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Abstract Segmented urethane elastomers (SUE) with
polytetramethylene oxide soft segments, toluene
diisocyanate (TDI)/methylene-bis-o-chloroaniline (MOCA)
hard segments, TDI/ MOCA + TDI/butanediol (BD) and
TDI/MOCA + isophorone diisocyanate/MOCA mixed seg-
ments were investigated. A microphase separation in SUE
was adjusted by the variation in the composition of the hard
segments or preparation conditions. It was shown that non-
linear relationships of SUE’s thermo-mechanical, thermal
and mechanical properties on the composition of hard seg-
ments, including an extremal one, were typical. Basic de-
pendence types of SUE strength on the stretching rates
(direct, reciprocal, extremal) were determined at various
stages of the elastomer structure evolution. A significant
increase in the SUE strength was found at a low degree of
microphase separation. A strong effect of interaction in the
soft phase on the physicochemical properties of block co-
polymers was shown. An improvement of the miscibility
between hard and soft phases and a loose structure of the
hard phase promote a stabilisation of the strength value in a
wide range of the stretching rates. The effect of the strength
increase equals to 30-50 %.
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Introduction

Segmented urethane-containing elastomers (SUEs), includ-
ing polyurethanes, polyurethane ureas and polyurethane
epoxides, are a unique class of polymers, the structure
and properties of which can be regulated in wide limits
[1-10].

The majority of segmented polyurethanes (SPUs) and
segmented polyurethane ureas (SPUUs) are heterogeneous
block copolymers. Polymer chains of such materials con-
sist of uniform soft segments and uniform hard segments
[1, 3, 11-13] or mixed segments (multiblock copolymers)
[14-20].

The difference in the polarity of soft and hard segments
leads to microphase separation, followed by the formation of
hard segment domains [3, 21-23]. Hard domains play the role
of reinforcing fillers in SUEs and cross-linking points in a
physical network [24, 25].

The ultimate physico-mechanical properties of the elasto-
mers under strain represent important criteria for a material’s
ability to withstand applied loading and strain. Hard domains
are primarily responsible for the high strength of heteroge-
neous SUEs [3, 23, 26, 27], whereas the soft matrix plays a
subordinate role [24-27].

The concept of reorganisation of highly strained struc-
tures and the SUE hardening mechanism [3, 23, 26-31]
enabled the explanation of the mechanical behaviour of
many elastomers characterised by a high degree of micro-
phase separation.

Recently, an inverse strength—strain rate dependence, as
opposed to a direct one observed in the case of single-
phase cross-linked elastomers, was shown to be typical
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for heterogeneous SUEs. The tensile strength of hetero-
geneous SPUUs (and SPUs) can be increased to 1.5-2-
fold at lower stretching rates [32]. Under the same condi-
tions, the strength of single-phase polyurethanes decreases
by one order of magnitude [26]. The available data sug-
gest that soft and hard phases influence the rate depen-
dence of strength in opposite manners for the investigated
block copolymers.

The effect of the interchain interaction in the soft phase and
the effect of microphase separation on the character and extent
of variation in ultimate SUE physico-mechanical properties
were comprehensively considered in a wide range of
stretching rates.

This article consists of two parts. The first part presents
results of an investigation into the ultimate physico-
mechanical properties of block copolymer versus the
stretching rate dependence while its structure evolves under
various time—temperature conditions. Polyurethane urea con-
taining the same blocks (SSHS-type) was used as a test
subject. The chemical composition of the elastomer was
not varied during the tests. The second part describes the
behaviour of two polymer systems containing mixed hard
segments. Heterogeneous systems featuring various hard
segment solubilities in the soft polymer phase were investi-
gated. A variation in the ratio between various hard seg-
ments enabled the control of interchain interactions in this
phase and in the microphase separation of hard and soft
segments.

This article is a logical continuation of our previous
study on diblock copolymers with polyether soft segments
as well as urethane and urethane urea hard blocks
(segments) [32].

Experimental section
Materials

The following compounds were used as initial components for
the synthesis of SUEs: 2 4-toluene diisocyanate (TDI) (BASF,
Germany), isophorone diisocyanate (IDI) (Evonik Chemistry
Ltd., Russia), oligotetramethylene oxide diol (PTMO; BASF,
Germany) with Mn=1000 g mol ' as a chain extender, meth-
ylene-bis-o-chloroaniline (MOCA) (Mitsubishi International
Corp., Japan) and butanediol-1,4 (BD) (Sigma-Aldrich). TDI,
IDI and MOCA (99 % purity) were used without purification.
Water was removed from PTMO and BD at 90 °C while
stirring for 7 h under a vacuum of 0.2 kPa. Tributyl phosphate
(TBP) used for swelling of elastomers samples was obtained
from Sigma-Aldrich.
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The synthesis was performed as a two-step process, with
preliminary preparation of prepolymers: FP-1 on the base of
TDI and PTMO and FP-2 on the base of IDI and PTMO. The
prepolymers were produced by the reaction of diisocyanates
and PTMO (NCO/OH=2.06), with the reaction temperature
kept at 60-70 °C for FP-1 and 75-85 °C for FP-2, while
stirring. The content of NCO groups in prepolymers was
determined using the ASTM D2572-80 standard method.

Two series of samples were produced, that is, the SPU
series with urethane HS; hard segments and with urethane
urea HS, segments and the SPUU series with urethane urea
HS, and HS; hard segments. Polyether soft segments in both
sets of experiments were the same.

To synthesise SPU, prepolymer FP-1 and various blends
of MOCA with BD, at a ratio of NCO/(OH + NH,)=1.05,
were used. The prepolymer was pre-stirred for 30 min at
60 °C under vacuum (with residual pressure of 0.2 kPa
within the reactor). Then, the melted MOCA, or its blend
with BD, was injected into the reactor; in the case of one
chain extender, it was only BD that was injected. The
blend of prepolymer with the chain extender was stirred
for 3 min at 60 °C under vacuum, and then it was cast
onto 2 mm-thick metal moulds and kept at 90 °C for
3 days. Conversion completeness of NCO groups was
controlled using Fourier transform infrared spectroscopy
(FTIR) spectroscopy. A series of additional SPU* samples,
obtained for comparison, was prepared using PTMO with
Mn=2000 g mol ', instead an analogous oligomer with
Mn=1000 g mol .

The chain extender (MOCA), FP-1, FP-2 and their
blends at NCO/NH,=1.0 were used to produce the
SPUU series. Owing to the low reactivity of FP-2, the
curing duration for the samples at 90 °C was 4 days. A
model polyurea (PU) was synthesised in order to analyse
the FTIR spectra of samples. This synthesis, on the basis
of IDI and MOCA, was performed in strict accordance
with the technique described in [33], at a molar ratio of
NCO/NH,=1.0.

The SPUU-2 composition was additionally prepared on the
basis of FP-1 prepolymer and of MOCA at a ratio of NCO/
NH,=0.96. Almost complete conversion of the NCO groups
in such a system was already observed after only 1 day at 25+
1 °C, owing to the excess of NH, groups in the reaction mix.
The given polyurethane urea was used to study the behaviour
of the block copolymer while its structure evolved. The
SPUU-2 samples were kept at 25 °C for different time periods.
Then, their physico-mechanical properties and the glass tran-
sition temperature of the soft phases were examined. Some
samples were kept at 25 °C for 12 days, and then one day at
90 °C. Chemical structures of the HS; hard segments and of
the HS, and HS; urethane urea segments are shown below.
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The structural formula of polymer chains of the SPU series
block copolymers (while neglecting excessive NCO groups
during the synthesis) can be presented as

(SSprmoHS:2)x1 (SSprmoHS1 )x2

where molar fractions of hard segments x; and x, are present-
ed as the molar fractions of BD and MOCA diamine in the
blend; x, is the molar fraction of HS; urethane blocks as the
total amount of hard segments. The molar fraction of the
urethane urea segments was calculated as x;=1—x,.

The structural formula of the SPUU block copolymers is as
follows:

(SSprmoHS2)n1 (SSprvoHS3 )12

where n; and n, are the molar fractions of HS, and HS; hard
segments and are given as the molar fractions of FP-1 and FP-
2 prepolymers in the blend. The molar fraction of HS, is
calculated from the equation n;=1-n,.

Compositions of the SUE samples of the SPU and SPUU
series, as well as the concentrations of hard segments, are
summarised in Table 1.

Methods

The glass transition temperature (7g) of the soft phase was
determined by differential scanning calorimetry (DSC), using
a DSC822e calorimeter (Mettler Toledo) at a scanning rate of
0.08 K s'; the softening temperature (7},) of the hard phase
was determined by means of thermo-mechanical measure-
ments, using the TMA/SDTA841e device (Mettler Toledo)
at a scanning rate 0.05 K s~' under a load of 0.015 MPa.
FTIR spectra in the area of carbonyl valence vibrations
(between wave numbers v=1600 and 1760 cm ') of the
investigated samples were recorded using a IFS-66/S spec-
trometer (Bruker, Germany) with spectral resolution of

—1
lem .
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Table 1 Series of prepared SUE
BD/MOCA molar ratio

SPU series
0/100
20/80
30/70
50/50
60/40
70/30
100/0

FP-2/FP-1 molar ratio

SPUU series
0/100
30/70
50/50
70/30
100/0

x, (Hard segment HS) Hard segment content Cj, (wt.%)

0 38.0
0.2 36.5
0.3 35.8
0.5 343
0.6 335
0.7 32.7
1.0 30.0

n, (HS; hard segment) Hard segment content C;, (wt.%)

0 38.0
0.3 39.1
0.5 39.8
0.7 40.5
1.0 41.6

Mechanical tests were conducted at 25 °C on the Instron
3365 universal stretching machine with the Standard Video
Extensometer in order to reliably measure the strain values of
the samples. Tests were performed at a constant rate in 0.56—
0.003 s ! range. Tensile strength (oy), that is, the maximal
stress value calculated for initial cross-sectional area of sam-
ples, the relative critical strain value [e, (%)], 100 % modulus
(E100), that is, the stress value calculated for the initial cross-
section of samples at the relative strain 100 % and the true
tensile strength (f,=o;- ), where A\=(g;,+100)/100, were
determined under various conditions.

The effective density of the spatial network conditioned by
the hard segment domains and by the chemical cross-linkage
(Nyy) was determined using the Cluff-Gladding—Pariser meth-
od [34], using equilibrium samples that had been swollen in
toluene, which did not affect the hard domains [17, 24, 35,
42], and using samples swollen in TBP. High swelling in TBP
completely destroys the domain structure of polymers [18, 25,
35, 42]. The total effective density N, of the network was
calculated from the results of equilibrium compression mod-
ulus values obtained under low-strain values (up to 5 %) for
samples swollen in toluene to an equilibrium state. The effec-
tive density N, of the chemical network was calculated from
the results for the samples swollen in TBP to an equilibrium
state. Thus, the value of network density conditioned by hard
domains was calculated as N;=Ny—N,.

Results and discussion

Diblock copolymer SPUU-2 with hard urethane urea
segments

The results of mechanical testing of SPUU-2 polyurethane
urea show unusual mechanical behaviour of the elastomer
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under different conditions. After 1 day of storage of the
samples at 25 °C, their engineering strength (o) decreases
approximately 20-fold, as the stretching rate diminishes by
two orders of magnitude. Four days later, the o, versus the
stretching rate v dependence becomes extremal. After 12 days
of storage at 25 °C, the strength properties of the material
stabilise in a v range from 0.56 s~ (~Inv=0.58) to 0.003 s~
(-lnv=5.81). An additional exposure of some samples to
90 °C for 1 day leads to a more pronounced o; versus v
dependence. It is worth noting that the strength properties of
the material do not improve after exposure to elevated tem-
perature; they become even worse as the stretching rate accel-
erates. At this point, the rate dependence of Eq, weakens
(Table 2).

It is interesting to note that strong hardening of elastomeric
samples before rupture is observed after 4 days of exposure to
25 °C (Fig. 1). Rupture of elastomeric samples usually occurs
under high strains. Therefore, discussions of elastomers hard-
ening and the consideration of their strength dependence on
various factors are better carried out using the f,. (true strength)
value than the o, value [3, 32]. Henceforth, we use this
approach, based on the strength theory of polymers.

Analysis of the rate dependence of the true strength for
SPUU-2 shows that all basic plots of the f, versus v depen-
dence (direct, inverse and extremal [32]) can be observed for
the same block copolymer samples subjected to various stor-
age conditions (Fig. 2a).

The appearance of characteristic bands of a carbonyl group
in FTIR spectra of polyurethane ureas under investigation
reveals important features of elastomer structural organisation
at various stages of its formation.

The position of the carbonyl absorption band in the FTIR
spectra of polyurethanes and polyurethane ureas can be
shifted, to some extent, for compositions containing various
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Table 2 Properties of SPUU-2 samples at the different stretching rates and curing duration
v, ¢! 1 day (25 °C) 4 days (25 °C) 12 days (25 °C) 12 days (25 °C)+1 day (90 °C)
O Ei00,  Na T Ei00,  Na O, Eio0,  Na O, Ej0, N,
MPa MPa kmol/m? MPa MPa kmol/m® MPa MPa kmol/m® MPa MPa kmol/m®
0 0.44 0.89 1.01 1.74
0.556 9.8 2.8 0.44 51.7 7.0 0.88 523 8.2 0.99 36.0 13.5 1.18
0.278 8.9 2.1 0.45 58.8 5.8 0.88 59.0 7.1 1.0 42.1 12.7 1.19
0.056 7.0 1.1 0.44 68.9 4.1 0.89 65.1 5.5 0.97 55.9 11.2 1.18
0.028 4.8 0.8 0.43 66.5 33 0.88 70.0 4.8 1.0 59.2 10.7 1.19
0.011 1.1 0.5 0.44 - - - - - - - -
0.006 0.5 0.4 0.43 423 22 0.87 65.1 33 0.99 63.5 10.0 1.21
0.003 - - - 27.6 1.7 0.87 60.8 2.8 0.98 63.0 9.3 1.20

Thus, comparison of oy and E/o values for SPUU-2 shows that the properties of the material vary drastically during the process of its formation

diisocyanates, diamines and low-molecular-mass diols.
Identification of C = O absorption bands was made using
the results of spectral investigations of real and model com-
positions with urethane urea and urethane groups [16, 22, 27,
36-42].

The band at v=1640 cm ' relates to the absorption of
ordered hydrogen-bonded urea carbonyl groups [16, 22, 27,
37, 39]. Urea groups are bonded by H-bonds (self-associates
ofurea groups) and are localised in the hard segment domains.
The intensity of this band can be used for a comparative
evaluation of the microphase separation degree of hard and
soft domains [16, 41]. The band at 1692-1693 cm ™' in the
spectra of polyurethane urea can be related to the absorption of
hydrogen-bonded, ordered C=0 urethane and of free urea
carbonyl [16, 36, 37, 41]. The band at 1730-1732 cem ! is
assigned to the absorption of free urethane carbonyl groups
and the band at 1710-1711 cm™' to hydrogen-bonded ure-
thane carbonyl groups in the soft phase of the polymer [27, 36,
37]. The band at 1665 cm™" is assigned to the absorption of
hydrogen-bonded, disordered urea carbonyl [36].

——12 days(25°C)+ o
60F 1 day (90°C) ii
i
© 77
S 40t i
_ /§—=—1day (25°C)
§ L e 4 days (25°C)
& 20 —-—-12 days (25°C)

Strain, %

Fig. 1 Stress—strain plots for polyurethane urea SPUU-2 after the store
under various conditions (v=0.056 s ")

At 25 °C, a low degree of microphase separation of hard
and soft segments can be observed for SPUU-2 samples,
especially the next day, which is distinctly evidenced by the
corresponding bands of the FTIR spectrum (Fig. 3). Hard
urethane urea segments are predominantly localised in the soft

a
400 f Kf(max)
1.27
1.74
e
s 300
F=)
2
£ 0ol ® 1 day(25°C)
0 W 4 days(25°C) 2.28
= 0 12 days(25°C)
100t A 12 days(25°C)+1 day(90°C)
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1200 o o
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N
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T
177
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Fig. 2 Effect of the store conditions on the rate dependence of polyure-
thane urea SPUU-2 for the true tensile strength fi- (a) and the relative
critical strain (b)
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polymer matrix (carbonyl absorption bands at 1665, 1677,
1711 and 1730 cm ™ "). The absorption band associated with
hydrogen-bonded, ordered urea carbonyl (1643 cm™") is dis-
tinctly apparent 12 days later, after storage at 25 °C. However,
the intensity of this band is lower compared with the C=0
band at 1640 cm ™" after exposure of the polyurethane urea to
temperature of 90 °C.

The low degree of microphase separation in SPUU-2 sam-
ples means that hard polar segments, that is, proton donors, are
mainly located in the soft phase of the material. As a conse-
quence, the glass transition temperature should increase. This
increase should be greater for the lower storage times of
polyurethane urea at 25 °C. In fact, this phenomenon is
observed in the experiments (Fig. 4). Considerable reduction
in the effective density of the physical network with hard
domains, playing the role of cross-linking points, indicates a
better miscibility of soft and hard phases. There are no chem-
ical cross-linking points in the SPUU-2. All of the samples
under investigation are soluble in TBP.

As mentioned above, the intensity of the absorbance band
for hydrogen-bonded ordered urea carbonyl groups is
characterised by a degree of microphase segregation between
hard and soft segments. The results obtained with other
methods (DSC, values of physical network density N,) show
the same tendency of microphase segregation in a polymer
during the thermostatting process. Thus, one can see the full
correlation between data obtained by various methods.

Enhancement of interchain interactions in the soft phase
leads to drastic distinctions in the mechanical behaviour of
block copolymers. This is distinctly apparent when comparing
results of mechanical tests of samples at various stages of
polyurethane urea structure evolution. At the initial stage of
microphase separation (after 1 day of storage at 25 °C), the

7640
1692 ,)‘\
1730 17111 A |

Absorbance

—— 1day (25°C)
=== 12 days (25°C)
— — 12 days (25°C) +1 day (90°C)

1750 1720 1690 1660 1630 1600
Wavenumber, (cm™)

Fig. 3 FTIR spectra for polyurethane urea SPUU-2 samples at various
stages of the structure evolution
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Fig. 4 DSC curves for polyurethane urea SPUU-2 samples

true strength value of the samples decreases steeply, whereas
the stretching rate is lowered (Fig. 2a). The plot of the f, versus
v dependence is the same as the one for single-phase SUEs
with labile physical networks [26, 32]. Relaxation of such
network leads to a decrease in the strength of the material
when the stretching rate decreases [32, 42]. The difference is
that the relative critical strain of SPUU-2 samples increases as
the stretching rate decreases (Fig. 2b).

At the next stage of microphase separation, the effective
density of the polyurethane urea network, determined by the
hard domains, increases (Table 2). The true strength of the
samples increases significantly and the plot f,. versus v be-
comes extremal (Fig. 2a).

This phenomenon is explained in [32]. The extremal rate
dependence of the strength for block copolymers can be
explained by the superposition of two factors: (1) an increase
in the orientation extent of hard segment domains under high
strains, as the stretching rate decreases and (2) a decreased
density of the labile physical network, owing to relaxation
processes in the soft phase. Orientation of hard segments leads
to hardening of the material, whereas relaxation of the labile
physical network leads to a decrease in the strength with slow
stretching. The hard phase mainly influences the mechanical
behaviour of polyurethane urea at a high degree of microphase
separation of hard and soft segments after exposure of samples
to 90 °C. At high rates of mechanical loading, the orientation
of hard segments in domains along the stretching direction is
retarded, and this phenomenon leads to the inverse rate de-
pendence of £, on v for polyurethane urea.

The strength of heterogeneous elastomer decreases signif-
icantly as the stretching rate increases. The ratio Kgmax) of the
maximal value of the true strength (f;) to its minimal value at
v=0.56 s (—Inv=0.58) equals 1.74 (Fig. 2a).

High strength properties of materials within the whole
range of stretching rates can be attained at a low degree of
microphase separation after 12 days of exposure to 25 °C. The
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true strength of polyurethane urea depends slightly on the
stretching rate (Kjgmaxy=1.27). This is not paradoxical, and,
in our opinion, a reasonable explanation can be given, taking
into account the results of earlier investigations.

Thus, investigations into the mechanical behaviour of
block copolymers show the strength properties of heteroge-
neous elastomers to be substantially determined by interchain
interactions in the soft phase at the initial stage of structure
formation; at the ultimate stage, these properties are deter-
mined by the domain structure. An optimal combination of
domain structure and interchain interactions in the soft phase
is attained at a low degree of microphase separation. Results
of the conducted investigations and the ascertained regulari-
ties have constituted a basis for further studies of structure—
property relationship of urethane-containing triblock copoly-
mers of the SPU and SPUU series.

Triblock copolymer SPU with urethane urea and urethane
segments

In the SPU series, the investigated samples differ in molar
contents (x,) of urethane segments (HS;) in hard blocks (ure-
thane segments + urethane urea segments HS,), including
samples with hard blocks (segments) of only one uniform
type, that is HS; (x,=1) or HS, (x,=0). Samples were cured
at 90 °C.

By using FTIR spectroscopy, the SPUs with uniform ure-
thane segments were attributed to single-phase elastomers.
There is no band at 17001703 cm " attributed to the absorp-
tion of hydrogen-bonded, ordered urethane carbonyl (C=0-
associated groups of urethane segments localised in the hard
phase of polymer [40]), in the spectrum of the sample at x,=1.

The band at 1731 cm ! for the absorption of free urethane
carbonyl and the band at 1710 cm™" for disordered urethane
carbonyl are also observed (Fig. 5). A high degree of micro-
phase separation, indicated by the intensive band at
1640 cm ', is typical for polyurethane urea based on FP-1
and on MOCA. The intensity of this band decreases naturally
after partial replacement of urethane urea segments with ure-
thane segments. The band at 1700-1703 cm ™' does not ap-
pear. The glass transition temperature (73) of the soft polymer
matrix increases as the molar fraction of the urethane seg-
ments (x,) in the hard blocks increases (Fig. 6 and Table 3). At
this point, the effective density value of the physical network
N, decreases and equals zero at x,=1. Thus, urethane urea
segments dissolve in the soft phase of the polymer. The
softening temperature (7},) of the hard phase decreases signif-
icantly at x,>0.5, thus indicating imperfection of hard-domain
structure (Table 3). Results of mechanical tests of SPU sam-
ples at the stretching rate of 0.28 s~ are summarised in
Table 3.

It is apparent that the critical strain of the material increases
as the total effective network density (V) decreases. At this

1731 X2

Absorbance

1750 1720 1690 1660 1630 1600
Wavenumber, cm-1

Fig. 5 FTIR spectra for SPU samples with various molar fractions x, of
urethane segments in the hard blocks

point, the conditional modulus (£(,) decreases significantly.
The ¢, and E}oy values vary non-linearly, depending on the
variable content of urethane blocks (x,). The dependence of
the true strength of SPU versus the composition of hard
segments is extremal and has its maximum at equal quantities
of urethane and urethane urea segments in the material
(Fig. 7).

The f, versus (—Inv) dependence shows an increase in SPU
strength within a wide range of stretching rates (v), from
0.56s ! (-Inv=0.58) t0 0.003 s ' (-Inv=>5.81). The maximal
strength increase is observed at high stretching rates. We
succeeded in compensating the negative influence of the hard
phase on the rate dependence of the elastomer strength by
increasing the interchain interactions in the soft phase
(resulting from the replacement of half of the urethane urea
HS, segments with urethane HS; segments). The ratio with a

Heat Flow, Exo up

1 1 1 1 L

60 -30 0 30
Temperature,’C

Fig. 6 DSC curves for SPU samples with various combinations of hard
segments

-120 -90
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Table 3 Properties of SPUs containing urethane and urethane urea
blocks

X2 No No  Ng &% EipMPa T.),°C T,°C
kmol/m®

0 1.77 006 171 458 14.7 =51 203
02 173 0.06 1.67 487 11.4 =50 202
03 159 0.05 154 516 9.5 —48 199
05 138 0.05 133 542 72 —43 193
06 105 0.04 1.01 564 5.4 - 185
0.7 062 0.04 058 602 34 —40 173
1.0 003 003 0 910 1.6 =37 -

maximal value of f, to its minimal reference value at v=
0.56s " (Kftmax)) decreases from 1.68 to 1.28 (Fig. 7).

The obtained data correspond completely to developed
ideas about the role of the soft phase in the hardening of the
SUEs, and for its influence on the f. versus v dependence of
block copolymers.

Mechanical tests have shown the relative critical strain (&)
for SPUs with non-uniform hard segments to be dependent on
the effective network density (N,), as determined by the
domain structure of the material. The density of the chemical
network (N,) is low (Table 3). Variations in the ¢, values do
not exceed 10 % at different stretching rates.

The results of the conducted investigations show unusual
physico-mechanical properties of the SUE, including the fact
that the strength of the material increases as the modulus value
decreases considerably (Table 3 and Fig. 7). The total concen-
tration of hard blocks in the investigated materials differs
slightly after replacement of certain hard segments with others
(Table 1). Thus, the properties of the elastomers were insig-
nificantly influenced by the concentration of hard segments.

It is interesting to note that the increase twofold in the
molecular mass of PTMO soft segments does not diminish
the solubility of urethane segments in the soft polymer phase.

025 0.5

0.75 Xa

True strength,MPa

0 2 4 6
-In(v,s+)

Fig. 7 The true tensile strength of SPU versus stretching rate and versus
compositions of hard segments dependences (at v=0.28 s ")
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Fig. 8 FTIR spectra of SPUU triblock copolymer containing various
urethane urea segments and FTIR spectra of PU model polyurethane urea

FTIR spectra of SPU* with a molecular mass of PTMO
segments equal to 2000 g mol ™" are close to the similar spectra
of SPU samples in the carbonyl absorption area (Figs. 5). The
band at 17001702 cm ' is absent in the spectra of all sam-
ples. The urethane segments are dissolved in the soft phase of
SPU*, which leads to an increase in the interchain interactions
in this phase.

The nature of the mechanical behaviour of triblock copol-
ymer does not vary significantly with increasing molecular
mass of the PTMO soft segments. However, the maximum
strength is observed at a lower mole fraction of urethane
segments HS; composed of hard blocks (x,=0.3). In this case,
a considerable stabilisation of the heterogeneous elastomer
strength values does not take place in a wide range of
stretching rates (parameter K;=1.41). Soft phase affects the
strength of the material in a less extent, this can be seen by
comparing the f,. versus x, dependence for SPU and SPU*
(Figs. 7).

Heat Flow, Exo up

-120 -90 -60 -30 0 30
Temperature,’C

Fig. 9 DSC curves for SPUU series with various molar fractions 7, of
urethane urea segments HS; in the total hard segments amount (HS, +
HS;)
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Table 4 The effect of

hard segments composi- 1 17, °C O, mas. %0 Ty, °C

tions on physicochemi-

cal properties of SPUU 0 =51 58 203
0.3 —49 139 192
0.5 —41 293 175
0.7 —48 310 163
1.0 =53 350 137

Triblock copolymers SPUU with diverse urethane urea
segments

Polyurethane urea samples of the SPUU series contained
different hard segments of HS, and HS; types. The selection
of isophorone diisocyanate for the preparation of HS; hard
segments was intentional. It had previously been shown [14]
that a “loose” (low-ordered) structure of the hard phase of
SUE was formed when using isophorone diamine as a chain
extender (ultimate mechanic properties of elastomer were not
determined). The formation of a “loose” hard phase is condi-
tioned by a cumbersome structure of this diamine that does not
satisfy the regularity principle [14]. The structure of
isophorone diisocyanate is similar. Taking into account this
consideration, hard domains, unlike hard phases based on TDI
and MOCA (with HS, hard segments), can be expected to
have analogous loose structures when using IDI and MOCA
for the synthesis of polyurethane ureas.

Qualitative analysis of SPUU samples using FTIR spec-
troscopy enables important features in the elastomers structure
with various molar fractions (n,) of urethane urea segments
(HS;) in hard segments to be revealed (Table 1). An intensive
absorption band at 1640 cm™" of hydrogen-bonded, ordered
urea carbonyl is observed in the case of a sample with uniform
HS, hard segments based on TDI and MOCA. Replacement
0f30 % of the HS, segments with HS; urethane urea segments
in the polymer chains leads to a significant decrease in the
intensity of this band (Fig. 8).

The band of hydrogen-bonded urea carbonyl shifts by
20 cm™' (1660 cm™") in the FTIR spectrum of polyurethane

urea with HS; hard segments (n,=1). The validity of this band
assignment is confirmed by the data from a PU model com-
position obtained through the reaction of IDI and MOCA (the
band at 1662 cm ') and by the data obtained from samples of
polyurethane urea with hard segments based on diisocyanate
and isophorone diamine [14]. The low-intensity band at
1705 cm ' in the FTIR spectrum of the PU model can be
assigned to the absorption of free carbonyl groups of urea
groups (there are no urethane groups in the model).

There is also an absorption band of hydrogen-bonded urea
carbonyl groups in the spectrum of a sample with equal
quantities of different hard segments. No band at 1640 cm '
was identified by analysis of second derivative of the spectral
curve. Hence, the degree of microphase separation decreases
in samples containing different hard segments in the polymer
chains.

The glass transition temperature values of the soft phase of
SPUUSs with uniform hard segments (HS, or HS;) vary slight-
ly. In this case, an improvement in the compatibility of hard
and soft segments should lead to extremal dependence of the
glass transition temperature (7) of polyurethane urea soft
phase on the composition of urethane urea segments; this
assumption was confirmed experimentally (Fig. 9 and
Table 4).

A decrease in the degree of microphase separation leads to
decreased values of the 100 % modulus. The minimal £y
value is observed at various stretching rates for compositions
with equal quantities of different urethane urea hard segments.
The relative critical strain increases slightly when the fraction
of HS; urethane urea segments decrease from n,=1 to n,=0
(material with HS, urethane urea segments). In practice, the
stretching rate does not influence the ¢, value (Table 5).

The true strength £, of polyurethane urea with uniform hard
segments can be higher than that of a composition with uniform
urethane urea segments in a wide range of stretching rates
(Fig. 10). The dependence of the extremal strength versus the
composition of hard segments is more pronounced at higher
stretching rates v=0.17, 0.28 and 0.56 s ' (Figs. 11,12 and 13).
Enhancement of interchain interactions in the soft phase leads

Table 5 Physicochemical prop-

erties of SPUU at various molar v, € Er Yo E100, MPa

contents (n,) of HS; segments in

Compositions of the hard blocks I’lZ:O n2:0,3 I’l2:0.5 112:0.7 ny= 1.0 i’l2:O i’l2:0.3 712:0.5 n2:O.7 ny= 1.0

and at various stretching rates
0.556 460 449 454 446 415 15.8 11.3 9.7 10.8 11.0
0278 453 456 447 442 419 14.7 10.5 9.4 9.9 10.7
0.167 448 448 450 441 421 14.2 10.0 9.0 9.3 10.1
0.056 445 460 445 434 418 12.9 8.7 74 8.0 8.4
0.028 467 463 449 440 423 12.7 8.3 7.1 7.6 8.0
0.006 463 465 458 451 412 11.6 7.0 6.4 6.5 6.9
0.003 470 468 448 450 410 11.2 6.3 5.8 6.0 6.2
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Fig. 10 The true tensile strength versus stretching rate dependence of
SPUU samples containing variously composed hard segments

to stronger hardening of triblock copolymers at fast stretching.
This regularity is observed for all heterogeneous urethane-
containing materials investigated in this work.

The presence of loose-structured hard phases in elastomers
with urethane urea segments based on IDI and MOCA (n,=1)
is confirmed by the data obtained using several methods,
including a low softening temperature of the hard phase (7},)
and high equilibrium swelling degree (Q) in low polar solvents
(toluene). These data differ from those for polyetherurethane
ureas with HS, hard segments (Table 4, [32]). The N, param-
eter of the physical network of the SPUU cannot be determined
by the swelling of samples in toluene when the hard phase of
the material is loose structured.

Such a structure was found to lead to the weakening of the
rate dependence of heterogeneous elastomer strength; howev-
er, the f, value of polyurethane urea based on PTMO, IDI and
MOCA is considerably lower compared with the strength of
analogous TDI-based polymers.

350F
Y
o 300 Q
o
= ®
£ v, (3
g 250h ®0.556
7 00.278
o © 0.167
= 2007 ¥ 0.056
€0.028
£0.006
150 | ©0.003

ny 0.2 0.4 0.6 0.8 n;
Fig. 11 The true tensile strength of SPUU samples versus compositions
of urethane urea segments dependence at variable stretching rate values
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Fig. 12 FTIR spectra for SPU* samples on the base of PTMO 2000 with
various molar fractions x, of urethane segments in the hard blocks

1720

Enhancement of interchain interactions in polyurethane
urea is also a reason for the reduction of the f, versus v
dependence of a material in the case of the minimal value
of the Kjgmayx) coefficient at n,=0.5. The Kgmayx) versus n
dependence should be linear in the absence of this effect.

The conducted investigations show a strong influence of the
soft phase on the strength value and on the strength—rate depen-
dence for urethane-containing elastomers, and this may be useful
in different application fields. It is not improbable that a similar
effect is likely to be achieved for SUEs with mixed soft seg-
ments, provided that the solubility of hard segments in the soft
phase would be significantly increased. Investigations in this
field are of considerable interest and can be further continued.

Conclusions

A non-traditional approach was used to study the influence of
the soft phase on the ultimate physico-mechanical properties
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Fig. 13 The true tensile strength of SPU* samples on the base of PTMO
2000 versus stretching rate, and versus compositions of the hard segments
dependences (at v=0.28 s )
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of heterogeneous urethane-containing elastomers. The basics
of the approach were the conceptions of an interrelationship
between the ultimate mechanical properties of variously struc-
tured polyurethanes and polyurethane ureas with the
stretching rate thereof.

Properties of polyurethane ureas with alternating soft and
hard segments were investigated within the process of evolu-
tion of its structure. Direct, extremal and inverse rate depen-
dencies of the strength of urethane-containing elastomers were
demonstrated without changing its composition. It was shown
that the type dependence relates to the degree of microphase
separation between the soft and hard segments within a mate-
rial (tests were performed in a wide range of stretching rate
values of 0.56-0.003 s ).

It was found that diblock copolymers with high strengths
can be obtained at a low degree of microphase separation
between the hard and soft segments. Reinforcing the inter-
chain interactions in a soft polymer matrix at the drop of
concentration of the hard phase in urethane-containing elas-
tomer promotes an increase in the strength value. A significant
effect of the soft phase on the rate dependence of tensile
strength and critical strains was shown for diblock copoly-
mers, especially in the case of polyetherurethane urea with
various microphase separation degrees.

It had previously been shown that a decrease in the
stretching rate led to an elevation of the orientation degree of
hard segments in the domains of polyurethane (polyurethane
urea) under high strain. This phenomenon contributes to a
larger strength of polymer at lower stretching rates. The
relaxational nature of the labile physical network in the soft
phase should lead to the opposite effect. Consequently, the
effect of soft and hard phases on urethane-containing elasto-
mer properties can be balanced for the strength value to be
stable at different stretching rates.

Two series of new triblock copolymers with the same
polytetramethylene oxide soft segments and various hard
segments in the polymer chain were synthesised (1) with
compositions containing poorly soluble urethane urea seg-
ments and urethane blocks soluble in the soft phase of the
polymer and (2) heterogeneous elastomers comprising ure-
thane urea segments of different types. Variations in hard
segment compositions led to a variation in the content of polar
hard blocks (proton acceptors in the soft phase of material)
and enabled the control of the interchain interactions in this
phase.

Both series of triblock copolymers were ascertained in
order to show the dependence of the extremal strength on
the composition of hard segments. In all cases, the highest
hardening degree was achieved at an increased stretching rate,
thus leading to a substantial reduction in the rate dependence
of the strength. The dependence of the extremal 100 % mod-
ulus on the composition of hard blocks is caused by a decrease
in the degree of microphase separation, and it is observed

throughout the whole range of stretching rates. The results
of these studies are in line with our developed ideas about the
role of soft phases in the hardening effect and on the rate
dependence of the ultimate physico-mechanical properties of
heterogeneous urethane elastomers. The “loose’ hard phase of
segmented polyurethane urea has been ascertained to positive-
ly influence the stability of urea strength properties at various
strain rates.

In this case, the increase in solubility of hard segments in
the soft phase also allows the rate dependence of strength for
urethane-containing elastomers to be reduced.

The ascertained regularities can find an application in a
variety of technologies in order to produce urethane-
containing block copolymers with improved physico-
mechanical properties. Further studies can be aimed at ascer-
taining behavioural regularities of multiblock copolymers
comprising mixed soft segments under various conditions of
stretching.
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