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Infrared thermography was carried out on a polyurea, stretched to failure, over four decades of strain
rates (0.026—400 s~ '). A correction for convective heat transfer was developed that enabled the thermal
response of slower experiments to be compared to adiabatic measurements. Overall the deformation was
exothermic, but in contrast to simple, homogeneous elastomers, the temperature change was a
complicated function of strain and rate. The largest temperature rise was 20 °C, which in comparison to
other rubbers (e.g., natural and styrene butadiene rubber, both neat and reinforced with filler), is about
twice that at failure and 5—10 times that at comparable strains. These temperature changes in the
polyurea correspond to a half decade shift toward higher frequency of the soft segment dynamics. At low
rates (<1 s 1), the temperature increased up to a strain of ca. 3, with the subsequent decline corre-
sponding to an upturn in the stress. At high strain rates (>1 s~!), the temperature increased mono-
tonically. For samples stretched to failure, there was a maximum in the temperature increase versus
strain rate at an intermediate rate = 1.2 s, due to the competing effects of greater heat generation and
lower failure strain. Thermoelastic inversion was observed at low rates at ca. 4% strain, consistent with
the thermal expansion coefficient, indicating that entropic elasticity is a dominant mechanism at low
strains. However, at higher strains the deformation departs from this behavior, with endothermic pro-
cesses commencing as the material begins to yield. These processes are identified with plastic defor-
mation and breakup of the hard domains within the phase-separated polyurea structure. An energy
balance indicates that, notwithstanding the large temperature increases, structural changes account for
the largest part of the strain energy.

Published by Elsevier Ltd.

1. Introduction

When subjected to tensile deformation, the polyurea exhibits
yielding, followed by a large upturn in the stress [1,2]. The conse-

Elastomeric polyurea is a versatile material that finds applica-
tions as a coating for storage tanks, military armor, roofs, parking
decks, ships, and truck bed-liners, etc. It is a segmented block
copolymer having an ideal morphology for mechanical properties:
isocyanate-rich segments self-assembled via hydrogen bonds into
nano-scale domains that have a glass-transition temperature, Tg,
well above ambient. These hard domains are embedded in a
continuous matrix of polyamine soft segments that contain some
admixed hard segments. The microphase-separated hard domains
are connected to the matrix through the continuity of the chains.
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quent large energy dissipation, reflecting a large internal friction
and irreversible structural changes, provides superior toughness.
Good mechanical performance is also obtained at higher strain
rates (e.g., impact), when the perturbation frequency falls within
the range of the polyurea segmental dynamics [3]. Most rubbery
polymers have lower Tg, so that the segmental dynamics are too
high in frequency to absorb energy from high strain rate de-
formations. When used as a coating on metal substrates, in addition
to substantial energy absorption, mechanisms that improve the
impact resistance include delay of the onset of necking of the
substrate [4] and lateral spreading of the impact force [5]. These
appear to be a consequence of the transient hardening induced by
impact [3,6].

For slow deformations through the yield point, the hard do-
mains align, concentrating strain in the continuous phase. As the
stress increases, the domains fully align parallel to the stretch
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direction [7,8]. When failure is imminent, the hard domains and
their interface with the matrix are disrupted, with this local dam-
age reflected in permanent set (incomplete recovery) [9]. However
at higher rates, the stress upturn is absent and disruption of the
hard domains is avoided; consequently, sample recovery is nearly
complete [9]. Our interest in elastomeric polyurea arises from its
application as a coating to enhance the blast and ballistic perfor-
mance of armor [3,5]. The aim of the work was to determine how
the strain energy is distributed among viscoelastic dissipation
(heat), stored elastic energy, and the work of irreversible structural
changes. The distribution of energy and its dependence on strain
rate are critical aspects of impact toughness and performance in
armor applications.

High speed thermography was employed to measure instanta-
neous temperature changes in the deformed polymer; this method
was unavailable in earlier studies of rubber thermoelasticity [10,11].
Thermography provides a temperature map, important for detec-
tion of microstructural changes near flaws [12—15]. Recent studies
of heat dissipation in rubber have addressed non-linear modeling
[16,17], crystallization kinetics [18,19], and the Mullins effect [20].
Conversely, thermomechanical investigations of more complex
materials, including filled rubber [21,22], are scarce. Herein we
apply this approach to polyurea, an elastomer with a complex
microstructure.

2. Experimental

The polyurea was formed by reaction of a modified diphenyl-
methane diisocyanate (Isonate 143L from Dow Chemical; 1.21 g/ml,
144 g/eq) with an oligomeric polydiamine (Versalink P1000 from
Air Products; 1.04 g/ml, 600 g/eq). The volume mixing ratio was 1:4
isocyanate to diamine; post-curing for 12 h at 80 °C completes the
reaction. The resulting material has ca. 35% hard and 65% soft do-
mains by weight [23]. The components were vacuum degassed
prior to mixing, and then cast using a cartridge plunger into ~1 mm
thick sheets. Test specimens (ASTM D4482) were all die cut from
the same cured sheet.

The high speed testing was carried out using a custom instru-
ment [24]. Briefly, a drop-weight tester is used to rapidly stretch the
sample, with the stress determined from the measured load after
correcting for inertia, and the strain deduced from the displace-
ment of fiducial marks recorded with a camera (Vision Research
Phantom 7 monochrome, 20 kHz frame rate, 800 x 120 pixel res-
olution). Conventional low speed testing, at strain rates up to
0.2 s~ employed an Instron 5500R with optical extensometer. All
tests were done at ambient temperature.

The temperature of deforming samples were measured using a
FLIR SC6811 infrared camera (1093 Hz frame rate, 640 x 32 reso-
lution), synchronized with the video recording of the strain (fidu-
cial marks were detected by the IR camera). Typical thermograms
are shown in Fig. 1. The camera detects 3—5 pm wavelength light
with the radiant emittance determined from calibrated intensities.
Only temperature changes (differences from the sample sur-
roundings) are reported herein; the uncertainty of the measured
temperature changes was 0.03 deg. The values reported herein are
averages over the sample gauge section. The latter, as seen in Fig. 1,
contracts laterally during extension, so that the measured region is
only a few pixels wide just prior to failure. Any measurements
exhibiting “hot spots”, due to sample heterogeneities, were
discarded.

3. Convective heat loss correction

Heat loss to the surroundings causes the measured sample
temperature change 6y to deviate from the adiabatic temperature

Fig. 1. Representative thermographs at A = 1, 2.23, and 3.21. The temperature range is
from 15 °C (black) to 60 °C (white), on a linear scale. Brackets identify the approximate
area over which the measurements were averaged. Fiducial marks may be seen in the
center image, which are the slight intensity modulations along the gauge section
outside of the bracket.

change 0 as
0=0p+0c (1)

where fc is the change due to convection. Of course at sufficiently
short times this heat loss is negligible (6¢ = 0); for longer times, the
following procedure was developed to account for non-adiabatic
conditions.

Consider a thin rubber sample that has been rapidly and uni-
formly heated by stretching, then held immobile during cooling to
ambient temperature. Assuming negligible thermal gradients
within the sample (as justified below) and no heat production from
structural or chemical changes, the rate of heat lost by convection is

dQ  du
T dr @)

where dU/dt is the rate of change in the internal energy of the
rubber. The convective heat transfer rate is

9 Aht), 3)

where As is the convective surface area, = 2L(w + d), with L, w, and
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d the respective sample length, width and depth (in the rubbery
regime polyurea is essentially incompressible [25]); h is the
convective heat transfer coefficient; and 6y (t) is the actual (i.e.,
measured) temperature difference from the surroundings. The in-
ternal energy derivative is

dUu dr

—— = pVC—- 4
ar =~ VCar (4)
where p, V, C, and T are the respective density, volume, heat ca-
pacity, and temperature. Combining the above and using dT = d#,
eq. (2) is integrated to find the fractional change in temperature

b (t) _

Asht\ t
e -5) e () )

where 6; is the initial temperature change and 7 a time constant
characteristic of the material and its surroundings.

Equation (5) was used to determine h in a static cooling exper-
iment. A test piece was quickly deformed to a stretch ratio A = 3 and
then retracted to A = 1, with the ensuing temperature decay
measured. The average of five trials was used to compute h, using
C=042]g 'K "'and p = 1.04 g cm> [23,26]; the result was
h =81+ 1.7 W m~2 K. The measurement assumes that heat
generation during the static (load-free) cooling is negligible, even
though the sample is slowly recovering strain. The assumption was
corroborated by a separate measurement of h for a heated but
unstretched sample, which yielded the same results within
uncertainty.

For a thin rubber sample undergoing uniaxial strain, equation
(2) is valid, but the convective surface area in eq. (3) changes with
time; thus,

As(t) = [A(0)) *Aso = 2A(0)]) *Lo(wo + do), (6)

which assumes isochoric conditions. The subscript “0” denotes the
original (undeformed) value. The total convective heat lost for a
time t4 is found by integrating eq. (3):

ta ta
Qen) = [ G2 = A [ (0] w01 o
0 0

The change in sample temperature due to convection is

ta

Q(ta) hAgg 1y
oV o0V [A(D)] “Om(t)dt. (8)
0

Oc(ta) =

Thus, the area under [A(t)'? 6 (t)] accounts for the effects of
changing shape and temperature differences on the heat transfer
from the rubber to its surroundings.

Fig. 2 plots the measured and adiabatic temperature differences
for two strain rates. Initially the difference between 6y, and 6 is
negligible. The correction depends on the temperature difference
with the surroundings, which becomes significant sooner at the
higher strain rate (12 s~!). The inset shows the normalized
convective loss, = f¢/f, just prior to mechanical failure, as a function
of measurement time. Over the initial 3s, the convective heat loss
accounts for less than 3% of the total thermal energy, evaluated as
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Fig. 2. Measured and adiabatic temperature change (i.e., difference from the sur-
roundings) for two tests at the indicated strain rates. The behavior is essentially
adiabatic up through ca. 3 s. Inset: convective temperature change normalized by the
adiabatic temperature change, measured at failure; each datum is for a different strain
rate.

ta
dr
Whear(ta) = V€ [ Gdt. (9)
0

after the adiabatic correction has been applied. This is in good
agreement with previous observations [11]. Our analysis assumes
that the coefficient h remains constant over the tested range of
strain rates, which assumes the test equipment does not perturb
the air near the sample. Since the convective heat transfer is pro-
portional to time, exponentially increasing the rate will decrease
the test time in inverse proportion, whereby a measurement will
approach the adiabatic ideal to within the temperature uncertainty.

The forgoing analysis assumes that the heat transfer is governed
only by convection; i.e., that thermal diffusion within the sample is
“fast.” This is justified by the small Biot number [27]

. hLc
Bi = R (10)
where k is the thermal conductivity and L. is a characteristic length,
taken here as one-half the sample thickness. Convective systems
with low Biot numbers can be modelled as having uniform tem-
perature. An analysis of this approximation for various shapes with
Bi = 0.1 showed that the largest temperature deviation is within 2%
of the mean temperature difference [28]. The thermal conductivity
for polyurea is unavailable, but using the value for the chemically
similar polyurethane, k = 0.29 Wm™'K~! [29], the Biot number for
the present measurements is ~0.02, well below the threshold for
significant thermal gradients.
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Fig. 3. Representative engineering stress-strain curves at the indicated strain rate.
Inset: strain energy density at A = 3 and at failure. Points are averages of two or three
trials, with error bars denoting the scatter.

4. Results and discussion

Representative engineering stress-strain curves encompassing
four decades of strain rate are shown in Fig. 3. The data are in accord
with previous results for polyurea, showing a yield point and
subsequent upturn at A > 4, along with a weak sensitivity to strain
rate [1,2]. The inset shows the dependence on strain rate of the
strain energy density at an intermediate extension (A = 3) and at
failure. At intermediate strain there is a monotonic increase, while
at failure, there is no discernable rate-dependence. The latter re-
flects the countervailing effect of the decrease in failure strain with
increasing strain rate.

The adiabatic temperature changes for the measurements in
Fig. 3 are shown in Fig. 4. The largest increase was 20 °C, which is
five to ten times larger than the temperature rise at comparable
strains and rates reported for gum (unfilled) elastomers such as
natural rubber [10,11,16—18], polychloroprene [10], and styrene-
butadiene rubber [20,30]. The temperature increase is also signif-
icantly larger than for filled natural, butadiene, and styrene-
butadiene rubbers, with filler concentrations similar to the hard
segment content of the polyurea (35%) [21,22]. The difference can
be ascribed to the high internal friction coefficient of polyurea,
resulting from extensive H-bonding and a high T;. Some observa-
tions drawn from Fig. 4: (i) As shown in the inset, the behavior is
endothermic for the lower strain rates at strains < 0.1. (ii) The left
(main) plot shows that the temperature levels off, and then de-
creases, at high strains. (iii) From the right plot the maximum
exothermic change can be seen to occur at the intermediate strain
rate of 1.2 s7 L

The initially endothermic behavior at the two lowest strain rates
(ca. 0.06 °C drop at 0.04 strain in Fig. 4) is the well-known ther-
moelastic inversion [31—34], representing the competition be-
tween thermal expansion and entropic elasticity. The stretch ratio
for which the minimum in # occurs is related to the coefficient of
thermal expansion « by [33]

A = (1 + 3aT) . (11)

Using the published value of « for polyurea [35], 14 x 107> K™,
gives Ajpy = 1.041, in agreement with the minimum in Fig. 4. At the
0.28 s~ ! rate, the temperature minimum becomes shallower and
shifts to lower strains. At higher rates a minimum is not detected
within the resolution of the measurements. This suggests that at
higher rates, processes other than thermal expansion and entropic
elasticity contribute to the temperature change.

The second behavior of note, the negative temperature change
at high strain, may be distinguished by the downturn beginning at
~4.4 in the curve for 0.28 s~! (denoted by an arrow in Fig. 4). This
feature is reproducible, with similar breaks in  observed at low and
intermediate rates, but not at the higher strain rates, 14 and 400 s .
As seen by comparison to Fig. 3, this decrease in # occurs at the
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Fig. 4. Left plot: Adiabatic temperature change, 6, for the deformation measurements in Fig. 3 (strain rates indicated). The arrow identifies the onset of an endothermic break in the
curve for 0.28 s, as discussed in the text. Inset: low strain data on an expanded scale, showing the temperature minimum. Right plot: § as a function of strain rate at 2 = 3 and at

failure; error bars are the data range.
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strain associated with the prominent stress upturn. The stress up-
turn is absent at high strain rates, as is the change in the temper-
ature behavior. In-situ microstructural studies have associated the
stress upturn to the breakup of the hard domains [7,8]; the results
herein show that this breakup is sufficiently endothermic to over-
whelm the strong exothermic stress-strain behavior. The third
observation, that the maximum exothermic change occurs at an
intermediate strain rate = 1.2 s, identifies the rate associated with
the maximum in these microstructural changes. This aspect of the
behavior requires further study.

In Fig. 5 is plotted the fraction of strain energy density man-
ifested as heat for the same set of measurements. The low strain
(4 < 1.1) endothermic behavior has been excluded from this figure
due to the large experimental scatter. The curves reach a maximum
at A ~1.4, with a steady decline afterward. At extensions associated
with the upturn in the stress (A > 4), the decrease in (relative)
thermal energy accelerates, giving rise to the changed behavior of ¢
noted above. If deformation were governed purely by entropic
elasticity, the evolved temperatures in Fig. 4 would be concave
upward, and the fractional strain energy in Fig. 5 would be constant
[31,33,36]. This is approximately the case for the highest rate
(400 s~ 1), which has neither a sharp yield point nor a stress upturn
(Fig. 3). In contrast when deformed at slower rates, the structural
changes that underlie yielding and the stress upturn cause a net
endothermic response.

Insight into the mechanical behavior can be gleaned from
dielectric relaxation measurements. A dispersion in the dielectric
loss occurs at frequencies corresponding to the segmental dy-
namics. The temperature-dependence of the frequency of this loss
peak, fmax, follows the Vogel-Fulcher equation [37,38]
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Fig. 5. Thermal energy density normalized by the total strain energy density (from
data in Figs. 3 and 4). Inset: Same results as a function of strain rate for A = 3 and at
failure. Points are averages of two or three trials, and error bars denoting the range.

B
10g fmax = log fo TT-T, (12)

in which B, Ty, and fy are constants. For the soft segment domains of
polyurea, a fit of eq. (12) to the T-dependence of the loss peak gives
B =686.1K, Tp = 160.2 K, and fp = 96.1 GHz [3]. Using eq. (12) we
calculate that the 15 °C temperature increase during the 400 s~!
experiment would shift the relaxation spectrum 0.47 decades
higher in frequency. This enhances the chain mobility during the
course of the stretching.

We can assess how the strain energy is distributed among heat,
structural changes, and recoverable deformation. The total strain
energy and recovered energy were determined from

€Emax

Wstrain:/ Tloadde (13)
0
0

Wiecr = / Orecyde (14)

Emax

where 0jyqq and oy are the respective loading and retraction
stress, and emay is the maximum strain. (Retraction was measured
in separate hysteresis experiments, limited to low rates.) The
structural energy Wiy, responsible for any alterations of the
phase morphology and the interfacial material, was found by sub-
tracting the thermal energy Wheq: and recovered energy Wiyec, from
the total energy Witrain [39]:

Wstruct = Wstrain - Wrecv - Wheat- (15)
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Fig. 6. Rate dependence of the total strain energy density and the various contribu-
tions for A = 3; error bars are the standard deviation. The dashed line represents the
linear strain energy density calculated from low strain dynamic mechanical mea-
surements (eq. (14)).
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Fig. 7. Residual strain measured at 2 = 3 and at failure as a function of strain rate. Inset:
residual strain plotted versus the structural strain energy (see text).

The results are plotted in Fig. 6 for A = 3, where it can be seen
that disruption of the polyurea structure causes the greatest
resistance to deformation. This contributes to the toughness of the
material and is quite different behavior from gum elastomers such
as natural rubber, styrene-butadiene rubber, polybutadiene,
polychloroprene, and polydimethyl siloxane. Absent strain-
crystallization, almost complete energy recovery is observed for
these materials [40,41]. The bulk of their strain energy (70—100%) is
manifested as heat, with very little consumed by structural changes
(typically 0—40% of the input strain energy) [36]. In distinction,
polyurea exhibits large temperature increases related to its large
internal friction, coupled with substantial energy loss (as much as
75%) due to deformation and breakup of the phase-segregated
morphology. At higher strain rates the disruption of the interfa-
cial material between the hard domains and the matrix becomes
negligible, resulting in net exothermic behavior. This is consistent
with the minimal permanent set observed at high strain rates, as
seen in Fig. 7 showing the variation of residual strain with rate. (The
values measured after failure are lower in part because these were
obtained several weeks after testing, whereas the A = 3 measure-
ments were made immediately after unloading.) The inset shows
the correlation of residual strain with the structural energy. Note
the data for 4 = 3 have an intercept at zero, corroborating that the
structural changes indeed underlie the portion of the strain energy
ascribed to it. Similar rate-dependent permanent set in polyurea
was reported previously [9].

The results in Fig. 6 emphasize the very non-linear character of
the material response. Another gauge of this is to compare the
strain energy density calculated from the dynamic mechanical
response

1 * 2
WdynziE (A-1)%, (16)
where E* is the dynamic tensile modulus measured at 0.05% strain;
this accounts only for the linear mechanical response. Wy, is of the
same order of magnitude as the thermal energy, although it is
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Fig. 8. Dynamic moduli of the polyurea measured at 1 Hz and 0.05% strain.

significantly less than the total strain energy, reflecting the
contribution of yielding and related structural changes at higher
strains. In Fig. 8 the storage, E’, and loss, E”, moduli are plotted as a
function of temperature; these are consistent with previous dy-
namic mechanical results [7,9,42]. Assuming the data approximate
equilibrium conditions, the decrease in the moduli with tempera-
ture implies that the mechanical response at very low strains
cannot be purely entropic [31,34,38,43].

5. Concluding remarks

The response of polyurea to mechanical perturbation is strongly
rate dependent and associated with substantial energy loss. This
unusual degree of viscoelasticity is due to a high glass transition
temperature and large internal friction, the latter a consequence of
the polarity of the chain segments and their extensive hydrogen-
bonding. Beyond the linear regime, the phase-segregated
morphology of the material, characterized by nano-domains
interconnected with the soft matrix, is perturbed by strain,
amplifying the strain energy. The resulting temperature changes in
turn affect the mechanical response. This rich mechanical behavior
underlies many applications of polyurea elastomers, but also
complicate efforts to analyze and predict the mechanical
properties.

One important application for polyurea is as an impact coating.
For ballistic impact, it has been calculated that about 4 GJ/m? is
consumed by the coating during penetration by a projectile [5,3],
which far exceeds the values in Fig. 6. This discrepancy is due to the
large difference in strain rates. Ballistic impact is orders of magni-
tude faster than the measurements herein, sufficiently fast to
induce a transition of the polymer to the glassy state [3,6]. The glass
transition zone is associated with the largest energy dissipation
achievable with a rubbery polymer. Interestingly, recent results
[44] suggest that a highly dissipative polymer such as polyurea can
be effective as a ballistic coating even in the absence of any strain-
induced phase transition.
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