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Abstract

This thesis aims at characterizing tridimensional (3D) printed polymers onto PET textile materials via
fused deposition modeling (FDM) that uses both non-conductive and conductive polymers, optimizing their
mechanical and electrical properties through statistical modeling and enhancing them with pre and post-
treatments and the development of biphasic polymer blends. This research work supports the development
of technical textiles through 3D printing that may have functionalities. The FDM process was considered
in this thesis for its strong potential in terms of flexibility, resource-efficiency, cost-effectiveness tailored
production and ecology compared to the existing conventional textile finishing processes, for instance, the
digital and screen printings. The main challenge of this technology is to warranty optimized electrical and
mechanical (bending, flexibility, tensile, abrasion, etc.) properties of the 3D printed polymer onto textiles
for the materials to be used in textile industry. Therefore, the development of novel 3D printed polymers
onto PET materials with improved properties is necessary.

First of all, 3D printed non-conductive Polylactic Acid (PLA) and PLA filled with 2.5wt% Carbon-
Black filled onto PET fabrics were purchased and manufactured through melt extrusion process
respectively, to characterize their mechanical properties including adhesion, tensile, deformation,
washability and abrasion. Then, the relationship between the textile structural characteristics and thermal
properties and build platform temperature and these properties through statistical modeling was determined.
Subsequently, different textile pre-treatments that include atmospheric plasma, grafting of acrylic acid and
application of adhesives were suggested to enhance the adhesion properties of the 3D printed PLA onto
PET fabrics. Lastly, novel biophasic blends using Low-Density Polyethylene (LDPE) / Propylene- Based
Elastomer (PBE) filled with multi-walled carbon nanotubes (CNT) and high-structured carbon black (KB)
were developed and manufactured to improve the flexibility, the stress and strain at rupture and the
electrical properties of the 3D printed PLA onto PET fabric. The morphology, thermal and rheological
properties of each blends are also accessed in order to understand the material behavior and enhance the
mechanical and electrical properties.

The findings demonstrated that the textile structure defined by its weft density and pattern and weft and
warp yarn compositions has a significant impact on the adhesion, deformation, abrasion, tensile properties
of 3D printed PLA onto PET fabrics. Compromises have to be found as porous and rough textiles with low
thermal properties showed better wash-ability, adhesion and tensile properties and worse deformation and
abrasion resistance. Statistical models between the textile properties, the platform temperature and the 3D
printed PLA onto PET materials properties were successfully developed and used for optimization. The
application of adhesives on treated PET with grafted acrylic acid did significantly improve the adhesion
resistance and LDPE/PBE blends, filled with CNT and KB that have co-continuous LDPE and PBE phases
as well as CNT and KB selectively located at the PBE/LDPE interface and in the LDPE phase, revealed

enhanced deformation and tensile and electrical properties.

\Y
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Résumé

Cette thése vise a caractériser des polymeres imprimés tridimensionnellement (3D) sur des matériaux
textiles PET via une méthode de dép6t de polymeére fondu connu sur le nom de Fused Deposition Modeling
(FDM) utilisant a la fois des polyméres non conducteurs et conducteurs. Les propriétés mécaniques et
électriques ont été optimisées par le biais de modeles statistiques et améliorées grace a des pré et post-
traitements ou le développement de mélanges de polymeéres. Ce travail de recherche apporte de nouveaux
résultats sur le développement de textiles techniques par I'impression 3D de polymeéres fonctionnels. Le
procédé FDM a été considéré dans cette these pour son fort potentiel en termes de flexibilité, d'efficacité
des ressources, de production sur mesure et d'écologie par rapport aux procédés de finition textile
conventionnels existants, par exemple, les impressions numériques et sérigraphiques. Le principal enjeu de
cette technologie est de garantir des propriétés électriques et mécaniques optimisées (flexion, flexibilité,
traction, abrasion, etc.) du polymere imprimé en 3D sur les textiles afin d’étre utilisé dans l'industrie textile.
Par conséquent, le développement de nouveaux polymeres imprimés en 3D sur des matériaux PET avec
des propriétés améliorées est nécessaire.
Dans un premier temps, de 1”'acide polylactique (PLA) non conducteur et du PLA contenant 2.5% de noir
de carbone ont été imprimé en 3D sur des tissus en PET. Les polymeéres conducteurs ont été fabriqués par
le procédé d'extrusion a voie fondu. Les propriétés mécaniques, notamment d’adhésion, de traction, de
déformation, de résistance au lavage et d’abrasion ont été déterminées. Ensuite, la relation entre les
caractéristiques structurelles et thermiques du textile et la température du plateau de I’imprimante 3D et ces
propriétés par le biais de modéles statistiques a été déterminée. De plus, différents pré-traitements sur
textiles incluant le plasma atmosphérique, le greffage d'acide acrylique et I'application d'adhésifs ont été
suggérés pour améliorer les propriétés d’adhésion du PLA imprimé en 3D sur les tissus en PET. Enfin, de
nouveaux mélanges biophasiques utilisant du polyéthyléne basse densité (LDPE) et un élastomére a base
de propyléne (PBE) contenant de nanotubes de carbone a parois multiples (CNT) et de noir de carbone a
haute structure (KB) ont été développés et fabriqués pour améliorer la flexibilité, le la contrainte et la
déformation a la rupture et les propriétés électriques du PLA imprimé en 3D sur le tissu PET. La
morphologie, les propriétés thermiques et rhéologiques de chaque mélange sont également determinées afin
de comprendre le comportement du matériau et I’amélioration de ses propriétés mécaniques et électriques.
Les résultats ont démontré que la structure textile définie par sa densité en trame, son motif et la composition
des fils de trame et de chaine a un impact significatif sur I'adhésion, la déformation, I'abrasion et les
propriétés de traction du PLA imprimé en 3D sur les tissus en PET. Des compromis doivent étre trouvés
car les textiles poreux, rugueux possédant de faible conductivité thermique ont montré de meilleures
propriétés de lavage, d’adhésion et de traction et une moins bonne résistance a la déformation et a I'abrasion.
Des modeéles statistiques entre les propriétés textiles et le PLA imprimé en 3D sur des matériaux PET et les
propriétés ont été développés avec succes et utilisés pour les optimiser. L'application d'adhésifs sur des

tissus en PET traité avec de I'acide acrylique greffé a considérablement amélioré la résistance d'adhésion.

VI
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Par ailleurs, les mélanges LDPE / PBE de phases co-continues et contenant du CNT et de KB localisés a
I'interface ou dans la phase LDPE a révélé améliorer considérablement la déformation et les propriétés de
traction et électriques des imprimés 3D sur textiles.
Mots clés: Impression 3D, Modélisation par dépdt de polymeére fondu, Adhésion, Fonctionnalisation
textile, Modélisation statistique, Polymére non conducteur et conducteur, Nanotube de carbone multi-

parois, Noir de carbone, Déformation, Traction, Abrasion, Mélanges de polyméres biphasiques

Vil
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Abstrakt

Denna avhandling syftar till att karakterisera tredimensionella (3D) tryckta polymerer pa textila
material av polyester (PET) via fused deposition modeling (FDM) som anvénder bade icke-ledande och
ledande polymerer, optimerar deras mekaniska och elektriska egenskaper genom statistisk modellering
samt forbattrar dem med for- och efterbehandlingar och utvecklingen av polymerblandningar. Detta
forskningsarbete stoder utvecklingen av tekniska textilier genom 3D-utskrift som kan ha funktioner. FDM-
processen valdes i denna avhandling for sin stora potential i flexibilitet avseende process, resurseffektivitet,
kostnadseffektiv skraddarsydd produktion och ekologi jamfért med befintliga konventionella
textilbearbetningsprocesser, till exempel digital- och skarmtryck. Den huvudsakliga utmaningen med denna
teknik ar att garantera optimerade elektriska och mekaniska egenskaper (bdjning, flexibilitet, drag, nétning,
etc.) for 3D-tryckta polymerer pa textilier for material att anvandas i textilindustrin. Darfor ar utvecklingen
av nya 3D-tryckta polymerer pa PET-material med forbéattrade egenskaper nodvandig.

Forst och framst koptes icke-ledande polylaktid (PLA) och PLA fylld med 2,5 viktprocent kimrok
tillverkades genom smaltextrudering och 3D-trycktes pa PET-tyger, for att karakterisera deras mekaniska
egenskaper inklusive vidhaftning, draghallfasthet, deformation, tvéttbarhet och nétningstalighet. Darefter
bestamdes forhallandet mellan textilens strukturella och termiska egenskaper och plattformstemperatur och
dessa egenskaper bestdmdes genom statistisk modellering. Dérefter testades olika textila forbehandlingar
sd som atmosfarisk plasma, ympning av akrylsyra och applicering av lim for att forbattra
vidhéftningsegenskaperna hos 3D-tryckt PLA pa PET-tyger. Slutligen utvecklades och tillverkades nya
biofasiska blandningar med lagdensitetspolyeten (LDPE) / propylenbaserad elastomer (PBE) fyllda med
flervédggade kolnanorér (CNT) och hdgstrukturerad kimrok (KB) for att forbattra flexibiliteten, spanning
och belastning vid bristning och de elektriska egenskaperna hos 3D-tryckt PLA pa PET-tyg. Morfologin,
samt de termiska och reologiska egenskaperna hos varje blandning analyserades ocksa for att forsta
materialegenskaper och forbattrade mekaniska och elektriska egenskaper.

Resultaten visade att textilstrukturen sa som den &r definierad av dess vafttathet och konstruktion och
véft- och varpgarnskompositioner har en signifikant inverkan pa vidhéaftning, deformation, nétning och
dragegenskaper hos 3D-tryckt PLA pa PET-tyger. Kompromisser maste goras eftersom pordsa och grova
textilier med laga termiska egenskaper visade battre tvattformaga, vidhaftning och dragegenskaper och
sémre deformation och ndtningsbesténdighet. Statistiska modeller mellan textilegenskaperna, 3D-tryckt
PLA pa PET-material och egenskaperna har framgangsrikt utvecklats och anvénts for optimering.
Applicering av lim pa behandlad PET med ympad akrylsyra forbattrade signifikant vidhaftningsresistensen
och LDPE/PBE-blandningar fyllda med CNT och KB som har ko-kontinuerliga LDPE- och PBE-faser samt
CNT och KB selektivt beldgna vid granssnittet och i LDPE-fasen gav forbéattrad deformation, drag- och
elektriska egenskaper.

Nyckelord: 3D-utskrift, smélt deponeringsmodellering, vidh&ftning, textilfunktionalisering, statistisk
modellering, icke ledande och ledande polymer, flervdggigt kolnanordr, kolsvart, deformation,
draghallfasthet, notning, bifasisk polymerbdjning
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Introduction

Over the past few years, the textile materials industry has offered to the market new innovations that
create interesting and strong perspectives as a result of the emergence of new advanced finishing processes
such as both Fused Deposition Modeling (FDM) and digital printing. FDM process has been widely used
to freely design any object from simple to extremely complex shape through an easy-to-use software and

using polymeric materials with acceptable mechanical and thermal properties.

However, depending on the targeted applications, the polymers utilized in the FDM process should
respond to certain requirements. In case of Three Dimensional Printing of Polymers Onto Textiles (3D-
PPOT), the polymers should be as flexible and mechanically strong as the fabrics and their adhesion has to
be sufficient. Despite the research work done previously in order to apply FDM of non-conductive and
conductive polymers on textiles’ surface [1-6], many improvements are necessary for it to be widely
utilized in many domains such as textile fashion design, medical accessories, reinforced protection

equipments and functional textiles.

Functional textiles are created to enhance the life quality, the health and the way-of-living of people by
using wearable technologies and integrating electronics in the textile materials. However, no solution was
suggested combining comfort, mobility and easy-to-wear. “Intelligent” textiles are one of the potential
applications of 3D printing using FDM process. It could allow the direct deposition of conducting polymers

directly onto textiles.

Indeed, 3D printing present several advantages such as the several possibilities of customization, the
reduced amount of waste after the process, the rapid prototyping and the possibility to print onto textiles
complex shapes with variable thicknesses [7,8]. However, some challenges of this technology exist

including its design not fully applicable for textile materials.

Therefore, since 2014, a group of three partners University of Boras (Sweden), GEnie des Materiaux
TEXtiles (GEMTEX) / Ecole Nationale Superieure des Arts et Industries Textiles (France) and Soochow
university (China) was created to deliver scientific knowledge of the 3D printing of polymers onto textiles
technology. The research project, started in September 2017 and described in this thesis manuscript, is the
continuation of the thesis work executed by Dr. Razieh Sanatgar and defended in September 2019. The
entire work is part of an Erasmus Mundus joint Doctorate Program SMDTex - Sustainable Management

and Design for Textiles financed by the European Union and Chinese government.
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This thesis is divided into five chapters described as follows:

- Chapter I: State-of-art’
In this chapter, a detailed literature review of the research topic is suggested. The review includes
the 3D printing technology in general and the existing and recent work on the 3D printing onto

textile materials. The main objectives and research approaches are also stated in this part.

- Chapter II: Materials and Methods

This chapter presents the materials (textiles, polymers, etc.), the 3D printing process and other
functionalization processes such as air- plasma treatment and the characterization methods which
were used to determine the thermal and mechanical properties, the rheology and the surface

morphology of the materials.

- Chapter 1lI: Characterisation and improvement of adhesion properties of 3D-PPOT using

monophasic materials

This chapter describes the findings of the various methods used to enhance the adhesion strength
of 3D-PPOT materials using monophasic materials. First, the optimization through statistical
modeling, connecting the textile properties and process parameters to the adhesion force was
investigated. Then , the functionalization through air-plasma treatment and grafting of acrylic acid

followed by adhesive application were approached and their results presented and interpreted.

- Chapter IV: Deformation, wear and tensile properties of 3D-PPOT using monophasic
materials
In this chapter, the deformation, the abrasion resistance, the stress and the strain of 3D-PPOT using
monophasic materials were enhanced through statistical models linking these properties to fabric

properties and process parameters.

- Chapter V: Enhancement of the deformation, tensile and electrical properties of 3D-PPOT by
using biphasic materials
This chapter demonstrates the improvement of tensile, deformation and electrical properties of 3D-

PPOT biphasic polymeric materials made of conducting polymer composites and elastomers.

Finally, a general conclusion of the overall thesis is suggested at the end of the thesis report.
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Chapter | State of the art

This chapter describes the relevant literature regarding functional textiles field and their manufacturing
process through deposition of conductive polymers onto the textiles field using 3D printing. Section 1.1
defines the FDM process onto textiles Section 1.2 relates the different properties of the 3D printed polymers
onto textiles (adhesion between the 3D printed track and the textile material, abrasion resistance, wash
ability, tensile properties and flexibility) and the manners of improving these properties. Section 1.3 presents
the potential applications and Section 1.4 introduces the reader to the main scopes, objectives and

approaches of the research project.

1.1 3D Printed Polymers Onto Textiles (3D-PPOT)

The integration of the functional elements into a textile has always been the main challenge in
functional textiles area. The fulfillment of the requirements of a functional textile that include cost, fabric
resistance, comfort, flexibility and reliability, an integration of technologies and functionalities, systems
and applications is important to be considered through an interdisciplinary methodology. Thus, the use of
3D printing as a deposition technique of polymeric materials onto textiles reveals to be an interesting option
to create added value functional textiles which possess the features that contribute to our economic and
societal needs. Indeed, if a specific design or function needs to be added onto the surface of the textile, the
3D-PPOT technique is a more flexible, resource-efficient and cost-efficient functionalization method
compared to the conventional screen method. This can be explained by the minimization of raw material
waste combined with reduced consumption of energy, water, and chemicals creating a stronger ecological
footprint. Besides, it allows thicker layers on textiles without a full penetration of the polymeric materials
compared to the inkjet printing method. Additionally, a positive effect on the textile supply chain process,
the free-customization of various designs with complex shapes can be highlighted with this technique
Indeed, the energy consumption of the supply chain is reduced by designing and integrating the functional

elements where it is needed on the textiles at the same step.

1.1.1 Presentation of FDM process

FDM process, also called Fused Filament Fabrication (FFF) is one of the Additive Manufacturing (AM)
processes which was patented by Crump in 1988 and later trademarked by Stratasys. Indeed, by using
polymeric materials (usually thermoplastic materials) in the form of a filament, granulates or paste (Figure
I-1) the technique can manufacture complex geometries. In addition to the FDM process, other processes
are included in the AM industry, for instance the material jetting, powder bed fusion, material extrusion,
sheet lamination, directed energy deposition, photo polymerization, and binder jetting also presented in
Figure I-1. Several 3D printers using this technique are commercially available for some applications, which
are not connected to textile businesses yet. Among the various existing processes, the FDM one reveals to

be the most suitable and practical for textile materials.
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Figure 1-1 Additive Manufacturing (AM) processes [9]

FDM process is a melt extrusion AM process where the heated extruder melts the filament as the

extruder temperature is always set above the melting point of the polymer used depending on its viscosity.

The 3D printing head assembly moves over a platform via stepper motors (Figure 1-2). The melted polymer

is pushed through the extruder towards the nozzle which deposits it along on the XY plane platform. Either

the platform moves down or the 3D printing head moves up along the Z direction by exactly one layer

thickness after the completion of the deposition at the successive cross-section. Thus, with this principle,

the three-dimensional (3D) structure is created in a layer-by-layer technique. This process goes on until the

part is built. The melting mechanism in the FDM process is governed by upon the time taken for

solidification.
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The FDM process is executed following these steps:

1. The design/pattern of the desired object is created through a Computer-aided design (CAD)

software

2. The CAD file is imported into the software of the 3D printer

3. All the parameters of the printer and the trial (including the design) are set and saved as an

stereolithography (STL) file format

4. The SLT file is loaded in the 3D printer system to start the printing layer by layer. The printing is

executed using the extrusion method of the polymeric material. Indeed, the thermoplastic polymer
goes through the heated nozzle of the 3D printer before meeting the platform or bed (that can be
heated)

5. Once the trial is finished, the object can be removed and its aesthetic improved through polishing

for instance.

Numerous applications of FDM exist in many fields [11-15] and their percentage contribution in the
literature is represented in Figure I-3. As an example, a mixture of starch-based polymer dust (corn starch,
dextran and gelatine) was developed by Lam et al. to be used in FDM process. With this new mixture the
mechanical and chemical properties were enhanced after 3D printing and post-treatment. Moreover, intake
was manufactured using the FDM technique for automotive applications [16]. Electrically conductive
polymers are created by FDM [17]. Espalin et al. explored the customization of orthopedic inserts and
craniofacial reconstruction by using FDM of biocompatible poly-methylmethacrylate [18]. Diegel et al.
produced electronic circuits created by curved layer made of conductive plastic through FDM [19]. Besides,
the manufacturing of dental repairs is possible using the FDM technique [20]. Scaffold for organ printing
and tissue engineering were printed FDM process. Korpela et al. have tried to use poly (e-
caprolactone)/bioactive glass mixture to create decomposable porous scaffold structures [11]. Xu et al.
manufacture polycaprolactone/hydroxyapatite artificial bones in order to imitate goat femur through
computed tomography-guided FDM [21].

In addition, the FDM process is a more flexible, resource-efficient and cost-efficient technique which
allows the printing of patterns by following a design without the need of any mold as it is the case with the
injection molding process. Besides, through this technique, the anisotropy of the parts is better due to higher
intra-layer bonding than interlayer one. As a result, sometimes, it is necessary to expose the parts to gamma
radiation to create cross-link between and within the layers and thus, enhance the properties of the 3D
printed part [22].

Hence, the development of functional textiles is based on the management of the 3D printing process
presented above and the creation of novel polymer blends and Conduting Polymer Composites (CPCs)

which present better properties and are easily used for the FDM process described in the next subsection.
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Figure 1-3 FDM process: percentage contribution in the literature [15]

1.1.2 Introduction to Conductive Polymers Composites (CPCs)

The term “ composite * in the polymer science field means at least two materials have joined or merged
together in order to obtain a new material that presents different properties than those of each component.
In the case of Conductive polymer composites (CPCs) materials (Figure 1-4), the two components are an
insulating matrix and electrically conductive charges. The matrix is often a polymeric material that
possesses electrical insulating properties and the fillers are electrically conductive charges under various
forms (microparticules, nanoparticles, fibers, rods, etc.). As stated by Jones et al., “polymers are
macromolecules that are composed of repeated subunits connected together” [23]. They are categorized
into thermoplastics or thermosets shown in Figure I-5. The thermoplastics (e.g., polypropylene,
polyethylene, polyvinyl chloride, etc.) are soft when heated and hard when cooled. These two states are
totally reversible and repeatable. They are mainly linear polymers and branched structure polymers with
flexible chains. In contrast to thermoplastic polymers, thermosets (e.g., polyester, epoxy, phenolic resins,
etc.) do not soften when heated again due to strong covalent crosslinks. With better dimensional stability,
thermoset polymers are commonly harder and stronger than thermoplastics. For 3D printing applications,
the thermoplastics are the most used.

In general, the structural materials such as metals and their alloys exhibit elastic behavior, i.e. after a
loading and unloading of the material within elastic limit, the instantaneous strain developed will disappear
[24]. The stress induced in the material remains constant with time upon further constant deformation. In
addition, the induced state of stress is dissipated in viscous materials. However, polymers possess a unique
characteristic of viscoelasticity. In nature, a viscoelastic material exhibits both viscous and elastic behaviors
which depend on the material’s microstructure and chemistry [24]. In the case of polymers, the stretching
and binding of the atomic bonds create immediate strain and the chain uncoiling of the molecules provoke

a delayed elastic response.

6

© 2020 Tous droits réservés. lilliad.univ-lille.fr



Theése de Prisca Aude Eutionnat-Diffo, Université de Lille, 2020

Matrix

Filler

Figure 1-4 Sketch of Conductive Polymer Composite materials

Cross link

Figure 1-5 Thermopastics (in left) and thermosets (in right) [25]

There are three distinct main classes of conductive charges used in CPCs described as follows:

1) Metallic (copper, silver, aluminum, nickel, etc.).

2) Carbon (graphite, carbon black (CB), carbon nanotubes (CNT), graphene, etc.).

3) Intrinsically Conductive polymers (polypyrrole (PPy), polyaniline, Poly (3,4-
ethylenedioxythiophene) (Poly) (PEDOT), etc.).

Metallic materials are known for their excellent electrical and heat conductor as well as their high
surface energy which leads to fast oxidation. Besides, carbon-based charges show excellent thermal
stability and relatively low cost except for CNT and graphene materials. Intrinsically conductive polymers
are defined as materials that alternatively present alternating single and double bonds between carbon atoms
along the polymer main chains. Based on such bond conjugation and distribution, conduction bands and
broad valence are generated. As a result, an interesting class of materials combining the mechanical features
of the polymers (often thermoplastic) combined with the electrical properties of the conductive charges.

However, conductive polymers present several challenges such as their insolubility in commonly used

organic solvents, their feeble mechanical properties and reduced processabiity. Although their high
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conductivity influenced by several factors (conjugation length, charge transfer to adjacent molecules), their
good stability, their flexibility and their lightweight have attracted considerably researchers for more than
20 years, their use remains limited in the domain of functional textiles due to their high cost [26].

The extrusion process is the main process used to manufacture polymeric filaments with a specific
diameter for 3D printing technology. The filament can be converted into granulates in a next step.
Additionally, in the case of manufacturing of CPC materials using carbon-based fillers are firstly dispersed
into the matrix. Different polymeric matrices such as Acrylonitrile butadiene styrene (ABS), Polylactic acid
(PLA), Polyether ether ketone (PEEK) and PLA/ABS and ABS/Polyamide 6 (PA6 or Nilon) blends are
mainly used for 3D printing applications. The influence of the 3D printing process parameters on the
mechanical and chemical properties (tensile, surface roughness, porosity, print quality, elastic modulus,etc.)
is investigated and summarized in the Table I-1 [8,15].

PLA is the most widely studied and exploited biodegradable and renewable aliphatic polyester.
Also, defined as a bio absorbable polymer, PLA is one of the most encouraging biopolymers due to a
non-toxic renewable production from feedstock of the monomers [27,28].

High density polyethylene (HDPE) which is defined as a polyolefin thermoplastic was already
used in 3D printing by Schirmeister et al. [29]. Despite many existing challenges such as the shrinkage,
the voiding and the warpage of the materials, HDPE-based 3D printed part with improved mechanical
properties (tensile strength and Young’s modulus) can obtain with appropriate 3D printing parameters
such as nozzle temperature and extrusion rate [29]. In addition, softer thermoplastic polymers than the
commonly used in 3D printing such as the ABS and PLA still need to be explored. Low-density
Polyethylene (LDPE) is described as a polymer polymerized from ethylene and a highly branched
structure composed of both long and short branches that interfere with crystallization. It possesses a
very low glass transition and lower percent crystallinity that makes it softer and more flexible at
ambient temperature compared to other thermoplastic polymers [30]. Furthermore, by adding fillers
into polymer an increase of the viscosity and stiffness of the CPCs and decrease of its 3D printing
process ability can be noticed [31-34].

As a notice, the CPCs are defined as electrically conducting nanoparticles- filled insulating
polymeric matrix above the percolation threshold. The sensing mechanism of CPCs is based on the
polymer’s reaction to environmental changes which affect the electrically conductive CNT network.
For instance, the change in temperature of the environment leads to modify the resistance of the CPCs
[34-37]. Recently, some research has been conducted in order to combine both the FDM technology
and CPCs materials to create 3D printed conductive composites with specific functions. As an
example, the electrical, thermal and mechanical properties of 3D printed MWNT/ABS composites
were investigated by Dorigato et al. [38].

Table I-1 Influence of the 3D Printing process on the properties of the 3D printed parts [15]

Material Process parameter Response Significant factor
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ABS

ABS

ABS
PEEK
PLA
ABS
ABS

ABS

ABS

ABS

ABS P400
ABS

ABS,
ULTEM
PLA

ABS P400
CFRP

PLA

ABS
Nylon

Raster orientation, air gap, model
temperature and color, bead width
Air gap, raster width, build layer and
build profile, build orientation

Layer thickness, speed of deposition,
road width and their interaction
Raster angle and build orientation

Raster angle

Contour width, contour depth, raster
width, raster angle

Raster angle, air gap, orientation and
raster width

Chemical vapour

Raster angle, slice height, raster width

Print speed, nozzle temperature, layer
temperature, fan speed

Orientation, raster angle, raster width,
layer thickness, air gap

Extrusion velocity, filling velocity, layer
thickness, line width compensation

Air gap

Raster angle, layer height and raster
width

Layer thickness, orientation, raster angle,
air gap and raster width

Infill speed, nozzle temperature and
layer thickness

Infill percentage or relative density,
thickness, component orientation,
extrusion temperature, orientation, infill
direction, speed

Shell thickness, model orientation, layer
thickness

Tensile and compressive
strength

Compressive strength,
compressive modulus and
porosity

Surface finish

Tensile strength, flexural
strength and fracture
toughness

Elastic constant

Profile error and
extruding temperature
Tensile strength and
density

Surface roughness,
hardness and thermal
behaviour

Visco-elastic properties

Print quality, elastic
modulus and ultimate
tensile strength

Tensile, flexural and
impacts strength
Dimensional error, warp
deformation, and build
time

Thermal conductivity, and
inter-layer thermal
resistance

Flexural strength

Dimensional accuracy
Tensile properties
Tensile and flexural

properties

Ultimate tensile strength
and dimensional accuracy

Air gap and raster
orientation

Air gap and raster width
All factors

All factors

Raster angle

All factors

All factors

All factors

Slice height and raster
width

Fan speed, layer thickness
All factors

All factors

All factors

Raster angle

Part orientation

All factors

Layer thickness and

speed

Orientation angle and
shell thickness

They have noticed that the 3D printing direction might influence the mechanical and electrical

properties of 3D printed objects. Lebedev et al. have developed 3D biodegradable scaffolds and heat

sinks using PLA conductive composites containing single-walled carbon nanotubes and powder of

natural graphite through 3D printing or injection molding [39]. Gnanasekaran et al. created 3D printed
CNT-based or graphene-based Polybutylene terephthalate (PBT) parts [40]. The findings

demonstrated that 3D printed PBT/CNT objects have better conductive and mechanical properties as

well as performance compared to the 3D printed PBT/graphene structures. Besides, the electrodes and
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lightweight electromagnetic interference (EMI) shielding materials can be potentially created through
3D printing of these CPCs structures.

With the purpose of better understanding the properties of the 3D printed polymers onto textiles,
there is an important need to highlight the mechanical and electrical properties of the conductive

polymer composites in the next section 1.1.3.

1.1.3 Properties of Conductive Polymers Composites (CPCs) after 3D printing
1.1.3.1 Electrical properties and percolation phenomenon

An increase of the concentration of the conductive charges in the CPCs leads to relatively increase the
polymer matrix content, and therefore the electrical conductivity rises up to a certain value. However, this
former sentence is true only if the conductive fillers or charges are completely well-dispersed in the polymer
matrix. In reality, the increase of the electrical conductivity is not linear and three zones of the conductivity
characteristic can be identified depending on the concentration of conductive fillers and their arrangements
that create conductive paths in the polymer matrix as shown in Figure 1-6. First, the resistivity is slowly
decreased forming a superior asymptote. Zone | represents the state in which the conductive particles are
very few in the polymer and cannot form conductive paths. In that case, the CPC is either insulator or has
its electrical resistivity is close to the one of the virgin polymer (pm). Zone Il is characterized by a rapid
decrease of electrical resistivity corresponding to the comparatively small difference in the concentration
of the conductive particles. The amount of fillers is high enough to be connected to each other and form
conductive network. The state of the zone II is called the percolation threshold (¢¢) and can be reached as
a result of direct contact between the fillers or tunneling effect. The percolation theory is given by the Eq.
1.2. The last zone (111) is a curve which is horizontally asymptotic which means that the concentration of
conductive particles does not influence the resistivity. The electrical conductivity (or resistivity) highly

depends on the nature and the shape of the particles [31,41].

oc = ao(@r — @c )t (Ea. 1.2)

where o. is the electrical conductivity of the CPC (S/cm); a0 , the filler electrical conductivity (S/cm); ¢y,
the fraction of conductive filler (v/v or wt. %); ¢., the percolation threshold (v/v or wt. %) and t, the critical

exponent as a fitting parameter.
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bt 95 b
Figure 1-6 Evolution of the Log of the resistivity of a conductive polymer composite according to the
concentration of the conductive fillers and their arrangements (1, 11 and I11) [41]

Furthermore, Sanatgar et al. investigated the influence of the cross-sectional area of the 3D printed
tracks composed of 5% highly structured carbon-black (KB)-filled PLA and 2.5% multi-walled carbon
nanotubes (MWNT) on their electrical properties [31]. They found that the resistance exponentially
decreases with an increase of the cross-sectional area (Figure 1-7). In another study, they could prove that
the electrical conductivity and percolation threshold of PLA based- CPCs depend on the type of fillers used
(KB or MWNT) as shown in Figure 1-8. Indeed, the percolation threshold happens happened when wt.%
KB and 1 wt.% MWNT are added into PLA [31].

25

B b) ® 5% KB 3D printed tracks
_ X 2% CNT 3D printed tracks
£t |
215 | ™
g " @ R'=09505
g 10 -
E r -
S E
C R® = 10,9642
u B L 1 1 L 1 L L L 1 1 L L L 1 1 L 1 L L 1 L 1 L L l
] 1 2 3 L] 5

Cross section area [mim?)

Figure 1-7 (a) Schematic of 3D printing of the conductive tracks (b) Resistance (kQ) as a function of the cross-
section area (mm2) of 3D printed tracks made of 2% MWNT -filled PLA and 5% KB- filled PLA [31]
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Figure 1-8 Electrical conductivity as a function of the filler content in the case of 3D printed layers of PLA [31]

1.1.3.2 Mechanical properties

Formerly, researchers demonstrated that the mechanical properties of parts produced through AM
technique were mostly influenced by both the manufacturing process parameters and the physico-chemical
properties prior to printing [42]. Mechanical anisotropy is the main issue of elements created through FDM
process which was largely due to the shrinkage of the extruded thermoplastic deposited by the 3D printer
on the 3D printer platform, the layer-to-layer adhesion and the changeable porosity of the printed track
under tension and pressure [43—48]. The majority of the studies put their attention on tensile and yield
strengths and elongation at break of the 3D printed elements made of the most commercial filaments (ABS,
PLA.,..etc.) [49]. The layer thickness [50], the orientation of the filament and the build platform [45,49,51],
the gap between the roads [45], the printing trajectory [52], the raster angle [45,49—51] and other printing
parameters [49,53-56] have been defined as parameters which could influence the mechanical performance
of the 3D-printed elements. Somireddy et al. also investigated the impact of the layer thickness, road shape
and air gap on the elastic moduli of a 3D printed layer through FDM process [47]. Moreover, the highest
tensile strength of printed PLA sample was found in the case of a printing using a 45° raster angle [49].
Tensile yield strength and tensile modulus of virgin PLA were 40.3 MPa and 4258 MPa respectively [43].
Besides, it was shown that the denser and thinner the layer of the 3D printed specimens, the greater the

tensile strength [45,50].

In addition, it is well-known that polymeric blends or blended materials have the tendency to diminish the
anisotropy of the tracks [1,22,46,57]. Therefore, fillers or reinforcements are incorporated in polymers to
improve their mechanical properties [58]. Several studies have reported the mechanical properties of 3D

printed using CPC materials [S9—62]. The effect of the process parameters and textile characteristics on
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mechanical properties of printed textiles through other printing techniques such as digital printing was

already explored and publicized to be significant for fabric density and printing speed [63].

1.1.3.3 Thermal properties

The thermal properties of FDM parts were also approached by many researchers. For example, Masood
and Song assessed the thermal properties of a new CPC material made of iron- filled nylon and found them
to be acceptable for fast tooling for injection molding process [64]. Sun et al. (2008) investigated the effect
of thermal factors on the cooling and overall qualities of the parts, their esostructure and flexural strength
and the bonding strength between the printed layers. Finally, the envelope temperature and differences in
the convection coefficient were found to be the most impacting process parameters [65]. Gurrala and
Regalla explored the influence of solidification process of the parts on the adhesion between the filaments
to the strength of the components through experimental approaches and mathematical modeling. They
found that the bonding strength was highly dependent on the intra-layer and inter-layer bonds [66].Singh
Boparai et al. studied the mass and phase change of a Nylon 6-based nano-composite material through
differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA) [67]. Prajapati et
al.described the experimental measurement technique of the interlayer thermal contact resistance and
anisotropic thermal conductivity by changing the air-gap between the FDM parts made of ABS and
Polyetherimide (PEI). Also, an analytical model was utilized to predict the thermal conductivity of the
corresponding air-gaps. Besides, there is a strong thermal contact resistance in building direction due to the

anisotropy in the parts produced [68].

1.1.34 Quality and performance improvements of the FDM parts

Most of the investigations concerning the quality and performance enhancements of the FDM parts
presented in Figure 1-9 were focused on improving the surface finish, the build time, dimensional exactness
and static mechanical properties, such as compressive, tensile, impact and flexural strengths [15,45,69,70].
Additionally, research studies on dynamic mechanical properties for instance viscoelastic and
morphological properties and process reliability are increasing nowadays [71-74]. However, limited
literature is available on process parameter optimization related to thermal, chemical and magnetic
properties enhancement for various filament materials [65-67,75]. Agarwala et al. categorized the process
parameters such as the material temperature, the layer height, the extrusion speed and temperature, the bead
width, and the raster fill pattern and cited them as potential solutions for parts quality improvements. In
addition, the filament and nozzle diameters, the material flow and feed rates, and thermal conductivity,

viscosity, flexibility and stiffness of the material are also properties to consider for a better part quality [71].
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6] Figure 1-9 Categorization of the FDM part quality and performance improvement techniques based on literature
It has been already published that 3D printing technologies via FDM attracted widespread interest because
of its very low waste of raw materials, flexibility, low-cost and easily handled apparatus and raw materials.
As aresult, this technology is utilized more and more at laboratory level, to incorporate functional elements
into textile materials through deposition of thin layers of conductive thermoplastic filaments. Some
researchers have already started to contribute into the development of functional textiles by using 3D

printing technologies [2,4,5,76-80]. The adhesion properties and the wash ability of the 3D-PPOT materials

were the two main properties investigated by the scientific community up to now.

1.2
1.2.1

Properties of 3D-PPOT materials

Adhesion between the textile and the deposited layer and its enhancement

The adhesion resistance between the fabric and the printed layer was the main focus of research work

as it is one of the fundamental properties of 3D-PPOT materials for functional textiles.

1.2.1.1

Mechanisms and theories of adhesion

Adhesion refers to the ability of two materials to remain bonded to each other. In general, the two

materials are called the adhesive and the substrate (i.e. adherent). This adhesion can be mainly explained

by different types of interactions between the surfaces and their surface area [81].
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The adhesion mechanisms of materials are mainly explained by mechanical interlocking, physical
absorption, chemical bonding, diffusion and dispersive theories. The diffusion theory explains that the
adhesion between polymers is caused by their compatibility and the movements of their chains under certain
conditions. An high compatibility between the polymers their chains are observed if they are able to be
merged which results in a mutual diffusion of polymer molecules across the interface and therefore, a better
adhesion occurs [82]. This theory has been used to understand various findings on adhesion between CPCs
deposited onto textiles through FDM process. Indeed, the adhesion strength was found to be higher in the
case of PLA-based CPCs printed onto PLA fabrics compared to Polyamide 6.6 (PA 6.6) or Polyethylene
terephthalate (PET) fabric. Another outcome, that found its explanation in the diffusion theory, is the better
diffusion of the molecules, leading to the formation of stronger bonds between the polymeric material and
the textile substrate chains, is obtained by higher extruder temperature [2]. Nonetheless, the diffusion theory
possesses limited applications where the polymer and the substrate may perhaps not adhere due to highly
cross-linked or crystalline polymers applied at a temperature below their glass transition temperature [82].
In addition, the diffusion theory can hardly explicate the change in the adhesion strengths between 3D
printed CPCs and surfaces made of the same polymer that could be smooth and rough such as textile fabrics.
For this reason, researchers mostly utilized the mechanical adhesion theory in order to explain bonding of
any materials to textiles [82—99]. This theory explains the enhancement of the adhesion strength based on
the mechanical interlocking principle. Mechanical interlocking mechanism refers to a adhesion strength
between an adhesive and rough and porous substrate stronger than to a smooth and closed surface. Indeed,
in that case, the adhesive can penetrate through the pores of the rough surface and be entangled
mechanically to the substrate. However, some findings demonstrated using rough surfaces could lead to a
decrease of the adhesion force [100]. Additionally, dispersive adhesion is due to rather weak intermolecular
forces called VVan der Waals Forces, which are in all materials. The Van der Waals forces have longer bond
lengths than those of the intra-molecular forces (London forces) but they are still short, thus, they act over
very small distances [81]. In chemical adhesion, the atoms/molecules of the two adhering materials create
chemical bonds that could be of covalent or ionic character. This is commonly the strongest form of
adhesion because the polymers adhere to a substrate at multiple sites along the chain [81].

Some of these mechanisms and theories of adhesion were used by researchers in order to explain the
adhesion findings of 3D-PPOT materials using CPCs. The recent results are presented in the next sub-
section.

1.2.1.2 Factors influencing the adhesion strength of 3D-PPOT

Several researchers proved that textile characteristics such as the fabric density, pattern and yarn type,
the affinity between the printed polymer and the textile materials [101], the selected polymer of the textile
structure[2] and the 3D printing process parameters as the extruder temperature, the speed, the infill angle
and the platform temperature [2-6,101], had an important impact on the adhesion properties of 3D-PPOT

materials.
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First, the possible applications of 3D printing technology on textile base materials was explored Korger
et al. Based on visual assessments, they found that rough and thick textiles presented better adhesion and
an increase of the wettability of the textile surface could enhance its adhesion performance [76]. In addition,
Sanatgar et al. tried to understand the adhesion behavior between PLA, carbon black (CB) and multi-wall
carbon nanotube (MWCNT) — filled PLA monofilaments 3D printed onto PLA, PA6, PAG6 textile base
materials and the influence of the 3D printing parameters [2].They found that the printing speed and the
extruder temperature were the most impacting parameters of the adhesion resistance compared to the
platform temperature. The platform temperature did not have influence because its range was lower than
the glass temperature (Tg) of the PLA (TgrLa = 60°C). Also, they have introduced statistical models that
showed a significant linear effect of extruder temperature and significant quadratic effect of printing speed
on the adhesion strength of PA6.6 and PA6 printed onto PA6.6 fabric. There is no significant effect of the
platform temperature on adhesion force for a temperature lower than the glass transition temperature of the
fabric [2]. An increase of the printing platform temperature up to 100°C (above the glass temperature) for
PLA printed onto PET fabric led to enhance the adhesion force while affecting the print quality [4]. Besides,
an extrusion wide identical to nozzle diameter shows the uppermost adhesion and a thicker first 3D-printed
layer declined the adhesion [4]. Moreover, Tadesse et al. studied the adhesion of thermoplastic
polyurethane (TPU) monofilament 3D printed onto PEDOT:PSS-Coated polyester and cotton plain weave
fabrics for electroluminescence applications [80]. The adhesion strength of acrylonitrile butadiene styrene
(ABS), poly-lactic acid (PLA) and PA6 (nylon) 3D printed directly onto fabrics using FDM was
investigated by Pei et al. (2015) [102].

Deposited PLA could not adhere to woven cotton, viscose, wool fabrics and showed a better adhesion
on net polyester with fixed pattern on fabric [103]. The adhesion of 3D printed polymers on knitted fabrics
as textile materials was explored [5,78]. The distance between the printing nozzle and printing bed is
another significant factor which impact the adhesion force. The results exposed that the smaller z distance
result in higher adhesion forces due to a higher pressure applied on the fabric during the 3D printing process
[104]. Eutionnat-Diffo et al. point out that higher mean pore size and roughness coefficient and lower
thermal conductivity of polyester woven textile materials enhance the adhesion properties and the build
platform quadratically affects this property. The pores of the PET fabrics that were mainly located at their
surface. Additionally, the washing process affects significantly the adhesion strength decreases by half by
rougher and more porous textile structures are more durable. The findings are mainly explained by the
surface topography of the textile materials which allow more anchorage areas between the two materials.
Reliable statistical models were also developed in order to predict the adhesion properties with the textile
characteristics [101]. The influence of the unevenness of the textile surface and the fiber—fiber friction
inside the fabric on the adhesion to the polymer has also to be considered during the development of 3D-
PPOT materials [105]. Finally, the impact of fabrics made of cotton, polyester and acrylic fibers on the

adhesion to PLA —based 3D printed layer were approached. Based on regression models, the findings
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indicated that fabric areal density, warp count (Tex), weft count (Tex), fabric thickness and fabric handle
positively influence the adhesion of PLA onto woven fabrics while warp ends/inch and weft picks/inch are

negatively correlated with the adhesion strength [106].

1.2.1.3 Improvement of adhesion of 3D-PPOT materials

The adhesion properties of the 3D-PPOT materials reveal to be too low until now especially in the case
of soft fabrics. Thus, some studies were conducted in order to enhance the bonding strength between the
3D printed layers and the textile.

A higher adhesion was obtained by pre-treating a cotton fabric substrate through coating of glue stick,
washing , and ironing processes [107]. Indeed, the enhancement of adhesion strength between the layers
was due to the creation of covalent bonds or/and increase of intermolecular and interfacial forces (Van Der
Waals forces) and dipole-dipole interactions. Coupling agents are usually utilized to chemically enhance
the adhesion strength. The use of the same polymer for both printed track and fabric [2] and an increase of
the extruder temperature and platform temperature without damaging the polymer [2,5,6,101] could also
allow a better inter diffusion of the macromolecules between the two materials [108]. Besides, if the textile
material used as a support is porous and rough , the 3D printed layer can easily be fused in it [101] because
the polymer penetrates the pores and thus is going to be mechanically bonded [82,83,85,86,101,108,109].
Finally, an insertion of an additional layer at the printed polymer/fabric interface was executed to
chemically bond them [78].

1.2.1.4 Limitations of the studies

Despite the intensive research work on the improvement of the adhesion properties of 3D-PPOT
materials, the bonding strength is not enough to guarantee their use in functional textiles field. If the
materials are weakly bonded they cannot remain attached after washing or mechanical solicitations. The
wash ability, rubbing, deformation and tensile properties of the 3D-PPOT materials are described in the
section 1.2.2-1.2.4. .Except the adhesion properties of the 3D-PPOT materials, other mechanical properties

such as the wash ability, rubbing, deformation and tensile were also investigated by a few researchers.

1.2.2 Wash-ability of 3D-PPOT materials

Wash-ability defines the ability of the material to be washed without any damages of either its surface
or its structure. More generally, the resistances to the humidity and water issues have always been a
challenge in terms of a reliable application in functional textile materials and making them not robust
enough to be suggested in the market. Indeed, several experimental wearable textile devices cannot be used
in the actual life due to the wash ability issue. Even if the textiles utilized are “hydrophobic”, i.e. they are
able to repel water, the textile substrate might still absorb the water due to capillary effect and that can

damage the electronic components. Moreover, the mechanical stresses and solicitations induced during the
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washing process could destroy the electrical contacts between the 3D-printed conductive tracks and
connectors.. Consequently, the electric impedance starts being uncontrollable after several washing cycles
and the wearable device can stop functioning [41]. Tadesse et al. investigated washing resistance of TPU
monofilament deposited onto PEDOT:PSS-Coated polyester cotton and plain weave fabrics through 3D
printing for electroluminescence applications [80]. Eutionnat-Diffo et al. studied the wash ability of carbon-
black (CB) —filled PLA 3D printed onto woven materials made of Polyethylene Terephthalate (PET). They
found that the textile properties (mean pore size and roughness) of the substrate of the 3D printed materials

have an impact on the wash ability [101].

1.2.3 Abrasion resistance of 3D-PPOT materials

Abrasion (or rubbing or wear) resistance of PLA 3D-printed onto fabrics was also approached by
Sabantina L. et al. [103]. They revealed that after rubbing the polyester net fabric was damaged, however,
the PLA printed pattern, however, was not influenced by the test — neither the surface was changed, nor the
strips were pulled off from the fabric. In that case, they found that the connection between the textile and
the PLA printed is stronger than the textile itself.

In addition, various scientists have considered the wear resistance of thermoplastic-based
nanocomposites materials [110-112] and textiles [113-117]. Bhimaraj et al. studied the wear resistance
and friction of poly(ethylene) terephthalate filled with up to 10 wt.% alimuna nanoparticles were increased
by two times and decreased compared to the unfilled polymer respectively [111].

In polymer science, two mechanisms of wear can occur : the cohesive and interfacial wear processes.
Cohesive wear process refers to the fretting, fatigue and abrasion wears. Abrasion is the main common kind
of wear and depends on several parameters such as the softness of the materials, the load applied during the
test and the features of the abrasive particles. Besides, in textile field, different test procedures are used and
the most common ones are the martindale and taber equipment (usually utilized in carpets industry)
[118,119]. Abrasion of textiles reveals the mechanical deterioration of textile surfaces after rubbing them
again a rougher surface. During the rubbing process the surface of the textile is firsly damaged and then, its
internal structure [120]. Abrasion properties of fabrics are mainly affected by the yarn and fiber properties

as well as the textile ones [120].

1.2.4 Tensile properties and deformation of 3D-PPOT materials

Tensile properties describe the behaviors shown by textile materials (fiber, yarn, fabric etc.) when it is
exposed to load or tension. The tensile strength is a very important parameter of textile materials which
signifies the proportion between the force required to break a specimen and the cross-sectional area of the
sample. Eutionnat-Diffo et al. focused on investigating the effect of the fabric properties and printing
platform temperature on the tensile properties and deformations of both non-conductive and conductive

PLA filaments deposited onto PET textiles through 3D printing process and enhancing them by means of
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theoretical and statistical models [121]. The findings showed that the FDM process affected the stress and
strain at rupture properties of the 3D-PPOT materials in comparison with the ones of the textiles. The stress
and strain at rupture of the 3D printed PLA on PET textile material is a combination of those of the3D
printed track and the PET cloth. This is due to a lower flexibility and diffusion of the fused polymer through
the textile fabric leading to a fragile adhesion strength between the two materials. Besides, Ehrmann et al.
supported the combination of 3D printed structures and textiles to enhance the originally low tensile
strength of 3D printed products [103].

1.2.5 Optimization of material properties through statistical modeling
1.25.1 Basic Statistical Analysis Methods for Analyzing Data

Statistics is a domain of science that manages the collection, organization, analysis of data and sketch
of extrapolations from the samples to the whole population [122]. This process has need of a proper design
of the trials, an appropriate selection of the samples and the choice of a suitable statistical method. An
adequate knowledge of statistics is essential for appropriate designing of the selected experiments. Incorrect
statistical methods might cause inaccurate conclusions which can lead to unethical practice [123]. The term
variable defines a characteristic that differs from one individual of population to another individual [124].
Two types of variables exist: the quantitative (for instance the pressure or the temperature) and the
qualitative ones (the color or the design of the fabric). The quantitative variables can be subdivided into
discrete and continuous measurements while the qualitative one cannot.

The descriptive statistics describe the correlation between variables in a sample or population, such as a
mean, median and mode.

However, in inferential statistics, the main purpose is to test the hypotheses which are defined as a proposed
explanation for a phenomenon. In that case, two hypotheses are necessary: a ‘null hypothesis’ (named Hg
‘H-naught,” ‘H-null’) and an alternative hypothesis (H1 and Hz). Ho and Hi mean that there is no and there
is a difference between the population variables or factors respectively [122].

A P-value is a calculated probability of the event happening accidentally if the null hypothesis is true. It is
a numerical between 0 and 1 that is utilized by various researchers in order to evaluate if some defined
factors or variables (for instance a process parameter or a material characteristics) have significant impact

or not on the responses (the targets). The interpretation of the P-value is mentioned in the Figure I- 10.

P Result

<0.01 Result is highly
significant

20.01 but <0.05 Result is significant

Value 20.05 Result is not
significant

Figure I- 10 P-value interpretation
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Several statistical software systems are available currently and commonly used such as the Statistical
Package for the Social Sciences (SPSS — manufactured by IBM corporation), Minitab (developed by
Minitab Inc), Stata (developed by StataCorp), Statistical Analysis System ((SAS — developed by SAS
Institute, North Carolina, United States of America), R (designed by Ross lhaka and Robert Gentleman
from R core team) and the MS Excel (developed by Microsoft) [125].

In general, the statistical modeling is used by researchers to help them to conduct their research studies
through well-designed experiments leading to valid and reliable findings. Inappropriate use of statistical
procedures can lead to defective conclusions, inducing inaccuracies and undermining the significance of

the research article [125].

1.2.5.2 Statistical modeling and machine learning algorithms in Science

Recently, scientific fields created unique information science connected to disciplines through
statistical modeling approaches and machine learning algorithms. For instance, the material informatics
(material science), chemoinformatics (chemistry), bioinformatics (biology), health informatics (health
sciences) can be cited. These algorithms endeavor to discover correlations between specific activities for a
set of objects (e.g., compounds, materials) and their properties and characteristics typically expressed with,
either linear or non-linear mathematical models.

In material science, chemistry, biology and environmental sciences, statistical modeling is frequently
denoted as Quantitative Structure Activity Relationship (QSAR) or Quantitative Structure Property
Relationship (QSPR) [126]. The main roles of QSAR models are to deliver insight into factors affecting
properties, recognizing new compounds and optimizing processes. The majority of QSAR models were
created for drug design and medicinal chemistry applications. However, in recent times, multiple QSAR
models have been developed in numerous other fields, for instance the nano-materials, cosmetics, solar
cells, catalysts, anticorrosive, optical devices and explosives [127]. In the material science field, several
reviews were reported in the literature over the last few years [126-129]. Generally, the four stages are
necessary to establish QSAR models: (1) Data collection; (2) Data processing; (3) Model generation; (4)
Model validation.

As an example Xue et al.[130] have used an adaptive design approach, tightly coupling computations
and experiments. The main objective was to discover of new low thermal hysteresis (DT) NiTi-based shape
memory alloys from within a chemical space consisting of ~800,000 alloys. The use of QSAR models
allowed the authors to reduce the design and utilize 36 compositions out of which 14 demonstrated
improved DT values. Besides, Sanatgar et al [2] developed linear and non-linear models connecting the
adhesion force of 3D printed PA6.6 onto PA6.6 to the temperature of the 3D printer extruder and the
printing speed as shown on Figure I-11. The statistical modeling was done using Minitab software in order
to evaluate the influence of extruder temperature, platform temperature and printing speed on the adhesion
strength between the 3D printed track and the textile; and then create the statistical relationship. It was

found that the platform has no significant impact on adhesion (Figure I-11).
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After approaching the different properties of 3D-PPOT and their optimization in the sub-sections
1.2.4. and 1.2.5 respectively, the next section 1.3 is going to present the applications that are or can be
targeted with 3D-PPOT materials.

1.3 General applications of 3D-PPOT materials

The 3D printing process of polymers onto textiles found their applications in various domains such as
in wearables with sensor and heat properties, safety equipment for the defense industry, smart bandages,
virtual reality gloves, unique sportswear that manages body temperature, aviation and aerospace
accessories, medical equipment (for instance template for cells), automotive, ...etc. [2]. Another application
is the development of auxetics textiles used in filtration and robust shock absorbing materials, like body
armor and knee and elbow pads. Auxetics materials are textiles that have a negative Poisson’s ratio which
expend laterally while stretched longitudinally [131]. Auxetics materials are made of different designs
printed onto knitted materials through FDM process. This kind of fabric can be transformed from an air
and water permeable state to lamellae state in order to protect the people from rain and wind and vice versa
[132]. Also, the 3D printing of the label “Braille” onto the textiles were executed to support blind people
[133]. A continuous 3D printing onto textile process has been partially patented by Eurecat. This process

can customize any type of fabric, in any colour, texture or length.
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3D printing process of polymeric materials onto textiles is definitely opening doors in many areas
especially in the design domain. 3D printing is also a novel technique which could demonstrate interesting
advantages in the domain of smart and functional textiles development through the deposition of conductive
polymers onto textile materials. The functional and smart textiles and systems are commonly defined by
European Committee for Standardization as “Textile material to which a specific function is added by
means of material, composition, construction and finishing”. In smart textile field; sensors, actuators, data
processors, communication units, and energy supply are fundamental components that can be integrated
onto textiles by using the FDM process. Despite all the existing possible and interesting applications of 3D-
PPOT materials, the one considered in this thesis for final prototyping is the smart (or functional or
intelligent textiles) field. However, all the findings described in this thesis can be applied in any other
domains. The section 1.4 presents the scope and research guidelines of the thesis to better understand the

existing gap in the literature and also the innovate ideas and approaches.

1.4 Scope and research approaches of the thesis

As part of the European program named Sustainable Management and Design for Textiles (SMDTex)
— the originality of the current research project is to suggest a novel and reliable process for the creation of
functional and intelligent textile materials by using the existing 3D printing process. The main idea is to
utilize the FDM process (3D printing) of conducting polymers onto textile materials or the development of
functional textiles. This process addresses solutions for existing global issues of shortage of energy and
non-renewable raw materials by suggesting processes and materials with added values and functionalities
which respect the environment diminish the waste of raw materials and reduce the textile supply chain. As
demonstrated in the literature review, the use of 3D printing as a deposition technigue of CPCs onto textiles
were already approached in about a dozen of articles, however, several challenges remain present to
guarantee its application in functional textiles field. Therefore, this project, which is the continuation work
of the thesis of Dr Sanatgar defended in 2019 (SMDTex project), focuses on optimizing the key properties
using specific impacting factors and enhancing these performances through material and process
developments. The polymeric materials have to be 3D printable, electrically-conductive and flexible

enough to be used in the manufacturing of electrodes and sensors through FDM technology.
The research questions set from the beginning of the project were the following:

1) What are the most impacting textiles’ properties on the mechanical properties (adhesion, tensile,
abrasion, wash ability, deformation)?
2) How can we enhance the adhesion and the flexibility of the 3D-PPOT materials while maintaining

or increasing its electrical conductivity?

Indeed, as the effect of the 3D printing parameters on the adhesion of the 3D-PPOT and the electrical

and thermal properties of CPCs materials were massively studied by other researchers, the main focus was
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to investigate the influence of the textile material properties and temperature of the build platform of the
3D printer, directly in contact with the textiles, on the adhesion, stress and strain, deformation and abrasion
properties and wash ability of the 3D-PPOT materials made of virgin PLA and PLA/2.5% CB blends. The
impact of abrasion on the electrical conductivity of the material was also examined. Reliable and statistical
models were developed in order to be able to predict the performance of 3D-PPOT based on the properties
of the selected textile. The main limitation is the use of the findings only when using polyethylene
terephthalate (PET) woven fabrics as a substrate and virgin PLA and PLA/2.5% CB blends as polymeric
materials.

In addition, an alternative solution to improve the adhesion properties of the 3D-PPOT was to combine
the grafting process of acrylic acid onto the textile substrate and the application of a solution based-
adhesive or a Polyurethane (PU) adhesive film onto it by spraying or thermocompression respectively, prior
to 3D printing of CPCs. These methods demonstrated to be very efficient, however, the adhesion strength
still need to be higher for textile applications.

Finally, the majority of the studies have approached the development of 3D-PPOT by using only
monophasic conducting polymer nanocomposites, which considerably reduce the elastic and permanent
deformations in comparison with the ones of the textiles. In order to enhance their deformations, the
manufacturing of highly conductive CPCs /elastomer biphasic blends using Low Density Polyethylene
(LDPE), highly structured carbon black (KB) and Carbon Nanotubes (CNT) with co-continuous structures

was preferred.
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Chapter 11 Materials and methods

This chapter focuses on the materials and processes utilized in the thesis. Section 2.1 introduces the
materials that include both the textiles and polymeric materials of the study. Section 2.2 defines the
manufacturing processes. Section 2.3 presents the functionalization processes of textiles considered in this
thesis. Finally, the section 2.4 relates the methods and standards used to characterize the polymers and

textile materials.

1.1 Materials

.11 Non-flexible virgin and conductive monofilaments for 3D printing process

At first, non-flexible virgin and conductive monofilaments were used to optimize the adhesion, tensile
and abrasion properties of the 3D printed layers onto textiles through textile properties only. Therefore,
the electrical conductivity is enhanced in Chapter V and not in Chapters Il and IV. The virgin PLA
monofilament utilized in the 3D printing process was purchased from Creative tools AB (reference: ECO-
PLA orange) . The composition of the polylactic acid — based conductive polymer composites was defined
based on former research [31]. In chapter Il and 1V, the conductive polymer composite was made of PLA

and 2.5 percent of carbon black as electrically conductive filler.

111 Polylactic acid (PLA)

First discovered in 1932 by Wallace Carothers, polylactic acid is a bioactive and biodegradable
polyester made up of lactic acid building blocks. Low and high-density PLA can be produced by processing
lactide through ring-opening polymerization or direct poly-condensation reaction. The lactide usually
comes from the fermentation of corn, sugar beet, sugarcane or other biomass, but corn is the most common
source The molecular structure of PLA is presented in Figure Il-. Polylactic acid exists under two distinct
forms: the poly (L-lactic acid) and poly (D-lactic acid). Pure poly (L-lactic acid) (PLLA) and poly (D-lactic
acid) (PDLA) are semi crystalline polymers with spherulites that are composed of crystalline lamellae and
amorphous areas positioned between lamellae and between spherulites [134]. In general, the polymer
adopts a 103 helical structure within the lamellae. The melting point and the degree of crystallinity and of
PLLA are influenced by the stereo-irregularity in the polymer [135]. The degree of crystallinity and the
spherulite size can be reduced by incorporating other isomer in a primarily stereo pure PLA. The mechanical
and thermal properties of PLA are described in Table Il -.
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Figure 11-1 Molecular structure of PLA[136]

Table 11 -1 Properties of PLA

Properties Values (units)
Mechanical properties Density 1.21-1.43 g/cm? (20 °C)
Young's modulus (E) 0.3-3.5 GPa
Tensile strength (oy) 21-60 MPa
Elastic at break 6-11 %
Thermal properties Glass transition temperature (Tg) 45-60 °C
Melting point (Trm) 150-162 °C
11.1.1.2 Carbon black (CB) nanoparticles

Carbon black (CB) is a term that refers to a group of industrial materials comprising furnace, thermal
and acetylene blacks. The form of CB particles is spherical. Furnace blacks are manufactured by
combustion of oil or natural gas with deficient oxygen. Thermal blacks are produced by using natural gas
in heated chambers without air. The morphological structure of one carbon black is shown in Figure II- 2.
Particle sizes of carbon black range from 20 to 300 nm [137]. The carbon black (CB) fillers used in the
thesis were from Evonik Degussa Co., Ltd., Germany. Their Brunauer—Emmett—Teller (BET) surface area
was 83 m?/g.

Figure 11- 2 Morphology of carbon black [138]
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11.1.1.3 Manufacturing of conducting polymer composites
The extrusion defined as a continuous process is used to manufacture conducting polymer composites and
polymer blends. It is the primary shaping process where the pellets of thermoplastic polymer are pumped
in the die and are orientated and shaped, in general, as a monofilament with ideally constant cross-sections.
Couples of requirements exist to execute properly the extrusion process:

e Consistent transport of the polymer

e Homogeneous thermal and mechanical properties of the polymer

¢ No thermal, chemical or mechanical degradation

e Appropriate and cost-effective operation.
Two types of extruder exist: the single screw and twin screw ones (Figure II- 3). A single screw extruder is
generally utilized to pump the very important mass outputs at a very high pressure required for very dense
materials and big profiles. The twin screw extruder is mainly used for and compounding [139]. The extruder
is composed of various parts, presented in Figure II- 4: the hopper, the barrel, the screw, the heating-cooling,
and the drive gear.
The screw reveals to be the main part of extruder because it provides the feedstock and transport, the
compression, the melting and the homogenizing of the polymers to give the exact amount of pressure for
the melt to go through the die. The polymeric material going out of the die is cooled by blowing air or in
water bath [140]. The conducting polymer composites are manufactured by first incorporating the
conductive fillers into the polymer granulates and mechanically mix them prior to the extrusion process.
In this thesis, the extrusion process of the non-conductive or conductive thermoplastic polymers was
executed in a room, with a controlled temperature of 20 °C + 0.2 and humidity of 65 % + 5. In the case of
CPCs, 2.5 wt. per cent of CB fillers were mechanically incorporated into virgin PLA granulates and then
dry in an oven set at 60°C for 12 hours. The dispersion of the blend was executed using a Thermo Haake
rotating (ref: PTW 16/25p with Length/Diameter = 25) and intermeshing twin-screw extruder at the process

parameters presenting in Table II- 2.

CROSS-SECTION OF SINGLE AND TWIN SCREW
EXTRUDER BARREL

Single Screw Extruder Twin Screw Extruder

S_/uuuuuauu.(ﬂm L 5 L el i il el el el i i . l
e aaaaaad 8 S W
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Solids
conveying

Melt Melt
pumping Solids

conveying

Melt Melt

pumping

Particle Sciences

Figure I1- 3 Single and twin screw extruders [141]
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Figure I1- 4 Extrusion of polymers [139]

Table 11- 2 Extrusion parameters [101]

Screw speed Temperature (°)

(rpm)
N Tzone 1 Tzone 2 Tzone 3 Tzone 4 Tzone 5
100 170 175 180 185 190
1.1.2 Flexible conductive monofilaments for 3D printing process

As already discussed in chapter I, in order to increase the flexibility, stress, strain and electrical
conductivity of functional textiles through 3D printing of polymer onto fabrics, the development of flexible
and conductive filament was required. The enhancement of the properties, mentioned above, was achieved
by creating biphasic blends using low-density polyethylene and propylene-based elastomer as polymeric
materials and highly structured carbon-black (Ketjenblack) and carbon nanotubes as fillers. The main idea
is to utilize biphasic blends with selective location of fillers in the low-density polyethylene phase or at the

interface between the two phases. This part will be developed in chapter V.
11.1.2.1 Polymers utilized

Low-density polyethylene (LDPE)

In the 1950s, polyethylene became the first commodity thermoplastic polymer used on packaging, came
into general. Polyethylene (PE) is a family of polymers which includes the low-density polyethylene
(LDPE), the linear low-density polyethylene (LLDPE) and the high-density polyethylene (HDPE). These
PE are different principally in their density, which is related to their degree of crystallinity. Indeed, defined
as the first grade of polyethylene produced in 1933 by Imperial Chemical Industries (ICI), LDPE is a
thermoplastic made from the monomer ethylene manufactured through a high pressure process using a free
radical polymerization.[142]. The molecular structure of PE is presented in Figure IlI- 5. Some classical
properties values ranges for PEs are illustrated in Table 1l- 3. LDPE presents several advantages and

challenges described in Table Il - 4.
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LDPE possesses about 2% more branching of the carbon atoms than HDPE (Figure II- 5), thus its
intermolecular forces (for instance instantaneous-dipole induced-dipole attraction) are weaker.
Consequently, its tensile strength is lower and its flexibility is higher. Also, its low density is explained by

its less tightly packed and less crystalline structure.

Table 11- 3 Properties of LDPE [136,143]

Properties Values (units)
Mechanical Density 0.910-0.940 g/cm? (20 °C)
properties Young's modulus (E) 0.13-0.3 GPa
Tensile strength (ov) 25 — 45 MPa
Elastic limit 200 — 600 %
Thermal properties Glass transition temperature (Tg) -25°C
Melting point (Tm) 98-115 °C
T I‘_I
A
H H
HDPE:
LDPE:

Figure 11- 5 Molecular structure of PE and chains distributions of HDPE and LDPE [144]

Table Il - 4 Advantages and challenges of LDPE [136]

Advantages Challenges

Very low cost Susceptible to environmental stress cracking

Excellent electrical insulating properties Poor UV resistance

Excellent chemical resistance Low strength, stiffness and maximum service
temperature

Very good process ability High gas permeability, particularly carbon
dioxide

High impact strength at low temperature Highly flammable

Very low water absorption High-frequency welding and joining impossible
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Polyolefin-based elastomers

Polyolefin thermoplastic elastomers (PBE) are materials which combine polyolefin semi-crystalline
thermoplastic and amorphous elastomeric polymers. They have rubber-like characteristics and can be
processed through common melt thermoplastic processing equipment. Several types of polyolefin-based
thermoplastic elastomers (TPES) exist, which comprise [145]:

o Blends obtained through mechanical mixing and extrusion denoted as TPOs

o Block copolymers, for example, olybutadiene-isoprene-butadiene block copolymer

o Random block copolymers, for instance, ethylene a-olefin copolymers

o Graft copolymers, e.g. polyisobutylene-g-polystyrene.

o Stereoblock polymers, such as stereoblock polypropylene

o Dynamically vulcanized blends of an olefin (TPVs) with ethylene-propylene random copolymer

(EPM) or ethylene propylene diene monomer (EPDM).

Polyolefin blends TPEs (named as TPOs) are the PBE used the most and represent an important family of
engineering materials. They are based primarily on isotactic polypropylene (iPP) and ethylene-propylene
random copolymer (EPM). The blends are usually manufactured by mixing the thermoplastic polymer and
the elastomer together on a high shear compounding device, such as a continuous mixer (e.g., single- or
twin-screw extruders). In an elastomeric material, the three-dimensional structure is co-continuous. The
hard phase provides the strength and the continuous soft phase confers the flexibility. Both phases can flow
as they never cross-link (Figure I1- 6) [145].
Thermoplastic elastomer blends based on polypropylene are widely commercialized because polypropylene
is a low cost polymer with low density. Its high melting point (Tm=145-165°C, depending on grade) and
crystalline structure make it resistant to oil, elevated temperatures and solvents. Besides, the elastomeric
phase possesses a good thermal stability, low cost and flexibility at low temperatures and a good

compatibility with polypropylene.

—1— Elastomer

—Hard polymer

Figure I1- 6 Morphology of Hard (or thermoplastic) Polymer/Elastomer blends [145]

In this thesis, the elastomer considered was the Propylene Based-Elastomer (PBE) granulates —(ref:
Vistamaxx 6202) purchased at ExxonMobil Chemical (Texas, United States of America). Vistamaxx

6202 is defined as an ethylene/propylene random copolymer manufactured using the metallocene
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catalyst technique from ExxonMobil. It was already demonstrated by some researchers that the whole

molecular chain of propylene-based elastomer consisted of soft segments in room temperature [146].
11.1.2.2 Fillers

Carbon nanotube (CNT)

Since their discovery by lijima in 1991, carbon nanotubes (CNTs) have been used in various research
studies of different fields [147]. With their unique seamless cylindrical structure with nano-scale diameters,
CNTs possess are produced by rolling up a sheet of graphene into a cylinder [148]. Depending on the
amount of concentrically rolled-up graphene sheets, CNTSs are also categorized as single-walled nanotubes
(SWNT), double-walled nanotubes (DWNT), and multiwalled nanotubes (MWNT) (Figure II- 7)

Figure I1- 7 Structure of a single-walled (a), double-walled (b), and multi-walled CNTs (c )[148]

Its distinctive structure leads to notable properties such as low densities, high electric and thermal
conductivity, large surface area to volume ratios, high aspect ratios, high mechanical and tensile strengths.
In this thesis, multi-wall carbon nanotubes (MWNTS) (reference: Nanocyl®-7000) with a purity of 90%
were supplied by Nanocyl (Belgium). Synthesized via catalytic chemical vapor decomposition (CCVD),

they have a diameter of about 10 nm, lengths of 0.1-10 pm and a surface area of 250 m?/g.

Ketjenblack (KB)

The highly structured carbon black- ketjenblack (KB) was provided by AKZO NOBEL (Amersfoort,
the Netherlands) under the reference Ketjenblack® EC-600JD. The aggregate size of the nanoparticles was
between 10 and 50 nm, the BET surface area of 1400 m2/g and the apparent bulk density of 1-1.2 g/cm?.
Indeed, KB nanoparticles have much larger surface area than CB ones. Their morphology is presented in
Figure II- 8. Its morphology and large surface area allow the creation of bigger conducting networks, which

enhance the electrical conductivity of the conductive polymer composites.
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Figure 11- 8 Morphology of Ketjenblack [149]

11.1.2.3 CPCsl/elastomer blends manufacturing process

Before the melt extrusion process, the two polymers used were the LDPE and the PBE granulates were
dried at 70°C and 40°C for 12h respectively. A co-rotating intermeshing twin-screw extruder (ref: PTW
16/25p with Length/Diameter = 25) from Thermo-Haake was utilized for the extrusion process. Each
extrusion process was executed at a rotating speed of 100 RPM and a shear stress close to 20 s—1. The
CPCslelastomer blends were manufactured following two distinct extrusion scenarios named as the 1-step
extrusion and the 2-step extrusion processes. The 1-step extrusion consists in blending of the LDPE, PBE
and fillers (MWCNT and/or KB) in one step through a homogeneous dispersion of the fillers in the
granulates of the polymers. Two different stages are necessary for the 2-step extrusion: a first dispersion
and extrusion process of KB and CNT with the LDPE followed by a second extrusion of LDPE- based CPC
with PBE at different percentages according to a specific design of experiments detailed in the Chapter V
of this thesis. Different temperature profiles were used for the five zones of the extruder for each experiment
depending on the amount of fillers and PBE in the blend. The extrusion parameters of each blends are

presented in Chaptr V.

1.1.3 Textile materials

Woven textile materials composed of PET monofilament of 0.2mm in diameter as weft yarn and PET
twisted multi-filaments of Nm 40 as warp yarn were manufactured. In textile field, Nm is the “normal
metric” —defined as 1,000 m of yarn per kg. These woven fabrics were manufactured in the weaving
laboratory of the Swedish school of textiles (or University of Boras) in Sweden. Two weave patterns were
selected and used in the research studies: the plain and twill 2/2 structures presented in Figure II- 9. In this
figure, it is possible to see that the structure of the twill 2/2 is more open due to the presence of several
floats compared to the plain one. Depending on the design of experiment defined for each study, different
weft densities from 14 picks/inch to 22 picks/inch could be chosen. These fabrics are used in Chapters 11

and 1V while only the 14picks/inch twill fabric was used in Chapter V.
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For the study about the enhancement of adhesion properties through textile’s surface functionalization
presente in Chapter Il1, two materials were used:

- A washed, unsized and heat set (i.e. thermally processed in a steam atmosphere to enhance its
dimensional stability) plain-woven fabric of 80 + 0.8 g/m? made of PET 56 dtex yarn and 110 dtex
(1Tex equals 1 gram per 1000 meters) as weft yarn supplied by FOV Fabrics (Sweden) shown in
Figure II- 10.

- A washed, unsized and spunlaced non-woven (Figure II- 11) made of PET 4 dtex fibers from IMS
Non-woven (Sweden). A spunlaced non-woven is described as a textile material mechanically
bonded to a dry-laid staple fabric through water jet. This process trends to entangle the individual
fibers of both fabrics. The mass per unit area of the material was 80 + 0.8 g/m?.

Figure I1- 10 Structure of the PET plain weave fabric from FOV
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Figure 11- 11 Structure of the PET non-woven fabric from IMS

Polyethylene terephthalate (PET), which is sometimes written poly(ethylene terephthalate), is
commonly abbreviated PET. It is the thermoplastic polymer of the polyester family the most common used
in the development of fibers for clothing, creation of containers for liquids and foods, thermoforming for
manufacturing, and in mixture with glass fiber for engineering resins. The semi-developed formula of PET

is presented in Figure 11-12.

—OH
0 o

H—O O
— —n
Figure 11-12 Semi-developed chemical formula of PET

The main stream of the world's PET production is for synthetic fibers, which represents almost 60%
and then the one for the bottle production accounting for about 30% of global demand. In addition, polyester
makes up approximately 18% of global polymer production. After polyethylene (PE), polypropylene (PP)
and polyvinyl chloride (PVC), it is the fourth-most-produced polymer. Commonly recycled, PET is
composed of polymerized units of the monomer ethylene terephthalate, with repeating (C10HsO4) units.
PET may exist in both states: amorphous and semi-crystalline. With a particle size less than 500
nanometers, the semicrystalline PET material might appear transparent while it becomes opaque and white
when the particle size reaches a few micrometers. This observation depends also on the crystal structure of
the PET. The monomer bis(2-hydroxyethyl) terephthalate is synthesized through various methods: the
esterification reaction between ethylene glycol and terephthalic acid with water as a byproduct, or by

transesterification reaction between dimethyl terephthalate (DMT) and ethylene glycol with methanol used
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as a byproduct. The polymerization is obtained by a polycondensation reaction of the monomers with water
as the byproduct, executed immediately after esterification/transesterification. The properties of PET are

described in Table II- 5.

Table I1- 5 Properties of PET

Properties Values (units)
Mechanical properties Density 1.38 g/cm® (20 °C)

Amorphous 1.37 g/cm?®

Single crystal 1.455 g/cm?

Young's modulus (E) 2800-3100 MPa

Tensile strength (ot) 55-75 MPa

Elastic limit 50-150%
Thermal properties Glass transition temperature (Tg) 67-81 °C

Melting point (Tr) 260 °C

Thermal conductivity 0.15-024Wm1lK1?

.14 Adhesives used to functionalized textile materials

Pressure sensitive adhesives (PSA) in the form of solution and film were used in the study of the
enhancement of adhesion properties of 3D-PPOT materials. The main goal of using these adhesives was to
create more anchorage points between the printed layer and the textile materials after functionalizing the

fabrics.

11.1.4.1 Solution based- PSA

A pressure-sensitive adhesive (PSA) was made through solution polymerization with 40 wt% solids
based on the synthesis method defined by Song et. al (2006) [150]. As an initial step, 126 g of 2-Ethylhexyl
acrylate (2-EHA), 10.5 g of methyl methacrylate (MMA), 1-3 g of glycidyl methacrylate (GMA), 10.5 ¢
of vinyl acetate (VACc),0.3 g of 1,1'-Azobis(cyclohexanecarbonitrile) - 98% (ACHN), and 75 g of ethyl
acetate (EAc) were mixed in a 1000 ml flask equipped with a stirrer, an addition funnel, and a thermometer.
The polymerization reaction was taking place at 70°C with a stabilization of the same temperature for 30
mins. At that point, a blend of 150 g EAc and 0.6 g of ACHN was gradually introduced into the flask over
two hours. Finally, the polymerization was proceeding at 65 & 5°C for 4 additional hours. All the chemicals

cited above were received from Sigma-Aldrich.
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11.1.4.2 PSA film
A polyurethane structural bonding film of 40+1.6 pum thickness was bought from Lohmann GmbH &
Co. The recommendations were given by the supplier: the curing temperature and pressure ranges of 90-

120°C and 22-109 Pounds per Square Inch (psi) respectively.

1.2 Manufacturing processes

1.2.1 3D Printing process onto textile materials

The 3D printing, manufacturing process utilized in the thesis is the FDM process defined in Chapter I.
Three different 3D printers were used three distinct studies of the thesis. Indeed, a dual-head WANHAO
Duplicator 4/4x 3D printer purchased from Creative Tools AB (Halmstad, Sweden), a flying head Delta
WASP 2040 3D printer supplied by 4D Nordic (Sweden) and WASP (lItaly) and located in the University
of Boras, and the Pellet Additive Manufaturing (PAM) 3D printer from Pollen (France) based at
Euromaterials (France) shown in Figure I1l- 13. The two first 3D printers (WANHAO and WASP) are fed
by monofilament while granulates are introduced into the third one (PAM) as it can be seen in Figure II- 14.
Each 3D printer is located in a room with controlled temperature of 20°C (£2) and humidity of 65 per cent
(£5). Before each experiment, woven or non-woven samples were fixed directly onto the metallic platform
of the 3D printer without plastic film between the platform and the textile (Figure Il- 15). Then, a rectangular
track, formerly designed using a Rhinoceros CAD software and then imported into Simplify3D software,
was printed on each set of samples. The 3D printing parameters (

Table II- 6) are optimized depending on the polymeric material used and kept the same for all the samples
of a study. The Z offset refers to the distance between the head of the extruder and the surface of the textile.
This parameter is set according to the thickness of the fabric and remained constant for all the samples.

Table 11- 6 3D Printing parameters

Parameters Values (unit)
Infill percentage 20—100 (%)
Z offset (distance between the head) 0 (mm)
Extruder diameter 0.4 (mm)
Extruder temperature 200 - 250 (°C)
Platform temperature 25100 (°C)
Number of layers 1
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Figure I1- 14 Extruder of PAM Pollen 3D printer
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Figure I1- 15 3D-Printing (FDM) process onto fabrics
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11.2.2 Washing processes

The washing test was executed in a domestic washing machine following the standard SS-EN 1SO
6330:2012. The process parameters of this washing method are presented in Table II- 7. One washing cycle
was performed on the plain and twill woven fabric samples of Chapters Il and 1V. After the washing
process, a visual assessment was done on each 3D-PPOT sample to evaluate the washability of the samples
by considering the percentage of printed track still bonded to the fabric between 10% and 100% (Figure II-
16). This test was mainly utilized to evaluate the impact of the washing on the adhesion properties of 3D-
PPOT materials. Only the samples with 100 percent of PLA track bonded to the textile materials after the

washing test were compared.

Table 11- 7 Washing process of the standard SS-EN 1SO 6330:2012 [101]

Process parameters Value (unit)
Detergent reference European colourfastness establishment
formulation non-phosphate reference detergent
(A) without optical brightening agent — from

James Heal
Detergent quantity 209 (£0.509)
Complementary load fabric types White cotton fabric — 950 g
Washing procedure 40° C(%£3° C)- 15 min including rinse and
spin times (one cycle)
Drying procedure Open-air dry

Figure 11- 16 Visual assessment of 3D printed samples after the washing process [101]

11.2.3 Textile surface treatment procedures

11.2.3.1 Atmospheric plasma treatment

The atmospheric plasma treatment process refers to the activation of polymeric materials’ surfaces by
attaching to them various active species. Sotton and Nemoz have already explained the chemistry of
functional groups attachment through electron beam plasma on textiles [152]. They described the

phenomenon as first, initiation of radicals on the surface and then attachment of ionized groups to the
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initiated radicals (Figure II- 17). Thus, high hydrophilicity and polar characteristics are obtained by
grafting functional groups such as carbonyl, hydroxyl or carboxyl onto the surface [153]. Several researches
have already used this technique to functionalize the textile materials for different applications [154-157].

The atmospheric plasma treatment was realized through a “Coating Star” machine (Ahlbrandt System,
Germany). The functionalization of textiles through plasma technique consist in one electrode and one
counter-electrode, produced with dielectric ceramic, that were exposed to a potential difference resulting
in a glow discharge named ‘Dielectric Barrier Discharge’ (DBD) applied onto the fabric. The machine
parameters which were kept constant during the entire study are presented in Table II- 8. The treatment
was accomplished on both sides of the fabrics. The most important parameter is the processing power
defined in Eq. Il - 1[156,158] . The plasma treatment was applied on a 80 + 0.8 g/m? washed, unsized and
spunlaced non-woven from IMS Non-woven (Sweden) and a 80 + 0.8 g/m? washed, unsized and heat set plain-

woven fabric from FOV (Sweden).

Table 11- 8 Air plasma treatment process parameters

Process parameters Value (unit)
Frequency (kHz) 26
Electrode length (m) 0.5
Distance between electrodes (mm) 15
Processing power (k] /m?) = % x 0.06 (Eq. 11-1)

Where P is the electrical power (W), V the speed and L the electrode length.

Evaporator Morioiis
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feed
g Zg [ [
e
Fabric entry
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v Ly ° ’
: )
Electrodes o

Figure 11- 17 Schematic view of atmospheric pressure plasma equipment [159]

11.2.3.2 Digital printing: ChromoJET technology
The ChromoJET is a digital printing process (Figure II- 18) that uses the valve-jet technology principle.
The principle of this process consists in the activation a plunger by an electromagnet in order to open and

close the outlet of a nozzle. This technology has been developed by Zimmer in Austria and is mainly used
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in carpet industry applications. These jets are also applicable for coating technique of solution onto
materials. The volume of the jets can be controlled by changing the coverage, the viscosity, the pressure,
the nozzle diameter and the speed of the head [160,161]. As described below, this technique was used to

realise the grafting of acrylic acid onto textiles and apply adhesive on the fabrics.

Figure I1- 18 Digital printing: ChromoJET [160,161]

11.2.3.2.1 Grafting process

The grafting process was executed into different steps. First, a solution containing 90 wt% of Acrylic
Acid (AA) and 10 wt% Benzophenone (BP) was coated with a pick-up of 50% onto PET woven fabrics
and PLA monofilament through a Chromojet device (ref: Chromojet. Tabletop, Zimmer, Austria). The PET
fabric used is a 80 *+ 0.8 g/m? washed, unsized and heat set plain-woven fabric from FOV (Sweden). At that
moment, the textile was dried at 60 °C in an oven during ten minutes, followed by the curing and grafting
processes of AA onto the PET woven fabrics and PLA monofilaments under a UV-LED lamp FireJet
(Phoseon Technology, USA) with emission wavelengths of 380 to 420 nm and a maximum emission power
density of 6 W cm? including. Each sample was cured three times at 15 mm/sec. Finally, the samples were
washed successively with toluene, methanol, and water, and then dried at 60 °C in an oven for 20 minutes
to remove the ungrafted homopolymer and the ungrafted AA. The surface modification processes of the
PET with grafted AA (Figure Il - 19. (a)) and PLA with grafted AA (Figure Il - 19. (b)) were given by Y. W.
Song et al. (2006) [150] and Y. Xiao et al. (2010) [162].
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Figure Il - 19 Grafting process of Acrylic Acid (AA) onto PET (a) [150] and PLA (b) [162] materials through

UV radiation

11.2.3.2.2 Application of adhesive onto textile surfaces

The solution based- PSA was applied onto the surface of PET fabrics using the Chromojet (ref:
Chromojet.Tabletop, Zimmer, Austria). The pick-up of the coating was 50%. The PET fabric used is the
same as the one utilized in the grafting process. Afterwards, the treated fabric was dried at 60 °C in an oven
for 10 minutes. Finally, the samples were washed with water to remove the unbound adhesive and dried a
drying rack at room temperature during three hours. Besides, the application of polyurethane film on the
surface of PET fabrics was achieved using a heat press at 10 bars and 180 °C during 15 seconds.

1.3 Characterization methods
11.3.1 Thermal properties

11.3.1.1 Transient Plane Source (Hot Disk)

The hot disk test method is the modified version of the standard TDA-501 to evaluate the thermal
properties of textile materials. The test consists in a thin disk shaped sensor (hot-disk sensor) which
measures the thermal conductivity and resistivity and the specific heat of the material (Figure II - 20).
Indeed, three layers of the textile fabric, necessary to attain the required thickness, were compressed on a
surface of 90 mm? and a pressure of 2 kPa with the hot disk positioned according to 1ISO 22007-2. The
measurements were realized at 22°C for a duration of 320 seconds using a Kapton disk type having an
output power of 0.12 Watts. For each material, three measurements were performed to certify the

repeatability of the measurement results.
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Figure Il - 20 Sketch (a) and picture of the equipment (b) used in the Transient Plane Source (Hot Disk) test

[163]

11.3.1.2

Thermogravimetric Analysis (TGA)

TGA is an analytical technique utilized to define the thermal stability of a material and its fraction of

volatile constituents by recording the weight change that occurs while the sample is heated at a constant

rate. The thermogravimetric analyzer of this experiment was the TGA Q500 (TA Instruments, DE). Each

sample of about 30 mg, was heated in an atmosphere of nitrogen at a heating rate of 5 °C/min. The

temperature range depends on the polymer or polymer blends used in the study.

11.3.1.3

Differential Scanning Calorimetry (DSC)

DSC measurements of the different studies were executed on DSC3 StarTM (Mettler Toledo,

Columbus, Ohio, USA). Both of them were conducted under nitrogen atmosphere, at a purge rate of 50

ml/min, in a temperature range from 25 °C to 260 °C and at a heating rate of 10-15 °C.minL. Six milligrams

of each sample were necessary for DSC measurements. Heating and cooling cycles between the range were

carried out twice. However, only the decrease of the first cycle and the increase of the second cycle were

considered in order to remove the thermal history of the involved polymers. In the case of PLA- based

CPCs, Eqg. Il - 2 is utilized to calculate the degree of crystallization. The melting enthalpy of 100%
crystalline PLA is is 93 J/g [164].

degree of crystallization (%) =

Melting enthalpy (in J/g) 100
Melting enthalpy (100% crystalline)(in J/g)

(Eq. 11 -2)

For the studies using CPCs/PBE blends, the melting enthalpy and the crystallinity ratio of each constituent

of the blends could not be separately determined through software such as Origin as it was challenging to

execute the deconvolution of the merged melting peaks and the melting enthalpy of the 100% crystalline

PBE is not in the literature.

© 2020 Tous droits réservés.
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11.3.2 Adhesion properties: T-Peel test

The adhesion experiments were carried out according to the standard test methods SS-EN ISO
11339:2010, DIN EN ISO 13937-2 and I1SO 11339 named T-peel test, by using a Zwick/Z010 tensile tester
at FOV Fabrics Limited (Sweden). Prior to the adhesion testing, rectangular shape layers (200 mm x 50
mm x 0.1 mm) were deposited onto the fabric through FDM process following the sample preparation steps
(Figure Il - 21) already pre-defined and commonly used by researchers for this application [2]. Both sides
(3D printed layers and fabric) are separately clamped as shown on Figure Il - 22 only the printed layer is
pulled out at a separation rate of 100 mm/min. For each sample, three replicate values were necessary to

obtain an accepted standard deviation of 10 per cent.

Figure Il - 21 Preparation of samples prior to 3D printing process [2]

Figure Il - 22 Adhesion testing of 3D-PPOT materials
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11.3.3 Textile surface, structure and morphology

11.3.3.1 Capillary flow porometry

The capillary flow porometry method is defined by the principle of a gas pressure, which forces a
wetting liquid out of through-pores in a sample. Before each measurement, the sample is immerged into a
fluorocarbon solution with a surface tension of 15.77 dynes/cm. Through this method, the largest, mean,
median and smallest pore sizes and pore distribution are measured. However, for the adhesion strength
modeling study, only the mean pore size is considered as similar trends of results are observed using the
other parameters [101]. It is well-known that the higher the pore size, the lower the pressure at which the

pores empty and reversely (Dittler and Kasper, 2018) [165].

11.3.3.2 Profilometry

The profilometry is described as a 3D technique which determines the roughness coefficients through
surface variation measurements as a function of position, by using a diamond stylus (Figure Il - 23). The
coefficient R, is commonly utilized as the arithmetic mean height of the surface to characterize the surface
roughness of the material. However, in this thesis, the coefficient S, defined as the extension of the
roughness coefficient R, to a surface is used. Indeed, it is an absolute value of the difference in height of
each point. Rougher textile materials possess higher “S;” roughness coefficients. This technique allows
visualizing 3D images of the surface’s profile as shown in Figure Il - 24, The profilometer utilized in the

thesis is an Altisurf 500 (Cotec, France).

Figure 11 - 24 Example of image obtained using profilometer technique [121]
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11.3.3.3 Scanning electron microscopy (SEM)
Textile materials observation

The surface morphology of the surface of the fabrics was observed by scanning electron microscope of
reference JEOL JSM-6301F. For this experiment, the size of the sample was 10 mm x 10 mm, the voltage
and resolution and the magnification at 1 kV were 6 kV and 0.5 nm and 50x respectively. A FEG JEOL
JSM7800F Scanning electron microscope with a voltage of 5kV and magnification of 2000x was used to

observe the effect of grafting on PLA monofilament.

CPCs and CPCs/PBE blends observation

Prior to the observation, the monofilament samples were prepared through immersion in a nitrogen
liquid for a duration of 3 minutes, followed by a cut in longitudinal and transverse directions using the
cryogenic fracture method (Figure II - 25). At that point, a 300 A thickness layer of metalized chrome
or carbon was applied on the surface of the monofilament. The SEM images were acquired by using an
SEM Hitachi S4700 equipment located at University of Lille (France) and operating at different voltages

(2-10kV) and magnifications depending on the targets of the observations.

Figure Il - 25 Cryogenic fracture procedure

11.3.3.4 X-ray photoelectron spectroscopy (XPS)

Spectra were recorded on a Kratos Axis Supra X-ray Photoelectron Spectrometer employing a
monochromated Al Ka (hv = 1486.7 eV) X-ray source, hybrid (magnetic/electrostatic) optics with a slot
aperture, hemispherical analyzer, multichannel plate and delay line detector (DLD) with a take-off angle of
90°. The analyzer was operated in fixed analyzer transmission (FAT) mode with survey scans taken with a
pass energy of 160 eV and high resolution scans with a pass energy of 20 eV. The resulting spectra were
processed using CasaXPS software. Empirical relative sensitivity factors supplied by Kratos Analytical

(Manchester, UK) were used for quantification. The XPS characterization was executed to identify the
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composition of the polyurethane film and detect the presence of functional groups which could access the

effectiveness of the grafting process on the different materials presented in Chapter I11.

11.3.35 Thickness of textile and 3D-PPOT materials

In this thesis, the thickness of the fabrics and 3D-PPOT materials was determined by using the thickness
— micrometer KES-FB3 according to the 1SO 5084 standard. Three replicates of this measurement were

necessary to acquire a standard deviation below 10 per cent.

11.3.3.6 Mass per unit area of textile and 3D-PPOT materials

The mass per unit area (or weight) of each textile and 3D-PPOT material is measured by using a
standardized weighting scale following the 1ISO 3801:1977 standard. Three replicates of the measurements

were done to guarantee a standard deviation below 10 per cent.

11.3.3.7 Transmission electron microscopy (TEM)
Transmission electron microscopy (TEM) is a technique used to detect the features of very small samples.
The principle of this technology is based on an accelerated beam of electrons, which passes through a very

thin specimen to allow, for instance, the observation of the structure and morphology.

11.3.4 Mechanical properties
11.3.4.1 Dynamic surface deformations

A Universal Surface Tester (UST) is a device which determines the dynamic surface deformations of a
material which include its permanent and total deformations, its elasticity, its plasticity and visco-elastic
properties. The principle of the UST measurement consists in several moves of a stylus on the surface of
the sample with or without a load. As a first step, with a minimum load of 1 mN, the stylus scans
continuously the surface of the material along a definite path. Afterwards, the same stylus scans the same
path with a constant load of 60 mN. At that point, a deformation of the material’s surface happens and is
so-called total deformation. Then, the scanning of same path was executed again with a minimum load of
1 mN. During that stage, the elastic part of the total deformation is recovered while the permanent
deformation does not recuperate. Finally, the total, permanent and elastic deformations were calculated
based on the differences between surface profiles of the different steps. Five replicates were necessary to
guarantee a standard deviation below 10 per cent. In this thesis, a 1.8 mm diameter stylus was selected to
be close to the diameter the extruder head of the 3D printer. The applied load tries to simulate the applied

pressure of the extruder head on a textile substrate during the 3D printing process [121].
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11.3.4.2 Tensile resistance

Tensile and elongation at break of textile materials and 3D-PPOT materials were determined according
to 1SO 13934-1 standard. The sample dimensions, the distance between the clamps and the speed are 230
mm x 25 mm, 100 mm and 100 mm/min respectively. The tensile and elongation at break values were an

average of the three measurements and the maximum accepted standard deviation was 10 percent.

11.3.4.3 Wear resistance

The abrasion resistance of the 3D-PPOT materials is measured as stated by ASTM D4966-12 (2016)
method. The materials used in this test are a polyurethane foam backing with a thickness of 3 £ 0.01 mm,
a felt of 750 £ 50 g/m? mass and 3 + 0.3 mm thick with a density of 29 to 31 kg/m? (as abrasive fabrics)
and a standard wool abrasion fabric of 215 + 10 g/m2. After 1000, 2000, 5000, 10000, 20000 and 30000
cycles for the 3D-PPOT material samples and 200, 500, 1000 and 2000 cycles for the textiles prior to 3D
printing process, the weight loss percentage is determined through the equation (Eq. Il — 3). The weight
loss describes the difference (in percentage) between the original weight and the eight after abrasion. The
maximum number of cycles, i.e. the endpoint is also determined. The three duplicates for each sample are
necessary in order to warranty a standard deviation below 10 per cent.

Weight loss (%) = W"#:"X X 100 (Eq. 11 - 3)
Where W, is the initial weight of the 3D-PPOT materials or fabric, Wy the weight of the 3D-PPOT materials

or neat fabric after X number of cycles.

11.3.4.4 Rheological properties: Melt Flow Index (MFI)

The Melt Flow Index (MFI) defines the flow-ability of the polymer at a certain temperature during a
limited time of ten minutes. A Melt Flow Tester - ThermoHaake (Figure II - 26) was utilized according to
the standard 1SO-11333. Prior to the MFI test, the material is dried at 40°C for twelve hours. The test can
be decomposed into various steps. In the first step, the piston goes inside the chamber of the machine and
stayed for four minutes at a set temperature. At that moment, the loading and pre-heating of the polymer is
executed at the same temperature during four minutes and then, it is guided through the die. Every 15
seconds, a knife automatically cuts the extruded polymer which is then collected and weighted to obtain
the MFI value. The unit of the MFI value is given in g/10min. Five replicates are performed to guarantee a
standard deviation below 10 percent. In this thesis, the ranges of temperature and weight used to applied
the pressure were 200 - 245 °C and 2.16 - 10 Kg.
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Figure Il - 26 Stetch (a) and picture (b) of the Melt Flow Tester

11.3.5 Electrical properties
11.3.5.1 General principle for monofilament and 3D-PPOT materials

The electrical resistance of CPC monofilaments was measured through a hand-made four-wire
system connected to Keithley 2461 SourceMeter (Beaverton, OR, USA). The set-up is presented in
Figure II - 277 (a). The home-made four-point also comprises eight identical tubes that support the
conductive material which need to be tested such as a monofilament, single thread, rod or track made
of conductive materials. The dimensions of each tube are: a diameter of 30 mm and a length of 80
mm. For resistance measurement setup, four tubes were placed in the plexiglass holder and sample
was positioned on the tubes and then, four tubes were put on the top surface of the samples. The two
pairs of outer tubes and inner tubes were connected into the input terminals and the sense terminals
respectively as it is shown in Figure II - 27 (b) [31]. The distance between two pairs of inner tubes
is 6 centimeters. Through this configuration with the multimeter set on four-wire option, the current
() is pushed through the resistance (R) via the first set of leads, while the voltage (VM) is determined

through the second set of leads named sense leads.

The electrical resistance of conductive 3D-PPOT materials was determined through a
standardized Keithley box connected to a Keithley 2461 SourceMeter (Beaverton, OR, USA). The

set-up of the experiment using the Keithley box can be visualized in Figure II - 28 (a).

In this thesis, five measurements per CPCs monofilaments and 3D-PPOT materials were carried
out to get a standard deviation below 10 percent [167]. The voltage applied was between —0.5 Volts
and 3 Volts with an increment of 0.5 Volts. Although applying the voltage to the material, the current

intensity was measured. The resistance was determined from the slope of the characteristic-curve (
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Figure II - 29). Finally, the electrical conductivities for the monofilaments and the

3D-PPOT materials were calculated through Eq. Il - 4 and Eq. Il -5 respectively.
oc=L/(R xS) (Eq. Il - 4)

Where 6 is the electrical conductivity (S/m), R is the resistance of the sample (2) R=1/slope, L is

the distance between the electrodes (m), and S is the cross-sectional area of the sample (m?).
os = 1/(R/S) (Eqg. 11 -5)

Where o is the surface conductivity (S), R is the resistance of the sample (QQ) R=53.4/slope and S

is the cross-sectional area of the sample (m?).

1 i Ricae Test Current (1)

Resistance
under test

wan

Source LO M

V,, = Voltage measured by meter
V, =Voltage across resistor (R)
Because sonse current s negliginle, v,, = v,

H
H
1
H
'
H
| Sense LO e
¥
1
H
H
H
V

v, v,
Measured Resistance = M = <A
1

Figure Il - 27 Four-wire system for electrical resistance measurements. (a) Measurement setup and (b)
Schematic of connections and the circuit [31]

Figure Il - 28 Standardized Keithley box (a) and measurement set up (b) [167]

49

© 2020 Tous droits réservés. lilliad.univ-lille.fr



Theése de Prisca Aude Eutionnat-Diffo, Université de Lille, 2020

Current (in Amp)
—m-

L=}
N

Veltage (in Volts)

Figure Il - 29 Current-voltage characteristic with the linear fitting between 0 V and 2 V [167]

11.3.5.2 Before and after abrasion test

The existing procedures [168,169] for in-plane measurements of the electrical resistance of materials
could not be applicable for 30 mm diameter samples made of 3D printed conducting polymer 3D printed
only onto one side of the textile material used in abrasion test. Therefore, a new and in-house customized

system, with an acceptable reliability, presented in Figure Il - 30, was developed for the purpose.

The principle is the following: a three centimeters diameter electrode applied to non-abraded and abraded
3D-PPOT materials under a weight of 300 grams was connected to a Keithley 3706A digital multimeter.
As for the general method of electrical conductivity measurement of 3D-PPOT materials, a visualization of
the current-voltage characteristic for a voltage value from -0.5 Volts (V) to 3 V and a step of 0.5 V, was
necessary to determine the surface electrical resistance (Figure Il - 29). The surface electrical conductivity
is obtained by using the equations Eq. Il - 6 and Eq. Il - 7. Five replicates for each sample of the three
samples were required to ensure a standard deviation below 10 percent.

oo = (Eqg. 11 - 6)

" LR

R = (Eq. 11-7)

1
f

Where R the electrical resistance (Ohm), e is the distance between the electrode (e = 5 mm), L is the
apparent length (L = 39 mm) and f is the slope of the current/voltage linear fitting curve between 0 V and

2V and o ¢ in Siemens (S) is the surface electrical conductivity.
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Figure Il - 30 Electrical conductivity measurement system used for 3D-PPOT materials before and after abrasion
(“Martindale”). (1), (2) and (3) represent the weight of 300 grams, the electrodes and the textile material
respectively.

11.3.6 Wettability-Capillary

The wettability and capillary measurements are carried out using a weighting scale called “3S balance”
from GBX Instrument (France). It allows to demonstrate the tendency of one fluid (mainly water) to spread
on or adhere to a solid surface [170]. The method utilized is based on vertical wicking test method, which
was formerly defined in the literature.[153] The capillary rise is defined as the ratio between the weight of
liquid absorbed by the textile material in two minutes (M¢) and the initial weight of the sample (W;). The

value of this parameter is obtained through Eq. Il -8 :

Ce(%) = 72 X 100 (Eq. 11 - 8)
11.3.7 Contact angle measurement of textile materials

A Theta Optical Tensiometer instrument (ref: Attension Theta) was used to measure water contact angle
0 between the water and the samples after 5 seconds. The method consists in a 7 mL water droplet deposited
onto the textile samples of 2 cm? cut and positioned on a glass slide prior to test. Each sample was tested
three times at three different locations and the average of the three values was analyzed. The contact angle

value was obtained directly using the Attention Theta software.

11.3.8 Location of fillers in biphasic blends

The contact angle between polymeric materials or nanoparticles and two different liquids (water and
a-bromonaphthalene) with specific and different surface tensions were determined using a GBX MCAT
V6 Digidrop (Dublin, Ireland). Prior to measurement, the pellets of polymeric films were prepared
through thermocompression and the pellets of compressed KB particles powder were prepared using

paraffin. The theoretical values of the surface tensions for the water and a-bromonaphthalene are defined
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in Table II- 9 [33]. The contact angles of each sample were assessed after the 30 uL —drop of wetting
liquids was standing for 30 seconds on the surface at room temperature. The average value of the contact

angle was obtained by using five drops of each liquid, one polar and the other one apolar.

Table 11- 9 Surface tensions of water and a-bromonaphthalene

Liquid T v L(mN/m) v [2l(mN/m)
(mN/m)
Water 72.6 21.6 51
a-bromonaphthalene 44.6 44.6 0

. . . . ., D
[1] Dispersive component of surface tension of the liquid y;,

[2] Polar component of surface tension of the liquid yLD

Besides, based on different equations already demonstrated by Fowkes [171] and Cardinaud et
al.[172] the interfacial energies between the polymer and the particles can be calculated with the contact
angle values. The surface tension of the CNT nanoparticles, its dispersive and polar components utilized
in the calculation were 27.8, 17.6, and 10.2 mN/m [32]. As a last step, the location of the fillers in each

biphasic blend was calculated with the equation Eq. 11 — 9.

__ Yriller1—-B—Yfiller 1-A

(Eq. 11-9)

Where ma-gis the wettability coefficient between the polymers A and B, vriler 1-8 i the interfacial
energy between the filler 1 and polymer B (Nm/m), , riier 1-a iS the interfacial energy between the
filler 1 and polymer A (Nm/m) and ya.g is the interfacial energy between the polymer A and the
polymer B.

@a-B YA-B

The interfacial energies are calculated as below .
ar P anPrP
Y12+, ek

Y'1_2 = Y]_ + rz - (Eq “ - 10)

Y‘1_2=Y11+ Y’Z—Z\/Y'luY'ZD—Z\/YiPY'ZP (Eq“—ll)

where Y’ _, is the interfacial energy between the components 1 and 2 (mN/m), Y7 is the surface tension
of the component 1 (mN/m), Y-, is the surface tension of the component 2 mN/m), Y’1P and YZP are the
polar part of the component 1 and 2 (mN/m), Y’lD and YZD is the dispersive part of the component 1 and
2 (mN/m).

The following scenarios may occur:

¢ The wettability coefficient is inferior to —1, which means that the filler 1 is located in the
polymer B;

¢ The wettability coefficient is between —1 and 1, which means that the filler 1 is found at the
interface of the two polymers;

e The wettability coefficient is superior to 1, which means that the filler 1 is in the polymer A.
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Chapter 111 Improvement of adhesion properties of 3D-PPOT
using monophasic materials

As described in Chapter I, one of the fundamental properties of 3D-PPOT materials is the adhesion
strength between the deposited layer and the textile materials. Despite the several suggested solutions to
enhance this property, the adhesion resistance remains very low in some cases, which makes the use of 3D-
PPOT materials in textile industry difficult. However, an important fact to point out is the change in
adhesion strength depends on the properties of the polymeric printed track and the textile fabrics as well as
their interface. Many different types of textiles are produced every day in the world for various applications.
In order to understand and predict the influence of the properties of the textiles the use of the statistical
modeling is needed. At that point, the properties of 3D-PPOT materials can be optimized and improved
through selective choice of fabrics, pre or post treatments.

Thus, this chapter focuses on describing two methods utilized in this thesis to optimize and enhance the
adhesion of 3D-PPOT using monophasic materials: statistical modeling using the textile properties' values
and functionalization of the textiles’ surface followed by the application of adhesive. Section Ill.1
introduces the materials, the manufacturing processes and the methods utilized to characterize both the
textiles and polymeric materials of the study. Section I11.2 defines in details the statistical design of each
experiment of the study, including the selected factors, targeted responses and the analysis method of the
findings. Section 111.3 presents the results of the first experiment about the optimization of the adhesion
properties of the 3D-PPOT materials through models using the properties of the textiles. Section 111.4 relates
the wash-ability of the 3D-PPOT materials by explaining what are its impacting factors and how does it
influence the adhesion. Section I11.5 demonstrates the effectiveness of the functionalization processes
(plasma and grafting) and application of film and solution- based adhesives, and their influence on the
adhesion. Finally, Section 111.6 gives an overview and summary of the current study on the enhancement
of adhesion properties of 3D-PPOT.

For each material, process, characterization method and previous work already presented in Chapters | and

I1, the referred section will be written in brackets.
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.1 Materials, processes and characterization

In the study of the optimization of the adhesion through statistical modeling using the properties of
textiles, virgin ECO-PLA and conductive PLA (PLA/2.5%CB) monofilaments obtained through extrusion
process are used as raw materials for 3D printer and PET woven textile as support materials. The
monofilaments are already described in the section I1.1.1. Six PET fabrics with two different patterns (plain
and twill 2/2) and three different weft densities (14, 18 and 22 picks/inch) were manufactured in house and
their mass per area and thickness (11.4.3) are presented in Table Ill- . The composition and structure of the
fabrics were already defined in the section 11.1.3. These fabrics were selected due to their significant
difference in term of structure, mass per area and thickness leading to different porosity, thermal
conductivity and roughness. Therefore, the relationship between these properties and the adhesion could be
confirmed. The 3D printing (FDM) manufacturing process was executed using a printer WANHAO
Duplicator 4/4x (11.2.3). The dimensions of the woven samples were 80 mm x 225 mm X thickness,
according to Table Ill- was directly placed onto the 3D printing platform prior to printing. Then, a
rectangular track made of non-conductive and conductive PLA (50 mm x 200 mm x 0.1 mm) was deposited
on each different set of woven materials. The constant value of the infill percentage, the Z offset (i.e. the
gap between the head of the extruder and the surface of the fabric), the printing speed, the diameter of the
selected extruder (the right one) and the extruder temperature were 20%, 0 mm, 3600 mm/min, 0.4 mm
and 250 °C respectively. The different characterization methods of the PET fabrics before 3D printing were
the capillary flow porometry to determine the pore size, the profilometry to measure the roughness and the
hot-disk method to obtain the thermal conductivity value. All the characterization methods mentioned
above are already described in the section 11.4. After 3D printing process, the adhesion between the printed
track and the fabric (11.4.2) and the durability of 3D-PPOT materials after washing (11.2.4) were approached.

Table I11- 1 Mass per area and thickness of PET fabrics

Pattern \?pl)?gtkgﬁgég Mass per area (g/m?) Thickness (mm)
Plain 14 157.9+1.6 0.59 £0.01
Twill 2/2 14 159.0+£1.6 0.79 £0.02
Plain 18 1739117 0.50 £0.01
Twill 2/2 18 176.8 1.8 0.75+0.02
Plain 22 194.1+1.9 0.58 £0.01
Twill 2/2 22 202.3+2.0 0.76 £ 0.02

Besides, in the study concerning the enhancement of adhesion via the functionalization of the textile’s

© 2020 Tous droits réservés.

surface, a washed, heatset and unsized PET spunlaced plain-woven fabric from FOV (Sweden), a washed
and unsized PET non-woven from IMS non-woven (Sweden) (11.1.1), the virgin ECO-PLA and conductive

PLA monofilaments were utilized. Throughout this chapter, the designations “NW” and “W” were used for

54

lilliad.univ-lille.fr



Theése de Prisca Aude Eutionnat-Diffo, Université de Lille, 2020

non-woven and woven materials. The grafting of Acrylic Acid (AA) (11.3.3) and atmospheric plasma
(11.3.1) processes onto PET fabrics were used to functionalize the surface of the PET textiles. Two different
types of adhesives were employed: a solution based pressure-sensitive adhesive and a PU film adhesive
(11.1.1.4) from Lohmann GmbH & Co. Their application processes are described in the section 11.3.4. The
3D printing onto textile process (11.2.3) was realized by using a 3D printer (DELTA model 20/40), where
PLA layers (50 mm x 200 mm x 0.1 mm) were printed onto PET fabric samples (80 mm x 250 mm) directly

fixed onto the platform of the 3D printer. The 3D printing parameters are presented in

Table lll- 2. The characterization methods (I1.4) used in these experiments are the following: the
wettability-capillarity, the contact angle, the Scanning Electron Microscope (SEM) , the profilometry ,

capillary flow porometry method and the adhesion strength measurements of 3D-PPOT.

Table 111- 2 Printing process parameters

Parameters Values (units)
Infill percentage 20 (%)
Z offset 0 (mm)
Printing speed 15000 (mm.min-1)
Extruder diameter 0.4 (mm)
Extruder temperature 250 (°C)

1.2 Statistical design of experiments

In the study of the optimization of the adhesion through statistical modeling using the properties of textiles,
four distinct factors (platform temperature and weft density as continuous factors and fabric orientation
and pattern as discontinuous factors) were utilized to randomly create a design of experiment in Minitab
17 software (1.2.5). The design of experiments that uses non-conductive PLA includes 60 runs and the one
of conductive PLA, 36 runs in total. The different factors with their values and codes are described in Table
I11- 3 and Table liI- 4.

Table Il1- 3 Factors of statistical design of experiments conducted with non-conductive PLA monofilaments

[101]
Factors Values (unit or code)
Platform temperature 25, 40, 60, 80 and 100 (°C)
Weft density of the fabric 14, 18 and 22 (picks/inch)
Fabric direction Machine (M)*and Cross (C)?
Fabric pattern Plain (P) and Twill 2/2 (T)
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The study about the improvement of adhesion through the functionalization of the textile’s surface, the
two sets of experiments with their various factors described in Table lll- 5 and Table IlI- 6, were also
randomly created (1.2.5).

Table I11- 4 Factors of statistical design of experiments conducted with conductive (PLA/2.5% CB) monofilaments.

!Conductive and non-conductive PLA layer printed along the warp threads. 2Conductive and non-conductive PLA
layer printed along the weft threads [101]

Factors Values (unit or code)
Platform temperature 25, 60 and 100 (°C)

Weft density of the fabric 14, 18 and 22 (picks/inch)
Fabric direction Machine (M) and Cross (C)
Fabric pattern Plain (P) and Twill 2/2 (T)

The first one (Table I11- 5) was developed to evaluate the effect of grafting of acrylic acid onto both PET
woven fabrics and PLA monofilaments by UV radiation and application of adhesives on the adhesion
resistance of 3D-PPOT materials. The second one (Table I11- 6) was exploited to investigate the influence
of the air-plasma treatment onto the PET woven and non-woven fabrics on the adhesion strength between

the 3D printed layer and the fabric. Three replicates of each experiment were completed for each run.

Table I11- 5 Grafting experiment: factors in the statistical design of experiments and their levels

Factors Name Level
-1 0 1 2
. Pressure-sensitive .
A Adhesive type adhesive (PSA) Polyurethane film
. . Grafting of acrylic Grafting of acrylic
B Pre-treatment No pre-treatment Grafting (.)f acrylic acid and pressure- acid and
acid o . .
sensitive adhesive polyurethane film
Platform
C temperature 40 60 80 100
(°C)
Thermo-
D compression using

Post-treatment No post-treatment
a heat press

machine

Table 111- 6 Air-plasma treatment experiment: factors in the statistical design of experiments and their levels

Factors Name Level
0 1
A Fabric type Woven Nonwoven
B Plasma treatment Treated Untreated
C Electrical Power (W) 750 1000
D Speed of the sample relative

to plasma (m/min) 2 10
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1.3 Adhesion optimization through textile properties

111.3.1 Impacting textiles’ properties on the adhesion resistance

In general, based on the design of experiments described in Table lll- 3 and The study about the
improvement of adhesion through the functionalization of the textile’s surface, the two sets of experiments
with their various factors described in Table Ill- 5 and Table IlI- 6, were also randomly created (1.2.5).

Table 111- 4, the difference in adhesion between non-conductive and conductive PLA to textile
structures highly depends on their surface and their structure (Figure llI- ). Indeed, it was seen that the
conductive PLA (PLA/2.5%CB i.e. Carbon Black —filled PLA) adhered better to plain structure than non-
conductive and reversely when printing them on twill 2/2 fabric. The lower adhesion of conductive PLA to
twill 2/2 might be explained by its lower viscosity which did allow it to penetrate strongly and deeply
through the structure. In other words, despite the presence of pores in the structure, the polymer cannot

penetrate due to its important viscosity.

Plain Twill
12000

10000

8000

6000 I
4000 %

2000

Maximum adhesion force x 1/500 (N/50mm)

° Non-conductive Conductive Non-conductive Conductive

Figure I11- 1 Comparison of maximum adhesion forces of 3D printed materials using non-conductive and
conductive PLA monofilaments [101]

Additionally, one of the benefices of using statistical modeling is the possibility to detect which factors
among the four cited in the section I11.2 impact significantly the adhesion strength. As a reminder,
depending on the value of the p-value the factors have (p-value <0.05) or not (p-value >0.05) an impact on
the response which is, in that case, the adhesion force. The study revealed that the pattern, the weft density
and the direction had a significant influence (p<0.05) on the adhesion force of 3D-PPOT materials using
both conductive and non-conductive PLA filaments (Figure Ill- 2) and the pattern of the fabric had the
greatest contribution compared to the other factors (Table Il1- 7-Table 1l1- 8) i.e. there is an important
difference in adhesion when using different patterns. In statistics, the contribution percentage of the
variables (or factors) defines if the factors have to be included in the regression models linking the adhesion
properties and the variables. Only factors high percentages of contribution will be considered. 3D printing

of both non-conductive and conductive PLA in the cross direction of PET twill fabrics with lower weft
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densities demonstrates a better adhesion property of the 3D-PPOT materials. In addition, a significant

quadratic effect (p=0) of the platform temperature on the maximum adhesion strength was observed when

using non-conductive PLA filament while no significant impact in the case of conductive PLA filament (p-

value=0.006) was detected, which might be due to the range of platform temperature not sufficient enough

to observe a difference[101].
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Figure I11- 2 Main effects plots (with trend lines) of maximum adhesion force of 3D printed using non-conductive
(a) and conductive (b) PLA filaments [101].

Table I11- 7 Maximum adhesion forces of 3D printed PET fabric with non-conductive PLA monofilament: main
contributions and p-values [101]

Source Contribution P-value

Full Model 86.94%
Pattern 25.78% 0.000
Direction 2.91% 0.000
Platform temperature (°C) 3.50% 0.000
Weft density (in picks/inch) 8.93% 0.000
Pattern*Platform temperature 4.21% 0.000
Platform temperature*Weft density 4.77% 0.000
Direction*Platform temperature 3.53% 0.000
Pattern*Weft density 2.77% 0.000
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Table I111- 8 Maximum adhesion force of 3D printed PET fabric with conductive PLA monofilament: main
contributions, p-values [101]

Source Contribution P-value
Full Model 87,54 % 0,000
Pattern 25,09 % 0,000
Direction 10,45 % 0,001
Platform temperature (°C) 10,54 % 0,006
Weft density (picks/cm) 5,50 % 0,000
Platform temperature*Weft density 13,3 % 0,000
Pattern*Weft density 8,22 % 0,008

In order to understand why the textile properties, especially thoses linked to the structure and the
surface, and the build platform temperature impact significantly the adhesion, it was necessarily to
characterize the textile materials by measuring their average pore sizes (i.e. the opening of the fabric
structure), the roughness of their surface and their thermal conductivity. As formerly mentioned, in the case
of 3D-PPOT materials made of conductive PLA printed onto PET fabric it was seen that the maximum
adhesion strength was stronger if the textile pattern was Twill 2/2 woven fabric compared to plain weave.
This can be explained by the higher porosity (Figure IlI- 3) and roughness (Figure 1lI- 4), and lower thermal
conductivity of the twill 2/2 than the plain one (Figure 1lI- 5). Similar trends of thermal conductivity values
were found by Karaca et al. (2012) [173].
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Figure I11- 3 Mean pore diameter (um): main effects (with trend lines) [101]
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Figure 111- 4 Sa roughness coefficient (mm): main effects (with trend lines) [101]

Furthermore, Mooneghi et al. (2014) and Ezazshahabi et al. (2017) discovered that, with a confidence
range of 95%, there is a significant correlation between weft density and surface roughness as well as and
weave structure and surface roughness coefficient [174,175]. Indeed, an increase of the weft density leads
to reduce the gaps between yarns in the fabric structure and increase the constancy of the fabric to finally
create a smoother surface [175]. Formerly, based on the the mechanical theory of adhesion, some
researchers have already demonstrated the improvement of the adhesion strength by increasing the
roughness and porosity of the textile materials [82,83,92-99,84-91]. An increase in the adhesion strength
through the use of rougher surface was explained by an rise of the VVan der Waals forces and the interactions
between both surfaces resulting in higher mechanical interlocking [109]. As stated in the mechanical theory
of adhesion, rougher and more porous textile surfaces allow the molten thermoplastic monofilament to
penetrate and fill the valleys, resulting in anchorage areas between them [108].
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Figure 111- 5 Thermal conductivity (W/K-m—1): main effects [101]
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Apart from the roughness and porosity of the substrate surface, a low viscosity of the thermoplastic
monofilament will be preferred. Furthermore, a low thermal conductivity of the textile materials might lead
to a better absorption of the heat coming from both the extruder and the build platform, and maintain it
within the structure during the 3D printing process. Therefore, the crystallization kinetics of non-conductive

and conductive PLA changes while going through the textile structure.

111.3.2 Theoretical statistical models between textiles’ properties and adhesion

As it was previously mentioned, statistical modeling (1.2.5) allows the detection of impacting factors
on responses (in our case, the adhesion force of 3D-PPOT). However, the use of statistical modeling is also
appreciated in the development of mathematical models correlating the most impacting factors to the
responses but also some defined variables to the responses. Thus, statistical models were developed for

both non-conductive and conductive materials to optimize their adhesion properties.

111.3.2.1 For non-conductive 3D-PPOT materials

Based on the findings described in the section (111.3.1), a linear relationship between the textile
properties that are the variables and the maximum adhesion force using non-conductive filament defined
as responses were observed at different platform temperatures and in both directions (Figure IlI- 6). This
observation confirmed, once more, that a decrease of the thermal conductivity and increase both roughness
coefficient and mean pore size led to an increase of the adhesion force. Therefore, a variable named f;,,
which connects the three textile properties was created using Minitab 17 software and its mathematical

equation Eq. I11- 1 is mentioned below.
ftex =—0,5410 X T, + 0,6039 x MP, + 0,5854 X S, (Eq. 111-1)

where T¢: Thermal conductivity (W/K.mt), MP,: Mean flow pore diameter (um) and S, (mm):

Roughness coefficient.
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Figure I11- 6 Regression curves: Maximum adhesion values in cross (a) and machine direction (b) versus thermal
conductivity, roughness coefficient Sa and mean pore size [101] for each platform temperature (25°C in blue, 40°C
in red, 60°C in green, 80°C in purple and 100°C in grey)

Thus, two theoretical models between f;,, and the maximum adhesion strength in cross (Eq. 111- 2)

and machine (Eq. I11- 3) directions were successfully developed and simulated through Origin software

and with an R-square range of 86- 90% as shown in Figure Ill- 7. It can be noticed that the suggested models

are close to the experimental values and are also in accordance with the trends of adhesion results formerly

stated (Figure llI- 6).
Maximum Adhesion force (N/50mm) = %(257.2 Xftex + 3.16 x ftexz)

Maximum Adhesion force (N/50mm) = %(203.4 xf. 4+ 096 x ftexz)

tex

Where fo, = —0,541 X T + 0,6039 X MP, + 0,5854 x S,

© 2020 Tous droits réservés.

(Eq. I11-2)
(Eq. I11- 3)
(Eq. 111- 1)
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feex: textile parameters constant, T.: Thermal conductivity (W/K.m?), MP,: Mean Pore size (um) and

Sa: Roughness coefficient (mm).
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Figure I11- 7 Maximum adhesion forces: experimental values versus theoretical model [101]
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Finally, theoretical models between the maximum adhesion force, platform temperature and f;., in both
directions, i.e. cross (Eq. I11- 4) and machine (Eq. ll1- 5) were generated based on the experimental values

(Figure 111- 8).
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Figure 111- 8 3D surface plots of max adhesion force models in the cross (a) and machine (b) directions versus
the experimental data (scatterplots in gold (cross) and green (machine)) [101]

The R-square range of values of these suggested models were 70- 80%. The findings revealed that
ftex Vvariable has the greatest influence on the maximum adhesion force compared to the platform

temperature (Figure IlI- 8).

Maximum Adhesion force (N/50mm) = $(8983 — 1775 X Ty + 9 X fiex + L115 X T, 2 + 6,19 X fier') (Eq. - 4)
Maximum Adhesion force (N/50mm) = ;10(4678 —1342X T, + 9 X fiex + 1115 X Ty 2 + 6,19 X fier) (Eq. I11-5)
Where fip = —0,541 x T¢ + 0,6039 x MP,, + 0,5854 X S, (Eq. 111- 1)

frex: textile parameters constant, T,: Build platform temperature ('C), Tc: Thermal conductivity (W/K.m™t), MP,: Mean

Pore size (um) and Sa: Roughness coefficient (mm)

111.3.2.2 Conductive 3D-PPOT materials

A linear relationship between the textile properties and the maximum of adhesion force were similarly
developed for 3D-PPOT materials using the conductive PLA. All the experiments printed in the cross
direction demonstrated an increase of the maximum adhesion force for textiles with lower the thermal
conductivity and higher roughness coefficient and mean pore size (Figure Ill- 9). These outcomes are in
accordance with those obtained with non-conductive PLA monofilaments. Moreover, based on the findings
presented in Figure Ill- 9, theoretical model between f;., and the maximum adhesion strength was

effectively developed and simulated using Origin software (R-square = 88%) as shown in Figure IlI- 10.
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Figure I11- 9 Regression plots of maximum adhesion of 3D printed material using conductive monofilaments
[101] for each platform temperature (25°C in blue, 60°C in red and 100°C in green)
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Figure I11- 10 Maximum adhesion force of conductive 3D-PPOT: experimental values (black dots) versus 2D
theoretical model (red straight line) in the cross direction versus thermal conductivity, roughness coefficient and
mean pore size [101].

This theoretical model is defined in the cross direction by using the equation (Eg. I11- 6). A rise Of fioy

coefficient improved the values of the maximum adhesion force.

Maximum Adhesion force (N/50mm) = %( 356.7 X fipx — 451 X fror?) (Eq. I11- 6)
Where fi., = —0,541 X T¢ + 0,6039 X MPg + 0,5854 X S,

frex: textile parameters constant, T.: Thermal conductivity (W/(m*K)), MP,: Mean Pore size (um) and S;:

Roughness coefficient (mm)

1.4 Wash-ability of 3D-PPOT materials

The adhesion strength of 3D-PPOT materials is an important property approached in the previous
section 111.3. However, the wash-ability of 3D-PPOT is essential to assess in order to use such materials in

the textile industry.
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11.4.1 Durability of 3D-PPOT after washing process

First of all, the durability of 3D-PPOT materials after washing process was qualitatively assessed. It
was shown that washing resistance highly depends on the selected pattern of the textile materials. Indeed,
the virgin PLA monofilament printed on twill 2/2 fabrics better resisted to the washing process than plain
fabric because 100% of the PLA printed track was still bonded onto the majority of the twill 2/2 samples
(Figure I11- 11). This greater durability of 3D-PPOT materials might be explained by the strong mechanical
interlocking noticed prior to the washing process. It could be observed that the pattern, the printing direction
and the temperature of the platform also impacted the washing resistance (Figure I11- 12) [101]. The weft

density does not have a significant influence on the washing resistance (Figure I11- 12).
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Figure I11- 11 Durability after washing process of 3D-PPOT materials using twill 2/2 and plain structures
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Figure I11- 12 Durability after washing process: main effects with trend lines [101]
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111.4.2 Impacting textiles’ properties on the adhesion after washing

In addition to the washing resistance of 3D-PPOT materials, the adhesion strength after washing was
evaluated. In general, it was demonstrated that the washing process impacted the adhesion properties of the
3D-PPOT samples (Figure 1l1- 13). Indeed, the adhesion force values after washing is decreased by 50-
80%, depending on the textile substrate utilized. Besides, the main contributions, the p-values and the main
and interaction effects of the maximum adhesion force after washing are shown in Table I11- 9 and Figure
I11- 14 [101]. The pattern, the direction and the platform temperature were the factors which impacted the
maximum adhesion force after washing the most (p-value =0). By observing the findings, the factor with
the highest contribution (i.e. the highest impact) in the adhesion after washing was the pattern. Besides, the
use of twill 2/2 textile structure confirmed better adhesion than plain.

This result can be explained by the existing mechanical movements during the washing process
destroying the weakest VVan der Waals bonds. Finally, the 3D printing of PLA monofilament onto PET
fabric in the cross direction guaranteed better adhesion due to stronger bonds at the interface and an affinity

with the PET monofilament of the textiles prior to the washing process[101].
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Figure I11- 13 Comparison of the maximum adhesion forces before and after washing [101]

Table I111- 9 Maximum adhesion force after washing: main contributions and p-values of the model [101]

Source Contribution P-value

Full Model 84,7 0,000
Pattern 28,79 % 0,00
Direction 411% 0,00
Platform temperature (°C) 11,71 % 0,00
Pattern*Platform temperature 8,06 % 0,00

68

© 2020 Tous droits réservés. lilliad.univ-lille.fr



Theése de Prisca Aude Eutionnat-Diffo, Université de Lille, 2020

E Pattern Direction Platform temperature (oC) Weft density (picks/cm)
R 2500
.
£
§ 2000
>
>
£ 1500 '\/
L2
| =
2 1000
@
5
<
x 500
Em Plain Twill Cross Machine 25 40 60 80 100 22
Figure I11- 14 Main effects of maximum adhesion force after washing
(with trend lines) [101]
1.5 Improvement of adhesion through functionalization processes

In the former section, it was presented the possibility of improving the adhesion properties of the 3D-
PPOT materials through statistical modeling. Based on the findings, fused PLA layers can hardly adhere to
soft PET woven fabrics. Thus, it is necessary to modify the surface of the textile and/or the polymer in
order to allow the diffusion of the deposited polymeric materials.

In the next section, two functionalization techniques were used to change the surface of the polymeric
materials: the grafting of Acrylic Acid (AA) followed by the application of adhesives and the atmospheric
plasma methods. In the atmospheric plasma process study, the improvement of adhesion of 3D-PPOT
materials using the soft PET woven materials was demonstrated and compared with the one of the PET
non-woven at equivalent weight. The enhancement of adhesion was proven by using different scenarios of

combined processes.

11.5.1 Effect of grafting on textile’s surface properties

11.5.1.1 Effect of grafting process and application of adhesive on the surface of PET
fabric

On one hand, in order to justify the effectiveness of the grafting process of acrylic acid onto PET fabrics,
the topography of the surface of the PET woven fabrics was examined through profilometry method
(11.4.3.2) before and after grafting process and their roughness, their weight and their mean pore sizes were
compared (Table 1lI- 11). After grafting process (11.3.3), an increase of the surface roughness, the weight
and the pore size distribution (mean pore size and bubble point i.e. the largest pore size of the structure) of
the treated polyester fabric were detected. Thus, during the grafting process (including washing at the end)
AA might be grafted onto the surface of the PET fabric leading to a functionalisation of the surface of the
textiles [101]. Due to the low amount of chemicals used for the grafting process and the instability of the

generated free radicals, the difference between the treated and untreated samples was hardly detectable.
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The XPS findings are presented in the Appendix A of the thesis. Previous researchers have analyzed the
surface topography of PET films before and after grafting and they concluded that the surface roughness
was increased with an increasing of the UV grafting time by dint of the grafting process [150]

Furthermore, the application of the PU film (11.3.4) on the surface of the textile decreased the pore size size
and the roughness of the materials. Indeed, the thermocompression of the adhesion onto the treated PET
fabric allowed the polymer to fill the gap of the textile material, and thus led to decrease the porosity and
the roughness of the fabrics. Besides, the XPS results of the polyurethane (PU) film are presented in Figure
I1I- 15 and Table I1I- 10. The elemental composition of the PU sample, as determined from survey scan data,
showed a sample primarily consisting of carbon and oxygen, with low concentrations of nitrogen, sodium
and silicon. By comparison of the carbon (78.6 at.%), oxygen (20.2 at.%) and nitrogen (0.3 at.%)
concentrations with the concentrations in MDI (71.4 at.% C, 19.1 at.% O, 9.5 at.% N) it can be seen that
there is either a very large soft segment in the PU, or surface segregation of the soft and hard segments has
occurred, with the soft segments predominantly at the surface (Figure Ill- 15 and Table Ill- 10). The presence
of the polyether soft segments of the polyurethane might explain the higher adhesion when using the
polyurethane adhesive film [176]. The presence of the polyether soft segments of the polyurethane might
help in enhancing the adhesion force between the printed track and the fabric [176].
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Figure 111- 15 C1s(A), O1s (B) and N1s (C) XPS spectra of the PU adhesive
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Table I111- 10 Atomic concentration (%) determined by XPS for Polyurethane (PU) film

Concentration /Atomic percentat.%

Sample Naus Oss N 15 Cis
PU 0.23+0.12 20.18 +0.79 0.32+0.1 78.55+1.16

Table I11- 11 Roughness coefficient(um), weight(g/m2), mean pore size (um)and bubble point (um)of the untreated
PET fabric, treated PET fabric and treated PET fabric with adhesive film [177]

Roughness Weight Mean Pore Bubble point
coefficient (g/m?) size (um) (um)
Sa (um)
Untreated PET fabric 9.38 80 +0.8 25 34.8
Treated PET fabric 147 89+ 1 5.0 36.0
Treated PET fabric with adhesive film 13.7 130.2+£2 1.3 16.9

111.5.1.2 Effect of grafting process on surface structure of PLA monofilament

In order to analyze the grafting effect of the PLA monofilament on its surface, SEM images of the
polymer were captured before and after AA grafting (Figure Ill- 16 (a) and (b)). It can be perceived that the
surface of the untreated samples was smoother than the ones for AA grafted samples. Thus, a modification
of the surface morphology of the monofilament occurred during the grafting process. It might be caused by
the presence of grafted acrylic acid onto the surface of the PET fabric. A possible degradation of the surface

of the PLA monofilament should not be excluded in the interpretation of the results.

a Untreated PLA b Treated PLA

Figure 111- 16 SEM images of PLA monofilament surface before (a) and after (b) grafting treatment [177]
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111.5.2 Effectiveness of the atmospheric plasma treatment

The effectiveness of the functionalization of the PET fabric through atmospheric plasma treatment was
evaluated by using different characterization techniques. For instance, the roughness, the pore size, the

contact angle and the wettability of the untreated and treated samples were realized to be compared.

1.5.2.1 Capillarity and wettability analysis

The contact angle and capillary rise between the water and the untreated and atmospheric plasma treated
samples were measured and presented in Figure IlI- 17, Figure Ill- 18 and Figure I1l- 19. Both methods (11.4.6-
11.4.7) could allow the determination of the contact angles named 61 and 0,. Similar trends of results are
observed using both methods as shown in Figure I1I- 19 and Figure Ill- 20. Based on the main effect plots
that considered the overall set of data factor by factor i.e. the trend of result for each factor, it could be seen
that the atmospheric plasma treatment significantly increased the capillary rise while decreased
considerably the contact angle value with water (Figure Ill- 17 - Figure Ill- 18). As a result, after air plasma
treatment, the surface of the textile becomes much more hydrophilic with high wettability. These findings

are comparable with the ones obtained previously by researchers [154,178-185].

Treatment Fabric Type Speed (m/min) Power (w)
— 160
9‘3
8 120
&
E 80
& 40
W
0
Treated Untreated NW w 2 10 750 1000

Figure I11- 17 Main effect plots of capillary rise (%). NW means nonwoven and W means woven materials. The
lines between the values are considered as trend lines and not connecting lines between mean values considering the
entire design of experiments
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Figure I11- 18 Main effect plots of contact angle (°) using the wettability test called 6:. NW means honwoven and
W means woven materials. The lines between the values are considered as trend lines and not connecting lines
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Figure I11- 19 Main effect plots of contact angle (°) using a Theta Optical Tensiometer called 6. NW means
nonwoven and W means woven materials. The lines between the values are considered as trend lines and not
connecting lines

Formerly, various researchers reported the improvement in wettability of plasma -treated polyester
fibers and textiles and fibers.[153,157,186-189] Indeed, it was established that air-oxygen plasma treatment
introduces polar functional groups which are, for instance, carbonyl and alcohol groups. The presence of
these groups on the surface reduces the contact angles with water and rise the wettability (Figure Ill- 17 -
Figure 1ll- 19). The better wettability is due to the etching of the surface and the change in chemical
composition of the surface. Also, as already found by researchers, the speed of the fabric’s movement
during the plasma treatment did not demonstrate any significant impact on the wettability (Figure Ill- 17 -
Figure Ill- 19) [153]. Indeed, the difference in capillary rise was not observed because of, for this trial the
selected power range above 400 Watts [153]. The fabric type also influenced the capillary rise ratio of the
textile materials. Indeed, a nonwoven fabric possesses a high capillary rise value. due to its important

porosity and roughness (Figure IlI- 20).
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Figure 111- 20 Main effect plots of the mean pore size (um) (a) and roughness coefficient Sa (mm) (b) : effect of
treatment. The lines between the values are considered as trend lines and not connecting lines.

Furthermore, a more detailed view on the effect of the plasma treatment on the capillary rise and contact
angles 0; and 0, was given in Figure Ill- 21. It can be noticed that the change in capillarity of the nonwoven
surface was more influenced by the atmospheric plasma treatment. Previous work evidenced that the pore
size greatly impacted the degree of penetration of the plasma treatment [190,191]. In fact, bigger pore sizes
of the fabrics lead to a deeper penetration of the plasma treatment as the field has a larger surface area with
the textile. A complete penetration of the treatment was noticed for textile materials with pore sizes larger
than 200 um, whereas no penetration was seen for those with a pore size smaller than 10 um [191]. In our
case, the mean pore size ranges of the non-woven and the woven fabrics prior to the plasma treatment were
90-100 pum and 20-30 um respectively (Figure llI- 22). Therefore, the plasma treatment was more
successfully applied on the PET non-woven materials and provoked an improved in the wettability and
contact angle. Besides, the standard deviation of the capillary rise of the treated non-woven fabric was
superior to 10% because of the random arrangement of the fibers of textile. The contact angles 6; and 6, of
both woven and non-woven materials were impacted by the plasma treatment (Figure 11I- 21). Besides, the
power of the treatment revealed to have an important influence on the capillary rise and the contact angle

and by using PET non-woven as substrate showed much impact than PE woven fabric (Figure 1lI- 23).
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Figure 111- 21 Capillary rise (%) and contact angles 01 (°) and 0. (°) of treated (pink dots) and untreated (blue dots)
samples. NW means non-woven and W means woven materials.
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Figure I11- 22 Mean, median and maximum (bubble point) pore sizes) of treated (purple dots) and untreated (blue
dots). NW means non-woven and W means woven materials.
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Figure I11- 23 Capillary rise (%) and contact angles 61 (°) and 0, (°) of samples treated by plasma method using
powers of 750Watts (in blue) and 1000Watts (in green). NW means non-woven and W means woven materials.
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Effect of plasma on textile’s surface properties
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The surface roughness and the pore size of the textile materials before and after plasma treatment were
investigated and their main effect plots were displayed in Figure Ill- 20. It was demonstrated that the mean
and median pore sizes were identical before and after applying the atmospheric plasma treatment on woven
materials. In the case of PET non-woven materials, the pore sizes were higher after treatment (Figure lIl-
20, Figure IlI- 22 and Figure llI- 24). In addition, the mean pore size of the non-woven fabric was
approximately six times higher than woven fabric. This is due to its more open surface and cross structures
(Figure 11I- 20). Furthermore, the mean pore size of the woven fabric slightly increased by a diminution of
the speed of the textile movement during the treatment (Figure l11- 20). The mean and the median pore sizes
of the fabric were not impacted by the power used for the treatment. Only the largest pores were changed
after treatment. After plasma treatment at too high electrical power (1000W) might lead to the presence of
a small number of spots on the non-woven fabrics and probably leading to the degradation of the textile.
Thus, it is important to find a compromise between functionalization of the surface and degradation of the
fabric. Additionally, the effect of the atmospheric plasma treatment on the roughness of the non-woven and
woven materials was also assessed (Figure IlI- 25). In was found that after plasma treatment, the roughness
coefficient S, slightly improved for woven materials, whereas for non-woven textiles the effect is more

significant.

400 J—
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Mean pore size Median pore size Bubble point

Figure I11- 24 Mean, median and maximum (bubble point) pore sizes of samples treated by plasma method using
powers of 750Watts (in orange) and 1000Watts (in blue). NW means nonwoven and W means woven materials.

The speed presented no impact on the surface roughness of the non-woven material while the power
led to obtain a rougher non-woven fabric. In the case of woven materials, either the speed and the power
did not change its surface roughness(Figure Ill- 25). SEM visualizations of the woven and non-woven textile
structures prior to and after plasma treatment confirmed that nonwoven materials contain higher pores than

woven ones (Figure Ill- 26).
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Figure I11- 25 Roughness coefficient of treated (yellow dots) and untreated (red dots) samples and of samples
treated by plasma method using powers of 750Watts (in grey) and 1000Watts (in blue) samples. NW means non-
woven and W means woven materials.
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Figure I11- 26 SEM images of untreated PET non-woven (a), air plasma-treated PET non-woven (b), untreated PET
woven (c) and air plasma-treated PET woven fabric (d). Magnification =50x and applied voltage =6V
I11.5.3 Findings on adhesion resistance of 3D-PPOT materials

After the grafting of acrylic acid process, the findings of the adhesion force of 3D-PPOT materials

using untreated and treated PET fabrics are presented in Figure Ill- 27. It was demonstrated that the grafting
process onto the surface of both the PET fabric and the PLA monofilament enhanced about ten times the
adhesion strength of 3D-PPOT. Indeed, it could be seen that the untreated PLA printed onto untreated PET
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fabric has a very adhesion strength, however, once it is treated through grafted acrylic acid an important
enhancement can be highlighted.

Besides, the application the pressure sensitive adhesive solution on the PET fabric after grafting process
of acrylic acid, the adhesion force was slightly further increased due to the small quantity of solution
adhesive applied during the entire coating process. However, by applying the polyurethane (PU) - based
adhesive on treated PET fabrics the adhesion strength of the 3D-PPOT was twenty times higher than the
one of the untreated PET fabric. After the different pre-treatments, the use of 3D-PPOT materials using
conductive PLA showed better adhesion resistance than the one of the non-conductive PLA, as already
proven in former studies [2,101].

N
w
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N
o
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\

Adhesion force (N/25mm)
>
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0 1 2 3
Pre-treatment
Figure I11- 27 Adhesion strength (N/50mm) of non-conductive (R =tight stripes) and conductive (- =large

stripes) 3D-PPOT materials using treated virgin PLA or PLA/2.5CB% printed on untreated (pre-treatment 0) or pre-
treated (pre-treatments 1, 2 and 3) of the PET woven fabrics. Pre-treatment 1 refers to the grafting of AA+BP on the PET
woven fabrics and the monofilament, pre-treatment 2 to the grafting of AA+BP followed by the pressure sensitive adhesive
solution coating on the PET woven fabrics and the grafting process on PLA monofilament and pre-treatment 3 refers to the
grafting of AA+BP on PET fabric and PLA monofilament, followed by the application of polyurethane adhesive on the PET
woven fabrics. The platform temperature was 40°C.

The impact of the build platform temperature of the 3D printer on the adhesion strength of the 3D-
PPOT using conductive and non-conductive PLA printed on PET fabric after grafting of AA pre-

treatment followed by the coating of the pressure-sensitive adhesive solution is presented in Figure I- 28.
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Figure I11- 28 Adhesion strength (N/50mm) of non-conductive (in green) and conductive (in pink) 3D-PPOT
materials using virgin PLA or PLA/2.5CB% printed at different platform temperatures (40, 60, 80 and 100 °C) on
pre-treated PET woven fabrics with grafting of AA+BP followed by a coating of the pressure sensitive adhesive
solution. The trend lines are presented in this graph.

An increase of the build platform temperature from 40 °C to 100 °C led to enhance the adhesion force.
In former work, it was already proven that the platform influenced the adhesion resistance, however, in this
study, the adhesion enhancement is also explained by the reaction of the adhesive solution upon heating
[3,101].

The structure of the textile material, i.e. the use of non-woven compared to woven fabric revealed to
significantly impact the adhesion properties compared to the other plasma process parameters (Figure Il1-
29). Indeed, at an equivalent weight of 80 + 0.8 g/m2, the adhesion resistance of 3D-PPOT materials using
PET non-woven fabric was hundred times higher than one utilizing woven structure (Figure IlI- 29). This
finding might be explained by the surface and structural morphology of the woven and non-woven materials

described in the section 111.5.2.2.
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Figure I11- 29 Maximum adhesion forces (N/50mm): comparison between non-woven (NW) and woven (W)
materials
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In addition, no significant improvement in adhesion was observed on 3D-PPOT using conductive

materials printed after applying on an atmospheric -plasma pre-treatment on PET woven textiles (Figure
l11- 30).
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Figure I11- 30 Maximum adhesion forces (N/50mm): effect of air-plasma treatment for nonwoven (NW) and

woven (W)

A stronger effect was noticed after plasma treatment if the substrate is a PET non-woven material

(Figure llI- 30). The speed and power of the atmospheric plasma process did not impact the adhesion strength
(Figure Ill- 31 -Figure Ill- 32).
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Figure I11- 31 Maximum adhesion forces (N/50mm): effect of speed (m/min) for nonwoven (NW) and woven (W)
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Figure I11- 32 Maximum adhesion forces (N/50mm): effect of power (W) for nonwoven (NW) and woven (W)

SEM images of the 3D printed conductive PLA deposited onto PET non-woven and woven fabrics are
displayed in Figure IlI- 33. A deeper penetration and diffusion of the conductive PLA were observed in the

case of PET non-woven materials.

Thus, there was a strong interlocking between the fused polymer and the PET fibers of the non-woven
fabric as it could be seen on the backside of the peeled conductive PLA track. For PET woven fabric, no
fiber was observed on the backside the track after the t-peel test method. Similar observations were found

for air plasma treated non-woven and woven samples.
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Figure I11- 33 SEM images of the cross-section of 3D-PPOT conductive materials using woven (on the right) and
non-woven (on the left). Magnification =100x and applied voltage =6V
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111.6 Conclusion

In this chapter, the adhesion properties of 3D-PPOT materials using PLA-based monophasic materials

were enhanced through different methods: the use of statistical modeling utilizing the material properties
and the functionalization of the surface of the PET fabric and PLA monofilament by grafting of acrylic acid
and application of adhesive. The atmospheric plasma treatment was also used to attempt to enhance the
adhesion of 3D-PPOT materials by functionalizing the PET fabrics.
On one hand, the influence of the structure and the thermal conductivity of PET textiles and the build
platform temperature of the 3D printer on the adhesion properties and wash-ability of 3D printed polymer
onto textile materials using thin layers of non-conductive and conductive PLA monofilaments deposited
onto (PET) woven fabrics through FDM process was investigated. Before the FDM process, the thermal
conductivity, the surface roughness and the mean pore size of PET woven fabrics were measured through
the “hot disk”, the profilometry and the capillary flow porometry test methods respectively. After the FDM
process, the adhesion resistance (via T-peel test) and durability after the washing process of the materials
were examined and optimized with developed reliable statistical models connecting the properties of the
textile substrate (surface roughness, mean pore size and thermal conductivity) to the adhesion strength. The
main results showed that higher roughness coefficient and mean pore size and lower thermal conductivity
of the PET fabrics enhanced the adhesion force. Besides, the build platform quadratically influenced the
adhesion force. Furthermore, the washing process decreased by half the adhesion strength. The rough and
porous textile structures demonstrated better durability after washing. These outcomes could be explained
by the surface topography of PET fabrics that defined the anchorage areas between the fused polymeric
layer and the textiles.

On the other hand, the atmospheric plasma treatment with different settings, was applied on PET fabrics
to improve the adhesion force between conductive 3D printed track and PET textile substrates. The
application of a pressure-sensitive adhesive (PSA) or a polyurethane (PU) film adhesive onto acrylic acid
grafted- PET fabric and PLA monofilament was executed to enhance the adhesion resistance. Both methods
demonstrated an improvement of the adhesion resistance. The applied polyurethane (PU) film onto treated
PET fabrics showed a better adhesion performance as a result of the existence of soft segments onto the PU
film.

Additionally, there was no significant improvement in adhesion between the PET woven and non-
woven textiles and the deposited polymeric layer through the FDM process (p-value >0.5) after pre-treated
the fabrics with the atmospheric plasma process. This might be due to weak bonds created between the two
polymeric materials. Finally, the use of non-woven fabric showed upper adhesion performance of the 3D-
PPOT materials compared to the woven fabric, i.e. the textile type and the structure have more impact on

the adhesion resistance.
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Chapter IV Deformation, wear and tensile properties of
3D-PPOT using monophasic materials

One of the main challenges in the development of monophasic 3D-PPOT is to deliver materials with
equal or better mechanical properties, durability and comfort than the one of the textile substrates
themselves prior to FDM process. In Chapter 111, the adhesion resistance, which is one of the main
mechanical properties and the influence of the washing process were investigated.

This chapter focuses on studying the impact of the textile properties and printing platform temperature
on the deformations, the tensile properties, the wear resistance and its impact on the electrical conductivity
of PLA filaments 3D printed onto PET textiles through FDM process. Besides, theoretical and statistical
models are developed to predict and optimize the 3D-PPOT properties. The influence of the FDM process
parameters on the thickness and the pore size of the 3D-PPOT materials is also approached. Section IV.1
introduces the materials, the manufacturing processes and the characterization methods utilized in the study.
Section 1V.2 describes the statistical design of each experiment of the study, that includes the selected
factors and targeted responses. Section 1V.3 presents the findings about the deformation properties of the
3D-PPOT materials. Section 1V.4 relates the stress and strain at rupture and the wash-ability of the 3D-
PPOT materials and the optimization of these properties through statistical modeling. Section 1V.5 defines
the wear resistance and its impact on the electrical conductivity of the 3D-PPOT materials. The influence
of the FDM process on the pore sizes and the thickness of 3D-PPOT are also investigated. Finally, Section
IV.6 gives an overview and summary of the current study on the overall findings about the deformation,
wear and tensile properties of 3D-PPOT.

For each material, process, characterization method and previous work already presented in Chapters

I, Il and 111, the referred section will be written in brackets.

V.1 Materials, processes and characterization

In the studies of this chapter, virgin ECO-PLA and conductive PLA monofilaments are utilized as raw
materials for the FDM process and the textile materials used were PET woven textile. Six different PET
fabrics using two different patterns (plain and twill 2/2) and three different weft densities (14, 18 and 22
picks/inch) were produced in house as already described in Chapter 111. The mass per area and thickness of
each textile were already presented in Table Ill- . A printer WANHAO Duplicator 4/4x was used to execute
the FDM process. The 80 mm x 225 mm textile samples were positioned on the 3D printing platform prior
to printing. After that, non-conductive and conductive PLA monofilaments are fused and applied on each
different set of woven materials by creating a 50 mm x 200 mm x 0.1 mm rectangular track. The infill
percentage, the Z offset (i.e. the gap between the head of the extruder and the surface of the fabric), the
printing speed, the diameter of the selected extruder (the right one) and the extruder temperature presented
in Table IV- are constant during the experiments. The dynamic surface deformations (I1.4.1.1), the tensile

and elongation at break properties (11.4.1.2), the durability after washing process (11.2.4), the thickness and
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pore size measurements of fabrics and 3D-PPOT materials, the thermal properties (crystallization and
melting temperatures) through Differential Scanning Calorimetry (DSC) analysis (11.4.1.3), the abrasion
resistance (11.4.1.3) and the electrical conductivity of 3D-PPOT material before and after abrasion (11.4.5.2)

were determined.

Table IV- 1 Printing process parameters [167]

Parameters Values (unit)
Infill percentage 20 (%)

Z offset (distance between the head) 0 (mm)

Printing speed 3600 (mm.mint)
Extruder (or printing) diameter 0.4 (mm)
Extruder temperature 250 (°C)

V.2 Statistical design of experiments

In the current study, the platform temperature and weft density were used as continuous factors and the
fabric orientation and the pattern as discontinuous ones and a random design of experiment was created in
Minitab 17 software (1.2.5). The values and codes of different factors of the different experiments are
designated in Table IV- 2 -Table IV- 7.

Table IV- 2 Factors of statistical design of experiments for tensile measurements of the non- conductive and
conductive 3D-PPOT materials and deformation of the textiles prior to printing process [121]

Factors Values (units)
Platform temperature 25, 60 and 100 °C

Weft density of the fabric 14, 18 and 22 picks/inch
Warp density of the fabric 20 picks/inch

Fabric direction
Fabric pattern

Machine (in warp yarn direction) and Cross (in weft yarn direction)
Plain or Twill 2/2 shown in Fig.. 1 (a) and (b) respectively

Table IV- 3 Factors of statistical design of experiments for deformation of the 3D-PPOT materials [121]

Factors Values (units)
Platform temperature 40 and 60 °C
Weft density of the fabric 14, 18 and 22 picks/inch

Warp density of the fabric 20 picks/inch
Fabric pattern Plain or Twill 2/2

Table IV- 4 Factors of the statistical design of experiments for abrasion of the 3D-PPOT materials [167]

Factors Values (units)
Platform temperature 25 and 60 °C
Weft density of the fabric 14, 18 and 22 picks/inch

Warp density of the fabric 20 picks/inch
Fabric direction Cross or machine
Fabric pattern Plain or Twill 2/2
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Table IV- 5 Factors of the statistical design of experiments for mean pore size of the 3D-PPOT materials [167]

Factors Values (units)
Weft density of the fabric 14 and 18 picks/inch
Warp density of the fabric 20 picks/inch

Fabric pattern Plain or Twill 2/2

Table 1V- 6 Factors of the statistical design of experiments for thickness of 3D-PPOT materials [167]

Factors Values (units)
Weft density of the fabric 14 and 22 picks/inch
Warp density of the fabric 20 picks/inch

Fabric pattern Plain or Twill 2/2
Platform temperature 25,60 and 100°C

Table IV- 7 Factors of the statistical design of experiments for electrical conductivity of 3D-PPOT materials [167]

Factors Values (units)
Weft density of the fabric 14,18 and 22 picks/inch
Warp density of the fabric 20 picks/inch
Fabric pattern Plain or Twill 2/2
Platform temperature 25,60 and 100°C
Fabric direction Cross or machine

V.3 Deformation of 3D-PPOT materials

Iv.3.1 Effect of 3D printing on the deformation of 3D-PPOT materials

The impact of the FDM process (3D printing) onto textiles on the flexibility was evaluated by
measuring the permanent, elastic and total deformations of the 3D-PPOT materials. These deformations
were compared to the ones of the original PET woven fabrics prior to 3D printing.. As already described in
Chapter Il, during the deformation test, a stylus is applied onto the material without, with and without a
force respectively. The total deformation of the material refers to the one when the force is applied by the
stylus. After releasing the force, the material recover and the remaining deformation named permanent
deformation is then determined. The elastic is the difference between the total deformation and the
permanent one.

As it was demonstrated that by depositing fused PLA onto textiles, the textile materials become stiffer
and more stable and the permanent, elastic and total deformations of the 3D-PPOT materials decreased by
88 %, 85% and 87 % respectively (Figure IV-).
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Figure 1V- 1 Permanent (a), elastic (b) and total (c) deformations before (1) and after (2) deposition process
through 3D printing [121]

Indeed, the high young’s modulus (~3.5GPa) and crystallization of the processed PLA monofilament
caused stiffer materials and thus, very low deformations of the 3D-PPOT materials. The flexibility and
drapability of the 3D-PPOT materials are reduced due to a lower porosity of the materials compared to the
original PET fabrics.

1vV.3.2 Effect of textiles’ properties on the deformation of 3D-PPOT materials

Prior to the 3D printing process, the weft density and the pattern of the fabrics revealed to have
significant impact on its deformation (or flexibility). Indeed, twill pattern revealed to be more flexible than
plain one with greater permanent, elastic and total deformations (Figure IV- 2); and an increase of the weft
density ofthe fabric diminished its flexibility (Figure IV- 2). These observations might be interpreted by the
arrangement of the yarns within the two different structures. Indeed, in the twill 2/2 the weft thread passes
simultaneously over and under two warp threads whereas in a plain fabric each weft thread crosses the warp
one by going simultaneously over and under. Consequently, twill 2/2 weave fabrics possess floats that
deliver more stretch ability to the fabrics and thus, upper elastic, permanent and total deformations. Based
on the p-values (p-value = 0) mentioned in the Table IV-8, it was confirmed that, the pattern, weft density
and platform temperature influenced considerably the permanent deformation (Figure IV- 3). Nevertheless,

the elastic and total deformations were only impacted by the weft density (p-value = 0 in Table IV- 9 and

Table IV- 10). the permanent (Figure IV- 2) and total deformations declined with a rise increase of
the weft density which means that the dimensional stability and the comfort of the fabrics were enhanced
[192]. Finally, the permanent deformation value of the 3D-PPOT materials was diminished with an increase

of the platform temperature (Figure IV- 3).
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Table V-8 Permanent deformation of the 3D-PPOT materials (in um): p-values and contributions of the main
factors [121]

Factors P-values Contribution (%0)
Platform temperature (°C) 0.00 6.97
Weft density (picks/cm) 0.00 50.7
Pattern 0.00 9.38
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Figure IV- 2 Main effects plot: permanent deformation (in pum) of fabrics before printing versus weft density
(picks/inch) and pattern [121]
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Figure 1V- 3 Main effects plot: permanent deformation (in um) of the 3D-PPOT materials versus weft density
(picks/inch), pattern and platform temperature (°C) [121]
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Table IV- 9 Elastic deformation of the 3D-PPOT materials (in um): p-values and contributions of the main factors

[121]
Factors P-values Contribution (%0)
Platform temperature (°C) 0.15 0.20
Weft density (pick/cm) 0.00 46.99
Pattern 0.59 0.03

Table IV- 10 Total deformation of the 3D-PPOT materials (in um): p-values and contributions of the main factors

[121]
Factors P-values Contribution (%6)
Platform temperature (°C) 0.005 0.92
Weft density (pick/cm) 0.00 44.07
Pattern 0.146 0.21
V.4 Tensile properties of 3D-PPOT materials

Previously, it was proven that the deformations of 3D-PPOT were hardly reduced and need to be
enhanced by materials and 3D printing process changes. However, the deformations of the materials are
not the only important mechanical properties to be studied. The tensile properties which include the stress
and the strain of the 3D-PPOT materials have to be considered. Thus, in the next sub-section the influence
of the 3D printing on the tensile properties of the 3D-PPOT and the impact of the washing on the properties

is approached.

V4.l General findings

The findings of stress and strain of the 3D-PPOT materials through FDM process are presented in
Figure IV- 4 to Figure IV- 9. The strain and stress at rupture were measured by using a constant loading
rate (Figure IV- 4) and the tensile force—elongation curves were reported for each sample made of non-
conductive and conductive PLA 3D printed onto PET plain woven fabric as shown in Figure IV- 5, Figure
IV- 6 ,Figure IV- 8 and Figure IV- 9. During the tensile test and for both non-conductive and conductive
3D-PPOT materials, the PLA track broke always first at low elongation range of [0.5%-3.5%] and low
tensile force range of [S0N-250N] ( Figure IV- 5 and Figure IV- 6 (2)) followed by the PET woven fabric
at an elongation range of [20%-35%] and tensile strength range of [300N-500N] (Figure IV- 5 and Figure
IV- 6 (3)). Additionally, it could be noticed that the tensile strength of the PET fabric was reduced after 3D
printing compared to the one before the printing process as shown on the stress-strain curves (Figure IV-
5 and Figure IV- 6 (1) and (3)). The stress and strain at rupture depend on the ones of the track and the
textile independently, and also, the adhesion properties of their interface of the both layers [2,4,78,79,101].
During the test, the PLA printed layer was not fragmented in the same way in the case of a polymer
deposition in machine or cross direction of the polyester textile material (Figure IV- 4). In the cross

direction of the fabric, it was observed that the adhesion at the interface was greater than in the machine
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direction (Figure IV- 4). The PLA track was broken at only one position without delamination in the cross
direction while in the machine direction, the PLA track was broken at several points across the width to

finally delaminate completely due to a poor adhesion at the interface [101].

Prior to the analysis of the overall stress and strain data through Minitab 17 (DOE analysis tool), they were

converted in mega pascal according to the equation Eq. IV- 1.

tensile force (N)

Stress (MPa) = Py

(Eq. IV- 1)

where t is the thickness of the material (in mm).

After an in-depth analysis of all data of the DoE, the stress and strain 3D-PPOT materials’ observation
formerly stated were confirmed as to be a combination of the ones of the PET fabrics and the PLA printed
track. With stress and strain mean values of 34.5 MPa and 34.3% for the textile substrate and 8.7 MPa and
2.2 % for non-conductive PLA layers, the fabric remained the strongest (Figure IV- 7). Similar findings

are obtained when printing conductive PLA onto PET fabric.

Figure 1V- 4 Strain and stress measurements of 3D-PPOT materials in cross direction (a) and machine
direction(b) [121]
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Figure 1V- 5 Tensile force-Elongation curves! of 14 picks/inch PET plain woven fabric in cross direction and 3D-
PPOT using PLA filament printed on 14picks/inch PET woven fabric at 25°C in cross direction [121]
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1 (1), (2) and (3) represent the maximum strength of the 14 picks/inch PET plain woven fabric before printing, the maximum stre ngth of the PLA/2.5%CB track
of the 3D-PPOT and the maximum strength of the 14 picks/inch PET woven fabric of 3D-PPOT respectively
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Figure 1V- 6 Tensile force—Elongation curves! of 14 picks/inch PET plain woven fabric in machine direction and
3D-PPOT using PLA filament printed on 14picks/inch PET woven fabric at 25°C in machine direction. [121]

1 (1), (2) and (3) represent the maximum strength of the 14 picks/inch PET plain woven fabric before printing, the maximum strength of the PLA/2.5%CB track
of the 3D-PPOT and the maximum strength of the 14 picks/inch PET woven fabric of 3D-PPOT respectively.
Thus, as it was proven that the 3D printed layer has a tensile strength and elongation at rupture much lower
than the one of the fabric, an improvement of these properties is essential. In Chapter V, some potential
solutions based on polymer nanocomposite blends development are presented in order to enhance these
properties.

1V.4.2 Influence of fillers on the stress and strain of 3D-PPOT materials

Prior to the FDM process, the maximum tensile strength of the pure PLA monofilament and 2.5% CB-
filled PLA were 11659 cN/tex and 11890 cN/Tex respectively (1Tex represents 1 gram per 1000 meters).
This observation showed that there is a slight enhancement of the tensile strength with the addition of
conductive fillers. Besides, by considering the entire DoE findings, the stress and strain of the 3D-PPOT
materials made of 2.5% of Carbon Black (CB) deposited onto PET fabric (9.1 MPa and 2.1%) are compared
with the one of the virgin printed onto PET fabric (8.7 MPa and 2.2%) and presented in Figure IV-7. It
was noticed that the percentage of CB incorporated into the PLA matrix did not meaningfully influence the
tensile properties of 3D-PPOT through FDM process.
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Figure V- 7 Strain in % (a) and stress in MPa (b) and at rupture of the non-conductive and conductive PLA track
printed deposited onto PET fabric (3D-PPOT) composed of both stress and strain at rupture of PLA track and PET
Fabric.[121]

The stress-strain curves of 3D-PPOT materials using 14 picks/inch plain woven fabric, displayed in Figure
IV- 8 and Figure IV- 9, confirmed that the adding CB fillers into the matrix enhanced noticeably the stress
of the PLA track. Kausar et al. have previously proven that addition of nanomaterials into polymers in 3D
printing applications frequently reinforce the CPCs and enhance the mechanical properties of the printed
composite parts [193]. However, the percentage of fillers should be low, i.e. depending on the polymers
there is a maximum amount of fillers. The tensile strength of the printed parts made of 10 wt. % carbon
nanofiber- filled CPCs [194] or 10 wt. % multi-walled carbon nanotubes (MWCNT)-filled CPCs [195] was
raised by 39 wt. % and 7.5 wt. % respectively while their elongation was reduced. Therefore, in the case of
our study, it might be to incorporate a weight percentage of carbon black higher than 2.5 wt. % without impacting
its strain. Additionally, it was remarked that the stress of the PET woven fabric of the 3D-PPOT is declined

by about 3% compared to the original PET fabric and, however, the strain is not impacted (Figure IV- 7).
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Figure IV- 8 Tensile force—Elongation curves® of 3D-PPOT materials using virgin PLA filament and PLA/2.5%CB
(conductive) filament printed on 14 picks/inch PET woven fabrics in cross direction [121]

1 (1) and (2) represent the maximum strength of the PLA layer and the PET fabric of the 3D-PPOT using virgin PLA filament printed in cross direction respectively.
(3) and (4) represent the maximum strength of the conductive PLA layer and the PET fabric of the 3D-PPOT using PLA/2.5wt.% CB filament printed in cross

direction respectively.
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V.43 Effect of textiles’ properties and platform temperature on the stress and
strain

The printing platform temperature and the properties of the textile such as the weft density, the pattern
and the direction (cross or machine) of the fabric significantly influence the stress of the 3D-PPOT materials
(Table IV- 11, Table IV- 12, Table IV- 13, Figure IV- 8, Figure IV- 10 and Figure IV- 9) but no impact
was noticed on their strain. The direction of the fabric showed to have the highest contribution in the non-
conductive and conductive PLA stresses while the platform temperature revealed to be the factor with the
lowest one. Also, the pattern of the fabrics had a greater impact on the stress of the conductive PLA of 3D-
PPOT materials in comparison with the stress of the one using non-conductive PLA (Table IV- 11 and
Table IV- 13). The direction and the weft density were highly contributed factors of the stress of the PET

woven fabric, i.e. in proportion they had important effect on the response.
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Figure 1V- 9 Tensile force-Elongation curves! of 3D-PPOT materials using virgin PLA filament and PLA/2.5%CB

(conductive) filament printed on 14 picks/inch PET woven fabrics in machine direction. [121] * (1) and (2) represent the
maximum strength of the PLA layer and the PET fabric of the 3D-PPOT using virgin PLA filament printed in machine direction respectively. (3) and (4) represent the
maximum strength of the conductive PLA layer and the PET fabric of the 3D-PPOT using PLA/2.5wt.% CB filament printed in machine direction respectively.

Table IV- 11 Stress at rupture of non-conductive of PLA track of 3D-PPOT material (MPa): p-values and
contributions of the main factors. [121]

Factors P-values® Contribution 6(%6)
Platform temperature (°C) 0.00 11.42

Weft density (pick/cm) 0.00 3.87

Pattern 0.00 0.66

Direction 0.00 65.66

Sdetermine statistical significance of factors’ effect on non-conductive PLA stress

B describes the weight of each main factor in the statistical model
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Table 1V- 12 Stress at rupture of PET woven fabric of 3D-PPOT material (MPa): p-values and contributions of the
main factors [121]

Factors P-values Contribution (%6)
Platform temperature (°C) 0.00 1.29

Weft density (pick/cm) 0.00 19.57

Pattern 0.00 0.02

Direction 0.00 53.50

Table IV- 13 Stress at rupture of conductive PLA track of 3D-PPOT conductive material (MPa): p-values and
contributions of the main factors [121]

Factors P-values Contribution (%6)
Platform temperature (°C) 0.00 11.15
Weft density (pick/cm) 0.00 0.51
Pattern 0.00 12.93
Direction 0.00 53.40
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Figure V- 10 Tensile force—Elongation curves’ of 3D-PPOT using PLA filament printed on 14 picks/inch PET
woven fabrics at three different temperatures 25, 60 and 100°C in machine direction (a). (b) is a focus image of (a).
[121] 7 (1) and (2) represent the maximum strength of the PLA layer and the PET fabric of the 3D-PPOT using
virgin PLA filament respectively.

The influence of the platform temperature, the fabric orientation (cross or machine), the pattern and the
weft density of the woven material on the stress of 3D-PPOT (the textile and the printed track) using non-
conductive and conductive PLA was described in Figure IV- 10, Figure IV- 11 and Figure IV- 12 [121].
First, it was proven that the stress of the non-conductive and conductive PLA track is lower in the machine
direction than in the cross direction (Figure IV- 11 and Figure IV- 12). The stress of the non-conductive
PLA track of the 3D-PPOT materials was higher with low platform temperature and high weft density as
presented in Figure IV- 10 and Figure IV- 11 [121]. Similar findings could be obtained by using conductive

PLA filaments (Figure IV- 12). As shown in Figure IV- 13 and Table IV- 15, a rise of the build platform
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temperature within a temperature range of [25-100 °C] might have led to increase the degree of
crystallinity of PLA polymer caused by a decrease of its crystallization kinetics, for instance the speed [121].
The melting enthalpy of 100% crystalline considered in the calculation of the crystallinity degree of PLA
was calculated was 93 J/g [164]. Formerly,the most critical parameter which affected the crystallization behavior
of polymers was found to be the temperature [196,197]. Indeed, by increasing the temperature the mobility of
the molecular chain that controls the crystallization capacity of polymer is enhanced. Additionally, the re-
arrangement of the molecular chains of the polymer may have been impacted because of avery fast cooling process of
the polymer creating aless ordered structure (e.g., degree of crystallization and modification of the crystal

size) [198]. As the glass transition temperature range of PLA is 50-60 °C, the polymer is more rigid and brittle
(at glassy state) below this range of temperature and thus, the stress at high platform temperature is lower.
Previously, it was already proven that the adhesion strength of the conductive and non-conductive 3D-PPOT

materials is enhanced with the increase of the printing platform temperature above the glass transition

temperature of the polymer [77,78,101]. At 100 °C, the polymer, which comes from the extruder set at 250°C,
can stay longer at rubbery or molten stage leading to a stronger penetration of the polymer through the
structure of the textile and thus, a better anchor. Therefore, at higher temperature, the low stress of the PLA
track might be due the great adhesion to the textile that leads to a lower thickness and much higher affinity
with the PET fabric. Additionally, it was shown that the higher the platform temperature, the lower the
crystallization kinetics of PLA and the higher its crystallinity degree as shown in Table IV- 14. Indeed, the DSC
results and analysis of the conductive PLA was determined from the DSC test executed on the 3D-PPOT materials.
Only the PLA peaks were considered.

Moreover, Taubner and Shishoo investigated the influence of the extrusion process temperature PLA
on its average number molecular weight and found that an important increase of the temperature led to the
degradation of the polymer especially for L-lactide (PLLA) which presented ester linkages that degraded

under high temperature conditions [199].

Table IV- 15 DSC characterization of conductive PLA of 3D-PPOT materials when using 25, 60 and 100 °C as
platform temperature during 3D printing process. [121]

Platform PLA Melting PLA Melting Crystallinity Degree
temperature (°C) temperature (°C) enthalpy (J3/g) of PLA (%0)

25 160 4.6 5.0

60 161 6.5 7.0

100 162 13.5 14.5

Ma et al. proved that ultimate tensile of twisted sisal yarns reinforced composites principally failed
because of the interfacial deboning whereas the yarn breakage was the main failure mode for non-twisted
sisal yarns reinforced composites [200]. As already mentioned, in the current study, the yarns used in the
warp direction of the woven fabrics were PET twisted multi-filaments of Nm 40 and in the weft one were 0.2

mm diameter polyester monofilaments.
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Therefore, during tensile test, the different fissures and the debonding of the PLA layer in the machine direction
might be explained by the affinity between the PLA monofilament and the PET monofilament probably higher
than the one with the twisted PET multi-filaments. Indeed, after 3D printing process, the VVan-der-Waals
strengths could be more important between the layers in the cross direction than those in the machine
direction. In general, greater adhesion led to a better stress and strain at rupture [101].

Prior to the FDM process, the four factors significantly impacted the stress of the fabric of the 3D-PPOT
materials (p-value <0.05). It was revealed that the tensile strength of the fabric was better if using a plain
structure compared to a twill 2/2 one. In general, high crimp of plain could lead to lower mechanical
properties than twill structure [201], however, the findings were fully supported by researchers who described
how the properties of the textile had an effect on its tensile strength [200,202,203]. After the FDM process,
the stress of 3D-PPOT materials made of non-conductive and conductive monofilaments printed in the
cross direction of PET fabrics is significantly high. The finding could be explained by the use of a more
resistant monofilament as weft yarn and an increase of the weft density that created a closer packing

structure.

a) Track Fabric b) Track Fabric

Plain | Twill Cross | Machine

6 ¢ 36 ¢
28§

40

£y
o

w

o
w
o

27 ¢

n
o

Stress (MPa)
3

Stress (MPa)

14

-
o

= 9 8 3
Track Fabric Track Fabric

(=]

Q) Track Fabric Track Fabric

25 60 |46 14 18

40
319 31T &t
20 4= 20
12 3

100 0

33

22

-
(=]

Stress (MPa)
Stress (MPa)
E3

35 %

n
o
n
o

. 10
0
Track Fabric Track Fabric

Figure 1V- 11 Effect of textile pattern (a), fabric direction (b), platform temperature (c) and textile weft density (d)
on stress (MPa) of 3D-PPOT materials made of non-conductive PLA track and PET fabric. Both the stress of the
PLA track and PET fabric have to be considered. [121]
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Figure 1V- 12 Effect of textile pattern (a), fabric direction (b), platform temperature (c) and textile weft density (d)
on stress (MPa) of conductive 3D-PPOT materials made of conductive PLA track and PET fabric. Both the stress of
the PLA track and PET fabric have to be considered. [121]
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Figure 1V- 13 DSC curves of conductive 3D-PPOT materials when using 25, 60 and 100 °C as platform
temperature. (1) is the melting peak of PLA and (2) is the melting peak of PET. [121]
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V4.4 Optimization of the tensile properties through modeling using textiles’
deformations

IV.4.4.1 Theoretical models of the stress of the PLA printed layer

The experimental findings described in the section (1V.4.4) were used to successfully develop theoretical
models of the stress of both non-conductive (Eq. 1V- 2 for the cross direction and Eq. 1V- 3 for the machine
direction) and conductive (Eq. 1V- 4 for the cross direction and Eq. 1V- 5 for the machine direction) PLA
printed layers of the 3D-PPOT materials. The R-Square range of their simulations, presented in Figure IV-
14 and Figure IV- 15, was [80% - 90] [121].

Statistical models of stress of non-conductive PLA track :

— in cross direction
Z=-91+297Y—0.32X — 0.07Y 2+ 0.0014X2 + 0.0042XY (Eq. IV-2)

— in machine direction
Z=-18+195Y—0.32X — 0.07Y 2+ 0.0014X2 + 0.0042XY (Eq. IV-3)

Where Z is the stress of non-conductive PLA track, Y the weft density and X the platform temperature. The
boundary conditions of X and Y are 14-22 pick/inch and 25-100 °C respectively [121].

a) b)

120

X 90 14

Figure 1V- 14 Theoretical models of stress of non-conductive PLA track (MPa) of 3D-PPOT materials in Z axis, in
function of weft density (picks/inch) in Y axis and platform temper- ature (°C) in X axis in cross direction (a) using
the statistical model of Eq. 1V- 2 and machine direction (b) using the statistical model of Eq. 1VV- 3. [121]

Statistical models of stress of conductive PLA track:
— in cross direction
Z =8.18 + 0.356Y + 0.0646.X — 0.00531XY (Eq. IV-4)

— in machine direction
Z=3.75+0.356Y + 0.0213X — 0.00531XY (Eq. IV-5)
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Where Z is the stress of non-conductive PLA track, Y the weft density and X the platform temperature. The
boundary conditions of X and Y are 14-22 pick/inch and 25-100 °C respectively [121].

The theoretical models were created to predict the stress at rupture of the 3D-PPOT materials and support
their enhancement and most precisely the one of the PLA track by modifying two parameters: the platform
temperature and the weft density of the fabric. The interaction between the factors weft density and platform

temperature were also considered as a coefficient of the equations [121].
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Figure V- 15 Theoretical models of stress of conductive PLA track (MPa) of 3D-PPOT conductive materials in Z
axis, in function of weft density (picks/inch) in Y axis and platform temperature (°C) in X axis in cross direction (a)
using the statistical model of Eq. V- 4 and machine direction (b) using the statistical model of Eqg. IV- 5. [121]

1V.4.4.2 Correlation between stress and textile deformation prior to printing

The existence of a correlation between the stress of the PLA printed layer of the 3D-PPOT materials
and the deformations of PET fabrics was observed through simulated models presented in Eq. 1V- 6 to Eq.
IV- 7 based on the findings obtained in the cross direction (Figure IV- 16). Quadratic regressions of
between the stress of the PLA printed are displayed for each platform temperature and the permanent, elastic
and total deformations. Therefore, the deformation properties of the textile substrates directly impact the
3D-PPOT materials’ properties. A rise of the permanent, elastic or total deformation of the textile led to
diminish the stress of the non-conductive layers to a minimum value and then remain stable. Higher
permanent, elastic and total deformations could be explicated by deeper penetration of the fused polymer
through the structure as the structure can be easily compressed under the 3D printing head and thus, an
increase in adhesion. A lower platform temperature resulted in reducing the stress at rupture of the non-
conductive PLA track. The optimization of the tensile force of the 3D-PPOT materials might be completed

by setting the deformations of the PET textiles and adjusting the platform temperature.
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Figure 1V- 16 Experimental values and curve fits of the stress (MPa) of non-conductive PLA track of 3D-PPOT
material printed at three platform temperatures 25, 60 and 100 °C in the cross direction on twill fabrics versus
permanent (a), elastic (b) and total (c) deformations (in um) of the fabrics before printing. [121]

Statistical models of stress of non-conductive PLA track:

—in cross direction

Z=282-9.0x1072X; — 0.25Y — 2.1 x 107*X;% + 1.4 x 1073Y? (Eq. IV- 6)
Z=12741-13x1072X, — 0.25Y — 2.2 x 1075X,% 4+ 1.4 x 1073Y? (Eq. IV-7)
Z=31.98 —3.2x 1072X5 — 0.25Y — 2.2 x 1075X3% 4+ 1.4 X 1073Y? (Eq. V- 8)

— in machine direction

Z=11.13 — 2.0 x 1073X; — 0.25Y — 2.1 X 104X, 2 + 1.4 x 1073Y?2 (Eq. IV-9)

Z = 10.85 + 3.6 X 103X, — 0.25Y — 2.2 X 1075X,% + 1.4 x 10~3Y?2 (Eq. V- 10)

7 =12.39 —9.3 x 1073X5 — 0.25Y — 2.2 X 1075X,;% + 1.4 x 1073Y?2 (Eq. IV- 11)
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Where Z is the stress of non-conductive PLA track, X;, Xz and X3 are the permanent, elastic and total
deformations of the textile before printing and Y the platform temperature. The boundary conditions X1, X»
and X3 are 50-350 mm, 200-700 mm and 350-950 mm respectively [121].

The R-squares of the different models are 84.2%, 82.7% and 81.6% for the combination [Eq. IV- 6; Eq.
IV-9], [Eq. IV-7; Eq. IV- 10] and [Eq. IV- 8;Eq. IV- 11] respectively [121]. Similar models were created

for the stress of the track of 3D-PPOT materials using conductive monofilaments.

V.45 Effect of washing on the stress and strain of 3D-PPOT materials

Thedurability of the 3D-PPOT materials made of non-conductive PLA filament deposited on PET woven
fabrics was assessed by testing their stress and strain after one cycle of washing process previously
described. Their mean values and interval are reported in Figure IV- 17 (a) and (b). Moreover, it was shown
that the washing process did not influence the tensile properties of the PLA track while the stress and the
strain of the PET fabric of the 3D-PPOT material decreased drastically because of damaged fibers of the
structure caused by the mechanical frictions of the washing process (Figure IV- 18 and Figure IV- 19).
Similar to the findings obtained prior to the washing process, the weft density and the direction of the textile
substrates as well as the platform temperature impacted the stress of the PLA track stress the most (Figure
IV- 20) and no factors influence its strain.
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Figure V- 17 Stress in MPa (a) and Strain in % (b) at break of non-conductive PLA track of 3D-PPOT materials
before and after washing process [121]
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Figure V- 18 Stress (in MPa) of PET woven fabric before and after printing using non-conductive PLA filament
(3D-PPOT materials) and after washing of 3D-PPOT materials. [121]
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Figure 1V- 19 Strain (in %) of PET woven fabric before and after printing using non-conductive PLA filament (3D-
PPOT materials) and after washing of 3D-PPOT materials. [121]
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Figure 1V- 20 Effect of textile pattern (a), fabric direction (b), platform temperature (c) and textile weft density (d)
on stress (MPa) after washing test (wash durability) of conductive 3D-PPOT materials made of conductive PLA
track and PET fabric. Both the stress of the PLA track and PET fabrics have to be considered [121]
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1V.5 Wear resistance of 3D-PPOT materials

The abrasion resistance is one of the wear properties of 3D-PPOT materials considered in this thesis
and the findings are described in this sub-section. The assessment of the abrasion resistance of the 3D-
PPOT materials was performed through the weight loss of the material after set rubbing revolutions and the

maximum number of revolutions before degradation of the samples designed as “end point” [167].

IV.5.1 Effect of textiles’ properties on the abrasion resistance of 3D-PPOT
materials

First of all, the mean values of the weight loss of the PET fabrics and the 3D-PPOT materials after
1000, 2000, 5000, 10,000, 15,000 and 20,000 are measured and reported in Figure IV- 21 and Table B-1
and Table B-2 of Appendix B. Based on the findings, it was proven that the pattern and the weft density of
the weave textiles had a significant impact on the weight loss of the PET woven materials after 2000, 5000,
10,000, 15,000 and 20,000 rubbing revolutions [167]. This observation was confirmed with the p-values of
the measurement after each set number of cycles were below 0.05. Indeed, the weft density described how
open is the textile structures, i.e. the higher the weft density, the more compact the structure. It was found
that 3D-PPOT materials using tight PET fabric structure had a low amount of weight loss (Figure IV- 21).
More precisely, twill materials demonstrated more important weight loss than plain one and the weft density
quadratic ally influence this property. These findings are explained by the presence of few interlocking (or
crossing) points and larger floats in twill 2/2 structure (11.1.1.3). Therefore, as described in the abrasion test
findings, such structures presented low abrasion resistance with high weight loss [167]. Kaynak et al.
obtained similar trend of results in their study concerning the impact of fabric pattern on the wear properties

of woven fabrics [114].
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Figure 1V- 21 Relationship between fabric weight loss (%) prior to FDM process and number of rubbing
cycles when varying (a) the weft density and (b) the pattern. The 14, 18, 22 picks/inch are in blue, red and
green, respectively) and the plain and twill patterns are in blue and red, respectively. [167]

IV5.1.1 Impacting Factors on the Abrasion Resistance of the conductive 3D-PPOT
Materials

The potential factors that could significantly impact the abrasion strength of the 3D-PPOT materials
were investigated and the findings of this study are presented below. Due to no clear differences
qualitatively observed between the samples after abrasion (Figure 1-B and Figure 2-B of Appendix B), a
guantitative evaluation based on the determination the weight loss (in percentage) and end point after set
numbers of cycles was preferred to analyze the influence of the FDM process.

In general, the findings presented in Figure IV- 22 revealed that the weight loss of 3D-PPOT materials was

significantly changed by the weave type or pattern (p-value < 0.01 above 20,000 cycles), the platform
temperature (p-value = 0.000 above 20,000 cycles) and the weft density (p-value < 0.05 above 30,000
cycles)[167]. However, the printing direction had no influence on the 3D-PPOT materials.

The lower the weight loss and the higher the end point, the greater the abrasion resistance. By using a plain
fabric as textile substrate, a low platform temperature and high weft density, the abrasion strength of the
3D-PPOT materials was better. Indeed, the plain fabric has a more compact structure than a twill 2/2 one
which confers a better cohesion between the yarns and the fibers after the deposition process of the fused
polymer and therefore, this structure is more difficult to abrade and damage than the one utilizing twill 2/2
fabrics[167]. The higher abrasion resistance of the plain fabrics compared to the twill 2/2 was also noticed
prior to FDM process (Figure IV- 21). Moreover, in a former study presented in Chapter II, it was
demonstrated that due to stronger mechanical interlocking and deeper penetration of the polymer through
the structure, their adhesion force between the conductive PLA printed track and the textile material was
much higher with twill 2/2 fabric compared to plain one[101]. However, based on the current study, it

seemed that a positive influence on the adhesion it led a negative effect on its abrasion resistance[167].
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Similar explanations could support our understanding on the abrasion resistance of the 3D-PPOT materials
depending on the density of the fabric. Indeed, it was demonstrated that weak adhesion property and
stronger abrasion resistance were obtained by using a high weft density fabric as substrate for 3D-PPOT
materials[167]. This is because of the limited accessibility of the entire textiles’ structure through the
thickness.

Additionally, it was found that the end point of the 3D-PPOT materials was mainly affected by the
weave type or pattern (p-value = 0.001), the weft density (p-value = 0.000) and the platform temperature

(p-value = 0.002) (Figure IV-23) and the printing direction did not impact the end point. As for the weight

loss analysis, higher end point values were acquired when using the densest plain PET fabric as a substrate

and the lowest platform temperature.

IV5.1.2 Abrasion Resistance of the 3D-PPOT Materials and the PET Woven Fabrics

The weight loss and the maximum number of rubbing revolutions were measured for the PET fabrics
and the 3D-PPOT materials. The findings showed that the application of fused polymer onto textiles
delivered much higher the abrasion resistance to the 3D-PPOT materials than the one of the original PET
woven fabrics [167]. Indeed, the weight loss was twice lower at 5000 rubbing cycles and about four times
lower at 20,000 rubbing cycles (Figure IV- 24) and an improvement of the end point of the 3D-PPOT
material was noticed in comparison with the one of the PET woven fabric [167]. In other words, the
deposition of polymeric materials onto PET textiles did improve the abrasion properties of the fabrics. The
visualization of the 3D-PPOT samples and the PET fabrics in Figure 1-B and Figure 2-B of Appendix B
confirmed the results as no significant changes could be observed between the two samples. In fact, the
deposition of a thin layer of conductive PLA on the textile surface enhanced the cohesion between the fibers
of the woven fabric which give a thicker, stiffer and more stable material with greater resistance to
abrasion[121].
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Figure 1V- 22 Weight loss (%) of the 3D-PPOT conductive materials after 0 cycles, 5000 (5 K), 20,000 (20 K)
and 30,000 (30 K) rubbing cycles using two different patterns (a) plain in blue and twill 2/2 in red, three different
weft densities (b) 14, 18 and 22 in blue, red and green, respectively, two different printing directions (c) cross in
blue and machine in red and two different platform temperatures (d) 25, 60 °C in blue and red, respectively.
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Figure 1V- 23 Influence of (a) fabric pattern, (b) weft density, (c) printing direction and (d) platform temperature on
the end point which is the maximum number of cycles (cycles) of 3D-PPOT conductive materials. [167]
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Figure V- 24 Weight loss (%) of woven fabric and 3D-PPOT material after 0, 5 and 20 cycles. [167]

IV.5.2 Effect of abrasion on the electrical conductivity of the 3D-PPOT materials

On one hand, it was shown that the abrasion process did influence the electrical conductivity of the 3D-
PPOT materials particularly when using a twill structure as substrate (Figure IV- 25). Indeed, there was an
important gap between the electrical conductivity prior to and after abrasion test. The highest electrical
conductivity values could be obtained with the fabrics that possess the highest weft densities [167]. An
increase of the platform temperature up to the glass transition of the polymer led to diminish the electrical

conductivity of the 3D-PPOT materials.

On the other hand, the impact of the weft density, platform temperature and the pattern (or fabric design)
on the electrical conductivity after 20,000 revolutions was described in Figure IV- 26. After abrasion test,
3D-PPOT materials using plain fabrics demonstrated superior electrical conductivities to the ones utilizing
twill structure. Besides, the weft density of the PET fabric and platform temperature significantly impacted
the electrical properties of 3D-PPOT materials after wear (or abrasion) test. Indeed, high electrical
conductivity was obtained with denser PET fabrics (i.e. with high weft density). Finally, the platform

temperature had a quadratic effect on the electrical conductivity after abrasion.
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Figure V- 25 Electrical conductivity (S) before (in black) and after (in red) abrasion (20 K cycles) for the 3D-
PPOT materials samples P2260, P2225, T1425, T1825 and T2225. P2260, P2225, T1425, T1825 and T2225. The
letter P and T means Plain and Twill fabrics respectively. The two next digits mention the weft density and the last
two digits the platform temperature. For example, P2260 is designed as the following: plain of 22 picks/inch weft

density and printed at a platform temperature of 60 °C [167]
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Figure IV- 26 Influence of pattern (plain and twill), weft density (14,18 and 22 picks/inch) and platform
temperature (25, 60 and 100 °C) on the electrical conductivity (S) of the samples after abrasion (20 K cycles). Iny-
axis the following scientific notation 2.50E-12 means 2.50 x 102[167]
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IV.5.3 Effect of 3D printing and textiles’ properties on pore size and thickness of
textile fabrics and 3D-PPOT materials

The pore size and the thickness of the 3D-PPOT materials were determined and compared to the ones
of the PET textiles. First, the factors that significantly impacted the average pore size before FDM
process the most were : the weft density and the pattern of the PET fabrics (Figure IV- 27(a)). Previously,
it was already proven that the arrangement of the fibers and compacity of the textile structure was defined
by its weft density and pattern [101]. The lower the weft density, the more open the structure. Twill
fabrics are also more porous than plain ones [101].

However, after 3D printing process (Figure IV- 27(b)), the pattern, the weft density and the platform
temperature impacted importantly the pore size of the 3D-PPOT materials. Formerly, studies showed that
high platform temperatures led to stronger adhesion explained by strong mechanical interlocking [101].
Therefore, this phenomenon could explain the reduction of the sizes of the pores in the textile structures as
they are completely filled with polymeric materials.

Besides, the influence of the 3D printing on the mean pore size of the materials after FDM process was
examined (Figure IV- 28). The 3D PPOT materials are porous with very small pores compared to the PET
woven fabrics. Indeed, after FDM process, the mean pore size of the textiles was diminished by about 77%
(from 24.47 pm to 5.62 pum) and 82% (from 16.05 pm to 2.88 pum) and for twill and plain fabrics
respectively[167]. It can be understood that the FDM process on textiles closed its pores mainly located at
its surface, and thus, the mean pores size (average size of pores) declined. Same trends can be obtained for

3D-PPOT samples with different weft densities (Figure IV- 29) showing that the mean pore size was

reduced from 21.48 um to 2.7 um for 14 picks/inch and from 19.03 um to 5.8 um for 18 picks/inch [167].
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Figure 1V- 27 Effect of (A) pattern, (B) platform temperature in °C, and (C) weft density in picks/inch on (a) pore
size of the fabric prior to 3D printing process and (b) 3D-PPOT materials after 3D printing process, obtained
through pareto analysis of Minitab 17. AC and BC represent the interaction between the factors A and C and, B and
C, respectively [167].
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Figure 1V- 28 Mean pore size (um) of the pores located at the surface of the textile fabrics before 3D printing (in
purple) and the 3D-PPOT materials after 3D printing (in yellow) depending on the fabric pattern (plain and twill)
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Figure 1V- 29 Mean pore size (um) of the pores located at the surface of the textile fabrics before 3D printing (in
blue) and the 3D-PPOT materials after 3D printing (in orange) depending on the weft density of the fabric (14 and
18 pick/inch) [167].

The mean thickness of the woven textiles and the 3D-PPOT was determined and their values are
presented in Figure IV- 30. On one hand, it was demonstrated that the thickness of the 3D-PPOT materials

was reduced from 301.5 pum to 275.7 um by printing with the same conditions onto plain and twill fabrics
respectively; and printing onto PET fabrics that have high weft densities increased the thickness. These
findings can be explained by the higher penetration of the polymer through the structure [101] and the
combination between the high temperature and the compression strength that the extruder of the 3D printer
applied on the textiles [167].

On the other hand, the influence of the platform temperature on the thickness of 3D printed layer of the
3D-PPOT materials was assessed. This thickness was determined by deducting the thickness of the original

fabrics to the thickness of the 3D-PPOT materials (Figure IV- 31). The findings showed that a rise of the

platform temperature beyond the glass temperature of the polymer reduced the thickness of the PLA layer.
Formerly, it was already proven that an increase of the platform temperature above the glass transition led
to an enhancement of the adhesion between the textile and the printed layer [101] resulting in a decline of
the thickness of the 3D printed PLA layer of the 3D-PPOT materials.
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Figure 1V- 30 Mean thickness (um) of the textile fabrics before 3D printing (PREF and TREF) and the 3D-PPOT
materials after 3D printing (P14, P22, T14 and T22). PREF and TREF stands for plain fabric reference and twill
fabric reference, respectively. P14, P22, T14 and T22 are designed as the following 3D-PPOT materials: plain—14

picks/inch, plain—22 picks/inch, twill—14 picks/inch, twill—22 picks/inch [167].
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Figure 1V- 31 Poly lactic acid (PLA) track thickness (um) depending on the platform temperature of the 3D printer
(25, 60 and 100 °C) for plain fabrics (in orange) and twill fabric (in blue) [167].
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1V.6 Conclusion

In this chapter, the influence of the properties of the textiles and the build platform temperature on the
tensile, the deformation, the abrasion resistance, the thickness and the porosity of the deposited virgin or
conductive PLA printed onto polyethylene terephthalate (PET) woven fabrics (i.e. 3D-PPOT materials) was
studied. The impact of the conductive fillers and the washing process on the tensile properties of the 3D-
PPOT materials PLA were also investigated in this study.

Based on the overall data of the findings, it was demonstrated that the tensile properties (including
stress and strain) of the PLA printed track were three times lower than the one of the PET textile fabric
because of its very low flexibility and weak adhesion to the PET fabric. Therefore, an improvement of the
adhesion properties might lead to enhance the tensile properties. In addition, using a platform temperature
higher than the crystallization temperature led to decrease the tensile strength of the PLA track of the 3D-
PPOT materials and printing in the cross direction showed better tensile performance explained by the
higher affinity of the PLA monofilament with the PET monofilament of the fabrics. The wash-ability and
tensile resistance of the 3D-PPOT after washing were acceptable, however, the stress at rupture of the
woven fabric (after FDM process) was affected by the washing process. In addition, the three factors that
are the build platform temperature, the weft density and orientation of the fabric had a significant impact
on the both the tensile and deformation of 3D-PPOT materials. It was also found that the elastic, permanent
and total deformations of the 3D-PPOT materials were inferior than the one of the fabric prior to FDM
process. Thus, these materials presented better dimensional stability and higher stiffness than the fabrics
themselves but the 3D-printed track are less flexible than the textile materials.. The three deformations of
the PET textile substrate quadratic ally influenced the tensile of the PLA printed track of the 3D-PPOT
materials.

Furthermore, the weight loss and end point (i.e. the maximum number of cycles) of the 3D-PPOT were
impacted by the weave type, the weft density and the platform temperature and the printing direction did
not influence the abrasion resistance at all. 3D-PPOT materials using denser PET plain fabrics and
manufactured at low platform temperature presented the best abrasion properties. However, the abrasion
resistance is weak for 3D-PPOT materials strongly bonded together as it is the case for 3D-PPOT using
rough and porous PET fabric. Compared to the abrasion resistance of PET fabric the one of 3D-PPOT is
significantly enhanced due to a stronger fiber-to-fiber cohesion. The abrasion process did considerably
impact the electrical conductivity of 3D-PPOT materials.

Finally, the thickness and the mean pore size of the 3D-PPOT materials were mainly influenced by
weave type of the fabric and the platform temperature. The findings found had a direct relationship with

the structure of the 3D-PPOT and the penetration depth of the polymer through the thickness.
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Chapter V Enhancement of the deformation, tensile and
electrical properties of 3D-PPOT by using biphasic materials

In the Chapter 1V, the need of improving the deformation (i.e. flexibility) and tensile properties of 3D-
PPOT using rigid thermoplastic-based monophasic materials was highlighted for better comfort and
durability of functional textiles made through this technology. Indeed, Eutionnat-Diffo et al. Demonstrated
that the stress and strain at rupture of the 3D Printed PLA and CB-filled PLA layers of 3D-PPOT materials
were very low compared to the one of the PET fabric. In addition, the 3D-PPOT materials were stiffer, less
flexible and more fragile while being bent than the ones of the fabric. In Chapter V, several Low Density
PolyEthylene (LDPE) and Polypropylene - Based Elastomer (PBE) blends are suggested to obtain better
flexibility, lower viscosity, improved strain and stress at rupture and greater electrical conductivity and
process ability through 3D printing process. Section V.1 introduces the materials, the manufacturing
processes and the characterization methods used in this chapter. Section V.2 describes the statistical design
of each experiment, including the selected factors and targeted responses. Section V.3 presents the location
of fillers in CPCs/PBE blends based on two methods: prediction utilizing mathematical models and
microscopy visualizations. Section V.4 summarizes the various morphologies of CPCs/PBE blends found
in the different experiments. Section V.5 and Section V.6 report the thermal, rheological and electrical
properties of the CPCs/PBE blends. Section V.7 presents the findings about the improvement of the 3D-
PPOT material deformation and tensile properties through the use of biphasic blends. Section V.8 relates
the enhancement of the electrical properties of 3D-PPOT materials. Section V.9 gives an overview and
summary of the current study on the overall results.

For each material, process, characterization method and previous work already presented in Chapters

I-1V, the referred section will be written in brackets.

V.1 Materials, processes and characterization

V.11 Materials

A PET 14 picks/inch twill 2/2 woven fabric was manufactured in house and also used in the former
studies presented in the Chapter 111 and IV (11.1.1 and 11.1.1.3) and its mass per area (11.4.3.6) and thickness
(11.4.3.5) are mentioned in Table 111- 1. Several blends of LDPE- based CPCs/PBE blends presented in the

next sub-section were developed.

V.1.1.1 LDPE- based CPCs/PBE blends development

LDPE (11.1.1.1) was found to be an alternative polymer that could be used in FDM process onto
textiles, as it is a softer thermoplastic than the polymers commonly used in the 3D printing process
such as ABS or PLA. However, conductive fillers that are usually incorporated into polymers increase
their rigidity and fragility. These CPCs are easily breakable even if the virgin polymer is soft.

Therefore, their viscosity, stiffness and process ability can be improved by blending the CPCs with an
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immiscible elastomeric polymer such as polyolefin-based elastomers, and most specifically the
Propylene-Based Ethylene elastomers (PBE) (I1.1.1.1) [204]. PBE was selected because of its low
density and cost, great chemical resistance and good resilience without permanent deformation. The
development of highly conductive and flexible LDPE/PBE monofilaments for 3D printing applications
is based on the existence of two co-continuous phases of each immiscible polymer. In the various
experiments of this chapter, the two immiscible polymers used were the LDPE and the PBE defined
in the section 11.1.1.1. The conductive fillers were Carbon Nanotubes (CNT) and KetjenBlack (KB)
(11.1.1.2) preferably located in the LDPE or at the interface in order to preserve the flexibility given by
the elastomeric phase while providing high electrical conductivity with continuous filler networks. In
general, the mechanical, rheological, thermal and electrical properties of immiscible polymer blends

highly depend on the morphology of the two phases [205].

V.1.1.2 Manufacturing of LDPE-based CPCs/PBE blends

Two extrusion scenarios (11.2.1) were suggested in the experiments which use LDPE and PBE
formerly heated at 70°C and 40°C for twelve hours respectively [206]. The two scenarios termed 1-
step and 2-step extrusions are already described in section 11.2.2 of the Chapter Il. In the various
blends, different proportions of LDPE, PBE, CNT and KB were explored. The main objectives were
to evaluate their influence on the selective location of the electrically conductive fillers and the
morphology of the polymer phases. A designation was followed in this chapter to exhaustively define
each polymer blend, for instance, 40LDPEyg s cnt 2.5/60PBE  described 40wt% of 5wt%KB and
2.5Wt%CNT - filled LDPE mixed with 60wt% of PBE. The constant parameters of the extrusion process
are described in the section 11.2.1 and the different temperature profiles of the five zones of the

extruder are summarized in Table V- 1.

In the first experiment, four CPCs/PBE samples were developed with different ratios of KB (5 and
10 wt%) and CNT (2.5 and 5 wt%) (Table V- 2) to create immiscible conductive LDPE/PBE blends
with various percentages (0, 40, 60 and 100 wt %) of both polymers shown in Table V- 3. The main
objective of this experiment was to independently investigate the impact of fillers and PBE contents
on the properties of CPCs and CPC/PBE blends [206].
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Table V- 1 Temperature profiles (°C) of the extrusion of the CPCs and polymer blends [206]

Polymer blends E T2 T Ta Ts
Y (C) (C) (C) (C) (C)
LDPEKE 10 CNT 5
40LDPEyg 10 cnr s/60PBE 125 175 215 225 240

60LDPEyp 10 cnT 5/40PBE

LDPEKB 10 CNT 2,5

40LDPEyg 10 cnr 2,5/ 60PBE 125 175 210 220 240
60LDPEyp 10 cnr 2,5/ A0PBE

LDPEgg 10
40LDPEyg 10 /60PBE 125 175 205 215 240
60LDPEyg 19 /40PBE

LDPEyy s
40LDPEyy s /60PBE 125 175 195 210 230
60LDPEyg s /40PBE
40LDPE /60PBE 125 170 175 180 200
60LDPE /40PBE 125 170 175 180 200
60LDPEyg 67 cnr 4,2 /AOPBE 120 220 250 260 270
80LDPEyg 125 cnr 3,1 /20PBE 120 220 250 260 270

Table V- 2 Percentages of KB and CNT in LDPE-based CPC samples of experiment 1 [206]

Sample Reference Percentage of KB in LDPE Percentage of CNT in LDPE
A 5 0
B 10 0
C 10 25
D 10 5

Table V- 3 Percentages of LDPE-based CPC and PBE in immiscible conductive polymeric blends of
experiment 1 [206]

Sample Percentage of LDPE - based CPC in Percentage of PBE in immiscible
Reference immiscible biphasic blend biphasic blend
1 100 0
2 60 40
3 40 60
4 0 100
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In the second experiment, different ratios of KB and CNT defined in Table V- 4 were mechanically
incorporating into the LDPE or LDPE and PBE granulates. The percentages of LDPE and PBE are
presented in Table V- 5. The difference between the first and the second experiments is the global
content of each filler in the CPC/PBE blends. Indeed, in the first experiment the fillers were diluted
while the content of PBE in the blend increases. The main goals of the experiment were to compare
LDPE-based CPCs/PBE blends with the same filler contents and the influence of the 1-step and 2-step
extrusions on the properties of the biphasic blends. Full descriptions of the samples used in the
experiments 1 and 2 are presented in table C-1 and table C-2 of the appendix C. Moreover, the 1-step

and 2-step extrusions are described in figure C-1 of appendix C.

Table V- 4 Percentages of KB and CNT in LDPE-based CPC samples of experiment 2 [206]

Sample Percentage of KB in LDPE Percentage of CNT in LDPE
Reference

A 10 25

B 12,5 3.1

c 16.7 4.2

Table V-5 Percentages of LDPE-based CPC and PBE in immiscible conductive polymeric blends of
experiment 2 [206]

Sample Percentage of LDPE - based CPC in Percentage of PBE in immiscible
Reference immiscible biphasic blend (wt%b) biphasic blend (wt%)
A B C
1 100 - - 0
2 - 80 - 20
3 - - 60 40
V.1.2 FDM (3D printing) process

The 3D printing process (11.2.3) was executed with a Pellet Additive Manufacturing (PAM) printer
from Pollen (France) based at Euromaterials (France). Thin layers (50 mm x 200 mm X 0.1 mm) made of
the CPCs/PBE blends were deposited onto the PET woven textiles. The constant parameters of the FDM

process are reported in Table V- 6.

115

© 2020 Tous droits réservés. lilliad.univ-lille.fr



Theése de Prisca Aude Eutionnat-Diffo, Université de Lille, 2020

Table V- 6 Printing process parameters [206]

Parameters

Values (unit)

Infill percentage
Z offset (distance between the head)

Printing speed

100 (%)
0 (mm)

3600 (mm.min?)

Extruder diameter 0.4 (mm)
Extruder temperature 245 (°C)
V.1.3 Characterization methods

The characterization methods were already described in Chapter Il. In this chapter, the dynamic surface
deformations (11.4.4.1), the tensile and elongation at break properties (11.4.4.2), the contact angle with
water and a-bromonaphthalene (11.4.7), the wettability coefficient (11.4.6), the predicted location of fillers
(11.4.8), the Melt Flow Index (MFI) (11.4.4.4), the thickness (11.4.3.5) and pore size (11.4.3.1) measurements
of fabrics and 3D-PPOT materials and the electrical conductivity of conductive monofilament and of 3D-
PPOT (l11.4.5.1) were determined. Moreover, the Differential Scanning Calorimetry (DSC) (11.4.1.3), the
Scanning Electron Microscopy (SEM) (11.4.3.3), the Transmission Electron Microscopy (TEM) (11.4.3.7)

were methods also utilized in the different studies of this chapter.

V.2 Statistical design of experiments

The detailed of the two sets of experiments presented in Table V- 7 and

Table V- 8 respectively. For both experiments, the number of replicates depends on the

characterization methods of the studied properties.

Table V- 7 Factors of statistical design of experiments for the morphological, rheological and electrical
characterization of Conducting Polymers Composites (CPCs) [206]

Factors Name Level
-2 -1 0 1
A Ketjenblack (KB) wt% - 5 10 -
B Multiwalled Carbone - 2.5 5 -

Nanotube (CNT) wt%

C Low density Polyethylene 0 40 60 100
(LDPE) wt%
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D Propylene Based Elastomer 0 40 60 100
(PBE) wt%

Table V- 8 Factors of statistical design of experiments for the morphological, rheological and electrical characterization of
Conducting Polymers Composites (CPCs) and properties of 3D-PPOT materials [206]

Factors Name Level
-1 0 1
A Ketjenblack (KB) wt% 10 125 16.7
MultiWalled Carbone Nanotube
B (CNT) Wt% 2.5 3.1 4.2
C Low density Polyethylene (LDPE) 60 80 100
wt%
D Propylene Based Elastomer (PBE) 40 20 0
wt%
E Extrusion scenario 1-step* 2-step**

*dispersion of the KB and CNT in LDPE and PBE in one step.
**dispersion of the KB and CNT in LDPE and then blend with PBE

V.3 Location of fillers in CPCs/PBE blends

V.3.1 Prediction of fillers’ location through theoretical models

The selective location of the fillers in the biphasic blends is fundamental in the development of flexible
and highly conductive biphasic blends with minimum amount of fillers. Indeed, an optimization of the
electrical conductivity of these materials is possible by selecting the location of the fillers in one of the
phases or at their interface. The location of KB and CNT nanoparticles was predicted through mathematical
models using the wettability coefficient based on the contact angles of PBE with water and o-
bromonaphtalen and the dispersive and polar components of the surface and interfacial energies of each

nanoparticle and polymer mentioned in Table V- 9 and
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Table V- 10 respectively. The interfacial energies (YCNT—PBE, YcnT-LoPE, YKB-LDPE, YkB-PBE and YLDPE—PBE)
between the nanoparticles and the polymers, the wettability coefficient and the location of the fillers are
stated in Table V- 11 and Table V- 12.

Table V- 9 Contact angle (°) of PBE with water and a-Bromonaphtalen [206]

Contact angle (°)

Material
Water a-Bromonaphtalen

PBE 102.1+1 45.6 £2
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Table V- 10 Surface energies (mN/m) of LDPE, PBE, CNT and KB at room temperature [206]

Material Y's (MN/m) vsd (MN/m) vsP (MN/m)
LDPE 33.2[207] 33.2[207] 0[207]
PBE 11.7 5.5 6.3
CNT 27.8[32] 17.6[32] 10.2[32]
KB (carbon black) 71.2[208] 36.8 [208] 34.4 [208]

Table V- 11 Interfacial energies (mN/m) between components A and B (CNT, KB, PBE and LDPE) [206]

Ycomponent A/component B Values
YCNT-PBE 7.32
YCNT-LDPE 4.71
YKB-LDPE 12.52
YKB-PBE 33.75
YLDPE-PBE 8.37

Table V- 12 Wettability coefficient and predicted location of fillers in conducting LDPE/PBE blends [206]

Parameters KB CNT
® PBE /LDPE 0.31 +0.02 -0.29+ 0.01
Location of fillers Interface Interface

Due to a wettability coefficient between -1 and 1 for both fillers KB and CNT, it could be theoretically
proven that the nanoparticles are located at the interface. The findings are relevant because the location of
the fillers at the interface allows obtaining continuous and lengthy electrical networks. Additionally, the
elastomeric phase of the blends does not contain fillers which means that the elasticity of this phase can be
maintained. Thus, the flexibility of the 3D-PPOT should be enhanced. Further analysis, such as TEM and
SEM are important to confirm the prediction as the extrusion process parameters are not considered in the

model and might have an impact in the location of the conductive fillers.

V.3.2 Validation of the fillers’ location models through SEM and TEM analysis

For the first and second experiments, SEM analysis was used to confirm the location of KB and CNT
nanoparticles in the different blends (Figure V- 1 and Figure V- 2). The location of fillers in each phase of
the biphasic polymers could be observed as the density of the two polymers are different and therefore, the
changes in brightness and color contrast of the LDPE and the PBE are significant. As the LDPE is denser
than PBE, through SEM and in backscattered mode, LDPE is whiter compared to PBE observed in a dark
grey color. In the 40(LDPEkg 19 cnT5)/60 PBE and 60(LDPEgg 10cnTs)/40 PBE blends, the CNT
nanoparticles were visualized only at the interface and the KBs in both the LDPE and at the interface [206].

The PBE, composed of soft segments, has a specific morphology through SEM that is completely different
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than the one of the LDPE. All the blends of the first experiment, no KB nanoparticles were seen in PBE,
and therefore the mechanical properties (strain, deformation, etc.) of the 3D-PPOT should be enhanced as
the nanoparticles were found to be only in one phase (LDPE) or at the interface (Figure V- 1 and Figure V-
2). However, based on the theoretical models, the KBs should only be observed at the interface and not in
the LDPE [206]. This finding might be explained by the use of CB instead of KB interfacial energy value

in the calculation as the one of KB could hardly be found and be measured.

Figure V- 1 SEM images in cross section of the 40(LDPE kg 19 cnr5)/60 PBE and 60(LDPEkg 10 cnTs) /
40 PBE blends: location of CNT nanoparticles. (a) and (c) are in normal LED mode and (b) and (d) in
backscattered mode. LDPE is whiter and in the PBE is darker [206]

Figure V-2 SEM images in cross section of the 40(LDPE kg 19 cnr5)/60 PBE (a and c) and
60(LDPEkg 10 cnt5)/40 PBE (b and d) blends: location of KB nanoparticles. LDPE is whiter and in the PBE is
darker [206]

Additionally, as shown in Figure V- 3 and Figure V- 4, the 1-step or 2-step extrusion scenarios did

not influence the selective location of fillers, i.e. no migration of electrically conductive charges was
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observed. Both nanoparticles are located at the interface and the KBs also remain in the LDPE (Figure V-
3). No charges were noticed in the PBE (Figure V- 4) [206].

. T apm 01/17/2020
YD 10.0mm 13:40:4¢

Figure V- 3 SEM images in the transverse direction of the 1-step ((a) and (b)) and two-steps ((c) and (d))
60(LDPE kg 167 cnT42)/40PBE blend : location of the CNT nanoparticles. (a) and (c) are in the normal LED
mode and (b) and (d) in backscattered mode. LDPE is whiter and the PBE is darker. [206]

Figure V- 4 SEM images in the transverse direction of the 1-step ((a) and (b)) and two-steps ((c) and (d))
60(LDPEgg 167 cnT 42)/40PBE blend : location of the KB nanoparticles. LDPE is whiter and the PBE is darker.
[206]

In addition, some of the mentioned observations were confirmed through TEM visualizations in the
longitudinal direction of the 1-step and 2-step extruded- 60(LDPEkg 16.7 cnT 4.2)/40PBE blends and as
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shown in Figure V- 5. Indeed, the KBs and CNTs were preferably located in both the LDPE and at the
interface between the PBE and the LDPE in the 2-step extruded-60(LDPExg 167 cnT 4.2)/40PBE blend
(Figure V- 5 (a) and (b), while the 1-step extruded- 60(LDPEkg 16.7 cnT 42)/40PBE blend the CNT
nanoparticles were found to be in both LDPE and PBE phases (Figure V-5 (c) and (d)). Thus, the extrusion
in two steps seems to necessary to avoid the transfer of the conductive fillers to the PBE phase in order to

preserve the elastic properties of the PBE and create more conductive networks between the charges.

200 nn¥

Figure V-5 TEM images in the transverse direction of the 2-step ((a) and (b)) and 1-step ((c) and (d)) extruded
60(LDPEkg 167 cnT 4.2)/40PBE blend: location of the KB and CNT nanoparticles. LDPE is darker and the PBE is
whiter. [206]

V.4 Morphology of CPCs/PBE blends

The co-continuity and nodular structures of CPC/PBE or virgin LDPE/PBE blends were also observed
using SEM analysis. As formerly discussed, the morphology of the biphasic blends hardly defined their
mechanical and electrical properties. (Figure V- 6). In the case of virgin polymer blends such as
60%LDPE/40%PBE and 40%LDPE/60%PBE, nodular structures were found. Indeed, depending on which
polymer is predominant, nodules of PBE in LDPE or nodules of LDPE in PBE are observed [206].
Consequently, these blends cannot be utilized to manufacture flexible 3D-PPOT materials as both phases
are not co-continuous. The selective location of fillers in the various CPC/PBE blends might allow to get

the co-continuity of each phase.
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Figure V- 6 SEM images of the cross sections of 60%LDPE/40%PBE and 40%LDPE/60%PBE. LDPE is
whiter and in the PBE is darker [206]

Moreover, it was noticed that by adding up to 10 wt% of KB in the CPCs, the morphology of the biphasic
blends was not co-continuous. Indeed, in the 40(LDPEkg 19) /60PBE blend displayed in Figure V- 7,
nodules of LDPE-based CPCs in PBE are observed in the transverse direction (Figure V- 7 (a) and (b)),
while a fibrillary structure with two distinct phases were detected in the longitudinal direction (Figure V-

7 (c) and (d)). The same morphology was achieved for the 40(LDPEg 5)/60PBE blend. [206]

WD 10.1mm 15:03:47

lam  02/13/2020
WO 6.8mm  10:55:35 10,000 10.0XV BED-C

Figure V- 7 SEM images of the 40(LDPE kg 19)/60PBE blend in the transverse (a and b) and longitudinal
directions (c and d). (a) and (c) are in normal LED mode and (b) and (d) in backscattered mode. LDPE is whiter and
the PBE is darker. [206]

Nonetheless, the addition of both CNT and KB in LDPE prior to the blending process creates co-
continuous phases of CPCs and PBE due to the selectively located charges as revealed in Figure V- 8.

Indeed, as they are located at the interface, the CNTs and KBs might have modified the existing interfacial
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tension between the two polymeric phases [206]. In addition, the presence of KB in LDPE contributed in
extending its phase to a co-continuous one. The findings were obtained for two conducting biphasic blends:
40(LDPEgg 10 cnT 5)/60PBE and 60(LDPEkg 1) /40PBE. Similar results were found by A. Nuzzo et al.
who demonstrated that co-continuous phases were observed in orgaoclay, sepiolite and carbon nanotubes-
filled Polylactic acid (PLA)/Polyamide 11 (PA11) blends because of the preferential location of the fillers
in the minor PA11 phase that was originally in a nodular morphology [209]. This finding was explained by
the capacity of the nanoparticle networks to decrease the interfacial tension of the two phases and deform
the shapes of the phases [209].

Figure V- 8 SEM images of the 40(LDPEkg 10 cnr5)/60PBE (aand b) and 60(LDPEkg 10 cnrs)/40PBE (c
and d) in the transverse directions. (a) and (c) are in normal LED mode and (b) and (d) in backscattered mode. LDPE
is whiter and the PBE is darker. [206]

In the second experiment, the morphology of the blends 60(LDPEgg 167 cnt 4.2)/40PBE and
80(LDPEkg 125 cnT 3.1)/20PBE was also visualized through SEM images (Figure V- 9-Figure V- 10) in
order to confirm the morphology observed in the first experiment, and thus, understand the impact of the
extrusion scenario on the morphology of the biphasic blends [206]. A co-continuity of the two phases is
noticed in both blends. Nevertheless, the two phases cannot easily be distinguished because of an important
quantity of fillers. Indeed, a merge of both phases is perceived, especially in the case of 1-step extrusion

process, i.e. when the two polymers and the fillers are blended in one stage.
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Figure V- 9 SEM images of the 60(LDPEkg 167 cnt 4.2)/40PBE to obtain globally in the blend 10% KB and
2.5% CNT. ((a) -(b)) And ((c) -(d)) represent the cross section and longitudinal views respectively, of the blend
using one step and two-steps extrusions. LDPE is whiter and the PBE is darker. [206]

Figure V- 10 SEM images of the 80(LDPE kg 156 cnT3.9)/20PBE to obtain globally in the blend 10% KB
and 2.5% CNT. The figures ((a) -(b)) represent the cross section and longitudinal views respectively, of the blend
using two-steps extrusions. LDPE is whiter and the PBE is darker. [206]

V.5 Thermal and rheological properties of the CPCs/PBE blends

V5.1 Thermal properties of CPCs/PBE blends

The crystallization and melting curves of the LDPE, PBE, 40wt%PBE/60wt% and
60wWt%PBE/40wt%LDPE (Figure V- 11 (a) and (b)). First of all, one melting (Tm =115°C) and two
crystallization (T =110° and T, =65°) temperatures are detected for LDPE while two melting peaks and
two crystallization peaks are recorded for PBE. The peaks framed in brown (T =65°C and T, =100°) and
green (Tm =40°C and T. =70°) correspond to the ones of ethylene and propylene respectively, two
components of the PBE. In the case of LDPE/PBE blends, the melting and the crystallization of LDPE and
PBE were merged. Indeed, two crystallization peaks at about 105°C and 38°C and one melting peak at
110°C were visualized for both blends [206].
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Figure V- 11 DSC curves of PBE, LDPE and PBE/LDPE blends. (a) represents the crystallization curves and
(b) the melting curves. [206]

The influence of the fillers (CNT and KB nanoparticles) on the crystallinity behavior of the CPCs and
CPC/PBE blends was also investigated. Both the melting and crystallization curves were displayed in
Figure V- 12. It was revealed that the crystallization of LDPE —based CPCs was impacted by the KB and
CNT fillers [206]. In the CPCs, a shift the crystallization temperatures to upper temperatures were observed
while rising the percentage of CNT. This might be explained by the nucleation effect of the CNT
nanoparticles placed at the interface [135,210,211,211,212]. The same trends of results are achieved for all
the blends as shown Figure V- 12. Moreover, the addition of up to 5 wt. % of KB and CNT nanoparticles

had a quadratic and no effect on crystallization temperature respectively. (Figure V- 13).
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Figure V- 12 Crystallization (a-c-e) and melting (b-d-f) curves of the conducting biphasic polymers using
different ratios of PBE, KB and CNT fillers [206]
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Figure V- 13 Effect of percentages of KB (on the right) and CNT (on the left) on the T (°C) of the conducting
biphasic LDPE- based CPC/PBE blends. The blend 100%LDPE- based CPC/ 0%PBE, 60% LDPE- based CPC/
40% PBE and 40% LDPE- based CPC/ 60%PBE are represented in blue, red and green respectively [206].

V.5.2 Rheological properties of CPCs/PBE blends

The rheology of the CPCs/PBE blends is an important property that supports our scientific knowledge
in terms of processability of the blends using 3D printing process. Indeed, prior to process it through FDM
process (or 3D printing), it is essential to define the melt flow index of the polymeric material. For this
reason, the rheological properties of PBE, LDPE and LDPE/PBE blends of the first experiment were
explored by measuring the melt flow index (MFI) value and presented in Figure V- 14. It was found that
the MFI of PBE (11.7+0.1 g/10min) was more important than the one of LDPE (8.4+0.2 g/10min) [206].
The MFI values of the two blends LDPE40/PBE60 and LDPEG0/PBE40 revealed that by rising the ratio of
PBE the MFI increased [206]. In addition, it could be noticed that the MFI of the blends were bigger than
the one of the PBE. These observations were similar than the phenomenon found by Ku and Lin [213]. It
can be explained by a rise of the surface area of incompatible inter-phases of the polymeric blends [213].
In our study, biphasic polymer blends were used with an increase of the surface area between the phase of
each polymer. This phenomenon might happen in some cases but remains rare.Based on the values of the
MFI obtained for the different blends, the process-ability of the CPCs through 3D printing was significantly
enhanced [206].

128

© 2020 Tous droits réservés. lilliad.univ-lille.fr



Theése de Prisca Aude Eutionnat-Diffo, Université de Lille, 2020

20

MFI ((g/10min)@200°C/2.16kg)
s
L]

0 20 40 60 80 100
PBE (%)

Figure V- 14 MFI (200°C/2.16kg) values: effect of PBE percentage in LDPE/PBE blends without fillers [206]

The influence of CNT and KB nanoparticles on the rheological properties was also approached and
displayed in Figure V- 15. Higher MFI values of the CPCs and CPCs/PBE blends were observed with an
increase of the KBs. This might be due to the creation of larger networks between the KB fillers selectively

located in the biphasic blends that reduced the molecular chains of the LDPE.
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Figure V- 15 Effect of percentages of CNT (a) and KB (b) on the MFI (g/min @ 200 °C/2.16Kg) of the
conducting biphasic blends depending on the percentage of PBE. The blends containing 0%, 40%, 60% and 100% of
PBE are represented in blue, red, green and purple [206]

In addition, a higher ratio of CNT did not significantly impact the MFI of the CPC/PBE blends. This
could be explained by the very high amount of KB nanoparticles compared to the ratios of CNT [206].

Furthermore, the melt flow index at 200°C/2.16kg and 245°C/10kg of the CPCs and CPC/PBE blends
of the second design of experiment are described in Figure V - 16 and Figure V- 17. The MFI
measurements were executed at two different temperatures (200 and 245°C) and with two weights (2.16
and 10kg) to compare the values of these blends with the ones of the first experiment (200°C/2.16kg) and
because some of the blends were highly viscous and had to be processed with higher temperature and
pressure defined by the weight.
The fixed temperature (245°C) for the MFI test was also used for the 3D printing process onto textiles
[206]. At 200°C, it can be noticed that 60(LDPEgg 16.7 cnT 4.2)/40PBE blends extruded in two steps
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showed higher MFI compared to the other blends (Figure V - 16). The observation could be due to the
selective location of the fillers. Besides, the blends of the second experiment are more viscous that the one
of the first experiments due to higher amount of charges dispersed in the LDPE and PBE matrices
selectively located (Figure V- 15 and Figure V - 16) [206].

In addition, in the case of the use of 2-step extrusion process to manufacture the biphasic blends the fillers
were selective located with no noticeable transfer to the PBE phase (Figure V- 17) leading to a rise of their
MFI of about 20% compared to the 1-step extrusion. However, the MFI of the 1-step extruded
80(LDPEkg 125 cnT 3.1)/20PBE blend revealed to be inferior to the one of LDPExg 10 cnT 2.5 [206].

o
[}S]
1

MFI (g/10mins) @200 °C and 2.16 Kg

o
o
1

LDP
BB oNT, 4 80LDF’EKB12_SCNT3_1f20pBE B0LDPE,g _cyy, ,/40PBE

Figure V - 16 MFI (g/min @ 200 °C/2.16Kg) of the conducting biphasic blends using 1-step (W55 o 2-step (

sasi) extrusion [206]

This result might find an explanation in the dispersion and selective location of higher quantity of
conductive charges that considerably blocked the mobility of molecular chains and thus, reduced its MFI.
An increase of the ratio of PBE led to rise the MFI. The MFI value of the 60(LDPEgg 15.6 cNT 3.9)/40PBE
extruded through 2-step mode is also the highest (Figure V- 14) due to the higher volume of PBE in the
blend and no migration of fillers to the PBE phase (Figure V- 9) [206].
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Figure V- 17 MFI (g/min @ 245 °C/10Kg) of the conducting biphasic blends using 1-step 55507 2-
%) extrusion [206]

V.6 Electrical conductivity of CPCs/PBE blends

V.6.1 General findings

The electrical resistance (or conductivity) is one of the fundamental properties of the CPCs and
CPC/PBE blends that need to optimize in order for the blends to be used in functional textiles field. The
main idea was to develop conducting biphasic blends which only contain co-continuous phases in order to
reduce the percolation threshold and use lower quantity of conductive fillers [33,209]. First, the quantity
and dispersion of both fillers greatly impacted the electrical conductivity. It was demonstrated that the rise
of the KB and CNT percentages led to enhance the electrical conductivity as described in Figure V- 18
[206].
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Figure V- 18 Electrical conductivity (S/m) as a function of KB and CNT ratios in conducting blends. The CPCs
without PBE are presented in blue, the 60CPCs/40PBE blends in red and the 40CPCs/60PBE blends in green. [206]

This is mainly due to the synergistic effect explained by the formation of inter-networks between the
conductive charges. At a certain KB and/or CNT filler contents, the percolation threshold might have been
reached and the CPC/PBE blends started to be conductive. In addition, in the LDPE/PBE blends, a
diminution of the electrical conductivity was observed with an increase of the PBE ratios. The lowest
electrical conductivity was obtained in the blends which only contain KB fillers because of the nodular and
fibrillary structures of the blends (Figure V- 7) [206]. A different dispersion and distribution of the fillers
in a bigger volume of biphasic blends and different morphology of the blends could modify the percolation

threshold. A double percolation happens : a percolation of fillers and the one of the CPC phases [206].

V.6.2 Fillers’ dilution phenomenon in the immiscible polymer blends

With the CPC/PBE blends of the first experiment, the comparison between the CPC and CPC/PBE
blends showed that with an increase of PBE ratio the percolation threshold changed because of the dilution
of fillers in a bigger volume of the biphasic blends. Therefore, the global (i.e. real) percentage of KBs and
CNTs in the blends determine the electrical conductivity value (Figure V- 19 and Figure V- 20) [206].
Indeed, a drastic decrease of the electrical conductivity was revealed in the blends in which there is a
predominance of PBE compared to the KB and CNT- filled LDPE as defined in Figure V- 20. Therefore,
it is important for the fillers to be at the interface instead of in one of the phase in order to avoid this dilution
phenomeon.
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Figure V- 19 Electrical conductivity (S/m) as a function of the real KB percentage in the biphasic blends
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Figure V- 20 Electrical conductivity (S/m) as a function of the real KB and CNT percentages in the biphasic
blends with a dominance of LDPE (in blue) and dominance of PBE (in red) [206]

In the second experiment, the global amount of KBs and CNTs in the CPC/PBE blends was 10 and 2.5 wt%
respectively, to improve the electrical conductivity. Thus, prior to the extrusion process, a higher and
precise amount of KBs and CNTs was incorporated mechanically mixed in LDPE (for the 1-step extrusion)
and in LDPE and PBE (for the 2-step extrusion). In other words, the quantity of CNT and KB (in wt%)
incorporated into the LDPE was calculated depending on the ratios of CNT and KB —filled LDPE and PBE
added to the biphasic blends. The desired final weight percentages of CNT and KB were equal to 2.5wt%
and 10wt% respectively. Therefore, the filler ratios in the blends were maintained constant in this
experiment. It was found that the electrical conductivity of these blends (second design of experiment) was
similar or higher to the 10wt%KB and 2.5%CNT- filled LDPE [206]. These findings are explained by the

selective location of KBs and CNTSs in the blends and sometimes migration of CNTs in some blends that
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could enhance the electrical conductivity. The impact of the extrusion scenarios on the electrical
conductivity [206].

V.6.3 Influence of extrusion scenarios on the electrical conductivity

The influence of the extrusion scenario (1-step and 2 step extrusion) on the electrical properties of the
CPC/PBE blends was investigated for the conducting biphasic blends and presented in Figure V- 21.
Compared to the 2—step extrusion, the 1-step scenario led to a better electrical conductivity in the case of
all the blends. It could be explained by the formation of additional networks between the CNT and KB
nanoparticles [206]. The spreading and interconnections between the fillers, impact the electrical paths
within the materials. Indeed, it might be explained by the location of the fillers in both phases in the case
of the 1-step extrusion leading to change the morphology of the blends. However, the electrical conductivity
of the conductive monofilament is not the only crucial property for the development of flexibility and highly
conductive 3D-PPOT materials. The flexibility and the mechanical (stress and strain) and electrical

properties of the 3D-PPOT remain important.
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Figure V- 21 Electrical conductivity (S/m) of the conducting biphasic blends produced by a 1-step
55 or 2-step (“555E) extrusion [206]

Therefore, after presenting the properties of the CPCs and CPC/PBE blends, in the next sub-section the

mechanical and electrical properties of the 3D-PPOT materials were discussed to evaluate the enhancement

of their flexibility and tensile properties.

134

© 2020 Tous droits réservés. lilliad.univ-lille.fr



Theése de Prisca Aude Eutionnat-Diffo, Université de Lille, 2020

V.7 Improvement of the 3D-PPOT material deformation and tensile
properties
V.7.1 Findings on deformation enhancement

The flexibility of the 3D-PPOT materials using the CPC/PBE blends of the second experiment was
examined by measuring the permanent and elastic deformations and its improvement was accessed by
comparing them to the values of the CPC without PBE. Previously, in Chapter IV, it was demonstrated that
the permanent and elastic deformations of 3D-PPOT materials made of 2.5wt% CB - filled PLA were
three times lower than the ones of the woven fabrics [121]. As a reminder, the deformability of the 3D-
PPOT materials could be enhanced if the PLA is replaced by the LDPE which has a lower glass temperature.
Nevertheless, similar to the PLA, the addition of the fillers in LDPE highly reduces the mobility of the
molecular chains. For this reason, the development of LDPE- based/PBE blends, with co-continuous
phases and global KB and CNT contents of 10 wt% and 2.5wt% respectively, was preferred. The findings
revealed that the elastic and permanent deformations of CNT and KB —filled LDPE/PBE blends were more
than ten times higher than the CNT and KB —filled LDPE and the elastic deformation of the blends was
close to the ones of the original woven fabric (Figure V- 22 and Figure V- 23) [206]. Additionally, the
permanent deformation of the blends was about twice inferior to the one of the woven fabric, which
demonstrated that the blends had a higher dimensional stability than the fabric prior to FDM process.
Similar trend of results between the 1-step and 2-step extrusions was obtained when printing either in the

cross direction or the machine direction.
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fabric in the cross direction
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Figure V- 23 Elastic (a) and permanent (b) [206] d ormations (um) of the 3D-PPOT materials made

of conducting biphasic blends produced by a 1-step
fabric in the machine direction

55 extrusion printing on PET

A higher ratio of PBE led to increase the elastic deformation and decrease the permanent deformation
of the 3D-PPOT materials using CNT and KB-filled LDPE/PBE blends. In general, the 2-step extrusion

process conferred similar or better elastic and permanent deformations compared to the 1-step process.
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V.7.2 Findings on the improvement of the tensile properties

The tensile properties of the 3D-PPOT materials made of the CPC and CPC/PBE blends of the second
experiment, including the maximum stress and strain at rupture, were explored in the machine and cross
directions. As a reminder, the printing directions (cross and machine) describe the orientation of the woven
material during the FDM process. Also, the impact of the extrusion scenarios on the maximum stress and
strain at rupture of the 3D-PPOT was studied [206].

On one hand, the findings are shown in Figure V- 24. In both directions, the stress of the 3D-PPOT materials
made of the various blends revealed to be same or higher than the one of the CPC. In general, the stress
was improved when applying a 2-step extrusion in comparison with a 1-step extrusion. Based on the results,
the highest stress at rupture in the machine direction was obtained for the 60(LDPExg 167 cNT 42)/
40PBE blend using the 2-step extrusion. This finding could be explained by its high MFI value (Figure V-
17) leading to a better penetration throughout the textile structure and entanglement with the fibers located
on the surface of the PET woven fabric. The fibers might have enhanced the stress at rupture of the material
[206]. Indeed, the polymer chains might have been slithly degraded by the second extrusion process and the
change in the location of the fillers reducing the macromolecular chains of the polymers and that led to a

lower viscosity.
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Figure V- 24 Stress (MPa) of the conducting biphasic blends produced by a 1-step (m) or 2-step

) extrusion, 3D printed onto textile materials in the cross (a) and machine (b) directions of the
fabric [206]

On the other hand, the maximum strain at rupture of the 3D-PPOT materials made of the various blends
was better than the one of the original fabric (Figure V 25). The selective location of the fillers in the LDPE
phase and at the interface (V.3) and not in the PBE allowed to keep the mechanical properties, for instance,

its elasticity and flexibility conferred by its soft segments. In addition, the strain at rupture was found to
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be affected by the 1-step extrusion, i.e. the 3D-PPOT manufactured in 1-step extruded CPCs/PBE blends
elongated less than the 2-step extruded CPCs/PBE blends. This result can be explained by the migration of
the fillers to the elastomer’s phase (V.3) [206].

a) Cross direction

60LDPE, cnr,_/40PBE
167 -

b) Machine direction

7 -

6 -

Strain (%)

) extrusion 3D printed onto textile materials in the cross (a) and machine (b) directions of the fabric [206]
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V.8 Improvement of electrical properties of 3D-PPOT materials

The electrical surface conductivity of the 3D-PPOT materials made of the CPC and CPC/PBE blends
of the second experiment was determined and described in Figure V- 26. The same trends of findings were
obtained in the case of monofilaments (V.6.1) and 3D-PPOT materials. Indeed, the surface electrical
conductivity of 60(LDPEkg 167 cnT 4.2)/40PBE and 80(LDPEkg 125 cnT 3.1)/20PBE blends was higher
than the one of LDPEggiocnT25. Finally, the manufacturing of the blends through 1-step extrusion
demonstrated an enhancement of the electrical conductivity in comparison with the 2-step extrusion
process. This result can also be explained by the creation of more conducting networks due to the migration
of the CNT fillers in the LDPE (V.5) [206]. The rheological findings formerly described in part V.5.2
showed that the MFI of the 1-step extrusion is lower than the one of the 2-step extrusion i.e. the blends
produced using the 1-step method is more viscous. Therefore, during the deposition process of this
monofilament might have led to obtain a thicker and more compact 3D printed structure; and thus, the

electrical conductivity was better.

1,00E-009 ~
8,00E-010 ~
6,00E-010

4,00E-010 +

Surface conductivity (S)

2,00E-010

/40PBE

KB ONT, ¢ OLDPEKl.ﬂIErS,mT}1 OPBE 60LDP Big 7ONT,

Figure V- 26 Surface conductivity (S) of the 3D-PPOT materials made of conducting biphasic blends
produced by a 1-step and 2-step extrusions [206]
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V.9 Conclusion

In this chapter, immiscible and biphasic CNT and KB - filled LDPE/PBE blends at different percentages
were developed to enhance the flexibility, stress and strain at rupture and electrical conductivity of 3D-
PPOT materials. These properties can be enhanced only if two conditions are respected: the co-continuity
of both the thermoplastic (i.e. LDPE) and the elastomer (i.e. PBE) phases and the selective location of the
conductive fillers in the thermoplastic phase (i.e. LDPE) or at the interface of the two immiscible polymers
(i.e. LDPE and PBE). Indeed, these requirements are necessary to guarantee the creation of a highly
structured network between the KB and CNT fillers while preserving the flexibility and elasticity of the
PBE phase given by its soft segments.

CNT and KB filled — LDPE/PBE following two different extrusion scenarios, named the 1-step and 2-step,
were manufactured. The 1-step extrusion consisted in mechanically dispersed the conductive fillers in both
LDPE and PBE in one step while the two-step one described the dispersion and extrusion of conductive
fillers in LDPE followed by blending and extrusion of the LDPE- based CPC with PBE.

First of all, the blends manufactured through 2-step melt processing, both the CNT and KB nanoparticles
were found to be preferentially located at the LDPE/PBE interface and in the LDPE phase. This location
was partially predicted through specific models and confirmed by SEM and TEM images. Consequently,
the extensions of both the LDPE and PBE phases over a much larger composition range are noticed,
allowing the co-continuity of the phases. Thus, with these blends, the viscosity and electrical conductivity
monofilament form, the strain and stress, the deformation under compression and the electrical conductivity
of the 3D-PPOT materials were significantly enhanced compared to the KB and CNT-filled LDPE CPCs.

Finally, this work demonstrated interesting potential in developing conductive biphasic blends that could
be used in the domain of 3D printing of polymer onto textiles with greater mechanical and electrical

properties than the ones already existing.
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Conclusion and future work

As part of the European program named Sustainable Management and Design for Textiles (SMDTex),
this thesis was the follow-up research work of the thesis Dr. Sanatgar untitled “FDM 3D printing of
conductive polymer nanocomposites: A novel process for functional and smart textiles” and defended in
20109.

This thesis aims at developing functional textiles by applying a novel and reliable process named FDM (or
3D printing) process of polymers onto textile materials. As shown in the Chapter I, this technology limits
the unnecessary use of water, chemicals, energy and minimizes the waste of raw materials
(monofilament and granulates), allows free customization of patterns onto textiles and diminishes the
textile supply chain. However, many challenges remain present in the development of functional
textiles using this technique, for instance, their final mechanical properties that should be at least same
or better than the ones the textile materials and the scalability and industrialization of the 3D printing

process onto textiles at production level.

The entire research work presented in this thesis supports to give answers to the two research questions
already raised in Chapter I:
3) What are the most impacting textiles’ properties on the mechanical properties (adhesion, tensile,
abrasion, wash ability, deformation)?
4) How can we enhance the adhesion and the flexibility of the 3D-PPOT materials while maintaining

or increasing its electrical conductivity?

The first research question was answered in the Chapter I11 and IV. In these chapters, the properties of
the PET woven fabrics considered were the weft density, the fabric direction, the pattern, the roughness,
the porosity (i.e. the mean pore size), the thermal conductivity, and the elastic, permanent and total
deformations characterized as defined in Chapter II.

On one hand, in chapter 111, it was shown that the weft density, the pattern, the fabric direction, roughness
coefficient, the mean pore size and thermal conductivity highly impacted the adhesion properties of the 3D
printed polymers onto textiles. Indeed, greater adhesion was obtained with more porous, rough PET woven
materials with low thermal conductivity. Statistical models between the adhesion and the textile properties
(roughness, mean pore size and thermal conductivity) were successfully developed. This phenomenon was
justified by the mechanical interlocking theory described in Chapter I. Besides, the adhesion strength of
3D-PPOT materials is influenced by the standardized washing process and the 3D-PPOT that had better
adhesion properties before washing process resist better.

On the other hand, the tensile, abrasion and deformation properties of the 3D-PPOT materials were
summarized in the Chapter IV. In general, the weft density and the fabric direction influenced the three

properties. The tensile and deformation of the 3D-PPOT were found to be lower than the ones of the textile
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materials while the abrasion strength is higher. The tensile properties including the stress and strain at
rupture of 3D-PPOT materials were enhanced by printing in the cross direction on PET woven fabrics with
low weft density. In addition, the stress at rupture is affected by the washing process. Additionally, the
elastic, permanent and total deformations of 3D-PPOT materials are very low compared to the textile
materials, i.e. the materials are stiffer and dimensionally stable. Statistical models between the stress at
rupture of the 3D-PPOT materials and the elastic and permanent deformations were successfully developed
showing a quadratic effect. In the case of abrasion resistance, the end point and the weight loss of the 3D-
PPOT materials were influenced by the weft density, the printing direction and the weave pattern. Fused
polymer deposited onto denser PET plain woven presented the best abrasion resistance of 3D-PPOT
materials. The abrasion resistance significantly influenced the electrical properties of the 3D-PPOT.

It was demonstrated that higher adhesion resistance provoked higher tensile properties but lower abrasion
resistance. For the platform temperature higher than the crystallization temperature, adhesion properties of

3D-PPOT materials are improved while the abrasion and tensile properties are affected.

The answers of the second question could be found in the Chapter 11l and V. First, several solutions
were given in Chapter Il to enhance the adhesion resistance of the 3D-PPOT materials. The atmospheric
plasma treatment onto PET woven fabrics and the grafting of acrylic acid process applied onto PLA
monofilament and PET woven materials prior to the application of PSA and PU film adhesives were the
two processes suggested in this thesis. The improvement is noticed after using both methods, however, only
the grafting method with adhesives demonstrated significant changes. The application of PU film adhesive
onto acrylic acid grafted PET woven showed the best adhesion resistance. The use of PET non-woven
materials demonstrated better adhesive than the PET woven fabrics before and after atmospheric plasma
treatment due to higher porosity and roughness.

In Chapter V, the research work on the improvement of the flexibility and electrical properties of the 3D-
PPOT materials was presented. Indeed, in previous studies presented in Chapter | and Chapters 11l and IV
of this thesis, PLA — based monophasic CPCs were used. The final 3D-PPOT materials were brittle and not
flexible at all. For these reasons, novel immiscible and biphasic CNT and KB - filled LDPE (thermoplastic)
/PBE (elastomer) blends at different percentages were developed to improve the flexibility and electrical
properties. In order to guarantee optimal properties while using low amount of fillers, the co-continuity of
the phases and the selective location of the fillers are important. The extrusion process has to be executed
in two steps, by first mixing the fillers to the LDPE and then blend the CPCs with the elastomer with a ratio
of 60/40 to obtain the best deformability of the materials while demonstrating high electrical properties.
For most of the blends developed the CNT and KB were found to be located at the interface and both at the
interface and in the LDPE respectively. These results were in accordance with the ones obtained through
theoretical models. The deformation, the tensile and electrical properties were significantly improved for

the blends having both the co-continuous phases and selective located fillers.
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The entire thesis work reveals a great potential in the development of non-conductive and conductive 3D-
PPOT materials with greater deformation and tensile properties. Further research in the following areas has
to be highlighted:

- Development of the functional materials (sensors, antennas, etc.) using the flexible biphasic blends
which are the best mechanical and electrical properties

- Utilization of the 3D-Printing onto textiles for several applications in textile domain others than
functional textiles.

- Modification of the 3D printer to be used in large scale

- Demonstration of the same properties of 3D-PPOT materials in large scale
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Appendix A: XPS analysis

The XPS results of the untreated and treated PET fabric and treated and untreated conductive and non-
conductive PLA printed layer are presented in Table A- 4, Table A- 6 and Error! Reference source not
found.. Three peaks could be observed at the binding energies of 285.0, 286.7 and 289.1 eVin the C 1s
core-level spectrum of untreated and treated PET (Error! Reference source not found.) , which
correspond to the C-C/C-H, C-O and O-C=0 functional groups, respectively. No significant increase in
aliphatic carbon content (285.0 eV) was seen in our data. Thus, we could not demonstrate the presence of
grafted acrylic acid on PET fabric. Additionally, there would be an expected increase in the intensity of the
0-C=0 peak relative to the C-O peak in response to grafting of acrylic acid, as there is no C-O environment
in acrylic acid, but there is in PET. If we compare the treated and untreated samples, there is an increase in
the O-C=0 to C-O ratio but this difference is minor. Besides, the following decomposition of the O 1s
peaks is detected and various peaks presented in Table A- 6can be observed: at 532.1 eV as O-Si, O=Cand
533.6 eV as O-CO oxygen. . The low intensity of the peak at 530.5 eV, combined with the slight sodium
contamination of the samples suggests that it is probably due to deprotonated hydroxyl groups with a
sodium counterion. Additionally, the amount of solution adhesive or the acrylic acid might have been
introduced at a too low onto the textile fabrics and thus, the effect of the grafting of the acrylic acid could

hardly be observed.

In the case of non-conductive and conductive PLA printed tracks, the evolution of the concentration of
carbon and oxygen showed that the effect of the grafting process was removed after 3D printing (Table
A- 4, Table A- 6 and Error! Reference source not found.). It might be due to the high temperature and
shear force applied to the treated conductive and non-conductive PLA monofilaments when going

through the extruder during the 3D printing that degrade the applied coating.
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Table A- 4 Detailed atomic concentration (%) determined by XPS for treated and untreated PET fabric with and without adhesive, for treated and untreated non-

conductive and conductive PLA and for Polyurethane (PU) film

Concentration /at.%

Sample Na 1s Fe 2p F1s O1s Cd3d N 1s K 2s Caz2p Cls Si2p
0.26 £ 25.35 + 0.07 £ 0.03 £ 72.94 + 1.36 +

Untreated PET fabric 0.12 - - 0.21 - 0.12 - 0.06 0.29 0.06
0.19 + 24.89 + 0.11 £ 0.95 +

Treated PET 0.13 - - 0.66 - 0.13 - - 73.86 0.7 0.05
0.21 + 0.02 £ 0.45 + 22.75 + 0.02 + 0.28 + 0.04 + 73.17 £ 3.05+

Treated PET + Adhesive 0.04 0.04 0.19 0.06 0.02 0.13 - 0.08 0.26 0.12
Untreatednon-conductive 0.12 3271 + 0.28 £ 0.17 £ 63.52 + 3.19+
PLA 0.11 - - 0.76 - 0.19 0.15 - 0.71 0.27
0.03 30.46 + 0.53 65.01 + 3.97 £

Untreated conductive PLA 0.06 - - 0.36 - 0.27 - - 0.43 0.13
3293 + 0.44 £ 63.55 + 3.08 £

Treated non-conductive PLA - - - 1.95 - 0.16 - - 1.53 0.36
3243 + 0.28 £ 3.08 £

Treated conductive PLA - - - 2.12 - 0.07 - - 64.2 +2.18 0.13
0.23 + 20.18 + 78.55 + 0.71

PU 0.12 - - 0.79 - 0.32+0.1 - - 1.16 0.35
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Table A- 5 Detailed carbon 1s component, binding energy FWHM and atomic concentration for treated and

untreated PET fabric with and without adhesive, for treated and untreated non-conductive and conductive PLA and
for Polyurethane (PU) film

Carbon 1s
Sample Component  Binding energy /eV FWHM /eV Concentration /at. %
Cc-C 285+ 0 1.11 £0.01 47.32+£0.28
Untreated PET fabric C-0 286.7 £0 1.11 £0.01 13.79+0.1
0-C=0 289.1+£0 0.83+£0.02 8.95+0.35
¥ 2914 0.2 3.55+0.9 2.86 +0.67
Cc-C 2850 1.08 £0.02 47.35+0.85
Treated PET Cc-0 286.7 £ 0 1.08 +0.02 14.12 £0.19
0-C=0 289.1+£0 0.82 +0.03 9.64 +0.14
T*eT 2915+0.1 2.85+0.14 2.75+0.22
C-C 285+ 0 1.15+£0.01 54.68 £ 0.34
Jreated PET + c-0 286.8 + 0 1.15+0.01 10.37 +0.05
0-C=0 289.2+0 0.83+0.01 6.79+0.1
T*eT 291.9+0.1 2.32+0.32 1.33+0.23
Unknown 28430 1.2 +0.05 23.77 £1.65
Untreatednon- Cc-C 2850 1.2 +0.05 13.23+0.35
conductive PLA 0oC-C-0 286.9+0 1.12£0.01 13.25+0.35
0-C=0 2890 1.08 £ 0.04 13.27 £0.35
Unknown 284.3+0 1.1 £0.02 29.81 £0.79
Untreated conductive C-C 285+ 0 1.1+£0.02 11.72 £0.13
PLA oc-C-0 286.9+£0 1.14 +0.03 11.73 £0.12
0-C=0 288.9+0 1.07 £0.02 11.75+0.12
Unknown 2844 +0 1.24 £0.06 22.32£4.22
Cc-C 285+ 0 1.24 £0.06 13.73+£0.9
Treated 0oC-C-0 286.9+0 1.13+£0.01 13.75+0.9
non-conductive PLA 0-C=0 2890 1.08 £0.03 13.77 £ 0.9
Unknown 284.4 £0.1 1.2+0.1 24.07 £4.94
Treated
conductive PLA C-C 285+ 0 1.2+0.1 13.36 +0.93
oc-C-0 286.9+£0.1 1.08 £0.02 13.38 £0.93
0-C=0 289+ 0.1 1.05+£0.01 13.4 +0.93
Cc-C 2850 0.92 £0.03 39.15+£0.9
PU film C-N 285.8+0 1.24 £0.07 1.35+0.44
Cc-0 286.3+0 0.92 +0.03 36.7 £1.42
N-C=0 288.9+0.1 1.24 £0.07 1.35+0.44
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Table A- 6 Detailed oxygen 1s component, binding energy FWHM and atomic concentration for treated and
untreated PET fabric with and without adhesive, for treated and untreated non-conductive and conductive PLA and
for Polyurethane (PU) film

Sample Component Binding energy /eV FWHM /eV Concentration /at. %
Unknown 530.5+0.1 1.24 £0.01 0.33 £0.02
0-Si, 0=C 532.1+0 1.24 +£0.01 14.4 £0.22

Untreated PET fabric 0-CO 533.6+0 1.24 +0.01 10.2+0.14
T*e—m 1 535.9+0.3 0.57 £0.18 0.1+0.04
ke 2 538.8+0 2.02 +0.07 0.32 +0.03
Unknown 530.4 £ 0.1 1.23+0 0.13+0.11
0-Si, 0=C 532.1+0 1.23+0 13.6 +0.33

Treated PET 0-CO 533.6+0 1.23+0 10.55 + 0.34
T*e—m 1 535.9+0.1 0.89 +0.24 0.19 £ 0.04
T*e—mr 2 538.8+0.2 2+0.73 0.42 +0.08
Unknown - - -

Treated PET + 0-Si, 0=C 532.2+0 1.27 £0.01 14.24 £+ 0.1

Adhesive 0-CO 533.8+0 1.27+0.01 8.44 +0.02
e 1 - - -
T*e—mr 2 538.7 £ 0.2 1+0 0.08 + 0.04

Untreatednon Unknown 530.3+0.2 1.38+0.01 0.67 +0.33

conductive PLA 0-Si, 0=C 532+0 1.38+0.01 18.71 + 0.65
0-CO 5335+0 1.38+0.01 13.33+0.42

Untreated conductive Unknown 530.3+0.2 1.36 £0.01 0.47 +0.06

PLA 0-Si, 0=C 531.9+0 1.36 £0.01 18.56 + 0.28
0-CO 5335+0 1.36 £0.01 1143 +0.44

Treated Unknown 530.3+0.1 1.38 £0.02 0.29+0.15

non-conductive PLA 0-Si, 0=C 532+0 1.38 £0.02 18.77 £ 0.72
0-CO 533.6+0 1.38 £0.02 13.87 +1.37

Treated Unknown 530.5+0.1 1.36 £0.01 0.6 £0.29

conductive PLA O'Sl, 0o=C 532 +0.1 1.36 £0.01 18.67 +£1.25
0-CO 533.6 +0.1 1.36 £0.01 13.17 +1.16

PU film O=C-N 531+0.1 1.09 £0.05 0.49+0.11
0-C 532.5+0 1.09 £0.05 19.7+0.7
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Appendix B : Abrasion findings of 3D-PPOT samples

Table B-1. Mean weight loss (%) after different rubbing cycles : 1000, 2000, 5000, 10,000, 15,000 and
20,000. A, B, C and D are the pattern, the weft density, the fabric orientation and the printing bed
temperature, respectively. [167]

Mean Weight Loss (%) after Different Rubbing Cycles

A B C D
1000 2000 5000 10,000 15,000 20,000

-1 1 1 -1 0.31 0.31 0.55 1.05 1.33 1.76
1 0 -1 1 0.56 0.87 1.41 291 4.04 4.98
1 1 1 -1 0.28 0.28 1.02 1.98 4.01 4.74
-1 1 -1 -1 0.31 0.31 0.55 1.05 1.33 1.76
-1 0 -1 -1 0.58 0.69 1.65 2.86 431 5.28
1 0 -1 -1 0.56 0.87 1.41 291 4.04 4.98
1 -1 1 -1 0.56 1.61 1.75 2.39 3.87 4.65
-1 1 1 1 0.31 0.31 0.55 1.05 1.33 1.76
1 -1 -1 -1 0.56 1.61 1.75 2.39 3.87 4.65
-1 -1 1 -1 0.24 0.24 1.03 2.13 2.98 3.71
-1 -1 -1 -1 0.24 0.24 1.03 2.13 2.98 3.71
1 0 1 -1 0.56 0.87 1.41 291 4.04 4.98
1 -1 1 1 0.56 1.61 1.75 2.39 3.87 4.65
-1 0 1 1 0.58 0.69 1.65 2.86 431 5.28
1 1 -1 -1 0.28 0.28 1.02 1.98 4.01 4.74
1 1 1 1 0.28 0.28 1.02 1.98 4.01 4.74
-1 -1 1 1 0.24 0.24 1.03 2.13 2.98 3.71
-1 -1 -1 1 0.24 0.24 1.03 2.13 2.98 3.71
-1 0 -1 1 0.58 0.69 1.65 2.86 431 5.28
-1 1 -1 1 0.31 0.31 0.55 1.05 1.33 1.76
1 1 -1 1 0.28 0.28 1.02 1.98 4.01 4.74
1 -1 -1 1 0.56 1.61 1.75 2.39 3.87 4.65
-1 0 1 -1 0.58 0.69 1.65 2.86 4.31 5.28
1 0 1 1 0.56 0.87 1.41 291 4.04 4.98
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Table B-2 . Mean weight loss (%) after different cycles : 1000, 2000, 5000, 10,000, 15,000 and 20,000 and
maximum number of cycles (end point). A, B, C and D are the pattern, the weft density, the fabric
orientation and the printing bed temperature, respectively. [167]

Mean Weight loss (%) after Different Cycles Mean end Point (cycles)

5000 20,000 30,000 -
-1 1 1 -1 0.00 0.00 0.00 50,000
1 0 -1 1 0.22 3.33 4.31 30,000
1 1 1 -1 0.44 0.44 0.59 50,000
-1 1 -1 -1 0.00 0.00 0.00 50,000
-1 0 -1 -1 0.16 0.22 0.23 50,000
1 0 -1 -1 0.00 0.93 2.25 30,000
1 -1 1 -1 0.44 0.27 1.09 50,000
-1 1 1 1 0.02 0.42 0.49 50,000
1 -1 -1 -1 0.00 1.18 2.13 30,000
-1 -1 1 -1 0.04 0.63 0.91 50,000
-1 -1 -1 -1 0.00 0.00 0.00 50,000
1 0 1 -1 0.21 0.28 0.31 50,000
1 -1 1 1 0.00 1.96 1.96 30,000
-1 0 1 1 0.23 1.39 211 30,000
1 1 -1 -1 0.00 0.23 0.36 40,000
1 1 1 1 0.00 0.99 1.01 50,000
-1 -1 1 1 0.07 2.44 2.97 30,000
-1 -1 -1 1 0.06 0.37 1.67 40,000
-1 0 -1 1 0.03 0.03 0.03 50,000
-1 1 -1 1 0.00 0.34 0.47 50,000
1 1 -1 1 0.24 0.70 0.98 30,000
1 -1 -1 1 0.00 1.00 2.01 30,000
-1 0 1 -1 0.02 0.12 0.62 30,000
1 0 1 1 0.00 0.96 1.39 30,000
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Figure B-1. 3D-PPOT samples after abrasion experiment using (a,c,e) 14, 18 and 22 picks/inch plain
fabrics, respectively, and (b,d,f) 14, 18 and 22 picks/inch twill fabrics, respectively. [167]
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Figure B-2. D-PPOT samples (a,c) before and (b,d) after abrasion experiment. (a,b) represent 3D-
PPOT made of 18 picks/inch plain fabrics; (c,d) ones made from 18 picks/inch twill fabrics. [167]
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Appendix C : Detailed design of experiments - Chapter V

Table C-1. Sample descriptions of the first design of experiment [206]

Composition of (KB and CNT)- filled LDPE ! Composition of KB and CNT- filled LDPE/PBE blends
Sample
reference wt% KB * wt% CNT wt% LDPE wtte (KB and CNT)- filled LDPE wt% PBE
wt% KB wt% CNT wt% LDPE

Al 0 0 100 0 0 60 40
A2 5 0 95 5 0 95

A3 10 0 90 10 0 90

A4 10 25 87.5 10 25 87.5

A5 10 5 85 10 5 85

A6 5 0 95 3 0 57 40
A7 10 0 90 6 0 54 40
A8 10 25 87.5 6 1.5 52.5 40
A9 10 5 85 6 3 51 40
A10 5 0 95 2 0 38 60
A11 10 0 90 4 0 36 60
A12 10 2.5 87.5 4 1 35 60
A13 10 5 85 4 2 34 60
Al4 0 0 100 0 0 40 60

}(KB and CNT)- filled LDPE means LDPE filled with KB and CNT nanoparticles
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Table C-2. Sample descriptions of the second design of experiments [206]

Composition of KB and CNT-
filled LDPE formulations

Composition of KB and CNT- filled
LDPE/PBE blend formulations

S 1 Extrusi
amp'e wt% (KB and CNT)- filled xrrasion
reference scenario
wt wt% wt% LDPE wt
0, 0,
% KB CNT LDPE Wit% wit% Wt% % PBE
KB CNT LDPE
B1 10 25 87.5 10 2.5 87.5 0 1-step!
B2 12.5 3.1 84.4 10 2.5 67.5 20 1-step
B3 16.7 4.2 79.1 10 2.5 475 40 1-step
B4 12.5 3.1 84.4 10 2.5 67.5 20 2-step?
B5 16.7 4.2 79.1 10 2.5 475 40 2-step
ldispersion of the KB and CNT in LDPE and PBE in one step
2dispersion of the KB and CNT in LDPE and then blend with PBE
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Figure D-1. Scheme of the 2-step extrusion (a and b) and 1-step extrusion (c). The first step of the two-step

extrusion is presented in (a) and the second step in (b). [206]
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