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We showed that the development of recommendations for a reasonable choice of linear
block copolyurethanes that would be optimal for given operating conditions is still intuitive
and does not consider the features of the molecular structure and the nature of initial
components. We suggested a new scientifically grounded approach to the creation of
linear block-copolyurethanes with increased wear resistance in relation to strength,
deformation, thermophysical and tribotechnical characteristics. To simplify analysis of the
properties of the studied materials, a mathematical model was developed, which describes
the relationship between all considered properties of materials and their structure. We
proposed to assess the relationship between structure and properties of the investigated
materials by using quality indexes. Maximum values of quality indexes, depending on the
operating conditions, correspond to different contents of hard blocks (Pc), and, consequently,
to different molecular structure of the studied polyurethanes. Thus, it is reasonable to use
block-copolyurethanes based on OBGA500 with a maximum content of hard blocks (Ðñ>60%)
for operating conditions where it is necessary to provide high strength characteristics.
Polyurethanes synthesized with the formation of clusters of hard blocks in the range of
45–55% are recommended for the use as wear-resistant materials.
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Introduction
It is known that polyurethanes are universal
and widespread polymers. This is due to the wide
possibilities of changing their chemical composition,
structure and properties [1]. Polyblock-polyurethanes
of linear structure attract particular attention. They
have a successful combination of properties: high
strength combined with elasticity, satisfactory oil and
gas resistance, resistance to shock loads and vibrations
[2]. The experience of using these materials, including
3D prototyping methods, has been accumulated in
all industries without exception [3,4]. However, the
development of practical recommendations related
to the justification of the choice of blockcopolyurethanes (BPU), optimal for specific
operating conditions, is mainly intuitive. Therefore,
the studies of relationship between the structure of
linear block-copolyurethanes and strength,
deformation, thermophysical and tribological
characteristics as well as mathematical prediction of
their behavior under different operating conditions,
taking into account the quality indicators of the
© V.N. Anisimov, V.V. Anisimov, 2021

V.N. Anisimov, V.V. Anisimov

material, are of great practical importance for the
use in industry.
Experimental
Linear block-copolyurethanes of various
morphologies were studied in this work. We used
the esters of a regular structure: oligobutylene glycol
adipate with a molecular weight of ~500 (OBGA500).
Ure than e groups were fo rmed fro m 4,4'diphenylmethane diisocyanate (MDI). To create a
block structure of BPU, a low molecular weight glycol
(1,4 butanediol, butylene glycol, BD) was introduced
[5,6].
The main characteristics of the initial
components used for the synthesis of polyurethane
block-copolymers (BPU OBGA500) are given in Table 1.
The samples were obtained under laboratory
conditions by a one-stage synthesis in mass at the
molar ratio of NCO:OH=1.0:1.0.
The morphological structure was varied by
changing the ratio of butanediol to oligoester during
synthesis. With an increase in the amount of
butanediol, an increase in the content of rigid blocks
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Table 1
Initial components that are used for the synthesis of block-copolyurethanes BPU OBGA500 [5,6]

Component

Oligobutylene
glycol adipate
4,4-methylene
diphenyl
diisocyanate
1,4-butanediol
(butylene glycol)

Average
Abbreviated
molecular Purpose
designation
weight

Chemical formula

OBGA500

500

Тm=19.90С, mass fraction
of hydroxyl groups is
oligoester НО[–CO(CH2)4–COO(CH2)4O–]nH
1.6–1.9%, acid number is
1.3 mg КОН/g

MDI

250

isocyanate

OCN–C6H4–CH2–C6H4–NCO

BD

90

chain
extension

HО–(CH2)4–OH

(Pc) in block-copolyurethanes is observed, which was
determined as a part of a molecule with a low
molecular weight diol according to the following
expression:

Pc 

Characteristics

90n  250(n  1)
100%,
aМ oe  90n  250(n  1)

(1)

where Ðñ is the content of hard blocks (%); Ìoe is
the molecular weight of oligoester (500); 90 stands
for the molecular weight of butanediol; 250 stands
for the molecular weight of diisocyanate; à is the
number of moles of oligoester; n is the number of
moles of butanediol; and (n+1) is the number of
moles of diisocyanate.
Polyurethane block-copolymers with a content
of hard blocks (Pc) in the range from 33% to 72%
were investigated, this allowed studying polymers with
a wide range of properties.
Experimental results were obtained using
standard methods of physical-mechanical tests,
X-ray structural and thermomechanical analyzes as
well as special methods for studying the processes of
friction and wear of BPU in the absence of lubrication,
water, and in the flow of abrasive particles [7].
Results and discussion
To create materials with preset complex of
properties, it is necessary to conduct a large number
of experiments and analyze the results. The more
experimental studies are conducted, the more
accurate the recommendations can be given. Thus,
to create polymeric materials based on blockcopolyurethanes with enhanced wear resistance, it
is necessary, at least, to trace the relationship between
the ir s tructure and strengt h, deformation,
thermophysical and tribological characteristics.
As an example, Table 2 presents the results of
determining the physical-mechanical characteristics
of polyurethane block-copolymers based on

Тm=390С, Тb=1570С,
=1190 kg/m3
Тm=300С, Тb=2030С

oligoesters of a regular structure (BPU OBGA500).
As follows from Table 2, the residual elongation
() of polyurethane block-copolymers increases
rapidly with increasing the amount of butanediol
and, accordingly, the content of hard blocks. The
same rapid growth is observed for elastic modulus
(Ep), hardness (HA), Vicat softening temperature (Tp)
and degree of crystallinity (S k ). The relative
elongation (ð) decreases with an increase in the
content of rigid blocks. The dependence of ð on Ðñ
has an S-like character: there are two inflection points
at Ðñ=46% and Ðñ=54%. The conditional tensile
strength (fð) vs. Ðñ dependence has an extreme
character with a minimum in the range Ðñ=46–54%.
Tribological characteristics under friction conditions
without lubrication and friction in water have similar
views, and the value of gas abrasive wear intensity
has a plateau in the range Ðñ=46–54%.
Tabular and graphical representation of the
whole results concerning the BPU research is
difficult, although it gives the most complete
information about their properties. In addition, these
methods of representation provide low accuracy of
results and lead to a large number of errors due to
the human factor, which is unacceptable.
To simplify analysis of the properties of the
studied materials, a mathematical model was
developed, which describes the relationship between
the mentioned properties of materials and their
structure.
The described system is a set of functions of
one argument, Pc. Functions are given graphically.
After approximating any individual dependence, we
obtained a set of regression equations that allow
describing the relationship between all the
characteristics of the studied BPU and thus predicting
the probable possibility of their application in specific
production conditions.
Input data are entered in the form of column
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Table 2

The amount of butanediol, mol

Content of hard blocks, Рс, %

Conditional tensile strength, fр, MPа

Elastic modulus, Ер, MPа

Elongation at rupture, р, %

Residual elongation, , %

Shore hardness, scale А, conventional units

Vicat softening temperature, Тр, K

Degree of crystallinity, Ск, %

Wearing intensity during friction without
lubrication, Іс104, g/km (Р=0.2 MPa,
V=0.4 m/s)

Coefficient of friction without lubrication, fс
(Р=0.2 MPa, V=0.4 m/s)

Wearing intensity during friction in water,
Іb104, g/km (Р=0.2 MPa, V=2.3 m/s)

Coefficient of friction in water,
fb (Р=0.2 MPa, V=2.3 m/s)

Intensity of gas abrasive wearing,
Кg103, g/kg (V=76 m/s, =450)

Physical-mechanical characteristics of block-copolyurethanes based on OBGA500:BD:MDI
of various morphological structure

0
0.5
1
1.5
2
2.5
3

33
46
54
60
65
69
72

63
61
61.5
62
63
63.5
64

15
95
180
650
820
–
–

500
470
370
360
350
350
350

5
28
90
150
235
280
300

87
96
97
98
99
99
99

321
323
463
450
463
488
490

~0
~0
3.4
6.5
7.4
6.5
4.3

18
2.5
3.5
4
4.5
5
5.5

2
1.2
0.95
1
1.05
1.1
1.15

33
24
18
19
20
21
22

0.8
0.35
0.3
0.33
0.36
0.39
0.4

–
8
15
30
45
62
80

vectors; variables are marked with the lower index
«exp»; the index «exp» is discarded after the transition
to approximating functions.
The «linfit» function of Mathcad package is
used to approximate each individual function. Figure
1 shows a fragment of the Mathcad document, which
approximates the dependence of intensity of wear
during friction without lubrication on the content of
hard blocks Ic(Pc).
The variables Pc.exp and l c.exp in Fig. 1 are

designated as X and Y, respectively. This operation
is performed to unify the core of the approximation
unit, which includes calculating the vector of the
coefficients a of the regression equation using the
functions S(X) and linfit(X, Y, S (X)) and creating
the form of the regression equation by function y(x).
After that, the results of the block core are recoded
into a more perceptible form and displayed on the
screen as a regression equation. Coefficients with
very small numerical values are not discarded,

Fig. 1. Mathcad block for approximation of the function Ic(Pc)
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because they, as usual, stand at members of a
polynomial with high exponents and significantly
affect the accuracy of the approximation.
The results of the approximation of the function
Ic(Pc) are presented graphically in Fig. 2.

Kg15 (Pc )  3.09 105  Pc 4  7.55 103  Pc 3 
0.66Pc 2  25Pc  334;
Kg 30 (Pc )  3.88 105  Pc 4  9.12 103  Pc 3 
0.772Pc 2  28.4Pc  368;

Kg 45 (Pc )  1.67 105  Pc 4  4.47 103  Pc 3 
0.413Pc 2  16.4Pc  232;
Kg 60 (Pc )  4.67 105  Pc 4  0.011103  Pc 3 
0.923Pc 2  33.3Pc  437;
Fig. 2. Results of function approximation Ic(Pc) (Ð=0.2 MPa,
V=0.4 m/s)

For each individual function, the optimal degree
of a polynomial can vary depending on the
complexity of its behavior. Whenever possible,
polynomials of lower degrees are used. Taking into
account that the number of experimental points is
7, the greatest appropriate degree of the polynomial
is 6, in which the curve accurately passes through all
the experimental points. The use of approximating
functions of another type (not polynomial) is also
not appropriate in this case, because then there are
additional limitations on the method of solving the
basic system of equations.
After approximating all the curves, we obtain
the following system of algebraic equations (2):
f p (Pc )  7.74 105  Pc3  0.0166Pc 2  1.03Pc  80.5;
3

2

E p (Pc )  0.0164Pc  1.25Pc  23.8Pc  6.21;

ε(Pc )  5.62Pc 4  0.115Pc3  8.32Pc 2  260Pc  2962;
3

3

2

H A (Pc )  2.4 10  Pc  5.24 10  Pc  0.412Pc 
13.4Pc  240;
TA (Pc )  7.59 108  Pc 6  2.79  Pc5  3.9 103  Pc 4 
0.259Pc3  8.15Pc 2  97.4Pc  11.4;
8

6

4

(2)
5

where Kg15, Kg30, Kg45, Kg60, Kg90 are the abrasive
wear at the angles of attack of 150, 300, 450, 650, and
900, respectively.
Due to the origin of equations of this system
(data approximation), only two variables occur
simultaneously in each equation. The total number
of equations is 16. The total number of variables is
17, that is why in this state the system does not have
a single solution.
Boundary conditions (initial and final) which
are imposed on the system are shown in (3):

Pc  33..72%

f c (Pc )  1.04..1.98

f p (Pc )  61..64

I c (Pc )  2.45  104..7.8  104

ε r (Pc )  350..507 I b (Pc )  1.9  103..3.2  102

294Pc  3133;
4

0.66Pc 2  23Pc  295,

E p (Pc )  7..1369 f b (Pc )  0.235..0.9

ε p (Pc )  4,55 104  Pc 4  0.103Pc3  8,49Pc 2 

3

Kg 90 (Pc )  3.73 105  Pc 4  8.22 103  Pc 3 

4

4

C k (Pc )  2.68 10  Pc  7.25 10  Pc  7.56 10  Pc 

ε(Pc )  10..301

Kg15 (Pc )  7.1..31

H A (Pc )  87..99

Kg30 (Pc )  11.5..38

Tp (Pc )  32..215

Kg 45 (Pc )  1.6..32.9

C k (Pc )  0..7.4

Kg60 (Pc )  1.9..22

(3)

Kg90 (Pc )  3.4..6.4

0.0378Pc3  0.906Pc 2  8.35Pc  0.98;
f c (Pc )  8.26 106  Pc3  2.32 103  Pc 2  0.196Pc  6.21;
Ic (Pc )  4.18 10 13  Pc 6  5.94 1011  Pc 5  5.16 1010  Pc 4 
4.67 107  Pc 3  2.61 10 5  Pc 2  4.49 104  Pc  5.25 105 ;
f b (Pc )  1.85 109  Pc6  5.61107  Pc5  6.75 105  Pc 4 
4.04 10 3  Pc3  0.12Pc 2  1.41Pc  0.166;
I b (Pc )  4.69  108  Pc3  9.48 106  Pc 2  6.16Pc  0.0149;

There are a few ways to use these equations on
practice. One of the most important is the task of
finding the best combination of material properties
and structure from the standpoint of a given
parameter, which would reflect the quality of the
composition.
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In the simplest case, it is possible to set the
content of the hard blocks Pc or other characteristic
of the BPU and calculate all the other characteristics.
However, in practice, as a rule, firstly, the exact
value of this target parameter is not always known,
and secondly, it is often necessary to obtain a BPU
with whole set of specified properties. In this case, it
is necessary to use weight coefficients for each
parameter.
There are simple examples of using weights to
obtain a material with preset properties.
Let’s introduce the quality index of the material
Q, which is an integrated assessment of a given set
of characteristics.
It should be noted that for adequate usage of
Q all functions must be reduced to same interval of
variation, for example to 0...1, otherwise the influence
of some functions will prevail over others. The sign
«–» in front of one of the parameters indicates that
its growth leads to a decrease in the quality of the
material. For example, the greater value of the wear
intensity Ic, the worse quality of the material is,
accordingly, the lower the value of the parameter Q
is obtained. Such parameters are shown in expressions
(4):

Q(Pc )  Q fm (Pc )  Qfr (Pc )  Q ab (Pc );
Qfm (Pc )  f r (Pc )  E p (Pc )   p (Pc ) 
(Pc )  H A (Pc )  Tp (Pc )  Ck (Pc );
Qfr (Pc )  f с (Pc )  Ic (Pc )  f b (Pc )  I b (Pc );
(4)
Qab (Pc )  Kg15 (Pc )  Kg 30 (Pc )  Kg 45 (Pc ) 
Kg 60 (Pc )  Kg 90 (Pc );
q(Pc )  I c (Pc )  H A (Pc ),
where Q is the integrated quality parameter; Qfm is
the quality parameter which takes into account only
the physical and mechanical characteristics; Qfr is
the quality parameter which takes into account only
the tribological characteristics; Qab is the quality
parameter which takes into account only the
characteristics of abrasive wear; and q is the quality
parameter that takes into account only the intensity
of wear during friction without lubrication and
hardness, but preferably hardness.
Now it is possible to find the maximum values
of quality parameters by traditional methods of
finding extremum, then determine corresponding
values of Pc, and finally the values of all other
characteristics. Figure 3 shows not only the points
of quality maximum but also the graphs of quality
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parameters in the entire range of Pc.

Fig. 3. Graphic dependences of quality parameters on the
parameter of morphological structure Ðñ of BPU based on
OBGA500: 1 – Q vs. Pc; 2 – Qfm vs. Pc; 3 – Qf vs. Pc;
4 – Qab vs. Pc; 5 – q vs. Pc

Figure 3 clearly shows that the maximum values
of quality parameters, depending on the operating
conditions, correspond to different contents of rigid
blocks P c, and, consequently, to the different
molecular structure of the studied polyurethanes.
Thus, for operating conditions where it is necessary
to provide a high complex of strength characteristics,
it is reasonable to use BPU based on OBGA500 with
the maximum maintenance of hard blocks (Ðñ>60%).
For usage as wear-resistant materials, the synthesis
of polyurethanes with the formation of cluster of
hard blocks in the range of 45–55% is recommended.
The proposed approach can become a scientific
basis for the development of a branded range of linear
block-copolyurethanes.
Conclusions
1. It was established that the development of
recommendations for a reasonable choice of linear
block-copolyurethanes is mainly intuitive.
2. It was proposed to assess the relationship
between structure and properties of investigated
materials using quality parameters.
3. By using polyurethane block-copolymers of
regular structure based on OBGA500 as an example,
a mathematical model has been developed that clearly
describes the relationship between the morphological
parameter of the structural organization Pc and
strength, deformation, thermophysical and
tribological characteristics.
4. The obtained dependences allow predicting
the behavior of the investigated BPU under different
operating conditions, taking into account the quality
parameters of the material.
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ÏÐÎÃÍÎÇÓÂÀÍÍß ÂËÀÑÒÈÂÎÑÒÅÉ Ë²Í²ÉÍÈÕ
ÁËÎÊ-ÊÎÏÎË²ÓÐÅÒÀÍ²Â ÍÀ ÎÑÍÎÂ² ÎË²ÃÎÅÑÒÅÐ²Â
²Ç ÐÅÃÓËßÐÍÎÞ ÁÓÄÎÂÎÞ
Â.Ì. Àí³ñ³ìîâ, Â.Â. Àí³ñ³ìîâ
Ïîêàçàíî, ùî ðîçðîáêà ðåêîìåíäàö³é ùîäî îá´ðóíòîâàíîãî âèáîðó ë³í³éíèõ áëîê-êîïîë³óðåòàí³â, ÿê³ º îïòèìàëüíèìè äëÿ ïåâíèõ óìîâ åêñïëóàòàö³¿, º ïåðåâàæíî ³íòó¿òèâíîþ òà íå âðàõîâóº îñîáëèâîñòåé ìîëåêóëÿðíî¿ ñòðóêòóðè òà ïðèðîäè âèõ³äíèõ êîìïîíåíò³â. Ðîçðîáëåíî íàóêîâî
îá´ðóíòîâàíèé ï³äõ³ä äî ñòâîðåííÿ ë³í³éíèõ áëîê-êîïîë³óðåòàí³â ³ç ï³äâèùåíîþ çíîñîñò³éê³ñòþ â³äíîñíî ì³öíîñò³,
äåôîðìàö³¿, òåïëîô³çè÷íèõ ³ òðèáîòåõí³÷íèõ õàðàêòåðèñòèê.
Äëÿ ñïðîùåííÿ àíàë³çó âëàñòèâîñòåé äîñë³äæóâàíèõ ìàòåð³àë³â áóëà ðîçðîáëåíà ìàòåìàòè÷íà ìîäåëü, ÿêà îïèñóº âçàºìîçâ’ÿçîê ì³æ óñ³ìà íàäàèìè âëàñòèâîñòÿìè ìàòåð³àë³â òà
¿õ ñòðóêòóðîþ. Çàïðîïîíîâàíî îö³íþâàòè âçàºìîçâ’ÿçîê ì³æ
ñòðóêòóðîþ òà âëàñòèâîñòÿìè äîñë³äæóâàíèõ ìàòåð³àë³â çà
äîïîìîãîþ ïàðàìåòð³â ÿêîñò³. Ïîêàçàíî, ùî ìàêñèìàëüí³
çíà÷åííÿ ïàðàìåòð³â ÿêîñò³ çàëåæíî â³ä óìîâ åêñïëóàòàö³¿
â³äïîâ³äàþòü ð³çíîìó âì³ñòó òâåðäèõ áëîê³â Pc, à îòæå, ð³çí³é
ìîëåêóëÿðí³é ñòðóêòóð³ äîñë³äæóâàíèõ ïîë³óðåòàí³â. Òîìó
äëÿ óìîâ åêñïëóàòàö³¿, äå íåîáõ³äíî çàáåçïå÷èòè âèñîêèé
êîìïëåêñ ì³öí³ñíèõ õàðàêòåðèñòèê, ðàö³îíàëüíî âèêîðèñòîâóâàòè áëîê-êîïîë³óðåòàí³â íà îñíîâ³ OBGA500 ç ìàêñèìàëüíèì âì³ñòîì òâåðäèõ áëîê³â (Ðñ>60%). Äëÿ âèêîðèñòàííÿ ÿê çíîñîñò³éêèõ ìàòåð³àë³â ðåêîìåíäóþòüñÿ ïîë³óðåòàíè,
ñèíòåçîâàí³ ç óòâîðåííÿì ñêóï÷åííÿ òâåðäèõ áëîê³â â ìåæàõ
45–55%.
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Êëþ÷îâ³ ñëîâà: ë³í³éíèé áëîê-êîïîë³óðåòàí, îë³ãîåñòåð,
ô³çèêî-ìåõàí³÷í³ õàðàêòåðèñòèêè, ³íòåíñèâí³ñòü çíîøóâàííÿ,
ïîêàçíèê ÿêîñò³ ìàòåð³àëó.
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We showed that the development of recommendations for
a reasonable choice of linear block copolyurethanes that would
be optimal for given operating conditions is still intuitive and
does not consider the features of the molecular structure and the
nature of initial components. We suggested a new scientifically
grounded approach to the creation of linear block-copolyurethanes
with increased wear resistance in relation to strength, deformation,
thermophysical and tribotechnical characteristics. To simplify
analysis of the properties of the studied materials, a mathematical
model was developed, which describes the relationship between
all considered properties of materials and their structure. We
proposed to assess the relationship between structure and properties
of the investigated materials by using quality indexes. Maximum
values of quality indexes, depending on the operating conditions,
correspond to different contents of hard blocks (Pc), and,
consequently, to different molecular structure of the studied
polyurethanes. Thus, it is reasonable to use block-copolyurethanes
based on OBGA500 with a maximum content of hard blocks
(Ðñ>60%) for operating conditions where it is necessary to provide
high strength characteristics. Polyurethanes synthesized with the
formation of clusters of hard blocks in the range of 45–55% are
recommended for the use as wear-resistant materials.
*

Keywords: linear block-copolyurethane; oligoester; physical
and mechanical characteristics; wear intensity; material quality
index.
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