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The present work is a first approach in order to achieve thermo-sensitive and waterproof polyurethane fibers
useful in the textile industry. For this, two polyurethane formulations with glass transition temperatures (Tg)
close to the body temperature have been synthetized and characterized by several techniques such as Ther-
mogravimetric Analysis (TGA), Differential Scanning Calorimetry (DSC), Dynamic-Mechanical Analysis (DMA)
and Thermo-mechanical analysis (TMA). In this manner their thermal and shape memory behavior were
determined. It was also estimated the water vapor transmission rate of both polyurethane films. Then, integration
of two different microencapsulated phase change materials (PCMs), one with organic shell and another one, with
an inorganic shell, was carried out by extrusion in order to achieve materials with thermo-regulating properties.
Fibers for both polyurethanes, pristine or loaded with microencapsulated PCMs, were again characterized to
check that the thermal and shape memory properties are maintained, and to study their capability to storage and
release energy. The promising results pave the way for a new generation of thermo-regulating materials useful in
numerous applications such as the textile sector.

1. Introduction

People in extreme environments need clothes that can keep them
warm and dry simultaneously. Thus, the study and control of thermo-
regulation and humidity regulation are of extreme importance in
different fields; including sportswear, underwear, and protective
equipment, where user comfort needs to play a significant role [1-3].
However, traditional textiles, made from natural fibers (cotton, linen ...)
or synthetic fibers (polyester, nylon ...) do not fulfill this function
adequately. Consequently, people keep warm and dry mainly by wear-
ing more clothing [4]. Therefore, based on the above mentioned re-
quirements, developing smart textiles integrating thermal regulation

and waterproof is highly desired.

There are two main strategies to obtain smart textiles. First, starting
from an intrinsic smart material, such as a piezoelectric, electroactive or
shape memory material. Second, trying to develop smart textiles using
functional particles integrated into textile, which can respond to
external temperature variations [5,6]. Both strategies are combined in
this work in order to obtain thermo-sensitive and waterproof fibers
useful in the textile industry. For this, it has been selected as intrinsic
smart material a shape memory polyurethane, whereas as functional
particles energy storage materials such as microencapsulated phase
change materials (PCMs) were chosen.

Nowadays polyurethanes (PUs) are one of the most versatile
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materials, with numerous applications in different fields, such as the
construction, automotive industry, biomedicine, electronics, textile
sector, etc. [7]. Moreover, PUs are used in multiple appearances as ad-
hesives, fibers, foams (rigid, semi-rigid or flexible), paints, coatings,
sealants ... [7,8], and these materials can be elastomers, thermoplastics
or thermosets. Additionally, some polyurethanes may present the ability
to store a temporary (deformed) shape and recover a ‘memorized’ per-
manent shape under an external stimulus [9,10], that is, exhibit
shape-memory behavior. These shape memory polyurethanes (SMPUs)
can be considered smart polymeric materials able to change their shape
under a particular stimuli [9-12], such as pH, light, temperature,
magnetic or electric field, solvent or irradiation, etc. The most studied of
them are thermo-responsive shape-memory polyurethanes, that present
the ability of modifying its shape with a temperature change.
Thermo-responsive SMPUs have been intensively investigated during
the past fifty years [13-22] due to their high shape recovery ratios and
the easy control of their final properties by tailoring their structure, i.e.
selecting the appropriate polyol, diisocyanate and chain extender that
form the SS and the HS [13-15]. Nevertheless, little attention has been
paid in developing SMPU fibers, mainly because it is difficult to meet the
strict requirements of mechanical resistance and thermal stability
demanded for fibers in the textile sector [10,23]. In addition, it is too
difficult to create monofilaments due to the specific properties of PUs,
such as mechanical strength, viscosity, flexibility and elasticity [24,25].
Despite of it, initial attempts to synthesize SMPU fibers from PU pellets
shown that they are promising active materials for the textile industry
[26].

The second strategy was to fabricate thermo-regulation smart textiles
using microencapsulated phase change materials that are added into
textile fibers. Phase-change materials (PCMs) are smart materials, which
have the ability to store and release energy in a specific temperature
range [27]. However, they have a limitation, as when they melt, the
liquid phase creates problems like leakage. Microencapsulation of the
PCMs solves the leakage issue by containing the liquid PCM inside an
organic or inorganic shell forming a capsule with micrometer to milli-
meter size. This microencapsulation will also increase the
surface-to-volume ratio of the PCM, improving the heat transfer of the
system [28]. In this way, the use of microencapsulated PCMs (MEPCMs)
with a melting point from 15 to 35 °C is a good alternative to develop
durable thermo-regulating textiles [29]. Thus, when the body temper-
ature increases, the PCM melts (as phase change takes place from solid to
liquid) and absorbs the heat from the body in the form of latent heat
(cooling effect). When the temperature drops, the PCM crystallizes (as
phase change takes place from liquid to solid) and the stored heat is
released again to the body (warming effect) [30].

The development of thermo-regulated smart textiles is of growing
interest to researchers and there have been studied various techniques to
incorporate PCMs into fibrous structures such as coating, lamination and
electrospinning. For example, Ruiz-Calleja et al. [3] compared the
thermal behavior of a cellulosic fabric when applying a coating paste
containing graphene or phase change materials individually, and both
together. Also in 2020, Lu et al. [4] reported some multifunctional
textiles with thermo-regulation and long afterglow illumination based
on phase change materials paraffin wax and phosphors: SrAl,04: Eu?*,
Dy>" via coaxial electrospinning approach. Nevertheless, to the best of
our knowledge, there are no works where PCMs were incorporated to PU
fibers in pellet form, neither where the synergy produced by using both
strategies in the same shape memory polyurethane were studied.

The aim of this work is to prepare in a simple way SMPUs with
transition temperatures of shape memory effect close to body tempera-
ture for its use in the textile industry. In the aforementioned previous
works [13-15], the synthesis of SMPUs with a soft segment glass tran-
sition temperature close to the body temperature using the pre-polymer
method was optimized. Therefore, in this work, sheets and fibers were
prepared from two of the SMPUs studied before, pristine or loaded with
the MEPCMs. The thermal, mechanical and shape memory properties of
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the SMPU fibers and sheets were determined. Loaded SMPU materials
presented an interesting latent heat that increased with the MEPCM
content at melting temperatures around 20 °C and 28 °C and crystalli-
zation temperatures around 7 °C and 20 °C for INOR-MEPCM and
OR-MEPCM, respectively. The obtained results show that these fibers
were synthetized without loss of both thermal and mechanical proper-
ties. Moreover, the shape memory behavior is also maintained with
fixation (R¢) and recovery ratios (R;) values close or higher to 90%. The
water vapor permeability studies shows that these SMPUs could be
attractive candidates for potential applications, such as breathable
fabrics or moisture-management textiles.

2. Materials and methods
2.1. Materials and sample preparation

In this study, both polyurethanes have been synthetized by the pre-
polymer method combining the three components in different molar
proportions: polyol/diisocyanate/chain extender = 1/N+1/N (NCO/OH
ratio 1/1 in all cases). Two polytetramethylene glycols with molecular
weight of 650 g mol~! (PTMG650) or 1000 g mol ! (PTMG1000) were
used as polyols; toluene diisocyanate (TDI) was used as an aliphatic
diisocyanate; and, 1,4-butanediol (BD) was used as chain extender. All
these reagents, supplied from Sigma Aldrich, were used as received
except the chain extender (BD), which were dried under vacuum 24 h at
80 °C.

Two different microencapsulated phase change materials (MEPCMs)
were employed. The main phase change properties of selected phase
change microcapsules are collected in Table 1. All data were determined
by differential scanning calorimetry and thermogravimetric analysis at a
heating rate of 10 °C-min~"! in nitrogen atmosphere. The first material is
an acrylate-based organic shell microencapsulated phase change mate-
rial (OR-MEPCM) in form of dry powder, with the commercial name
Micronal® DS 5038 X, obtained from BASF. It has a first small melting
transition at around —1.5 °C and a second main transition at tempera-
tures in the comfort range, at around 28 °C. The second MEPCM is an
inorganic microencapsulated phase change material (INOR-MEPCM)
with a hexadecane core and a silica shell structure, also in the form of a
dry powder. The procedure for the preparation of these encapsulated
PCM has been previously reported [29]. The SEM images of both
MEPCMs are collected in Fig. S1. Inorganic MEPCM possess a homoge-
neous size distribution with diameters around 500 nm, whereas organic
ones have a more heterogeneous distribution with diameters between 3
and 6 pm.

For the synthesis of both polyurethanes, first the polyol (PTMG650 or
PTMG1000) reacts with the diisocyanate (TDI) to obtain an intermediate
polymer, called pre-polymer. Then, the chain extender (BD) is added to
the reaction medium allowing the polyurethane chains to grow. In
Table S1 (Supplementary Information) are summarized both SMPU
compositions. These synthesis takes place as previously reported [13,
14]. Briefly, during 2 h at 80 °C, the polyol and the isocyanate were
stirred in a 250 mL five-neck round bottom flask equipped with a ni-
trogen inlet and a mechanical stirrer, obtaining the pre-polymer. Next,
the chain extender (BD) was added allowing it to react for 8-10 min.
Finally, the obtained low molecular weight polyurethane was poured
into a stainless steel mold (dimensions: 50 mm x 50 mm x 1.5 mm). Two
Teflon sheets were placed on both sides of the metallic mold to reduce
the surface roughness of the obtained PU sheets. This mold was placed
into a hydraulic press (100 °C, 100 bar) for about 20 h. After that time,
the final PUs were obtained cooling at room temperature. These poly-
urethane sheets were used to prepare the additivated fibers, but also to
prepare 0.25 mm thick polyurethane films for the water vapor trans-
mission rate (WVTR) measurements.

To prepare the fibers (Table 2), first, it is necessary to cut the poly-
urethane sheets obtained in the press into small pieces (no more than
0.5 cm?). These polyurethane pellets were transformed into fibers by
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Table 1
Main thermal properties of selected microencapsulated phase change materials.
Tm (°C) AHp (J/8) T. (°C) AH. (J/8) Tq (°C)
Tonset Tpeak Tendset Tonset Tpeak Tendset
INOR-MEPCM 15.2 21.7 289 127.1 15.4 111 2.50 125.0 180
OR-MEPCM —4.0 -1.5 2.5 14.4 -3.5 -5.8 -9.6 13.5 163
22.73 28.0 35.8 117.6 25.6 19.8 10.9 122.3 192

Tm: melting temperature obtained by DSC, T.: crystallization temperature obtained by DSC, Tonse = temperature at which the process starts, Tpeax = temperature at
which the peak of the process occurs, Tenaset = temperature at which the process ends, AH,,: melting enthalpy, AHc: crystallization enthalpy, Tq = degradation

temperature obtained by TGA.

Table 2
Polyurethane fibers compositions.

Fiber Code PCM (wt.%)
OR-MEPCM INOR-MEPCM
PTMG650-TDI-BD N3 - -
PTMG650-TDI-BD N3 10% OR-MEPCM 10 -
PTMG650-TDI-BD N3 10% INOR-MEPCM - 10
PTMG650-TDI-BD N3 30% OR-MEPCM 30
PTMG650-TDI-BD N3 30% INOR-MEPCM 30
PTMG1000-TDI-BD N5 - -
PTMG1000-TDI-BD N5 10% OR-MEPCM 10 -
PTMG1000-TDI-BD N5 10% INOR-MEPCM - 10
PTMG1000-TDI-BD N5 30% OR-MEPCM 30 -
PTMG1000-TDI-BD N5 30% INOR-MEPCM - 30

using a correlating conical twin screw micro-extruder (Haake Minilab II)
with an integrated backflow channel to adjust the material residence
time and with a die diameter of 0.5 mm. Fibers from pristine poly-
urethanes, PTMG650-TDI-BD N3 and PTMG1000-TDI-BD N5, and
polyurethanes modified with 10 and 30 wt% of both microencapsulated
PCMs were obtained at 175 °C with a screw rotation speed of 15 rpm.
The samples were maintained re-circulating for 5 min inside the
extruder to allow a good dispersion of microcapsules in the polymeric
matrices.

2.2. Characterization

All PUs (Table S1) were characterized by different techniques in
order to know the thermal and mechanical properties, as well as, eval-
uate the shape memory capacity. The obtained fibers (pristine or
modified with both type of MEPCMs) were characterized in the same
way.

2.2.1. Thermal analysis (TGA, DSC)

Mettler Toledo TGA/SDTA851e thermobalance was employed to
evaluate the thermal stability in a similar way as previously described
[14,15]. Several parameters such as the initial degradation temperature
(T;), the temperature for each degradation step (T4, T4z, ...) and the
final residue are evaluated. TGA experiments were done in duplicate.

A Mettler Toledo model DSC 822e calorimeter was used to deter-
mined the thermal properties of each PU sample [13]. Samples around
10 mg were subjected to a heating/cooling/heating cycle from —100 to
250 °C for the pristine polyurethanes or to a heating/cooling cycle from
—50 to 50 °C for those polyurethanes loaded with MEPCMs, at a scan-
ning rate of 10 °C-min~! under constant nitrogen flow (20 mL min™!).
These tests were also done in duplicate.

2.2.2. Thermal analysis (DMA, TMA, tensile test)

DMA tests were perfomed twice in tensile mode (DMA-1 Mettler
Toledo equipment). PU specimens with dimensions 1.5 mm thick, 5 mm
wide and 10 mm long (for the fibers the dimensions are 0.5 x 0.5 x 10
mm) were prepared. These specimens were measured at a heating rate of
3°C-min~! from —100 °C to 100 °C using a 10 Hz deformation frequency
and a displacement (20 pm) that are within the linear viscoelastic region

(LVR) of the synthetized PUs [13,15].

For thermo-mechanical analysis (TMA), DMA-1 Mettler Toledo
equipment in tensile mode was also employed. To evaluate the shape
memory capacity of the synthetized PUs, as it has been reported previ-
ously [13,14], the temperature range chosen to perform the TMA tests
must be below and above the temperature that active the shape memory
effect, which in this work is the glass transition temperature measured
by DMA, Tg-peak. Briefly, a rectangular sample was heated above Tg_peak
of the sample tested, and then was elongated by the action of a 2 N force.
Then, the maximum elongation can be measured (ep,). After, keeping the
force constant, the sample was cooled quickly below its Tg peak, in order
to fix the temporary shape (e,) once this force was removed. In the re-
covery step, the sample was reheated above its Tgpeax to recover its
permanent shape (g,). Therefore, the deformation (Rg), fixation (R¢) and
recovery (R;) ratios were calculated from the same equations reported
previously [15].

The tensile testing was carried out using a MTE-1 Testing Machine
from Techlab Systems in tensile mode. PU fibers with 5 mm long, 0.5
mm thick and 0.5 mm wide were tested. The capacity of the used load
cell was 500 N, while the test speed was 10 mm min . Young’s modulus
(E), stress and strain at yield (oy, £y) and stress and strain at break (cp, €p)
were determined at room temperature (about 20 °C). Reported values
represent mean average values and standard deviations over 5
specimens.

2.2.3. Water vapor transmission rate (WVTR) measurement

The capability of the PU films to be used as water barrier was tested
by measurements of water vapor transmission rate (WVTR) [31]. WVTR
tests were conducted using a modified ASTM procedure [32]. In this
way, the PU films were placed sealing glass vessels (3.5 cm diameter)
containing 25 g of immediately previously dried silica gel. These glass
vessels were stored in a climatic chamber at high relative humidity
(about 90%) above and below Ti;ans. WVTR was finally determined by
weight gain in silica gel according to equation (1) [33,34].

wex { g-mm } o)

WVIR =—F
A-t-(py — p1) |m?-day

where x is film thickness (0.25 mm), w is the weight gain, A is the area of
exposed PU film (approx. 9.6 cm?), t is the measurement time and py-p;
is the vapor pressure differential across the PU film. Measurements were
made thrice, and the average WVTR was reported.

2.2.4. Scanning electron microscope (SEM)

The morphologies of the microencapsulated PCMs and polymeric
fibers with the microencapsulated PCMs were studied by scanning
electron microscopy (SEM) using an Ultra Gemini-II microscope from
Carl Zeiss SMT. The samples are maintained in a fridge at 6 °C and them
cut with the help of a razor for the analysis.

2.2.5. Dynamic heat transfer with a thermal camera

Dynamic thermal analysis was performed to confirm the surface
temperature changes (the cooling delay effect and time lag) in speci-
mens of SMPU modified with MEPCMs. It was performed using a data
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logger and a thermographic camera optris xi400 model, with micro-
bolometer. A heated surface was used as a heat source to measure dy-
namic heat transfer. Specimens of PTMG1000-TDI-BD N5 polymer
modified with 10-30 wt% of INOR-MEPCM and 30 wt% of OR-MEPCM,
have been obtained by injection in a Haake minijet at 180 °C using 800
bar of pressure. The mold temperature was maintained at 60 °C. The
specimens were circular with a diameter of 35 mm and a thickness of
1.5 mm. The specimens were heated at 60 °C in an oven for 10 min and
then, they are slowly cooled in a cold room with a temperature set at
6 °C. The cooling process was recorded continuously.

3. Results and discussion
3.1. Polyurethane sheets

First, based on our previous experience [13-15], two polyurethane
formulations indicated in Table S1 were synthetized. Both PU formu-
lations were synthetized both in sheet (1.5 mm thick) and in films (0.25
mm thick) shape. So, the PU sheets were characterized by several
techniques as thermogravimetric analysis, differential scanning calo-
rimetry, dynamic-mechanical analysis, and thermo-mechanical analysis.
Besides, the water vapor transmission rate (WVTR) of the PU films were
evaluated using a climatic chamber.

As can be seen in Table S2 (Supplementary Information), both PUs
have a high enough thermal stability to be processed in fibers without
undergo degradation processes. The initial degradation temperatures
(Ty), taken as the temperature at which the mass loss is 1 wt%, are 273.1
and 262.7 °C for PTMG650-TDI-BD N3 and PTMG1000-TDI-BD N5
samples, respectively, much higher than the transformation temperature
of PU into fiber (approx. 175 °C). From TGA curves (Fig. S2 in Supple-
mentary Information), the degradation temperatures of each of the two
main degradation steps of the polyurethane can also be determined. The
first, due to the hard segment, is between 360 and 390 °C, while the soft
segment one is between 440 and 470 °C.

From DSC analysis (Table S2 and Figure S3 in Supplementary In-
formation), a first estimation of the glass transition temperature can be
made in order to check its adequation for a possible future application in
the textile industry. In both cases, Tg.endset values slightly below or above
the body temperature were observed, 33.6 and 43.6 °C for PTMG650-
TDI-BD N3 and PTMG1000-TDI-BD N5 samples, respectively. These Tg
values were confirmed by DMA (Table S2 and Figure S4 in Supple-
mentary Information), with Tg_peax values 33.0 and 45.3 °C, respectively.

Finally, Table S2 summarizes the calculated values that quantifies
the shape memory behavior of both PU samples, the deformation (Ry),
fixation (R¢) and recovery (R,) ratios. The TMA curves are presented on
Fig. S5 in Supplementary Information. As can be seen on Table S2, the
deformation ratio (Rq) produced by applying a force of 2 N is around
14-15% for both PUs. The ability to fix a temporary shape is estimated
from Ry values. Both PUs have fixation ratios higher than 92%, which,
taking into account the applied deformations (around 15%) can be
considered acceptable values. Furthermore, the synthetized PUs show a
high ability to recover their original shape, above 95% (Table S2). In
conclusion, both synthetized polyurethanes have good shape memory
effect with transition temperatures of shape memory effect close to body
temperature.

Additionally, the water vapor transmission rate (WVRT) was
measured in polyurethane films (0.25 mm thick). These measurements
were made below and above the transition temperature of the shape
memory effect of polyurethanes, that is, below and above their glass
transition temperature measured by DMA (Tg.peax in Table S2). Briefly,
the glass vessels (3.5 cm diameter), sealed with the PU films and con-
taining 25 g of immediately previously dried silica gel, were prepared in
triplicate and weighed. After, they were put in a climatic chamber at
high relative humidity (about 90%) at 20 °C during 24 h. Then they were
weighed, and were put again back in the climatic chamber at 30 °C
during other 24 h. This process was repeated at 40, 50, 60, 70 and 80 °C
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(the latter temperature much higher than the T, of the material).

Finally, applying equation (1) the water vapor transmission rate
(WVRT) of both polyurethanes in function of temperature can be esti-
mated (Fig. S6 in Supplementary Information). It can be seen in Fig. S6
that WVTR increases with temperature for both polyurethane samples.
As it is well known, the diffusivity of water vapor is influenced by the
internal porosity of the samples (free volume) [35-38]. Moreover, in
previous studies [39,40], the authors have studied the connection
among free volume and the shape memory effect in shape memory
polyolefins, observing that it rise with the temperature favoring the
movement of the molecules and allowing its reorganization during the
macroscopic shape recovery up the transition temperature of the shape
memory effect.

At temperatures below the transition temperature of the shape
memory effect (20-30 °C), the diffusivity of the water vapor in both
polyurethanes is near zero. When temperature rises, the free volume
rises and therefore the diffusivity, showing the materials a higher
transmission of water vapor. So, the WVTR values for temperatures
above the transition temperature of the shape memory effect are about
10-15 times higher than before. This increase in WVTR, as mentioned
before, is derived from the rise of intermolecular chain space due to the
increase of the molecular chain mobility.

However, for PTMG650-TDI-BD N3 sample it is observed a decrease
in WVTR at 80 °C. This behavior could be explained looking Fig. S4 in
Supplementary Information. Tand in DMA curve show an increase up to
70 °C indicating a change in the internal structure of the material, which
becomes softer and more viscous. This causes the pores to close making
the transmission of water vapor difficult and, therefore, lowering the
WVTR value.

In conclusion, the porosity to water vapor increases several orders of
magnitude when the samples are heated above the transition tempera-
ture of the shape memory effect of PU samples (up to body temperature).
This is a noteworthy fact that opens up these polyurethane materials to
very interesting and fascinating opportunities in the textile industry.

3.2. Polyurethane fibers

As it is explained in the materials and sample preparation part, sheets
of the two polyurethane formulations selected to make the fibers
(PTMG650-TDI-BD N3 and PTMG1000-TDI-BD N5), have been cut into
small pieces (no more than 0.5 cm?). These pellets have been mixed in a
microextruder with 10-30 wt% of both MEPCM:s. Initially, the thermal
performance of the modified MEPCM polymeric systems has been tested
using a thermal camera by dynamic thermal analysis. Specimens of
PTMG650-TDI-BD N3 polymer modified with 10-30 wt% of INOR-
MEPCM and 30 wt% of OR-MEPCM, obtained by injection moulding,
were heated at 60 °C for 10 min. Then, it was recorded the cooling
process of the specimens in a camera at 6 °C. Fig. 1 shows the thermo-
graphic images showing the change in surface temperature during free
cooling of the specimens, and Fig. 2 shows the graphical representation
of the temperature evolution during the free cooling process.

The results indicated that the presence of MEPCM delayed the free
cooling process of the reference material. For the polymer modified with
the INOR-MEPCM the delay starts at temperatures between 12 and
15 °C, whereas for the polymer modified with the OR-MEPCM the delay
occurs at temperatures around 25 °C. Moreover, in case of the polymer
modified with 10-15 wt % of INOR-MEPCM, it can be observed that
when the amount of MEPCM in the material increased, it occurs a
decrease in the temperature loss due to the fact the MEPCM preserve the
heat during the free cooling process due to its latent heat storage
capability.

Once thermoregulating properties of these materials have been
tested, the obtained pellets were employed to manufacture fibers loaded
or not with the microencapsulated phase-change materials (MEPCMs)
(Table 2). These PU fibers were characterized by the same techniques
previously described for the PU sheets: thermogravimetric analysis



J.M. Laza et al.

Time
(min)

1.5

10

16

Fig. 1. Surface temperature behavior depicting heat storage of MEPCM modi-
fied PTMG1000-TDI-BD N5 polymer: 1. reference; 2. 10 wt% INOR-MEPCM; 3.
20 wt% INOR-MEPCM; 4. 30 wt% INOR-MEPCM and 5. 30 wt% OR-MEPCM.
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Fig. 2. Temperature evolution on the surface of the specimens of MEPCM
modified PTMG1000-TDI-BD N5 polymer: 1. reference; 2. 10 wt% INOR-
MEPCM; 3. 20 wt% INOR-MEPCM; 4. 30 wt% INOR-MEPCM and 5. 30 wt%
OR-MEPCM.

(TGA), differential scanning calorimetry (DSC), dynamic-mechanical
analysis (DMA), and thermo-mechanical analysis (TMA). Moreover,
tensile properties were measured, and SEM images were taken in order
to check the well distribution of the PCMs into the fibers.

In Fig. 3, the SEM images of the PTMG650-TDI-BD N3 fibers, un-
modified and modified with 30 wt% of the organic and inorganic
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MEPCMs are observed (SEM images of the microencapsulated phase-
change materials in Fig. S1 in Supplementary Information). For the
unloaded fibers, the SEM images showed a continuous surface, being
observed the marks of the razor employed to cut the specimens, while
for the fibers modified with 30 wt% of both type of MEPCMs, there can
be observed the microcapsules homogenously distributed in the fibers.
The fibers of PTMG650-TDI-BD N3 modified with 30 wt% of OR-MEPCM
shows the presence of capsules between 3 and 6 pum, as it was expected,
and some holes which could have been generated by some microcap-
sules that left the samples during the specimen preparation.

Similarly, for PTMG650-TDI-BD N3 fibers modified with 30 wt% of
INOR-MEPCM homogeneously distributed microcapsules with a diam-
eter lower than 1 pm are observed and some larger holes of around 2-3
pm corresponding to aggregated nanoparticles. Due to the synthesis
method, a small amount of the inorganic nanoparticles could be joined
by the inorganic shell, forming a larger aggregate of nanoparticles.
Similar images are obtained for the fibers using PTMG1000-TDI-BD N5
polyurethane (Fig. S7 in Supplementary Information).

Table 3 shows the main thermal characteristics of the PU fibers
measured both by TGA and DSC. It can be seen that the initial degra-
dation temperatures (T;), taken as the temperature at which the mass
loss is 1 wt%, decreases considerably in loaded fibers compared to
unloaded fibers. However, although the temperature for each degrada-
tion step (Tq; for the hard segment, and Ty for the soft segment) also
decrease, this decrease is less than in Tj, being only slightly smaller in the
degradation step of the soft segment (Tq42). Moreover, as can be seen in
Fig. 4, the first degradation step really begins for all fibers among
250-300 °C, which indicate that the lower values in T; may be due to the
possible presence of water or to a small leakage/evaporation of PCMs
from the material during heating. Anyway, the PU fibers loaded or not
with PCMs have high enough thermal stability for its future application
as smart materials in the textile sector.

Tg.onset and Tgendset: respectively glass transition temperatures at
which the process starts and at which the process ends measured by DSC
(Fig. S8). Tm.peak: melting temperature obtained by DSC in the heating
scan, T crystallization temperature obtained by DSC in the cooling
scan, AHp,: melting enthalpy measured by DSC in the heating scan, AH¢:
crystallization enthalpy measured by DSC in the cooling scan (Fig. 5).

The glass transition temperature of all the PU fibers, obtained from
DSC analysis, are shown in Table 3 (and Fig. S8 in Supplementary In-
formation). As it can be seen, these Tgendser Values are not greatly
modified when the polyurethanes are processed from pellets to fibers:
33.6-35.3 °C for PTMG650-TDI-BD N3 sample and 43.6 to 41.1 °C for
PTMG1000-TDI-BD N5 sample, respectively. However, when the fibers
are loaded with the inorganic PCMs a slight decrease in T, values were
observed, that is higher as the percentage of added PCMs increases. For
example, for the PTMG650-TDI-BD N3 sample, Tg.endset diminish from
35.3°Cto0 29.0 °C and to 20.5 °C when 10 and 30 wt% of PCMs is added,
respectively. This may be due to the water plasticizing effect or PCM
leached during heating (observed in the TGA measurements). The same
behavior is seen for the PTMG1000-TDI-BD N3 sample. For organic
PCMs it is not possible to observe this effect because they present an
endothermic melting peak (Fig. 5 and Fig. S8), more intense when the
percentage of PCMs is higher, just at the temperatures where the glass
transition temperature should appear.

Table 3 also shows the ability to store and release energy of those
polyurethanes loaded with MEPCMs. For this, both the melting and
crystallization temperatures (Tp,, T¢) and their corresponding enthalpies
(AHp, AH.) are determined by DSC (Fig. 5). Thus, it is observed that
both Ty, and T, of the samples loaded with OR-MEPCM (29 and 21 °C,
respectively) are higher than those obtained with INOR-MEPCM (20 and
7 °C, respectively). On the other hand, the melting and the cooling en-
thalpies are higher for the SMPUs loaded with OR-MEPCM (between 5-7
and 25-34 J g~! for those samples loaded with 10 and 30 wt%,
respectively). Therefore, a new generation of synthetized SMPU fibers
that can act as future active materials with applications in the textile
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Fig. 3. SEM images of fibers of PTMG650-TDI-BD N3: a) pristine, b) modified with 30 wt% of OR-MEPCM, and c) modified with 30 wt% of INOR-MEPCM.

Table 3

Main thermal characteristics of PU fibers.
Fiber Code TGA DSC

Ti (°C) Ta1 (°C) Ta2 (°C) Tg-onset (°C) Tg-endset (°C) Tm-peak (°C) AHp (J/8) Tepeak (°C) AH. (J/8)

PTMG650-TDI-BD N3 273.3 387.1 465.3 19.2 35.3 - - - -
PTMG650-TDI-BD N3 10% OR-MEPCM 140.5 288.9 420.0 - - 28.8 7.4 20.9 -7.4
PTMG650-TDI-BD N3 10% INOR-MEPCM 83.0 289.4 421.1 5.1 29.0 19.1 2.5 7.48 —-25
PTMG650-TDI-BD N3 30% OR-MEPCM 169.5 246.2 370.1 - - 28.5 33.0 19.6 —-34.0
PTMG650-TDI-BD N3 30% INOR-MEPCM 170.6 255.7 371.0 5.5 20.5 21.2 20.9 6.03 —-20.4
PTMG1000-TDI-BD N5 262.7 368.3 450.6 25.2 41.1 - - - -
PTMG1000-TDI-BD N5 10% OR-MEPCM 152.2 286.7 417.1 - - 28.8 4.38 21.7 —4.8
PTMG1000-TDI-BD N5 10% INOR-MEPCM 134.5 291.0 413.8 13.6 38.1 20.5 0.6 - -
PTMG1000-TDI-BD N5 30% OR-MEPCM 158.2 242.3 364.2 - - 27.9 249 21.3 —26.2
PTMG1000-TDI-BD N5 30% INOR-MEPCM 118.1 249.1 363.1 17.3 23.1 19.6 15.8 7.0 -13.1

T;: initial degradation temperature obtained by TGA, Tq4; and Tyo: initial degradation temperatures for each degradation step obtained by TGA (Fig. 4).

industry could be obtained with both MEPCMs, selecting the more
appropriate additive for the final application as a function of the most
suitable melting/crystallization temperature of the SMPU fibers. If fibres
are used in colder climates, the performance of the fibres with INOR-
MEPCM that present a lower temperature would be more suitable. The
amount of MEPCM will be determined as a balance between the

mechanical properties of the fibers and the thermal performance
required for the specific application of the textile.

The T, values were also measured by DMA (Table 4 and Fig. 6), with
Tgpeak values 52.7 and 57.2 °C for PTMG650-TDI-BD N3 and
PTMG1000-TDI-BD N5 samples, respectively. On the other hand, when
the fibers are loaded with the PCMs a slightly variation in Tg peak values
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Fig. 4. TGA curves for all PU fibers, loaded with PCMs or not. a) PTMG650-TDI-BD N3 fibers, and b) PTMG1000-TDI-BD N5 fibers.
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Fig. 5. DSC curves for all PU fibers loaded with PCMs. a) PTMG650-TDI-BD N3 fibers, and b) PTMG1000-TDI-BD N5 fibers.
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Table 4
DMA results and shape memory behavior of PU fibers.
Fiber Code DMA TMA
Tgrpeak Ry R¢ Re
Q) (%) (%) (%)
PTMG650-TDI-BD N3 52.7 15.7 90.4 99.5
PTMG650-TDI-BD N3 10% OR- 50.5 15.6 89.5 99.5
MEPCM
PTMG650-TDI-BD N3 10% INOR- 51.0 15.7 85.5 99.5
MEPCM
PTMG650-TDI-BD N3 30% OR- 57.8 15.6 81.1 99.0
MEPCM
PTMG650-TDI-BD N3 30% INOR- 53.3 15.6 89.2 99.2
MEPCM
PTMG1000-TDI-BD N5 57.2 15.3 89.5 99.2
PTMG1000-TDI-BD N5 10% OR- 53.7 15.4 89.0 99.3
MEPCM
PTMG1000-TDI-BD N5 10% INOR- 46.0 15.4 88.2 99.2
MEPCM
PTMG1000-TDI-BD N5 30% OR- 60.5 15.6 83.6 99.0
MEPCM
PTMG1000-TDI-BD N5 30% INOR- 52.5 15.6 81.4 99.2
MEPCM

were observed. However, by DMA the decrease in Tg_peax seen in DSC is
not observed. These different T, values between DSC and DMA could be
explained, as it has been reported previously [13,41], from the experi-
mental point of view due to the differences between DSC and DMA. In
fact, it has been demonstrated in macromolecular materials that

methods such as DSC are less sensitive to the glass transition phenom-
enon than the DMA. Therefore, in the same way it was done for the PU
sheets, the values measured by DMA (Tg.peak in Table 4) have been into
account in order to compare the values of glass transition temperature
for the PU fibers. These values have been considered to perform the TMA
tests that are explained below.

Finally, in Table 4 the deformation (Ry), fixation (R¢) and recovery
(R;) ratios calculated all PU fibers are summarized. TMA curves can be
seen on Fig. 7. For all PU fibers the deformation ratio (Rq) is around
15.5-15.6%, quite similar to that produced in the PU sheets. R values,
which measures the ability to fix the temporary shape, are close to 90%
for all fibers; whereas R;, estimates the ability to recover the original
shape, is above 99%. In conclusion, these values are not very different
from those previously observed in polyurethane sheets, so it can be
assert that the PU fibers retain the shape memory effect of the starting
materials.

These PU fibers are designed as a potential smart materials for their
future application in the textile industry. Therefore, it is important to
know their mechanical properties. For it, tensile test have been carried
out as described above. Table 5 show the Young’s modulus (E), stress
and strain at yield (oy, &y) and stress and strain at break (oy, &) values
determined at room temperature, while Fig. 8 show the tensile curves.

In general, all fibers show an elastomeric behavior at low de-
formations, which becomes plastic behavior when the strain increases.
Just as the elastic region is small for all fibers, the plastic region is much
larger. It was also observed that elongation at break is higher than 300%
in almost all PU fibers. So, PTMG650-TDI-BD N3 fiber show the highest
deformation at break (1557%). On the other hand, in general,
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Fig. 6. DMA curves for all PU fibers, loaded with PCMs or not. a) PTMG650-TDI-BD N3 fibers, and b) PTMG1000-TDI-BD NS5 fibers.
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Table 5

Tensile properties for all PU fibers, loaded with PCMs or not.

Sample Code Tensile Properties
E (MPa) Gy % &y o % &
(MPa) (MPa)
PTMG650-TDI-BD N3 1.25 + 1.88 17.71 18.43 1557.7
0.02
PTMG650-TDI-BD N3 10%  0.93 + 0.29 4.27 4.87 615.9
OR-MEPCM 0.04
PTMG650-TDI-BD N3 10%  1.36 + 1.23 10.32 11.30 959.3
INOR-MEPCM 0.02
PTMG650-TDI-BD N3 30%  0.18 + 0.44 2.74 6.53 505.7
OR-MEPCM 0.05
PTMG650-TDI-BD N3 30%  0.29 + 1.43 7.37 5.98 283.3
INOR-MEPCM 0.09
PTMG1000-TDI-BD N5 0.73 £ 0.67 10.42 8.31 507.5
0.01
PTMG1000-TDI-BD N5 0.89 + 0.85 10.01  8.62 635.7
10% OR-MEPCM 0.02
PTMG1000-TDI-BD N5 0.83 + 0.65 9.06 3.39 284.0
10% INOR-MEPCM 0.02
PTMG1000-TDI-BD N5 0.20 + 0.89 5.77 6.45 598.7
30% OR-MEPCM 0.05
PTMG1000-TDI-BD N5 0.23 + 0.86 4.73 6.01 457.4
30% INOR-MEPCM 0.04

PTMG650-TDI-BD N3 fibers have higher elastic modulus than
PTMG1000-TDI-BD N5 fibers. This may be due to how PUs are synthe-
tized; the reagents used during its process of synthesis influence in the
ratio between the soft and the hard segments. Thus, while the soft
segment tends to orient in the direction of stretch, the hard segment

remains perpendicular to the stretch direction [42,43].

If Young’s modulus is observed, it drops drastically when the fibers
are loaded with 30% PCMs. In the same way, strain at yield (gy) de-
creases. This may be due, in addition to the presence of PCM particles in
the polymeric matrix, to the water introduced into the fibers during their
processing (fact already observed by DSC and TGA).

Taking into account that the main factors that influence the final end
uses of the PU fibers are the durability, elongation, tactile properties and
processability [44], it could be said that the tensile properties of PU fi-
bers synthetized in the laboratory are good enough for applications in
the textile industry, such as thermo-responsive fibers. As example,
several knitted smart fabrics, with different grammages, have already
been obtained from these samples loaded with these microencapsulated
phase change materials (Fig. 9).

Further, thermal imaging camera revealed that an increase in the
proportion of MEPCMs leads to a slower decrease in temperature
because of the heat preserved by MEPCMs over time.

4. Conclusions

As general conclusion, in this work it can be assessed that two
polyurethane formulations, with transition temperatures of shape
memory effect close to body temperature, have been successfully pro-
cessed in fiber form in a simple way without loss of both thermal and
mechanical properties. Moreover, the shape memory behavior of this
kind of polyurethanes is also maintained with fixation (R¢) and recovery
ratios (R;) values close or higher to 90%. On the other hand, the
permeability of these materials to water vapor has been estimated,
showing an interesting change in this parameter down and up the glass
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Fig. 8. Tensile tests for all PU fibers, loaded with PCMs or not. a) PTMG650-TDI-BD N3 fibers, and b) PTMG1000-TDI-BD N5 fibers.
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Fig. 9. Knitted smart fabrics obtained from several samples loaded with the microencapsulated phase change materials.

transition temperature, Ty (that in these materials match with the tem-
perature that active the shape memory effect). Finally, these PU fibers
have been loaded with two different microencapsulated phase-change
materials, checking that the synergistic influence of both effects, shape
memory and phase-change, not affect the main properties of the SMPU
fibers developed. Moreover, the proper selection of the MEPCMs can
allow the operation of these materials in a different temperature range,
from 15 to 35 °C, being a good alternative to develop durable thermo-
regulating textiles for different operational conditions. As an example,
for urban textiles, taking body temperature as a reference, the sample
PTMG650-TDI-BD N3 loaded with 30 wt% OR-MEPCM could be a good
alternative due to the glass transition temperature of the pristine poly-
urethane (20-35 °C), its melting and crystallization temperatures (28
and 20 °C, respectively), and its higher melting and cooling enthalpies
(around 33-34 J g 1). The research carried out in this paper showed that
these materials are an attractive way to make thermo-regulating and
waterproof textiles, opening new lines of research on thermoregulation
in textiles by combining these two materials in the same fiber.
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