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Abstract

In this chapter, we present the current research program of dynamic mechanical behav-
iour of polymer materials. Polymers typically have low strength, stiffness and wave
impedance, making it challenging to obtain accurate stress-strain relations at high strain
rates. The challenges in split Hopkinson bar testing technique modified for characteriz-
ing the mechanical response of polymers under high-rate loading are introduced first.
Then, various representative polymers are reviewed for illustrating the strain-rate
dependencies of mechanical data and their constitutive modellings.

Keywords: polymer, strain rate, dynamic mechanical response

1. Introduction

Exploring the potentials of advanced materials and structures for serving in extreme condi-
tions has been a hot research topic for decades [1-5]. Materials and material technologies can
be tailored nowadays for the applications in structural engineering. In recent years, impact-
resistant devices and structures have received considerable attention because of the engineer-
ing requirements of safety and security. They require the dedicated design concepts and
optimized material properties. Most materials currently available lead to the increase in weight
and/or volume of structures and devices for meeting the impact-resistant requirements. In
many cases, these increases are unacceptable in structure design. For solving this problem,
the trend in materials is towards weight reduction and strength increase at reasonable costs.
Material technologies are enablers to meet these requirements. They provide the potential to
design advanced materials with high special strength (strength-to-weight ratio) and toughness
for the applications in dynamic events.
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Polymer materials have become a widely concerned research focus in extreme conditions
because of their outstanding performances, such as impact resistance, rate dependency, corro-
sion resistance, low density, easy moulding and so on. Even more, in some engineering
applications, they show outstanding advantages and replace the traditional metals and non-
metallic materials [1, 2].

Therefore, understanding the dynamic mechanical behaviour of polymers is necessary. Espe-
cially, the investigations of polymers in explosion, shock, collision and other related mechani-
cal behaviour under impact loading have both theoretical and practical significances. In this
chapter, the current research program of dynamic mechanical behaviour of various represen-
tative polymers is presented.

2. Characterization technology

Due to the action of high strain-rate loading [6-10], dynamic mechanical response of materials
is different from that under static loading. Characterizing dynamic mechanical behaviour is
full of interest for material applications in impact events. For polymers, because of their low
wave impedance, a longer time is needed to reach the dynamic stress equilibrium during split
Hopkinson bar (SHB) test [11, 12], which produces more difficulties in high-rate mechanical
experiments.

In order to reduce the difference in wave impedance, the viscoelastic impact bar is used in SHB
test [13]. However, the viscoelastic bar itself has a strain-rate sensitivity, which easily results in
the dispersion and attenuation of stress wave during the travelling in bar [14]. Aluminium
alloy bar seems to be effective for testing polymer materials, thanks to the match of wave
impedance and its lower strain-rate sensitivity. For meeting the conditions of constant strain
rate and dynamic stress equilibrium, it is necessary to accurately design the shape of incident
pulse [15]. A pulse-shaping technique is applied to meet these requirements, which, in general,
places a wafer at the end of incident bar. The wafer material can be copper. The advantage of
this pulse-shaping technique is to reduce the oscillation of incident wave. By selecting the
appropriate specimen shape and size, the constant strain-rate loading with uniform stress in
specimen can be realized [8, 16, 17]. Besides, low wave impedance material in SHB experiment
will make the transmitter signal weak, which results in a small difference between the incident
signal and reflected signal. The semiconductor strain gauge is more sensitive [18], which can
be used to detect the weak signal. So, it can be used in the SHB experiment to test the soft
polymer materials.

Moreover, it is necessary to clarify the calculating methods of stress, strain and strain rate of the
tested specimen from the signals recorded by strain gages in an SHB test. They are based on the
assumption of one-dimensional stress wave theory. Two long slender elastic bars in SHB appa-
ratus are shown in Figure 1, which sandwich a short cylindrical specimen in between them.

When the striker bar impacts the end of the incident bar, a compressive stress wave is pro-
duced that immediately begins to travel along the bar towards the specimen. Upon arriving at
the specimen, the compressive stress wave partially reflects back towards the impact end of the
incident bar. The remainder of the compressive stress wave transmits through the specimen
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Figure 1. Schematic representation of the elastic waves travelling in a split Hopkinson bar (SHB) apparatus [8].

and enters into the transmitter bar, resulting in the deformation of the tested specimen [8].
Herein, the acoustic impedance of the specimen should be lower than the bar’s impedance. The
reflected pulse is a tensional wave, whereas the transmitted pulse remains in compression. The
stress wave-induced strain histories of the incident bar and transmitter bar are recorded by
strain gages A and B, respectively.

As long as the stress in the two bars remains under their elastic limits, specimen stress, strain
and strain rate may be calculated from the recorded strain histories of the incident bar and
transmitter bar. Herein, two important strain histories are needed to be identified, which are
the reflected wave and the transmitted wave through the specimen. Kolsky [7, 8] applied one-
dimensional stress wave theory to develop the following relation for calculating the specimen’s
engineering stress, os(t):

os(t) = EX2er(t) 1)

in which E is the transmitter bar’s elastic modulus; Ay is the transmitter bar’s cross-sectional area;
Ag is the specimen’s cross-sectional area before loading and er(t) is the transmitted strain history.

The specimen strain rate, €s(t) can be calculated as:

B dgs(f) . —2C0

Bs(t) = — —er(®) (2)

in which eg(f) is the reflected strain history; L is the specimen length prior to impact and Cy is
the wave velocity in the incident bar. The reflected wave represents the strain-rate history in
the specimen. So, the flat plateau in the reflected signal corresponds to a nearly constant rate of
the specimen deformation during dynamic loading. The wave velocity in the incident bar, Cy,
can be calculated from the theory of elementary vibrations, as below:
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Co=+/E/p (3)

in which E and p are the incident bar’s elastic modulus and density, respectively. Equation (2)
can be integrated with time to attain the specimen’s engineering strain history, es(t), as below:

t

es(t) = =1 [ exlt) @
0

Thus, the data of specimen engineering stress, strain and strain rate can be derived from the
recorded strain gage signals in an SHB experiment.

However, a uniform deformation of the specimen during SHB experiment should be maintained
so that the experimental results can be clearly documented and interpreted for characterizing the
dynamic stress-strain relation of a material.

Dynamic stress equilibrium is important for the validity of an SHB experiment. The stress in
the specimen can be expressed in terms of the force exerted on each end surface of the
specimen. When the specimen is sandwiched in between the incident bar and transmitter bar
under dynamic compressive loading, the forces, F;(t) and F,(t), are imposed on the specimen
with a diameter of Ds and a length of Ls. The average force, F,,, applied on the specimen can
be given as:

Faug(t) = w (5)

Whereas, the average engineering stress on the tested cylindrical specimen is:

Favg(t)
iﬂDsZ

(6)

Onog(t) =

Herein, the forces, F;(t) and F,(t) applied on the specimen end surfaces are from the incident
bar and transmitter bar, respectively. These two forces can be expressed in terms of elastic
strains in the incident bar and transmitter bar, respectively, and can be calculated from the
incident, reflected and transmitted signals, as below:

nD?

Fi(t) = Eler(t) + ex(t) )

2
Fa(t) = Eeq(t) % (8)

in which Dy,, is the diameter of the incident bar (and the transmitter bar) and ¢;(t), ez (f) and
er(t) are the strain histories of the incident, reflected and transmitted waves, respectively. For a
specimen under high-speed loading, the dynamic stress equilibrium should be met for a
constant strain rate, which means that F; (#) should be equal to F,(t), as below:
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Fi(t) = Fa(t) 9)

However, in a real SHB experiment, the deviation exists between these two force histories. In
order to analyse and quantify the deviation, a criterion for stress equilibrium is employed to
compare the forces (or stresses) exerted on the specimen end surfaces. Ravichandran and
Subhash [19] introduced a parameter, R(¢), to evaluate the proximity to stress equilibrium in
the specimen, as below:

Ao(t
Oavg (1)

AE(t)
Fang (1)

R(t) = (10)

in which, Ao(t) and AF(t) are the differences of these two stresses and forces applied on the
specimen end surfaces, respectively. 04,(t) and Fu(t) are the averages of these two stresses
and forces, respectively (see Egs. (5) and (6)). The specimen is assumed to be in dynamic stress
equilibrium, when the value of R(t) is less than 0.05 [8]. This general criterion has been
employed extensively to evaluate the dynamic stress equilibrium process in SHB experiments.

By substituting Egs. (7) and (8) into Eq. (10), the parameter R(#) can be expressed by means of
the relation between the incident, reflected and transmitted waves, as below:

(11)

For a specimen under dynamic stress equilibrium, the forces applied on the specimen end
surfaces can be expressed in terms of the two pressure bar strains, as expressed in Egs. (7) and
(8). Thus, according to Eq. (11), the following relation can be derived:

é'[(t) + ER(t) = ST(t) (12)

Therefore, by applying an assumption of the positive travelling harmonic wave and the
equation of motion, the expressions for the specimen’s engineering stress, strain and strain rate
can be derived in terms of the two pressure bars’” strains, as shown in Egs. (1), (4) and (2),
respectively. In turn, under dynamic stress equilibrium, Egs. (1), (4) and (2) are qualified to be
used for calculating the specimen’s engineering stress, strain and strain rate.

Therefore, the SHB technology for dynamic compression and tension experiments has been
introduced. It is a mature method and a commonly used apparatus to characterize accurately

the dynamic mechanical properties of various materials in the strain rates ranging from 1000/s
to 10,000/s [20].

In this chapter, in order to characterize the high strain-rate mechanical response of polymer
materials, the SHB technique is selected as the experimental equipment. On the one hand, the
SHB equipment can accurately derive the dynamic mechanical properties of material under
high-speed loading. On the other hand, it can be well controlled under laboratory working
conditions [20].
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3. Various polymers for dynamic mechanical investigation

3.1. Rubber-like polymers

Rubber-like polymer has been used extensively as structural material of engineering components
that are designed to resist impact, ranging from bus windows and eyeglasses to protective
helmets and body armours. The choice of polymer materials for these applications has been
made appealing by the relative low density and the transparency that are the characteristics of
amorphous homopolymers. One of the studies on polymer materials focuses on the capability of
absorbing dynamic strain energy and strain-rate dependency [1, 21-30]. Strain-rate dependency
of the stress-strain behaviour of polymer materials has been well documented, where, in partic-
ular, yield stress is found to increase with the increasing strain rate. This feature of mechanical
behaviour is highly relevant to engineering applications, when designing a polymer component
required to resist an impact loading.

3.1.1. Polyurea

The thermoplastic elastomer polyurethane and the elastomeric thermoset polyurea are found to
have new applications by increasing the survivability of structures under impact loading,
including those encountered in blast and ballistic events. Yi et al. [31] studied the large deforma-
tion and rate-dependent stress-strain behaviour of polyurea and polyurethanes in dynamic
compressive tests. A set of data was presented to quantify the rate-dependent behaviour of these
materials from low strain rates (<1/s) to high strain rates (>1000/s), as shown in Figure 2.

The polyurea displayed a transition of deformation behaviour from rubber-like behaviour at
low strain rates to leathery behaviour at high strain rates, whereas one of these three poly-
urethanes displayed a transition from rubber-like behaviour at low strain rates to glass-like
behaviour at high strain rates. Figure 2 presents the rate-dependent behaviour by means of the
stress vs logarithm strain rate, taking the stress evaluated at a strain level of 0.15 and 0.30 for
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Figure 2. Flow stress vs strain rate relations of polyurea and three polyurethanes determined at the deformation strain of
(a) 0.15 and (b) 0.30 [31].
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Figure 2a and b, respectively. For both strain levels, the flow stress obviously demonstrated a
close-to-linear dependency on the logarithm strain rate in both the high strain rate (>10%/s) and
low strain rate ($10%/s) regions. So, mechanical behaviour, as illustrated by yield stress of the
thermoplastic-elastomeric polyurethanes and elastomeric-thermoset polyureas, is strongly
dependent on strain rate.

In addition, continuous investigation was conducted on the characterization of mechanical
properties at very high strain rates under both dynamic compression and tension loadings [32].
The experimental results are shown in Figure 3. The uniaxial compression and tension data for
polyurea are found to be consistent at the strain rates ranging from 0.001/s to 10,000/s, both of
which increase with the increase in strain rate. Therefore, a strong dependency of flow stress
on strain rate is clarified in the material of the thermoplastic-elastomeric polyurethane and
elastomeric-thermoset polyurea, which is of particular interest when they play a role as a
protective coating to enhance survivability of structures in high-rate loading events.

3.1.2. Polyurethane

Zhang et al. [33] studied the dynamic mechanical behaviour of a polyurethane used as an
interlayer in a laminated windshield construction at various strain rates (0.001/s to 7000/s) and
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Figure 3. Stresses, taken at the true strain of 0.4 and 0.9, as a function of the true strain rate of the polyurea, where the
value of the true strain rate used for each point is also taken at the true strain of 0.4 or 0.9 [32].
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various temperatures (—40°C to 25°C). The research results reveal that the mechanical behaviour
of polyurethane interlayer is dependent on temperature and strain rate. Under dynamic loading,
the transition from “rubbery” to “glassy” is exhibited in the stress-strain curves at 240°C. In
terms of the constitutive theory and experimental data, one-dimensional thermal-hyper-visco-
elastic constitutive equation is recommended to characterize the compressive deformation
response of polyurethane interlayer over a wide range of temperatures and strain rates.

Figure 4 shows the true stress-strain curves of polyurethane interlayer at different temperatures
and at a certain strain rate. The temperature-dependent behaviour is clearly seen. When temper-
ature decreases, the stress-strain curve goes up with the increase in yield stress, and the strain-
hardening behaviour becomes remarkable. At high strain rates and at low temperature, the flow
stress date exhibits an obvious increase. Under the quasi-static (0.001/s) loading, the stress-strain
results illustrate a common phenomenological mechanical behaviour of soft materials revealed
in compression experiment at a low strain rate. As the temperature decreases from —20°C to
—40°C, the significant changes occur in stress-strain curves. A rubbery behaviour transits into
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Figure 4. True stress-strain curves of the polyurethane interlayer: (a) 0.001/s, (b) 2200/s, (c) 4800/s and (d) 6500/s [33].
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glassy behaviour of the mechanical response, which is in line with the mechanical behaviour of
the rubber-like materials below and above glass transition temperature. The inherent reason can
be the glass transition temperature of the polyurethane interlayer of around —58°C to —40°C.

Figure 5 shows the true stress-strain curves and the corresponding true strain rate-strain
curves at a temperature of 25°C. The trend of strain rates seems to be relatively constant over
the courses, which indicates that dynamic stress equilibrium is nearly stable. The uniaxial
compressive stress-strain behaviour in the regime of high strain rate has a strong dependency
of strain rate and temperature. At the same temperature, with the increase in strain rate, the
flow stress increases and the strain hardening behaviour becomes more apparent.

3.1.3. Polyurethane elastomer

Fan et al. [34] developed a soft polyurethane elastomeric material for impact-resistant applica-
tions. Stress-strain relations, characterized by using a split Hopkinson tension bar, are derived
to reveal the mechanical properties at different strain rate levels at room temperature, as
shown in Figure 6. The stress-strain curves from multiple tests at comparable strain rates are
similar and partially overlap, illustrating the good reproducibility of the experimental data.
The dynamic stress-strain curves show a different behaviour, compared to quasi-static stress-
strain plot at a strain rate of 0.01/s. This difference has been also observed for other soft
polymer materials [35, 36].

In statics, the initial stiffness of the soft polyurethane elastomeric polymer material is much
negligible. While in dynamics, stiffness becomes significantly higher, and the length of the linear
ascending branch increases with the increase in strain rate. Even though stress equilibrium is not
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Figure 5. True stress-strain curves and the corresponding true strain rate-strain curves at a temperature of 25°C [33].
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Figure 6. Representative engineering stress-strain plots of the soft polyurethane elastomeric polymer material under
dynamic tension loading with three curves per selected strain rate level [34].

attained in the specimen at the beginning of the initial dynamic loading, a linear link of yielding
point and origin point (0, 0) in the stress-strain curve can be conducted to roughly evaluate the
dynamic tensile modulus, considering that material yielding occurs after dynamic stress equilib-
rium. The line slope is the tangent modulus, which can indicate the material stiffness at the
corresponding strain rate. The relation between tangent modulus and strain rate is shown in
Figure 7. By linearly fitting the curve of tangent modulus versus log strain rate, a log strain rate
value of 2.65 or about 450/s strain rate is attained. It indicates that the strain rate of 450/s is the
critical transition point at which mechanical response of the soft polyurethane elastomeric
polymer material changes from a rubber-like behaviour at low strain rates to a glass-like behav-
iour at high strain rates at room temperature [31, 37].

3.2. Glass-like polymers

The development of glass-like polymer materials that are more impact- and ballistic-resistant
has many possible applications ranging from military vehicle windows to civilian products.
Two common kinds of organic glasses that are used in these engineering areas include the
polycarbonate (PC) and polymethyl methacrylate (PMMA). These materials are transparent
and lightweight compared with their inorganic counterparts, which is important especially in
vehicle and personal protection applications. Each of these materials has a unique inherent
mechanism by which energy is absorbed during impact. Polycarbonate, like other ductile
materials, has the capability to absorb a large amount of energy through yielding and plastic-
ity. For PMMA, the majority of energy absorption is due to the creation of new surface area
during fracture. There is an obvious difference between their macroscopic failure mechanisms.
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Figure 7. The relation of tangent modulus versus strain rate curve for determining the critical strain rate of the soft
polyurethane elastomeric polymer material for the transition from a rubber-like behaviour at low strain rates to a glass-
like behaviour at high strain rates at room temperature [34].

Failure in PC is relatively localized while PMMA is effective at delocalizing failure in the form
of radial cracking and Hertzian cone fracture (during impact). Moreover, the glass-like poly-
mers also have an obvious rate dependency of mechanical properties [1, 38, 39], which directly
affects the dynamic strength and determines the structure design, application and reliability
for safety and security.

3.2.1. Polymethyl methacrylate (PMMA)

As one of glass-like polymers, polymethyl methacrylate (PMMA) is reviewed for clarifying the
dynamic mechanical behaviour [1]. A combined experimental and analytical method has been
performed to investigate the mechanical behaviour of PMMA material at strain rates ranging
from 10~*/s to 10%/s. The relation of yield stress and strain rate is documented in Figure 8.

The yield stress was found to increase as a non-linear function with the logarithmic strain rate,
displaying the strain-rate sensitivity. The mechanisms of the rate-dependent elastic-plastic
deformation of PMMA material from low to high strain rates were also studied. A computa-
tional model was developed based on the concepts of both the Ree-Eyring yield theory and the
viscoelastic theory, which indicates that intermolecular resistance to deformation may be
decomposed into the contributions of different molecular processes, each with their own
unique rate and temperature dependency. This model is probably suitable for two-component
polymer materials.

Therefore, rate-dependent behaviour of polymer materials was revealed and mechanisms for
impact resistance were also explored using the combined experimental and computational
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Figure 8. True yield stress of PMMA material as a function of true strain rate (logarithmic scale)—low to high strain
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methods. A concerted effort has been made to investigate and develop new polymer materials
with improved characteristics for impact resistance and damage tolerance. Concerns regarding
rate dependency and impact resistance of polymer materials are the basis for extensive research.

3.2.2. Polycarbonate (PC)

Dar et al. [39] studied the mechanical behaviour of polycarbonate (PC) polymer under the
effect of various temperatures and strain rates. Mechanical characterizations are carried out
through uniaxial compression and split Hopkinson pressure bar (SHPB) for revealing low and
high strain rate response, respectively. Meanwhile, the experiments are performed for strain
rates varying from 10™°/s to 10°/s and a temperature range of 213 K to 393 K. The experimental
results reveal that the stress-strain behaviour of polycarbonates is much different at lower and
higher strain rates. At higher strain rate, the polycarbonates yields at higher yield stress
compared to that at low strain rate. At lower strain rate, yield stress increases with the increase
in strain rate while it decreases significantly with the increase in temperature. Likewise, initial
elastic modulus, yield and flow stress increase with the increase in strain rate, whereas
decreases with the increase in temperature. Yield stress increases significantly for low temper-
ature and higher strain rates.

SHPB tests were performed to determine the dynamic response of polycarbonate at strain rates
varying from 1350/s to 9400/s. Dynamic tests were performed at five different strain rates, and
the results in terms of true stress-strain curves are shown in Figure 9. The results show that yield
stress increases with the increase in strain rate. The stress-strain curves show almost similar
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Figure 9. High strain rate stress-strain response of polycarbonate [39].

mechanical response in which initial nonlinear elastic behaviour was observed followed by
subsequent yielding, strain softening and hardening. Yield stress changes significantly with the
increase in strain rate. An increase of 20.6% in yield stress was calculated with strain rate increase
from 1350 to 9400/s. At all strain rates, ductile response of polycarbonate was observed and
ductile-brittle transition was not found.

Dynamic tests at a strain rate of 1350/s were also performed at three different temperatures
and the results are shown in Figure 10. The change in yield stress is more significant in case of
temperature than strain rate. The 43.4% decrease in yield stress with the increase in tempera-
ture from 233 K to 333 K is revealed.

Yield stress summarized at different strain rates and temperatures were plotted and a liner
relationship was found between them as shown in Figure 11. A 0.69 MPa/K decrease in yield
stress was observed between temperature variations of 233-333 K. Dynamic stress sensitivity
((Odynamic — Ostatic) / Ostatic Of polycarbonate is computed to be 128% which is significantly less
than PMMA [40] showing that polycarbonate is not a highly strain rate-sensitive polymer.
Osuatic in this case is considered as quasi-static or very low strain rate stress.

3.2.3. Polymethylene diisocyanate (PMDI)

Song et al. [41] reported the dynamic mechanical response of three polymer foam materials
made by rigid polymethylene diisocyanate (PMDI), varied in density (310 kg/m>, 410 kg/m®
and 550 kg/m?), at strain rates as high as 3000/s and at temperatures ranging from 219 K to 347 K.
The effects of material density, strain rate and temperature on the compressive response of the
polymer foam materials were determined. Compressive stress-strain curves of the three foam
materials (with the densities of 310 kg/m>, 410 kg/m® and 550 kg/m®) at various strain rates are
shown in Figure 12a—c, respectively.
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Figure 12. Compressive stress-strain curves at various strain rates for our three foam-material densities: (a) 310 kg/m®,
(b) 410 kg/m?> and (c) 550 kg/m? [41].

They are obtained at room temperature (295 K) and have a common characteristic: an initial
linearly elastic deformation followed by a collapse process of cell structures. When all the cell
structures were collapsed, the condensation initiates, as revealed by the increasing stress ampli-
tude in the stress-strain response [42]. For each polymer foam material, this characteristic is
varied slightly with strain rates, and the cell-structure collapse process has an apparent variation.
Under quasi-static loading, the stress-strain curves exhibit a long stress plateau and/or slow
strain-hardening behaviour after yielding. This stress plateau indicates the plastic buckling of
cell structures. However, under dynamic loading, stress drops from the peak date after yielding,
causing the formation of N-shaped stress-strain curves. The stress drop is caused by the sudden
collapse of cell structures under high strain-rate loading. So, the deformation and damage
mechanisms are influenced by the strain rates in the polymer foam material.

Yield stress is also found to be dependent on strain rate. Figure 13 shows the details of the
increase in yield stress with strain rate for these three polymer foam materials. The yield
strength of the three foam materials linearly increases with the logarithm of strain rate, as
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Figure 13. Strain-rate sensitivities of the three polymer foam materials with different densities [41].

shown by equation: o, = A + Blog(¢'/¢'y), wherein A and B are constant data, and ¢'q is the
reference strain rate. The constant B is the slope of the solid line, which represents the strain-
rate sensitivity of yield stress. The two parallel lines at the bottom of Figure 13 imply that the
strain-rate sensitivities of the 310 kg/m?® and 410 kg/m> polymer foam materials are nearly
equal. Both are lower than that of the 550 kg/m> polymer foam material.

4. Conclusion

In this chapter, the characterization method of mechanical response of polymer materials
under high strain-rate loading is firstly introduced. Then, two kinds of polymer materials,
rubber-like and glass-like, are reviewed to illustrate their dynamic mechanical response.
Herein, three polymers are presented as the representatives of each kind of polymer materials.
The rate-dependent mechanical data are given and the influence of temperature is also clari-
fied. These knowledge outputs not only guide the research of developing new impact-resistant
polymer materials, but also support the protection engineering of applying polymer materials
in dynamic events.
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