t@\l 4 | ). (Qf \f\) '
DESIGN AND CHARACTERIZATION OF
WATERBORNE POLYURETHANE-UREA

BASED NANOCOMPOSITES FOR 3D
PRINTING

IZASKUN LARRAZA AROCENA
2021




Izaskun Larraza Arocena
Faculty of Engineering, Gipuzkoa
Donostia/San Sebastian, December 2021



‘ iy GIPUZKOAKO
INGENIARITZA

ESKOLA
\ ESCUELA |
Universidad Euskal Herriko DE INGENIERIA

del Pais Vasco  Unibertsitatea DE GIPUZKOA

"Materials + Technologies”
Research Group

Design and Characterization of
Waterborne Polyurethane-Urea based
Nanocomposites for 3D Printing

PhD dissertation presented by
IZASKUN LARRAZA AROCENA

Supervised by
Dr. AITOR ARBELAIZ GARMENDIA and Dr. ARANTXA ECEIZA MENDIGUREN

Donostia/San Sebastian, December 2021

(c)2021 IZASKUN LARRAZA AROCENA






ACKNOWLEDGEMENTS

First of all, I would express my sincere gratitude to my supervisors, Dr. Arantxa
Eceiza and Dr. Aitor Arbelaiz. Thank you for trusting me in the development
of this work and thank you for your patience, disposition and support during

these years.

I would also like to thank the Basque Government (PRE_2017 1 0085) and
the University of the Basque Country (UPV/EHU) for the financial support in
this professional opportunity.

I would like to thank the Advanced Research Facilities (SGlker) of the
UPV/EHU for the technical and personal support, as well as for the chance to
use the infrastructure and equipment necessary for the development of this
work. | would specially like to thank the Macrobehavior-Mesostructure-
Nanotechnology service and Dr. Loli Martin, for her unmeasurable help and

advices.

I would also like to express my honest gratitude to Dr. Filomena Barreiro, from
the Mountain Research Centre (CIMO) at the Polytechnic Institute of Braganga
(IPB), for allowing me to collaborate with them during my three-month

exchange in their laboratories.

In the same regard, | would also like to thank Dr. Ana Alonso Varona
(Department of Cell Biology and Histology, Faculty of Medicine, UPV/EHU)
for her help in the biocompatibility tests.

I would also like to show my earnest gratitude to all my colleagues from the
‘Materials + Technologies’ group (GMT), from the Department of Chemical
and Environmental Engineering (UPV/EHU), from their unconditional help

through these years.

Last, | want to thank my family and friends for their constant understanding

and support.






SUMMARY

This research study focuses on the development of polyurethane-urea based
materials suitable for 3D printing. For this, first, a waterborne polyurethane-
urea was synthesized using a renewable sourced polyol and the stability of the

dispersion, as well as the properties of the final polymer, were characterized.

Different types of reinforcements were prepared, optimized and characterized
and were later used for nanocomposites films preparation. In this regards,
cellulose nanofibers, carboxylated cellulose nanofibers, graphene and graphene
oxide were employed. Films with different reinforcement type and content were
characterized, regarding their morphology and physico-chemical, thermal and
mechanical behavior, and composites showing best potential were selected for
further processing in 3D printing.

Two types of 3D printing methods were analyzed in this study, fused deposition
modeling and direct ink writing. For fused deposition modeling, selected
nanocomposite compositions were used to prepare filaments. The effect of the
incorporation route, ex-situ and in-situ addition of the nanoreinforcements, was
also studied. Thermal and mechanical properties of the filaments were analyzed

and were directly related to their printability.

On the other hand, the use of cellulose nanofibers and graphene containing
nanocomposites on direct ink writing 3D printing was also studied. In order to
prepare inks suitable for this type of 3D printing, the modulation of the rheology
of the polyurethane-urea dispersion was necessary. To do so, in the case of
cellulose nanofibers containing composites, the use of high quantities of
reinforcement was necessary, whereas for graphene containing inks, the
addition of a new component was employed. The composition of the inks
strongly affected the rheological behavior of the materials, which directly
related to the printability and shape fidelity exhibited by the inks. The properties

of the 3D printed parts were also characterized.



Last, in order to supply new functionalities to the materials, as is bioactive
behavior, different plant extracts were added to a waterborne polyurethane-urea
matrix, via ex-situ and in-situ addition. In this case, for rheological
optimization, high solid contents waterborne polyurethane-ureas were
synthesized. The rheological behavior of the inks was analyzed, as well as the
bioactive behavior of the freeze-dried samples. Inks showing best rheological
properties were tested in direct ink writing 3D printing and morphology and

mechanical properties of the printed parts were studied.
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Introduction

1. INTRODUCTION
1.1. Motivation

The increasing environmental awareness has resulted in a growing demand for
more environmentally friendly materials in order to substitute more polluting
conventional alternatives [1,2], as well as in the development of new more
efficient and lower-residue producing processing techniques [3]. The plastic
industry is one of the most affected sectors and, due to the stricter legislations
implemented in the last decade [4], there is a strong need for more eco-friendly

materials.

Among different polymers, polyurethanes (PU) and polyurethane-ureas (PUU)
have come up as a potential alternative to conventional materials, thanks to their
great versatility and wide field of applications [5]. Though traditional PU and
PUU are not environmentally friendly, in the last years the possibility to
completely alter this is being studied. The will to reduce toxicity during PU and
PUU synthesis resulted in the preparation of waterborne polyurethanes
(WBPU) and waterborne polyurethane-ureas (WBPUU). WBPU and WBPUU
are obtained in the form of aqueous dispersions and their synthesis is
characterized by being organic solvent-free [6]. Moreover, the use of green
precursors as a substitute for petrol-borne conventional ones has gain great
interest. Polyols and isocyanates obtained from different eco-friendly sources
can be used to produce polyurethanes and polyurethane-ureas, and have shown

ability to form materials with great properties [7-10].

The aqueous dispersion state of these materials facilitates the preparation of
nanocomposites. Hydrophilic reinforcements show great miscibility with
WBPU and WBPUU and are, thus, a great option for composites preparation.
Cellulose is the most abundant organic compound on Earth [11,12], and its
nanoentities have shown great reinforcement capacity, thanks to their great

specific mechanical and chemical properties, low density, biodegradability,
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biocompatibility and natural availability [13,14]. Furthermore, cellulose
nanoentities often show great affinity with polymer matrices, however, in order
to further improve this affinity, the functionalization of the cellulose structure
can be carried out [14-16]. By this functionalization, carboxylic groups can be
inserted in the cellulose structure to optimize the miscibility of cellulose with
different compounds.

The use of carbonaceous nanostructures as nanoreinforcements in a polymeric
matrix can also be of great interest. The large natural availability of carbon and
the great specific properties of carbon composed materials have popularized the
use of these materials as reinforcements [17]. Graphene and graphene oxide
present extraordinary properties, such as extremely high aspect ratio, stiffness
and barrier properties [18-20]. Graphene shows, also, good electrical
conductivity [21,22]. Moreover, the oxygenated groups in graphene oxide grant
it strong hydrophilicity, which would be extremely beneficial for

nanocomposites preparation with a WBPU or WBPUU matrix.

Regarding processing techniques, additive manufacturing (AM), also known as
three-dimensional (3D) printing, has emerged as a new method for material
processing. The simplicity to fabricate tailor-made parts has facilitated the
creation of printed parts for personal use, and more importantly, has had a huge
impact in the creation of custom made personalized parts for the very
demanding biomedical field [23-25]. Though important advances in the
development of this technology have taken place, a need for new materials valid
for this processing method has emerged. In this field, the use of
WBPUU/cellulose nanoentities and WBPUU/carbonaceous materials
nanocomposites could be of great interest, due to their tailor-made properties

and new functionalities that could be added.

The implementation of bioactive and bactericide behavior to the materials could
be very beneficial for some fields of applications. The addition of natural

extracts has shown great potential regarding these characteristics [26-28].



Introduction

Moreover, their natural existence and very diverse structures make them a very

appealing option for composite preparation.

Therefore, in this work, a waterborne polyurethane-urea matrix was
synthesized, parting from a polyol from a renewable source, and it was later
reinforced with different types of reinforcements to supply it with different
properties. Cellulose nanofibers and carboxylated cellulosed nanofibers were
used as reinforcements, as well as carbonaceous nanostructures. Natural plant
extracts were employed with the intention to add bioactive properties.
Furthermore, the use of these materials for different types of 3D printing was

assessed, and the characteristics of the produced materials were analyzed.
1.2. Polyurethanes and polyurethane-ureas

Polyurethanes and polyurethane-ureas are polymers with a wide range of
properties, which allows them to be used in a wide field of applications, such
as the automotive, textile, construction, biomedical and aerospace sectors
[6,29-33].

Polyurethanes are formed by the reaction between an alcohol and an isocyanate,
from which the urethane groups is formed (Figure 1.1a). In the case of
polyurethane-ureas, besides the urethane groups, urea groups are also present,

which are formed by the reaction of isocyanate and amine groups (Figure 1.1Db).

79
a
) R—NCO + R, OH —> R—N—C—0—R,
Isocyanate Alcohol Urethane
H O H
b) I

R—NCO + R,—NH, —> R—N—C—N—R,

Isocyanate Amine Urea

Figure 1.1. Addition reaction for a) urethane and b) urea groups formation
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Polyurethanes and polyurethane-ureas are block-copolymers usually formed by
two incompatible segments, usually denoted as the soft segment (SS) and the
hard segment (HS). The soft segment is composed by a high molecular weight
macrodiol, whereas the hard segment consists on the isocyanate and the chain
extender [34]. A schematic representation of segments separation in
polyurethane structures can be seen in Figure 1.2. Each segment of the polymer
grants it different properties, thus, varying segment ratios, properties of the final
material can be easily tailored [35]. Moreover, depending on the chemical
structures of the precursors chosen, the properties of the final material will also
be altered. Moreover, the different segments can be amorphous or
semicrystalline, thus showing different characteristic thermal transitions that
determine not only the mechanical properties at room temperature, but also the
thermomechanical stability. The synthesis process for the polyurethane and

polyurethane-urea preparation will further affect their properties.

Amorphous

Amorphous

(‘rystalline\
SS

/L~ Polyol @ Isocyanate A Chain Extender

Figure 1.2. Schematic representation of the hard and soft segments separation in

polyurethanes and polyurethane-ureas
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1.2.1. Waterborne polyurethanes and polyurethane-ureas

Waterborne polyurethanes and polyurethane-ureas are a type of polyurethane
obtained in a mainly solvent-free synthesis process. The evolution of legislation
towards the reduction of volatile organic compounds (VOC) and the search for
environmentally friendly products, resulted in a boom in the development of
these materials [6].

PU and PUU are highly hydrophobic, thus for the obtention of an aqueous
polyurethane and polyurethane-urea dispersions, a modification on their
structure is necessary. For the synthesis of these waterborne polymers, the use
of an internal emulsifier is necessary. Emulsifiers are usually hydrophilic
monomers with ionic functionalities [6], which provide stability to the particle

during the phase inversion step of the synthesis.

The eco-friendlier behavior of waterborne polyurethanes and waterborne
polyurethane-ureas is not the only reason for their popularity, their main interest
lays on the high quality shown by these materials. WBPU and WBPUU show
high molecular weights, good processability and great properties regarding
their thermal, mechanical and thermo-mechanical behavior [6,36,37].
Waterborne polyurethanes and polyurethane-ureas are used in many industrial
applications, such as coatings, adhesives, synthetic leathers, biomaterials,

packaging, textiles and many more [6].
1.2.2. Reactants

The characteristics of the reactants used in the synthesis of WBPU and WBPUU
will have a huge impact in the properties of the resulting materials. The main
reactants used in their synthesis are polyols, isocyanates and chain extenders.
Other reactants such as the internal emulsifier and the catalyst are, also, to be

considered when selecting components.
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Polyols

Polyols are macromolecules containing hydroxyl functional groups on their
chains. They show medium to high molecular weights, 200-8000 g-mol* and
functionalities between 2 and 8. The most common types of polyols used in
polyurethanes synthesis are polyester and polyether polyols.

Polyols constitute the soft segment of the polyurethane and polyurethane-urea
chains and usually supply flexibility to the systems. However, there are many
different types of polyols and the differences in their molecular weight,
structure and crystallinity will have a strong effect in the final properties of the
synthesized material. The functionality of the polyol also has a massive impact
on the production of polyurethanes. For thermoplastic polyurethanes, polyols
with a functionality of 2 are used, whereas higher functionalities are often used

to produce thermoset systems [38,39].

Moreover, due to environmental concerns, in recent years there has been a
growing interest in the use of polyols from renewable sources. The substitution
of conventional polyols with polyols obtained from vegetable oils is a cheap
and environmentally-friendly option [41-43]. Precursors obtained from
renewable sources are already being used in the synthesis of polyurethane
dispersions, such as polyols from castor oil [7] and soybean oil [8], and have
shown great performance. Green sourced polyols provide many benefits to the
materials, such as high resistance and stiffness, low toxicity and usually
inherent biodegradability [42,43]

Isocyanates

There are many different types of isocyanates in the market, each with
particular properties. Different isocyanates can be used depending on the
intended application. In the case of waterborne polyurethanes and

polyurethane-ureas, diisocyanates tend to be used. Moreover, the structure of
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the compound will have a big influence in the properties of the resulting

material.

Aromatic isocyanates are very popular, mainly due to the good mechanical
properties they supply to the polymer, being toluene diisocyanate (TDI) and
4,4’-diphenylmethane diisocyanate (MDI) the most commonly used ones [44].
However, aliphatic diisocyanates also show some benefits, such as higher
biocompatibility and higher thermal and hydrolytic stability [45,46]. Aliphatic
diisocyanates also present lower reactivity, which is necessary in the case of
waterborne polyurethanes and polyurethane-ureas. This lower reactivity allows
a better control of the reaction process and reduces the risk of the reaction with
water taking place [47]. Isophorone diisocyante (IPDI) is one of the most
commonly used isocyanate in the synthesis of aqueous polyurethanes. IPDI is
characterized by its non-linear and asymmetric structure, which leads to

structures with lower crystallinity [48].
Chain extenders

Chain extenders are usually low molecular weight difunctional molecules [49].
However, in order to achieve crosslinked structures, chain extenders with
higher functionalities can be used [50]. Chain extenders, though usually added
in very low quantities, have a strong impact in the final properties of the

polymers [51].

Low molecular weight diols and diamines are used as chain extenders for
polyurethane and polyurethane-ureas, respectively [52]. The OH groups in the
diol will react with the NCO groups in the isocyanate to form urethane groups.
In contrast, the NH. groups in the diamine will react with the NCO groups to
form urea groups, as seen in Figure 1.1. The most commonly used chain
extenders in waterborne polyurethane-urea synthesis are hydrazine and
ethylendiamine (EDA).
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Internal emulsifiers

Different types of internal emulsifiers can be used in the synthesis of
waterborne polyurethane and polyurethane-ureas. For different types of WBPU
and WBPUU, emulsifiers with different natures will be used, being them
classified into non-ionic and ionic, and among ionic into cationic and anionic
[53]. In general, ionic dispersions are more common, and among them, anionic
dispersions prevail, though cationic polyurethanes and polyurethane-ureas are
gaining interest, since both types show good final properties. Regarding anionic
emulsifiers, one of the most commonly used emulsifiers is 2,2-

bis(hydroxymethyl) propionic acid (DMPA).
Neutralizing agent

The neutralizing agent consist in bases which are used to neutralize some or all
of the carboxyl or sulfonic groups of the emulsifier. Often, tertiary amines,
alkali metal hydroxides or mixtures of the two are used [54]. Tertiary amines
are usually preferred, and among them triethylamine is the most commonly
used one. The degree of neutralization is also important. Usually a
neutralization between 70-100 equivalent % is used. The neutralizing agent,
together with the internal emulsifier, form the electric double layer that grants

stabilization to the polyurethane and polyurethane-urea particles.
Catalyst

The use of catalyst in polyurethane and polyurethane-ureas synthesis reactions
are often necessary to accelerate the reaction between the polyol and the
isocyanate, even more so for waterborne polyurethanes and polyurethane-ureas
when lower reactivity precursors are employed. Often, tertiary amines such as
1,4-diazabicyclo octane (DABCO) and tryethylamine (TEA) are used, or
organo tin compounds, such as dibutyltin dilaurate (DBTDL) and stannous
octoate (SnOc) [32].

10
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1.2.3. Synthesis process

The synthesis of waterborne polyurethanes and waterborne polyurethane-ureas
can be carried out through different methods [6], however the two-step
polymerization process is the most common one. In the first step, the
prepolymer, formed by the polyol and the isocyanate, is obtained; and in the
second step the chain extension is carried out.

STEP 1: PREPOLYMER

H0-@OO8®-on  + ocN-Nco

+ HO—( —OH
|
COO%

ocn— 000009 @ ~co + ocn—§ Nco
|
B

STEP 2: PHASE INVERSION & CHAIN EXTENSION

HO-@98989-oH Polyol OCN—. NCO Diisocyanate
HO-{ —OH 1o -A-on
COOH Internal Emulsifier or Chain Extender 8 Neutralizing agent
H,N-ANH,

Figure 1.3. Schematic representation of the synthesis of a waterborne polyurethane or

polyurethane-urea

11
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After the polyol and the isocyanate are left to react, a NCO-terminated
polyurethane prepolymer is obtained. This prepolymer is highly hydrophobic,
thus, prior to the phase inversion step, the addition of an internal emulsifier is
necessary. The internal emulsifier will add pendant acid groups to the
prepolymer, which will be neutralized by the simultaneous addition of a
counter-ion. When water is added to the reaction, polyurethane particles will
form, surrounded by the ionic groups of the emulsifier and the counter-ions,
forming and electrical double layer which will allow a good dispersion and
grant good stability to the system [55,56]. A schematic representation of the

synthesis and dispersion process is shown in Figure 1.3.

The chain extension step for polyurethane-ureas is often carried out in
heterogeneous medium after the phase inversion. It is during this step where
the molecular weight of the polymer is significantly increased, which will

consequentially noticeably alter material properties [57].
1.3. Polyurethane and polyurethane-urea nanocomposites

Composites referred to the homogeneous dispersion of one or more entities in
a continuous phase, called the matrix. When at least one of the dimensions of
the employed entities is in the nanometric scale, this are considered nanoentities
and prepared composites are called nanocomposites. The use of nanoscale
entities in the reinforcements of a matrix has many advantages. The high
interfacial area available between nanoentities and the matrix could promote
the creation of strong interactions between them. In this way, the properties of
the matrix are enhanced just by using a small quantity of nanoentities, unlike

with standard composites, where a larger amount of reinforcement is necessary.

There is abundant literature referred to the addition of different reinforcements
to waterborne polyurethane dispersions, such as clay, silica, silver, cellulose
nanoentities, graphite derivatives and natural extracts among others [59-62].

The very wide variety of nanoentities allows the implementation of new
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properties to the matrix, as well as the enhancement of some of its properties.
This way, for example, nanoentities can improve the mechanical, thermal and
optical properties of the matrix or form nanocomposites with newly added
electrical, magnetic, shape memory or bactericide properties.

A good dispersion of the nanoentities in the matrix is necessary in order to
obtain good properties on the final material, thus the incorporation method of

the nanoreinforcements is crucial.

For waterborne polymers, its aqueous state strongly facilitates the addition of
hydrophilic nanoentities, due to a great miscibility [62]. Reinforcements in
aqueous solutions can be easily dispersed in the water based polymeric
dispersion by mechanical stirring or sonication, and a homogeneous

distribution is usually obtained.
1.3.1. Cellulose nanofibers

Cellulose is the most abundant renewable biopolymer on Earth and it is present
in the cell wall of plants, animals, bacteria, fungi and algae [63]. Cellulose is a
linear homopolymer composed by D-glucose units bonded together by p-1,4-
glycosidic bonds, where each unit is rotated 180° to the next one (Figure 1.4).
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Figure 1.4. Chemical structure of cellulose

Cellulose nanoentities, such as cellulose nanocrystals (CNC) and cellulose
nanofibers (CNF), are commonly used for nanocomposite preparation, thanks
to their excellent reinforcement effect and great specific properties [13,14].

Cellulose nanofibers consist on alternating crystalline and amorphous domains,
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they show a diameter of around 3-60 nm and lengths of a few micrometers.
Cellulose nanocrystals can be isolated using different methods and show
significantly lower lengths, 100-500 nm, and consist only on the crystalline

regions of CNF [64-66]. A schematic representation of both nanoentities can

be seen in Figure 1.5.

Cellulose
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Figure 1.5. Schematic representation of cellulose nanofibers and cellulose

nanocrystals structures

Cellulose nanoentities can be easily dispersed in water, which makes them a

perfect candidate for nanocomposite preparations with waterborne

polyurethane and polyurethane-ureas. It can be observed from literature, that
cellulose nanoentities when added to WBPU and WBPUU are able to supply a
remarkable reinforcement effect [6,66-70]. In some nanocomposites, the direct

incorporation of nanocellulose into polymer matrix leads to a strong

matrix/cellulose adhesion, resulting in overall improved properties.

Nonetheless, depending on the nature of the polymeric matrix, often some sort
of modification is necessary.

1.3.1.1. Functionalization of CNF

Cellulose nanoentities can be successfully added directly to polar matrices,
such as polyvinyl alcohol [71,72], however, in the case of hydrophobic
matrices, the derivatization of nanocellulose is necessary [14-16], in order to

avoid the agglomeration of nanocellulose particles in the polymer matrix.

14



Introduction

The modification of the nanocellulose surface by addition of new chemical
groups has been extensively studied [15,73,74]. The most common chemical
routes are based on chemical reactions or interactions through the numerous
and highly reactive hydroxyl groups available on nanocellulose surface, in
order to introduce carboxyl groups. TEMPO-mediated oxidation method [75]
is the most extensively studied method for the oxidation of the primary OH
groups. However, it is also possible to achieve carboxylation through the
secondary OH groups by sequential periodate-chlorite oxidation (Figure 1.6)
[64].

Moreover, the oxidation of OH groups into carboxylic moieties has been
performed as a successful strategy to decrease the energy consumption in
mechanical processes when isolating cellulose nanofibers (CNFs) from

cellulose fibers.
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Figure 1.6. Schematic representation of carboxylation of the cellulose

structure
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1.3.2. Carbonaceous nanoreinforcements

Carbonaceous materials have gained great popularity, thanks to the large
natural availability of carbon and the great specific properties of carbon
composed materials, as is the case of carbon nanotubes, fullerenes and graphite
derived nanostructures, such as graphene (G) and graphene oxide (GO) [17].

The reinforcement effect of carbonaceous nanostructures in polymer matrix has
proven to be very successful, as shown by literature [76-79], as well as in

polyurethane matrixes [18,19,80].
1.3.2.1. Graphene

Graphene is a two dimensional hexagonal network of sp? carbons (Figure 1.7).
Graphene shows great mechanical, electrical and thermal properties, among

others, making it an excellent reinforcement for polymeric composites [18,19].

@ Carbon

Figure 1.7. Structure of graphene

The obtaining process of graphene can result tricky. There are many different
methods for graphene obtention from exfoliation of graphite (Gr), being liquid
phase exfoliation through sonication the most commonly used method [81].
However, these methods can result time consuming and expensive. Moreover,
the high hydrophobicity of graphene can be an obstacle when used with

waterborne dispersions.

As a response to some of these drawbacks, an interest for graphene oxide has

sprung.
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1.3.2.2. Graphene oxide

Graphene oxide consists on a graphene layer with many functional groups on
its surface (Figure 1.8). As graphene, it shows great specific properties, as well
as interesting chemical and optical properties [20]. The oxygen containing
groups on the structure of graphene oxide, grant it a strong hydrophilicity and,
thus, good water dispersability and good miscibility with waterborne polymers.
Graphene oxide acts a great reinforcement in waterborne polyurethane matrix,

proving an enhancement of the properties taken place with its addition [82,83].

@ Carbon Hydrogen @ Oxygen

Figure 1.8. Structure of graphene oxide

Furthermore, the production of graphene oxide is much shorter and avoids long
sonication times. By simply removing oxygen containing groups from the
surface, graphene, as reduced graphene oxide (rGO), can be obtained. This can
be done through different methods, such as thermal reduction, plasma or light

exposure or chemical reduction [84,85].

1.4.Bioactive natural extracts

One of the main advantages of water-based polymers is the good affinity with
not only water-dispersible nanoreinforcements, but also with water-soluble
additives. Water-soluble additives can be easily incorporated into waterborne
polyurethanes and polyurethane-ureas, for instance, and provide them with

enhanced properties.
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In this regard, the interest on using natural extracts as additive is growing, due
to their large availability and interesting properties they can supply to the
matrix. Plant extracts can be obtained from many different plants and different
parts of said plants, granting plant extract with a very wide range of structures
and properties. Plants are a rich source of bioactive compounds, mainly
alkaloids, flavonoids, tannins and other phenolic compounds [86]. This
bioactive behavior shown by many plant extracts grants them great potential to
be used in the biomedical field. The bioactive properties shown by these
extracts can usually be attributed to phytoalexins, secondary metabolites
synthesized by plants in order to avoid insect, fungal and microbial infections
[87-89]. Natural extracts often show multidirectional biological properties such
as antioxidant, anti-inflammatory, anti-allergenic, antitumor, anticancer and
antimicrobial activities [89,90]. In fact, natural extracts have been used for
thousands of years in traditional folk medicine as treatment for infectious
diseases [91].

In the fight against bacterial infections, the use of traditional treatments with
antibiotics have started to lose effectiveness, due to the growing resistance of
many strains to these treatments [89]. As a response to this problem, the use of
plant extracts in common medicine as an approach to fight bacterial infections
is being studied. Plant extracts have shown low risk to rising resistance from
microorganisms. Moreover, plant extracts have also shown to have a synergetic
effect with traditional pharmacological agents, further enhancing their

effectiveness [89].

Many natural extracts and compounds from plants are currently used as natural
food colorants. These colorants show many interesting bioactive properties,
mainly antibacterial activity [92-94], which turns them in a great option for
bioactive composite preparation. Among many of these colorants that have
shown potential for antimicrobial use are Haematoxylon campechianum L.,

Castanea sativa L. and Rhamnus frangula L. Haematoxylon campechianum L.,
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commonly known as logwood, is a tree typical of Central and South America.
Wood from this tree is commonly used to produce sweeteners and food
colorants [95,96], due to its strong reddish color. The use of its wood to
produced bioactive natural extract could be of great interest. Castanea sativa
tree is the tree from which chestnut fruit is obtained and it is very abundant
specially in central and southern Europe and in the Mediterranean basin [97].
Besides the clear interest for their fruit, other parts of these trees are also
utilized, such as chestnut flowers being used as honey sources. However, in the
processes of obtaining these products many byproducts are created, such as
chestnut leaves, shells, burs and wood, which could be utilized for natural
extracts production [98]. Last, Rhamnus frangula L. is a shrub native to Balkan
peninsula and wester Asia, it pertains to the Rhamnaceae family [99,100]. This
plant is traditionally used as a mild laxative, however it presents many other
bioactive benefits, such as antifungal, antibacterial, antioxidant and anticancer
activity [88,99].

The use of these additives in polymeric materials can be very beneficial, in
order to supply them with bioactive properties and widen their fields of

applications.

1.5.3D printing

3D printing refers to the layer-by-layer fabrications of parts, guided by the
information imported from a computer-aided design (CAD) file [101,102]. A
CAD file of a specifically designed part is imported to the 3D printing software,
where it is deconstructed in a stack of two dimensional layers, which will later
be printed layer by layer, until the final 3D product is obtained, as schematized

in Figure 1.9.
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Figure 1.9. 3D printing process

Additive manufacturing was first introduced in the 1980s, however due to lack
of efficient printing machines and good quality printable materials, it is not until
recent years that its popularity and use have seen an important growth. Just in
the last few years, the increase of the market value has been more than triple
and it is expected this trend will continue. Figure 1.10 shows the world market
value of the last few years and the predicted increase for the years to come,
based on market analysis reports [103].
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Figure 1.10. 3D printing market behaviors and estimated forecast (adapted from
[103])

The main advantage of 3D printing is the possibility of designing one of a kind
personalized items. Though, its one-at-a-time production method is a drawback,
due to the small scale production capacity, when oriented to individually
personalized items this is no longer a problem. Moreover, the designing of the
parts by CAD allows the preparation of complex forms which could not be
prepared by other polymer processing methods. The creation of this complex
designs without the need of added expensive tools, facilitates the manufacturing
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of said designs without further costs, in contrary to conventional production
methods where complexity and cost are directly linked, as can be seen in Figure
1.11 [104].

3D Printing

-

Traditional manufacturing
methods

Production Cost

Customization / Complexity

Figure 1.11. Effect of customization and complexity on the production cost for
traditional manufacturing methods and 3D printing (adapted from [104])

Moreover, the direct printing of the imported design allows the direct obtention
of the final shape, without the need to eliminate excess material. In
conventional processing methods there is some part of the produced part that
needs to be subtracted and discarded, as is the case of computer numerical
control milling or moldings [104,105]. The use of just the needed material
means a reduction in waste material, which is beneficial both economically,
since material is saved, and environmentally speaking, since less residual

materials are produced.

Regarding environmental impact, the production of less residue is not the only
advantage of 3D printing. The simple reproduction of pieces by digital
transference of the model file allows the production of the same part around the
world. This way, production and distribution of products could become local
based, reducing carbon footprint of transportation. Moreover, this method of

manufacturing often has a positive effect on the energy consumption [104,106].
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Since the initial states of 3D printing, this technology has been in constant
growth and, thus, it has seen many advances on its field. Many different printing
techniques have been developed and each has its own benefits, drawback and

material limitations.

Some of the most popular printing techniques are stereolithography, fused
deposition modeling (FDM), selective laser sintering, selective laser melting,
electron beam melting and direct ink writing (DIW) [107,108].

The important advances in both printing equipment and materials has
catapulted the use of 3D printing in many a field of applications, such as energy
storage, tissue engineering, automotive, drug delivery or sensors among others
[109-113].

The great advantage 3D printing offers regarding on-demand customization can
be best exploited when used for the biomedical field. One-on-one
personalization for each patient is of extreme importance for some biomedical
applications, as is the case of prosthetic devices or tissue engineering scaffolds
[106]. 3D printing shows potential for the preparation of many specific parts,
such as stents, splints, contact lenses, bone implants, cartilage or tendon
implants, intrauterine contraceptive devices, as well as artificial skin, parts of
the ear and heart valves [114-122].

1.5.1. Fused deposition modeling

FDM is the most popular type of 3D printing. In FDM, a thermoplastic, usually
in filament form, is fed to a heated nozzle, where it is melted and extruded. The
melted material is collected in a plate, layer by layer, following the computer

design. A schematic model of a FDM printing machine is shown in Figure 1.12.
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Figure 1.12. A schematic figure of a FDM 3D printer

FDM presents many advantages, such as its simplicity, high printing speed and
cost-effectiveness [105,107,123]. Moreover, parts prepared by FDM need no
further processing and are ready to be used, they show good shape fidelity and
high resolution, 30-200 mm [124]. FDM’s simple use and the availability of
cheap printers, has made it a very popular technique in both industrial and
personal use. However, FDM also present some drawbacks, mainly the high
extrusion temperatures and complex process limiting the materials that can be
used for this technique [105,124].

One of the most important parts of additive manufacturing is to ensure good
adhesion between layers, to avoid mechanical problems due to layer separation.
For this, after a layer is printed it is important that the subsequent layer is fused
before the solidification of the fist layer takes place [105]. The optimization of
the printing process will have a great impact on this. The many parameters in
FDM printing will significantly influence the printing process, as well as the
shape-fidelity and good properties of the final part. Some of the most important
parameters in FDM 3D printing are layer height, speed of printing, extrusion

temperature, nozzle diameter, build orientation, density of infill, infill pattern,
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etc [105]. Each will have an impact on the printing process and final part
properties. For example, nozzle diameter and layer height will influence the
precision of the printed shape; on the other hand, extrusion temperature and
printing speed will significantly affect the layer adhesion and the continuous
feeding. Extrusion temperature will also have a massive effect in the viscosity
of the material, which is a key parameter for 3D printing.

The biggest challenge of FDM 3D printing lays in the obtention of printable
materials, that at the same time offer good properties. Rigidity, strength,
roughness, thermal behavior and many other parameters of material will have

a strong effect on its printing capacity and quality [106].

The mechanical behavior of filaments is crucial for the feeding process.
Feeding in FDM is often carried out by Bowden extruders, which are
constituted by a small drive gear which pushes the filament through a
polytetrafluoroethylene tube to the extruder head. Materials with high
flexibility often show problems due to the friction between the feeding tube and
the filaments, as well as due to the formation of entanglement in the feeding
gear (Figure 1.13a) [125,126].

The rheological behavior of the filament material at high temperatures is also a
key parameter. Filaments with enhanced viscoelastic behavior show better
printing capacity. It is important for filaments to show a viscosity, at the
extrusion temperature, that will allow a good flowing capacity so they will be
easily extruded, but will also be able to quickly begin to solidify in order to
maintain the given shape and support the weight of the next layers (Figure
1.13b).

Moreover, often by a combination of too high viscosity and high flexibility the
printing process is not possible in FDM 3D printer model like the one shown in
Figure 1.12, due to obstructions form on the nozzle caused by low pressure on

the nozzle (Figure 1.13c).

24



Introduction

a) b) i
Low fluidity.
Low rigidity. |—’i| Discontinuous flow

Entanglement in
gears

Slow solidification.

IiJI— Crushing of the lower

layers

c)
¢ High ﬂ.exibility.
Poor pushing pressure
@ [}
-
1 %
A —
— 1T
-
-
L e

5

4—— QObstruction

Figure 1.13. Common material difficulties in FDM printing

The use of nanocomposite filaments is a helpful option to overcome these
drawbacks. When reinforcement with higher thermal stability are used, the
printing process of the polymer matrix is significantly improved. This non-
melting nanoentities allow a more consistent flow and improve parts
reproducibility [124].

Filaments of PLA and ABS are the most popular commercially available
filaments [106]. However, because of the continuous development of this
technique, there is an increasing need for new materials which can offer new
properties, such as higher flexibility or biocompatibility. In this regards, the use
of polyurethane-urea nanocomposites could be of great interest [127], as has
been seen in different studies for carbon nanotube/polyurethane
nanocomposites, where flexible filaments have been successfully used in FDM
3D printing [123,128,129].
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1.5.2. Direct ink writing

Another 3D printing technology that has been gaining more interest is direct
ink writing. DIW consists on the low temperature extrusion through a needle of
materials in a gel-like or liquid-viscous state. The extrusion process can be
carried out by pneumatic pressure or by the action of a piston or a rotating
screw. As for FDM, the printer follows a design imported from CAD and the
printed layers are collected layer by layer. A schematic model of a piston based

DIW printing machine is shown in Figure 1.14.
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Figure 1.14. A schematic figure of a DIW 3D printer

One of the main advantages of DIW is the low processing temperatures, which
opens the possibility of printing biomaterials without damaging them, as could
be the case for cell containing inks [130]. However, there are also some
drawbacks to this type of printing, as are its low printing speed and the

complexity of adequate printing inks.

As happens for FDM, the printing parameters are key for a satisfactory printing
process, in this case printing speed, layer height, nozzle diameter, infill density
and pattern are also important. However, more important for DIW is the
treatment that might be needed for the used inks. Regarding this, different types

of DIW can be chosen.
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DIW can be separated in three categories regarding the processing of the inks:

hot melt extrusion, cold extrusion and gel printing [131,132].

Holt melt extrusion follows a similar concept of FDM, where the materials
needs to be heated in order to activate its flow and cooled to solidify. However,
working temperatures in this case are noticeably lower than in FDM, just above
the gel point of the ink. In cold extrusion, inks are directly printed without any
previous treatment. The printing capability and shape fidelity depends only on
the rheological properties of the ink. Last, gel printing is based on the chemical
or physical crosslinking of the inks. In order to activate ink gelation, often the
use of UV light or the addition of anionic compounds is necessary, either prior

or after printing process.

The use of cold extrusion inks is gaining interest due to the advantage they
present against other inks regarding the lack of need of further processing of
the inks during or after the printing process, as the need of temperature or UV
light. However, this advantage brings with it the drawback of the ink needing
to fulfill very specific rheological properties in order to be satisfactorily printed.

Certain rheological behaviors must be met by the inks for both a good printing
process and a good final product. In this regard, two major factors need to be
studied; the processability (or printability) of the inks and the shape fidelity of
the obtained 3D printed part. The printability of the ink refers to the capacity of
the ink to properly and continuously flow when extruded. The shape fidelity,
on the other hands, is related to the ability of the ink to retain the shape produced

in the printing process while supporting the weight of later layers.

In order to assess the printability of a material, first the viscosity analysis must
be carried out. During a 3D printing process an ink will be subjected to pressure
applied by the feeding mechanism, thus its behavior when shear is applied is of
great interest. The ideal DIW ink will present a non-Newtonian behavior, more

specifically a shear thinning behavior, allowing the material to easily flow at
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high shear rates (extrusion process) and to maintain a given shape due to its
higher viscosity at low shear rates (Figure 1.15). The viscosity of the materials
also has a great influence in the shape fidelity of the printed parts. Inks with
higher viscosities tend to show better shape fidelity, since they show more

resistance to flow and can more easily maintain the given shape.
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Figure 1.15. Representation of the viscosity behavior of Newtonian and non-
Newtonian liquids for a shear rate sweep

Moreover, viscosity vs shear rate curves can be adjusted to the Power Law
model (equation 1.1), to further describe the rheological behavior of fluids. The
n index is indicative of the nature of fluid, regarding its viscosity under shear

stress behavior.

n(@y) =Ky" ! (equation 1.1)

where 1 is the viscosity (Pa -s), v is the shear rate (s), K is the consistency

index (Pa s") and n is the flow index (dimensionless).

For Newtonian fluids n = 1, since for these materials viscosity is independent
of shear stress. A nonlinear variation of the viscosity as a function of the shear
rate can be described for non-Newtonian fluids. In these cases, for shear
thickening materials n > 1, viscosity increases with shear stress, and for shear

thinning materials n < 1, viscosity is reduced at higher shear rates [133].
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Furthermore, the lower the n value, the stronger the shear thinning behavior,
which will facilitate the extruding process during the 3D printing process [134].

The yield point is also an important parameter for the printing of the materials.
The yield point studies the stress at which a material’s structure begins to break
down and the material starts flowing. It is calculated by the study of the storage
and loss moduli regarding the applied shear stress. The yield point is usually
determined at the shear stress value at which the deviation of the storage
modulus from the constant plateau takes place. The printability of a material is
directly related to the yield point (Figure 1.16). High yield points will result in
materials with poor printability, showing a non-continuous flow or no flow at
all. The shape fidelity is also influenced by the yield point, since it is important
for the material to show a defined yield point, so at lower stress they will show
higher storage than loss moduli, elastic behavior, in order for the material to
maintain its shape after deposition and after later layers are deposit on top.
Moreover, materials with higher storage modulus present more structured

networks, showing a higher shape maintaining capacity.
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Figure 1.16. Representation for different types of materials of their storage and loss
moduli behavior and (») yield point (determined as the point of deviation of stress

form linearity) in a shear stress sweep and their printability
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In a DIW process the material is summited to a shear force which may affect
the properties of the ink after deposition, thus the study of the capacity of the
material to recover its initial state is common. After the ink is subjected to high
shear rates, it often shows lower viscosity, due to the breaking of the network
and the entanglements of the polymer chains. The capacity of the material to
quickly recover initial state is related to the shape fidelity of the printed part
(Figure 1.17).
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Figure 1.17. Representation of recovery test for different types of materials and their
shape fidelity
The wide field of properties offered by polyurethane-ureas makes them of
interest for this technology as well. In order to adapt waterborne polyurethane-
ureas for DIW, their rheology will need to be modulated, either by solid content
variations in water, control of molecular weights, variation of their chemical
structure or addition of other components. Moreover, cold extrusion inks often
show poor mechanical properties, as a result to this problem the addition of
nanoentities is being used. In this regard, cellulose nanoentities (nanofibers,
nanocrystals, carboxymethyl cellulose and methylcellulose) have been
extensively studied and have shown good potential. Carbonaceous materials
have also been used in inks productions, resulting in materials with enhance
mechanical properties and supplied with electrical conductivity (graphene

oxide or carbon nanotubes) [135-140].
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One of the methods used to modulate the rheology of a low viscosity dispersion
is the addition of high molecular weight hydrophilic components, such as
polyvinyl alcohol [141] or polyethylene oxide [142,143]. Moreover, the use of
natural polymers obtained from natural sources and with promising properties
could be of interests for DIW applications. In this regard, due to the great
properties it offers, carrageenan (CAR) could be a great option for 3D printing
of WBPUU dispersions.

1.5.2.1. The use of carrageenan for gel preparation

Carrageenan is a very high molecular weight natural polymer (with an average
molecular weight of over 100 kDa [144,145]), extracted from red algae. It is a
linear sulphated polysaccharide, its structure consists on a repeating
disaccharide of alternating units of D-galactose and 3,6-anhydro-galactose
joined by a-1,4 and [3-1,3-glycosidic linkages [146,147]. Depending on the
content of 3,6-anhydro-D-galactose and the number and position of sulphate
groups, it can be classified in different types, A, «, 1, v, i and 0 carrageenan
[144]. x-carrageenan (Figure 1.18) is one of the most commonly used types,
thanks to its good gelling properties. Furthermore, carrageenan is often used as
thickener, stabilizer and gelling agent in the food, pharmaceutical and cosmetic

industry, due to its biocompability, non-toxicity and low cost [144,148,149].
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Figure 1.18. Structure of x-carrageenan

In aqueous solutions, k-carrageenan chains can form helix structures, which

tend to aggregate, forming a gel [144,150-152]. The content of carrageenan on
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the dispersion strongly affects its rheological behavior [152]. Hence, varying
this content could help modulate the rheology of the prepared inks for a
satisfactory printing process. Moreover, its thixotropic behavior makes a
perfect option for this application [151].

1.6. General objectives

The main objective of this work was the preparation of polyurethane based
materials suitable for 3D printing. For that purpose, a greener sourced
waterborne polyurethane-urea was synthesized and nanocomposites were
prepared using different nanoreinforcements. Materials were adapted for fused
deposition modeling and direct ink writing 3D printing, variating

nanoreinforcements type and content, addition method and solid content.

After a brief introduction to the topic in Chapter 1 and specifications of the
reactants and characterization methods in Chapter 2, this work is divided as

follows:

e In Chapter 3, a stable waterborne polyurethane-urea is synthesized and
characterized. The obtention process of cellulose nanofibers with different
carboxylation degrees, graphene and graphene oxide is described and the
properties of the nanoreinforcements are studied.

e In Chapter 4, WBPU/CNF nanocomposite films with different
reinforcement contents were prepared and characterized, using CNF with
different carboxylation degrees. Moreover, WBPU/CNF composites
filaments were prepared using different incorporation methods, and the use
of these filaments for FDM 3D printing was assessed.

e In Chapter 5, WBPU/CNF composites inks were prepared, varying CNF
content, type and incorporation route. Prepared inks were characterized
rheologically and used in DIW 3D printing. Obtained 3D printed parts

were characterized.

32



Introduction

[1]

(2]

3]

[4]

5]

(6]

In Chapter 6, WBPU/GO and WBPU/G nanocomposite films are prepared
and characterized. WBPU/rGO filaments are prepared by different
incorporation routes and these filaments are used in FDM printing. The
properties of the 3D printed parts are studied.

In Chapter 7, WBPU/rGO inks are prepared and their use in DIW is
assessed. Inks’ rheology is studied, as well as the properties of the 3D
printed parts.

In Chapter 8, plant extracts are used to supply the material with bioactive
properties. Inks are prepared for DIW. The rheology of the inks and the
properties of the printed parts are studied. Antimicrobial behavior supplied

by the natural extracts is assessed.
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Chapter 2

2. MATERIALS AND METHODS

2.1. Aim of the chapter

In this chapter, materials employed in the synthesis of the WBPUU are
described, as well as those used for the obtaining of CNF, carboxylated CNF,
graphene, graphene oxide and reduced graphene oxide. Furthermore, the
characterization techniques and the conditions used for the analysis of the
prepared materials are also indicated, regarding the study of the dispersion
properties and material’s rheology, physico-chemical properties, morphology,
thermal, mechanical, electrical behavior and their biocompatible and

antimicrobial behavior.

2.2. Materials

For the synthesis of the waterborne polyurethane-urea, a difunctional polyol
coming from a renewable source, Priplast 3192® (My= 2000 g mol), purchased
from Croda, has been used as soft segment. Isophorone diisocyanate (IPDI),
kindly supplied from Covestro, 2,2-bis (hydroxymethyl) propionic acid
(DMPA), used as internal emulsifier, provided from Aldrich and ethylene
diamine (EDA), as chain extender, provided from Fluka, were used as hard
segment. Triethylamine (TEA), provided by Fluka, was employed to neutralize
the carboxylic groups of DMPA, and dibutyltin dilaurate (DBTDL), provided
from Aldrich, was used as catalyst. Both the polyol and the DMPA were dried

under vacuum at 60 °C for 4 h prior to their use.

The structure of the reactants used during the synthesis process are shown in

Figure 2.1.
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Figure 2.1. Structure of reagents used in WBPUU synthesis

For cellulose nanofibers preparation, standard bleached hardwood kraft pulp
(bHKP) from Eucalyptus globulus, obtained from a local paper mill, was used
as raw material. Sodium metaperiodate (NalO,), sodium chloride (NaCl),
hydrogen peroxide (H20;), sodium hydroxide (NaOH) and sodium chlorite
(NaCl0Oy), used for the carboxylation treatment of the cellulose, were purchased
from Scharlab and used as received. Moreover, a commercial cellulose was
employed as reference and for CNF content optimization. For this freeze-dried
cellulose nanofibers provided by the University of Maine (Lot. 9004-34-6)

were used.
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Graphene and graphene oxide were prepared parting from graphite flakes
(Aldrich). N-methyl pyrrolidone (NMP), used when exfoliating graphene, was
purchased from Sigma-Aldrich. Sulfuric acid (H.SOas,), sodium nitrate
(NaNOs), potassium permanganate (KMnO.), hydrogen peroxide (H20-) and
hydrochloric acid (HCI) used to obtain GO were supplied by Panreac.
Cyclohexane was purchased from Scharlab. Salvia officinalis L. dry material
was purchased at a local herbalist. k-carrageenan (Lot. #BCBX5072) was

purchase from Sigma-Aldrich.

Natural plant-based colorants, namely C11 - Logwood extract, C15 — Chestnut
extract and C25 - Alder Buckthorn extract were purchased from Couleurs de

plantes.
2.3.WBPUU dispersion characterization
2.3.1. pH

The pH of the WBPUU dispersion was measured using a pH meter GLP22 of
Crison, which was calibrated with pH 4.00 and 7.00 buffer solution standards.

2.3.2. Dynamic Light Scattering

The particle size of the WBPUU dispersion and its distribution was measured
by dynamic light scattering, using a BI-200SM goniometer from Brookhaven.
The intensity of dispersed light was measured using a luminous source of He-
Ne laser (Mini L-30, wavelength 637 nm, 400 mW) and a detector (BI-APD)
placed on a rotary arm which allows measuring the intensity at 90°. Samples
were prepared mixing a small amount of aqueous dispersion with ultrapure

water and measurements were carried out at 25 °C by triplicate.
2.3.3. Zeta potential

The stability of the polyurethane-urea dispersions was analyzed by zeta

potential tests. For this a Zetasizer Ultra from Malvern Panalytical was
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employed. This technique measures the zeta potential of the dispersion by
applying an electric field across the dispersion. Particles within the dispersion
with a zeta potential will migrate toward the electrode of opposite charge with
a velocity proportional to the magnitude of the zeta potential, allowing to
determine the stability of the dispersion.

2.4.Rheological properties

Rheological characterization of WBPUU dispersion and gels was performed
using a Haake Viscotester iQ (Thermo Scientific). Tests were performed at 25
°C using a coaxial cylinder or a plate-plate geometry, depending on the
viscosity of the tested material. In the case of coaxial cylinders, CC25 DIN/Ti
adapter was used, with piston radius of 12.54 mm and a ring gap (difference
between radii) of 1.06 mm. For plate-plate geometry, a P35/Al adapter was
used, where plates with a diameter of 35 mm were employed and a working gap

of 1 mm was set.

For flow tests, shear rate sweeps from 0.2 to 1000 s were performed. For yield
point determination tests, dynamic oscillatory tests were performed in a shear
stress range of 10 up to 10000 Pa, depending on the tested sample. Last,
structure recovery tests were performed in a three stage experiment. In this test,
viscosity values were measured at a shear rate of 0.2 s* during 100 s, followed
by a shear rate of 100 s* for 100 seconds in the second step and ending with the

same initial condition for the third step.

The determination of yield point can be done by many different methods [1-5].
In this work, yield point was determined as the point of deviation of G’ from
linearity. Flow point, on the other hand, is measured as the crossover point for
G’ and G”.

For the determination of the structural recovery capacity of the inks, a relation
of the ink’s viscosity after the high shear rate process and before it was

calculated, as expressed in equation 2.1.
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Structural Recovery = Tas 100 (equation 2.1)
NBs
where ngs i the viscosity of the material before the high shear rate process and
nas is the viscosity after the high shear rate process; in both cases the viscosity

was measured after 60 seconds of the beginning of that part of the test.
2.5. Physico-chemical characterization
2.5.1. Gel Permeation Chromatography

Average molecular weight (Mw) and polydispersity index (Pl) of the
synthesized polyurethane-urea was determined by Gel Permeation
Chromatography (GPC), using a Thermo Scientific chromatograph, equipped
with an isocratic Dionex UltiMate 3000 pump and a RefractoMax 521
refractive index detector. The separation was carried out at 30 °C within four
Phenogel GPC columns from Phenomenex, with 5 um particle size and 10°,
10°%, 100 and 50 A porosities, respectively, located in an UltiMate 3000
Thermostated Colum Compartment. THF was used as mobile phase at a flow
rate of 1 mL-min. For the preparation of the sample, the polyurethane-urea
was dissolved in THF at 1 wt% and filtered by using nylon filters with 2 um

pore size. My and Pl were reported as weight average polystyrene standards.
2.5.2. Fourier Transform Infrared spectroscopy

Infrared spectra of samples were obtained by Fourier Transform Infrared
spectroscopy (FTIR) by using a Nicolet Nexus spectrometer. In this technique,
the sample is irradiated by an infrared light source of different frequencies and

the absorbed quantity for each beam is measured.

WBPUU, nanocomposites, CNF and natural extracts samples were analyzed
using a MKII Golden Gate accessory (Specac) with a diamond crystal at a

nominal incidence angle of 45° and ZnSe lens. Spectra were recorded in
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attenuated reflection (ATR) mode between 4000 and 650 cm™ averaging 32

scans with a resolution of 4 cm™.

For carbonaceous nanostructure and Salvia extract characterization, KBr pellets
(0.0025 mg sample-g* KBr) were employed for the analysis. Single-beam
spectra of the samples were obtained after averaging 32 scans in the range of

4000 to 400 cm*, with a resolution of 4 cm™.
2.5.3. Ultraviolet-Visible spectroscopy

The absorbance of graphite and graphene oxide was measured by Ultraviolet-
Visible spectrophotometry (UV-Vis), using open-top quartz cells. For sample
preparation, low concentration dispersions were prepared (0.5 g sample-mL™*
solvent) by using ethanol and deionized water for graphite and graphene oxide,
respectively. The spectra were obtained in a UV-3600 UV-VIS-NIR
spectrophotometer (Shidmazu, Kioto, Japan) in the wavelength range of 200 to
600 nm.

2.5.4. Elemental Analysis

Elemental Analysis (EA) was performed in order to determine the changes in
composition of the carbonaceous samples. For this, a Euro EA3000 Elemental
Analyzer of Eurovector was used. In this way, the sample is combusted and the
resultant products are analyzed in a chromatographic column, where a thermal
conductivity detector provides a signal of each element and then determines its

percentage.
2.5.5. X-Ray Diffraction

X-Ray Diffraction (XRD) patterns were collected by using a Philips X pert
PRO automatic diffractometer (Malvern Panalytical, Malvern, UK) operating
at 40 kV and 40 mA, in theta-theta configuration, a secondary monochromator
with Cu-Ka radiation (. = 1.5418 A) and a PIXcel solid state detector (active
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length in 20 3.347°). Data were collected from 5 to 75° 20 for cellulose
nanofibers and from 2 to 40° 26 for carbonaceous structures (step size 0.026
and time per step 80 s) at room temperature. A fixed divergence and

antiscattering slit giving a constant volume of sample illumination were used.

For cellulose nanofibers, the Crystallinity Index (C.l.) of the systems was
calculated following the equation proposed by Hermans et al. (equation 2.2)

[6].

A
C.1.(%) = (Ac +CAa) x 100 (equation 2.2.)
where Ac and A, are the areas related to the crystalline and amorphous peaks,
respectively.

For carbonaceous materials, in order to determine the distance between planes,

Bragg’s law was used [7] (equation 2.3).
nl = 2dsin 6 (equation 2.3)

In which, n is a whole number, A is the wavelength of the incident radiation, d
is the shortest distance between two successive identical planes in the crystal

and 0 is the angle of incidence of the primary rays.
2.5.6. Raman spectroscopy

For the characterization of the carbonaceous structures, Raman spectroscopy
was used. Raman spectroscopy consists on the irradiation of a sample by
monochromatic light and the analysis of scattered phonons. Dispersed phonons
will suffer frequency changes characteristic of the molecules of the sample.
Raman spectra were obtained with a Renishaw InVia spectrometer (Renishaw,
Wotton-under-Edge, UK), coupled to a Leica microscope (50X) with a laser of

514 nm wavelength (Modu Laser) at 5% potency. Data were collected in the
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range of 150-3500 cm™. Exposure time and accumulations were set at 20
seconds and 5, respectively.

2.6. Morphological characterization
2.6.1. Atomic Force Microscopy

The morphology of WBPUU was determined by Atomic Force Microscopy
(AFM). Phase images were obtained at room temperature in tapping mode,
using a Nanoscope Illa scanning probe microscope (Multimode TM Digital
instruments) with an integrated force generated by cantilever/silicon probes,
applying a resonance frequency of about 180 kHz. The cantilever had a tip

radius of 5-10 nm and was 125 pm long.

For sample preparation a drop of the WBPUU dispersion was placed in a glass
support and were spin-coated using a Spincoater P6700, operating at 1200 rpm
for 130 s.

The morphology of graphene oxide flakes was also analyzed by AFM. Height
images were obtained in a Dimension Icon (Bruker) scanning probe microscope
equipped with a Nanoscope V controller (Bruker). Tapping mode was
employed in air, using an integrated tip/cantilever (125 pum length with ca. 300

kHz resonant frequency).

For sample preparation, GO fractions were dispersed in water (0.1 mg-mL™)
using an ultrasonic tip for 1 h. A droplet of graphene oxide dispersion was put
on a prewashed silicon wafer substrate and water was eliminated by spin

coating at 1200 rpm for 120 s.
2.6.2. Scanning Electron Microscopy

The morphology of the cellulose nanofibers was analyzed via Scanning
Electron Microscopy (SEM) using a JSM-6400 scanning microscope working

at a 7 mm distance to the mat and 20 kV. Samples were coated (Quorum
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Q150TES) with a 20 nm gold coat in order to make them conductors. Nanofiber

dimensions were measured from these images via ImageJ software.

Morphology of WBPUU/CNF composites and G and rGO coated films was also
studied through SEM. Images were obtained with a FEI ESEM Quanta 200,
operating at 5-20 kV. In order to prepare samples, they were first frozen in
liquid nitrogen and a cryofracture of the cross-section was done. Samples were

held with a clamp and the analyses took place under vacuum.

The morphology of the printed and freeze-dried scaffolds was also observed by
SEM, using Field Emission Gun Scanning Electron Microscopy (FEG-SEM)
Hitachi S-4800N, at a voltage of 5 kV. Prior to the test, and in order to analyze
the cross section of prepared scaffolds, the samples were cryofractured in liquid
nitrogen and sputter coated with a thin layer of gold (~ 10 nm) in a Emitech
K550X ion sputter.

2.6.3. Transmission Electron Microscopy

In order to further analyse the morphologies of the carbonaceous
reinforcements, Transmission Electron Microscopy (TEM) analysis was
performed. Measurements were carried out on a FEI Titan Cubed G2 60-300
microscope (Thermofisher Scientific), equipped with a Schottky X-FEG field
emission electron gun, monochromator and CEOS GmbH spherical aberration
(Cs) corrector on the image side. The microscope was operated at 80 kV. The
third-order spherical aberration (Cs) was tuned to  -10 um. Images were
obtained for an underfocus of -8 nm and were recorded on a CCD camera

(2kx2k, Gatan UltraScan 1000, Gatan), using exposition times of 1s per image.

For sample preparation, 0.1 mg of the carbonaceous sample was dispersed in
20 mL of distilled water. For the dispersion of graphene in water, Salvia extract,

acting as a surfactant, was employed.
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2.7. Thermal characterization
2.7.1. Differential Scanning Calorimetry

The thermal properties of the different prepared systems were determined by
Differential Scanning Calorimetry (DSC) using a Mettler Toledo DSC 3+
equipment provided with a robotic arm and an electric intracooler as
refrigerator unit. Between 5 and 10 mg of sample were encapsulated in
aluminum pans and heated from -65 to 200 °C at a scanning rate of 10 °C min
1 in nitrogen atmosphere. From the heating thermograms, order-disorder
transition temperature (Tws), related to the short range ordering of the hard
segment segment, and enthalpy, as the maximum of the peak and the area below
the peak, respectively, as well as glass transition temperature (Tg), as the

inflection point of the curve, were determined.

The relative crystallinity or short range ordering degree of the composites was
calculated following equation 2.4, proposed by Wunderlich [8].

HS = & - 100 (equation 2.4)
w - AHHS
Where AHwusc represents the measured enthalpy of the composite transition,
whereas AHys is related to the measured enthalpy of the neat polyurethane short
range ordering transition and w is the weight fraction of the WBPUU in the

composite.
2.7.2. Thermogravimetric Analysis

The thermal stability of WBPUU, the different reinforcements and the
nanocomposites was determined by Thermogravimetric Analysis (TGA)
performed in a Mettler Toledo TGA/DSC 3+ equipment. The samples were
heated from 30 to 700 °C in a nitrogen atmosphere at a scanning rate of 10 °C
min. From the weight loss and its first derivative curves, the onset degradation

temperature (To) (calculated as temperature at which a weight loss of 5 wt%
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takes place), and the maximum degradation temperature (Tq) (calculated as the
minimum of the degradation peak in the derivative curve) were determined.

Samples between 5 and 10 mg were employed in the tests.
2.7.3. Dynamic Mechanical Analysis

The viscoelastic behavior of the prepared films, filaments and printed 3D parts
were determined by Dynamic Mechanical Analysis (DMA) using an Eplexor
100 N analyzer Gabo (Selb, Germany) equipment.

For films, filaments and 3D printed dog-bone specimens, measurements were
carried out in tensile mode from -100 to 180 °C at a scanning rate of 2 °C min
!, The initial strain was established as 0.05% and the operating frequency was
fixed at 1 Hz.

For coated 3D printed parts, measurements were performed in compression
mode. The temperature scan was maintained -100 to 180 °C at a scanning rate
of 2 °C-min. The frequency was kept in 1 Hz and a contact force of 0.50 N

was applied.
2.8. Mechanical characterization
2.8.1. Tensile tests

Tensile analysis was performed in an Instron 5967 testing machine provided
with a 500 N load cell and pneumatic grips to hold the samples. Tensile
modulus (E), stress at yield (oy), stress at break (ob) and elongation at break (&)
were determined from stress-strain curves. Five tests were carried out for each
series and average values were calculated. For neat polymer and composite
films, samples were cut in 2.8 mm in width and 0.4 mm in thickness pieces and
specimens with a length of 10 mm were tested. Filaments with a 1.75 mm
diameter were also tested with a distance between clamps of 10 mm. For FDM

3D printed parts, dog bone specimens were used, with a gauge length, width
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and thickness of 50, 3.25 and 1.3 mm, respectively. Specimens were tested at a

crosshead speed of 20 mm mintat room temperature.
2.8.2. Compression tests

For 3D printed and freeze-dried cylindrical samples (@ = 10 mm and height =
5 mm), compression tests were carried out. Tests were carried out at room
temperature using a Instron 5967 universal testing machine provided with a 500
N load cell. Compression force was applied in the normal direction from the
layer by layer printing. Samples were compressed to a fixed length of 2 mm at

a crosshead speed of 10 mm-min™,

The average value of compression modulus was calculated as the slope of the
stress-strain curve at low deformations, the stress was measured at the
maximum applied strain (60%) and densification strain as the strain at the
intersection point between the stress plateau and a line extrapolated from the
densification line. Moreover, specific Young modulus values were measured as
the ratio between each sample’s Young modulus and its density. The density of
the 3D printed and freeze-dried samples was calculated as the ratio between
their measures weight and volume. Compression values were averaged for five

specimens.

2.9. Electrical characterization
2.9.1. Electrical conductivity

Electrical properties of carbonaceous reinforcements, polyurethane/graphene
nanocomposites and coated systems were analyzed by a Keithley 4200-SCS
(Keithley Instruments) equipment for semiconductor analysis. Two point
measurements were carried out, performing 0-5 V linear scans, with 0.01 V step
and a compliance of 0.1 A. Electrical resistance (R) values were calculated from
intensity vs. voltage curves. Resistivity (p) and conductivity (o) values were

calculated using equations 2.5 and 2.6.
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A
p=R I (equation 2.5)

(equation 2.6)

where R is the resistance and A and L are the area and the length of the analyzed

sample respectively.
2.9.2. Electrostatic Force Microscopy

Electrical conductivity properties for composites that show a semiconductive
behavior were further analyzed by Electrostatic Force Microscopy (EFM). In
EFM analysis, an electrostatic field is created between the tip and the substrate.
Analyzing the phase shifts occurring due to electrostatic interactions,
conductive and insulating parts of the sample can be distinguished.
Measurements were performed with Pt/Ir coated tips (75 kHz resonant
frequency) in a Dimension ICON (Bruker) equipment, working at lift mode
(100 nm) and at room temperature. For each system, a sample size of 2 x 2 mm?
was cut and stuck to an AFM stainless steel specimen disk. To analyze the
distribution of the electrostatic field on the sample surface, bias voltages from

0 to 12V were applied to the cantilever/tip system.

2.10. Biocompatibility test

In order to analyze biocompatibility of the WBPUU and its potential for
biomedical applications, in vitro biocompatibility test were carried out, by

performing cytotoxicity and cell adhesion analysis.
2.10.1. Short-term cytotoxicity test

Cytotoxicity was evaluated following ISO 10993-5:2009 standard protocol and
by PrestoBlue® (Invitrogen), a resazurin-based solution that functions as a
colorimetric cell viability indicator. Briefly, murine fibroblasts (L929 cells)

were seeded into 96-well plates at a density of 4 x 10° cells/well in 100 uL of
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complete culture medium (Dulbecco's modified Eagle's medium (DMEM)
supplemented with sodium pyruvate 1 mM, 1% of non-essential amino acids,
1% penicillin-streptomycin and fetal bovine serum 10%). After 24 h, the
medium was replaced with 100 uL of negative control (fresh complete culture
medium), positive control (DMSO, 10% in complete culture medium) or
biomaterial’s extractive media and a 10% of PrestoBlue® was added. The
optical density (OD) was measured at 570 and 600 nm in a spectrophotometer
(Synergy HT spectrophotometer, Biotek) at different time points (0, 24, 48 and
72 h). The viability of the cells was calculated from equation 2.7. All assays
were conducted in triplicate and average values and their standard deviations
were calculated. For the in vitro biocompatibility assay, two-way analysis of
variance (ANOVA) followed by Bonferroni post-test was performed using
GraphPad Prism software (San Diego, CA, U.S.). The results were expressed
as mean = SD and values of p<0.05 were considered statistically significant

with respect to the positive control. All assays were conducted in triplicate.

Abssample

Viability (%) = x 100 (equation 2.7)

Absnegative control
where Abssmple IS the absorbance of the sample cells cultured in biomaterial’s

extractive media and Absnegative CONtrol is the absorbance of the negative control.
2.10.2. Live/Dead assay

The adhesion of the L929 cells on the surface of the materials was studied by
performing Live/Dead assay. 0.5 cm? samples were prepared and sterilized
under ultra-violet light for 30 minutes prior to analysis. The material was placed
in 24-well ultra-low attachment plate and incubated at 37 °C for 24 hours in
500 pL of a complete culture medium. After that, the medium was removed
from the wells and L929 were seeded on the surface of the material at a density
of 5 x 10* cells in 20 puL of complete culture medium and were incubated for 2

h at 37 °C to enhance cell adhesion onto the materials surface. To maintain a
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hydrated environment, 500 uL. of PBS were added in the adjacent wells plates.
After the period of adhesion, 500 puL of complete culture medium were added
to each sample. Fluorescent images were obtained in a confocal microscope
(Olympus LV500, Japan) after 3 and 7 days. The medium was removed and the
samples were rinsed twice with PBS and later dyed with Calcein AM 4 uM and
propidium iodide 5 uM in 1 mL of PBS. Finally, samples were incubated for
20 minutes at 37 °C in the dark. Live cells were observed thanks to the green
fluorescence of the Calcein AM (Aex/Aem: 495/515) and dead cells due to the
red fluorescence of the propidium iodide (Aex/Aem: 535/617 nm).

2.11. Antibacterial characterization

The antibacterial behaviour of the composites prepared with additives that often
show antimicrobial capacity (carbonaceous structures and natural extracts) was
studied. For this, antibacterial assays were performed using Gram positive
bacteria Staphylococcus aureus CECT 239, and one Gram negative,
Escherichia Coli CECT 405 in the case of graphene and Salvia extract
containing materials and Staphylococcus aureus ATCC 19213 and Escherichia
coli ATCC 10536 in Logwood, Chestnut and Alder Buckthorn extracts

containing materials.

The method was based on the Kirby-Bauer modified test. Briefly, the bacteria
inoculums were prepared by aseptically transferring 4 isolated colonies of each
microorganisms to separate test tubes containing nutrient broth and were then
incubated for 24 h at 37 °C. The inoculums were diluted to 0.5 McFarland
turbidity standard (corresponding to a concentration of 1.5-3.0 x 108 CFU/mL)
using sterilized Ringer solution. The concentrations of the bacteria dilutions
were also controlled by UV-visible spectrophotometry by measuring the
absorbance at 625 nm. Then, the bacteria solutions were inoculated in Mueller
Hinton Agar plates, using a sterilized swab. Afterwards, the sample was placed
in the center of the plate and the plates were incubated at 37 °C. The plates were

analyzed after 24 and 96 hours and the existence and diameter of an inhibition
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zone were studied, as well as the possible growth of the bacteria on the surface

of the materials.

For graphene and graphene oxide containing composites and G and rGO coated
composite films, 5 x 5 cm? samples were cut and used as is. For sample
preparation, WBPUU/natural extracts composites samples with a diameter of 6
mm were used after freeze-dried. In order to study the behavior of just the active
ingredient, natural extracts were studied by themselves. For this, solutions
containing the same mass of extract as their composite counterpart were
prepared and placed on a paper filter disc with a diameter of 6 mm, which were

later left to dry. As reference, antibiotic discs with a 6 mm diameter were used.
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3. WBPUU SYNTHESIS AND NANOENTITIES PREPARATION
3.1. Aim of the chapter

This chapter focuses on the synthesis and characterization of a waterborne
polyurethane-urea, as well as in the preparation of different types of
nanostructures which show potential in the field of nanoreinforcements. The
synthesis process of the polyurethane-urea is described and its properties are
studied. The obtaining process of cellulose nanofibers and its oxidation process
for the production of cellulose nanofibers with different degrees of
carboxylation are described. The obtaining of different types of carbonaceous
structures are also explained, more specifically the production of
nanostructuctures coming from graphite. The exfoliation process of graphene,
the different parameters affecting the production of graphene oxide and the

reduction of graphene oxide into graphene are studied.

A waterborne polyurethane-urea was synthesized and the obtained dispersion
was characterized regarding its solid content, stability, particle size and
presence of remaining isocyanate groups. A WBPUU film was prepared and
characterized as well. Its morphology, physicochemical, thermal and
mechanical properties and biocompatibility were analyzed by means of

different characterization techniques.

The characteristics of the prepared nanostructures were also studied. The effect
of the carboxylation degree on the morphology, crystalline structure,
physicochemical and thermal properties of the cellulose nanofibers was
studied. Regarding the carbonaceous structures, the effect that different
parameter during the oxidation and exfoliation process have on the production
of graphite oxide and graphene oxide were studied, analyzing their
physicochemical properties and morphology. Considering the obtained results,
parameters were selected for optimized graphene oxide obtaining.

Carbonaceous structures were further characterized by Transmission Electron
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Microscopy, Elemental Analysis, X-Ray Diffraction, Raman spectroscopy,
Fourier Transform Infrared spectroscopy, Thermogravimetric Analysis and

electrical conductivity measurements.
3.2. Synthesis of WBPUU

WBPUU was synthesized in a two-step polymerization process. The synthesis
was carried out in a 250 mL four-necked jacketed flask, equipped with a
mechanical stirrer, a thermometer and a nitrogen inlet. In the first step of the
process, the prepolymer, formed by a polyol and a diisocyante, was prepared.
The polyol chosen for this synthesis was a Priplast 3192 and the employed
diisocyanate was IPDI. Both components were added to the flask with 0.037
wt.% of a catalyst, DBTL, and the mixture was left to react for 5 h at 100 °C.
The reaction was then cooled down to 50 °C, where the internal emulsifier, in
this case DMPA, neutralized with TEA was added, dissolved in a small amount
of acetone. The reaction was kept under stirring for 1 more hour. Then the
second step of the reaction was carried out, the phase inversion. Before this
could take place, the reaction was first cooled until room temperature, in order
to avoid isocyanate reaction with water. Under vigorous stirring, deionized
water was added dropwise, using a peristaltic pump. Lastly, the reaction was
heated to 35 °C and the chain extender, EDA, was added and left to react for 2
more hours, after which a WBPUU dispersion was obtained.

At low temperatures, isocyanate reactivity with amines is higher than with OH
groups, and more so than with water [1-3]. For this reason, it is necessary to

work at low temperatures during the phase inversion and chain extension steps.

A molar ratio of 1/1.1/3.5/0.6 of polyol/DMPA/IPDI/EDA was chosen for the
WBPUU, following a previously optimized protocol [27]. The reaction times
and temperatures were optimized monitoring the reaction progress with the
dibutylamine back titration method according to ASTM D 2572-97. The polyol

employed for this work was a partially crystalline bifunctional polyester polyol
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from the Priplast line of Croda polyols, synthesized from Croda Pripol™ C36
dimer fatty acids, a renewable, natural resource. The chosen polyol has a

molecular weight of 2000 g/mol.
3.2.1. Characterization of WBPUU dispersion

The obtained WBPUU aqueous dispersion was characterized regarding its
solid content, particle size, stability, pH and physico-chemical structure.

Solid content of the waterborne polyurethane-urea dispersion was determined
by weight difference. The measurements were done by duplicate, to minimize

possible errors. An average solid content of 33.0 = 0.1% was measured.

The particle size and distribution of the synthetized WBPUU dispersion were
analyzed by dynamic light scattering. The particle size is an important
parameter when studying the stability of the WBPUU dispersion. Dispersions
with larger particle sizes tend to be less stable, due to the precipitation of these
particles. On the other hand, dispersions with small particle sizes have better
stability, thanks to the formation of thicker electrochemical double layer [4,5].
Results showed an average particle size of 100.9 + 0.5 nm with a polydispersity
of 0.08. Moreover, the particle size was also measured after 6 months, and did
not change significantly, 104.7 + 0.6 nm, denoting that the synthesized
dispersion is stable for prolonged periods of time.

In order to further study dispersion stability, zeta potential tests were carried
out. The zeta potential value obtained for the WBPUU dispersion was -63.12
mV. As far as the stability of the dispersion is concerned, WBPUU dispersion
presented a zeta potential below -30 mV, thus proving the stability of the
synthesized material, since stable dispersions show a zeta potential above +30
mV and below -30 mV [6].
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pH measured for WBPUU dispersion was 7.3 £ 0.2. This value was similar to
those reported in the literature for waterborne polyurethanes [4-6]. pH

measurements help corroborate a successful reaction of components.

To further study the complete consumption of isocyanate groups, FTIR
analysis was carried out. FTIR spectrum for WBPUU dispersion is shown in
Figure 3.1. Besides the bands of water being very pronounced on the spectrum,
bands typical of polyurethanes can also be observed, from which the presence
of unreacted isocyanate can be determined. When free isocyanate groups are
present, a band appears at 2270 cm™ [10], as this band was not observed in the

spectrum, this fact indicated a complete reaction of isocyanate groups.

2270 em’
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Figure 3.1. FTIR spectrum for WBPUU dispersion
3.2.2. Characterization of WBPUU film

A film with an approximate thickness of 0.4 mm was prepared in an 8 x 8 cm?
Teflon mold. 9.7 mL of WBPUU dispersion was poured on the mold and left
to dry at room temperature for 7 days, followed by 3 days under vacuum (400
mbar) to completely eliminate any entrapped residual water. A photograph of

the prepared WBPUU film can be seen in Figure 3.2.
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Figure 3.2. Photograph of WBPUU film

WBPUU film morphology was analyzed through AFM and obtained images
are shown in Figure 3.3. Images show a homogeneous morphology formed by
bright and dark regions related with to crystalline and amorphous domains,

respectively.

As can be observed, WBPUU presented a microphase segregated structure.
The SS, corresponding to the polyol, is shown in dark contrast and shows a
spherical microstructure. Surrounding the SS, and in a shell-like structure, the
HS can be observed in a lighter color.

49.1° 384°

23.1°

Phase 600.0 nm Phase 200.0 nm

Figure 3.3. AFM phase images of WBPUU at different magnifications
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Molecular weight and polydispersity of WBPUU film was measured by GPC.
The synthesis procedure followed in this work led to a WBPUU with a high
molecular weight of 54600 g-mol* and a polydispersity of 2.8. This value is
similar and even higher to others reported in literature for similar systems [8-
10]. The addition of EDA clearly resulted in a proper extension of the chains
and long polymer chains with high molecular weight were obtained.

WBPUU structure and functional groups were analyzed through FTIR
technique. WBPUU film spectrum is shown in Figure 3.4. First, an absorption
band at 3369 cm* can be seen, which is related to the hydrogen-bonded N-H
groups of the urethane and urea functional groups [14,15]. Following this,
bands related to the symmetric and asymmetric stretching vibration of the C—
H bonds appear at 2927 and 2858 cm?, respectively [16,17]. A band at 1731
cm® can be observed, assigned to the carbonyl vibration of the polyol [18] and
urethane groups [10], followed by a shoulder at 1645 cm™ from the carbonyl
group stretching vibration of urea group [15]. The band at 1545 cm™, in amide
Il region, is related to the C-N stretching vibration and N-H bending of
urethane and urea groups [4,19]. The bands observed between 1250 and 1000

cm® are related to C-O-C stretching vibrations [9].

Transmittance (a.u.)

L ! L L ! 1
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y -1
Wavenumber (cm™)

Figure 3.4. FTIR spectrum of WBPUU film

80



WBPUU synthesis and nanoentities preparation

Moreover, and in agreement with results previously observed in the FTIR
spectrum of the WBPUU dispersion, the absence of the band at 2270 cm™*
indicated that there are no free isocyanate groups in the polymer structure.

In order to analyze the thermal transitions of the WBPUU, DSC tests were
performed. The obtained thermogram of the heating scan is represented in
Figure 3.5. Thermogram shows the glass transition of the soft segment (Tgss)
at -52.0 °C, followed by a melting related to the hard segment transition, at a
temperature (Tws) of 81.4 °C and with an enthalpy (AHws) of 10.5 J-g. This
peak is not too sharp and extends over a wide temperature range. This
endothermic peak can be due to a disordering of the short range ordered hard
segment domains [20], due to the use of non-symetrical isocyanate which
results in shorter range ordering in the system. It is worth noting that, despite
the materials being vacuum dried, residual water could remain on the sample
and, whose removal temperature would match the observed Twus. However, the
melting of the polymer taking place at that temperature was corroborated since
the melting process was visible.

Heat Flow (J/g-°C)
T

05

0.0

1 L 1 1 L
-50 0 50 100 150 200

I'emperature (°C)

Figure 3.5. DSC curve of WBPPUU film

The degradation process of the WBPUU was analyzed through TGA.

Thermogram curve, as well as fist derivative curve, are shown in Figure 3.6.
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Figure 3.6. TGA and DTG (inset) curve for WBPUU film

The thermal degradation of the polyurethane took places in two steps. In the
first step, the thermal degradation of the hard domain occured, whereas in the
second step degradation of soft segment took place. Derivative curve shows a
peak around 330 °C with a shoulder around 265 °C related to the degradation
of urethane and urea groups in the hard segment, respectively. The second step
is centered around 400 °C and it is related to the degradation of the soft domain,
mainly formed by the polyol [21].

Cytotoxicity analyses, using L929 murine fibroblast cells, were carried out in
order to analyze the biocompatible behavior of the synth+esized WBPUU.
Figure 3.7a shows short term cell viability with respect to the negative control,
after 24, 48 and 72 hours. WBPUU showed higher viability values than the
acceptable minimum establishes by the 1ISO 10993-5 (70% of the negative

control value), proving a non-toxic behavior of the material.

On the other hand, cell adhesion and proliferation assays were also performed
(Figure 3.7b). It could be observed that after three days the cells were viable
(cells in green) and they showed a homogenous distribution throughout the
surface of the WBPUU film. The amount of dead cells, marked in red, was
very low. The cellular density was shown to be very high, leaving very few

uncolonized zones. After a week, this behavior continued, with an even higher
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density of the viable cells. At this point, the cell density was so high, that cells
had begun to grow on top of each other.

The viability study of the L929 cells showed a good adhesion and proliferation
taken place on the material, thus, the material proved to be a perfect
environment for the adhesion and growth of the cells.
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Figure 3.7. a) Viability of L929 murine fibroblast cells on WBPUU as function of
incubation time. *Dashed line represents the maximum value of viability given by the
negative control and dotted line represents the minimum acceptable viability value.
b) Adhesion and viability of L929 cells on WBPUU after 3 and 7 days. Images

obtained by confocal microscopy (20x) and scale bar represents 100 um
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3.3. Isolation and functionalization of CNF

Cellulose nanofiber were prepared parting from bleached hardwood kraft pulp
(bHKP) and were later treated to obtain carboxylated fibers.

Initially, bHKP sheets, cut in 2-4 cm? pieces, were soaked in tap water for 24
h, in order to allow a complete swelling. The mixture was then dispersed
mechanically until no agglomeration of fibers could be observed, and the final
consistency was then adjusted to 1 wt.%. An unmodified CNF sample (CNFO)
was obtained directly from this pulp suspension by passing it through a
Masuko Supermass Colloider (MKZA10-15J) until no microstructure were

seen under an optical microscope, which happened after 10 passes.

On the other hand, in order to add carboxylic groups to the CNF structure, the
pulp suspension was subjected to a sequential periodate-chlorite oxidation
(Figure 1.6) [22,23]. First, 5 g of cellulose fibers were dispersed in 500 g
deionized water. 3.33 g of sodium metaperiodate (50% molar ratio of cellulose
anhydroglucopyranose units, 0.03 M overall concentration) and 14.5 g of NaCl
(0.75 M) were added and the mixture was allowed to react under total darkness
and agitation for alternatively 2 and 24 h, in order to prepare CNFs with
different carboxylation degrees. Afterwards, both mixtures were washed four
times with deionized water and used as starting material for the second
oxidation reaction. In this second reaction, a new 500 g deionized water
suspension was prepared with 5 g of dialdehyde cellulose fibers resulting from
the previous step, and it was mixed with 3.5 g of NaClO; (0.04 M
concentration), 14.5 g of NaCl (0.75 M) and 3.3 g of H,O,. The mixtures were
left to react for 2 h at room temperature, while maintaining their pH between
4.2 and 4.5 by dropwise addition of NaOH 0.5 N. The slight excess of chlorite
is expected to fully convert aldehyde groups introduced by periodate into
carboxylic groups with the aid of the co-oxidant hydrogen peroxide. In both
oxidation reactions, the presence of sodium chloride increases the ionic

strength of the medium boosting up the efficiency of the reactions due to the
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decrease of the electrical double layer [24]. Finally, the reaction mixtures were
filtered and the dicarboxylated cellulose fibers washed repeatedly with

deionized water.

The carboxylated cellulose preparations were fully disintegrated in the Masuko
Supermass Colloider until no presence of the fiber wall could be found under
the optical microscope, what happened only after 8 and 3 passes for CNF1 and
CNF2, respectively, due to the strong effect of carboxylated groups on
fibrillation, via repulsive forces. Table 3.1. summarizes the name and
characteristics of the three CNF preparations. The cellulose nanofibers with

three different carboxylation degrees were named as CNFO, CNF1 and CNF2.

Table 3.1. Characteristics of the CNF preparations used in this study

Name
Treatment CNFO0 CNF1 CNF2
104 oxidation time (h) - 2 24
ClO; oxidation time (h) - 2 2
#Passes Masuko 10 8 3

The carboxyl group concentration of the different types of nanocellulose
systems was measured via conductometric titration [22,23]. The measured
values were 0.14 mmol-g* for CNFO, and it went up to 0.59 and 0.88 mmol-g-
! for CNF1 and CNF2, respectively. As it can be observed, systems showed a
higher carboxylation degree after having undergone chemical treatments,
increasing as the periodate-oxidation time increases, proving a good oxidation

process.
3.3.1. Characterization of CNF

Scanning Electron Microscopy was used to study the morphology of the
nanofibers. SEM images of the nanofibers are shown in Figure 3.8. In all CNF
systems, the applied chemical and mechanical treatments resulted in a network

of nanofibers of 15-30 nm in diameter and several micrometers in length. No
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significant differences were observed regarding fiber size regardless the
carboxylation degree.

@ =227+4.6nm ¢ =226+3.1nm

P=227+59nm
Figure 3.8. SEM images of cellulose nanofibers with different carboxylation degrees:
a) CNFO0, b) CNF1 and c¢) CNF2

Crystallinity degree changes of cellulose nanofibers were studied by means of

XRD technique and obtained diffractograms are shown in Figure 3.9a.

All nanofiber’s diffractograms showed the characteristic diffraction peaks of
cellulose | at 15, 16.5, 23 and 34°, related to (101), (101), (002) and (040)
crystallographic planes [25].

In order to further analyze these results, diffraction curves were deconvoluted
by the Lorentz function (Figure 3.9b), in the aforementioned diffraction peaks
and an amorphous peak at 21.5° [26]. The Crystallinity Index (C.1.) of cellulose
nanofibers was calculated following the equation proposed by Hermans et al.
(equation 2.2) [27].
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Figure 3.9. a) XRD diffractograms of cellulose nanofibers with different

carboxylation degrees and b) deconvolution of peaks for CNF1 sample

The calculated crystallinity index for CNFO, CNF1 and CNF2 are shown in
Table 3.2. Cellulose nanofibers with higher carboxylation degree showed

lower crystallinity index. The undergone chemical treatment allowed the

insertion of carboxyl groups, but during this process, and due to the opening
of the glucopyranose rings, the crystalline structure was damaged and, thus,

less crystalline cellulose nanofibers nets were obtained [28,29].

Table 3.2. Crystallinity index of nanofibers with different carboxylation degrees

Sample C.1. (%)
CNFO 79
CNF1 68
CNF2 61
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Fourier Transform Infrared spectra of cellulose nanofibers are represented in
Figure 3.10. All systems showed a very pronounced band in the 3000-3700 cm
! range, corresponding to the stretching vibration of the O-H groups. At 2900-
2800 cm?, a band assigned to the C-H stretching vibration is present [30],
followed by a band at 1635 cm™ of the absorbed water [31]. At 1429 cm™? the
band of the symmetric bending of CH, can be observed [32]. The bands
situated at 1160 and 897 cm™ are attributed to C-O-C asymmetric stretching in
B-glycosidic linkages, and the band at 1031 cm? to C-O stretching at C6
[24,26-28].

Transmittance (a.u.)
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Figure 3.10. FTIR spectra of cellulose nanofibers with different degrees of

carboxylation

Differences of the three prepared CNF systems can be seen when further
analyzing the carbonyl stretching vibration region (dotted lines in Figure 3.10).
The wavenumber value at which this band appears can be affected by the
humidity, temperature and pH of the sample, as well as by the protonation state
of the carbonyl groups [35]. When protonated, this band appears at 1735 cm™,
whereas when in salt form it shifts to lower wavenumbers, around 1610 cm™™.
For CNFO, only a small shoulder at 1735 cm™ can be seen, just before the
absorbed water band. On the other hand, for CNF1 and CNF2, the bands
corresponding to protonated and unprotonated carboxyl groups can both be

seen. CNF1 shows the same shoulder at 1735 cm™ observed for CNFO.
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However, a new band can be observed at 1610 cm™, related to the COONa
groups. In the case of CNF2, both bands can be clearly distinguished by two
noticeable bands, at 1610 and 1742 cm™. The more pronounced band in the
CNF2 spectrum suggests a higher presence of COOH groups. Moreover, the
formation of COONa is also seen in the increase of intensity of the band located
at 1430 cm™ in CNF1 and CNF2 spectra [36].

The thermogram curves of cellulose, obtained from thermogravimetric
analysis, are shown in Figure 3.11 and the characteristic temperatures are
reported in Table 3.3. A small weight loss at low temperatures took place, due
to the elimination of absorbed water from the fibers. As can be seen in CNFO
derivative curve, this nanofiber system presented a one-step degradation
process, centered at 346 °C and starting around 220 °C, related to the

degradation of cellulose crystalline domains.

Weight (%)

——CNFO
20 - ——CNFL
CNF2

| ) | | | !
100 200 300 400 500 600 700
Temperature (°C)

Figure 3.11. TGA and DTG (inset) curves of cellulose nanofibers with different

degrees of carboxylation

A change in the degradation process can be observed for carboxylated fibers.
As can be seen in DTG curves, the degradation of the carboxylated systems
took place at lower degradation temperatures than CNFO ones, being the

maximum degradation temperature located at 322 and 320 °C, for CNF1 and
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CNF2, respectively, while for CNFO it took place at 346 °C. The onset
degradation temperature, calculated as the temperature at which a weight loss
of 5 wt% takes place, also shifted to lower temperature values for carboxylated
systems. This fact is attributed to the damaging of the crystalline structure
taken place during the carboxylation process, as observed by the reduction of
crystallinity index values [28]. Moreover, CNF1 and CNF2 DTG curves show
also an intense shoulder at 230 °C, that has been attributed in the literature to

their nanometric size and the larger amount of free ends present [30].

Table 3.3. Thermal degradation behavior of cellulose nanofibers with different

degrees of carboxylation

Tonset T max Char Residue
Sample ¢C) ¢C) (%)
CNFO 282 346 34.3
CNF1 232 320 36.7
CNF2 233 322 38.5

Table 3.3 summarizes the onset and maximum degradation temperatures
shown by the nanofiber systems, as well as the remaining char after 600 °C.
Systems with higher carboxylation degree showed high char remaining. The
carboxyl groups in the surface difficulted their decomposition into smaller
units [37].

3.4. Obtaining of graphene oxide and graphene
3.4.1. Isolation of graphene

Graphene was obtained by exfoliation of graphite with sonication (Figure
3.12), following the process described by Ugarte et al. [38]. Briefly, 20 g of
graphite flakes were sonicated in 1500 mL NMP for 100 hours in an ultrasonic
bath. The obtained dispersion was afterwards centrifuged at 4000 rpm, in order
to separate and keep the smallest fractions, and filtered. Obtained graphene
was left to dry at 50 °C for 24 h.
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Figure 3.12. Scheme of the graphene obtaining process
3.4.2. Obtaining of graphene oxide

Graphene oxide (GO) was obtained from graphite using the modified
Hummers’ method [39]. Graphite flakes (1 g) were mixed with 0.5 g of NaNOs
and 23 mL H,SO4 and left to react for half an hour in an iced water bath under
magnetic agitation. After that, 3 g of KMnO, was added and was left to react
for 2 more hours, until a purple color could be seen. Thereafter, it was heated
to 35 °C for 30 min and 46 mL of deionized water was added drop by drop.
The mixture was moved to an oil bath heated to 98 °C and maintained during
two different oxidation times, 15 min and 30 min. Finally, 10 mL of H.O. was
added slowly. The mixture was kept under agitation until the formation of
bubbles stopped and it reach room temperature and, then, 150 mL water was
added.

A vyellow-like mixture was obtained. The mixture was washed through
centrifugation, 5 times with 5% HCI to get rid of Mn ions, and afterwards with
deionized water until a neutral pH was measured. Finally, the mixture was
filtered through polyamide filters (Sartorious, 0.2 um pore size) and was dried
at 50 °C for 24 h. Graphite oxide films, GrO15 (oxidation time = 15 min) and

GrO30 (oxidation time = 30 min), were obtained.
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The obtained graphite oxide was exfoliated in water (5 mg-mL™?), by
ultrasonication using a sonication probe. Samples prepared with the longest
oxidation time (GrO30) were ultrasonicated for 3 h and 4 h, and were
designated as GO30S and GO30L, respectively. The resulting graphene oxide
flakes were then size selected by centrifugation. First, they were centrifuged at
4000 rpm for 45 min and the supernatant fraction was collected. This was done
for GO30L and GO30S and collected fractions were named GO30L-4000 and
GO30S-4000, respectively. The remaining sediment of GO30L-4000 fraction
was redispersed in water using an ultrasonic bath for 15 minutes.
Centrifugation and dispersion steps were repeated for 2000 and 1000 rpm
centrifugation rates to obtain size-selected graphene oxide flakes [40], and
were named GO30L-2000 and GO30L-1000, respectively.

The supernatant fractions were filtered through polyamide filters and dried for
48 h at room temperature. A summary of the oxidation time, exfoliation time

and size-selection of each system can be seen in Table 3.4.

Table 3.4. Designation and treatment of GO fractions

Sample C_)xidatign UItra_lsonication Centrifugation
time (min) time (h) rate (rpm)
GrO15 15 - -
GrO30 30 - -
GO30L 30 4 -
GO30S 30 3 -
GO30L-4000 30 4 4000
GO30L-2000 30 4 2000
GO30L-1000 30 4 1000
G030S-4000 30 3 4000

3.4.3. Reduction of graphene oxide

There are different methods to reduce GO and achieve a graphene-like
structure, depending in the method and conditions used different structures will

be obtained. In this study, reduction of GO was carried out by two different
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methods, a thermal treatment and a chemical treatment. The obtained materials

were analyzed in order to select the most interesting one.

For thermally reduced graphene oxide (rGOt), GO was kept at 500 °C for 30
min, during that time the oxygen containing groups were reduced and thus
rGOr was obtained. For the chemical reduction, ascorbic acid was employed.
The GO was submerged in ascorbic acid and was kept at 95 °C for 2 hours.
Afterwards, it was clean with water and was left to dry and chemically reduced

graphene oxide (rGOc) was obtained.

The scheme of the obtaining process of graphene oxide and reduced graphene

oxide is shown in Figure 3.13.

GRAPHITE

REDUCED
@ GRAPHENE OXIDE GRAPHENE OXIDE

Hummer’s Thermal or chemical
method ; reduction

o Gt Hisdoen @ O

Figure 3.13. Schematic representation of obtaining of graphene oxide and reduced

graphene oxide
3.4.4. Characterization of different GO systems
Effect of the oxidation time

FTIR analyses were carried out, in order to analyse the formation of funtional
groups in the graphite structure during the oxidation process and the effect of

the oxidation time. FTIR spectra of graphite, GrO15 and GrO30 are shown in
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Figure 3.14. Graphite (Gr) spectra shows no significant bands throughout it,
but only at 1590 cm™ a band corresponding to the C=C bonds is present [41].
However, other additional very low intensity bands can be seen at 3419, 2924,
2854, 1118, 1041 cm?, which reflect small defects in the graphite structure.

After oxidation process, new bands corresponding to the new funtional groups
appeared, proving a successful oxidation. Both oxidized systems showed a
pronounced band around 3400 cm, which was attributed to the vibration of
the O-H groups from the new hydroxide and carboxylic acid groups [42]. A
band realed to the O-H bending is also present around 1640 cm™. The C=0
bonds of the new carboxylic groups resulted also in a band at 1735 cm™ [43].
A band at 1050 cm™? can also be observed, corresponging to the stretching
vibration of C-O-C [44].

The spectra obtained for GrO samples confirmed the success introduction of
oxygen-containing funtional groups on the graphite structure. Regarding the
effect of oxidation time, no significant diffrerences were observed in the
spectra of GrO15 and GrO30.
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Figure 3.14. FTIR spectra of graphite, GrO15, and GrO30 samples

The effect of the oxidation time on the graphite structure can also be assessed

by UV-Vis spectroscopy. Gr spectrum (Figure 3.15) showed no significant
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peaks throughout the wavelength scan. However, after oxidation, samples
showed two absorption maximums, at 230 nm and at 300 nm. The peak around
230 nm can be attributed to the n-n* transitions of aromatic C-C bonds, while
the peak at 300 nm corresponds to the n-m* transitions of carbonyl (C=0)
groups [44,45] and both can be bathochromically shifted by conjugation [46].
The UV-Vis spectra, in agreement with FTIR spectra, corroborated a

successful oxidation process of graphite.

Small differences in the n-n* peak position can be observed for the systems
prepared with different oxidation times. For GrO15, the maximum of the peak
appeared at 233 nm, whereas for GrO30 it shifted to 231 nm. This change in
wavelength suggests a higher disruption of the sp? domain, thereby reducing
the concentration of 7 electrons, and thus, more energy is needed for the n-n*
transitions [44,47]. This small shift could suggest a higher oxidation degree for
GrO30.
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Figure 3.15. UV-Vis spectra of graphite, GrO15, and GrO30 samples

In order to analyze changes taken place on the graphite structure, Raman
spectroscopy analyses were carried out. Raman spectra for graphite, GrO15
and GrO30 were normalized to the G band and spectra are shown in Figure
3.16. All spectra show the typical G, D and 2D bands of carbon based

materials. The G band, around 1570 cm, is attributed to sp? atoms, the D band,

95



Chapter 3

near 1354 cm, to the presence of defects, and the 2D band, at 2700 cm?, to
the second order of zone boundary phonons [28]. These three bands can be
observed in the graphite spectrum, however, intensity of the D band is very
reduced, signaling a low degree of disorder.

The oxidation process resulted in materials with very altered structures. In the
oxidized systems the G band shifted to higher Raman shifts, being it 1596 and
1600 cm for GrO15 and GrO30, respectively. This shift to higher values was
attributed to the formation of new sp? carbon atoms in the graphite lattice [51].
Moreover, a very significant change in the intensity of the D peak can be
observed. This increase was attributed to the formation of more defects in the
structure, which were formed when new functional groups were introduced,
thus disturbing the order in the graphite structure. Both spectra of the two kinds
of graphite oxide, GrO15 and GrO30, showed also a band at 2950 cm, related
to the combination of the D and D’ phonons [48,49]. Furthermore, a decrease
in the intensity of the 2D band can also be seen for GrO30, signaling the
breaking of the staking order of graphene sheets [50], due to the oxidation
taken place and signaling to a higher degree of oxidation for GrO30, agreeing
with UV-Vis results.
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Figure 3.16. Raman spectra of graphite, GrO15, and GrO30 samples
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In order to further study the degree of disorder, the intensity ratio of D and G
bands (Io/lg) is often used [38]. This ratio can also be used to calculate
crystallite size, using the equation proposed by Cancodo et al. [51] (equation
3.1). The Ip/lg ratios and crystal size values obtained for graphite, GrO15, and
GrO30 samples are shown in Table .3.5.

_ @24 1070t
T b/l

(equation 3.1)

where L, is the average size of the sp? domain crystals and A is the input laser

energy.

It can be observed that higher degrees of oxidation result in a higher Ip/lg ratio
value, signaling a higher degree of disorder. The introduction of new oxygen
containing groups to the graphite structure disrupted the ordering of the
graphene layering. Higher oxidation degrees resulted also in smaller
crystallites.[42,52].

Table 3.5. Ip/lg ratios and L, values for graphite, GrO15, and GrO30 samples

Sample Io/ls La (nm)
Graphite 0.06 264.4
GrO15 0.81 20.7
GrO30 0.85 19.8

To study the crystalline structure of the systems, X-Ray analyses were
performed. The resulting diffractograms for graphite, GrO15 and GrO30 are
shown in Figure 3.17. Graphite diffractogram shows a very pronounced peak
at 20=26.63°, corresponding to (002) plane [52,53] and taken as indicative of
pure graphite [45]. For GrO15 and GrO30 this peak was still present,
suggesting the systems were not completely oxidized, maintaining still some

pure graphite structures.

However, for both oxidized systems a new peak appeared at lower angles, 26
= 10.63° for GrO15 and at 26 = 10.53° for GrO30. This new peak was
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attributed to the intercalation of oxygen containing groups between GO layers
[52]. The 26 value at which this peak appears depends on the degree of
oxidation and the newly formed groups. In the current study this peak appeared
at slightly lower 20 values for GrO30. The data obtained agrees with previous
characterization techniques suggesting a higher oxidation degree for GrO30
system.

—Gt
—Gr015
GrO30
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Figure 3.17. XRD patterns obtained for graphite, GrO15 and GrO30 samples

The interplanar distances for the three systems were calculated according to
Bragg’s law (equation 2.3), results are shown in Table 3.6. It can be seen that
the oxidation process of the graphite structure increased the distance between
planes of the systems. The presence of new functional groups impeded the
closer position of graphene layers in the structure, enlarging the interplanar
distance [41,45]. This larger distance was proportional to the degree of
oxidation, being it slightly bigger for GrO30.

Table 3.6. Interplanar distance (d) values calculated for graphite, GrO15, and

GrO30
Sample 20 (°) d (nm)
Graphite 26.63 0.34
GrO15 10.63 0.83
Gro30 10.53 0.84
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Considering all different characterization techniques employed, it was
observed that results show a successful oxidation of the samples through the
method used and a higher degree of oxidation was determined for GrO30. In
view of these results, the sample GrO30 was chosen and was subjected to an
exfoliation and posterior centrifugation process to eliminate the residual
graphite fraction and obtain small-thickness graphene oxide flakes, according
to the previously described procedure. The GrO30 sample was selected due to
the higher content of oxygen-containing hydrophilic groups that make graphite

oxide easier to exfoliate in a polar medium.
Exfoliation and size selection of graphene oxide

Graphite oxide flakes were exfoliated into graphene oxide by ultrasonication
and were later size selected by centrifugation, as previously described. In order
to study the differences of the different separated fractions, GO30S-4000,
GO30L-4000, GO30L-2000 and GO30L-1000 were characterized. Prepared
samples were analyzed by XRD and AFM, in order to assess changes in

crystalline structure and morphology.

X-Ray analysis was performed for samples ultrasonicated at different times
and centrifuged at different rates, to study the effect these parameters have on
the structure of the samples. Obtained diffractograms can be seen in Figure
3.18. The presence of graphite on the systems is seen by the intensity of the
peak at 26 = 26°. It can be observed that the content of residual graphite
decreased as the centrifugation rate increased, being it almost non-existent for
GO30L-4000 and most pronounced for GO30L-1000. This decrease was
attributed to a good exfoliation during the sonication process [45] and, thus, a
successful elimination of the bigger graphitic structures through
centrifugation. Regarding the effect of the ultrasonication time, it can be
observed that for a longer sonication time a better exfoliation of the systems
was obtained. The graphite peak in GO30S-4000 diffractogram was
significantly more pronounced than in the case of GO30L-4000.
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Figure 3.18. XRD analysis of GO30L series and GO30S-4000

Moreover, the degree of oxidation and the distance between planes, determined
by Bragg’s Law, were also analyzed. The peak related to graphite oxide and
interplanar distance were influenced by the ultrasonication time, as well as by
the centrifugation rates (Table 3.7). Higher ultrasonication time and
centrifugation rates resulted in more exfoliated structures and a successful
separation of these exfoliated fractions. Moreover, higher centrifugation rates
allowed the obtaining of the more oxidized structures. Hence, the highest
interplanar distance were measure for GO30L-4000 [42]. For lower
centrifugation rates less exfoliated fractions remained and, thus, this distance
was smaller. In the case of GO30S-4000, the shorter ultrasonication process
did not allow for a further exfoliation and, in comparison with GO30L-4000,

shorter distances were measure.

Table 3.7. Interplanar distance (d) values for GO30L-1000, GO30L-2000, GO30L-
4000, and GO30S-4000 samples

Sample 20 (°) d (nm)
GO30L-1000 12.0 0.73
GO30L-2000 10.9 0.81
GO30L-4000 10.3 0.87
GO030S-4000 11.2 0.79
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The morphology of the different GO flakes was observed by AFM, obtained
images and the cross-sectional profiles of three arbitrarily selected flakes are
shown in Figure 3.19. Regarding flake size, it was observed that the size
distribution was more heterogeneous for GO samples centrifuged at lower
rates. GO30L-1000 and GO30L-2000 showed flake sizes of 300-500 nm. In
the GO30L-4000 sample, homogeneous flakes of size at around 250 nm were
observed. Ugarte et al. reported a similar effect on centrifugation-based size
selection of graphene [38]. When comparing samples with different sonication
times, GO30S-4000 and GO30L-4000, it can be seen that shorter sonication
times led to larger flakes. GO30S-4000 showed flakes with an average size of
450 nm. Thus, flake size proved to be dependent of both sonication time and

centrifugation rate.

Regarding thickness of the flakes, it was analyzed by cross-sectional profiles
(Figure 3.19). Once again, GO30L-1000 and GO30L-2000 showed a
heterogeneous distribution, with values ranging from 4 to 10 nm. Samples
obtained with higher centrifugation rates showed lower thickness, due to the
elimination of thicker fractions in the centrifugation process. GO30L-4000
showed flakes with an average thickness of 2 nm, which may be related to few-
layer graphene oxide flakes. This value was slightly higher for GO30S-4000,
thickness of around 3 nm was measured on this system. Thickness of the flakes
was no significantly altered by the ultrasonication time, however the

centrifugation rate had a big impact in the thickness values.
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Figure 3.19. AFM height images(left) and cross-sectional profiles (right) of (a)
GO30L-1000, (b) GO30L-2000, (c) GO30L-4000, and (d) GO30S-4000 GO fractions
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Based on the obtained results it was decided to keep using the 30 min oxidation
time during the oxidation process, in order to obtain a higher degree of
oxidation. Regarding centrifugation rates, 4000 rpm was chosen, for a further
removal of remaining graphitic structures and a more homogeneous sample. In
regard of the sonication time, it was clearly observed that longer times resulted
in more broken flakes, with significantly smaller flakes. Different sized flakes
supply a different reinforcement effect in composites. The use of larger flakes
with a similar thickness can significantly improve mechanical properties. For
this reason, GO30S-4000 was chosen to use throughout the study and it is

named as just GO from now on.
Effect of the reduction method

In order to determine the better reduction method, obtained reduced graphene
oxide systems were characterized and compared. In order to do this, Raman
spectroscopy, X-Ray Diffraction and electrical conductivity tests were carried

out.

Raman spectra for thermally reduced and chemically reduced systems are
shown in Figure 3.20, and for comparison purposes the spectra of the parting
GO is also shown. It can be observed that the reduction method had a big impact
in the structure of the produced graphene, since both systems show significantly
different spectra.

The D band, related to defects, showed big differences depending on the
reduction method used. For chemically reduced GO, the intensity of the D band
increased, whereas the opposite happened for thermally reduced GO. For a
better analysis the degree of disorder was calculated. (Io/lg) values of 0.20 and
1.25 were obtained for rGOr and rGOc, respectively, showing a significantly
higher order in the structure produced by thermal reduction. Chemical reduction
process, however, resulted in an increase of the disorder degree of the systems.

This structural response to the reduction methods has been reported previously
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[50-52]. The increase of disorder observed for chemical reduction is attributed
to the creation of defects in the sp? domain during the reduction, due to
elimination of oxygen containing groups [57,58]. On the other hand, the lower
presence of defects shown by thermally reduced graphene oxide suggests the
reparation of the defects by reforming of the aromatic structures [59].

The reduction of graphene oxide can be seen in the shift of the G band to lower
wavelengths, due to the formation of sp? carbon atoms, characteristic of the
graphene structure [55,56]. During the reduction process this band shifted from
1596 cm™ in GO to 1589 cm™ in rGOc and 1582 cm™ in rGOr. The lower values
obtained for thermally reduced graphene oxide proved a higher reduction

obtained by this method.
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Figure 3.20. Raman spectra for thermally and chemically reduced graphene oxide,
and GO as reference

To further study the effect of the reduction method on the structure of the
obtained reduced graphene oxides, XRD analyses were performed, obtained

diffractograms are shown in Figure 3.21.

For oxidized graphene the main peak appeared at around 11°, however, with the
reduction process this peak shifts back to higher values, around 26°,

corresponding to graphene like structures. Both reduced structures showed a
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peak around 26.6°, suggesting a successful reduction process. However, wide
peaks observed in both systems signaled to only a partial reduction being
achieved, since partially oxidized graphene tends to show lower 26 [60]. For
rGOr this peak was sharper and more defined than for rGOc, pointing to a more
successful reduction being achieved. On the contrary, the wider peak of rGO¢
and the observed shoulder at lower 20 values suggested that a more limited

reduction was obtained by the chemical treatment.
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Figure 3.21. X-ray diffractograms for thermally and chemically reduced graphene

oxide

Electrical conductivity of the reduced systems was also evaluated. The degree
of reduction obtained, as well as the structure of the final material, will impact
the electrical conductive capacity of the materials. Current/\VVoltage curves of

both rGO systems are shown in Figure 3.22.

Though both systems showed similar values, it can be observed that thermally
obtained rGO shows slightly higher conductive capacity. This could be
attributed to higher degree of reduction achieved, as seen by XDR, and the

lower presence of defects in the material, as shown by Raman spectroscopy.
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Figure 3.22. Current/Voltage curves for thermally and chemically reduced graphene

oxide

The higher degree of reduction, better structure and, thus, better electrical
conductivity show thermal reduction to be a better option. For these reasons,

rGO+ was selected for further use and it is from now on referred to as rGO.

3.3.4. Characterization of carbonaceous structures: graphene, graphene

oxide and reduced graphene oxide

The selected GO and rGO systems, as well as the prepared graphene and the

parting graphite were further characterized.

Wishing to avoid the use of unnecessary VOC solvents and in order to, later,
obtain a better miscibility with the polymer prepared in aqueous dispersion, the

dispersability of the carbonaceous structures in water was assessed.

Water dispersability of graphene and graphene oxide by ultrasonication was
studied. GO was sonicated in water (5 mg-mL™) using a sonication probe for 1
hour and a good dispersion was obtained (Figure 3.23a). The functional groups
in the surface of GO facilitated the water dispersion. Graphene was sonicated
for 5 h and a poor dispersion remained (Figure 3.23b). In order to improve water

dispersability of graphene, the use of a surfactant was necessary. Plant extracts
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have shown the ability to act as natural surfactants [61] and have great affinity
with graphene due to the n-n interactions [62]. In this case a plant extract, Salvia
officinalis (E), was used as proposed by Gonzalez et al.[62], with a weight ratio
of G/E: 2/1. Salvia extracts were obtained by infusion method [63] and are
mainly composed by terpenoids, phenolic acids, flavonoids and diterpenes
[64,65].

For graphene aqueous dispersion, first the Salvia extract was dissolved in water
(2.5 mg-mL-1) and then graphene was added (5 mg-mL™?) and dispersed on it
using a probe sonicator for 6 hours. Graphene was successfully dispersed in this

water/plant extract blend (Figure 3.23c).

a) , b) C) \

Figure 3.23. Dispersability in water for a) graphene oxide, b) graphene and c)

graphene + plant extracts

The morphology of graphene and graphene oxide was analyzed by TEM.
Obtained images can be seen in Figure 3.24. Figures 3.24a and 3.24d show
well defined flakes with lengths of 650 £ 170 nm and 875 + 260 nm for G and
GO, respectively. High resolution TEM (HRTEM) images were also obtained
(Figure 3.24b and 3.24e), in which highly ordered zones can be observed.
Figure 3.24c and 3.24f show zoomed images, in which atomic distribution can
be seen and distance between atoms can be measured. In these images a
hexagonal shaped atomic distribution with an atom sitting on the center of the
hexagon can be observed (red dotted hexagons). Distances between atoms of
0.26 and 0.25 nm were measured for GO and G, respectively. This distribution

and distance are attributed to the presence of at least a bi-layer structure, as
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seen in literature [66,67]. In these cases, the second layer does not lie directly
under the layer above but is slightly displaced from it and, thus, these data are
obtained [67].

For graphene images, it can be observed that G flakes are attached to the
extracts (marked by arrow) and some holes appear on its structure (circled in
yellow in Figure 3.24a), signaling to more damages flakes. This more damaged

structure could be due to the effect of the long sonication process.

Figure 3.24. TEM images for graphene and graphene oxide

The chemical composition of the carbonaceous structures was analyzed by
elemental analysis, aiming to observe the changes produced during the
production of each material. For this purpose, elemental analysis tests were
carried out, where C, H and O contents were measured. Results can be seen on
Table 3.8.
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Table 3.8. Elemental Analyses for content of C, H and O in graphite, graphene,

graphene oxide and reduced graphene oxide

Sample C (%) H (%) O (%)
Gr 95.85 1.55 -

G 94.99 1.91 2.23

GO 55.55 2.86 38.28
rGO 90.74 2.31 6.20

Elemental analysis results show that graphite and graphene samples were
mainly composed of carbon, as was to be expected and as shown in the
literature [68,69]. However, both entities showed also some traces of H and O,
which suggested the presence of impurities in the systems. It can be observed
that for GO, the composition was significantly altered. Though mainly it was
still composed by carbon, oxygen also comprised a big part of its composition,
thus, further proving a successful oxidation process. During the thermal
reduction process, most of the oxygenated groups were eliminated and,
therefore, the oxygen content in rGO significantly decreased to lower
percentage values, while the composition of carbon increased. The hydrogen
and oxygen content shown by rGO, suggested that there are still some
remaining oxygen containing groups in the structure. These results suggest
only a partial reduction of GO, which is in agreement with previously observed
results. In the literature, for similar systems, a partial reduction of GO is
reported [70].

FTIR analysis were performed for Gr, G, GO and rGO (Figure 3.25). As
previously observed, graphite did not show many significant bands, mainly
only low intensity bands associated to small imperfections on its structure. For
graphene small changes were observed, its spectrum shows bands around 3435
and 1655 cm?, attributed to O-H stretching and bending vibrations,
respectively, suggesting the presence of water or some hydroxyl groups in the
structure [71], agreeing with elemental analysis results. For GO an overall

higher intensity spectrum was obtained, where more bands are present. GO

109



Chapter 3

spectrum shows a very intense O-H band at 3404 cm™, as well as a carbonyl
band at 1735 cm™, and bands at 1400 and 1050 cm™, attributed to tertiary C-
OH groups and C-O stretching, respectively [65-68]. Moreover, bands related
with C-H stretching vibration can be seen at 2929 and 2854 cm™. The O-H
bending band can also be seen in GO spectrum at 1630 cm™. rGO spectrum is
similar to that of GO but with significantly decreased intensity of the bands.

The presence of these bands once again suggested only a partial reduction.

Transmittance (a.u.)

4000 3500 3000 2500 2000 1500 1000

7 -1
Wavenumber (cm™)

Figure 3.25. FTIR spectra of graphite, graphene, graphene oxide and reduced

graphene oxide

The crystalline structures of the prepared carbonaceous reinforcements were
studied by X-Ray analyses and resulting diffractograms are shown in Figure
3.26. The 002 plane peak, previously observed for graphite, is also observed
in the graphene diffractogram, however, it was less sharp and with very
reduced intensity. GO diffractogram showed a small peak at 26°, due to only a
partial oxidation, but its main peak shifted to 26=11.2°. In the case of rGO the
peak shifted back to 26=26.63°, but as previously explained the peak was wider
due to only a partial reduction being achieved. This partial reduction is in
agreement with elemental analysis and FTIR results. Significantly lower

intensities shown by G, GO and rGO with respect to the parting graphite prove
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a good exfoliation during the process of obtaining of the nanoreinforcements
[76].

The interplanar distances for the carbonaceous structures were calculated using
Bragg’s Law. Interplanar distances for Gr, G, GO and rGO were calculated as
0.335 nmfor Gr and G, and 0.790 nm for GO. Distance between planes became
larger for GO due to the presence of oxygen containing groups, thus impeding
a further proximity between layers. For rGO the interplanar distance calculated
according to the 20 value of the peak maximum went back to 0.335 nm,
however the broader peak reflected a not so constant distance, but a range due

only some oxygenated groups present throughout the structure.
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Figure 3.26. X-Ray diffractograms for graphite, graphene, graphene oxide and

reduced graphene oxide

All systems were analyzed by Raman spectroscopy, in order to obtain
information of structural changes in the systems (Figure 3.27). All spectra
showed the typical G, D and 2D bands, but for G, GO and rGO a D+D’ was
also present. All spectra were normalized to the intensity of the G peak [52],
therefore changes in wavelength and peaks intensity showed the efficiency of
the process undergone to exfoliate graphite to graphene and oxidize graphite

to graphene oxide.
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The D peak for graphite showed very low intensity, due to its extremely high
order, however, for exfoliated graphene, this peak significantly increased in
intensity. The D and D’ band, related to defects, was also observed in G
diffractogram. For GO, bands related to disorder showed much higher
intensity. The formation of new oxidized groups was directly reflected in the
increase of the D and D+D’ bands. It can also be observed that the G peak
shifted to higher wavenumbers, 1599 cm, due to the formation of new sp®
carbon atoms in the graphite lattice [55]. Moreover, the 2D band intensity
decreased due to the breaking of the stacking order. rGO spectrum showed
very reduced defect bands, signaling the effective reduction of the oxygen

containing groups and a quite good reorganization of the structure.

The degree of disorder was further analyzed with the (Io/lg) ratio. The Ip/lg
ratio was calculated for graphite, graphene, GO and rGO and values of 0.06,
0.56, 0.86 and 0.20 were obtained. These values showed the almost complete
lack of defects in the graphite structure. The ratio values were higher for
graphene, and even more so for graphene oxide, suggesting the formation of
defects during their production processes. rGO showed a much lower Ip/lg
value and, thus, a much highly ordered structure. As previously seen, the
thermal reduction of GO, resulted in less defected structures, ought to the
proper reparation of the aromatic structures. Moreover, the intensity ratio
between 2D and G peaks (l20/lg) can also be used to determine the layering of
the materials. Luo et al. found that a ratio >1.6 belongs to monolayer structures,
whereas a ratio around 0.8 to bilayer structure and ratio values lower than this
correspond to multilayer structures, respectively [77]. l.o/lg calculated values
for G, GO and rGO were 0.54, 0.37 and 0.47, respectively, suggesting a very
exfoliated structure for both graphene and reduced graphene oxide and slightly

less so for graphene oxide.
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Figure 3.27. Raman spectra of graphite, graphene, graphene oxide and reduced

graphene oxide

TGA analyses were performed for all four systems (Figure 3.28). Graphite
thermogram showed a really high thermal stability characteristic of well-
ordered fully carbonaceous structures [78]. Graphene showed also high
thermal stability, however, a small weight loss starting above 100 °C and taking
place gradually in a wide temperature interval was observed, this small weight

loss was attributed to the presence of defects [79].

A significantly higher weight loss can be observed throughout the GO curve.
Two main degradation steps can be observed in the TGA and DTG curves. The
first step took place at low temperatures and was attributed to the elimination
of absorbed water. The second, and more pronounced, step was centered
around 250 °C. This mass loss was attributed to the decomposition of oxygen
containing functional groups (i.e. C=0, C-O-C and O-H) in the GO structure
[80]. After the reduction process, a higher thermal stability was restored, as
shown by rGO curve. For rGO a small weight loss related to water was seen at
low temperatures, this peak is clearly observed in the DTG curve. A slight
weight loss around 660 °C can also be observed, attributed to degradation of

the remaining oxygen containing groups [80].
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For later comparative purposes, the weight loss and DTG curves of Salvia were
included in Figure 3.28. It can be observed that after the initial humidity loss,
most of the weight loss occurred between 150 and 400 °C, which was attributed
to the decomposition of polysaccharides, and a 40% of residue remained after
the degradation process, as also seen with other plant extracts [81,82].
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Figure 3.28. TGA and DTG of graphite, graphene, graphene oxide and reduced

graphene oxide

Electrical conductive capacity of the carbonaceous structures was analyzed
measuring transmitted current when a voltage ranging from 0 to 5 V was
applied, resulting curves are shown in Figure 3.29. Resistivity and conductivity
values were calculated using equations 2.5 and 2.6. Both G and rGO showed
conductivity proper of semiconductors. Graphene showed higher conductivity
than reduced graphene oxide [83], 3,1 + 1,2 and (5,3 + 1.5) x 10 S-cm?,
respectively. Graphene oxide showed no electrical conductivity (5.6 £ 3.8) x
107 S-cm, values corresponding to insulator materials [84]. The conductivity
measured for graphene is similar to values reported in literature and lower than
those found for graphite [83]. rGO showed lower conductivity than graphene
due the only partial reduction obtained.

114



WBPUU synthesis and nanoentities preparation

0.015

0,010

Current (A)

0,005

0.000

0 1 2 8 4
Voltage (V)

Figure 3.29. Current/Voltage curves for different carbonaceous nanostructures

3.5. Conclusions

In this chapter a waterborne polyurethane-urea was synthesized parting form a
green polyol. The successful synthesis process was proven by the complete
elimination of free isocyanate groups, as seen by FTIR analyses and titration
results through the synthesis process. The obtained dispersion was
characterized and showed good stability, with small particles. Moreover, the
molecular weight of the WBPUU was studied and a high molecular weight was
measured, proving a good chain extension process. The AFM analyses showed
a micro-phase separated morphology, where the HS and the SS could be
distinguished. In order to analyze the possible use of this material in
biomedical application, biocompatibility tests were performed. WBPUU

showed promising potential, with no cytotoxicity and excellent cell adhesion.

Three types of cellulose nanofibers were produced, with varying degrees of
carboxylation, which was achieved by a periodate-clorite oxidation process. It
was observed that the incorporation of carboxyl groups damaged the cellulose
structure and, therefore, CNF systems with lower crystallinity degree were
obtained. Thermal stability was also affected, the opening of the glucopyranose
ring resulted in less stable structures that begin to degrade at lower

temperatures.
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As another type of reinforcements, carbonaceous structures were produced,
graphene, graphene oxide and reduced graphene oxide. Graphene oxide was
produced by Hummers method, and its process was optimized regarding
oxidation degree and flake size. It was observed that oxidation time affected
oxidation degree, high sonication times helped exfoliate graphite but also
broke flakes in to smaller ones, and centrifugation speed could be used to size
select the GO flakes. Therefore, longer oxidation times were used to produce
highly oxidized GO, and sonication time and centrifugation speed were
adjusted to obtain successfully exfoliated systems with size appropriate flakes.
The reduction process to obtain reduced graphene oxide was also studied,
namely chemical and thermal treatments. It was observed that thermal
reduction resulted in a more effective reduction process, with less amount of
defects on their structures and better electrical conductivity. Nonetheless, both
systems showed only a partial reduction, since some oxidized groups were still

present on their structure.

Graphene and the optimized GO and rGO were characterized and compared.
They all show extremely exfoliated structures parting from graphite as seen by
Raman, but XRD show that their production process caused defects on their
structures. Thermal stability analyses showed the good thermal stability of the
carbonaceous materials. Electrical conductive capacity of both graphene and
reduced graphene oxide was studied and it was observed that both presented
electrical conductivity in the range of semiconductive materials. rGO,
however, showed higher resistivity values, attributed to the remaining oxygen

containing groups not allowing a good electron transference.
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4. WBPUU/CNF NANOCOMPOSITE FILMS AND FILAMENTS FOR
FDM 3D PRINTING

4.1. Aim of the chapter

In this chapter, the use of cellulose nanofibers as reinforcements for a WBPUU
matrix is studied. Three different nanocelluloses, with different carboxylation
degree, are used for nanocomposite films preparation. Composites were loaded
with 1.5, 3 and 5 wt.% of CNF. Films were characterized morphologically,
physico-chemically, thermally and mechanically. The effects that the
nanocellulose content and its characteristics have on the final composite

properties were analyzed.

On the other hand, in order to study the possibility of using WBPUU/CNF
composites in FDM 3D printing, filaments were prepared and characterized.
For filament preparation, based on the results obtained in the characterization
of the films, 3 wt.% content of nanoreinforcements was chosen and two CNF
samples were selected, the unmodified CNF sample (CNFO) and one of the
carboxylated systems (CNF1). Furthermore, the effect of nanocellulose
incorporation route, in-situ and ex-situ, on the properties of the nanocomposite
filaments was studied. The prepared composites were extruded into filaments,
which were characterized by FTIR, DSC, TGA, DMA and mechanical test.
Finally, the printability of the prepared filaments was tested using FDM 3D
printing technique.

4.2. Preparation of WBPUU/CNF nanocomposite films

WBPUU/CNF nanocomposites were prepared using the WBPUU synthesized
in Chapter 3 as matrix and cellulose nanofibers with different carboxylation
degrees as reinforcements. The characteristics of different nanocellulose fibers
are summarized in Chapter 3. Nanocomposite films were prepared by solvent
casting. First, nanocellulose agueous suspensions were sonicated in a bath for

1 hour, in order to ensure a good dispersion of the fibers. After that, the
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WBPUU dispersion was added and mixtures were sonicated for 1 hour.
Nanocomposites containing 1.5, 3 and 5 wt.% of nanocellulose were prepared.
The total mass of all mixtures was adjusted with deionized water, employed
contents of each component for prepared systems can be seen in Table 4.1.

Mixtures were then poured in Teflon molds and left to dry at room temperature
for 7 days, followed by three days under vacuum (400 mbar). 8 x 8 cm? films
were prepared with a thickness of approximately 0.5 mm. Nanocomposites
were named as “xCNFy”, where “x” denotes nanocellulose wt.% respect to the
total mass of the nanocomposite and “y” refers to the type of nanocellulose
used, namely CNFO, CNF1 or CNF2.

Table 4.1. WBPUU and CNF contents for composite preparation

WBPUU CNF suspension o
Sample dispersion (g) ©) Deionized Total
(* solid content (* solid content 0.6 water (g) mass (g)
33wt.%) WE.%)
WBPUU 9.46 - 25.89 35.35
1.5CNFO 9.35 7.83 18.17 35.35
3CNFO 9.23 15.70 10.42 35.35
5CNF0 9.08 26.27 - 35.35
1.5CNF1 9.35 7.83 18.17 35.35
3CNF1 9.23 15.70 10.42 35.35
5CNF1 9.08 26.27 - 35.35
1.5CNF2 9.35 7.83 18.17 35.35
3CNF2 9.23 15.70 10.42 35.35
5CNF2 9.08 26.27 - 35.35

Neat WBPUU and nanocomposite films reinforced with 3 wt.% of cellulose
nanofibers (3CNFO) and carboxylated cellulose nanofibers (3CNF1 and
3CNF2) can be observed in Figure 4.1. Transparent films, with no significant

differences between them, were obtained for all systems.
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Figure 4.1. Photographs of the prepared films of neat WBPUU and composites

4.2.1. Characterization of nanocomposites films

Nanocomposites reinforced with different nanocellulose fibers were

characterized and the effect of the nanocellulose content and carboxylation
degree was assessed.

A cryofractured cross-section of the systems was analyzed by Scanning
Electron Microscopy to observe WBPUU morphology and CNF distribution
within the matrix. SEM images were obtained for neat WBPUU and
nanocomposites reinforced with 3 wt.% of CNFO, CNF1 and CNF2, as well as
5CNF1. SEM images of these systems are shown in Figure 4.2.

SEM images of composites containing 3 wt.% of CNF showed a good
dispersion of the fibers within the matrix, with no visible agglomerations. Even
at the highest nanocellulose content, 5 wt.%, (Figure 4.2e), a homogenous
dispersion of the fibers can still be observed. SEM images suggest good

dispersion of the fibers regardless the carboxylation degree of the CNF used,
and its content.
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Figure 4.2. SEM images for cryofractured cross-sections of a) WBPUU, b) 3CNFO, c)
3CNF1, d) 3CNF2 and e) 5CNF1

FTIR spectroscopy was used to assess possible interactions taking place
between the matrix and the nanoreinforcements employed. All spectra (Figure
4.3) showed the characteristic bands of polyurethanes discussed on Chapter 3.
A band corresponding to N-H groups of urethane and urea functional groups
can be seen for all systems, followed by a carbonyl vibration band of the polyol
and urethane groups and a band related to the carbonyl group stretching
vibration of urea groups [1-3], as well as a C-N stretching vibration and N-H
bending band of the urethane and urea groups [4,5].

134



WBPUU/CNF nanocomposite films and filaments for FDM 3D printing

WBPUU

1.5CNFO

3CNFO

SCNFO |

Transmittance (a.u.)

L 1 L L 1 L
4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm™)

b)

WBPUU

1.5CNF1

3CNF1

5CNF1

Transmittance (a.u.)
=

! ! 1 1 1 1

4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm™)

WBPUU

1.5CNF2 !

3CNF2

SCNF2 )

Transmittance (a.u.)

4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm™)

Figure 4.3. FTIR spectra of neat WBPUU and reinforced composites with different
nanocellulose contents: a) CNFO, b) CNF1 and c) CNF2
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Though all systems showed these characteristic bands, small changes were
observed with the addition of cellulose nanofibers. Spectra of reinforced
composites showed increased intensity of the band located between 3700-3100
cm, the intensity is higher for systems with higher CNF contents. Moreover,
for the nanocomposites with the highest CNF content, a slight shift of this band
to lower wavenumber values can be observed (Figure 4.3a-c). Changes in this
region suggested interactions between polyurethane N-H groups and cellulose
O-H and COOH groups. When comparing composites prepared with different
CNFs, a slight increase of the intensity of this band can be observed with the

increase of the nanocellulose.

FTIR spectra second derivative curves are used to observe changes in the
stretching bond strength and length due to variation of chemical environment
of the atoms involved in bonds. In second derivative curves, interactions taking

place and changes in wavenumber are seen by displacement of maximum peaks

[6].

Figure 4.4 shows second derivative curves for neat WBPUU and composites
reinforced with 5 wt.% of CNF, where interactions formed can be more clearly
observed. Figure 4.4a shows the 1200-1500 cm™ region, where there are no
changes between the neat WBPUU and the reinforced composites spectra.
However, in the interval of 3390-3320 cm?, differences between curves are
distinguished (Figure 4.4b). In the case of nanocomposites, the band shifted to
lower wavenumbers compared to neat WBPUU. This fact could be related to
the formation of new hydrogen bonds between matrix N-H and cellulose O-H

groups.
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Figure 4.4. Second derivative curves for WBPUU and 5 CNF composite around a)
1500-1200 cm™and b) 3390-3320 cm*

In the figure 4.5 the possible interactions between the WBPUU and the
carboxylated cellulose nanofibers are schematically represented. When
carboxylated fibers were used, in addition to O-H groups, treated fibers counte
also with carboxylic groups in their surface, able to form hydrogen bonds with

urethane and urea groups of the polyurethane.
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Figure 4.5. Schematic representation of the interactions between WBPUU and
carboxylated CNF, where Rss refers to soft segment chain and Rys to hard segment

chain

DSC test were performed to study the thermal transitions of prepared
composites films. The obtained thermograms are shown in Figure 4.6 and Table
4.2 summarizes the values of endothermic transition attributed to short range
ordering of the hard segment domains (Ths), the soft segment glass transition
(Tg) temperatures and the relative short range ordering degrees (Xus). The
relative short range ordering degree (Xus) of the composites was calculated

from equation 2.4 [7].

Table 4.2. Values of different thermal transitions observed from the DSC curves

ikl W o W M
WBPUU | -52.0 81.4 10.5 100
1.5CNFO| -52.9 83.2 12.4 117
3CNFO -53.2 81.9 13.9 132
5CNFO -52.6 85.7 15.0 142
1.5CNF1| -51.3 81.9 14.1 133
3CNF1 -53.9 86.1 15.0 142
S5CNF1 -52.3 85.1 17.4 165
1.5CNF2| -53.2 82.4 14.4 137
3CNF2 -52.5 85.4 15.8 150
S5CNF2 -51.9 86.1 16.8 159
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Figure 4.6. DSC curves of WBPUU and reinforced nanocomposites with different
nanocellulose contents: a) CNFO, b) CNF1 and c) CNF2
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It can be observed that the soft segment glass transition remained unaltered,
however, regarding the short range ordering, some changes were observed in
the transition of the composite materials. When CNF was added, the short range
ordering transition temperature and enthalpy increased and, therefore, so did
the relative short range ordering degree of the composites (Table 4.2). This
increase to higher temperatures and enthalpy values suggested interactions
between matrix and CNF, agreeing with FTIR results. The new assembling in
the materials hindered the disruption of the short range ordered structures of the

composite.

It can be seen that the addition of CNFs significantly increased the relative short
range ordering of the nanocomposites and it is worth noting that this increase
was more pronounced for carboxylated fibers, CNF1 and CNF2. Carboxylation
seems to improve the interactions between the matrix and the fibers, resulting
in composites with higher degree of short range ordering. Even for low
reinforcement contents, there was a significant increase in the Xus, going up
17% for 1.5CNFO and up to 37% for 1.5CNF2.

The thermal stability of the materials was studied by Thermogravimetric
Analysis (Figure 4.7). As happens with neat WBPUU films, the thermal
degradation of the composites took places in two steps. As it was previously
observed in Chapter 3, the first degradation step is related to the degradation of
the hard domain and it is centered around 330 °C for neat WBPUU. The second
step is related to the degradation of the soft segment and the derivative peak is
centered around 400 °C for WBPUU.
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Figure 4.7. Thermogravimetric analysis curves of neat WBPUU and composites with
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For WBPUU/CNF composites, although the degradation trend was maintained,
variations on degradation temperatures can be observed. When analyzing
composites degradation and derivative curves it is clear that a change in the
degradation of the hard segment took place. In composites, a delay in the
degradation temperatures of the urea and urethanes groups can be observed. An
improvement of the thermal stability of the materials with the addition of
cellulose nanofibers can be clearly seen. This higher thermal stability can be
attributed to the stabilization of the urethane groups and, thus, the resulting
more confined structures, caused by the interactions formed between the CNFs
and the WBPUU [8,9], which is in agreement with the data reported form DSC.
However, the degradation of the SS related with the polyol remained quite

constant.

Regarding the effect of the carboxylation of the cellulose nanofibers, there was
a slight deterioration in thermal stability for composites reinforced with
carboxylated fibers, CNF1 and CNF2, when compared to composites
reinforced with unmodified fibers, CNFO. In Chapter 3, the faster degradation
of carboxylated fibers was observed, due to their new rearranging and damages
of their crystalline structure. Therefore, for composites reinforced with
carboxylated fibers, interactions between matrix and reinforcement helped
improve thermal stability of the matrix, but the damaged crystalline zones of
the carboxylated CNFs resulted in composites with lower thermal stability than
composites reinforced with CNFO.

The effect of the addition of CNF on the thermomechanical behavior of the
material was studied by dynamic mechanical tests. The resulting storage
modulus and loss factor vs. temperature curves are shown in Figure 4.8. DMA
results showed a clear reinforcement effect of the CNFs in the
thermomechanical properties of the materials. Prior to the glass transition, a
very similar behavior can be seen for all systems. The modulus values were

higher for reinforced nanocomposites than for neat polymer. Among
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composites, composites reinforced with carboxylated fibers showed slightly
higher values than composites reinforced with CNF0. Once the rubbery state
was achieved, more significant changes were observed between neat polymer
and nanocomposites performance. At approximately -45 °C, glass transition
temperature was reached, which can be seen as a drop in the storage modulus
curve and a peak in the tan 6. From this point on, modulus curve of neat
WBPUU film continued dropping, showing poor thermomechanical stability.
This behavior was not shared by reinforced nanocomposites, for which a more
gradual drop of the storage modulus was observed. This increase in stability
and modulus values was proportional to the content of reinforcement present in

the nanocomposite.

This behavioral change can also be seen in the tan & curves. The damping peak
decreased with the addition and content of cellulose nanofibers. This fact may
be due to the new interactions created between the matrix and the fibers, which
hampered the mobility of the WBPUU chains [10]. In the tan & curves,
nanocomposites showed a second transition peak around 50 °C, which is
attributed to the breaking of the short range ordering of the hard segment
domains, as previously seen in DSC results. This transition cannot be seen for
WBPUU films, since the material started to flow and was not capable to resist
long enough to show this transition. However, for nanocomposites, CNFs
supplied a higher integrity to the systems, impeding the flowing and, thus,

presenting this new peak.

Regarding the effect of carboxylation degree, it can be seen that composites
reinforced with carboxylated fibers showed a higher enhancement in stability
and higher modulus values than composites reinforced with CNFO. As seen in
DSC results, composites with carboxylated fibers resulted in materials with a
higher amount of interactions and higher ordering degrees, which improved the

thermomechanical behavior of the materials.
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Figure 4.8. Dynamic-mechanical curves of neat WBPUU and composites with
different nanocellulose contents: a) CNF0, b) CNF1 and ¢) CNF2
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The effect of the addition of the reinforcement can also be seen when studying
the mechanical properties of the systems. Mechanical behavior was influenced
by the addition of nanoreinforcements, as can be observed in tensile
stress/strain curves shown in Figure 4.9. Tensile properties are summarized in
Table 4.3.

Table 4.3. Young modulus, stress at yield, stress at break and strain at break values
for neat WBPUU and composites reinforced with CNFO, CNF1 and CNF2

Sample Young modulus _Stress at Stress at Strain at
(MPa) yield (MPa) break (MPa)  break (%)
WBPUU 9.8+1.9 20+0.1 86+08  469.6+20.8
1.5CNFO0 119+1.38 3.1+01 126+0.6 587.7+13.7
3CNFO 525+8.5 6.6+£0.9 148+22 527.9+86.2
5CNFO0 81.7+84 8.0+0.3 109+0.2 272.3+30.1
1.5CNF1 25.6+4.8 3.7+0.1 135+1.4 5196+416
3CNF1 59.6 £ 6.2 48+0.2 115+1.7 441.0+58.6
5CNF1 173.7+19.1 9.4+0.2 13.6+0.4 393.3+51.7
1.5CNF2 124+29 32+0.1 143+13 6045+454
3CNF2 55.6 +8.7 50+0.3 144+24 506.9+994
5CNF2 98.0+11.0 6.6 £0.5 106+0.6 382.9+28.7

The addition of cellulose nanofibers to the waterborne polyurethane-urea
matrix resulted in an evident improvement of the Young modulus values. This
significant increase in value could be attributed to the increase in relative short
range ordering degree of the composites, as well as to the reinforcement effect
of CNFs. These results, as previously seen in literature [11], proved the good
interaction between both components of the composites. Regarding the effect
of the carboxylation degree of cellulose, only for nanocomposites with 5 wt.%
content of nanofibers could significant differences be observed. Composite
with 5 wt.% CNF1 showed the highest Young’s modulus, which is in
correlation with the properties observed for neat CNF1 fibers and with the short

range ordering degree observed by DSC for the nanocomposite.

The reinforcement effect of the CNF can also be seen in the stress at yield and

stress at break values of the composites. Small amounts of CNF were able to
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significantly alter these properties, with just 1.5 wt.% of nanocellulose an
increase of over 60% in the stress at yield values was obtained. In the case of
stress at break, most systems showed differences from the neat polyurethane-
urea but remained at similar values among them. Nanocomposites containing
the highest nanocellulose content showed the lowest values, which suggests the
presence of agglomerates in these composites, which is in agreement with
literature results [12]. The increase observed for stress at yield and stress at
break values suggested an effective stress transfer from the matrix to the

reinforcement.

Finally, when assessing the strain at break, it can be observed that the content
of reinforcement present had a big impact in this property. Nanocomposites
with low CNF contents (1.5 and 3 wt.%) maintained high strain at beak values,
similar and even higher than neat WBPUU. Contrarily, most studies found in
the literature show a decrease in strain to failure from the matrix, due to an
interfacial debonding which grows into a crack in the material [9,13,14].
However, there are also some works where strain to failure values are
maintained [4,8,15], modulated by reinforcement aspect ratio and matrix-
reinforcement interaction, resulting in overall mechanically improved
composites. For nanocomposites prepared with 5 wt.% of CNF, the strain at
break suffered a drop in values, this behavior agrees with the possible

agglomeration of nanofibers suggested by stress at break values.

It can be concluded that both content and type of cellulose had a significant
effect on the mechanical properties of the nanocomposites. Being the most

significant changes observed for Young modulus and stress at yield values.
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Figure 4.9. Stress/Strain curves for neat WBPUU and composites with different
nanocellulose contents: a) CNFO, b) CNF1 and c) CNF2
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4.3. Preparation of WBPUU/CNF filaments

In order to assess the use of WBPUU/CNF composites in FDM 3D printing,
filaments were prepared. For filament preparation unmodified fibers (CNFO)
and one of the carboxylated fibers, CNF1, were used. CNF1 was chosen over
CNF2 due to its less damaged structure and good properties shown by prepared
composites. It has been observed that the incorporation method of the
reinforcement can also alter composite properties [8]. Thus, two incorporation
routes, ex-situ and in-situ, were used when preparing filaments containing 3
wt.% of cellulose nanofibers. In ex-situ method, where fibers were incorporated
by sonication of the WBPUU and the reinforcement, and in-situ, where fibers
were added during the synthesis of the WBPUU.

For ex-situ method, composites were prepared following the same procedure as
previously explained for WBPUU/CNF nanocomposite films. First, a good
water dispersion of the reinforcements was ensured. CNFO and CNF1, already
in aqueous dispersion (6 mg-mL™), were sonicated for 1 hour in a sonication
bath for a better dispersion and then the WBPUU was added, and the new
mixtures were further sonicated for 1 hour. For in-situ method, the CNF
suspensions were also sonicated for a good dispersion and these aqueous
dispersions were later added drop by drop to the synthesis during the phase
inversion step. Each composite preparation, as well as the neat polyurethane-
urea, was poured in Teflon molds and left to dry as previously explained. Thus,
films were obtained for the neat polymer (WBPUU), the ex-situ prepared
nanocomposites (3CNFOex, 3CNF1ex) and in-situ prepared nanocomposites
(3CNFOn, 3CNF1y).

For filament preparation, prepared films were pelletized and 0.3 g of pellets
were fed every 25 s in a twin screw extruder, HAAKE MiniLab extruder,
working at 50 rpm. Extrusion temperature was optimized for each system,
WBPUU was extruded at 160 °C, whereas WBPUU/CNF composites needed a

higher temperature, ex-situ and in-situ composites were extruded at 180 °C and
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190 °C, respectively. The filaments were extruded directly from a 1.75 mm
diameter nozzle onto a conveyer belt where they cooled down and completely
solidified. Prepared filaments of neat WBPUU and nanocomposites were
named FWBPUU, F3CNFO0ex, F3CNFOn, F3CNF1ex, F3CNF1 .

4.3.1. Characterization of WBPUU/CNF filaments

Prepared filaments were characterized regarding physico-chemical, thermal
and mechanical properties.

Filament pictures are shown in Figure 4.10. As it can be observed, FWBPUU
had a translucent aspect, which changed with the addition of the
nanoreinforcements. WBPUU/CNFO filaments showed a slightly more yellow
tonality, more noticeable for the composite prepared by in-situ method. This
yellow tonality was also seen in CNF1-reinforced filaments, for these materials
this yellow-brownish color was more intense. This change in the pigmentation
during the extrusion process of the composites could indicate the cellulose
beginning to degrade. Thermoxidative conditions used in addition to the shear
stress suffered by the materials could have started to degrade the materials. The
darker tonality shown by nanocomposites containing carboxylated cellulose
nanofibers agrees with the faster degradation observed for CNF1 in TGA
(Chapter 3).

It is also worth noting that the extrusion of composites containing cellulose was
more difficult to control and needed a higher extrusion temperature than neat
polyurethane-urea. The worse flux of nanocomposite materials and the
obstruction of the nozzle resulted in a high variation of the obtained filaments’

diameter.
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F3CNF1ex F3CNF1n

Figure 4.10. Photographs of neat WBPUU and WBPUU/CNF filaments

Fourier Transform Infrared spectroscopy analyses were carried out for filament
systems, in order to assess possible interactions taken place between the
WBPUU matrix and the nanoreinforcements. FTIR spectra of WBPUU

filament and nanocomposite filaments are shown in Figure 4.11.

As happened for composites films, when reinforcements are added, spectra
show only differences in the N-H band, where this band was displaced to lower
wavenumbers for composites, indicating hydrogen bonds taking place. This
change took place for all WBPUU/CNF composite filaments, however no
differences were observed based on the type of cellulose employed or the

incorporation route.
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Figure 4.11. FTIR spectra of WBPUU and WBPUU/CNF nanocomposites filaments
and b) zoomed FTIR spectra for the 3600-3100 cm region

Thermal degradation curves of neat polymer and nanocomposites filaments are
shown in Figure 4.12., where the same degradation trend observed for films
was followed. For WBPUU/CNF composite filaments, slight changes can be
observed, F3CNFOex and F3CNFOv showed higher stability during the initial
part of the degradation process, attributed to the stabilization of urethane groups

from the formation of hydrogen bonds [8,9].

However, this improvement in stability was not observed for WBPUU/CNF1

filaments. In this case, no significant changes in trend could be seen. The faster
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degradation of the modified cellulose could be responsible for diminishing the

reinforcement effect the interactions may have supposed.

It can be observed that filaments showed higher maximum temperature peaks
than their films counterparts. The extrusion process of the filaments may have
caused the alignment of the polyurethane chains and as results materials with

higher order and, thus, higher stability were obtained.
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Figure 4.12. TGA and DTG curves for WBPUU and WBPUU/CNF nanocomposites
filaments

The mechanical properties of the filaments were also studied to observe
possible changes taken place after the extrusion process, as well as with the
addition of CNF and the incorporation route. Tensile stress/strain curves are

shown in Figure 4.13 and the filament properties are summarized in Table 4.4.

Comparing with the unreinforced filament, it can be observed that ex-situ
preparation of composites resulted in a stronger improvement of mechanical
properties than in-situ method. Young modulus for ex-situ composites
increased up to a 383% in the case of F3CNFOex and a 245% for F3CNF1ex.
F3CNFOex showed also a significant enhancement in the stress at break value.

This mechanical enhancement with the addition of cellulose nanofibers showed
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the reinforcement effect supplied by CNF and is in agreement with reports in
literature [11]. This trend, however, was not maintained for in-situ composites,
showing F3CNFOn similar values than neat polyurethane-urea filament, and
F3CNF1\ even slightly deteriorated properties. The disposition of the CNF in
ex-situ prepared composites may have allowed the alignment of the fibers
during the extrusion process, resulting in highly reinforced materials in the
tested direction. However, the more embedded state of the CNF in in-situ
prepared materials, as well as the possibility of chemical interactions taken
place, did not allow for a proper alignment of the fibers and, hence, a lower

reinforcement effect than for ex-situ materials is observed.

Table 4.4. Young modulus, stress at yield, stress at break and strain at break values
for WBPUU and WBPUU/CNF filaments

Young modulus Stress at Stress at Strain at break
(MPa) yield (MPa) break (MPa) (%)
FWBPUU 6.9+1.3 15+0.1 54+0.6 821.6 +354
F3CNFOex 33.3+5.8 53+0.3 9.1+04 341.7 £53.4
F3CNFO 13.7+£29 3.1+£0.6 46+0.8 4279+ 131.0
F3CNF1ex 23.8+7.4 3.7+£0.3 46+0.7 394.5+62.9
F3CNF1in 8.6+23 1.3+0.6 21+1.2 248.5 + 136.0

When comparing the effect of the type of cellulose used, it was clearly seen that
unmodified cellulose nanofibers resulted in systems with better mechanical
properties than carboxylated ones. The faster degradation observed for
carboxylated fibers (Chapter 3) may have caused higher degradation of the
composites during the extrusion process, as a result less enhanced properties

were observed.

All composite filaments suffered a pronounced drop in the strain at break
values, which could probably be ought to small degradation taken place during
the extrusion process, as suggested by changes in material color, which would
also explain the poor reinforcement effect supplied by the incorporation of

CNF. When compared to films’ tensile properties, it can be observed that a
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lower reinforcement effect was supplied in filaments. Filaments showed lower
Young modulus, stress at yield, stress at break and strain at break values than
their film counterparts. This fact suggested the degradation of the material
taking place during the extrusion process. Moreover, the fast solidification
process in filament preparation may not have allowed for the slow
crystallization process that took place in the preparation of the films.

——FWBPUU
——F3CNFO;,
F3CNEO,
——F3CNFl,,
F3CNF1,

Stress (MPa)

0 L
0 100 200 300 400 500 600 700 800
Strain (%)

Figure 4.13. Stress/Strain curves for WBPUU and WBPUU/CNF filaments

The thermo-mechanical behavior of the filaments was analyzed by Dynamic
Mechanical Analysis. The reinforcement effect of CNF can be clearly seen in

DMA results, as well as the effect of the incorporation route (Figure 4.14).

Comparing modulus values, it can be clearly seen that, at a same temperature,
nanocomposite filaments showed higher storage modulus values than neat
polymer filament, due to the reinforcement effect provided by the cellulose
nanofibers. It can also be observed that, as happened for tensile properties,
composites prepared by ex-situ method showed also higher values than their in-

situ composites counterparts.

The addition of nanoreinforcements resulted also in materials with highly

enhanced thermomechanical stability, seen in the storage modulus curves,
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where the drop of the curves is delayed about 50 °C. The reduced mobility of
the chains, due to the hydrogen bonds observed by FTIR, and the reinforcement
effect of the fibers increased material stiffness and thus storage modulus [16].
The incorporation method did not majorly affect the thermomechanical
behavior of the materials. All composite filaments showed a higher
thermomechanical stability than the neat FWBPUU, as happened in the case of
nanocomposites films. Regarding the effect of the carboxylation degree, no
changes were observed for WBPUU/CNF1 nanocomposite filaments compared
to WBPUU/CNFO filaments.

tan &
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Figure 4.14. Dynamic mechanical curves of WBPUU and WBPUU/CNF filaments

Comparing with their films counterparts, it can be observed that the
thermomechanical stability of the materials was deteriorated during the
extrusion process, due to the degradation suffered by the material.

4.4.FDM 3D printing of prepared filaments

Neat WBPUU and WBPUU/CNF filaments were used for FDM 3D printing,
using a Tumaker VOLADORA NX. Changing printing parameters, such as
extrusion temperature and printing speed, as well as manually adjusting feeding

gear position, printing process was optimized for each filament.
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However, even after optimization process, it remained impossible to
successfully 3D print most of the filaments. FWBPUU, FCNFQOex, FCNFO,
FCNF1ex and FCNF1n showed several problems during printing process. The
filament presented too low stiffness for a good feeding of the material, which
resulted in the filament bending around feeding gear and being unable to
advance through the feeding tube (Figure 4.15), as often happens with high
flexibility filaments in Bowden extruders. Moreover, after optimization and for
filaments showing slightly higher stiffness, namely reinforced filaments, a
better feeding process was achieved, however, the extruding flow was remained
slow and discontinuous and often caused nozzle obstruction. This fact could be
attributed to low pressure on the nozzle due to the extreme flexibility of the
filaments and to the high viscosity of these filaments due to the matrix and

reinforcement interactions observed by FTIR [17,18]

Figure 4.15. Photograph of filament entanglement on the feeding gear due to low

rigidity of filament
4.5.Conclusions

In this chapter WBPUU based nanocomposite films were prepared using three
types of cellulose nanofibers, CNFO, CNF1 and CNF2. Nanocomposites with
different reinforcement contents were prepared and the effect of both the

content and the type of CNF used were studied.
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When CNF was added hydrogen bond interactions were formed between the
matrix and the systems and materials with more ordered structures were
obtained, which resulted in an increase in the enthalpy of the systems. This
effect was more pronounced for carboxylated fibers, the new functional groups
in the CNF structure promoted the formation of interactions. The stabilization
of the urethane and urea groups by the addition of CNF delayed the degradation
of the materials to higher temperatures, enhancing their thermal stability. The
reinforcement effect supplied by CNF was also reflected on the mechanical
properties of the films, which show significantly higher Young modulus and
stress at break values. However, for 5 wt.% CNF containing composites strain

at break values began to drop, suggesting the formation of fiber agglomerations.

Based on observed results, 3 wt.% reinforced composites were prepared with
CNFO and CNF1, via ex-situ and in-situ, which were used to prepared
filaments. For filament preparation composites materials show higher
difficulties to flow and needed higher temperatures during the extrusion process
than neat polyurethane-urea. As a result, slightly degraded materials were
obtained. CNF containing filaments show better mechanical and
thermomechanical behavior than neat polymer filament. However, the
degradation produced during the extrusion process reduced the reinforcement

effect of nanocellulose.

The use of these filaments in FDM 3D printing was assessed. However, the
material presented too high flexibility and poor flow, which did not allow for a
successful feeding process and for good printability.
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5. WBPUU/CNF NANOCOMPOSITE INKS FOR DIRECT INK
WRITING 3D PRINTING

5.1. Aim of the chapter

In this chapter, WBPUU/CNF nanocomposites gels were developed and
adapted for Direct Ink Writing (DIW). To analyze the effect of carboxylation
degree of CNF on composite gels formation, two different nanofibers were
selected for this, CNFO and CNF1. Gels with 2 and 3 wt.% of CNF regarding
the total weight of the gels were prepared and characterized. Two different
nanocellulose incorporation routes, ex-situ and in-situ, were used. For
nanocellulose content optimization in in-situ prepared inks and as reference,
nanocomposites inks were also prepared using a commercial cellulose

nanofiber sample.

The rheological behavior of the prepared inks was analyzed and they were later
used in DIW to produced 3D printed parts. The obtained parts were
characterized  morphologically,  physico-chemically, thermally and

mechanically.

The addition of nanoentities can be used to modulate the rheological behavior
of a material and enhance its printing capacity. In this chapter, different types
and contents of cellulose nanofibers were added to a WBPUU matrix to
modulate the rheological properties and to obtain inks with good printing

behavior.

5.2. Preparation and characterization of WBPUU/CNF nanocomposite

inks

WBPUU/CNF gels were prepared using the procedure described in Chapter 3.
Nanocomposite gels were prepared by using two incorporation methods of
nanocellulose, and the effect of the incorporation route on the final properties

of the gels and printed parts was studied.
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For ex-situ prepared compositions, nanocomposite gels were prepared by
vigorous mechanical stirring, using an ultraturrax homogenizer (Polytron PT
2500E, KINEMATICA). First, CNF suspensions were freeze-dried, and dried
CNF systems were stored in a desiccator until used, to avoid humidity. Dried
CNF were added to the WBPUU dispersion and were stirred for 10 minutes at
12000 rpm. Stirring was carried out in an iced bath, in order to avoid high
temperatures and degradation of the systems. Nanocomposites gels with 2 and
3 wt.% of CNF, regarding the total weight of the gels, were prepared with CNFO
(2CNFO0ex and 3CNF0ex) and CNF1 (2CNF1ex and 3CNF1ex) (Table 5.1).

Table 5.1. WBPUU and CNF contents for ex-situ nanocomposite gels preparation

Dried CNF ..
Sample disXpVe?sPi;JnU(g) ©) Deionized  Total mass
(3ot water (@) ()
2CNFOex 194 0.4 0.2 20
3CNFOex 19.6 0.6 - 20
2CNF1ex 19.4 0.4 0.2 20
3CNF1ex 19.6 0.6 - 20

For in-situ prepared composites, the addition of CNF was carried out in the
phase inversion step of the polyurethane synthesis. First, CNF content was
optimized using a commercial cellulose nanofiber system (University of Maine,
Lot. 9004-34-6). Said reference commercial cellulose was named as CNFr.
CNF were dispersed in water in the right concentration in order to obtain gels
with 2 and 3 wt.%, regarding their total weight. In-situ prepared
nanocomposites gels with 2 and 3 wt.% of CNFr were name 2CNFry and
3CNFrn, respectively. After quantity optimization process for proper
rheological behavior, inks with 3 wt.% of CNFO and CNF1 were prepared and
named 3CNFOin and 3CNF1, respectively. Quantities used for in-situ

prepared nanocomposite gels are shown in Table 5.2.
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Table 5.2. WBPUU and CNF contents for in-situ nanocomposite gels preparation

Sample Prepolymer D”eé)CNF Deionized
mass (q) water (g)
2CNFrn 30 1.82 59.09
3CNFrin 30 2.73 58.18
3CNFOin 30 2.73 58.18
3CNF1y 30 2.73 58.18

5.2.1. Characterization of WBPUU/CNF nanocomposite inks

The rheological behavior of the prepared WBPUU/CNF inks was characterized
in order to preliminarily study the printability and shape fidelity that gels will
show when used in direct ink writing 3D printing. In order to analyze this, flow
(viscosity vs shear rate), dynamic oscillatory (storage and loss modulus vs shear
stress) and a structural recovery tests were carried out. Depending on the
viscosity of the gels, the adequate geometry was chosen when performing the
tests. In this regard, the WBPUU dispersion and 2CNFry inks were tested with

coaxial cylinders, while the other inks were tested with a plate-plate geometry.

When studying the rheological behavior of a shear thinning ink for 3D printing,
it is worth noting that its non-Newtonian behavior will cause the flow on a
capillary to deviate from a parabolic velocity profile [1]. Thus, for the correct
calculation of the shear stress the ink will be subjected to, the equation proposed
by Li et al. [2] (equation 5.1.), containing the necessary adjustments, can be

use.

. V- R? .
Yn = T (equation 5.1.)

() (1)

where y,, is the shear rate the ink is submitted to at the nozzle, n is the flow

index calculated form Power Law, V is the printing speed, r is a distance located

between the center of the nozzle and its radius and R is the radius of the nozzle.
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In order to study the viscosity of the prepared nanocomposite inks, flow tests
were carried out to analyze the effect of the shear rate in the viscosity of the
materials. Obtained flow curves are shown in Figure 5.1 and 5.2 for ex-situ and
in-situ prepared inks, respectively. Moreover, viscosity values at a shear rate of
0.2 and 100 s?, as well as at the shear rate on the wall of the nozzle (yn,),
calculated with equation 5.1, are summarized in Table 5.3. In order to further
analyze the rheological behavior of the inks, the flow index, n, value for each
system was calculated by Power Law equation (equation 1.1), and are reported
in Table 5.3.

As can be observed from flow curves, all systems showed shear-thinning
behavior that is ideal for DIW [3,4]. All inks present n values corresponding to
shear-pseudo-plastic fluids (n<1). However, differences in the viscosities of the
systems depending on the nanocellulose content and addition route were

evident.

Table 5.3. Viscosity and rheological parameters for ex-situ and in-situ prepared
WBPUU and CNF containing inks

nat0.2s? n at ynw nat 100 s*

Sample (Pa-s) (Pa-s) (Pa:s) n

WBPUU 11 0.1 0.1 0.725
_, | 2CNFOex 217.9 18.5 15 0.198
£ | 3CNFOex 434.8 18.7 1.9 0.189
x| 2CNFlex 289.2 13.4 1.9 0.204

3CNFLex 730.6 44.5 2.7 0.111

2CNFriy 6.2 0.9 0.1 0.361
2 | 3CNFry 222.9 9.2 1.0 0.184
< | 3CNFOI 256.0 14.0 2.0 0.254

3CNFln 348.2 19.9 2.3 0.204

The addition of CNF to the polyurethane dispersion resulted in a very intense
increase of the viscosity of the systems, the same trend on viscosity was
observed in the literature [5-9]. Figure 5.1 shows that the viscosity values
increased as CNF content increased. At a same shear rate higher viscosity

values were observed for composites containing 3 wt.% of CNF compared to
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their 2 wt.% homologues (Table 5.3), agreeing with literature reports [10-13].
Regarding the type of cellulose used, results show that carboxylated cellulose
nanofibers resulted in inks with higher viscosity [8,10,14]. The higher
viscosities shown by CNF1 containing inks may be due to more interactions
taking place between the nanocellulose and the polyurethane, as seen in Chapter
4, thanks to the carboxylated groups of the modified cellulose.

The highest viscosity was observed when carboxylated nanocellulose and 3
wt.% of nanofiber content was incorporated. This system may result in 3D
printed pieces with better shape fidelity [9], ought to a lower tendency to flow

at low shear rates, i.e. at rest.

1000

—=— WBPUU
—=— 2CNFO,,
{('NI‘()[_\
—8—2CNFl
#— 3CNFlg,

Viscosity () (Pa-s)

0.1

0.01 L L L L
1 10 100 1000

Shear rate (s7)

Figure 5.1. Viscosity as a function of shear rate of ex-situ prepared WBPUU and
CNF containing inks

For in-situ prepared inks, significantly higher differences were observed
depending on the content of cellulose used. The content of cellulose was
adjusted with a reference cellulose, CNFr. 2CNFrn showed very low viscosity
values, which pointed to an excessive flow at rest of the material for a proper
printing process, 3CNFrn, however, showed significantly higher viscosity.

Considering the behavior shown by this 2 wt.% in-situ prepared ink, inks
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containing 3 wt.% of reinforcement were prepared with different types of
cellulose.

Differences on viscosity depending on the type of cellulose used can be
observed in Figure 5.2. As happened in the case of ex-situ prepared inks, in-
situ ink prepared with carboxylated cellulose showed higher viscosity than
unmodified cellulose containing inks, once again suggesting more hydrogen
bonds taking place.

Regarding the effect of the incorporation routes, it can be observed that, in
general, in-situ prepared inks showed lower viscosity values. Though the
carboxylation of CNF allowed the formation of more interactions with the
matriX, it also could result into a repulsion effect between the particles, caused
by the presence of COO" groups in both entities. This repulsive force, in turns,
could have impeded the physical approach of the WBPUU particles and the

CNF, hindering the formation of interactions [15].

1000
—=— 2CNFr,

. —8— 3CNFr,,
:— 3CNFO,,

—m— 3CNFI,,

100

Viscosity (n) (Pa's)

0,01

: ll(] I(I)() lOIOO
Shear rate (s™)
Figure 5.2. Viscosity as a function of shear rate of in-situ prepared WBPUU and CNF

containing inks

For in-situ preparations, the strong agitation during the phase inversion step
supplied enough energy to force both components together and allowed the
hydrogen bonds taking place. Moreover, the in-situ addition of cellulose,

containing high amounts of OH and COOH groups, may have allowed the
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chemical bonding of the components during the synthesis process. On the other
hand, in ex-situ method, the polyurethanes particles, already in a more stable
state, were less likely to interact. The fewer interactions formed between the
matrix and the reinforcement allowed for the interactions between the CNF and
the water taking place, which in turns resulted into a better gel formation.

The dependence of the storage and loss moduli on the shear stress were
analyzed in spectromechanical analysis. The obtained curves (Figure 5.3 for
ex-situ and Figure 5.4 for in-situ prepared inks) were used to determine the
yield point, as proposed by Cyriac et al. [16], as well as the flow point, as the

crossover point for G’ and G”, of the materials (Table 5.4).

Table 5.4. Yield and flow point values for ex-situ and in-situ prepared WBPUU and

CNF containing inks

Sample Yield point  Flow point
(Pa) (Pa)

— | 2CNFOex 16.5 89.4

= | 3CNFOex 23.6 140.0

% | 2CNFlex 15.3 59.2
3CNF1ex 26.6 225.6

5 2CNFI’|N - -

2 | 3CNFrin 14.5 40.1

< | 3CNFOn 14.7 61.6
3CNF1in 16.5 105.1

As can be observed, nanocellulose containing inks showed a gel-like behavior
at low shear stress values, with G’ values being higher than G”. Moreover, all
systems showed relatively low yield points, signaling that all systems begin to
flow at low shear stresses, which could be beneficial for the printability of the
ink. Ex-situ prepared composites containing 3 wt.% of cellulose showed a
slightly higher yield point, suggesting the higher amount of cellulose in the

system resulted in a resistance to flow, agreeing with literature results [5,6,9].

Regarding the flow point, for ex-situ prepared inks it can be observed that it

was directly related to the content and type of cellulose used. Being it higher
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for inks with higher contents of CNF, as well as for systems with carboxylated
CNF at the highest content. The higher amount of cellulose and of interactions
in these systems were able to maintain a more stable network at higher shear
stress.

1000

=
S

G' & G" (Pa)

01k g
10 100

Shear stress (1) (Pa)

Figure 5.3. Storage (solid line) and loss (dotted line) moduli as a function of shear

stress and (4) yield and () flow points of ex-situ prepared CNF containing inks

For in-situ prepared inks, similar yield points were observed, regardless the
type of CNF used. However, when analyzing the flow point, it can be observed
that for CNFs with higher carboxylation degree higher flow point values were
measured. The more possible interactions granted the systems with higher
stability, resulting in systems able to maintain a gel-like structure at higher
shear stress. 2CNFry did not show a gel like behavior, as seen by its G” values
being higher than G’ throughout the stress sweep. In this case, the amount of
cellulose was not enough to form a gel-like structure by this method. Because
of the non-gel-like behavior and low viscosity shown by 2CNFr, this system
was discarded since it does not fulfill the requirements to be used in DIW 3D

printing.
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1000
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G' & G" (Pa)
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0.1
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Figure 5.4. Storage (solid line) and loss moduli (dotted line) as a function of shear

stress and () yield and () flow points of in-situ prepared CNF containing inks

Regarding the effect of the CNF incorporation route, it can be observed that
less gelled structures were formed when nanocellulose was added by in-situ
method, since yield and flow points of in-situ prepared inks show lower values
than their ex-situ homologues. This fact suggests that the higher amount of
interactions taking place between CNF and water in ex-situ systems resulted in

stronger gel structures, which is in agreement with viscosity test results.

The low yield points shown by all inks, i.e. their ability to flow at low stresses

may be beneficial to a satisfactory extrusion process [17-19].

Last, in order to simulate how the inks will behave after printing process,
structure recovery tests were performed in a three step test, where the viscosity
of the systems at a shear rate of 0.2 s, 100 s* and, again, 0.2 s** was studied.
Obtained results are summarized in Table 5.5. and shown in Figure 5.5 and 5.6
for ex-situ and in-situ prepared inks. ldeally, inks for DIW should show low
viscosity when subjected to a shear force, but will quickly recover high

viscosity when this force is removed [2].
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Figure 5.5. Structure recovery tests of ex-situ prepared CNF containing inks

For ex-situ composites, a good recovery capacity was observed for all systems,
with values around 80%, which suggested a good shape fidelity after printing
process [20]. No notable differences were observed for these system regarding

the amount nor the type of cellulose used.

1000

Viscosity (n) (Pa-s)
Shear rate (s7)

0 40 80 120 160 200 240 280

time (s)

Figure 5.6. Structure recovery tests of in-situ prepared CNF containing inks

In the case of in-situ prepared composites, lower recovery values were
observed. In this case, the interactions present suffered more damaged during
the high shear rate studied step, and were not able to recover as quick as in the
case of ex-situ prepared inks. The lower recovery capacity observed for these

systems may later result in lower shape fidelity of the printed parts, due to a
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higher likelihood to flow suggested by the lower viscosity they show after being

under high shear rates.

Table 5.5. Structure recovery capacity of ex-situ and in-situ prepared WBPUU and
CNF containing inks

Sample Structural recovery (%)

| 2CNFOex 78+4

=2 | 3CNFOex 809

é 2CNF1ex 75+9
3CNF1ex 79+ 3

= 3CNFrN 62+ 2

z 3CNFOn 67+7

= | 3CNF1n 72+9

5.3.DIW 3D printing of WBPUU/CNF inks

The prepared CNF containing inks were used in DIW 3D printing, using an
adapted Tumaker Voladora printer and working with a Simplify3D software.
Printing process was carried out at room temperature, at a printing speed of 6
mm:-s, using a needle with 0.8 mm internal diameter. The material was printed
on a Teflon surface. Obtained printed parts were right away frozen in order to
freeze-dry them. As printing design, a cylinder was chosen, with a diameter of
10 mm and a height of 5 mm (Figure 5.7). Printed parts were named as “3D-

X, where “X” is the name of their corresponding inks.

a) b)

10 mm

0=

h

5 mm

Figure 5.7. a) 3D model of imported cylinder design and b) dimensions (in mm)
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Figure 5.8 and 5.9 show pictures of the printed cylinders from the different inks.
As can be observed, the differences in rheology translated in different printing
precision. For ex-situ prepared inks, inks containing higher amount of cellulose
resulted in printed parts with better shape fidelity. The low viscosity of
2CNFOex ink did not allow the material to retain the shape it was printed on.
The ink 3CNF1ex, due to the good rheological behavior it presented, showed
the best shape fidelity and was able to support layers upon layers without
flowing or being crushed. Overall, the shear-thinning behavior and low flow

stress of the inks allowed for a continuous extrusion.

For ex-situ based 3D printed parts, occasionally the nozzle would get
obstructed, indicating the presence of CNF agglomerations caused by less

homogenous dispersion by ex-situ method.

< X
] LUl
o o
u LL
= 2
O O
c}l @
a) (@)
%) o
@ =10.60 £ 0.52 mm @ =9.64+0.15mm
h=4.64+0.29 mm h=5.31+0.01 mm
x n
— —
u LL
= =2
O O
<\Il @
a) (@)
™ o
@ =10.79 £ 0.90 mm @ =10.31 +0.58 mm
h=5.01+0.49 mm h=5.02 +0.67 mm

Figure 5.8. Photographs of 3D printed cylinders from ex-situ prepared CNF

containing inks
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For in-situ prepared inks, it was observed that their lower viscosity and, thus,
higher tendency to flow resulted in a lower shape fidelity when compared with
ex-situ inks. The effect of viscosity was clearly seen in the final printed parts,
with the material with the lowest viscosity, 3CNFr, showing the worst shape
fidelity and the ink with the higher viscosity values, 3CNF1n, showing the
better shape fidelity.

Moreover, it is worth noting that the low yield point shown by all inks allowed

the good flow and, therefore, the printing of the materials.

3D-3CNFrin
3D-3CNFOn

@ =10.94+1.70 mm @ =10.26 + 0.45 mm
h=5.68 +0.90 mm h=5.40 + 0.37 mm

3D-3CNF1n

@ =10.41 £ 0.60 mm
h=5.45%0.73 mm

Figure 5.9. Photographs of 3D printed cylinders from in-situ prepared CNF
containing inks

5.3.1. Characterization of 3D printed pieces

FTIR spectroscopy analyses were carried out in order to study possible
interactions taken place between the polyurethane matrix and the added

cellulose nanofibers. As reference, some of WBPUU was freeze-dried and
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analyzed as well. Resulted spectra for 3D printed parts from ex-situ and in-situ
inks and freeze-dried WBPUU are shown in Figure 5.10 and 5.11.

As it can be observed, all systems showed a similar spectrum, constituted by
the characteristic bands of polyurethane seen in the previous chapters.

WBPUU
3D-2CNFO, Vv

3D-3CNFO

Intensity (a.u.)

L L L L L L
3500 3000 2500 2000 1500 1000

wavenumber (cm")

Figure 5.10. FTIR spectra of 3D printed parts from ex-situ prepared CNF containing

inks

The main difference between spectra took place in the 3600-3100 cm™ range
(insets in Figure 5.10 and 5.11). In this range, bands corresponding to N-H and
O-H are found. For ex-situ parts, an increase in the intensity of the N-H band
was observed, which could be due to the overlapping of the N-H and O-H

bands.

When studying in-situ parts, a similar behavior is observed, with the major
difference being in the N-H band. In this case, printed part containing the
reference cellulose did not show a significant increase in intensity. For CNFO
and CNF1 reinforced composites, once again the increase of intensity of this

band was observed.
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Figure 5.11. FTIR spectra of 3D printed parts from in-situ prepared CNF containing

inks

The morphology of the printed parts was studied by SEM micrographies at
different magnifications of a cryofractured cross section. The obtained images
are shown in Figure 5.12 and 5.13 for parts obtained from ex-situ and in-situ

inks, respectively.

Regarding 3D printed parts from ex-situ preparations, it can be observed that
all systems showed a similar morphology, composed by spherical pores.
Systems showed a homogeneous morphology, with evenly distributed pores.
Pore diameters were measured and averaged out of 50 measurements. Pore
diameters of 54.7 £ 10.7, 54.1 £ 9.1, 45.0 + 9.8 and 47.9 = 6.1 pm were
measured for 3D-2CNFOgx, 3D-3CNFOex, 3D-2CNF1lex and 3D-3CNF1ex,
respectively. Results suggest that the pore size was not influenced by the
nanocellulose content of the ink. However, the printed pieces with carboxylated
nanocellulose, CNF1, showed lower pore size than their CNFO counterparts.
This smaller pore size could be attributed to the higher amount of interactions,
that increased the viscosity, as well as the interaction degree, that took place
when carboxylated cellulose nanofibers were used instead of unmodified ones.
This higher amount of interactions resulted in smaller porous, as also seem for

chemical crosslinking [21].
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200 pm

Figure 5.12. SEM images of 3D printed parts from ex-situ prepared CNF containing
inks
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Moreover, the high homogeneity and spherical pore morphology shown by ex-
situ prepared systems was a result of the high viscosity shown by their
corresponding inks being able to support the weight of the upper layers [9].

For 3D parts obtained from in-situ prepared inks, however, a very different
morphology was observed (Figure 5.13). In these systems, more heterogeneous
structures were found. A pore-dominated structure was still present, but these
pores no longer showed a spherical shape, instead elongated pores were
observed. The lower viscosities shown by in-situ inks were not able to support
the weight of the layers on top and collapsed [9,18,22]. As a result, crushed cell
walls can be observed when analyzing the morphology (circled in red). This
effect was directly related to the viscosity shown by their corresponding inks,
with 3CNFry showing the lower viscosity and 3D-3CNFry showing the more

collapsed structures.

On the other hand, the higher viscosity shown by 3CNF1,y was reflected in a
more homogeneous structure and the recovery of spherical pores. 3D-3CNFry
showed elongated pores with a height of 54.5 + 15.6 um and a length of 322.1
+ 38.2 um. For 3D-3CNF1,y spherical pores with an average diameter of 36.3

+11.1 um were observed.

However, for 3D-3CNFO;n both types of pores can be observed, being the
spherical pores (@ = 46.8 + 15.0) the predominant shape of the top layers and
the elongated pores (h =43.5 £ 9.9 and | = 247.8 £52.2) the most present on the
bottom layers. Though, 3CNFOy did not present sound enough rheological
properties to support upper layers, it also did not flow as easily as 3CNFrn.
Therefore, for this system, crushed structures were obtained in the bottom zone
of the structure, since it was not capable of supporting the weight of the upper
layers, but top layer, without that added weight, were able to maintain a steady

structure.
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Figure 5.13. SEM images of 3D printed parts from in-situ prepared CNF containing
inks

The thermal transitions of the 3D printed parts were studied by DSC. The
thermograms for 3D parts obtained from ex-situ and in-situ inks are shown in

Figure 5.14 and 5.15, respectively and the measured values are summarized in

Table 5.6.

No significant changes can be observed regarding the glass transition
temperature of the soft segment, which all systems showing a T4 value around
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-50 °C. However, some changes are observed it the DSC curves when studying
the short range ordering transition of the materials. The addition of cellulose to
the systems resulted in an increase of the enthalpy of the endothermic peak
related to this transition, which is in agreement with the data reported in Chapter

4 for nanocomposite films.

For 3D parts obtained from ex-situ prepared inks, it can be observed that
increasing the nanocellulose content and the use of carboxylated nanofibers
increased the enthalpy values of the material. This fact suggest, once again, the
formation of hydrogen bonding between the PU and the CNF and, therefore, a
more difficult breaking process of the short range ordered structures, which is
in agreement with other studies based on cellulose-reinforced polyurethanes
[23,24].

Heat Flow (J/g-°C)

! L | L |
-50 0 50 100 150 200
Temperature (°C)

Figure 5.14. DSC scans for 3D parts obtained from ex-situ prepared CNF containing

inks

For 3D parts from in-situ preparations, the same behavior is observed regarding
enthalpy values. It can be observed that composites reinforced with CNF
isolated in the current work, CNFO and CNF1, showed higher values than those
containing the commercial nanocellulose. The carboxylation of CNF1 resulted

in a better affinity with the polyurethane and, in consequence, in a higher
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amount of fiber/polymer interactions than in systems with commercial

nanocellulose.

Heat Flow (J/g-°C)

Figure 5.15. DSC scans for 3D parts obtained from ex-situ prepared CNF containing

Table 5.6. Thermal properties observed from the DSC curves for 3D printed parts

L
-50

L L
50 100

Temperature (°C)

inks

containing CNF

200

Sample T4 (°C) Tus °C)  AHus (J-gP)
WBPUU -49.1 74.7 9.0
3D-2CNFOex -49.7 78.0 12.4
Z | 3D-3CNFO0ex -49.0 82.0 15.5
% | 3D-2CNF1ex -47.7 86.5 13.9
3D-3CNF1ex -48.3 81.9 16.0
- | 3D-3CNFriy -50.1 77.7 15.1
% | 3D-3CNFO -50.4 787 16.9
= | 3D-3CNF1n -48.4 78.0 17.6

The degradation thermograms of the printed parts and their first derivative

curves are shown in Figure 5.16 and 5.17 for 3D parts printed from ex-situ and

in-situ preparations, respectively.

As happened for composites films, the addition of cellulose resulted in an

increase of the thermal stability of the materials. For ex-situ inks based 3D
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parts, the onset degradation temperature was delayed, at least, 20 °C in respect
to the neat polyurethane system. The higher stability in nanocomposites was
attributed to the stabilization of the urethane and urea groups thanks to the
formation of hydrogen bonds with the cellulose [25,26].

As can be observed, this effect is more intense for composites prepared with
CNFO, due to the higher stability shown by this type of cellulose nanofibers
because of the higher thermal stability of unmodified nanocellulose than

carboxylated ones (Chapter 3).

——WBPUU
—— 3D-2CNFO,,,
~——— 3D-3CNFO,,
——3D-2CNF,,
——3D-3CNFl,

Weight (%)

wwwwwww

Temperature (°C)

Figure 5.16. TGA and DTG curves for 3D parts obtained from ex-situ prepared CNF

containing inks

When studying the stability of the parts printed from in-situ prepared inks, it
can be observed that the delay on degradation temperature also took place for
these materials. Once again, the effect was more pronounced for unmodified

CNF containing composites.
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Figure 5.17. TGA and DTG curves for 3D parts obtained from in-situ prepared CNF
containing inks

In order to study the mechanical behavior of the printed parts, compression tests

were carried out. Obtained results are summarized on Table 5.7, where Young

modulus, density, specific Young modulus (determined as explained in Chapter

2), stress and densification strain values are shown. Figure 5.18 shows

stress/strain curves of 3D printed parts obtained from ex-situ and in-situ

prepared CNF containing inks.

Table 5.7. Young modulus, specific Young modulus, stress at 60% strain and
densification strain values for WBPU/CNF 3D printed parts

Young Density Specific Young  Stress aj[ Densifi(_:ation
Sample modulus 3 modulus 60% strain strain
P 9CM) Mpacmigl)  (MPa) (MPa)
3D-2CNFOex | 12.3+3.8 0.36+0.02 35.0x6.0 28+0.8 50.3+0.3
2 |3D-3CNFOex | 112+14 036£0.05  313+31 21+01 506%05
g:g 3D-2CNFlex | 13.5+35 0.34+0.03 39.1+8.1 25+03 51.1+0.5
3D-3CNFlex | 14.3+2.3 0.35+0.04 415+£40 25+03 51.6+0.6
_ |3D-3CNFry | 142+1.8 033£0.02  425+1.0 2403  51.3+09
E 3D-3CNFO | 21.0+6.0 0.37+0.02 56.8+11.0 3.4+05 51.4 +0.6
= |3D-3CNF1y | 220+52 035002 595+14.9 33106 520+ 1.6
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As can be observed in Figure 5.18, all printed parts show three different sections
in stress vs. strain curves. The first zone is the elastic region, where the walls
of the pores begin to bend but are still able to recover when the load is removed,
following, at higher loads, a plateau-like step is observed in the plastic zone,
where the walls start to buckle and the porous structure starts collapsing; finally,
on the last zone, the densification step takes place, where the walls are crushed
and the materials behaves like a non-porous material [23,24]. As can be
observed in Table 5.7, only specimens reinforced with nanocellulose isolated
in the current work and incorporated to the system by the in-situ method showed
improvements in the values of modulus and the stress at 60% of strain. For
unmodified CNF, it can be observed that after the addition of 3wt.% of
nanocellulose by ex-situ method, the values of modulus and the stress at 60%
of strain began to decrease. The worse miscibility of unmodified fibers with
polyurethane than carboxylated fiber ones may have resulted in the sooner

formation of fiber agglomerations [27].

—— 3D-2CNFO,
30 —jl)-l(‘Nl"OEx
——3D-2CNFly
—— 3D-3CNFl gy
25| ——— 3D-3CNFr

~—— 3D-3CNFO,
—— 3D3CNFI,

Stress (MPa)
s
T

0.0 : 1 1 1 1 L 1

Strain (%)
Figure 5.18. Stress/Strain curves from compression tests for WBPU/CNF 3D printed
parts

When analyzing parts printed from in-situ prepared inks, reference commercial
cellulose (CNFr) containing materials showed lower values than systems

reinforced with nanocellulose isolated in the current work. Probably, the poor
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reinforcement effect supplied by commercial cellulose could be ascribed to the
low amount of fiber/matrix interactions taking place in this material, which

resulted in a poor stress transfer from the matrix to the nanoreinforcements.

In-situ method resulted in materials with more enhanced mechanical properties
than ex-situ counterparts. The formation of more interactions, both physical and

chemical, during the synthesis process resulted in more reinforced materials.
5.4.Conclusions

In this chapters WBPUU/CNF inks were prepared for their use in direct ink
writing. In order to modulate the inks rheology, nanocellulose was added to the
WBPUU in different contents and by two different incorporation routes, ex-situ
and in-situ. Different rheological tests were performed to predict the printability
of the inks by DIW 3D printing. By rheological measurements, the capacity of
the inks to flow, as well as the capacity to recover material internal structure,
was studied. All inks showed shear thinning behavior, necessary for a proper
printing process. In-situ prepared inks showed lower viscosity values than their
ex-situ counterparts. This fact was attributed to the more direct interactions
created between the polymer matrix and the reinforcement and lower
nanocellulose/water  interactions, compared to  ex-situ  systems.
Spectromechanical tests showed gel-like behavior for most inks, except 2CNFr,
with defined yield points, which suggest good printability and shape fidelity.
Furthermore, inks exhibited good thixotropic and structural recovery

properties.

Inks were used in DIW to produce 3D printed parts, which were later
characterized. Ex-situ prepared inks showed better shape fidelity, due to higher
viscosity values. SEM images showed a homogeneous porous morphology that
showed the ability of the materials to support upper layers. For in-situ
preparations, the morphology analyses showed crushed wall due to the weight

of the upper layers, except for 3D printed parts obtained from 3CNF1n, which
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better rheological behavior allow for a successful 3D printing. The formation

of interactions between the WBPUU and the CNF was promoted by in-situ

incorporation method, seen in DSC and FTIR analyses, which also translates in

3D printed parts with enhanced mechanical properties.
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6. WBPUU/CARBONACEOUS NANOSTRUCTURES
NANOCOMPOSITE FILMS AND FILAMENTS FOR FDM 3D
PRINTING

6.1. Aim of the chapter

The aim of this chapter is to study the effect of the addition of carbonaceous
reinforcements to a waterborne polyurethane matrix. For this study, different
types of carbonaceous structures, namely graphene oxide and graphene, were
used to prepare nanocomposites containing 1, 3 and 5 wt% of
nanoreinforcement. Nanocomposite films properties were studied regarding
their morphology, physico-chemical, thermal and mechanical properties,
biocompatibility and electrical conductivity. In order to further enhance
electrical conductivity supplied by graphene to composites, the prepared films
were coated using G and rGO and the final properties of these new systems
were studied, regarding their morphology, electrical conductivity, mechanical

and thermal properties and antimicrobial behavior.

Moreover, in order to study the potential of WBPUU nanocomposites
reinforced with graphene for fused deposition modeling in 3D printing,
filaments were prepared and characterized. For filaments preparation 3 wt.%
content was chosen and two different incorporation routes were used, ex-situ
and in-situ. Prepared filaments were analyzed by Fourier Transform Infrared
spectroscopy, Differential Scanning Calorimetry, Thermogravimetric
Analysis, Dynamic Mechanical Analysis and mechanical test. Filaments were
later used in FDM and 3D printed parts were obtained. 3D parts were also
analyzed and their morphology and thermal and mechanical properties were
studied.

6.2. Preparation of WBPUU/G and WBPUU/GO nanocomposite films

WBPUU/graphene and WBPUU/graphene oxide nanocomposite films were

prepared by solvent casting. For composite preparation prepared
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carbonaceous aqueous dispersions were added to the WBPUU dispersion and
were further sonicated 1 hour in an ultrasonic bath. Variating component
contents, nanocomposites containing 1, 3 and 5 wt.% of GO or G (graphene
dispersed in aqueous media with plant extract, G/E:2/1 (Chapter 3) and
denoted from here on as GE) were prepared. Deionized water was added to
the mixtures in order to adjust the final volume for all systems. Moreover, for
comparison reasons, a WBPUU based film with only Salvia extract added was
also prepared (WBPUU+E), in order to consider the effect of the addition of
Salvia. In this case, the highest Salvia content used for the G containing films
was used (2.5 wt% of Salvia). Table 6.1 shows the amount of each
component employed in the preparation on the films, nanocomposites with
different compositions were named xGO or XGE, being x the content of

reinforcement.

Solvent casting method was used for film preparation. The prepared mixtures
were poured on 4x4 cm? Teflon molds and left to dry at room temperature for
seven days, followed by three days under vacuum (400 mbar) to ensure
complete water removal. Films with an approximate thickness of 0.4 mm

were prepared.

Table 6.1. WBPUU, GO, G and E contents for composite preparation

WBPUU GO )

dispersion  dispersion  dispersion  SalVia 5. Total mass
Sample ©) () () Extract

. . . water (9) (9)

(* solid content  (* solid content  (* solid content (mg)

33wt.%) 0.5 Wt.%) 0.5 Wt.%)

WBPUU 2.43 - - - 7.76 10.19
1GO 2.35 1.56 - - 6.28 10.19
3GO 2.31 4.71 - - 3.17 10.19
5GO 2.27 7.90 - - 0.02 10.19
1GE 2.35 - 1.56 3.91 6.28 10.19
3GE 2.31 - 4.71 11.78 3.16 10.19
5GE 2.27 - 7.90 19.74 - 10.19
WBPUU+E 2.32 - - 19.62 7.85 10.19
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Figure 6.1 shows neat WBPUU, WBPUU+E and composite films reinforced

with graphene oxide (GO) or with graphene stabilized with plant extracts
(GE).

1GO 5GO

WBPUU+E 1GE 3GE 5GE

Figure 6.1. Photographs of the prepared neat WBPUU, WBPUU+E and GO and GE

reinforced nanocomposites films

The addition of nanoreinforcements resulted in nanocomposites with
extremely changed colors. GO containing films had a dark brown tonality,
whereas GE containing composites showed a blackish color. The colors
shown by the composites were in agreement with the colors of their present
nanoreinforcements, being graphene oxide brownish and graphene blackish.
In the case of WBPUU+E a green-brown tonality can be seen. Photographs
suggest an even and homogeneous distribution of nanoreinforcements in

polymer matrix.
6.2.1. Characterization of nanocomposites films

The morphology of cryofractured cross-sections of prepared films were
characterized by SEM micrographies. For nanocomposite, films prepared with

the highest reinforcement contents (5GO and 5GE) were selected (Figure 6.2).
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The high rugosity caused during sample preparation process hindered the
morphological study of the systems and difficulted the distinction of
reinforcements in the composite. However, no significant reinforcement

agglomerations were observed for composites with high GO and GE content.

Figure 6.2. SEM images for cryofractured cross-sections of a) neat WBPUU, b) 5GO
and c) 5GE

FTIR spectra of the neat WBPUU and the composites are shown in Figure
6.3. All systems showed the characteristic absorption bands of polyurethanes,
a band at 3369 cm™, attributed to hydrogen-bonded N-H groups, a band at
1731 cm? assigned to the carbonyl vibration of the polyol and urethane
groups, a band at 1645 cm from the carbonyl group stretching vibration of
urea group, a band at 1545 cm™ assigned to the C-N stretching vibration and
N-H bending of urethane and urea groups and bands between 1250 and 1000
cm* attributed to the C-O stretching vibrations [1-3].

After the addition of reinforcements, the most relevant difference was
observed in the N-H band. For composites containing GO, this band shifted to
lower wavenumbers, suggesting the formation of hydrogen bonds between
matrix and GO [4]. For graphene containing nanocomposites, this band
shifted also to lower wavenumber, indicating the formation of interactions
between the matrix and reinforcement. Considering the lack of O-H or
carboxylic groups in graphene, these interactions were likely to be formed
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between the WBPUU and the plant extracts, as can be seen in the spectrum of

WBPUU+E.

a)

b)

Transmittance (a.u.)

Transmittance (a.u.)

WBPU

1GO

5GO

i
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4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm™)

Figure 6.3. FTIR spectra of neat WBPUU and reinforced composites with different

contents of a) GO and b) E and G

A schematic representation of the interactions suggested by FTIR analyses for
WBPUU/GO and WBPUU/G composites is shown in Figure 6.4. For

composites containing graphene oxide, the hydrogen bonds might have taken

place between the N-H groups of the polyurethane and the functional groups

on the surface of the GO structure. This was not possible for graphene, where

there are no functional groups on its structure. The hydrogen bonds suggested
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by FTIR are thought to have taken place between the WBPUU and the
terpenoids, phenolic acids and diterpenes present on the Salvia extract [5].
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Figure 6.4. Schematic representation of interaction in WBPUU/G and WBPUU/GO

composites

To measure transparency and UV absorption capability, films were analyzed
and UV-vis, percent transmittance values of pure WBPUU and WBPUU/GO

and WBPUU/G nanocomposites are shown in Figure 6.5.

The addition of reinforcement drastically reduced the transmittance. This
decrease became more significant for composites containing higher contents
of GO, reaching down to almost 0% for 3GO and 5GO. In the case of

composites containing graphene in all cases values were proximate to 0%.
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These extremely low values of transmittance indicated that the materials had

the ability to act as UV light shields and can be used to protect against UV

light.

a)

b)

Transmittance (%)

Transmittance (%)

500 550 600 650

wavelenght (nm)

— WBPU
—I1GE
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500 550 600 650
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700

Figure 6.5. UV-vis curves of neat WBPUU and reinforced composites with different
contents of a) GO and b) GE

DSC analyses were carried out to study thermal transitions of the composites

reinforced with carbonaceous nanostructures (Figure 6.6 and Table 6.2).

GO and GE containing composites showed no significant changes in thermal

transitions compared to the neat WBPUU. All systems showed a glass

transition (Tg) of the soft segment at around -51 °C and an endothermal peak

related to a breaking of the short range ordered domains at 82 °C. This peak

199



Chapter 6

attributed to the short range ordered hard domains, formed because of the low

crystallinity of the system formed by the non-linear hard segment. It can be

observed that the addition of plant extract slightly increases the melting

enthalpy and temperature, however, the addition of carbonaceous structures

lowers these values. This suggests that the addition of G and GO disrupts the

ordering of the hard segment. For composites containing GO, at higher

temperatures a big exothermic peak can be seen, which can be related to the

beginning of graphene oxide degradation, as seen in the TGA results (Chapter

3).

——WBPUU

— 160
4,0 350
——5G0

Heat Flow (J/g-°C)

L 1 L

50 100 150 200
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b) 45
r — WBPUU
= 1GE
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e SGE
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Figure 6.6. Differential Scanning Calorimetry thermograms of neat WBPUU and

reinforced composites with different contents of a) GO and b) E and G

200



WBPUU/carbonaceous nanostructures nanocomposite films and filaments for FDM
3D printing

Table 6.2. Values of different thermal transitions observed from the DSC curves

Ty Ths AHps

Sample | o) ec)  @gY)
WBPUU -52.0 814 10.5
WBPUU+E -51.7 91.3 11.6
1GE -50.0 86.7 8.4
3GE -50.4 84.0 7.9
5GE -49.7 85.0 8.1
1GO -52.2 82.8 9.2
3GO -52.7 81.8 9.5
5GO -50.7 82.8 8.1

In order to study the effect of the addition of the carbonaceous
nanoreinforcements on the thermal degradation, Thermogravimetric Analysis

were carried out and TGA and DTG curves are shown in Figure 6.7.

It was observed that the addition of GO and GE did not significantly alter the
degradation process. All systems followed neat polyurethane degradation
trend, showing the two-step degradation process. The first one encompasses
the degradation of the HS between 240 and 400 °C and it is composed by two
peaks attributed to the urea and the urethane groups, followed by the
degradation of the SS around 450 °C [6,7]. This relatively unaltered thermal

degradation is in agreement with behavior reported in literature [8,9].

For GO containing nanocomposites, a small peak can be seen in DTG curves
centered around 190 °C that agrees with the exothermic peak observed in DSC
results. The intensity of this peak increased as GO content increased in the
nanocomposites. This peak was related to the degradation of oxygen

containing groups of graphene oxide.

For composites containing Salvia extract, the degradation temperature related
with the degradation of the HS decreased. This temperature reduction was
more noticeable for WBPUU+E composite film than for nanocomposites,

with the addition of graphene this effect was counteracted with the increased
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thermal stability of the system supplied by graphene, as can be observed when
comparing WBPUU+E and 5GE degradation curves. Char residue increased
with reinforcement content. This was more noticeable in the case of
nanocomposites reinforced with graphene, due to both the presence of residue
of Salvia extract (as seen in Chapter 3) and the higher thermal stability of

graphene.
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Figure 6.7. Thermogravimetric Analysis curves of neat WBPUU and reinforced

composites with different contents of a) GO and b) E and G

Tensile properties of the materials were studied to observe the reinforcement
effect supplied by the carbonaceous nanostructures. Results showing Young
modulus, stress at yield, stress at break and strain at break values are reported

on Table 6.3 and stress vs. strain curves are shown in Figure 6.8.
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All composites showed higher Young modulus values than neat WBPUU, the
increase in Young modulus was directly realted to the content of
reinforcement. This effect was more noticeable for nanocomposites reinforced
with graphene oxide. In the case of WBPUU/GO composites, stress at yield

values were also improved as well as stress at break values.

Table 6.3. Young modulus, stress at yield, stress at break and strain at break values
for neat WBPUU, WBPUU+E and GO or GE reinforced composites

Sample Young modulus Stress at Stress at Strain at break
(MPa) yield (MPa)  break (MPa) (%)
WBPUU 37.9+6.2 2.7+0.1 72116 739.6 + 170.2
WBPUU+E 439+34 26+0.2 15.0+4.2 854.0 + 135.1
1GE 45.6 +4.8 26+0.2 18.2+3.7 881.2 + 185.6
3GE 49.3+5.3 29+0.1 159+5.0 7335+ 779
5GE 67.0+0.3 3.1+0.2 105+0.6 611.8 £ 122.6
1GO 44.4 + 3.6 26+0.1 82126 599.1 +58.8
3GO 524+7.6 40+0.3 124+20 699.8 £ 108.1
5G0O 76.9+8.2 55+0.3 9.3+£0.3 453.4 + 23.7

When analyzing composites reinforced with G, it can be observed that both
Young modulus values and stress at break values increased. WBPUU+E
showed also significantly enhanced properties. Therefore, it can be concluded
that part of the improvement of the mechanical properties for GE containing

composites can be attributed to the presence of Salvia.

However, for both composites reinforced with GO and G, it is observed that at
high reinforcement contents, tensile strength values started to drop, probably

attributed to the formation of reinforcement agglomerations.

Regarding strain at break values, the addition of graphene oxide had a bigger
impact in this property. Strain at break values decreased with the addition of
GO, as was to be expected for this composites [10]. For WBPUU/G
composites, the effect of the Salvia, as well as an excellent polymer/graphene
interfacial adhesion [11], provided higher stress at break values and impeded a

harsh decrease of this property.

203



Chapter 6

a) 14
— WBPUL
12 —1Go
g
e
@
o
=
7]
1 L
0 100 200 300 400 500 600 700 800 900
Strain (%)
b) 2
[ —— WBPUU
L
[ —3GE
16 ——S5GE
14 /
= 12f
&
& 10 -
Py
7 t
()
=] 8 -
« F
6+
4+
2
0 L L L L 1 L 1 L L

0 100 200 300 400 500 600 700 800 900 1000
Strain (%)

Figure 6.8. Stress/Strain curves for neat WBPUU films and nanocomposites
reinforced with @) GO and b) G

The reinforcement effect on the dynamic mechanical behavior of the
nanocomposites can be seen in Figure 6.9. All composites showed higher
storage modulus values than the neat WBPUU throughout the whole range of
temperature. The addition of the nanoreinforcements resulted in the

improvement of the thermo-mechanical stability of the materials [61-63].

WBPUU/GO nanocomposites resulted in materials with more enhanced
thermo-mechanical properties, which could be due to more favored direct
interaction between matrix and reinforcement. Interactions between WBPUU
and GO, suggested by FTIR studies, could result in chains with reduced

mobility, increased stiffness and, thus, higher storage modulus [64,65]. The
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reduction of chain mobility, together with the high modulus and specific
surface area of graphene oxide could significantly alter the stiffness of the
WBPUU [62]. This higher stiffness is in agreement with results observed
from mechanical properties, where both Young modulus and stress values
increased with the addition of GO, whereas elongation at break values
dropped.
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Figure 6.9. Dynamic mechanical curves of neat WBPUU and reinforced composites
with different contents of a) GO and b) G

In the case of WBPUU/G nanocomposites higher storage modulus and better
thermo-mechanical stability was seen. However, this improvement is less

significant than in composites with GO. Probably, in graphene reinforced
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composites the presence of Salvia could have interfered in the creation of
matrix/graphene interactions.

In order to study possible electrical conductivity of the materials supplied by
the addition of graphene, electrical properties of GE containing composite
films were studied. Neither of the films showed a conductive character.
Graphene flakes seemed to have stayed embedded in the polyurethane matrix
or the G content was too low and graphene flakes were not able to form a
conductive net. Since nanocomposites films did not show electrical
conductivity, in the following section a coating of the systems with graphene

was studied, with the aim to supply the films with this characteristic.
6.3. Coating of WBPUU/carbonaceous structures composites

For the study of the coated systems the neat polyurethane and the highest
content composites, 5GO and 5GE, were chosen. Systems were coated with
graphene in order to supply them with conductivity. For this, both the
graphene obtained through different methods (Chapter 3), were used, G
obtained through exfoliation of graphite and rGO through thermal reduction

of graphene oxide.

First G and rGO were dispersed in cyclohexane (10 mg-mL™?) in a sonication
bath for 45 minutes. Prior to submerging the films in these dispersions, the
films were dipped in NMP for just a few seconds, in order to swell them and
allow a better penetrability on their surface. The dipped films were later
submerged in the G or rGO dispersions in cyclohexane and were sonicated in
a sonication bath for 15 minutes. Afterwards, films were extracted and
cleaned with water to remove residual cyclohexane and later with a brush to

remove not attached G and rGO, and were left to dry at room temperature.

When rGO was used to coat the neat WBPUU and 5GO composite, the coated
films were labeled as WBPUU/rGO and 5GO/rGO. When G was used to coat
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the neat WBPUU and 5GE films, these coated systems were labeled as
WBPUU/G and 5GE/G.

In order to study the changes taken place in film properties after coating

process, coated systems were characterized by means of different techniques.
6.3.1. Characterization of coated systems

Electrical properties of the coated systems were analyzed measuring electrical
resistance of the material when an electric field was applied, current/voltage

curves are shown in Figure 6.10.
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Figure 6.10. Current vs. voltage curves for G and rGO coated films

Results showed that the coating of the materials with carbonaceous structures
resulted in systems with an electrical conductive surface. Both coated
matrices showed the lowest conductive capacity, being their electrical
resistance (155.0 £ 76.0) x10° Q for WBPUU/G and (142.1 + 20.5) x10° Q for
WBPUU/rGO. In the case of coated composites, the resistance values were
noticeably lower than coated polyurethane ones. The resistance for 5GE/G
composite was (6.6 + 1.7) x 10° Q, and for GO/rGO was (2.7 + 1.3) x10°Q.

The higher conductivity shown by nanocomposites was attributed to a better

coating process, due to a better affinity between the surface of composite
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films and the coating nanoreinforcements. In the case of 5GO coated system,
an even better conductivity was achieved. This could be thanks to the
remaining oxidized groups in the structure of rGO, which could help improve
interactions with films surface, leading to a better coating than for G coated
systems.

To further analyze the electrical conductivity of the surface of the systems,
EFM analyses were carried out. In EFM analyses, electrostatic forces affect
the resonance frequency of the oscillating cantilever, thus this changes are
detected and captured in phase images [12]. Phase images will only be
obtained for conductive materials. In this case, scans were done at -6, 0, 3, 6
and 12 V, in order to confirm conductivity of the materials and study the

effect of the variation of the applied voltage.

As seen by electrical conductivity analyses, all coated systems showed good
electrical conductivity, thus for all systems phase images were obtained. As
seen in the previous section, coated neat polyurethane films had lower
conductive capacity. In this case, that was reflected by images with lower
brightness. As can be seen in Figure 6.11, composites showed brighter images

due to their better electrical conductivity.

When studying the effect of positively and negatively charged fields, 6 and -6
V were applied and images were obtained. It can be observed that for both
positive and negative voltages brighter images were obtained, meaning the
presence of repulsive interactions increasing the resonant frequency of the

cantilever [13].
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600.0 nm Phase 600.0 nm

Figure 6.11. EFM phase images at 0, 3, 6,12 and -6 V for a) WBPU/G, b) 5GE/G, c)
WBPU/rGO and d) 5GO/rGO (Image size: 3x3 um)
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When a range of voltage from 0 to 12 V was applied, it could be seen that
higher voltages resulted in brighter images (Figure 6.11). The higher tip
voltages resulted in greater phase shifts, due to stronger repulsion forces.

DMA analyses were carried out to evaluate possible damaging of the
materials during coating process and to assess thermomechanical behavior of
the materials. Figure 6.12 shows storage modulus and tan & curves for coated
systems (WBPUU/rGO, WBPUU/G, 5GO/rGO and 5GE/G). For comparison
purposes, in Figure 6.12, the curves of their uncoated homologues (WBPUU,
5GO0 and 5GE) are included.

After coating process, coated materials showed slightly lower storage
modulus values than uncoated counterparts, indicating some damage in the
materials. However, a small increase in the thermomechanical stability of the
materials was observed, probably due to the formation of a G and rGO shell

that protects the internal structure of the material.

1.0

——WBPU = = WBPUAGO- - - WBPU/G
——5GO0 = = 5GOAGO
5GE SGE/G
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100
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T
~ N 2"
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-100 80 -60 -40 20 0 20 40 60 80 100 120 140 160

Temperature (°C)

Figure 6.12. Dynamic mechanical curves of coated films and uncoated homologues

The carbonaceous coating of the systems was observed through SEM. A
fractured zone, where the coating and the composite film meet, was analyzed.

Obtained micrographies are shown in Figure 6.13.
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b)

c)

Figure 6.13. SEM images for transversal cuts for a) WBPU/G, b) 5GE/G, c)
WBPU/rGO and d) 5G0O/rGO
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When studying obtained SEM images, for less magnified images, the
successful coating of the systems can be clearly seen by a shell surrounding
the composites films. For more magnified images, differences in the coating
begin to be noticeable. For coated unreinforced polyurethanes, the separation
between the coating and the film was sharper. In the case of coated
composites, this union was less pronounced, the carbonaceous structures of
the coating were able to penetrate the surface a little better, suggesting a better
affinity of rGO and G with the composite films than unreinforced films. This
improved affinity seems to have helped the adhesion of the graphene and rGO
flakes on composite films surface, which resulted in a better conductive

capacity for coated composites than for unreinforced films.

Literature reports show that graphene can show antibacterial activity against,
both, gram positive and gram negative strains [14,15]. Therefore, in order to
study possible antibacterial properties supplied by the coating process,
antibacterial analyses were carried out. Moreover, in addition to graphene,
Salvia extract also shows antimicrobial character [16,17], which could further
promote the antimicrobial behavior. In this regard, 5GE/G coated composite

was chosen for this analyses.

The testing of the microbicide activity of the film was done using the disk
diffusion technique. Two strains were used for testing, one Gram positive,
Staphylococcus aureus CECT 239, and one Gram negative, Escherichia Coli
CECT 405.

Results for antibacterial test for both bacteria are shown in Figure 6.14.
5GE/G showed antimicrobial activity against both tested trains, as can be seen

by the formation of inhibition halos around the samples.
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Figure 6.14. Antimicrobial activity shown by 5GE/G against a) S. aureus and b) E.
Coli.

6.4. Preparation of WBPUU/rGO filaments

In order to assess the potential use of these composites for FDM 3D printing,
filaments were prepared, characterized and tested. For the preparation of
filaments, the use of reduced graphene oxide was chosen, in order to have a
graphene-like structure but with a faster production process. As done in
Chapter 4 for CNF containing composites, two incorporation methods were

employed, ex-situ and in-situ, to prepare nanocomposites with 3 wt.% rGO.

For composite preparation prior to filament extrusion, first rGO was dispersed
in water. As done with graphene, rGO was dispersed in water using Salvia
extract as a surfactant, with a rGO:E ratio of 2:1. In the case of the ex-situ
composite, it was prepared as explained in the previous section, the sonicated
rGO aqueous dispersion was added to the WBPUU dispersion and was further
sonicated for an hour in a sonication bath. In the case of in-situ composites the
rGO aqueous dispersion was added during the phase inversion step of the
synthesis. Both composites were left to dry in Teflon molds for 7 days at
room temperature and 3 days at 400 mbar. Ex-situ and in-situ prepared

nanocomposites were name 3rGOex and 3rGO)y, respectively.
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For filament preparation, composite pellets of 5x5 mm? were prepared and
extruded following the procedure explained in Chapter 4. Feeding and
extrusion speed were maintained (feeding flow of 0.3 g every 25s at 50 rpm),
as well as nozzle size and collection process. However, when optimizing
extrusion temperature, it was observed that WBPUU/rGO composites did not
need as high temperatures as WBPUU/CNF composites for a good extrusion
process. In-situ and ex-situ prepared WBPUU/rGO composites were prepared

at 160 °C and good processability was observed.

Filament of ex-situ and in-situ composites were prepared and named F3rGOgx
and F3rGOn.

6.4.1. Characterization of WBPUU/rGO filaments

Neat WBPUU and WBPUU/rGO nanocomposite filaments were characterized

regarding their physico-chemical, thermal and mechanical properties.

Figure 6.15 shows pictures of the extruded filaments. As previously seen in
Chapter 4, FWBPUU had a transparent aspect, which changed with the
addition of the nanoreinforcements. Filaments reinforced with rGO, both
F3rGOex and F3rGO, were completely black. In this case, the black color of
graphene overtook the color of the matrix. In contrast with the extrusion of
WBPUU/CNF nanocomposites, rGO based nanocomposites showed a more
constant and controllable extrusion and, thus, filaments with a more

homogeneous diameter were obtained.
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FWBPUU F3rGOex F3rGOn

Figure 6.15. Photographs of WBPUU and WBPUU/rGO nanocomposites filaments

Fourier Transform Infrared spectroscopy analyses were carried out in order to
analyze interaction between the neat WBPUU and the nanoreinforcements.
FTIR spectra of WBPUU filament and nanocomposite filaments are shown in
Figure 6.16.

FWBPUU, F3rGOex and F3rGO all showed all the previously described
characteristic polyurethane peaks. All systems showed the same bands with
the only difference residing in the N-H band at 3360 cm™. For composite
filaments this band shifted to higher wavenumber values. This change could
be due to an overlapping of the matrix N-H band with the O-H band of the
Salvia extract used to dispersed rGO, and some residual oxygenated groups in
rGO.
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a)

b)

Figure 6.16. FTIR spectra of WBPUU and WBPUU/rGO nanocomposites filaments
and b) zoomed FTIR spectra for the 3600-3100 cm™ region.

The thermal stability of the filaments was analyzed by TGA, in order to study
changes taken placed in the nanocomposites during the filament preparation

process. Obtained TGA and DTG curves are shown in Figure 6.17.

The matrix filament, as previously seen in Chapter 4, showed the two step
degradation already described, where the degradation of the hard segment is

centered at 340 °C, followed by the degradation of the soft segment at 420 °C

[6].

For WBPUU/rGO filaments an enhancement on the thermal stability of the
materials with the addition of graphene was observed. In the case of filaments

containing graphene, both the SS and HS degradation temperatures were
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displaced to higher temperatures. For F3rGOex the HS and SS DTG peaks
maximums displaced from 339 °C of FWBPUU to 394 °C and from 421 °C to
439 °C, whereas for F3rGO they displaced to 398 and 440 °C, respectively.

[18,19].
E
Figure 6.17.
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TGA and DTG curves for neat WBPUU and WBPUU/rGO

nanocomposites filaments

The mechanical properties of the filaments were assessed by tensile tests and

changes in mechanical behavior due to the addition of rGO and the filament

preparation process were studied. Measured mechanical properties are

summarized in Table 6.4 and obtained stress/strain curves are shown in Figure

6.18.

Table 6.4. Young modulus, stress at yield, stress at break and strain at break values

for matrix and composites filaments

Young Modulus ~ Stress at yield ~ Stress at break Strain at

(MPa) (MPa) (MPa) break (%)
FWBPUU 6.9+13 15+0.1 54+0.6 8216+ 354
F3rGOex 32456 9.8+0.9 282+18 914.8+23.8
F3rGO 36.4+6.3 6.4 +0.9 252+0.9 995.6 +59.7

A strong reinforcement effect supplied by the addition of rGO can be clearly

seen. Both filaments containing rGO showed improved mechanical properties.
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Young modulus and stress at break values were significantly enhanced in
nanocomposite filaments. This behavior is often seen for polyurethanes
reinforced with carbonaceous nanostructures [20,21]. An increase of up to
428% can be seen for Young modulus and up to 422% for stress at break
values. Moreover, strain at break values after rGO addition were slightly
higher than those shown by the unreinforced filament.

The enhanced mechanical properties shown by F3rGOex and F3rGO\y could

be due to the effect of the addition of rGO, as well as, Salvia.

—FWBPUU
——F31G0,

F31GO0,

Stress (MPa)
>
T T T T T T T T T T T T T

L L L L L I L
0 100 200 300 400 500 600 700 800 900 1000

Strain (%)

Figure 6.18. Stress/Strain curves for neat WBPUU and rGO reinforced composite

filaments

When compared to the previously studied WBPUU/G and WBPUU/GO films,
it can be observed that the filament preparation process, in this case, did not
damage the mechanical properties of the materials, as opposed to
WBPUU/CNF composites. Overall, values of the same order were observed,
though higher stress and strain at break values can be seen in filaments
compared to films. In this case the presence of remaining oxygenated groups
in the surface of rGO, as well as the presence of Salvia, allowed the formation
of interaction with the polyurethane-urea matrix, resulting in enhanced

mechanical properties. Moreover, the alignment of the reinforcements during
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the filament preparation process could further improve the properties of the

nanocomposites.

The thermomechanical behavior of the filaments was studied by Dynamic
Mechanical Analysis. Storage modulus and tan & curves are shown in Figure
6.19.

In all temperature range, a strong increase in the modulus values can be seen
for composite filaments. This higher storage modulus could be due to high
modulus and specific surface area of graphene [22]. Before T4 was reached,
the storage modulus was maintained fairly constant for all systems. Moreover,
a strong enhancement of the thermomechanical stability of about 50 °C with
the addition of rGO could also be observed. The polymer/reinforcement
interactions suggested by previous analyses decreased the mobility of the
chains, which together with the reinforcement effect of reduced graphene

oxide resulted in stiffer and more stable materials [11].

F3rGOex and F3rGOn showed higher modulus values, than those shown by
WBPUU/CNF filaments in Chapter 4, and were able to maintain the structural
integrity of the material at higher temperatures [11,19].
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Figure 6.19. Dynamic mechanical curves for WBPUU and WBPUU/rGO

nanocomposites filaments
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In comparison with filaments prepared from composites reinforced with
cellulose nanofibers, WBPUU/rGO filaments presented overall better
properties, regarding their thermal, mechanical and thermomechanical
behavior. This was attributed to a better extrusion process resulting in less
degraded materials, as well as to the strong reinforcement effect and great

properties of this carbonaceous nanostructure.
6.5. FDM 3D printing of WBPUU/rGO filament

Prepared filaments were tested for FDM 3D printing. As previously seen in
Chapter 4, it was not possible to print FWBPUU due to low rigidity and
nozzle obtrusion. The addition of rGO, however, resulted in stiffer materials,
as shown by mechanical properties of the filaments. This higher rigidity of
these filaments was enough to allow good feeding and extrusion process

during FDM printing.

FDM printing of WBPUU/rGO filaments was carried out using a Tumaker
Voladora NX printer paired with a Simplify3D software. Printing parameters
were optimized for the prepared filaments, varying extruder and bed
temperature and printing speed among others. Optimized printing parameters

are shown in Table 6.5.

Table 6.5. 3D printing parameters

Parameter Value
Extruder temperature (°C) 200
Bed temperature (°C) 45
Nozzle diameter (mm) 0.6
Printing speed (mm-s™) 10
Layer height (mm) 0.2
Infill Pattern Rectilinear

Dog-bone specimens were chosen as designed models for 3D printing, to
facilitate later testing of the mechanical properties of the printed parts.

Dimensions of printed dog-bone specimens are shown in Figure 6.20.
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2)

b) L=45 T=12

W=175

Figure 6.20. a) 3D model of imported dog-bone design and b) dimensions (in mm)
6.5.1. Characterization of 3D printed pieces

3D printed parts from F3rGOex and F3rGO were named 3D-3rGOex and
3D-3rGOw, respectively. A loyal reproduction of the shape and size of the
imported model was obtained, 3D-3rGOex and 3D-3rGOy printed parts are
shown in Figure 6.21.

a)
&
8 L =45.07 +0.51 mm
5 W =7.84 +0.07 mm
A T=1.19+0.02 mm
o
b)
z
8 L =45.71+0.52 mm
= W =7.77 £ 0.08 mm
A T=1.18+0.02 mm
o

Figure 6.21. Photographs of WBPUU/rGO 3D printed parts by FDM
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Printed parts were characterized regarding their morphology and their

thermal, mechanical and thermomechanical behavior.

Obtained SEM cryofractured cross-sectional images are shown in Figure 6.22.
Both printed systems presented similar morphologies with small differences.

3D-3rGOgx 3D-3rGOn

Figure 6.22. SEM images for cryofractured cross-sections of WBPUU/rGO 3D
printed parts by FDM

Figures 6.22a and 6.22b show less magnified images of 3D-3rGOex and 3D-
3rGOn systems, where small imperfections, small holes, formed during the
printing process can be observed (circled in red). These imperfections are
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more noticeable in the case of 3D-3rGOex, where a higher amount of holes
are observed, in contrast to the more compact interior with a very reduced
amount of imperfections shown by 3D-3rGOn. Most of these holes seem to
align with the junction of the layers, suggesting some adhesion problems
between layers.

Figure 6.22c-f show more magnified images of the materials. A good
dispersion of the nanoreinforcements can be deduced, since no apparent

agglomerations can be observed.

Tensile tests were performed for 3D printed specimens, in order to analyze
their mechanical properties. Results summarizing mechanical properties are

shown in Table 6.6 and stress/strain curves are shown in Figure 6.23.

Table 6.6. Young modulus, stress at yield, stress at break and strain at break values
for WWPU/rGO 3D printed specimens

Sample Young modulus _Stress at Stress at Strain at
(MPa) yield (MPa) break (MPa) break (%)

3D3Gex 30.7+7.8 3.7+£0.2 114+04 4675+ 7.3

3D3Gin 46.7 £ 8.2 3.7+£0.3 124+13  451.3+29.2

Changes in mechanical behavior of the material due to printing process can be
clearly seen. Some analyzed parameters show deterioration after the printing
process. This was not the case for Young modulus values, were good
properties are maintained. However, significantly lower stress at yield, stress
at break and strain at break values were observed for both printed systems

when compared to their corresponding filaments.

This strong deterioration of mechanical behavior shown by printed parts could
be attributed to the presence of small imperfection in the structure of the
printed parts, as well as the adhesion problems between layers, seen by SEM
(Figure 6.22a-d). Another possible reason could be the damage of the material

during the printing process. High printing temperatures could have begun
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degrading the nanocomposites, resulting in materials with worse mechanical

properties.

——3D-31G0,,
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Figure 6.23. Stress/Strain curves for WBPUU/rGO 3D printed specimens

Regarding DMA, it can be observed that both printed systems showed, in
general, a good thermomechanical behavior (Figure 6.24). When compared
with extruded filaments, a similar behavior was repeated. At low
temperatures, printed parts showed similar modulus values to their

corresponding filaments, being the value even slightly higher for 3D-3rGO.
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Figure 6.24. Dynamic-mechanical curves of WBPUU/rGO 3D printed parts by FDM
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However, a deterioration in stability compared to their filaments counterparts
was seen in 3D printed. This lower stability could be due to damage suffered
by the materials during the high temperature printing process, as suggested
also by mechanical results.

6.6. Conclusions

In this chapter polyurethane-urea films were reinforced with graphene oxide
and graphene. Films containing these carbonaceous structures showed opaque
brown and black tonalities and showed homogeneuous dispersions of the
reinforcement within the matrix. UV light absortion capacity was studied and
they showed good shielding behaviors, with extremely low transmitance
observed for G containing films and increasing with content of GO. The
addition of both GO and G to polyurethane proved great reinforcement
capacity since nanocomposites showed strongly enhanced mechancial and
thermomechanical behavior. However, neither composite film showed

electrical conductive behavior.

In order to supply electrical conductivity to the materials, the coating of the
films with graphene and reduced graphene oxide was studied. The coating
process resulted in a graphene shell sorrounding the films, which was clearly
observed in SEM images. Coated materials showed good electrical
conductivity, which was stronger for coated composites rather than coated
neat polyurethane-urea. This was attributed to the better affinity of the coating
with the nanocomposite films. Materials showed some damage suffered
during the coating process and showed some deteriotation on their
thermomechanical behavior. Coating showed also good bactericide behavior,

thanks to the antibacterial behavior of graphene.

Nanocoposites containing 3 wt.% of reduced graphene oxide were prepared
by ex-situ and in-situ methods and they were extruded to obtain WBPU/rGO

filaments. The extrusion process of these materials presented lower flux
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troubles than in the case of CNF, therefore more homogenoeus and less
damaged filaments were obtained. As a result, filaments with great thermal,
thermomechanical and mechanical properties were obtained. The higher
rigidity shown by these filaments directly translated into better printability.

Filaments were used to produced 3D printed parts by FDM, WBPUU/rGO
filaments showed good printability and shape reproducibility. SEM analyses
showed good overall layer adhesion with some small imperfections. 3D
printed parts showed some deterioration, with some damaging of the
mechanical properties, attributed to the imperfections and high printing

temperatures, but showed overall good properties.
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7. WBPUU/CARBONACEOUS NANOSTRUCTURES INKS FOR DIW
3D PRINTING

7.1. Aim of the chapter

The aim of this chapter was to develop WBPUU/rGO nanocomposites inks to
be used in DIW 3D printing. rGO was added to the WBPUU and to obtain
inks with adequate rheological behavior, a high molecular weight polymer,

carrageenan (CAR), was included in the formulations.

As previously observed, the amount and type of reinforcements added can
strongly affect the rheological behavior of the materials. In this regard,
nanocomposite gels with varying contents of reduced graphene oxide and
carrageenan were prepared, in order to study their effect on the gel properties.
Following previous procedures, rGO and carrageenan were incorporated by
two different methods, ex-situ and in-situ. Changes in rheological behaviors
of the inks were analyzed by flow tests, dynamic oscillatory tests and

structural recovery test.

The addition of rGO and CAR could significantly alter the printing process of
the inks, as well as the final properties of the materials. Prepared inks were
used in DIW to obtain 3D printed parts. Obtained 3D printed parts were
analyzed regarding their morphology, physicochemical, thermal and

mechanical properties, and electrical conductivity.

7.2.Preparation and characterization of WBPUU/rGO/CAR

nanocomposite inks

The addition of high quantities of graphene is often compromised due to the
high hydrophobicity of graphene hindering its dispersion in water. Hence, in
order to further regulate the rheology of the systems without excessive
increasing rGO content, the addition of another modulating component was

necessary. In this case, due to the great properties it offers for this application,
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k-carrageenan was chosen. Carrageenan acts like a gelling agent in aqueous
solutions, which in the right concentration will allow for a good 3D printing

process.

WBPUU/CAR and WBPUU/rGO/CAR gels were prepared parting from the
WBPUU dispersion synthesized in Chapter 3 with a 33 wt.% solid content.
For ex-situ nanocomposite gels, vigorous mechanical stirring was used in
order to obtain a good dispersion. An ultraturrax homogenizer was employed
for this, working at 12000 rpm. First, Salvia extract was added to the
polyurethane dispersion, acting as a surfactant for improved dispersion of
graphene, a ratio of 1:1 for rGO:Salvia was used. Afterwards, rGO was added
and dispersed with the ultraturrax homogenizer for 20-25 minutes and last
carrageenan was added and dispersed for another 10 minutes. Different
contents of carrageenan (1 and 2 wt.%) and reduced graphene oxide (0.5 and
1 wt.%) were used to prepare inks (Table 7.1). Nanocomposite inks were
named as “xrGOyCARex”, where “x” denotes the content of rGO and “y” the
content of carrageenan. For comparative purposes a gel without graphene, just
with polyurethane and carrageenan, was prepared (2CARex), as well as a gel
without polyurethane, composed of carrageenan, Salvia and graphene
dispersed in water (M-0.5rGO2CAR).

Table 7.1. WBPUU, CAR, rGO and Salvia extract contents for ex-situ nanocomposite

gels

WBPUU ;

dispersion CAR rGO Salvia Deionized thal
Sample extract weight

(9) @ (@ @ water (9) ©

(* 33 wt.%)
2CAREex 19.4 0.4 - - 0.2 20
0.5rGO1CARex 194 0.2 0.1 0.1 0.2 20
0.5rGO2CAREx 19.4 0.4 0.1 0.1 - 20
1IrGO1CARex 19.4 0.2 0.2 0.2 - 20
M-0.5rGO2CAR - 0.4 0.1 0.1 19.4 20

For in-situ composite gels, rGO and carrageenan were added dispersed in

water during the phase inversion step. Salvia extract was first dispersed in
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water, followed by rGO, using an ultraturrax homogenizer for 10 minutes, and
last carrageenan was added and dispersed, once again using an ultraturrax
homogenizer. Quantities used for in-situ prepared nanocomposite gels are
shown in Table 7.2.

Table 7.2. WBPUU, CAR, rGO and Salvia extract contents for in-situ nanocomposite

gels

Salvia - Total

Sample Prepolymer CAR extract rGO Deionized Weight
mass (9)  (9) ) (9)  water (g) ©)

1CAR 30 0.91 - - 60 90.91
2CARn 30 1.82 - - 59.09 90.91
0.5rGO2CARn 30 187 047 0.23 58.34 90.91
1IrGO1CARN 30 093 093 047 58.58 90.91

7.2.1. Characterization of WBPUU/rGO/CAR nanocomposite inks

The prepared inks were characterized regarding their rheology, in order to
study the behavior that they will show when used in direct ink writing.
Following the procedure of Chapter 4 and wanting to consider the effect on
both shape fidelity and printability of the materials, three type of test were
carried out: flow tests, dynamic oscillatory tests and structural recovery test.
For most composite inks, tests were performed using a plate-plate geometry,
except for 0.5rGO1CARex, for which the use of concentric cylinders was

necessary due to its lower viscosity.

Flow test were performed studying the effect of the shear rate on the viscosity
of the inks, viscosity curves are shown in Figure 7.1 and 7.2 for ex-situ and
in-situ prepared inks, respectively. Determined viscosity values at different
shear rates for the different systems and calculated n values from Power Law

(equation 1.1.) are summarized in Table 7.3.

As can be observed, all systems showed shear thinning behavior in the studied

shear rate range, necessary for 3D printing [1]. Regarding viscosity values, as
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can be seen in viscosity curves and calculated values, both the content of
graphene and carrageenan had an effect on the viscosity of the systems, being
the inks with higher rGO and CAR contents the ones showing higher
viscosities. The content of carrageenan strongly affected the rheological
behavior of gels, with mixtures with low concentrations showing lower
viscosities [2,3]. This same effect is observed for carbonaceous reinforcement
concentration, with viscosity values increasing with reinforcement

concentration [4—7].

Table 7.3. Viscosity values measured at different shear rates for ex-situ and in-situ
prepared WBPUU, rGO and CAR containing inks

nat0.02s  naty, natl00s
Sample L (Pa-s) (Pa-s) 1 (Pa-s)
2CAREx 831.8 68.4 4.1 0.041
= | 0.5rGO1CARex 167.6 6.4 0.8 0.186
'z 0.5rGO2CAREex 1388.0 64.2 4.4 0.137
@ | 1rGO1CARex 958.0 56.6 4.0 0.139
M-0.5rGO2CAR 849.3 38.5 2.3 0.082
1CARN 27.5 1.8 0.5 0.374
2 | 2CARi 271.8 11,8 2.2 0.287
& | 0.5rGO2CARN 935.9 26.4 3.2 0.162
1rGO1CAR 89.3 6.1 1.3 0.380

For ex-situ prepared inks, 2CARex, 0.5rGO2CARex and 1rGO1CARex show
similar curves, showing that these compositions resulted in materials with
similar viscosities throughout the shear rate scan. 0.5rGO1CARex ink,
however, the low contents of rGO and CAR resulted in lower viscosity values,
suggesting an ink with poor shape fidelity. In this case, the low content of
carrageenan did not allow for a good gel formation and the low content of
rGO was not enough to supply strong flow resistance. When either the content
of carrageenan or graphene was increased, 0.5rGO2CARex and
1rGO1CARex, respectively, inks with significantly higher viscosities were
obtained, which will allow for a better printed structures with better shape

fidelity [8,9]. It can be observed that the addition of rGO to more concentrated
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CAR gels (comparing 2CARex and 0.5rGO2CAREex) showed less influence in
the rheological behavior than for less concentrated gels, where this effect was
significantly stronger (0.5rGO1CARex and 1rGO1CAREx), as previously seen
in literature reports [10].

1000 & —=— WBPUU
—8—2CAR,,
0.51GOICAR
—p— U.<|(;():('.—-\REX
—#— I1IGOICAR
~—a—M-0.51GO2CAR

100 ¢

Viscosity (n) (Pa's)

0.1

0,01 L L L
0.1 1 10 100 1000

Shear rate (s7)

Figure 7.1. Viscosity as a function of shear rate of ex-situ prepared WBPUU, rGO

and CAR containing inks

On the other hand, M-0.5rGO2CAR showed similar, though slightly lower,
values to0 2CARex, 0.5rGO2CARex, and IrGO1CARex. The moderately lower
viscosity shown by M-0.5rGO2CAR shows the effect of WBPUU on the
viscosity of the inks. Interactions taking place between the polyurethane-urea

and the additive resulted in materials with higher viscosity.

The higher viscosity values shown by 2CAR, 0.5rGO2CARex and
1rGO1CAREex signal to a better behavior for DIW, due to less flowing after
the printing process and, thus, better shape fidelity.

Regarding in-situ prepared inks, a similar behavior was observed (Figure 7.2).
Inks with higher carbonaceous reinforcement and carrageenan contents
showed higher viscosity values. 0.5rGO2CARn showed the highest viscosity
values, as happened in ex-situ prepared composites, thanks to the high content

of carrageenan and it gelling capacity. On the other hands, low content of
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carrageenan in 1CAR, resulted in lower viscosity values, which might result
in poor shape fidelity printed parts.

1000 ¢ —8—I1CAR
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0,1 1 10 100 1000
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Figure 7.2. Viscosity as a function of shear rate of in-situ prepared WBPUU, rGO
and CAR containing inks

Moreover, when comparing in-situ prepared inks with their ex-situ prepared
counterparts, in-situ inks showed significantly lower viscosity values. As
happened for WBPU/CNF inks, the addition of rGO and CAR during the
synthesis process may facilitate the formation of interactions between the
polyurethane-urea and the added structures, whereas for ex-situ components,
the more difficult formation of these interactions might allow carrageenan to
interact with water and form a stronger gel. The lower viscosity of in-situ inks
at printing shear rate will allow a better flow and will facilitate the extrusion
process. However, the higher viscosity values, at a rest-like state, shown by

ex-situ prepared inks, will enhance the shape fidelity of the printed structures.

In order to determine the yield and flow points of the inks, spectromechanical
analyses were performed with increasing shear stress. Storage and loss moduli
vs. shear stress curves are shown in Figure 7.3 and 7.4. Yield point and flow
point values were calculated as the point where the storage modulus begins to
deviate from linearity [11] and the crossover point, respectively, and obtained

values are shown in Table 7.4.
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Regarding ex-situ preparations, it can be observed that 0.5rGO1CARex
showed low yield point and flow point, beginning to flow and behaving like a
liquid at very low shear stress values. The low contents of graphene and

carrageenan, as seen for viscosity test, were not enough to form a strong gel.

Carrageenan content strongly influenced the strength of the gels, with systems
with higher CAR contents showing higher yield and flow points [12,13]. The
more stable gel structure was observed for the ink prepared without
polyurethane, indicating that the presence of polyurethane weakens the gel
structure and allows for an easier flow. Among polyurethane-urea containing
inks, 2CARex showed the highest yield and flow points. In this case, because
of the lack of graphene and Salvia hampering direct water/carrageenan and
polyurethane-urea/carrageenan interactions, a better gel structure could be
formed [14].

——0.51GO1CAR
0.51GO2CAR
0,] f ——I1GOICAR
M-0.51GO2CAR

10 lfI)O
Shear stress (t) (Pa)
Figure 7.3. Storage (solid line) and loss (dotted line) moduli as a function of shear
stress and yield (4) and flow (»#) points of ex-situ prepared WBPUU, rGO and CAR

containing inks

For in-situ prepared inks, once again it can be observed that 2CARin showed
the highest yield and flow points, followed by 0.5rGO2CARn. 1rGO1CARN
showed significantly lower values, due to insufficient carrageenan content for

a strong gel formation by this method. 1CARn composition was also
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analyzed and it was observed that it did not present a gel like behavior, due to
its low carrageenan content, showing throughout the entire shear stress scan
G">G.

Regarding the effect of the addition method, in the case of in-situ prepared
inks, as happened in viscosity test, lower values than those of ex-situ inks
were obtained. 2CARn, 0.5rGO2CARiy and 1rGO1CARy showed lower
yield and flow points than their ex-situ counterparts, attributed to the

previously suggested disruption of carrageenan/water gel structure.

The lower values shown by in-situ preparations, may allow for a better
extrusion process, due to easy flow at low applied shear. The defined yield
point for all inks (except 1CARn) indicates shape fidelity capacity to certain
degree [8,15]. The higher storage modulus shown by ex-situ prepared inks
may result in 3D printed parts with better shape fidelity.

10000

—— ICAR,
——2CAR

1000 0.51GO2CAR

—— IrGOICAR
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L L
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Figure 7.4. Storage (solid line) and loss (dotted line) moduli as a function of shear
stress and yield (4) and flow (»#) points of in-situ prepared WBPUU, rGO and CAR

containing inks
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Table 7.4. Yield and Flow point values for ex-situ and in-situ prepared WBPUU, rGO

and CAR containing inks

Sample Ylel(ggomt Flow point (Pa)
2CARex 98.8 241.8

= | 0.5rGO1CARex 11.29 22.1

z 0.5rGO2CAREex 69.8 242.1

@ | IrGO1CARex 39.8 188.1
M-0.5rGO2CAR 160.7 2914
1CARNN - -

2 | 2CARN 43.0 89.1

< | 0.5rGO2CARN 18.5 65.1
1rGO1CAR 12.3 20.3

The structural integrity, thixotropic behavior and potential shape fidelity of
the inks were studied by recovery tests, in which the capacity of a material to
recover its initial viscosity after a high shear rate state was analyzed. A quick
and good viscosity recovery is important to obtain 3D printed parts with good
shape fidelity [4]. Figure 7.5 and 7.6 shows the viscosity values of the
different inks when different shear rate values are applied. The recovery
capacity of each system was calculated using equation 2.1, considering their
viscosity after 80 seconds of the low shear rate, simulating a state of rest.
Calculated recovery values for inks prepared ex-situ and in-situ are shown in
Table 7.5.

As can be observed in Figures 7.5 and 7.6, when a shear rate of 100 s was
applied, the viscosity of all inks drastically dropped to low values, which
would allow for a good flow during printing process. Moreover, it can be seen
that when this shear force was removed, the viscosity of the systems

immediately went back to higher values.
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Figure 7.5. Structure recovery tests of ex-situ prepared WBPUU, rGO and CAR

Regarding the effect of the incorporation method, similar average values were
obtained regardless this parameter. However, it is worth mentioning that ex-
situ preparation systems showed high deviation values, signaling to more

heterogeneous systems.
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Figure 7.6. Structure recovery tests of in-situ prepared WBPUU, rGO and CAR

containing inks
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Table 7.5. Structure recovery capacity of ex-situ and in-situ prepared WBPUU, rGO

and CAR containing inks

Sample Structural recovery
(%)

2CAREex 84 +8
= | 0.5rGO1CAREex 53 + 26
'3 0.5rGO2CAREex 63+9
@ | 1rGO1CARex 59 + 11
M-0.5rGOCAR 59 + 15
1CARN 74 + 13
.g 2CARI 91+3
& | 0.5rGO2CAR 64+5
1rGO1CAR 54 +3

7.3.DIW 3D printing of WBPUU/rGO/CAR inks

The prepared inks were used in DIW to obtain 3D printed parts. DIW printing
of the inks was carried out using an adapted Tumaker Volaradora printer. As
for CNF containing inks in Chapter 5, 3D printed parts were printed at room
temperature at 6 mm-s* using a nozzle with a diameter of 0.8 mm. As design,
a cylinder was chosen, with a diameter of 10 mm and a height of 5 mm
(Figure 5.7 in Chapter 5). When the printing process finalized, obtained parts
were freeze-dried. 3D printed parts were named “3D-X”, where “X” is the

name of their corresponding inks.

Obtained parts are shown in Figure 7.7. Materials printability and shape

fidelity was conditioned by the rheology of the inks.

In agreement with the rheological results, 0.5rGO1CARex did not show good
characteristics for a correct DIW printing process. Though it was able to
easily flow and be printed, its low viscosity and low storage modulus resulted
in a poor capacity to maintain shape and, thus, in materials with extremely
poor shape fidelity, as can be seen in Figure 7.7. Both 3D-0.5rGO1CAREex and
3D-M-0.5rGO2CAR were not able to fully retain the given shape, due to their

poor structural recovery capacity and, thus, low viscosities after printing
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process, making them lose height and gain in width due to material flowing.
3D-0.5rGO1CARex parts were discarded, due to the poor printing process
exhibited and, thus, low precision 3D printed parts.
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Figure 7.7. Photographs of 3D printed cylinders from ex-situ prepared inks

On the other hand, 2CARex and 0.5rGO2CARex inks resulted in 3D printed
parts with good shape fidelity and with gel layers able to support the structure
on top prior to freeze-drying. 3D-1rGO1CARex show poorer shape fidelity
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than parts produced from inks with 2 wt.% of carrageenan, due to less

homogeneous flow caused by nozzle obstructions.

3D printed parts obtained from in-situ prepared inks are shown in Figure 7.8.
As suggested by rheological results, best shape fidelity was obtained in parts
printed from 2CARn and 0.5GO2CARn. The low viscosity and liquid-like
behavior of 1CARn did not allow for a good printing process and it was not
possible to obtain 3D printed parts from this ink. For 3D-1rGO1CARy a good
extrusion process was carried out thanks to its low viscosity under high shear
rates and low yield and flow points, but it was unable to fully retain shape and

3D parts with low shape fidelity were obtained.
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Figure 7.8. Photographs of 3D printed cylinders from in-situ prepared inks

Regardless the preparation method, it is worth noting that systems containing

2 wt.% of carrageenan show the best shape fidelity.
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It is also worth noting that, as happened in Chapter 5, ex-situ prepared gels
show some trouble during printing process, due to the presence of
agglomerations obstructing the nozzle. This fact suggested a poorer dispersion
of reinforcements than in their in-situ counterparts. However, these
obstructions only happened few and far between and did not impede the
correct obtaining of 3D printed parts.

7.3.1. Characterization of 3D printed parts

3D printed parts were analyzed by FTIR spectroscopy, in order to observe

possible interaction between the different components of inks.

The spectra of the printed parts obtained from ex-situ and in-situ prepared
inks are shown in Figure 7.9 and 7.10, respectively. All spectra showed the
characteristic polyurethane bands related to N-H, CH,, CH3, C=0, C-N and
C-O-C, except 3D-M-0.5rGO2CAR. 3D-M-0.5rGO2CAR is prepared without
polyurethane and it shows bands corresponding to carrageenan spectrum;
bands at 3277, 2918, 1378, 1227, 1124, 1032, 1000, 920 and 843 cm™ can be
seen, corresponding to O-H stretching, CH stretching, sulphates, O=S=0
asymmetric stretching, asymmetric stretching of glycosidic bonds, C-OH
+S=0, glycosidic bonds, C-O-C and C4-O-S stretching, respectively [16].

For 3D parts containing polyurethane-urea no major differences are observed
in the spectra. The main difference lays on the N-H band, located around the
3300 cm™* region (Figure 7.9 inset). An increase of the intensity of this band
can be observed with the addition of carrageenan and graphene, being 3D-
0.5rGO2CARex the one showing the most intense band. The presence of
carrageenan and Salvia extract altered this band, which could be attributed to

the overlapping of the bands of each component [17,18].
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Figure 7.9. FTIR spectra of 3D printed parts from ex-situ prepared CAR and rGO

containing inks

FTIR spectra of 3D printed parts from in-situ prepared inks are shown in
Figure 7.10. The same behavior than for parts printed from ex-situ prepared
inks was observed, with an increase of the intensity of the N-H band for
systems containing higher amounts of carrageenan and graphene (Figure 7.10

inset).
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Figure 7.10. FTIR spectra of 3D printed parts from in-situ prepared CAR and rGO

containing inks

The morphology of the printed parts was studied by SEM. Figure 7.11 shows
SEM images of the different 3D printed parts at different magnifications. It
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can be observed that the morphology of the 3D printed parts was strongly
influenced by the presence and amount of carrageenan, graphene and Salvia,
as well as by the ink preparation method.

For 3D printed parts obtained from ex-situ prepared inks, it can be observed
that 3D-2CARex showed the most homogeneous morphology, presenting
spheric pores with an average diameter of 45.4 + 9.1 um. However when rGO
and Salvia are added, changes on the morphology can be obseved. The
addition of carbonaceous nanostructures to a carrageenan-based hydrogel can
result in bigger pores [19]. For 3D-0.5rGO2CAREex bigger and slightly more
elongated pores can be observed, with an average length of 142.8 + 30.6 um
and with of 44.2 + 3.8 um, as well as some spherical pores with an average
diameter of 67.0 £ 13.2 um. For 3D-1rGO1CARex spherical-like pores are
observed again (@ = 55.4 + 7.4 um), however, in this case the pores are less

defined and showing a more open structure.

Two types of water can be found in hydrogels, free and bonded water, which
will have an impact in the porosity of the systems. For 3D-2CARex, due to the
higher amount of interactions between the carrageenan and the water, the
amount of free water was lower. However, these interactions can be altered by
the addition of rGO and Salvia. New interactions formed between the
carrageenan and the new components will result in more free water. The
liberation method of each type of water will strongly alter the pores sizes and

shape in each system, resulting in materials with overall bigger pores [20].
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3D-0.5rGO2CAREx 3D-2CAREex
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Figure 7.11. SEM images of 3D printed parts from ex-situ prepared inks
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It can be observed that without the presence of polyurethane, for 3D-M-
0.5rGOCAR, a more open cell structure is seen, governed by the presence of
pores. It is also worth noting, that without WBPUU the total solid content was
significantly lower, being the content of water to be removed significantly

higher and the density of the 3D printed part much lower.

For 3D printed parts obtained from in-situ preparations, a very different
morphology is observed (Figure 7.12). As previously suggested in rheological
studies, in-situ preparations promoted interaction between polyurethane-urea,
carrageenan, Salvia extract and remaining oxidized groups in rGO, instead of
with water. As a result, there was a larger amount of free water present on the
hydrogels. The resulting morphology is attributed to the removal of this free

water by freeze-drying.

3D printed parts obtained from in-situ ink showed elongated pores. 3D-
2CARn exhibits pores with a length of 303.0 £ 37.8 um and a width of 72.7 +
13.9 um, for 3D-0.5rGO2CAR\ the pore size increased to 433.9 + 60.2 and
78.4 £ 7.5 um, and lastly for 3D-1rGO1CAR pores of 417.8 + 62.9 x 65.9
+8.9 um were observed. As can be seen circled in red, for 3D-1rGO1CAR,
the crushing of the cell walls began to take place.

Though in-situ prepared inks presented lower viscosity values, it can be
observed that high storage modulus and strong reinforcement supplied by the
addition of rGO did not allow for the structures to be crushed and no broken

cell walls were observed, as happened in Chapter 5.
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200 plﬁ

Figure 7.12. SEM images of 3D printed parts from in-situ prepared inks

DSC test were carried out to study the thermal transitions of the printed
materials. Obtained thermograms are shown in Figure 7.13 and 7.14 for parts
printed from ex-situ and in-situ prepared inks, respectively, and Tgss, Ths and
AHns values are summarized in Table 7.6.

It is worth noting that the addition of neither carrageenan, nor graphene, nor
Salvia had an important effect on the glass transition related soft segment of

the polyurethane.
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For printed parts from ex-situ prepared inks, an intense increase of the
enthalpy related to the short ordering of the hard segment can be seen. The
interactions that have formed between the matrix and the Salvia and/or the
carrageenan increased the ordering in the structures, which hindered the
melting process of the materials [18,21]. As a result, higher transition
temperatures are also observed for composites containing graphene, Salvia
and carrageenan. The highest values are observed for 3D-1rGO1CARex, are
attributed to the higher amount of Salvia resulting in more interaction and the

higher amount of graphene interfering in the melting process.

40

3D-11GOICAR

3D-0.5rGO2CAR

Heat Flow (J/g-°C)

-350 0 50 100 150 200

Temperature (°C)

Figure 7.13. DSC scans for 3D parts obtained from ex-situ prepared CAR and rGO

containing inks

For in-situ inks based composites, an even higher increase of both the Tus and
the AHps is observed. This suggests that the addition of the components
during the synthesis process of the polyurethane favored the interactions and
helped form more stable materials, needing more energy for the breaking of

the interaction on their structures.
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Figure 7.14. DSC scans for 3D parts obtained from in-situ prepared CAR and rGO
containing inks

Table 7.6. Thermal transitions’ values observed from the DSC curves for 3D printed
parts containing CAR and rGO

Sample T4 (°C) Tus (°C)  AHws (ng)
WBPUU -49.1 74.7 9.0
3D-2CAR -48.7 78.3 17.5
Z | 3D-0.5rGO2CARex -49.0 78.7 17.6
% | 3D-1rGO1CARex -51.1 80.7 21.0
3D-M-0.5rGOCAR - - -
5 3D-2CAR\ -47.7 89.0 19.0
z» 3D-0.5rGO2CAR -48.4 86.0 19.8
= | 3D-1rGO1CARn -49.7 83.0 21.2

Thermogravimetric analysis were performed in order to study the thermal
stability of the printed parts. TGA and DTG curves are shown in Figure 7.15
and 7.16 for 3D printed parts prepared from ex-situ or in-situ preparations,
respectively.

Different composition resulted in material with different thermal behavior.
3D-M-0.5rGOCAR, due to its lack of polyurethane followed a different trend

than other systems, similar to that of pure k-carrageenan [22,23]. It showed an

251



Chapter 7

initial weight loss at low temperatures, attributed to water evaporation. The
degradation of this system began at lower temperatures than for WBPUU
containing composites, however due to high graphene content on the systems,

at 700°C a high amount of residue remained.

100

—— WBPUU
——CAR
3D-2CAR
—— 3D-0.51GO2CARy
—— 3D-IrGOICARy,
~——3D-M-0.51GO2CAR

60 -

Weight (%)

40+ .

1 = 1 T
100 200 300 400 500 600 700

Temperature (°C)

Figure 7.15. TGA and DTG curves for 3D parts obtained from ex-situ prepared CAR

and rGO containing inks

Regarding ex-situ inks based 3D printed parts, it can be observed that all three
systems containing polyurethane-urea show a similar curve. 3D-2CARex
showed the three degradation peaks of urea groups, urethane groups and soft
segment typical of polyurethane-ureas. However, it can be observed that an
improvement of the thermal degradation took place with the addition of
carrageenan, attributed to the formation of interactions stabilizing the
urethane-urea groups [24]. For graphene containing parts, the curves are
slightly different. Systems containing graphene showed higher thermal
stability than 3D-2CARex. As seen in previous chapters, graphene has
extremely high thermal stability and its use as nanoreinforcement can enhance
stability of systems [17,25], as happened for composite films and filaments
(Chapter 4). In 3D-0.5rGO2CARex and 3D-1rGO1CARex DTG curves, the
last peak is only appreciated as a shoulder. The protection supplied by
reduced graphene oxide delayed the degradation process of the polyurethane

and peaks overlap. Moreover, the shoulder attributed to urea groups is more
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pronouncedly seen in curves containing carrageenan, due to degradation of
CAR coinciding with degradation temperature of urea groups, as seen in
carrageenan degradation curve [22].

For 3D printed parts obtained from in-situ preparations, the same behavior
was observed. The addition of CAR resulted in an improvement of the
thermal stability of the materials, which was further enhanced with the
addition of reduced graphene oxide. Regarding the effect of the incorporation
method, it can be observed that in-situ preparation based composites showed
slightly higher stability, attributed to the higher amount of interactions
present.

100 1S —— WBPUU
——CAR
——3D-2CAR
——3D-0.51GO2CAR

80 - ——3D-IIGOICAR,,

60 -

Weight (%)

0 .

100 200 300 400 500 600 700

Temperature (°C)

Figure 7.16. TGA and DTG curves for 3D parts obtained from in-situ prepared CAR
and rGO containing inks

The mechanical properties of the printed parts were analyzed by compressions
tests. Young modulus, density, specific Young modulus, stress at 60% strain
and densification strain values are shown on Table 7.7. Moreover, Figure 7.17
shows stress vs strain curves for parts prepared from ex-situ and in-situ

prepared inks, respectively.
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Table 7.7. Young modulus, specific Young modulus, stress at 60% strain and
densification strain values for WBPU/rGO/CAR 3D printed parts

Youn Specific Stress at
sample mo dulgs Density Young 60%  Densification
P (MPa) (g-cm®) modulus strain Strain (%)
(MPa-cm3-g1)  (MPa)
23.1+
3D-2CAR 37 0.39 + 0.05 606+127 31%+02 489+13
g 3D-0.5rGO2CARex | 7.6+1.6 0.38+0.03 204+54 14+02 50305
x 12.4 +
@ | 3D-1rGO1CARex 36 0.40 + 0.01 309+89 19+01 518+08
3D-M-0.5rGO2CAR | 0.4+£0.1 0.04 +£0.01 94+23 0.1+00 489+14
24.6 +
) 3D-2CARN 20 0.39 +0.01 62.6 £5.3 26+02 49.6+0.3
= 24.7 +
z 3D-0.5rGO2CARN 35 0.38 40,01 64.3 £9.3 21+03 49810
380+
3D-1rGO1CARIN 36 0.41 +0.02 928+93 3.0+03 50.7+0.6

As happened in Chapter 5, stress/strain curves show the typical three step

compression behavior, divided in the elastic, the plastic and the densification

Zones.

When analyzing the results shown by parts obtained from ex-situ prepared

inks, the great influence of polyurethane on the behavior of the material can
be observed. 3D-M-0.5rGOCAR showed very different properties to those

containing WBPUU, showing significantly lower values of Young modulus

and stress, due to the more brittle behavior of its governing carrageenan [26].

When comparing other systems, it can be seen that 3D-2CAR system showed

higher modulus and stress values than systems containing graphene. The poor

reinforcements effect supplied by graphene could be attributed to two factor.

On the first place, the addition of graphene could have interfered in the

formation of the gel structure, as seen previously on rheological analyses, and,

thus, result in poorly structured materials. On the other hand, the harder

homogenation process for these materials, and, in consequence, the longer
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high shear agitation process might have damaged graphene flakes, resulting in
smaller flakes and, therefore, in worse reinforcement effect [27,28].

In the case of printed parts obtained from in-situ prepared inks, a different
trend is observed with the addition of graphene. Materials with higher Young
modulus and stress values were obtained when graphene and carrageenan
were added by this method. Despite the phase inversion and chain extension
steps of the synthesis being carried out at low temperatures in order to favor
NCO and NH2 reaction, it is possible that some OH groups of carrageenan

and rGO may have reacted with NCO, and formed chemical bonds.

25  ——3D2CAR,
= 3D-0.5rGO2CAR,,
—3D-IrGOICAR

Stress (MPa)
=

0 10 20 30 40 50 60
Strain (%)

Figure 7.17. Stress/Strain curves from compression tests for WBPU/rGO/CAR 3D
printed parts

When a small amount of graphene was added but the carrageenan content was
maintained, the addition of graphene showed no significant effects. However,
for higher amounts of graphene, the reinforcement effect can be clearly seen,
with 3D-1rGO1CARn showing enhanced mechanical properties, with higher
Young modulus, specific modulus and stress values, proving the characteristic
reinforcement capacity of graphene [17,25,29], as well as reinforcement

supplied by Salvia, as seen in Chapter 4.

7.4. Coating of printed pieces
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In order to supply electrical conductive capacity to the 3D printed parts, a
graphene coating was applied, as done for nanocomposite films in Chapter 6.
3D-2CARn and 3D-0.5rGO2CARn were selected based on their good shape
fidelity and shown properties. 3D printed parts were submerged for a few
seconds in NMP to allow a better penetration of the coating, and were then
sonicated in a sonication bath for 15 minutes in a rGO dispersion in
cyclohexane (10 mg-mL™). Coated materials were then cleaned with distilled

water and left to dry at room temperature.

3D-2CARn and 3D-0.5rGO2CARn were named 3D-2CARn/rGO and 3D-
0.5rGO2CARN/rGO, respectively, after coating process.

The electrical conductivity of the coated 3D printed parts was analyzed

measuring conductive capacity when voltage was applied.

Tests showed both coated systems showed electrical conductive behavior,
however, strong differences were observed between the coated parts. 3D-
0.5rGO2CARN/rGO showed better conductivity than 3D-2CARn/rGO, with
resistance values of (7.4 + 11.5) x 10° Q and (373.0 + 44.2) x 10° Q,

respectively.

The higher conductivity shown by the coated composite is in agreement with
results observed in Chapter 6, once again suggesting that the better affinity
between the composite surface and the coating rGO result in a better coating

process.

Morphology of the coated materials was analyzed by Scanning Electron
Microscopy, where both the internal morphology of the systems (Figure

7.18a-f) and the coating layer (Figure 7.18c-f) were observed.
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3D-2CARIN/rGO 3D-0.5rGO2CARN/rGO

Figure 7.18. SEM images of rGO-coated 3D printed parts

Figures 7.18a and 7.18b show damage taken place in the structure of the
materials during the coating process. It can be observed that after coating
process both materials lost the initial porous structure shown by their
uncoated homologues. Though materials still presented a somewhat porous
structure, the elongated porous shape previously observed was no longer
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present. 3D-0.5rGO2CARn/rGO showed a slightly less damaged structure,
with a more homogeneous structure, formed by relatively similarly shaped
and homogenously dispersed porous. The graphene present in the structure
might have helped protect the material and impede further damaging.

When studying the formed coat (Figure 7.18c-f), a successful coating process
can be assumed, a rGO shell surrounding the sample can be seen. As
happened in Chapter 4, a thicker coat was obtained in the case of the coated
composite, suggesting that the better affinity between the composite and the
coating material resulted in a better adhesion, which in turns results in a better

electrical conductivity.

In order to assess the effect that the coating process might have had in the
structure and mechanical behavior of the printed parts, dynamic mechanical
analyses were performed for coated parts and their uncoated counterparts.

Obtained curves are shown in Figure 7.19.

1,0
100 ——3D-2CARy,
= ——3D-0.5:GO2CAR,, 0.9
A 3D-2CAR /GO
———3D-0.51GO2CAR, /GO - 0.8

0.7

E' (MPa)
tan &

0.01 ~.. 0.2

—_ 1 1 1 1
-100 -50 0 50 100 150
Temperature (°C)

Figure 7.19. Dynamic-mechanical curves of coated 3D printed parts and uncoated

homologues

As can be observed, coated parts show higher storage modulus values than

uncoated counterparts at low temperatures, that could be attributed to the
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formation of the graphene shell surrounding the material, observed by SEM.
However, as temperature rises the lower thermomechanical stability of coated
parts is clearly seen. The resulting damaged structures, after the coating
process, showed poorer thermomechanical behavior of the systems than their
uncoated counterparts, resulting in materials with lower stiffness throughout

the temperature scan.
7.5.Conclusions

In this chapter, WBPUU based inks containing rGO were prepared, in which
carrageenan was used to modulate the rheology of the inks. All inks exhibited
shear thinning behavior, with defined yield points and good structural
recovery capacity, in general. However, it could be observed that the addition
of graphene and Salvia to the inks disrupted the gel structure formed by
carrageenan, lowering viscosity, yield and flow point and recovery capacity.
In-situ prepared inks showed, once again, lower rheological values, attributed
to the formation of direct interactions between the matrix and the

reinforcement.

Inks were used in DIW to prepare 3D printed parts. Inks with higher contents
of carrageenan showed better shape fidelity, whereas inks containing low
CAR and rGO contents showed no capacity to maintain the printed shape. 3D
printed parts showed very different morphologies, depending on the method
the inks were prepared, with in-situ inks producing larger and more elongated
pores. Morphology changes were attributed to the effect of the viscosity of the
inks and the state of the water present on them. Composition and preparation
method of the inks affected the content of free or bonded water of the
samples, and the liberation of each type of water resulted in different pore
structures. When analyzing mechanical properties, a very different behavior
was observed depending on the incorporation method of the reinforcements.
In-situ prepared inks resulted in 3D printed parts with enhanced mechanical

behavior, due to the great reinforcement effect of graphene and Salvia, as well
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as due to the possible formation of chemical bonds by this preparation
method. On the other hand, 3D printed parts prepared from ex-situ
preparations did not exhibit this behavior, due to the longer high shear
agitation times needed that could have destroyed the graphene flakes. After
coating process, 3D printed parts exhibited electrical conductivity, however
during coating process their structures were slightly damaged.

7.6. References

[1] Lewis JA, Smay JE, Stuecker J, Cesarano J. Direct ink writing of
three-dimensional ceramic structures. J Am Ceram Soc 2006;89:3599—
609. doi:10.1111/j.1551-2916.2006.01382.x.

[2]  Liu S, Chan WL, Li L. Rheological properties and scaling laws of -
carrageenan in aqueous solution. Macromolecules 2015;48:7649-57.
doi:10.1021/acs.macromol.5b01922.

[3] Bui TNTV. Structure, rheological properties and connectivity of gels
formed by carrageenan extracted from different red algae species. Le
Mas Université, 2019.

[4] LiH, Liu S, Li L. Rheological study on 3D printability of alginate
hydrogel and effect of graphene oxide. Int J Bioprinting 2016;2:54—66.
doi:10.18063/1JB.2016.02.007.

[5] Pinargote NWS, Smirnov A, Peretyagin N, Seleznev A, Peretyagin P.
Direct ink writing technology (3d printing) of graphene-based ceramic
nanocomposites: A review. Nanomaterials  2020;10:1-48.
d0i:10.3390/nan010071300.

[6] Loh HA, Graves AR, Stinespring CD, Sierros KA. Direct ink writing
of graphene-based solutions for gas sensing. ACS Appl Nano Mater
2019;2:4104-12. doi:10.1021/acsanm.9b00572.

[7] Manapat JZ, Mangadlao JD, Tiu BDB, Tritchler GC, Advincula RC.

260



WBPUUY/carbonaceous nanostructures nanocomposite inks for DIW 3D Printing

High-strength stereolithographic 3D printed nanocomposites: graphene
oxide metastability. ACS Appl Mater Interfaces 2017;9:10085-93.
doi:10.1021/acsami.6b16174.

[8] Vadillo J, Larraza I, Calvo-Correas T, Gabilondo N, Derail C, Eceiza
A. Role of in situ added cellulose nanocrystals as rheological
modulator of novel waterborne polyurethane urea for 3D-printing
technology. Cellulose 2021;28:4729-44. do0i:10.1007/s10570-021-
03826-6.

[9] Schwab A, Levato R, D’Este M, Piluso S, Eglin D, Malda J.
Printability and shape fidelity of bioinks in 3D bioprinting. Chem Rev
2020;120:11028-55. doi:10.1021/acs.chemrev.0c00084.

[10] Autio K, Vesterinen E, Stolt M. Rheological properties of mixed
starch-k-carrageenan gels in relation to enzymatic digestibility. Food
Hydrocoll 2002;16:169—-74. doi:10.1016/S0268-005X(01)00074-1.

[11] Cyriac F, Lugt PM, Bosman R. On a new method to determine the
yield stress in lubricating grease. Tribol Trans 2015;58:1021-30.
doi:10.1080/10402004.2015.1035414.

[12] ChenY, Liao M-L, Dunstan DE. The rheology of K+-k-carrageenan as
a weak gel. Carbohydr Polym 2002;50:109-16. doi:10.1016/S0144-
8617(02)00009-7.

[13] Derkach SR, llyin SO, Maklakova AA, Kulichikhin VG, Malkin AY.
The rheology of gelatin hydrogels modified by x-carrageenan. LWT -
Food Sci Technol 2015;63:612-9. doi:10.1016/j.Iwt.2015.03.024.

[14] Liu S, Bao H, Li L. Thermoreversible gelation and scaling laws for
graphene oxide-filled «-carrageenan hydrogels. Eur Polym J
2016;79:150-62. doi:10.1016/j.eurpolymj.2016.04.027.

[15] Zhang X, Huo W, Liu J, Zhang Y, Zhang S, Yang J. 3D printing

261



Chapter 7

boehmite gel foams into lightweight porous ceramics with hierarchical
pore structure. J Eur Ceram Soc 2020;40:930-4.
doi:10.1016/j.jeurceramsoc.2019.10.032.

[16] Prado-Fernandez J, Rodriguez-Vazquez JA, Tojo E, Andrade JM.
Quantitation of k-, 1- and A-carrageenans by mid-infrared spectroscopy
and PLS regression. Anal Chim Acta 2003;480:23-37.
doi:10.1016/S0003-2670(02)01592-1.

[17] Lee JH, Kim SH. Fabrication of silane-grafted graphene oxide and its
effect on the structural, thermal, mechanical, and hysteretic behavior
of polyurethane. Sci Rep 2020;10:1-13. doi:10.1038/s41598-020-
76153-8.

[18] Santamaria-Echart A, Fernandes I, Ugarte L, Barreiro F, Corcuera
MA, Eceiza A. Green nanocomposites from Salvia-based waterborne
polyurethane-urea dispersions reinforced with nanocellulose. Prog Org
Coatings 2021;150:105989. doi:10.1016/j.porgcoat.2020.105989.

[19] Mokhtari H, Kharaziha M, Karimzadeh F, Tavakoli S. An injectable
mechanically robust hydrogel of Kappa-carrageenan-dopamine
functionalized graphene oxide for promoting cell growth. Carbohydr
Polym 2019;214:234-49. doi:10.1016/j.carbpol.2019.03.030.

[20] Tarashi S, Nazockdast H, Sodeifian G. Reinforcing effect of graphene
oxide on mechanical properties, self-healing performance and
recoverability of double network hydrogel based on «-carrageenan and
polyacrylamide. Polymer 2019;183:121837.
d0i:10.1016/j.polymer.2019.121837.

[21] Nguyen DA, Lee YR, Raghu A V, Jeong HM, Shin CM, Kim BK.
Morphological and physical properties of a thermoplastic polyurethane
reinforced with functionalized graphene sheet. Polym Int
2009;58:412-7. d0i:10.1002/pi.2549.

262



WBPUUY/carbonaceous nanostructures nanocomposite inks for DIW 3D Printing

[22] Mahmood WAK, Khan MMR, Yee TC. Effects of reaction
temperature on the synthesis and thermal properties of carrageenan
ester. J Phys Sci 2014;25:123-38.

[23] Mahdavinia GR, Massoudi A, Baghban A, Shokri E. Study of
adsorption of cationic dye on magnetic kappa-carrageenan/PVA
nanocomposite hydrogels. J Environ Chem Eng 2014;2:1578-87.
doi:10.1016/j.jece.2014.05.020.

[24] Cao X, Habibi Y, Lucia LA. One-pot polymerization, surface grafting,
and processing of waterborne polyurethane-cellulose nanocrystal
nanocomposites. J Mater Chem 2009;19:7137-45.
doi:10.1039/b910517d.

[25] Krol P, Krél B, Pielichowska K, Spirkovda M. Composites prepared
from the waterborne polyurethane cationomers—modified graphene.
Part I. Synthesis, structure, and physicochemical properties. Colloid
Polym Sci 2015;293:421-31. doi:10.1007/s00396-014-3417-3.

[26] Nussinovitch A, Corradini MG, Normand MD, Peleg M. Effect of
sucrose on the mechanical and acoustic properties of freeze-dried agar,
k-carrageenan and gellan gels. J Texture Stud 2000;31:205-23.
doi:10.1111/j.1745-4603.2000.tb01417.x.

[27] Nawaz K, Ayub M, Ul-Haq N, Khan MB, Niazi MBK, Hussain A.
Effects of selected size of graphene nanosheets on the mechanical
properties of polyacrylonitrile polymer. Fibers Polym 2014;15:2040-4.
d0i:10.1007/s12221-014-2040-8.

[28] Gao W, Zhao N, Yao W, Xu Z, Bai H, Gao C. Effect of flake size on
the mechanical properties of graphene aerogels prepared by freeze
casting. RSC Adv 2017;7:33600-5. doi:10.1039/c7ra05557a.

[29] Pokharel P, Pant B, Pokhrel K, Pant HR, Lim JG, Lee DS, et al.

Effects of functional groups on the graphene sheet for improving the

263



Chapter 7

thermomechanical properties of polyurethane nanocomposites.
Compos Part B Eng 2015;78:192-201.
doi:10.1016/j.compositesh.2015.03.089.

264



Chapter 8

INCORPORATION OF BIOACTIVE PLANT
EXTRACTS TO WBPUU INKS FOR 3D
PRINTING

8. INCORPORATION OF BIOACTIVE PLANT EXTRACTS TO

WBPUU INKS FOR 3D PRINTING 267
8.1.  Aim of the chapter 267
8.2.  The use of natural extracts 267
8.3.  Preparation of WBPUU/natural extracts inks 270

8.3.1.  Characterization of WBPUU/natural extracts inks 272
8.4.  Characterization of WBPUU/natural extracts composites 279

8.5.  DIW 3D printing of WBPUU/natural extracts inks 288
8.5.1.  Characterization of 3D printed parts 291
8.6.  Conclusions 296

8.7. References 298






Incorporation of bioactive plant extracts to WBPUU inks for DIW 3D printing

8. INCORPORATION OF BIOACTIVE PLANT EXTRACTS TO WBPUU
INKS FOR 3D PRINTING

8.1. Aim of the chapter

In this chapter the possibility to add natural extract in order to supply the inks
with new functionalities, such as antimicrobial behavior, was analyzed. In this
regard, three types of natural extracts were selected, Haematoxylon
campechianum L. (Logwood (LW)), Castanea sativa L. (Chestnut (CN)) and
Rhamnus frangula L. (Alder Buckthorn (AB)). Natural extracts often show
good antimicrobial behavior, which could be of interest for 3D printable inks

in order to further propel their potential.

For gels preparations, high solid contents waterborne polyurethane-urea
dispersions were prepared. Natural extracts were added by two different
methods, ex-situ and in-situ, and in different contents to analyze the effect of
the addition method and their amount on the inks, as well as the type of extract

used.

The rheological behavior of each ink was analyzed in order to predict their
potential for DIW 3D printing. Moreover, the physicochemical properties and
the antimicrobial behavior of the neat plant extracts and the dried composites
were analyzed. Afterwards, the more suitable inks were chosen and used to
obtain 3D printed parts, which were later characterized regarding their

morphology and mechanical properties.
8.2. The use of natural extracts

The wide and natural abundance of plant extracts, together with their reported
extend beneficial effects, makes natural extracts a very interesting additive
option [1-5]. Many plant extracts such as Haematoxylum campechianum L.,
Castanea sativa L. and Rhamnus frangula L, also known as logwood, chestnut

and alder buckthorn, have long been used as natural dyes [6-9], due to their
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characteristic pigmentation (Figure 8.1). The mentioned extracts are obtained
from plants original to Europe and Central America and they are used in
traditional medicine, thanks to their shown antioxidant, antimicrobial, antiviral,
antifungal, antitumor and anticancer behavior among others [6,10-13].
Therefore, by the incorporation of these extract to WBPUU inks, materials with
interesting characteristics for biomedical applications could be obtained.

Figure 8.1. Picture of a) logwood, b) chestnut and c) alder buckthorn extracts

Plant extracts are composed by a wide variety of components, mainly
polyphenols. Among the many components of logwood extract, hematoxylol
A, epihematoxylol B and, mainly, hematoxylin (Figure 8.2a) are found as the
most bioactive compounds [14,15]. For chestnut extracts, a great variety of
components are found, being tannins and some other phenolic compounds the
principal components, vescalin, castalin, gallic acid, vescalagin, castalagin,
kurigalin, acutissimin A and ellagic acid (Figure 8.2b) [7,10]. In alder
buckthorn extract structures such as anthraquinones, among them
chrysophanol, physcione and emodine [12,16], and some other important
constituents such as frangulin A and B and glucofrangulin A and B (Figure
8.2c) are found [17].
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The wide range of components and different structures found on these natural
extracts could influence the printability of the inks and final composite

properties.
8.3. Preparation of WBPUU/natural extracts inks

For inks preparation, viscosity of the systems was modulated by increasing the
solid content of the WBPUU dispersions and adjusting it for a proper gel-like

structure.

For ex-situ preparations, a WBPUU dispersion with 50 wt.% solid content was
prepared (WBPUUsp) and later used for composite preparation. Extracts were
added in 1, 3 and 5 wt.% by mechanical agitation, until homogeneous
dispersions were obtained. Ex-situ prepared inks were named “xLWex”,
“xCNex” and “xABex” for composite inks containing logwood, chestnut or
alder buckthorn extract, respectively, and where the “x” refers to the content of
extract on the ink regarding the weight of the dried content, as specified on
Table 8.1.

Table 8.1. WBPU and natural extract contents for ex-situ inks preparation

WBPUU Alder
sample dispersion () WEEPUU Logwood  Chestnut Buckthorn
(504 wL%) Q) extract (g) extract (g) extract ()
WBPUUs 20.0 10.08 - - -
1L WEex 20.0 10.08 0.10 - -
3LWex 20.0 10.08 0.31 - -
5LWex 20.0 10.08 0.53 - -
1CNEex 20.0 10.08 - 0.10 -
3CNEex 20.0 10.08 - 0.31 -
5CNex 20.0 10.08 - 0.53 -
1ABex 20.0 10.08 - - 0.10
3ABEex 20.0 10.08 - - 0.31
5ABEex 20.0 10.08 - - 0.53

For in-situ preparations, the natural extracts were first dispersed in water and

were added during the phase inversion step of the synthesis. Since the addition
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of the natural extract during the synthesis process had a strong effect on the
dispersion homogeneity and viscosity, the total solid content needed to be
adjusted in some systems.

For logwood and alder buckthorn extracts, the addition of high contents
destabilized the correct gel formation at 50 wt.% WBPUU, resulting in too
viscous mixtures for a correct agitation and, thus, dispersions with poor
homogeneity were obtained. Hence, in order to add a 5 wt.% of extract during
the synthesis process, it was necessary to slightly decrease the polyurethane-
urea solid content to lower values. After optimization process, this content was
set to 47.5 wt.%. The composition of the in-situ prepared inks are shown on
Table 8.2.

Moreover, in order to further modulate the rheology of the inks and improve
their behavior for DIW 3D printing, cellulose nanofibers were added to the inks
containing the lowest solid contents. For this, 2% of the commercial
nanocellulose (CNFr) was added to the inks and was mixed with vigorous
mechanical stirring, at 12000 rpm for 10 minutes. The effect of the addition of

cellulose on the inks properties, as well as on the final material, was studied.

It is worth noting that the addition of chestnut extract during the synthesis
process strongly destabilized the formation of a homogeneous dispersion,
resulting in extremely high viscosity phase separated dispersions. The
preparation of in-situ added 3 and 5 wt.% of chestnut extract containing inks
was discarded, due to the poor dispersion capacity observed for these systems.
Complex polyphenolic molecules of chestnut extract, mainly tannins with a
very high amount of hydroxyl groups, were likely to quickly form physical
interactions or covalent bonds with isocyante groups when added by this
method, which destabilized the proper dispersion formation and thus a

homogeneous phase inversion was unable to be achieved.
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Table 8.2. WBPU and natural extract contents for in-situ inks preparation

WBPUU  Logwood Alder Logwood Alder
Buckthorn  Prepolymer
Sample | content content content mass (q) extract ~ Buckthorn
0, 0,

(wt.%) (wt.%) (WE%) (9) extract (g)
3LWin 50.0 3 - 30 0.93 -
5LWin 47.5 5 - 30 1.58 -
3ABIn 50.0 3 30 0.93
5ABin 47.5 - 5 30 1.58

8.3.1. Characterization of WBPUU/natural extracts inks

The increase of the solid content resulted in a clear increase of the viscosity of
the materials. However, this high solid content could have an impact on the
stability of the systems [18,19]. In order to analyze this effect, the particle size
and zeta potential of the prepared 50 wt.% WBPUU and in-situ prepared inks
were analyzed. Obtained values are shown in Table 8.3.

Table 8.3. Particle size and Z-potential values for high solid content WBPUU

dispersions
Sample Particle size Z-potential
(nm) (mV)
WBPUUs 130.1+44 -51.0
3LWin 118565 -51.9
5LWn 126.7+ 4.0 -563.0
3ABn 140.2£9.7 -47.9
5ABn 133.1+£5.7 -49.0

All systems showed a similar particle size around 130 nm. These values are
similar to those reported on literature [20-22]. The high solid content and
addition of natural extract did not significantly affect this property on the
WBPUU dispersions.

When analyzing the effect of the solid content and extract incorporation on the

stability of the systems, it can be observed that all systems still present a good
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stability, with zeta potential values far for the required limits for stable
dispersions, above +30 mV or below -30 mV [23].

Results proved that neither the high solid contents nor the addition of natural
extract resulted in unstable materials. Systems showed small enough particle
which were able to remain suspended, and showed, also, stable zeta potential

values.

In order to study the potential of the prepared inks for their use on DIW 3D
printing, rheological characterization was carried out, where the printability and
shape fidelity of the inks was predicted. For rheological tests, 5LWn ink
measurements were carried out with concentric cylinders geometry, other inks

were studied using plate-plate geometry.

Viscosity vs. shear rate curves are shown in Figure 8.3 and 8.4 for ex-situ and
in-situ prepared inks, respectively. Moreover, Table 8.4 summarizes the
viscosity values of the inks at different shear rates and the n value calculated

from Power Law (equation 2.2).

All systems showed shear-thinning behavior, necessary for DIW 3D printing.
However, the type and content of natural extract added, as well as the

incorporation route, significantly affected the viscosity values of the inks.

Logwood containing systems presented lower viscosity values than those
exhibited by chestnut or alder buckthorn containing inks. Probably, the smaller
molecular size and the lack of carboxylic groups of logwood extract
components are beneficial for an easier flow. Regarding the content of extract
incorporated, in general, in all inks with extracts, it was observed that the higher
is the extract content on the ink, the lower is the viscosity. It must be highlighted
that except inks with 1% content of either chestnut and alder buckthorn extracts,

other systems show lower viscosity values than the ink without extract.
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For ex-situ prepared inks, the change of the viscosity could be due to the natural
extract surfactant effect [5,24,25]. The interaction of surfactant molecules with
the polymer macromolecules can increase or decrease the solution’s viscosity
due to extension, shrinking, and bridging of polymer macromolecules. Several
factors affect the surfactant and polymer interactions, being the structure of
surfactant one of them. However, the complex behavior of mixed additives in

solutions is far from being well understood [26].

The decrease of viscosity was more prominent when increasing the content of
extracts in inks, as well as when the size of extract’s molecules was small and
without carboxylic groups, as in logwood extract. However, when the size of
extract’s molecular compounds was big, as in chestnut and alder buckthorn
extracts, a different effect was observed. At low extract content, 1 wt.%, the
incorporated extract amount is not enough to reduce the viscosity of the
WBPUU ink, on the contrary, the viscosity slightly increased. Observed
viscosity changes indicate the formation interactions of the natural extracts with
polyurethane molecules. The high concentration of functional groups present
on the components of the natural extracts are likely to interact with urethane-

urea groups. This interaction could translate in viscosity changes of inks.
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Figure 8.3. Viscosity as a function of shear rate of ex-situ prepared WBPUU and

natural extracts containing inks
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As for in-situ prepared inks, it can be observed that the addition of natural
extracts resulted in inks with lower viscosities. The many hydrophilic groups
present in the phenolic compounds of the extracts facilitated the dispersion
formation during the synthesis process, and thus dispersions with lower
viscosity were obtained [5].

As in the case of ex-situ prepared inks, inks with alder buckthorn extract
resulted in materials with higher viscosities than the addition of logwood

extract, due to the presence of bigger and more complex molecules.

5LWn and 5AB, due to their lower solid content, showed significantly lower
viscosities, which increased with the addition of CNF. Cellulose, as seen in
Chapter 5, can be used to modulate inks’ viscosities and, thus, improve 3D

printing process [27,28].
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Figure 8.4. Viscosity as a function of shear rate of in-situ prepared WBPUU and

natural extracts containing inks

The high viscosity exhibited by some of the inks may difficult the extrusion

process of 3D printed parts.

Observed results agree with behavior seen in previous chapters, where in-situ

preparation promoted interactions between the WBPUU and the additives,
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whereas for ex-situ preparation interactions with the water present in the
systems were more likely and thus higher systems with higher viscosities are

obtained.

Table 8.3. Viscosity values measured at different shear rates for ex-situ and in-situ

prepared WBPUU and natural extracts containing inks

nat0.02 mnaty, natl00s?

Sample s'(Pa:s)  (Pa-s) (Pa-s)
WBPUUs 7598.1 481.1 56.0 0.189
1L Wex 6578.5 1753.9 16.6 0.056
3L Wex 1094.3 57.9 7.6 0.166
SLWex 1021.4 48.2 7.1 0.168
2 | 1CNex 14984.8 1647.3 100.8 0.197
z 3CNex 5577.3 219.2 8.3 0.068
@& | 5CNEex 2454.9 220 9 0.08
1ABex 14524.1 1394.7 24.8 0.066
3ABex 5704.2 533.9 9.6 0.053
S5ABEex 4867.3 996.2 36.1 0.228
3LWin 536.8 29.9 5.4 0.289
- S5LWin 2.3 0.6 0.4 0.658
£ | SLWiN-2CNFr 1061.9 17.9 3.3 0.308
< | 3ABin 2814.1 145.7 12.3 0.123
S5ABIN 626.9 50 8.5 0.22
S5ABiN-2CNFr 2891 183 14.2 0.132

Spectromechanical analysis were performed in order to analyze the gel
behavior of each ink under applied stress. Figure 8.5 and 8.6 show storage and
loss moduli vs. shear stress curves for ex-situ and in-situ prepared inks,
respectively. Moreover, following the procedure explained in previous
chapters, yield and flow points were measured and are summarized on Table
8.4.

As can be observed for ex-situ preparations, the addition of natural extracts
resulted in an overall decrease of the yield and flow point, as well as in a
decrease of the storage and loss modulus values in the linear zone. Natural
extracts reduced the gel-like strenght of the systems and were only able to

maintain this behavior at low shear stress values. Following results observed by
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flow tests, logwood containing inks showed lower gel-like behavior, being

these inks the more willing to flow.
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Figure 8.5. Storage (solid line) and loss (dotted line) moduli as a function of shear

stress and yield (4) and flow () points of ex-situ prepared natural extracts

containing inks

Table 8.4. Yield and flow point values for ex-situ and in-situ prepared WBPUU and

natural extracts containing inks

Yield point Flow point

Sample (Pa) (Pa)
WBPUUs 609.0 2567.6
1L Wex 253.4 1663.3
3L Wex 40.7 254.6
5L WEex 234 120.7
2 | 1CNex 985.6 5524.2
% | 3CNex 97.0 892.0
S | 5CNex 16.3 111.8
1ABex 476.9 3988.3
3ABex 373.8 2310.9
5ABEx 188.9 1986
3LWn 89.8 283.4

. 5LWin - -
= | SLWin-2CNFr 38.6 109.5
< | 3ABi 266.6 837.5
5ABn 61.0 220.1
5ABin-2CNFr 88.9 641.4
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As for in-situ prepared inks, significantly lower yield and flow points were
measured. The strong surfactant effect supplied by natural extracts by this
method and the promotion of dispersion formation resulted in systems with
lower gel-like behavior. As can be observed, 5LWy did not show a gel-like
structure. However, the addition of cellulose changed this, and effectively
increased the yield and flow points of the inks, as well as their G’ and G” values
[28,29].
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Figure 8.6. Storage (solid line) and loss (dotted line) moduli as a function of shear
stress and yield (4) and flow () points of in-situ prepared natural extracts

containing inks

The defined yield points and high G’ values observed for all systems, except
5LW\n, suggests a good shape fidelity when used in DIW 3D printing [30].
However, the high yield points shown by some systems, especially in the case
of ex-situ prepared inks, might difficult the printability of the inks during the
extrusion process. In this regard, lower yield points of in-situ preparations may
allow for a better printability of the inks.

Structural recovery tests were also carried out for these inks, in order to predict
the shape fidelity that they will show when used in DIW 3D printing. However,
it is worth noting that some troubles were found when performing these tests.

It was observed that during the high shear rate section of the tests, inks tent to
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slip through the geometry, as a result a gap between the material and the
geometry was formed. This gap hindered the correct measurement and,
therefore, mistrustful results were obtained. High solid content materials show
a tendency to slip through the geometries rather than deformed, causing
artifacts in the rheological measurements [31].

8.4. Characterization of WBPUU/natural extracts composites

In order to further characterize the prepared materials, WBPUU/natural extracts
composites were prepared. For this, inks were poured on Teflon molds and were
later freeze-dried. Obtained dried composites were named as their

corresponding inks.

For dried composite characterization, first FTIR spectroscopy analyses were
performed, in order to analyze possible interactions taking place between the
waterborne polyurethane-urea and the added natural extracts. The obtained
spectra for the neat polyurethane-urea, composites obtained from ex-situ
preparations and their corresponding natural extracts are shown in Figure 8.7a,

8.7b and 8.7c, for logwood, chestnut and alder buckthorn extracts, respectively.

WBPUUs, shows all the characteristic peaks of polyurethane-ureas seen in
previous chapters, being the more representative regions the bands related to
N-H and C=0 of urethane and urea groups, located in the 3500-3100 cm* and
1800-1600 cm* ranges, respectively [32,33]. In the case of the natural extracts,
spectra of logwood, chestnut and alder buckthorn extracts show a very wide
band between 3700 and 3000 cm, which is related to the O-H groups of the
many phenolic groups present on their structure [34]. A band around 1600 cm’
Lis present in the spectra of the three natural extract, attributed to the C=C of
the aromatic rings [35,36]. Moreover, for chestnut and alder buckthorn extracts
a band related to the carbonyl groups of their phenolic compounds can also be

seen at around 1720 cm'™.
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alder buckthorn extract
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When analyzing the spectra of the composites, it can be observed that the
addition of the natural extracts did not cause any major change regarding
shifts of wavenumbers. However, an increase in the intensity of the N-H band
can be observed with the addition and content of extracts (Figure 8.7a-c inset),

which is attributed to the overlapping of bands.

FTIR spectra for composites obtained from in-situ prepared inks, as well as for
their corresponding natural extracts and for neat polyurethane-urea, are shown

in Figure 8.8a and 8.8b for logwood and alder buckthorn extracts containing

systems, respectively.
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Figure 8.8. FTIR spectra of neat WBPUU, natural extracts and in-situ prepared
composites with different contents of a) logwood extract, b) chestnut extract and c)

alder buckthorn extract
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As can be observed, the addition of natural extracts by this incorporation route
further altered the N-H band. For in-situ prepared composites, besides the
increase of intensity of this band, a shift towards lower wavenumbers also took
place, which was more intense for higher contents of extracts and the addition
of CNF. This band, centered at 3362 cm™ in WBPUUs, spectra, went down up
to 3346 and 3350 cm™, for 5LW n-2CNFr and 5ABn-2CNIr, respectively. This
shift to lower wavenumbers suggests the formation of interactions between the
polyurethane-urea matrix and the natural extracts, as well as with the cellulose
[37].

In order to analyze antibacterial behavior supplied by the added natural extracts,
antimicrobial tests were performed using the disk diffusion technique. For this
test, two strains were used, a gram positive one (Staphylococcus aureus ATCC
19213) and a gram negative one (Escherichia coli ATCC 10536).

The antimicrobial behaviors of the extracts by themselves were also analyzed,
in order to assess the effect of their concentration. Aqueous solutions of each
extract were prepared at different concentration and were named “xLW”,
“xCN” and “xAB” for logwood, chestnut and alder buckthorn extract,
respectively, and where “x” refers to the content of extract present on their ink

counterparts.

After 1 day of incubation (Figure 8.9 and 8.10), pure extracts showed good
bactericide behavior against both strains, agreeing with their good reported
antibacterial behavior [38-44]. Inhibition zones shown by the extracts were
dependent on the type and content of extract. Logwood extract showed the
stronger antimicrobial behavior, with inhibition zones of 25 mm in diameter
against S. aureus, even larger than those shown by the antibiotic, and 10 mm

against E. coli.

WBPUUs, showed bacteriostatic behavior against both strains after 1 day of

incubation. Tough no inhibition zone can be observed, no bacteria growing over
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the material was observed either. Regarding ex-situ prepared composites in S.
aureus tests, 1LWEex, 1CNex and all systems containing alder buckthorn extract
presented bacteriostatic behavior. Moreover, composites containing higher
contents of logwood and chestnut extract also exhibited an inhibition zone,
which was proportional to the content of the extracts. For in-situ prepared
composites, lower inhibition areas were measured, however, the addition of
CNF further enhanced the bactericide behavior [45]. Tests against E. coli strain
showed lower antimicrobial activity. All systems exhibited bacteriostatic
behavior, with no bacterial growing over the tested samples. Moreover, some
in-situ preparations, 3LW,n, 5LWn-2CNFr, 3ABinv and 5ABN-2CNFr, did

show an inhibition area, proving bactericide behavior.

The capacity to maintain the antimicrobial behavior over longer periods of time
was analyzed, Figure 8.11 and 8.12 show disks after 4 days of incubation. As
can be observed, all the systems showed similar behavior, proving antibacterial

behavior of the material over time.

The good antibacterial behaviour exhibited by WBPUU/natural extracts
composites makes them a potential great material for many applications,
namely in the biomedical and pharmaceutical fields. Moreover, the processing
of these materials by 3D printing in order to obtain customizable parts could be
of great interest.
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S. aureus
1 day of incubation

SLW-2CNFr 3ABI SAB~ SAB-2CNFr

Figure 8.9. Antibacterial tests for neat WBPUU, natural extracts and
WBPUU/natural extract composites against S. aureus after 1 day of incubation at 37
°C
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E. coli
1 day of incubation

SLWn SLWR-2CNFEr 3AB SAB~ SAB-2CNFr

Figure 8.10. Antibacterial tests for neat WBPUU, natural extracts and

WBPUU/natural extract composites against E. coli after 1 day of incubation at 37 °C
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S. aureus
4 day of incubation

3ABn 5ABi 5AB-2CNFr

Figure 8.11. Antibacterial tests for neat WBPUU, natural extracts and
WBPUU/natural extract composites against S. aureus after 4 days of incubation at 37
°C
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E. coli
4 day of incubation

Figure 8.12. Antibacterial tests for neat WBPUU, natural extracts and

WBPUU/natural extract composites against E. coli after 4 days of incubation at 37
°C
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8.5.DIW 3D printing of WBPUU/natural extracts inks

Natural extracts containing inks were used to obtain 3D printed parts by DIW.
The different rheological behavior shown by different inks strongly affected the
3D printing process.

Regarding ex-situ prepared inks, systems containing 1 wt.% of natural extracts,
due to their extremely high viscosities, even at high shear, and their high yield
points, showed trouble when printing. During extrusion process a discontinuous
flow was observed, therefore, it was not possible to successfully obtain 3D
printed parts. For higher contents of natural extracts, the inks showed better
printability. However, for 5 wt.% natural extracts containing inks, some
obstruction problems were occasionally encountered. The high amount of
natural extracts may have resulted in poorer dispersability, and, thus, in some

agglomerations obstructing the nozzle.

Overall, inks containing 3 wt.% of natural extracts showed the best printability.
Their lower viscosities under shear allowed for a better printing process than
inks with lower extracts content, whereas their high viscosities at rest and

defined yield point resulted in better shape fidelity.

WBPUUs, showed significantly better printability than that of 1 wt.% natural
extracts containing inks. The lower viscosity measured under printing shear rate

seems to have allowed for a more homogeneous printing process.

Considering the printability shown by the inks, 3D printed parts were produced
with 3LWex, 3CNex and 3ABex in order to observe the effect of the type of
extract used. Moreover, 3D printed parts from 5ABex were also obtained, to
study the effect of content of natural extracts. Obtained 3D printed parts are
shown in Figure 8.13. In general, the shape fidelity was not very accurate for

the studied systems.
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Figure 8.13. Photographs of 3D printed cylinders from ex-situ prepared inks

For in-situ preparations, inks showed better printability, as well as shape
fidelity. The better dispersion achieved by this incorporation route impeded the
formation of agglomerations, and as consequence no nozzle obstruction
problems were observed. The addition of cellulose greatly and positively
influenced the printing process. From nanocellulose containing inks, 3D printed

parts with better shape fidelity were obtained, as seen in Figure 8.14.
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Figure 8.14. Photographs of 3D printed cylinders from in-situ prepared inks

High solid content dispersions showed a more sticky-like behavior than inks
obtained in previous chapters. This stickiness resulted in less precise 3D printed
parts, since the ink tended to stick to the nozzle and create sharp points, as can
be seen in some of the printed parts in Figure 8.14. The addition of CNFr solved

this problem and smoother parts were produced.
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8.5.1. Characterization of 3D printed parts

The morphology of the printed parts was studied by SEM and obtained
micrographies are shown in Figure 8.15 and 8.16 for 3D parts obtained from
ex-situ and in-situ prepared inks, respectively. As can be observed the addition
of natural extracts, as well as their type, content and method of incorporation
strongly affected the morphology of the materials.

3D-WBPUUs, shows a quite homogeneous porous structure, formed by
spherical pores with an average diameter of 60.2 £12.9 um. When natural
extracts were added, by the ex-situ method, this morphology was severely
altered. 3D-3LWex shows a similar morphology to that of the neat polymer,
formed by spherical pores with an average diameter of 24.5 + 3.5 um. However,
composites containing chestnut and alder buckthorn extracts presented very
different morphologies. For 3D-3CNex a more open wall structure is seen, with
pores completely connected between themselves and not a continuous solid
structure. On the other hand, 3D-ABex shows porous similar to those observed
for 3D-WBPUUs, and 3D-3LWex when examined up close. However, at lower
magnifications, the presence of holes in the system can be clearly observed, as
a result of the non-continuous printing process due to poor flow and the constant

obstruction taking place in the nozzle.

3D parts obtained from in-situ prepared inks showed a morphology similar to
3D-WBPUUS50, with some difference due to the addition on the natural
extracts. As can be observed the addition of extracts resulted in the reduction
of pore size, with 3D-3LW,n showing pores with a diameter of 15.3 + 2.8 um
and 3D-3ABn showing pores with a diameter of 34.4 + 6.5 pm. Both systems
showed homogeneous structures with spherical pores, proving the good
rheological behavior shown by the inks being able to support the printed

structure.
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Figure 8.15.
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For 3D-5ABn, however, a different behavior was observed. In the case of this
system a more heterogeneous morphology was seen, with bottom layer showing
more elongated pores (244.2 + 30.3 x 53.0 + 6.0 um) and upper layers showing
once again a spherical porous structures (@ = 16.9 + 3.9 um). The lower
viscosity shown by this system, due to its lower solid content, was not enough
to support the weight of the layers on top and, therefore, the structure collapsed
when other layers were deposited. The addition of CNF easily solved this
problem, for 3D-5ABin-2CNFr the recovery of a homogeneous spherical
porous morphology can be observed, with pores showing a diameter of 33.6 +
4.6 pum. 3D-5LWn-2CNFr shows a similar morphology with 38.5 £ 7.9 um

diameter pores.

293



3D-3ABin

3D-5ABin

3D-5ABIN-2CNFr

Chapter 8

il = y
~4 e o 4.200 um

Figure 8.16. SEM images of 3D printed parts from ex-situ prepared inks

The mechanical properties of the 3D printed parts obtained from WBPUU and
natural extracts containing inks were analyzed by compressions tests. Young
modulus, density, specific Young modulus, stress at 60% strain and
densification strain values are summarized on Table 8.5. Stress/strain curves

are shown in Figure 8.17.
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Table 8.5. Young modulus, specific Young modulus, stress at 60% strain and

densification strain values for WBPU and natural extracts containing 3D printed

parts
Youn Density Specific Stress at
sample mo dulgs (g-cm ) Young 60% strain  Densification
P (MPa) modulus (MPa) strain (%)
(MPa-cm®.g?)
3D-WBPUUs 43+0.8 0.35+0.04 122+1.8 1.2+02 493+1.4
3D-3LWex 209+33 044+0.04 456+88 51+04 51.1%01
= 3D-3CNex 135+22 033+001 411+62 24 +05 49409
X 3D-3ABex 71+31 031x003 9230+85 14+03 495+12
3D-5ABex 102+26 037005 9275+60 19+05 51403
3D-3LWiy 36.9+40 0492003 753456 63+01 49712
- | 3D-5LWi-2CNFr | g46+47 053+0.04 1220+80 93+10 506+0.7
i 3D-3ABN 11.6+23 044005 269181 26+03 507:08
= 3D-5ABn 296+42 0462002 g51+89 51+0.6 51.9+0.6

3D-5ABIn-2CNFr | 468+90 050+003 934+126 68+11 51.8%13

The addition of natural extracts strongly affected the mechanical behavior of
the polyurethane-urea, increasing their Young modulus, specific Young
modulus and stress at 60% strain. This data agrees with the reinforcement effect
supplied by plant extract (Salvia) in Chapter 6. Results showed that the type,
content and incorporation method influenced the mechanical behavior of the
material. Regarding the effect of the type of the natural extract used, it can be
observed that logwood extract supplied the stronger reinforcement effect, with
composites containing this extract presenting the highest values of Young
modulus and specific Young modulus. Chestnut and alder buckthorn extracts
also added rigidity and strength to the systems, but the effect was less

pronounced for systems containing these extracts.

Analyzing the effect of the incorporation route, it can be observed that the in-
situ addition resulted in higher Young modulus, specific Young modulus and
stress values. The higher amount of physical or chemical interactions formed

by this method, as suggested by FTIR analyses, and the good dispersion
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achieved by this method may be responsible for this higher reinforcement
effect. Materials with higher rigidity and better transference of stress were
obtained. On the other hand, the addition of cellulose further reinforces the
material, more pronouncedly seen in Young modulus and specific Young

modulus values [29].

Regarding the densification strain, no significant differences were observed in

this property for composites.

[ =——3D-WBPUU,

—— 3D-SLW,-2CNFr
——3D-3AB,
[ ——3D-5AB,
——3D-5AB,-2CNFr

Stress (MPa)
T

Strain (%)

Figure 8.17. Strain/Stress curves for 3D printed parts obtained from WBPUUs, and

natural extracts containing inks

It is worth noting the big differences measured in density for parts printed from
different systems. This is related to the poor printability of the materials, which
did not allow for a good printing process and thus not completely filled

materials were obtained, as was also observed in SEM studies.
8.6. Conclusions

Willing to benefit from the bioactive behavior of natural extracts, in this chapter
WBPUU inks were prepared using three types of plant extracts, namely
logwood, chestnut and alder buckthorn extracts. In order to modulate the

rheological behavior, in this chapter a WBPUU dispersion with high solid
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content was prepared. High solid content dispersion showed good gel-like
behavior, suggesting good behavior for DIW 3D printing. Inks were prepared
by ex-situ and in-situ addition of natural extracts. The in-situ addition of
extracts had an intense effect on the dispersion process, and for chestnut extract
it did not allow for a good dispersion formation. CNF was used to further
modulate rheological behavior the dispersions with lower solid contents.

Rheological tests proved shear-thinning behavior of inks with very high
viscosity values for high solid content dispersions, even at high shear rate.
Though the addition of extract had a surfactant effect and reduced viscosity,
high viscosity values remained. Moreover, inks showed also high yield and
flow points. For in-situ preparation significantly reduced values were observed,

which may result in better printability when used in DIW

The antibacterial behavior of the extracts and the composites was analyzed
against a gram positive and a gram negative strain. Extract showed bactericide
behavior against both strains. Regarding composites, it was observed that all
systems showed, at least, bacteriostatic behavior, which was improved with the

addition of the extracts, especially for logwood containing system.

The inks’ behavior in DIW was studied and it was observed that in-situ prepared
inks showed better printability, due to higher homogeneity and easier flow. For
ex-situ prepared inks, more troubles were encountered. 1 wt.% natural extracts
containing inks showed extremely poor flow and were not able to continuously
print, whereas 5 wt.% natural extracts containing inks showed some nozzle
obstruction, caused by poor homogeneity. CNF containing inks showed better

flow and shape fidelity.

It was observed that the addition of natural extract resulted in a reinforcement
effect in the mechanical properties of the material, significantly higher Young

modulus and stress were observed. The addition of cellulose not only improved
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printability and shape fidelity, but also strongly reinforced mechanical

behavior.
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9. GENERAL CONCLUSIONS, FUTURE WORKS AND
PUBLICATIONS

9.1. General Conclusions

The aim of this work was to study the possibility to use a waterborne
polyurethane-urea for different 3D-printing techniques, by modulating its
behavior by the addition of nanoreinforcements. In order to do so, different
types of nanoreinforcements were prepared, and the effect of their type, content

and incorporation method was analyzed.

After the synthesis process of a stable, biocompatible and high molecular
weight WBPUU, Nanoreinforcements were prepared parting from cellulose
and graphite, from which cellulose nanofibers, graphene and graphene oxide
were obtained. Willing to improve matrix/reinforcement miscibility,
carboxylation of the cellulose was carried out and cellulose nanofibers with
different carboxylation degrees were obtained. The carboxylation of the CNF
had an effect on the properties of the materials, showing modified fibers lower
degradation temperatures, as well as lower crystallinity degree. In the case of
the carbonaceous structures, after optimization process graphene, graphene
oxide and reduced graphene oxide were successfully produced, however
materials show defects being formed on their structure during the production
process. All systems still showed great thermal stability proper of carbonaceous

materials and, furthermore, G and rGO show electrical conductive capacity.

In order to first confirm a proper reinforcement effect supplied by the
nanostructures, nanocomposite films were prepared. For WBPUU/CNF
nanocomposite films, materials with enhanced properties were obtained.
Moreover, the better compatibility of the matrix and the reinforcements show
the promotion of interactions and furtherly enhanced mechanical and
thermomechanical ~ properties. For WBPUU/G and WBPU/GO

nanocomposites, once again materials with improved properties were obtained,
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showing UV-light shielding properties and good mechanical and
thermomechanical behavior. The addition of graphene however, did not supply
electrical conductivity to the nanocomposites, in order to do so a graphene or
reduced graphene oxide coating was applied to the films, which proved good
electrical conductivity.

Considering the good properties shown by the prepared nanocomposites, their
use for filament production to be used in FDM 3D-printing was analyzed. Neat
WBPUU showed extremely high flexibility, which in turns resulted in poor
printability, due to problems in the feeding and extruding processes. The
stronger materials produced by nanoreinforcements addition show promising
capacity to show this problem. CNF reinforced materials, however, show poor
flow during the extruding process and needed higher processing temperatures.
As a result, slightly deteriorated filaments were obtained, which did not show
sound enough properties for a good 3D-printing process. On the other hands,
WBPUU/rGO composites showed a more constant extrusion process, which
resulted in more homogeneous and less damaged structures. These filaments
show more rigid behavior, which allow for a good printing process. The high
temperatures during the 3D-printing process did, however, slightly affect the
mechanical properties of the final parts. WBPUU/rGO filaments, either by ex-
situ or in-situ preparation, showed potential to be used in the FDM, thanks to
their good shown printability and shape fidelity.

WBPUU could also be a great candidate to be used in DIW 3D-printing,
however, in order to do so, its rheology must be modulated. The rheological
behavior was altered by the addition of CNF or rGO and carrageenan. Additives
were incorporated via ex-situ and in-situ, and the effect of the incorporation
method was analyzed. In both cases, inks prepared in-situ showed lower
viscosities. This was explained by direct matrix/reinforcement interactions
formed in in-situ preparations, whereas interactions in ex-situ preparation also

included water, which allow for a more gel-like behavior. The overall more gel-
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like behavior shown by rGO and carrageenan containing inks over CNF
containing inks, resulted in 3D-printed parts with better shape fidelity.
Materials with too low viscosity, often caused by low contents of
reinforcements, showed poor printability, with lower layers being crushed It
was also observed, that the more direct interactions formed in in-situ

preparations improved the mechanical behavior of the final 3D-printed parts.

Willing to further benefit from the use of WBPUU in DIW and as another way
of rheological modulation, high solid content dispersions were prepared. In
order to further potentiate the WBPUU properties for the biomedical field,
natural extracts were added to supply it with bioactive behavior. Extracts
obtained from three different plants were employed, namely logwood, chestnut
and alder buckthorn. The high solid content of polyurethane resulted in
extremely high viscosities, which were somewhat reduced by the addition of
the extracts. The incorporation method also had a big impact in the rheological
behavior of the inks. Inks presented very altered rheologies, depending on the
amount type and incorporation method of the extracts. The different rheologies
translated into different degrees of success in the printing process. Overall, inks
with lower contents of extract did not allowed for a good printing process, due
to poor flow, and higher contents sometimes show dispersability problems. In-
situ prepared inks show better printability, which was further enhanced by the
addition of CNF. 3D-printed parts show significantly enhanced mechanical
properties with the addition of inks, more pronounce for logwood extract.
Moreover, all systems show good bacteriostatic behavior, and for higher extract

content bactericide behavior was also seen.
9.2. Future works

Based on results obtained in this work and with the aim of continuing with the
research in this field, different proposals are displayed, which can complete this
work more thoroughly as well as can lead to suitable new outlines for other

woks related with this field:
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The further optimization process of WBPUU/CNF filaments printing
by FDM, by using a different feeding method and the obtaining of less
damaged filaments.

The further study of the biocompatibility of the materials, in order to
continue analyzing the use of these materials for the biomedical field.
In this regards, biocompatibility test for printed material should be
carried out.

The preparation of graphene/CNF hybrid inks and the study of their
used in DIW 3D-printing, to study the synergic effect of both
reinforcements in both the rheological behavior of the materials, as
well as the properties of the final 3D-printed parts.

The preparation of inks containing plant extracts with lower solid
contents, and modulating rheology with addition of CNF. In order to
produced materials with higher inhibition capacity and better shape
fidelity.
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Polyurethane-ureas are very
versatile polymers that can be
process in many ways and used in
an extremely wide field of
applications. At the same time, 3D
printing offers the opportunity to
make one on one personalized
designs, a quality remarkably
beneficial for the biomedical field.
In this work, the use of a
waterborne  polyurethane-urea
synthesized for its used in 3D
printing is studied.

The addition of different
nanoentities is analyzed, such as
cellulose nanofibers, carboxylated
nanofibers, graphene oxide,
graphene and natural extracts and
their effect on the printability and
properties of the materials is
assessed. The potential of these
nanocomposites for two 3D
printing methods is analyzed,
namely fused deposition
modeling and direct ink writing.
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