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Brillouin scattering was performed on an elastomeric polyurea, an important technological

polymer. Being widely used for impact modification, of particular interest is its response to

extreme pressure conditions. We applied pressures up to 13.5 GPa using a diamond anvil cell and

measured the longitudinal and transverse sound velocities via Brillouin light scattering. From these

data, the equation of state, the elastic moduli, and Poisson’s ratio were obtained. By comparison

with previous dilatometry measurements up to 1 GPa, we show how viscoelastic effects can be

accounted for in order to obtain an accurate equation of state. Because of the extreme strain-rate

hardening of vitrifying polyurea, the property changes associated with its solidification are more

subtle in the high frequency Brillouin data than observed in conventional mechanical testing and

dilatometry. Published by AIP Publishing. https://doi.org/10.1063/1.5031427

INTRODUCTION

The past decade has seen a dramatic increase in the use

of pressure as an experimental variable, particularly in the

study of amorphous liquids and polymers.1,2 The interpreta-

tion of high pressure data usually requires knowledge of the

density, q, for measurements performed as a function of tem-

perature, T, and pressure, P, that is, the equation of state

(EoS), q(T,P), is required. A prominent recent example of

this is thermodynamic scaling of dynamic quantities and

transport properties, in which measurements at various T and

P are expressed as a function of Tqcs , in which cs is a mate-

rial constant related to the intermolecular repulsive poten-

tial.3–5 Polyurea is a technologically important polymer,

which has seen increasing use as a coating for infrastructure

protection and military armor.6,7 Because of its application

as an impact coating, much work has been done characteriz-

ing the properties of polyurea under extreme conditions,

such as high strain rates and high pressures.6–19 It is therefore

of interest to determine its density and mechanical properties

for large compressive forces.

Measuring the EoS of amorphous systems is substan-

tially more difficult than for crystalline materials. The den-

sity of the latter can be obtained from x-ray and neutron

diffraction, but these methods are not applicable to materials

lacking long range order. In high pressure work, Bridgman

measured the EoS for many amorphous materials using dila-

tometry, in which a piston-cylinder apparatus or a sample

within a confining fluid was employed.20 Zoller et al.
reported the P-V-T results for many polymers by the latter

method, but most of the data were limited to 0.2 GPa.21

Diamond anvil cell (DAC) methods together with an

expanding range of measurement techniques are now capable

of determining the properties of materials up to several

hundred GPa.22 Standard dilatometry techniques are challeng-

ing in a DAC, but Brillouin light scattering can be used to

obtain density changes from changes in the acoustic sound

velocities.23–27 An acknowledged problem with this technique,

however, is that Brillouin scattering probes materials at very

high (GHz) frequencies, and polymers, which are viscoelastic,

exhibit sound velocities (and mechanical properties) that are

invariably strongly dependent on frequency.28,29 Neglect of

this effect leads to an underestimation of density changes in

the typical isothermal compression experiment; nevertheless,

no corrections for viscoelasticity have been applied in previ-

ous high pressure Brillouin scattering studies of polymers.

In a recent study of polyurea, we measured the glass

transition temperature, Tg, up to 6 GPa using a DAC tech-

nique based on the disappearance of pressure gradients in a

glassy sample upon heating through Tg.30 At 22 �C, the poly-

mer vitrifies at 1.1 GPa. The EoS for the polyurea up to

1 GPa was also obtained using dilatometry.30 In this work,

we report the density and moduli of the same polyurea at

pressures up to 13.5 GPa from Brillouin measurements using

a DAC. While the theory of Brillouin scattering is described

in detail elsewhere,31 we briefly discuss pertinent aspects

herein. In any material, thermally generated acoustic pho-

nons, having a range of momenta, are continuously created

and destroyed. Incident laser light can absorb or create such

a phonon, resulting in a shift in frequency 6t and momen-

tum of the scattered photon. By collecting light along a well-

defined scattering angle, conservation of momentum restricts

the phonons probed to a specific momentum q. Longitudinal

acoustic (LA) phonons at this q have a peak frequency tL

and phase velocity vL determined by the elastic properties of

the medium. Transverse acoustic (TA) phonons with fre-

quency tT and velocity vT can also propagate if the viscosity

is high enough to transiently support a shear wave.

Scattering from these phonons gives rise to symmetric peaks

in the resulting frequency spectrum. Conservation of energy
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and momentum yields an equation specific to equal-angle

forward scattering32

ti ¼
2vi

k0

sin
h
2

� �
(1)

in which k0 is the wave length and h the scattering angle.

This equation is used to calculate sound velocities vi from

peak positions ti.

We show herein that the effect of viscoelasticity on the

bulk modulus is significant, causing the Brillouin values to

be substantially larger than obtained from low frequency

dilatometry experiments. We provide a correction for this

effect to obtain accurate densities in agreement with the

lower pressure dilatometry data.30 As expected, the longitu-

dinal modulus increases strongly with pressure, with a

change in pressure-sensitivity upon vitrification.

EXPERIMENTAL METHODS

Polyurea was prepared by a reaction of Versalink P1000

polyamine (Air Products) with Isonate 143 L isocyanate (Dow

Chemical) in a 4:1 mass ratio. Films 100–200 lm thick were

prepared by pressing the reactants between Teflon sheets, fol-

lowed by curing for 8 h at 75 �C. The sample was then allowed

to equilibrate under ambient conditions, with a consequent

small water uptake (<1% by weight). Small discs were cut

from the molded sheet and loaded into a DAC using a stainless

steel gasket. One or two ruby chips were also positioned in the

sample cell (dimensions approximately 300 lm in diameter and

60 lm thick) for in-situ pressure determination.33 Ruby fluores-

cence spectra were collected using a Princeton Instruments

Acton SP2300 spectrometer with an 1800BLZ grating, giving a

pressure uncertainty of 60.1 GPa. The experiments were

repeated thrice, each with a separate sample loading.

Brillouin spectra were collected using a single-mode, Ar-

ion laser (k0 ¼ 514:5 nm) as an excitation source. The laser

power was kept below 100 mW; nevertheless, some minor pho-

todegradation of the polyurea was observed. Light from the

DAC was collected in a symmetric, equal angle forward scatter-

ing geometry (external scattering angle¼ 61.61�). The scattered

light was focused onto a 100lm pinhole of a 3þ 3 tandem

Fabry-Perot interferometer. A schematic of the experimental

setup is shown in Fig. 1. A typical spectrum was collected for

20–60 min at each pressure, with longer collection times at

higher pressures due to the weaker signal. Measurements herein

were at room temperature (22 �C), at pressures from 0.1 MPa to

13.5 GPa. Typically, pressures were systematically increased

although a cyclic compression/decompression measurement

gave no indication of hysteresis.

RESULTS AND ANALYSIS

Typical Brillouin spectra are shown in Fig. 2, in which

prominent LA mode peaks are evident; these shift to higher

frequencies with pressure. Also present are the much weaker

TA mode peaks. Being too low in frequency to be observed in

the ambient pressure spectrum, they emerge from the central

line at �0.4 GPa. This appearance of the TA modes at high

pressure is discussed in Ref. 23. The shift of the TA modes

with pressure is much weaker than for the LA modes. The

amplitudes of both peaks decrease at higher pressures. When

the polyurea is deep in the glassy state (>5 GPa), the TA

modes became too weak to resolve; however, the LA modes

can be observed up to the highest pressures herein (>13 GPa).

To extract the peak frequencies tL and tT, spectra were

fit with each mode modeled by a damped harmonic oscillator

I tð Þ ¼ I0

2Ctð Þ2 þ t2 � t2
i

� �2
; (2)

where I0 is the intensity and C the half width. Half widths

decreased with pressure up to vitrification due to the increas-

ing phonon lifetimes on compression. In the glassy state, there

is an apparent broadening of the Brillouin doublets due to

non-hydrostatic conditions (non-uniform local pressures).

From the peak shift frequencies, the LA (vL) and TA (vT)

sound velocities were calculated via Eq. (1) (Fig. 3). While

both vL and vT increase monotonically with pressure, the effect

is markedly stronger at low pressures (below 1 GPa). The

pressure at which the response becomes glassy, Pg¼ 1.1 GPa

at 22 �C for low frequencies,30 is indicated in the figure.

Even though the TA modes are not visible in all spectra,

the values of vT for all pressures are required to calculate the

FIG. 1. Experimental setup for Brillouin light scattering in a DAC.

FIG. 2. Selected Brillouin spectra from polyurea showing the pressure evo-

lution of longitudinal (LA) and transverse (TA) acoustic mode peaks. Solid

lines are fits to Eq. (2).
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density q and elastic parameters. Therefore, the available vT

measurements can be fit with a phenomenological model

vTðPÞ ¼ vT0 þ CT ln 1þ P

bT

� �
; (3)

where bT and CT are constants and vT0(T) is the sound velocity

at zero pressure. To verify Eq. (3), we applied it to the data in

Ref. 23 and found it to describe accurately the isothermal

pressure dependence of vL and vT for three polymers over sim-

ilar pressure ranges. The fit to vT for polyurea shown in Fig. 3

yields vT0¼ 0.866 6 0.15 km/s, CT ¼ 0.855 6 0.076 km/s, and

bT¼ 0.7 6 0.2 GPa. We then extrapolated to estimate vT in the

low (<0.4 GPa) and high (>5 GPa) pressure regimes.

In order to calculate q at high pressures using Brillouin

sound velocity data, most studies use the equation

q� q0 ¼
ðP

P0

c

v2
B

dP0; (4)

where q0 is the ambient density, c the adiabatic index, and

vB the bulk sound velocity introduced for mathematical

convenience23,27,34

v2
B ¼ v2

L �
4

3
v2

T : (5)

However, Eq. (4) neglects the fact that Brillouin scattering

measures sound velocities at very high (GHz) frequencies,

which due to viscoelastic effects yields values higher than

would be measured using a low frequency probe.35 In poly-

mers, the principal viscoelastic time constant is the local seg-

mental relaxation time s, defining the onset of glassy

behavior.1,2,29 When the time scale of a dynamic measurement

is much longer than s, the material response is liquid-like

(“relaxed”), whereas solid-like behavior is observed for mea-

surements occurring faster than the material response. In the

case of the polyurea at room temperature, previous dielectric

measurements reported s � 1 ls at 0.1 MPa.36,37 Acoustic

phonons measured by Brillouin scattering are in the GHz fre-

quency range and thus probe the polymer on times scales of a

few ns, i.e., much shorter than s at ambient conditions. Since

compression further increases s, our Brillouin measurements

are all in the unrelaxed, solid-like regime. In a study of liquid

methanol for which s�1 ns at ambient pressure, correction for

viscoelastic effects was shown to change the response from

that of a relaxed to an unrelaxed state with increasing pressure

approaching vitrification.38 Equation (4) is derived based

upon the assumption of a relaxed response and cannot yield

accurate densities if applied directly to our sound velocities

herein. While Ref. 23 alluded to this problem, no attempt was

made to estimate the error.

We derive a correction to Eq. (4) for the viscoelastic

contribution, relying on the density measurements from dila-

tometry on this same polyurea to �1 GPa.30 These data were

described by the Tait EoS21

q Pð Þ ¼ q0ðTÞ 1� C ln 1þ P

BðTÞ

� �� �
; (6)

where q0(T) was modeled with a 2nd degree polynomial,

BðTÞ ¼ b0 exp ð�b1TÞ, and C is a constant. From this, we cal-

culated the pressure dependence of the isothermal bulk modulus

KT ¼ q
dP

dq

����
T

; (7)

and using the Maxwell relation, the low frequency adiabatic

bulk modulus KS0

1

KS0

¼ 1

KT
� a2T

qcP
; (8)

where a is the thermal expansivity and cP the isobaric spe-

cific heat capacity. We calculated a from the EoS and mea-

sured cP¼ 1.97 J/g � K using differential scanning

calorimetry (cP was approximated as constant).

In contrast to the relaxed modulus KS0 obtained from dila-

tometry, Brillouin scattering determines (at least when s is large)

the high frequency adiabatic bulk modulus, KS1 ¼ qv2
B, which

is the modulus in the unrelaxed limit. KS1 can be modeled by

KS1 ¼ KS0 þ DKS; (9)

where DKS is the relaxing part of the modulus describing the

increase at very high frequencies.28 [The assumption of Eq.

(9) that stresses are additive is open to question.39] Fig. 4

shows the values of KS1 and KS0 from ambient pressure up to

1.1 GPa. It is apparent that KS1 is significantly larger than

KS0; however, the curves are essentially parallel over the

entire pressure range, indicating that the pressure-dependence

is consistent for the two methods. Thus, the relaxing part is

constant to within the uncertainty, DKS ¼ 1:5660:23 GPa.

This value is used in subsequent calculations for P<Pg.

The viscoelastic effect is also evident by comparing the lon-

gitudinal modulus M and shear modulus G measured at different

frequencies. In the inset of Fig. 4 are M and G at ambient condi-

tions from ultrasonic spectroscopy at 1 MHz,40 dynamic

FIG. 3. Longitudinal and shear sound velocities for polyurea calculated

from Eq. (1). Dashed line is the fit of Eq. (3). Vertical line denotes the glass

transition pressure, Pg ¼ 1.1 GPa at room temperature.30 The error bars are

no larger than the symbol size.
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mechanical spectroscopy at 1 Hz,19 and the current Brillouin

data at several GHz (calculated as M ¼ qv2
L and G ¼ qv2

T). The

moduli increase significantly with increasing measurement fre-

quency. The dashed lines show data for a Kohlrausch-Williams-

Watts (KWW) relaxation function29 with a representative value

of the stretch exponent, bKWW¼ 0.3.

The adiabatic index can be obtained from the low pres-

sure dilatometry data c ¼ KS0=KT . While c is typically �1.2

at ambient pressure, it decreases towards unity at high pres-

sure.23 Previous Brillouin studies often assumed c ¼ 1,23,41

but from our values of KT and KS0, we calculate an ambient

value c0 ¼ 1:12, decreasing with pressure to asymptotically

approach cP ¼ 1:08. For pressures beyond the range of the

EoS, we held c constant at cP. The modeling of this parame-

ter gives a more accurate calculation of density via Eq. (4)

than the usual approximation c ¼ 1.

In order to incorporate DKS in the calculation of q, we

express KT in terms of DKS

KT ¼
KS0

c
¼ 1

c
KS1 � DKSð Þ: (10)

Inserting into Eq. (7) along with KS1 ¼ qv2
B yields

dq ¼ qc

qv2
B � DKS

dP; (11)

which upon integration gives

q� q0 ¼
ðP

P0

c
v2

B

1� DKS

qv2
B

� ��1

dP0: (12)

This is Eq. (4) corrected for viscoelasticity. Since the inte-

grand contains q, formally the integration is not allowed.

However, we proceed by first obtaining an approximate q(P)
from Eq. (4) and then inserting those values into the

integrand of Eq. (12). By iteration, we arrive at the most

accurate values of q(P).
The value determined for DKS in Eq. (12) is strictly

applicable only to the polyurea above Tg. In the glassy state,

s is so large that the density increases very slowly as the

polymer equilibrates, a process known as physical ageing.42

This means that our experimental time scale (i.e., time for a

pressure increment and spectral measurement, tens of

minutes) is much shorter than s for the glassy polyurea; thus,

a pressure change induces a density response according to

K1 rather than K0. Accordingly, we set DKS ¼ 0 for pres-

sures higher than Pg ¼ 1:1 GPa.

The integration of Eq. (12) yields qðPÞ up to 13.5 GPa,

as displayed in Fig. 5. Note that the values obtained with Eq.

(12) are much more consistent with the low pressure dila-

tometry data than using Eq. (4), which does not correct for

viscoelasticity. In Ref. 23, Brillouin measurements were

used to calculate q(P) using Eq. (4) for three other polymers

up to about 14 GPa. When compared with lower pressure

dilatometry data, these q(P) values were found to be signifi-

cantly too low. However, we find that these differences van-

ish when the data are analyzed via Eq. (12) with estimates of

DKS. The parameter DKS is applicable to any material exhib-

iting a viscoelastic response although of course its value

would be material dependent. The aforementioned finding

that DKS is constant is important because it suggests that it is

sufficient to have a single determination of KS0 at ambient

pressure in order to apply Eq. (12). This would be useful for

a Brillouin study of a material for which dilatometric charac-

terization is lacking.

Many different EoS models have been used to describe

the pressure dependence of q; for example, Ref. 23 com-

pared five EoS for their ability to fit data. Herein, we report

results for the Tait EoS, Eq. (6), used previously for dilatom-

etry data.30 For an isothermal pressurization at T¼ 22 �C,

FIG. 4. Measurements of KS1 from Brillouin data and KS0 calculated from

the dilatometry measurements of Ref. 30 using Eq. (8). The two data points at

P ¼ 0.6 GPa are measurements from two separate DAC loadings, and thus a

measure of the reproducibility. Inset shows the longitudinal modulus (open

symbols; left ordinate) and shear modulus (solid symbols; right ordinate) mea-

sured at 0.1 MPa using dynamic mechanical,19 ultrasonic,40 and Brillouin

scattering. Dashed lines represent the KWW function with bKWW¼ 0.3.

FIG. 5. Pressure dependence of q for polyurea calculated with viscoelastic

corrections [Eq. (12)] and without corrections [Eq. (4)]. Dilatometry values

are from Ref. 30; solid and dashed lines are fits of Eq. (6) to data below and

above Pg, respectively. Inset shows Poisson’s ratio determined from:

Brillouin (circles), dynamic mechanical at 1 Hz19 (star), and ultrasonic at 1

MHz40 (diamond).
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only the parameters C and B were adjusted in fitting the data,

with the ambient density fixed at q¼1.098 g/ml. We fit sepa-

rately the regimes above and below Pg, using for the latter

the parameters from Ref. 30; results are given in Table I. As

seen in Fig. 5, the Tait equation accurately describes the den-

sities for both rubbery and glassy polyurea.

Using the EoS for the entire pressure range, we calcu-

lated the pressure dependence of the high frequency longitu-

dinal and shear moduli via the relations M1 ¼ qv2
L and

G1 ¼ qv2
T ; these are shown in Fig. 6. There is a marked

decrease in the sensitivity to pressure above Pg, the weaker

dependence due to the reduced compressibility of the glass.

From the ratio of transverse to longitudinal strain, we

calculate Poisson’s ratio

~� ¼ v2
L � 2v2

T

2v2
L � 2v2

T

; (13)

which is plotted versus pressure in the inset of Fig. 5. From a

value of 0.41 at ambient, ~� decreases to 0.37 over the first

few GPa, remaining constant for higher pressures. The

neglect of viscoelasticity also reduces the magnitude of the

apparent ~� . From ultrasonic measurements at 1 MHz,40

~� ¼ 0.44.

CONCLUSIONS

Using Brillouin scattering, the longitudinal and shear

sound velocities, density, elastic moduli, and Poisson’s ratio

were determined for polyurea at pressures to 13.5 GPa. By

utilizing lower pressure dilatometry and lower frequency

dynamic measurements, we corrected the high frequency

Brillouin data for viscoelastic effects. Accordingly, the den-

sities reported herein are more accurate than previous studies

on other polymers; moreover, we show that the viscoelastic

correction is generally applicable to Brillouin data. The glass

transition at ambient temperature occurs at a relatively low

Pg � 1.1 GPa. Because of the extreme strain-rate hardening

of the polyurea when vitrification is imminent, the changes

in properties upon solidification are more subtle in the high

frequency Brillouin results than observed in conventional

mechanical testing and dilatometry. The mechanical proper-

ties reported herein are of value in modeling polyurea under

the high pressure, high loading rate conditions found in

many applications of the material.
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