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Abstract

Polyurethane (PU) exhibit very high electromechanical activity, and has a great interest for a
wide range of transducer and actuator applications. It has been recently pointed out that this
strong electrostriction may result from the phase separation. In the present work, a model
taking account the PU nanostructure is presented. In order to validate this model, three PUs of
similar compositions but different soft segment fractions have been characterized by DSC,
TEM, AFM and SAXS and their electrostriction properties have been measured. When taking
into account the diameter of the hard domains (HD) and the HD-HD distance, it is found that
the model proposed well reproduces the experimental electrostriction properties of these

phase-separated PUs.

Keywords: Polyurethane, electrostriction, modeling, microstructure.

I. Introduction

Electroactive Polymers (EAP) are a relatively new class of "smart material™ that deform in the
presence of an applied electric field [1], meaning they can convert electrical energy into

mechanical energy [2]. EAPs can be used in various applications including actuators and
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sensors, biomimetics, robotics, energy harvesting and storage devices, among others [2, 3].
Polyurethanes have demonstrated their ability to convert electrical energy into mechanical
energy and vice versa. Furthermore, these materials are lightweight, very flexible, blood and
tissue compatible, highly resistant to abrasion; they present low manufacturing costs, and can
be readily molded into any desirable shape [4]. Segmented polyurethane elastomers are block
copolymers with alternating soft and hard blocks. In the present study the hard segments (HS)
are composed of 4.4’-methylene-bis-(phenyl-isocyanate) (MDI) and 1,4-butanediol (BDO)
and Poly(tetramethylene-oxide) is used as soft segments (SSs). The soft segments originate
from the polyol and impart elastomeric characteristics to the polymeric material; the hard
segments contain the highly polar urethane linkages and act as high modulus “fillers”. Due to
structural differences/incompatibility, microphases or domains can be formed from the
respective hard and soft segments. Hard domains (HDs) - domains rich in HSs - play the role
of physical crosslinks and act as high modulus fillers, whereas soft domains (SDs) - domains
rich in SSs - provides extensibility [5,6]. The morphology of segmented PUs depends on the
structure and relative amounts of these soft and hard domains and their ordering [7] (as well
as from the form and the size distribution of HDs).

It is well documented that the properties and the performances of polyurethanes are strongly
dependent on the degree of microphase separation and on the ensuing morphologies [6, 8]. It
has been recently pointed out that the strong electrostriction properties of pure segmented PU
can be explained by the phase separation into HDs and SDs with high and weak dielectric
constants, respectively. Indeed, phase separation leads to heterogeneities of both elastic and
dielectric constants and to electric field gradients, which makes the SDs shrink and induces a
compression of the whole material [9]. Nevertheless, this model is based on several

microstructural parameters, such as the HD diameter, the HD-SD distance and the weight
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fractions of HDs and SDs. To our knowledge, the values of these parameters are still missing
in the literature.

The purpose of this work is to investigate how the recent model can explain the
electrostriction properties of segmented pure PUs. Since microstructural parameters are entry
parameters of this model, an extensive microstructural characterization will be carried out.
Three PUs with different weight fractions of HSs and SSs will be studied to check the

robustness of the model.

Il. Material and methods

Three different types of aromatic polyether-based thermoplastic PU are commercially
available and were provided by the same company, Lubrizol, with different weight fractions
of HSs and SSs. In the following, PU60, PU75 and PU88 respectively refer to Estane® ETE
60DT3 NATO022, Estane® X4977 NAT 039 and Estane® 58888 NATO021.From the supplier
safety data sheet, it is mentioned that these PUs were synthesized by the same industrial
process from the same initial chemical components. In addition to the different weight
fractions of HSs and SSs, they also exhibit different molecular weights of SSs: 1000 (g/mol)
for PU88 and PU60, and 2000 (g/mol) for PU75.

The polymer films were prepared by following a solution casting method. Before use, the PU
granules were heated at 350 K for 3 hours. Then they were dissolved in N,N-
dimethylformamide (DMF, Sigma-Aldrich D158550, 99%) with a ratio of 25 wt.% of PU into
DMF. The solution was heated at 350 K for 4 hours under mechanical agitation, until a
homogeneous and viscous solution was obtained. Afterwards, this solution was casted on
glass plates with an Elcometer 3700 doctor blade film applicator, put in an oven at 335 K for
one day. A second heating treatment at T= 400 K during 3 hours was then performed to

eliminate any residual solvent.
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The microstructural morphology of segmented pure PU was studied by Differential Scanning
Calorimetry (Setaram, DSC 131 Evo)) under nitrogen flow (P = 1.5 bar). Samples of 20 mg
were cooled to 140 K under liguid nitrogen and then heated to 480 K before being cooled to
room temperature. The heating and cooling rates were set at 10 K / min.

Transmission Electron Microscopy (TEM) was used to investigate the phase separation into
HDs and SDs but for that purpose, the samples had to be stained prior to the observation. The
choice of the staining agent used in a given polymer system is guided largely by empirical
success [10]. OsO4 and RuOg4 are probably among the best known staining agents and are
routinely used to stain polymers. OsO4 is believed to act as a covalent crosslinker between
unsaturated carbon double bonds [11]. RuO4 is mainly used to differentially label aromatic
moieties from aliphatic ones [12, 13]. However due to similar chemical structures between
HSs and SSs in the PUs studied here, a significant differential staining could not be obtained
with OsO4 or RuO4 alone. Indeed for each PU type, a piece of film was stained in a 4%
aqueous solution of OsOs4 for 24 hours. After rinsing with ethanol, the films of PU60 and
PU75 turned to colors which clearly indicates incomplete staining see Fig. 1. RuOas led to
similar colors on the PUs studied here (not shown). Thus, a protocol similar to that of Janina
Foks [14] was used, since they demonstrated that it was possible to localize the HDs of pure
PU by using a double staining technique based on OsO4 and formaldehyde. By adding OsOa,
Os stained double bonds on both segments as a first step. As a second step by adding
formaldehyde and OsOa, formaldehyde opened the N-H bonds and made it accessible for
osmium (the N-H bond exists only in the HS).

For each PU type, a piece of film was stained in a 4% aqueous solution of OsO4 for 24 hours.
After rinsing with ethanol, the films were stained in a 50:50 aqueous solution of OsO4 and
HCHOq (initial concentrations of 4% and 37% in water, respectively) for 24 hours [14]. After

a second rinsing with ethanol, the films appeared to be completely black, which is an
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indication of a successful staining step (see Fig. 1). Thus, the films were embedded in an
Epofix® resin and ultrathin sections were obtained by cryoultramicrotomy with a Reichert
Ultracut S. The sample temperature was set to 200 K and the 35° diamond knife speed to 1
mml/s.

TEM observations were carried out at acceleration voltage of 200 KV with a JEOL 2010F
microscope, operating at 200kV. Bright field images were recorded with a Gatan Orius 200

camera. Measurements were performed manually using ImageJ on at least 90 objects.
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Fig. 1 Double staining protocol of segmented pure polyurethane.

Morphological observations of the HDs and SDs were performed by Atomic Force
Microscopy (AFM) Nanoscope 5 (VEECO). Thin polymer films of each PU were deposed on
a glass plate and dried for one night prior to imaging. Tapping mode phase images of sample
surfaces were made using NanoProbe tips PPP-NCL (Nanosensor) for PU88 with a frequency
of 153.2 kHz. PU75 and PU60 were analyzed with a NanoProbe tip SSS-NCH (Nanosensor)
at a frequency of 272 kHz.

Small Angle X-ray Scattering (SAXS) was used to investigate the HD distribution. For that
purpose, stacks composed of several layers of films were analyzed in transmission mode in
two different directions, see Fig. 2. Patterns were acquired using a RU-300 generator
equipped with a copper anode (A cuk« = 1.54 A). The 1-2 mm thick stack was placed at a

distance of 60 cm from the 2D CCD detector.
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Fig. 2 Set-up used for SAXS characterisations. The samples are stacks composed of several layers of the
films. Two different analysis directions are indicated.

The field-induced thickness strain Sexp was measured on circulars sample (25mm of
diameter) with a homemade setup based on a double-beam laser interferometer measurement
(Agilent 10889B) [15, 16]. Samples were placed between two cylindrical brass masses acting
as conductive electrodes. A mirror was placed on the upper electrode to reflect the laser
beam. A bipolar electric field was supplied by a high voltage amplifier (Trek10/10B) driven
with a function generator (Agilent 33250A). Measurements were made at room temperature

[17].

I11.  Results and discussion

1. Modeling

Guillot et al. explained from macroscopic level, that there was an empirical relationship
between the electrostrictive coefficient, the dielectric constant and the compliance coefficient
[18]. Recently, Diguet et al. pointed out that the phase separation into HDs with high
dielectric constant and SDs with weak dielectric constant can result into the strong
electrostriction properties of pure segmented PU. This, in turn, leads to heterogeneities of

both elastic and dielectric constants and to electric field gradients, which makes the SDs
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shrink and the whole material compress [9]. In this work, Diguet’s model is extended to take
into account morphological parameters such as the HD diameter, the HD-SD distance and the

HS weight fraction.

The strain is calculated from the Z-component of electric body force, created by HD taken as
a sphere with radius a into the surrounding SD. For a linear polarized dielectric medium in
presence of an electric field E, the Z-component of electric body force is:

- d{ = - d - dE®

f, =|-—WP-EJlU, =| —\e,xE-E)|i, =(65p, —&,)—U 1

v_z I: dZ( ):|z |:dz(0;( ):|z (SD O) dZ z ()

Where esp and y are the dielectric constant and the electric susceptibility of the material

respectively, ¢o is vacuum permittivity and P is the material electric polarization.

Within a volume V delimited by a surface As, the total force F, the body force f, and the stress

o are related as:

E:j?ﬁV:jE-ﬁdAs @)
v As

So, the force created at the distance z>a from the centre of the sphere is obtained by summing

contributions from the edge of a HD sphere:

120~ 0) %5, 020, = (e e, ME?(2) - E*(@)o @

Identifying with (2), the stress is extracted from (3) and the deformation S of the soft domain
at the distance z>a from the centre of the HD sphere is then obtained by dividing the stress by

the SD Young modulus Ysp:

S(2) = (gSD_gOX$2(z)—E2(a)) @)
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It can be seen that the strain is proportional to the difference of the square of the fields at the
edge of the sphere and at the considered point. Consequently, the electric field inside the
material has to be calculated. The applied electric field Eo is considered to be directed along
the u; direction. Using boundaries conditions and considering only the Z-component (1D), the

electric field created out (z>a) of the dielectric sphere, can be expressed as:

E(z) = Eoll—ZA(%J ]uz (5)

With A the so-called dielectric contrast defined by:

A= €sp ~€p ©6)
260+ Ep

The constant A varies, depending on the HD sphere and its SD surrounding dielectric

constants, between -1 and 0.5 for esp/enp =0 and exp /esp >0 respectively.

Considering two spheres weakly interacting spaced by a distance 2D, i.e. one placed at z=-D
and the second one placed at z=+D, the electric field is expressed as the superposition of the

fields created by each of the sphere:

3 3
E(2) —[EO —2AEO{ﬁj —2AE{ﬁ) }uz @

At the middle of the gap (z=0), the electric field is:

E(z=0)= E0[1—4A{ﬁJ }Ul ®)

And far away from both spheres (z=+0), the electric field is:
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E(z = +) = E, (9)

At the sphere interfaces (|z|=Dza), the electric field is:

3

1 _

u,
2241
a

(10)

E(z|=D+a)=E,|1-2A 1+

As a quick estimation, with A=-3/4 and D>>a, equations (8) and (10) give E(0)=Eo and
E(|z|=Dza)= 2.5Ec which can be seen in Fig. 3; or to be more precise, with A=-3/4 and D=4a,

E(0)=1.04E, which can be seen in the inset of the figure below.

A=-3/4 1.2
D=4a

Esphere (Z=_D)
sy [ (Z=+D)

|EJ/E,

z/a

Fig. 3 : Value of the electric field calculated from equations (6) to (9), with a the sphere radius, the half
distance between both spheres D equal to 4a and the dielectric contrast A equal to -3/4. The inset shows a

magnified view of the electric field variations in the gap between both spheres.
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As seen in Fig.3, there are 4 regions of SD deformation which can be reduced to 2 regions
because of the symmetry; the region named below as ‘inner’ corresponded to the two
deformations between the spheres whereas the region named below as ‘outer’ corresponded to

the two deformations in the region apart the spheres.

The outer deformation can then be expressed from (4) with (9) and (10) as:

Sue ~252 =) (€2 21-o0)-E2(021- D ) a
SD
1 ~
Souter =K|1-|1-2A 1+ u, (12)
D
2§+1

Where K =2M ,

soft

And the inner deformation is expressed from (4) with (8) and (10) as:

smner=2(‘93D—‘g°)(E2(z=o)—E2((|z|=D—a))) (13)
YSD
3 2
a 1
Sinner =K||1-4A — —[1-2A 1+ UZ 14
A{|D|j oD 9
a

For a long chain of spheres, the outer contribution acts only at the ends of the chain while the

inner one acts at every gap between spheres. Hence, for long chain of spheres, the most
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contributive component is expected to be the inner contribution and outer contribution will be

neglected below. The final strain is weighted as follow; first, the deformation between the HD

IS obtained by S, = ALLSD meaning the SD change of length normalized by the SD initial

inner .
o AL .
length whereas the global deformation is given by Stot=T. Since AL, =AL and

Lsp = Lés, (¢ the SD fraction) then we can write S —N'E—'%D=Sinner¢w. The 1D SD

tot —
SD

fraction is ¢y, = % :1—%, and finally we can express the global deformation by :
a
Stot = Sinner(l_ Bj (13)

3
For a 3D system: ¢,,, = (%) , thus ¢sp =1- @hp.
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Fig. 4 : calculated variations of the total strain -1D system- for different values of a (sphere diameter) and
D (half-distance between two spheres). The dielectric contrast A was fixed to -3/4.

The variations of the total strain in function of the morphological parameters a and D are
shown in

Fig. 4. It is noteworthy that the total strain is highly dependent on D/a. Thus, the experimental
measurement of such parameters — as well as the shape of the HD — is crucial to validate the

model.

2. Experimental determination of the morphological parameters

a. Phase separation
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The DSC thermograms presented in Fig. 5 and Fig. 6 were recorded in order to study the
influence of the HS weight fraction as well as that of the phase separation on the crystalline
morphology of the polyurethane host. The glass transition temperature for the soft segments

(Tysp), melting temperatures ( Tp,,up and Ty, mp ), heat of fusion (AH,), crystallization

temperature (T,) and heat of crystallization (AH,) are summarized in Table 1.

Two temperature cycles were run in order to decouple the effects of the chemical structure
and those due to the elaboration conditions. The first run (C1) reflects PU microstructures
partly due to their thermal history whereas before the second run (C2), the thermal history
was erased through cooling from the viscous melt. It can be noticed that the thermal events
observed during the first run are always more visible than during the second one, especially
around the HD melting temperature, Ty, ,zp (N0t shown). This suggests that the time during
which the PU chains can move is larger within the elaboration process involving a solvent
than inside the DSC oven, and thus the phases are better organized. Furthermore we agree
with a reviewer that this kind of thermal transition can be annealed out of the film with heat
treatment. A thermal pretreatment is often used for polymers before DSC analysis. This
pretreatment must be done at a temperature greater than 443-453k and it is a problem because
it can imply a possible degradation of PUs [19]. For this reason the results given are based on

the analysis of the first run.
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Fig. 5 DSC thermograms of the 3 pristine PUs upon heating (1% run)
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Table 1. Parameters extracted from the DSC thermograms for the 3 PUs. Tysp, T, up » Tinyup @re the
glass transition temperatures related to the soft domains, and melting temperatures of hard domains,
respectively. T, is the crystallization temperature. AH,, and AH, and the enthalpies of fusion and

crystallization, respectively.

TgSD (k) Tm"HD (K) Tm",HD (K) AHm(J/g) TC(K) AHC (J/g)

PU75 205 425 447 11 285 -17
PUB8S 234 418 443 12 361 -8
PUG0 259 427 451 16 423 -15

The glass transition temperature T, and the two melting temperatures suggest that each one
of the 3 studied PUs has two "mixed" phases, one rich in SSs (the SDs), the other one rich in
HSs (the HDs). This is in agreement with the results found by Saiani et al. [20]. The
elaboration conditions (thermal history, evaporation of DMF, etc...) are important factors that
influence the overall morphology of PUs.

The first thermal phenomena - near 204 K, 228 K and 254 K for PU75, PU88 and PU60
respectively- can be related to the glass transition of soft domains (T,sp). This value can give
an estimation of the amount of hard segments (HS) dissolved in the SDs and as a consequence
an indication of the “purity” of the soft phase [21, 22]. Indeed, an increase of the HS weight
fraction led to a significant decrease of the T,sp [23]. This suggests an increase of the SS

fraction in the HS when increasing the SS fraction.

For PU75 a characteristic peak around 240 K seems to correspond to the crystallization of SSs
then followed by melting around 280 K (see Fig. 5), which is confirmed by dynamic
mechanical measurement on the same sample (not shown). This indicates that during

elaboration, the cooling was rapid enough to prevent crystallisation of the SSs.

Moreover, a bimodal endothermal transition can be observed for the 3 PUs on the DSC

thermograms around 425 and 450 K. From the literature, the existence of a bimodal peak
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could correspond to the fusion of crystalline hard segments with two different chain lengths
[21, 24]. Alternatively, it can be related to rearrangements within the HDs and SDs, followed
by the fusion of crystalline HDs [25, 19]. In the two cases an increase of these temperatures
values or an increase of the bimodal endotherm enthalpy indicates an higher cristallinity.

PUGO presents the highest AH,,, value in agreement with the highest fraction of HD.

8
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Fig. 6 DSC thermograms of the 3 pristine PUs upon cooling.

During cooling from the molten state to lower temperature (see Fig. 6), the 3 PUs exhibit a
single exothermal crystallization event. This peak can be attributed to the crystallization of the
HDs. Interestingly, the presence of one crystallization peak only does not seem to be
compatible with 2 different HS lengths. This suggests that the bimodal peak observed upon
heating was rather due to rearrangements of the HSs and SSs inside the HDs and SDs

followed by melting of the HDs. The crystallization temperatures are highly dependent on the
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HS fraction (see Table 1). Indeed, they are equal to 285 K, 361 K and 423K for PU75, PU88
and PUG60, respectively. It is thought that an increase of the HS fraction leads to an

enrichment of the HS fraction within the HDs, which facilitates their crystallization.

b. Diameter distribution of HDs

AFM exhibits a very high resolution for imaging morphologies at the surfaces of segmented
copolymers [26, 27]. In the tapping mode, the crystalline or hard domains in segmented
copolymers can be imaged even at low hard-segment contents [28, 29]. Fig. 7 presents typical

phase images obtained on PU75, PU88 and PU60 by AFM.

Fig. 7 AFM micrographs for PU75, PU88 and PUG0 (phase images). The bright regions correspond to

stiffer domains, i.e. the HDs.

These three segmented pure PUs exhibit two-phase morphologies, with bright stiff domains
embedded in dark soft matrices [30, 31, 32]. This confirms the phase separation deduced from
the DSC thermograms, the bright domains and the dark matrices being the HDs and the SDs,
respectively. The HDs are found to be irregular in shape but mostly globular. A globular
morphology is not always observed on polyurethane systems. Indeed, Elwell et al. evidenced
percolated co-continuous microstructures [33]. Here, it is thought that the AFM images do not
reveal co-continuous system. Indeed, the AFM images correspond to a planar section of the

materials and in the case of co-continuity, elongated should lead to some elongated HDs. On
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the contrary, Schrader et al. [11] and Prici et al. [34] found a globular microstructure with a
PU similar to the ones studied here, although with a different weight fraction of HS. This
irregular shape and quite diffuse domain boundaries is thought to originate from polymer
phase mixing in the form of hydrogen bonding between hard and soft regions of the polymer,
which is commonly seen in polyether polyurethanes [30, 31].

The HD diameter distributions, measured from the AFM images, are presented in Fig. 9. The
HD diameters mostly lie in the 6-14 nm range. It is noteworthy that the 3 PUs exhibit very
similar HD diameter distributions. It can thus be concluded that the HS fraction has a
negligible effect on the HD diameter but rather influences the HS content within each phase
(HD and SD). The distribution of HD diameters can result on the one hand from an
aggregation of different numbers of HSs and on the other hand from the existence of HSs of
deferent sequence lengths [11].

A similar study was conducted by TEM on stained samples, to confirm the phase separation
and the HD diameter distribution. Fig. 8 displays a representative micrograph obtained on

PU75.

Fig. 8 TEM micrograph obtained on a stained sample of PU75.
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Again, two phases can be distinguished, with dark domains embedded in a bright matrix. As
the double-staining method is expected to stain preferentially the hard segments, the dark
domains can be attributed to the HDs and the bright matrix to the SDs. At this point, it is
important to recall that TEM provides a 2D projected view of a 3D volume. Thus, the HDs
may appear in contact with each other in the TEM image whereas they are disconnected and
at different heights in the volume. Nevertheless, the microstructure observed by TEM is
consistent with a globular morphology, in agreement with the results from AFM and from the
literature [34].

The HD diameter distributions measured on TEM micrographs for each PU are presented in
Fig. 9. For PU75 and PUS88, the distributions are very similar to those derived from AFM,
whereas the distribution is shifted towards smaller values for PU60. This shift is thought to be
non-significant, since the distances measured on TEM bright field images are known to
depend on the defocus [35]. Thus, it can be concluded that AFM and TEM lead to similar HD
diameter distributions, and that the average HD diameter does not depend on the HS weight

fraction. For the electrostriction model, a value of 10 nm can reasonably be used.
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Fig. 9 Diameter distributions of hard domains of 3 PU using TEM and AFM microscopies.

c. Distance between HDs
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SAXS measurements were performed on the 3 PUs in order to measure the mean distance
between HDs. The 2D SAXS patterns are shown in Fig. 10. A diffuse ring can be seen for
each PU in each configuration. As the samples are obviously isotropic, the intensities were

plotted in function of the scattering vectors q by averaging the signals over the rings.

Through the thickness Through the wafer

- - o

PUSS

PU60

Fig. 10 SAXS 2D patterns obtained for the 3 PUs with two different orientations with respect to the X-ray

beam.

The intensity variations in function of the scattering vector q are displayed in Fig. 11. The
correlation bumps, corresponding to the rings observed on the 2D patterns, are clearly visible.
From the previous analysis including DSC, AFM and TEM, the correlation bumps are

expected to reflect the distribution of HDs in the film. The maxima of the correlation bumps
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2
can be used to determine a mean HD-HD distance, using Bragg relationship d; =q— [36].

max
The values are reported in Table 2. Clearly, the average distances between HDs lie in the 10-
20 nm. It decreases when increasing the HS fraction, as was qualitatively observed on the

AFM images.

260

— o PUT75
PU8S
—2— PU60

240

220

0,2 0,4 0,6 0,8 1,0 1,2
Fig. 11 Scattered intensity I in function of the norm of the scattering vector q, for the 3 PUs.

Table 2. Average distance between two HD domains for the 3 PUs [23].

PU75 PU88 PU60
g max (nm-1) 0.36 0.44 0.53
Average distance (nm) 175 14.3 11.8

3. Electrostriction
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Based on the achieved parameters (diameter of HD -from TEM and AFM observation- and
inter distance between HD and SD-from SAXS measurements) on the 3 pure segmented PUs,
we calculated the inner and total deformations, either in 1D — considering only Z component,
see equation (13)- or in 3D considering (X,Y, Z) components. The values are presented in
Table 3. For each PU, the experimental value, Sexp, measured using a laser interferometer

setup, is given for comparison.

Table 3. Strain deformation of segmented PU; experimental & calculated values

1D 3D

a | D | SimerdK | StodK | Siner/K | SwdK | Sexp(%0)
PU60 10 | 12 | 1.49 | 0.24 1.49 0.63 0.5
PU75 10 | 17 | 247 | 101 2.47 1.97 1.73
PUSS 10 | 14 | 243 | 069 2.43 1.55 1.19
PU75/PUG0 4.08 3.12 3.46
PU8S/PUG0 2.79 2.45 2.38

There is a good correlation between experiments and model, especially with the 3D model.
This validates the model based on the polymer nanostructure. This also suggests that the
electrostriction properties of polyurethanes polymers can be tuned by controlling the polymer

morphology, in terms of phase separation, HD diameter and HD-HD distance.

I\V. Conclusions

The purpose of this work was to provide a model of the segmented PU electrostriction
properties, based on their microstructures and taking into account morphological parameters
such as the HD diameter, the HD-HD distance and the HS weight fractions. Such model has
been presented in a first part of the paper.

To validate the model, a complete analysis was performed by coupling DSC, TEM, AFM and

SAXS experiments on three PUs with similar compositions but different weight fractions of
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HSs. It has been found that the 3 PUs exhibit segmented morphologies with spherical HDs
embedded in soft matrices. The average HD diameter estimated from TEM and AFM
observations has been found to be independent on the HS fraction since it was found to be
equal to 10 nm in the three PUs. On the contrary, the HS fraction influences the distance
between two adjacent HDs and may also play a role on the HS content inside the HDs and
SDs. The distance was found to vary from 17 nm for the PU with the lowest fraction of HS to
12 nm for the PU with the highest fraction.

With the introduction of these microstructural parameters values into the models such as
average HD diameter and HD-HD distance, the 3D model can well reproduce —with a good
correlation- the experimental values of the electrostriction deformation, which validates the
model. This opens the route to the design of materials with improved electrostrictive
properties, by optimizing the diameter of HD and inter-distance HD-HD in order to improve

and to have the best electrostrictive properties of segmented PU with globular morphologies.
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