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ABSTRACT

This study investigates the mechanisms underlying the elastocaloric (eC) effect in thermoplastic polyurethaneurea elastomers, focusing on the contributions of
amorphous chain orientation and strain-induced crystallization (SIC) of the soft segments. Two types of TPU systems—strain induced crystallizable (PTMO-based
polyurethaneurea (TPUU)) and non-crystallizable (PEO-based polyurea (TPU))—were synthesized with different amounts of HMDI hard segments (20 or 30 wt%) and
subjected to mechanical loading under in situ wide-angle X-ray scattering (WAXS) and infrared thermography. The amorphous chain orientation is found to evolve
much faster with strain in the TPUUs and SIC is found to initiate in these materials above a critical value of the Hermann’s orientation factor of 0.7-0.75. SIC in these
systems is found to enhance the eC effect via latent heat, but amorphous orientation is also found to significantly contribute through thermoelastic entropy changes,
as attested by high heat sources of 15 MW m ™ for crystallizable TPUU before SIC (at 100 % of deformation) as compared to 5 MW m > for non-crystallizable TPUs.
Under continuous cycles, TPUU samples demonstrate stronger eC responses and greater reversibility than TPU, resulting in higher coefficients of performance (Best
COP = 13 for the TPUU20), particularly after cyclic pre-conditioning. This interpretation of molecular orientation and crystallization in relation with eC properties
opens new design strategies for polymer-based solid-state cooling, where microstructural tailoring—beyond relying solely on crystallization—can optimize elasto-
caloric performance in practical applications.

1. Introduction deformation and exhibit reversible temperature changes upon cyclic

loading. The caloric effect in natural rubber is thought to be due to its

The elastocaloric effect (eC) is a solid-state cooling mechanism based
on the reversible temperature change that occurs when a material is
mechanically deformed and relaxed under adiabatic conditions [1,2].
Compared to vapor-compression technologies, eC-based systems prom-
ise greater energy efficiency, environmental sustainability, and me-
chanical simplicity [3]. Among soft materials, elastomers stand out due
to their low modulus, high strain capability, and potential for recycla-
bility, making them attractive candidates for scalable, flexible, and
lightweight cooling systems [4-8].

Initial studies have focused on materials such as natural rubber (NR)
[7,9,10], highlighting their ability to undergo significant elastic

high ability to crystallize under strain as compared to other synthetic
rubbers. A tentative quantification concluded that 1/3 of the elasto-
caloric effect was attributed to thermoelasticity and 2/3 to the strain
induced crystallization [7] under uniaxial stretching. The crystallization
being reversible, during unloading, the same 2/3 proportion to the
overall cooling of the material has been attributed to the melting of the
strain induced crystalline phase. In spite of these efficient
entropy-driven mechanisms for heating and cooling, NR may suffer from
processing limitations and variable fatigue performance, motivating the
search for synthetic alternatives with tunable properties and better
control over composition and microstructure.
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Thermoplastic polyurethanes (TPUs) have emerged as promising
elastocaloric materials [11-14]. Traditionally used in flexible foams,
rigid insulations, and coatings, TPUs exhibit high processability
[15-17]1, high thermal and mechanical performance [18-22], high
durability [23,24] and chemical resistance [25-27] making them
promising candidates for eC applications. When carefully synthetized,
polyurethanes can approach the outstanding mechanical toughness of
natural rubber [28], while also offering recyclability, self-healing, and
enhanced thermal stability [29]. Like NR, the ability of TPUs to undergo
strain-induced crystallization has been widely demonstrated in the
literature [30-33]. This crystallization is driven by microphase separa-
tion, hard segment symmetry, and chain alignment under stress. SIC is
promoted in TPU by microphase separation that refers to the sponta-
neous segregation of the polymer into distinct hard and soft domains at
the nanometer scale, typically with domain size in the range of 10-100
nm, that act as physical cross-links. The hard Segment Domains act as
reinforcing regions, increasing stiffness and strength. The Soft Segment
Domains maintain flexibility and allow for large deformations. In some
TPUs, SIC results in an additional mechanical reinforcement.

Both PTMO-based and PEO-based polyurethanes are known to
exhibit strain-induced crystallization (SIC) due to the ability of the
PTMO [16,17,30,33] and PEO [34-37] soft segments (SS) to align and
order under tensile deformation, which is promoted by microphase
separation. Wide-angle X-ray scattering (WAXS) confirmed the forma-
tion of strain-induced crystalline structures in PTMO-based and
PEO-based polyurethanes.

SIC of the soft segment in TPUs has been argued to be a primary
cause of the eC effect in these materials, especially in formulations based
on crystallizable blocks like poly(tetramethylene oxide) (PTMO). Other
studies interestingly show that elastocaloric effects can also be gener-
ated in absence of significant crystallization [38]. Under mechanical
deformation, polymer chains in the amorphous phase align along the
loading axis, reducing configurational entropy and thus generate a
thermal response (thermoelasticity) even in the absence of
crystallization.

In this study, we provide direct microstructural evidence that both
SIC and amorphous SS chain orientation contribute to the elastocaloric
effect in TPU-based systems. For the first time, a combination of in situ
wide-angle X-ray scattering (WAXS) and infrared thermography, is used
to examine TPUUs and TPUs with crystallizable (PTMO-based) and non-
crystallizable (PEO-based) soft segments respectively, in the strain range
studied. We analyze the evolution of crystallinity, chain orientation (via
Herman’s orientation factor), and temperature change during cyclic
loading at various strain levels and pre-strains. Our findings support a
mechanism interpretation where amorphous SS orientation plays a sig-
nificant role in the early stages of deformation and remains relevant in
systems with weak or no SIC. Nonetheless, occurrence of SIC is thought
to provide a non-negligible source of supplementary eC effect through
latent heat of phase change in both crystallization and melting pro-
cesses. These insights open the door to new material design strategies
where eC efficiency is enhanced through tailored microstructure control
rather than relying solely on crystallization processes.

2. Materials and experiments
2.1. Materials

Bis(4-isocyanatocyclohexyl)methane (HMDI) was kindly supplied by
Bayer and had a purity better than 99.5 %. Poly(tetramethylene oxide)
glycol (PTMO2K) with <Mn> = 2040 g/mol was provided by DuPont.
Amine terminated poly(ethylene oxide) oligomer (PEO2K) with <Mn>
= 2070 g/mol (Jeffamine ED2000) was supplied by Huntsman Corpo-
ration. Reagent grade ethylene diamine (ED), 2-propanol (IPA) and
tetrahydrofuran (THF) were purchased from Merck. Dibutyltin dilaurate
(DBTDL) was obtained from Witco and is used as a catalyst by diluting to
1 % by weight in THF. All chemicals were used as received.
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2.2. Polymer synthesis

All reactions were carried out in 500 mL, three-necked round-bottom
Pyrex reaction flasks, equipped with a mechanical overhead stirrer, a
thermometer, and a dropping funnel. Reaction temperature was
adjusted using an electric heating mantle. All polymers were synthesized
in solution by using the two-step polymerization procedure, as described
below. Polymer solutions obtained were cast into Teflon molds and the
solvents were evaporated by keeping at room temperature for overnight
and then in a vacuum oven at 60 °C until constant weight. Compositions
of the polymers synthesized are provided in Table 1.

2.3. Synthesis of PTMO2K based polyurethaneureas (TPUU)

Depending on the hard segment content of the final poly-
urethaneurea, calculated amounts of HMDI and PTMO2K were weighed
into the reactor and dissolved in THF to prepare a solution with solids
content of about 40 % by weight. 150 ppm of DBTDL was added into the
solution and the system was heated to 60 °C, under 150 rpm stirring rate.
Prepolymer formation reaction, followed by Fourier transform infrared
(FTIR) spectroscopy, was completed in about 2 h. Reaction mixture was
cooled down to room temperature and diluted to 30 % solids by IPA
addition. Stoichiometric amount of ED chain extender was dissolved in
IPA (10 % by weight solids), introduced into the dropping funnel and
added dropwise onto prepolymer solution at room temperature under
250 rpm stirring rate. ED addition was stopped when the isocyanate
peak centered at 2260 cm™! completely disappeared, indicating the
completion of the reaction.

2.4. Synthesis of PEO2K based polyureas (TPU)

Depending on the hard segment content, calculated amount of HMDI
was introduced into the reactor and dissolved in IPA to make a 20 % by
weight solution. Separately PEO2K was dissolved in IPA (20 % solution),
introduced into the dropping funnel, and added dropwise into HMDI
solution at room temperature under 150 rpm stirring rate. Stoichio-
metric amount of ED chain extender was dissolved in IPA (10 % by
weight solids), transferred into the dropping funnel and added dropwise
into prepolymer solution at room temperature under 250 rpm stirring
rate. ED addition was stopped when the isocyanate peak centered at
2260 cm ! completely disappeared, indicating the completion of the
reaction. As the viscosity increased upon chain extension, reaction
mixture was diluted with IPA to desired viscosity. Molecular weight,
molecular structure of PTMO-2000 based polyurethaneureas (TPUU)
and PEO-2000 based polyurea (TPU)s are shown in Table 1, Supple-
mentary Fig. S1 and the hard segment contents (wt.%) and average
chain lengths of the hard segments in TPUU and TPU copolymers
investigated is shown in Supplementary Fig. S2.

2.5. Fourier-transform infrared (FTIR) spectroscopy and gel permeation
chromatography (GPC)

FTIR spectra were obtained on a ThermoScientific Nicolet 6700
spectrometer. Thin films were coated on KBr discs, solvent was evapo-
rated using a heat gun and the spectra were obtained with a resolution of

Table 1
Compositions, average molecular weights, and molecular weight distributions
(PDI) of TPUU and TPU polymers.

Polymer Soft Hard segment <Mn> <Mw> (g/  PDI
code segment content (wWt%) (g/mol) mol)

type
TPUU-20 PTMO2K 22.2 38,000 112,000 2.95
TPUU-30 PTMO2K 30.6 25,000 56,000 2.24
TPU-20 PEO2K 22.8 33,000 88,000 2.67
TPU-30 PEO2K 30.3 - - -
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4 cm™!. GPC analysis was carried out on a Viscotek GPCmax VE-2001
instrument equipped with D5000-D 3000-D 1000-D Guard columns
and refractive index (RI), multiple angle laser light scattering (MALLS)
and viscometer (TDA 305) detectors. DMF was used as the solvent and
measurements were made at 55 °C, at a flow rate of 0.7 mL/min.
Polymer solution was prepared in DMF at a concentration of 2 mg/mL.
The samples were filtered using VMR PTFE syringe filters with average
pore size of 0.22 pm prior to the measurements. Calibration curves based
on poly(methyl methacrylate) standards were used. Densities of the
films were determined using mass-volume relationship.

2.6. In-situ wide angle X-rays scattering (in-situ WAXS)

We performed in situ WAXS experiments at synchrotron ALBA in
Cerdanyola del Valles (Barcelona), using the beamline BL11-NCD-
SWEET of ALBA synchrotron. The beam has a wavelength of 0,957 A
and the time of exposure of the sample is of 1 s. The latency time, needed
for the acquisition of the diffraction image is 5,1 s, A single hybrid-pixel
photon counting detector, model LX255-HS (Rayonix), with an active
area of 85 x 255 mm?, composed of 1920 x 5760 pixels with a pixel size
of 88.54 x 88.54 pmz, is positioned perpendicularly to the beam for the
acquisition of the images. The distance between the detector and the
sample is of 229.860 mm. The sample positioning system used, is the
Stretcher - TST3508, which is capable of temperature and force control,
with a force resolution of 0.01 N and a maximum stretching amplitude of
45 mm. The background, (i.e. air scattering and direct beam intensities)
is properly measured in absence of any sample. It can then be subtracted
to the total intensity scattered in the presence of the rubber sample. Each
scattering pattern is integrated azimuthally. The deconvolution of the
curve I = f(20) enables the extraction of the intensity at the peak top and
the width at half height of each crystalline peak and the intensity at the
peak top of the amorphous phase. The crystallinity index CI is calculated
as a function of the intensity of the (100) and (010) crystallographic
planes and of the amorphous halo, I,, and expressed as:

oy 1100 +Toto
c1C%) oo +Ioro +1a ®

Textures of the crystallographic and amorphous structures can be
characterized using the Herman'’s orientation function [39,40]:

(P2), = (3(cos” ) 1) @

(P2), = 1 for perfect alignment of the amorphous chains with the
tensile axis, (P,), = O for random orientation, and (P,), = —0.5 if the
amorphous chains are preferentially oriented in the plane perpendicular
to the tensile axis. (P,), may be obtained from the variation in intensity
with azimuthal scattering angle, ¢, of the corresponding Debye ring in a
two-dimensional WAXS pattern with the X-ray beam perpendicular to
the tensile axis, using:

/2 2 :

1 I,(p)cos? ¢ sin pd

P <3 Jo ”/(;/f) osinpdy 1) @)
Jo' " La(p)sin pdp

2.7. Differential Scanning calorimetry (DSC)

DSC thermograms were obtained on a DSC Q2000 series instrument
(TA Instruments, New Castle, DE, USA). Approximately 10-11 mg of
material was sealed in a standard 40 pL aluminum pan. The samples
were equilibrated at —50 °C for 5 min and then heated to 100 °C at a rate
of 5 °C/min under nitrogen atmosphere with a modulation amplitude of
+0.318 °C and a modulation period of 60 s. Samples were then cooled
down to —50 °C and heated again up to 100 °C. Temperature and
enthalpy calibrations of DSC was obtained by using antimony and tin
standards.
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2.8. Tensile tests with in-situ Infra-red thermography (in-situ IR)

Room temperature uniaxial tensile tests were performed on a uni-
versal testing machine ZwickRoell (Z005) equipped with a 500 N force
sensor. The crosshead speed during the loading and unloading phases
was chosen to be 3000 mm/min corresponding to a nominal strain rate
of around 1 x 102 min™~ ! according to the specimen dimensions (28 mm
length). In the first type of tensile tests, the rubber specimens were
stretched during single uniaxial stretching up to failure. In the second
type of tensile tests, the rubber specimens were rapidly stretched with
the nominal strain rate of 1 x 10% min~ ! up to 300 % elongation fol-
lowed by a relaxation step in the deformed state for 1 s or 1 min. After
the relaxation step, the specimens were unloaded with the same nominal
strain rate of 2 x 10% min~ ' down to the relaxed state (zero force)
followed by another relaxation for one more minute. The temperature
field on the front face of the samples was recorded using an Infrared (IR)
camera (InfraTech ImagelR® 8800) equipped with a Mercu-
ry—-Cadmium-Telluride (MCT) detector with a temperature resolution at
30 °C higher than 0.035 K. The distance between the IR camera and the
specimen was chosen sufficiently large to ensure that the sample sur-
faces can be observed from the undeformed state to the deformed state,
but sufficiently low to record images with sufficiently fine pixel size
(200 pm). The size of the observation zone is 160 x 500 pixels? (32 x
100 mm?). Image data was synchronized with analogical data of the
tensile test machine, namely time, force, and displacement between the
grips. The acquisition frequency of the IR images was chosen to be equal
to 100 Hz to capture fast temperature changes that may occur within the
different phases of the tests. The IRBIS 3.1 professional software
(InfraTech ImageIlR® 8800) was used to extract punctual temperature
values along the specimen longitudinal axis. The central part of the
specimen where the temperature data was extracted shows a homoge-
neous temperature field at the mm scale.

2.9. Analysis of the heat sources

The calculation of heat source and sink is of prime importance to
fully describe the eC phenomena in NR and NR/GTR and discriminate
the diverse contribution of thermoelasticity, strain induced crystalliza-
tion, melting, viscoelasticity and damage involved in the materials
heating and cooling performances. Thermoelasticity and crystallization/
melting are elastic reversible processes, while damage and viscoelas-
ticity are inelastic processes. To estimate heat sources/sink, only the
temperature at the specimen surface in the central part of the tensile bars
is considered where the temperature field is spatially homogeneous.
Hence, the heat source distribution is uniform within the considered
area of interest. A linearization of heat losses in the heat equation results
in the following expression of the heat source [41,42]:

S$=pC, <9+§> 4)

S s the heat source expressed in MW.m >, p = 1.1 g cm™° is the bulk
density of the tested material, C,, its heat capacity is around 1.6 J g k!
for all materials at room temperature and is assumed to not significantly
change with possible changes of the specimen surface during tensile
tests, 6=T-Ty, the temperature variation above (positive) or below
(negative) the equilibrium room temperature, Ty. 0 is the rate of heating
(K.s’l). The time constant 7 (s) characteristic of the heat exchange
(during heating or cooling) along the specimen thickness was calculated
using the following equation:

0=(Teo — To)e + )

With T; _ g and T being the temperatures at the beginning and at the end
of the relaxation step respectively, after the specimen has been heated
(during loading) or cooled (during unloading). The thermal relaxation
times is expected to decrease with the applied deformation, that is
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explained by the reduction of the specimen thickness when applying a
longitudinal strain. Indeed, if we assume a volume conservation in our
materials subjected to loading, the materials thickness would be equal
eo/ V4 with ey being the thickness of the material in the undeformed
state and 4 the stretching ratio, equal to 1+¢, ¢ being the strain. The
dependence of the thermal diffusion time on the applied deformation
can be evaluated assuming that this time decreases similarly with the
thickness reduction upon tensile deformation:

r:To/\/Z (6)

The relationship between mechanical dissipation and thermal dissi-
pation during cyclic loading is provided by the calculation of the cor-
responding dissipated energies. The mechanical energy Wy is split into
elastic W, and inelastic Wi, parts. The former part is the recoverable
elastic energy per unit of volume. The latter part, i.e., the total inelastic
energy per unit volume, is made of intrinsic dissipation ¢; and stored
energy per unit volume W;. In the following, the elastic component per
cycle remains close to zero and it can be considered that the mechanical
and inelastic energy per unit volume per cycle are approximately the
same. The deformation energy is then written:

Wdef =@, + Ws (7)

The hysteresis loops that characterize the deformation energy loss is
essentially due to material dissipation. In the absence of microstructural
transformations, the area of the surface of the hysteresis loop is equal to
the amount of energy dissipated in the material over a complete loading
cycle. The mechanical energy per cycle was estimated using the
expression below

Fde

Was= | —
def eOLO

®

The mean dissipation energy rate over a cycle ~¢; was then calcu-
lated via the zero-dimensional approach of the local heat diffusion
equation:

1 =pC, / <(9 + g) dt 9)

The materials coefficient of performance, COPy,q, measured during a
cyclic loading, is given by the following formula:

P1
COPpr = 10
T 10$)

3. Results and discussion
3.1. Thermal crystallization in TPU and TPUU

We investigate the thermal crystallization of two sets of materials:
TPUU and TPU (in the strain range studied) that is attributed to the
higher ability of amorphous PTMO soft segment chains in TPUU to
orient as incipient mechanism for SIC. As a preliminary characterization
before the investigation of the eC effect, we aimed at providing data on
thermal stability of the crystalline phase at room temperature and
above. The aim is to understand the possible changes in the micro-
structure eventually induced by the self-heating of the materials during
mechanical loading. For this purpose, we performed DSC experiments,
where we first heated the specimens up to 100 °C, and then cooled them
down to —50 °C where they were equilibrated for 5 min, which was
followed by a second heating up to 100 °C. It is found that in amorphous
materials (obtained after first heating up to 100 °C), when cooled down,
result in the crystallization- The crystallization temperature for TPU20
and TPUU20 is found equal to 2-4 °C, whereas TPU30 crystallizes at
—43 °C and TPUU30 does not crystallize in the cooling temperature
range (Fig. 1a). Results indicate a higher ability of the PEO-based TPU to
thermally crystallize as compared to the PTMO-based TPUU. In
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Fig. 1. DSC experiments performed on PUs. (a) Heat flow versus temperature
curves for cooling from 100 °C down to —50 °C and (b) Heat flow versus
temperature curves for heating from —50 °C up to 100 °C.

addition, TPU20 and TPUU20 crystallize easily as compared to TPU30
and TPUU30. In an analogy with vulcanized natural rubber, a higher
quantity of hard segments (that would play the same restrictive role that
the intermolecular chemical crosslinks in vulcanized NR) may hinder
molecular diffusion and hence hinder thermal crystallization. This does
not happen for SIC (previously described results) as SIC and in particular
the nucleation is mostly promoted by forced molecular orientation (of
both hard and soft segments). Melting of the crystalline phase occurs at
25 °C and 33 °C for TPUU20 and TPU20 respectively, and at 17 °C for
TPU30, while amorphous TPUU30 remains totally amorphous (Fig. 1b).
To avoid traces of crystallinity in our materials, specimens were pre-
heated at 40 °C before tensile tests (in-situ WAXS and in-situ IR).

3.2. Amorphous chains orientation and strain induced crystallization
(SIC) in TPU and TPUU

The contributions of the orientation and crystallization of amor-
phous soft segment chains in TPU and TPUU are studied ad their
contribution to the elastocaloric effect in such materials may be of great
importance. First, cyclic tensile tests performed on TPU and TPUU
(Fig. 2) show distinct behavior depending on the content of the HMDI +
ED hard segments (HS) (22 or 30 %) and on the chemical structure of the
soft phase (PTMO or PEO). In the strain range studied, all materials show
a viscoelastic behavior typical for elastomeric materials. By extending
up to 300 %, they show mechanical hysteresis that may be attributed
primarily, and in absence of further microstructural observations, to
viscoelastic effects (soft phase chains disentanglements, chains friction)
or damage (chains breakage from the soft and hard phases). No evident

(@)8 (b)s

' ~TPUU20
[ -+TPU20

-s-TPUU30
-=-TPU30

Nominal stress (MPa)
o
|

Nominal stress (MPa)

0 100 200 300 400 0 100 200 300 400
Strain (%) Strain (%)

Fig. 2. (a) Stress-strain curves of TPUU20 (PTMO-2K with 22 % HMDI) and of
TPU20 (PEO-2K with 22 % HMDI) and (b) Stress-strain curves of TPUU30
(PTMO-2K with 30 % HMDI) and of TPU30 (PEO-2K with 30 % HMDI).
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sign of plastic mechanisms is observed (no yielding point or plastic
plateau). A large strain reinforcement is observed in the strain range
studied, in the case of TPUU as compared to TPU with similar hard
segment contents. Such mechanical reinforcement in elastomeric ther-
moplastic polyurethanes may be attributed to their ability to crystallize
under strain, as it has been widely demonstrated in the literature [37,43,
44].

To investigate the strain induced crystallization in both TPUU and
TPU, in-situ WAXS have been performed (Fig. 3). In the undeformed
state all materials are amorphous, as shown by the isotropic amorphous
halo along azimuthal angle. Upon deformation, no apparent significant
modification of this halo is observed for the PEO-based TPU systems.
Contrarily, a clear anisotropy of the scattering pattern and in particular
the formation of anisotropic crystalline features is observed in the case
of the PTMO-based TPUU materials, where WAXS shows the meridional
region peaks observed at Bragg angle values 20 = 12.2° and 20 = 14.7°,
corresponding to the d-spacings of (100) and (010) peaks for PTMO

(a

N—

TPU20

(b)

TPU30

(c

3

TPUU20

(d)

TPUU30

0% 100% 200% 300%
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crystal, which are reported to be around 4.5 A and 3.8 A, respectively
[44]. Such observations reveal the occurrence of the strain induced
crystallization in TPUU, that is found to be reversible, as shown by the
disappearance of such crystalline features upon unloading. Consistent
with the study of Yeh et al. [44], strain induced crystallization in PTMO
based PU is found to be reversible. Such reversibility of SIC in PTMO
based materials has also been discussed elsewhere [33,43]. While
PEO-based TPUs do not show SIC in the strain range studied, we do not
state that SIC cannot happen at higher deformations.

To assess the evolution of the crystalline fraction generated by the
strain induced deformation, equation (2) has been used (Section 2.6).
The crystalline fraction of TPUU20 and TPUU30 is shown in Fig. 4.
Strain induced crystallization occurs in both materials at a deformation
around 100 %, which regularly increases with strain. During unloading,
the crystalline fraction decreases down to zero at a deformation of 50 %.
The strain at crystallization onset is concomitant with the stress upturn
observed on the stress-strain curves (see Fig. 2). SIC is hence expected to

Tensile axis

100%

336% 300% 200%

Fig. 3. (a) WAXS patterns of TPU20 (PEO-2K with 22 % HS), (b) TPUU20 (PTMO-2K with 22 % HS), (c) TPU30 (PEO-2K with 30 % HS), (d) TPUU30 (PTMO-2K with

30 % HS).
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Fig. 4. (a) Crystalline fraction of TPUU20 (PTMO-2K with 22 % HS), (b)
Crystalline fraction of TPUU30 (PTMO-2K with 30 % HS). The quantification of
the crystallinity index is not realistic in the sense that it does not attest for the
volumetric fraction for the strain induced crystal phase. Very high values of the
CI may arise from.

be responsible of mechanical reinforcement, where PTMO SIC crystals
play the role of temporary oriented nanofillers, equivalent to what may
happen in vulcanized natural rubber [45]. One may note that, like for
the natural rubber-based materials, a crystalline hysteresis is found, that
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can be attributed to the distinct nature of crystallization and melting
processes in a fully amorphous elastomer, in which crystallization re-
quires the jumping of a nucleation barrier (high energy level, i.e., high
deformation) while melting occurs in a semi-crystalline material with an
existing interface between amorphous and crystalline phases (low en-
ergy level, i.e., low deformation). It is not obvious from the literature
that PTMO-based TPUU has a higher ability to crystallize under strain as
compared to PEO-based TPU, hence the molecular mechanisms prior the
occurrence of SIC in PTMO based polyurethanes are investigated.

The probability of SIC to initiate (formation of the nuclei) is intrin-
sically related to the ability of the amorphous polymeric chains to align
along a stretching axis, hence promoting molecular packing, at the
origin of the crystallite formation. The quantity of amorphous chains
aligned in the stretching axis as well as their orientation has been
investigated (Fig. 5). Deformation of the TPU and TPUU results in a
decreasing intensity of the amorphous signal in the equatorial region.
One may note that such decrease may relate to the decrease of the
specimen volume irradiated with strain due to thickness reduction.
Nonetheless, such information remains relevant when comparing rela-
tively the TPU and TPUU materials. It is worth noting that the decrease
of intensity of the amorphous chains in the equatorial region is inter-
rupted (it reaches a threshold) at a deformation of around 100 %,
concomitant with the occurrence of SIC (cf. Fig. 4). The orientation of
amorphous chains in the tensile axis, calculated using the Herman’s
orientation factor (Equations 2-3), is found to increase with strain for all
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Fig. 5. (a) Intensity of the amorphous halo in the equatorial region of TPU20 (PEO-2K with 22 % HS) and TPUU20 (PTMO-2K with 22 % HS), (a) Intensity of the
amorphous halo in the equatorial region of TPU30 (PEO-2K with 30 % HS) and TPUU30 (PTMO-2K with 30 % HS), (c) Herman’s orientation factor (equations (2) and
(3)) of the amorphous halo TPU20 (PEO-2K with 22 % HS) and TPUU20 (PTMO-2K with 22 % HS), (d) Herman’s orientation factor (equations (2) and (3)) of TPU30

(PEO-2K with 30 % HS) and TPUU30 (PTMO-2K with 30 % HS).
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materials, and then decrease during unloading (Fig. 5¢c—d). Interestingly,
no hysteresis is observed in the case of non-crystallized TPU, and a
hysteretic behavior is observed in the case of TPUU. Such hysteresis may
be related to SIC occurrence: at a given deformation, the amorphous
chains orientation in TPUU is higher during the loading phase, when the
crystalline fraction is lower (see Fig. 4). This may be explained by the
progressive disappearance of the amorphous signal that contributes to
the crystal one. Highly oriented amorphous chains tend to crystallize
and hence do not contribute in the calculation Herman’s orientation
factor. During loading, a critical value of the Herman’s orientation
factor of 0.75 is reached for the TPUU materials, that is assumed to be
the critical value to initiate SIC. After such critical value, a plateau is
observed and molecules that are oriented beyond such critical value are
crystalline, and likely continue to orient (but in crystalline state). For
TPU materials, such a value is not reached, suggesting that the orien-
tation of amorphous chains is not sufficient to initiate SIC in the strain
range studied. To conclude, rapid amorphous chains orientation in
TPUU until a critical value is thought to be the incipient mechanism at
the origin of strain induced crystallization of such materials. The dif-
ference in abilities to crystallize under strain of both types of PUs may
find several origins. One possibility is related to the difference in the
number of carbon atoms in PTMO (CH;-CH>—CH3-CH»-0) versus PEO
(CH2-CH»-0). PTMO with 4 CH; units may pack better under strain
than PEO, which has 2 CHy units linked together with flexible ether
linkages. The important preliminary result related to the amorphous/
crystalline deformation mechanisms in PUs is consistent with real-time
mechano-optical studies, substantiated by offline characterization
(AFM, SAXS, WAXS), that revealed the complex mechanisms of hard-soft
segment deformation and concluded that there is a critical soft segment
length beyond which strain-induced crystallization can occur [46,47].

3.3. Elastocaloric effect in TPU and TPUU

To study the elastocaloric effect in TPU and TPUU, single and cyclic
tensile tests have been performed at high strain rate to work close to
adiabatic conditions (Figs. 6-13). Fig. 6 illustrates the temperature field
at specimen surface during loading and unloading (after return to
equilibrium temperature) of a specimen of TPUU20 and TPUU30.
Temperature increased more than 25 °C above room temperature during
loading and decreases down to 8-10 °C below room temperature during
unloading. Temperature field in the central part of the specimen is found
to be homogeneous in both loading and unloading phases, where
maximum and minimum temperatures are recorded.

Nominal stress and temperature at specimen center during loading
up to failure have been recorded (Fig. 7). Both stress and temperature
rise are found to be higher in the full range of deformation for TPUU20
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30 % HS) and (b) temperature at specimen surface of the same materials during
a cyclic test consisting of loading, relaxation of 1 min, unloading and relaxation
of 1 min.

as compared to TPU20 and for TPUU30 as compared to TPU30. None-
theless, such difference in temperature rise is found to be predominant at
large strain. This suggests that the elastocaloric effect likely results from
the sum of several deformation mechanisms from low deformation up to

400% 300% 200% 100% 0%

Fig. 6. Temperature field at specimen surface during loading and unloading, after a phase of relaxation of 1 min to allow return to ambient temperature between the

two phases in case of TPUU30 (a) and TPUU20 (b).
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Fig. 9. (a) Example of return to equilibrium temperature measured on surface
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temperature in the deformed state after loading or heating up to room tem-
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strain for all four materials and for the two above-mentioned conditions
(heating or cooling to room temperature. The fitting law corresponds to
Equation (6) and the initial time (t() has been calculated assuming a better fit
for all four materials.
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failure that includes: thermoelasticity, viscoelasticity, strain induced
crystallization and damage mechanisms at the origin of macroscopic
failure. In the following, cyclic tests are performed with relaxation
phases of 60 s to allow a return to equilibrium temperature. This would
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Fig. 11. (a) Dissipation energy rate, ¢, calculated from Equation (9) (black
filled column), dissipation energy rate during loading, ¢+, (red filled columns,
positive values), dissipation energy rate during unloading, ¢+, (red filled col-
umns, negative values). We use the following relation: = ¢+ + ¢-. (b) Coef-
ficient of performance of the materials, COP,,q,, calculated as the ratio of
dissipation energy rate, ¢, calculated from Equation (9) and the dissipated
mechanical energy calculated from Equation (8).
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Fig. 13. Cyclic tests after pre-deformation. (a) Dissipated energy of TPU20
(PEO-2K with 22 % HS), TPUU20 (PTMO-2K with 22 % HS), TPU30 (PEO-2K
with 30 % HS) and TPUU30 (PTMO-2K with 30 % HS), in insert the maximum
nominal stress measured during the same series of cycles. (b) temperature span
(difference between maximum temperature and minimum temperature of a
cycle) during the same tests. In insert, the maximum temperature measured at
the end of loading of each cycle.

allow us to discriminate different types of dissipative mechanisms. Some
of these mechanisms are expected to show reversibility, such as the
crystallization/melting or the thermoelasticity. Contrarily, viscoelastic
effect and damage are irreversible dissipative mechanisms, within the
time of the experiments.

Cyclic tests were performed up to maximum deformations before
failure (Fig. 8a-b and Fig. S2). All curves show large hysteresis attesting
for important mechanical dissipation, attributed to crystallization/
melting, viscoelastic effects or damage of soft segment matrices or
elastically active hard segments networks. Temperature change con-
firms the presence of irreversible mechanisms during cyclic tests as
heating during loading is found significantly higher when compared to
cooling during unloading. Nonetheless, it appears clearly that the
cooling ability of the TPUUs is more important than that of the TPUs.
This suggests higher contribution of reversible mechanisms such as
thermoelasticity and latent heat associated with higher amorphous
chains orientation and their subsequent strain induced crystallization,
respectively. One may note that during such tests, possible re-
crystallization or melting of thermally induced crystals will not be
observed since their re-crystallization temperature is around 2-4 °C for
TPU20 and TPUU20 or -43 °C for TPU30 are much below the lowest
temperature experienced by all materials (during in-situ IR, the lowest
temperature is found for the TPUU20 measured at 25°C-10 °C = 15 °C,
see Fig. 8b). One may note that the highest heating is observed in PUs
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with larger quantity of hard segments in both TPUs and TPUUs. This is
likely due to the stiffer elastically active network of hard segments that
promotes dissipative mechanisms. To discuss it, swelling experiments
have been performed. Pus have been immersed into cyclohexane (50 mg
of material into 30 mL of solvent for 24 h) have shown that TPUs do not
swell, due to their polar nature (hydrophilic) and the mass ratio (mass of
swollen material over mass of dry material) is found equal to 1.045
(£0.05) and 1.041 (+0.05) for TPU20 and TPU30 respectively.
Contrarily, due to their less polar nature, TPUUs are more compatible
with cyclohexane. Their mass ratio is found equal to 2.03 (+£0.05) and
1.64 (£0.05) for TPUU20 and TPUU30 respectively. The lowest ratio in
TPUU30 suggests a stiffer elastically active network of hard segment
that promote dissipative mechanisms due to the multiple mechanisms
previously discussed (entropic elasticity, viscoelasticity). However, the
role of such elastically active network on the SIC ability is not so clear, as
a too dense network may impede the growth of SIC crystals as has been
discussed in the case of vulcanized naturel rubbers [48,49].

The treatment of heat sources presented in section 2.9 is used to
reveal the contribution of reversible and irreversible deformation
mechanisms implied in the caloric properties of the TPU and TPUUs
studied. First of all, the time constant T (s) characteristic of the heat
exchange expressed in equations (5) and (6), is an important parameter
to calculate the heat sources (equation (4)). It has been determined by
fitting the curves of return to equilibrium temperature of the cyclic test
shown in Fig. 9 (using the relaxation phases in both deformed and un-
deformed state). An example of return to cooled surface after unloading
of the TPUU3O0 is shown in Fig. 9a. The resulting characteristic time is
shown as a function of the strain for all materials and all conditions
(right after loading and right after unloading). A general trend of
decreased characteristic time with strain is observed, which is expected
due to the reduction in materials thickness which eases heat transfer in
the direction perpendicular to the samples surface. A simple law of strain
dependence of this characteristic time (Equation (6)) is found to fit
reasonably well with the experimental data as shown in Fig. 9b (it is
assumed that such law is independent on the studied TPU and TPUU). It
is worth noting that the time for return to equilibrium temperature is
found to be much lower as compared to natural rubber with similar
initial thickness [7] (characteristic time of 12 s at 500 % strain at
compared to 26s in NR in similar experimental conditions and similar
materials geometries), highlighting the interest of PUs as eC materials in
real conditions, i.e., cyclic loadings where rapid heat exchanges are
required.

The heat sources (Equation (4)) are calculated from the knowledge of
the characteristic time for heat transfer to the specimen surface. We
assume in this study that within the range of temperatures changes
undergone by the materials, the ¢, does not change substantially, and its
value at room temperature is assumed to be a fixed parameter.

One may note first, like for the direct measure of the temperature
changes (Fig. 8), that heat sources are found asymmetric between
loading and unloading phases. The TPUU shows much higher heat
source (during loading) and heat sink (during unloading) suggesting a
higher overall elastocaloric effect. It is worth noting that the heat source
increases immediately after the loading, for all materials, while at such
deformation SIC did not occur yet (see Fig. 4). Such observation suggests
the importance of thermoelastic effects due to entropic elasticity arising
from amorphous chains orientation along a stretching axis that
contribute dominantly to the elastocaloric behaviour at low strain (up to
200 % strain). One may note also that damage mechanisms should
participate in dissipative mechanisms during loading, even at low
deformation. In addition, the strong heat source changes when TPUU20
and TPUU3O0 are close to the ultimate unloading strain (sudden changes
of 8 MW m 2 at 200 % of deformation) seems not correlated with the
observation of a progressive return to isotropic state of the amorphous
chains of soft segments during the unloading phase (cf. Fig. 5). At higher
strain, heat source is found to almost stabilize for the TPU samples.
Contrarily, an upturn of the heat sources is found in TPUUs at a strain
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between 300 % and 400 %. It is not possible to correlate directly such
behaviour with the occurrence of SIC that cumulates with thermo-
elasticity. Nonetheless, is appears clearly that the cooling capacity is
higher in the case of the TPUUs. It is expected that the SIC crystals
formed during the loading completely melt during unloading, gener-
ating the same heat source and heat sink related to such mechanism.
Asymmetry in heat source/sink is due to other irreversible dissipative
mechanisms (within the duration of the tensile test) such as viscoelas-
ticity or damage. Further treatment of the heat sources is proposed in the
following to more properly quantify the reversible and irreversible
dissipative mechanisms.

The comparison of mechanical energy dissipation between all ma-
terials as well as possible role of crystallization/melting in the eC of the
PUs is not trivial as all polyurethanes have not been extended up to the
same deformation. To tackle this, a treatment of heat sources is used,
and mean dissipation energy rate is calculated using Equation (9). The
ratio of this rate over mechanical energy over the cycles provides in-
formation on coefficient of performance (COP) of the materials (cf.
Equation (10)). A separation of dissipation energy rate during loading,
named ¢+ and dissipation energy rate during unloading, named ¢-. ¢+
contains, while not exclusively, the information of the crystallinity
(crystal volume fraction induced by deformation). From the integration
over time of the heat sources, and as an expected result from the
observed asymmetry, the dissipation energy rate over the cycle, ¢, is
found to be positive for all materials, with the highest values for the
TPUUs (Fig. 11a). The dissipation energy rate during loading, ¢+, is also
found to be the highest for the TPUUs. It is worth noting that the
dissipation energy rate during unloading, ¢-is found to be negligible for
the TPUs (¢-is only 6 and 7 % of the value of ¢+ for TPU20 and TPU30
respectively) and significant for the TPUUs (¢p-is 28 and 22 % of the
value of ¢+ for TPUU20 and TPUU30 respectively). While a direct
correlation with in-situ WAXS cannot be established, due to different
experimental conditions with in-situ IR tests (different nominal strain
rates, different maximum strain), such results indicate a higher revers-
ibility of heat sources in TPUUs, likely caused by a higher contribution of
thermoelasticity arising from higher amorphous chains orientation and
higher latent heat of phase changes due to SIC and melting. As a
consequence, the COPy,q of the TPUUs is found to be higher than those
of the TPUs (Fig. 11b). Nonetheless, COP,,,; values are found to be quite
low as compared to other elastomeric caloric materials, such as natural
rubber, which can reach a value of 4, under similar experiment condi-
tions [7]. This is likely attributed to the high mechanical dissipation that
happens during a single cycle in PUs, caused by high viscoelasticity and
damage mechanisms, especially from irreversible breakage of strongly
hydrogen bonded hard segment network, and eventually disentangle-
ment and breakage of soft segment, similar to what may happen in
unfilled rubber-based materials showing close mechanical properties
[50,51]. Higher COPpgq values can be obtained by limiting damage and
limiting viscoelasticity. This can be achieved by performing series of
mechanical cycles and allow the materials to accommodate the defor-
mation with cyclic loadings.

For the cyclic tests, specimens have been cycled 100 times up to the
same maximum strain value as for the single loading tests (Fig. 11).
Results show a clear stress accommodation from first to following cycles
for all four materials (Fig. 12). Moreover, the mechanical hysteresis is
found to drastically decrease with the accumulation of cycles, especially
between the first and following cycles. Dissipated mechanical energy
(Fig. 13a) and temperature span (Fig. 13b) are calculated from the area
of mechanical cycles and from the maximum temperature changes in the
cycles, respectively. Dissipated mechanical energy is dramatically
reduced with the cycle accumulation, with the main accommodation
occurring between first and second cycle (same trend applies to the
maximum stress measured at each cycle, see insert of Fig. 13a). Such
mechanical energy accommodation suggests a reduction of dissipation
mechanisms between the first and following cycles, that may arise from
a completion of most of damage, H-bonding breakage in hard segments
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or chains scission in the soft phase during the first cycle. One may note
that the TPU20 has not been studied at this stage due to the absence of
cooling abilities (see Figs. 8b and 10a) that is related primarily to its
absence of strain induced crystallization (Fig. 4) and low amorphous
chains orientation (Fig. 5), limiting its elastocaloric behaviour.

From the determination of both dissipative thermal and mechanical
energy, the materials COP, COPy,q;, can be calculated (see calculation
previously made for the single cyclic tests). Fig. 14 shows the changes in
COP;qt for TPU-30, TPUU-20 and TPUU-30. COP,, is found to drasti-
cally increase with cycle accumulation. This is primarily attributed to
transition from first to second cycle. Most of the COP,; is found to in-
crease from the first to second cycle (relative increase of 250 %, 360 %
and 320 % for TPU-20, TPUU-20 and TPUU-30 respectively), but it is
worth noticing that from second to 100th cycle, non-negligible increase
is observed, especially for the TPUU-30 (relative increase of 30 %, 30 %
and 270 % for TPU-20, TPUU-20 and TPUU-30 respectively), confirming
a great eC property in such material. Not only the COP,,, is of great
importance when targeting industrial cooling but also the temperature
span (The temperature span is the maximum temperature difference
established between the heat sink and the heat source in a cooling sys-
tem) (see Fig. 15).

It is common to represent the COP,q versus the temperature span to
underline the capability of such cooling systems. Consistent with pre-
vious discussion, COPy,q is found to increase for all three PUs systems,
while temperature span decreases (Fig. 13b). Such values are compared
with values obtained by Coativi et al. [52] that is, from the best of our
knowledge, the first investigation of the eC effect in purely elastomeric
polyurethanes. In similar conditions (pre-deformation and cyclic
loading up to 100 cycles), they found a relationship between COPpq and
AT (couple of values 3.5-8 for AT- COPp,q,) similar to what we found in
the TPUU30. One may note that, tuning the content in HS segment (from
30 to 20 wt%), such relationship can be substantially increased up to a
couple of values of 8.8-12.6 for AT- COPpyq in TPUU20. As was dis-
cussed previously, the hard segments, as anchoring point for the soft

14

12 -

COP material

[

R

-O-TPUU-30
-<-TPUU-20
‘-|'_‘I-TPU-3O

40 60 80 100
Number of cycles

20

Fig. 14. Materials coefficient of performance (COPy,,) of TPU-30, TPUU-20
and TPUU-30 during 100 cycles.

11

Polymer 340 (2025) 129225

%

O TPUU-30 (this study)

& TPUU-20 (this study)

OTPU-30 (This study)

OPU Ref52

X Isoprene rubber (IR) Ref 6
Natural rubber (NR) Ref 6

A NR and NR/GTR Ref 7
Natural rubber (NR) Ref. 53

N N
o 2]
| |

(WY
U
||||||||||||||k||||||||||||||

COP material

Best PU performance
(from single to cyclic
loading)

=
o
|
o

o,
‘e

&&DA%@‘
ch
[

92
|

0 10 20

Temperature span (°C)

Fig. 15. Materials coefficient of performance (COPy,,) of TPU-30, TPUU-20
and TPUU-30 changes during the application of 100 cycles versus temperature
span. Comparison with other elastocaloric and elastomeric materials from the
literature. The grey area covers the elastomer literature. Dotted lines indicate
the evolution of the COP,,q; of our materials as a function of the cycles (from
low to high number of cycles, the COP,,, increases while the temperature
span decreases).

segments chains orientation and subsequent strain induced crystalliza-
tion, is determinant in the eC effect. But a too high content may hinder
the proper development (eventually the growth) of SIC crystals. Such
statement should however be confirmed by more precise analysis of the
SIC microstructure in PUs systems for series of PUs with diverse HS
contents. The comparison with other elastocaloric elastomeric materials
is also crucial. Natural rubber (NR) and their synthetic equivalents
(polyisoprene rubber, IR) are known to undergo large eC effect IR [6,7,
53]. Depending on the mechanical solicitation (single or continuous
loading), the balance between COPp,, and AT is widely modified. In
single loading tests, COPpq is low (around 4-5) but the AT is high
(around 10-20 °C) [7]. During dynamic cycles, the COPp,q is high
(around 30) due to high stress accommodation and very low mechanical
hysteresis, but the dynamic strain range is not high enough to signifi-
cantly generate thermal exchanges (through both entropic elasticity and
SIC). Finally, if one aims to compare with non-elastomeric materials,
PUs compete well with conventional elastocaloric shape memory alloys,
such as Ni-Ti systems [54].

4. Conclusion

This work provides direct microstructural evidence that both amor-
phous chain orientation and strain-induced crystallization (SIC)
contribute to the elastocaloric (eC) effect in thermoplastic poly-
urethanes (TPUs). Using a combination of in situ WAXS and infrared
thermography, we demonstrated that the orientation of amorphous
chains occurs early in the deformation process for all TPU systems. In
PTMO based TPUUs which show strain induced crystallization this
orientation facilitates SIC, which begins around 100 % strain and con-
tributes substantially to the eC response via the latent heat of
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crystallization and melting. In contrast, PEO based TPUs which do not
display strain induced crystallization, show limited orientation and
negligible SIC, leading to weaker and less reversible eC effects.

Cyclic loading experiments further revealed that TPUUs exhibit
greater reversibility in temperature change, supporting a more promi-
nent role of reversible mechanisms like thermoelasticity and SIC. TPUUs
showed higher elastocaloric heating and cooling, higher dissipation
energy during unloading, and notably better coefficients of performance
(COP) compared to TPU. Additionally, stress relaxation and reduced
mechanical hysteresis after initial cycles point to a stabilizing of the
microstructure, enhancing eC efficiency.

Our results suggest that optimizing the balance between amorphous
orientation and crystallization—via tailored segment composition and
morphology—can significantly boost eC performance. This work high-
lights the importance of integrating structural analysis with thermal
response metrics to decipher and engineer the mechanisms behind the
elastocaloric effect in polymers. It provides a roadmap for designing
next-generation elastocaloric materials that combine high cooling effi-
ciency with mechanical durability for scalable, flexible, and environ-
mentally friendly cooling technologies.
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