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It is shown that assessment of the properties of linear block-polyurethanes (BPUs) depending
on the hardness, which is usually assumed as a basis of their sorting, disregards the features
of the molecular structure and the nature of the initial components. A scientifically
substantiated approach to the creation of BPU-based materials with an optimal molecular
topology for tribological purposes was developed in this study. The effects of molecular
weight of linear block-polyurethanes and oligomeric glycols of the methylene series on the
deformation, thermophysical and tribological properties were investigated. Thus, the BPUs
with the molecular weight of oligoglycols in the range of 500 to 2000 exhibit an efficient
combination of high deformation characteristics and sufficient frame hardness. An increase
in the degree of crystallinity from 1% to 20% results in ordering the structure of the BPUs
and, consequently, a growth of elastic modulus from 15 MPa to 225 MPa. The use of
esters of regular structure contributes to the minimum values of residual elongation and
high wear resistance. In addition, the wearing intensity of BPUs with a molecular weight
of oligoglycol of about 500 and of regular structures is seven times less than of polyurethanes
based on oligoglycol with molecular weight of about 2000. It was also established that
BPUs with molecular weights, that correspond to the characteristic viscosity [n]=0.8—
1.0 dL/g, have the most optimal structural order, minimum values of wear intensity, and
a high heat resistance. The change in the coefficient of friction as a function of the
molecular weight is less pronounced, but it reproduces in detail the dependence of the
wear intensity on the molecular weight. The conducted research and established dependences
can be used to develop the branded range of BPUs.
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Introduction

The complexity of the chemical structure and
structural organization of linear block-polyurethanes
(BPUs) as well as a large number of factors governing
the interrelation of their chemical structure and
properties makes them very valuable materials with
widely varied ranges of properties. However, this also
obstructs the systematization of available data on
the relationship of their composition and properties.
As a result, the development of compositions of
materials based on BPUs, that are optimal for the
given conditions of production and exploitation
(taking into account the necessity to provide an
established complex of properties, availability of raw
materials, price, etc.), is performed mainly
empirically. Existing conceptions of the relationship
between composition and properties of BPUs are
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often contradictory and even erroneous [1—3].

Due to the above circumstances, one should
consider the influence of molecular-mass distribution
of macromolecules of the BPU, the chemical
structure and the size of elastic blocks when
developing noncontradictory views on the
relationships between the composition and properties
of BPUs.

Until recently, the hardness of BPUs was
assumed as a main basis to classify them. However,
this property can vary considerably. Recent studies
showed that the properties of BPUs depend on the
structure and molecular weight of oligoglycol
component. The growth of the molecular weight of
oligoglycol is accompanied by a decrease in the
content of urethane groups, which causes a decrease
in the strength and, accordingly, an increase in the

V.N. Anisimov, V.V. Anisimov



ISSN 0321-4095, Voprosy khimii i khimicheskoi tekhnologii, 2020, No. 3, pp. 20-25 21

elasticity and elongation. The value of the optimal
molecular weight of oligodiol depends on its nature
and is determined by its flexibility: the greater
flexibility of an oligoglycol molecule, the smaller
molecular weight allows obtaining polyurethanes with
optimal properties [4,5].

Saunders and Frish [6] investigated the
polyurethane systems based on 1,5-
naphthylenedisocyanate and oligoethylene
glycolladipate of different molecular weight and
showed that the properties of elastomers of a
molecular weight from 2290 to 3500 vary
insignificantly. Significant changes in properties were
observed when using oligoglycols with molecular
weight of 1385 to 2290 [6,7]. According to the
obtained data, the molecular weight of oligoester in
the range of 500 to 2000 was considered preferable.

If we compare the polyurethanes of the same
structure but with different molecular weight (for
example, 20,000 and 80,000), then we can see that
their hardness will differ by 2 times (Fig. 1), so the
elasticity, physical-mechanical and tribotechnical

properties will vary too.
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Fig. 1. Impact of molecular weight of BPUs on their hardness

It can be concluded that the estimation of wear
resistance of BPUs without taking into consideration
their molecular structure is inaccurate. Hence, it is
important to establish the relationship between the
structure and properties of polyurethanes taking into
account their chemical structure.

The purpose of this work was to study the effect
of the molecular weight of linear block-polyurethanes
and oligomeric glycols of different nature (synthesized
from adipic acid and methylene glycols) on the
deformation-strength and thermophysical
characteristics of BPUs.

Experimental

Linear block-polyurethanes with different
molecular structure were chosen as objects in this
study. As oligomeric glycols (OG), we used esters of

regular structure: oligobutylene glycolladipinate with
molecular weight of ~500 and ~2000 (designated as
OBGA,,, and OBGA,,, respectively). In addition,
esters with variable identity period, oligoethylene
glycoladipinate with a molecular weight of ~2000
(designated as OEGA,,,,) were studied. Urethane
groups were formed from 4,4'-diphenylmethane
diisocyanate (MDI). Low molecular weight glycol,
1,4-butanediol (butylene glycol) (BD), was
introduced to obtain the block structure of BPUs.

The samples were prepared under laboratory
conditions by one-step synthesis at the following mass
ratio: NCO:OH=1:1.

The molecular mass of BPU was varied by
introducing some multifunctional chain terminating
agents into the initial mixture. The molecular weight
(M) was controlled by measuring the characteristic
viscosity [n] of the BPU solutions in
dimethylformamide at the temperature of 303 K.
The dependence of [] on M can be analytically
described by the following power-law Mark—Houvink
equation:

[n]=1.2-10*-M"*".

To determine the elasticity modulus at tension
(E,), conditional tensile strength (f,), value of relative
elongation (e,), residual elongation (e), Shore
hardness number (H,) and Vicat softening
temperature (T,), standard methods of physical and
mechanical tests were used.

The studies of the wearing intensity and the
coefficient of friction for BPUs were carried out using
a disk friction machine with a «disk-finger sample»
scheme at the speed of 0.4 m/s for a partial loading
0.2 MPa.

Structural analyzer «Epiquant» was used to
study the topography of friction surfaces and the
nature of their destruction.

X-ray structural studies of the phase
composition of the developed materials were
performed by the DRON-2 installation. The X-ray
diffraction analysis was conducted in copper (Cuk)
radiation using a crystal-monochromator under the
following operating modes: the voltage of 20 kV, the
amperage of 10 mA and the measurement limit of
1000. The diffraction peaks were recorded in the
range of reflection angles of 5 to 150°. The double
angles were determined from the position of the peak
of the diffraction maximum. Then, the distance
between the atomic (molecular) layers in the volume
of amorphous polymers d (nm) was determined by
using the Wolf-Bragg equation from the reflection
angle of interplanar distances in the crystalline lattice
of amorphous crystalline polyurethanes [1].

Linear block-polyurethanes with optimal molecular topology for tribotechnology
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Conclusions about the changes in the structure of
the BPUs were drawn based on the intensities of the
peaks in the indicatrices of X-ray scattering.

The degree of crystallinity, C,, was determined
by the Matthew method [1] as the ratio of the surface
under the crystalline reflexes (S,) in the indicatrix to
the total surface under the coherent scattering curve
(S5,+8S,).

Results and discussion

First, the properties of linear block-
polyurethanes based on esters of a regular structure
and different molecular weights (OBGA,, and
OBGA,,) were studied. In addition, we investigated
the characteristics of linear block-polyurethanes with
a variable period of identity (OEGA,y,) at a
minimum content of hard blocks, i.e. when
OG:BD:MDI=1:0:1. The obtained results are
summarized in Table 1.

Table 1
Properties of BPUs based on esters of different structure
with a minimum content of hard blocks

Parameter BPU based on oligoesters
OBGA,000| OEGA900| OBGA 549

Shore hardness (Hy), 60 30 37
units
Elasticity modulus at
tension(E,), MPa 225 70 15
Conditional stretching
strength (f,), MPa 70 25 63
Relative elongation at 500 530 500
rupture (g,), %
Residual elongation
). % 5 220 5
Melt t ture (T),
OCe emperature (T) 58 77 48
Degree of
crystallinity C,, % 20 i !
Wearing intensity,
110°, g/km 180 800 25

Note: * — friction without lubrication at P=0.1 MPa and V=0.2
m/s.

An increase in the degree of crystallinity from
1% to 20% contributes to the ordering of the BPUS
structure and, consequently, the growth of the
elasticity modulus from 15 MPa to 225 MPa. The
use of regular structure esters allows minimizing the
residual elongation and provides a high wear
resistance. In addition, BPUs with OG having
molecular weight of ~500 and with regular structure
show the wear intensity that is 7 times less than that

of polyurethanes based on OG with molecular weight
of ~2000.

Thus, the data presented in Table 1 indicate
that the consideration of only a hardness value is
insufficient to evaluate the properties of a BPU. It is
necessary to take into account the orderliness and
molecular weight of oligoglycols, which are part of
their composition.

The influence of the molecular weight of linear
block-polyurethanes on their properties is presented
below. It was established that the dependences of
the wearing intensity on the characteristic viscosity
revealed an extremum for all studied systems. There
are three characteristic segments in the obtained
dependences (Fig. 2). Polyurethanes of the first area
([n]=0.4—0.8 dL/g) are characterized by large values
of the wearing intensity.
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Fig. 2. Dependences of the wear intensity of linear
block-polyurethanes on the characteristic viscosity
(V=0.4 m/s, P=0.2 MPa): 1 — OBGA;,:BD:MDI=1.0:0.5:1.5;
2 — OBGA,,;:BD:MDI=1.0:1.5:2.5;

3 — OBGA;,:BD:MDI=1.0:3.0:4.0;

4 — OEGA,y:BD:MDI=1.0:0.5:1.5;

5 — OEGA,y:BD:MDI=1.0:4.0:5.0

With an increase in [n] from 0.4 to 0.8 dL/g
(the molecular weight reaches the values of 50,000),
a rapid decrease in the intensity of wear was observed.
There is an increase in the physical and mechanical
characteristics of polyurethanes in this interval [7,8].
Deep debris traces were revealed when studying the
friction surfaces of these BPUs by optical microscopy
(Fig. 3,a). A mechanism of wear due to the formation
of «rollers» is preferable, and the products of wear
in this case look like large particles and flakes. This
mechanism is especially typical of materials with a
minimum content of butanediol (0.5 mol).

With an increase in molecular weight, the
intensity of materials wear is significantly stabilized
and, accordingly, a second area in the plots appears
at the characteristic viscosity in the range of 0.8 to
1.0 dL/g (Fig. 2) that corresponds to the molecular
weight within the range of 50,000 to 70,000. It was
established that fatigue mechanism of wearing is

V.N. Anisimov, V.V. Anisimov



ISSN 0321-4095, Voprosy khimii i khimicheskoi tekhnologii, 2020, No. 3, pp. 20-25 23

c

Fig. 3. Microphotographs of the friction surfaces of BPU based on OBGA;, at different values of the characteristic viscosity
(friction without lubrication): a — [n]=0.4—0.8 dL/g; b — [n]=0.8—1.0 dL/g; ¢ — [n]=1.0—1.5dL/g
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Fig. 4. X-ray scattering indicatrices for polyurethanes based on OBGA,,, with different molecular weight and butanediol content:
la — [n]=0.52 dL/g; 2a — [n]=0.87 dL/g; 3a — [n]=1.2 dL/g; 4a — [n]=1.48 dL/g; 1b — [n]=0.42 dL/g; 2b — [n]=0.66 dL/g;
3b — [n]=1.06 dL/g; 4b — [n]=1.23 dL/g; 5b — insoluble; 1c — [n]=0.6 dL/g; 2c — [n]=0.84 dL/g; 3c — [n]=1.52 dL/g;
4c — insoluble

preferred in this case (Fig. 3), and the wear products
have a form of finely dispersed powder. Block-
copolyurethanes with a viscosity [n]=0.8—1.0 dL/g
have a maximum wear resistance.

The third area includes materials, for which
characteristic viscosity exceeds 1.0 dL/g (M>70,000).
In this case, the intensity of wear does not change
with increasing [n] or insignificantly increases
(Fig. 2). Optical observations showed that the friction
surfaces contained traces of microcutting in the form
of furrows, which were located along the slip direction
(Fig. 3,b). That indicated a predominantly abrasive
nature of wear. Despite the fact that the intensity of
wear remained at a satisfactory level, a decrease in
such important physical-mechanical parameters as
the value of relative elongation at rupture, the
resistance to bending, and the conditional stress
during elongation was established [7]. Hence, it is
not advisable to consider the synthesis of
polyurethanes with molecular weights of more than
70,000 units and their application for epy production
of wear-resistant parts of machines and aggregates.

The change in coefficient of friction with
molecular weight is less expressed, but it repeats in
detail the dependence of the wear intensity on the

value of molecular weight.

The analysis of X-ray patterns (Figs. 4 and 5)
showed that the expressed formation of crystallines
is noticeable in the structure of polyurethanes at the
angles of scattering in the range of 20=19—24° with
an increase in the characteristic viscosity up to 0.8—
1.0 dL/g, the parameters of the crystal lattice being
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Fig. 5. X-ray scattering indicatrices for polyurethanes based
on OEGA,, with different molecular weight and butanediol
content: la — [n]=0.61 dL/g; 2a — [n]=0.89 dL/g;
3a — [n]=1.2 dL/g; 4a — [n]=1.46 dL/g; 1b — [n]=0.58 dL/g;
2b — [n]=0.89 dL/g; 3b — insoluble, 5a — insoluble
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Table 2
Structure and properties of BPUs based on OBGA;, of different characteristic viscosity
Parameter Ratio of initial Characteristic viscosity [n], dL/g
components 0.4 0.8 1.0 1.2 insoluble
1:0.5:1,5 321 343 349 335 310
Upper limit of the softening temperature, K 1:1.5:2,5 402 415 430 418 410
1:3.0:4.0 377 418 458 461 475
. . 1:0.5:1.5 6 — — — —
frfll(‘;‘rt;;gl‘l’sf fég?:ss"sf ‘;gysf,zlhne and 1.1.5:2.5 9 42 43 3.0 58
e 1:3.0:4.0 12 11 10.5 9 5
19.5
1:0.5:1.5 22.0 - - - -
23.5
. 19.1 19.2 18.7 19.0 19.0
;/ea;ue of the double angle of reflection 26, 111525 215 215 207 273 233
234 23.35 22.5 — —
1:3.0:4.0 19.4 19.4 19.4 19.4 19.3
23.6 23.6 23.6 23.5 234
0.458
1:0.5:1.5 0.42 - - - -
0.377
Interplanar distance (crystal lattice 0.46 0.46 0.48 0.46 0.46
parameter), nm 1:1.5:2.5 0.412 0.412 0.425 0.38 0.38
0.38 0.38 0.39 — —
1:3.0:4.0 0.457 0.459 0.459 0.459 0.459
T 0.376 0.379 0.379 0.379 0.379
0.36—0.48 nm (Table 2). A further increase in the Conclusions

molecular weight causes the disordering of the
structure, which is confirmed by the presence of a
wide amorphous halo with a maximum at 20=20°.

As follows from the analysis of thermograms,
the heat resistance of the investigated polyurethanes
also depends on the molecular weight of the polymer
(Table 2). With increasing molecular weight
(In]=0.8—1.0 dL/g), a noticeably sharp increase in
the softening temperature is observed. For molecular
weights corresponding to [n]>1.0 dL/g, the heat
resistance of polyurethanes is reduced. We detected
an increase in the heat resistance in the whole interval
of [h] only for the BPUs based on OBGA,, with
the content of the BD of about 3.0 moles and for
BPUs based on OEGA,,, with the content of the
BD of about 0.5 moles. This is due to the peculiarities
of the formation of the BPUs structure at a given
ratio of components.

Thus, from the point of view of tribotechnical
characteristics, an optimal value of molecular weight
of linear block-polyurethanes is close to [n]=0.8—
1.0 dL/g.

1. It was established that the assessment of
BPUs properties using only their hardness, which is
currently generally accepted, is inaccurate and greatly
complicates the systematization of the available data
on the relationships between their composition and
properties. So, if we compare polyurethanes of the
same structure, but with different molecular weights
(for example, 20,000 and 80,000), then their hardness
will differ by two times; hence elasticity, physical-
mechanical and tribological characteristics will be
different.

2. In accordance with the obtained data, it is
necessary to take into account the ordering and
molecular weight of oligoglycols, which was
considered preferable in the range of 500—2000.

3. Linear block-polyurethanes of molecular
weight corresponding to the characteristic viscosity
[n]=0.8—1.0 dL/g reveal the most optimal structural
order, the minimum values of wear rate and a high
heat resistance.

4. The obtained results can be assumed as a
scientific basis for the development of branded ranges
of BPUs.
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JITHIVIHI BJIOK-IIOJIYPETAHU 3 OIITUMAJIBHOIO
MOJEKYJAPHOIO TOIIOJOTIEIO 111
TPUBOTEXHIKHN

B.M. Anicimos, B.B. Anicimos

Tlokaszana Heob’ekmueHicmv OYIHIOBAHHA 6AACMUBOCTE
AiHitHUX 6n0k-noaiypematie (BI1Y) 6 3arexncnocmi 6id meepdocmi,
AKa, K NPAguao, 3aKaadeHa 8 0CHOBY ix MApKy8aHHs i He 8pPaxo8ye
ocobausocmeil MoaeKyAspHoi Oydoeu i npupoou BUXIOHUX KOMHO-
Henmie. Po3pobaeno Haykoeo-o6rpyHmosanuti nioxio 0o cmeopents
mamepianie oas mpubomextiku Ha ocHosi BI1Y 3 onmumansHoro
MONCKYASIPHOI0 MON0A02IER. Jl0CAi0NCeH0 6nauU6 MOACKYAIPHOT macu
NIHIUHUX 6A0K-NOAIYPeMAaHie i 0nie0MepHUX eAUKOAI8 MeMUAeH080-
20 ps0y Ha deqhopMayiliHO-MiYHICHI, menao@izuuni i mpubomexHiuHi
xapakmepucmuku. Tak, BI1Y 3 monekyaspHoro macorw onieoeni-
Koaie 6 dianaszoni 500—2000 maroms payionanvHe NOEOHAHHS UCO-
Kux deghopmayitiHux xapakmepucmux i docmamHnvoi KapkacHoi xcop-
cmiocmi. 30invuwenns cmynens kpucmaniynocmi 3 1% do 20%
chpusie ynopsiokyeaunio cmpykmypu BI1Y i, omoce, 3pocmanHio
mooyas npysciocmi 3 15 MIla do 225 Mlla. 3acmocysanus ec-
mepig peeyasapHoi 6y008u cnpusie MiHIMAAbHUM 3HAYEHHIM 3aAUUL-
K068020 n0008ceHHs | 8Ucokoi 3Hococmitikocmi. Kpim moeo, BITY 3
monexyaaproi macoro OI' ~500 peeyasproi 6ydosu maroms 6 7 pazie
MEHULY IHMEHCUGHICMb 3HOUYBAHHA Y NOPIGHAHHI 3 NOALYpemMaHamu
Ha ocnosi OI' ~2000. Taxoxnc ecmanoenero, wo bI1Y 3 morexkyrsap-
HOI macoro, wo eionosidae nokasnuky 6 ’azkocmi [n]=0,8—1,0 on/e,
Marme HaubiAbW ONMUMAABHY CMPYKMYPHY GHOPAOKOBAHICMb,
MIHIMANAbHI 3HAYEHHS IHMEHCUBHOCMI 3HOWYBAHHA MA UCOKY men-
Jaocmitikicms. 3mina Koegiyienma mepms 8i0 MoAeKYAAPHOT macu
HOCUMb MeHWl 8UPAJICeHULl Xapakmep, aie NoGMope 6 0emansx
3aneJcHiCMb IHMEHCUBHOCMI 3HOULYBAHHS 6i0 MOAEKYAAPHOI Macu.
IIpoeedeni docaioxncennss i 6cmano6aeHi 3aKOHOMIPHOCIE MOXCYMb
CAYIHCUMU HAYKOBOIO OCHOBOIO NPU PO3PO0OUI MAPOUHO20 ACOPMU-
menmy BITY.

Kaiouosi caosa: 610K-mosiypeTtaH, MoJieKyJsipHa
TOTIOJIOTiSI, KpUCTAIIYHICTh, B SI3KiCTh, MOJIEKYJISIPHA Maca.
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It is shown that assessment of the properties of linear block-
polyurethanes (BPUs) depending on the hardness, which is usually
assumed as a basis of their sorting, disregards the features of the molecular
structure and the nature of the initial components. A scientifically
substantiated approach to the creation of BPU-based materials with an
optimal molecular topology for tribological purposes was developed in
this study. The effects of molecular weight of linear block-polyurethanes
and oligomeric glycols of the methylene series on the deformation,
thermophysical and tribological properties were investigated. Thus, the
BPUs with the molecular weight of oligoglycols in the range of 500 to
2000 exhibit an efficient combination of high deformation characteristics
and sufficient frame hardness. An increase in the degree of crystallinity
from 1% to 20% results in ordering the structure of the BPUs and,
consequently, a growth of elastic modulus from 15 MPa to 225 MPa.
The use of esters of regular structure contributes to the minimum values
of residual elongation and high wear resistance. In addition, the wearing
intensity of BPUs with a molecular weight of oligoglycol of about 500
and of regular structures is seven times less than of polyurethanes based
on oligoglycol with molecular weight of about 2000. It was also established
that BPUs with molecular weights, that correspond to the characteristic
viscosity [n]=0.8—1.0 dL/g, have the most optimal structural order,
minimum values of wear intensity, and a high heat resistance. The
change in the coefficient of friction as a function of the molecular weight
is less pronounced, but it reproduces in detail the dependence of the
wear intensity on the molecular weight. The conducted research and
established dependences can be used to develop the branded range of

BPUs.
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