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ABSTRACT: Cast polyurethane (PU) elastomers have
been widely used in dynamic applications, such as rollers
and wheels, where a low heat buildup, high-loading resist-
ance, and good cut-growth resistance are desired. Because
of their different molecular structure, cast PU elastomers do
not perform in the same way in highly demanding dynamic
applications. Small variations in the viscoelastic properties
can result in significant differences in the longevity of the
wheels and rollers that are subjected to a large number of
cyclic compressive deformations. Therefore, it is of great in-
terest to understand dynamic performance of urethane elas-
tomers based on various backbones. Dynamic mechanical
analysis (DMA) is commonly used to differentiate the
dynamic performance of elastomers, but it only provides
characterization of the dynamic behavior of a given elasto-
mer at small deformation in the linear viscoelastic regime,
where information such as the heat buildup and load-bear-
ing capability of elastomers cannot be obtained. As such,
we developed a stress-controlled flexometer on the basis of

the ISO4666/4 method that enabled measurement of the
heat buildup and load-bearing capabilities of urethane elas-
tomers in a large dynamic deformation environment. More-
over, a dynamometer was constructed to evaluate wheels
based on different urethane elastomers under load at vari-
ous speeds; this allowed close simulation of the urethane
elastomers in a real application environment. In this article,
the viscoelastic properties of cast urethane elastomers based
on different backbones were studied by DMA. The heat
buildup and load-bearing capabilities of the elastomers
were investigated via the stress-controlled flexometer, and
the performance of the wheels based on various prepoly-
mer systems were evaluated with the dynamometer. Corre-
lations between the material viscoelastic behavior and the
heat buildup were established. © 2011 Wiley Periodicals, Inc.
J Appl Polym Sci 125: 584-594, 2012
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INTRODUCTION

Polyurethane (PU) elastomers are composed of short,
alternating polydisperse blocks of soft and hard
segments. The use of PU elastomers in wheels
and rollers accounts for more than 50% of the total
high-performance cast elastomer market. In these
applications, PU elastomers are subjected to cyclic
deformations of large magnitude and high frequency.
Internal heat buildup has been observed in these
applications as a result of internal molecular friction
during cyclic deformations.' The wheel temperature
reaches a steady-state after the wheel runs for certain
period of time when heat generation balances the heat
dissipation. Heat generation is affected by the service
conditions, such as the speed and load of the wheels,
and the wheel characteristics, such as the wheel size
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and shape and urethane viscoelastic characteristics.
Heat dissipation depends on the thickness of the
urethane on the wheel and the thermal conductivity
of the urethane compound.*® Because common
urethane elastomers are poor thermal conductors, the
steady-state temperature can be relatively high.

The wheel temperature has an evident effect on
the wheel performance characteristics, such as the
durability, wear resistance, handling, and traction,
and on the rolling resistance. An increase in the
wheel temperature is the principal cause of urethane
thermal degradation; this leads to fatigue cracking
and bond failure over time.® Sometimes, a dramatic
heat buildup in the wheels results in the melting
of urethane elastomers, commonly to referred as
blowout. A change in the wheel temperature gener-
ally affects the viscoelasticity of the wurethane
compound and can change the rolling resistance,
handling, or traction performance. The temperature
also affects the strength of urethane elastomers and
has a significant effect on the wear resistance and
tread block tearing or chunking because the tear
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strength and abrasion resistance of urethane elasto-
mers are reduced substantially with rising tempera-
ture. Other direct physical consequences of the
higher temperature include the degradation of the
ultimate properties, such as the tensile strength,
decreased static and elastic modulus, and increased
hysteresis.”

Therefore, it is wusually desirable to design
urethane compounds that can reach a steady-state
temperature as low as possible to avoid any of the
aforementioned wheel failures. The running temper-
ature often constitutes a limitation in the speed and
load at which a wheel can operate, especially for
heavy-duty truck tires, off-the-road tires, and high-
speed wheels.

Because heat generation is a result of the energy
loss of the urethane elastomers under cyclic
deformation, the viscoelastic characteristics of the
urethane compound play a key role in the tempera-
ture rise. The viscoelastic properties of a urethane
elastomer depend on the characteristics of its build-
ing blocks.® The variation of polyols, isocyanates,
and chain extenders can result in a variety of molec-
ular structures of soft and hard segments; this leads
to different degrees of phase separation between the
hard and soft phases. Abundant literature has
shown that phase separation between the hard and
soft segments strongly influences the dissipative
behavior of PUs. Poor phase separation tends to
increase the hysteretic behavior of urethanes under
cyclic loading conditions. Therefore, the selection of
the right combination of building blocks and the
right processing conditions can optimize the visco-
elastic properties of an elastomer.

However, selection of the right combination from
multiple potential associations to optimize the
elastomer properties usually turns into a difficult
exercise. There are ample choices in the selection of
building blocks, but simple laboratory screening test
methods are scarce and often marginal in predicting
performance in the field. As a result, wheel perform-
ances are often measured directly from real applica-
tion environments. One popular screening method is
dynamic mechanical analysis (DMA). DMA is
widely used in the selection of urethane elastomers.
However, DMA is designed to probe the mechanical
properties of polymers in their linear elastic region;
this only provides information on the relative per-
formance of elastomers at small deformation. There-
fore, it is often difficulty to correlate DMA results to
wheel performance in the field, such as those of heat
buildup and load-bearing capabilities. In response to
the difficulty in correlating DMA to field perform-
ance, a number of different approaches have been
developed, such as the dynamometer, where the
internal temperature of a wheel can be monitored
while the speed and load are varied. Although a
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dynamometer test directly measures wheel perform-
ance and can be easily implemented as a quality-
control tool, it is often difficult to use it as a prelimi-
nary screening tool because the preparation of the
wheels involves a significant amount of effort. A bet-
ter alternative is to directly observe the temperature
rise itself through application of cyclic deformation
to a laboratory specimen, as described in ASTM D
623-99. Such dynamic fatigue test consists of a
strain-controlled compression fatigue test with a
Goodrich flexometer. This method has been widely
adopted in the rubber tire industry to directly mea-
sure the heat buildup in the laboratory.

Most early work with a flexometer was done on
rubber specimens through application of a cyclic
strain at a constant amplitude (constant strain
deformation). Storey’ reported the heat buildup in
Buna-type rubber blocks subjected to constant strain
deformation. The author also recognized an increas-
ing compression set of elastomers as the final height
of the rubber blocks decreased linearly with rising
heat-buildup temperature. At moderate tempera-
tures, gradual degradation occurred slowly. At high
temperatures, catastrophic failures could cause
explosion or blowout.

Studies of the heat buildup in urethane elastomers
can be dated back to the mid 1960s. Using a flexom-
eter that was capable of compression and lateral
shear, Singh et al.® measured the heat buildup in
both polyester- and polyether-based elastomers. The
authors emphasized that urethane parts subjected to
dynamic stresses or strains generally showed great
heat buildup. A temperature rise due to heat
buildup could affect the thermal stability of the elas-
tomers and, thus, the service life of the urethane
parts. Gianatasio and Ferrari'® observed that under
constant strain deformation, the energy loss
escalated with increased hardness and modulus of
the elastomers. They also found that the polyether
[polyoxytetramethylene glycol (PTMEG)] elastomers
generally had a lower heat buildup than the polyes-
ter elastomers.

More recently, a stress-controlled flexometer was
developed in response to a lack of correlation
between the observations from dynamic fatigue test-
ing at constant strain deformation and heat buildup
in truck tires. Mouri'' demonstrated that heat
buildup in a truck tire was closer to a constant stress
deformation than a constant strain deformation, and
a flexometer based on a constant stress deformation
could better predict the tire temperature rise. Mead
et al.'* used a stress-controlled flexometer to screen
PU formulations in high-loading applications, such
as rubber pads for military tracked vehicles. They
recorded the maximum internal temperature of a
2.5-foot high-PU elastomer cylinder with cycling
forces varying between 5000 and 8000 pounds at a
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frequency of 6.5 Hz. The ISO 4666 method repre-
sents renewed effort in further standardizing and
perfecting the stress-controlled test.

In a previous article, the development of a method
to determine the resistance of elastomers to heat
buildup and their maximum load-bearing capabilities
with a stress-controlled flexometer was reported.'’
This article represents an attempt to correlate the ma-
terial linear viscoelastic properties of urethane elasto-
mers obtained by DMA with the internal heat buildup
measured on a customized stress-controlled flexome-
ter. Such a correlation would help with some funda-
mental understanding of the heat buildup mecha-
nisms, which in turn, will further drive the
development of new urethane elastomers with
improved dynamic fatigue resistance or lower inter-
nal heat buildup and higher load-bearing capabilities.

INTERNAL HEAT BUILDUP AND MATERIAL
VISCOELASTICITY

Heat buildup is an aspect of the dynamic properties of
a material. Heat buildup and its associated tempera-
ture rise are due to the conversion of some applied me-
chanical energy into heat. The conversion of the
applied mechanical energy takes place at the molecular
level. Rapid macroscopic deformations involve fast
local motions of polymer chains, chain segments, and
crosslinks through the polymer. If the units are forced
into new locations more rapidly than vacant sites
(holes) are generated by thermal motion of the sur-
rounding molecules, the ordered mechanical motion is
converted into random thermal motion of these mole-
cules, that is, heat. The deformation of any material
can be resolved into an elastic and a viscous compo-
nent, often modeled at a first order with a spring and a
dashpot attached in series (Maxwell model) or in paral-
lel (Voigt model). When a cyclic sinusoidal strain is
imposed on a material, the two viscoelastic compo-
nents of the material respond at different speeds; this
results in the actual stress of the material leading the
imposed strain by a phase angle (3). If the stress is plot-
ted against strain, for a single deformation, a hysteresis
loop is obtained. The area within this closed loop is the
amount of mechanical energy converted to heat (H)
during each cycle, as determined by Eq. (1), where o is
the stress and v is the strain:

H= /OT o(dy/dt)dt (1)

where T is time of a single deformation and t is
time.

If one assumes that the periodic deformation cycle
is sinusoidal, Eq. (1) can be rewritten as

H = 16,7y, sin d ()
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where 6y and 7y, are the amplitudes of stress and
strain.

Because the loss or viscous modulus (G”) = cy/7vo
sin 6, when the deformation is a constant strain
process, Eq. (2) becomes

H = 1y}G” < G'tan 3 3)

where G’ is the storage or elastic modulus. In
the case of a constant stress process, the energy loss
during one periodic deformation is

H=1c3G"/G" « tan$/G =~ ]" 4)

where G* is the complex modulus and J” is the loss
compliance. Mouri'" proposed a simplified equation
for energy loss by using a deformation index (n):

H o tan §/G" ! ®)

where 1 ranges between 0 and 2 and is an indication of
the mode of deformation. When n = 0, Eq. (5) reduces
to Eq. (3), which represents a constant strain deforma-
tion. When n = 2, Eq. (5) reduces to Eq. (4), which rep-
resents a constant stress deformation, and a value of n
= 1 represents constant energy deformation. Equations
(3)—(5) offer a better understanding of how viscoelastic
properties affect hysteresis, namely, the energy loss.
Energy loss due to constant strain deformations is pro-
portional to G”, and energy loss due to constant stress
deformations is proportional to tan §, although it is
inversely proportional to G'. Energy loss due to con-
stant energy deformations is independent of modulus
and merely a function of tan 9.

Equations (3)-(5) suggest that the hysteresis of a
given urethane elastomer depends on the type of
deformations it is subjected to. With this in mind,
equations (3)-(5) can really direct effort in the design
of urethane elastomers to minimize heat generation.
For example, for applications under constant strain
deformations, one should minimize G”, whereas for
applications under constant stress deformations,
minimizing tan & and maximizing G’ would increase
the durability of the elastomers.

Using Eq. (5), one can empirically determine n or
the type of deformation to which a material is sub-
jected in an application environment. Futamura'*
found that n for wet traction was n = 0, a constant
strain deformation process, whereas dry traction
was a constant stress deformation process, where
n = 2. Summer et al."> demonstrated that belt-edge
separation is a constant stress deformation and side-
wall ozone cracking is a constant strain deformation.
Mouri'® found that truck tire rolling resistance was
closely approximated to constant stress deformation.
By using a flexometer based on constant stress
deformation, Mouri'! also demonstrated that truck



CAST PU ELASTOMERS

587

TABLE I
Prepolymer Systems Used in the Study

Sample Product name Chemistry NCO content (%)
A Hyperlast T840/95A Reaction product of TDI and PTMEG 6.35
B Hyperlast T140/95A Reaction product of TDI and PTMEG 6.30
C Diprane T940/95A Reaction product of TDI and polyester polyol 5.75
D Experimental Reaction product of TDI and PTMEG 525
E Experimental Reaction product of TDI and PTMEG 5.25
F Diprane T950/95A Reaction product of TDI and polycaprolactone polyol 5.75
G Low free TDI PTMEG prepolymer 95A  Reaction product of TDI and PTMEG 6.30

tire heat generation was closer to constant stress de-
formation than constant strain deformation. Because
of the similarity of running truck tires and urethane
wheels, in this work, heat generation in a urethane
wheel was considered as a result of constant stress
deformation.

EXPERIMENTAL

Preparation of the elastomer specimens and wheel
samples

Elastomer specimens were prepared via a two-step
prepolymer process. Various polyols were reacted
with toluene discarnate (TDI) form prepolymers.
VORANATE T80 type I TDI was obtained from The
Dow Chemical Co., Midland, MI. Prepolymers A, B,
C, and F were commercial products of the Dow
Chemical Co., whereas prepolymers D and E were
experimental compositions that were primarily
based on PTMEG with a weight-average molecular
weight of 2000. Prepolymer G was a commercial
TDI-PTMEG prepolymer, which contained less than
0.1% monomeric TDI content. All of the reactions
were conducted in a glass reactor under nitrogen
protection at 80°C with stirring. The extent of the
reaction of the hydroxyl groups with isocyanate was
determined by an amine equivalent method. The

NCO contents of the prepolymers are listed in Table
I. After the reaction finished, the prepolymers were
degassed at 70°C in vacuo. The chain extender, 4,4’
methylene bis(2-chloroaniline) (MOCA), was melted
at 115°C and mixed with the prepolymers at about
70°C at 95% stoichiometry ([NH]/[NCOlprepotymer =
0.95). The mixture of the components was achieved
via a Speedmixer DAC 400FV by Hauschild (Hamm,
Germany) at 2200 rpm for 60 s. The mixtures were
then poured into an aluminum mold preheated at
110°C. After curing at 110°C for 3045 min, the sam-
ples were removed from the mold and further post-
cured at 110°C for 16 h. A variety of elastomers at
95-97 A free from defects, such as entrapped air
bubbles, were obtained after postcure. The details of
the elastomer samples are shown in Table 1.

The PU wheels were manufactured via the stand-
ard open-casting process. Steel wheel hubs 5.4 in. in
diameter and 2 in. wide were first sand-blasted to
create a fresh, rough surface and then cleaned with
isopropyl alcohol. Two coats of Thixon 405 (The
Dow Chemical Co.) were applied to the wheel sur-
face. After it was dried at room temperature for
about 2 h, the surface-treated steel hub was placed
in an oven at 120°C for at least 2 h before it was
assembled in a wheel mold that was preheated at
110°C, as shown in Figure 1(a). The prepolymers
and MOCA were mixed according to the process

b W b

dul

Figure 1 (a) Mold assembly and (b) PU-coated wheel. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]
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Figure 2 Drilling and the insertion operation of the
temperature probe in the cylinder. The setup was then
installed in the custom apparatus represented on the right-
hand side. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

described previously, and mixtures of the prepoly-
mers and chain extenders were poured into the
mold to form a PU-coated wheel with a thickness of
the PU layer at 0.3 in., as shown in Figure 1(b). After
curing at 110°C for about 30 min, the wheel was
removed from the mold and trimmed before it was
further postcured at 110°C for 16 h. The wheels
were subjected to dynamometer testing, described
later, after they were conditioned at room tempera-
ture for about 4 weeks.

DMA and compression fatigue test

After the specimens were aged at room temperature
for about 2-4 weeks, their viscoelastic properties
were characterized by DMA. The analysis was per-
formed on a Rheometrics RSA II in tension mode
between —100 and 250°C in air while the specimens
were heated at 2°C/min. The imposed strain and
frequency were 0.1% and 10 Hz, respectively.

The dynamic fatigue properties of the specimens,
including the internal heat buildup and maximum
load capabilities, were measured by a stress-
controlled flexometer. The stress-controlled dynamic
fatigue test was built on a servo-hydraulic machine
made by MTS Systems Corporation, Eden Prairie,
MN capable of recording the internal and surface
temperatures of the elastomeric cylinder specimen
30 mm in diameter and 25 mm high. The internal tem-
perature was measured through an internal probe. A
small hole (1 mm in diameter) was drilled at the
center of the specimen. The temperature probe was
inserted into the center of the specimen, and the hole
was then sealed with heat-conductive urethane
adhesives. Because of the size of the hole and the fact
that the hole was sealed afterward, its impact on the
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viscoelastic properties of the specimen was believed
to be negligible. Force, displacement, and time were
also recorded. The tests were conducted at ambient
temperature at 20 Hz. A specific procedure was
developed to evaluate the load-bearing and tempera-
ture capabilities of different PU formulations.'
Successive sequences of 25 min each with a load
increment of 500 N were applied until the sample
failed. Failure was detected as sudden increases in
the compression set and internal temperature of the
cylinder specimen, which occurred because of melt-
ing or blowout. Median test results of three specimens
of each composition were reported as the maximum
load of the PU composition. Figure 2 showed the test
apparatus.

Wheel dynamometer testing

The performance of the wheels was evaluated by a
wheel dynamometer. The wheel dynamometer was
constructed and equipped with LabView 8.2 soft-
ware, which was capable of measuring the wheel
speed, wheel temperature, wheel deflection, driving
torque, and load. Tests were conducted at ambient
temperature. A specific protocol was developed to
evaluate the wheel performance at a given speed of
10 km/h. Successive sequences of 30 min each with
a load increment of 100 kg were applied until the
wheel failed. The wheel failure was detected by a
sudden increase in the wheel deflection and driving
torque due to melting of the PU or delamination of
the PU from steel hubs. Median test results of the
three wheel samples were reported as the maximum
load-bearing capability of the wheel.

RESULTS AND DISCUSSION
Viscoelastic behavior of the urethane elastomers

A material’s viscoelastic properties can be character-
ized in terms of G/, G”, and G*. Alternatively, the
dynamic properties can be expressed in terms of the
compliance, the response to stress rather than to strain.
This is represented as ], which is a reciprocal of G*.
Elastomers, by definition, are used in the rubbery
state, that is, at a temperature that is higher than the
glass-transition temperature but lower than the soft-
ening temperature, where modulus decreases rap-
idly with increasing temperature. In this rubbery
region, well above the glass-transition temperature,
the viscoelastic properties are primarily affected by
differences in the molecular friction coefficient
among elastomers. As heat generation in urethane
elastomers is not a primary concern before it results
in significant material deterioration at a temperature
well above the glass-transition temperature, in this
article, only the viscoelastic behavior of urethane
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Figure 3 (a) Elastic modulus of 95A elastomers in a nor-
mal operation temperature window between 0 and 200°C.
(b) G” values of the A, B, and C elastomers. [Color figure
can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

elastomers in the rubbery state or in the plateau
region of the elastic modulus are discussed.

Figure 3(a) shows the elastic modulus of different
95A urethane elastomers between 0 and 200°C. The
moduli of the elastomers were slightly different
from each other, although their hardnesses were
about the same. All of the samples exhibited a pla-
teau between 50 and 150°C. However, the slope of
the plateau was different. Sample A demonstrated
the flattest slope, and sample F showed the highest
slope. As the elastic modulus of an elastomer repre-
sents its sustainability under a work load, it is
highly desirable to have a constant elastic modulus
over a wide temperature window.

According to egs. (3) and (4) in the earlier discus-
sion, an elastomer with a higher G’ but the same tan
0 generates more heat under constant strain defor-
mations, whereas under constant stress conditions, it
would undergo less deformation and generate less
heat. In this case, under constant strain deforma-
tions, heat buildup in the elastomers should have
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followed the order Hg > H4 > Hp ~ Hr ~ Hr > H,
whereas under constant stress deformations, the
sequence would be reversed. However, rarely, two
different elastomers have the same tan ¢ value. It
could be risky to draw a conclusion solely the basis
of the performance of elastic modulus. For example,
in Figure 3(b), the G” values of elastomers A, B, and
C are plotted against the temperature. G” of sample
A was consistently lower than that of sample B
across the temperature range and lower than that of
sample C when temperature was lower than 125°C.
Because heat buildup in elastomers is proportional
to G” [Eq. (3)] under constant strain deformations,
one might conclude that the heat generation in elas-
tomer A would be less than that in elastomers B and
C, that is, Hg > H4 and He > Hu. Although Hp >
H, was in agreement with the earlier prediction
from G”, Hc > H, was contradictory to the predic-
tion. The discrepancy could be attributed to the dif-
ference in tan & among the elastomers.

Tan 6 has been widely used to gauge the perform-
ance of elastomers in dynamic applications. As
demonstrated in eqs. (3) and (4), heat buildup is
proportional to tan 5, regardless of the mode of de-
formation. This consideration is of great practical
importance in the formulation of urethane elasto-
mers. However, as tan § is a ratio of G” to the elastic
modulus, it does not give information on the load-
bearing capability of an elastomer. Figure 4 shows
the tan 6 values of the 95A elastomers between
0 and 200°C, measured at 10 Hz. For all samples,
tan & decreased with increasing temperature and
was minimized at about 150°C. However, it
appeared that there were distinguishing differences
in the viscoelastic behavior among the elastomers.
For example, the tan 6 value for sample A was lower
in a wide temperature range compared to the other
specimens, and those of samples D and E were
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Figure 4 Tan 5 of the elastomers between 0 and 200°C,
obtained via DMA. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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Figure 5 ]” values of the 95A elastomers between 0 and
200°C, obtained via DMA. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.
com.]

consistently higher than those of the rest samples at
higher temperatures (>100°C).

Figure 5 shows the J” values of the 95A elastomers
between 0 and 200°C. The ]” values of all of the
elastomers decreased with increasing temperature
and bottomed out between 140 and 160°C. In
particular, samples A and B and samples F and D
exhibited similar J” profiles between 120 and 160°C.
According to Eq. (4), the dynamic heat buildup is
proportional to J” under constant stress deformation;
it is interesting and practically useful to correlate
the heat buildup measured by a stress-controlled
flexometer to the viscoelastic behavior of the elasto-
mers, such as J”.

Heat buildup and load-bearing capabilities
of the urethane elastomers

Although DMA provides a characterization of the
viscoelastic properties of materials in the linear
regime, it cannot address the large deformation
behaviors often observed in field applications. As a
result, it is difficult to correlate the wviscoelastic
behavior observed by DMA to material performance
in the field.

In this study, we tried to correlate the viscoelastic
properties of urethane elastomers with their heat
buildup and load-bearing capabilities, as measured
by a stress-controlled flexometer. Tests on a flexome-
ter can be conducted at conditions that closely simu-
late what an elastomer would experience in a real
application environment, including properties such
as the load, speed, temperature, and moisture level.
Thus, it offers a more direct measurement of elasto-
mers operating in a dynamic environment.

Figure 6 shows the compression set and internal
temperature of elastomer D during a 25-min testing
period under different loads. Both the compression

Journal of Applied Polymer Science DOI 10.1002/app

XIE, LAKROUT, AND MUELLER

set and internal temperature increased with increas-
ing load and leveled off over the testing period at a
given load until the specimen was subjected to a
critical load, in this case, 5.0 kN. At the critical or
maximum load, sudden increases in the compression
set and internal temperature were observed; this
indicated a structural disruption in the elastomer
due to melting or blowout. Similar behavior was
observed in all of the elastomers tested.

In Figure 7, the internal temperatures of the elas-
tomers at the end of each of the 25-min testing peri-
ods are examined as a function of the load. Clearly,
internal heat buildup was a linear response to the
load. However, the rate of temperature rise changed
abruptly at about 100°C. The internal temperature
rose slowly with the load at temperatures lower
than 100°C and rapidly when the temperature
exceeded 100°C. The amount of load required to
reach 100°C was different from one specimen to
another. Interestingly, all of the specimens exhibited
a similar rate of temperature rise when the internal
temperature of the elastomers went beyond 100°C,
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Figure 6 (a) Compression set and (b) internal tempera-
ture of elastomer D under various loads, obtained via a
stress-controlled flexometer. [Color figure can be viewed
in the online issue, which is available at wileyonline
library.com.]



CAST PU ELASTOMERS

T T T
m_ -
= A
* B
g |+ ¢c |
) v D
150 E |
] F
%m— +
E i
0 T T T
0 i 4 6 8

Load (KN)

Figure 7 Internal temperature of the elastomers as a
function of the compression load. [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com.]

as evident by the slopes. The fundamentals behind
this phenomenon remain to be investigated.

Figure 8 shows the maximum load of the speci-
mens and other 95A elastomers obtained from the
market. Among the other 95A elastomers, A’ and B’
were based on TDI-PTMEG prepolymers chain-
extended by MOCA, and C’' was based on a TDI-
polyester prepolymer cured by MOCA. The three
elastomers were tested side by side with the Dow
elastomers and used as benchmarks of the study.
They were selected because of their excellent heat
buildup and load-bearing capabilities and proven
performance in wheel and roller applications. The
maximum load was defined where permanent disrup-
tion to the elastomers occurred, as discussed earlier.
The maximum load of the three benchmarks ranged
from 4.0 to 5.5 kN, whereas the Dow elastomers
achieved maximum load between 5.0 and 7.0 kN.
Hyperlast T840/95A and T140/95A exhibited signifi-
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Figure 8 Maximum load of various Dow elastomers and
elastomers from the marketplace, obtained by a stress-
controlled flexometer. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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cantly improved load-bearing capabilities versus
samples A’, B', and C'. It is expected that a lower
heat buildup, higher load-bearing capability, and
longer service life will be achieved out of wheels
made from these elastomers.

Correlation of the heat buildup and elastomer
viscoelastic properties

As mentioned earlier, it is often challenging to cor-
relate the viscoelastic properties observed by DMA
with dynamic performance in the field. There are a
few factors that have contributed to the complexity.
First, cyclic deformation may vary from application
to application. According to egs. (3)—(5), the heat
buildup in elastomers depends on the type of
deformation, and it wusually requires detailed
work to define n for a given application.'*
Second, the viscoelastic properties are functions of
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Figure 9 Internal temperatures of the elastomers at
(a) 1.0-2.0-kN loads as a function of J” at 50°C and (b) 3.5
5.0-kN loads as a function of J” at 100°C. A strong linear
correlation was observed. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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the temperature. Heat buildup causes a tempera-
ture rise in the elastomers, and a temperature rise
affects a material’s viscoelastic behavior. Thus, it is
difficult to define a temperature or a temperature
window in which viscoelastic behavior would be
critical in determining heat buildup in the
materials.

In this study, we attempted to correlate the heat
buildup in the elastomers measured by a stress-con-
trolled flexometer with their viscoelastic properties
determined by DMA, or more specifically, J”. Figure
9(a) shows the internal temperature of the elasto-
mers under loads of 1.0-2.0 kN as a function of |” at
50°C, and Figure 9(b) shows the internal tempera-
ture of the elastomers under higher loads as a func-
tion of J” at 100°C. A strong linear correlation
between ]’ and the internal temperature was
observed. The internal temperature was found to be
proportional to J’; this was in good agreement with
Eq. (4). As expected, the internal temperature was
proportional to /” at 50°C when the load was low
and was proportional to J” at 100°C when the load
was high. As demonstrated in Figure 7, a lower load
corresponded to a lower internal temperature,
whereas a higher load resulted in a higher internal
temperature.

The strong correlation shown in Figure 9 was
encouraging, as it established a simple link between
the dynamic heat buildup and the elastomer visco-
elastic behavior, J”. The correlation, in turn, proved
Eq. (4), which was derived from a simple model of
spring and dashpot that has been widely used to
describe the viscoelastic behavior of elastomers.
For comparison, the internal temperatures of the
elastomers at higher loads were plotted against G” at
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100°C and are shown in Figure 10. As expected, no
correlation of any sort was observed.

Dynamic performance of the wheels based
on various prepolymer systems

It is evident from the previous results that the heat
buildup was correlated to the viscoelastic properties

T = T - T R T = T - T ~ T

o4 (a) o A
03f ; H

02+ pcwopmﬁ&g,g‘,&gg?od&@o al
| 0

Whee! Deflection (cm)
E?o
&
5

; q‘-_{’\:{ggg S P o
01 é
o
il
I} 4
00L° |
1 1 L | i v l
0 Py 40 & > B
Time (min.)
; - : I i ' T T
B [ -
g 7 _ N
6 [ -
g- i B SRR i
= L p i ey
g o) TRy RESSRge 1
1 1 \ L : I

Viheel Extemal Temperature (°C)
8

0 4
o ;
y |
0 4
L 1 L 1 L 1 L [l L [l " ] L 1
0 20 40 0 4] 100 120 140
Time (min.)

Figure 11 (a) Wheel temperature, (b) driving torque, and

(c) wheel deflection increase with load increases over time.
The wheel was based on Hyperlast T840/95A. [Color fig-
ure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]
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of the PU elastomers. However, it has been widely
discussed in recent years how the PU viscoelastic
properties may affect the service life of PU wheels
and rollers. The question is what kind viscoelastic
profile, as measured by DMA, is required to enhance
the longevity of PU wheels and rollers, especially in
harsh application environments. There is a need for
PU wheels to operate at higher speeds under higher
loads for extended periods of time. To better under-
stand the problem, PU wheels based on different
prepolymer systems were made and subjected to
the same testing protocol with a dynamometer.
Figure 11 shows the changes of wheel defection,
driving torque, and external temperature of a PU
wheel running at a fixed speed of 10 km/h as the
load increased over time. The wheel was made of
Hyperlast T840/95A. It is evident from Figure 11
that the wheel deflection, driving torque, and exter-
nal temperature increased over time with increasing
load. Steep increases in the deflection and driving
torque were observed when the wheel failed. The
onset of the steep increase was used to determine
the maximum load of the PU wheel.
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Figure 12 Effects of the prepolymer systems on the (a)
wheel temperature and (b) driving torque with load
increases over time. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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Figure 13 Comparison of the maximum load for wheels
based on various prepolymer systems, as determined by a
dynamometer. [Color figure can be viewed in the online
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Figure 12 shows the temperature and driving
torque for wheels based on different prepolymer
systems as the load increased over time. The wheel
temperature increased over time as the load
increased, as shown in Figure 12(a). However, the
speed of the temperature rise depended on the pre-
polymer systems. Hyperlast T840/95A exhibited a
slower heat buildup, followed by Hyperlast T140/
95A, sample D, and sample E. The driving torque of
the wheels increased as the load increased over
time. The driving torque for the wheels based on
Hyperlast T840/95A and T140/95A exhibited very
similar trends, whereas those for the wheels based
on samples D and E showed more rapid increases as
the load increased.

Figure 13 shows the maximum load of the wheels
based on different prepolymer systems. Hyperlast
T840/95A demonstrated some improvements over
Diprane T940/95A and a 95A low free TDI-PTMEG
system. However, the advantage of Hyperlast T840/
95A was not significant compared to Hyperlast
T140/95A and Diprane T950/95A. Nevertheless, all
of the wheels made from the previous prepolymer
systems had significantly better performance
compared to wheels made from prepolymers D and
E. The result here agreed well with what was
observed in the compression fatigue testing, as
shown in Figure 8. With regard to the results shown
in Figure 3 and 4, it appeared that the most desired
viscoelastic properties for a PU wheel compound
were those demonstrated by Hyperlast T840/95A
and T140/95A, such as a flat G’ over a wide temper-
ature window and a low tan o value, especially at
the softening temperature.

CONCLUSIONS

In this article, the heat buildup and fatigue resist-
ance of various urethane elastomers were studied by
a stress-controlled flexometer, and the load-bearing

Journal of Applied Polymer Science DOI 10.1002/app



594

capabilities of wheels based on a variety of urethane
elastomers were investigated with a dynamometer.
It was observed that the heat buildup in urethane
elastomers depended on the building blocks, such as
the molecular structure of the soft segments and the
composition and molecular weight of the soft seg-
ments. The load-bearing capabilities of wheels made
of urethane elastomers were found to be related to
the heat buildup of the urethane elastomers. Wheels
made of elastomers with lower heat buildup had
higher load-bearing capabilities and lasted longer
under the same testing conditions. These perform-
ance features were found to be correlated to the
linear viscoelastic properties of the urethane elasto-
mers measured by DMA. The heat buildup and
internal temperature rise of the elastomers under
cyclic constant stress deformation were found to be
proportional to ] of the elastomers, as predicted
by a model represented as a spring and a dashpot.
This simple correlation was of great practical
importance, as it could be used to direct efforts for
developing elastomers with improved dynamic
fatigue resistance.

It has been shown that the heat buildup in
elastomers was a linear response to the compression
load. However, the slope increased when the inter-
nal temperature went beyond 100°C. Above 100°C,
the rise in internal temperature in all of the elasto-
mers followed a similar trend; this suggested that
the temperature rise in the elastomers above 100°C
might have been following the same mechanism.
The sudden change in the speed of the temperature
rise around 100°C and the reason behind the same
speed of the temperature rise above 100°C in these
elastomers remain to be studied.

By applying knowledge of material viscoelastic
behavior and employing a stress-controlled flexome-
ter and a dynamometer, we successfully developed
urethane elastomers with improved dynamic fatigue
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resistance. Our findings suggest that in general,
PTMEG-based compounds perform the best in
dynamic applications, followed by caprolactone- and
polyester-based compounds. This was in good agree-
ment with what was reported previously. However,
the dynamic performance of PU elastomers also
depends on the molecular weight and functionality of
a given composition. For example, caprolactone- and
polyester-based compounds could be formulated to
outperform some PTMEG-based compounds, such as
samples D and E, that may not be optimized for
dynamic applications.

The authors thank Jack O’Donnell for his assistance with the
DMA of the samples.
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