 2009; Candau et al. 2016).

As far as all-cellulose composites are concerned,
the majority of tensile properties were obtained using a
machine method (see, for example, ref. Soykeabkaew
et al. 2008; Soykeabkaew et al. 2009; Piltonen et al.
2016; Sirvio et al. 2017; Korhonen et al. 2019; Wei
et al. 2020; Chen et al. 2020a). Few works report the
results obtained with a video extensometer (Kroling
et al. 2018; Mat Salleh et al. 2017; Duchemin et al.
2009). In all examples mentioned above nominal
stress—strain dependences were used to calculate
Young’s modulus, tensile strength and elongation at
break. The influence of the method on the stress—strain
curves and on the values of Young’s modulus, tensile
strength and elongation at break of all-cellulose
composites has never been studied before.

The goal of this work was to analyse the tensile
properties of all-cellulose composites applying local
and machine approaches and understand the influence
of each method on the values of the main mechanical
characteristics of the material. Filter paper-based
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ACCs were produced using the ionic liquid 1-ethyl-3-
methylimidazolium acetate ([EMIM][OAc]) as cellu-
lose solvent, and the influence of the dissolution time
on composite morphology, density, crystallinity and
optical properties was investigated. Then, the tensile
properties of ACCs were evaluated using data
obtained directly from the machine and with a local
technique, the latter using a two-cameras system and
digital image correlation. Stress—strain data corre-
sponding to various approaches were obtained and
discussed together with the main tensile characteris-
tics of the composite materials.

Experimental part
Materials

Qualitative VWR® Grade 415 filter paper made of
pure cellulose was purchased from VWR Interna-
tional, France. Ionic Liquid I-ethyl-3-methylimida-
zolium acetate ([EMIM][OAc], purity > 95%) was
purchased from IoLiTec. The initial moisture content
is 0.27 wt%, determined by Karl-Fischer titration. The
IL was used as received. Water used in this study was
deionized.

Methods
Manufacturing paper-based ACCs

The paper-based ACCs manufacturing method is
illustrated in Fig. 1. Two pieces of filter papers were
dipped in [EMIM][OAc] for 1 min, stacked together
and hot pressed at 60 °C. The pressing times were
5 min, 10 min, 30 min and 60 min with the pressure
kept constant (around 100 bar). Then the sample was
immersed in a large amount of deionized water for
about 72 h (exchanging to fresh water every day) to
remove the ionic liquid from the system. Finally, the
specimen was dried by hot pressing (around 50 bar,
80 °C for 2.5 h and then at 60 °C for 0.5 h). A
temperature gradient during drying was shown to
prevent the warping and/or heterogeneous contraction
of the sample (Chen et al. 2020a). ACCs produced
with 5 min, 10 min, 30 min and 60 min impregnation
are named PS5, P10, P30 and P60, respectively.

@ Springer

Scanning electron microscopy (SEM)

The surface and cross-section morphologies of the
filter paper and produced ACCs were observed using a
scanning electron microscope (Zeiss Sigma VP FE-
SEM) at an accelerating voltage of 4 kV. Prior to
examination, the surface and cross section of the
samples were coated with a thin layer of gold.

Sample thickness and density

The density of the filter paper and of the produced
ACCs was determined by measuring sample weight
and volume. The volume was calculated from the
dimensions of the sample measured by using L&W
Micrometer (Lorentzen & Wettre Products, ABB,
Switzerland) with an error of &= 1 pm or 0.1% of
reading whichever is greater. Porosity was estimated
from the density of filter paper and ACCs by using a
value of 1.47 g cm™ as the density of cellulose (Sun
2008), using the following equation:

Porosity(%) = {1 M} x 100% (3)

Pceliulose

Ultraviolet—visible light (UV-Vis) spectroscopy

The transmittance and haze of the ACC in the visible
light region were obtained using a Shimadzu UV-2600
with an ISR-2600 Plus Integrating Sphere Attachment
(Shimadzu, Japan). Optical haze was used to quantify
the percentage of the forward light scattering as
follows:
T, T

Haze = |:F2 — Fl:| x 100% (4)
where Ty, T,, T3 and T4 are defined as background
checking, total transmitted illumination, beam check-
ing and pure diffusive transmittance, respectively.

X-ray diffraction (XRD)

XRD data were collected in the reflection mode of an
X-ray instrument, SmartLab (RIGAKU), operated at
45 kV and 200 mA. The sample was placed on a
sample holder horizontally to incident X-ray and the
scans were performed in the 26 range from 5° to 60° by
0/20 mode. Background intensity profile without
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Fig. 1 Illustration of the fabrication of the paper-based ACCs

sample was collected in the same conditions, and it
was subtracted from the obtained data. The subtracted
data were corrected for the Lorentz-polarization factor
for each data point. The background intensity (Spxg)
from the amorphous phase of cellulose was estimated
by robust smoothing procedure as described else-
where. The total crystallinity index (CRI) of the initial
filter paper and of ACCs was estimated using the ratio
of the area of total intensity (Siw) to that of
background intensity Sy, in the 20 range from 10°
to 32°:

(5)

The background-corrected profile was fitted with 4
pseudo-Voigt function for cellulose I ((1-10), (110),
(102)/(012) and (200) lattice planes) and 3 pseudo-
Voigt functions for cellulose II ((1-10), (110) and
(020) lattice planes). For each polymorph, the ratio of
amplitude for the lattice planes were fixed to be the
ratio of the square of structure factor (Nishiyama et al.
2002; Langan et al. 2001). The deviation of diffraction
positions was limited to be close to those calculated
from the unit cell parameters of the crystal structure of
cellulose I and II. The software LMFIT (Newville
et al. 2016) was used for the fitting. As the mass
absorption coefficients are identical for crystalline
polymorphs, quantitative phase analysis was per-
formed using the single peaks of cellulose polymorphs
(Alexander and Klug 1984). The intensities for the (1—

CRL% = 100% x (1 - Sbkg/Swzal)

C—
Washing Fﬁ

4) Hot press drying

10) lattice plane of cellulose I (/;_;¢(1)) and cellulose II
(I1_10(2)) can be expressed as a function of the structure
factor F\_jo(, the volume of unit cell V,, and the
volume fraction v, of each crystalline phase (o being
either cellulose I or II crystal) in the total cellulose
crystal, as follows:

K 2
: |

I _10(z) :7{1:1—10(%) Vg (6)

Vi

where K is a constant for the instrument and sample.
Thus, the ratio of the volume fraction of cellulose II
to cellulose I, v,/vy, is as follows:

Q - 2.271]_]0(2)

Vi I 1001

(7)

where the coefficient 2.27 was calculated from the unit
cell volume and the structure factor for the (1-10)
lattice of cellulose I (Nishiyama et al. 2002) and
cellulose II (Langan et al. 2001). This equation was
used to calculate the volume fraction of cellulose II
over the total crystalline cellulose as follows:

%)
Vi + v

Cellyvol% = (8)

Tensile testing

The mechanical properties of the filter paper and
ACCs were studied using the electro-mechanical

@ Springer
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tensile test machine Zwick-2.5kN at 23 °C and 50%
relative humidity. Figure 2a presents the geometry of
the tensile sample with a gauge length (L) and a width
(W) of 15 mm and 10 mm, respectively. Sample
thickness was measured at different locations within
the gauge length area for each sample with high-
precision caliper and the maximal standard deviation
was £ 0.005 mm/50 mm. The tensile measurements
were carried out at a strain rate of 1 x 107 s7'.

The first set of force—displacement data was
collected directly from the tensile machine (machine
approach). In parallel, two-cameras stereovision sys-
tem was used to monitor the local displacements of
ACC (Fig. 2b). Stereovision provides a 3D image of
sample surface using a superposition of two 2D plane
images, and DIC allows building a 2D displacement
field on sample surface. In this work, a 3D DIC method
was used. The advantages of 3D DIC method
compared to the 2D DIC can be found elsewhere
(Sutton et al. 2008). The calibration of 3D DIC was
done until a projection error of 0.05 was reached
(Sutton et al. 2009).

To monitor the local displacements, the front
surface of the sample was coated with a thin layer of
white paint on which black ink was sprayed to
generate a random speckle pattern (Fig. 2c). The
displacement field was obtained by tracking the
positions of speckle patterns on a specimen surface
before and after the deformation of the body. Practi-
cally, two sets of images — corresponding to two
different mechanical states (i.e. reference and
deformed) — are recorded by two fixed cameras set

V\L;,, |

Stereovision system

TAY;X (a) (b)

Fig.2 The tensile testing setup used in this study: a geometry of
a tensile sample, values are in mm; b experimental setup with
stereovision system; ¢ speckled sample for the DIC analysis and
d example of true strain field obtained by DIC analysis using
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with in-between fixed angle. As grey level cannot be a
unique characteristic of a “point” on sample surface,
neighboring pixels must be used to build a displace-
ment field using the initial and deformed pictures.
Such a collection of pixel values is called a subset.
Large speckles (e.g. more than 20 pixels) were
avoided as they need large subset sizes which reduces
the spatial resolution of the analysed zone.

The displacement fields were built from images
recorded by a pair of cameras AVT PIKE 5 Megapix-
els with a 2/3’ CCD sensors and 50 mm Schneider
Kreuzwach objectives. The images were taken every
second and post-processed using VIC-3D software (S.
Vic-3D 2007) (Fig. 2d). The first step of the analysis
consists of creating a regular mesh in the region of
interest. The meshing allows tracking the speckle
pattern during the tensile test. In this study, the subset
was 23 pixels with a step of 5 and filter size of 13.
More details on the selection of parameters and
analysis of data are given in the Supporting
Information.

As mentioned in the Introduction, there are differ-
ent ways of using digital image correlation approach.
One option is to use it as a video extensometer: we
select two different locations of “virtual extensome-
ters”, one monitoring strain evolution along E, and the
other along E, (Fig. 2d). Different locations of the
virtual extensometers are selected to better understand
the influence of their location on strain distribution
over the sample and the corresponding stress—strain
dependences. Another option is to average the dis-
placement over a given surface; here we will use

0.01

0.008
1 0.005

0.003

0.001

eyy|1]-hencky

(c) (d)

VIC-3D software, E, and E, are locations of a virtual
extensometer and S is the surface of the rectangle over which
the true strain in the longitudinal direction is averaged
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surface S shown by a rectangle in Fig. 2d. While
virtual extensometer provides nominal strain evolu-
tion over time and further nominal stress—strain
response (Egs. 1 and 2), the evolution of true strain
over time is obtained from VIC-3D software by
averaging true strain distribution over the surface S.
We recall below the relationship between true strain
&40 and nominal strain &,,:

L—Ly
Loy

fore = 1n<1 + ) = In(1 + &) 9)

true stress G e iS then determined as follows:

F F

A0 A-orr(—tme) 10
A (t) Aoe_xp<7£mw) ( )

Otrue =
where A(?) is sample cross-section area at a given
moment.

Results and discussions

To better understand the mechanical performance of
ACCs and the influence of the analysis method
(machine vs local), material properties such as density,
morphology and crystallinity must be first examined.
Therefore, we start with the analysis of the evolution
of ACC characteristics as a function of processing
conditions. Then, the local approach using different
DIC analyses vs machine approach applied to ACC
will be addressed, using one sample as an example.
This study will be used to setup the methodology of
tensile tests analysis. Finally, the tensile values
(tensile (maximal) strength, strain at maximal
strength, Young’s modulus and work of fracture)
obtained via machine data and local approach using
stereovision system are compared and discussed.

Density and crystallinity of ACCs

The evolution of ACC density and porosity as a
function of impregnation time is shown in Fig. 3.
Density increases with the impregnation time under
pressure indicating a strong decrease in material
porosity, from 73% for filter paper and 42% for P5
to 11% for P60 (Fig. 3). No noticeable evolution is
recorded after 30 min of dissolution.

The ACCs XRD profiles, crystallinity and cellulose
allomorphs as a function of impregnation time are

15 100

-e- Density
-m- Porosity| o—— ¢
12 PR 80
o 1" =
E 0.9 \ @ 60 &
-7 F 6!
) o e
- -’
£ E
.- [ ] St
g 0.6 ~u 40 =5
(7 A
a —
0.3 20
n——#
01 r r r v T 0
0 10 20 30 40 50 60

Impregnation time (min)

Fig. 3 Density and porosity of ACC as a function of
impregnation time. The properties of filter paper are shown at
t = 0. The lines are given to guide the eye

shown in Fig. 4. The filter paper was theoretically
composed of native cellulose which is the cellulose I
allomorph. However, a small diffraction peak at
20 &~ 12°, which indicates cellulose II allomorph,
was also observed (Fig. 4a). It has been reported that a
paper sheet, despite supposed to be native cellulose,
may contain a small amount of cellulose II crystalline
structure (Sirvio et al. 2017; Piltonen et al. 2016). The
amount of cellulose II strongly increases after 5 min
impregnation, from around 7 to 34 vol%, but then
does not vary significantly (Fig. 4b). Crystallinity
drops from around 56% to 43% for 5 min impregna-
tion and then slowly decreased to around 40% for
longer impregnation times. Based on these results we
suppose that dissolution was almost stopped after the
first 5 min. The reason is that the total cellulose
concentration was too high (> 40 wt%), above the
dissolution limit in the ionic liquid. It was suggested
that at least 3 ionic liquid molecules per anhydroglu-
cose unit are needed to dissolve cellulose in [EMI-
M][OAc] which corresponds to a maximum cellulose
solubility of around 25-27 wt% (Le et al. 2014). It
should also be taken into account that the viscosity of
the dissolved phase is high and dissolution (impreg-
nation) was performed in static conditions, without
mixing, also preventing cellulose dissolution.

Morphology and optical properties of the ACCs
To provide a direct evidence of the gradient dissolu-

tion of the fibers in the filter paper induced by the
impregnation time and compression, the surface and

@ Springer
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Intensity

5 10 15 20 25 30 35 40 45 50 55 60
20 (degree)

Fig. 4 a X-ray diffractograms of filter paper and the produced
ACCs, the black dotted line indicates the characteristic peak of
cellulose II. b The total crystallinity index and cellulose II

cross-section morphologies of the initial paper and of
obtained ACCs were examined by SEM (Fig. 5). The
starting material shows individual fibers typical for a
filter paper with large number of voids, as confirmed
by the low density. After 5 min of impregnation, fibers
can still be distinguished (Fig. 5, images of the surface
on the top row) but they are well embedded into the
dissolved cellulose matrix demonstrating excellent
adhesion. The cross-section shows some remaining
pores (Fig. 5, lower row). After 10 min and longer
impregnation times the fibrous structure of the paper
had almost disappeared and no pores can be seen.
Figure 5 also shows the decrease of ACCs cross-
section. SEM observations are in-line with density and
XRD results: cellulose that could be dissolved was
dissolved during the first 5 min (strong increase of
cellulose II fraction and drop of crystallinity) and
further morphology evolution is due to the distribution

(a)

(b) 4, ”
@) - Crystallinity index —
= s - Cellulose I fraction] [ 7" =\°
é <'o Lo ©
-
£ “O——O0—0_ %
= k50 o
£ £
2 30 Fa0 &
2 O &

\

E 201 D r30 ®
Qa 1’4
Eu {20 —;
© g 10 %
D [ o

0+ T T T T T —0

0 10 20 30 40 50 60

Impregnation time (min)

volume fraction of ACC as a function of impregnation time, the
lines are given to guide the eye. The properties of filter paper are
shown att =0

of dissolved phase within the pores under pressure (no
evolution of cellulose II fraction and crystallinity but
continuous increase in density).

The optical properties of ACCs are correlated with
their morphology. Figure 6 displays the optical trans-
mittance and haze of the filter paper and the as-
prepared ACCs. As the filter paper consists of
randomly packed irregular cellulose fibers and
micron-size voids, it is opaque in the visible light
due to massive backward light scattering and possess
almost 100% transmission haze because of strong
forward light scattering. In ACCs, the dissolved
cellulose fills the voids with the matter of the same
refractive index as fibers, surface roughness is
decreased and the material becomes transparent in
the visible light (Fig. 6a). Morphology homogeniza-
tion also decreases the forward light scattering result-
ing in the reduction of haze (Fig. 6b). Both

Fig. 5 a Upper set of images: the surface of filter paper and ACCs P5, P10, P30 and P60; b lower set of images: cross-section of filter
paper and of the corresponding ACCs. The scale bar for all images on the upper set is 200 pm and on the lower set 40 pm
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Fig. 6 Optical transmittance (a) and haze (b) of filter paper and the ACCs, ACC P60 in close contact with the colored letters underneath
to show its high light transmittance (¢) and 1 cm away from the same substrate (d) to indicate its high haze

transmittance and haze show a sharp transition of
properties at impregnation times longer than 5 min, in-
line with the ACC morphology (Fig. 5) and density
(Fig. 4). It is worth noting that ACCs P60 is transpar-
ent (optical transmittance ~ 80% at 550 nm) but still
with high haze (> 70% at 550 nm), which makes it
promising as photonic material for optoelectronic
applications such as solar cells, as haze increases light
scattering and absorption (Hou et al. 2020; Chen et al.
2020b). The digital photographs of ACC P60 confirm
high transmittance and high haze (Fig. 6c¢, d).

Mechanical properties
Local versus machine approach

Sample P5 was used to test different approaches for
the analysis of ACC tensile properties. An example of
strain distributions over the sample surface obtained
with a local (DIC) approach for tensile loading is
shown in Fig. 7. This type of analysis was performed
for all other samples. Figure 7 shows that the strain
field is heterogeneous with strain concentration on the
upper side; failure is initiated in this area.

To check if this heterogeneity induces differences
in stress—strain curves, the nominal strain was plotted
as a function of time (Fig. 8a) and then converted into
nominal stress—strain curves (Fig. 8b) for two loca-
tions of the virtual extensometer, E, and E,, (see details
Methods section). Figure 8a shows similar curves for
the two positions until a strain of 0.03. Some
differences are then observed due to the strong
localisation of the deformation and the specimen
failure. It is translated into a quite minor difference in
the strain at failure, 0.06 (for E;) versus 0.05 (for E,).
The strain localisation is well captured by E, while E,,
characterized by a higher gauge length L, is less
sensitive to this strain localisation as it represents the
average of the nominal strain distribution over the
corresponding gauge length. As stress—strain curves
are practically identical, Young’s modulus and tensile
strength are the same for both locations of the virtual
extensometer. However, this may not always be true
especially for the determination of the strain to failure.

Next, we compare nominal stress—strain curve
obtained from the virtual extensometer E, with that
averaged over the surface S (Fig. 8c). A minor
difference is observed for the strain at failure. Then
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Fig. 7 The true strain field in the longitudinal direction obtained by DIC as function of displacement for the sample P5

() (b)
0.07 50
= fromE, = fromE,
0.06{ « from E“I U » fromE,
40

4
(=3
b3

I

o
(=3
b9

Nominal stress (MPa)
S g

Nominal strain (mm/mm)
(=3
®

Nominal stress (MPa)
w
o

]
0.02 .‘.f N
1042 104 J
0.01 » a
e la
0 0 0
0 20 40 60 80 100 0 001 002 0.03 0.04 0.05 0.06 0.07 0 0.01 0.02 0.03 0.04 0.05
Time (s) Nominal strain (mm/mm) Nominal strain (mm/mm)
(d) (e)
50 50
= true from S
» nominal from S| "
__I TS, -
40- S - £ 40
7 3
- 2 @
= 30 g 30
Y 4 3
g —
£ 20 g
Z20 fj E2
f 4 E
; °
104 4 Z 10
; jm= from machinc|
b jowss from S
0 0
0 0.01 0.02 0.03 0.04 0.05 0 0.02 006  0.08 0.1

Strain (mm/mm)

Fig.8 Comparison of tensile data for P5 obtained with different
approaches: a nominal strain as a function of extension time
collected from the virtual extensometers E, and E;, b nominal
stress—strain curves from the virtual extensometers E, and E,;
¢ nominal stress—strain curves from the virtual extensometer E,

@ Springer

Nominal strain (mm/mm)

and over the surface S; d nominal and true stress—strain curves
obtained with stereovision system over the surface S and
e nominal stress—strain curves obtained from the machine and
with stereovision system over the surface S
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nominal and true stress—strain curves are compared for
the case when the strain is averaged over the surface S
(Fig. 8d). The true stress is slightly higher than the
nominal one with slightly lower strain at failure. Such
coincidence can be explained by the overall low
deformation of the sample. For materials exhibiting
large deformations more differences between nominal
and true strain—stress curves are usually recorded.

Finally, Fig. 8e compares the nominal stress—strain
curve directly derived from the machine (machine
approach) with that derived from stereovision and
averaged over the surface S (local approach). Here the
difference is significant: the strain at failure deter-
mined with machine approach is twice higher than that
determined with DIC. With nominal tensile strength
being almost the same, Young’s modulus calculated
with the local approach will be much higher than that
calculated from machine approach. We remind that
the latter provides results with the systematic error
arising from the equipment input.

Tensile properties of ACCs

Young’s modulus, tensile strength, strain at maximal
stress and toughness were calculated from nominal
and true stress—strain curves (Figure S1, Supporting
Information) derived from the machine and local
approaches, the latter using stereovision system and
averaged over the surface S. All mechanical charac-
teristics of the filter paper and ACCs are given in
Table S1, their dependence on material density is
shown in Fig. 9 and on the impregnation time in
Figure S2.

The increase in ACC density, which corresponds to
the increase of impregnation time, leads to a strong
increase of Young’s modulus, independent of the
method used to determine it (Fig. 9a). All values
calculated from nominal stress—strain curves via a
local approach using stereovision are much higher
than those calculated from nominal ones via machine
approach, as expected from Fig. 8e. We also plotted
Young’s modulus as a function of crystallinity (Fig-
ure S3); modulus decrease with crystallinity increase
shows that the crystallinity does not play an important
role here as it is the presence of pores and hetero-
geneities that control mechanical properties. It has
been demonstrated in the previous studies that density
plays the essential role in the mechanical performance
of ACCs (Korhonen et al. 2019; Chen et al. 2020a); an

adequate comparison with literature can thus be made
only for the materials either of the same density or for
the specific values of mechanical characteristics.
Unfortunately, the density of ACC is not always
reported. To the best of our knowledge, for paper-
based isotropic all-cellulose composites, only the
study from Piltonen et al. (Piltonen et al. 2016)
reported density values. The calculated specific
strength and modulus values obtained in this work
are listed in Table S2 in the Supporting Information
and compared with those reported by Piltonen et al.
(Piltonen et al. 2016). Considering that the type of
approach (machine or contact or non-contact exten-
someter) is rarely specified, the comparison of moduli
values with the results obtained in literature becomes
even more delicate.

Similar to the Young’s modulus, tensile strength
and toughness increase with density increase. Inter-
estingly, the strain at break also increases, from 4 to
9%, the latter corresponding to the ACC with a density
of around 0.9 g/cm® (impregnation time 10 min); at
higher density, the strain at break remains on the same
level. A certain porosity improves material ductility.

Figures 8 and 9 show that while Young’s modulus
calculated from nominal stress—strain curves using a
local approach is higher than that calculated using the
machine approach, the opposite was obtained for the
strain at maximum stress and toughness. A lower
toughness obtained from local approach is due to
much lower nominal strains at maximum stress as
compared to those obtained via machine approach.
Tensile strength values did not depend on the approach
used within the errors.

Overall, a simple strategy of filter paper impregna-
tion with ionic liquid for 30-60 min allowed increas-
ing the tensile strength by almost 10 times, of Young’s
modulus by 5 times and of toughness by 25 times as
compared to the initial filter paper. In order to make an
adequate comparison with literature results, the prop-
erties of the starting material should be considered. In
our case, the nominal tensile strength values calcu-
lated from the local approach and from machine
approach are similar. Supposing this is the case for
ACCs published in other works, the results on various
isotropic ACCs can be put together. As presented in
Fig. 10, Sirvio et al. (2017) obtained a very high
increase of nominal tensile strength of dissolving
pulp-based ACCs, up to 24 times, but the absolute
value of tensile strength was only around 76 MPa,
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4, Wei et al. 2020; 5, Han and Yan 2010; 6, Sirvio et al. 2017)

most probably because of the low mechanical prop-
erties of the starting material. Nishino and Arimoto
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(Nishino and Arimoto 2007) reported a filter paper-
based ACC with a nominal highest tensile strength of
211 MPa, but the initial filter paper was much
stronger, with tensile strength around 50 MPa. In the
current study the tensile strength of the initial filter
paper was around 13 MPa. The comparison of the best
values of tensile strength vs its increase as compared to
the strength of the initial paper is shown in Fig. 10.

Conclusions

All-cellulose composites were made via controlled
impregnation with ionic liquid, [EMIM][OACc]. First,
the properties of the composites (density, porosity,
crystallinity, cellulose II fraction, transmittance, haze
and morphology) were investigated as a function of
impregnation time. The results showed that cellulose
was dissolved during the first 5 min, and further
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evolution of properties was due to the distribution of
dissolved phase within the pores.

Tensile testing was conducted using different
methods to obtain the specimen elongation: i) data
directly taken from machine sensors and ii) using
digital image correlation technique and local
approach. The latter excludes the errors related to
the stiffness of the tensile testing machine itself.
Although the nominal tensile strength values from
DIC and machine are similar, the nominal Young’s
modulus, strain at maximal stress and, as a conse-
quence, toughness, are very different. This must be
taken into account when comparing results from
different literature sources. ACC fabrication strategy
using in this work resulted in the increase of tensile
strength, Young’s modulus and toughness by almost
10, 5 and 25 times, respectively, as compared to the
initial filter paper.
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