


Carbon-Based Conductive
Polymer Composites

Carbon nanomaterials can transfer their excellent electrical conductivity to polymers
while enhancing or maintaining their original mechanical properties. Conductive
polymer composites based on carbon nanomaterials are finding increasing applica-
tions in aerospace, automotive, and electronic industries when flexibility or light-
weight is required. Carbon-Based Conductive Polymer Composites: Processing,
Properties, and Applications in Flexible Strain Sensors summarizes recent remark-
able achievements in the processing—structure—property relationship of conductive
polymer composites based on carbon nanomaterials. It also discusses research devel-
opments for their application in flexible strain sensors and novel processing methods
like additive manufacturing.

* Presents the state of the art in conductive composite materials and their
application in flexible strain sensors.

* Uniquely combines the processing, structure, properties, and applications of
conductive polymer composites.

» Integrates theory and practice.

* Benefits plastics converters who wish to take full advantage of the potential
of conductive plastic materials.

This book is written for material scientists and engineers researching and applying
these advanced materials for a variety of applications.
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Preface

Carbon-based nanomaterials, such as carbon nanotubes, graphene, and carbon
black, are capable of transferring their excellent electrical conductivity to a polymer
while also enhancing or maintaining its original mechanical properties. Conductive
polymer composites based on carbon nanomaterials are finding increasing applica-
tions in aerospace, automotive and electronic industries for electrostatic dissipation,
electromagnetic interference shielding, sensors, etc., when flexibility or lightweight
is required. The influence of processing on the structuring and properties of these
conductive polymer composites is usually ignored, yet this is a critical aspect of
nanocomposites.

This book summarizes the recent remarkable achievements in the processing/
structure/property relationship of conductive polymer composites based on carbon
nanomaterials. This book also discusses the extensive research developments for
their application in flexible strain sensors and novel processing methods like additive
manufacturing. The book contains eight chapters, and each chapter addresses some
specific issues related to conductive polymer composites based on carbon nanomate-
rials and also demonstrates the real potentialities of these materials in flexible strain
Sensors.

This book is suitable for researchers in the field of polymer composites and busi-
ness managers. It can also be used as a reference book for undergraduate, graduate,
and teachers majoring in materials. The key features of the book are as follows:

e Chapters written by the author in his own fields;

» Unique topic integration on the processing, structure, properties, and appli-
cations of conductive polymer composites;

* Presents the state of the art in conductive composite materials and their
application in flexible strain sensors;

* Benefits plastics converters who wish to take full advantage of the potential
of conductive plastic materials;

» Integrates theory and practice in the fields of conductive polymer composites.

My thanks are due to the team from CRC Press, Allison Shatkin, Hannah Warfel,
and Gabrielle Vernachio for helping to bring this work to fruition, to my colleagues
and postgraduates for their contributions to the chapters of this book, includ-
ing Prof. Yuanpeng Wu, Prof. Yuntao Li, Dr. Chunxia Zhao, Dr. Hui Li, Prof. Bin
Wang (Chapter 1), Zhouyu Liu, Zhen Li (Chapter 2), Xiaoyu Chen, Zhen Li, Ping
Wang (Chapter 3), Jiayi Li, Zhenyu Li (Chapter 4), Lei Wang (Chapter 5), Qin Chen
(Chapter 6), Xuezhong Zhang (Chapter 7), and Libing Liu (Chapter 8). Thanks to my
family for the continuing support.

Dong Xiang
Chengdu, P.R. China
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1.1 INTRODUCTION

With the development of intelligent technologies, the use of wearable electronic
devices in social life has gradually increased and became the backbone of intelli-
gent electronics [1-4]. Wearable electronic devices made of conductive polymer com-
posites (CPCs) have attracted wider attention owing to their high flexibility, superior
stretchability, lightweight, low cost, and easy preparation [5—8]. CPCs are composed
of conductive nanofillers and polymer matrices. Conductive nanofillers include car-
bon nanofillers and other nanofillers, in which carbon nanofillers mainly include
materials like zero-dimensional carbon black (CB) [9]; one-dimensional carbon nano-
tubes (CNTs) [10,11]; two-dimensional graphene [12]; and its derivatives (graphite
nanoplatelets (GNPs) [13,14], graphene oxide (GO) [15], and reduced graphene oxide
(RGO) [16]). Also, polymer matrices mainly include polyethylene (PE) [17], polypro-
pylene (PP) [18], polydimethylsiloxane (PDMS) [7,11,19], thermoplastic polyurethane
(TPU) [20], and styrene butadiene styrene (SBS) [21,22]. In addition to electronic
devices, CPCs are increasingly applied in aerospace, automotive, and electronic
industries for anti-static protection, electrostatic dissipation, electromagnetic interfer-
ence shielding, and flexible strain sensing [20,23-26]. In recent years, tremendous
research has been carried out on the preparation and characterization of carbon-based
CPCs [27,28]. The influence of preparation and processing on the internal conductive
network structures and properties of CPCs has attracted less attention, while holding
the key aspect in nanocomposites research. Studying the relationship between the
internal structures, properties, and processing of CPCs is important for the develop-
ment of CPCs. Likewise, predicting the internal structures and performances of CPCs
through processing is an essential step for advanced applications of CPCs.

As the core of wearable electronic devices, flexible strain sensors have attracted
increasing interest [4,5,29]. In addition to the characteristics of CPCs, flexible strain
sensors are also characterized by good biocompatibility, small size, and diverse and
low-cost preparation methods [30,31]. In this respect, Zhang et al. [32] developed a
facile Dry-Meyer-Rod-Coating process to fabricate graphite/silk fiber strain sensors.
However, the resulting sensors showed only 15% strain detection range and low sen-
sitivity with a gauge factor (GF) of 14.5. Wang et al. [19] introduced CNTs to TPU
fiber surface by ultrasonic treatment followed by encapsulation by PDMS to yield
strain sensors with 100% strain monitoring range, but its maximum sensitivity is
only 0.339. So far, realizing flexible strain sensors with wide strain detection ranges,
high sensitivities, and other excellent sensing performances remains challenging.
Therefore, searching for breakthrough directions for the development and applica-
tion of flexible strain sensors with advanced characteristics is highly desirable.

In this chapter, the process/structure/property of carbon-based CPCs with differ-
ent dispersion and orientation of carbon nanofillers prepared by methods like com-
pression molding, biaxial stretching, blown film extrusion, injection molding, and
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2 Carbon-Based Conductive Polymer Composites

casting was addressed. The differences in properties were studied, and the relation-
ships between the properties, structures, and processing of CPCs were clarified. In
addition, the applications of carbon-based CPCs in flexible strain sensors were dis-
cussed. CPC-based flexible strain sensors with core-sheath structures, homogeneous
structures, and segregated structures prepared by coating, electrostatic self-assembly,
3D printing, and chemical vapor deposition (CVD) were also presented. Moreover,
the effects of non-covalent modifications, synergistic effects, and segregated struc-
tures on the sensing performance were analyzed in terms of the improved interaction
force between nanofillers and polymer matrix, as well as the construction of com-
plete and efficient percolation networks.

1.2 PREPARATION OF CONDUCTIVE POLYMER COMPOSITES

Three main methods are used to produce CPC nanofillers uniformly distributed and
dispersed within polymer matrices: (i) in situ polymerization, (ii) solution mixing,
and (iii) melt mixing.

1.2.1 IN siTu POLYMERIZATION

In in situ polymerization, nanofillers are first uniformly dispersed in monomer or
monomer solution then followed by monomer polymerization in the presence of an
initiator so that nanofillers are evenly dispersed in the polymer matrix to form CPCs.
For instance, Wang et al. [33] prepared polypyrrole/silver composites by in situ
polymerization. The sheet resistance of the composite was estimated to 61.54 Q sq~.
The dispersion of nanofillers within a polymer matrix can be improved by in situ
polymerization, but the high cost of CPCs prepared by this method limits large-scale
industrial production.

1.2.2  SoLutioN MIXING

In solution mixing, carbon nanofillers are first evenly dispersed in volatile organic sol-
vents. The polymer matrix is then dissolved in organic solvents by mechanical mixing,
magnetic stirring, or high-energy sonication. Finally, CPCs are obtained by evaporation
of organic solvents. This method is effective for dispersing carbon nanofillers, but the
toxicity of the organic solvents in terms of damage to the environment and the human
body limits its use to small-scale preparation of CPCs for research purposes. Zheng et al.
[9] prepared PDMS-based conductive nanocomposites by solution mixing and studied
the effect of carbon nanofillers’ dimensionality on the sensing performances of PDMS-
based strain sensors. The results show that the CB/PDMS strain sensor (GF=15.75) has
higher sensitivity than the CNTs/PDMS strain sensor (GF=4.36) at 10% strain.

1.2.3  MET MIXING

Melt mixing can be used to disperse and mix the polymer matrix and carbon nano-
fillers above the polymer viscous flow temperature with the shear force generated
by various mixing equipment for CPCs preparation. Su et al. [34] prepared CNT/
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polycarbonate (PC)/poly(vinylidene fluoride) (PVDF) ternary blends by melt mixing.
For PC: PVDF=3:7 and 5:5, the percolation thresholds reached 0.8 and 0.95 vol%,
respectively. Compared to in situ polymerization and solution mixing, the dispersion
of carbon nanofillers within the polymer matrix for CPCs prepared by melt mix-
ing still requires improvement. Melt mixing can be used as a simple and effective
method to prepare CPCs, especially for large-scale industrial production.

1.3 PROCESSING OF CONDUCTIVE POLYMER COMPOSITES

Polymers can be plasticized in a uniform viscous flow state suitable for molding into
the desired shape and cured for shaping. The processing methods of polymers can
be divided into thermoplasticization cooling molding, thermoplasticization reaction
molding, and solvent plasticization dissolvent molding, including compression mold-
ing, biaxial stretching, blown film extrusion, injection molding, and casting. In gen-
eral, the neat polymer processes might also be suitable for processing CPCs.

1.3.1 COMPRESSION MOLDING

Compression molding consists of directly adding powdery or loose granular solid plas-
tics into a mold followed by gradual softening and melting by heating and pressurizing
to form the desired shapes of the mold cavity before solidification into plastic parts.
Compression molding is mainly used to form thermocuring plastics and thermoplastic
plastics. CPCs might also be employed in compression molding. For example, CPCs
can be granulated into particles, which may then be shaped by compression molding.

1.3.2 BIAXIAL STRETCHING

In biaxial stretching, the polymer is melted into a plasticized state in the extruder,
which is extruded and produced by a flat die. The sheet is cooled above the glass
transition temperature and kept hot before stretching in the transverse and longi-
tudinal directions followed by cooling to yield biaxially stretched films. Biaxial
stretching can be divided into sequential and simultaneous stretching. After biaxial
stretching, the polymer chains are arranged parallel to the film plane to yield uni-
form strength of the film surface in all aspects, much higher than before stretching
[35]. When biaxial stretching is applied to carbon-based CPCs, the interface inter-
action between the polymer matrix and carbon nanofillers would drive the carbon
nanofillers by the movement of polymer chain, leading to improved dispersion of
carbon nanofillers in the matrix.

1.3.3 BrowN Fitm EXTRUSION

Blown film extrusion consists of heating and melting plastic followed by blowing
to form a film. Usually, the polymer is extruded to form a tubular film blank. In a
good melt flow state, the pipe film is blown to the required thickness through high-
pressure air to become a film after cooling and shaping. Xiang et al. [17] prepared
CNT/high-density polyethylene (HDPE) composites by blown film extrusion. The



4 Carbon-Based Conductive Polymer Composites

resulting blown film composites exhibited better mechanical properties thanks to the
enhanced orientation and disentanglement of CNTs.

1.3.4 INJECTION MOLDING

The processing of CPCs by injection molding requires the addition of granular or
powdered CPCs to the barrel of the injection molding machine. The mixture is then
heated and melted to reach a flow state, followed by injection into the mold from
the nozzle at the front end of the barrel under the rapid and continuous pressure of
the plunger or moving screw of the injection machine. The melt filled with the mold
under pressure is then cooled (thermoplastic) or heated (thermosetting plastic), and
solidified. Finally, the mold is opened to obtain the product corresponding to the
mold cavity.

1.3.5 CAsTING

Casting is a commonly used material processing technology that introduces the liquid
CPC:s or the suspension of CPCs into the mold for curing molding. Vadukumpully et al.
[36] prepared graphene/polyvinyl chloride-based CPCs by casting to yield composites
with high mechanical strength and thermal stability. CPCs obtained by solution cast-
ing are conducive to improve the dispersion of carbon nanofillers in polymer matrices.
They are also convenient for large-scale industrial production due to their low cost [1].

1.3.6  OTHER PROCESSING METHODS

Other processing routes are also used for conductive polymer composites, including
thermoforming and stretch blow molding. Thermoforming of conductive polymer
composites requires CPCs sheets as raw materials. After heating, stretching, pres-
sure, and cooling, the sheets are deformed and formed. Before using thermoforming,
carrying out a sheet forming process for CPCs is required. After thermoforming,
post-treatment with high processing cost is also needed. Stretch blow molding refers
to a blow molding by biaxial directional stretching. The parison of CPCs is first
formed by extrusion or injection. The resulting parison is then treated to the appro-
priate stretching temperature. Longitudinally stretching by internal (with stretch-
ing mandrel) or external (with stretching fixture) mechanical force and horizontally
stretched by compressed air expansion are used to obtain the final CPCs. The axial
and radial orientation during stretch blow molding improves the mechanical proper-
ties of CPCs in terms of impact strength, hardness, and rigidity, among others.

1.4 PROPERTIES OF CONDUCTIVE POLYMER COMPOSITES

Carbon nanofillers can be introduced into the insulating polymer matrix to endow
the polymer with functionality. The prepared CPCs by this method have attracted
increasing attention due to their improved mechanical properties, controllable elec-
trical conductivities, excellent thermal properties, and enhanced barrier characteris-
tics [37,38].
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1.4.1 MECHANICAL PROPERTIES

The addition of carbon nanofillers greatly affects the mechanical properties of CPCs.
Compared to pure polymers, the elongation at break of polymers with carbon nano-
fillers often decreases, while the breaking strength, Young’s modulus, and tensile
strength all increase [2]. This may be attributed to the enhanced interfacial density
of carbon nanofillers, as well as the interaction between carbon nanofillers and poly-
mer matrices. The interface between carbon nanofillers and polymer matrix becomes
well bonded, leading to effective stress transfer under strain [39].

1.4.2 ELecTrICAL PROPERTIES

Percolation theory can be used to describe the electrical properties of CPCs [23,37,40].
For polymers containing low contents of carbon nanofillers, the carbon nanofillers are
isolated from each other within the polymer, making it difficult for electrons to pass
through the carbon nanofillers, leading to high resistance composites. The conductiv-
ity of CPCs increases with the content of carbon nanofillers according to the classic
percolation behavior. At a certain content of carbon nanofillers, the conductivity of
CPCs enhances significantly to reach the percolation threshold of CPCs. The percola-
tion threshold depends largely on aspects like the processing method of CPCs, the
aspect ratio of carbon nanofillers, and the viscosity of the matrix. Further increase
in the content of carbon nanofillers would progressively complete the conductive net-
work structure constructed within CPCs, resulting in gradual slowing of conductivity
of CPCs until reaching a constant. The preparation, processing, structure, and perco-
lation threshold of carbon-based CPCs reported in recent years are listed in Table 1.1.

1.4.3 THERMAL PROPERTIES

The thermal properties of CPCs, including temperature effect, glass transition, vis-
cous flow transition, melting transition, thermal stability, thermal expansion, and
heat conduction, are greatly affected by the type and dispersion of nanofillers, as
well as the interaction between nanofillers and polymer matrix. Guo et al. [49] con-
structed fully carbon nanofillers with a hierarchical structure suitable to fabricate
highly thermally conductive polyimide nanocomposites. The obtained nanocom-
posites delivered a maximum conductivity A of 1.60 W m~' K-! at a relatively low
loading of -MWCNT-g-RGO fillers (10 wt%, mass ratio of RGO to -MWCNT of
2:1). However, some problems still require solutions, including the improvement of
the trade-off between high mechanical properties and elevated thermal conductivity
of CPCs. The presence of synergistic effects between nanofillers may also improve
the thermal conductivity of CPCs. Additionally, the effect of surface treatment and
modification on interfacial thermal resistance may also play certain roles.

1.4.4 BARRIER PROPERTIES

The barrier properties of polymer materials affect their practical applications in com-
mercial production, such as anti-static packaging and storage of electronic devices.

Z
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TABLE 1.1
Preparation, Processing, Structure, and Percolation Threshold of Carbon-
Based CPCs

Percolation
Matrix Nanofiller ~ Preparation  Processing Structure Threshold References
PDMS CNTs Solution Casting Self- 0.003 vol% [27]
mixing segregation
TPU/SBS CNTs Melt mixing Compression  Double 0.38 wt% [41]
molding percolated
XSBR SSCNTs Solution Compression  / 0.504 wt% [42]
mixing molding
Bandage/ CNTs Solution / Self- 0.51wt% [43]
PDMS mixing segregation
SPX/TPU CNTs Solution / Core-sheath 0.1 wt% [44]
mixing
SPX/TPU P-CNTs Solution / Core-sheath 0.1 wt% [45]
mixing
PDMS GO Solution / / 0.83 vol% [14]
mixing
TPU CNTs Melt mixing / / 2wt% [46]
SEBS GNPs / Compression  Segregation 0.299 vol% [47]
molding
SBR CNTs / Compression  Segregation 0.035vol% [48]
molding

CPCs, conductive polymer composites; GO, graphene oxide; PDMS, polydimethylsiloxane; SBR, boronic
ester-cross-linked styrene—butadiene rubber; SEBS, styrene-b-(ethylene-co-butylene)-b-styrene triblock
copolymer; SPX, spandex fiber; SSCNTs, hydrophilic sericin non-covalently modified carbon nanotubes;
TPU, thermoplastic polyurethane; XSBR, carboxylic styrene—butadiene rubber.

Common barrier polymer materials include PE, PP, and polyvinyl alcohol. These
materials suffer from disadvantages, such as low mechanical strengths and poor bar-
riers to small molecules. Carbon nanofillers have large aspect ratios and specific sur-
face areas, which can build stable conductive networks in the polymer matrices and
form tortuous molecular movement paths. In addition, interfacial interactions exist
between carbon nanofillers and polymer matrix, which can inhibit the migration of
small molecules and improve the barrier performance of the composites.

1.5 SPECIALLY DESIGNED STRUCTURE

In addition to uniform dispersion structures of carbon nanofillers, some special struc-
tures constructed in CPCs have been designed, including the segregated structure
and double percolated structure. These structures greatly impact the properties of the
composites, especially their electrical properties. Segregated and double percolated
structures can significantly reduce the percolation threshold of CPCs by regulating
the distribution of percolation networks.
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FIGURE 1.1 A schematic representation of the preparation process of CNT/HDPE compos-
ites with segregated structure. CNTs, carbon nanotubes; HDPE, high-density polyethylene.

1.5.1 SEGREGATED STRUCTURE

Segregated structures can be used to control the dispersion state of carbon nanofill-
ers through the repulsion of polymer particles so that nanofillers may selectively be
distributed between polymer particles. Since the nanofillers need distribution in only
the slit between polymer particles to form conductive paths and not randomly dis-
tributed in the matrix, the percolation threshold of the CPCs may greatly be reduced.
Hot pressing is a common method used to prepare CPCs with segregated structures.
Xiang et al. [50] directly hot-pressed CNTs, GNPs, and HDPE powder at a high tem-
perature. As shown in Figure 1.1, high viscosity HDPE was employed to distribute
CNTs and GNPs in the gap of HDPE particles to form a segregated structure. The
resulting special structure reduced the percolation thresholds of CPCs to 0.1 wt%
CNTs and 2wt% GNPs.

1.5.2 DouUBLE PERCOLATED STRUCTURE

In incompatible two-phase blend polymers, the carbon nanofillers are distributed in
one phase through appropriate processing technology to yield a continuous phase in
the whole composite system. The double percolated system includes two percolated
behaviors: (i) percolation of carbon nanofillers in the conductive phase and (ii) perco-
lation of the conductive phase in the whole composite. Xiang et al. [41] added CNTs
to TPU blending with SBS. They then selected appropriate processing technology
to control the selective distribution of CNTs in the composites to construct a double
percolated structure (Figure 1.2). The conductivity test results showed a percolation
threshold of CNT/TPU@SBS (CNTs distributed in TPU phase) of 0.38 wt%. This
value was greatly reduced.

1.6 APPLICATIONS OF CONDUCTIVE POLYMER
COMPOSITES IN FLEXIBLE STRAIN SENSORS
CPCs have widely been applied in flexible strain sensors due to their excellent

stretchability, high mechanical flexibility, controllable electrical properties, and
low preparation cost. In recent years, some CPC-based flexible strain sensors have
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FIGURE 1.2 A schematic diagram of the preparation process and double percolated net-
work of CNT/TPU@SBS. CNTs, carbon nanotubes; SBS, styrene butadiene styrene; TPU,
thermoplastic polyurethane.

been fabricated. For instance, Wang et al. [51] prepared polydopamine-encapsulated
CNTs/elastic bands (EBs) to strain sensor with a strain detection range of 920% and
excellent durability (10,000 cycles of loading/unloading). However, the sensitivity of
the sensor was relatively low (GF of only 5.06 at strain 0%—-200%). Wang et al. [27]
prepared a strain sensor based on CNTs and PDMS with high sensitivity (maximum
GF of about 150) and low strain detection range (0%—30%). Therefore, flexible strain
sensors require further optimization and improvement of performance, and more
focus should be paid to preparing low-cost strain sensors. So far, numerous low-cost
processing methods for flexible strain sensors have been reported. In this chapter,
more focus was paid to coating, electrostatic self-assembly, 3D printing, and chemi-
cal vapor deposition, among others.

1.6.1 FABRICATION OF FLEXIBLE STRAIN SENSORS

1.6.1.1 Coating

The coating technology can be utilized to uniformly coat CPCs on the matrix mate-
rial surface through a specific process. The coating technology is a simple process
used for preparing flexible strain sensors [10,32,52]. Zhang et al. [53] coated CNT/
TPU composites on commercially available spandex multifilament yarn to yield
flexible strain sensors with a low percolation threshold (0.015wt%). A CNT/PDMS
composite coating with a self-segregated structure was prepared by Liu et al. [43].
In this case, the coating was coated on the elastic medical bandage to form a stretch-
able strain sensor with a low percolation threshold (0.51 wt%), wide strain detection
range (0%—200%), and high sensitivity (GF of 615). Unlike the dispersion of nanofill-
ers within the whole matrix, the coating formed conductive networks on the matrix
surface, which can reduce its percolation threshold [44]. Moreover, the CPCs on the
matrix surface can produce micro folds or micro-cracks by pre-stretching, conducive
to regulating the performance of the strain sensors [54].

1.6.1.2 Electrostatic Self-Assembly

The materials used in electrostatic self-assembly are usually anions, cations, or poly-
mers, and monomers with charged groups, charged metal nanoparticles, or inorganic
nanoparticles. The nanofillers are often charged to provide heterogeneous charges.
Based on the principle of heterosexual attraction, strain sensors can be formed by
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electrostatic self-assembly. Wu et al. [24] charged CB followed by adsorption on
PU sponge by electrostatic adsorption to form a strain sensor. The obtained sensor
was found suitable for subtle strain monitoring (91 Pa pressure, 0.2% strain) based
on the microcrack junction sensing mechanism and compressive contact of CB@PU
conductive backbones for large strain monitoring (16.4 kPa pressure, 60% strain).

1.6.1.3 3D Printing

3D printing is a technology based on digital model files using adhesive materials,
such as metal powder or plastic to print objects layer by layer. Compared to the tradi-
tional processing method of CPC-based flexible strain sensors, 3D printing is advan-
tageous in terms of high resolution, elevated accuracy, low cost, fast fabrication, and
customization for mass production without the need for molds [55,56].

Currently, 3D printing technologies based on material extrusion, photocuring, and
laser sintering involving fused filament fabrication (FFF), direct ink writing (DIW),
digital light processing (DLP), and selective laser sintering (SLS) are widely used to
fabricate CPC-based flexible strain sensors. For strain sensors prepared by FFF and
DIW, the shear force generated during the processing decides the extruded composites’
micro-orientation. Also, the nanofillers are well dispersed within the polymer matrix,
resulting in flexible strain sensors with enhanced performance [57]. DLP is famous
for its high efficiency, elevated resolution, and superior precision in the fabrication of
flexible strain sensors. For example, Guo et al. [58] introduced carboxyl CNTs into the
ACMO resin to fully mitigate the over-curing of ACMO resin and achieve a large strain
detection range (up to 100%). However, some problems dealing with the preparation
of flexible strain sensors using 3D printing still require solutions. These include pre-
processing before printing, nozzle blockage, post-processing [20,59], materials used for
printing limited to light-curing resin [60,61], powder pollution during printing, rough
surface of printed products, and deformation of products stored for long periods due to
internal stress [62]. Reducing the resin viscosity and UV absorption of nanofillers for
DLP-based flexible strain sensors should also be considered.

1.6.1.4 Chemical Vapor Deposition

Chemical vapor deposition can be used to grow nanomaterials on the matrix surface
through chemical evaporation under a vacuum. Chemical vapor deposition is advan-
tageous in terms of simple deposition, convenient design of deposited nanomaterials,
and deposition on the surfaces of complex structures. In this view, Hu et al. [63] pre-
pared carbon hybrid fiber strain sensors by controllable wet spinning and appropriate
chemical vapor deposition process, composed of a graphene fiber skeleton and CNT
branches. The designed structure yielded fiber sensors with satisfactory performance
in terms of high GF (up to 1,127), fast response time (<70 ms), and excellent reli-
ability and stability (>2,000 cycles). However, chemical vapor deposition still suffers
from slow deposition rates, toxic and harmful gases issued during the process, and
difficulty in effectively modifying matrices locally.

1.6.1.5 Other Methods

Other common routes have also been employed to prepare CPC-based flexible strain
sensors, including electrospinning, wet spinning, melt spinning, dip coating, and
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swelling. For example, Wang et al. [51] embedded CNTs into the EB by swelling-
ultrasonication treatment to prepare strain sensors with high sensing performances.
The resulting flexible strain sensors integrated a wide strain detection range (920%
strain), high sensitivity (GF of 129 at 780% strain), excellent stability (10,000 cycles
at 100% strain), and fast response. However, these methods are often limited by the
long preparation cycle, unstable preparation process, and high-cost equipment, not
conducive to large-scale industrial production. Therefore, developing simple, fast,
and low-cost preparation methods for flexible strain sensors is highly desirable.

1.6.2 SENSING MECHANISM OF FLEXIBLE STRAIN SENSORS

The strain resistance response of traditional strain sensors is caused by the changes
in material geometry under external force and intrinsic piezoresistive effects. Unlike
traditional strain mechanisms, the strain sensing mechanism of CPC-based flexible
strain sensors is affected by the type of materials, micro- and nano-structures, and
preparation processes [11,21,49]. A total of five types of sensing mechanisms have
been identified so far: (i) tunneling effect, (ii) geometric effect, (iii) piezoresistive
effect, (iv) crack propagation, (v) and disconnection mechanism.

1.6.2.1 Tunneling Effect

For resistive-type CPC-based flexible strain sensors, low contents of carbon nanofill-
ers within CPCs often lead to the formation of a polymer segregated layer between
the nanofillers, playing a certain barrier in hindering the transport of electrons. The
phenomenon by which electrons overcome the barrier to pass through the segregated
layer is called the tunneling effect. The tunneling resistance between adjacent nano-
fillers can be approximately estimated by Simmons’ tunneling resistance theory [64].
This may be expressed by Eq. (1.1):

1% h*d (47rd ]
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where J represents the tunneling current density, A is the cross-sectional area of the
nanofiller, V is the potential, m refers to the mass of electrons, e is the quantum of
electricity, 4 denotes the Planck constant, d is the distance between the nanofiller and
elastomer, and A represents the energy barrier height of the elastomer.

The tunnel effect is the main mechanism involved in strain sensors with low
content nanofillers under small strains. Hu et al. [65] comprehensively studied the
tunneling effect of CNT/polymer strain sensors and noticed weak non-linear piezo-
resistance both experimentally and numerically when small CNT volume fractions
were used.

1.6.2.2 Geometric Effect

For capacitive-type strain sensors, the geometric effect is the main involved sensing
mechanism. When a stretchable material is stretched, it tends to stretch in the tensile
direction and contract in the transverse direction based on Poisson’s ratio of v. For
conductors, the resistance can be expressed by Eq. (1.2):
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R= PL (1.2)
A
where p represents the electrical resistivity, L is the length, and A is the cross-sec-
tional area of the conductor.

When a conductor is stretched, its length increases while its cross-sectional area
decreases, resulting in enhanced resistance. For capacitive-type sensors, the capaci-
tance can be raised by incrementing the capacitance area and reducing the thickness
of the dielectric layer. For a parallel plate capacitor with an initial length of /;, a
width of w,, and a dielectric layer thickness of d,, the initial capacitance value can be
expressed by Eq. (1.3) [64]:

lowo

do

CO = &€, (13)

where g, and e, are the electric and dielectric constant of the dielectric layer,
respectively.

At strain ¢, the length 1 is stretched to (1 + €)/,,, while width and thickness are con-
tracted t0 (1 — Voecrroae)Wo AN (I = Viiereerric€)do, respectively. Here, Vieioge a0 Vijereciric
represent the Poisson’s ratios of the electrode and dielectric layer under tensile,
respectively. For retractable sensors, the Poisson’s ratio of the retractable electrodes
and the dielectric layers are assumed to be the same. The capacitance under tensile
can be expressed by Eq. (1.4) [64]:

(1 + 8)10 (1 - velectrodeg) Wo
( 1- Vdielectric € ) dO

C() = 808, (14)

According to Eq. (1.4), the capacitance of capacitive-type sensors should be a linear
function. However, if the strain is too large, the linear relationship between different
axes through the Poisson’s ratio is invalid for the polymer. As a result, the capaci-
tance and strain become linear within a certain range of strain.

1.6.2.3 Piezoresistive Effect

The piezoresistive effect refers to the change in material resistivity due to the varia-
tion in the conductive network structure within the material under strain. The main
function of the strain sensor is feeding back the applied strain by changing sensor
resistivity. CPC-based flexible strain sensors can be divided into three piezoresistive
characteristics. The first piezoresistive characteristic states no change in resistance
rate of the sensor after compression deformation since the addition of less carbon
nanofiller to the conductive composite is not enough for the sensor to form an effec-
tive conductive path after compression. Therefore, the sensor remains always at a
high resistance level before and after the compression strain. The second piezoresis-
tive characteristic consists of larger contents of carbon nanofillers, where the dense
distribution of nanofillers within the polymer matrix can change the original conduc-
tive network structure and increase the conductive path under small compressive
strains. Therefore, the resistance of the strain sensor under external force decreases



12 Carbon-Based Conductive Polymer Composites

rapidly to remain at a low resistance level. The third piezoresistive characteristic has
to do with the resistance of the strain sensor, which decreases with the increase in
external force to show an obvious changing process. The reason for this has to do
with the moderate content of carbon nanofillers so that the strain sensor has a wide
sensing response range. Therefore, the addition of nanofillers during the preparation
of CPC flexible strain sensors should yield strain sensors with high conductivity and
excellent mechanical properties, coupled with good piezoresistive characteristics and
a large strain detection range.

1.6.2.4 Crack Propagation

Crack propagation often affects the performance of flexible strain sensors since pro-
cessing causes internal defects or stress concentration of CPCs, with cracks occur-
ring at the defects or stress concentration under strain application. The crack often
enhances with the strain until CPCs fracture. Meanwhile, the conductivity of CPCs
declines with the crack propagation and recovers with the crack closure [54]. The
crack propagation mechanism is mostly used in the coating of polymer matrix sur-
faces to design flexible strain sensors with high sensitivity.

1.6.2.5 Disconnection Mechanism

In CPCs, carbon nanofillers construct conductive networks, and electrons can pass
through the conductive networks to provide CPCs with good conductivity. Under
strain, the movement of the polymer matrix affects the internal carbon nanofillers,
and the conductive networks composed of nanofillers are gradually destroyed, result-
ing in the progressively increased resistance of CPCs [66]. For microstructure, the
reason for the disconnection in conductive networks under strain has to do with the
slip of nanofillers due to the weak interface adhesion and stiffness mismatch between
rigid nanofillers and polymer matrix [45].

1.6.3 SENSING PERFORMANCES

The performance parameters of flexible strain sensors include but are not limited
to strain detection range, sensitivity (such as GF), linearity, response time, hyster-
esis, dynamic sensing performances, and durability. Nanofillers could be used to
adjust the microstructure, thereby optimizing the performance parameters of flex-
ible strain sensors.

1.6.3.1 Strain Detection Range

Strain detection range is a key sensing performance parameter of flexible strain
sensors, which determines the actual working range of flexible strain sensors.
Strain detection range is related to the polymer matrix materials, nanofillers, and
the structure of flexible strain sensors. Polymer matrix materials with high stretch-
ability usually include PU (TPU), PDMS, SBS, natural rubber (NR) [67], PVDF
[68], polyethylene terephthalate (PET) [69], polyimide (PI) [70], and Ecoflex [71].
The Young’s modulus of PDMS is much lower (around 0.4-3.5MPa) when com-
pared to other matrices, such as PU (15.1-151.4 MPa for 0.16 and 0.32 g cm™ foam,
respectively), PI (84.1 GPa with 3.25% elongation at break), and PVDF (0.84 GPa
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with 0.86% elongation at break) [64]. The low Young’s modulus of PDMS suggests
its elastic matrix has better flexibility and versatility than other polymers. Moreover,
the high Poisson’s ratio of one-dimensional nanofillers facilitates the formation of
effective percolation networks. Even at high strain levels, the flexible strain sensors
could maintain stable electromechanical characteristics. Specific structures or pro-
cessing may also increase the stretchability of the strain sensors. Examples include
fold structures, helical structures, and encapsulation, among others [6,19,31].

1.6.3.2 Sensitivity

The relationship between the relative changes in electrical signal and applied strain
reflects the sensitivity of strain sensors. Sensitivity can be expressed according to
Eq. (1.5) [16,61]:

or - 3R p_ A1)
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where AR, Al and AC reflect the change in resistance, current, and capacitance. R,,,
I, and C,, are the initial resistance, current, and capacitance at strain e =0%. ¢ is the
applied strain.

The material type, agglomeration, dispersion of nanofillers, macroscopic and micro-
scopic structures of strain sensors, and different processing technologies all determine
the percolated network structures of the strain sensors in terms of sensitivity and other
sensor characteristics. High-density percolation networks lead to nanofillers in con-
tact with each other, resulting in dominant contact resistance and a robust percolation
network. The decrease in percolation network density separates more nanofillers from
each other, and contact resistance is gradually transformed into tunneling resistance.
This facilitates the contact nodes between nanofillers to become disconnected, result-
ing in higher sensitivity composites. When the percolation networks are at low density,
most nanofillers are subject to the state of tunneling effect. The tunneling resistance
becomes dominant, leading to a fragile percolation network, which makes the sensitiv-
ity of composite increases sharply. Overall, a robust percolated network structure is
needed to achieve a wide strain detection range, while a fragile percolated network
structure is more conducive to achieving high sensitivity [65]. Thus, the trade-off
between a wide strain detection range and high sensitivity is still challenging.

1.6.3.3 Linearity

Linearity affects the calibration of flexible strain sensors. High linearity in the strain
detection range may prevent complex calibration and ensure accurate detection of
complex strain states [31]. When the microstructure of a flexible strain sensor is
gradually oriented from “uniform morphology”, the strain sensor often produces a
non-linear response as a function of the applied strain. The transformation of the
conductive network from a uniform state to a non-uniform state is usually the reason
behind the non-linear strain responses of sensors.
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1.6.3.4 Hysteresis

Hysteresis also impacts the practical applications of sensors. Flexible strain sensors
can be used as wearable electronic devices to monitor dynamic motions, such as
walking, running, speaking, heartbeat, and breathing [49,72,73]. For capacitive-type
strain sensors, the hysteresis is usually negligible. For resistive-type strain sensors,
the stretchable conductive network requires time to slide back to its original state,
leading to large hysteresis under strain. The value of hysteresis (H,,) can be expressed
by Eq. (1.6) [51]:

H, = M (1.6)
As

where Ag and Ay are the areas under the stretching and releasing curves in the stress-
strain curves, respectively.

The hysteresis effect can be strengthened by increasing strain. Hysteresis is
mainly caused by the viscoelasticity of polymers, as well as the interaction between
nanofillers and polymer matrix. For weak interaction between nanofillers and
matrix, nanofillers could slide into the polymer matrix under large strain, but they
cannot slide into the original position quickly after fully releasing the strain, result-
ing in high hysteresis behavior. Strong interactions between nanofillers and poly-
mer matrices exist, leading to a low hysteresis effect of strain sensors prepared by
nanocomposites.

1.6.3.5 Dynamic Durability

Dynamic durability relies on the stable electromechanical performance of strain
sensors during long-term loading/unloading cycles. Dynamic durability is impor-
tant for flexible strain sensors when used as wearable electronic devices since excel-
lent dynamic durability would facilitate adaption to various complex environments
[29,66]. The degradation of strain sensor performance is mainly caused by the fatigue
and plastic deformation of the polymer matrix under high strain, as well as the frac-
ture and deformation of nanomaterials.

1.7 CONCLUSIONS

In recent years, carbon-based CPCs have attracted increasing interest due to their
simple preparation methods, high flexibility, low cost, and excellent properties.
Carbon-based CPCs have great potential applications in anti-static protection,
electrostatic dissipation, electromagnetic interference shielding, and flexible
strain sensors. The properties of carbon-based CPCs depend on the distribution
and dispersion of carbon nanofillers in the polymer matrix, related to factors like
the preparation methods, processing, and structures of carbon-based CPCs. In
this chapter, the preparation methods, processing, performances, and structures
of carbon-based CPCs, as well as the applications of carbon-based CPCs in flex-
ible strain sensors were discussed. Particular attention was paid to the preparation
methods, sensing mechanisms, and sensing performances of CPC-based flexible
strain sensors.
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Compression molding process is a process method that puts the material into a mold
cavity of the metal mold and uses a certain temperature and pressure generated by
the hot press to soften the material in the mold cavity, flow under pressure, fill the
mold cavity and solidify to obtain composite components [1] (Figure 2.1).

Composite components need to go through four necessary processes from design
to manufacture. The first is the structural design of composite components, that is,
the structural design is carried out according to the service requirements of com-
ponents; the second is the process design of composite components. The structural
characteristics, process feasibility, molding mode, and clamping sequence of com-
ponents should be fully considered in the design of forming die, and then the manu-
facturing and acceptance of the forming mold of composite components. The mold
shall be processed according to the design requirements and can be used only after
being manufactured and passing the inspection. The last is the molding of composite
components. Composite products can be obtained after feeding, mold closing, cur-
ing/melting, demolding, trimming, and passing the inspection.

Compression molding has good observability, high dimensional accuracy, and
easy to ensure internal quality, so it is widely used in the manufacture of composite
components with complex profile. Therefore, compression molding plays an impor-
tant role in composite molding process.

FIGURE 2.1  Schematic of compression molding the mold to obtain the compression molded
component.
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2.2 COMPRESSION MOLDED HDPE/MWCNT COMPOSITES

When molding plastic components, the influence of processing conditions on the
structure and properties of molded polymers is very important for industrial applica-
tions. If the structure is affected by processing, its performance will also be affected.
Therefore, it is particularly important to study the processing conditions of molding
process and the structure, mechanical properties, and electrical properties of poly-
mer/carbon nanofiller composites.

High-density polyethylene (HDPE) is an important low-cost commodity thermo-
plastic. Carbon nanotubes (CNTs) are widely used because of their large aspect ratio
and excellent mechanical properties. If the performance of HDPE can be improved
by adding CNTs, the application range of this material may be greatly expanded,
such as in the production of conductive packaging film. However, the strong van
der Waals force between CNTs limits their separation and dispersion in the poly-
mer matrix. The existence of a large number of CNT aggregates will lead to the
decline in mechanical and electrical properties of materials. In the past few years,
the dispersion, structure, and properties of melt-mixed HDPE/CNT nanocompos-
ites have been widely discussed. The uniform dispersion of CNTs is an important
prerequisite for the successful preparation of polymer/CNT nanocomposites with
ideal properties.

2.2.1 Porarizep OpTicAL MICROSCOPY

In order to investigate the macrodispersion of primary nanotube agglomerates in
the HDPE after melt mixing, polarized optical microscopy (POM) was performed
for both extruded and compression molded samples. It was not possible to con-
duct POM tests for the nanocomposites with 8§ wt% multi-walled carbon nano-
tubes (MWCNTs) as light could not penetrate the sample due to the high density
of MWCNTs dispersed in the matrix. The microscopic images of the extruded
and compression molded composites with 1, 2, and 4 wt% MWCNTs are shown
in Figure 2.2a—c and d-f, respectively. The POM images show that the primary
MWCNT agglomerates are distributed homogeneously in the HDPE matrix and
more primary agglomerates with increasing MWCNT content can be observed
in both extruded and compression molded samples. It can be seen that the com-
pression molding process has no obvious effect on the state of primary agglom-
erates by comparing the micrographs of the extruded and compression molded
composites.

A quantitative analysis was carried out for the POM results. The agglomerate area
ratio Ag was calculated from the ratio of the area of MWCNT agglomerates A4 to
the total investigated area A,. Furthermore, the dispersion index D was calculated
using Eq. (2.1):

D=(1—f£R ]XIO 2.1

vol
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FIGURE 2.2 Optical microscopic images of the extruded (a—c) and compression molded
(d—f) samples with 1, 2, and 4 wt% MWCNTs, respectively. MWCNTs, multi-walled carbon
nanotubes.

FIGURE 2.3 Area ratio and dispersion index (a) and statistical results on the primary
agglomerate size (b) of the compression molded HDPE/MWCNT composites. (In the legend,
CNT1 means 1 wt% MWCNTs, and so forth.) HDPE, high-density polyethylene; MWCNTs,
multi-walled carbon nanotubes.

where &, is the MWCNT volume fraction and f is a factor related to the density of
MWCNT agglomerates and was estimated to be 0.25 [2].

The area ratio AR and dispersion index D for the compression molded HDPE/
MWCNT nanocomposites are shown in Figure 2.3a. The area ratio clearly repre-
sents a linear increase, which means a higher percentage of volume occupied by
the nanotube agglomerates in the matrix with increasing MWCNT content [3]. The
dispersion index is a more comprehensive method to evaluate the dispersion state of
MWCNTs and mixing efficiency because the specific MWCNT loadings are taken
into account. In this study, the dispersion index increases when more MWCNTs are
added, which can be directly attributed to the decreased ratio of the area ratio AR

Z
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and the nanotube volume fraction &@,,. The increasing dispersion index indicates that
further addition of MWCNTSs can be dispersed by melt mixing, but the decreased
slope with increasing MWCNTSs reveals that it is not possible to fully disperse the
additional MWCNTs. Consequently, the undispersed MWCNTs mainly exist in the
matrix in the form of agglomerates.

A statistical analysis of the size distribution of MWCNT agglomerates was also
conducted. The mean diameter distribution of primary agglomerates for the com-
pression molded samples is shown in Figure 2.3b. It can be observed that there
are no agglomerates beyond the 200 pm range for the nanocomposites with 1 wt%
MWCNTs and very few agglomerates in the range between 150 and 200 pm. For the
composites with 4 wt% MWCNTSs, a clear increase in the number of agglomerates
between 75 and 100pm in size can be observed, which indicates that many small
primary agglomerates grow into bigger agglomerates. Additionally, there are also
comparatively more agglomerates between 200 and 225 pm compared to the 2 wt%
composites.

2.2.2  SCANNING ELECTRON MICROSCOPY

Figure 2.4 shows the morphology of pristine MWCNTs at different magnifications.
The individual MWCNTs naturally align themselves into bundles or clusters due to
the strong van der Waals force which makes them difficult to disentangle.

Figure 2.5 shows the morphology of extruded and compression molded compos-
ite containing 2wt% MWCNTs. The scanning electron microscope (SEM) image
shown in Figure 2.5a is from the extruded sample taken in the extrusion direction.
It can be observed in Figure 2.5a that the MWCNTs align along the material flow
direction, while the polymer lamellae are perpendicular to the flow direction. A simi-
lar alignment of MWCNTs along the flow direction was also reported elsewhere
[4,5]. From Figure 2.5b, one can see the individual nanotubes and agglomerates have
not formed obvious network structures yet, and the polymer lamellae are randomly
aligned after the extruded pellets were compression molded at 150°C for 3 minutes
followed by a slow cooling (SC, 20°C/min). A network-like structure nanotube can

FIGURE 2.4 SEM micrographs of pristine MWCNTs observed at a magnification of
(a) x10,000 and (b) 30,000, respectively. MWCNTs, multi-walled carbon nanotubes.
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FIGURE 2.5 SEM micrographs of the HDPE/MWCNT composites with 2 wt% MWCNTs:
(a) extruded; (b) compression molded at 150°C for 3 minutes followed by SC; (c) compres-
sion molded at 200°C for 5 minutes followed by SC; (d) compression molded at 200°C for 5
minutes followed by RC (the agglomerated nanotubes are circled in the micrographs). HDPE,
high-density polyethylene; MWCNTSs, multi-walled carbon nanotubes.

be observed in Figure 2.5¢ due to the relaxation of nanotubes after compression
molding at 200°C for 5 minutes followed by SC. These individual MWCNTSs and
secondary agglomerates that can enhance the formation of conductive networks [6]
are homogeneously distributed in the HDPE matrix. Figure 2.5d shows the morphol-
ogy of the composites containing 2 wt% MWCNTs compression molded at 200°C for
5 minutes followed by a rapid cooling (RC, 300°C minutes™). The polymer lamellae
are less clear due to the presence of imperfect crystallites.

2.2.3 THERMAL PROPERTIES

The thermal properties of the compression molded HDPE and composites with
increasing MWCNT loadings were investigated using differential scanning calorim-
etry (DSC). The crystallinity (X2**) and melting temperature (7,,"’) in the second
heating stage and crystallization temperature (7;) are shown in Table 2.1 [7].

It can be seen in Table 2.1 that the crystallization temperature increases by about
2°C with the addition of MWCNTs, indicating that MWCNTs are acting as nucleation
sites [8]. However, the addition of MWCNTSs does not show an effect on the melt-
ing temperature of the material; thus, the temperature difference between melting
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TABLE 2.1
Crystallization and Melting Data of HDPE/MWCNT Composites Obtained by
DSC

CNT Loading

Sample (Wt%) X2 (%) T2 (°C) T. (°C)

HDPE 0 704+13 134.1+0.1 114.0+0.2
CNTI 1 70.4+2.7 134.5+0.1 115.7+0.1
CNT2 2 69.2+2.2 134.6+0.4 115.7+0.5
CNT4 4 70.7+2.4 134.3+0.2 116.0+0.2
CNT6 6 68.8+£2.0 134.0+0.2 1162+0.1
CNTS8 8 72.6£1.9 133.9+0.4 1162+0.4
CNTI0 10 67.1£5.7 133.6+0.2 116.1+0.1

HDPE, high-density polyethylene; MWCNT, multi-walled carbon nanotube.

temperature and crystallization temperature is reduced. This is significant for the
adjustment of relevant processing windows in industrial production.

CNTs may have a complex effect on the crystallinity of the polymer matrix. On
the one hand, CNTs may function as heterogeneous nucleating agents for polymer
crystallization, while on the other hand, they may hinder molecular mobility during
crystallization and hence reduce crystallinity [9]. Therefore, different results for the
crystallinity of polymer nanocomposites have been reported in the previous litera-
ture. A trend toward a slight decrease in the crystallinity of PE/CNT composites was
observed as the content of nanotubes increases in [10,11]. However, in other studies
[3,8,12], there was no significant difference in the crystallinity of the PE/CNT com-
posites. In this study, there appears to be no significant effect of MWCNTSs on the
crystallinity in the 2nd heating stage as measured by DSC (Table 2.1).

In order to investigate the effect of cooling rate on the thermal properties of unfilled
HDPE and HDPE/MWCNT composites, the crystallinity and melting temperature
in the first heating stage of compression molded samples with different cooling rates
were investigated by DSC, as shown in Figure 2.6. The results show that the rapidly
cooled samples exhibit a lower melting temperature, which can be attributed to the
smaller crystallites formed. The crystallinity in the first heating stage decreases after
RC due to the suppression effect of RC on polymer mobility [13].

2.2.4 TeNSILE PROPERTIES

The compression molded samples were tensile tested to investigate the effect of the
addition of MWCNTs on the mechanical properties of the polymer matrix, as shown
in Table 2.2. The Young’s modulus (E) is significantly improved with the presence of
MWCNTs. However, the increase in modulus is not a linear relationship with MWCNT
loading. There rate of modulus increase reduces at higher MWCNT loadings (>6 wt%),
indicating that the nanotubes are less effective in reinforcing at higher loading levels.
Due to the presence of more particle aggregates (lower effective particle aspect ratio),
the stress transfer efficiency between polymer matrix and MWCNT is low under higher
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FIGURE 2.6 Crystallinity (a) and melting temperature (b) in the first heating stage of com-
pression molded samples with different cooling rates.

TABLE 2.2
Effect of MWCNTs on the Tensile Properties of HDPE/MWCNT Composites
Compression Molded at 200°C for 5 minutes Followed by SC

CNT

Loading AE Aoy Agy,
Sample (wt%) E (MPa) (%) o (MPa) (%) &p (%) (%)
HDPE 0 900.6+61.1 - 27.9+3.0 - 907.0+58.0 -
CNT1 1 1124.5+24.0 +24.9 18.5+0.4 -33.6 111.7+39.8 -87.7
CNT2 2 1278.9+27.4 +42.0 17.1+£0.7 —38.5 70.0+16.0 -92.3
CNT4 4 1905.8+149.3  +111.6 16.6+0.3 —40.5 46.9+8.8 —-94.8
CNT6 6 2364.7+227.2  +162.6 14.7+0.9 —47.3 29.5+7.6 -96.7
CNTS8 8 2372.6+243.5 +163.4 182+1.5 —34.6 204+2.2 -97.8
CNT10 10 2444.0+108.6 +171.4 199+1.5 —28.6 23.5+4.2 -97.4

HDPE, high-density polyethylene; MWCNT, multi-walled carbon nanotube; SC, slow cooling.

MWCNT load. The improvement in E is about 110%—160% with the addition of 4—6 wt%
MWCNTs. This improvement is much higher than the previously reported improvement
40%-70%) at 3—-6wt% MWCNTs in studies on HDPE/MWCNT composites [4,5,14].
The greatest improvement of 171.4% in E is obtained at a MWCNT content of 10 wt%.

MWCNT inclusion has a negative effect on the stress at break (o,) and strain
at break (g,) of all the composites. The o, and €, of the composites containing
1~10wt% MWCNTs decreases by 29%—47% and 88%—97%, respectively, in this
case (Table 2.2). This deterioration can be attributed to the presence of MWCNT
agglomerates in the nanocomposites. Since failure initiates at the weakest point in
a material, CNT agglomerates may work as initiation sites for the propagation and
extension of cracks and accelerate the final breakage [5]. Chrissafis et al. [15] also
found a significant decrease in elongation (decreased by 93%) and tensile strength
(decreased by 55%) with the addition of 2.5 wt% of MWCNTs to HDPE.
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FIGURE 2.7 Effect of cooling rate on the modulus (a), stress at break (b), and strain at
break (c) of HDPE/MWCNT composites. HDPE, high-density polyethylene; MWCNT, multi-
walled carbon nanotube.

The tensile properties of samples compression molded at 200°C for 5 minutes
followed by RC or SC were compared, as shown in Figure 2.7. RC led to a slight
decrease of 11.6% in modulus for the unfilled HDPE samples due to a lower crystal-
linity level and imperfect crystallites, but it improved the stress at break and strain
at break by 30.4% and 26.6%, indicating that the toughness of rapidly cooled HDPE
samples is enhanced. However, the effect of cooling rate on the tensile properties of
HDPE composites containing 2 and 4 wt% MWCNTs is not significant considering
the experimental errors.

2.2.5 ELecTRICAL PROPERTIES

The electrical properties of HDPE/MWCNT nanocomposites were characterized by
measuring the volume resistivity of extruded and compression molded samples, as
shown in Figure 2.8. The nanocomposites were compression molded with different
heating temperatures (150°C or 200°C) and holding times (3 or 5 minutes) followed
by SC. According to the traditional percolation theory of highly dispersed conduc-
tive additives in an isolating polymer matrix, conductive fillers can form conductive
networks in the bulk of the matrix, thus causing a decrease in the resistivity when the
content of the conductive additive reaches the percolation threshold.

The resistivity of extruded pellets with 2wt% MWCNTs is still beyond the full
scale of the multimeter showing a high resistivity (>108 Q), but it decreases markedly
when the MWCNT content reaches 4 wt%. Interestingly, the resistivity of all the com-
pression molded composites is lower than that of the extruded pellets, even though
the resistivity measurement is in the longitudinal direction of the extruded pellet
and electron transport is facilitated in the direction parallel to nanotube alignment
[16,17]. The resistivity of compression molded composites decreases with increasing
heating temperature and holding time. Zhang [18] reported similar behavior for hot-
pressed and extruded TPU/CNT composites, in which an extremely low percolation
threshold of 0.13 wt% was achieved in hot-pressed composite film samples, whereas
a much higher CNT concentration (3—4 wt%) was needed to form a conductive net-
work in the extruded composite strands. The difference in conductivity between the
extruded and compression molded samples may be attributed to the difference in
alignment of the CNTs in the samples with alignment being greater in the extruded
pellets and thus having a lower potential to form a conductive network [19].
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FIGURE 2.8 Volume resistivity of extruded HDPE/MWCNT nanocomposites and com-
pression molded HDPE/MWCNT nanocomposites with different heating temperatures and
holding time followed by SC as a function of MWCNT loading. HDPE, high-density polyeth-
ylene; MWCNT, multi-walled carbon nanotube.

The conductive network in the HDPE/MWCNT composites was further analyzed
according to the scaling law (Eq. 2.2) [4] of classical percolation theory.

p<(D-2,)" 2.2)

where p is the volume resistivity of the composite, @ is the filler weight fraction,
J, is the critical concentration, and 7 is the critical exponent, which reflects the sys-
tem dimensionality of the composite. It follows a power-law dependence of approxi-
mately 1.6-2 in a three-dimensional system and 1-1.3 in a two-dimensional system
[20]. The critical concentration &J; and the critical exponent ¢ of the composites were

listed in Table 2.3.

The results reveal a critical concentration of 3.9wt% and a critical exponent
of 1.3 for the extruded composites. This low critical exponent indicates that the
extruded composites generally follow a two-dimensional model due to the restric-
tion for electron hopping between the MWCNTs in the transverse direction. The
critical concentration decreases and the critical exponent increases with increasing
heating temperature and holding time. The composite compression molded at a heat-
ing temperature of 200°C and a holding time of 5 minutes followed by SC shows a
critical concentration of 1.9 wt% and a critical exponent of 1.9. It is evident that the
decrease in critical concentration means an improvement in conductivity during the
compression molding process, and the increase in critical exponent reveals the steady
transformation from a two-dimensional system to a three-dimensional system after
compression molding.
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TABLE 2.3

Critical Concentration &, and Critical Exponent t for the HDPE/MWCNT
Composites with Different Heating Temperatures and Holding Time
Followed by SC

Parameters CM-150-3 CM-150-5 CM-200-3 CM-200-5 Extruded
B, (wih) 35 33 2.0 1.9 3.9
t 1.5 1.5 1.7 1.9 1.3

HDPE, high-density polyethylene; MWCNT, multi-walled carbon nanotube; SC, slow cooling.

FIGURE 2.9 Resistivity variations of the HDPE/MWCNT composites with MWCNT load-
ings in the region of the electrical percolation threshold under different compression molding
conditions. HDPE, high-density polyethylene; MWCNT, multi-walled carbon nanotube

The compression molded composites containing only 2wt% MWCNTSs exhibit a
lower resistivity (~3x10* Q cm) in this study, comparing to the resistivity (~1x 108 Q cm)
of compression molded composites with 3wt% MWCNTs in Verge’s [21] investigation, in
which the same HDPE matrix (HTA-108) and MWCNTs (NC7000) were produced via
melt mixing. The significant improvement in the electrical conductivity of the composites
produced in this study is likely to be due to more uniformly dispersed individual nano-
tubes and secondary nanotube agglomerates as a result of more effective melt mixing.

It can be seen in Figure 2.8 that the electrical properties of composites with a
MWCNT loading close to the percolation threshold are significantly influenced by
compression molding conditions. Details of the resistivity of the nanocomposites con-
taining 1, 2, and 4 wt% MWCNTs are shown in Figure 2.9. Also, the volume electrical
resistivity of the composites produced under SC and RC is compared. It can be seen
clearly in Figure 2.9 that the resistivity of the composite containing 2wt% MWCNTs
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is significantly influenced by the heating temperature and cooling rate. The resistivity
of the composite containing 2wt% MWCNTs decreased by six to nine orders of mag-
nitude when the heating temperature increased from 150°C to 200°C. Interestingly,
the electrical resistivity of the rapidly cooled composite with 2wt% MWCNTs is one
to two orders lower than that of the slowly cooled composites with the same MWCNT
loading. This may be due to the lower crystallinity and smaller crystallites facilitating
the formation of conductive pathways [22,23]. The effect of cooling rate on resistiv-
ity is much less significant for the composite with 4wt% MWCNTs as a result of the
abundant conductive networks formed in the HDPE matrix. This result indicates that
cooling rate can be a significant parameter in influencing electrical conductivity when
operating in the region of the percolation threshold.

2.3 UNARY CARBON NANOFILLER-REINFORCED COMPOSITES

In this section, a comparative study of unary carbon nanofiller-filled composites con-
taining 4 wt% nanofillers was conducted to assess the performance and reinforcement
effect of carbon nanofillers with different dimensions. All the samples investigated in
this comparative study were compression molded under the same molding conditions
(heating temperature: 200°C, holding time: 5 minutes, SC).

2.3.1 ScANNING ELECTRON MICROSCOPY

The morphology of pristine GNPs and CBs was observed by SEM. It can be seen
in Figure 2.10 that the GNPs and CBs present typical two-dimensional and zero-
dimensional shape characteristics, respectively. Similar to CNTs, these GNPs and
CBs also tend to aggregate due to a strong van der Waals force.

Figure 2.11 shows the morphology of compression molded unary carbon nanofiller
composites with 4 wt% MWCNTs, GNPs, or CB respectively. It can be observed in
Figure 2.11 that these individual and agglomerated nanofillers are distributed uni-
formly in the polymer matrix. The stacked layers of the GNPs are not broken into
single layers by the melt mixing due to the strong van der Waals force and the addi-
tional interplanar m—=n interactions between the individual graphene sheets [24,25]
as shown in Figure 2.11c. The net-like CB clusters in Figure 2.11d may facilitate the
formation of conductive pathways [26,27].

2.3.2 THERMAL PROPERTIES

The crystallization and melting behavior of the unary carbon nanofiller-reinforced
composites with 4 wt% nanofillers were investigated using DSC. The crystallinity
(X2"") and melting temperature (7,"") in the second heating stage and crystalliza-
tion temperature (7.) are shown in Table 2.4. It can be seen in Table 2.4 that the
crystallinity and melting temperature are barely changed, regardless of the type of
carbon nanofillers. The crystallization temperature increased by 1.5°C-2°C due
to the nucleation effect of carbon nanofillers [8,28], A higher T, for the HDPE/
MWCNT composite indicates that the one-dimensional nanotubes may more effec-
tively facilitate the nucleation of HDPE, while the CBs show the weakest nucle-
ation effect.
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FIGURE 2.10 SEM micrographs of pristine GNPs and CBs: (a) GNPs, x10,000; (b) GNPs,
%x30,000; (c) CBs, x10,000; and (d) CBs, x30,000.

2.3.3  TeNsILE PROPERTIES

The tensile properties of the compression molded unary carbon nanofiller composites
with 4 wt% nanofillers are compared in Table 2.5. The nanocomposites filled with GNPs,
which have the highest aspect ratio, exhibit the highest reinforcement (125.5%) in modulus
as a result of effective stress transfer between the GNPs and HDPE matrix. The modulus
only increased by 29.7% for the HDPE/CB composite due to the low aspect ratio of CB.
The experimental values of modulus were compared with predicted values using

i i _ E- 3| 1+&nups | 5| 1+2nr@s
— —_— = + —
the randomly aligned Halpin-Tsai model [ 5 8|: -y ] 8[ 1~ nror

described, as shown in Figure 2.12. The experimental values agree very well with
the predicted values for all the unary carbon nanofiller-reinforced composites. This
agreement indicates a uniform dispersion of particles in the composite as a result of
melt mixing. However, it can be observed in Figure 2.12 that the experimental modu-
lus is 19% higher than the predicted value for the HDPE/CB composite. This may be
attributed to the fact that the high structure CB used with a high surface roughness
(high surface area 1,400m?/g) is not of perfect spherical structure; thus, their practi-
cal aspect ratio is higher than the aspect ratio of 1, which was used in the prediction
model. Also, a high surface area of dispersed phase may be presented to the continu-
ous phase with consequences for surface adsorption and immobilization [29].
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FIGURE 2.11 SEM micrographs of unary carbon nanofiller-reinforced composites with
4wt% nanofillers: (a) HDPE/MWCNT, x30,000; (b) HDPE/GNP, x5,000; (c) HDPE/GNP,
%x30,000; and (d) HDPE/CB, x20,000 (the agglomerated nanofillers are circled, and the indi-
vidual nanofillers are indicated by arrows in the micrographs). HDPE, high-density polyeth-
ylene; MWCNT, multi-walled carbon nanotube.

TABLE 2.4
Crystallization and Melting Data of Unary Carbon Nanofiller-Reinforced
Composites Obtained by DSC

Nanofiller
Sample Loading X" (%) Ta"™ (°0) T. O
HDPE 0Owt% 70.4+1.3 134.1+0.1 114.0+£0.2
CNT4 4wt% CNTs 70.7+2.4 134.3+0.2 116.0+0.2
GNP4 4 wt% GNPs 70.3+£2.7 134.5+0.2 115.6+0.2
CB4 4wt% CB 68.6+0.8 134.6+0.4 114.5+0.3

DSC, differential scanning calorimetry; HDPE, high-density polyethylene; CNT, carbon nanotube; GNP,
graphene nanoplatelet; CB, carbon black.
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TABLE 2.5
Tensile Properties of the Unary Carbon Nanofiller-Reinforced Composites
with 4wt% Nanofillers

Nanofiller AE Aoy,
Sample Loading E (MPa) (%) o, (MPa) (%) &y (%) Agy, (%)
HDPE 0Owt% 900.6+61.1 - 27.9+3.0 - 907.0+58.0 -
CNT4 4wt% CNTs  1905.8+149.3 +111.6 16.6+03 —40.5 46.9+8.8 —-94.8
GNP4 4wt% GNPs  2031.2+96.3 +125.5 23.6+12 -154% 12.5+2.1 —-98.6
CB4 4wt% CB 1167.8+£99.5 +29.7 164+0.8 —40.1 27.2+10.4 -97.0

DSC, differential scanning calorimetry; HDPE, high-density polyethylene; CNT, carbon nanotube; GNP,
graphene nanoplatelet; CB, carbon black

FIGURE 2.12 Experimental and predicted modulus of the unary carbon nanofiller-rein-
forced composites with 4 wt% nanofillers.

It can be seen in Table 2.5 that the addition of carbon nanofillers has a negative effect
on the stress at break and strain at break due to the presence of agglomerates, regardless
of the dimensionality of the nanofiller. The stress at break of CB and MWCNTs filled
HDPE composites decreases by about 40%. The stress at break of HDPE/GNP com-
posites decreases by only 15.4%, while its elongation decreases significantly by 98.6%.

2.3.4 ELecTRICAL PROPERTIES

The volume resistivity of unary carbon nanofiller-reinforced composites is shown in
Figure 2.13. The HDPE/GNP composite exhibits a high resistivity, indicating insuf-
ficient conductive pathways in the insulating HDPE matrix. This poor enhancement
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FIGURE 2.13 Volume resistivity of the unary carbon nanofiller-reinforced composites with
4 wt% nanofillers.

with the highest aspect ratio particles may be due to the difficulty in achieving inter-
lacing of the particles to produce a conductive network [20]. In addition, the com-
mercial GNPs used in this study may contain some unconductive graphite oxide
[24]. The resistivity of HDPE decreases significantly by 14 and 16 orders of magni-
tude with the addition of 4 wt% CB or MWCNTSs, respectivly. The one-dimensional
MWCNTs are the most efficient in terms of generating conductive networks, which
are likely to be due to the ease with which one-dimensional particles can entangle
and form networks. Altough the CB has a low aspect ratio, high structure CB tends to
agglomerate in branched clusters that are beneficaial in the formation of conductive
pathways [26,27]. Therefore, it can be seen in this study that the relative effectiveness
of enhancement in electrical property is as follows: GNPs <CB < MWCNTs, at the
same loading.

2.4 BINARY CARBON NANOFILLER-REINFORCED COMPOSITES

In this section, the properties of compression molded binary carbon nanofiller-
filled composites with 4 wt% nanofillers are investigated. There are three ratios
of weight fraction between the two types of carbon nanofillers: 3:1, 2:2, and 1:3.
Here all the samples were compression molded at 200°C for 5 minutes followed
by SC.

2.4.1 ScANNING ELEcTRON MIcrOscoPY

Figure 2.14 shows the morphology of compression molded binary carbon nanofiller-
reinforced composites with 4 wt% nanofillers in total (the ratio between the two types
of nanofillers is 2:2). It can be observed in Figure 2.14 that these individual and
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FIGURE 2.14 SEM micrographs of binary carbon nanofiller-reinforced composites with
4wt% nanofillers: (a and b) HDPE/GNP/MWCNT composite with 2wt% GNPs and 2 wt%
MWCNTs, x5,000 and %20,000, respectively; (c) HDPE/CB/MWCNT composite with 2 wt%
CB and 2wt% MWCNTs, x30,000; and (d) HDPE/GNP/CB composite with 2wt% GNPs
and 2wt% CB, x20,000. HDPE, high-density polyethylene; MWCNT, multi-walled carbon
nanotube.

agglomerated nanofillers are distributed uniformly in the HDPE matrix. The GNPs
and CB are bridged by the MWCNTs in Figure 2.14b and c respectively, and the
GNPs are surrounded by the CB in Figure 2.14d [30,31].

2.4.2 THERMAL PROPERTIES

The thermal properties of the compression molded HDPE/GNP/MWCNT, HDPE/
CB/MWCNT, and HDPE/GNP/CB binary carbon nanofiller-reinforced composites
with 4 wt% nanofillers were investigated using DSC. The crystallinity (X*"¢) and
melting temperature (7,>") in the second heating stage and crystallization tempera-
ture (7,) are shown in Table 2.6. As expected, it can be seen in Table 2.6 that the crys-
tallinity and melting temperature are not affected by the addition of a combination of
two types of carbon nanofillers. The crystallization temperature of the binary carbon
nanofiller-reinforced composites increases by about 1.5°C-2°C due to the nucleation
effect of carbon nanofillers [8,28]. The unary and binary carbon nanofillers exhibit
very similar effects on the thermal properties of composites.
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TABLE 2.6
Crystallization and Melting Data of Binary Carbon Nanofiller-Reinforced
Composites Obtained by DSC

Sample Nanofiller Loading X" (%) Ta" (°C) T. (°O)

HDPE Owt% 70.4+1.3 134.1+0.1 114.0+0.2
GNP3CNT1 3wt% GNPs+ 1 wt% CNTs 70.7+1.4 134.5+0.1 116.1+£0.2
GNP2CNT2 2wt% GNPs +2wt% CNTs 729+2.8 134.0+0.5 116.2+0.2
GNPICNT3 1 wt% GNPs + 3 wt% CNTs 69.7+2.1 1342+0.3 116.3+0.3
CB3CNT1 3wt% CB + 1 wt% CNTs 70.9+2.5 134.4+0.1 115.5+0.1
CB2CNT2 2wt% CB +2wt% CNTs 70.6+3.0 1345+0.2 115.7+£0.2
CBICNT3 1wt% CB +3wt% CNTs 69.6+1.8 1345+0.2 115.8+0.2
GNP3CB1 3wt% GNPs+ 1 wt% CB 70.8+3.4 134.6+0.2 115.6+0.3
GNP2CB2 2wt% GNPs+2wt% CB 70.5+3.0 1345+0.2 115.6+0.4
GNP1CB3 1 wt% GNPs+3 wt% CB 70.0+1.0 134.4+0.1 1154+0.2

DSC, differential scanning calorimetry; HDPE, high-density polyethylene; CNT, carbon nanotube; GNP,
graphene nanoplatelet; CB, carbon black

2.4.3 TeNSILE PROPERTIES

The tensile properties of compression molded binary carbon nanofillers-reinforced
composites with 4wt% nanofillers were investigated, as shown in Table 2.7. It can be
observed in Table 2.7 that the elastic modulus of the binary carbon nanofillers-reinforced
composites is improved significantly with the addition of carbon nanofillers. For the
HDPE/CB/MWCNT composites, the modulus increases with increasing MWCNT
loadings. Similarly, the modulus of the HDPE/GNP/CB composites increases with
increasing loading of GNPs. The increase in modulus (over 114%) for all the HDPE/
GNP/MWCNT composites is higher than that for the HDPE/CB/MWCNT and HDPE/

GNP/CB composites due to the high aspect ratios of both GNPs and MWCNTs.

The experimental values of modulus of the binary carbon nanofillers-reinforced
composites were compared with predicted values using the Halpin-Tsai method
described, as shown in Figure 2.15. Interestingly, the experimental modulus of the
HDPE/GNP/MWCNT composite containing 2wt% GNPs and 2wt% MWCNTSs is
higher than the predicted modulus and the modulus of the composite containing
4wt% GNPs (Table 2.5), which may be attributed to a synergistic effect arising from
nanofiller—nanofiller network structures [32-34], formed in the system enhancing the
stress transfer between the polymer and nanofillers. The network structure is gener-
ated due to numerous entanglements between the polymer chains and nanofillers,
and the polymer chains act as a “bridge” via polymer wrapping of carbon nanofillers.
A relatively weaker synergistic effect can be observed for the HDPE/GNP/MWCNT
composite with 1 wt% GNPs and 3 wt% MWCNTs, which may be attributed to the
decreased GNP content (GNPs exhibit the most efficient reinforcement in modulus).
A similar synergistic effect is also observed in the HDPE/CB/MWCNT composites.
All the experimental values of modulus of the HDPE/CB/MWCNT composites are
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TABLE 2.7
Tensile Properties of the Binary Carbon Nanofiller-Reinforced Composites
with 4wt% Nanofillers

Nanofiller AE Aoy, Ag,
Sample Loading E (MPa) (%) o, (MPa) (%) &p (%) (%)
HDPE 0Owt% 900.6+61.1 - 27.9+3.0 - 907.0+58.0 -
GNP3CNT1 3wt% 1930.6+118.8 +1144 21.9+09 =215 17.1+£3.0 -98.1
GNPs + 1 wt%
CNTs
GNP2CNT2 2 wt% 2403.3+100.3 +166.9 252+1.9 -9.7 11.8+2.8 —-98.7
GNPs +2 wt%
CNTs
GNPICNT3 1 wt% 2044.6+43.6 +127.0 204+09 -269 43.6+87 -952
GNPs + 3 wt%
CNTs
CB3CNTI1 3wt% 1706.6+48.8 +89.5 17.0+0.6 —-39.1 43.1+11.47 -952
CB+ 1 wt%
CNTs
CB2CNT2 2 wt% 1787.8+71.9 4985 168+0.6 —-398 395+11.6 -95.6
CB+2wt%
CNTs
CBICNT3 1 wt% 1791.3+57.1 4989 16.6+0.2 —-40.5 42.6+16.1 -95.3
CB+3wt%
CNTs
GNP3CBI1 3wt% 1901.9+116.6 +111.2 224+1.1 -19.7 13.1+£4.0 -98.6
GNPs+ 1 wt%
CB
GNP2CB2 2 wt% 1639.4+51.2 +82.0 21.6+x15 =225 174+52 -98.1
GNPs +2 wt%
CB
GNPI1CB3 1 wt% 1381.2+1284 +534 17.3+0.6 -38.0 31.1+132 -96.6
GNPs+3wt%
CB

DSC, differential scanning calorimetry; HDPE, high-density polyethylene; CNT, carbon nanotube; GNP,
graphene nanoplatelet; CB, carbon black.

higher than the predicted values. The modulus of the composite containing 3 wt%
CB and 1 wt% MWCNTs significantly increased by 46% compared to the composite
containing 4 wt% CB. However, it is not evident for the HDPE/GNP/CB composites
due to the lack of nanofiller—nanofiller network structures. A schematic diagram of
nanofiller—nanofiller network structure is shown in Figure 2.16.

It can be seen in Table 2.7 that the addition of binary carbon nanofillers still
exhibits a negative effect on the stress at break and strain at break. The stress at
break of the HDPE/GNP/MWCNT composite containing 2wt% GNPs and 2 wt%
MWCNTs decreased by only 9.7% compared to the unfilled HDPE, but its strain at
break decreased significantly by 98.7%.
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FIGURE 2.15 Experimental and predicted Young’s modulus of the binary carbon nano-
filler-reinforced composites.

FIGURE 2.16 Schematic diagram of the nanofiller—nanofiller network structure formed in
HDPE/GNP/MWCNT and HDPE/CB/MWCNT composites. HDPE, high-density polyethyl-
ene; MWCNT, multi-walled carbon nanotube.

2.4.4 ELecTrICAL PROPERTIES

The volume resistivity of binary carbon nanofiller-reinforced composites is shown
in Figure 2.17. It can be observed in Figure 2.17 that the resistivity of all the HDPE/
CB/MWCNT composites with 4 wt% nanofillers significantly decreased by 15 orders
of magnitude compared to that of unfilled HDPE (1.3 x 10"7 Q cm), indicating abun-
dant conductive pathways formed with the addition of MWCNTs and high structure
CB. For the HDPE/GNP/MWCNT and HDPE/GNP/CB composites, the resistivity
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FIGURE 2.17 Volume resistivity of the binary carbon nanofiller-reinforced composites.

decreases with increasing loadings of MWCNTs or CB respectively, while it is clear
that the 1D MWCNTSs with higher aspect ratio are more efficient than the spherical
CB in terms of generating conductive networks in the binary carbon nanofiller-rein-
forced systems. By way of example, compared to the composite containing 4 wt%
GNPs, the resistivity decreased by 11 orders of magnitude for the HDPE/GNP/
MWCNT composite with 2 wt% GNPs and 2 wt% MWCNTs, while it only decreased
by 1 order of magnitude for the HDPE/GNP/CB composite with 2wt% GNPs and
2wt% CB. In this study, the resistivity of binary carbon nanofiller-reinforced com-
posites is between that of corresponding unary carbon nanofiller composites shown
in Figure 2.13 in Section 2.3.4, thus there is no evident synergistic effect in the resis-
tivity of binary carbon nanofillers-reinforced composites.

2.5 CONCLUSIONS

First, the molded HDPE/MWCNT composites containing 1-10 wt% MWCNTs pre-
pared under different molding conditions were systematically studied. The results
show that the addition of MWCNTSs has no significant effect on the crystallinity,
average grain size, and melting temperature, but RC during the molding process
will slightly reduce the crystallinity, average grain size, and melting temperature.
After adding 4-6wt% MWCNT, the Young’s modulus of the molded composites
was significantly increased by 110-160%. When the MWCNT load is <6 wt%, the
predicted modulus is in good agreement with the experimental results. However,
due to the existence of MWCNT aggregates, the fracture stress and fracture strain
of composites containing 1-10 wt% MWCNTs are reduced by 29%—-47% and 88%—
97%, respectively. The volume resistivity test shows that the resistivity of all molded
HDPE/MWCNT composites is lower than that of extruded particles. According to
the scaling law of classical seepage theory, in the process of compression molding,
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with the increase of heating temperature and holding time, the critical concentration
decreases and the critical index increases. This is attributed to the enhanced relax-
ation of MWCNTs. Under the conditions of heating temperature of 200°C, holding
time of 5 minutes and SC, the critical concentration of the molded composite is
1.9 wt% and the critical index is 1.9. Interestingly, the resistivity of fast cooling com-
posites containing 2 wt% MWCNT is one to two orders of magnitude lower than that
of SC composites with the same MWCNT load. This may be because lower crystal-
linity and smaller crystals promote the formation of conductive pathways.

Subsequently, a comparative study of compression molded unary carbon nano-
filler composites with 4 wt% nanofillers was carried out in order to assess the rein-
forcement effects of carbon nanofillers with different dimensions. The crystallinity
and average crystallite sizes of the unary carbon nanofiller composites are not influ-
enced significantly by nanocarbon content regardless of the dimensionality of the
carbon nanofiller. The crystallization temperature increased by 1.5°C-2°C due to
the nucleation effect of carbon nanofillers. Resistivity tests indicate that the relative
effectiveness of conductive networks is as follows: GNPs <CB <MWCNTs, at the
same loading. Nanocomposites filled with GNPs, which have the highest aspect ratio,
exhibit the highest reinforcement (125.5%) in modulus. However, the modulus only
increased by 29.7% for the HDPE/CB composite due to the low aspect ratio of CB.
The experimental modulus agrees well with the predicted values for all the unary
carbon nanofiller-reinforced composites. The addition of carbon nanofillers has a
negative effect on the stress at break and strain at break, regardless of the dimension-
ality of the nanofiller.

Third, the properties of compression molded binary carbon nanofiller composites
were investigated to determine any possible synergistic effects arising from a com-
bination of two different types of carbon nanofiller. It was found that conductive net-
works were formed in all the HDPE/CB/MWCNT composites. For the HDPE/GNP/
MWCNT and HDPE/GNP/CB composites, the conductive networks were enhanced
with increasing MWCNT or CB loadings, respectively, while increasing MWCNT
content in the HDPE/GNP/MWCNT composites more facilitates the formation of
conductive networks compared to increasing CB content in the HDPE/GNP/CB
composites. The experimental modulus of the HDPE/GNP/MWCNT composite con-
taining 2wt% GNPs and 2wt% MWCNTs is higher than the predicted modulus,
which may be attributed to nanofiller—nanofiller network structures formed in the
system enhancing the stress transfer between the polymer and nanofillers. A similar
synergistic effect is also observed in the HDPE/CB/MWCNT composites, but it is
not evident for the HDPE/GNP/CB composites due to the lack of nanofiller—nano-
filler network structures. The addition of binary carbon nanofillers exhibits a clear
negative effect on the stress at break and strain at break similar to what was observed
with the unary carbon nanofiller-reinforced system.
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In general, the addition of nanofillers can effectively improve the mechanical, ther-
mal, electrical, and barrier properties of polymers. In addition, the preparation
process and processing parameters of composites also have a great impact on the
structure and properties of composites. Biaxial stretching film technology has the
advantages of high production efficiency and stable quality, which makes the poly-
mer chain alignment along the stretching direction, so as to adjust and improve the
aggregation structure of polymer. It has advantages in strength, rigidity, stability,
optical properties, thickness uniformity, and so on. It has become the most important
advanced green technology in film manufacturing.

Biaxial stretching is not only an advanced film manufacturing process but also
a deformation mode in some processing methods, such as blow molding, thermo-
forming, and extrusion [1-4]. The deformation is essentially biaxial elongation in
a semi-solid or molten state, and it is an easy and efficient method to enhance the
properties of polymer composites. Biaxial stretching used in changing structure,
dispersion, and orientation of neat polymer materials to enhance performances has
been widely studied, such as biaxially oriented polypropylene (BOPP) [5], biaxially
oriented polyethylene (BOPE) [6], and biaxially oriented polyethylene terephthalate
(BOPET) [7]. However, few studies [1,4,8,9] investigate the effect of the process of
biaxial stretching on the performance improvement of composites and applications
of biaxially stretched polymer/carbon nanofiller nanocomposites.

In this chapter, the effect of biaxial stretching process on structure change and
final performances of high-density polyethylene (HDPE)/carbon nanofiller compos-
ites are investigated and discussed. First, the structure evolution, tensile, electrical,
and thermal properties of HDPE/multi-walled carbon nanotube (MWCNT) nano-
composite at different stretching modes (sequential (seq-) and simultaneous (sim-)
biaxial stretching), stretching ratios (SRs), strain rates (sr), and temperatures (T) are
studied and analyzed. Then, a comparative study on the deformation behavior, struc-
tural evolution, and properties of biaxially stretched HDPE/carbon nanofillers com-
posites with 4 wt% MWCNTs, graphene nanoplatelets (GNPs), or carbon blank (CB)
was carried out to investigate the influence of the carbon nanofillers with different
dimensions on the processability of the material and on its final properties after biax-
ial stretching. Furthermore, biaxially stretched binary carbon nanofiller-reinforced
HDPE nanocomposites were conducted at different SRs to explore the synergistic
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FIGURE 3.1 Schematic of uniaxial, seq-biaxial, and sim-biaxial stretching with related
processing parameters (inset: a photograph of the sim-biaxial stretching process of HDPE/
MWCNT composite sheet). HDPE, high-density polyethylene; MWCNT, multi-walled carbon
nanotube.

effects between binary carbon nanofillers after tension and the influence of biaxial
stretching process on the structure and properties of the HDPE/carbon nanofiller
composites. The processes of uniaxial, seq-biaxial, and sim-biaxial stretching modes
with different conditions are shown in Figure 3.1 [10].

3.2 BIAXIALLY STRETCHED HDPE/MWCNT COMPOSITES

First, the influence of the addition of MWCNTS on the biaxial deformation behavior
of sheet samples was studied. Furthermore, the structure evolution and properties of
biaxially stretched HDPE/MWCNT composites and the effect of different stretching
parameters on the properties were investigated. In addition, some uniaxial stretching of
the HDPE/MWCNT composite with 4 wt% MWCNTSs was also conducted in order to
better understand the effect of nanotube alignment on the properties of the composites.

3.2.1 BiaxiaL DEFORMATION BEHAVIOR

Figure 3.2 shows the uniaxial, seq-biaxial, and sim-biaxial strain-stress curves for
stretched neat HDPE sheets and composite sheets containing 4 wt% MWCNTs at
an SR of 3. Figure 3.3 shows the data in bar chart form and includes the initial sheet
modulus and strain hardening index of the material during uniaxial, seq-biaxial, and
sim-biaxial stretching.

A large increase in stretching stress and a significant strain hardening can be
observed during the uniaxial stretching of composite sheets with 4 wt% MWCNTs
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FIGURE 3.2 Strain-stress curves of (a) composite and neat HDPE sheet during unixial
stretching; (b) seq-biaxial stretching, and (c and d) sim-biaxial stretching (MD and TD refer
to the machine direction and transverse direction, respectively). HDPE, high-density polyeth-
ylene; MD, machine direction; TD, transverse direction.

in Figure 3.2a. According to Figure 3.3, the initial sheet modulus (ISM) and strain
hardening index (SHI) of the material increased by 285% and 293%, respectively,
during uniaxial stretching with the addition of 4wt% MWCNTs. The sequential
biaxial stretching process can be regarded as a double continuous uniaxial stretching
process; hence, one can see that the strain-stress curves (Figure 3.2b) and the stretch-
ing properties in the machine direction (MD) (Figure 3.3) during the seq-biaxial
stretching of the composite and neat HDPE sheets are very similar to the ones during
uniaxial stretching. However, the deformation behavior in the transverse direction
(TD) is very different to that in the MD, especially for the composite sheet. There
is almost no elastic deformation or yield behavior in the TD after the first stretching
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FIGURE 3.3 Influence of MWCNTS on the (a) initial sheet modulus and (b) strain hard-
ening index of material during uniaxial, seq-biaxial, and sim-biaxial stretching. MWCNTs,
multi-walled carbon nanotubes.

process in the MD, and a greater strain hardening effect can be seen in Figure 3.2b.
The SHI of the composite in the TD increased by 388% compared with the neat
HDPE according to Figure 3.3b.

The strain-stress curves for sim-biaxial stretching with different stretching con-
ditions are shown in Figure 3.2c and d, respectively. As stated earlier, the strain
hardening is very weak for the neat HDPE at a stretching temperature of 131°C and
a strain rate of 4s7!. In Figure 3.2c¢, it can be observed that an yield peak and some
strain hardening occurs when the strain rate decreases to 1s~!, which may be attrib-
uted to a slower but more stable disentanglement process of the HDPE chains. The
yield peak and strain hardening become much more obvious for the neat HDPE sheet
at a stretching temperature of 128°C and a strain rate of 1s7!, indicating that the
residual crystallites (21.3%) have a significant influence on the deformation behavior
of the neat HDPE sheet. In Figure 3.2d, similar phenomena for the composite with
4wt% MWCNTSs can also be observed. The average values of ISM and SHI increase
by 190% and 462%, respectively, during the uniaxial, seq-biaxial, and sim-biaxial
stretching of the composite sheet.

3.2.2 STRUCTURAL EVOLUTION

The morphology of stretched HDPE/MWCNT composites was examined using SEM
after plasma etching the samples [4]. Figure 3.4 shows the SEM images of compos-
ites containing 8 wt% MWCNTSs sim-biaxially stretched at a strain rate of 4s~! and
the temperature of 131°C with increasing SRs. The existence of numerous MWCNT
network structures consisting of agglomerated and isolated nanotubes in the HDPE
matrix before stretching can be observed in Figure 3.4a. Fewer MWCNT agglom-
erates are observed after biaxial stretching at an SR of 2 (Figure 3.4b), because
some individual nanotubes are pulled out of the agglomerates upon stretching.
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FIGURE 3.4 SEM images of HDPE/MWCNT composites containing 8 wt% MWCNTs at
(@) SR=1 (unstretched), (b) SR=2, and (c) SR=3 (the agglomerated nanotubes are circled,
and the individual nanotubes are indicated by arrows in the micrographs). HDPE, high-den-
sity polyethylene; MWCNT, multi-walled carbon nanotube; SRs, stretching ratios.

The MWCNTs appear to be randomly oriented in the stretching plane after disen-
tanglement. A further breakup of MWCNT agglomerates can be observed as the SR
increases to 3 in Figure 3.4c, and the MWCNTs are further oriented in the stretching
plane. However, the composite containing 8 wt% MWCNTs still has many MWCNT
networks remaining at an SR of 3. The three-dimensional MWCNT networks tend to
transform to two-dimensional network with increasing SR.

Figure 3.5 shows the SEM images of HDPE/MWCNT composites containing
4wt% MWCNTs stretched at different stretching parameters [10]. From Figure 3.5a,
there are some agglomerated and isolated MWCNTs in the unstretched sample. It
can be clearly observed in Figure 3.5b that the MWCNT agglomerates and individual
MWCNTs are well oriented along the uniaxial stretching direction. As shown in
Figure 3.5c, the morphology of the seq-biaxially stretched composite in which fewer
MWCNT agglomerates can be observed is compared with the uniaxially stretched
composite. This is due to the greater disentanglement potential of stretching in two
directions. The MWCNTs appear randomly oriented in the stretching plane after
seqg-biaxially stretching. Figure 3.5d—f shows the sim-biaxially stretched composite
sheet with 4 wt% MWCNTs at sim3sr4T131, sim3srl1T131, and sim3sr1T128, respec-
tively. It can be seen from Figure 3.5d—f that the orientation of the nanotubes is also
random after sim-biaxially stretching.
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FIGURE 3.5 SEM images of HDPE/MWCNT composites containing 4 wt% MWCNTs
with different stretching parameters: (a) unstretched, (b) uni3sr4T131, (c) seq3sr4T131,
(d) sim3sr4T131, (e) sim3srIT131, and (f) sim3srIT128. HDPE, high-density polyethylene;
MWCNT, multi-walled carbon nanotube.

FIGURE 3.6 Area ratio of agglomerates for the HDPE/MWCNT composites as measured
from SEM results. HDPE, high-density polyethylene; MWCNT, multi-walled carbon nanotube.

In order to quantitatively analyze the disentanglement of MWCNT agglomerates
during uniaxial, seq-biaxial, and sim-biaxial stretching, the area ratio of agglomer-
ates (A’y) was calculated from the SEM results in JMicroVision digital image pro-
cessing software. In this calculation, the disentangled agglomerates were regarded as
individual nanotubes, and the results are shown in Figure 3.6.

Here it can be seen that the area ratio of agglomerates only slightly decreases by
about 2% for the uniaxially stretched composite sheet due to insufficient deformation
to break the nanotube agglomerates. However, a significant decrease of about 12% in
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FIGURE 3.7 (a and b) WAXRD spectra, (c) crystallinity, and (d) average crystallite sizes
of HDPE and HDPE/MWCNT composite sheets with increasing SRs. HDPE, high-density
polyethylene; MWCNT, multi-walled carbon nanotube.

area ratio of agglomerates can be seen for the seq-biaxially stretched composite sheet
indicating that many individual nanotubes are pulled out of the agglomerates upon
seqg-biaxial stretching. A clear decrease in the area ratio of agglomerates can also be
seen for all the sim-biaxially stretched samples, and more MWCNT agglomerates
are disentangled at the strain rate of 1s™' and stretching temperature of 128°C due to
the higher stresses transferred at these conditions.

Figure 3.7a and b shows the wide angle X-ray diffraction (WAXRD) spectra for the
unstretched and stretched HDPE and composites with 8 wt% MWCNTs at different SRs.
It can be observed that the two intensive reflection peaks become less intensive after
biaxial deformation in Figure 3.7a and b due to the interference of numerous imperfect
crystallites, especially for the samples with 8 wt% MWCNTSs as a result of the restric-
tion effect of MWCNT network on the mobility of polymer chains [11]. The two weak
peaks are almost undetectable for both filled and unfilled HDPE after biaxial stretching.
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In general, the crystallinity of all the biaxially stretched samples increases by
about 8% due to strain-induced crystallization, as shown in Figure 3.7c. The lower
crystallinities of composites with 8 wt% MWCNTs compared to other samples at all
the SRs indicate that the addition of abundant MWCNTs has an inhibitive effect on
the growth of crystallites. The results of crystallinity from WAXRD agree well with
those from the differential scanning calorimetry (DSC) tests in Section 3.2.3. Figure
3.7d shows the average crystallite sizes in the (110) and (200) reflection planes from

the Scherrer Equation (Lhkl = ) [12] for the stretched HDPE and compos-

Bcos6
ites at increasing SRs. The results show an increasing trend in the average crystal-
lite sizes for all the stretched materials with increasing SR, but the composites with

FIGURE 3.8 DSC thermograms of biaxially stretched HDPE and HDPE/MWCNT samples
with different SRs at (a—c) the first heating and (d) cooling stages. HDPE, high-density poly-
ethylene; MWCNT, multi-walled carbon nanotube; SRs, stretching ratios.
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8wt% MWCNTs have a lesser increase. The presence of imperfect crystallites and
the increase in average crystallite sizes imply a broadened size distribution of crys-
tallites in the stretched samples. This is also supported by the following DSC results.

3.2.3 THERMAL PROPERTIES

The melting and crystallization behaviors of biaxially stretched samples were inves-
tigated by DSC. Some additional structural information can be revealed from the
thermal behavior of the deformed samples in the heating and crystallization stages,
particularly, the first heating stages. The first heating and cooling curves and rel-
evant thermal parameters for the stretched and unstretched samples are shown in
Figure 3.8 and Table 3.1, respectively. A shoulder on the low temperature side of the
melting peak for the stretched samples can be observed in Figure 3.8a—c. This phe-
nomenon can be explained by the less perfect crystallites with a smaller size melting
at lower temperatures [8,9]. Figure 3.8d shows some typical DSC cooling curves of
stretched and unstretched samples. It can be observed that the crystallization behav-
ior is not significantly influenced by biaxial stretching.

As shown in Table 3.1, the crystallinity (X,) of stretched neat HDPE and HDPE/
MWCNT composite with 4wt% MWCNTs obtained from the first heating process
increases by about 10%—15% as a result of strain-induced crystallization, while the crys-
tallinity of stretched composites with 8 wt% MWCNTs increases to a lesser degree (by
~10%) due to the confinement effect of high MWCNT loading on the growth of crystal-
lites. The slightly higher crystallinity from DSC compared with that from WAXRD
may be due to the recrystallization of some imperfect crystallites during the DSC heat-
ing process. A slight increase (about 1°C—-2°C) in melting temperature (7,,) can be found

TABLE 3.1
Thermal Parameters of the Unstretched and Biaxially Stretched Samples
Obtained from DSC Tests

Sample SR X (%) X (%) T+ (°C) W™ (°C) T.(°O)
HDPE 1.0 72.8+3.1 70.4+1.3 133.9+0.2 7.4+0.1 114.0+0.2
2.0 86.6+0.6 77.8+2.1 136.4+0.3 7.6+0.2 113.1+0.3
2.5 86.0+£2.9 76.5+2.3 135.7+0.4 8.2+04 113.7+0.4
3.0 85.7+£2.9 76.3+1.4 135.2+0.2 92+0.2 113.6+0.3
CNT4 1.0 73.9+5.1 70.7+2.4 134.0+0.1 7.7+0.3 116.0+0.2
2.0 84.4+5.0 79.6+1.8 1359+0.4 8.0+0.1 115.7+0.4
2.5 86.1+2.1 785+1.1 136.1+0.7 8.1+0.1 115.7+0.5
3.0 85.5+3.0 78.2+6.1 135.4+0.2 9.0+0.4 1159404
CNTS8 1.0 70.9+3.5 72.6+1.9 133.6+0.3 7.1+0.3 116.2+0.4
2.0 78.0+1.3 76.6+1.3 134.7+0.5 5.5+0.7 116.5+0.3
2.5 80.7+3.4 77.3+2.1 135.1+0.3 8.9+0.4 115.8+0.3
3.0 81.5+3.6 77.5+6.7 134.8+0.2 9.7+0.5 115.9+0.1

CNT, carbon nanotube; HDPE, high-density polyethylene.
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in the first heating stage as a result of the thickening of lamella generated by the oriented
polymer chains [1,13]. The increased width at half height (W) in the first heating curves
of stretched samples indicates the wider distribution of crystallite sizes [14]. Compared
to neat HDPE, the crystallization temperature (7,) of HDPE/MWCNT composites,
regardless of being stretched or unstretched, increases by around 2°C.

3.2.4 TeNsILE PROPERTIES

The mechanical properties of biaxially stretched sheets were investigated by tensile
testing, as shown in Figure 3.9 and Table 3.2. It can be seen in Figure 3.9a—c that the
experimental values of Young’s modulus (E), stress at yield (,), and stress at break (c,,)
of stretched HDPE/MWCNT composites increase steadily with increasing SRs due to
a combination of MWCNT agglomerate disentanglement, polymer molecular orienta-
tion, and MWCNT orientation. The modulus, 6,, and ¢, of the composite with 4 wt%
MWCNTs stretched at sim3sr4T131 increased 27%, 228%, and 46%, respectively. E,
o,, and o, also increase for the pure HDPE sheets up to an SR of 2.5 after which they
drop off. This drop is likely to be due to the relaxation of polymer chains prior to solidi-
fication which is not observed in the materials containing MWCNTs due to restricted
molecular mobility imposed by the oriented nanotubes. The slight temperature increase
caused by adiabatic heating is unlikely to significantly affect the relaxation process.

FIGURE 3.9 Effect of biaxial stretching on (a) Young’s modulus, (b) stress at yield, (c) stress
at break, and (d) strain at break of the different carbon nanofiller-reinforced composites with
increasing SRs. SRs, stretching ratios.
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TABLE 3.2

Changes in the Experimental Values of Tensile Properties of
Biaxially Stretched Samples with the Addition of MWCNTs at a
Strain Rate of 4s~' and a Stretching Temperature of 131°C

Sample SR AE (%) As, (%) Ay, (%) Agy, (%)
CNT4-2.0 2.0 +15.4 +16.6 -3.4 -52.6
CNTS8-2.0 2.0 +32.1 +20.6 +19.3 -74.4
CNT4-2.5 25 +17.6 +9.6 -332 -27.0
CNT8-2.5 2.5 +31.1 +20.6 =73 =57.7
CNT4-3.0 3.0 +40.0 +26.5 +75.5 -71.6
CNTS8-3.0 3.0 +53.8 +85.4 +192.7 -81.8

CNT, carbon nanotube; HDPE, high-density polyethylene; MWCNT, multi-walled car-
bon nanotube.

The experimental modulus values of stretched composites are also com-

pared with the predicted values from the randomly aligned Halpin-Tsai model

E- 3|1+ Encor + 5| 1+ 2nrer

En 8| 1-nLos 8| 1-nros
The predicted values are much higher than the experimental values for the stretched
composite containing 8 wt% MWCNTs. This difference can be attributed to the fact
that aggregated nanotubes still exist after deformation, thus resulting in a lower than
predicted reinforcing effect. The errors between the predicted and experimental
modulus values at an SR of 3 are smaller for the composite with 4 wt% MWCNTs,
since agglomeration is expected to be less for the lower loading.

The ¢, of stretched composites increases by about 100% (Figure 3.9d), which is
mainly attributed to the breakup of MWCNT agglomerates and removal of stress
concentrators. However, it decreases by ~90% for the stretched HDPE at an SR=2.5
due to the orientation of polymer chains and reduced potential for further stretch-
ing. The increase in the ¢, of stretched HDPE at an SR of 3 can be attributed to the
relaxation of polymer chains. Overall, a higher SR has a very positive influence on
the mechanical properties of the HDPE/MWCNT composites. For instance, for the
stretched composite with 8 wt% MWCNTs at an SR of 3, the E and o, increase by
about 54% and 193%, respectively, compared with the unfilled HDPE at the same SR
(Table 3.3). Therefore, the disentanglement and orientation of MWCNTSs, rather than
the orientation of polymer chains, dominates the changes in the mechanical proper-
ties of stretched HDPE/MWCNT composites.

:D The results are also shown in Figure 3.9a.

3.2.5 ELecTRICAL PROPERTIES

The variations in the volume resistivity of biaxially stretched HDPE/MWCNT compos-
ites with different MWCNT loadings as a function of SR were investigated, as shown in
Figure 3.10a. And the shifts in percolation threshold of the stretched HDPE/MWCNT
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TABLE 3.3
The Critical Concentration g, and Critical Exponent ¢ of
Biaxially Stretched HDPE/MWCNT Composites at Different SRs

Parameter SR=1.0 SR=2.0 SR=2.5 SR=3.0
9, 1.9 3.8 3.8 4.9
t 1.9 1.6 1.5 1.1

HDPE, high-density polyethylene; MWCNT, multi-walled carbon nanotube; SRs,
stretching ratios.

FIGURE 3.10 Variations in the volume resistivity of biaxially stretched HDPE/MWCNT
composites as a function of (a) SR and (b) MWCNT loading. HDPE, high-density polyethyl-
ene; MWCNT, multi-walled carbon nanotube; SRs, stretching ratios.

composites at different SRs are plotted in Figure 3.10b. As shown in Figure 3.10a, the
resistivity of neat HDPE and the composite with 1 wt% MWCNTs is barely influenced
by biaxial stretching. However, the resistivity of the composite with 2wt% MWCNTs
increased by nine orders of magnitude at an SR of 2 before leveling off. Presumably,
at this SR, the distance between the nanotubes exceeds the critical maximum distance
(about 1.8nm [15]) for electron hopping. For the composite with 4 wt% MWCNTs, the
resistivity does not increase significantly until an SR of 2.5 is exceeded when it increases
rapidly by about six orders of magnitude when the SR increases to 3.

Shen et al. [1,9] also observed that the resistivity of PP/CNT composites increased
upon initial stretching but as the SR increased beyond 2.5, the resistivity began to
decrease again due to the rebuilding of nanotube conductive networks. This rebuild-
ing process of nanotube networks is not found in the current work about biaxial
stretching HDPE-based composites, which indicates that the polymer matrix may
also have a significant influence on the conductive networks. For example, the high
viscosity of the HDPE used in this study is likely to inhibit the bridging of disen-
tangled nanotubes. It may also be that the rapid crystallization of HDPE prevents
relaxation of molecular orientation at the end of the stretching process. A slowly crys-
tallizing polymer such as PP would allow for some orientation relaxation and thus
greater potential for CNT bridging. There are no obvious variations in the resistivity
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FIGURE 3.11 Changes in the resistivity of stretched HDPE/MWCNT samples at differ-
ent stretching parameters. HDPE, high-density polyethylene; MWCNT, multi-walled carbon
nanotube.

of composite containing MWCNT loadings higher than 6 wt% after biaxial stretch-
ing at increasing SRs. One might assume that at these loadings there is a sufficient
density of nanotubes to maintain a critical distance between nanotubes regardless of
the strain thus forming a robust conductive network in the matrix.

According to the scaling law of percolation threshold, the unstretched HDPE/
MWCNT composites exhibit a low critical concentration of 1.9 wt% MWCNTSs and
a typical three-dimensional system (t=1.9). The electrical resistivity of stretched
samples was also fitted according to the scaling law. The values of @, and ¢ from fit-
ting are shown in Table 3.3. The gradually increasing values of @, imply the destruc-
tion of conductive networks with increasing SRs, and the decreased values of 7 reveal
a transformation of system structure from three-dimensional to two-dimensional.

The volume resistivity of samples stretched at different stretching parameters was
measured in the thickness direction using a high resistivity electrometer, and the
results are shown in Figure 3.11.

The resistivity of all the neat HDPE samples stretched at different stretching
parameters is not changed. However, these stretching parameters influence the resis-
tivity of the stretched composite with 4 wt% MWCNTs. The correlation between the
area ratio of agglomerate A’y (Figure 3.6) and log resistivity of the stretched com-
posite samples is —0.93 with a p value of 0.01. This indicates that fewer secondary
MWCNT agglomerates will lead to higher resistivity. In Socher’s [16], Huang’s [17],
and Alig’s [18] research, it has been reported that secondary nanotube agglomerates
can enhance the conductive networks. The resistivity of uniaxially and sim-biaxially
stretched composites stretched at a strain rate of 4s~! and stretching temperature of
131°C increases by ~107 and ~10° Q-cm, respectively. However, due to more disen-
tanglement of secondary nanotube agglomerates, the resistivity of the seq-biaxially
stretched composite samples and the sim-biaxially stretched composite samples
stretched at a strain rate of 1s™! increases by ~10'? and ~10" Q-cm, respectively.
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3.3 BIAXIALLY STRETCHED UNARY CARBON
NANOFILLER-REINFORCED COMPOSITES

In this section, a comparative study of biaxially stretched HDPE/carbon nanofiller-
reinforced composites with 4 wt% MWCNTs, GNPs, or CB was performed in order
to investigate the influence of different carbon nanofillers on the performance of
biaxially stretched nanocomposites. The final mechanical, electrical, and gas barrier
properties of the HDPE/carbon nanofiller composites are affected by biaxial defor-
mation and the magnitude of the effect depending on the dimensional shapes of the
carbon nanofillers. In this study, the sim-biaxially stretched samples were stretched
at a stretching temperature of 131°C; a strain rate of 4s7'; and SRs of 2, 2.5, and 3.

3.3.1 BiaxiAL DEFORMATION BEHAVIOR

The deformation behavior of carbon nanofillers with different dimensions reinforced
composites during the process of biaxial stretching is compared, as shown in Figure 3.12.
A remarkable strain hardening behavior for the 4 wt% carbon nanofiller composites
upon biaxial stretching can be observed in Figure 3.12a, and the reinforcement effec-
tiveness of the nanofillers in strain hardening behavior is CB <MWCNTs < GNPs.

FIGURE 3.12 Effect of carbon nanofillers with different dimensions on the (a) strain-stress
curves, (b) ISM, and (c) SHI of the unary carbon nanofiller-reinforced composites during
biaxial stretching. ISM, initial sheet modulus; SHI, strain hardening index.
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The tendency of the ISM and SHI of the HDPE/carbon nanofiller composites during
biaxial stretching is homologous, as shown in Figure 3.12b and c, respectively.

3.3.2 THERMAL PROPERTIES

The melting and crystallization behavior of the biaxially stretched unary carbon
nanofiller-reinforced composites was investigated by DSC [19]. The relevant ther-
mal parameters obtained from the first heating and cooling stages are shown in
Figure 3.13. Regardless of the types of carbon nanofiller, the crystallinity of all the
stretched samples obtained from the first heating process increases by about 10%—
15% (Figure 3.13a), which is slightly higher than the crystallinity from WAXRD.

In Figure 3.13b, a slight increase (about 1°C-2°C) in 7,, can be observed in the
first heating stage for all the stretched samples due to the presence of crystallites with
increased size. The smaller W, for the stretched HDPE/GNP and HDPE/CB compos-
ites indicates that there might be a narrower distribution of crystallite sizes in these
systems compared to the unfilled and 4 wt% MWCNT-filled HDPE (Figure 3.13c).

FIGURE 3.13 Thermal parameters of the biaxially stretched different carbon nanofiller-
reinforced composites with increasing SRs: (a) crystallinity, (b), melting temperature, (c)
width at half height, (d) crystallization temperature. SRs, stretching ratios
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It can be observed in Figure 3.13d that the crystallization temperatures of the differ-
ent carbon nanofiller-reinforced composites are not significantly affected by biaxial
deformation.

3.3.3 StrRucTURAL EvoLuTION

The morphology of unstretched and biaxially stretched HDPE/carbon nanofiller com-
posites containing 4 wt% MWCNTs was observed by SEM, as shown in Figure 3.5
in Section 3.2.2. And the SEM images of the unstretched and stretched HDPE/GNP
and HDPE/CB composites are shown in Figure 3.14. It can be seen in Figure 3.14a
and b that the GNPs and CBs are typical two-dimensional and zero-dimensional
shape characteristics, respectively, which are to aggregate due to strong van der
Waals forces. From Figure 3.14c and d, the randomly aligned GNPs in HDPE/GNP
composite tend to align parallel to the surface of the sample with much less wrinkles
after biaxial stretching, and the exfoliation or slippage of GNPs could occur to some
extent under the shear force. The clustered CB in HDPE/CB composite is dispersed
more evenly in the matrix with increasing SRs.

The changes in the crystalline structure and percentage crystallinity of neat HDPE
and HDPE/carbon nanofiller composites before and after biaxial stretching were inves-
tigated by WAXD [19]. Figure 3.15a—d shows the WAXD spectra for the unstretched

FIGURE 3.14 SEM images of unstretched (a) HDPE/GNP, (b) HDPE/CB composites and
stretched (c) HDPE/GNP, and (d) HDPE/CB composites (SR =3). CB, carbon blank; GNP,
graphene nanoplatelet; HDPE, high-density polyethylene; SRs, stretching ratios.
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FIGURE 3.15 (a—d) WAXRD spectra, (e) crystallinities, and (f) average crystallite sizes of
neat HDPE and HDPE/carbon nanofiller composite sheets with increasing SRs.

and stretched HDPE and composites containing 4 wt% carbon nanofillers at different
SRs. Figure 3.15¢ and f shows the changes in crystallinities and average crystallite
sizes of the samples after biaxially stretching with increasing SRs, respectively. From
Figure 3.15a—d, the intensity of the reflection peaks of stretched neat HDPE becomes
less intensive due to the interference of numerous imperfect crystallites. In addition,
the reflection peaks of the stretched HDPE/GNP and HDPE/CB composites are obvi-
ously weaker compared to unstretched samples probably due to a stronger restriction
effect of GNPs and CB on the mobility of polymer chains resulting in more imperfect
crystallites. This is supported by the smaller average crystallite sizes for the stretched
HDPE/GNP and HDPE/CB composites compared to the HDPE/MWCNT composite
in Figure 3.15f. As shown in Figure 3.15e, the crystallinity of the unstretched samples
is barely changed with the addition of carbon nanofillers, but that of all the biaxially
stretched samples increase by about 8%—12% regardless of the shape characteristics
of the carbon nanofillers. This indicates that strain-induced crystallization dominates
the increase in crystallinity for the stretched samples.

The melting and crystallization behavior of the biaxially stretched HDPE/carbon
nanofiller composites were investigated by DSC [19]. The relevant thermal param-
eters obtained from the heating and cooling stages are shown in Figure 3.16. The
crystallinity of all the biaxially stretched carbon nanofiller-reinforced composite
samples obtained from the heating process increases by about 10%—15%, as shown
in Figure 3.16a, which is slightly higher than the crystallinity from WAXD. In
Figure 3.16b, a slight increase in 7,, is observed in the heating stage for stretched
samples due to the presence of crystallites with increased size. It can be observed
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FIGURE 3.16 (a) Crystallinities, (b) melting temperature, and (c) crystallization tempera-
ture of the biaxially stretched HDPE/carbon nanofiller composites with increasing SRs.
HDPE, high-density polyethylene; SRs, stretching ratios.

in Figure 3.16¢ that the 7, increased slightly for all the carbon nanofiller-reinforced
composites compared with the neat HDPE due to the nucleation effect of carbon
nanofiller. Besides, the 7, of neat HDPE and composites and the nucleation effect of
nanofillers are not significantly affected by biaxial deformation. Furthermore, the
higher 7. of the HDPE/MWCNT composite indicates that the one-dimensional nano-
tubes may more effectively facilitate the nucleation of HDPE.

3.3.4 TeNsILE PROPERTIES

The tensile properties of the unstretched and stretched HDPE/carbon nanofiller com-
posites with the addition of 4 wt% carbon nanofillers were investigated, as shown
in Figure 3.17 and Table 3.4. As shown in Figure 3.17a, the E of unstretched HDPE/
nanofiller composites increased with the addition of 4wt% carbon nanofillers.
In Table 3.4, the unstretched composite filled with GNPs with the highest aspect
ratio exhibits the highest reinforcement compared with the neat HDPE in modulus.
Besides, the addition of carbon nanofillers has a negative effect on the ¢, and €, of
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FIGURE 3.17 Effect of biaxial stretching on the (a) Young’s modulus, (b) stress at break,
and (c) strain at break of neat HDPE and HDPE/carbon nanofiller composites with increasing
SRs. HDPE, high-density polyethylene; SRs, stretching ratios.

the unstretched sheets due to the presence of agglomerates, regardless of the dimen-
sionality of the nanofiller.

In Figure 3.17a, the modulus of the stretched HDPE and HDPE/CB composite
increases up to an SR of 2.5 followed by a decrease, indicating that the addition of
CB does not dominate the changes in modulus for the stretched HDPE/CB composite
samples due to the relatively weak reinforcement effectiveness of CB on modulus.
On the contrary, due to a combination of the nanofiller deagglomeration and orienta-
tion which exert a restraining effect on the polymer [4,20], the modulus of HDPE/
GNP and HDPE/MWCNT composites increases steadily with increasing SRs.

From Figure 3.17b and c, the o, and ¢, of all the stretched carbon nanofiller-
reinforced composites are increased and stretched HDPE/CB composites exhibit
the highest increase, which is probably attributable to a more intensive breakup of
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TABLE 3.4
Effect of the Addition of 4 wt% Carbon Nanofillers on the Tensile
Properties of Biaxially Stretched Samples at SRs of 2, 2.5, and 3

Sample SR AE (%) Aoy, (%) Agy, (%)
CNT4 2.0 +15.4 =34 -52.6
GNP4 +46.0 +49.2 —54.3
CB4 +6.9 +68.7 =32
CNT4 2.5 +17.6 -33.2 -27.0
GNP4 +45.6 —-16.6 -124
CB4 +11.4 +24.9 +20.3
CNT4 3.0 +40.0 +75.5 =71.6
GNP4 +63.1 +139.5 —65.6
CB4 +15.4 +204.4 -53.6

CB, carbon blank; CNT, carbon nanotube; GNP, graphene nanoplatelet; SRs, stretching
ratios.

CB clusters during biaxial deformation. In addition, Table 3.4 shows that GNPs
exhibit the most efficient reinforcement in E for the biaxially stretched samples,
while the CB exhibits the most efficient reinforcement in o,. At an SR of 3, the E
of the HDPE/GNP composite increased by about 63%, and the o, of the HDPE/
CB composite increased by about 204%, compared with the neat HDPE at the
same SR.

3.3.5 ELecTrICAL PROPERTIES

The volume resistivities of HDPE/carbon nanofiller composites with a concentra-
tion of 4 wt% as a function of SR during biaxial stretching are shown in Figure 3.18.
The addition of carbon nanofillers efficiently decreases the resistivity of unstretched
nanocomposites, and MWCNTs are efficient to generate conductive networks, which
are likely to be due to one-dimensional particles easy to entangle and form networks.
In addition, the resistivity of stretched HDPE/GNP composite slightly increases and
levels off at a high resistivity can be observed in this study, which is different from
the results obtained by Du et al. [21]. This is probably attributed to the distance
between the GNPs being higher than the critical maximum distance for electron hop-
ping after biaxial deformation. Furthermore, the resistivity of the stretched HDPE/
CB composite increased by over 10° Q-cm due to the destruction of the high struc-
ture of CB and increased interparticle distance. A similar increase in resistivity for
unixially deformed PP/CB composites has been obtained by Deng et al. [22]. From
the comparison of the resistivity of the biaxially stretched HDPE/carbon nanofiller
composites with increasing SRs, finding that the MWCNT-filled composites exhibit
a more robust conductive network as a result of more interlacing or entanglement of
one-dimensional nanotubes.
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FIGURE 3.18 Volume resistivities of HDPE/carbon nanofiller composites with a concentra-
tion of 4 wt% as a function of SR during biaxial stretching. HDPE, high-density polyethylene;
SR, stretching ratio.

FIGURE 3.19 Permeability coefficient of the unstretched (a) and biaxially stretched sam-
ples (b) at SR=3 and “Tortuous path” model for the HDPE/GNP composite. GNP, graphene
nanoplatelet; HDPE, high-density polyethylene; SR, stretching ratio.

3.3.6 BARRIER PROPERTIES

Oxygen permeability of the unstretched and stretched samples at SR =3 was character-
ized to investigate the influence of the addition of carbon nanofiller and biaxial stretch-
ing on the barrier properties of the materials, as shown in Figure 3.19. The permeability
coefficient of unstretched HDPE/GNP composite drastically decreased by 64% due
to the two-dimensional shape and very high aspect ratio of GNPs. The addition of
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MWCNTs and CB can improve barrier properties of the polymer composites slightly,
and biaxial stretching further improves the barrier properties of neat HDPE, HDPE/
MWCNT, and HDPE/CB composites compared with unstretched samples, which is
likely attributed to the increased crystallinity of the stretched samples [23]. In addition,
biaxial stretching significantly decreases the permeability coefficient of the HDPE/
GNP composite by two orders of magnitude due to the parallel alignment of GNPs
in the stretching plane increasing the tortuous path of gaseous molecules, while the
one-dimensional shape of CNTs and spherical shape of CB limit their effectiveness in
improving the barrier properties of the polymer composites.

3.4 BIAXIALLY STRETCHED BINARY CARBON NANOFILLER-
REINFORCED COMPOSITES

In this section, biaxial stretching of the composites containing 4 wt% binary car-
bon nanofillers (nanofiller weight ratio = 1:1) was conducted to investigate the effect
of carbon nanofillers on material deformation behavior and the influence of biaxial
deformation on the structure and properties of the deformed material. Furthermore,
the possible synergistic effects between the two different types of carbon nanofillers
after the orientation and deagglomeration of nanofillers were also explored in this
study. In this work, the samples were sim-biaxially stretched at a strain rate of 4s-!
and a stretching temperature of 131°C with increasing SRs of 2, 2.5, and 3.

3.4.1 StrucTURAL EvoLUTION

Figure 3.20 shows the structures of the unstretched and biaxially stretched HDPE/
GNP/MWCNT, HDPE/CB/MWCNT, and HDPE/GNP/CB composites. It can be

FIGURE 3.20 SEM images of unstretched and biaxially stretched binary carbon nanofiller-
reinforced composites: (a,d) HDPE/GNP/MWCNT, (b,e) HDPE/CB/MWCNT, and (c,f)
HDPE/GNP/CB. CB, carbon blank; GNP, graphene nanoplatelet; HDPE, high-density poly-
ethylene; MWCNT, multi-walled carbon nanotube.
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observed in Figure 3.20 that the morphological evolution of the carbon nanofillers
in the matrix is not disrupted by the presence of another nanofiller during biaxial
deformation. By way of example, the GNPs are aligned parallel to the surface of the
stretched HDPE/GNP/MWCNT composite after biaxial stretching at an SR of 3, and
the MWCNTs are disentangled and randomly oriented in the stretched sample, as
shown in Figure 3.20a and b. By comparing the morphologies of the unstretched and
stretched composites, it can be seen that the carbon nanofillers are dispersed more
uniformly in the matrix for all the binary carbon nanofiller-reinforced composites
after biaxial stretching.

The WAXRD spectra for the unstretched and stretched composites contain-
ing 4wt% binary carbon nanofillers at different SRs are shown in Figure 3.21a—c.
Figure 3.21d and e shows the changes in crystallinities and average crystallite sizes
of the samples after biaxially stretching with increasing SRs, respectively. It can be
observed in Figure 3.21a—c that the intensity in the (110) and (200) reflection planes
for all the stretched samples decreases and a clear reflection peak in the (002) plane
of graphene layers still exists for the stretched HDPE/GNP/MWCNT and HDPE/
GNP/CB composites with different SRs. In Figure 3.21d, the crystallinity of all the
biaxially stretched samples increases by about 8%—10%, indicating the crystallinity
of the stretched samples is barely influenced by the addition of binary carbon nano-
fillers. However, the addition of binary carbon nanofillers results in the smaller aver-
age crystallite sizes for the stretched binary carbon nanofiller-reinforced composites,
especially for the stretched HDPE/GNP/CB composites, as shown in Figure 3.21e. In
Section 3.3.3, it was found that the GNPs and CB exhibit a strong restriction effect on
the mobility of polymer chains, resulting in more imperfect crystallites.

3.4.2 THERMAL PROPERTIES

The melting and crystallization behavior of the biaxially stretched binary carbon
nanofiller-reinforced composites were investigated using DSC. The relevant thermal
parameters obtained from the first heating and cooling stages are shown in Figure
3.22. Tt can be observed in Figure 3.22a that the crystallinity of all the stretched
samples increases by about 10%—15%. In Figure 3.22b, a slight increase (about 1°C—
2°C) in melting temperature can also be observed in the first heating stage for all
the stretched samples due to the presence of crystallites with increased size. The
decreased values in W, for the stretched binary carbon nanofiller-reinforced com-
posites indicate a narrower distribution of crystallite sizes compared to the stretched
neat HDPE samples (Figure 3.22c¢). It can be seen in Figure 3.22d that the crystal-
lization temperatures of all the neat HDPE and binary composite samples are also
not significantly influenced by biaxial stretching. Overall, there is no significant dif-
ference in the thermal properties between the stretched unary and binary carbon
nanofiller-reinforced composites.

3.4.3  TeNsILE PROPERTIES

Figure 3.23 shows the tensile properties of the biaxially stretched binary carbon nano-
filler-reinforced composites [24]. The effect of the addition of 4 wt% binary carbon
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FIGURE 3.21 (a—c) WAXRD spectra, (d) crystallinity, and (e) average crystallite sizes of
binary carbon nanofiller-reinforced composite sheets with increasing SRs.

nanofillers on the tensile properties of biaxially stretched samples with increasing
SRs is shown in Table 3.5. It can be observed in Figure 3.23a that the modulus of the
stretched composites containing 4 wt% binary carbon nanofillers increases steadily
with increasing SRs due to the deagglomeration and orientation of nanofillers. The
modulus of HDPE/GNP/MWCNT composites is clearly higher than the modulus of
HDPE/CB/MWCNT and HDPE/GNP/CB composites at all the SRs. The predicted
modulus from the Halpin-Tsai model (Eb = En + AE1+ AE2) for the binary carbon
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FIGURE 3.22 Thermal parameters of the biaxially stretched binary carbon nanofiller-rein-
forced composites with increasing SRs: (a) crystallinity, (b), melting temperature, (c) width at
half height, (d) crystallization temperature. SRs, stretching ratios.

nanofiller-reinforced composites at different SRs is also shown in Figure 3.23a. It
should be noted that the contribution to modulus from the GNPs in the stretched

HDPE/GNP/MWCNT and HDPE/GNP/CB composites was predicted by the parallel
E _1+8ngs

orientation Halpin-Tsai model | —
p En 1- T’(D f

from the MWCNTs and CB was predicted by the random orientation Halpin—Tsai
E- 3| 1+&nwer | 5| 1+2nrer

model | — =~ +—
) 1-nrer

, while the contribution to modulus

En 8 8
acteristics of the stretched binary carbon nanofiller-reinforced composites in Figure
3.20. It can be seen from Figure 3.23a that the predicted modulus for all the stretched
HDPE/GNP/MWCNT and HDPE/GNP/CB composites is higher than the experi-
mental values. This may indicate that the parallel orientation Halpin-Tsai model is

D, according to the morphological char-
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FIGURE 3.23 Effect of biaxial stretching on the (a) Young’s modulus, (b) stress at break,
and (c) strain at break of binary carbon nanofiller-reinforced composites with increasing SRs.
SRs, stretching ratios.

not suitable for the stretched composites containing GNPs in this case. The errors
between the predicted modulus and experimental modulus for the stretched HDPE/
CB/MWCNT composite are much smaller.

It can be seen in Figure 3.23b that the stress at break of all the stretched binary
carbon nanofiller-reinforced composites is significantly increased, especially for the
stretched HDPE/GNP/CB composites. The strain at break of the binary composite
samples is also increased due to the deagglomeration of nanofillers during biaxial
deformation, as shown in Figure 3.23c.

One can see in Table 3.5 that the HDPE/GNP/MWCNT composite still exhibits
the most efficient reinforcement in modulus after biaxial stretching due to the high
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TABLE 3.5

Effect of the Addition of 4wt% Binary Carbon Nanofillers on the Tensile
Properties of Samples Sim-Biaxially Stretched at a Strain Rate of 45" and a
Stretching Temperature of 131°C

Sample SR AE (%) Aoy, (%) Agy, (%)
GNP2CNT2 2 +48.1 +18.5 -58.0
CB2CNT2 +10.5 -1.7 -74.5
GNP2CB2 +21.1 +62.5 -30.2
GNP2CNT2 2.5 +43.2 +1.5 -24.7
CB2CNT2 +7.4 -32.6 -35.7
GNP2CB2 +15.2 +12.2 -12.0
GNP2CNT2 3 +65.3 +186.1 —63.3
CB2CNT2 +27.6 +68.8 =717
GNP2CB2 +29.4 +255.6 —-64.2

CB, carbon blank; CNT, carbon nanotube; GNP, graphene nanoplatelet; SR, stretching ratio.

aspect ratios of GNPs and MWCNTs, while the HDPE/GNP/CB composite exhibits
the most efficient reinforcement in stress at break after biaxial deformation due to the
high aspect ratio of GNPs and the intensive deagglomeration of CB. At an SR of 3,
the E of the HDPE/GNP/MWCNT composite increases by about 65% and the o, of
the HDPE/GNP/CB composite increases by about 256%, compared with the unfilled
HDPE. By comparing the effect of 4 wt% unary and binary carbon nanofillers on the
tensile properties of biaxially stretched samples (Tables 3.4 and 3.5), it is found that
there is no evident synergistic effect between the binary carbon nanofillers in the
tensile properties of the stretched samples.

3.4.4 ELecTRICAL PROPERTIES

The variations in the volume resistivity of the biaxially stretched composites with
4wt% binary carbon nanofillers with increasing SRs are shown in Figure 3.24. It can
be observed in Figure 3.24 that the stretched HDPE/GNP/CB composites at all the
SRs level off at a high resistivity.

The resistivity of the HDPE/GNP/MWCNT composites increased by nine to ten
orders of magnitude after biaxial stretching, although the parallel GNPs appear to be
bridged by the randomly oriented MWCNTs in Figure 3.20d. This can be attributed
to the distance between the GNPs and MWCNTs being still higher than the critical
maximum distance for electron hopping after biaxial deformation. Also, the resis-
tivity of the stretched HDPE/CB/MWCNT composites increases significantly due
to the destruction of conductive pathways, as shown in Figure 3.24. Wen et al. [25]
reported a grape-cluster-like conductive network in a PP/CB/MWCNT composite
prepared by multistage stretching extrusion, where the oriented MWCNTs (branch-
like) provided charge transport over large distances, while the grape-like CB clusters
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FIGURE 3.24 Variations in the volume resistivity of biaxially stretched binary carbon
nanofiller-reinforced composites as a function of SRs. SRs, stretching ratios.

bridged the MWCNTSs through charge transport over small distances. However, this
grape-cluster-like conductive network was not generated in this study, which may be
attributed to the grape-like CB clusters (or high structure CB) being deagglomerated
during biaxial deformation (Figure 3.20b).

Comparing the resistivity of the stretched binary carbon nanofiller-reinforced com-
posites (Figure 3.24) with that of the stretched composite containing 4 wt% MWCNTs
(Figure 3.10) under the same stretching conditions, one can see that the MWCNT-
filled composites exhibit less increase in resistivity with increasing SRs. Therefore, it
is found from this work that it is very difficult to avoid the destructive effect of biaxial
stretching on the conductive network even for mixed particle systems.

3.4.5 BARRIER PROPERTIES

The oxygen permeability coefficient (P,) of the unstretched and biaxially stretched
samples at an SR of 3 was measured to investigate the effect of binary nanofillers
and biaxial stretching on barrier properties, as shown Figure 3.25 [24]. The P, of
unstretched HDPE/CB/CNT composite shows a slight decrease of around 10% com-
pared with the neat HDPE. However, the P, of both unstretched HDPE/GNP/CNT
and HDPE/GNP/CB composites 51gn1ﬁcantly decreased by about 35% due to the pres-
ence of GNPs that have a very high aspect ratio and typical two-dimensional struc-
ture resulting in an increased tortuosity in the diffusion path of gaseous molecules.
The P, of the stretched HDPE and HDPE/CB/CNT composite decreased by ~10%
probably due to increased crystallinity of the stretched samples [23]. Importantly,
the P, of stretched HDPE/GNP/CNT and HDPE/GNP/CB composites decreased
by 88% and 97%, respectively, compared with the unstretched ones, demonstrating
that the parallel alignment of GNPs to the stretching surface improves the barrier
property of the composites. The spherical CB served as spacers may facilitate the
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FIGURE 3.25 Effect of biaxial stretching on the permeability coefficient of the composites.

realignment and deagglomeration of GNPs in the HDPE/GNP/CB composite upon
biaxial stretching, resulting in the lowest P, (see the schematic “tortuous path” for the
HDPE/GNP composite in Section 3.4.6).

3.5 BIAXIAL STRETCHING OF PP/MWCNT AND
TPU/MWCNT/RGO COMPOSITES

This chapter also summarizes several studies on biaxially stretched PPAMWCNT and
TPU (thermoplastic polyurethane)/ MWCNT/rGO (reduced graphene oxide) composites.
For instance, Shen et al. [1,9] investigated the development of carbon nanotube network
in PP/CNT nanocomposites, reveling a special process of destruction and rebuilding of
conductive network during simultaneous biaxial stretching. They found that during the
sim-biaxial stretching (SIB stretching), the conductivity of composite decreased at the
initial stretching, while the conductivity began to increase with the SR increased beyond
2.5%2.5 (Figure 3.26). A similar trend was found in the recently published biaxially
stretched TPU/rGO and TPU/MWCNT/rGO composites [26], as shown in Figure 3.27.
However, the rebuilding process of conductive networks was not observed in the stud-
ies on biaxially stretched CNT composites with some other polymer matrices, such as
PET/MWCNT and HDPE/MWCNT [4,8]. There are many possible reasons for these
differences in the structural evolution and final electrical and mechanical properties of
samples, such as polymer matrix, strain rate, stretching mode, and stretching tempera-
ture. More work is required to achieve a better understanding of structure evolution and
properties of polymer/carbon nanofiller composites under biaxial tension.

Recently, rGO decorated with immobilized CNTs was introduced into a TPU
matrix to obtain a conductive nanocomposite, then the obtained TPU/CNT/rGO

Z
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FIGURE 3.26 Electrical resistivities of iPP/CNT composites containing 2.2 vol.% CNTs as
a function of draw ratios during sim-biaxial (SIB) and seq-biaxial (SEB) stretching.

sheets sequentially biaxially stretched to produce thin flexible films for sensing
applications [26].

The improvement of strain sensing performance of flexible strain sensors indi-
cates that the biaxial stretching process is beneficial to promote the dispersion of
nanofillers in the TPU and reconstruct the conductive network resulting in a sen-
sor with enhanced sensitivity compared to the unstretched sensors. For instance, a
high sensitivity (Gauge factor/GF =150 at 30% strain) obtained in the TPU/rGO,,,
composite with an SR of 4 in each direction, but the sensor has a limited strain
range detection (0%—150%) and low linearity (R>=0.76 at a strain of 30%). The TPU/
CNT/GO,,, sample is less sensitive (GF=42.3 at 30% strain) than TPU/rGO,,,
but has a higher linearity (R?=0.91 at a strain of 30%) and a larger detectable range
(0%—400%). This is due to the fact that while the rGO sheets are prone to slippage
under an external force, inducing irreversible destruction to the conductive network
structure, the addition of CNTs improves the resistance of the conductive network to
deformation through a synergy with rGO [27] (Figure 3.28).

The strain sensor designed in the work was found to be suitable for the detec-
tion of physiological activities and human body health, such as touch sensing, finger
movement, heart rate recognition, exhalation, swallowing, and language recognition
(Figure 3.29) [26].



Biaxially Stretched Conductive Polymer Composites 73

FIGURE 3.27 Electrical resistivity of TPU/rGO and TPU/CNT/rGO composite changes as
a function of SR. rGO, reduced graphene oxide; TPU, thermoplastic polyurethane.

FIGURE 3.28 Relative resistance change (AR/R,) of unstretched and biaxially stretched
composites as a function of strain.
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FIGURE 3.29 Electromechanical responses of the sensor to (a) index finger and (b) wrist
bending/unbending; (c) swallowing; (d) heart rate recognition; (¢) mouth opening; and (f)
speaking “Do”, “Belong”, and “Library”.

3.6 CONCLUSIONS

Compared with traditional methods, composite sheets prepared via biaxial stretching
have advantages in strength, rigidity, stability, optical properties, thickness uniformity,
and so on. In this chapter, the effect of biaxial stretching on the properties of polymer
composites with conductive carbon nanofillers has been summarized. A suitable SR
and careful choice of nanofiller can provide polymer nanocomposite materials with
a unique structure and morphology as well as a high orientation degree to enhance
mechanical, electrical, and barrier properties. As multifunctional high-performance
materials, biaxially stretched polymer/carbon nanofiller nanocomposites have a sig-
nificant potential for application in the fields of packaging and strain sensors, etc.
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4.1 INTRODUCTION

Blown film extrusion is an important polymer manufacturing process [1-3] used to
produce commodity and specialized polymer films, typically used in packagings
such as shrink, stretch, barrier films (used to protect deli meat), frozen food packag-
ing, and shopping bags. The schematic diagram for the blown film extrusion is shown
in Figure 4.1 [4]. The blown film extrusion roughly includes the following processes:
the first step involves melting the polymer in an extruder [5]. Polymer resin, often in
the form of beads, is loaded into a hopper and fed into a heated barrel with a screw
that transports the polymer down the barrel. Beads are gradually heated to melt
the polymer. The heat profile is an important part of extrusion since the polymers
are temperature sensitive. When the molten material reaches the end of the barrel
[6], it is extruded through a die. This point differentiates blown film extrusion from
other extrusion processes [7]. The molten polymer enters the die head, and the air is
injected via a hole in the die center to radially inflate the polymer into a thin tube.
This step is adjusted to achieve the desired film thickness and width.

The blow-up ratio (BUR) and the draft ratio are two important parameters in blown
film extrusion. The BUR is the ratio of the diameter of the membrane tube after blow-
ing to the diameter of the annular die. Whereas, the draft ratio is the ratio of the traction
speed of the traction roller to the melt extrusion speed at the die mouth. During blowing
and stretching processes, the molecules show a directional effect, and the draft ratio in
the longitudinal or machine direction (MD) and the BUR in the transverse direction
(TD) are always equal. The film with the best physical and mechanical properties is
obtained by correctly selecting the BUR and drafting ratio. In practice, films with dif-
ferent thicknesses are often obtained with the same die and different traction speeds;
therefore, the longitudinal and transverse strength of films is often different.

The hot tube film is then cooled, typically with high-speed air, and pulled upward
by nip rollers. In the medium-to-large-size film lines, this vertical tube extends sev-
eral stories into the air. When the film crystallizes after cooling, it is called the frost
line. As the tube reaches the nip rollers, at the top of the line, the film is cooled
enough to flatten and then referred to as lay-flat or collapsed. The film is then trans-
ported downstream by rollers for further processing, such as slit, printed, vented,
converted into bags, and eventually wound into rolls.

Blown film extrusion is a polymer processing technique to efficiently produce thin
polymer films. Although several billion pounds of polymers are processed into films
by blown film extrusion every year, and this technique has been investigated for pure
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FIGURE 4.1 The schematic diagram of the blown film extrusion forming process.

polymers in some previous articles [8], however, there are very few studies available
on the blown film extrusion of polymer/carbon nanofiller composites. Therefore, the
research on blown film extrusion of polymer/carbon nanofiller composites is exten-
sively reviewed in this chapter [9].

4.2 BLOWN FILM EXTRUSION OF THERMOPLASTIC
POLYURETHANE/CNTs

Thermoplastic polyurethane (TPU) is a linear block copolymer characterized by hard
segments (HSs) and soft segments (SSs). HSs are made from diisocyanate, while the
SSs consist of long flexible polyether or polyester chains that interconnect two HSs. In
particular, the HSs act as multifunctional tie points working as both physical cross-
links and reinforcing fillers, while the SSs primarily influence the elastic properties of
TPU. This special chemical structure imparts very interesting characteristics, such as a
wide range of operating temperature and harness options, excellent wear and tear resis-
tance, good non-polar solvent resistance, high compression, and high tensile strength.
To improve and develop the application field of TPU, some specific properties such
as mechanical or dielectric properties can be adjusted by adding nanofillers. P. Russo
et al. [10] used CNT as reinforcing fillers in TPU composites to investigate the effects
of different processing conditions on the properties of blown extruded composite films.

4.2.1 MORPHOLOGY

The dispersion of nanofillers is usually affected by aggregation, which determines
the reduction of their effectiveness. Figure 4.2 compares cryo-fractured surface
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FIGURE 4.2 Comparison of TEM micrographs of TPU-based film samples containing
1 wt% CNTs and obtained by (a) chill-roll extrusion and (b) film blowing technologies.

TABLE 4.1
Interdomain Spacing and Phase Separation Degree Values of
TPU and Nanocomposites

Preparation Sample Interdomain Phase Separation
Method (CNT Content) Spacing (nm) Degree
Blown film EL 1185A (0 wt%) 7.50 0.740
extrusion 0.2wt% 8.32 0.758
0.5 wt% 8.66 0.760
1 wt% 8.88 0.770

images (at the same magnification) of polymers prepared using (a) chill-roll extru-
sion and (b) film blowing technology. In terms of distribution of fillers, the chill-roll
extrusion technology ensures that the dispersion of the contained nanotubes is better
than the blowing conditions.

4.2.2 STRUCTURE

The degree of phase separation values is reported in Table 4.1. For blown extruded
composite films, the domain spacing increases with multi-walled carbon nanotube
(MWCNT) content. This is in good agreement with the findings of Xia et al [11].
Figure 4.3 shows the interdomain spacing values as a function of the degree of phase
separation for TPU and the related nanocomposite films. The domain spacing of
blown extruded composite films increases linearly with the degree of phase separa-
tion (DPS). In particular, the higher the DPS, the higher the distance between the
hard and soft domains. An increase in CNT content leads to an increase in hard
domain size, regardless of the processing technology [10].

Different morphologies observed for nanocomposite film samples are ascribed
to the effect of different cooling rates on the mechanism of nucleation, growth, and
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FIGURE 4.3 Interdomain spacing as a function of the degree of phase separation for neat
TPU and nanocomposites prepared by film blowing.

TABLE 4.2

Tensile Parameters of All Investigated Film Samples
Sample (CNT content) E (MPa) ey, (%) Gmax (MPa)
EL 1185A (0wt%) 10.1+1.0 730423 243+3.8
0.2wt% 12.6+2.8 574457 9.7+2.1
0.5wt% 13.2+4.1 627+56 104+1.7
1 wt% IL.1+1.7 608 +21 11.9+1.1

self-assembly of hard domains. At relatively low cooling rates, the HSs maintain
sufficient mobility for a longer time in film blowing technology. Thus the HSs, as
well as the nucleated hard domains, may further self-assemble to form larger hard
domains. About 0.5wt% CNT nanocomposite is annealed at 85°C for 15 minutes,
and the results reveal that low cooling rates allow the growth of small hard domains
into larger domains through a self-assembling mechanism.

4.2.3 TeNsILE PROPERTIES

For the tensile behavior, mainly longitudinal studies, the properties of pure TPU film
and CNT film are shown in Table 4.2. With the increase in CNT content, the tensile
stiffness is improved, and the tensile strength is halved; however, the effect of elonga-
tion at break is not obvious, increasing slightly from 0.2 to 1 wt%. This is explained
by the balance between the stiffening due to the filler and the orientation and/or
organization of the dispersed phase in the amorphous regions and the TPU softening
for the mutual organization of the hard matrix segments and domains.

Z



Blown Film Extrusion of Conductive Polymer Composites 81

TABLE 4.3
Dynamic-Mechanical Parameters for All Investigated Film Samples

Samples (MWCNT E’gpc % Variation with E’ ¢ % Variation with

Content) (MPa) Plain Samples (MPa) Plain Samples
EL 1185A (Owt%) 1,041 10.6

0.2 wt% 1,170 12 19.8 92

0.5 wt% 1,172 13 22.1 108

1.0 wt% 1,722 65 24.3 129

4.2.4 DyYNAMIC-MECHANICAL PROPERTIES

The blown film samples filled with CNTs show a hardening effect in a wide tem-
perature range, especially in the rubber region. The 0.5wt% CNTs content is not
sufficient to improve the storage modulus of the film in the glass area; however, it is
effective only in the rubber area. Doubling the filler content significantly improves
the storage modulus. Table 4.3 shows the storage modulus values of blown film sam-
ples in the glass area and rubber area.

The analysis of the viscoelastic behavior confirms the reorganization of different
phases dictated by the rate of cooling of the film and the CNT content. For blown
films, the slow cooling allows the aggregation of hard domains that, in the final
structure, increase dimensions with increasing nanotubes content. This is in good
agreement with the morphological data, indicating that the increase in CNT concen-
tration increases the storage modulus over the entire range of temperatures for 1%
filler content. For lower filler contents, the same parameter shows an improvement
only in the rubbery region where this effect is interpreted as a greater consistency of
the amorphous phase due to the presence of rigid nanoparticles.

4.3 BLOWN FILM EXTRUSION OF TPU/GRAPHENE
OXIDE NANOCOMPOSITES

TPU is widely used in various applications, such as fibers, coatings, adhesives, and
biomedical projects, due to its melt processability and multifunctional characteris-
tics closely related to the inherent two-phase segmented structure. However, its low
stiffness, tensile strength, and weak barrier still limit its large-scale practical appli-
cations. At present, most of them change the separation hard/soft region of the TPU
matrix by adding nanofillers, and remarkable results have been achieved. Russo et al.
[12] focused on the blown film based on TPU composites. By adding graphene oxide
(GO), the structure of the TPU matrix is modified, thereby, affecting the water vapor
barrier performance.

4.3.1 THERMAL PROPERTIES

Thermal analysis of TPU/GO blown film and pure TPU blown film samples is
routinely prepared by typical film blowing technology. Table 4.4 summarizes the
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TABLE 4.4

Calorimetric Parameters of Investigated Blown Film
Sample T,,CO  AH,. (/g T,,0  AH,, (/g
TPU +0%GO 127.32 4.54 167.09 6.07
TPU +0.2%GO 107.51 136 168.45 4.84
TPU +0.5%GO 99.34 141 165.23 8.50
TPU +1%GO 103.44 1.59 165.80 7.09

FIGURE 4.4 FT-IR spectra of pure TPU blown film and TPU/GO blown film.

temperature and enthalpy of TPU/GO composites. Since TPU contains soft phase
and hard phase structure, it generates a complex thermal spectrum. The hard and
soft phases in TPU are semi-crystalline; however, the crystallinity is not very high.
The melting temperature of the soft phase is lower than that of the hard phase. GO
content has little effect on the melting temperature of the hard phase. Most significant
changes are detected by the enthalpies of melting with relevant reductions in thermal
parameters for the soft phase of nanocomposite systems.

4.3.2 STRUCTURE

To quantify the separation of hard domains, TPU/GO blown film containing 0.2 wt%
GO and pure TPU blown film is analyzed by Fourier transform infrared spectroscopy
(FT-IR) spectroscopy, and carbonyl peaks in the region of 1,650-1,775cm™" are studied
(Figure 4.4). The absorption peaks at 1,730, 1,712, and 1,700cm™" are assigned to free
carbonyl (i.e., non-hydrogen bond), involving hydrogen bond carbonyl of disordered
hard domains and strong hydrogen bond carbonyl of ordered hard domains, respectively.
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FIGURE 4.5 Water permeability for pristine TPU blown film and TPU/GO blown film.

The degree of phase separation (DPS) is estimated by the ratio of the absorption area of
the peak assigned to the bonded carbonyl group to the peak area assigned to the free and
bonded carbonyl group. According to this definition, the DPS (a measure of the DPS)
increases slightly due to the presence of GO nanoparticles, attributed to the nucleation
effect of the graphite layer, which promotes the orientation of TPU macromolecules,
thus establishing the hydrogen network and the possible interaction between the car-
bonyl group of TPU and the hydroxyl groups on the GO layer.

4.3.3 BARRIER PROPERTIES

Water vapor permeability (W VP) measurements are determined by the infrared sen-
sor method. To study the effect of GO in the blown film extrusion process on the
barrier property of the TPU matrix under different loading, a WVP test is carried
out. The WVP results, shown in Figure 4.5, suggest that the presence of a small
amount of (0.2% wt) GO significantly reduces the permeability by 36%. The exis-
tence of layered GO fillers increases the tortuous paths of diffusing agent molecules
and increases the hard domains. In contrast, the higher the filler content increases
the water permeability of TPU+0.2wt% GO sample, due to the uneven dispersion
of GO filler in the TPU matrix.

4.4 BLOWN FILM EXTRUSION OF HIGH-DENSITY
POLYETHYLENE/CNT COMPOSITES

Xiang et al. [13] introduced film blowing extrusion to pure HDPE and HDPE/
MWCNT composite films, and studied the thermal, mechanical, and electrical prop-
erties of films. In addition, the effect of annealing on the electrical properties of
HDPE/MWCNT (4 wt%) composite film was also studied.
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4.4.1 MORPHOLOGY

SEM images of HDPE/MWCNT composite blown films containing 4 wt% MWCNTs
at BURs of 2 and 3 are shown in Figure 4.6a and b, respectively. MWCNTs oriented
along the flow direction and randomly oriented are observed at a BUR of 2 [14]. On
the other hand, there is less clear MWCNT orientation along the flow direction and
fewer MWCNT agglomerates due to the increased deformation in the TD at a BUR
of 3. The disentangled MWCNTs in the film with a BUR of 3 are deagglomerated
after annealing at 140°C for 2 hours, as shown in Figure 4.6c. The reagglomeration of
nanotubes in polymers after annealing was also observed by Alig [15] and Jiang [16].

4.4.2 THERMAL PROPERTIES

The melting and crystallization patterns of the blown films are investigated using
DSC, and the results are compared with those of compression molded samples.
The first heating and cooling curves and relevant thermal parameters are shown in
Figure 4.7 and Table 4.5, respectively.

Figure 4.7a—c reveals that the melting peaks of neat HDPE and HDPE/MWCNT
composites shift to a slightly lower temperature, relative to the corresponding compres-
sion molded samples, due to the decrease in crystallite size [17,18]. Figure 4.7d suggests

FIGURE 4.6 SEM images of the blown films of HDPE/MWCNT composite containing
4wt% MWCNTs: (a) BUR2, (b) BUR3, and (c) BUR3, annealed at 140°C for 2 hours.
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FIGURE 4.7 DSC curves of blown films of neat HDPE and HDPE/MWCNT composites

with different BURSs in the first heating (a—c) and cooling (d) stages.

TABLE 4.5

Thermal Parameters of the Compression Molded Samples and Blown Films

of Pure HDPE and HDPE/MWCNT Composites with Different BURs

Sample
HDPE-CM
CNT4-CM
CNTS8-CM
HDPE-BUR2
HDPE-BUR3
CNT4-BUR2
CNT4-BUR3
CNTS8-BUR2
CNTS8-BUR3

X (%)
72.8+3.1
73.9+5.1
70.9+3.5
72.3+29
73.7+1.4
76.6+3.6
77.2+3.0
76.6+1.5
76.6+1.4

2" (°0)
133.9+0.2
134.0+0.1
133.6+0.3
132.8+0.2
132.4+0.1
133.0+0.7
132.3+0.2
132.4+0.2
132.6+0.2

Wi (°0)
7.4+0.1
7.7+0.3
7.1+0.3
6.6+0.2
6.6+0.1
6.8+0.1
6.6+0.4
5.7+03
5.9+0.2

T.(°O)
114.0+£0.2
116.0+£0.2
116.2+0.4
114.2+0.2
1142+04
1155+0.4
116.0+£0.3
116.3+0.1
116.5+0.2

X2 (%)
704+1.3
70.7+2.4
72.6+1.9
70.1+2.5
71.5+1.3
75.2+3.0
747+1.1
75.1+2.7
75.8+2.8

T (O)
134.1+0.1
1343+0.2
133.9+0.4
1345+0.2
134.5+0.1
1353+0.1
134.7+0.5
134.0+0.2
1349+0.2
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that the crystallization behavior of the filled and unfilled samples is not influenced
by the blown film extrusion process. Table 4.5 shows that the melting temperature in
the first heating stage (T,,‘f’) at BURs of 2 and 3 decreases by 1°C—2°C. The X" of the
blown films of pure HDPE does not change compared with the compression molded
sample though a strain-induced crystallization is expected in the blown film, while that
of HDPE/MWCNT composites exhibits a slight increase by 5% after blown film extru-
sion, attributed to a more efficient heterogeneous nucleation of MWCNTSs in the blown
film due to disentanglement of CNTs under elongational deformation. The nucleation
effect of MWCNTs is observed in the cooling stage of the DSC tests, where the crystal-
lization temperature (7,) of all composites with 4 and 8 wt% MWCNTs increases by
~2°C, compared to pure HDPE. The crystallization behavior of the filled and unfilled
sample is not influenced substantially by the processing routes. The decreased width at
half height in the first heating curves (W,") of blown films indicates a narrow distribu-
tion of crystallite sizes, relative to the compression molded samples, due to rapid cool-
ing and more efficient nucleation efficiency of disentangled nanotubes.

4.4.3 TeNsSILE PROPERTIES

Tensile tests are carried out to investigate the mechanical properties of neat HDPE
and HDPE/MWCNT composite films containing 4 wt% MWCNTs. Figure 4.8 shows
the tensile strain-stress curves of samples at BURs 2 and 3. The Young’s modulus,
stress at break, and strain at break of blown films with increasing BURs are shown in
Figure 4.9 and compared with compression molded samples. The experimental mod-
ulus is compared with the theoretical values from a Halpin—Tsai composite model.
According to the Halpin—Tsai model, the longitudinal (£},) and transverse (E,,) mod-
uli can be predicted using Egs. (4.1) and (4.2), respectively. However, for the compres-
sion molded composite sheets, the Halpin—Tsai model can be expressed as Eq. (4.3).

FIGURE 4.8 Tensile strain-stress curves of neat HDPE and HDPE/MWCNT composite
blown films containing 4 wt% MWCNTs at BURs of 2 (a) and 3 (b).
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FIGURE 4.9 Young’s modulus (a), stress at break (b), and strain at break (c) of the blown
films of neat HDPE and HDPE/MWCNT (4 wt%) composite with increasing BURs. (In Panel

(a), the modulus of the matrix used for the calculation of CNT4-E, is the average modulus of
HDPE film in the MD and TD at each BUR).

E, 1+2an.9;

= 4.1
Em l_nLgf ( )
Ey _1+20,9, @2)
Em 1_n7®f .
E, =§ 1+ 20n.9; +§ 1+ 219, @3
E, 8| 1-n9; 8| 1-nr9D;

where 1, =(E;/E, —1)/(E;/E, +2) and 1, =(E/E,—1)/(E;/E, +2¢). E, E,,
and E; are the elastic modulus of composites, matrix, and filler, respectively. E/ is set
as 200 GPa in this case, & is the volume fraction of filler, « is the aspect ratio of the
filler, set as 150 according to the MWCNT dimensional parameters.

Figure 4.8 indicates that the blown film of neat HDPE exhibits a higher tensile
strength in the MD than TD at a BUR of 2, while this phenomenon is reversed at a
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BUR of 3. This may be attributed to some of the lamellae stacked perpendicular to
the MD, changing their orientation to the TD, with increasing BURs [19]. The tensile
stress for the HDPE/MWCNT composite films is higher than that of the neat HDPE
films at the same strain, associated with the reinforcing effect of the MWCNTSs [20],
while the elongation of the composite films decreases markedly compared with the
neat HDPE. In addition, the higher tensile strength always occurs in the MD for the
blown films of the composite, indicating that more MWCNTs are probably aligned
along the MD even at a BUR of 3. This may be due to less potential for molecular
relaxation in the MD and more rapid cooling, resulting in better heat transfer [21].

Figure 4.9a shows that the modulus of the blown films of neat HDPE increases by
6%—25% on average in the MD and TD at different BURs, compared to the compres-
sion molded HDPE sample, this may be associated with the orientation of polymer
chains. An evident anisotropy in modulus can be observed for the composite with
4wt% MWCNTs at a BUR of 2, where the modulus in the MD increases by 32%; how-
ever, in TD, it decreases by 19% compared to the compression molded sample. At this
BUR, the higher modulus is attributed to better MWCNTSs orientation along the MD.
Then the difference in modulus in the MD and TD decreases gradually since some
MWCNTs are reoriented along TD with increasing BURs (Figure 4.6a and b). At BURs
of 2.5 and 3, the modulus of the composite thin films does not improve significantly,
in both MD and TD, relative to the compression molded sample. Figure 4.9b and ¢
reveal that the stress and strain at the break of the blown films of HDPE/MWCNT
composite increase steadily with increasing BURs, due to the breakup of MWCNT
agglomerates. The strain at break of neat HDPE is not influenced by blown film extru-
sion (Figure 4.9¢c), while the stress of all the blown films of neat HDPE increases by
about 57%, mainly attributed to the enhanced orientation of polymer chains; however,
the crystallinity of neat HDPE is not increased, as shown in Table 4.5.

4.4.4 ELecTrICAL PROPERTIES

The change in volume resistivity of blown films of HDPE/MWCNT composites with
different MWCNT loadings as a function of BUR is investigated, and the results are
shown in Figure 4.10.

As expected, the resistivity of neat HDPE is barely influenced by BUR (Figure 4.10a).
However, the resistivity of the composite with 2wt% MWCNTs increases by 10 orders
of magnitude at a BUR of 2 before leveling off. At this BUR, the distance between the
MWCNTs exceeds the critical maximum distance of 1.8 nm for electron hopping [22-25].
For the composite with 4wt% MWCNTs, the resistivity of blown films increases
steadily with increasing BUR, and it also increases 10 times when the BUR increases
to 3. However, there is no significant increase in the resistivity of the composite contain-
ing 8wt% MWCNTs after film blowing at higher BUR. This implies that at this load-
ing, a sufficient density of nanotubes forms a robust conductive network in the matrix.
Figure 4.10b shows that the resistivity of the composite film with 8 wt% MWCNTS: is
very close in both MD and TD; however, the resistivity in the MD is slightly lower than
that in the TD, probably due to better alignment of MWCNTSs [26-28].

To investigate the effect of annealing on the volume resistivity of the compos-
ite films, composites containing 4wt% MWCNTs are annealed under different
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FIGURE 4.10 Changes in the volume resistivity of the blown films of HDPE/MWCNT
composites with increasing BURs (the BUR of 1 refers to the compression molded samples):
(a) overall view for the composites containing different MWCNT loadings, (b) enlarged view
for CNT8-MD and CNT8-TD.

FIGURE 4.11 Changes in the volume resistivity of HDPE/MWCNT composite films with
4wt% MWCNTs after annealing.

conditions. The changes in the volume resistivity of blown films of HDPE/MWCNT
composite with 4 wt% MWCNTSs after annealing at 140°C for 2hours are shown in
Figure 4.11. The resistivity of composite film at a BUR of 2 is barely influenced by
annealing at 130°C; however, it decreases by four orders of magnitude at 140°C for
1 hour. Similarly, the resistivity of composite films at a BUR of 3 decreases by 7 orders
of magnitude after annealing at 140°C for 2 hours or annealing at 150°C for 1 hour.
A higher annealing temperature benefits the recovery of the MWCNTs conductive
network, attributed to the decreased viscosity of the polymer matrix, and increased
mobility of nanotubes at a higher annealing temperature, thereby facilitating the
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reformation of local contacts between MWCNTs and reaggregation [29]. Composite
thin films with a smaller BUR (less deformation) require a shorter time to repair the
conductive network during annealing. Some previous studies [17,29] have also found
that the electrical properties of polymer/MWCNT composites after extensional
deformation are enhanced by annealing at an appropriate temperature.

4.5 BLOWN BUBBLE FILMS OF ALIGNED NANOWIRES AND CNTs

With the continuous expansion of the technical fields, nanowires and nanotubes are
directionally assembled on a large area in many practical applications. Although
directional assembly and Langmuir—Blodgett methods have made significant prog-
ress, it is still unclear whether these technologies can be extended to large wafers and
non-rigid substrates. Yu et al. [30] used blown film extrusion to manufacture nano-
composite films and described a general and scalable method for large-area, uni-
formly arranged, and density-controlled nanowire and nanotube films. This method
can transfer the blown bubble film (BBF) to a single crystal wafer with a diameter of
150~200mm and a size greater than 225 X 300 mm? flexible plastic sheet and highly
curved surface. This type of wafer can be hung on an open frame.

4.5.1 BBFs witH SiLicoN NANOWIRES

Silicon nanowires are covalently modified with 5,6-epoxyhexyl triethoxysilane and
combined with an epoxy solution to produce a stable and well-dispersed suspension
(Figure 4.12a). The nitrogen flow blows in a single bubble and generates stable verti-
cal expansion bubbles under the upward-moving ring. Figure 4.12b reveals that two
150mm silicon wafers are fixed near the mold and the central axis of the bubble.
The bubble continues to expand until it covers the entire crystal surface, as shown in
Figure 4.12c. The optical detection activity is performed uniformly on the surface of
the wafer with a diameter of 150 mm (Figure 4.12d), which shows that the transfer
film is uniform on the whole substrate. The high magnification dark-field optical
image analyzes a single silicon nanowire in the transmission BBF, indicating that
the silicon nanowires recorded from different areas of the large substrate are well
arranged along the upward expansion direction of the bubble. The angular devia-
tion of silicon nanowires is <10° on the whole wafer with a diameter of 150 mm,
suggesting great progress over the previous research. In addition, the BBF method
can also transfer the oriented Si NW BBF film to a wide range of substrates. The Si
NW BBF is transferred to the semicircular column, and the subsequent dark-field
optical images confirm that the NW in the blown film is well aligned, as shown in
Figure 4.12¢ [31]. In addition to flat and curved substrates, Si NW BBF is also trans-
ferred to open frames (Figure 4.12f), verifying the great flexibility of this method.
Importantly, the BBF method also has the potential to be extended to ultra-large
area structures. Si NW-BBF can be evenly transferred to the large rectangular plas-
tic plate substrate of 225 x300mm (Figure 4.12g) with controlled arrangement and
density of Si NW. A histogram of angle distribution of over 400 Si NWs taken from
different locations over the entire plastic substrate shows that more than 85% of NWs
are aligned within +6° of the primary expansion/alignment direction.
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FIGURE 4.12 Blown bubble film process. (a) Schematic diagram of NW/CNT polymer sus-
pension blown film extrusion. (b and c) Photographs of directed bubble expansion process at
early and final stages, respectively. (d) NW-BBF dark-field optical image transferred to the
silicon wafer. (¢) Image of a 0.10wt% Si NW BBF transferred to a curved surface. (f) Image
of a 0.10wt% Si NW BBEF transferred to an open frame with a diameter of ~6 cm. (g) Image of
a 0.10wt% Si NW BBF transferred to a 225 mm X 300 mm plastic substrate.

Figure 4.13 suggests that with the increase in concentration, the separation degree
of Si NW decreases significantly, and the density of the transferred BBF increases.
The NW separation can be varied over at least an order of magnitude from 50+ 8 to
3.0+ 0.6 um as concentration increases from 0.01 to 0.22 wt%. Correspondingly, NW
density increases from 4.0 +0.6x 10* to 4.0+0.5X 10°cm™2 for these same samples.
So far, the separations/densities of Si NWs BBF are relatively small; however, it is still
suitable for some applications, such as nano-electronic transistor arrays for biological/
chemical sensing and displays. At higher Si NW concentrations, the saturation is close
to the micron spacing, attributed to the observed NW aggregation to some extent.

4.5.2 BBFs witH CNTs

Due to the versatility of this method in nanowire and nanotube materials, substrate
structure and size scaling are further explored. Single-walled carbon nanotubes
(SWCNTs) and MWCNT are modified with n-Octadecylamine, and the resulting sus-
pension is used to prepare BBFs. The transferred SWCNT-BBF and MWCNT-BBF
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FIGURE 4.13 Plot of the average Si NW spacing and density as a function of Si NW loading.

FIGURE 4.14 Dark-field optical image of (a) SWCNT-BBF prepared from 0.07 wt% solu-
tion and (b) MWCNT-BBF prepared from 0.15 wt% solution.

show good alignment and uniformity on the 7Smm diameter substrate and can be
transferred to a larger substrate (Figure 4.14a and b). The average spacing of SWCNTs
is 1.5+ 0.4 pm, and 90% of SWCNTs are arranged within 5° of the average orientation.
The good alignment of SWCNT in BBF is noteworthy because of their length, ~1 to
2pm, about ten times that of MWCNTSs (~20 to 25 pm) and Si NWs (~10 to 15um). It
was also found that longer MWCNT, which initially curled a little, straightened in BBF.

In addition, CNT-BBF films can also be transferred to a wide range of substrates,
such as planar, curved substrates, and open frames. The CNT-BBF film is uniformly
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FIGURE 4.15 Image of 0.07wt% SWCNT-BBF transferred to a 200mm Si wafer and its
line-scanning alignment analysis.

transferred to the 200 mm wafer (Figure 4.15). The dark-field optical image shows
that SWCNT has the same direction and uniform separation on this large substrate.

4.5.3 BBFs witH LARGE-AREA TRANSISTOR ARRAYS

The high alignment, controlled density, and large area coverage of NW-BBF and
CNT-BBF may open new pathways in electronic applications of these nanomaterials
possible. Figure 4.16a shows that Si NW BBF is directly transferred to a diameter
75mm plastic substrate, and an independently addressable NW-FET (field-effect
transistor) array is fabricated.

Representative drain-source current (I,) versus gate voltage (V,) yield a peak
transconductance, g,, = dl,/dV,, of 6 pS with an on current (Ion) of ~16 pA, an on/
off ratio >105, and a threshold voltage (V)) of 0.55V (Figure 4.16b). These values are
comparable to or exceed, previous multi-Si NW FETs prepared using Langmuir—
Blodgett assembly, and significant improvements are possible, i.e., by substituting
much higher performance Ge/Si core/shell NWs. Importantly, histograms of V, and
Ion (Figure 4.16¢) and inset of Figure 4.16b), show that these properties, critical to
integrated systems, are well constrained, with values of 0.81+0.32V and 15.1 +£3.7
pA, respectively. The good reproducibility of the Si NW FETs is attributed to the
uniform density, good alignment, and preferential distribution of the NWs at a single
surface of BBFs, as this allows the fabrication of repeatable device structures. The
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FIGURE 4.16 () Si NW FET arrays on plastic substrates. (b) Typical 1,,_V, characteris-
tics of a 12-Si NW FET device recorded with V,;=—1V. Inset, histogram of /,, showing
the uniform device characteristics, where the blue curve is a Gaussian fit: 15.1 +£3.7 pA. (c)
Histogram of threshold voltage determined from analysis of more than 60 randomly chosen
devices in the larger array; the blue curve is a Gaussian fit: 0.81 +0.32 V.

straightforward transfer of aligned Si NW BBFs to large substrates makes this pro-
cess considerably more efficient than previous fluid-directed and Langmuir—Blodgett
assembly methods.

4.6 CONCLUSIONS

The film blowing extrusion process is closely related to the properties of raw materi-
als. For different types of plastics, the process of blown film extrusion is also different.
At present, LDPE, HDPE, LLDPE, EVA, and ion-bonded polymers are mainly used
in blown film production. EVA and ion-bonded polymers are commonly employed in
coextrusion. Due to the different MFR (melt flow rate) value and molecular weight
distribution width of these materials, they have their characteristics in the selection
of equipment and process conditions.

In this chapter, the effects of blown film extrusion process on the structure and
properties of TPU/MWCNT, TPU/GO, and HDPE/MWCNT composite films are
reviewed. Due to the special structure, TPU/MWCNT composites suggest that the
higher the content of MWCNT, the larger the content and size of segregated hard
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domains. The blown film extrusion process allows better self-assembly of hard
domains and maximizes the distance between domains. For blown film HDPE/
MWCNT composites, the addition of MWCNTs improves the elastic response dur-
ing deformation, resulting in a more uniform thickness distribution. Due to the
enhanced orientation and dissociation of MWCNTs, blown film composites show
better mechanical properties. The resistivity of the composite film increases signifi-
cantly with the increase in blow-up ratio. These paths can be partially restored using
an appropriate annealing process.

In addition, blown film extrusion is a scalable method for large-area, uniformly
arranged, and density-controlled nanowire and nanotube films. The BBF can be
transferred to a single crystal wafer with a diameter of at least 200mm, a flexible
plastic sheet with a size of at least 225 x 300mm?, and a highly curved surface.
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5 Temperature-Resistivity
and Damage Self-Sensing
Behavior of Conductive
Polymer Composites

5.1 INTRODUCTION

Conductive polymer composites (CPCs) are multiphase composites made by insert-
ing conductive fillers into polymers and compounding them via physical or chemical
methods [1-4]. Compared with traditional conductive metal materials, polymer-
based conductive composites have the characteristics of lightweight, easy processing
into various complex shapes, corrosion resistance, and resistivity adjustable in a large
range. CPCs can be used as electromagnetic shielding materials, bipolar plates for
fuel cells, self-limiting heating composites, overcurrent protectors, and so on, hav-
ing broad market prospects in many fields of national economy and national defense
industry [5].

Positive temperature coefficient (PTC) is a common temperature-resistivity
parameter according to which the electrical resistivity of CPCs increases with the
rising temperature. However, when the temperature is beyond the melting point
(T,,) of the polymer matrix, carbon black (CB)-filled non-cross-linking semi-
crystalline polymer composites always exhibit an obvious decrease in their resistivity,
and this phenomenon is attributed to the negative temperature coefficient (NTC) [6].
Therefore, the temperature-resistivity behavior of CPCs can mirror the variation of
their conductive networks with temperature. In order to process CPCs into a desired
final product, they usually experience some phase transition processes such as melt-
ing and crystallization with the temperature profile. The deformation or reorganiza-
tion of conductive networks in polymers during such processing could significantly
alter the electrical conductivity of the final product compared to that of the original
unprocessed material. In this chapter, attention will be paid to the approach for in
situ characterization of the electrical conductivity of CPCs with randomly distrib-
uted structure and segregated network structure during melting and crystallization,
which combines differential scanning calorimetry (DSC) and electrical conductivity
measurements. In addition, on the basis of temperature-resistivity behavior, the tem-
perature sensor as a kind of CPC application will be also briefly reviewed.

CPCs represent excellent electrical conductivity and considerable mechanical
strength, which are used to develop smart structural materials, including damage
self-sensing (or damage self-monitoring) polymer composites that are able to provide
structural and sensing properties by themselves [7-9]. In this chapter, the damage
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self-sensing behavior of the high-density polyethylene (HDPE)-based CPCs investi-
gated via in situ electromechanical measurements is presented. It is shown that nano-
filler types and conductive network structures, as well as excessive nanofiller loading,
significantly influence the damage self-sensing behavior of the composites. Besides,
the above technique is also suitable for structural thermosetting materials [10,11].

5.2 CONSTRUCTION OF CONDUCTIVE
NETWORK STRUCTURES IN CPCs

As most ordinary polymeric matrices are insulating, the conductivity of CPCs relies
on the content of incorporated conductive fillers. When the amount of such fillers
reaches a critical value, CPCs will exhibit an insulator/conductor transition, during
which their electrical conductivity dramatically increases by several orders of mag-
nitude [12,13]. This insulator/conductor transition is thought to be associated with the
formation of conductive paths throughout polymeric matrices by directly linked con-
ductive fillers or by the tunneling current between nearby conductive fillers where
electrons can flow through the insulating barrier via quantum mechanical tunneling
between adjacent conductive regions [14]. The conductivity of CPCs can be quantita-
tively analyzed using a scaling law of percolation threshold as follows [15]:

Opc =< (D-2.) G.0)

where opc is the electrical conductivity of CPCs, & is the filler weight fraction, &,
is the filler weight fraction at the percolation threshold, 7 represents the critical expo-
nent depending on the dimensionality of the conductive network [16,17]. It can be
seen that the coefficient ¢, corresponding to the conductive network structure, poses a
significant influence on the conductivity of CPCs [18]. Therefore, the conductivity of
CPCs can be tailored by constructing appropriate conductive networks.

According to the conductive filler distribution in the matrices, most CPCs can be
categorized into the following three kinds with different conductive network struc-
tures: CPCs with randomly dispersed structure (r-CPCs), CPCs with segregated struc-
ture (s-CPCs), and CPCs with double percolation structure (d-CPCs). On the basis of
the “process/structure/property” relationship, the structure of a conductive network
corresponds to the preparation method of CPCs, which is specifically associated with
types both of host polymer and conductive fillers, as well as process routes.

Conductive fillers randomly dispersed in polymeric matrices are beneficial for
CPCs. These can be achieved using some ordinary preparing routes such as melt
blending and solution mixing [19-21]. Melt blending is quite an appropriate choice
for preparing r-CPCs on an industrial scale, which is because of its facile opera-
tion and massive output [22]. Villmow et al. [23] systematically studied the effect
of extrusion parameters on the dispersion of conductive fillers in CNT/PCL com-
posites. It was found that an increase in the rotation speed significantly decreased
the CNT agglomerate size in PCL and improved their dispersion. The higher shear
stress arising from the higher rotation speeds was more likely to overcome cohesive
strengths and physical entanglements of CNT agglomerates. In addition, one can
observed that higher residence time corresponded to a better dispersion of CNT, and
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the rotation speed and the screw configuration are two main factors to influence the
residence time. Although the rotation speed is inversely related to the residence time,
choosing appropriate screw configurations such as using back-conveying elements
and extending screw length will increase the residence time, and therefore improves
melt-blending effect and gives arise to better dispersion of CNT.

Solution mixing is another technique to prepare r-CPCs, which consists in dis-
solving thermoplastic polymer granules into a suitable solvent, mixing the obtained
blend with conductive fillers, and evaporating the solvent. This method allows fill-
ers to mix with dispersed polymer chains, leading to a locally homogenous disper-
sion state [12,24]. Concerning thermosetting matrices, an example using solution
mixing to fabricate -CPCs was reported by Ajayan et al. [25]. In that work, multi-
walled carbon nanotubes (MWCNTSs) were firstly dispersed in ethanol by sonication
and mechanically stirred with a mixture of epoxy monomer and curing agent. After
evaporation of the solvent, the MWCNTs-epoxy mixture was poured into molds and
cured to achieve solids.

As for the s-CPCs and d-CPCs materials, their conductive fillers are both purpo-
sively distributed in the matrices. In the former system, fillers are primarily located at
the interfaces between the polymeric matrix particles, and the “double percolation”
indicates conductive fillers are selectively located in one phase of a co-continuous
polymer blend. Due to these special distributions, lower contents of conductive fillers
are needed to achieve the insulator/conductor transition, which results in the reduc-
tion in the percolation value (Pc) several times compared to conventional r-CPCs.
For instance, Xiang et al. [26] prepared MWCNTs-filled HDPE CPCs with randomly
dispersed conductive network (DCN) and segregated conductive network (SCN)
structures. It was found that the Pc value of CPCs in the SCN structure (0.1 wt%)
was lower than that of CPCs in the DCN structure (0.5 wt%), which indicated the
segregated conductive network constructed more effective conductive paths in CPCs.

Hot compressing is a common process to prepare s-CPCs, prior to which a mix-
ture of polymer granules with conductive fillers is first obtained via dry blending or
solvent dispersion. As the polymer granules are dispersed in an inactive solvent rather
than being dissolved, a mixture with conductive fillers-coated polymer granules is
obtained after evaporating the solvent. During hot compressing, the melted polymer
with high viscosity reduces the mobility of fillers, resulting in a large amount of
fillers localized in the boundary of polymer phases [27]. Besides, melt blending is
often used to fabricate s-CPCs with a selective distribution of conductive fillers at
the interfaces of immiscible polymer compounds [28]. Gubbels et al. [29] fabricated
s-CPCs with CBs distributed through the immiscible polyethylene/polystyrene (PE/
PS) blend interface. Particularly, PS (or PE) and CB were first stirred in an internal
mixer. After the PS/CB or PE/CB mixture was effectively melt blended, the second
polymer, i.e. PE (or PS), was then added. On the basis of thermodynamic drive, CBs
would gradually migrate from one polymer phase to the other. Therefore, the above
s-CPCs can be obtained via controllable migration of CBs.

As for d-CPCs materials, Zhang et al. [30] produced the PP/PE/CNTs-based
CPCs with a double-percolated conductive network. In the preparation, CNTs were
first dispersed in PE and the obtained PE/CNTs composites were then compounded
with PP particles well below the T,, value of PP. Pang et al. [31] also reported CNT/
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HDPE/ultra-high density polyethylene (UHMWPE) composites with segregated and
double-percolated network structures, which were successfully obtained using high-
speed mechanical mixing and hot compression. According to the results, the d-CPCs
system consisted of at least two polymer phases, and in one of them which conductive
fillers selectively located constructed continuous conductive paths throughout CPCs.
Therefore, the phase morphology of the immiscible blends plays an important role in
the electrical properties of d-CPCs. In another work, Xu et al. [32] studied the effect
of PLA and PCL ratios on the conductivity of d-CPCs filled with MWCNTs. It was
found that the conductivity of PLA/PCL/MWCNT composites (1 wt% MWCNTs)
increased by increasing PCL content, achieving its maximum value at the PCL con-
centration of 40-50wt%. In addition, several groups [33,34] have shown that the
choice of polymer matrices can significantly influence the distribution of conductive
fillers in the polymer blends. This is because of different interactions between poly-
mers and fillers, as well as the location of conductive fillers in the polymer phase they
more interact with.

5.3 STIMULI-RESISTIVITY BEHAVIORS OF CPCs

As discussed above, s-CPCs and d-CPCs with specifically distributed conductive fill-
ers both exhibit the lower P. value or the earlier insulator/conductor transition than
that of r-CPCs, which is owing to plenty of effective conductive networks therein. It
is widely known that conductive networks are transformed under the action of some
external stimuli such as temperature fluctuation and applied stress, which results in
the corresponding variation in the conductivity of CPCs. In this section, we would
like to discuss the influence of temperature and applied strain on the resistivity
(I/conductivity) of CPCs with different conductive networks.

5.3.1 TeMPERATURE-RESISTIVITY BEHAVIOR

PTC and NTC effects are often observed in CPCs, and they are respectively indica-
tives of an increase and decrease in their resistivity with the increasing temperature
[35]. Fundamentally speaking, such a characteristic of temperature-resistivity behav-
ior takes its origin from the structural transformation of a conductive network in CPC.
Xiang [36] prepared HDPE/MWCNT and HDPE/graphene nanoplatelet (GNP)-
based r-CPCs and segregated structure, respectively, via solution-assisted mixing.
Their temperature-resistivity behaviors were then studied by in situ characterization
combining the DSC with electrical conductivity measurements. The electrical and
thermal properties of some representative specimens are shown in Figure 5.1a and
b, and the temperature profile used in the experiments is illustrated in Figure 5.1c.
Based on the melting temperature (7,,) and crystallization temperature (7;) of the
specimens listed in Table 5.1, it is clear that temperature-resistivity behaviors of all
samples underwent the entire melting and crystallization processes.

As shown in Figure 5.1a and b, the first PTC effect is observed prior to the onset
of melting, by which the resistance change ratios (AR/R,) of the HDPE/MWCNT
and HDPE/GNP composites increase gradually. This is mainly because of the vol-
ume expansion of the polymer matrix, resulting in the inferior connection between
nearby MWCNTSs. In addition, the increase in AR/R, for the CD-1 (r-CPCs with
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FIGURE 5.1 In situ electrical measurement results for (a) HDPE/MWCNT and (b) HDPE/
GNP composites during phase transitions and (c) temperature profile used in the experiments.

TABLE 5.1
Summary of Parameters for Nanocomposites from DSC and XRD Analyses
Nanofiller Xpsc Xyro Lito Lyoo
Sample Content (wt%) T, (O 1. (°C) (%) (%) (nm) (nm)
HDPE 0 129.6 108.2 43.0 545 20.1 16.9
CS-1 1 1282 111.8 4.5 56.9 21.2 17.8
CD-1 1 128.5 1132 453 56.8 204 17.5
CD-3 3 128.3 1145 46.2 61.6 21.1 18.0
GS-3 3 128.6 111.9 44.0 56.5 20.4 16.4
GS-4 4 129.0 111.9 459 59.9 20.7 17.0
GD-12 12 128.9 1122 423 48.0 21.7 18.0

HDPE, high-density polyethylene; DSC, differential scanning calorimetry; XRD, X-ray diffraction; CS,
CNT composite with a segregated structure; CD, CNT composite with a dispersed structure; GS, GNP
composite with a segregated structure; GD, GNP composite with a dispersed structure.
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1 wt% MWCNT) is larger compared to that of CS-1 (s-CPCs with 1 wt% MWCNT)
and CD-3, indicating there was a less robust conductive network in the former com-
posite. A slight decrease in AR/R, for the HDPE/MWCNT composites during the
onset and peak of melting (marked by an arrow in Figure 5.1a) can be attributed
to the motion of nanotubes to regenerate some interconnected contacts [37], while
this NTC effect is absent in the HDPE/GNP composites probably due to the lower
mobility of the two-dimensional GNPs. Subsequently, the values of AR/R, for both
MWCNT- and GNP-filled composites drastically increased up to the end of the melt-
ing stage. This second PTC effect stemmed from the transformation of the crystal-
line phase into the amorphous state, which was accompanied by a significant volume
expansion, resulting in an increase in the distance between the conductive fillers
and the reduction in the probability of electron tunneling between nearby conduc-
tive regions [38]. Compared with HDPE/MWCNT composites, a higher increase in
AR/R, was observed in HDPE/GNP composites, which indicated that the conductive
network formed by GNP was more readily damaged due to the lack of entanglements
or interlacing compared to that in the one-dimensional nanotubes. The second NTC
effect occurred after the completion of melting, during which the AR/R, values sig-
nificantly decreased for the HDPE/MWCNT and HDPE/GNP composites and lev-
eled off until the onset of crystallization. This is because HDPE with enough low
viscosity after complete melting accelerated the motion of conductive fillers in the
matrix and promoted the reorganization of the conductive network.

One can see that repeated PTC and NTC effects emerged in the above specimens
with the increasing temperature. The PTC effect is thought to be related to the vol-
ume expansion of the matrix, induced by the volume expansion of a solid matrix or
by the melting behavior. In contrast, the NTC effect is associated with the recon-
struction of effective conductive networks. In addition, these temperature-resistivity
performances are significantly affected by the original network structure in the poly-
mer as well as the shape and loading of nanofillers.

Because of their temperature-resistivity behavior, the CPC materials find applica-
tion in temperature sensitive devices such as temperature sensors [39—41]. A desirable
temperature sensor usually requires a low Intc value to maintain highly responsive
signal toward the temperature stimuli [42]. As discussed above, the NTC effect is
associated with the reconstruction of conductive networks, and the s-CPC materials
have a more robust conductive network. Therefore, constructing a segregated con-
ductive network in the temperature sensor is expected to eliminate the NTC effect.
For instance, a CB/UHMWPE s-CPC-based temperature sensor without the NTC
effect was prepared by Zhang et al. [43]. Since CB was concentrated at the interspace
of UHMWPE granules and formed a relatively intensive conductive network, there
was little room for fillers to reconstruct more effective conductive paths with the
increasing temperature. In addition, the ultra-high melt viscosity of the UHMWPE
matrix also hindered CB particles from reconstructing the conductive network.

High Iprc is also desirable for temperature sensors because the obvious response
to the temperature fluctuation is required. Therefore, it is important to tune Iprc
of CPCs. Although by decreasing the content of conductive fillers to construct a
less stable conductive network in temperature sensors can increase their Iprc, the
lower responds current results in more obvious fluctuation on its feedback signals.
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FIGURE 5.2  Schematic of microstructural development of the two-dimensional conductive
network during thermal process: (a) original conductive network, (b) GNS migration, (c) GNS
stabilization, (d) optimized conductive network.

Pang et al. [35] fabricated a graphene nanosheet (GNS)/UHMWPE composite with
tunable Iprc by the heat annealing, and Figure 5.2 represents the schematic of the
microstructural development of the relevant conductive network during this thermal
process. Once the polymer matrix has melted, segregated GNS were migrating into
the polymer under the action of the Brownian motion (Figure 5.2b). As soon as the
composites underwent subsequent crystallization, the GNS previously diffused in
the polymer melt was squeezed out of the crystalline phase and was locked in the
nearby amorphous phase (Figure 5.2c). Therefore, compared with the original con-
ductive network (Figure 5.2a), a thinner conductive network of GNS was obtained
(Figure 5.2d), endowing the GNS/UHMWPE composite with a higher Ipyc.

5.3.2 DAMAGE SELF-SENSING BEHAVIOR

Composite materials often suffer from damage caused by the applied load, impact
force, or environmental aging. Therefore, it is extremely important to monitor the
damage of composite materials, particularly in safety critical applications such as
aerospace or automotive sectors. Some traditional monitoring techniques require
embedding or attachment of sensing elements, which brings defects in the materi-
als or needs large-scale test equipment [44,45]. Therefore, realizing non-destructive
monitoring of the damage developed in composites is a key issue in many applica-
tions, and a possible way to proceed with structural health monitoring is to use the
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material itself as a sensor. Damage self-sensing is an in situ resistance measurement
technique, which is based on the changes in electrical current (or resistance) induced
by the transformation of conductive networks in CPCs. Because of the timely signal
feedback and the correspondence between the conductive network and the electrical
resistance, damage self-sensing monitoring has gradually become an alternative to
traditional monitoring tools.

Xiang [26] prepared HDPE/MWCNT and HDPE/GNP composites with randomly
dispersed structure and segregated structure, respectively, using a solution-assisted
method, and their damage self-sensing behaviors were then investigated via in situ
electromechanical measurements. Figure 5.3 illustrates damage self-sensing behav-
iors of selected HDPE/MWCNT composites, where the relationship between tensile
stress and relative resistance change (RRC = AR/R,) versus tensile strain is presented.

One can see in Figure 5.3a—c that damage self-sensing behaviors of all selected
HDPE/MWCNT composites can be divided into three main stages: (i) prior-to-yielding
state, (ii) strain softening, and (iii) necking growth. For ease of understanding, the pro-
posed deformation mechanism of conductive networks is shown in a schematic form in
Figures 5.4 and 5.5. In the first stage, all the AR/R, curves increase with strain elonga-
tion until a plateau is reached. These turning points, denoted as &;, occur at a strain of
around 20% (Table 5.2), which are closely aligned with the yield points in the stress-strain
curves. As is well known, the crystal structure of HDPE is almost not changed when
the tensile strain is smaller than the yielding strain. Therefore, conductive networks are
mainly locked by HDPE crystals, leaving only nanotubes with a small motion realm

FIGURE 5.3 Tensile stress and relative resistance change (AR/R; ) as functions of strain in
(@) S-CNTI, (b) D-CNT1, and (c) D-CNT3 composites.
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FIGURE 5.4 Schematic of the conductive network evolution in HDPE/MWCNT composites
with a DCN structure: (a) before stretching, (b) prior to yielding (O to &), (c) strain softening
(& t0 &), and (d) necking growth (> &,). HDPE, high-density polyethylene; MWCNT, multi-
walled carbon nanotubes.

FIGURE 5.5 Schematic of the conductive network evolution in HDPE/MWCNT compos-
ites with a SCN structure: (a) before stretching, (b) prior to yielding (0 to &), (c) strain soften-
ing (&, to &,), and (d) necking growth (> &,) [26]. HDPE, high-density polyethylene; MWCNT,
multi-walled carbon nanotubes.
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TABLE 5.2
Summary of Gauge Factor (GF). Data Concerning HDPE/MWCNT and
HDPE/GNP Composites after Damage Self-Sensing Measurements

Nanofiller 0~¢g3 0~eb 0~eS
Sample Content (wt%) (%) GF, (%) GF, (%) GF,
S-CNTI 1 17.8 15.8 66.8 2.2 82.5 27.3
D-CNTI 1 20.9 433 47.9 15.1 56.1 403.3
D-CNT3 3 21.6 21.3 62.7 35 72.6 89.6
S-GNP3 3 9.4 23.5 - - - -
S-GNP4 4 6.2 11.5 - - - -
D-GNP12 12 3.8 12.2 - - - -

Note: **Representing €, €;, and €3, respectively.
GF, gauge factor; CNT, carbon nanotube; GNP, graphene nanoplatelet; HDPE, high-density poly-
ethylene; MWCNT, multi-walled carbon nanotubes.

such as increasing the tunneling distance (D,) of neighboring nanotubes (see Figures
5.4b and 5.5b). With regard to the gauge factor in the first stage (GF)), this value of
D-CNT1 (-CPC with 1wt% MWCNT) was estimated to be 43.3, being about twice that
of D-CNT?3 (21.3). It can be attributed to a robust conductive network in the D-CNT3
system which was filled with more CNTs (3wt% MWCNT). In addition, S-CNT1 had
quite a low GF, value (15.8), which was even lower than that of D-CNT3 in spite of the
higher content of MWCNTs. This is because the denser conductive pathways in S-CNT],
formed as MWCNTs, were mainly accumulating at the interfaces of the HDPE phases,
thereby better withstanding the applied strain, which resulted in a lower GF,.

As the strain increases from € to &, the stress gradually declines and then levels
off, and the relevant stage is commonly referred to as strain softening [46]. In this
stage, all AR/R, curves tend toward a “plateau”, which means the deformation of
conductive networks may reach a balance between (i) the destruction of previous
conductive pathways induced by the nanotube orientation and (ii) the reconstruction
of new conductive pathways resulting from other new contacts between nanotubes
(Figures 5.4c and 5.5¢c). This is because the more obvious orientation of polymer
crystals happens based on a significant increase in Hammer’s factor (f.) value, an
indicative of the orientation degree of the HDPE crystals, at which the specimens
are further stretched up to &, (Figure 5.6a). Furthermore, a decrease of about 5%
in Xxrp (Figure 5.6b) supports the point that the crystals are being destroyed as the
deformation increases. Therefore, such a dynamically changing conductive network,
as a result of further orientation of polymer crystals, basically maintains the previous
conductive ability, and small variations in AR/R, values (the plateau) are observed. In
Figure 5.3b, D-CNT]1 shows the highest AR/R,, value of about 1,100 at the plateau due
to a less stable conductive network (Figure 5.4b). This is almost three and two times
as much as those of S-CNT1 (340) and D-CNT3 (540), respectively.

At the end of the strain softening stage (denoted as &), necking occurs and extends
along the tensile direction with further stretching. In this “necking growth” stage,
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FIGURE 5.6 (a) Herman’s factors (f.) of D-CNTI1 and S-CNTI composites versus strain.
(b) Crystallinity of HDPE and HDPE-based composites with different tensile strains. HDPE,
high-density polyethylene.

FIGURE 5.7 SEM micrographs of HDPE/MWCNT composites with different conductive
networks after stretching to a strain of 300%: (a) D-CNTI, (b, ¢) S-CNT1. The double-headed
arrows represent the tensile direction. (a-1), (b-1), and (c-1) correspond to the enlarged areas
of (a), (b), and (c), respectively. HDPE, high-density polyethylene; MWCNT, multi-walled
carbon nanotubes; SEM, scanning electron microscope.

the f. (Figure 5.6a) and Xxrp (Figure 5.6b) values of both D-CNTI1 and S-CNT]I
clearly increase. This indicates that HDPE crystals are further orientated and strain-
induced recrystallization occurs. In addition, the previous balance in destruction and
rebuilding of conductive networks is broken with a further orientation of nanotubes,
among which the destruction effect is predominant. Therefore, all AR/R, curves start
to increase again. One can see in Table 5.2 that D-CNT1 and S-CNT1 exhibit the
highest (403.3) and lowest (27.3) GF; values, respectively, whereas D-CNT3 shows
a moderate GF; value of 89.6. For the D-CNT1 sample, numerous nanotubes are
disentangled and rearranged along the tensile direction (Figure 5.7a). Some neigh-
boring nanotubes could be further separated without the ability to effectively form
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conductive pathways. For the S-CNT1 system, the original net-like conductive net-
works have been largely deformed and disrupted (Figure 5.7b), but the nanotubes
are still tightly entangled at the interfaces of the HDPE phases (Figure 5.7c). Such
a conductive network structure enables better retention of its electrical conductivity
and results in a relatively low GF;.

In addition to monitoring the transformation of conductive networks and crys-
tal phases in thermoplastic composites, the damage self-sensing technique is also
adapted to structural thermosetting materials such as fiber-reinforced composites.
For instance, Wang et al. [47] investigated the strain and damage self-sensing capa-
bilities of basalt fiber-reinforced polymer (BFRP) laminates fabricated with carbon
nanofibers (CNFs)/epoxy composites. In particular, different contents of CNFs were
dispersed into the epoxy matrix and infused into a basalt fiber fabric to form the
conductive networks in BFRP laminates. According to the results, BFRP laminates
containing 1.0 and 1.5wt% CNF contents had good damage self-sensing ability to
monitor the damage evolution under monotonic tensile loading until failure. Their
fractional change in resistivity (FCR)-strain curves, representing the relationship
between the FCR and the applied strains, could be classified into three stages cor-
responding to different damage modes, i.e., matrix microcracks, transverse cracks,
interfacial debonding, longitudinal splitting, delamination, and basalt fiber break-
age. Meng et al. [48] reported a facile approach to detect structure damages and to
accurately identify their locations by using electrically conductive epoxy/graphene
nanocomposite films. To this end, each edge of the composite film was equally sub-
divided into four points. Each point was connected to one end of the wire using silver
paste, whereas the other end of the wire was coupled with the testing instrument. In
the process of testing, the resistance change at each of the two opposite points was
monitored, and the result that resistance change corresponding to locations of test
points could point accurately locations of damages such as holes or cracks.

5.4 CONCLUSIONS

Conductive networks in CPCs are formed by directly contacted conductive fillers or
by means of the tunneling current between nearby conductive fillers where electrons
can flow through the insulating barriers via quantum mechanical tunneling. In most
cases, CPCs can be categorized into the following three kinds with different conductive
network structures: r-CPCs, s-CPCs, and d-CPCs. The r-CPCs is quite a conventional
distribution where conductive fillers are randomly dispersed, and some ordinary pre-
paring routes, e.g., melt blending and solution mixing, allow one to achieve this struc-
ture. As for s-CPCs and d-CPCs materials, their conductive fillers are both specially
distributed. In the former system, fillers are primarily located at the interfaces between
the matrix phases. And in the latter one, conductive fillers are selectively placed in one
phase of co-continuous polymer blends. Due to these special distributions, lower con-
tents of fillers are required to induce the insulator/conductor transition.

Some external stimuli such as temperature fluctuation and applied stress can
induce the transformation of conductive networks, consequently resulting in the
varying resistance of CPCs. With regard to the temperature-resistivity behavior, the
PTC effect is thought to be related to the volume expansion of matrix, induced by
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the volume expansion of solid matrix or by the melting behavior. In contrast, the
NTC effect is associated with the reconstruction of effective conductive networks. To
maintain accurate responses toward the temperature stimuli, the temperature sensor
is required to have a low Ixtc value. To this end, constructing segregated conduc-
tive networks and choosing a high melt viscosity polymer matrix are two effective
approaches. In addition, high Iprc is also desirable for temperature sensors because
of the need for the obvious response to the variation of temperature.

In case of insulating matrices, adding appropriate amounts of conductive fill-
ers to form an electrically conductive network has been found to be a promising
approach to realize their damage self-sensing. Damage self-sensing refers to an in
situ resistance measurement technique, which is based on the changes in electri-
cal current (or resistance) induced by the transformations of conductive networks
owing to the deformation or damage of CPCs. For the HDPE/MWCNT composites,
three typical stages corresponding to the prior-to-yielding region, strain softening,
and necking growth were mirrored by the changes in AR/R, during tensile deforma-
tion. Moreover, the HDPE/MWCNT system with randomly dispersed structure was
more sensitive to tensile deformation (high GF values) due to the weaker conductive
networks with insufficient connections between nanotubes/agglomerates. Besides,
this damage self-sensing technique is usually adapted to the structural thermosetting
materials such as fiber-reinforced composites.
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6 Flexible Strain Sensors
Based on Elastic
Fibers of Conductive
Polymer Composites

6.1 INTRODUCTION

With continuous growing living standard and economic development, humans pay
more attention to physical health. Physical exercise has become an important way to
keep fit in our daily life. Smart watches and wristbands acquire physiological data
during exercise, but they do not enable the real-time monitoring of various parts of
the body. Moreover, chronic diseases have gradually become more common in the
international community due to environmental deterioration and an aging popula-
tion. The human health care system is thus facing severe challenges. Large medical
equipment and cumbersome medical practices not only increase the cost of health
monitoring, but they also bring unnecessary anxiety and pain to patients. However,
conventional medical monitoring based on metals or semiconductors cannot meet
the requirements due to the rigidity and brittleness of these materials. Therefore,
with the development of material science and continuous economic development,
artificial intelligence technologies have been innovating rapidly. In particular, flex-
ible strain sensors have undergone tremendous development and have been applied
in robotics, medical diagnostics, human motion detection, and health care over the
last decade [1-4]. Flexible fiber strain sensors have become a hot topic in academia
because fiber sensors are readily incorporated into clothing or wearable equipment.
Additionally, flexible strain sensors with high sensitivity and workable strain range
show great potential for use in various fields.

To date, various conductive functional materials have been used to fabricate strain
sensors including carbon black (CB) [5,6], carbon nanotubes (CNTs) [7,8], graphene
[9,10], and metal nanowires [11,12]. Electrically conductive functional fillers incor-
porated into a polymer matrix and designing ingenious structures are effective strat-
egies for improving the performance of flexible strain sensors. The performance of
strain sensors must be excellent and needs to be measured. The parameters mea-
sured include workable range, sensitivity, stability, response time, hysteresis, and
linear relationship between strain and change of relative resistance. Due to their easy
fabrication, facile integration, and excellent performance, fibrous sensors have been
designed and fabricated to detect various stimuli for many different applications. In
particular, fibrous sensors can be easily woven into different textures or even knitted
into fabric structures. Fabric is defined as hierarchically structured fibrous materials
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that assemble fibers at a two-dimensional level. Flexible fabric is the ideal platform
to fabricate flexible electronic devices or wearable systems. Generally, layer-by-layer
(LBL) coating [13], ultrasonic-assisted dip-coating [14], chemical deposition coating
[15], and spinning [16] approaches are the main methods used to fabricate flexible
fiber strain sensors. Flexible strain sensors with high workable ranges and sensitivi-
ties have potential applications in personal health care, body motion detection, and
man—machine interactions.

This chapter focuses on elastic fibers of conductive polymer composite (CPC)
strain sensors with good weaving capacity and enhanced stability, which is one of the
most explored areas in textile sensor research. First, we review different approaches
of making elastic fiber strain sensors, which include LBL coating, chemical deposi-
tion coating, melt extrusion, and spinning. Second, we discuss the sensing perfor-
mance of flexible strain sensors with different structures. In this section, the working
mechanisms of conductive networks with different microstructures and the sensing
performances are analyzed and compared. Finally, the potential applications of flex-
ible strain sensors and current challenges are reviewed. This review aims to present
an overview of all research of elastic fibers of CPC strain sensing networks and their
applications in various fields including smart wearable devices and integrated multi-
functional human—machine interactive systems.

6.2 METHODS FOR FABRICATING FLEXIBLE
FIBER STRAIN SENSORS

Coating of functional layers onto the surface of fibers is a widely used facile tech-
nique. This method not only has low cost and is easy to operate, but it also exhibits
high efficiency. Surprisingly, coating functional materials onto the surface of various
hierarchical levels of textile structure such as fiber, yarn, or fabric can be completed
successfully. In addition, flexible fiber strain sensors fabricated by dip-coating,
chemical deposition coating, melt extrusion, and spinning have also been reported.

6.2.1 LBL CoATING AND ULTRASONIC-ASSISTED Dip-COATING

LBL coating is a low-cost, simple, and efficient approach for manufacturing flexible
fiber strain sensors. In recently reported work, Chen et al. [13] prepared flexible, sen-
sitive, and wearable strain sensors via LBL coating of thermoplastic polyurethane
(TPU)/multi-walled carbon nanotube (MWCNT) composites onto the surface of span-
dex yarn (see Figure 6.1a). This procedure resulted in an ultrathin layer of conductive
composite material on the surface of the spandex yarn. Ingeniously, this homogenous
coating strategy easily avoid phase separation caused by different substrates as span-
dex is also a TPU. Additionally, commercially available spandex yarn can be readily
incorporated into clothing or wearable equipment for further applications.

The LBL method is widely used in the preparation of flexible fiber strain sensors
because of its many advantages. However, the mechanism of LBL coating is differ-
ent. For example, Wu et al. [1] prepared flexible, sensitive, and washable strain sensors
based on polyurethane (PU) yarn using an LBL coating technique by alternately dipping
PU yarn into a suspension containing negatively charged carbon blank (CB)/cellulose
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FIGURE 6.1 Schematic illustration of the fabrication of a flexible strain sensor by layer-
by-layer (LBL) coating or ultrasonically assisted dip-coating approaches. (a) Fabrication of
flexible yarn strain sensor by LBL coating, (b) schematic process for the fabrication of CPC@
PU yarn by LBL assembly, and (c) preparation of conductive yarn by ultrasonically assisted
dip-coating.

nanocrystals/natural rubber suspension and positively charged chitosan solution as
shown in Figure 6.1b. Specifically, a functional material was coated on the surface of
PU yarn to form an ultrathin CPC layer via the interaction of positive and negative
charges. The resultant flexible yarn strain sensor exhibited excellent sensitivity with
a gauge factor (GF) of 39 and detection limit of 0.1% strain as well as good repro-
ducibility over 10,000 cycles. The developed flexible strain sensor exhibited good
flexibility and stretchability, and it could easily be incorporated into textile structures
through weaving, knitting, and braiding for wearable sensing applications.

In addition, ultrasonic-assisted LBL processing can effectively solve problems of
agglomeration of nanofillers in matrices. Souri and Bhattacharyya [17] fabricated
conductive yarn via dip-coating with graphene nanoplatelets (GNPs) and CB par-
ticles in an ultrasonication bath (see Figure 6.1c). Under ultrasonication, GNP and
CB were uniformly dispersed on the surface of yarn. At the same time, the hierarchi-
cal-conductive network was successfully established. In summary, the ultrasonically
assisted LBL method is effective in improving the decentralization of conductive
nanofillers for the flexible application in the fabrication of yarn strain sensors. The
developed yarn strain sensor exhibits good flexibility and stretchability, which can
be easily incorporated into textile structures through weaving, knitting, and braiding
for wearable sensing applications.

6.2.2 CHemicAL DeposITION COATING

The LBL method and ultrasonically assisted dip-coating to prepare flexible strain
sensors have many important advantages, but it cannot meet all of the require-
ments of the preparation of flexible strain sensors. In particular, there are still some
challenges such as the dispersion of nanoparticles in the polymer matrix and weak
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FIGURE 6.2 Schematic illustration of conductive polyurethane filaments by in situ reduc-
tion and electroless Ag plating.

interfacial interactions between the filler and the matrix. However, chemical deposi-
tion coating is an effective technique to achieve homogenous integration between
inorganic components and the polymer matrix. Liu et al. [18] developed an in situ
polymerization method to prepare an adherent polydopamine (PDA) film on PU fila-
ments for deposition of Ag particles as shown in Figure 6.2. The Ag nanoparticles
were able to deposit well because of the catechol groups of PDA. The developed flex-
ible yarn strain sensor with high elasticity and linearity was successfully applied to
wearable strain sensing devices. Therefore, chemical deposition coating is an effec-
tive approach to deposit functional conductive components on flexible yarn. In addi-
tion, the chemical bonding can improve the adhesion ability between the deposition
layer and yarn surface.

6.2.3 MELT EXTRUSION

Improvement in the strength and durability of flexible strain sensors are scientifi-
cally and technologically necessary to meet the application of wearable devices. To
prepare flexible strain sensors with stable conductive networks, the polymer matrix
and functional materials were integrated by melt extrusion. Lin et al. [19] reported
the construction of a polypropylene (PP)/CNT composite layer that was attached to
a polyester fiber via a melt extrusion method. The polyester fiber provided robust
mechanical properties for the conductive composite fiber material. Recently, Liao
et al. [20] proposed a cluster-type microstructure strategy for the fabrication of
yarn strain sensors using a nozzle jet printing method (see Figure 6.3). This work

FIGURE 6.3 Fabrication of strain sensors with cluster-type microstructures.
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demonstrates that the intrinsic elasticity of textiles can be used to realize unique
microstructure designs with nozzle jet printing of the conductive layer. The melt
extrusion approach is also favorable because of its excellent sample formability and
structure designability.

6.2.4 SPINNING

Spinning techniques have been widely used to fabricate fiber. Generally, spinning
processes to fabricate fiber sensors include the following steps. First, the spin-
ning solution is prepared. Second, the spinning solution is extruded from the spin-
neret. Third, primary fibers are immersed in the solidifying solution. Fourth, a
post-treatment step is performed [21,22]. Therefore, spinning technique is an easy
method to fabricate flexible fiber strain senors. For instance, Seyedin et al. [23]
developed an electrically conductive and highly stretchable PU/PEDOT:PSS yarn
by spinning. The PU/PEDOT:PSS yarn exhibited robust mechanical properties to
meet the requirements of the knitting technique. Recently, He et al. [24] reported
a novel highly sensitive strain sensor based on MWCNTs and TPU through a wet
spinning process in Figure 6.4. The spinning approach not only can be used to
effectively prepare conductive elastomeric fiber strain sensors, but the structure of
the fiber can also be easily designed by facile alteration of loop configuration and
stitch insertion.

FIGURE 6.4 Schematic illustration of the wet spinning process for a MWCNT/TPU fiber
strain sensor. MWCNT, multi-walled carbon nanotube; TPU, thermoplastic polyurethane.
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6.3 RELATIONSHIP BETWEEN STRUCTURE AND
PERFORMANCE OF FLEXIBLE FIBER STRAIN SENSOR

In this section, the three different classes of fibrous materials used to prepare strain
sensors are summarized. These classes are sheath-core spun yarn, helical yarn, and
fabric. In addition, the effects of the different classes of fibrous structures on sensing
performance are also discussed.

6.3.1 SHEATH-CORE SPUN YARN

Multiple mechanical deformation sensors have posed an urgent need for industrial
application. Chen et al. [25] developed a facile and low-cost approach to fabricate
spandex strain sensors using TPU/MWCNTs composites as shown in Figure 6.5a.
The sheath-core spun spandex consists of multiple monofilaments tightly bonded,
which exhibit excellent sensing performance after coating a conductive composite to
obtain electrical conductivity. In another work, commercial composite yarn consist-
ing of central elastic rubber latex thread and winding PU fibers were used as scaf-
fold. The stretched yarn was deposited with P(VDF-TrFE) nanofibers followed by the
deposition of Ag as a conductive layer [26]. Wang et al. [27] designed a wrapping and
coating device to achieve the fabrication of a cotton/PU core-spun yarn. During the
winding process of cotton fibers on the PU filament surface, conductive single-wall
CNTs were incorporated into the core-spun yarn through a coating treatment. The
self-designed equipment was simple and achieved uniform covering of the twisted
fibers and resulted in the scalable production of sheath-core yarn [28]. Considering

FIGURE 6.5 Illustration of the different dimensions of fiber strain sensors. (a) Yarn strain
sensor, (b) fabrication and characterization of double-helix carbon nanotube yarn, and (c)
flexible fabric strain sensor.
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the brittleness of carbon nanofiber yarn, the generated subtle cracks can increase the
sensitivity during the stretching process. Yan et al. [29] reported the fabrication of
sheath-core helical yarn through carbonization of core cotton yarn, and electrospun
polyacrylonitrile nanofiber was used as a wrapping sheath. The yarn was effective at
monitoring subtle strains as low as 0.1% with good sensitivity. Recently, natural silk
fiber was also functionalized by tailor-made CNT paint to fabricate strain sensors,
and this device was used to detect the physical stimuli of human body [30].

6.3.2 HeLicAL YARN

Because of its helically twisted filament, the compression spring structure is an effec-
tive approach to obtain good elasticity. Different from the abovementioned sheath-
core structure, helical structures can be fabricated using a single yarn. For example,
Zhao et al. [31] developed a prototype CNT yarn strain sensor with excellent repeat-
ability and stability for in situ structural health detection. The yarn was directly
spun from as-grown CNT arrays, and the twisting process resulted in an electri-
cally conductive pathway in the longitudinal direction. This device is a promising
strain sensor as the electrical resistance increases linearly with tensile strain. Shang
et al. [32] fabricated yarn-derived spring-like CNT rope consisting of uniformly
arranged loops. The spring-like rope was obtained by overtwisting the randomly
oriented CNT film using a modified spinning technique. Furthermore, Shang et al.
[33] prepared yarn-derived two-level hierarchical composite structures consisting of
twisted double-helical yarns as shown in Figure 6.5b. The yarn end was adaptive to
recoverable drag, resulting in a large linear change of tensile strain against electrical
resistance. The extensively twisted effects of entanglement enabled the yarn to func-
tion as a stretchable strain sensor [34].

6.3.3 FaBRIC

With increasing social development, fabric has become indispensable in people’s
daily life. Cotton fiber can be obtained from many different sources, is inexpen-
sive, exhibits excellent performance, and is environmentally friendly. For these rea-
sons, cotton is one of the most popular natural fibers in the clothing and textile field.
Weaving and knitting can be used to make cotton fabrics with yarns and fibers in the
form of a hierarchical structure with good tensile properties. There were some stud-
ies focused on coating various types of conductive materials on the surface of cotton
fabrics including reduced graphene oxide (rGO) [35] and MWCNTs [36], which only
used cotton fabrics as flexible substrates. Souri and Bhattacharyya [37] mixed GNPs
and CB particles to cover the surface of the cotton fabrics. Through a pre-breaking
mechanism, a part of the fabrics was first broken, and resistance changes became
more sensitive to fiber breaking under high strain, resulting in an ultra-high GF of
102350.91. These composite materials all possessed excellent sensitivity and stabil-
ity in motion detection of human fingers. Cao et al. [38] found that the conductivity
of the cotton fabric was not satisfactory when covering it with pure graphene due to
the poor performance of resistance between the layers of graphene, so the authors
coated the graphene with AgNW to improve conductivity as shown in Figure 6.5c. In
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summary, the strain range and ductility of the sensor can be significantly improved
by using different structures of fabric as flexible substrates, while the design of con-
ductive network structure affects the sensitivities of the sensors.

The use of an appropriate base substrate plays a vital role for the production of
conductive textiles. Depending on the type of sensor, many researchers used 100%
cotton woven (plain and twill) fabrics rather than knit fabrics due to extensibility
characteristics and the greater porosity of knit fabric. Lower porosity of woven fabric
is more suitable for control of the ink during inkjet printing. Moreover, woven fabrics
have greater dimensional stability than knit fabrics. Woven fabrics are less easily
deformed during the laundering process depending on the fiber content, weaving
structure, and washing cycle.

6.4 APPLICATIONS OF FLEXIBLE FIBER STRAIN SENSORS

Flexible strain sensors based on CPCs exhibit high working ranges and sensitivities.
For these reasons, they have become an ideal element to use in wearable device and
other electronic systems. There are three applications for flexible fiber strain sen-
sors based on CPCs. These three applications are personal health care, body motion
detection, and man—machine interactions. The flexible fiber strain sensors are more
advantageous in these fields compared with sensors based on traditional metals and
semiconductors due to their high flexibility and deformation ability. Additionally,
flexible fibers can be readily incorporated into clothing or wearable equipment for
various applications.

6.4.1 PersoNAL HEALTH CARE

In recent years, the harm of chronic diseases to human health has generated widespread
concern. Therefore, health care is also becoming a hot topic. Pulse, blood pressure, and
the long-term monitoring of respiratory rate are very helpful for doctors to accurately
diagnose chronic diseases. Obviously, traditional monitoring equipment is too bulky
and heavy to be suitable for long-term wearing. However, the deformation generated
by flexible CPC fibers leads to a change in resistance. Furthermore, electrical signals of
the flexible strain sensors can distinguish the various actions stimulated. For instance,
flexible strain sensors have been mounted in the throat, wrist, and abdomen to ascertain
different physiological information [39]. Flexible fiber strain sensors have demonstrated
high sensitivity and excellent stability, and they exhibit an accurate change of peak resis-
tance under deformation [25] as shown in Figure 6.6a. Flexible and wearable technology
will play an important role in the field of health monitoring in the future due to advan-
tages of easy implementation, early diagnosis, and long-term monitoring.

6.4.2 Boby MoTioN DETECTION

Physical exercise is a good thing for people’s health. However, inappropriate physical
exercise causes injury or even more serious consequences. Currently, the flexible fiber
strain sensors can greatly reduce injury during physical exercise by monitoring and
adjusting exercise real time. Furthermore, flexible fiber sensors assist training, which
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is particularly important for professional athletes. The training schemes of athletes can
be adjusted based on the signals of flexible strain sensors for improved performance.
Additionally, body motion has also been monitored by flexible fiber strain sensors
including facial expressions and joint motions. For instance, a flexible fiber strain sen-
sor was mounted on the forehead and cheek to capture signals of expression, including
frowning, blinking, smiling, and crying. The sensor was first attached on the person’s
throat. When the person reads different English words, the strain sensor showed a
distinct signal pattern for each word attributed to the specific muscle movement and
subtle pressure changes needed to pronounce each word. As shown in Figure 6.6b, the
different feedback signals generated by walking, jogging, jumping, and squatting were
distinguishable [40]. This work demonstrates good sensing performance of the flexible
fiber strain sensors in monitoring delicate movements of human muscles. In summary,
these results suggest that these sensors are quite useful for monitoring the body healthy
condition and evaluating athletes’ sport performance.

6.4.3 HUMAN—MACHINE INTERACTIONS

As a potential application, the flexible fiber strain sensors are prospective to build
a smart human—machine interface system to control machines. The flexible sensors

FIGURE 6.6 Applications of flexible fiber strain sensors based on conductive polymer com-
posites in the fields of personal health care, body motion detection, man—machine interac-
tions, and smart robotics monitoring. (a) Personal health care, (b) body motion detection, (c)
man-machine interactions, and (d) smart robotics.
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could capture the deformation of human activities, location, contact force, and pro-
cesses into sensing signals, which could be treated by software and then sent to
machines. Signals acquired from the sensor can also be used to control smart robots.
As shown in Figure 6.6c, flexible strain sensors based on CPCs could be used to
develop intelligent gloves, input signals by finger bending to the controller for remote
control of smart robots, and allow them to perceive the environment and interact
with environmental goals. These devices could reduce the deviation through real-
time feedback to perform surgical operations or some fine and dangerous works that
humans could not complete [41]. Due to the high sensitivity, low fabrication cost, and
simple operation, the smart glove system developed with flexible strain sensors based
on CPC has more advantages over traditional systems using sensors based on metals
and semiconductors.

6.4.4 INTELLIGENT ROBOTICS

Strain sensors as sensing elements were incorporated into machines to develop smart
robotics. As shown in Figure 6.6d, a sensory array was designed to differentiate the
pressing positions and the magnitude of force on gloves [42]. When a finger touched
the sensor, the fast response on a cylindrical object was formed to show the pressing
area. Moreover, multiple locations could be monitored simultaneously by the sens-
ing array. The different gestures of a finger could also be detected. These sorts of
devices are promising as sensing skins for robots. The strain sensor could also be
used to analyze the gait in the finger of a smart robot. The exerted force of the robot’s
finger during working could be recorded to track physical movements of the robot.
The sensing information provided a model to control the activity of robot. Similarly,
the fingers could also be controlled to grab various objects. These flexible strain sen-
sors will be able to control the physical movement of robots with the improvement of
technology integration capability, which will then helps humans with a wide variety
of dangerous tasks.

6.5 CONCLUSIONS

In this chapter, a critical review has been gathered on the recent advances of elas-
tic fibers of CPC strain sensors. We introduced in detail the various fabrication
approaches of flexible strain sensors including LBL coating, chemical deposition
coating, melt extrusion, and spinning. Generally, the CPCs are prepared by depos-
iting a conductive layer or incorporating conductive functional materials into the
polymer matrix. Next, we discuss the sensing performances of flexible strain sensors
with different structures. The unique sheath-core structure is beneficial to increase
both elasticity and mechanical strength. In addition, the helically twisted filament is
also an effective approach to obtain good elasticity. Woven fabrics possess greater
dimensional stability than single fiber or yarn. Moreover, woven fabrics are less eas-
ily deformed by laundering and washing processes. Finally, the applications of flex-
ible fiber strain sensors were summarized. Overall, material selection and structure
design remain major challenges for the fabrication of flexible CPC strain sensors. The
sensors combine high-performance conductive materials with polymer composite
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flexible substrates with good plasticity. Researchers tend to prepare these materials
by simple mixing or coating, but few studies have been conducted on the interac-
tion between them. Furthermore, the inability to simultaneously obtain high tensile
properties and sensitivity is a common challenge in this research area. Achieving
higher sensitivity in the strain range needed for human motion detection requires fur-
ther structural optimization. In the future, fiber-shaped strain with novel structures
and sensing efficiencies will be designed and further engineered to develop scalable,
highly sensitive, stretchable, durable, and reliable wearable electronic devices.
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There are several reports on the preparation of sponge-based strain sensors in the
literature as they have good elasticity and excellent compression properties. This
chapter reviews the composition, fabrication techniques, and future applications of
sponge-based strain sensors. In particular, we have highlighted our work in prepar-
ing sponge-based strain sensors using template methods (including carbonization
and coating). Moreover, the characteristics and mechanism of the resistance change
of the sponge-based piezoresistive sensors under different strains are described in
detail. In summary, sponge-based strain sensors show broad application potential
in wearable electronic equipment, human—computer interaction, intelligent robots,
electronic skin, and other fields.

7.2 TYPES OF SPONGE-BASED STRAIN SENSORS

Conductive sponges have been widely used in preparing wearable electronic devices
[1] thanks to their good elasticity, excellent compression performance, and good elec-
trical conductivity. 3D conductive sponges can be categorized into four types based
on their structures and compositions: (i) neat conductive sponges, (ii) conductive
sponges impregnated with elastomer, (iii) composite conductive sponges, and (iv)
conductive material-coated sponges. Subsequently, several conductive sponges and
their preparation process are briefly introduced [2].

7.2.1 NEeat CONDUCTIVE SPONGE

Neat conductive sponges have a three-dimensional porous structure assembled only
from conductive materials [3]. Currently, nanomaterials widely used in the prep-
aration of neat conductive sponges include graphene nanosheets (GNPs), reduced
graphene oxide (rGO) [4], multi-walled carbon nanotubes (MWCNTs), M Xene, sil-
ver nanowires (AgN'Ws), and silver nanoparticles (AgNPs) [5]. Although these pure
conductive sponges have ultra-low density, high conductivity, and good thermal and
chemical stability, they may have limited sensitivity and compressive strain range
due to their inherent mechanical rigidity and brittleness. The network structure of
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these neat conductive sponges is vulnerable to irreversible damage during compres-
sion, resulting in severe/irreversible changes in plastic deformation and conductivity.
This drawback can be overcome by impregnating the neat conductive sponge with an
elastic polymer, referred to as “elastomer impregnated conductive sponge”.

7.2.2 CONDUCTIVE SPONGE IMPREGNATED WITH ELASTOMER

Elastomer-impregnated conductive sponge is coated/impregnated on the neat con-
ductive sponge surface to improve the compression stability and robustness of the
sponge [6]. Currently, thermoplastic polyurethane, silicone rubber, polydimethylsi-
loxane, and other elastomers have been prevented from being used to prepare elasto-
mer-impregnated conductive sponge. However, the insulating elastomer impregnated
on the surface of a neat conductive sponge reduces the conductivity and increases the
density of the sponge.

7.2.3 ComprosiTE CONDUCTIVE SPONGE

Composite conductive sponges are prepared by foaming or freeze-drying after blend-
ing conductive materials with polymers. The conductivity and sensitivity are easily
adjusted by changing the number of conductive components in the composite con-
ductive sponge. A thorny problem of the composite conductive sponge is the uneven
dispersion of conductive materials and/or polymers in the preparation process. In
addition, foaming such composites is challenging due to the increased polymer vis-
cosity because of the filler content [7].

7.2.4 CoNDUCTIVE MATERIAL-COATED SPONGE

Conductive sponges are made of conductive materials coated on non-conductive
polymer sponges by coating, impregnation, magnetron sputtering, or in situ polymer-
ization [8—10]. The affinity and interface interaction between the conductive material
and the sponge substrate plays a key role in the conductivity and cycle stability of the
composite conductive sponge [11].

7.3 METHODS FOR FABRICATION OF SPONGE-
BASED STRAIN SENSORS

7.3.1  SupercriTicAL FOAMING TECHNOLOGY

Supercritical foaming molding is both physical and microcellular foaming molding
technology. During the injection molding, extrusion, and blow molding process, the
supercritical carbon dioxide (ScCO,), the supercritical nitrogen, or other supercritical
gases are first injected into a special plasticizing device so that the gas and molten raw
materials are thoroughly and evenly mixed/diffused to form a single-phase mixed sol
[12]. Then the sol is introduced into the mold cavity or extrusion die, where the sol
generates a large pressure drop, and the gas is precipitated to form a large number of
bubble cores. In the subsequent cooling molding process, the bubble nucleus inside
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FIGURE 7.1 Preparation process of TPU/MWCNTs composite and sponges. TPU, thermo-
plastic polyurethane; MWCNTs, multi-walled carbon nanotubes.

the sol forms and grows, finally affording the microcellular foamed plastic products.
As shown in Figure 7.1, Fei et al. [13] prepared a piezoresistive sponge based on ther-
moplastic polyurethane (TPU)/MWCNT composite by solution blending and ScCO,
foaming process, which has high strength, flexibility, and stable cycle. However, due
to the high filler content, the viscosity of polymer melting increases, which inhibits the
growth of cells and destroys the foaming ability of the polymer.

7.3.2 CHemicAL Vapor DeposiTioN (CVD)

Deposition of a conductive layer on the porous polymer sponge by CVD can maintain
the ideal porous structure of the sponge and provide the sponge with good mechani-
cal and electrical properties [14]. As depicted in Figure 7.2, Xu et al. [15] synthesized
three-dimensional graphene (GF)/polydimethylsiloxane (PDMS)-poly(ethylene tere-
phthalate) (PET) sponge by CVD method. The resistance of the GF/PDMS-PET
sponge increases with the increasing bending curvature. However, high cost and
complex processing technology limit the wide application of the CVD method in
preparing sponge-based strain sensors [16].

7.3.3  Freeze-DRYING METHOD

The freeze-drying method is a new method to prepare aerogels with nano-three-
dimensional network structure by directly sublimating solvent in polymer solution
[17]. A novel flexible piezoresistive sensor was prepared by Huang et al. [18], which
was based on porous polyaniline (PANI)/bacterial cellulose (BC)/chitosan (CH)
aerogel by simple freeze-drying technology (Figure 7.3). PANI/BC/CH aerogels
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FIGURE 7.2  Schematic presentation of the fabrication of the 3D GF/PDMS-PET composite.
GF, graphene; PDMS, polydimethylsiloxane; PET, poly(ethylene terephthalate).

FIGURE 7.3 Digital photographs of (a) BC aerogel, (b) BC/CH aerogel, and (c) PANI/BC/
CH aerogel. Various magnification SEM images of (d,g) BC aerogel, (e,h) BC/CH aerogel, and
(f,i) PANI/BC/CH aerogel. BC, bacterial cellulose; CH, chitosan; PANI, polyaniline; SEM,
scanning electron microscope.
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have low density, good electrical conductivity, and wide pressure identification abil-
ity. Nevertheless, the wide application of aerogels prepared by freeze-drying tech-
nology is limited in flexible electronic devices due to their high cost restricting their
mass production and poor mechanical properties [19,20].

7.3.4 TemPLATE METHOD

7.3.4.1 Carbonization of Template Sponge

High-temperature pyrolysis or carbonization is the most straightforward method to
produce carbon material. Phenol formaldehyde foam (PFF) is a common thermoset-
ting resin widely used in the construction industry for heat and sound insulation
applications. The preparation of a flexible multipurpose piezoresistive strain sensor
reported by Wang et al. [21] is illustrated in Figure 7.4a, which relies on carbon-
ized PFF as a template and encapsulation with PDMS. First, commercially pur-
chased PFF was converted into carbonized PFF (cPFF) with adjustable conductivity
by simple high-temperature pyrolysis (Figure 7.4b). Then, the cPFF was encapsu-
lated with PDMS as elastomer to prepare the piezoresistive strain sensor. The sen-
sor exhibited high sensitivity, stable current response, and excellent durability over
many loading cycles. Furthermore, large-scale (finger bending and neck movement)
and small-scale (facial micro-expression and phonation) human motions were suc-
cessfully monitored, thereby demonstrating the potential of the proposed sensor in
smart wearable devices. Wang et al. [22] reported another high-performance flexible
piezoresistive sensor based on carbonized poly-benzoxazine (cPBa) foam and PDMS
using the same strategy. Moreover, they found that due to the disconnection/recon-
nection mechanism of carbon debris, the cPBa/PDMS strain sensor exhibits negative
and positive pressure resistance effects under different pressures. As evident from
Figure 7.5, initial small strain (¢ <6%) induces the deflection and separation of the
carbonized fragments in PDMS, interrupting the direct connection of adjacent car-
bon fragments, which destroys the conductive network in the sponge. However, due
to continuous compression, the direct distance of carbon fragments decreases, which

FIGURE 7.4 (a) Fabrication of the PDMS-cPFF multipurpose strain sensor and (b) related
carbonization process parameters. PDMS, polydimethylsiloxane; cPFF, carbonized phenol
formaldehyde foam.
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FIGURE 7.5 Relative electrical current change (RCV) as a function of compression strain.

FIGURE 7.6 Schematic illustration of sugar-templated preparation of PPy-PU sponge. PPy,
polypyrrole; PU, polyurethane.

makes adjacent carbon fragments reconnect, leading to the formation of new con-
ductive pathways. Moreover, the sponge-based strain sensors derived from the cPBa
and cPFF foams exhibited different performances, indicating that the performance
of carbonized sponge-based strain sensors strongly depends on the carbonization
temperature and the initial structure of the material before carbonization.

7.3.4.2 Template Removal Method

The sacrificial template method is widely used to prepare porous structures, in which
the sacrificial template material serves as a temporary framework in assisting the for-
mation of desired 3D structure. Wan et al. [23] utilized the sacrificial sugar template
method to prepare a polypyrrole (PPy)-PU conductive sponge-based strain sensor
with a unique micro-wrinkle structure (Figure 7.6). These PPy-PU sponges exhib-
ited good mechanical properties and electrical conductivity due to the combination
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FIGURE 7.7 Scheme of the fabrication process of the TPU/MWCNTs@MXene foam strain
sensor. TPU, thermoplastic polyurethane; MWCNTs, multi-walled carbon nanotubes.

of elastomeric PU and conductive PPy, making them good candidates to prepare
pressure and strain-sensitive materials. As displayed in Figure 7.7, Wang et al. [24]
also reported the fabrication of a porous sponge-based strain sensor composed of
Ti,C,T, MXene, MWCNTs, and TPU. MXene sheets were adsorbed on the surface
of the MWCNTs/TPU sponge prepared by the sacrificial salt-templating method,
thereby further improving the conductivity and sensing performance of sponge-
based sensors.

7.3.4.3 Surface Coating of a Template Sponge

The surface coating strategy based on the commercial sponge is a simple, direct,
and effective method for preparing conductive sponge-based strain sensors [25]. A
layer of conductive material can be deposited on the existing polymer sponges (such
as polyurethane and melamine) or as-prepared sponges. These sponge-based strain
sensors generally maintain the outstanding compression performance of the pure
sponge. Good adhesion between the template sponge and the conductive coating
material is the key to ensuring the stability and reproducibility of the conductive
sponge-based strain sensors [26]. Zhang and coworkers [27] prepared a flexible and
high-performance piezoresistive strain sensor by simple layer-by-layer electrostatic
self-assembly of carbon nanoparticles on a polyurethane (PU) sponge (Figure 7.8).
The alternate assembly of carbon nanotubes (CNTs) and graphene nanoplatelets
(GNPs) afforded a more complete conductive network, and the synergistic effect
between CNTs and GNPs significantly improved the sensing performance of the
sensor. The current of the sensor decreased with increasing tensile strain, showing a
positive piezoresistive effect (Figure 7.9a). However, the current increased when the
sponge sensor was compressed, showing a negative piezoresistive effect (Figure 7.9b).
During the deformation process of the sponge-based strain sensor, the “destruction”
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FIGURE 7.8 Schematic diagram for the preparation of the PU sponge-based strain sensors.
PU, polyurethane.

FIGURE 7.9 AR/R,-strain curves for the sponge-based sensors: (a) tensile strain, (b) com-
pressive strain, and (c) schematic diagram for the evolution of conductive paths in the strain
sensors under different strains.

and “reconstruction” of the conductive paths proceed simultaneously. However, the
destruction of the conductive network dominated during the tensile process, increas-
ing the tunneling distance between adjacent conductive nanoparticles. When the
sensors were compressed, more conductive paths were reconstructed, increasing the
conductivity (Figure 7.9c).
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7.4 APPLICATION OF SPONGE-BASED STRAIN SENSORS

7.4.1  WEARABLE ELECTRONIC DEVICE

The rapid development of wearable electronic devices puts forward new require-
ments for the performance and preparation of strain sensors. Meanwhile, wearable
electronic devices require each component to have high compressibility to adapt
to large-scale mechanical deformation and complex conditions. The sponge-based
strain sensor with good elasticity, high compressibility, and excellent electrical con-
ductivity can successfully meet the needs of monitoring pressure changes during
most human activities. For example, Song et al. [28] prepared a sponge-based piezo-
resistive sensor based on CNTs and PDMS (CNT-PDMS), as shown in Figure 7.10,

FIGURE 7.10  Electromechanical response phenomenon of CNT-PDMS sponge while moni-
toring human activities. CNT, carbon nanotube; PDMS, polydimethylsiloxane.
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which can be attached to skin or clothing and can detect human actions from speech
recognition to respiratory records, showing great potential for application in wear-
able electronic devices.

7.4.2 HUMAN—COMPUTER INTERACTION/INTELLIGENT ROBOT

Traditional wearable devices have single functions and relatively fewer characteris-
tics, which do not meet the needs of modern people for intelligent life. However, the
intelligent wearable devices are connected to the internet, smartphones, tablets, and
computers for interaction, forming the intelligent wearable device-based Internet of
Things (IOT) terminal. For instance, a novel flexible piezoresistive tactile sensor
with Ti,C-PDMS sponge as conductive elastomer was fabricated by Sun et al. [29]
prepared. This sensor has excellent sensing performance and can realize human—
computer interaction by assembling a matrix (Figure 7.11).

7.4.3 ELECTRONIC SKIN

Electronic skin is a new electronic device that simulates the external stimulation
(e.g., pressure, temperature, humidity) of human skin through the integration
and feedback of electrical signals. As a kind of flexible tactile bionic sensor,
electronic skin has been widely used in human physiological parameters detec-
tion, robot tactile perception, etc. Miao et al. [30] designed a new method to
combine wrinkle structure with porous sponge structure, achieving a novel, flex-
ible, compressible, and bifunctional sensor based on CNT-PDMS with humidity
and pressure sensing functions. The performance of the humidity sensing part
can be controlled by ultraviolet (UV) and ozone (UVO) treatment time and CNT
concentration, and the sensitivity of the pressure sensing part can be controlled
by CNT concentration and grinding time of sugar particles. Besides humidity
change and tactile perception functions, the sensor can also monitor human
motion and health (Figure 7.12).

FIGURE 7.11 (a) Photo of the sensor array (Inset: Structural diagram of the sensor array).
(b) Response of the sensor array when pressing on the different positions.
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FIGURE 7.12 (a) Humidity sensing for hands approaching. (b) Pressure sensing for hands
touching. (c) Schematic illustration of the sensor array. (d, e) Sensor array for sensing force. (f)
Sensor fixed on a human knee joint or integrated with a mask works as a flexible health moni-
tor. (g) Different resistance changes between normal high knee holding and too high-level
knee holding. (h) Detecting various breathing states: slow breath and quick breath.

7.5 CONCLUSIONS

Because of the good elasticity and excellent compression properties of the sponge,
there are several reports on the preparation of sponge-based strain in the literature.
The composition, fabrication techniques, and future applications of sponge-based
strain sensors are reviewed in this chapter. Our work in preparing sponge-based
strain sensors using template methods (including carbonization and coating) is par-
ticularly emphasized. The simplest and most convenient method for the large-scale
preparation of flexible sponge-based strain sensors is carbonization. The perfor-
mance of carbonized sponge-based strain sensors significantly depends upon the
carbonization temperature and the initial structure of the material before carboniza-
tion. Another commonly used method for preparing sponge-based high-performance
flexible strain sensors is the layer-by-layer electrostatic self-assembly coating. In this
method, nanofillers with different electronegativity can be loaded on the sponge sur-
face through proper surface modification. The coordination between different fillers
helps to enhance further the electrical and sensing performance of the sponge-based
sensor. Moreover, the characteristics and mechanism of the resistance change of the
sponge-based piezoresistive sensor under different strains are described in detail. In
summary, sponge-based strain sensors show broad application potential in wearable
electronic equipment, human—computer interaction, intelligent robots, electronic
skin, and other fields.
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8 3D-Printed Flexible Strain
Sensors of Conductive
Polymer Composites

8.1 INTRODUCTION

3D printing (namely additive manufacturing) is a rapid prototyping technology that
allows complex structures to be printed without the need for any mold tooling [1].
This reduces capital costs and increases lead times as well as allowing the manufac-
ture of structures that cannot be made by any other method. Currently, 3D printing
has multiple classifications to meet different materials, such as metals and polymers
by selective laser sintering (SLS), photocurable materials by stereolithography (SLA),
direct ink writing (DIW), and thermoplastics by fused deposition modeling (FDM)
[1-8]. In recent years, a lot of work has been carried out to develop the 3D printing
technology for polymer composites.

More attention has been paid to the design and preparation of flexible strain sen-
sors using the characteristics of low cost, high precision, flexibility, and designability
of 3D printing. This chapter reviews the composition, preparation methods, struc-
tural characteristics, and future application prospects of 3D printing strain sensors.
In particular, we focus on some of our work in the preparation of flexible strain
sensors using FDM method and introduce non-covalent bond modification or coor-
dination effect between different dimensional direct nanofillers to further improve
the overall performance of the sensor. In summary, 3D-printed strain sensor shows
broad application potential in wearable electronic equipment, human—computer
interaction, intelligent robots, electronic skin, and other fields.

8.2 PREPARATION OF 3D-PRINTED STRAIN SENSORS

3D printing technology generates 3D entities by layer-by-layer processing, over-
laying, and adding materials. First, the three-dimensional model of the required
components is designed using the computer [1]. Then, according to the process
requirements, the model is dispersed into a series of orderly units according to cer-
tain rules. Subsequently, the NC code is automatically generated when the system
runs, after inputting the processing parameters according to the contour information
of each slice. Finally, a series of slices are formed and connected automatically, and
finally a three-dimensional physical entity is obtained. From the current report, the
manufacturing of 3D printing strain sensor can be divided into digital photocuring
(DLP), DIW, FDM, and SLS [9].
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8.2.1 DIW-BaAseDp 3D-PRINTED STRAIN SENSORS

DIW 3D printing technology can be used to prepare materials with various materials
and properties, and its application fields are very wide, including electronics, struc-
tural materials, tissue engineering, and soft robots. There are many types of ink used
in this technology, such as conductive adhesive, elastomer, and hydrogel [10]. These
inks have rheological properties (such as viscoelasticity, shear thinning, and yield
stress), which are helpful for the implementation of 3D printing process. In the DIW
process, viscoelastic ink is extruded from the nozzle of 3D printer to form fiber. As
the nozzle moves, it can be deposited in a specific pattern. As shown in Figure 8.1,
Valentine et al. [11] prepared a new type of high-performance electronic skin by
DIW using Ag-thermoplastic polyurethane (TPU) conductive ink. By developing

FIGURE 8.1 Hybrid 3D printing platform for soft electronics. Schematic images of (a) DIW
of a TPU matrix for the device body and (b) DIW of conductive traces to interconnect the
surface mounted LEDs placed in the form of a soft, stretchable “H” LED array; (c) Image of
representative example of soft sensor array; (d) Image of a functional LED array wrapped
around a human finger.
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novel insulating and conductive inks, functional strain and pressure sensors were
fabricated and characterized. This hybrid method enables surface mount electrical
components of arbitrary shapes and sizes to be readily integrated onto printed soft
wearable circuits.

8.2.2 SLA-BAseDp 3D-PRINTED STRAIN SENSORS

SLA is under the control of digital signal, and the liquid photosensitive resin in
the working chamber of the nozzle forms a droplet in an instant, and the nozzle is
sprayed to the specified position under pressure. Then the photosensitive resin is
cured by ultraviolet light, and the cured resin is stacked layer by layer to obtain the
formed parts. SLA material is composed of photocuring solid material and support-
ing material. The supporting material can be divided into phase change wax sup-
porting material and photocuring supporting material according to different curing
methods. From Figure 8.2, Pan et al. [12] reported the SLA 3D printing of tough,
highly solvated, and antifouling hybrid hydrogels for potential uses in biomedical,
smart materials, and sensor applications. The zwitterionic hybrid hydrogels (Z-gels)
could be tuned over a large range of ultimate strains, while also demonstrating a high
resilience under cyclic tensile loading.

8.2.3 SLS-BAsep 3D PRINTED STRAIN SENSORS

SLS process uses powder materials. Laser selectively scans the powder under the
control of the computer to make it melt and then cools and solidifies to achieve the
sintering bonding of the material so that the material is stacked layer by layer to
achieve molding. Wei et al. [13] reported a novel, simple, and low-cost SLS strategy
to produce a soft conductive film by sintering a mixture of nylon and graphite powder
with a variety of detection capabilities for touch, stretch, and bending (as shown in
Figure 8.3). The soft materials present the combination of high sensitivity and good
repeatability. An elastic robotic arm was constructed, which has a nylon-graphite
sensor on the surface that simultaneously enables active haptic and proprioceptive
sensing for different objects with various weight, shape, and roughness.

FIGURE 8.2 (a) Schematic diagram of the projection-stereolithography; (b) Rapid fabrica-
tion of octopus arms with 50 pm resolution at a speed of 14 seconds per layer using SLA.
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FIGURE 8.3 Schematic illustration of the fabrication process of the CPC-based sensor.
CPC, conductive polymer composite.

8.2.4 FDM-Basep 3D-PrRINTED STRAIN SENSORS

FDM is a polymer 3D printing technology that combines computer-aided design
with thermoplastic polymer materials and is formed by layer-by-layer overlay of melt
filaments [14,15]. Compared with other 3D printing methods, FDM has the char-
acteristics of low cost, convenience, and flexibility, and the extruded filaments are
suitable for large-scale production and long-term storage. From Figure 8.4, Xiang
et al. [16] fabricated highly flexible strain sensors based on carbon nanotube (CNT)/
TPU, graphene nanoplatelet (GNP)/TPU, and CNT/GNP/TPU nanocomposites by
FDM 3D printing. The dispersion, printability, as well as the electrical, tensile, and
sensing properties of the printed composites were systematically investigated. Due
to the synergistic effect of CNTs and GNPs, the improved dispersion of CNTs in the
TPU matrix was obtained, and the electrical and tensile properties of the 3D-printed
sensor were significantly enhanced. To analyze the mechanism of strain sensing,
modeling based on tunnel theory was performed. Xiang et al. [17] prepared CNT/
TPU nanocomposites by solution mixing and extruded into filaments using a single-
screw extruder for fabricating flexible strain sensors by FDM. Since n-x non-covalent
interactions can be generated between CNTs and 1-pyrenecarboxylic acid (PCA)
through a conjugation effect and hydrogen bonding can also be formed between the
carboxyl groups of PCA and the carbonyl and amide groups of TPU, PCA was used
to non-covalently modify the nanotubes in order to improve their dispersion and
alter polymer—nanofiller interactions without destruction of the intrinsic structure of
the CNTs. Xiang et al. [18] prepared ternary CNT/AgNP/TPU nanocomposites by
solution mixing and extruded into filaments using a single-screw extruder for subse-
quent printing into flexible strain sensors by FDM. The AgNPs in that study prevent
the intact interaction between neighboring CNTs as well as tailoring the conductive
pathways in the composite. In addition, the sensing properties such as strain detec-
tion range, sensitivity, linearity, response time, resistance responsiveness, stability,
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FIGURE 8.4 Schematic diagram of the 3D printing of the flexible strain sensor.

and durability under different conditions are equally significant for conductive poly-
mer composite (CPC)-based strain sensors.

8.3 CONDUCTIVE MATERIALS FOR 3D-PRINTED STRAIN SENSORS

8.3.1 CARBON MATERIALS

Carbon-based materials have the advantages of strong conductivity, good stability,
and low price. They are widely used to prepare tensile conductive composites and have
great application potential in the fields of tensile and wearable electronic equipment,
which has attracted close attention of researchers [5]. Currently, the carbon-based
materials widely used in the preparation of flexible sensors include GNPs, reduced
graphene oxide (rGO), multi-walled carbon nanotubes (MWCNTs), and carbon black
(CB) [19]. As shown in Figure 8.5, Xiang et al. [20] fabricated a high-performance
fiber strain sensor by constructing a double percolated structure, consisting of CN'T/
TPU continuous phase and styrene butadiene styrene (SBS) phase, incompatible with
TPU (CNT/TPU@SBS). Compared with other similar fiber strain sensor systems
without double percolated structure, the CNT/TPU@SBS sensor achieves a lower
percolation threshold (0.38 wt%) and higher electrical conductivity. The conductivity
of 1%-CNT/TPU@SBS (4.12x 1073 S m™) is two orders of magnitude higher than
that of 1%-CNT/TPU (3.17x 1073 S m™') at the same CNT loading of 1 wt%. Due to
double percolated structure, the 1%-CNT/TPU@SBS sensor exhibits a wide strain
detection range (0.2%—100%) and an ultra-high sensitivity (maximum gauge factor
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FIGURE 8.5 The morphologies of uniformly dispersed network of (a—c, a’—¢’) CNT/TPU
and (d-f, d’—f") double percolated network of CNT/TPU@SBS with different CNT loadings
after etching. CNT, carbon nanotube; TPU, thermoplastic polyurethane.

(GF) is 32,411 at 100% strain). Besides, the 1%-CNT/TPU@SBS sensor shows a high
linearity (R>=0.97) at 0%—20% strain, relatively fast response time (214 ms), and sta-
bility (500 loading/unloading cycles). Xiang et al. [21] prepared flexible piezoresistive
strain sensors of CNT/TPU CPCs by FDM. The printed sensors exhibited a typical
negative piezoresistive effect under compressive strain. The effects of non-covalent
modification and loading of CNTs on the mechanical and piezoresistive behavior
of sensors were investigated. The introduction of PCA) increased the dispersibility
of CNTs and nanofiller—polymer interfacial interactions, resulting in the excellent
sensing performance. From Figure 8.6, Liu et al. [14] printed a novel, highly flexible,
and electrically resistive-type strain sensor with a special three-dimensional con-
ductive network using a composite of conductive graphene pellets and flexible TPU
pellets. The strain sensor was then printed onto a glass substrate using the composite
filament with an FDM-based 3D printer. Chen et al. [8] demonstrated the FDM 3D
printing nanocomposites of TPU/poly(lactic acid)/graphene oxide (TPU/PLA/GO)
and their potential applications as biocompatibility materials. From Figure 8.7, the
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FIGURE 8.6 (a) Illustration of the filament extrusion mechanism. (b and c) Diagram of the
graphene pellets, TPU pellets, and commercial filament extrusion setup. TPU, thermoplastic
polyurethane.

FIGURE 8.7 (a) Schemes of standing specimen 3D printing. (b) Illustration of S compression
testing. (c) Schemes of lying specimen 3D printing. (d) Illustration of L compression testing.
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FIGURE 8.8 (a) Relative resistance changes of the sensors during stretching. (b) Schematic
diagram of stretched conductive networks.

experiment shows that the content of graphene and the degree of orientation in the
printing process have a significant impact on the mechanical and electrical proper-
ties of the sensor. From Figure 8.8, Zhang et al. [22] fabricated flexible piezoresistive
strain sensors based on CNT- and CB-filled TPU composites (CNT/TPU and CB/
CNT/TPU). The conductive network constructed by CNTs in the TPU matrix was
destroyed by stretching, and the sensor exhibited a typical positive piezoresistive
effect during the stretching process. The effect of CB addition on the performance of
the sensor was also studied. The results showed that CB formed some new conduc-
tive paths in the unconnected positions of the CNT network, which enhanced the
conductivity of the composites, and the conductivity of the composites increased
with the increase in CB content.

8.3.2 METAL MATERIAL/MXENE

Metal fillers (silver nanowires, silver nanoparticles, silver nanosheets, and gold
nanorods) and MXene as conductive fillers with excellent performance are one of the
important raw materials for preparing flexible strain sensors by 3D printing [4,23].
As shown in Figure 8.9, Britton et al. [24] prepared an electronic ink based on silver
nanowires (AgNWs) and copolymer-x-pentadecalactone-co-e-decalactone (PDL) and
printed it as an environmentally sustainable strain sensor, which proved that modern
additive manufacturing technology could use direct writing process to manufacture
microscale finger electrode design. Kwon et al. [25] prepared a multiaxial piezoresis-
tive sensor based on graphene nanoplatelets (GNPs), silver nanoparticles (AgNPs),
and polyurethane by DIW (Figure 8.10). Based on the synergistic effect between
GNPs and AgNPs, the 3D-printed GNPs/AgNPs nanocomposite sensor has demon-
strated excellent performance as a highly sensitive multi-axial piezoresistive sensor.
From Figure 8.11, Cao et al. [26] prepared a flexible intelligent fabric fiber based
on MXene and TEMPO (2,2,6,6-tetramethylpiperidin-1-yloxy radical) ink by ink-jet
printing technology. The fiber and textiles have excellent response to various exter-
nal stimuli (electrical/photonic/mechanical). TEMPO-oxidized cellulose nanofibers
(TOCNPFs)/Ti;C, in hybrid inks self-assemble to fibers with an aligned structure in
ethanol, mimicking the features of the natural structures of plant fibers.
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FIGURE 8.9 Extrusion printing of conductive AgNW/PDL nanocomposite inks. AgNW/
PDL inks were extruded onto thermanox. PDL, pentadecalactone-co-e-decalactone; AgNW,
silver nanowires. (a) AgNW/PDL inks were extruded onto thermanox and (b) pristine cast
PDL substrates; (c) The flexibility of the extrusion printed biosensors is illustrated.

8.3.3 ConbucTtivE HYDROGEL

Hydrogel is a kind of water-containing network polymer, which has been widely used in
biomedicine, flexible electronics, and other technologies. In many applications, hydro-
gels combine with other polymers to form a hybrid structure for protecting, enhancing,
or adding new functions to hydrogel structures [27], such as elastic biomedical equip-
ment with hydrophilic and lubricating surface based on hydrogel, flexible electronic
equipment based on hydrogel with elastomer anti-dehydration coating, and hydrogel
composites reinforced by elastomer fiber. From Figure 8.12, Liu et al. [28] selected
polysaccharide-k-carrageenan, prepared k-carrageenan/polyacrylamide (PAAm) dou-
ble network (DN) hydrogel with excellent mechanical properties and recyclable by 3D
printing technology through physical and thermal reversible network, and further stud-
ied the toughening mechanism, self-healing properties, 3D printing ability, and strain
sensitivity of k-carrageenan/PAAm DN hydrogel. More importantly, the warm pregel
solution of k-carrageenan/A Am was successfully used as an ink of a 3D printer to print
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FIGURE 8.10 Direct 3D-printed multi-axial piezoresistive sensor based on GNPs/AgNPs
nanocomposite. (a) Schematic illustration of the fabrication of GNPs/AgNPs nanocompos-
ite and the direct 3DP of multi-axial piezoresistive sensor by liquid deposition method. (b)
Schematic illustration of the sensing mechanism. GNPs, graphene nanoplatelets; AgNPs, sil-
ver nanoparticles.

the hydrogel into complex 3D structures, and the printed DN hydrogel samples demon-
strated the high mechanical strength after UV exposure. From Figure 8.13, Williams
et al. [29] proposed the use of dendricolloids to enhance the mechanical strength of
hydrogels, improving the printing performance of homocomposite hydrogels (HHGs).

8.4 ARCHITECTURAL DESIGN FOR 3D-PRINTED STRAIN SENSORS

8.4.1 Micro-NANO POROUS STRUCTURE

Compared with other methods for preparing porous materials (such as foaming tech-
nology and freeze drying method), 3D printing technology has high precision, low
cost, and can rapidly and accurately prepare strain sensors with porous structures [30].
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FIGURE 8.11 (a) Schematic illustration of the fabrication of smart TOCNFs/Ti,C, fibers
and textiles. (b) Optical image, (c) TEM image, and (d) diameter distribution of Ti;C, MXene
nanosheets. (¢) Optical image and (f) TEM image of TOCNFs. (g) Schematic of the TEMPO
oxidation process to prepare TOCNFs. (h) Photograph of the TOCNFs/Ti,;C, fiber during the
printing process. (i) Optical image of the TOCNFs/Ti,C, fibers. (j) A 1 m long TOCNFs/Ti,C,
fiber on a bobbin winder.

FIGURE 8.12 (a) Photos of 3D-printed k-carrageenan/PAAm DN hydrogel during mechan-
ical testing. (b) Strain-stress curves of the sample.

With the high freedom of structure design, 3D printing shows great promise to fabri-
cate such complex elastic micro-nano porous structure. From Figure 8.14, Duan et al.
[31] prepared 3D porous polydimethylsiloxane (O-PDMS) by 3D printing technology
and combined it with CNTs and graphene conductive network to form a high stretch-
able conductor (OPCG). Two kinds of OPCG were prepared, and the finite element
method was used to verify that the OPCG with split structure has high conductiv-
ity and excellent retention ability under deformation (Figure 8.15). Wang et al. [32]
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FIGURE 8.13 Schematic of the SA SDC formation process by precipitation in a turbulent
medium. SA SDC, sodium alginate soft dendritic colloid.

FIGURE 8.14 Schematic illustration of S-OPCG preparation.

FIGURE 8.15 Auxetic strain sensor. (a) Deformation schematic diagram before and after
stretching obtained from FEA simulation: conventional structure (top) and re-entrant auxetic
structure (bottom). (b) Illustration diagram of the auxetic strain sensor. FEA, finite element
analysis.

using DIW 3D printing and ink spraying technology proposed and prepared a novel
auxiliary double conductive mesh strain sensor (ABSS) composed of multi-hardness
silicone. Double conductive sheets were coated on stretchable CB-doped Ecoflex sili-
cone rubber (CB/Ecoflex) sheets by a thin layer of highly conductive and crackable
single-walled carbon nanotubes.
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8.4.2 BIONIC STRUCTURE

Inspired by threads prepared from spidroin with discrepant mechanical properties,
Liu et al. [33] designed a graphene tactile sensor combined with dense filling and
porous graphene microstructure (Figure 8.16). The porous structure of graphene has
good electrical conductivity and can transmit sensor signals smoothly. This feature
of division of labor and cooperation makes the sensor have multi-resolution position-
ing, position motion tracking, and tactile sensing and control functions, which has a
broad application prospect in the multi-functional integration of electronic devices in
the future. Based on the principle of bionic skin and hair, Xiang et al. [34] fabricated
a sensor with a custom cross-lever structure to detect tensile and out-of-plane forces
(Figure 8.17). The synergistic effect of the appropriate CNTs-to-GNPs mass ratio

FIGURE 8.16 Spider-web—inspired multi-resolution graphene tactile sensor. (a) The sig-
nal transmission and location discrimination of natural spider web. (b) Optical photograph
and SEM images of natural spider web: spiral threads (upper) and radial threads (lower). (c)
Magnified SEM images of spiral threads (upper) and radial threads (lower). (d) Schematic
illustration of printing manipulated graphene nanosheets assembled into different microstruc-
tures. (e) Optical photograph of the multi-resolution graphene tactile sensor under pressure.

FIGURE 8.17 (a) Assembly schemes and (b) dimensions of the force sensor. (c) Characteristics
of the printed sensor.
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FIGURE 8.18 Schematic diagram of the sensor under 10% strain applied in different tensile
angles: (a) 0°, (b) 45°, (c) 90°, and (d) 135°. The arrows show the tensile directions; The AR/R,,
of the strain sensor at different tensile angles at 10% strain: (e) 0°, (f) 45°, (g) 95°, and (h) 135°.

was shown to improve the sensing performance of the sensor. From Figure 8.18, Chen
et al. [35] designed and prepared a spider web-like strain sensor based on MWCNT/
GNP/TPU CPCs. In addition, due to the special structural design, the sensor identi-
fied external forces in different directions.

8.4.3 MICROSTRUCTURE CHANNELS

3D printing is a rapid prototyping manufacturing technology, which is famous for its
high design freedom and geometric complexity. 3D printing technology stands out
for its low cost, high construction rate, resolution, precision of parts, and wide range
of materials. Su et al. [36] proposed a novel selective wearable sensor with bending/
stretching force differential and excellent signal performance (Figure 8.19). NaCl-
doped agarose gel (NaCl@AG) was used as biocompatible conductive filler, and 3D
printing elastomer shaper was used as the supporting matrix of wearable sensor.
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FIGURE 8.19 Schematic of the fabrication of 3D integrated polymeric wearable sensor.

FIGURE 8.20 Illustration of the flexible multifunction inductance sensor.

AG has an interesting sol-gel transition property. NaCI@AG (sol) can uniformly
form various three-dimensional structures through a three-dimensional printing
microchannel elastomer forming device. As shown in Figure 8.20, Zhou et al. [37]
described a novel 3D printing multifunctional inductance flexible and scalable sen-
sor, which can measure axial tension and curvature. The sensor is made of silicone
rubber and liquid metals coaxially printed. Due to the shape of the solenoid valve,
the sensor can be easily installed on the snake-like soft robot and can accurately
distinguish different degrees of tensile and bending deformation.

8.5 APPLICATION OF 3D-PRINTED STRAIN SENSORS

8.5.1 ELECTRONIC SKIN

Electronic skin is a new type of electronic device that simulates human skin to feel
external stimuli (pressure, temperature, humidity) through the integration and feed-
back of electrical signals. As a kind of flexible tactile bionic sensor, electronic skin
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FIGURE 8.21 (a and b) 3D-structured stretchable strain sensors with out-of-plane multir-
ings by the 3D self-pinning effect and (c) their performance with respect to strain sensing.

has been widely used in the field of human physiological parameters detection and
robot tactile perception. In recent years, electronic skin has attracted wide atten-
tion from researchers around the world. The traditional electronic skin tactile sensor
based on metal and semiconductor materials has been difficult to meet the require-
ments of tensile and portability in practical use due to its poor flexibility and wear-
ability. Figure 8.21, Liu et al. [38] reported a three-dimensional stretchable strain
sensor using 3D printing technology combined with non-planar capillary-assisted
CNT self-pinning technology to monitor out-of-plane forces. It can be easily inte-
grated and used to detect multi-strain, tiny gas, and fluid flows. Complex flow details
can also be monitored, including velocity, damping vibration, quasi-static equilib-
rium, and flow state.

8.5.2 Sort RoBortic SYSTEMS

Traditional robot system is composed of rigid bodies, actuators, and sensors.
Unfortunately, many of these developed actuators and sensors cannot be transferred
to software. Therefore, researchers engaged in soft robot research need to re-invent
actuators and sensors for soft moving objects. The design of soft actuators and sen-
sors must start with material selection and composition, as they are the basis around
the actuators and sensors. From Figure 8.22, Truby et al. [39] reported a method of
creating software-sensitive actuators (SSAs) by embedded 3D printing. This method
is dominated by a variety of conductive features, while achieving tactile, ontological,
and thermal sensations. This novel fabrication method can seamlessly integrate vari-
ous ionic conductivity and fluid properties into the elastomer matrix to produce SSAs
with desired biomimetic sensing and driving capabilities.
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FIGURE 8.22 Soft robotic grippers with somatosensory feedback. (a) AR of each sensor
as a function of time during the interaction sequence. (b) Images of an interaction sequence
between a ball and a soft robotic gripper comprised SSAs. SSAs, software-sensitive actuators.

FIGURE 8.23 (a) Digital photograph of the TLTS device. (b) Zoomed image of TLTS
device. (c) Relationship between the resistance R of the integrated electronic device and the
temperature 7. TLTS, linear temperature sensor.

8.5.3 WEARABLE ELECcTRONIC DEVICES

Wearable technology is an emerging trend, which integrates cutting-edge technolo-
gies into daily activities. This technology conforms to the most changing and active
way of life in this century. At present, wearable devices are mainly used for in vitro
detection of vital signs and exercise health. Wearable sensors directly or indirectly
contact with the human body, and real-time detection and transmission of some indi-
cators (such as heartbeat, limb movement, and pulse) data. As shown in Figure 8.23,
Zhao et al. [12] constructed an integrated electronic device by integrating 3D-printed
asymmetric micro-supercapacitor and series linear temperature sensor (TLTS) based
on rGO.

8.6 CONCLUSIONS

More attention has been paid to the design and preparation of flexible strain sensors
using the characteristics of low cost, high precision, flexibility, and designability of
3D printing. This chapter reviews the composition, preparation methods, structural
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characteristics, and future application prospects of 3D printing strain sensors. In par-
ticular, we focus on some of our work in the preparation of flexible strain sensors
using FDM method and introduce non-covalent bond modification or coordination
effect between different dimensional direct nanofillers to further improve the overall
performance of the sensor. Non-covalent modification of PCA significantly improved
the dispersion of CNTs in the TPU matrix, which greatly improved the conductivity
and sensing performance of the strain sensor. In addition, the conductivity and sens-
ing performance of printed composites could be improved by using the coordination
effect between nanofillers with different dimensions. More importantly, 3D printing
technology with flexibility and designability can carry out complex design of the
structure of the strain sensor, thus giving the sensor the ability to identify different
types and different directions of strain. In summary, 3D-printed strain sensor shows
broad application potential in wearable electronic equipment, human—computer
interaction, intelligent robots, electronic skin, and other fields.
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