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ABSTRACT: This article presents research findings for
selected mechanical properties of polyurethane elastomers.
The studied elastomers were synthesized with the prepoly-
mer-based method with the use of controlled molecular
weight distribution (MWD) urethane oligomers and with
the classical single-stage method. Prepolymers with
defined MWDs were obtained with the use of a multistage
method, that is, step-by-step polyaddition. To produce
elastomers, isocyanate oligomers were then crosslinked
with triethanolamine, whereas hydroxyl oligomers were
crosslinked with 4,4’ 4"-triphenylmethane triisocyanate
(Desmodur RE). The tensile strength of the obtained elasto-
mers ranged from 1.0 to 7.0 MPa, the ultimate elongation
approached 1700%, the Shore A hardness varied from 40
to 93°, and the abrasion resistance index fell within 15-140.
The effects of the types of raw materials used, the chemical

structures, the production methods, and the supermole-
cular structures on the mechanical properties of the
obtained polyurethane elastomers were examined. When
the obtained findings were generalized, it was concluded
that the structural changes in the polyurethanes, which
were favorable for intermolecular interactions, improved
the tensile strength, hardness, and abrasion resistance of
the materials and impaired their ultimate elongation at the
same time. More orderly supermolecular structures and,
therefore, superior mechanical properties were found for
polyurethane elastomers produced with the prepolymer
method. © 2007 Wiley Periodicals, Inc. ] Appl Polym Sci 107:
1439-1448, 2008
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INTRODUCTION

As a follow-up report to our earlier research find-
ings, which have already been published, on the
effects of the synthesis method and chemical struc-
ture on the phase structure and thermal properties’
of polyurethane (PU) elastomers obtained with a
multistage polyaddition process of diisocyanate and
polyols, in this article we concentrate on the effects
of a number of structural and process-related factors
on selected mechanical properties of produced PUs.
The purpose of this research was to provide an ex-
planation for the effects of structural factors, such as
the structures and contents of the rigid and flexible
segments, their ability to crystallize, phase separa-
tion, the number and types of crosslinking covalent
bonds and hydrogen bonds, and, in particular, the
molecular weight of the urethane prepolymer, on the
mechanical properties of PUs. Moreover, we tried
to develop a sweeping statement for the observed
relations. Special PU elastomers were used for that
purpose that had been produced by the extension
of prepolymers with well-defined structures and
narrow molecular weight distributions (MWDs).
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DISCOVER SOMETHING GREAT

Urethane-isocyanate prepolymers were subjected to
chain extension and crosslinking by means of trieth-
anolamine (TEA), whereas 4,4',4"-triphenylmethane
triisocyanate was used for urethane-hydroxyl pre-
polymers. PU elastomers with known block struc-
tures were produced in that way.>® The potential
applicability of individual elastomers could be dir-
ectly defined by the evaluation of their mechanical
properties, that is, the measurement of their tensile
strength (TS), ultimate elongation, hardness, impact
strength, and resistance to abrasion.

The available literature®® widely discusses the phy-
sicomechanical properties and resulting performance
properties, that is, the resultant applicability, of PU
plastics. However, some general conclusions on the
effects of structural factors and, in particular, the
molecular weights and chemical structures of chains
on the mechanical properties of PUs are much more
harder to draw, and those issues have not been com-
pletely clarified yet. It also needs to be taken into
consideration that the group of the most essential
performance properties covers not only static and
dynamic mechanical properties but also the thermal
stability, chemical (corrosion) resistance, and electri-
cal properties in many cases. Those kinds of proper-
ties of PU materials are decided by the structures of
the constitutional base units of the polymer chains,
by the molecular weights of the linear structures,
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and by the phase structure of the polymer. The
effects of the chemical structures and physical prop-
erties of the raw materials employed in the produc-
tion of PUs, especially diisocyanate, polyol, and the
type of chain extender, on the mechanical properties
of PU elastomers are very complicated. Those prop-
erties are usually the results of structural factors and
physicochemical interactions, such as the sizes of the
hard and soft segments, the degree of their separa-
tion (microphase separation), the ability to form
crosslinking covalent bonds (allophanate bonds and
biuret bonds) and intermolecular hydrogen bonds,
the potential for the formation of van der Waals
interactions within segments and between segments
agglomerated in domains, the size and symmetry (or
lack of symmetry) of aromatic ring structures or ali-
cyclic ring structures derived from the isocyanate
components used, the degree of splicing of molecu-
lar chains, the orientation of segments forced in the
elastomer molding process, and the type and content
of the crystalline phase.

The phase structures of PUs are critically affected
by the segmented structures,®” which are specific for
PU elastomers. The most critical contributions come
from the structures of rigid and flexible segments
and from the interactions between those segments
that are decisive for the supermolecular structures
within the hard phases and soft phases, which are
formed spontaneously in the PU product molding
processes.” The presence of flexible segments, with
negative glass-transition temperatures, imparts the
performance of the elastomer to the polymer,
whereas the presence of rigid segments, with high
melting points, contributes to its good mechanical
strength.” The lower the glass-transition temperature
is and the higher the melting point is, the wider the
span is in which PU offers the most desirable per-
formance of an elastomer.

Whether the phases can crystallize or not is deter-
mined by the regularity of the chain structures,'’ the
symmetry of the segments formed,'"'* the nature of
the phase-separation phenomena, and the thermal
conditions of the plastic formation process. The pos-
sible presence of a crystalline phase (e.g., in the form
of spherulites)’® further improves the TS, tearing
strength, hardness, and abrasion resistance.

Improved flexibility, on the other hand, is favored
by reduced intermolecular interactions. In contrast to
the mechanical strength, which is strongly depend-
ent on the structure of the rigid segments, the flexi-
bility is predominantly affected by soft segments.
For that reason, the lower energy of the intermole-
cular interactions, which is typical for poly(ether
urethane)s, makes them much more flexible than
poly(ester urethane)s.™*

The quality of PU as an elastomer material is
decided chiefly by the negative glass-transition
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temperature of its soft segments and also by its me-
chanical properties—the TS (usually 0.2-40 MPa),
ultimate elongation (50-1500%), Shore A hardness
(10-95°), and flexibility—as well as good abrasion
resistance and impact resistance.'” >

EXPERIMENTAL
Raw materials and reagents

Tolylene diisocyanate (TDI) was a commercial prod-
uct. It was a mixture of 2,4-TDI and 2,6-TDI isomers
in a ratio of 80% to 20% from Aldrich (Buchs,
Switzerland).

Poly(oxyethylene glycol)s (POGs) with number-
average molecular weights (M,’s) of 200, 300, 400,
600, and 1000 g/mol (Aldrich) were used. The gly-
cols were dried in vacuo in N, at 110°C over 2 h.

Polycaprolactone diols (PCDs) with M, values of
530 and 1250 were acquired from Aldrich (Buchs,
Switzerland).

TEA (pure) was obtained from POCh (Gliwice,
Poland).

Desmodur RE (D-RE; 44’ 4"-triphenylmethane
triisocyanate) was obtained from Bayer A.G. (Lever
Kusen, Germany).

Synthesis of the urethane prepolymers
with controlled MWDs

The prepolymer materials used in the synthesis of
the PU elastomers were obtained with the step-
growth polyaddition process with the use of a con-
siderable excess of one of monomers according to
the following model:'~

A +4B — A1B; + 2B (Stage I)
A1By +4A — A3B, + 2A (Stage II)
A3B, + 4B — A3B, + 2B (Stage IIT) (1)
AsBy +4A — AsBy + 2A (Stage IV)
AsBy + 4B — AsBg + 2B (Stage V)

where A is the polyol component (polyol or uretha-
nediol) and B is the isocyanate component (diisocya-
nate or urethane-isocyanate oligomer).

The reactions were carried out in bulk in a glass
reactor under nitrogen. Benzoyl chloride was used
(0.3 wt % with respect to TDI) as a viscosity-control
agent; moreover, its use made it possible to expand
the stability period of the synthesized prepolymers
(A;B,+1), and hence the prepolymers could be
employed as parent substances in subsequent reac-
tions. The polyaddition process was always initiated
by a reaction that proceeded with a considerable
excess of the diisocyanate (B). A calculated amount
of the hydroxyl-terminated or isocyanate-terminated
oligomer prepared at an earlier stage was introduced
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dropwise to TDI or to the appropriate glycol, respec-
tively. The minority component was always intro-
duced to the component that was present in excess.
The time of introduction was adjusted to last about
30 min. The reacting mixture was maintained at
65 = 1°C. That temperature was kept at that level
for another 2 h after the predefined volume of the
minority component had been added. The end of the
reaction was controlled by the free —NCO group
content, which was determined with a typical dibu-
tylamine titration method.

The use of a 100% excess of one of the monomers
was meant to restrict the molecular weight and poly-
dispersity of the prepolymer product. Unconverted
excess monomers are undesirable because of their
disadvantageous effects on the properties of prod-
ucts. Hence, monomer A or B was removed from the
reaction mixture after every step by means of extrac-
tion. Oligomers with excess TDI were extracted with
an n-hexane/ethyl acetate mixture (2 : 1), whereas
hydroxy-terminated prepolymers with an excess of
polyol were extracted with toluene or CCly. Such
purified intermediates were then used in further pol-
yaddition steps. Five polyaddition steps were carried
out in accordance with eq. (1), and POG or PCD was
employed with similar molecular weights. The ob-
tained prepolymers were labeled with symbols such
as III-300, where the Roman numerals indicate the
stage in which the prepolymer was synthesized and
the Arabic numerals indicate the molecular weight
of the polyol used for the synthesis.

The MWD was controlled by a gel permeation
chromatography method (T60A, Viscotec) and was
described in our earlier reports.®> The results were
interpreted on the basis of a conventional calibration
of columns with carbamate standards. The polydis-
persity degrees (Toging, Germany) [weight-average
molecular weight/number-average molecular weight
(M,,/M,))] for the obtained prepolymers are pre-
sented in Table L

Synthesis of PU

To obtain samples for comparative tests of the me-
chanical properties, both the prepolymer method
and the single-stage method were employed in the
PU synthesis processes.””

Prepolymer method

The cast PU elastomers with controlled MWDs, how-
ever, were produced with the prepolymer method
only. The oligomer intermediates with controlled and
possibly narrow MWDs, with —NCO terminal groups,
were cured with the use of triethanolamine (TEA),
whereas hydroxyurethane oligomers were cured
with the use of 44’ 4"-triphenylmethane triisocya-
nate (D-RE) (Table I). Isocyanate oligomers were
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crosslinked with TEA, which caused the creation of
urethane bonds according to the following reaction:

N(CH,CH,0H), + OCN — R — NCO —
~R — NH — CO
— OCH,CH, —

|
CH,CH,O — CO — NH — R ~

Urethane bonds were also created during the reac-
tion of hydroxyurethane oligomers with D-RE.

All the crosslinking reactions were carried out at
the equimolar ratio of —NCO and —OH groups. Af-
ter the thorough mixing of the components and dea-
eration under reduced pressure (ca. 270 hPa), the
gelling mixture was introduced into closed polytetra-
fluoroethylene molds provided with silicone separa-
tors. The molds were then kept at 25°C over 24 h.
The test pieces were pulled out of the molds, and
they were subjected to seasoning at the ambient tem-
perature over 14 days at a minimum.

One-step method

The cast PU elastomers were produced with the
single-stage method through the mixing of the
same raw materials used in the prepolymer method
(Table I). The equimolar stoichiometry of the reacting
functional groups was maintained in that procedure.

For example, PU-IV-200(2), derived from oligomer
AsB, (IV-200) and D-RE through the prepolymer
method, had a corresponding PU, PU-IV-200(1), that
was synthesized in the reaction of 5 mol of component
A, 4 mol of component B (TDI), and % mol of D-RE.

The measured amounts of the raw materials, that is,
TD], the selected polyol, and the crosslinking agent,
were mixed and deaerated, and then the test pieces
were formed. The gelling mixture was introduced into
the same molds used in the prepolymer method. The
hardening process was realized at room temperature.
The test pieces were subjected to seasoning at the am-
bient temperature over 14 days at a minimum.

The obtained PUs were labeled with symbols such
as PU-III-300(2), where the Roman numerals indi-
cate the stage in which the prepolymer material
used for the production of PU was synthesized, the
Arabic numerals indicate the molecular weight of
the polyol used for the synthesis, and the number in
parentheses indicates the method used for the syn-
thesis of PU: the prepolymer method (2) or the one-
step method (1).

Tensile strength at break (TS;)

The strength tests of the PU samples were carried
out with a type Fp-100 testing machine from Heckert
(Tonisvorst, Germany) in accordance with a standard

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE I
Specifications for the Obtained PUs”

Prepolymer method

One-step method

Prepolymer PD of the Molar ratio of the Type of chain
Polyol® sample prepolymer® PU sample raw materials (A : B)* PU sample extender
POG 200 1-200 131 PU-1-200(2) 1:2 PU-1-200(1) TEA
11-200 1.36 PU-II-200(2) 3:2 PU-T1-200(1) D-RE
111-200 1.43 PU-III-200(2) 3:4 PU-III-200(1) TEA
V=200 1.50 PU-IV-200(2) 5:4 PU-TV-200(1) D-RE
V-200 1.29 PU-V-200(2) 5:6 PU-V-200(1) TEA
POG 300 1-300 1.12 PU-1-300(2) 1:2 PU-1-300(1) TEA
11-300 1.19 PU-TI-300(2) 3:2 PU-1I-300(1) D-RE
111-300 1.21 PU-III-300(2) 3:4 PU-TII-300(1) TEA
IV-300 1.25 PU-IV-300(2) 5:4 PU-IV-300(1) D-RE
V-300 1.53 PU-V-300(2) 5:6 PU-V-300(1) TEA
POG 400 1-400 1.24 PU-1-400(2) 1:2 PU-1-400(1) TEA
11-400 1.60 PU-I1-400(2) 3:2 PU-T1-400(1) D-RE
111-400 1.67 PU-II1-400(2) 3:4 PU-II1-400(1) TEA
IV-400 1.30 PU-IV-400(2) 5:4 PU-TV-400(1) D-RE
V-400 1.39 PU-V—400(2) 5:6 PU-V-400(1) TEA
POG 600 1-600 1.21 PU-1-600(2) 1:2 PU-1-600(1) TEA
11-600 1.66 PU-II-600(2) 3:2 PU-II-600(1) D-RE
111-600 1.64 PU-III-600(2) 3:4 PU-TII-600(1) TEA
IV-600 1.50 PU-IV-600(2) 5:4 PU-IV-600(1) D-RE
V-600 1.23 PU-V-600(2) 5:6 PU-V-600(1) TEA
POG 1000 1-1000 1.37 PU-I-1000(2) 1:2 PU-I-1000(1) TEA
11-1000 1.35 PU-II-1000(2) 3:2 PU-II-1000(1) D-RE
111-1000 1.35 PU-III-1000(2) 3:4 PU-III-1000(1) TEA
IV-1000 1.44 PU-IV-1000(2) 5:4 PU-TV-1000(1) D-RE
V-1000 2.37 PU-V-1000(2) 5:6 PU-V-1000(1) TEA
PCD 530 1-530 122 PU-I-530(2) 1:2 PU-1-530(1) TEA
11-530 1.83 PU-II-530(2) 3:2 PU-II-530(1) D-RE
11-530 1.61 PU-III-530(2) 3:4 PU-TII-530(1) TEA
IV-530 1.26 PU-IV-530(2) 5:4 PU-IV-530(1) D-RE
V-530 1.12 PU-V-530(2) 5:6 PU-V-530(1) TEA
PCD 1250 1-1250 1.73 PU-1-1250(2) 1:2 PU-I-1250(1) TEA
11-1250 1.26 PU-II-1250(2) 3:2 PU-II-1250(1) D-RE
1-1250 1.51 PU-III-1250(2) 3:4 PU-TII-1250(1) TEA
IV-1250 1.11 PU-IV-1250(2) 5:4 PU-TV-1250(1) D-RE
V-1250 1.17 PU-V-1250(2) 5:6 PU-V-1250(1) TEA

@ The data were taken from refs. 1 and 3.
® The numbers are the M,, values.
¢ Polydispersity degree (PD) = M,,/M,,.

4 A is the polyol component, and B is the isocyanate component.

procedure.”® The sample holder travel speed was 500
mm/min, and the measurements were taken over
the distance of 25 mm. The measurements were con-
trolled with LaborPoint 10.01 software. What was
recorded was the tensile force versus the sample ten-
sile strain. That relation was computer-processed
and presented in charts as a function of the tensile
stress versus the sample elongation.

The TS, (MPa) values were calculated with the
following formula:

TS, = Ib )

where F;, is the force recorded at rupture (N), b is
the width of the measurement distance (mm), and d
is the thickness of the measurement distance (mm).

Journal of Applied Polymer Science DOI 10.1002/app

The elongation at break [E, (%)] was calculated
with the following relation:
Ly — Ly
Lo

E, = 100 % 3)

where L, is the measurement distance at rupture
(mm) and L is the initial measurement distance
(mm).

Hardness

A Shore hardness tester from Zorn (Stendel, Ger-
many) was employed in accordance with the stand-
ard.** The Shore A hardness (°) was read directly
from the instrument after 15 s.
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Impact resistance

The impact resistance of the PU samples was found
with the use of the standard Charpy method® and a
pendulum machine from Ohst (Potsdam, Germany).
The test pieces with no notch had the shape of small
beams with the following dimensions: length = 50 *
1 mm, width = 6 = 0,2 mm, and thickness = 4 =+
0.0 mm. The supports were arranged at a distance of
40 mm, and the striking energy was 1.0 J.

The impact resistance [a, (kJ/ m?)] was calculated
with the following formula:

An
b-d

a, = -10° 4)

where A, is the breaking energy required to break a
test sample (J), b is the width of the test sample
(mm), and d is the thickness of the test sample
(mm).

Abrasion resistance

The abrasion resistance of test samples was mea-
sured with a Schopper-Schlobach instrument with
an APGi circulating roller from Heckert, and the
procedure complied with the standard PN-ISO.*
The test pieces in the form of a roll (16 = 0.2 in
diameter and 2 mm high) were cut with the use of a
cylindrical rotary tool installed on the instrument.
The pieces were then glued to rubber discs, which
made the footing elements for the former. The test
pieces were circulated during the test. Because of
considerable weight losses for some pieces, their
tests were stopped half-way (20 m), and the findings
were multiplied by 2 to make them comparable to
the other findings. Standard rubber from Stomil Rub-

Tensile strength TS [MPa)

T T T T T T T T T T T T
G0 B 100 120 1400 160 180 0 2N 2400 260 ZHD

¥
o 20 40

Flongation 12 [%al

Figure 1 Tensile strength (TS) versus the elongation (E)
for the obtained PUs: (1) PU-II-300(2), (2) PU-II-300(1), (3)
PU-IV-300(2), and (4) PU-IV-300(1).

1443

Elongation at break E , [*2]

Figure 2 E, of PU cured with TEA: ([J) PU obtained
with the one-step method and (M) PU obtained with the
prepolymer method.

ber Processing Plant S.A. (Sanok, Poland) was used
as the reference material.””

The abrasion resistance index (ARI) was calculated
with the following relation:

Vs
ARI = ~*-100 %
v+ 100% )

where V, is the loss of volume of the standard rub-
ber (mm®) and V; is the loss of volume of the test
sample (mm?).

The density figures for the test pieces, which
were necessary for calculations, were found by the
method described in the standard PN-ISO,28 section
A (the test pieces were weighed in air and then in
CH;OH as the immersion liquid).

The density of PU (g/cm’) was calculated with
this equation:

81
P ™ (6)
where g is the mass of the test sample in air (g), g»
is the mass of the test sample in CH;0H (g), and p;
is the density of CH;OH (p; = 0.7920 g/cm”).
The findings for the mechanical properties are pre-
sented later in Figures 1-10.

RESULTS AND DISCUSSION

The values measured for the TS versus the elonga-
tion, the hardness, the abrasion resistance, which is
important for every elastomer (static performance),
and the impact resistance (dynamic performance)
were analyzed from the viewpoint of the effects
exhibited by the PU synthesis method, by the values
of the average molecular weights for polyols inserted
into the PU chains, and by the types of urethane pre-
polymer crosslinking agents used.

Journal of Applied Polymer Science DOI 10.1002/app
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Elongation at break E . [*a]

Figure 3 E, of PU cured with D-RE: (J) PU obtained
with the one-step method and (M) PU obtained with the
prepolymer method.

Strength tests

The values for TS or TS, and E; were assumed to be
the comparative criteria for the strength performance
of the studied PU materials. The stress curves (TS)
versus the elongation were recorded during our study
(Fig. 1). The majority of the profiles obtained in our
tests corresponded to those specific for elastomers.

Figures 2-5 illustrate the values of E, and TS, as
measured for all the synthesized PUs. The findings
have been arranged in series: the length of the linear
urethane segment increases, or the molecular weight
of the polyol component increases. For comparison,
strength parameters for PUs obtained by the single-
stage method and by the chain step-growth method
can be found in the same diagrams. Figures 2 and 4
present the data for PUs crosslinked with TEA,
whereas Figures 3 and 5 present crosslinking with
D-RE.

Tensile strength TS |, [MPa]

Figure 4 TS, of PU cured with TEA: ((J) PU obtained
with the one-step method and (M) PU obtained with the
prepolymer method.

Journal of Applied Polymer Science DOI 10.1002/app
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Tensile strength TS |, [MPa]

Figure 5 TS, of PU cured with D-RE: ([J) PU obtained
with the one-step method and (M) PU obtained with the
prepolymer method.

When the data within each series are analyzed,
increasing E, and decreasing TS, values can be
observed for the growing urethane chain lengths.
Higher molecular weights of oligourethanes increase
the polydispersity in those compounds,”® and this
results from the inferior order within the domains of
the flexible segments' as well as the lower and lower
stiffness of the chains. Those effects explain the dete-
rioration of the studied mechanical properties, as
observed in individual series of samples. In the case
of PUs synthesized from PCD with a molecular
weight of 1250 g/mol [PU-I-1250(1), PU-I-1250(2),
PU-III-1250(1), PU-III-1250(2), PU-V-1250(1), and
PU-V-1250(2)], the drop in TS with an increasing
molecular weight of the oligourethane is not so clear,
and this can be caused by an improvement in the
intermolecular interactions due to the lower cross-
linking density.

Hardness “Sha

Figure 6 Hardness of PU cured with TEA: (J) PU
obtained with the one-step method and (M) PU obtained
with the prepolymer method.
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Hardness "ShA

Figure 7 Hardness of PU cured with D-RE: ([0) PU
obtained with the one-step method and (M) PU obtained
with the prepolymer method.

When the molecular weight of a polyol increases,
the number of urethane groups in the polyol chain is
reduced at the same time, and hence the number of
rigid segments is lower;*® consequently, the possible
number of intermolecular hydrogen bonds goes
down in which —NH— and C=O groups are active.
All those factors account for the decline in TS, and
increase in E, observed in such cases. Although
the increasing M, value of the polyol component
boosts the trend to create hydrogen bonds between
the group —NH— and the ether group oxygen
atom, such hydrogen bonds are too weak™> ™ to
compensate for the simultaneous drop in other inter-
actions.

PUs obtained from PCD generally offer TS supe-
rior to that of their counterparts derived from POG,
and their ultimate elongation is lower. That can be
explained by the presence in poly(ester urethane)s of
additional hydrogen bonds between the group

Impact resistance [kl/m2)]

Figure 8 Impact resistance of PUs ([J) obtained with the
one-step method and (M) obtained with the prepolymer
method.
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Figure 9 ARI of PU cured with TEA: (J) PU obtained
with the one-step method and (M) PU obtained with the
prepolymer method.

—NH— and the carbonyl group oxygen atom within
the ester group.

As shown by the DSC analyses presented earlier,'
this results from the increasing capacity for crystalli-
zation within the flexible segments with higher
M, values** in PU composed of POG 1000 [W,,
= 214% for PU-II-1000(2)] and PCD 1250 [W.,
= 34.67% for PU-III-1250(2), W.s = 0.31% for PU-
IV-1250(2), and W.s = 35,09% for PU-V-1250(2)];
this also contributes to the relative decline in the
ultimate elongation of these samples. A TS increase
was not, however, observed.

PUs subjected to crosslinking with TEA (Figs. 2
and 4) usually have lower TS and higher ultimate
elongation parameters than PUs crosslinked with D-
RE (Figs. 3 and 5). As shown earlier,’ the latter
suffer from inferior separation of the soft phase and
increased crystallinity in the hard phase at the same

Abrasion resistunce index ARI

Figure 10 ARI of PU cured with D-RE: ((J) PU obtained
with the one-step method and (M) PU obtained with the
prepolymer method.

Journal of Applied Polymer Science DOI 10.1002/app
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time in comparison with PUs that contain rigid
blocks derived from TEA. A more orderly arrange-
ment within the hard phase, which is composed of
symmetrically spaced aromatic rings, can also lead
to higher TS and lower ultimate elongation values
for PUs crosslinked with the use of D-RE.

PUs obtained with the prepolymer method are
usually characterized by higher TS and ultimate
elongation values than their equivalents produced
with the single-stage method (Figs. 1-5). That should
be explained on the basis of the earlier analysis of
the phase structure' by the higher content of the
hard phase, which is mechanically tough. The supe-
rior spatial order within the hard phase in PUs avail-
able from the prepolymer method is particularly
visible in those polymers produced by the oligomer
chain-expansion operation, which was repeated a
few times. Moreover, an inferior spatial arrangement
within the hard phase in samples PU-1-200(2), PU-
1-300(2), PU-1-400(2), and PU-1I1-400(2), obtained by
one or two prepolymer chain-expansion processes,
versus their single-stage counterparts explains their
observed lower TS values.”

Hardness

Figure 6 presents the hardness test findings for PUs
hardened with TEA, whereas Figure 7 presents
the hardness test findings for those hardened with
D-RE.

The hardness decreases with the increasing length
of the linear urethane chain within each PU series
tested. That is connected to the lower stiffness of the
chains and lower intermolecular forces due to sparser
crosslinking.

However, the hardness increases in a number
of PUs: PU-I-1250(2), PU-III-1250(2), and PU-V-
1250(2). This can result in an increasing tendency of
crystallization of the soft phase with higher M,
values of the polyols.

The hardness of PUs generally declines with the
increasing molecular weight of the polyol, just
like the TS, because the higher the content is of the
flexible segment, the lower the stiffness of the total
structure becomes, and the effects from intermole-
cular forces grow weaker.

PCD-derived PUs offer higher hardness specifica-
tions than their POG-derived analogues with compa-
rable M, values, and this probably results from the
higher energy of the interactions between the ure-
thane group and the ester group with respect to
analogous interactions with the ether group oxygen
atom in POG.

Within PUs synthesized from polyesters, the hard-
ness of the samples prepared with the use of PCD
with M,, = 1250 g/mol is higher than that of their
analogues containing segments derived from PCD
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with M,, = 530 g/mol. That is also connected to the
higher potential of polyester flexible segments to
crystallize when their M,, grows higher, and this is
advantageous for the stiffness of the whole structure.

A lower hardness is observed for PUs hardened
with TEA (Fig. 6) than that for their counterparts
hardened with D-RE (Fig. 7). This, like the TS, should
be explained by the presence of symmetrically sub-
stituted aromatic rings that could crystallize more
easily.

In general, PUs produced with the prepolymer
method offer hardness superior to that of PUs pro-
duced with the single-stage process, yet there are
some exceptions to this rule. The observed increase
in the hardness results from a more orderly arrange-
ment of the supermolecular structures in PUs
obtained with the prepolymer method.! The lower
hardness for samples PU-I-V-200(2), PU-III-300(2),
PU-V-300(2), PU-IV-400(2), PU-I-530(2), PU-III-
530(2), and PU-I-1250(2) can be explained by the
inferior arrangement within their rigid segments or
by the macroscopic inhomogeneity emerging in the
molding stage.

Impact resistance

The impact resistance findings are presented in
Figure 8. The lowest resistance can be observed for
PUs obtained with the single-stage method from low-
molecular-weight polyols (M,, = 200 or 300 g/mol).

The impact resistance values for PUs in this study
range from 1.91 kJ/ m? for PU-I-200(1) to 23.81 kJ/
m? for PU-V-200(2), with the values for polymers
synthesized with the prepolymer method being
much higher. For PUs obtained with the single-stage
procedure, their impact strength improves when the
content of the polyol component is higher. More-
over, the samples hardened with the use of D-RE
have lower impact resistance specifications than
those after hardening with TEA. Apparently, the
presence of aromatic stiffening structures is disad-
vantageous for the impact strength. On the other
hand, the impact resistance is improved at a lower
density of crosslinking.

Only two PU samples, obtained from long-chain
polyols (PCD 1250) with the single-stage method,
could be broken when 1.0 J of energy was applied.
Most PU samples were flexible enough, and no im-
pact strength could be measured under the adopted
conditions.

Attention should be paid to the samples obtained
with the single-stage method from the PU-(I-V)-
200(1) and PU-I-1250(1) series. Despite a high Shore
A hardness (93-67°), they turned out to be relatively
brittle. The reasons were their high content of rigid
segments, lower phase separation, and also most
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likely numerous defects occurring in their crystalline
structures.

PUs PU-I-200(2), PU-II-200(2), PU-T1I-200(2), PU-
I11-200(1), PU-V-200(1), PU-I-300(2), PU-1-400(2),
and PU-1-600(2) offer pretty high levels of both the
Shore A hardness (92-70°) and impact strength (over
10 kJ/m?). On this basis, they make relatively good
elastomers with potential structural applications.

Abrasion resistance

The findings for ARI have been organized into
groups and are presented in Figures 9 and 10. As for
the TS and impact resistance, the abrasion resistance
of given samples is determined by the structures of
the raw materials, by the type of the formed phase
structure, and by the resultant intermolecular inter-
actions.

The reduction of ARI for increasing M, of the
polyol used results from the qualitative and quanti-
tative changes in the nature of the hydrogen bonds
created within the flexible and rigid segments, as
discussed earlier.

A significant influence of the crystallinity of the
soft phase on the abrasion of PU obtained from POG
1000 and PCD 1250 was not observed.

That can be explained by the fact that the crystal-
line phase formed by flexible segments can melt
relatively easily or become amorphous under the
measurement conditions. Even small stresses result-
ing from contact with abrasive cloth at temperatures
up to 70°C can cause partial melting of a sample
during the test.®

The growth in the crosslinking density improves
the abrasion resistance, except for samples PU-I-
400(2) and PU-I-600(2). In those two cases, the drop
in the hydrogen interactions between chains due to
higher distances between them can prevail. The
observed and distinctly superior abrasion resistance
of PUs obtained with the prepolymer method results
certainly from the more orderly structures, as dis-
cussed earlier.

CONCLUSIONS

The samples used in the tests had precisely defined
chemical structures because of the synthesis methods
adopted and known phase structures that had
been established in earlier studies. That made it pos-
sible to employ simple determinations to evaluate
the effects of the chemical structures and phase
structures on the mechanical properties of the PU
elastomers.

The studies made it possible to draw a number of
general conclusions, which are important from cog-
nitive and practical point of views, about the effects
on the mechanical properties of PU elastomers by
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structural factors such as the structures and contents
of rigid and flexible segments, their ability to crystal-
lize, phase separation, and the number and types of
crosslinking covalent bonds and hydrogen bonds.

In particular, the TS, hardness, and abrasion resist-
ance of synthesized PUs usually increase when poly-
ols with lower and lower M, values are used and
when the orderly arrangement improves within both
hard and soft domains. That should be explained by
increasing intermolecular interactions within the
polymer structures. On the contrary, if those inter-
actions are weakened anyway, the test piece elonga-
tion increases, and the impact strength drops. Our
investigations have revealed that PUs obtained with
the prepolymer method offer generally more favor-
able physicomechanical properties than their ana-
logues synthesized with the single-stage process. On
the basis of these properties, the studied PUs can be
classified as elastomers of a wide application spec-
trum.

The findings available at this stage of the study
are predominantly qualitative, but they can create a
basis for quantitative relations to be established in
further research programs,36 which can be obtained
only from empirical models developed by experi-
mental planning methods, whereas the effects of
structural factors are precisely defined for a fixed PU
elastomer production method.
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