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ABSTRACT: Elastomeric polyurea is an important polymer for impact
mitigation, but viscoelasticity, nonlinearity, pressure-eﬀects, and the onset
of the glass transition complicate analyses of experimental measurements.
Consequently, development eﬀorts rely on modeling, which in turn
requires accurate potential functions. To address this issue, we measured
the glass transition, Tg, of polyurea at pressures up to 6 GPa in a diamond
anvil cell. In this method, Tg is determined as the lowest temperature at
which the pressure is hydrostatic. From the pressure dependence of Tg, in
combination with equation of state measurements at pressures up to 1
GPa, the density scaling exponent for the polyurea was obtained. The
value 2.39 ± 0.06 is in accord with previous determinations based on
lower pressure experiments; thus, density scaling remains valid for density
changes as large as 50%. The scaling exponent reﬂects the steepness of
the intermolecular repulsive potential and should serve as a guide to the
choice of potential parameters for simulations of the high strain rate, high pressure dynamics of the material.

■

INTRODUCTION
A deﬁning feature of long chain molecules is the marked
sensitivity of their dynamics to strain rate. This property can be
exploited to obtain large energy dissipation under particular
conditions in materials that are otherwise highly elastic.1
Prominent examples include acoustic dampening,2 arterial
blood ﬂow,3,4 skid-resistant automobile tires,5,6 and impact
coatings. The last has received a great deal of attention in the
past decade in eﬀorts to use polyurea coatings for infrastructure
protection and military armor. 7,8 A large amount of
experimental data has been acquired to characterize the
properties of polyurea under high rates of loading and high
pressures.9−20 However, the impact response of polymers is
quite complicated, involving not only viscoelasticity and related
thermal eﬀects but also large pressures and material nonlinearities. Because of this complexity, interpretation of
experimental data and progress in developing polyurea coatings
necessarily require modeling. The models range from
phenomenological, wherein the eﬀects of temperature, strain,
and pressure are separately measured and then combined
empirically,21−25 to more fundamental treatments that
characterize the behavior on the microscopic level.26−34
The accuracy of model predictions of dynamic properties
depends on the ﬁdelity of the force ﬁelds employed. These
include contributions from distortion and rupture of covalent
bonds and from the nonbonding interactions. Commonly,
additivity is assumed, with the potential energy the sum over a
van der Waals dispersion term, the Coulombic electrostatic
energy, UCoulomb, which for polyurea includes hydrogen
bonding, and a term accounting for any changes in the
covalent bonds, Uchain
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Here Aij and Bij are constants, rij is the i−j separation distance,
and the sum is over all atoms (or segments in a coarse-grained
model). For soft condensed matter, the impact response is
governed primarily by the repulsive potential, whereby the
value of the exponent m is crucial for reliable computations.
The classical value of m = 12 has been assumed in some
modeling of polyurea,28,29 while others have used the
COMPASS potential, for which m = 9,30−33 or a combination
of diﬀerent repulsive exponents.34
An experimental means to characterize the steepness of the
repulsive potential is from the density scaling relation for the
relaxation time τ35
τ = f (ρ γ / T )

(2)

in which ρ is the density, T the temperature, f a function, and
the scaling variable γ a material constant. From molecular
dynamics (MD) simulations it has been shown that the value of
γ is determined by the slope of the repulsive potential.36,37 This
is exactly true for a (hypothetical) ﬂuid having an inverse power
law repulsive potential
U=
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(3)
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with m = 3γ.38,39 It is true to a good approximation for more
realistic potentials that include an attractive term.40,41 However,
for molecular liquids the eﬀective slope is somewhat larger than
3γ because the attractive term makes the potential steeper,37while for polymers it is found that the slope can be less
than 3γ because the intramolecular degrees of freedom (i.e.,
chain stretching and bending modes) soften the potential.36 If
the density scaling exponent indeed reﬂects the steepness of the
repulsive potential, it follows that diﬀerent dynamic quantities
(τ, viscosity, diﬀusion constant) should be described by the
same value of γ, an expectation that has been veriﬁed
experimentally.42
For unassociated liquids and polymers, the scaling relation
has been found to hold over the range of pressures and
temperatures accessible by experiment.35 On the other hand,
MD simulations have suggested that deviations from eq 2 occur
at very high pressures, manifested as a nonconstant γ.43 These
simulation pressures correspond to density changes in the
range 20−30%, substantially larger than for typical experiments
(a 1% density changes can alter τ by an order of magnitude35).
The only putative experimental evidence of a breakdown of the
scaling in an unassociated liquid was for decahydroisoquinoline.43 However, this was subsequently shown to be
in error due to an overly long extrapolation of the equation of
state (EoS). By measuring the density at pressures up to 1.2
GPa, a more accurate EoS was obtained, and there was no
longer any deviations from eq 2.44 This emphasizes the need
for measurements at very high pressures to conﬁrm the
generality of the scaling property and inferences drawn from it.
This is especially the case for materials such as polyurea used
for impact mitigation, for which transient pressures can be
extremely high.
Previously we applied eq 2 to relaxation measurements on
polyurea that extended to pressures of ∼1 GPa, in combination
with an EoS based on data limited to 200 MPa; the obtained γ
= 2.35.45 This corresponds to m ∼ 7, smaller than the classical
(m = 12) and common (m = 9) repulsive exponents used in
polyurea modeling.28−34 Herein we describe new results from a
novel method46 employing a diamond anvil cell to extend the
pressure range to 6 GPa. In ref 46 high-pressure measurements
of Tg showed eq 2 to be valid over very large density ranges for
a simple, nonassociated molecular liquid. In the current study,
from the pressure dependence of the glass transition we obtain
for polyurea γ = 2.39 ± 0.06, more accurate but not signiﬁcantly
diﬀerent from a prior determination.44 This aﬃrms the validity
of density scaling, the application of which often involves
extrapolation of measured PVT data. The magnitude of the
scaling exponent suggests m ∼ 7, which is less than the values
of m used in recent modeling of polyurea.

■

Figure 1. DAC loaded with polyurea and four ruby chips, two of which
are circled in red. The irregular, luminous area around the circular
sample is the deformed tungsten gasket.

shows the sealed DAC chamber with two rubies, at the center and
periphery, indicated (the other two rubies are not easily visible). A 532
nm solid-state laser was used as an excitation source, and ﬂuorescence
spectra were collected from each ruby using a Princeton Instruments
Acton SP2300 spectrometer equipped with an 1800BLZ grating. The
measured doublet spectra were ﬁt with the line shape in ref 48 to yield
the pressure, with a relative uncertainty = ±0.05 GPa. An Omega
CN380 controlled a band heater wrapped around the DAC for
temperature control (±0.5 °C).
For each measurement of Tg, at ambient temperature the pressure
was increased until pressure gradients became evident across the
sample, indicating the polyurea had vitriﬁed. Pressure was further
increased to a particular initial condition, and the sample was allowed
to equilibrate overnight. The DAC and sample were subsequently
heated in stepwise fashion, initially in increments of 10−15 K and then
in increments of 3 K as Tg was approached. About 15 min was
required at each temperature for equilibration, during which the
pressured decreased due to thermal expansion of the DAC assembly.
Measurement of ﬂuorescence spectra for each of the four rubies was
then carried out. The eﬀective rate for these measurements is slow, ∼2
× 10−4 s−1, with physical aging of the glassy sample during the
ﬂuorescence measurements introducing a small uncertainty into the
data. Heating steps were continued until equivalent ﬂuorescence
spectra were obtained from the four rubies, indicating hydrostatic
conditions. This deﬁnes the glass transition of the sample. The DAC
was then cooled to room temperature, and the process repeated with a
diﬀerent initial pressure. The largest density change imposed by the
DAC experiment corresponded to a 50% increase at 439 K in going
from ambient pressure to 6 GPa. This is the highest temperature used
in these experiments, limited by the DAC assembly as well as the
increasing overlap at higher temperatures of the ruby ﬂuorescence
doublet used to determine the pressure.
In a separate experiment, the volume change of the polyurea was
measured as a function of temperature and pressure using a custom
bellows and piezometer assembly,49 loaded into a Manganin cell
(Harwood Engineering). Pressure was applied using a manual
hydraulic pump and an intensiﬁer (see refs 44 and 45 for details),
with Dow Corning 200 silicone oil (viscosity = 50 cst) as the
pressurizing medium. The pressure and temperature dependences of
the silicone oil volume were determined separately, in order to correct
for its contribution to the measured volume changes. The highest
pressure achieved in the PVT measurements was about 1 GPa, well
below the pressures of the DAC measurements; thus, extrapolation of
the EoS was required.
Diﬀerential scanning calorimetry (DSC) at atmospheric pressure
employed a TA DSC Q100 at heating rates from 0.5 to 10 K/min. The
calorimetric glass transition of the polyurea is broad, about 25 K. From
the inﬂection point in the heat capacity curve, Tg = 208 ± 2 K, with
values for the diﬀerent heating rates diﬀering by less than 0.4 K.

EXPERIMENTAL SECTION

Polyurea was prepared by a reaction of Versalink P1000 (Air Products)
with Isonate 143 L (Dow Chemical) in a 4:1 mass ratio. Layers 100−
200 μm thick were prepared by pressing at ambient temperature,
followed by 8 h at 75 °C. The sample was allowed to equilibrate under
ambient conditions, with a consequent small water uptake (<1 wt %).
A 250 μm diameter disk was cut from the molded sheet and loaded
into a diamond anvil cell (DAC). Two diamonds with 700 μm culets
formed the top and bottom of the DAC chamber, with a tungsten
gasket comprising the sides. The gasket was preindented to 100 μm
thickness, with a 250 μm hole drilled in the center to hold the sample.
Ruby ﬂuorescence spectroscopy47 was used for pressure measurements; four ruby chips (5−10 μm diameter) were positioned on the
upper culet across the sample prior to closing the chamber. Figure 1
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■

RESULTS
Figure 2 shows representative data for the pressure as a
function of position within the sample. In the glassy state the

pressure and are parallel to the temperatures for which the
dielectric relaxation time equals 0.1 s (the longest τ reported in
ref 45). The Tg(P) were ﬁt using the empirical Andersson−
Andersson equation50
1/ b
⎛
b ⎞
Tg = a⎜1 + P ⎟
⎝
c ⎠

(4)

yielding a = 208.0 ± 1.9 K, b = 3.55 ± 0.11, and c = 1.58 ± 0.11
GPa; this ﬁt is included in Figure 3. The pressure coeﬃcient at
zero pressure,

dTg
dP

a

P=0

= c , equals 132 ± 5 K/GPa, which is at

the low end of the range reported for other polymers.35
To apply eq 2 requires converting τ(T,P) to a dependence
on T and the speciﬁc volume V. To do this, we ﬁt the Tait
equation of state51
V (T , P) = (a0 + a1T + a 2T 2)
⎡
⎛
⎞⎤
P
× ⎢1 − C ln⎜1 +
⎟⎥
⎢⎣
b0 exp( −b1T ) ⎠⎥⎦
⎝

(5)

to the PVT measurements, after converting the diﬀerential
speciﬁc volumes to absolute values using the density measured
at ambient conditions. The obtained ﬁt parameters for the
polyurea, along with the results for the silicone pressurizing
ﬂuid, are given in Table 1. The PVT data and ﬁtted Tait
equation are shown in Figure 4. Using eq 5 with the parameters
in Table 1, the density was calculated for each state point of the
DAC experiment; this required extrapolation of the actual PVT
measurements. The largest density change in the PVT
measurements was about 20% in going from ambient to 1
GPa at 100.7 °C.
The deﬁnition of Tg is the temperature below which
relaxation times become longer than typical laboratory time
scales (e.g., ≥100 s). This means the Tg(P) data in Figure 3
correspond to isochronal conditions. Since τ is constant at Tg, it
follows from eq 2 that

Figure 2. Representative data for the pressure measured from each
ruby at temperatures through Tg. There is no systematic spatial
variation of pressure in the nonhydrostatic state. For this experiment
the lowest P was from the ruby in the middle in Figure 1 (circles),
while an intermediate pressure was measured for the ruby at the
periphery (inverted triangle). Uncertainties are less than the symbol
size. Inset: standard deviation as a function of temperature for the
pressure measurements from the four rubies. This reaches a minimum
at T = 125 ± 5 °C and P = 4.09 ± 0.1 GPa, deﬁning the glass
transition.

pressure is nonuniform, although the stress variations are not
systematic with position. These nonuniformities diminish on
heating, and at a suﬃciently high temperature the ﬂuorescence
from each ruby is the same (Figure 2 inset). The temperature
for this onset of hydrostatic conditions is taken as Tg. The glass
transitions determined in this manner for each pressure are
displayed in Figure 3. The data are consistent with the
calorimetric Tg measured at a slow heating rate at atmospheric

log Tg = γ log ρ + const

(6)

Thus, a double-logarithmic plot of Tg versus density will be a
straight line having a slope equal to the scaling exponent. This
analysis was carried out, with the results shown in the inset to
Figure 3. The Tg for ambient pressure was omitted from the ﬁt
because the DSC and DAC measurements correspond to
diﬀerent τ. The linearity (Pearson correlation coeﬃcient >99%)
aﬃrms the applicability of the scaling relation to the polyurea
over these large temperature and pressure ranges, and from the
slope we obtain γ = 2.39 ± 0.06. This is consistent with the
previously reported value, 2.35 ± 0.10, determined from
experiments at much lower pressures.45

■

SUMMARY
The main results herein are:
• A novel diamond anvil cell method, based on the deviation
from hydrostatic stress in a pressurized glass, was applied for
the ﬁrst time to a polymer.
• Using this method, we determined the pressure coeﬃcient
of Tg for polyurea at pressures to 6 GPa (density changes of as
much as 50%).
• PVT measurements were obtained up to 1 GPa using a
custom belows assembly, greatly increasing the pressure range
of the EoS for polyurea.

Figure 3. Tg as a function of pressure: DAC (squares); calorimetry
(circle); dielectric relaxation time = 0.1 s45 (diamonds). The line is the
ﬁt of eq 4. Inset: double-logarithmic plot of glass transition
temperature from the DAC measurements versus density, yielding
the scaling exponent γ = 2.39 ± 0.06.
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Table 1. Parameters from Fits of Eq 5
a0 (mL/g)
polyurea
DC 200 oil

a1 (mL g−1 C−1)

0.8999
1.0177

−4

4.90 × 10
1.09 × 10−3

a2 (mL g−1 C−2)

C

b0 (GPa)

b1 (C)

1.75 × 10−7
0

0.0889
0.0928

0.259
0.0882

3.70 × 10−3
6.65 × 10−3
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Figure 4. Equation of state data for polyurea, along with the ﬁt to eq 5.
Low-pressure measurements from ref 45 (stars) are shown for
comparison.

• The data show that the segmental dynamics of polyurea are
in accord with the density scaling property expected for
nonassociated, amorphous materials. The obtained scaling
exponent γ = 2.39 ± 0.06, equivalent to a prior determination
based on lower pressure data. This underscores the validity of
density scaling over very substantial ranges of temperature and
density. Molecular modeling of polyurea should employ an
intermolecular potential function consistent with this value of γ.
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