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ABSTRACT: Multifunctional coaxial monofilaments were successfully
produced by melt-spinning several polymer composites in a single-step. The
external layer of the monofilaments was a thermochromic composite having a
color-transition at 40 °C (above the ambient temperature) in order to avoid
control interferences by the external temperature. The core layer of the
monofilaments was a conductive polymer nanocomposite whose resistive
heating properties were used to control the monofilament’s temperature and

therefore its color using electrical current. The careful selection of the

materials and adequate formulation allowed to obtain a trilayer structure with enhanced compatibility between the layers. The
mechanical properties of the monofilaments were improved by a solid-state stretching step while also decreasing their diameter. A
64 cm® prototype fabric was woven to characterize the resistive-heating and color-changing properties of the monofilaments.
Exceptional thermal output levels were reached, with a temperature rising up to over 100 °C at voltages above 110 V. The
reversible color change properties were also successfully demonstrated.
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1. INTRODUCTION

The textile industry is currently moving toward more and more
sophisticated applications with the addition of very specific
high-end functionalities, such as health monitoring,l_3 perform-
ance monit01:ing,4’5 temperature control,é_8 electronics,g_14
electroluminescence,"® flexible photovoltaics,16 energy stor-
age,17_19 etc. Most of the current so-called “smart textiles” are
made of technologies being integrated into existing textile
supports rather than made of truly functional monofilaments.
Nevertheless, a number of functional monofilaments have been
developed, which respond to diverse environmental changes
such as temperature®”°>* or humidity.**** These monofila-
ments represent a significant first step toward the development
of intelligent monofilaments and textiles.

One of the most striking changes in a textile property is the
alteration of its color, and a number of smart textile
technologies have been developed toward this aim.”***~%°
Among them, the use of thermochromic dyes that undergo a
color change at a specific temperature has been particularly
e)(ploited.zo'3()_33 Thinking further, some researchers as well as
artists have designed systems in which the color change is
controlled by the support temperature rather than the ambient
temperature, allowing to trigger the transition to a certain
extent. The work of Joanna Berzowska provides a good example
of textiles incorporating color-changing elements (applied using
a thermochromic ink) where the color change is caused by the
resistive heating of an electrically conductive yarn woven or
embroidered into the fabric.*® The limitation of this work is
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that the textile only heats-up at the immediate proximity of the
conductive yarns, meaning that an additional conductive thread
has to be woven or embroidered in the textile to trigger the
color-change. In a recent work, we investigated color changing
textiles where the whole textile is being conductive, allowing
one to draw any feature (letters, logos, etc.) with a
thermochromic ink anywhere on the textile. When a current
was passed through the textile, the entire thermochromic
feature underwent a color change.34 However, this textile still
suffered from non-negligible limitations: the current was passed
through the whole textile, raising obvious safety considerations.

In the present work, we investigated the incorporation of a
controllable color-change functionality, directly and entirely
within the monofilament, rather than applying functional
materials to an existing textile. This is a new step toward
truly intelligent textiles. The idea was to produce a coaxial
multilayer monofilament whose core layer could be electrically
actionable to trigger the color change of the external layer (cf.
Figure 1). Some examples following the idea of functional
coaxial monofilaments have already been proposed,'”**~” but
only few of them have been truly demonstrated.”***~*

The monofilament was produced using pilot-scale monofila-
ment melt-spinning and solid-state poststretching equipments
and fully characterized. A multimonofilament prototype was
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Figure 1. Scheme of principle of a coaxial multilayer monofilament
whose conductive core can be used to reversibly trigger the color-
change of the external layer.

woven and its electrothermic and color-change properties
demonstrated.

2. MATERIALS AND METHODS

Materials. A masterbatch of polypropylene (PP) filled with 20 wt
% multiwalled carbon nanotubes (Fibril MB3020—01) was supplied by
Hyperion Catalysis (USA). A monofilament grade low melting
temperature PP copolymer (DS6D21) was purchased from Dow
(Melting temp. 142 °C ; MFI 230 °C/2.16 kg: 8 g/10 min). A white
masterbatch of PP containing 50 wt % of TiO, was supplied by
Standridge (grade 4837). Custom made masterbatches of PP
containing 25 wt % thermochromic microcapsules (TCM) having a
color transition at 40 °C were purchased from LCR Hallcrest.

Processing. The PP-MWNT masterbatch was diluted to a MWNT
content of 12.5 wt % on a Werner & Pfleiderer twin-screw extruder
using the Dow PP. All other formulations were done on the single-
screw extruders of the multilayer melt-spinning line.

Multilayer monofilaments were produced using a Randcastle
coextrusion line equipped with a specially designed single-hole die
(diameter: 1 mm) allowing the extrusion of filaments having up to
three coaxial layers made of three different materials (see Figure SI1 in
the Supporting Information). The extrusion temperatures of the core
layer (PP-MWNT), intermediate layer (PP-TiO,) and sheath layer
(PP-TCM-TiO,) were set to 220, 210, and 165 °C, respectively. The
screw rotation speeds were set to 15 rpm, 7.5 and 7.5 rpm for the core,
intermediate, and sheath layers, respectively, in order to maximize the
core layer relative thickness. The monofilaments were collected on a
spool with minimal stretching.

The extruded monofilaments were poststretched at 130 °C using a
pilot scale stretching line (Monofilament Extrusion Technologies, UK)
including a temperature conditioning water bath, a slow haul-off
(SHO) unit, a 8 ft long convection oven, a fast haul-off (FHO) unit
and a winding unit (see Figure SI2 in the Supporting Information).
The monofilament stretching ratio was controlled by the speed ratio
between the SHO and FHO units.

Characterization. The mechanical properties were investigated
using an Instron 55R1123 tensile tester under controlled conditions
(23 °C, 50% relative humidity) with a 1 kN cell and at a speed of 10
mm/min. Five samples were tested for each condition and the results
displayed are average values and corresponding standard deviations.

The optical microscopy was performed on a Leitz Dialux 20
microscope equipped with a computer interfaced digital camera.

Thermal imaging was carried out with a ThermaCAM SC620
camera and recorded using the software ThermaCAM Researcher Pro
2.9 (FLIR Systems AB).

The electrical properties were investigated by connecting the
prototype fabric to a potentiometer plugged to the mains.

3. RESULTS AND DISCUSSION

Formulation. The conductive core layer of the monofila-
ment was composed of polypropylene (PP) incorporating 12.5
wt % of multiwalled carbon nanotubes (MWNTSs). It was
obtained by the melt-dilution of a commercial masterbatch
from Hyperion Catalysis having a MWNT content of 20 wt %.
The polymer used for the dilution was a PP copolymer of
monofilament grade (DS6D21 from Dow), to impart monofila-
ment-forming properties to the composite. The MWNT
content was selected from a previous study.>® The conductivity
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Figure 2. Photographs of 100 um thick hot-pressed films of green-to-

colorless TCM-PP composites with different TCM contents. (a) 10 wt
%; (b) 15 wt %; (c) 20 wt %.

Figure 3. Photographs of 100 pm thick films of green-to-white TCM-
PP composites, (a, b) without or (¢, d) with 1 wt % TiO, content, (a,
c) below and (b, d) above the color transition temperature. TCM
content in the composite: 15 wt %.

of the core layer was ca. 1 S/cm for as-spun (unstretched)
monofilaments, which is adequate to impart resistive heating
properties to the material.

A formulation study was performed for the sheath layer
material. Masterbatches of PP containing thermochromic
microcapsules (TCM) were custom produced by LCR
Hallcrest. The TCMs had a transition temperature of 40 °C
in order to hinder any color transition caused by an
environmental condition change. The content of microcapsules
was varied from 10 to 20 wt % by melt-diluting the masterbatch
with the DS6D21 PP. Figure 2 presents the photographs of 100
um  thick hot-pressed films of TCM-PP composites with
different TCM contents. No significant color bleaching was
observed by diluting from 20 to 15 wt %, but diluting further
proved to be detrimental to the color intensity. A TCM content
of 15 wt % was then selected for the rest of the study.

TCMs always change from a colored state at low temperature
to a transparent state at high temperature.’”* TCM
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Figure 4. Spools of a green-to-beige trilayer coaxial monofilament after
melt-spinning (left) and after solid-state poststretching at a ratio 4 = 7
(right).
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Figure S. (a) Variation of the monofilament diameter with stretching
ratio. (b) Cross-section images of a trilayer monofilament before and
after solid-state poststretching at different ratios.

composites can undergo color-to-color transitions if additional
dyes are being incorporated into the composite, but always
from a dark state (cold) to clear state (hot). In the case of a
coaxial monofilament having a black core-layer, this trans-
parency can be a severe limitation in the color-to-color contrast.
To impart some opacity to the external layer material, we
incorporated titanium dioxide (TiO,) into the composite. TiO,
is commonly used as a white dye in numerous industries
including plastics and painting applications. Very low contents
are sufficient to efficiently whiten materials. Figure 3 shows the
different color states of green-to-colorless TCM-PP composites.
A significant transparency of the TCM-PP composites was
observed, especially at the hot clear state (cf. Figure 3b). On
the other hand, the composite having a TiO, content of 1 wt %
was efficiently rendered opaque. The composition for the
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Figure 6. Typical stress—strain curves of the trilayer monofilaments
after extrusion and at different stretching ratios.

sheath layer was thus selected to be a PP composite with 15 wt
% TCMs and 1 wt % TiO,,.

Monofilament Processing and Characterization. The
concept developed in this project was the combination of a
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Figure 7. Mechanical properties of the monofilaments at different
stretching ratios (extracted from the stress—strain curves). (a)
Maximum strain ; (b) monofilament tenacity (maximum stress); (c)
Young modulus.
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Figure 9. Temperature and thermal power output of the textile
prototype as a function of applied voltage.

conductive core layer, whose resistive properties heating (Joule
effect) could be used to trigger the color change of a
thermochromic upper layer. The simplest configuration
required for this purpose would be a two-layers coaxial
monofilament. However, spin-line instabilities as well as
irregularities at the layers interface were observed during the
monofilaments melt-spinning, due to chemical incompatibilities
between the two composites. It was then decided to add an
intermediate layer made of the same PP used to melt-dilute
both composites. Moreover, to improve the upper layers'
opacity toward the black core, we incorporated 10 wt % TiO,
into the intermediate layer. It proved to efficiently compatibilize
the core and external layers while allowing us to fully hide the
core layer. The thickness of each layer could be controlled by
the screw rate ratio of the layer's respective extruders.*

After production, the monofilaments were stretched at
different ratios using a pilot-scale poststretching line (see
Experimental Section and Figure SI2 in the Supporting
Information), at a temperature below the crystalline melting
point of the composites (130 °C), in order to decrease their
diameter and improve their mechanical properties by causing a
controlled crystallization of the polymer.*” The ratio was
determined by the difference between the rolling speeds the
haul-off units located on each side of the oven. Figure 4 shows
spools of a green-to-beige trilayer coaxial monofilament after
melt-spinning (left) and after having been poststretched at a
ratio A = 7 (right). The diameter was progressively decreased
from 1 mm after extrusion to ca. 400 pm after stretching to
ratio of 7, as can be observed in Figure Sa. The coaxiality of the
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Figure 10. Textile prototype (a) in its cold color (0 V, ambient
temperature) and (b) in its hot color (60 V, 50 °C).

layers was well preserved during the stretching process (see
Figure Sb).

The conductivity of the core layer was found to decrease with
the solid-state stretching ratio from 1 S/cm for the as-spun
monofilament to 1 X 1072 S/cm at A = 7.3° This was due to a
progressive loss of electrical percolation in the composite due
to an anisotropic disentanglement and alignment of the
MWNTs in the stretching direction and the resulting isolation
of the MWNT agglomerates by nonconductive polymer phases.
This phenomenon has already been observed for carbon
nanotubes-polymer composites™~* and can be circumvented
to some extent by subsequent heat annealing treatments.**~*
However, the range of conductivity for solid-stretched
monofilaments being still adequate for resistive heating
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applications, postannealing treatments were not investigated in
this study.

The mechanical properties of the monofilaments were
characterized using traction experiments. Typical stress—strain
curves are presented in Figure 6 and the resulting mechanical
properties, plotted in Figure 7. The as-spun monofilaments
presented two steps of fracture, corresponding to the different
layers, the core layer being stiffer and breaking at ca. 5%
followed by the break of the external layers. This result showed
that the interface between the layers was weak. After stretching,
no such multistep fracture was observed, suggesting that the
stretching process improved the adhesion between the layers.

A further indication of an interlayer cohesion improvement
upon stretching is the observed increase in maximum strain
from ca. 15% for the as-spun monofilament to ca. 25% for the
monofilament stretched at a ratio of 3 (cf. Figure 7a). We
previously showed that the poststretching of the sole core layer
did not improve its maximum strain.*® It is thus believed that
the increase in maximum strain was caused by an improved
cohesion between the layers and a consequent better
distribution of the stress among the three layers, which can
then sustain more deformation. For a stretching ratio higher
than 3, the maximum strain was then progressively decreased,
possibly because of an effective orientation and crystallization
of the PP chains leading to an increased stiffness of the
composite, as evidenced by the significant increase in tenacity
and Young modulus (see Figure 7b,c, respectively). The
tenacity of the monofilaments was increased by nearly an order
of magnitude after stretching at a ratio of 7, resulting in
monofilaments having enough mechanical properties to be
woven using industrial machines.

Prototype Fabrication and Characterization. A 64 cm?
prototype textile consisting of 130 stretched monofilaments (4
= 7) was woven using a manual weaving loom. The two upper
layers of each monofilament were then selectively stripped off
at the extremities and the core layer of each monofilament was
connected to an aluminum strip using silver epoxy. All
monofilaments were connected in a parallel configuration, in
order to decrease the ohmic resistance of the overall electric
circuit. The textile was then connected to a power source to test
its resistive heating properties.

Figure 8 presents infrared optical images of the textile at
different applied voltages. The prototype was able to heat-up
efficiently and evenly when a current was passed through the
core layer. The temperature of a virtual point located at the
center of the textile was then monitored as a function of voltage
(see Figure 9). Not much temperature increase was detected
below 20 V, thanks to an efficient current flow in the PP-
MWNT composite. Above 20 V, the temperature began to rise
following the voltage increase and reached over 120 °C at 120
V. This impressive temperature increase was obtained thanks to
the exceptional electric and thermal conductivity of carbon
nanotubes.*”~>' The thermal power output reached over 3000
W/m? at 120 V, an order of magnitude higher than the
commercially available resistive heating textiles obtained by
coating conducting polymer layers on textile substrates.”” "
When the temperature reached the transition temperature of
the TCMs located in the external layer (i.e., 40 °C), the color of
the fabric turned from green to beige, as can be observed in
Figure 10 and video file SI4 in the Supporting Information.
When the voltage was turned off, the temperature decreased
and the fabric progressively turned back to its original green
color. The process could be repeated numerous times with no
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loss of color reversibility. The green-to-beige (cold-to-hot)
transition time could be varied from 30 to 2 s, according to the
amount of power applied (see Figure SI3 in the Supporting
Information). However, the beige-to-green (hot-to-cold)
transition was controlled by the heat dissipation of the material
and was typically between 7 and 20 s.

4. CONCLUSIONS AND PERSPECTIVES

The one-step production of multifunctional monofilaments was
successfully achieved through the coaxial melt-spinning of
materials having different properties. The careful selection of
the materials and adequate formulation allowed to obtain a
trilayer structure with enhanced compatibility between the
layers. The mechanical properties of the monofilaments were
improved by a solid-state stretching step, which also allowed to
decrease their diameter. A prototype fabric was woven and
tested. The temperature and color of the fabric proved to be
reversibly controllable, according to the amount of current
passed through the conductive core of the monofilaments.
Exceptional thermal output levels were reached by the
monofilaments, with a temperature rising up to over 100 °C
at voltages above 110 V. The cold-to-hot color transition time
of the fabric could be controlled (from 2 to 30 s) by tuning the
power applied to the fabric.

These resistive heating/color-changing monofilaments could
find applications and numerous fields including active visual
camouflage, dynamic mural textiles, heating textiles having a
visual temperature state indication, fashion clothing and
accessories, etc..

The main limitation of the monofilaments was the important
power needed to induce the color change (~500 W/m?). This
is due to the conductivity of the core nanocomposite material
(~1 X 107 S/cm), which was still too low for an efficient
energy transport within long monofilaments. This could be
possibly improved by formulation and postprocess fine-
tuning.***® These studies as well as the incorporation of the
functional monofilaments into conventional textiles are part of
future developments of the technology.
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photographs and descriptions of the pilot-scale equipment used
to produce and poststretch the monofilaments, graph
representing the cold-to-hot color transition time according
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