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Abstract

Transparent polyurethane has been widely applied in laminated wind-
shield glasses as the interlayer material to enhance the reliability due to its
outstanding impact resistance. Under impact loading such as bird strike, the
interlayer undergoes large tensile deformation mainly at intermediate strain
rates (at the order of magnitudes from 10° to 103, excluding 1000 /s). In
addition, the interlayer is on service over a wide range of temperatures for
a plane traveling around the world. The mechanical behavior of transparent
polyurethane under these conditions is not fully understood. In this study,
systematical experiments were performed on transparent polyurethane. The
viscoelasticity of the material was firstly verified by several quasi-static cyclic
tests. Then a series of large tensile deformation and tensile failure experi-
ments were conducted under intermediate strain rates and at temperatures
of —40°C to 40°C using a servo-hydraulic high-speed tensile machine. All
strain data were acquired by the DIC technique. The experimental results
show that tensile stress-strain curves and failure behaviors are significantly
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temperature and strain rate dependent. The rate-temperature equivalence
was also observed. Finally, a phenomenological analysis of mechanical quan-
tities of the material was carried out.

Keywords:
Transparent polyurethane, Large tensile deformation, Tensile failure,
Temperature dependence, Strain rate dependence, Intermediate strain rate

1. Introduction

Bird strikes are fatal accidents threatening the safety of aeronautical
structures and flight crews, and cause annual commercial loss of $193 million
merely in US [1]. A measure to minimize the damage of bird strike is to
employ laminated glass as a windshield, which consists of two panes of glass
bonded by a polymer interlayer in the simplest case. According to investi-
gations of Larcher et al. [2] and Zhang et al. [3], the impact loading of the
laminated glass can be divided into several stages, in each of which the inter-
layer behaves differently. In the beginning, the whole windshield undergoes
bending deformation. The ductile polymer interlayer bears mainly compres-
sive force due to its low shear stiffness. Then the glass panes fail and break
into splinters sequentially. At this stage, the unbroken panes of laminate
structure can still provide residual strength [4]. As long as all panes fail, the
interlayer transforms rapidly into large tensile deformation mode. Finally,
the interlayer reaches its strength, indicating the final failure of the whole
windshield. Here, the reinforced glass panes provide sufficient strength, while
the polymer interlayer joining these panes can reduce stress concentration
and serve as an energy dissipative buffer. This ingenious structure design
equips laminated glass windshield with outstanding impact resistance and
strong safety advantage over the monolithic glass.

In addition to the aforementioned safety performance, the interlayer also
plays a key role on diverse attributes of the windshield, such as transparency,
sound attenuation, and mitigation of post-fracture glass fallout [5]. To meet
these requirements, an appropriate material should be chosen carefully. One
favorable choice is transparent polyurethane. Polyurethane is a polymer syn-
thesized from di- or poly-isocyanate and polyol monomers. This material is
phase segregated by soft and hard segments. The nonpolar soft segments
form the amorphous soft domains, serving as the matrix, while the polar
hard segments form the stiff hard domains, acting as crosslinks [6]. Un-
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der loading conditions, the soft segments uncoil and the hard segments are
aligned and produce strong hydrogen force, which contributes to the high
tensile strength and ultimate elongation [7, 8]. These two kinds of incompat-
ible segments provide versatile properties based on stoichiometric variation
9, 10]. The transparent polyurethane discussed in this paper possesses well
elasticity with large deformation capacity, well viscosity with large hysteretic
loop, strong impact resistance, low glass transition temperature, firm adhe-
sion, sufficient light transmittance, and so forth. These excellent properties
contribute to more extensive applications of transparent polyurethane than
many conventional interlayer materials.

Structural design is an effective mean to exploit the advantages of lami-
nated glass to the full, which bases on a thorough understanding of involved
material such as polyurethane. Under impact loading such as bird strike, the
material is in certain conditions. Normally the material is subjected to the
loading at intermediate strain rates, which are at the order of magnitudes
from 10° to 10® /s (excluding 1000 /s), i.e. 1 /s to 999 /s. For example,
according to experimental results from Yao et al. [11, 12], the speeds of bird
strike on aircraft generally ranged from 70 m/s to 250 m/s, which results in
strain rate of 10° /s to 10" /s loaded on the structure. Besides, according to
Larcher et al. [2], under a blast loading, the interlayer material of laminated
glass was at strain rates from 30 /s to 100 /s. Before a laminated structure
fails, the polyurethane interlayer is subjected to large tensile deformation.
Moreover, since aircraft travel at various altitudes and coordinates, the lami-
nated windshields are on service over a relatively wide range of temperature.
Similar to many polymers, polyurethane shows strong strain rate and tem-
perature sensitivity. Taking these factors into account, investigations on large
tensile deformation and tensile failure behavior of transparent polyurethane
at various intermediate strain rates and temperatures are essential.

Over the last decades, various experimental investigations have been car-
ried out on polyurethane and the similar material, polyurea. Most of them
were compression tests. An early high strain rate split Hopkinson pressure
bar (SHPB) test on polyurethane at a single strain rate of 1612 /s was con-
ducted by Sharma et al. [13]. Qi and Boyce [6] carried out continuous
and multi-step quasi-static compression cyclic loading tests, and discovered
strong hysteresis and softening behaviors of polyurethane. Yi et al. [14] stud-
ied compressive properties on both polyurethane and polyurea at strain rates
from 10® /s to 10* /s using SHPB, and reported that materials transform from
rubber-like behavior at low strain rates to leather-like or glass-like behavior
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at high strain rates. Amirkhizi et el. [15] performed high strain rate confined
and unconfined compression tests over 0°C to 40°C, showing the tempera-
ture and pressure dependence of polyurethane. Sarva et al. [16] investigated
compressive mechanical behavior on both polyurea and polyurethane with
various test techniques, verifying the rate dependence at strain rates of 1073
/s to 10® /s. Shim and Mohr [17] also probed into compressive mechanical
properties of polyurea at low and high strain rates with both conventional
and modified SHPB. Grujicic et al. [18] reported the pressure-shear plate im-
pact testing at very high strain rates (10° /s to 10° /s). Recently, Guo et al.
[19] reported compressive strain rate, temperature, and pressure sensitivity
of polyurea at strain rates up to 12000 /s.

Contrastingly, only a few reports on the tensile behavior are available.
Most of them are about low strain rate or high strain rate tests. Rinaldi
et al. [20, 21] investigated the influence of stoichiometry of transparent
poly(urethane urea)s on the quasi-static behavior and applied a series of
experiments to study the quasi-static tensile behavior of polyurea to strain
near 1.2 at low strain rates of 0.003 /s and 0.005 /s. J.T. Fan et al. [22]
carried out split Hopkinson tension bar (SHTB) tests at high strain rate from
600 /s to 3800 /s on a polyurethane elastomeric material, and then estimated
the failure surface of it by scanning electron microscope (SEM). Zhang et al.
[23] reported quasi-static tensile tests in a hydraulically driven system at 0.1
/s and 0.01 /s and high strain rate SHTB tests from 2200 /s to 6500 /s,
combining temperature effect over —40°C to 50°C. There are very few works
about intermediate strain rate tests. Roland et al. [24] carried out a uniaxial
tensile test at strain rate from (0.15 /s to 573 /s) using a drop weight device.
Raman et al. [25] carried out tensile failure tests for polyurea from 0.006
/s to 388 /s. Mott et al. [26] investigated the thermal response of polyurea
stretched to failure at strain rates from 0.026 /s to 400 /s. However, except
for [23], most of these tests were carried out at ambient temperature, while
23] did not involve the intermediate strain rate tests as well as the large
deformation and failure behavior.

Overall, even though the compression properties of polyurea and poly-
urethane have been investigated at full length, studies of tensile properties
are still insufficient. The conventional tension apparatuses, such as the uni-
versal testing machine, are mainly employed for quasi-static tests at low
strain rates, i.e. lower than 1 /s (the order of magnitudes lower than 10°
/s), while the SHTB system is mainly applied for high strain rate tests, i.e.
greater than 1000 /s (mainly the order of magnitudes 10 and 10* /s). In
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addition, the drop weight device and the SHTB are also difficult to achieve
stable strain rates. Although most polymers are temperature sensitive, there
were also few works about the temperature influence on the dynamic tensile
response of polyurethane. Moreover, most studies reported on the polyurea
rather than transparent polyurethane. Although these two materials have
a similar microstructure, they are different chemicals which require different
investigations.

In order to make up the deficiency of available researches and provide data
for laminated glass design, in this study, systematical experiments of trans-
parent polyurethane were carried out. Uniaxial dynamic tensile behavior was
performed on a high-speed tensile machine to probe into the strain rate and
temperature dependence and failure behavior at intermediate strain rates.
Several quasi-static cyclic loading tests mentioned in [6] were conducted to
verify the viscoelasticity and cyclic mechanical behaviors. A phenomenologi-
cal analysis on initial modulus, pseudo yield point, pseudo lower yield point,
secondary modulus, and tensile failure point was carried out.

2. Experimental details

2.1. Materials and specimens

In this study, S-123 transparent polyurethane provided by the company
PPG was investigated, which was the same material as researched by Zhang
et al. [23, 27]. The material was based on dicyclohexylmethylmethane-
4,4-diisocyanate (HMDI), and polytetramethylene ether glycol (PTEG). The
light transmittance was over 90% and the density was 1180 kg-m™3. Accord-
ing to the DMA tests in [23], the glass transition temperature of the polymer
is around -40C to -30C.

As in most cases of tensile failure tests, our specimens were designed in
flat dumbbell shape in case they broke in the grippers. We had two designs
of specimens. The first design (Fig. 1(a)) had a 5 mm gauge section (the
central parallel section) and a 2.5 mm fillet radius of the arc section. The
second design (Fig. 1(b)) had a 10 mm longer gauge section and a 10 mm fillet
radius of the arc section. Both specimens were 3 mm in thickness and 6 mm
in width. The dimension errors fell within 4+0.3 mm, which were measured
by a caliper.

The specimens with a short gauge section were adopted for both quasi-
static and dynamic tests. It was designed similar to the one in [23]. The
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Figure 1. Dimension of specimen (in mm). (a) short specimen with 5 mm gauge section
for both quasi-static tests and dynamic tests, (b) long specimen with 10 mm gauge section
for dynamic tensile failure tests.

relatively short length could assure the stress equilibrium in the gauge sec-
tion according to [3]. The arc section with a short fillet radius was desirable
to localize the actual deformation in the gauge section. However, the large
curvature in this fillet would induce stress concentration and triaxial stress
states and consequently influence the strain rate constancy of the gauge sec-
tion and the measurement accuracy of tensile strength. Hence the second
specimens with longer gauge section and larger fillet radius were adopted
specially for failure tests and analysis. The arc section was also longer to
ensure sufficient width of the grip section since comparable widths of the
gauge and the grip section tend to break in the grippers. This long spec-
imen could obtain similar but more stable strain rates at the same tensile
speeds in comparison to the short specimen, as shown in Fig. 7(a). Gener-
ally, lengthening the specimen can improve strain homogeneity and strain
rate constancy within the gauge section.

Given that the ductile polyurethane could produce ultimate elongation
up to 300% in certain conditions, both specimen designs were relatively short
to ensure that the specimens deformed and broke within the camera coverage
and the travel limit of the test machine.

2.2. Quasi-static test system

Quasi-static tensile experiments were conducted on an Instron 5567 uni-
versal testing machine. Note that in quasi-static tests, the low strain rate
loading induced more compliant behavior of the specimens than in dynamic
tests. As a consequence, the specimens were hard to be gripped tightly. To
tackle this problem, specimens were bonded to aluminum shims with glue
before being mounted to the grippers.
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Figure 2. Zwick/Roell HTM-2512 servo-hydraulic dynamic tensile machine and i-SPEED
726 high speed camera.

2.3. Dynamic tensile test system

In this study, the tensile experiments at intermediate strain rates were
performed on a Zwick/Roell HTM-2512 servo-hydraulic dynamic tensile ma-
chine as shown in Fig. 2, in KINGFA Ltd, Guangzhou, China. The largest
tensile force is up to 25 kN and the travel limit is 300 mm. The tensile force
is measured by the inbuilt piezo-electric load cell in the crosshead. There is
an embedded transducer to measure the displacement of the gripper. Thanks
to the hydraulic system, the test machine can maintain constant stretching
speeds available from 0.03 m/s to 12 m/s. The speeds covered the corre-
sponding intermediate strain rates from 10° /s to 10? /s for our specimens.
By contrast, conventional tension apparatuses such as universal testing ma-
chine and SHTB are unable to cover the intermediate strain rates. The
limitations of conventional testing apparatuses rendered our application of
servo-hydraulic tensile machine valuable.

2.4. Temperature conditioning device

In order to explore the temperature effects on mechanical behaviors of
transparent polyurethane, a temperature conditioning device was utilized,
which can regulate the temperature from —100°C to 250°C. The temper-
ature chamber cooled down the environment to a low temperature by the
liquid nitrogen vaporization, while heated it to a high temperature by an
electric resistance wire, and the cooled or heated gas was then circulated by
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a fan. A set of inbuilt thermocouples monitored the chamber temperature
and gave feedback signal for the temperature regulation. All specimens were
pre-conditioned in a separate temperature chamber at a target temperature
overnight (over 10 hours) to ensure a homogeneous temperature in the spec-
imen. Before loading, each specimen was mounted to the grips and kept at
the target temperature for 10 to 20 mins. This period could ensure that the
temperature inside the chamber was constant, and avoided the specimens be-
ing overheated at high temperatures. Note that we had excluded some test
results at 40°C where specimens crept before loading at unexpected high
temperatures heated by metal grippers.

2.5. Digital image correlation technique

The dumbbell shape of specimens mentioned in Sec. 2.1 would inevitably
introduce additional deformation outside the gauge section. Therefore, the
inbuilt movement transducer only sampled the relative displacement between
the upper and lower grippers instead of the deformation of the gauge section.
In this study, all strains and strain rates in both quasi-static and dynamic
tests were measured and processed by the DIC (Digital Image Correlation)
technique. A high-speed camera IX i-SPEED 726 with a frame speed up
to 12500 fps at 1080p resolution was employed to capture the high-speed
deformation images of specimens for the DIC analysis. The GOM correlate
2017 was employed for the DIC analysis.

Spray paint with a considerable deformation capacity was applied to en-
sure that sprayed speckles can move and deform along with the surface. Dur-
ing testing, the camera captured the speckle pattern attached to the surface
of a specimen, as shown in Fig. 3. Using the DIC technique, the positions of
the speckles were tracked to obtain the displacement field at every concerned
time interval. Based on this displacement field, the deformation gradient was
obtained, and the strain field was subsequently calculated. For a specimen
tested at 1 m/s and 25C, the strain distribution at a large overall strain is
relatively homogeneous, as shown in Fig. 4. The strain history curves at
randomly selected points in the strain field (such as green points G1 to G7
in Fig. 5) and their mean value (adopted as the representative strain history
of the specimen) are shown in Fig. 6.

For the dynamic tests, the strain rate decrease of the gauge section over

Thttps:/ /www.gom.com/
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time were observed. This was attributed to the deformation of the arc sec-
tion. Fig. 7 depicts the tests on a short specimen (in back line) and a long
specimen (in red line). Both two tests were stretched at 0.2 m/s and ambient
temperature. When measured by the DIC technique and camera (in full line),
the strain rates of both specimens (in Fig. 7(a)) were actually at around 7 /s.
Meanwhile, the corresponding strain-stress curves of two tests (in Fig. 7(b))
were almost overlapped, consistent with the fact that both tests were at sim-
ilar strain rates. If it is measured by the inbuilt transducer (in dotted lines),
we could not exclude the deformation of the arc section. Consequently, the
strain rates (in Fig. 7(a)) and strains (in Fig. 7(b)) were overestimated, much
larger than the actual results. All these dramatic disparities illustrate the
significance of applying the DIC technique.

3. Results

Results of both quasi-static cyclic loading tests and dynamic tests are
presented in this section. Engineering stress data were obtained by F/Aj,
where F' denotes the stretch force and Ay denotes the initial cross section
area of a specimen. Engineering strain data were obtained through the DIC
technique as discussed in Sec. 2.5. As a common practice, the results were
mainly described in true stress and true strain. Since polyurethane is well

10
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known as a nearly incompressible material, the Poisson’s ratio was taken as
0.5. Accordingly, the converting relationship is given by

Etrue — hl(l + geng.) (1&)
Otrue = Ueng.(l + 5eng.) (1b>

where €qye and eeng. are the true and the engineering strains, respectively.
Similarly, oyue and oeng. are the true and the engineering stresses, respec-
tively.

3.1. Quasi-static cyclic tests

The unloading behaviors of elasticity, viscoelasticity, plasticity, and vis-
coplasticity are distinctly different from each other. In order to distinguish
which property the transparent polyurethane belongs to, tests including not
only the loading path but also the unloading path are required. To this end,
quasi-static tensile cyclic tests were conducted, including tests of hysteresis,
strain softening and equilibrium path as mentioned in [6]. All tests were
loaded and unloaded at the speed of 0.05 mm/s, which turned out to be at
the strain rate of 0.005 /s. The aforementioned short specimen (Fig. 1(a))
was adopted. These tests did not involve tensile failure. Therefore little error
was introduced.

3.1.1. Hysteresis

Fig. 8 shows the true stress-strain curves of uniaxial tensile loading-
unloading tests for two specimens stretched to the maximum true strain
of 0.41 and 0.69 (corresponding to engineering strains of 0.5 and 1.0, re-
spectively). It is shown that the tensile curves begin with a stiff response,
immediately followed by a transition to a lower stiffness, and then slightly
harden with strain. The deviation between loading and unloading paths
demonstrates the hysteresis behavior of polyurethane. The larger hysteresis
and larger residual strain ensue from a larger maximum engineering strain,
indicating that hysteresis and residual strain are strain dependent.

3.1.2. Softening

Fig. 9 shows the true stress-strain curve of a continuous cyclic test with
three cycles loaded to the same maximum true strain of 0.41 (engineering
strain of 0.5). Between each cycle, specimens were maintained in the stress-
free state for 200 s to recover the immediate residual strain. Apparently,

11
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Figure 8. True stress-strain curves of two Figure 9. True stress-strain curve of con-
continuous cyclic tests at €eng. = 0.005 /s. stant strain amplitude continuous cyclic test
with three cycles at €cng. = 0.005 /s.

the second cycle shows a more compliant behavior than the first cycle, while
no obvious softening is observed in the third cycle, indicating that softening
mainly happens in the first cycle. All three cycles unload through almost the
same path.

Fig. 9 also shows that the stress level tends to approach the maximum
stress in the previous cycle when the current strain approaches the previous
maximum strain. This effect is more apparent in Fig. 10, where specimens
were loaded to sequentially increased maximum true strain of 0.41, 0.69 and
0.92 (corresponding to the engineering strain of 0.5, 1.0 and 1.5, respectively)
and were rested in the stress-free state for 200 s between cycles. When the
specimen in the second cycle was stretched to the maximum strain 0.41 in the
first cycle, the stress approached the previous one. As strain increased to the
maximum strain of 0.69 in the second cycle, softening took place including
the strain of 0.41, as can be seen in the third cycle. Nevertheless, the stress
of the third cycle reached almost the same level at strain 0.69. All these
features illustrate that softening behavior is strain history dependent. This
softening behavior is also known as the Mullins effect [28].

3.1.8. Equilibrium paths

A multi-step cyclic test with 2 cycles (in full line) was conducted (Fig. 11).
As shown in the inset, the specimen was relaxed for 100 s at every 0.2 en-
gineering strain increment. The results show that stress decreases in the

12
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loading path and increases in the unloading path at the relaxation inter-
vals. Suppose that this holding time is extended to a long enough time, the
stresses after relaxation at the same strain in loading and unloading paths
tend to converge on the so-called equilibrium path [6]. Besides, after the first
multi-step cycle (in black), the stress after relaxation approaches closer to
the equilibrium path in the second cycle (in red) because of softening. In con-
trast, the continuous cyclic curves (in dash line) approximately serve as the
envelope of the multi-step curves in the corresponding cycle, similar to the
result in [17]. Note that due to the slight material behavior and size differ-
ence between specimens and due to the deviation of the actual gauge section
strain from the target, the continuous cyclic curve appears to go through the
curve of multi-step.

In general, the loading-unloading can be regarded as the combination
of the equilibrium path and strain history dependent hysteresis. Note that
the residual strains could recover without observed permanent set as shown
in Fig. 8, Fig. 9 and Fig. 10. Even after failure in dynamic tests in the
following discussion, the gauge section recovered to its original length when
measured by a caliper. Accordingly, the property of polyurethane is regarded
as viscoelastic rather than plastic or viscoplastic.
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3.2. Dynamic tensile tests at intermediate strain rates

In this section, the results of dynamic tests at intermediate strain rates
are demonstrated. We mainly adopted the long specimens (Fig. 1(b)) for the
large deformation and failure tests. Tests of the short specimen (Fig. 1(a))
were conducted for comparison with the previous work by Zhang et al. [23].
Despite the fluctuating temperature and declining strain rate, results show
reproducibility even between long and short specimens with different dimen-
sions, which means that the error is relatively small. The tests were carried
out at tensile speeds of 0.2 m/s, 1 m/s and 5 m/s, corresponding to the
intermediate strain rates at about 7 /s, 50 /s and 300 /s, respectively. The
test temperature were at —40°C, —20°C, 0°C, 25°C and 40°C.

3.2.1. Load history

An oscillation is observed in the load history curve of high tensile speed
tests as shown in Fig. 12. In addition to random noise with a Gaussian
distribution, i.e. the Gaussian noise, another reason was the inertia force of
lower grippers introduced during speed regulation. Nevertheless, as described
in [3], inertia force is also random and fluctuates around the actual force.
Therefore, both these two factors were eliminated through data filtering and
smoothing. Besides, wave effect also contributed to the oscillation exclusively
in dynamic tests. This effect was mitigated by adopting relatively short
specimens, which ensured enough round trips of stress wave to reach specimen
stress equilibrium.

Fig. 12 shows that stress drops drastically when the specimen failure
occurs. For the sake of clarity, the stress-strain curve shown in the following
section does not plot the data after the failure.

3.2.2. Strain rate dependence

Each figure in Fig. 13 shows the true stress-strain response at different
strain rates and at a certain temperature. As mentioned in Sec. 2.5, at
a similar strain rate, the long and short specimens had nearly the same
mechanical response except for the failure point. Therefore, the results of
short specimens are reliable within a certain strain. Fig. 14 plots the test
results of short specimens within true strain ey, = 1 in comparison to high
strain rate and low strain rate tests in [23]. Note that these high strain
rate tests and quasi-static tests were not done to break due to experimental
limitation. Corresponding test conditions are shown in the legend. In Fig. 14,

14
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curves of our intermediate strain rate tests (in full line) mainly fall between
curves of high strain rate and low strain rate tests in [23] (in dash line).

As can be seen in these figures, transparent polyurethane possesses a sig-
nificant strain rate dependence. At each temperature, overall stress level and
initial stiffness increase with the increase of strain rates. At low strain rates,
the material behaves as rubber. The stress-strain curves are smooth with
a steadily increasing slope. In contrast, at higher strain rates, the material
exhibits a yield-like behavior and behaves as leather or glass, consistent with
[14]. The stress-strain curves have a steeper initial modulus but then experi-
ences a rollover to a lower modulus. After that, the stress continues to flow
just as at lower strain rates until failure.

Note that the polyurethane is not plastic or viscoplastic. Therefore, the
turning point in the yield-like curve is just a so-called pseudo yield point
3], after which there is no plastic deformation involved, similar to polyvinyl
butyral (PVB). Similarly, the local valley after the pseudo (upper) yield point
is called pseudo lower yield point. The material exhibits a more vivid yield-
like behavior with a higher pseudo yield strength and a more apparent lower
yield point at a higher strain rate. In addition, the failure point is also strain
rate sensitive. It is shown that with the increase of strain rate, the tensile
strength increases and failure elongation decreases.

3.2.3. Temperature dependence

Each figure in Fig. 15 shows the true stress-strain relationship at different
temperatures varying from —40°C to 40°C and at the same tensile speed,
corresponding to a similar strain rate. It can be observed that with the
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temperature decrease, the stress level increases significantly. This is similar
to the influence of the increase of strain rate. At higher temperatures of 25°C
and 40°C, the stress-strain curves also exhibit a rubber-like behavior. At
lower temperatures below 0°C, the material begins to transition into leather-
like behavior with a steep initial modulus and a yield-like rollover to a lower
modulus. Colder temperatures even bring about the stress drop before stress
hardening similar to glass.

With better and clearer presentations, some experimental results were
illustrated in the engineering stress-strain forms in the literature [3, 29]. We
also plotted the engineering curves for comparison. The temperature effect
on mechanical behavior can be observed more clearly in engineering stress-
strain curves as shown in Fig. 16. When the temperature decreases from
40°C to —40°C, the initial modulus and yield stress increases drastically.
After the pseudo yield point, stress hardens at a higher temperature, and
the stiffness strengthens with the increase of temperature at the beginning.
However, when the temperature is below 0°C, the yield point stands out,
followed by a stress drop. At this stage, the lower yield point appears, and
then the hardening stiffness begins to weaken. At —40°C, material instability
even occurs.

From the results above, it is clear that the mechanical behavior is deter-
mined by both the temperatures and the strain rates. One may notice that
the increase of strain rate has the same effect on polyurethane as the decrease
of temperature, and vice versa. Both the temperature decrease and the strain
rate increase cause the growth of initial modulus and pseudo yield stress, and
cause the rise and then fall of the secondary modulus, i.e. the slope of the
linear segment following the pseudo lower yield point. In addition, both
temperature decrease and strain rate increase induce the transition from a
rubber-like behavior to a glass-like behavior. This is a common phenomenon
of polymers called the rate-temperature or time-temperature equivalence. In
the following Sec. 4.1, this issue is discussed in detail.

4. Analysis

In this section, a phenomenological analysis is conducted. Mechanical
quantities of transparent polyurethane are fitted with empirical fitting func-
tions. These functions are mathematically simple with a few parameters.
Therefore they are easy to understand and are practical for engineering ap-
plications. This analysis can reveal the overall characteristics of the material
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and the effect of factors such as strain rate and temperature in the quality
sense, and guide us to develop constitutive models.

In the following sections, the time-temperature superposition principle
and mechanical quantities of polyurethane including initial modulus, pseudo
(upper) yield stress and strain, pseudo lower yield stress and strain, tensile
strength, and ultimate elongation are discussed. Here we adopt engineering
stress and strain to describe these quantities since some mechanical behaviors
are more natural to describe in the engineering form. It is not difficult to
convert the results from engineering stress and strain into the true ones using
Eq. 1 if necessary. As for the curves of mechanical quantities concerning
strain rate, logarithmic strain rate axis is adopted. Data of the short and
long specimens are applied together for analysis.

4.1. Time-temperature superposition principle

The results of the dynamic tests in Sec. 3.2 show that the tempera-
ture decrease effect and the strain rate increase effect bear resemblance.
This is a common phenomenon of polymers called rate-temperature or time-
temperature equivalence, as a higher strain rate indicates a shorter relaxation
time. When temperature decreases, the microscopic molecular motion slows
down, which leads to a less macroscopic relaxation during the same time
period. Therefore, the temperature decrease and strain rate increase are
equivalent on microscopic molecular motion behavior as well as on macro-
scopic viscoelastic behavior.

If a material possesses such an equivalence, it means that shifting the
curves of the mechanical quantities along the logarithmic time axis rightward,
i.e. decelerating the test speeds, has the same results as testing at higher
temperatures, and vice versa. It can be illustrated in Fig. 17. We can select
a specific temperature (T in Fig. 17) as the reference temperature Ty, and
plot the curves of a particular mechanical quantity at different temperatures
with respect to logarithmic time, as shown in Fig. 17(a). If we shift them
along the axis with a certain distance, denoted as lgar(7'), then all these
curves are able to join to the curve at T}, and all curves are synthesized as a
single curve, i.e. master curve, as shown in Fig. 17(b). The new independent
variable after shifting is defined as the reduced time t,oq, as shown in Eq. 2:

1g trea := gt — lgar (2a)
t
tred .= — 2b
or hed 1= o (2b)
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Figure 17. Schematics of the time-temperature superposition. (a) before applying the
time-temperature superposition, (b) after applying the time-temperature superposition.

here, ar is called shift factor, which is a decrease function of the absolute
temperature. The function is dependent on Tj. The relationship Eq. 2 can
also be transformed into a strain rate form as Eq. 3:

L de de dt
- dtred B dt d-tred B

aTe'

éred . (3)
where €..4 denotes reduced strain rate. Note that in strain rate form, the
shifting direction is the opposite of that in time form.

Regarding a certain mechanical quantity F' = F(T,¢€), the shifting rela-
tionship can be expressed as:

F(T,é) = F(To, €rea) = F(Tp, aré) (4)
This shift relationship is known as the time-temperature superposition (TTS)
principle [30]. Based on the TTS principle, temperature and strain rate can
be reduced into one variable, €,.q. The same £,,q means the same mechanical
response.

The T'TS principle should be determined by finding the shift factor func-
tion which fits all the mechanical quantities well. The TTS principle has
been applied successfully in some works of polyurethane using the Williams-
Landel-Ferry Equation (WLF) equation such as [31]. Even so, we find that a
linear function can fit ar well for high strain rate tensile tests. In this study,
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we take Ty = 273.15 K (0°C) as the reference temperature, and determine
the shifting amount ar which can assemble curves at different temperatures
into a smooth master curve. By fitting the value of a; with a linear function
as shown in Fig. 18, we get:

lgar(T) = —0.0582(T — Tp) = 15.9 — 0.0582T (5)
The fitness of this equation can be verified in the following sections.

4.2. Pre-failure behaviors

In this section, the mechanical quantities before failure are discussed. In
Fig. 16, it can be observed that there are several stages in the stress-strain
curve before failure. At the beginning stage, there is a linear segment at
a small strain with a relatively stiff modulus. Then a nonlinear yield-like
stage with a local peak follows. For some of the higher strain rate tests
or lower temperature tests, after the peak value, the stress drops to a local
valley. Finally, it enters a linear stress flowing or hardening stage with much
lower modulus than the initial linear stage. These stages are measured by
four mechanical quantities, i.e. initial modulus, pseudo yield stress, pseudo
lower yield stress and secondary modulus in sequence. The initial modulus is
calculated by dividing the stress value by corresponding strain in the initial
linear section. The data of pseudo yield stress is fetched at the pseudo
yield point, which is the turning point or the local peak of the curve. The
corresponding strain is around 0.16 as shown in Fig. 19(a). For simplicity,
we define roughly ey = 0.16. Similarly, we define the strain of the pseudo
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lower yield point ey; = 0.6 according to the curves that exhibited the local
valley value, as shown in Fig. 19(b). Then we fetch the data at this strain to
be the pseudo lower yield stress. The slope of the linear segment after the
nonlinear stage is taken as the secondary modulus. Note that the post-yield
and the pre-failure linear stage is a nonlinear stage when depicted in the true
stress-strain curve.

In our analysis, the TTS principle is adopted according to Sec. 3.2.3 and
Sec. 4.1. Besides time-temperature equivalence, the mechanical quantities
can also depend directly on temperature and density [30, 32]. Remember
that polyurethane is nearly incompressible, so the density remains constant.
Just taking the additional direct influence of temperature in to account,
F = F(T,¢) in Eq. 4 can be corrected as:

F = F(Ty, aré) = %F(T, 4 (6)

where 7" is in absolute unit, and F,. denotes the corrected mechanical quantity.
The corrected values with respect to the reduce strain rate are potted in
scatter in Fig. 20, respectively. In each figure, scatters can be synthesized in
a smooth line, indicating the efficacy of Eq. 5.

Richeton et al. [33] adopted an inverse hyperbolic sine function combining
the TTS principle to describe the yield stress of some polymers above the
glass transition temperature. In this study, a simplified inverse hyperbolic
sine function with four parameters is adopted to fit the initial modulus F,
the pseudo yield stress oy and the pseudo lower yield stress oyi:

. Cs
FC = Cl sinh_l (CQ (i;zd) ) + C() (7)

We consider that the pseudo yield stress and the secondary modulus Ey
increased with the increase of reduced strain rate. But when the pseudo yield
stress level increases greater than the post-yield stress, the pseudo lower yield
point appears, and the secondary modulus begins to decrease. Therefore, one
more parameter C} is added to embody this character:

. Cs
FC = Cl sinh_l (Cg (Er‘ed) ) + CO — 04 - Oy (8)

€0

In Eq. 7 and Eq. 8, Cy, C, Cy, C5 and Cy denote the material parameters
to be determined by fitting the experimental data, In Eq. 8, oy is based
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Figure 19. Pseudo upper and lower yield strains. (a) upper yield strain,(a) lower yield
strain.

on the measured value. The dependent variable F. denotes the corrected
mechanical quantities, i.e. initial modulus and yield stress in Eq. 7 and
secondary modulus in Eq. 8. £,q denotes the reduced strain rate, and &g
denotes a reference reduced strain rate. Here we take €9 = 1 /s for simplicity.
oy denotes the pseudo yield stress in Eq. 8.

Results of the fitting parameters for the initial modulus, pseudo (upper)
yield stress, pseudo lower yield stress, and secondary modulus are shown
in Tab. 1. Fig. 20 plots the fitting master curve in full line. The results
show that the formula can fit the data well with acceptable deviation for
the initial modulus and the yield stress. The secondary modulus is not so
accurate as the former two mechanical quantities. Nevertheless, it provides
us the overview of large deformation behavior after the pseudo yield point.

Table 1: Fitting parameters of the pre-fracture behaviors

Co Ch Cy (1) Cs (1) Cy (1)
(MPa) (MPa)
Initial modulus 14.9 180 0.0820 0.569 —
Pseudo yield stress 1.38 17.6 0.102 0.480 —
Pseudo lower yield stress 2.48 14.4 0.242 0.402 —
Secondary modulus 0.322 2.60 263 0.5 —8.11
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4.3. Failure point

In this study, all specimens in intermediate strain rate tests underwent
large deformation and then failed. According to the images captured by
the camera, there was no observed necking since polyurethane is not plastic
material. Most of our specimens were torn apart within the gauge section,
as shown in Fig. 21, which verified the effectiveness of the dumbbell shape
design. Comparison between the long specimens and the short ones shows
that they have distinct different failure strength and failure elongation. That
was because of the different stress concentration level on the arc section with
different curvature. Therefore, long and short specimens are discussed sepa-
rately. Note that one type of material should only possess one set of material
constants. In this case, we obtained different fitting parameters as the data
originate both from short and long specimens. Hence, the data account not
only for material behaviors but also include dimensional influence. Accurate
material constants can be acquired if the dimensional effect can be elimi-
nated.

After applying the TTS principle, it can be found that both the failure
strength and the failure elongation obeyed a linear law with respect to the
logarithm reduced strain rate as shown in Fig. 22(a) and Fig. 23(a). Here, a
simple fitting function can be put forward as follow:

0s = Os1 1g (E?Ed) + Os0 (9&)
€0
éred
€ = —E&s1 lg ( . ) + €50 (9b)
€0

where o, and &, are tensile strength and ultimate elongation, respectively.
0s0, Os1, €s0, €s1 are undetermined parameters. ¢£,q denotes the reduced
strain rate, and £y denotes a reference reduced strain rate. Here we also take
€9 = 1 /s for simplicity. The identified fitting parameters are in Tab. 2.

The fitting results of Eq. 9 for the long specimens are depicted in Fig. 22
and Fig. 23. In Fig. 22(a) and Fig. 23(a), the fitting results are in full
lines. Inversely using Eq. 6, we can decompose the reduced strain rate into
two variables, i.e. temperature and strain rate. Then the fitting function
corresponds to a surface in temperature and strain rate space as shown in
Fig. 22(b) and Fig. 23(b).

Eliminating the same independent variables €..q of the two equations in
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Figure 21. A specimen after failure.

Table 2: Fitting parameters of tensile strength and ultimate elongation

050 (MP&) Os1 (MP&) €s0 (1) Es1 (1)
long specimen  24.66077 5.63601 3.07882 —0.20481
short specimen  21.15751 5.9246 2.56811 —0.19197
Eq. 9, we have:
Og1 €50
Og = ——bgs—i‘ (O’SO—FO'Sli) (10)
€s1 €s1

It means that at any strain rate and temperature, the failure points fall on a
straight line in engineering stress-strain coordination. As shown in Fig. 24(a),
the red dash line and the black full line represent the fitting results of fail-
ure points for short specimens and long specimens, respectively. These two
straight lines can be regarded as the failure criterion. The black and the red
scatters stand for the experimental results of failure points for long and short
specimens, respectively. The dotted lines denote testing stress-strain results
of the long specimens at certain temperatures and strain rates. Although
the scatter data of failure point for each kind of specimens fluctuates owing
to the unpredictable micro polymeric structure, manufacturing deficiency,
and machining error, we find that the failure criteria for the long specimens
are consistent with the scatter data quite well, while the short specimen has
slightly larger deviation.

It is obvious that the tensile strength and ultimate elongation of the long
specimens are larger than those of the short specimens, which indicates that
the design of the long specimens successfully mitigated stress concentration
and improved the test accuracy. Interestingly, the long and the short speci-
mens have nearly the same values of both o4 and &4, as shown in Tab. 2. It
means that the slopes of the failure criterion of both kinds of specimens are
nearly parallel, as shown in Fig. 24(a). Meanwhile, the offset between the
two failure criterion indicates the existence of stress concentration. There-
fore, the discrepancies of the oy and €4 in two type of specimens indicate the
existence of stress concentration. If the stress concentration is eliminated,
then we can obtain accurate constants oy and ey of the material. Here,
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Figure 24. Failure criterion. (a) engineering stress-strain, (b) true stress-strain.

since the longer specimens have less stress concentration, we consider the
corresponding fitting results are closer to the viable value than the shorter
one.

If we substitute Eq. 10 into Eq. 1, the failure criteria in true stress and
true strain can be obtained as Eq. 11:

g, 1 true o 1 true
g = — TL e (ffso + (e~ D22 ) (11)
sl €s1

Here, o™ denotes the true failure stress and ™ denotes the true failure
strain. The curves are shown in Fig. 24(b). In true stress-strain form, the
failure criterion turns out to be nonlinear.

4.4. Specimen temperature rise

In the discussion above, the initial temperature is taken to represent the
specimen temperature. However, thermal generation of specimens is involved
during dynamic tensile loading [26, 34| since it is not an isothermal process
as in quasi-static tests. For the reason that specimens were mounted inside
the chamber, it could be a challenge to monitor the instant temperature field
within the specimen directly. Therefore, in this section, a rough estimation
of temperature rise will be discussed.

In order to calculate the temperature rise using our data, a constitutive
relationship should be given which defines the proportion of reversible energy
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storage and irreversible energy consumption while loading. At present, we
can only provide a simple estimation under several assumptions: (1) assume
that the tests are adiabatic (regardless of the heat convection); (2) assume
that the material is hyper-viscoelastic; (3) assume that the energy gener-
ated in equilibrium path [6] (based on a low strain rate test at 0.01 /s from
23]) is the only contribution of reversible energy (regardless of the contribu-
tion in viscoelastic portion); (4) assume that stress level also changes with
temperature following the simple rule as

0ua(T) = 2000e(T0) (12)
where oo, T', and Tj denote the equilibrium stress, the current temperature,
and the reference temperature, respectively. Assumptions (1) and (2) render
the estimation to be the upper limit of the temperature rise. By subtracting
the equilibrium energy density AW, from the total energy density AWigtar,
we get the irreversible energy density AWi,.:

AVVirre - AVVtotal - AI/Veq (13>

where the energy density is the area below the stress-strain curve:

AW (e) = /6 ode (14)

Under the adiabatic assumption, all the irreversible energy contributes to
temperature rise:

Amrre
cp
where ¢ = 1.7 J-g 'K~ [35] is the specific heat, p = 1180 kg-m ™% mentioned

at Sec. 2.1. The temperature rises at each specimen are shown in Tab. 3.

It shows that little temperature rise happens at the pseudo yield point
and the lower pseudo yield point, while the increase is more significant at the
failure point. Then we fit the master curves based on the instant temperature.
The correspondent parameters are shown in Tab. 4.

At the early stages of loading, the strains are relatively small, and there-
fore little irreversible energy is consumed to increase the temperature. Com-
paring Tab. 4 with Tab. 1, the results of the yield point and the lower yield
point are similar. It means that taking the initial temperature for the cali-
bration of the initial modulus is valid. By contrast, the failure points are at

AT = (15)
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Table 3: Temperature rise (°C)

-40°C ~ -40°C  -40°C  -20°C  -20°C  -20°C
639 /s 173 /s 109 /s 329 /s 469 /s 133 /s
Yield Point 3.373 2.999 1.804 2.447 1.729 1.001
Lower Yield Point 14.832  13.695  7.577 10.851  7.610 4.746
Failure Point 48.322 41993 37.788  39.433 35.602  28.085
0°C 0°C 0°C 25°C 25°C 25°C 40°C
259 /s 39.3 /s 488 /s 280 /s 398 /s 7.02/s T7.35/s
Yield Point 1.007 0.869 0.348 0.238 0.168 0.119 0.09422
Lower Yield Point 5.745 4.130 1.949 1.654 1.087 0.252 0.52142
Failure Point 32.651  25.760 19.780 20.044 14.953 12.566  9.53245

Table 4: Fitting parameters on account of temperature rise(°C)

Co(MPa) C1(MPa) Co(1) C5(1)
Pseudo yield stress 1.80781 15.00409 0.10482 0.5641
Pseudo lower yield stress 2.88448 15.85789 0.2056 0.47972
os0(MPa) os1(MPa) eso(1) gs1(1)
Failure Point  33.17413 8.2554 2.78252 —0.31646

32



595

600

605

610

3.8
36
3.4
32
3.0
2.8

=26

& 2.4 1
22
2.0
1.8
1.6
1.4

1.2 B
T T T T T T T T T T T

0.001 0.01 0.1 1 10 100 1000 0001 001 01 1 10 100 1000 10000

aré (/s) aré (/s)

(a) (b)

Figure 25. Maser curve of failure point considering temperature rise. (a) tensile strength,
(b) ultimate strain.

much larger strains. As a result, the differences of parameters between Tab. 4
and Tab. 2 are more appreciable. The master curves of the failure point in
consideration of temperature rise, which still fit the data well as shown in
Fig. 25, possess narrower ranges of the reduced strain rate compared with
Fig. 22(a) and Fig. 23(a). With the increase of strain rates or the decrease
of initial temperatures, the specimen temperature rises at large strain in-
crease significantly, which may be the cause of the up and down trend of the
secondary modulus.

5. Conclusions

In this study, tensile behaviors of transparent polyurethane were exam-
ined. Quasi-static tests were conducted to verify the cyclic properties in-
cluding the hysteresis, the softening and the equilibrium path. The results
show that polyurethane is a typical viscoelastic material. Systematical in-
vestigations on intermediate strain rate tensile failure tests were carried out
successfully with the help of a servo-hydraulic dynamic tensile test machine
and the DIC technique with good accuracy. These intermediate strain rate
tests fill the vacancy of intermediate strain rate tests that conventional appa-
ratus could not cover, and provide direct data for analysis of impact loading
on laminated glass. It is shown that transparent polyurethane has a strong
temperature and strain rate dependence. With the decrease of tempera-
tures or increase of strain rates, polyurethane exhibits the transition from
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rubber-like behavior to glass-like behavior. Characteristic mechanical quan-
tities including initial modulus, pseudo yield stress and strain, pseudo lower
yield stress and strain, secondary modulus, tensile strength, and ultimate
elongation are fitted with good agreement using the TTS principle and se-
lected empirical functions. All these mechanical quantities can be described
with smooth master curves, indicating the successful application of the TTS
principle and identified the equivalence of temperature and strain rate effect.
It is also interesting that the failure criterion is a linear line.

In this study, we adopted a phenomenological analysis. In our forthcom-
ing works, a physical-based thermo-viscoelastic constitutive model of trans-
parent polyurethane will be developed for better application of engineering
analysis and structure simulations. We have mentioned in Sec. 4.4 that
specimens experience temperature rise during loading and we have provide
an rough estimation. Actual temperature changes has yet to be measured.
Also, most material tests inevitably include certain structure effects such
as triaxial stress state and wave transmission. Hence numerical tests can be
conducted to simulate the thermal and structural effect and assist developing
the constitutive model. The temperature dependence and strain rate depen-
dence at low strain rate are not fully clear at present. Thus quasi-static tests
including tensile failure tests and cyclic tests at various temperatures and
strain rates will be carried out. These tests can provide supplementary data
for developing constitutive models at large strains.
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