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1. Abstract

During my PhD activities, I studied the introduction of carbon-based
nanofillers in materials at different scales, while focusing primarily on
fibres and fibrillar materials. Several production techniques were
exploited.

Little is known about the interaction of graphene with electrospun
polymeric fibres. Manufacturing composite fibres is complex since
fillers have lateral sizes nearing that of the embedding fibre. Indeed,
graphene has a direct effect in both the assembly of the electrospun
composite fibres and their mechanical performance. Moreover, the
tensile behaviour of hollow micrometric electrospun fibres was
compared with macroscopic hollow structures such as drinking straws.
The acquired insights helped to explain the toughening mechanisms at
the micro-scale and develop a model capable of predicting the stress-
strain response of such structures.

Among natural materials, wood has the most relevant structural
applications even at large scales. Its main structural component is
cellulose that has a high resistance and a low light absorption. Several
structural modifications of wood derived materials were recently
investigated in order to enhance the mechanical and optical properties
of cellulose. These enhancements can take place after the internal
structure is chemically modified with the removal of lignin and after a
structural densification. Potentially, any type of wood-like materials,
such as giant reed (that is a fast-growing and invasive species), can be
turned into a strong structural composite. Such modifications lead to an
open and interconnected internal structure that is the ideal scaffold for
nanoparticle intercalation. Graphene oxide and silicon carbide
nanoparticles were intercalated into densified reed. They produced an
even stiffer, stronger and tougher composite compared to the best up-
to-date process available. Moreover, its capabilities to resist fire and
water-absorption were tested.

Finally, the previous process was further developed on wood to achieve
a combination of improved transparency and electrical conductivity.
Graphene and carbon nanotubes were introduced into the structure of
wood to foster conductivity and explore the viability of its application
as a self-strain sensor.



David Novel — Mechanical and physical characterization of graphene composites

2. Microfibres

2.1. Electrospun composite fibres

In this work, poly-vinylidene fluoride (PVDF) nanocomposite fibres
filled with graphene (G) and graphene oxide (GO) were obtained by
electrospinning. Single nanocomposite PVDF fibres were carefully
isolated and characterized with a nanotensile machine. Results showed
that, with the addition of 0.5 wt% of graphene oxide, Young’s modulus
and yield stress are improved and the specific toughness is higher than
most polymeric fibres. The mechanical properties were analysed in
light of the structure and peculiar morphologies of the nanocomposite
fibres. The mechanisms of plastic deformation and energy dissipation
are correlated to the characteristics of two different fillers: G and GO.
A description of the toughening mechanisms involved is proposed,
based on the observation of the morphological modification that
occurred on fibres during the tensile testing. The structure of these
fibres is also discussed in relation to their hollow nature, which holds
an interesting comparison at a higher scale with experiments performed
on plastic drinking straws. The analogy of the mechanical behaviour is
reflected in the observed multiple necking propagation mechanism.
Based on the experimental observations, a novel constitutive model is
introduced to describe the performance of hollow PVDF fibres.

2.2, Introduction

Similarly to carbon nanotubes [1], graphene is a highly promising
material in the field of polymer nano-composites due to its very high
stiffness [2] and high aspect ratio. Graphene can potentially do on a
nano-scale what carbon fibres do at micro-scale, i.e. improving the
properties of the polymer matrices. Since the discovery of graphene [3],
studies have flourished on the impact of graphene and graphene oxide
(GO) on polymers and many of them focused on the mechanical
properties of the composites [4-8]. Over the last few years, by extending
the principles of short fibre composites to graphene fillers, graphene-
polymer interactions have been studied in depth [9-12]. It was
demonstrated that the optimal stress transfer is achieved if graphene
flakes have controlled lateral dimensions. The critical size has been
found to be around 4 pm [10]: if the flakes are bigger, then the polymer
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matrix, upon loading, will be able to transfer all the stress that graphene
can withstand. If flakes are smaller, graphene still reinforces the
polymer but not to its maximum extent. The production of very thin
fibres presents a compromise from this point of view as we are
investigating the smallest hierarchical level possible but aware that the
maximum reinforcement cannot be achieved if composite fibres, and
the flakes embedded, are too thin. Large graphene flakes cause a
discontinuity in the fibre’s morphology, leading to debonding and fibre
opening, whereas large GO flakes remain embedded within the fibre.
Moreover, Ramanathan et al. [13] reported that the oxygen
functionalities of GO are beneficial in nanocomposites as they enhance
the adhesion with polymers. Thus, mechanical properties can be
improved dramatically even at very low loadings.

In most natural organisms, fibres and fibrils form the lowest
hierarchical level and the most important structural block of their load-
bearing units [14, 15]. By the electrospinning technique, fibres with
diameters in the range 100 nm + 10 pm can be obtained [16].
Furthermore, electrospinning has already proven to be successful in the
production of carbon nanotube based composites [17]. Isolation and
direct mechanical tests of single electrospun fibres [18] opened a wide
field for the investigation of very thin fibres. In fact, up to that moment,
most studies on electrospun fibres had been limited to the mechanical
testing of electrospun films, yarns and bundles [19] or to the
extrapolation of mechanical properties from  superficial
nanoindentation of electrospun fibres [17, 20, 21].

The polymer chosen in this work for the preparation of the composite
fibres is PVDF, a strong termoplastic polymer and highly
anhygroscopic. Therefore, the mechanical properties of PVDF are not
significantly affected by changes in humidity as it happens for other
polymers. Moreover, there are previous works analysing PVDF fibres
which will be used as a comparison. These studies regard PVDF fibres
[22] and PVDF+GO composites [23, 24].

In the present work, graphene-based PVDF composite hollow fibres
were obtained by electrospinning. The mechanisms controlling their
behaviour at large-deformations are discussed through an analogy with
the mechanical behaviour of a macroscopic hollow structure
represented by poly-propylene (PP) straws.

Hollow fibres are not new to research [25-27] and industry [28, 29]. For
example, in this century they have started to be employed in swimwear
(by four Japanese companies: Teijing, Unitika, Kanebo Gohsen and
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Toyobo) because they are lightweight, thermally insulating and the
lower apparent density provides a higher lift in water to professional
swimmers. However, as it will be shown, there is still room to exploit
the large-deformation capabilities and toughening mechanisms that
these structures allow.

2.3. Materials

Graphene in powder form (Graphene Pure G+) was provided by Directa
Plus (Lomazzo, Italy) whereas graphene oxide in water dispersion (4
mg/mL) was provided by Graphenea (San Sebastian, Spain). In order to
find an appropriate oven treatment for the complete water removal of
the GO water solution, a thermogravimetric analysis was performed. It
was found that the weight loss starts to flatten at 83 °C since greatest
part of the liquid has been removed. This temperature was then applied
for 6 h in the oven at 400 mbar of pressure to remove all the water from
the solution. The flakes measured under SEM had average lateral sizes
of 0.87 pm (G) and 1.18 pm (GO) with maximum lateral sizes of 5.5
um (G) and 3.0 um (GO).

Poly-vinylidene-fluoride (PVDF) powder with a molar mass (MW) of
about 534 kDa was supplied by Sigma Aldrich. Polyethylene oxide
(PEO) powder with MW of about 34 kDa was supplied by Sigma
Aldrich. N,N-dimethylformamide (DMF, from Merck, Purity > 99.5 %)
and acetone (Sigma Aldrich, Purity > 99.5 %) were used as received.

2.3.1. Polymer composites preparation
Fillers were firstly dispersed in DMF to form stable dispersion [30]. A
tip sonicator (Hielscher UP400S - H3 sonotrode) was used for
sonication at 200 W under continuous duty cycle, cooled with an ice
bath. The sonication time for graphene powder was 10 minutes,
whereas GO was sonicated for 45 minutes as the starting material was
a thin film resulting from drying in the oven. In a second stage, PVDF
powder was added to these solutions to reach a concentration of 20 wt
%, which was found to be optimal for the electrospinning process. They
were sonicated and then brought to about 70 °C for 2 h, with the beaker
in direct contact to the stirrer hot plate. When PVDF was completely
dissolved into DMF, the solution was cooled down to room temperature
and transferred to a stirred plate at room temperature. At this point
acetone was added in a ratio 1:3 to the mass of DMF [31]. The purposes
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of the second solvent are: i) to lower the solution viscosity, ii) to favour
evaporation of the solvents during the fibres’ spinning and iii) to limit
the formation of beads [32]. The resulting solution was finally stirred
for 30 minutes at room temperature. For both G and GO
nanocomposites 0.5 wt% of filler was added.

2.3.2. Electrospinning and isolation of single
fibres

The experimental apparatus consisted in a syringe pump (Harvard
Apparatus 11 Plus) pushing the polymeric solution through a common
21G needle for hypodermic injections. It was previously machined with
a bench grinder to remove the bevel and polished afterwards. This
metallic needle was charged by a high voltage power supply (Spellman
SL 30) to keep a constant potential difference between needle tip and a
target. The target used for the fibres’ collection was built in copper with
a proper shape (Fig. la) to promote fibres’ alignment, which is
fundamental for the isolation of single fibres [18]. The initial trials to
optimize the target geometry (Fig. 1a; Fig. 1b) were done with PEO
[18], an easy to spin polymer, using a 6 wt% PEO in water solution that
was stirred for 2 h at 50 °C before spinning. Optimization of
electrospinning parameters lead to set: i) distance between needle and
target of 30 cm, ii) applied voltage of 19.0 kV and iii) feed rate of 1.0
ml/h. For each experiment the electrospinning apparatus, with related
syringe flow and electric field, was stopped after a couple of seconds.
The density of the deposited fibres was lower in the lateral regions of
the target (Fig. 1b), where it is possible to isolate even a single
electrospun fibre by removing the excessive material with tweezers.
Each fibre was collected on a different cardboard frame (Fig. 1c) with
bi-adhesive tape on two sides, they were glued in place with a
cyanoacrylic adhesive. The fibres were kept free standing with a gage
length of 1 cm for testing with the nanotensile machine.

Fig. I - a) Copper target for the electrospinning setup,; b) Detail of the
target. The most lateral region is on the right and it showed a lower number
of aligned fibres collected; c) single fibre on cardboard support frame



David Novel — Mechanical and physical characterization of graphene composites

2.3.3. Mechanical testing

Tensile tests on electrospun fibres were made with a nanotensile
machine T150 UTM (Agilent) equipped with a 500 mN load cell with
a resolution of 50 nN. Each tensile test was carried out at room
temperature with a strain rate of 0.3 %s™!. Five mechanical tests were
carried out for each set of fibres. Experimental points were acquired
with the software Agilent Nanosuite 6.2 Professional. Stress-strain
curves were derived considering a full cross section for the fibres and
the external diameters were measured with optical microscope and
electron scanning microscope (SEM).

Tensile tests on PP straws were made with MIDI testing machine
equipped with a load cell of 200 N. Each test was carried out at room
temperature and mechanical properties were measured according to
standard D638 - 02a [33]. They were performed at same strain rate (0.3
%s™") of electrospun fibres. In addition, polypropylene straws were also
tested at lower and higher strain rates (0.1 %s™, 1 %s™' and 3 %s™') both
in the cylindrical form and after they were longitudinally cut along the
axis. The grip for testing of cylindrical straws was achieved by proving
an internal support in the form of steel cylinders having the same
diameters of the straw. The two cylinders were positioned one in each
of the two grip regions and their extension was limited to the clamping
contact length. Externally the straws were surrounded by a reinforced
adhesive gasket to prevent premature clamping failures and tightly
clamped. Stress-strain curves were derived considering the real cross
section of the straws.

2.3.4. Thermogravimetric analysis
Thermogravimetric analysis (TGA) was performed by a Q5000 device
by TA Instruments (New Castle, DE, United States of America) in
platinum sample holders of 100 pL) under an air flow of 25 mL/min
with and a heating rate of 1 °C/min.

24. Mechanical tests

Three sets of electrospun fibres were produced. The first was a
reference sample of neat PVDF fibres. The second and third were made
of the same polymer and loaded with graphene (PVDF+G) and
graphene oxide (PVDF+GO) respectively. Both had a filler content of
0.5 wt%, a concentration previously studied by Rahman et al. [24] who
analysed the electrical properties of PVDF+GO nanocomposites. The
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obtained stress-strain curves are reported in blue, black and red in Fig.
2, where a representative specimen for each sample is shown.

25 L " | L | " 1 s Il
——PVDF

|1 ——PVDF+G
—— PVDF+GO

20 | -
@, /
o154 P -
=
(2]
o
=10 -
»

5 L

0 . , . , . r

0 1 2 3 4
Strain (mm/mm)

Fig. 2 - Stress-strain curves up to failure for PVDF, PVDF+G, PVDF+GO
fibres

The main parameters obtained from the tensile test are summarized in
Table 1 with standard deviation error bars showing the dispersion of the
data. The values of specific toughness (J/g) in Table 1 were calculated
with Equation 1 where the density of PVDF p is 1.74 g/cm? (source: the
producer, Sigma Aldrich).

fogB ode
Specific toughness = ———

Equation 1 - specific toughness

The shape of the stress-strain curves shows an inclined plateau after
yielding and is then followed by the strain-hardening at large
deformations. The first plateau is linked to the plastic irreversible
stretching and unfolding of the amorphous domains in the polymer [34].
Stiffening instead occurs when the load starts to be transferred to the
crystalline domains and the covalent bonds of the polymeric backbone
chains are stretched [35].
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Young's Yield Stress Strain to Failure | Failure Stress Specific
Modulus (GPa) (MPa) (mm/mm) (MPa) Toughness (J/g)
BPVDF 0.49 11.0 4.0 19.1 314
BPVDF+G 048 10.0 27 14.7 15.7
BPVDF+GO 0.59 16.3 23 20.9 245

Table 1 - Average values with standard deviation error bars

The scatter has to be accounted for as an intrinsic factor of the
electrospinning technique and defects play a critical role in the
electrospun fibres. The results show that the addition of graphene (G,
in black) reduces the average values of all the mechanical properties
with respect to the reference PVDF fibres. The only exception is an
unchanged Young’s modulus. On the other hand, the addition of GO
(curves in red) increased the average Young’s modulus and failure
strength with respect to PVDF reference, while there is a drop in the
strain at break and a decrease in toughness.

It is worthwhile to note that the addition of GO causes a remarkable
increment (by a factor of 1.5) of the yield stress. A similar behaviour
was observed in PVDF films filled with GO as reported by El Achaby
et al. [23]. This could be related with the improved interfacial adhesion
between the polymer and GO that was reported for bulk composites
[13]. Further insights will be analysed in the morphological section
ahead.

The addition of GO diminished the average toughness modulus, the
values are higher than PVDF+G but slightly lower than those of the
PVDF reference. The highest recorded toughness modulus was 59 J/g
for pure PVDF, which is close to the 78 J/g of Kevlar 49 fibres [36].

The graphs in Fig. 3 show a comparison of the properties of the fibres
produced in literature data for the same materials: PVDF and

10
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PVDF+GO. The superior properties obtained in terms of strain at break
and toughness modulus, while having a lower failure stresses, might be
an indication of a hollow nature of the fibres, which will be later
analysed.

a) Failure stress b) Strain at break ) Toughness modulus

. ® Ourstudy ® Our study
n ® Achaby etal. (23] ® Achavy etal. [23)
. 40 A PVDF fiers [22) 3 oA
50
.
_45
&4
- .
£
2
£
3 ]

m Ourstugy
® Achavyetal (23]
s A Mo for PVDF [37)
v Mo
2

Failure s!
a2 888
. <:j
Strain at break (mm/mm)
[—
Toughness modulus (J/g)

ux foe PVDF (37) .

00 01 04 05 00 01 04 05 00 01 04 05

o 03 02 03 02 03
GO (%) GO (%) GO (%)

Fig. 3 - Mechanical properties of PVDF and PVDF+GO nanocomposite
fibres compared to the literature [22, 23, 37] a) Failure stress b) Strain at
break c¢) Toughness modulus

2.5. Morphological analysis

After the introduction of G flakes, all the mechanical properties
decreased. Instead, GO shows more improvements in terms of yield
stress, failure stress and toughness modulus. A possible explanation for
the different behaviours of G and GO flakes inside PVDF fibres can be
understood by observing the SEM images in Fig. 4a,b and 5).

AccV SpotMagn ;A_L( 10 am

100kV 33 2000x SE W 4

Fig. 4 - a) morphology of the fibre with G flakes and b) with GO flakes

11
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AccV SpotMagn Det WD —— 20um
10.0kv 33 1000x SE 8.1

Fig. 5 - Fibre opening induced by G flakes - PVDF+G fibre

G flakes (Fig. 4a) tend to act as a discontinuity since they are not fully
embedded into the fibre and this leads to a fibre opening, which is
extended along the fibre (Fig. 5). This phenomenon is certainly
reducing the resistant cross-section of the fibres. Conversely, GO flakes
are well encapsulated into the continuous fibre, although there are
bulges in coexistence of larger flakes or aggregates (Fig. 4b).

Compared to the work of Achaby et al. [23] on nanocomposite thin
films with PVDF+GO, the values of Young’s modulus that we report
are lower: 67% for PVDF and 73% for the GO composite (at the same
weight concentrations). However, going from thin films to microfibres,
it emerges that the deformation capabilities of the materials are boosted.
The strain at break of PVDF fibres is 13 times higher than PVDF thin
films and 8-fold for PVDF+GO (Fig. 3b). Similarly, the toughness
modulus is improved by 5.1x for PVDF and 3.4x for PVDF+GO (Fig.
3c¢). Strength is lowered by a factor of 2 for PVDF and 2.5 for
PVDF+GO (Fig. 3a). The distributions present a Weibull modulus and
intrinsic strength of 2.8 and 21 MPa for PVDF, 3.4 and 15 MPa for
PVDF+G, 4.0 and 23 MPa for PVDF+GO. For both PVDF+G and
PVDF+GO composites no premature failures are detected as all fibres
fail in the plastic field. This unexpected reduction in strength might be
related to an overestimation of the real cross-section of fibres, i.e.
indicating a possible non-full cross-section.

12
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2.6. Toughening mechanisms and

microcraking

In this section, the mechanisms involved in the deformation of thin
polymeric and composite electrospun fibres will be investigated. In
particular, it can be observed that a localized plastic deformation of
multiple necking regions propagates along a sample of PVDF+G (Fig.
6) before failure. The necking propagation is a primary contribution to
energy dissipation.

“AccV SpotMagn Det WD ——— 10um
100KV 38 2000x SE 7.1

Fig. 6 — Propagation of the necking region

Thus, the fibres at this scale have a highly ductile behaviour [38] as very
high values of strain at break were found. The average values for all
nanocomposites are over 200%, meaning that fibres reached more than
3 times their initial length before failure. For pristine PVDF the ductility
is even higher, as confirmed by a direct observation of fracture surface
(Fig. 7), and reaches an impressive maximum of 544%. On the contrary,
Macroscopic PVDF fibres [22] have a strain at break of 59%. So, the
average strain at break of our microfibres is 7-fold.

13
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AccV SpotMagn Det WD p—— 20 um
10.0kv 37 1000x SE 64

Fig. 7 - Fracture surface of PVDF fibres

The great performance, both in terms of strain at break and toughness
modulus, of the fibres produced does not benefit from any external
toughening mechanisms that could be cleverly exploited to enhance
fibres’ toughness, i.e. through the introduction of slip knots that create
sliding friction [39, 40] or through an higher-order organization like
yarns and coils, inside which fibres can slide and uncoil upon loading
generating friction [41]. Instead, the performance of our fibres resides
only in the internal capabilities of the material and its peculiar structure.
The formation of multiple necking is caused by instability phenomena
[42] that are supposedly increased by the presence of embedded fillers,
which reshape the distribution of stresses in the fibres. Nanofibres and
very slender structures [43] have high aspect ratio [42] and thus can
accommodate more perturbation wavelengths. The spacing between
consecutive neckings is shorter than the length of the fibres, thus
electrospun fibres can display multiple necking in the same sample. In
addition, we found that the same applies to polymeric straws, which are
taken as a comparison in this paper.

Indeed, as it is shown in Fig. 7 and Fig. 8, multiple necks coexist in the
electrospun fibres of this study. In literature there are several evidences
of the formation of multiple necking in electrospun fibres [42, 44] but
they are considered as weak points (loci of failure) of electrospun fibres.
Conversely, in this work we will show that multiple necking (Fig. 7;
Fig. 8) can represent a beneficial toughening mechanism. The
phenomenon of the formation of multiple necking in electrospun fibres
was observed by Zussman et al. [42] for PEO nanofibres deposited on
a rotating wheel. The authors consider multiple necking as the defect

14
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that caused the failure. Conversely, in our work we show that multiple
necks can coexist and propagate in a stable manner. The propagation
can extend to most of the fibre’s length. In our experiments, the
propagation was significantly higher for pure PVDF fibres, which have
higher strain to failure. Therefore, necks are beneficial to the
deformation capabilities of microfibres upon loading and act as a
toughening mechanism.

A possible explanation for the formation of multiple necks in
electrospun fibres can be detailed as follows: a first neck is nucleated
where there is a strong overlap in the stress field [38]. It propagates
along the fibre up to a critical strain until when a predominant stress
concentration rises somewhere else and a new neck starts to propagate.
This mechanism iterates up to when the neck encounters a discontinuity
during the propagation and the fibre fails. Stopping and restarting of a
new neck could explain the jumps in the stress-strain curves observed
in Fig. 3.

Differently from the work of Kim et al. on nanocomposite fibres [38],
the fibres in this work do not have superficial macroscopic pores and
they neither were formed during tensile testing (Fig. 4b,6,8,9).

2pm EHT = 3.00kV Signal A = SE2 BIOtech
= WD = 88mm Mag= 5.00 KX |

Fig. 8 - PVDF+GO multiple necking

15
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AccV SpotMagn Det WD }—— | 20um
100kv 38 1000x SE 79

Fig. 9 - Stiffer region in PVDF+G composite fibres

Therefore, even if PVDF composite fibres still exhibit surface
roughness, there are no points where necking is strongly favoured to
form. As documented in Figs. 4b,8, there are some bulged regions
where larger flakes are located. These zones can be called “stiff zones”
because they are either intrinsically stiffer or thicker in diameter. In
these zonmes, fillers are likely to generate multiaxial stresses. As
highlighted in Fig. 4b and Fig. 9, necking formation is specifically
triggered in the proximity of a stiff zone, where a strong multiaxial
stress is predominant. This evidence is in full agreement with the
mechanism of stopping and restarting of multiple necks propagation
that was previously hypothesized. The propagation of a neck might stop
in close proximity to a stiff zone, which is statistically distributed along
the fibre, and then propagation restarts somewhere else.

When fillers are added, nanocomposite fibres have a higher number of
stiff zones compared to the pristine polymeric fibres. This is likely to
be the microstructural reason behind the decreased strain at break in the
nanocomposite fibres. In fact, stiff zones will not be subjected to
necking and nanocomposite fibres will have a lower overall volume that
can undergo plastic deformation.

16
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Tum EHT = 400KV, Signal A = SE2 BlOtech EHT = 4.00kV. Signal A = SE2
WD = 70mm wegz 2508kx : [ WD = 70mm Mag= 5045 KX

Fig. 10 - Microcracking occurs in the regions that already underwent plastic
deformation (necked region) in PVDF fibres

Another phenomenon was observed only in PVDF samples (Fig. 10):
microcracking.

It is not totally clear why this mechanism was not observed also in the
nanocomposite fibres. It manifests only in those samples where the
plastic capabilities of the fibres were fully exploited, i.e. the pristine
polymeric fibres where ductility reaches its maximum extent.

Several microcracks can cohexist in a single sample (Fig. 10) and have
limited propagation meaning that the formation of microcracks do not
account as the critical defect that leads to failure. Moreover, the
propagation of microcracks can provide a small additional contribution
to energy dissipation. In addition to this, microcraking (Fig. 10) reveals
the hollow nature of the electrospun fibres. It might be then possible to
estimate the wall thickness, which could give a more realistic value of
cross section and thus a rise in the values of stress in the o-¢ curves,
bringing stresses back to the intervals reported in literature (Fig. 3a).
However, even if the curves showed a systematic decrease in the
stresses (Fig. 3a), it is not possible to measure the exact cross sections
for each electrospun fibre since this would conflict with the mechanical
characterization. Therefore, all the stress values for the electrospun
fibres are intentionally left computed considering a solid cross section
with the outer diameter (apparent cross section).

Hollow structures under tensile loads are able to shrink their cross
section more than bulk structures because they have no internal physical
constraints. This might explain the very high value of strain at break as
well as why the values of stresses are lower compared to the study of
Achaby et al. [23] and to the literature on PVDF [37]. The high
deformation capabilities associated to a hollow tubular structure can be
investigated at a macroscopic level on drinking straws tested under
tensile loads. They exhibit a strong similarity with electrospun fibres
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both in mechanical behaviour under tension and in the morphology of
the fibres. When very thin walled structures like straws are pulled, they
undergo a tangential instability phenomena that have not been noticed
in electrospun fibres.

2.7. Mechanical models

This paper focuses on the mechanical and morphological
characterization of single electrospun fibres. To extend the
considerations of this paper to larger scale applications of electrospun
fibres, such as films and bundles of fibres, it would be useful to have a
simple mechanical model that describes the constitutive law of the
single fibres. The implementation of such model in a FEM environment
enables the prediction of the mechanical characteristics of higher
hierarchy materials composed that have these electrospun fibres as the
main constituent, such as the applications presented by Baniasadi [41].

The classical small-strain linear elastic theory is not suited to be applied
at the remarkably high strain to failure of PVDF fibres, the same applies
for the standard neo-Hookean models with two parameters, p shear
modulus and k bulk modulus.

However, there is a two-parameter model known under the name of
Mooney-Rivlin equation (Equation 2) [45], which has far reaching
applications for its simplicity. Indeed, it can expand the fit region but
the shape of the function cannot approximate the polymeric stiffening
at higher deformations [46].

o) =2A—-22)(Cro+Co1-27H)

Equation 2 - Mooney-Rivlin equation for uniaxial tension. It links the stress
to the stretch ratio (A=¢+1) by means of the two parameters Cio and Coi.

Higher order of the Rivlin formulation for rubber-like neo-Hookean
solids might be needed to adequately describe the polymer behaviour at
high deformations. They are based on the hypothesis of an isotropic
elastic and incompressible material. The invariants for this model are
formulated in terms of the principal stretches [47], they are denoted by
A1, A2 and A;. In this case, the subscript 1 indicates the direction of
uniaxial stretching.
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I, = A2 + 22 + A3
I, = 2225 + 222% + 233
I; = 122222

Equation 3 - Deformation invariants 11,12,13 based on the principal stretches

As a consequence of the hypothesis of incompressibility, i.e. constant
volume, the third invariant /; will be equal to 1. During uniaxial tension,
the three principal stretches are linked as follows:

/11=/1

= ()

Equation 4 - Principal stretches in uniaxial tension

Rivlin suggested the following function for elastic strain energy density
[48] that includes the deformation invariants:

oo
— i j
W= ) Cylh-3)(,-3)
i=0,j=0
Equation 5 - The elastic strain energy density function formulated by Riviin.

Where Cjj are materials coefficients, and notably the first coefficient Coo is
equal to zero as there is no stored strain energy in the undeformed state.

Merging the previous formulas, the strain energy function can be
written in terms of only the first principal stretch A=A (Equation 6).

W(A) = Cyp + C10(A%2 + 2271 = 3) + Cp1 (24 + 172 = 3)+C;, (22
+ 2271 =3)2A+ 2172 =3) + Cpo(A% + 2271 = 3)2
+ Coo (172 +21—3)2
+Cp (A2 +2271=3)2(24+ 172 =-3)
+C1,(A%2 + 2271 =3)(24 + 172 = 3)?
+ Cpo(A2 + 2271 —3)2(24 + 172 = 3)?

Equation 6 - Strain energy density as a function of one variable, 1, and the
material coefficients Cy. Here W is shown with the first 9 coefficients.

The partial derivative of strain energy (Equation 7) is the resulting stress
in the direction parallel to the applied stretch.
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7= 9,

Equation 7 - The partial derivative to obtain the stress from the strain energy
density function

Higher orders forms of the Rivlin’s strain energy density function [49]
were tested up to 9 coefficients, as shown in Equation 8.

o(d)

=2C10(1 —2172) + 2Cy, (1
A—1P2A+DRA2+21+1
_1_3)+6C11( ) ( +/14)( + + )

4620(/1 —1D3A+2)A2+1+1)

/13

+4Co,(1 — 273172 +21-13)

2621(/1 - 1A +2)52+4H) A2 +21+1)

/15
2612(/1 —1D5QCA+1)AAI+5A*+21+1)
A6
N 12C,,(A—1)7A+ 1A +2)CA+ DA%+ 1+ 1)
/17

Equation 8 - Stress-stretch relationship calculated from the Rivlin’s model of
hyper-elastic incompressible material tested in uniaxial tension with 9 Cj
material coefficients

Increasing the number of coefficients, the fit of experimental data, as
expected, improves while still not fully appreciating the yielding of
electrospun fibres (Fig. 12a). Aside from this, when new C;; coefficients
are added, the fitting curve starts to resemble more each specimen-
specific variation rather than the overall trend (Fig. 12a). Another
model for uniaxial tension of incompressible materials is the Ogden
material model [50].

o(h) = 2 [A“k - 7)ak]

Equation 9 - The stress-stretch relationship as described by the Ogden
material model, i and ax are materials coefficients.

The Ogden model was tested up to the third order, i.e. 6 coefficients, to
fit the experimental data and it performed similarly to Mooney-Rivlin
equation (Equation 2) and was very far from a good fit (Fig. 12a).
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Coleman and Newman proposed a first order model (Equation 10) with
three parameters that well describes necking formation and growth and
the stiffening at high deformations of cold drawn necked polymers [51].

o) = 1y (= 272) + iy (B = 17%) + s (2 — D a0
+ usA 21— ,1-1)3%(1-1‘1)

Equation 10 - First order of the constitutional law for fibres proposed by
Coleman and Newman for incompressible materials. The stress-stretch
relationship depends on three materials coefficients ul, u2, u3

However, we found that this model is not capable of appreciating abrupt
variations [52] in the yielding as it occurs for the electrospun fibres of
our experiments (Fig. 12a). Coleman and Newman also offered a
further development [51] of this model including the second derivatives
of the strain energy of Equation 7 but this would introduce far too many
complications towards an easy implementation of a material model for
these fibres in FEM environments.

It seems that a model to properly fit the stress-strain characteristics of
electrospun fibres should be designed with a different approach, we
hereby propose a simple model that is derived from experimental
observations. In all our experiments, we have noticed a consistency in
both the outer diameter of the necked regions and the diameter of the
non-necked regions, as displayed in Figs. 8,9. This finding is the ideal
condition to apply a multilinear spring model [53] to describe the plastic
behaviour of the fibres. After the yield point, each fibre can be modelled
as two springs having different rigidities: i) the so called “un-necked
regions” (they have a cross section 4 and contribute for a length of L)
and ii) the necked regions (cross section a and length /), as shown in
Fig. 11.

L

ES

> [

&
<

>
14

\) , }/ a
A 4
Un-necked Necking propagation

Fig. 11 - Schematic of the model for the fibre after necking has occurred.

The rigidity of the two springs is as follows:
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Equation 11 - ki and k: are the rigidities of respectively the un-necked and
necked regions.

When necking is propagating, the stretch ratios in the un-necked regions
are very limited [54]. Hence, all the plastic deformation is
acknowledged as if it was generated by a linear increase of the necked
part, and thus of the value /, which grows proportionally to the strain
(see Equation 15).

This model does not need to be changed when hollow fibres or multiple
necking are considered because the lengths L and / become the sum of
all the different regions having the same cross section. The onset strain
for this model is chosen in the plastic region, where necking nucleates
(see Fig. 13 for more details).

After the first neck is nucleated, the necked parts of the fibre are in the
plastic regions, so the material will behave with a Poisson’s ratio
approaching 0.5 [55, 56]. It is then reasonable to apply the volume
conservation:

AL + al = AOLO = ALO

Equation 12 - AoLo is the volume of the fibre. Since yielding, in the
electrospun fibres that were tested, occurs below 1% of strain, the cross
section of the elastically loaded region (A) can be considered to have
approximately the same value of the initial cross section (Ao), the error made
is negligible. Therefore, for the volume of the fibre can be approximated with
ALy.

The model of the whole fibre is a series of two springs having an
overall rigidity k of:
1 1 N 1
k ky k,
Equation 13 - k is the equivalent rigidity of the entire system
During the tensile test, both lengths L and / change dynamically (L
decreases, / increases) and thus the related rigidities vary.

Manipulating Equation 2-4 it is possible to derive the following
expression:
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=—k0
g (G- %)

Equation 14 - ko represent the initial rigidity of the unloaded fibre (i.e.
EAo/Lo).

In Equation 14 all the quantities but /, which will be the variable, are
fixed as they depend on the initial geometry of the fibre. Experimental
observations (Figs. 6,8,9) show that a remains constant. However, since
the x-axis on the o-¢ plot is &, / can be linked to ¢ using Equation 12 and
the definition of engineering strain. It holds:

ﬁz(Lﬂ-l)—LO:L(l a)

Lo Lo Lo\ A

& = 2

Equation 15 - relationship between & and |

A cleaner expression of the o-¢ relationship is achieved with the
following factoring:

(A a> (1 a) (1 4 A)
a A A a
Equation 16 - algebraic factoring

Therefore, the relationship between o-¢ could be represented as
follows:

L E
c=k—¢=

A ‘1+LL0(1_%)(1+3)€=1+€(1+§)

e=E(e)e

Equation 17 - where E(¢) is a function of the strain

From Equation 17 it is necessary to introduce the constant oy to ensure
the continuity between the elastic part and the plastic regime [57] and
an exponent a to fit the large-deformation stiffening of the curve.

E
A
1+(£—£y)(1 +E)
Equation 18 - o-¢ relationship that describes the fibre’s behaviour after the

elastic regime. The variable becomes (e-¢y) as the relationship is used to fit
the experimental data after the nucleation of the first neck.

o=E(e)(e—¢g)%+o, = (e—&)% to,

The transition between the elastic and the plastic region is sharper in
electrospun fibres (Fig. 2) than in straws (Fig. 13), which makes it
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reasonable to consider that necking begins immediately after the yield
point. The overall stress-strain relation can be described with the aid of
a multilinear model, which is commonly used to fit the mechanical
response of polymeric and silk fibres [53, 57, 58]. The two fields model
have an initial linear elastic part and then a plastic behaviour as
formulated in Equation 18. The constitutive behaviour of the fibres can
be described as follows:

E< gy oc=E; ¢

a
(e—¢g)
Equation 19 - The constitutive model that describe the stress strain behaviour

of the fibres.

Fig. 12b shows the application of this model to the experimental data
points of a hollow PVDF fibre and the resulting fitting parameters of
Equation 19.
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Fig. 12 - a) Experimental data compared with different fitting models from
the literature: Mooney-Rivlin equation, Rivlin with 4 coefficients, Rivlin with
9 coefficients, Ogden 1* order, Ogden 3" order, 1* order of Coleman-
Newman equation. b) The blue dots are the experimental data points of a
PVDF hollow fibre. The two green dashed lines represent the fitted
constitutive model. ¢) SEM image showing the un-necked and necked regions.
d) The table on the right shows the best-fit of the parameters in Equation 19.

The model proposed is simple and it is worthwhile to notice that it offers
a constitutive description of the mechanical behaviour and toughening
mechanisms that is based mostly on geometrical considerations i.e.
necking propagation. It can fit with good approximation the strain
hardening behaviour in the plastic region and the derived geometrical
parameter R (the ratio between un-necked and necked cross-sections)
is in agreement with SEM morphological observations (Fig. 12c). The
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o-¢ relationship in Eq.10 for single fibres offers a simple three
parameters (R,a,E») model that describe the fibres’ performance after
yield. These parameters are easily measured experimentally on test
fibres. They can be then transferred into the constitutive law to simulate
the mechanical response of higher hierarchy structures such as technical
textiles.

2.8. Comparison with straws

A simple mechanical test of a common macroscopic structure, a
drinking straw, can provide unexpected insights on the microscopic
phenomena occurring on electrospun fibres. In fact, polypropylene
straws are very informative on the morphological aspects discussed
above and allowed us to link them to large scale tangible observations.
SEM imaging cannot be performed live during the nanotensile test.
Moreover, some phenomena go missing i.e. nucleation of the first neck.

This comparison is reported to the reader in order to give a better visual
understanding (Video available by email) of what happens during the
testing of hollow structures. It also helps to support and ease the
comprehension of the hypothesis presented in the toughening
mechanisms’ section, especially as regards the nucleation of the first
neck and the stable propagation.

In the following section, mechanical tests of straws are presented. The
multiple necking phenomenon consistently occurred in every sample
that was tested with at least two necks.

0
1) Start of the test 4)  Multiple necking propagation
2) Yielding 5)  Stretching of polymeric chains . . . . . .

- 3)  Nucleation of the first necking 6)  Failure

Fig. 13 - Stress-strain curve of PP straw with highlighted all the phenomena
occurring during the tensile testing.
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Polypropylene straws, recently standardized in ISO 18188:2016 [59],
showed an average yield stress of 30.9 MPa, strain at break of 379 %
and elastic modulus of 0.75 GPa (considering the real cross-section).

A multi-cyclic test performed on a straw in Fig. 14 can show the
dependency of the yielding phenomenon on the strain history. Indeed,
the successive yielding shows a smaller difference between yield stress
and the average stress of the plateau after yielding. Besides, electrospun
fibres display a very sudden transition (Figs. 2,12) around the yield
point and the correlated stress difference becomes less evident. This
could be due to their strain history. During electrospinning, polymeric
fibres are subjected to impressive strain rates, which can reach values
of 10° s [60].

35

30
25 /k\ Vo /N

Stress [MPa]

0 — 1 T L B T — 1T
0 25 50 75 100 125 150 175 200 225
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Fig. 14 - Multicycle tensile test on PP straws shows that the stress drop after
yielding is decreased if the sample was subjected to previous plastic
deformation during its loading history.

Furthermore, multi-cyclic tensile tests of straws show that the
propagation of necking can continue in a stable way even after complete
unloading. The tensile test of straws (Fig. 13 and Video) clearly reveals
the stiffening regime that occurs after propagation of the necked regions
is so high that eats up all the available quota of L. This regime is caused
by the direct stretching of the back-bones forming the polymeric chains
[35].

Being easier to test than electrospun fibres, straws were tested also at
different strain rates. Straws were tested in their normal conformation
and after they were cut along their axis. The yielding phenomena in
solids with viscoelastic behaviour is temperature and strain-rate
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dependent. Indeed, as described by the Eyring model [61] yielding in
straws (Table 2) and cut straws (Table 3) occurs at higher stresses while
increasing strain rate.

45 T T T T T T T T T 45 T T T T T T T T T
40 g 40 B
35 g 35 I~
=
E 30 B E 30-'
2 25 1 2 251
2 @
2 204 4 £ 20
7] 7}
15 g 15
104 g 10
54 R g 5 -
0.1%s"" 0.3%s""
0 T T T T T T T T T 0 T T T T T T T T T
0 50 100 150 200 250 300 350 400 450 500 0 50 100 150 200 250 300 350 400 450 500
Strain [%] Strain [%]
45 T T T T T T T T 45 T T T T T T T T
40 g 40 g
ZZ 1 ™ = 1
L
5 304 g 7 30 g
2 25 4 = 25 R
] @
3
2 20 1 8 201 g
n 17}
154 g 154 g
104 g 104 g
5 R g 5] R p
1%s™" 3%s1
0 T T T T T T T T T 0 T T T T T T T T
0 50 100 150 200 250 300 350 400 450 500 0 50 100 150 200 250 300 350 400 450 500
Strain [%] Strain [%)]

Fig. 15 - stress-strain curves of the straws tested at 4 strain rates

Strain rate [%s™] 0.1 0.3 1.0 3.0

Young’s Modulus [MPa] 0.68+0.07 0.75+0.06 0.76+£0.07 0.92+0.13
Yield Strain [%] 10.7+0.3 10.6+0.3 10.6+0.3  11.2+0.3
Yield Stress [MPa] 29.1+2.7 30.9+2.0 32.3%1.6 34.8%+4.2
Strain at break [%] 369+11 379470 374144 362+108

Table 2 - mechanical properties of the 4 sets of straws
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Straws cut along the axis
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Fig. 16 - stress-strain curves of the straws cut along the axis tested at 4 strain

rates
Strain rate [%s] 0.1 0.3 1.0 3.0
Young’s Modulus [MPa] 0.72+0.02 0.72+0.08 0.82+0.06 0.89+0.05
Yield Strain [%] 12.7¢1.1  12.4+09 11.74+0.7 11.3%1.8
Yield Stress [MPa] 25.3t0.4 26.4+0.9 29.1+0.7 31.3tx1.0
Strain at break [%] 497+55 42091 356+24 217

Table 3 - mechanical properties of the 4 sets of straws cut along the axis

Cut straws show a decrease in strain at break while the strain rate is
increased. This trend is not present for straws, where the strain at break
of the material seems to be rather independent from the strain rate. This
might be correlated either to their peculiar structure or to more critical
clamping conditions for cylindrical objects. Indeed, the absolute values
of strain at break for cut straws are superior to straws. The exception is
in the tests of the cut straws at the highest strain rates (3%s! in Fig. 16)
that show premature failure. All the samples failed before 50% strain,
in contrast the incidence of premature failures for straws has a much
lower extent as the tests in Fig. 15 show. In those tests necking is not
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able to fully develop or to have a stable propagation. This unfolds the
fact that necking is a more complex phenomenon when moving outside
the quasi-static loading conditions. Neck formation depends on time so
creep and viscoelastic properties have to be considered [62] for a
comprehensive theory of necking.
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3. Composites from natural structures

3.1. Brief history of the modification on

cellulose-based materials

Most industrial polymers do not suffice in terms of either stiffness,
strength and toughness requirements for load bearing applications.
Natural fibres could overcome some of the weaknesses but must be
embedded to form a polymer composite. There has been a lot of
research on fibres and green composites (i.e. composites that use natural
fibres as reinforcing element) but they still see limited applications.
Prior to 2018 most of the research on cellulose composites and modified
wood for mechanical applications was focused on fibres obtained from
wood pulp or from green composites based on natural fibres. To cite
some advanced applications, Japanese researchers used wood pulp for
the production of lighter car parts and a European joint technology
initiative (CLEAN SKY) had the aim to develop innovative bio-based
resins for aeronautical applications. The latter focused on a sugar-
derived epoxy resin reinforced with jute fibres. Moreover, hemp [63] or
kenaf fibres [64] are used in reinforced concrete or to reinforce
industrial polymers like PE [65, 66] PLA [67] and PP [68, 69]. Starting
from natural cellulose fibres to build up a composite can be a high-cost
process with low-volumes. So research recently focused on cellulose
fibrils obtained from wood pulp to achieve high-volume low-cost
processes that can compete with traditional polymers [70, 71].

However, a raw material like wood pulp is not ideal for mechanical
applications as it leads to the disruption of the internal structure of
wood, complete removal of the matrix and loss of microfibrils’
alignment. The internal wood structure and microfibril angle (MFA)
[72] are the two factors contributing to bulk wood properties as an
engineering material. Of course, microfibrils’ alignment can be rebuilt
afterwards as studies have shown [73] but it involves complex and high
cost processes.

31



David Novel — Mechanical and physical characterization of graphene composites

3.2. Natural cellulose fibres &

functionalizations

Wood fibres

Reinforcing natural/biofibres
Grass

Nonwood natural/biofibres
fibres

Straw Bast Leaf i Eg Recycled
fibres N Eg. Seed fruit Bamboo, wood fibres
.g. Kenaf, Henequen, | £ g cotton, switch grass, | Soft and Eq.
sisal, coir, kapok, bagasse, | hard woods NowspHpoH
pineapple § milkweed CHEE) magazine
leaf fibre elephant fibros
grass, giant
reed

E.g. Rice, flax, jute,
wheat, corn hemp,
straws ramie

Fig. 17 - Types of natural fibres

Cellulose fibres can be derived from wood or plants (Fig. 17). In fact,
the same building blocks are found in wood cell walls and natural
cellulose fibres. The molecular components are always cellulose,
hemicellulose and lignin (Fig. 18). Therefore, building a fibre-
reinforced composites derived from aligned cellulose fibres, a
transparent paper, or a densified wood beam has far more similarities
than the reader might expect.

These building blocks can be assembled in many ways, each
determining a specific performance within wide variety of properties
available for biological materials (Fig. 31). Indeed, precise correlations
exist between stiffness/strength and the assembly parameters such as
fibrils alignment and cellulose content (Fig. 18).

Such similarities in chemistry and structures are relevant to understand
the more complex architectures of wood, reed and bamboo and provide
technical insights on how to exploit their cellulose template to build an
engineered composite.
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. Strain Composition
Tensile . o
. at Density (C=cellulose,
Fibre Strength X 3 _ . ]
(MPa) break | (g/cm’) H=Hemicellulose,
(%) L=Lignin, P=Pectin)
600-1000; .
345-1035; |, 1%
Flax N 712.7-3.2;| 1.4-1.5 | 71%C,19%H,2%P,2%L
500-900; 6-10
800-1500
393-773; ) 0 0
Jute 400-800; | 58’1 g | 1.3-15 45'72/"%’;‘/’%1/"1{’12'
200-450 | U7 °
287-597,
Cotton 300-700 | 7-0-8:0 | 1.550 85-90%C,0.7-1.6%L
690;
Hemp | 350080 | 26 | 148-15 | 56%C,20%P, 10%H,6%L
310-750
. 400- 68.6-91%C,5-17%H,
Ramie 938:560 8 1.33-1.5 2%P, 1%L
511-635;
. 600-700; | 10-25; | 1.33-1.5;
Sisal 80-840: 314 145 57%C,16%H,11%L
227-700
: L7551 30-49;
Coir 106-175; | "5 4o | 1.15-1.2 33%C,18%H,36%L
131-175
. 295-1191; 37-49%C,18-24%H,15-
Kenaf 930 1.6 1.2 1%L
. 0.52-3; o o o
Pineapple| 413-1627 24 1.44 73%C,7%H,11%L

Table 4 - mechanical properties and chemical composition of natural
cellulose fibres. Data were obtained from several references [63, 67, 68, 74-
83], where different data are reported, multiple ranges are shown.
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The stiftness and strength of the cellulose-based fibres are determined
mostly by two factors: orientation of cellulose microfibrils with respect
to the axis [76] (MFA) and cellulose concentration. The empirical
formula (Equation 20), which is derived from fitting of a large dataset
of experimental data of natural fibres (Fig. 18), links those two factors
with the fibres’ strength:

0 = 334.005 — 2.830 * Of;ps + 12.22 * (Ycellulose)

Equation 20 - Empirical formula that correlates the stress of natural
cellulose fibres with MFA and cellulose content [84]
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Fig. 18 - reprinted with permission from [76]

The failure stress of fibres increases with fibres alignment and cellulose
content. Conversely, plants and plant fibres that have lower MFA, i.e.
with a more prominent spiral orientations, are more ductile (Equation
21).

£=278+7.28%10720 + 7.7 x 107362

Equation 21 - Empirical formula to correlate the strain at break of natural
cellulose fibres to MFA [84]

We can extend this concept to bulk cellulose materials. Reed and
bamboo are known to have higher fibril orientation and lower MFA
than wood [85, 86]. Indeed, their culms reach superior mechanical and
flexural properties [85-88].
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Historically, research on textile industry products has been widely
explored, for example by thoroughly studying chemical and physical
modification of cellulose-based natural fibres. On the other hand, while
bulk cellulose fibrillar materials have far more interest for engineering
and structural applications, they are mostly utilized in their natural
shape and form.

This means that the knowledge gathered by the textile industry faces a
close-to-zero exploitation in this area, as bulk fibrillary materials have
a structure which is similar to that of cellulose.

Therefore, we are interested to apply that wide knowledge framework
to bulk cellulose-based materials. In fact, treatments like mercerization
(mainly utilized on cotton) and TEMPO surface functionalization are
especially appealing as they allow the applications of cellulose
microfibrils (MCFs) as functional nanomaterials. For example,
TEMPO (2,2,6,6-tetramethylpiperidine-1-oxyl) oxidation permits the
full conversion of the caboxylic acid at C6 position in the cellulose
structure improving chemical affinity with water and metal ions [89].

MCFs can be assembled in a transparent paper and functionalized with
a conductive coating [90] for optoelectronic properties. The
functionalized paper couples light transmission (76% at 550nm)
through the surface with electron transport on top of cellulose with a
sheet resistance of 2.5 k€)/sq. Transparent and conductive films are used
as electrodes in solar cells and organic light emitting diodes that can be
applied for flexible displays [91] and can withstand temperatures up to
150-200°C [92]. Flexible, transparent and conductive cellulose paper is
becoming a strong alternative to Indium Tin Oxide (ITO), a transparent
conductive material widely used as electrode material (e.g. for
defrosting airplane windows), which is rigid and fragile and thus not
suitable for flexible electronics [90].

Mercerization is a finishing surface treatment commonly used in textile
industry on cellulose fabrics. It improves the uptake and/or the chemical
affinity with the dye, the strength of the fabrics, their shininess and
reduces shrinkage. Mercerization involves a chemo-mechanical
treatment. Fibres are immersed in an alkaline environment, usually
NaOH solutions are used, and are pre-stressed. This treatment leads to
the formation of the so called “alkali cellulose” (Equation 22).

Fibre-OH + NaOH — Fibre-O-Na + H,0

Equation 22 - alkaline treatment on cellulose fibres, formation of “alkali
cellulose” [75]
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Among natural fibres, ramie is the ideal candidate for macroscopic
applications as they are characterized by length and strength values
competing with synthetic fibres and higher than those of cotton or silk
fibres [81]. Ramie fibres subjected to mercerization treatment have an
improvement of their tensile strength as well as fracture strain [81].

a) 3 ! p 0)
Lo &% - \Gh/ - @@ cellulose

'
Cellulose Surface Selective All-Cellulose ! l ‘ ll i ““
C i 1h

Fibres Dissolution 2he 3h=4h «5h

Fig. 19 - a) aligned ramie fibres b) selective surface dissolution of cellulose
fibres c¢) final all-cellulose composite
- reprinted with permission from [93, 94]

3.2.1. All-cellulose composites

Natural composite based just on ramie fibres can be produced. This type
of material is called an all-cellulose composite, where the cellulose
fibres play both the role of reinforcing fibres and the matrix. They
comprise a surface selective dissolution of the fibres that can be
achieved with organic solvents. For example, the surface dissolution
with LiCl+DMAc of aligned ramie fibres coupled with a final
mercerization allowed to obtain a final composite with enhanced
strength (540 MPa) [94]. Notably (see Chapter 3.2.3), in composites
with high fibre volume fraction like all-cellulose composites with
aligned fibres, due to the removal of interfaces, the transparency is
improved (Fig. 19c).

3.2.2. Transparent cellulose paper
Paper and wood are materials based on the same structural template:
cellulose. Transparent paper was first developed in 1846. The process
required a selective dissolution of the cellulose fibres after a treatment
in sulphuric acid or diluted ammonia [95].

Transmittance [96] and haze [97] of transparent paper can be tailored
using different diameters of its constituents: cellulose micro and nano-
fibrils. Decreasing diameters, haze is reduced and transmittance is
improved, reaching transparency higher than plastics with cellulose
fibrils of 10 nm diameter subsequently TEMPO treatment [96].

The current state of the art of transparent cellulose composites is
characterized by ultrahigh transparency (96%) and ultrahigh haze
(60%) [98]. With a high haze the incoming light rays are spread on a
large cone after they have interacted with the optical medium as in Fig.
20b. Conversely, glass is a material with high transparency but
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extremely low haze. These two properties are a synonym of optical
clarity. However, more than glass, highly transparent and high haze
materials can have positive outcomes for solar cells applications as the
light will have longer residence time within silicon medium and better
efficiency of the solar cell [98].

Fig. 20 - a) Cellulose transparent paper with high transparency and high
haze - reprinted with permission from [98], Copyright 2014 American
Chemical Society. b) Schematic depiction of the interaction of light with such
a film for solar cells applications.

3.2.3. Transparency in wood

As seen in the previous section, scientific research took almost 150
years to go from transparent paper to truly transparent wood. Indeed,
turning wood into an optically transparent material presents many
challenges and a chemical treatment is not enough. Fink’s original idea
for a transparent wood was published in 1992 [99]. Wood was
chemically bleached to reduce its light absorption and two resins were
infiltrated into the so obtained structure in order to achieve optical
transparency. Fink reported an overall refractive index n=1.56 after
chemical bleaching.

b) Optically transparent wood composite
Two limiting factors

a
\)Iood components Refractive index
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Fig. 21 - a) Wood components and their refractive indexes b) the two factors
that are limiting wood transparency.

Transparency requirements are related to the limiting factors shown in
Fig. 21b: 1) light absorption and ii) light scattering. The former is mostly
caused by lignin which has a strong absorption in the visible range and
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contributes to 80+95% of the overall light absorption in wood [100].
The latter generates a series of refractions and reflections that occur at
every miniscule interface between air and wood cell walls, such as air-
fillings or micro-sized cavities [99], thus reducing optical clarity. In
2016, Berglund’s group presented [101] a revision of Fink original
work, which was aimed to wood anatomy, to also provide good
structural properties to the transparent wood panels. The wood structure
was delignified and impregnated with pre-polymerized PMMA through
vacuum infiltration [101]. The material had optical transmittance of
85% and haze of 71% and was 10x thicker than previous works on
transparent paper. Obviously, optical transmittance is strictly correlated
with sample thickness and it goes from 90% at 550nm for 0.7 mm to
40% for 3.7 mm.

The removal of lignin is key to obtain transparent wood [102] as lignin
has a dark colour while cellulose is almost colourless. Additionally,
polymer infiltration occurs within the natural wood microstructure,
forming strong interactions. Indeed, the collective scattering occurring
at the polymer—delignified wood interfaces is presented as the probable
reason for the high transmittance and high optical haze achieved [102].

After removing lignin, the scattering of light is not eliminated.
According to Snell’s law of optics the scattering is bigger the higher is
the difference of refractive indexes at the interfaces. The voids should
be filled with a material that should have: i) low absorption in the visible
range and ii) refractive index closely matching that of cellulose (Fig.
21). Therefore, the best polymers for infiltration are those refractive
indexes close to that of the cellulose matrix, for example Poly-N-vinyl
pyrrolidone (PVP) and Epoxy resin. In order to impregnate a structure
with PVP, a solution with high solvent concentrations (85wt%) is
needed [103]. Fig. 22 illustrates the results of this process. Yet the
solvent will evaporate, leave cavities and create new interfaces.
Therefore the same research group, in a second iteration of this
approach, presented wood microstructure infiltrated with epoxy [102].
Epoxy resin offers clear advantages. Zero solvent evaporation takes
place in the process, the liquid resin cross-links in situ and the shrinking
is very limited.
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Fig. 22 - a) wood and transparent wood b) optical clarity of wood composite
is very good when trying to read a text in close proximity ¢) schematic of the
process to obtain the transparent wood composite, the samples obtained from
the cross section of wood, which is called R-wood, are shown d) changes in
optical transmittance for different lignin concentrations e) Comparison of the
optical transmittance of wood & transparent wood composite in the visible to
Near Infrared range - reprinted with permission from [103]

3.3. Recent advancements on wood

modifications

Wood treatments are crucial to reduce wood intrinsic weaknesses. They
range from chemical paints to thermal processes and they can provide
fire retardancy or improved dimensional stability. The recently renewed
interest for such treatments is related with the architectural stride to
build always taller timber housing [104] and the scientific discovery of
densification. Densification is a compound treatment that allowed to
achieve modified timber with strengths in the order of magnitude of the
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common metal alloys used for construction. With respect to processing,
densification for wood yields similar structural modifications to those
of mercerization for natural cellulose fibres. However, the densification
route has still be scientifically expanded and could allow to achieve
superior mechanical or other remarkable properties.

For instance, Glulam (or glue-laminated timber) consists of sawn
lumber laminas bonded together. It has controlled and consistent
properties, is not affected by the natural growth features of wood and
the employed volume of wood is optimized. When reinforced, Glulam
changes the mode of failure from brittle to ductile and increases the
load-carrying capacity of the beams. Reinforcements with steel plate
and carbon fibre reinforced polymer (CFRP) have been tested. [105].

The same applies to CLT timber, which is a multi-layered wood panel.
The wood laminas are assembled as modular elements.

While in Glulam the grain of all laminations runs parallel to the lenght
[105], CLT timber’s panels are assembled in a stack where each layer
of laminas is tilted of 90° respect to the previous layer. CLT timber,
usually made from spruce pine, is formed with polyurethane or phenol-
resorcinol-formaldehyde resins as adhesive and showed superior
durability in the delamination tests, after being subjected to accelerated
ageing [106].

Both Glulam and CLT (in a ratio 80-20%) were massively utilized in
the Mjostarnet building, by Moelven Limtre, that is currently holding
the record height for a modern timber building of 85.4 m (Fig. 23). The
volume of high performing timber structures was 2150m? of Glulam
and 535m® of CLT [107]. These two materials can be combined “Lego-
like”, as a modular material: cut into shape in the manufacturing plant
and then assembled on-site with high geometrical precision and
minimal-to-none error correction required [107].
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Fig. 23 - Mjostarnet 84.5 m tall inaugurated in March 2019

Architects are not stopping there, they are starting to conceive wood
buildings that will compete in height with skyscrapers. An example is
project of the Oakwood Timber Tower of London, which is supposed
to be higher than 300 meters, as it appears from the concepts of PLP
Architecture.

However, the technical path to follow in order to reach these heights is
not clear and requires further scientific advancements. Certainly,
starting from a stronger and tougher “Lego brick”, the lamina, would
boost the potential for structural applications of these materials in
extreme architecture. In the next chapter a technological process is
presented for exploiting cellulose-based materials in high performance
laminas for engineering applications. Since wood is a largely abundant
natural resource used for its structural properties, engineers are looking
for higher stiffness and strength. To this aim, as seen for cellulose
fibres, wood can be modified playing on two factors: alignment, void
reduction and cellulose content.

A first set of treatments was developed and can be grouped into thermo-
hydro-mechanical treatments. They offer structural compaction to
wood, plywood or bamboo [88, 108-112] with an increase in physical
properties. They are based on a combination of steam and hot-pressing
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at different pressures/temperatures. However, the effects on wood are
not entirely permanent and may be reversed, up to a certain extent, when
exposed to humidity [109, 113].

Recently, a second group is starting to develop: the chemo-thermo-
mechanical treatments [114-116]. They are derived from the alkali
processes, like mercerization, used for cellulose fibres and transparent
paper. The goal of these treatments is to modify the chemical
composition and therefore the relative cellulose content in the wood
structure. They yield a more stable structure and surprising mechanical
performances were achieved [114].

There are obvious fire-related concerns in tall wood building since
wood is a combustible material but, compared to the other construction
materials, wood can resist at higher temperatures and maintain the core
performance. In fact, it can char externally without preventing the
internal structural functions. Additionally, multilaminar structures like
CLT have shown that they can be self-extinguishing. [117, 118].
Notwithstanding, regarding the fire issue the small-scale testing are
very promising but still large-scale application will require skillful
engineering solutions. Hence, the inauguration and technical
advancement brought by Mjostarnet and similar projects deserve the
attention of the scientific community.

3.3.1. Nanoparticles in wood and cellulose-based
materials

With the aim of modifying wood properties, nanoparticles could prove
significant.

For example, already existing industrial processes could be exploited.
Empty-cell is used for impregnating wood under pressure with
preservatives [119]. This process was used to introduce nano-silver and
borax inside wood structures and resulted in improved fire retardant
properties [120]. Similarly, spruce was impregnated with nano-silver
and then thermo-compressed at 4h for 150°C with a significant increase
in strength and impact resistance [121].

Nano-silver [122] and nano-copper suspensions [123] can increase the
thermal conductivity and thus polymerization quality in wood
particleboards and reduce press-time. As the permeability of
particleboards to gases is decreased, a better bonding in the structure of
wood plus nanoparticles is expected.
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Also bamboos were subjected to modifications using inorganic oxides
and nanoparticles like ZnO, SiO,, TiO,, and CaCOs3 and in some cases
treated with silanes to reduced moisture content, retarded burning,
improves resistance to UV radiation and provide super-hydrophobicity
(with contact angles up to 161°) [124, 125].
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4. Nanoparticles in natural cellulose-based
composites

Recently, several chemical and physical treatments were developed to
improve different properties of wood-like materials. Densification leads
the group in terms of mechanical results and comprises a chemical
treatment followed by a thermo-compression stage. First, chemicals
selectively etch the matrix of lignin and hemicellulose. Then, thermo-
compression increases the packing density of cellulose microfibrils
boosting mechanical performance. In this paper, we introduce an
additional nano-toughening treatment on densified giant reed to further
improve the mechanical performance in comparison with the state-of-
the-art. The modified nanocomposite materials are stronger and show
higher specific toughness moduli. After the addition of nanoparticles,
no relevant structural modification is induced as they are located in the
gaps between cellulose microfibrils. Their peculiar positioning could
increase the interfacial adhesion energy and improve the stress transfer
between cellulose microfibrils. The process presented stands as a viable
solution to introduce nanoparticles as new functionalities into cellulose-
based natural materials.

Internal structure

Holes filled with SiC

Fig. 24 - graphical abstract that shows the entire process

Nowadays, research on natural materials and their technological
optimization play a fundamental role in sustainable socio-economic
development [126, 127]. In particular, cellulose-based materials such as
wood, bamboo, reed and natural fibres have attracted enormous
attention [87, 88, 128-130], given their high versatility suitable for a
variety of applications including renewable energy source, fuel,
comfort, furniture, construction and recyclable packaging [129, 131-
133]. Moreover, chemically treated wood can be turned into a
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transparent and conductive substrate for solar cells applications,
flexible transistors and electronics display such as LCD and OLEDs
[134, 135]. Besides the aforementioned applications, the most extensive
utilisation of timber since ancient times has been as a construction
material, and it is still nowadays preferred over more modern building
materials in a lot of instances due to a better life-cycle assessment,
greater energy efficiency, lower costs and near-to-zero waste by-
product [136].

Wood, bamboo and reed represent valid alternatives to steel and
concrete not exclusively for socio-economic reasons but also for their
structural qualities [85, 88, 137-139]. Through a combination of high
strength and lightness, wood-like materials are strong competitors to
modern construction materials [136]. Natural hollow materials, such as
bamboo and reed, have superior tensile and flexural strength than wood
[85, 88, 139]. Regarding these distinctive features, the exploitation of
the intrinsically superior strength of hollow materials in the creation of
larger and complex artefacts can generate a new strong competitor in
the roster of construction materials. Nonetheless, the bare mechanical
properties of bamboo are superior to those of giant reed and reed is
considered being a highly invasive and unwanted species [86, 139-141].

The first historical records of the use of giant reed (arundo donax) dates
back to Ancient Greece [142]. Nowadays, limited applications use reed,
i.e. biofuel [143], industrial cellulose source [142], reed wattle for
structural purposes, biomimetic and technical textiles applications
[130]. Because of its high biomass productivity [143], it can be
exploited as a sustainable fast-growing and low-cost material [142].

The strength of arundo donax relies on its structural composition
comprising cellulose fibres and hemicellulose embedded in a lignin
matrix [86]. The cross-section analysis of reed culm showed a structure
with a homogeneous density of fibres, which is increased in the cortical
region being more rigid [86], showing mechanical properties superior
of most type of woods [85]. Giant reed has developed, similarly to
bamboo [87], an optimal stem structure, which is reinforced with
internodes to overcome the weakness due to its hollow and slender
conformation (i.e. Euler buckling) [141]. In fact, the internodes allow
the giant reed to withstand high compressive and flexural loads, which
would be impossible without their presence.

This work focuses on a novel chemical and structural modification to
turn giant reed into an advanced material with extremely improved
mechanical properties and higher stability under challenging
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environmental conditions. Giant reed specimens were treated in an
alkaline environment to decrease the concentration of lignin and enable
densification [114, 144]. The removal of lignin and thermo-
compression allowed to achieve a denser material with high structural
performance [114]. Porosities occur because of the delignification
process. We propose to exploit even these tiny spaces, filling them up
with nanoparticles to make the material tougher.

Notwithstanding, several authors investigated the effect of inorganic
nanostructured materials on wood or bamboo [121, 124, 125, 145]. In
this work we propose to tailor the effects of densification by introducing
selected nanostructured materials in the structure of giant reed, i.e.
silicon carbide (SiC) and graphene oxide (GO). On the one hand, SiC
is a well-known material for its unique mechanical strength, which was
exploited to improve the mechanical properties of metals [146] and
polymer composites [147]. On the other hand, GO flakes were chosen
for its 2D structure with high aspect ratio exposing a high concentration
of hydrogen bonds [148] to the cellulose/lignin layers present in the
reed. The final yield of this process can further improve the strength
and toughness compared to the same densified reed. The analyses
carried out highlighted a significant increase in the mechanical
properties of densified samples intercalated with nanoparticles,
especially regarding stiffness, strength and toughness. The addition of
nanoparticles in the densified reed resulted also in a reduced water
uptake by the reed, which decreases its bio-deterioration [139, 149] and
thus guarantee a longer lifespan. Furthermore, the densified and
nanoparticles intercalation treatments strongly increased the fire-
retarding properties of the native reed and the “thermo-indentation”
resistance, measured by using a custom-developed technique.

4.1. Materials

All the specimens were extracted from the culm of giant reed. Their
orientation was parallel to sclerenchyma fibres, and they were
mechanically polished to a regular geometry (10x2x0.5 c¢cm?®). The
cross-section of samples is perpendicular to the fibres’ direction, while
the lateral side is parallel to them. Then, the specimens were immersed
in a re-fluxed boiling deionized water solution containing NaOH (2.5
M, Sigma-Aldrich) and Na,SOs; (0.4 M, Sigma-Aldrich >98%) to
partially remove lignin.
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The exposition time was chosen according to the results achieved by
Song et al., which showed that a decrease of about 50% in lignin content
delivers the best mechanical properties [114]. Chemicals were removed
from etched specimens by thoroughly washing samples in several
boiling baths of deionized water, followed by washings with running
deionized water. Chemically etched samples after delignification were
dried overnight at 30°C.

Afterwards, three set of samples were prepared and each of them was
subjected to a different treatment. The first reference set (labelled “D”)
was immersed in water, the second (“D+SiC”) was intercalated with
SiC nanoparticles (3C-SiC, water dispersion, purity > 99%, Tec Star)
and the third (“D+GO”) with graphene oxide (GO, water dispersion 4
mg/mL, monolayer content > 95%, Graphenea) flakes. To this aim,
giant reed specimens were immersed in SiC and GO aqueous solutions
(both at a concentration of 1 mg/mL). Then vacuum was applied to
remove trapped air inside samples and the solutions were vigorously
stirred for 24 hours at room temperature. An autoclave treatment of 3h
at 5 bar pressure followed. Lastly, while being still wet, each set was
hot-pressed at 100 °C and 5 MPa of pressure for 3h. A Bench Press (2.5
Tons by Gibitre Instruments, Bergamo, Italy) was used to thermo-
compress samples.

Properties of these samples are compared with two other sets: natural
reed (labelled “R”) and natural reed subjected only to thermo-
compression (“TC”) at 100°C under 5 MPa pressure for 3h, an
intermediate treatment useful as a comparison as it is already
implemented in the industry [88].

The morphology and chemical composition of specimens were
analysed by SEM and Energy Dispersive X-Ray spectroscopy (EDX
spectroscopy) techniques, by means of a cold cathode JEOL
Microscope, model JSM 7401-F.

Microstructural studies were performed with Scanning Electron
Microscope (SEM) and profilometer technique. KLA Tencor 6
profilometer was used to analyse the cross-section of the 5 set of
samples and to reconstruct their 3D surface by merging line scans
having a distance of 2 um.

4.2. Structural modifications

Sample morphologies were analysed by Scanning Electron Microscopy
(SEM) and scanning profilometry to reveal the effects induced in the
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internal structure of giant reed by the treatments applied. To this aim,
specimens were embedded in epoxy resin and polished to obtain a
macroscopically flat surface for both the cross-section and the lateral
side. The profilometry analysis on the lateral face (Fig. 25) is very
useful to evaluate the packing density of the internal parenchyma
structure. These structures tend to collapse under the effect of the
external pressure. The collapse is partial for TC reed (Fig. 25b) and it
leads to a reduction in the lateral size of the cellular structure ranging
from 65 to 46 pm. Conversely, densified giant reed (Fig. 25¢) show an
almost complete collapse in parenchyma cells and their lateral size
shrinks down to ~20 pm. Similarly, the effects of densification are also
reflected on the roughness of the cross-section surface. Roughness was
calculated with root mean square (RMS) on a wide area. Compressed
samples are increasingly denser and more compact (Fig. 25b,c) than
untreated reed (Fig. 25a). The roughness, quantified as the root mean
square of the height, is reduced by 7-fold, from 2.68 to 0.36 um after
densification. This reduction is mostly due to partial removal of the
lignin that accounts for the soft part [150, 151] of the untreated reed
matrix while, in the densified samples, stiff CMFs become the
predominant component [150, 151]. As already noted for the collapse
of parenchyma structures, thermo-compression represents a partial
treatment. Indeed, the roughness is slightly reduced, from 2.68 to 2.44
pm.

As just discussed, the different treatments have an effect on the
structure of materials, and they involve a density change. The different
mass densities are 0.468+0.015, 0.804+0.086, 1.259+0.010,
1.265+0.035, 1.279+0.031 g/cm? for untreated reed, TC, D, D+GO and
D+SiC specimens, respectively. It is worthy of attention that the density
of D sample is still lower that of cellulose [152], which ideally
correspond to a complete densification and lignin removal. In fact,
lignin is not completely removed in D and there are still some voids
after densification. Moreover, the densification treatment has proven to
be very effective in the packing of internal structures since the density
of D is 8% higher than single reed fibres [130]. The lower packing
density of TC compared to D is due to the lack of the lignin removal
process, which does not allow to achieve high levels of compaction
during thermo-compression.
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Fig. 25 - SEM images of the cross sections and the lateral sides of a)
R, b) TC, ¢) D. White arrows in SEM images show the direction of
applied pressure in the thermo-compression treatment.

SEM images (Fig. 25) give a clear focus on the various extents of
collapse associated with the different treatments that were performed.
The first row of SEM images shows the cross sections, the second row
shows the lateral side parallel to CMF. The collapse in the internal
structures increases going from left (R) to right (TC, D). We found that
the densified reed (Fig. 25c) has a far more compact and ordered
structure than natural reed, but there is still a presence of some voids
between cellulose microfibrils (CMFs), which are of approximately
several microns long and hundreds of nanometres thick. Both the
compact structure and the presence of small voids have a crucial
importance for the intercalation of the nanoparticles and their cross-
linking with the surrounding CMFs.

By comparing SEM micrographs of TC and D (Fig. 25b,c), it can be
clearly seen that TC is less dense than D, while TC still maintaining a
structure similar to the untreated reed. This resemblance disappears in
D, D+GO and D+SiC (Fig. 26) where the structural features of the
starting material (R) cannot be distinguished anymore.
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This similarity disappears in D, D+GO and D+SiC where the structural
characteristics of the source material (R) are no longer observable. Fig.
26 shows cross-section SEM images of the D, D+GO and D+SiC
samples, at various magnifications. SiC nanoparticles and GO flakes
filled the voids in the D sample (Fig. 26), as initially supposed, forming
thin layers at the interface between CMFs.

4.3. Nanoparticles inside cellulose-based

structures & Chemical analysis

Densified + GO Densified + GO Densified + GO
Structure after densification Holes filled with GO ticles

Densified

Fig. 26 - SEM images of the cross-section of D, D+GO and D+SiC
specimens. The second column displays the D+GO and D+SiC samples after
nanoparticles intercalation and densification treatments: there is no evident

morphological difference between the two. The third and fourth columns

show zoomed details of the location of nanoparticles at the interface of
CMFs.

a) (=
) s Average atomic
concentration [%)

c6 s14:20 | IS
Si14 36.2:26

124:33

Fig. 27 - EDX analysis: a) EDX spectrum performed at 10 keV. The table
reports the average quantitative elemental analysis of C,Si,O from three
different wide scans sampled next to the surface in SiC-rich regions. Maps of
the atomic percentage of the cross-section of D+SiC specimens: b) C ¢) Si d)
C+Si.
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Fig. 28 - XPS analysis of the a) thermo-compression treatment on lignin
etched reed, b) nanoparticles intercalation on densified reed; ¢) GO flakes
and d) SiC nanoparticles intercalation in the densified reed.

Energy Dispersive X-ray (EDX) analysis was carried out to investigate
the distribution of Silicon in the D+SiC specimens. Both atomic
concentration spectra (Fig. 27a) and atomic distribution maps (Fig.
27b,c,d) have been collected to quantify the percentage of silicon
carbide on the specimen surface and its distribution in densified giant
reed as a result of SiC intercalation. As it can be seen through EDX
signal, the atomic concentration of Si was about 36% at surface (Fig.
27a). SiC nanoparticles penetrated the D+SiC sample through the
surface and naturally their concentration at surface is higher than in the
bulk (Fig. 27c). Whereas a rough estimate of the concentration of
nanoparticles, calculated from density changes, yields ~ 0.9 wt% for
both D+GO and D+SiC samples.

For the other samples, EDX analysis cannot provide meaningful
insights since they are mostly composed of carbon, oxygen and
hydrogen. The sensitivity of EDX technique is not enough to precisely
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quantify elements with such low atomic numbers. Therefore, the XPS
analysis was carried out to have a broader view of the chemical
composition, owing its higher sensitivity than EDX analysis vs C and
O atoms and the possibility to investigate chemical bonds.

The chemical composition of the virgin and treated samples was
examined also by XPS. The analysis was performed using an Axis DLD
Ultra from Kratos (UK-Manchester) and consists the acquisition of a
wide spectrum at a pass energy of 160 eV to detect all the chemical
elements constituent the sample surface. Then core lines of interest
were acquired at a higher energy resolution using a pass energy of 20
eV. Since samples are non-conductive, charge compensation was
needed. Optimal conditions of compensation were obtained minimising
the full width at half maximum of the core line peaks and maximising
their intensity. This leads to an energy resolution of ~ 0.3 eV. Finally,
data reduction was performed using a software made in-house based on
the R platform [153]. For each core line a linear background subtraction
and Gaussian components were used for peak fitting.

Samples after delignification and after densification were compared to
evaluate the effect of the thermo-compression treatment on the material
(Fig. 28a). Thermo-compression induces a slight conversion of —CHx
into epoxy, alkoxy and carbonyl components (Fig. 28a) in the
delignified reed. We suspect that alongside delignification, there is a
decrease in crystallinity of cellulose (see Fig. 29), owing the alkaline
environment [154]. According to delignification treatment optimized
by Song et al. [114], which was here applied on giant reed, revealed
12% reduction of the cellulose content, while hemicellulose was
decreased 4-fold.

Fig. 28b shows different bonds in densified reed after introducing the
GO flakes and SiC nanoparticles. D+GO spectrum shows a graphitic
shoulder at binding energies lower than —CHx bonds. As well as, an
increase in all the oxidised carbon components (C—O, C=0 and O=C—
O) can be assumed from Fig. 28c. By adding SiC nanoparticles, a new
peak arises at ~ 283 eV, as shown in Fig. 28d for the Si 2p line. Presence
of GO flakes, when compared to D spectrum (Fig. 28c), generates a
significant increment of all the oxidised carbon components (Fig. 28d)
in the overall structure of densified reed. There is also the rise of a
graphitic shoulder ~ 284.6 (Fig. 28c) owing to the molecular structure
of GO flakes. Si’ component, which should fall at ~ 99.3 eV (Fig. 28d),
is absent and the narrow peak of SiC (Fig. 28d) demonstrate that SiC
nanoparticles are crystalline. In addition, some native oxides are formed
on the surface of SiC nanoparticles, as denoted by the presence of the
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non-stoichiometric oxide components in the Si 2p XPS spectrum (Fig.
28d).
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Fig. 29: a) The difference in XPS spectra between TC and D shows the
effects of delignification. TC and D samples differs only for the
delignification process. b) presence of Na impurities. They are increased
after the chemical etching c) presence of Ca impurities. They are increased
from <0.1% to ~0.5% after the chemical etching. Ca impurities have an
important effect on the D+GO as they interact with GO during burning.

The binding energy that is associated with the structure at ~294.3 eV in
the Cls spectrum of “TC” in Fig. 29 has energies that are too high to
justify the bonding of carbon with any element. It could instead be
explained with a shake-up structure that is formed due to the presence
of aromatic rings. This structure appears only in R and TC, and it
disappears in all the other specimens, which were subject to
delignification process. Thus, it could arise from the aromatic rings in
the molecular structure of lignin [155]. As Fig. 29 shows,
delignification took place going from TC to D and this corresponds with
the decrease of the structure at ~294.3 eV. However, the decrease of
this feature is not enough to explain the increase of the component
associated with —CHy at 285.5 eV [156] to the detriment of the oxidised
carbon that occurs as a result of the chemical delignification process.

A possible concurrent phenomenon is the degradation of hemicellulose
and cellulose [81]. Indeed, alkaline treatments on wood-like materials
remove part of the lignin and partially depolymerize hemicellulose and
cellulose [75]. The subsequent degradation is turned into an extraction
of the different sugars forming hemicellulose or the glucose from
cellulose. In particular, in solutions with increased alkalinity, the
extraction of glucose from the depolymerization of cellulose in natural
fibres is increased [157]. This extraction can reduce the overall amount
of oxidised carbons.
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4.4. Mechanical properties

The evaluation of treatments’ effect on the mechanical properties are
analysed in this section. The stress-strain curves of the uniaxial tension
test are reported in Fig. 30a,b. It is worthy of attention that flexural
properties follow the same trend of tensile tests, as shown in Fig. 30.

Mechanical properties were measured with a displacement controlled,
electromechanical testing machine from Messphysik Materials Testing
(MIDI 10). The speed of each test was computed to get the same strain
rate in both the tensile tests and the lower fibres of samples under
flexural loading.

The Young’s Elastic Modulus was calculated for all samples in the
same deformation range, from 0.025% to 0.075%, which displays a
linear elastic region for all samples. Stress-strain curves are reported
until fracture.

Flexural tests were carried out with a three-point bending setup. The
span length between the two support cylinders was 19.2 mm, this
distance was increased to 50 mm for natural bamboo to fulfil the
geometry requirements of the ASTM Standard D790 - 17. The cross-
head speed was computed to obtain a suggested 0.01 mm/mm/min of
strain rate on the outer fibre of the flexural samples. Flexural stress-
strain curves are reported until the maximum load.
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Fig. 30 - Average representative a) stress-strain and b) flexural stress-strain

curves. Histograms summarizing the properties of R, TC, D, D+GO and
D+SiC samples: ¢) Young’s modulus, d) tensile strength and e) flexural
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strength and f) toughness modulus, which was calculated from the tensile
tests. Error bars represent the standard deviation.
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Fig. 31 - Material properties charts show the 5 materials of this work
compared to common engineering materials: a) Young’s Modulus vs Density
chart and b) Strength vs Density chart - adapted from [85]. In the Ashby
charts, the final densified products sit above the strength and stiffness
guidelines traced using reed as the reference point.

From the stress-strain curves (Fig. 30a) we computed a Young’s
Modulus for the giant reed of 4.5 GPa (Fig. 30c), which agrees with the
measurements of Speck et al [158]. After densification, stiffness rises
to 11.9 GPa and likewise the tensile and flexural strengths results in a
drastic improvement of 3.66 times for the tensile strength (from 64 MPa
in R to 234 MPa in D, Fig. 30d) and 2.15 times for flexural strength
(from 108 to 232 MPa, Fig. 30e). Hence, the obtained performance of
densified reed is superior to regenerated cellulose films [159] and very
similar to both those of isolated reed fibres [130] and cellulose
nanopaper [134]. Moreover, the properties achieved through
densification are superior to many types of bamboo [88, 139, 160],
resulting in a highly competitive construction material (Fig. 31a,b).

Introducing nanomaterials grants an additional boost to the
performance of densified reed. Indeed, the Young’s Modulus rises to
12.3 for D+GO and 14.0 GPa for D+SiC (Fig. 30c), which are higher
than most engineering polymers (Fig. 31a). So, these materials moved
from the wood's group in the Ashby chart (Fig. 31a) to engineering
composites. Accordingly, both tensile strength (+13% for GO and
+30% for SiC) and flexural strength (+5% for GO and +15% for SiC)
are improved (Fig. 30d,e). These enhancements in mechanical
properties are caused by the addition of nanomaterials, which improves
the interfacial adhesion between CMFs. Densified nanocomposites fall
into the density category of biological materials designed to work under
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tension, like tendons, but they show higher strength. As expected, the
upper limit in terms of both density and strength for the nanocomposites
is cellulose [73, 85], which is the strongest structural component of
reed. However, their strength is superior to wood and plywood (Fig.
31b).

Nanoparticles improved the deformation capabilities in bending (+10%
for D+GO and +20% for D+SiC, see Fig. 32). Composite wood-like
structures have a predominant deformation by shear, which is
concentrated in the soft matrix [161], rather than on the stiffer cellulose
fibres. It is clear that, with a partial removal of the lignin and
hemicellulose matrix, the deformation capabilities of reed are reduced
[162]. Indeed, densified reed exhibits lowered strain to failure in both
tensile and flexural tests (see Fig. 32). However, the intercalation of
nanoparticles generates a remarkable increase of the materials’
toughness modulus (Fig. 30f). It goes from 2.8 MJ/m® after
densification, which is the current state-of-the-art process, to 4.4 MJ/m’
for D+GO and D+SiC.

To further compare the mechanical properties of each material, the
specific toughness modulus was taken into account. It is calculated by
dividing the area under stress-strain curves (i.e. toughness modulus) by
the density. As a result of the variations in packing density introduced
by the treatments, specific toughness modulus is suitable to evaluate the
intrinsic improvements in toughening efficiency rather than toughness
modulus. This is due to the increase in the packing density induced by
compression, owing a toughness modulus increase while the specific
toughness modulus remains the same.

No marked difference in specific toughness modulus (see Fig. 32)
surfaces in the three samples of reed, thermo-compressed and densified
reed. Instead, the intercalation of nanoparticles acts as a further
reinforcement on top of the previous densification treatments as it
generates an improvement in the specific toughness moduli of +59%
for D+GO and +56% for D+SiC (Fig. 32¢). The toughening could be
caused by the location of nanoparticles at the interface between CMFs
(Fig. 26). Indeed, both SiC nanoparticles and GO flakes were
intercalated into the pores of giant reed, which were opened through
chemical treatment and then closed by thermo-compression (Fig. 25
and Fig. 26). It can be interpreted in terms of better interfacial adhesion
or increased in the chemical cross-linking at the interface driven by the
additional hydrogen bonds available from the GO structure [163] and
the non-stoichiometric oxides shell (Fig. 28d) on SiC nanostructures
[164]. Not to mention that the small amount of Ca impurities, which
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was found into all the samples (see Fig. 29), was reported to have a
beneficial effect on the chemical cross-linking between GO and
cellulose [165], thus effectively enhancing the stiffness and the strength
between GO layers [166]. It was also demonstrated that the
densification process on wood at moderately high temperatures can lead
to the formation of new hydrogen bonds between CMFs [114, 135],
which is here favoured by a high degree nanofibres’ alignment. The
higher level of oxidation emerging from XPS analysis (Fig. 28a) and
the formation of new hydrogen bonds leads to a highly densified
material that is stronger than same sample compressed at room
temperature.

As a result of the intercalation of nanoparticles, we estimated an
average improvement of the interfacial fracture energy between CMFs
that is 1.28+0.33 for D+GO and 1.47+0.36 for D+SiC, both compared
to D sample (see Fig. 33). The fracture energy was calculated according
to an analytical model [167] and it is proportional to */E*R, where o is
the tensile strength, £ is the Young’s Modulus of the material and R is
the radius of the CMFs.
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Fig. 32 - Histograms summarizing the mechanical properties of R, TC, D,
D+GO and D+SiC samples: a) failure strain, b) flexural strain and c)
specific toughness modulus, which was derived from the toughness modulus
as described in the article. Error bars represent the standard deviation.

As for wood-like structures, the mechanical performance of densified
and composite reed is dominated by the shear load transfer between
cellulose microfibrils [161]. Thus, failure mechanics is prevalently
governed by the shear failure at interfibrillar interface. Griffith linear
elastic fracture mechanics have proven to be suitable describing the
failure of adhesive joints subjected to complex loading conditions [168,
169]. It was suggested [167] that there is a correlation between the load
necessary for the crack to propagate and the fracture energy of the
interface joint. This insight could result in a better understanding of the
adhesion in our nanocomposite materials. The microscale interactions
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between nanoparticles and cellulose microfibrils can be treated within
a precise geometrical configuration that is modelled to estimate the
increase in toughness reported after the introduction of nanoparticles.
We can imagine the interface as an adhesive joint that unbinds when
crack propagates. Fig. 33 shows a hypothetical loading setup for a group
of fibrils in mutual contact. An isotropic linear elastic behaviour is
assumed for the materials involved, i.e. CMFs and interface materials.
If the adhesive layer thickness / tends to zero, then the elastic strain
energy absorbed by the layer is negligible. A full analytical derivation
was proposed [167] for a similar geometry of concentric tubes joined
by an adhesive at their interface and subjected to axial load. The link
between critical load for crack propagation, adhesion and geometry
holds to be:

E,4,
NC = 4'7TRGa — (E1A1 + E2A2)
E Ay

Equation 23 - concentric tubes configuration: critical load for crack
propagation [167]

where A; are cross-section areas, E; are Young’s moduli and their
product represent the axial rigidity of tubular elements in tension and
the internal element have radius R (Fig. 33a). Nc is the critical load for
which the critical strain energy release rate G, is reached. Equation 23
is applied to bodies #1, #2 in Fig. 33a where the body #2 is cylindrical
and it could be extended to a modified configuration shown in Fig. 33b
that resembles to the CMFs structure of D, D+GO and D+SiC.

AT e AE, /%//—

Fig. 33 - a) Depiction of tubular adhesive joint subjected to axial load,
simplified for a tube-cyclinder circular and co-axial contact mediated by an
adhesive film, in grey. b) Schematic representation of the cross-section of
previous joint for the case of several identical aligned microfibrils with
partial adhesive contact described by 0:. Ai are the cross-sections of the
CMFs surrounding the central one, they have an Elastic Modulus of Ei. This
configuration is depicting D, D+GO and D+SiC sample.

58



University of Trento & Foundation Bruno Kessler

D, D+GO and D+SiC have equivalent cellulose microstructures (Fig.
26), thus the only structural differences can be found in the interface
layer, where nanoparticles are located. The differences between the
concentric tubular configuration presented in [167] and our systems lies
in the area of contact between different CMFs that is partial but have
multiple areas of contact and does not extend to the entire external
surface as for the tubes (Fig. 33).

We propose to estimate if the nanoparticles at the CMF interfaces
generate an increase in critical strain energy release at the microscale
which could cause the macroscopic enhancements in the stress of
failure and toughness modulus in the D+GO and D+SiC samples (Fig.
30). Passing from a discrete analytical to a local model requires to
substitute the axial force N with a constant distributed pressure ¢ on the
x-axis that is generated as a consequence of the uniaxial tensile load
conditions. The two models are linked if a catastrophic failure of the
samples is considered. In particular, the bulk material exhibits a stable
crack propagation when the applied load ¢ reaches a critical load o,
which is computed as the tensile strength of the mechanical tests.

Taking into account these considerations, Equation 23 can be rewritten
to better suit the configuration of CMF in cellulose nanocomposites.
The partial contact between CMFs is depicted in Fig. 33b where the
central fibril is in contact with multiple fibrils, each for an arc of 6;R.
As the nanoparticles are filling vacancies inside the structure, the key
in comparing different samples is that the contact area between
microfibrils remains unchanged in D, D+GO, D+SiC, hence
nanoparticles play a role only in the determination of fracture energy
G.. Comparing the results with the analytical case in , we can consider
crack nucleation to be a statistical phenomenon since the problem is
symmetrical. This scrutiny implies that two terms in the ratio between
axial rigidities in Equation 23 can indifferently be inverted and thus the
ratio can be considered equal to 1 for cellulose nanocomposites. Finally,
the following correlation is obtained:

0 Y OR) Gy |Euddo + ) (Bit)

Equation 24 - microfibrils configuration: proportionality between the critical
stress to have crack propagation and structural parameters

Equation 24 links the failure strength to the critical value of strain
energy release rate (G,), i.e. fracture energy of the interface, for which
the crack propagates [167]. E; and Ey are to be considered identical since
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the load bearing structure of the composite is the same, so they can be
reduced to £ and extracted from the summation. To compare different
sample groups (D, D+GO, D+Si), a second index j is inserted to label
the quantities dependent on the three groups.

O'C’jOC E(QLJR]) EAL'] ’E]Ga’]
l l

Equation 25 - microfibrils configuration: proportionality between failure
strength and structural parameters

The first two terms in the product in Equation 25 are identical under the
hypothesis of identical configuration and microstructure, therefore the
relation can be rewritten as follows:

Ocj /EjGa,j

Equation 26 - tensile strength o. as a function of Ej, Gaj, which are sample-
related values. E; was computed as the elastic modulus measured upon
tensile testing for each sample

Then, the average improvements in interfacial fracture energy for the
two set of nanoparticles can be computed:

_ _, _
Gap+co _ OD+Go . Ep

= > —
Gap g:p  Epico

_2 =
Gap+sic  OLp+sic ) Ep

Gap d:;p Epssic

Equation 27 - two ratios Ga,p+6o/Ga,p and Ga,p+sic/Gap represent the average
interfacial fracture energy improvements for the 2 sets of nanocomposite
reed.

The average interfacial fracture energy improvements for D+GO and
D+SiC samples are linked with the average failure stress o.; and elastic
modulus E; of each set of samples. The results show that the
intercalation of GO the interfacial fracture energy is improved by 28%,
and by 47% after SiC intercalation.
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Interfacial fracture energy
improvements

Ga,D +GO
Ga,D

Ga,D +SiC
Ga,D
Table 5 - Interfacial fracture energy improvements for D+GO and D+SiC

samples.

1.28+0.33

1.47+0.36

In summary, the estimation of the interfacial fracture energy
improvements in Table 5 are in line with the results of the mechanical
tests that show a higher tensile and flexural performance after the
intercalation of SiC nanoparticles rather than GO. Finally, a linear
correlation is obtained between elastic strain energy release rate and
toughness modulus reported in Fig. 30f.

4.5. Burning, thermo-indentation and

water absorption

Two different tests were performed to evaluate the burning resistance
of the samples: a free flame burning test and a thermo-indentation. A
modified Taghiyari method [145] was used to perform free flame
burning test.
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Fig. 34 - a) Schematic representation of the burning test setup. b) Burning
test results of all specimen types. c) Time evolution of thermal imaging data
from D+GO sample (Complete Videos are available by email).
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Fig. 35 - a) table showing the burned area after the 15s of thermo-
indentation b) thermographic image of the indenter tip ¢) burned area results
of all specimens when subjected to 5, 10 and 15 seconds of thermo-
indentation d) burned area vs indentation time e) Accelerated humidity
absorption tests carried out on R, TC, D, D+GO and D+SiC specimens. The
graph represents the weight increase of samples vs. exposition time at
constant 97% of relative humidity.

Fig. 34b shows the comparison between all the samples. Burning test
were performed using a modified Taghiyari method [145] and a
thermographic camera. The classical Taghiyari method has been
modified to better fit the thermographic inspection of the process, and
a Bunsen type burner was used to generate the free flame. The wood
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samples were placed perpendicularly to the floor, at 90° respect to the
flame direction, with the width facing the camera and the thickness
directly above the flame. The normalized burned volume was computed
according to Equation 28.

A-d(t)
p

Equation 28 - V(1) is the normalized burned volume, A and p are the cross-
section and density of the sample, and d(t) is the flame advancement and was
computed considering the area having a sample temperature higher than
360°C (Fig. 34b).

Vp(t) =

In order to be able to cross compare the calorific value of samples with
different microstructure, the burned volume was normalized by the
density since the calorific value is related to sample mass, hence to the
density if a constant volume is considered.

The normalized burned volume is calculated as reported in the Methods
section. During the first half of the test the reed burns faster than its
compressed and densified counterparts, then it auto-extinguish itself
faster than TC sample. Regarding the overall resistance to free flame,
the densification treatment yields the best results as it performs almost
twice better than all other samples.

All samples showed fire extinguishing properties, graphs in Fig. 34b.
The only exception is D+GO. After about 20s, where all curves start to
slow down, the specific burned volume of D+GO accelerates again.
This effect cannot be entirely attributed to the high thermal conductivity
of GO. In fact, DSC and TGA curves of GO [170] show a strong
exothermic reaction at about 200°C, the energy release associated with
it can drive flame propagation and accelerate the burning of the sample
depicted by the black line in Fig. 34b. Furthermore, the Na impurities
that remain into the structure after the delignification process (see XPS
spectra in Fig. 29) interact with GO flakes to accelerate the burning
mechanism [171]. In general, the introduction of nanoparticles seems
to reduce the flame retarding properties that the densified (D) shows
compared to untreated reed (R).

Ignition of wood can result from free flame or contact with a hot body.
An ad-hoc thermo-indentation test was designed to quantify the
resistance of each samples to burn in contact with a hot body.

Thermo-indentation tests were performed using a hot conical tip
indenter (17.7° apex angle) at 400°C. The indenter was placed
perpendicular to the lateral surface of the surface with an indentation
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force of 0.65 N for 5s, 10s and 15s. The burned area was calculated
from the images of samples’ surfaces.

The thermo-indentation was performed using a hot tip perpendicular to
the surface (Fig. 35b). The burned area from the tip was used to evaluate
the data (Fig. 35¢). These measurements depend both on the specific
burning features of the samples and on the elastic modulus of the
surface of the indented sample. The thermo-indentation performance
can be explained cross comparing the data of the specific burning test
with the elastic modulus. In fact, both reed (R) and thermo-compressed
reed (TC) have higher indentation area, in particular the TC shows a
higher burned area compared to R (Fig. 35d). Furthermore, the
densified and nanocomposite reed have a lower burned area than both
TC and R, according to both burning test and Young’s modulus (Fig.
35d, Fig. 30c). Moreover, also during the thermo-indentation of the
densified sample with GO nanoparticles, the burned area saw an upright
increment from 10 to 15 s that did not arise in the other samples (Fig.
35d). In conclusion, both graphs of free flame and thermo-indentation
show similar trends, apart from D+GO in the burning test due to the
aforementioned effect (Fig. 34b,c). All densified samples showed
superior resistance to thermo-indentation compared to reed or TC, with
D+SiC having the best resistance of all for longer times (Fig. 35d).

The humidity absorption characteristics of the reed samples were
calculated by the percentage of weight gain at different times.
Accelerated humidity absorption tests were performed in a climatic
chamber with controlled humidity 97 + 1% rH. The values of humidity
absorption are reported in mass increase from dried state. At every
sampling time 5 samples - one per set - were extracted from the
chamber, transferred in a closed vial to avoid weight changes due to
water evaporation and weighed.

Interestingly, the humidity absorption kinetics differs with the
treatments applied (Fig. 35e). The two samples that contain all the
lignin (R, TC) have a slower initial growth but have a high final steady
state. The presence of lignin has a crucial impact on the water
absorption since it is a cross-linked phenolic polymer with few terminal
hydroxyl groups and low water solubility [154]. Therefore, when lignin
is removed (D, D+GO, D+SiC), the water gain is faster but has a lower
final asymptote. This finding is correlated with the higher packing
density of cellulose microfibrils in densified samples and with the
increased capillarity effect that is induced by the chemical treatment
[172].
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The asymptotic values, which samples approximately reach after 40
hours, have a maximum value of +150% for R that has the highest
moisture absorption whereas they are significantly lower when
nanoparticles are added: 114% for D+GO and 106% for D+SiC. The
latter ranks as the lowest absorbing specimen (Fig. 35¢).

In real-life scenarios the overall absorbed water is the key factor for the
survival of wood and reed in critical environments. Less absorbed water
will result in lower fungus development [149] and lower degradation in
mechanical properties [139]. Thus, densified nanocomposite specimens
will perform better under these conditions.

65



David Novel — Mechanical and physical characterization of graphene composites

S. Wood transparency & conductivity

In this chapter, two experimental routes were followed, the first one
towards wood transparency, the second to obtain a conductive wood
composite (Fig. 36).

We chemically treated wood samples following the route for
densification mentioned in chapter 4. This part of the activity served as
to develop the technical skills required to replicate and then expand
current state of the art in the literature regarding transparent wood
composites [102, 103]. Indeed, the process involves technical
difficulties mostly regarding (i) the bleaching treatment, which leaves
a fibrillar material with little fibres’ cohesion, and (ii) polymer
infiltration. As they are mainly procedural and handling matters, they
will not be mentioned for the sake of brevity within this thesis.

Then, the samples were subjected to organic solvents and impregnated
with carbon nanotubes by vacuum infiltration. SEM observations of the
treated samples showed the presence of CNT population throughout the
entire cross section and a high local concentration on cellulose
microfibrils. In order to achieve better dimensional stability, the
modified wood samples were finally infiltrated with a transparent
polymer. The holes in the cellulose structure were filled with epoxy
resin to reduce the light scattering at the interface of cellulose
microfibrils, thus improving the optical transparency of the composite
material. Such obtained composite material was tested to measure the
conductivity response upon flexural loading. It results that the I-V
characteristic is unvaried as no significant resistance change is detected.
Hence, the local observation of well distributed CNT population is
indeed forming a continuous and stable network inside the material. The
connectivity of the network remains stable during bending since
stabilized by proper epoxy infiltration (Fig. 41). Finally, these
experiments show how embedding conductive nanomaterials inside
wood could be used for damage-sensing applications [173].

I have carried out this project during my visiting period at QMUL. The
experiments presented in this chapter serve as proof of concepts of the
feasibility of the ideas. In fact, I believe that more investigations are
required before submitting a full journal paper.
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Fig. 36 - Overview of the two experimental routes followed

5.1. Materials

Several types of wood (Balsa, Basswood, Oak, Pine) were used to test
and refine the delignification process, the bleaching and the polymer
infiltration.

L-wood and R-wood was used. The notation [102] of L-wood includes
samples where wood channels are parallels to sample’s length.
Whereas, R-wood is the wood cross-section where wood channels are
perpendicular to sample’s length.
As shown in chapter 4.2 (Structural modification), the delignification
treatment is needed to open up the internal wood structure and thus
allow for CNT or polymer infiltration. All samples were de-lignified for
either 7h (partial delignification) or 24h (complete delignification) in a
mixture of NaOH (2.5 M, Sigma-Aldrich) and Na,SO; (0.4 M, Sigma-
Aldrich >98%) in de-ionized water kept boiling in a re-fluxed flask.
Successively several washing stages with boiling water to remove
chemicals and reduce pH to neutral. Successively samples were
bleached in a boiling DI water solution with 2.5M of H,0». Finally,
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samples were carefully rinsed with DI water and stored in ethanol.
Experimental findings of the following sections are based on the dataset
of basswood samples (L-wood and R-wood). Several solvents (water,
ethanol, acetone, dimethylformamide and their mixtures) were used to
disperse carbon nanotubes (CNTs) and minimize the use of CNTs
required. Best performance both in terms of CNT solution stability and
resulting penetration depth was obtained with DMSO. In order to
achieve a well dispersed CNT solution, the CNT powder was dispersed
into DMSO following a three-stage dilution process. Each stage
consisted in a further dilution and energy probe sonication with a 1500J
at 50% of magnitude. A final CNT concentration of 0.015mg/mL was
achieved. Multi-walled Carbon nanotubes (MWCNTSs) used in this
study for conductivity purposes were the product NC7000 by Nanocyl
(Belgium). The DMSO-+CNT solutions were infiltrated with an
accelerated vacuum infiltrated either on 1 or on both sides of the
sample.

Two polymers were used for infiltration: PVP (1.3MDa, Sigma
Aldrich) 15wt% in ethanol solution, as reported in [103], and a low
viscosity epoxy resin (IN2 Infusion, Easycomposites, UK). Wood
samples were placed in a sealed chamber and covered by epoxy or PVP
solution, the pressure was decreased gradually up to 20-30 mbar. Resin
curing for epoxy took place in a vented oven for 4h at 80°C.

Morphological studies were carried out using a scanning electron
microscopy-SEM (FEI, Inspector-F) with acceleration voltages of 5 or
10 kV. Conductivity was measured with a two-point probe setup and
three different configurations for the contacts (two of which yielding
the same results for conductivity purposes) were tested as described in
Fig. 42. The input voltage (V) was generated by a power supply
(Agilent, 6614C) and varied in the range from 0 to 50 V while the
current output was being registered by a pico-ammeter (Keithley,
6485).

Three-point bending tests were performed using a quasi-static
mechanical tester (Instron 5566). The dimensions for the samples for
flexural test were approximately 7.5x1.5x0.15 cm. The span length was
50.8 mm and a constant cross-head speed of 5 mm/min was used for
cyclic loading. We investigated the effect of bending on the electrical
resistance. The changes were measured with the external power supply
while applying a DC voltage of 10 V between the two electrodes on the
samples as depicted in Fig. 42.
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5.2. Wood transparency

5.2.1. Bleaching and impregnation with polymers
Transparency in wood can be achieved with a chemical bleaching
treatment, which removes lignin and transparent polymer infiltration.
Polymer infiltration is not only important to improve transparency, but
it is crucial to provides a stable structure for CNT network and sample’s
conductivity that we are interested in achieving. We found that PVP
could only infiltrate depths of some hundreds of microns (Fig. 37a),
lower than those reported in [103]. In addition, it yielded sufficient
infiltration-quality only for thin samples of R-wood. High molecular
weight of PVP was not the only factor in competition with infiltration.
Solvent evaporation is not a secondary issue as 85% of the PVP solution
will need to evaporate, leading to the creation of interfaces. Epoxy
resins overcome this issue as they are not conveyed by means of a
solvent and they cross-link on-site while having limited linear shrinkage
(<3%) during curing [174]. Indeed, the ellipses in (Fig. 37¢) show that
there is no interface between cellulose and infiltrated epoxy so great
surface finish can be achieved (Fig. 37d). The highest level of optical
transmittance was visible for CNT in R-wood samples. Haze
measurements [175] are to be performed.
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External surface

Fig. 37 - a) PVP penetration depth into modified wood structure b) surface
finish after PVP infiltration.
¢) cross-section of R-wood sample after epoxy infiltration. Perfect adhesion
between wood lumina and infiltrated epoxy as highlighted by the ellipses d)
high-quality surface finish obtained after epoxy infiltration

5.3. Wood conductivity

5.3.1. Treatment of the internal structure & CNT

vacuum impregnation
The best procedure for CNT infiltration was to perform a partial
delignification without bleaching (see sample color in Fig. 43) since
otherwise samples would gain in terms of transparency but they would
become too fragile for the successive treatments (CNT infiltration and
polymer infiltration) and handling.

We found that the fastest way to infiltrate wood specimens was through
vacuum infiltration. Flat samples were placed on top of Biichner funnel
with filter paper connected to a side-arm flask for solvent accumulation
and to a vacuum pump. The liquid solutions were dropped from above
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with a pipette in order to soak completely the sample. In order to
evaluate the treatment-quality of CNT infiltration an experiment was
designed where the sample was masked on the lateral sides so that the
CNT could penetrate only through the top surface or by volume
absorption. DMSO-+CNT solution was able to penetrate the sample to a
significant depth, results are reported in Fig. 39.

After DMSO+CNT infiltration

HV

Fig. 38 - Effects of DMSO treatment on the cellulose structure of wood

The treatment with DMSO solution has two prominent effects on the
wood structure: i) the internal wood porosities open up and cellulose
fibrils became more exposed as displayed in Fig. 38 and ii) the depth
penetration of CNT through the sample is drastically increased to at
least 1 mm thickness inside wood (Fig. 39). On the other side, by
handling the samples after this treatment we noticed a decrease in their
flexural modulus (Fig. 45).

With a depth profiling after a physical cross sectioning of the sample,
we were able to follow the presence of the CNT network as it penetrated
the bulk of the treated wood samples (Fig. 39).
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\ Penetration depth of CNTs

Presence of CNTs

920 um
BOTTOM

Fig. 39 - CNT penetration at different depths

To achieve this goal, in the sample whose tests are shown in Fig. 43 &
Fig. 46, 15 pg of CNTs where infiltrated on each of two larger surfaces
of the sample, having an exposed area of 11.84 cm?. This holds a CNT
consumption of 25 mg/m? of product. Considering a price of ~100 €/g
for high quality CNTs and ~20 €/L for DMSO, the manufacturing cost
of the vacuum infiltration treatment on both sides results to be 36 €/m?
and CNTs account just for 7% of the cost. This cost could be even lower
if industrial material grades are used instead of high-quality research
grades or if the treatment applied just to one of the two surfaces.

72



University of Trento & Foundation Bruno Kessler

Fig. 40 - a) microstructure of the cross section of R-wood and b) the lateral
side of L-wood. The same structures with a highly dense network of CNTs in
¢) R-wood and d) L-wood that will act as conductive pathways

HV mag WD 4 pm

10.00 kV 40 000 x 6.6 mm Queen Mary University of London

Fig. 41 - arrows show the CNT network that is revealed under the surface of
epoxy in the conductive wood composite
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5.3.2. Variation of conductivity during cyclic
flexural testing

With a three-point bending setup, tests were performed with different
contact positioning: (i) on the cross-section, (ii) on the bottom surface
of the sample that is in tensile configurations and (iii) on the top surface
of the sample in compression configuration (Fig. 42). These contact
placements were chosen to test the changes in measured current, i.e.
electrical resistance or conductivity, and some hypothesis on the
internal CNT network.

Three testing configurations

Copper electrode 3 Insulating tape Silver contacts

Neutral configuration

b)

Copper electrode Insulating tape

Silver contacts

Tensile configuration

c)

Copper electrode Insulating tape Silver contacts

Compression configuration

Fig. 42 - three-point bending conductivity tests. 3 configurations were used.
a) Neutral configuration with contacts placed at the median line b) Tensile
configuration c) Compression configuration. The only difference between the
last two configurations is the upside-down positioning of the sample.
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The linearity of the I-V characteristic of the conductive wood composite
is a perfect ohmic conductor within the wide range of applied voltage
(from 0 to 50 Volt), so we can write:
av{
p VD)

a1

Equation 29 - The electrical resistance R is measured as the average slope
from the I-V characterisations.

Equation 30 - The conductivity o is the inverse of the resistivity p. R is the
resistance, A is the cross-section of the sample and L is the distance between
contacts.

Neutral configuration Tensile & Compression configuration
a) 2,00E-07 b) 20E-05

5 1,00E-05
1,60E-07 s
'; 2,00E-06 -
R 0~5*10-¢S/cm
20

0,006+00 & 0 10 30 40 50 60

-2,00E-08 ? -2,00E-06
Fig. 43 - Conductivity measurements of the sample tested in the three loading
configurations: a) neutral configuration and b) tensile & compression
configurations

The addition of CNTs improved the epoxy+modified wood without
CNTs that was also tested as a reference for conductivity but didn’t
yield any current (i.e. registered current was below the threshold of
minimum detectable current < 10-1°A). Due to a different position of the
electrodes, the conductivity improves 50 times between Fig. 43a and
Fig. 43b. Indeed, the contact in the Fig. 43b was obtained by slightly
grinding and sanding the surface of the resin to expose the internal
cellulose & CNTs structure and the silver paste was applied directly.
Then, as in Fig. 43a, copper conductive tape and the contacts were
secured with insulating Kapton tape (Fig. 43).
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— T~

Neutral configuration Tensile conflguratlon Compression configuration
Expected result: Expected result: Expected result:

or~R

Fig. 44 - Conductive wood composite beam tested in flexion with a
representation of the embedded CNT network. Some logical hypothesis of the
conductive pathways followed by the internal current for the three probing
configurations and the foreseen changes in resistance, R, are reported. e.g.
Due to compression on the upper surface, if the CNT path is expected to
shrink, so should sample’s resistance.

If the CNTs were mixed and dispersed into epoxy and then infiltrated
into cellulose-based structure, the percolation theory would apply and
the foreseen changes in electrical resistance of Fig. 44 would be the
output under bending for epoxy+CNT nanocomposites [176, 177].
These changes should resemble [177] the shape of the stress response
in Fig. 46. Instead, an almost constant resistance is registered (Fig. 46)
in all three configurations. A very slight decrease in the resistance over
time is noticed, but it is independent on the loading configuration and
load cycke. The quasi-constant conductivity with values in the range of
Fig. 43, which are above those of other studies on epoxy+CNT network
[178-181], could hint that the conductive wood composite is above the
percolation threshold.

The amount of CNT infiltrated in the sample of Fig. 46 was 30 pgin a
total weight of 1.9 g, i.e. 0.0016 wt%. Surprisingly, this concentration
competes with the lowest percolation thresholds (®c) ever recorded for
CNT or graphene polymer composites [182-184]. It is lower than
0.0025 wt% that we believe, to the best of our knowledge, being the
current record for CNT-+epoxy nanocomposites [179]. However, there
are some PVC+MWCNT nanocomposites that score even lower values
of ®c [185]. Contrarily those studies where nanoparticles are mixed
with polymers [178-184], our CNTs are not randomly dispersed into a
polymer matrix but adhere to cellulose microfibrils. CMFs thus act as a
substrate for the CNT network providing the conductive pathways [177]
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and ultimately a very high local concentration Fig. 40 ¢,d. According to
these results and the low current needs (Fig. 43), the conductive wood
composite could be used as a low-power failure sensor.

Fig. 45 - highly flexible conductive wood composite

a) Electrodes on the top surface b)  Electrodes on the bottom surface

00

5

Extension [mm]
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© 100 150 200 20 300 3% 4 0 10 150 2 20 300 3% 00
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Fig. 46 - Cyclic flexural loading, the input is the imposed deflection at the
midpoint (in red), the output is the recorded load (in blue). The graphs on the
below show samples’ resistance changes (in black) during cyclic loading. a)
electrodes on the top surface b) electrodes on the top surface. Note: the
neutral configurations had the same outputs, i.e. no significant variation in
restistance. However, during the cyclic loading it showed some sudden
variations due to more delicate contacts.

Furthermore CNT, are embedded into epoxy resin guaranteeing the
stability of CNT network onto CMFs, lowering wear and possibility of
dispersion of CNTs into the environment.

The CNT network act as an integrated sensing nano-material inside
wood and has proven to be suited for structural health monitoring
applications such as damage sensing [186]. Clearly, prior to the
implementation in for SHM systems, it is required to understand how
the failure modes or damage accumulation in this sensory network
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affect the sensing performance. To the degree of beam deflections
imposed in bending, the associated strain on the top/bottom surfaces is
still small. Therefore, further experiments need to be performed at
higher strains, e.g. in a tensile test, or bringing samples to failure.

Under the processing perspective, eliminating the separate infiltration
process in favour of a direct CNT dispersion into the epoxy resin may
result in very poor overall dispersion and the use of higher amount of
costly CNTs. Furthermore, it might hinder the coupling with cellulose
fibres and the filling of existing microcavities due to the rise in
viscosity. The ideal way is to exploit the already present cellulose
substrate that enables to create a locally high dense CNT network
without the need of higher volumes of CNTs.
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6. Final Remarks

The aspiration of my PhD activities was that of researching how
superior properties can be achieved through processes and treatments
embedding carbon-based fillers into engineering composites. Indeed,
the analysis of the mechanical properties was at the heart of my activity,
with an eye towards practical applications. This concept was developed
with different approaches.

My main projects focused on PVDF and PVDF+GO electrospun fibres
and nano-toughening treatment for wood-like specimens. The latter
includes densification treatments and the structural wood modification
that were utilized in a pilot project to study wood conductivity and
transparency, which I carried out at Queen Mary University of London.

In the first part of the thesis, mechanical tests on graphene-based single
electrospun composite fibres are reported. As it was previously
demonstrated for bulk composites, we proved that the adhesion of the
fillers has a strong impact on nanocomposite fibres and showed the
effects of their addition on the microstructure of the fibres. PVDF and
PVDF+GO fibres reached apparent toughness modulus values close to
those of Kevlar fibres. Due to a hollow microstructure, which lowered
the stress values, the real toughness moduli could be even higher.
Furthermore, all the single electrospun fibres had superior
deformability compared to previous literature studies, with an average
strain at break of more than 400% for pure PVDF. All the investigated
electrospun fibres showed high levels of energy dissipation, whose
exploitation could be promising in high performance textiles. The
mechanism of stable propagation of multiple necks is described.
Multiple necking can fuse together and propagate along the entire
length of the fibre as shown for drinking straws. A novel mechanical
constitutive model is proposed in order to describe the mechanical
performance of the electrospun fibres. The derived expression can be
easily implemented in a FEM environment as the material constitutive
law to simulate the behaviour of macroscopic structures (like ropes,
textiles or bulletproof vests) where these fibres constitute its lowest
hierarchical component. The small-scale phenomena were studied
providing an analogy with macroscopic hollow structures represented
by drinking straws. This analogy helped to cover all the missing pieces
in the understanding of the deformation mechanics of electrospun
fibres.
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The other activities reported in this thesis revolve around treatments on
cellulose-based materials. Indeed, wood treatments have recently
gained new interest due to their potential application in timber housing.
Moreover, the discovery of densification treatments has allowed wood
to gain strengths comparable to that of metal alloys, hence the interest
for densified wood or wood-like specimens. Those treatments can be
beneficial also for other properties, such as conductivity, fire retardancy
and improved mechanical properties.

In Chapter 4, we presented an innovative nano-toughening treatment
for wood-like specimens that involves densification of cellulose fibrils
combined with intercalation of GO and SiC nanoparticles. In particular,
the process was here tested to improve the mechanical properties of an
invasive plant, giant reed, into a stronger and tougher engineering
composite.

Morphological and structural characterizations, performed by using
profilometer, SEM, EDX and XPS techniques, highlighted that the
treatment performed successfully intercalated the nanoparticles inside
the densified giant reed. Although, nanoparticles led to no apparent
influence on the cellulose structure of the densified reed, their presence
and location at the interface of CMFs resulted in a better interfacial
adhesion and overall improvement in mechanical performance, both for
tensile and flexural properties. Indeed, the mechanical properties of the
nanocomposite increase in respect of both the untreated and densified
reed. The nanocomposite reed has a 1/15 of the elastic modulus and %2
of the strength of mild steel while having just 1/7 of its density. Further
analysis highlighted that the nanoparticle intercalation in the densified
reed enhanced the specific toughness modulus while this does not occur
with the densification treatment alone. This result is due to the role
played by nanoparticles during the relative sliding between cellulose
microfibrils inside the material. A mechanical effect coupled with an
increase in the chemical interaction could be at the root of this
phenomenon. Indeed, the densification treatment involves the
formation of a high number of hydrogen bonds between CMFs. The
amount of these bonds could further increase by adding nanoparticles
in the voids of the densified structure, especially with GO, which is rich
of hydroxyl and carbonyl groups on its surface. Additionally, an
increase in adhesion energy, that was estimated to be higher for SiC
nanoparticles than GO, could induce an increased stress transfer
between cellulose microfibrils.
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Further investigations were performed to evaluate thermo-indentation
and burning response of the materials. SiC and GO-densified giant reed
have strongly increased fire-retarding and thermo-indentation
properties compared to the native reed. Moreover, the addition of
nanoparticles in the densified reed resulted in a reduced water uptake,
which can decrease its bio-deterioration and thus guarantee a longer
lifespan when applied as a structural material. The versatility of this
innovative treatment can be exploited to improve the mechanical
properties of any kind wood-like structure. In conclusion, the nano-
toughening densification treatment proposed in this thesis sheds a new
insight into the possible enhancements of timber properties.

Finally, in Chapter 5, wood samples were subjected to structural and
chemical modifications to create a conductive composite starting from
wood. For this purpose, wood specimens were infiltrated with carbon
nanotubes. SEM observations confirm that a wide distribution of CNT
1s achieved, and a continuous and stable network is formed as a result
of the underlying cellulose structural substrate. Additional processes
were carried out in order to increase the optical transparency of the
wood: the samples were infiltrated with transparent polymers so that all
the holes in the cellulose structure were filled. The composite material
was therefore tested for conductivity, as strain-sensing or damage-
sensing applications may be particularly attractive for this type of wood
composite. It resulted that the connectivity and the CNT population
network is stable even at high flexural loading, since it is stabilized by
proper epoxy infiltration. Remarkably, the percolation threshold for
CNTs into the conductive wood composite is lower than the current
record for CNT-+epoxy nanocomposites.
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7. Other PhD Projects

The two work in Chapter 1 and Chapter 4 are full articles (Status: under
review/under submission).

During my PhD I was also involved in other projects, which include:

Silkworm and spider silk. Silk spinning is regarded to be an optimal
material fabrication process and researchers are seeking its
replication at lab scale. In a continuous quest to improve mechanical
properties of natural materials or add new functionalities, they enabled
Bombyx Mori to spin spider silk through gene editing or natural silk
was both coloured and strengthened through the addition of dyeing
molecules and nanoparticles into the diet. I performed experimental
trials on silkworms to evaluate the effect of graphene fillers on the
mechanical performance of silk within the Silkene ERC PoC. Previous
researches have shown the presence of nanoparticles inside the bulk of
silk only with indirect or destructive methods. Therefore, my successive
research was focussed to find a direct observation of nanoparticles into
dragline spider threads. Several spider alimentation methods were
tested. Fluorescent markers were embedded into silica nanoparticles to
become the carriers of a fluorescence signature, which was still
detectable after the silk assembly process. I was involved with the
sample design and preparation, optical and raman microscopy analysis,
fluorescence analysis including laser scanning confocal microscopy
and mechanical tests. SEM and FIB ablation of the silk threads were
carried out by collaborators at CNR (Status: project under completion).

Surface properties, such as friction and adhesion, are crucial aspects to
develop graphene nanocomposites. These interface properties were
studied in situ on graphene oxide (GO) and reduced-GO coatings over
polymers and glass fibre substrates. Regarding the experimental
activities I was involved in the sample design and preparation for AFM
tests and conducted micro-Raman analysis (Status: published [187]).

On a study about frictionless and electrically conductive graphene oxide
paper with integrated carbon nanotubes, I performed some minor
analysis (Status: submitted).
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During my PhD activities, | studied the introduction of carbon-based nanofillers in
materials at different scales, while focusing primarily on fibres and fibrillar materials.
Several production techniques were exploited.

Little is known about the interaction of graphene with electrospun polymeric fibres.
Manufacturing composite fibres is complex since fillers have lateral sizes nearing that
of the embedding fibre. Indeed, graphene has a direct effect in both the assembly of
the electrospun composite fibres and their mechanical performance. Moreover, the
tensile behaviour of hollow micrometric electrospun fibres was compared with
macroscopic hollow structures such as drinking straws. The acquired insights helped
to explain the toughening mechanisms at the micro-scale and develop a model
capable of predicting the stress-strain response of such structures.

Among natural materials, wood has the most relevant structural applications even at
large scales. Its main structural component is cellulose that has a high resistance and
a low light absorption. Several structural modifications of wood derived materials were
recently investigated in order to enhance the mechanical and optical properties of
cellulose. These enhancements can take place after the internal structure is chemically
modified with the removal of lignin and after a structural densification. Potentially, any
type of wood-like materials, such as giant reed (that is a fast-growing and invasive
species), can be turned into a strong structural composite. Such modifications lead to
an open and interconnected internal structure that is the ideal scaffold for nanoparticle
intercalation. Graphene oxide and silicon carbide nanoparticles were intercalated into
densified reed. They produced an even stiffer, stronger and tougher composite
compared to the best up-to-date process available. Moreover, its capabilities to resist
fire and water-absorption were tested.

Finally, the previous process was further developed on wood to achieve a combination
of improved transparency and electrical conductivity. Graphene and carbon nanotubes
were introduced into the structure of wood to foster conductivity and explore the
viability of its application as a self-strain sensor.
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