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Abstract. Polyurethane elastomers are a class of polymers with two-phase segmented structure.
The study of their features at the microstructure level will make it possible to control both
macroscopic physical and mechanical properties of polymers and functional properties of
surfaces. Polyurethanes of the same formulation were synthesized in this work, varying the
curing temperature from 30 to 90 °C. Atomic force microscopy, dynamic mechanical analysis,
and wettability were used in the study. Stiff fibrillar supramolecular structures (elastic modulus
14-22 MPa), distributed in a softer matrix, are formed in the polymers. Phase inhomogeneities
are hidden under the surface by a soft nanolayer of variable thickness. An increase in the curing
temperature leads to an increase in the thickness of this layer, and the stiff structure transforms
from homogeneous to a network of agglomerates. Wettability, free surface energy and
macroscopic viscoelastic properties nonlinearly depend on the curing temperature, which is
explained by the physical and mechanical properties of the stiff and soft phases.
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Introduction
Polyurethane elastomers are segmented polymers consisting of soft and hard segments [1].
Primary hard segments form secondary supramolecular structures (fibrils, cylinders, ribbons,
meshes, globules) in a softer matrix. The properties of such structures depend on the chemical
composition [2-5], the curing time or temperature [6,7], the presence of filler particles in the
composition [8-10], the thickness of the material [11], additional heat treatment [12,13], the
history of mechanical loading [14,15]. It has been established that the heterogeneous structure
of polyurethane is covered with a low-molecular-weight nanolayer of the soft phase [16,17].
The images for the phase separation of polyurethane, presented in the majority of the studies,
were obtained using the tapping mode of atomic force microscopy (AFM), and are in fact
images of some transitional near-surface region [17,18].

In addition to obtaining materials with a given set of structural properties, a promising
modern direction is modification of the polyurethane surface. In the latter case, this refers to
improving specific functional characteristics: biocompatibility [19-22], antibacterial properties
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[23], wettability [24], gas permeability [25]. The best results can be achieved by taking into
account both the presence of a surface nanolayer and the particulars of phase separation in the
internal supramolecular structure. In particular, it has been established that plasma ions interact
differently with soft and hard subsurface regions; in some cases, this significantly increases the
crack resistance and deformability of coatings with improved biocompatibility [21,22].

To date, numerous works have focused on the physical and mechanical characteristics of
polyurethane elastomers. However, the results obtained on the structural characteristics of
elastomers are often interpreted based on indirect data (typically, spectroscopic studies). This
is insufficient given the complex structure of polyurethanes. Thus, study of the surface and
subsurface properties of phase-separated polyurethanes is important both for predicting the
physical and mechanical properties of materials and for their directed functionalization at the
structural level of the material.

This paper considers polyurethanes with the same composition but synthesized with
different curing temperatures. We focused on the microstructural surface and subsurface
properties of polymers and on the characteristics of their phase separation. Supramolecular
structures with different structural and physico-mechanical properties depending on the curing
temperature were obtained in the materials, affecting the macroscopic characteristics of the
materials.

Materials and Methods

Production of materials. Polyurethanes were prepared from commercially available
prepolymer (urethane prepolymer based on polyester and toluene diisocyanate) and
crosslinking agent (13.2 % MOCA hardener, 84.7 % polyfurite plasticizer, 2.1 % voranol
catalyst) in a mass ratio of 100:47. The components were heated at 80 °C and evacuated. The
mixture was vacuum-dried for 24 hours as plates with a free upper surface 2 mm thick. The
curing temperature T was set to 30, 50, 70 or 90 °C. The resulting specimens are marked T30,
T50, T70 and T90. The polyurethane does not fully cure in 24 hours at a low temperature. For
this reason, the mixtures T30 and T50 were further cured after 24 hours at T =70 °C for another
24 hours.

Wettability and free energy of the surface. The wetting contact angle was determined
using a goniometer by the sessile drop method. Water and diethylene glycol were used as test
liquids; droplet sizes ranged from 2 to 3 mm. The free surface energy was calculated by the
Owens—Wendt—Rabel-Kaelble method as the sum of the dispersion (energy of Van der Waals
interactions) and polar (dipole interactions and energy of hydrogen bonds) components.

Dynamic mechanical analysis. Rectangular specimens were tested for uniaxial tension
on a DMA/SDTA861e Dynamic Mechanical Analyzer (METTLER TOLEDO, Switzerland).
The base of the specimen is 10 mm long, about 6 mm wide, about 2 mm thick. The tests were
carried out at a temperature of 25 °C and a deformation amplitude of 3 %, varying the frequency
from 0.5 to 50.5 Hz in 5 Hz increments.

Atomic force microscopy. An AFM Ntegra Prima in nanomechanical mapping mode
was used. ScanAsyst-Air probes with calibrated tip radii R ~3-5 nm and bending stiffness of
the beam k ~ 0.4-0.5 nN/nm were used. In this mode, the probe indents the selected area at a
high speed (10 nm/ms was set; the indentation frequency was ~20 Hz taking into account the
vertical displacement of the piezoelectric scanner at 350 nm). The high indentation speed allows
obtaining high-resolution data in the specimen plane: an array of interaction curves d(z) of the
probe with the surface when the probe approaches the surface and withdraws from it, where d
is the cantilever bending, z is the relative distance between the probe and the specimen;
interaction force: F = kd.
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The tip of the probe is strongly attracted to the surface under the action of van der Waals
forces at some distance from the surface (point A in Fig. 1). The deviation d. of the probe from
the equilibrium position after the jump to contact has been completed is a measure
of the Hamaker constant Hs of the surface [26]: Hs = 9k?d.® / (R?H:), where Hy is the Hamaker
constant of the probe material (H: = 18:102° J for a probe made of silicon nitride). We assume
that the indentation of the probe into the material begins at point B, then the indentation depth
U = (z-2b) — (d—db). The polymer is indented in the segment BC until a given maximum load of
~3 nN is reached (the average indentation depth at such a load was 50 nm). The specimen is
then unloaded as the probe is removed from the surface.
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Fig. 1. Typical curve for interaction of AFM probe with polyurethane surface: loading and
unloading curves, as well as characteristic stages of interaction are shown

The maximum magnitude of the force at the time when the probe separates from the
surface (point D in Fig. 1) is related to the free energy of the surface and is widely used in the
Derjaguin—Muller—Toporov or Johnson—Kendall-Roberts elastic indentation models to
subsequently determine the elastic modulus of the surface. In general, the observed relief
depends on the applied force: the probe pushes through the soft outer nanolayer with increasing
loads, starting to detect the internal structures of the polymer hidden under the surface. The
algorithms we developed [27] allow to monitor these changes in relief, as well as to estimate
the thickness t of the upper homogeneous layer covering the subsurface structures.

The presence of a soft upper layer makes it difficult to use models for determining the
elastic modulus taking into account the adhesion of the probe to the surface as a measure of the
free energy of the surface. In this case, a comparative analysis of local stiffness is carried out

using the Sneddon approach [28,29] for a parabolic indenter with non-uniform depth
C . . 1-v%) d;—d;_,
distribution of the elastic modulus: E;(u;) = —(NR_ul) ——
The polymer has inelastic properties, i.e., the loading and unloading curves do not coincide. We
use the viscosity coefficient as a measure of the viscoelastic properties of
the surface. Similar to the elastic modulus, it depends on the indentation depth [30,31]:
1 Fais(1-v?)
n(ul) = W 6\/R_ul-
difference between the forward and reverse scanning directions Fa and Fr: Fais = (Fa-Fr)/2.

k, where v = 0.5 is Poisson's ratio.

, Where the dissipative component of the load Fis is calculated as the
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Results and Discussion

Let us start by considering some macroscopic properties of polymers. The material T30 has the
best hydrophilic properties (Fig. 2); the wettability deteriorates with an increase in the curing
temperature (the contact angle increases), and does not change significantly in the curing
temperature range from 50 to 90 °C. The free energy of the surface behaves similarly (Fig. 2);
its variation is due to a decrease in the polar component (the energy of hydrogen bonds and
dipole interactions); the dispersion component increases slightly.
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Fig. 2. Contact angle and free energy of the surface: dispersive (D) and polar components (P) (a),
DMA-measurements: storage and loss moduli (b), tangent of mechanical losses (c)

DMA tests established (Fig. 2(b,c)) that the storage modulus £’ of polyurethane T50 is
approximately twice as high as those of other materials; the same polymer also has the least
pronounced viscous characteristics. The material T90 turned out to be the softest from
standpoint of DMA tests, T30 has the greatest mechanical losses.

The internal structure of synthesized polyurethanes (Fig. 3) represents rigid fibrillar
structures (supramolecular formations with a high concentration of hard polyurethane
segments), unevenly entangled in a softer matrix (regions of high concentration of soft segments
and a small proportion of disordered hard segments). The most dense and homogeneous
structure is produced at curing temperatures of 30-50 °C (Fig. 3(a,b)). In these cases, dense
hard agglomerates are observed, the length of individual fibrils is no more than 20 nm. An
increase in temperature leads to a more porous and more heterogeneous structure of hard
segments in the form of a fibrillar mesh (Fig. 2(d)); the size of the fibrils can reach 1 um or more.
The mean fibril width is 3-5 nm, which corresponds to the size of perpendicularly packed
primary hard segments of polyurethane [2].

Polyurethane surfaces were smooth and uniform (see the insets in Fig. 3). The fibrillar
heterogeneities in polymers (see enlarged view in Fig. 3) are hidden under the surface by a
nanolayer with variable thickness t, homogeneous in its mechanical characteristics. The
thickness of this outer layer was estimated by the transformations in the relief structure during
indentation: given a small force, the AFM probe first interacts with the outer layer, pushing
through this layer with increasing load, as the internal structure gradually evolves.
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Fig. 3. AFM images for relief (top row) and stiffness maps (bottom row) of polyurethanes at
curing temperatures of 30 (a), 50 (b), 70 (c) and 90 °C (d). Enlarged fragments of subsurface
structures are shown; the corresponding surface maps are shown in the insets
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Fig. 4. Thickness of polyurethane surface nanolayer covering the elevations. The insets show
the corresponding thickness distribution maps. AFM images of reliefs are shown in Fig. 3
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Fig. 5. Representative AFM images of relief and elastic modulus of subsurface (enlarged) and
surfaces (insets) of materials T30 (a) and T90 (b)

The thickness of the outer layer (Fig. 4(a)) depends both on the features of the internal
structure and on the curing temperature. The lowest thickness of the layer is achieved at
elevations of subsurface relief, i.e., the peaks of hard supramolecular agglomerates
(Fig. 4(b,c)); the thickness does not change at curing temperatures of 30-50 °C, then increasing
from 5 to 14 nm. The thickness of the nanolayer in the regions free of hard subsurface structures
(depressions of subsurface relief) does not change, fluctuating in the vicinity of 22-24 nm. In
the latter case, the layer has no clear boundaries, merging into the matrix.

Representative AFM images are shown in Fig. 5: the reliefs for T30 and T50 (T50 is not
shown here) are relatively flat. Agglomeration of hard structures occurs at curing temperatures
of 70 and 90 °C (see the stiffness map in Fig. 5(b)); the size of the agglomerates is ~ 5 pm.
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Fig. 6. RMS roughness of the surface (a) and subsurface reliefs (b) depending on the size of
the region
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Quantitative analysis of structural heterogeneities was performed by calculating the RMS
roughness Rrms Of the relief depending on the size L of a square region randomly selected in the
image. The mean roughness increases, reaching the asymptote at a certain size Lcrit Of the region
(Fig. 6). Lerit is the smallest size starting from which the distribution of hard structures in
polyurethane can be considered homogeneous, in other words, the critical size of the
heterogeneity: the size of the heterogeneity does not exceed 1.5-2 um T < 50 °C, then sharply
increasing to 13 pm at T =90 °C.

Subsurface structures in AFM images are located at different heights relative to each
other. What we actually observe is a fragment of a three-dimensional supramolecular structure
of the material. We binarize representative AFM images of a three-dimensional subsurface
relief, leaving only what lies within the mean height of the image + 3 nm (the mean fibril width).
As aresult, we obtain slices of the subsurface structure. The fractal dimension D of the obtained
images is shown in Fig. 7 (to calculate D, we divide the image into squares with the side size L
and calculate the number N of non-empty squares; we can prove that L and N are related by a
fractal dependence: N~L™P).

Fractal dimension D

Curing T, °C

Fig. 7. Fractal dimension D and fraction of the mesh containing hard subsurface
agglomerates. The insets show slices of the corresponding structures obtained by binarization
of representative AFM images. The light regions correspond to hard subsurface structures.
The structure of the material T30 is close to that of T50 and is not shown

The fractal dimension of the mesh of hard structures is close to 2 for materials T30 and
T50, which corresponds to a homogeneous (cluster-free) distribution of hard structures in these
materials. The picture radically changes with an increase in the curing temperature: the rigid
supramolecular structure in polyurethanes T70 and T90 is a mesh of fractal agglomerates,
whose tortuosity and heterogeneity increase with the curing temperature. The observed
agglomerates are tangled dense clumps of fibrillar structures. The fraction of the material
forming a dense hard mesh decreases from 70-80 % (T30, T50) to 40-30 % (T70, T90); the
densest structure is observed in the T50 material. The space between the agglomerates is filled
with a sparse mesh of individual fibrils (see Fig. 3(d)).
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The jump dc of the probe to the surface (see Fig. 1) is proportional to the Hamaker
constant. The measurements showed that the mean values of dc (Fig. 8(a)) do not change
significantly with an increase in the curing temperature. The Hamaker constant, in turn, is
directly proportional to the dispersion component of the free energy (interatomic interactions
based on van der Waals forces) of the surface [32]. This result is confirmed by the experiments
conducted to measure the wettability and free energy of the surface (Fig. 2(a)): the change in
the dispersion component of the surface free energy correlates with the d. measurements.

Maps of the jump to the surface made by the probe (see the insets in Fig. 8(a)) are
inhomogeneous, i.e., there are regions with high and low values with = 10 % deviation from
the mean (statistical distributions of dc are close to normal). For example, regions with low
values of dc can be seen in the dc map for T30 in the form of circular segments. The magnitude
of the jump depends on the local irregularities in the relief [33]. In our case, the observed
inhomogeneities in dc are not related either to the outer surface of the polymer or to its internal
fibrillar structure (see Fig. 3). This is to say that the outer nanolayer has region with
inhomogeneous activity. No correlation was found between the curing temperature and the
properties of these inhomogeneities.

The internal structure of the polymer does not affect the magnitude of the jump to the
surface (the distance dc+t between the probe and the subsurface is quite large). That is, the
Hamaker constant calculated from dc is a characteristic of only the outer layer. At the same
time, as established below, the surface free energy measured by wetting depends on both the
internal structure and the external nanolayer.
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Fig. 8. Jump of the probe to the surface (a) and pull-off force (b). The insets show the
corresponding maps. AFM images of reliefs are shown in Fig. 3

The force at the instant when the probe separates from the surface is traditionally
associated with the surface free energy: it is maximum for the surface T30, reaches a minimum
at T50-T70, and then begins to grow. These results (Fig. 8(b)) correlate with the changes in the
surface free energy and the contact angle (Fig. 2(a)). Inhomogeneities in the maps
characterizing the adhesion of the probe to the material (see the insets in Fig. 8(b)) are related
to the internal structure of the polymer: regions with lower adhesion values correspond to hard
structures in the elevations of subsurface relief; high adhesion values correspond to softer
depressions. However, despite the pronounced inhomogeneities in the adhesion maps, the
differences between the adhesion of hard and soft regions do not exceed + 5 %.
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As the curing temperature increases, the thickness of the surface layer increases (see
Fig. 4) and the adhesion inhomogeneities caused by subsurface structures become even less
pronounced. On the other hand, the decrease in the surface free energy (Fig. 2(a)) occurs due
to the polar component. Thus, the polar properties of hard subsurface structures influence the
change in the polar component of the surface free energy.

The force experienced by the probe as it detaches from the material is used in common
models for calculating Young's modulus of surfaces as a measure of the specific surface free
energy. However, as shown above, the exact manner in which the measured adhesion is
influenced by subsurface structures remains uncertain. This narrows the scope of application of
the existing models, and the Sneddon approach was used in this paper to estimate the elastic
modulus. The obtained maps of the elastic modulus are shown in Figs. 3 and 5. Figure 9(a)
shows the mean values separately for hard (elevations in the subsurface relief) and soft
(depressions) regions: with the exception of one of the polyurethanes, the modulus of hard
subsurface structures does not change (14 MPa). The modulus of soft regions and the surface
layer increases from 7 (T30) to 9 MPa (T90). That is, a part of the primary hard polyurethane
segments does not have time to assemble into fibrillar structures at high curing temperatures,
and remains distributed in the soft matrix. Polyurethane T50 does not follow this trend: the
stiffness of its structures is 1.5 times higher than that of other materials.
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Fig. 9. Elastic modulus (a) and viscosity (b) of hard (elevations of subsurface relief) and soft
segments of polyurethanes; viscosity distribution maps of materials T30 (c), T50 (d) and T90
(e). AFM images of reliefs are shown in Fig. 3

The viscosity (Fig. 9(b)) of hard subsurface structures is significantly lower than in the
segments of the soft matrix. In general, the viscosity of the soft matrix decreases, which can be
explained by an increase in the concentration of disordered primary hard polyurethane segments
in it. Polyurethane T30 has the most pronounced viscous properties of both hard structures and
the matrix. The low curing temperature of this material did not allow for it to produce a
sufficient number of polymer crosslinks, giving elasticity to the polymer matrix.

Notably, both the elastic modulus and the viscosity measured using atomic force
microscopy showed a good correlation with the moduli and tangent of mechanical losses
obtained by DMA. The most elastic material is T50, and the strengthening of elastic properties
occurs mainly due to a decrease in the viscosity of hard structures. The supramolecular hard
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mesh in this material is the densest (see Fig. 7), therefore its viscoelastic properties have a
significant impact on the macroscopic behavior of the material (see Fig. 2(b, c)).

Conclusion

We synthesized polyurethanes with a curing temperature from 30 to 90° C. It was established that
the materials form hard (elastic modulus of 14-22 MPa) subsurface supramolecular structures
(nanofibrils and agglomerates) located in a softer matrix (elastic modulus of 7-9 MPa). The most
dense and homogeneous hard subsurface structure is formed in polyurethanes with a curing
temperature of 30—50 °C; the structure becomes heterogeneous and loose with a further increase in
temperature: agglomerates up to several microns appear; the soft phase space between the
agglomerates is crossed by a mesh of extended fibrils. This entire internal heterogeneous structure
of polyurethanes is hidden by a soft surface nanolayer. The mean thickness of this layer depends on
the curing temperature, increasing from 6 (30 °C) to 14 nm (90 °C).

The observed fibrils and their agglomerates are secondary supramolecular structures with
a high concentration of primary hard segments. Polymerization and formation of chemical
crosslinking between macromolecules consisting of primary hard and soft segments occur
during the curing of polyurethane. The polymer changes from a viscous state to an elastic one.
At the same time, hard supramolecular structures are formed in polyurethanes [1,6]. A possible
explanation for the differences in the structure is that the rate of chemical crosslinking and
formation of a continuous mesh of macromolecules increases under curing at high temperatures,
which makes it difficult to form a large number of supramolecular structures.

The curing temperature affects not only the structural features of the phase separation,
but also the physico-mechanical properties of polymers: a correlation is shown between the
features of the activity of inhomogeneous surfaces at the structural level and macroscopic
measurements of the wettability and free energy of the surface (decreases with increasing curing
temperature).

Curing at low temperature produces homogeneous and hard materials with high surface
energies and pronounced dissipative properties (polyurethane obtained at 50 °C was the most
stiff and elastic; the one obtained at 90 °C was the least stiff). The viscosity of materials
obtained at high temperature is lower, they are more elastic, and their structure is more
heterogeneous. All these results are explained by the mechanical properties of the
supramolecular structures of these materials. Studies into these processes provide the key to
obtaining polymers with the required properties.
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