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We showed the inability to evaluate the properties and the processing conditions of

polyurethanes based of their hardness, although such evaluation is usually used in their

marking, this approach does not take into account the peculiarities of molecular structure

and the nature of the initial components. A scientifically substantiated approach to the

creation of materials based on block-polyurethanes (BPU) of different morphology was

developed. The effect of rigid phase content was studied. The characteristic points of the

rigid blocks content, Ðñ1 and Ðñ2, which correspond to the conditions of geometric phase

transitions, were determined and the conditions of the formation of geometric phase

morphology with optimal parameters (Ðñ1ÐñÐñ2) were found. Thus, there is a noticeable

inflection in all of these graphic dependences for the BPU based on oligo(tetramethylene

ether) glycol at points with Pc1=30% and Pc2=50% (conditional strength at tension, elasticity

modulus, relative elongation at rupture, hardness, softening temperature, and degree of

crystallinity). The technological parameters of BPU molding under pressure with optimal

phase morphology, including rapid prototyping complexes (3D printers), have been

established. The recommended parameters allowed productively affecting the process of

molding under pressure and preparing qualitative products from the developed composites

with a specified complex of properties (gaskets, friction supports, elastic elements of gearing

devices, extruded strands, circular rings, plates, tubes, etc.). In addition, due to recycling,

we managed to substantially reduce ecological risk and increase the commercial

attractiveness.
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Introduction

The search for polymeric materials with
universal properties, which combine the property
complexes of elastomers and plastics, has become
an impulse to the synthesis in the 1940s of a new
class of high-molecular compounds, polyurethanes.
Now, there are elastic, semi hard and hard materials
produced on the basis of polyurethanes.
Polyurethanes are processed by practically all
available technological methods: pressing, extrusion
and molding. Filled, reinforced, foamed, laminated
products in the form of plates, sheets, blocks, profiles
and fibers can be obtained from polyurethanes [1].

For fifty years since the beginning of the
industrial production of polyurethanes, need for them
increased and now reached world volume 17.65
million tons (33.7% of the world’s volume is made

in People’s Republic of China).
Recently, thermoplastic materials based on

linear block-polyurethanes [2] are increasingly used.
Indifference to oil products, high wear resistance,
the ability to be processed into products at high speed
and high-automation equipment, possibility of
multiple recycling, the absence of waste products
during production and elimination of the
vulcanization stage are the main advantages of linear
block-polyurethanes (BPU). An ability to change
the ratio of the original components allows varying
the BPU properties in a wide range and,
consequently, achieving purposefully approach in the
creation of polymer systems with preset properties.
Hardness is usually considered as a main parameter
of the change in physical-mechanical properties and
is a basis of the marking. However, it does not take
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into account peculiarities of the molecular structure
of polyurethanes and the nature of the original
components, which is one of the reasons for the
lack of a scientifically grounded technology for the
processing of these materials into product.

Experimental

Linear block-polyurethanes of different
molecular structures and morphologies were
synthesized. In accordance with modern ideas about
the morphology and structure of BPU [3], they are
block-copolymers of the form

–[–[–E–]n–Ar
i–[–Br–Ar

i–]m–]k–
(where E is oligoglycol of different nature, Ar

i is
isocyanate and Br is an extension chain), whose
molecules consist of segments of moderately flexible
chains with a low glass transition temperature (often
called flexible or elastic segments) and polar,
relatively hard segments, that are alternating between
each other. The composition of the elastic segments
includes the elementary chains of oligoeters or
oligoesters. Rigid segments are formed as a result of
the interaction of diisocyanates with low molecular
weight glycols. Due to the limited mutual solubility
of the segments in polyurethane, a two-phase
structure is formed, the degree of heterogeneity of
which can be sufficiently large [4]. This allows us to
consider BPU as filled systems, and role of a
somewhat filler in which is played by the blocks of
hard segments, connected with the main chains of
the molecule by chemical bonds and with adjacent
molecules by physical transverse bonds. As a result,
it can be expected that the change in the ratio of
initial components can allow wide range variations
in BPU properties, thus, a purposefully approach to
the creation of polymer systems with preset properties
can be obtained. It is obvious that processing regimes
of such materials will be significantly different.

Characteristics of the initial components with
their chemical formulae for the synthesis of
investigated polyurethane block-copolymers are given
in Table 1.

The OOTMG oligoether (TS 6-02-646-81) was
prepared as a result of splitting through ether bond
of tetrahydrofuran in the presence of alkaline
catalysts. The peculiarity of oligoeters is the presence
of the macromolecules of the etheric link C–O–C
in the main chain, which is regularly repeated. BPUs
based on oligoether show increased hydrolytic
resistance, heat resistance and frost resistance [4].

Oligoesters of different molecular weights were
obtained by the interaction of adipic acid with glycols
(TS 38-103-582-85). A characteristic feature of the
oligoesters is the presence of regularly repeating
macromolecules of ester bond –CO–O– in the main

chain. BPUs based of these glycols exhibit high
physical-mechanical properties, good resistance to
light and thermo-oxidative destruction and high
processing efficiency [4]. The molecular weight of
oligoesters varied in the range of 500–2000. Saunders
and Freish reported [5] that the usage of oligoglicols
in this range of molecular weight is favorable during
the synthesis of BPUs. 4,4'-Diphenylmethane
diisocyanate (MDI) (TS 113-03-29-3-80) was used
as isocyanate, which is the most common during
the synthesis of BPUs [6]. Common low-molecular
glycol, 1,4-butanediol (BD) (TS 64-5-65-80), was
chosen as a chain extension.

To determine elasticity modulus at tension (Ep),
conditional strength at tension (fp), relative
elongation(p), residual elongation (), coefficient of
mechanical hysteresis losses () and Vicat softening
temperature (Tp), standard methods of physical and
mechanical tests were used.

The degree of crystallinity (Ck) was determined
by the Matthews’ method as a ratio of the area under
the crystalline reflexes (Sk) in the X-ray chart to the
total area under the coherent scattering curve (Sk+Sa).

Results and discussions

Based on the results of previous studies, we
established that different ability of the oligoglycol
component of BPU, which contains hydroxyl groups,
to crystallize, affects the hardness of the material
(Fig. 1). In case of amorphous oligoglycol (OG),
the hardness of the polyurethane block-copolymers
increases in direct proportion to a decrease in the
content of components containing hydroxyl groups.

If the BPU contains oligoglycol, which is
capable to crystallize, then the hardness has the
highest values (95–98 units of Shore A) in the interval
of its maximum content. Thus, polyurethanes of the
same structure can have either different values of
hardness, and, accordingly, values of elasticity,
abrasion resistance and coefficient of friction or the
same hardness and completely different morphology.
If we compare polyurethanes of the same structure
but of different molecular weights (for example,
20,000 and 80,000), then we can see that their
hardness will differ 2 times (Fig. 2), hence there
should be different wear values. Thus, we can
conclude that the evaluation of the BPU properties
without taking into account the molecular structure
is inaccurate, and the proper regimes of processing
are not appropriate.

Investigation of the dependence of physical-
mechanical properties of BPU on the molecular
weight (M), performed by Scholenberg using
materials, synthesized on the basis of oligobutylene
glycol adipate (OBGA), 4,4'- diphenylmethane
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diisocyanate (MDI) and butanediol (BD), showed
that a number of characteristics sharply increases
only up to the values of M=35,000–40,000, after
which their growth stops. These properties include
density, conditional stress at elongation, conditional
strength at tensile, hardness modulus at torsion and
melting temperature. Some indicators, such as
Brookfield viscosity and stress relaxation time, were
increased in proportion to M, whereas the melt flow
rate, relative elongation, bending resistance and
conditional stress at 5% and 30% elongation were
reduced [1].

Previous investigations showed that
polyurethane block-copolymers of molecular weight,
that corresponds to an index of characteristic viscosity
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s Fig. 1. Influence of crystallinity of oligoglicol component in

BPU (Ñog) on the hardness (H): 1 – amorphous oligoglycol;

2 – crystalline oligoglycol

Fig. 2. Influence of molecular weight of BPU (M) on the

hardness (H)
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[]=0.8–1.1 dl/g, have the most acceptable structural
order and high heat resistance [7]. Therefore, for
further research, BPU with molecular weight, that
corresponds to index of characteristic viscosity
[]=0.8–1.1 dl/g is chosen.

The morphological structure was varied by
changing the ratio of low-molecular glycol
(butanediol) to oligoglycol during synthesis. With
an increase in the amount of butanediol, the content
of hard blocks (Pc) in the block copolyurethanes
increses, which is defined as a part of a molecule
with a low-molecular diol:

 

 
c

og

90n 250 n 1
P 100%,

a M 90n 250 n 1

 
 

   

where Ðñ is the content of hard blocks, %; Ìîg is the
molecular weight of oligoglycol (500, 1000, 2000);
90 is the molecular weight of low-molecular
butandiol; 250 is the molecular weight of
diisocyanate; à is the number of moles of oligoglycol;
n is the number of moles of butanediol; and (n+1)
is the number of moles of diisocyanate.

As an example, Figure 3 shows the dependences
of physical-mechanical characteristics of BPUs based
on OOTMG1000 on the parameters of the
morphological structure.

In case of low Pc values (up to 30%), hard
blocks in the material are in form of separate
structural units and aggregates. The uninterrupted
(connected) network, which consists predominantly
from elastic oligoether blocks with low glass transition
temperature, cannot withstand external influence.
That is why low values of the conditional tensile
strength, elastic modulus and softening temperature
are observed in this concentration range (Fig. 3).
High values of the residual elongation, relative
elongation and the coefficient of mechanical
hysteresis losses can be explained by the low stability
of the microphase of elastic blocks to mechanical
stresses and, consequently, by high contribution of
irreversible deformations in the scattering of
mechanical energy [8].

In case of a further increase in Pc (the values
of about 30 wt.%), there is either an explicit inflection
or optimum observed for most of the graphic
dependencies. Thus, the values of conditional strength
at tension, hardness and softening temperature
increase rapidly, the value of residual elongation
decreases rapidly and the values of relative elongation
at rupture and the coefficient of mechanical hysteresis
losses () have a minimum (Fig. 3). Such a pattern
of shown concentration dependences in this interval

is likely to correspond to the moment of the
appearance of a connected structure formed by the
microphase of hard blocks.

At a point with Pc content up to 50%, some
dependences show second inflection. This is typical
of the concentration dependences of conditional
strength at tensile), elastic modulus, relative
elongation at rupture, hardness, softening
temperature and degree of crystallinity (Fig. 3). This
character of the above dependences indicates the
appearance of a hard connected structure formed by
the microphase of hard blocks. This grid of hard
blocks can take the main loading and provide
enhanced physical-mechanical characteristics.

Fig. 3. Dependences of physical-mechanical characteristics of

BPU based on OOTMG1000 on the content of hard blocks (Ðñ):

1à – conditional strength at tensile (fð); 2à – elastic modulus

at tensile (Åð); 3à – relative elongation at rupture (ð);

4à – residual elongation (); 1b – Shore hardness (ÍÀ) (scale À);

2b – coefficient of hysteresis mechanical losses ();

3b – Vicat softening temperature (Òð); 4b – degree of

crystallinity (Ñê)

  MPa    MPa
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A further increase in the content of hard
segments (over 50%) leads to a more intensive growth
of the elasticity modulus at tensile, degree of
crystallinity, and less intensive growth of the values
of conditional strength at tensile, relative elongation
at rupture and hardness; residual elongation and
softening temperature change insignificantly (Fig. 3).

Thus, the analysis of obtained results related to
BPU on the basis of OOTMG1000 allows distinguishing
three following characteristic areas within which
concentration dependences have significant
differences: Pc<30%; 30%Pc50%; Pc>50%. A
noticeable inflection of all shown graphical
dependences is observed at points where Pc1=30%
and Pc2=50%. Thus, we can assume that polyurethane
block-copolymers based on OOTMG1000 with
Pc1=30% can be successfully used in industry, where,
first of all, it is necessary to provide high deformation
characteristics. BPUs with Pc=50% provide sufficient
frame hardness under conditions of high loading and
temperature influence. Undoubtedly, treatment
regime of the considered BPU with different
parameters of the morphological structure will
significantly differ.

It should be noted that similar dependences
have been established for all considered systems.

The technology of BPU processing at different
temperature regimes is proposed depending on hard
blocks ratio. When the temperature overcomes a

certain value, the thermal destruction of BPU is
possible. On average, the destruction begins at a
temperature of about 220–2300C.

The temperature interval of processing of BPU
with low Pc content is in the region of lower
temperatures than that of hard BPU. It is possible
to recommend the technological regimes of molding
under pressure of BPU with different contents of
hard blocks Pc, independently from the chemical
nature and molecular weight of oligoglycol (Table 2).

Developed BPU can be processed into products
by known methods: molding under pressure,
extrusion and calendering using common equipment
(Fig. 4).

For processing BPU with rational content of
hard blocks, the use of screw molding machines,
equipped with a single-wound three-zoned screw, is
suitable. These machines provide more accurate
temperature control and better homogenization of
the mass.

In order to achieve optimal consumer properties
of finished products from block-polyurethanes, air
drying of polymer granules in dryers is recommended
before processing. Moisture content in granulate
should be within 0.02–0.05%. The following drying
parameters are recommended: 3–4 hours at the
temperature of 90±50Ñ.

Developed BPU can be painted using usual

Values 

Content of hard blocks, Рс, % Parameter 

24–30 30–50 50–60 

Temperature of cylinder zones, 0С: dosage 160–180 180–190 190–210 

   melting 140–160 170–180 180–190 

   feeding 120–140 160–170 170–180 

Form temperature, 0С 25–40 25–40 25–60 

Injection pressure, MPа 40–70 60–90 70–110 

Cycle duration, s 30–120 30–120 30–120 

Speed of screw rotation, rpm 40–60 45–70 50–75 

Table  2

Recommended regimes of molding of BPU with different content of hard blocks

Fig. 4. Some products made of linear block-polyurethanes with different morphology



10

V.N. Anisimov, V.V. Anisimov

ISSN 0321-4095, Voprosy khimii i khimicheskoi tekhnologii, 2019, No. 4, pp. 5-11

pigments and paints which are used to paint industrial
thermoplastics.

Conclusions

1. Estimation of the properties and processing
regimes of BPUs in relation to hardness, which is a
basis of the marking of most world manufacturers,
was stated to be inaccurate and requires further
research to establish the interconnection between
the structure and properties of polyurethanes, taking
into account their chemical structure, as well as the
nature of the original components.

2. Behavior of the BPU in the ranges of the
rigid phase content where Pc<Pc1, Pc1PcPc2 and
Pñ>Ðñ2 significantly differs. At minimum contents,
when Pc<Pc1, the properties of the BPU are
determined by the characteristics of the elastic phase
(hard blocks are located in the polymer separately).
At Pc1PcPc2, a structural organization is formed, in
which an elastic phase with hard phase functions
synergistically. At further growth of Pc (Pc>Pc2), the
properties of BPU are determined by the hard phase,
therefore we can observe a decrease in the elasticity,
an increase in the level of hardness and hysteresis
losses.

3. The rational technological parameters of
BPU with different phase morphology molding under
pressure have been established, which allowed
affecting the technological process and obtaining
qualitative products.
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ÒÅÕÍÎËÎÃ²×Í² ÎÑÎÁËÈÂÎÑÒ² ÏÅÐÅÐÎÁËÅÍÍß
Ë²Í²ÉÍÈÕ ÁËÎÊ-ÊÎÏÎË²ÓÐÅÒÀÍ²Â Ç Ð²ÇÍÎÞ
ÌÎÐÔÎËÎÃ²ªÞ

Â.Ì. Àí³ñ³ìîâ, Â.Â. Àí³ñ³ìîâ

Ïîêàçàíà íåîá´ðóíòîâàí³ñòü îö³íþâàííÿ âëàñòèâîñòåé
òà óìîâ ïåðåðîáëåííÿ ïîë³óðåòàí³â â³ä òâåðäîñò³, ÿêà, ÿê ïðà-
âèëî, çàêëàäåíà â îñíîâó ¿õ ìàðêóâàííÿ ³ íå âðàõîâóº îñîáëèâî-
ñòåé ìîëåêóëÿðíî¿ áóäîâè, ïðèðîäè âèõ³äíèõ êîìïîíåíò³â. Ðîç-
ðîáëåíî íàóêîâî îá´ðóíòîâàíèé ï³äõ³ä äî ñòâîðåííÿ ìàòåð³àë³â
íà îñíîâ³ áëîê-êîïîë³óðåòàí³â (ÁÏÓ) ç ð³çíîþ ìîðôîëîã³ºþ (âèâ-
÷àëè âïëèâ âì³ñòó æîðñòêî¿ ôàçè). Âñòàíîâëåíî õàðàêòåðí³
òî÷êè âì³ñòó æîðñòêèõ áëîê³â Ðñ1 ³ Ðñ2, ÿê³ â³äïîâ³äàþòü óìî-
âàì ãåîìåòðè÷íèõ ôàçîâèõ ïåðåõîä³â, âèÿâëåíî óìîâè óòâîðåí-
íÿ ãåîìåòðè÷íî¿ ôàçîâî¿ ìîðôîëîã³¿ ç îïòèìàëüíèìè ïàðàìåò-
ðàìè (Ðñ1ÐñÐñ2). Òàê, äëÿ ÁÏÓ íà îñíîâ³ îë³ãîîêñèòåòðàìå-
òèëåíãë³êîëÿ â òî÷êàõ ç Ðñ1=30% òà Ðñ2=50% ñïîñòåð³ãàºòüñÿ
ïîì³òíèé ãåîìåòðè÷íèé ïåðåãèí óñ³õ íàâåäåíèõ ãðàô³÷íèõ çà-
ëåæíîñòåé (óìîâíî¿ ì³öíîñò³ ïðè ðîçòÿç³, ìîäóëÿ ïðóæíîñò³,
â³äíîñíîãî âèäîâæåííÿ ïðè ðîçðèâ³, òâåðäîñò³, òåìïåðàòóðè
ðîçì’ÿêøåííÿ, ñòóïåíÿ êðèñòàë³÷íîñò³). Âñòàíîâëåíî òåõíî-
ëîã³÷í³ ïàðàìåòðè ëèòòÿ ï³ä òèñêîì ÁÏÓ ç îïòèìàëüíîþ
ôàçîâîþ ìîðôîëîã³ºþ, âêëþ÷àþ÷è êîìïëåêñè øâèäêîãî ïðîòî-
òèïóâàííÿ (3D ïðèíòåðè). Ðåêîìåíäîâàí³ ïàðàìåòðè äîçâîëè-
ëè â ðåàëüíèõ óìîâàõ ïðîäóêòèâíî âïëèâàòè íà òåõíîëîã³÷íèé
ïðîöåñ ëèòòÿ ï³ä òèñêîì, îäåðæóâàòè ÿê³ñí³ âèðîáè ç ðîçðîá-
ëåíèõ êîìïîçèò³â ³ç çàäàíèì êîìïëåêñîì âëàñòèâîñòåé (óù-
³ëüíåííÿ, îïîðè òåðòÿ, ïðóæí³ åëåìåíòè ïåðåäàâàëüíèõ ïðè-
ñòðî¿â, åêñòðóäîâàí³ äæãóòè, ê³ëüöÿ êðóãëîãî ïåðåð³çó, ïëàñ-
òèíè, òðóáêè, òîùî), à çàâäÿêè ðåöèêë³íãó ñóòòºâî çíèçèòè
åêîëîã³÷íå íàâàíòàæåííÿ òà ï³äâèùèòè ¿õ êîìåðö³éíó ïðèâàá-
ëèâ³ñòü.

Êëþ÷îâ³ ñëîâà: áëîê-êîïîë³óðåòàí, âì³ñò æîðñòêèõ
áëîê³â, ëèòòÿ ï³ä òèñêîì, òåõíîëîã³÷íèé ïðîöåñ,
òåìïåðàòóðíèé ðåæèì.
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We showed the inability to evaluate the properties and the
processing conditions of polyurethanes based of their hardness,
although such evaluation is usually used in their marking, this
approach does not take into account the peculiarities of molecular
structure and the nature of the initial components. A scientifically
substantiated approach to the creation of materials based on block-
polyurethanes (BPU) of different morphology was developed. The
effect of rigid phase content was studied. The characteristic points of
the rigid blocks content, Ðñ1 and Ðñ2, which correspond to the
conditions of geometric phase transitions, were determined and the
conditions of the formation of geometric phase morphology with optimal
parameters (Ðñ1ÐñÐñ2) were found. Thus, there is a noticeable
inflection in all of these graphic dependences for the BPU based on
oligo(tetramethylene ether) glycol at points with Pc1=30% and
Pc2=50% (conditional strength at tension, elasticity modulus, relative
elongation at rupture, hardness, softening temperature, and degree
of crystallinity). The technological parameters of BPU molding under
pressure with optimal phase morphology, including rapid prototyping
complexes (3D printers), have been established. The recommended
parameters allowed productively affecting the process of molding under
pressure and preparing qualitative products from the developed
composites with a specified complex of properties (gaskets, friction
supports, elastic elements of gearing devices, extruded strands, circular
rings, plates, tubes, etc.). In addition, due to recycling, we managed
to substantially reduce ecological risk and increase the commercial
attractiveness.

Keywords: block-polyurethane; hard block content; molding
under pressure; technological process; temperature regime.
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