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Abstract

This chapter reviews our results on the morphology, tribological, and local mechanical
property investigations of new copoly(urethane-imide)s (coPUls) and nanocomposites
based thereof using atomic force microscopy (AFM) and nanoindentation (NI) methods.
AFM in the contact mode of lateral forces revealed the presence of different contrast phases
on the surface of synthesized films which depends on the chemical structure of monomers
used. Single-walled carbon nanotubes (SWCNTs), carbon nanofibers, graphene, tungsten
disulfide and tungsten diselenide were introduced into coPUI matrices. Dependencies of
microhardness and modulus of elasticity on the depth of indentation have been obtained.
It was found that for each synthesized coPUlI, there is only one type of carbon nanomateri-
als that exerts the greatest influence on their characteristics. The improvement of mechani-
cal properties is found to mainly depend on the nature of the polymer matrix and filler.
Our results showed that effective methods for improving of tribological characteristics can
be either modification by SWCNTs (up to 1 wt.%) or heating at 30°C. Synthesized coPUI
films and nanocomposites are very promising materials and can be used as thermoplastic
elastomers for tribological applications, and their physical-mechanical properties can be
controlled both by temperature and by mechanical action.

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,

distribution, and reproduction in any medium, provided the original work is properly cited.
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1. Introduction

For the creation of new-generation polymer materials based on multicomponent systems, it
is necessary to study the morphology, mechanical behavior, and various properties of these
systems in the submicron and nanoscale range. It is known that surface layers of polymer
objects exhibit significant differences in properties as compared with bulk material and play
a decisive role in various applications especially if they are used as films and coatings [1].

In recent years, various probe methods have been successfully used for these purposes,
among which the most popular are atomic force microscopy (AFM) and nanoindentation (NI)
[2, 3]. Atomic force microscopy is an indispensable technique to study the various surface
phenomena [4-6]. AFM allows not only to evaluate the roughness of the surface but also
recognize the different localized phases and reveal the distribution of friction forces over the
surface and evaluate the tribological characteristics of polymer materials in the micro- and
nanoscale [6-9].

The aim of this work was to study the morphological, local mechanical, and tribological char-
acteristics of a series of novel multiblock (segmented) copolymers, containing rigid imide
blocks and flexible blocks of polyurethanes—copoly(urethane-imide)s (coPUI)s and their
nanocomposites—containing carbon nanofillers of different morphologies: single-walled
carbon nanotubes (SWCNTs), vapor-grown carbon nanofibers (VGCF), and graphene as well
as nanoparticles of transition metal chalcogenides—tungsten disulfide (WS,) and tungsten
diselenide (WSe,). The synthesized materials were characterized down to the nanoscale level
using AFM in contact and tapping modes, including the friction coefficient measurement [10]
at the temperature range from 20 up to 120°C and multi-pass friction force determination till
400 scanning fields, and NI method [11] for the local mechanical property evaluation as the
dependence of the characteristics on the depth of an indenter penetration.

Multiblock (segmented) copolymers are the block copolymers containing a rigid block of
monomer A and a flexible-chain polymer block (B)k ([A-(B)k]n). A characteristic feature of
such copolymers is the microphase separation of blocks A and (B)k, since blocks A and (B)k are
thermodynamically incompatible [12]. As a result, nano- and micro-regions are formed in the
volume of the copolymer, in which segments (blocks) of the same chemical structure are con-
centrated. Thanks to the microphase separation of the rigid blocks (A) and flexible blocks of ali-
phatic ethers ((B)k), these copolymers acquire the properties of elastomers: their glass transition
temperature (T ) is in the negative temperature range on the Celsius scale, and the temperature
dependencies of the elastic modulus at higher T, are distinguished by a wide range of rubberlike
elasticities, while the relative tensile elongation at room temperature is hundreds of percent [13].

Changing the chemical structure and the ratio of rigid and flexible blocks in coPUlIs, one
can change the structure, morphology, and mechanical and thermal properties of these
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polymers [14-17]. Modification of multiblock coPUI with the introduction of carbon and
chalcogenide nanosized additives aims to expand their temperature range without losing
its elasticity. Finally, the new generation of thermoplastic elastomers for working in the
extremal conditions based on multiblock coPUls intended to be prepared which exhibit
unique rubberlike elasticity in a wide range of temperatures and a higher heat resistance
than thermoplastic polyurethanes [6, 9, 18-20]. Such materials are very promising for appli-
cation in airspace technique, shipbuilding and car industry, microelectronics, and mem-
brane technology [21, 22].

2. Experimental details

2.1. Materials

Chemical approaches to the synthesis of multiblock (segmented) copolyester-imides and
copolyurethane-imides (coPUls) are proposed in general form in previous works [23-25]. In
these studies, macromonomers with terminal anhydride groups are used which are formed
by terminating with tetracarboxylic acid dianhydrides of polyesters having terminal hydroxyl
groups (in the case of copolyester-imides) or terminal isocyanate groups (in the case of
copolyurethane-imides), respectively. Further, the expansion of the macromonomer chains
is carried out using aromatic diamines which interact with their terminal anhydride groups.
The polyacylation of diamines with macromonomer dianhydrides is carried out according to
schemes known in the chemistry of polyimides.

For the synthesis of new family of multiblock coPUISs, the 1,3-bis-(3',4-dicarboxy-phenoxy)ben-
zene dianhydride (R) (T =163-165°C, LLC TekhChemProm, Yaroslavl) and diaminel,4'-bis-
(4'-aminophenoxy)diphenyl sulfone (diamine SOD) (T_ =194-196°C, VWR International) with
various ester fragments, as well as an aliphatic copolyester-poly(propylene glycol) (PPG) or
poly(1,6-hexanediol/neopentyl glycol-alt-adipic acid) (Alt) (900) (T _=33°C, M, =900, Aldrich),
secondarily terminated with 2,4-tolylene diisocyanate (TDI 2300) (T _=19.5-21.5°C, M_=2300,
Aldrich), were used. The chemical structures of the coPUlIs are presented in Schemes 1 and 2.

Depending on the chemical structure of flexible aliphatic and rigid aromatic blocks, the syn-
thesis of copolymers was carried out according to different schemes.

Synthesis of multiblock (segmented) coPUI (R-AltTDI-R)SOD (Scheme 1) includes four stages:

1. The stage of formation of a macromonomer with terminal toluene isocyanate groups
(AItTDI).

2. The stage of formation of a macromonomer with terminal anhydride groups (R-AltTDI-R).

3. The step of polyacylation of diamine (expansion of the macromonomer chain) to form a
prepolymer-copolyamide acid (R-AItTDI-R)SOD.

4. The stage of thermal imidization of the prepolymer (copolyamide acid) to form copolyure-
thane-imide (R-AItTDI-R)SOD.
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Scheme 1. Schematic representation synthesis of coPUI (R-AItTDI-R)SOD.
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Scheme 2. Schematic representation synthesis of coPUI (R-2300TDI-R)SOD.

Synthesis of multiblock (segmented) coPUI (R-2300TDI-R)SOD includes three stages (Scheme 2)
as described previously in our papers [6, 19, 23]:
1. The step of forming a macromonomer with terminal anhydride groups (R-2300TDI-R).

2. The step of diamine polyacylation (expansion of the macromonomer chain) to form a
prepolymer-copolyamide acid (R-2300TDI-R)SOD.

3. The stage of thermal imidization of the prepolymer to form coPUI (R-2300TDI-R)SOD.

Thermal imidization of the obtained prepolymers in N-methyl-2-pyrrolidone (NMP) solution
was carried out in an inert atmosphere (argon) at 165°C for 3.5 h. Dean-Stark packing was
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used to remove the water that was emitted from the imidization (curing of the prepolymer) in
the form of an azeotropic mixture with toluene. The temperature was then raised to 210°C to
complete the imidization process.

To obtain nanocomposites, the polymer solutions prepared during the synthesis were used.
In the first step, the prepared nanoparticle powder solutions in NMP —graphene, vapor-
grown carbon nanofibers (VGCF), single-walled carbon nanotubes (SWCNTs), tungsten
disulfide, and tungsten diselenide (WS, and WSe, correspondingly)—were dispersed
in NMP by ultrasound. Then, synthesized polymer solution was added and mixed on a
mechanical stirrer for 4 h. The nanoparticles are taken so that, after removal of the solvent,
the amount of nanoparticles in the polymer is the required amount of percent by weight.
Solutions of the resulting mixture were applied to a glass, polyimide (PI) film, fluoroplastic,
and aluminum substrates. The resulting polymer coatings were dried at 80°C for 12 h and,
then, heated stepwise at 120, 140, 160, and 180°C for 1 h at each step. The thickness of the
heated films ranged from 100 to 300 um.

It is known that imide-containing film coatings display strong adhesion to various substrates
[26]. Some film samples were prepared on aluminum substrates. The coating samples formed
on aluminum substrates were immersed in concentrated hydrochloric acid to remove the
substrate, and then the resulting films were repeatedly washed in distilled water. The nano-
composite films based thereon containing from 1 to 10 wt.% carbon nanofillers of different
morphologies—SWCNT, VGCF, graphene, and WS, and WSe, nanoparticles—were prepared.

2.2. Methods

The surface morphology of the synthesized copolymer films was investigated by the AFM
method on the AFM device NT-206 (produced by “Microtestmashiny ODO,” Belarus) using
standard CSC38 and NSC11-type silicon probes with the radius of tip curvature less than
10 nm and stiffness of cantilever 0.08 and 3 N/m produced by “MikroMasch” (Estonia). The
roughness, coefficient of friction, and friction force in nano- and microscale of samples were
evaluated. The surface roughness was estimated in scanning areas of 2 x 2,5 x5, and 10 x 10 um.

The friction force and friction coefficient (C,) were determined using 20 x 20 um scanning
areas with silicon probe NSC11 of V-shaped type with stiffness of cantilever 3 N/m at the
moving speed 1.55 um/s. The tip radius was specially blunted by pre-scanning to curvature
100 nm. Such preparation prevents the probe from further blunting and keeps the contact con-
dition stable [8]. C, is calculated from a ratio of the force of friction between two bodies and
the normal force pressing them together and their measurement as described previously [8,
10]. To measure the friction force, the AFM probe scans the surface in the so-called two-pass
method [10]. During the first pass, the probe goes forward along the surface. When the probe
returns back in the second pass, it moves according to the first line, which suits to the relief of
the surface. During the forward and the back passes, the friction forces act from the surface on
a tip, which cause the torsion of the cantilever besides the cantilever’s deflection in the normal
direction. The angle of this twist depends on the value of friction force. To calculate the effect
of frictional forces more precisely, the angle of twist when the probe is moved in the forward
and backward directions is divided in half [7, 8].
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C, was determined in several regimes: on one scan field for one line in the forward and backward
direction and so on the multiple scans (200—400) in one place. The measurements were carried
out both at room temperature and at a temperature of 120°C. The heating was carried out directly
during the scanning process using a thermoplatform placed on the AFM table. The thermoplat-
form is equipped with heaters and a feedback system with sensors, which allows controlling the
heating and automatically reducing the voltage, if necessary, to maintain the set temperature.

To determine the local mechanical properties of prepared films based on multiblock coPUlI, a
750 Ubi (Hysitron, USA) nanoindentator with a Berkovich indenter with a radius of curvature
of R =100 nm was used. Berkovich indenters are preferred than the Vickers geometry indent-
ers because the latter is prone to undesired “roof” tip imperfections.

Since the physical-mechanical properties of polymers depend not only on the chemical com-
position and macromolecule structure but also on their orientation in the material and the dis-
tribution of the unordered amorphous and partially ordered crystalline phases, they cannot be
characterized by a single value of the elasticity modulus (E) or microhardness (H) [11]. In this
study, the local mechanical properties were analyzed as a dependence of the characteristic on
the depth of penetration into material. For each sample, not less than 100 indentation curves
were performed with an increasing load of 50-5000 uN in 50 uN increments, and the depen-
dencies of the E and H on the depth of indentation were constructed from the results obtained.

In order to compensate the size effect of nanoindentation at shallow depths associated with
the fact that at small penetration depths the Berkovich tip has the shape of a hemisphere
rather than a pyramid, the nanoindentator was pre-calibrated according to a standard sample
of fused quartz in a range of loads that were individually selected for each sample by the cor-
responding depths from 5 to 200 nm. This approach allows achieving a minimum standard
deviation in the measurements of E and H.

3. Results and discussion

3.1. Carbon nanoadditive influence on the coPUI film morphology

Typical AFM 3D images of the coPUI matrices and nanocomposite surfaces are presented
in Figures 1 and 2. It is clearly seen that both sides—free side and bottom side—of the syn-
thesized films significantly differ in the surface morphology. It can be concluded that their
morphology and, also, the structure are extremely sensitive to the substrate surface nature as
well as to the formation process. Hence, the effect of additive (graphene and SWCNTs) influ-
ence on the film structure is also large, which is confirmed by AFM images (Figures 1 and 2).
In our work, special attention was paid to the definition of roughness parameters: R , arithme-
tic mean; Rq, rms surface roughness.

According to the AFM image, free surface of coPUI (R-2300TDI-R)SOD film (Figure 1a) at
scanning area of 1.5 x 1.5 um is smooth (R, = 1.0 nm, R =13 nm) and exhibits grain mor-
phology with a lot of pore nano- and meso-sizes. For scanning area of 2 x 2 um, this film
surface has a roughness R =3.2 nm and R =4.9 nm on the free surface and R, = 3.1 nm and
R =4.0 nm on the surface adjacent to the substrate.
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Figure 1. 3D images of (a) the coPUI(R-2300TDI-R)SOD matrix (side 1, scanning area 1.5 x 1.5 um) and nanocomposites
based thereon, (b) with 1 wt.% graphene (side 1, scanning area 5 x 5 um), (c) with 1 wt.% graphene (side 2, scanning area
5 x5 um), (d) with 1 wt.% SWCNTs (side 1, scanning area 5 x 5 um), and (e) with 1 wt.% SWCNTs (side 2, scanning area
2 x 2 um). Glass substrate.

Z,nm Z,nm Z,nm
Ra=4.0 nm Rg=7.9 nm : o 5
s . 2: Ra=2.0 nm Rq=4.4 nm ; Ra=4.5 nm Rq=7.5nm =

26
Ra=15.9 nm Rg=20.5nm = Ra=4.0 nm Rq=5.0 nm I Ra=19.2 nm Rq=23.0nm  *

d e f

Figure 2. 3D images of the nanocomposites based on (R-AItTDI-R)SOD matrix: (a) matrix (side 1, scanning area 2 x
2 um), (b) matrix with phase separation (side 1, scanning area 9 x 9 um), (c) matrix with 1 wt.% VGCEF (side 1, scanning
area 5 x 5 um), (d) matrix with 1 wt.% VGCF (side 2, scanning area 5 x 5 pm), (e) matrix with 1 wt.% SWCNTs (side 1,
scanning area 3 x 3 um), and (f) matrix with 1 wt.% SWCNT (side 2, scanning area 3 x 3 um). Glass substrate.
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For nanocomposites based on coPUI (R-2300TDI-R)SOD containing 1 wt.% graphene
(Figure 1b,c), the great difference in morphology between free surface and surface adjacent to
the substrate has been observed. The surface which was in contact with substrate (Figure 1c)
looks more rough with roughness parameters R =12.8 nm and R =16.4 nm (for scanning
area 5 x 5 um) and R =10.1 nm and R =12.5 nm (for scanning area 2 x 2 pm). On the free
surface of nanocomposite with 1 wt.% SWCNTs (Figure 1d), the ends of carbon nanotubes
can be recognized. Again, the surface adjacent to the substrate is still rough and does not have
homogeneous morphology like the free one (Figure 1e).

The significant difference in the topography of both coPUI nanocomposite film surfaces is
clearly visible when comparing images in Figure 1b-e. Also, these surfaces exhibit a signifi-
cant difference in the roughness values (Table 1).

Nanocomposite films of (R-2300TDI-R)SOD +1 wt.% graphene (Figure 1b,c) display the dif-
ferent roughness values between the film surfaces. When adding graphene, the free surface
relief becomes coarser. It is likely that graphene nanoparticles are concentrated on one of the
surfaces.

On the other hand, nanocomposite film of (R-2300TDI-R)SOD +1 wt.% SWCNT (Figure 1d and
e) displays the close roughness values on both surfaces: R, = 26.1 nm on the free surface and
R, =26.5 nm on the surface adjacent to the substrate (for scanning area 5 x 5 um). When the
scanning area is reduced to 2 x 2 um, the roughness values become several times smaller:
R =6.3nm on the free surface and R =11.9 nm on the surface adjacent to the substrate (Table 1).
It can be concluded that the SWCNT is homogeneously distributed in composite volume.

For coPUI (R-2300TDI-R)SOD with 1 wt.% VGCEF, the different roughness values between
both surfaces were determined: R = 5.1 nm on the free surface and R = 23.1 nm on surface
adjacent to the substrate (for scanning area 5 x 5 um). When the scan area is reduced to 2
x 2 um, the roughness values become R =1.2 nm and R =1.5 nm on the free surface and
R =13.8 nm and R =18.0nmon the surface adjacent to the substrate (Table 1).

Comparison of the roughness values for coPUI(R-2300TDI-R)SOD +1 wt.% VGCEF films with
all films of nanocomposites based on coPUI (R-AltTDI-R)SOD showed that they are about
three times different (Table 1). Thus, additives significantly influence on the morphology for-
mation of these coPUI films and on their surface properties.

The example of the phase separation on the free surface of coPUI (R-AItTDI-R)SOD film is
clearly seen in Figure 2b. In the mode of lateral force contrast, light spots surrounded by dark
polymer matrix have been observed that indicates a significant difference in the tribological
properties of the phases in this sample.

3.2. Substrate nature influence on the coPUI film morphology

Substrate nature influence on the polymer film morphology can be traced comparing the sur-
face morphology of coPUI (R-AItTDI-R) films prepared on three types of substrates: on a glass
substrate, on the PI film substrate, and on a fluoroplastic substrate (Figures 3-5).

Figure 3 shows the AFM images of free surface (a—c) and surface adjacent to substrate (d—f)
cast on a glass. A large number of pores with diameters from 50 to 200 nm are observed on both
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Polymer Samples symbol Film Scanning area (2 x 2 um? Friction
side Roughness (R, Roughness (Rq, coefficients
nm) nm)
(R-2300TDI-R)SOD 50 1 3.2 4.9 0.164
{50} 2 3.1 4.0 0.167
50 +1 wt.% VGCF 1 1.2 1.5 0.074
2 13.8 18.0 0.061
50 +1 wt.% SWCNT 1 6.3 8.0 0.183
2 11.9 14.9 0.185
50 + 1 wt.% graphene 1 5.8 7.5 0.382
2 10.1 12.5 0.170
50 +3 wt.% WS, 1 13.5 16.9 0.262
2 16.9 23.1 0.157
50 +1 wt.% WSe, 1 9.3 14.2 0.158
2 12.2 15.8 0.068
(R-AItTDI-R)SOD {45} 45 1 5.2 9.6 0.055
2 6.2 79 0.065
45+10 wt.% WS, 1 3.4 49 0.179
2 13.9 16.5 0.101
45 +10 wt.% WSe, 1 16.5 21.9 0.107
2 17.5 21.3 0.133
45 +1 wt.% VGCF 1 10.8 13.2 0.066
2 14.1 18.1 0.071
45+ 1 wt.% SWCNT 1 6.8 11.4 0.065
2 254 31.1 0.063
45+10 wt.% graphene 1 52.1 64.6 —
2 14.4 18.2 0.092

Table 1. Comparison of the roughness and friction coefficient measurements using AFM in the contact mode for films
and nanocomposites casted on a glass substrate.

surfaces, the pore depth at the free surface according to the profile (b) reaches ~2-8 nm, and at
the surface to a glass substrate (e), it equals to 2—4 nm. The surface roughness differences are
twofold (R, = 0.9 nm and RCl = 1.1 nm for the surface adjacent to the substrate and R = 1.9 nm
and R =2.4 nm for the free surface). Therefore, both sides of the film look very similar.

Unlike a glass substrate, PI film substrate significantly changes surface topography (Figure 4).
Thus, a lot of fine pores are not observed on the free surface. The surface adjacent to the sub-
strate (d—f) is sufficiently smooth (R, = 0.2 nm and R = 0.3 nm); a nanodomain morphology
and a rather large number of nanopores with a depth not exceeding 1 nm are observed.

In Figure 5, AFM images of the film cast on the fluoroplastic substrate are given. The free
surface (a—c) becomes more loose and nonuniform, and the roughness value (R, = 5.8 nm and
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Figure 3. AFM images of coPUI (R-AItTDI-R)SOD film cast on a glass substrate: free surface (a—c) and surface adjacent

to the substrate (d—f); (a,d) height images, (b,e) profile, and (c,f) 3D image.
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Figure 4. AFM images of coPUI (R-AlItTDI-R)SOD film cast on a PI film substrate: free surface (a—c) and surface adjacent

to the substrate (d—f); (a,d) height images, (b,e) profile, and (c,f) 3D image.
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Figure 5. AFM images of coPUI (R-AItTDI-R)SOD film cast on a fluoroplastic substrate: free surface (a—c) and surface
adjacent to the substrate (d—f); (a,d) height images, (b,e) profile, and (c,f) 3D image.

R =7.4nm) is significantly increased. As in the previous case, the surface adjacent to the sub-
strate (d—f) has a nanodomain morphology and a large number of nanopores. Thus, it can be
concluded that the nature of the substrate material on which the films are cast has a significant
effect on the morphology of the sample.

3.3. Tribological characteristics of the coPUI films and nanocomposites

Friction coefficients (C, ) of coPUlIs based on (R-2300TDI-R)SOD and (R-AltTDI-R)SOD matri-
ces modified by carbon nanomaterials determined by AFM method on one field are presented
in Figure 6. C_ of matrices without additives differ threefold: 0.164-0.167 for (R-2300TDI-R)
SOD and 0.056-0.065 for (R-AltTDI-R)SOD.

The addition of VGCF reduces C,_of (R-2300TDI-R)SOD matrix more than twice to 0.061-0.074
and leaves C, of (R-AItTDI-R)SOD matrix at the low level about 0.066-0.071. The addition of
SWCNT practically leaves C_ of both matrices on the level of C,_ of pure matrices.

On the other hand, the addition of graphene increases C, of both matrices especially of
(R-2300TDI-R)SOD. Thus, only the addition of VGCF to (R-2300TDI-R)SOD matrix improves the
tribological properties of the surface. The excess of the quantity necessary for the modification,
as in the case of coPUI with 10 wt.% graphene, can substantially worsen the surface properties.

Friction coefficients of coPUIs based on (R-2300TDI-R)SOD and (R-AltTDI-R)SOD matri-
ces modified by WS, and WSe, nanoparticles determined by AFM method on one field are
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Figure 6. Friction coefficients of coPUIs based on (R-2300TDI-R)SOD (50) and (R-AItTDI-R)SOD (45) matrices and
composites with carbon nanofillers as determined by AFM method in the contact mode on one field: matrices 50 and
45 without additives, matrices with 1 wt.% VGCEF, matrices with 1 wt.% SWCNTs, and matrices with 1 wt.% graphene.

presented on Figure 7. In general, WS, and WSe, nanoparticles degrade C,_ of the (R-2300TDI-R)
SOD and (R-AItTDI-R)SOD matrices due to a significant increase in roughness. WSe, decreases
twice the C,_ of (R-AItTDI-R)SOD matrix surface casted on a glass substrate.

The results of C, changing during multi-pass tribological AFM testing of coPUI (R-AItTDI-R)
SOD matrix as a dependence of “C, —number of scans” are presented in Figure 8 (black solid
line). This measurement was performed at 20°C and normal load about 175 nN. Friction forces
were determined in a range of 10-160 nN. Each point on the C,_ graph (black solid line) and
the roughness graph (blue solid line) was obtained from a separate AFM sequential scanning
tield (Figure 8).

At the initial stage of C, graph up to 50 cycles, the growth of C,_to a value 0.9 was determined
(black solid line), and the roughness values simultaneously decreased (blue solid line). When
the probe moves along the surface, the roughness is smoothed out (blue solid line). The low
initial value of C_ 0.1 can be explained by the fact of developed roughness. In this cause the
contact of the probe with the surface occurs along the tops of the irregularities. In this case,
the contact area of the probe and the surface are composed of a plurality of point contacts,
and the frictional forces are lower than in case when the smoothed sample contacts with
entire surface of the probe. The energy should be spent on the process of smoothing, and it
needs to apply a greater lateral force for further movement. Therefore, C,_ grows on this side.
In the process of friction, the irregularities are smoothed out, and after reaching a minimum
of roughness, the C_ decreases over the next 100 cycles to a stable value of 0.05 (black solid
line). And then, the mechanism of elastic non-wear friction works.
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When the same multi-pass tests are repeated at the room temperature about 30°C, the probe-
sample contact conditions change, which raises the initial value of C,_ to 0.3 instead of 0.1 at
20°C (Figure 8, black-dashed line). Then, normal load was about 116 nN, and friction forces
were determined in range 30-92 nN. The further stages of the curve also change somewhat.
C,, is stable at the beginning during the first 10 cycles, and then it increases smoothly to 0.8
(black solid line). After reaching this value at 110 cycles as well as at 20°C, the curve decreases
to a stable level about 0.25 (black solid line). The testing at 30°C places peculiarities on the C_
graph: the growth of values is smoother, and the decrease is faster.

The results of coefficient of friction changing during multi-pass tribological AFM testing at
30°C of (R-AItTDI-R)SOD matrix with WS, and WSe, nanoparticles are shown in Figure 8
(green lines). As for the pure (R-AItTDI-R)SOD matrix, the results of testing at higher tem-
perature show the increased value of C,_ in comparison with the testing at 30°C (Figure 8,
black-dashed line). The addition of WS, keeps the value C_stable on the level 0.45 (green solid
line). The addition of WSe, leads to the increase of C,_ (green-dashed line).

Comparing the similar values of C_ for (R-AItTDI-R)SOD matrix determined in regimes
“multi-pass scan” and “one scan under heating,” it should be noticed that the influence of
heating in a range of 75-85°C on the surface properties is similar to the influence of 200-400
scans of multi-pass testing at 20°C [8]. This fact allows to make a conclusion that there is heat-
ing in this micro-contact equal to 75°C.

These results show that synthesized modified coPUI films are very promising for tribological
applications, and their properties can be controlled both by temperature and by mechanical
action.

The influence of heating on C, for (R-AItTDI-R)SOD with WSe, addition has been shown
in our previous work [8]. It was found that C, keeps stable at the level of 0.30-0.35 till 45°C.
Then, it dramatically decreases up to 0.05 at 60°C and keeps stable till 70°C. Again, at 75°C it
decreases till 0.01.

3.4. Nanoindentation of coPUI films

On the dependence of E on the depth of indentation for coPUI (R-2300TDI-R)SOD, two curves
are characteristic for the material. It can be concluded that there is a less elastic phase on the
surface layer and a more elastic phase in the depth—in bulk material (Figure 9, blue curves).
In this case, the microhardness for coPUI (R-2300TDI-R)SOD has a unimodal distribution in
values from 2 to 4 MPa, and one curve (Figure 9, red curves) is present on the plots of the
microhardness versus the depth of indentation. Different markers denote the values obtained
from different sides of the films. For microhardness they are very close, and for the elastic
modulus completely coincide.

On the other hand, coPUI (R-AItTDI-R)SOD is characterized by unimodal distributions for
both E and H (Figure 10). The transition from the surface to the depth of the sample decreases
both for E from 6 to 3 GPa and for H from 400 to 200 MPa.

The performed studies of the samples of synthesized coPUI showed that the values of H and
E measured on both sides of the films are practically the same, and when the dependencies
obtained from different sides of the films coincide in one plot, for each coPUI they almost
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Figure 9. Dependencies of elasticity modulus (blue curves) and microhardness (red curves) versus the depth of indentation
for the coPUI (R-2300TDI-R)SOD without nanofillers.

completely coincide, forming exponential curves. The values of E and H for film cast on glass
and fluoroplastic substrates are identical, despite the different microstructure of the surface,
so hereinafter we consider the values obtained for films prepared on a glass substrate.

With the addition of 1 wt. % SWCNTs, the initial values of E and H for coPUI (R-2300TDI-R)
SOD practically do not change (Figure 11). For the “amorphous” phase on top of the film
E is 25 MPa and from below 20 MPa. At the same time, H is on the top of 3 MPa and from
the bottom 2 MPa. For the “partially ordered” phase, E varies from 11 to 14 GPa from the
top, from 10 to 22 GPa from the bottom, and from the top and H from below from 1.5 to
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Figure 10. Dependencies of elasticity modulus (blue curves) and microhardness (red curves) versus the depth of
indentation for the coPUI (R-AltTDI-R)SOD without nanofillers.
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Figure 11. Dependencies of elasticity modulus (blue curves) and microhardness (red curves) versus the depth of
indentation for the coPUI (R-2300TDI-R)SOD with 1 wt.% SWCNTs.

2.5 MPa. The microstructure of the surface remains unstructured, which is characteristic for
polymers in the amorphous state.

The amorphous phase on the upper surface of the film practically does not change. The depth
of the “partially ordered” phase changes: it moves closer to the free surface (Figure 11). From
below, the depth of the location of the “partially ordered” phase remained unchanged. For an
amorphous phase from below, the values of E and H increased by a factor of 2: E was 20 MPa
and became 40 MPa, and H was 2 MPa and became 4 MPa.

The greatest changes in the properties of coPUI (R-2300TDI-R)SOD were detected with the
addition of 1 wt.% SWCNTs. The “partially ordered” phase (or moved to a depth greater than
4 um) completely disappeared from the top, and from the bottom, it was preserved and moved
closer to the surface than in the coPUI without SWCNTs (Figure 12a). The E is 10-20 GPa. For
an amorphous phase, the E film increased 10 times from the top—it was 35 MPa and became
350 MPa. The H of the amorphous phase increased 23-fold: from 3 to 70 MPa. From the bot-
tom of the film, the values of H and E increased by 5 and 10 times: E was 20 MPa and became
100 MPa, and H was 2 MPa and became 20 MPa. The microstructure of the surface is structured,
with noticeable linear formations in perpendicular directions in the plane (Figure 12d and e).

The introduction of all types of nanofillers in an amount of 1 wt.% practically did not change
the mechanical properties of the coPUI (R-AItTDI-R)SOD. In our experiments only the
addition of graphene in an amount about 10 wt.% lowered the properties of this for coPUI
(R-AItTDI-R)SOD by a factor of 1.5. In general, the material with 10 wt.% graphene is unstable
due to the accumulation of excess graphene in the form of submicron-sized inclusions. The
surface microstructure of the composite became nanostructured.

As a result, it was established that the coPUI (R-2300TDI-R)SOD and coPUI (R-AltTDI-R)SOD
are radically different in the distribution of the elasticity modulus E: coPUI (R-2300TDI-R)SOD has a
bimodal distribution (Figure 13a), and for coPUI (R-AlItTDI-R)SOD, it is unimodal (Figure 13b).
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Figure 12. AFM images of the surface microstructure of the coPUI (R-2300TDI-R)SOD: (a) the initial matrix (free side),
(b) matrix with 1 wt.% graphene (free side), (c) the side from the substrate, (d) matrix with 1 wt.% SWCNTs (free side),
and (e) side from the substrate; scan area 1 x 1 um.
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Figure 13. Types of elastic modulus distribution: (a) bimodal for coPUI (R-2300TDI-R)SOD and (b) unimodal for coPUI
(R-AItTDI-R)SOD.

So, the dependencies of the modulus of elasticity and microhardness on the insertion depth
for synthesized coPUI (R-2300TDI-R)SOD and (R-AltTDI-R)SOD showed that the investi-
gated coPUI differs dramatically in terms of the values of the physical-mechanical charac-
teristics and the type of their distribution. The wide range of values of E is typical for coPUI
(R-2300TDI-R)SOD nanocomposites—up to 35 GPa within the surface layers—that may be
explained by the presence of a partially ordered phase near the surface, which is extremely
sensitive both to the synthesis conditions (the evaporation rate of the solvent) and to surface
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effects. Contrary, coPUI (R-AItTDI-R)SOD is characterized by greater uniformity of values
(up to 4 GPa) and higher microhardness (up to 0.45 GPa). Again, this sensitivity makes it pos-
sible to vary the localization of the phase by introduction of carbon nanofillers. The greatest
changes in the elastic properties of coPUI (R-2300TDI-R)SOD nanocomposites were detected
with the addition of 1 wt.% SWCNTs.

4. Conclusions

The morphology, tribological, and local mechanical properties of new copolyurethane-imides
(coPUls) and nanocomposites based thereof were studied by AFM and NI methods. AFM
method in the contact mode of lateral forces revealed the presence of different phases on the sur-
face of synthesized samples. A relationship has been established between the presence of various
contrast phases and the chemical structure of the monomers used for synthesis. The ability to
control the roughness at the nanoscale for coPUI films on a free surface and on the surface adja-
cent to substrate is established, using solid substrates of various natures. These characteristics
are very important for obtaining materials with improved tribological properties. The AFM and
NI methods have shown that the adhesion force and the specific surface energy for synthesized
coPUlIs increase exponentially with an increase in the normal loading during indentation.

The NI method established the phase separation of coPUI films, which leads to significantly
different values of the microhardness on both sides of the copolymer films. The microhard-
ness on the free surface (facing to the air) is much higher than the microhardness of the sur-
face adjacent to the solid support. These results indicate the importance of controlling the
microhardness of both film surfaces at nano- and microscales.

Dependencies of microhardness and modulus of elasticity on the depth of indentation have been
obtained for initial coPUI (P-2300TDI-P)SOD and coPUI (R-AItTDI-R)SOD and nanocomposites
based thereof containing SWCNTs, graphene, and carbon nanofibers. It was found in our case
that for each synthesized coPU], there is only one type of carbon nanomaterials that exerts the
greatest influence on their characteristics. Thus, for coPUI (R-AItTDI-R)SOD, it is graphene, the
introduction of which leads to an increase in the modulus of elasticity on the free surface up to
4.14 GPa, and for coPUI (R-2300TDI-R)SOD, it is SWCNT, but in this case, the maximum values
of the elastic modulus E =42.82 GPa are observed on the surface adjacent to the substrate.

Analysis of the tribological characteristics of nanocomposites based on coPUI (P-2300TDI-P)
SOD showed that VGCF exerts the greatest effect on the decrease in C,_ and their introduction
in amounts about 1 wt.% leads to a decrease in C_ practically by a factor of 2. On the other
hand, when VGCF is introduced into the coPUI (R-AltTDI-R)SOD, C, remains practically
unchanged. And, when this coPUl is filled with graphene, an increase in C_is observed, appar-
ently because of a significant increase in the roughness of the surface of nanocomposite films.

Since the initial coPUI (P-2300TDI-P)SOD and coPUI (R-AItTDI-R)SOD films exhibit radi-
cally different values of the friction coefficient, C, = 0.362 and 0.174 for coPUI (P-2300TDI-P)
SOD and C, = 0.055 and 0.066 for coPUI (R-AltTDI-R)SOD, the introduction of WS, or WSe,
nanoparticles leads to different effects. Nanocomposites based on coPUI (R-2300TDI-R)SOD
with both types of nanoparticles have lower C, values than the copolymer matrix, while WSe,
nanoparticles have a greater effect on tribological properties of this coPUI and reduce the C,_
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more than twice. Conversely, the initial coPUI (R-AltTDI-R)SOD has a sufficiently low C,,
and the introduction of nanoparticles WS, and WSe, leads to its almost doubling.

The efficiency of multi-pass scanning tests is shown for investigating the tribological prop-
erties of modified copolymer systems. It is found that coPUI (R-AlItTDI-R)SOD and nano-
composites based thereof with SWCNT have the best tribological properties, while SWCNTs
are uniformly distributed in the material and cause homogeneous structuring at the nano-
level. As a result of studying the tribological properties of coPUI film surface using AFM
method with multi-pass scanning, it has been found that effective methods for improving
these properties can be either modification by SWCNTSs (up to 1 wt.%) or heating to 30°C.

Our results show that synthesized coPUI films and nanocomposites based thereof are very
promising materials for tribological applications and their physical-mechanical properties
can be controlled both by temperature and by mechanical action.
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