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a b s t r a c t

Dynamic mechanical analysis (DMA) and ultrasonic measurements were carried out to
study the temperature and frequency dependences of viscoelastic properties of polyurea.
Master curves of Young’s storage and loss moduli were developed from the DMA data.
Relaxation spectra were subsequently calculated by means of two approximate models,
and the apparent activation energy of molecular rearrangements was also determined
based on the temperature dependence of the time–temperature shift factor. Velocity and
attenuation of longitudinal and shear ultrasonic waves in polyurea were measured in the
0.5–2 MHz frequency range between �60 and 30 �C temperatures. The complex longitudi-
nal and shear moduli were computed from these measurements. Combining these results
provided an estimate of the complex bulk and Young’s moduli at high frequencies. The
results of the DMA and temperature and frequency shifted ultrasonic measurements are
compared and similarities and deviations are discussed.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Polyureas are a class of segmented block copolymer
derived from the chemical reaction between an isocyanate
and an amine. Similar to the segmented polyurethanes,
polyurea generally microphase separates into high-Tg

‘‘hard’’ domains and relatively low-Tg ‘‘soft’’ domains
(Fragiadakis et al., 2010; Das et al., 2007; Yi et al., 2006;
Pathak et al., 2008). The hard segment domains, which
form thread-like, crystalline structures, are typically dis-
persed in the continuous soft segment matrix (Das et al.,
2007). The hard segments are extensively hydrogen-
bonded and function as both reversible physical cross-links
and reinforcing fillers, thus providing good mechanical
properties (Pathak et al., 2008). By tailoring the underlying
hard and soft domain structure through chemistry, poly-
urea offers a wide range of mechanical properties, from
soft rubber to hard plastic. Together with its rapid poly-
merization and fire, abrasion, and corrosion resistance,
. All rights reserved.
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polyurea has a myriad of applications in the coating indus-
try, e.g. on transportation vehicles, pipelines, steel build-
ings and marine constructions (Shime and Mohr, 2009).
More recently, it has been used either as a protective coat-
ing on metallic structures and buildings or an inserted
layer in a blast-tolerant sandwich structure to impart im-
proved blast resistance (Tekalur et al., 2008; Mock and Bal-
izer, 2005; Amini et al., 2006; Bahei-El-Din and Dvorak,
2006; Amini et al., 2010a,b).

As an elastomer, polyurea exhibits viscoelastic behav-
ior, which depends strongly on the strain rate (or fre-
quency) and temperature, as well as pressure. A number
of studies have been carried out to determine and interpret
the viscoelastic behavior of polyurea, in order to under-
stand its performance. Das et al. (2007) researched the
dynamic mechanical properties of polyurea at low fre-
quencies. Yi et al. (2006) and Sarva et al. (2007) studied
the stress–strain behavior of polyurea in uniaxial compres-
sion over a range of strain rates from 10�3 s�1 to 104 s�1 in
quasistatic tests and split Hopkinson pressure bar (SHPB)
tests, and found that the flow stress magnitude of polyurea
increases as the strain rate increases. Roland et al. (2007)
reported the stress–strain measurements in uniaxial
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tension at intermediate strain rates (0.06–573 s�1) using a
drop weight test instrument, and subsequently they ex-
tended the strain rate to 830 s�1 (Pathak et al., 2008). More
recently, Shime and Mohr (2009) further evaluated the rate
sensitive response of polyurea in a strain rate range of 101

to 103 s�1, using a modified SHPB system.
Because of its application as an impact-resistant coat-

ing, the response of polyurea to very high strain rates (high
frequencies) is of some importance. However, the highest
strain rate provided by the SHPB system is limited to
104 s�1, according to the published works stated previ-
ously. In order to extend the time/frequency scale, Zhao
et al. (2007) determined the compressive relaxation behav-
ior of polyurea using quasistatic tests in a servo-hydraulic
system at temperatures between �49 and 22 �C and then
constructed a relaxation master curve at 0 �C over a
reduced time range of 10�10 to 107 s, based on the time–
temperature superposition (TTS) principle. Afterwards,
they demonstrated its validity with the aid of a simulation
model and SHPB measurement. For similar work based on
tensile relaxation data, see Amirkhizi et al. (2006). On the
contrary, Fragiadakis et al. (2010), Pathak et al. (2008)
opposed the applicability of the TTS principle on polyurea
and they conducted dielectric spectroscopy measurements
(Roland and Casalini, 2007; Bogoslovov et al., 2007), which
could provide characterization over a wide frequency
range (10�2–106 Hz) and elevated pressure (1 GPa), to
elucidate the segmental dynamics of polyurea.

However, experimental data are still scarce at frequen-
cies higher than 106 Hz. Characterizing rubbery polymers
at high frequency is difficult, even at small amplitudes.
Typical dynamic mechanical analyzers are limited to fre-
quencies below 100 Hz (Roland et al., 2007). When the fre-
quency is higher than 1 MHz, we are not aware of any
published literature on measuring the modulus by apply-
ing known values of the stress and measuring the strain
(Sinha and Buckley, 2006). Under such conditions, an ultra-
sonic technique appears to be a valuable method to mea-
sure response in high frequency regions. In addition, the
previous researchers have not reported the relaxation
spectrum of polyurea. The relaxation spectrum is an
inherent material property and dependent on molecular
relaxation times. Therefore it should be theoretically inde-
pendent of the experimental technique (Alvarez et al.,
2007). Bulk behavior of polyurea, which is fundamentally
different from the shear properties and considerably diffi-
cult to measure directly at high frequencies, is also rarely
addressed.

In the present investigation, we report the results of a
series of tests performed to study the temperature and
frequency dependence of the viscoelastic behavior of poly-
urea, including results obtained using dynamic mechanical
analysis (DMA) and ultrasonic wave measurements. Mas-
ter curves are developed from the DMA data and relaxation
spectra are then obtained. Ultrasonic wave measurement is
carried out over the frequency range from 0.5 to 2 MHz at
temperatures from �60 to 30 �C. Both longitudinal and
shear waves are studied. From the calculated complex lon-
gitudinal and shear moduli, complex bulk and Young’s
moduli at high frequencies are estimated. Finally, the
results of the DMA and temperature and frequency shifted
ultrasonic measurements are compared. The similarities of
the two sets of measurements are analyzed, and the appli-
cability of the theory is discussed.
2. Experimental details

2.1. Material

The polyurea was prepared by the reaction of a polycar-
bodiimide-modified diphenylmethane diisocyanate (Ison-
ate 2143L, Dow Chemical) and poly(tetramethyleneoxide-
di-p-aminobenzoate) (Versalink P-1000, Air Products). In
order to ensure that the reaction is completed and has pro-
duced some cross-linking a stoichiometric ratio of 1.05:1
isocyanate to amine was used herein. First, the two compo-
nents were degassed separately under 1 torr vacuum until
most of the entrapped air bubbles were removed. Then,
they were mixed for a few minutes while still under vac-
uum. Finally, the mixture was cast into a Teflon mold to
obtain the test samples. Prior to measurements, the sam-
ples were cured at room temperature (25 �C) in an environ-
mental chamber maintained at 10% relative humidity for
two weeks.

2.2. Dynamic mechanical analysis (DMA)

Dynamic mechanical analysis was conducted using a TA
Instruments Dynamic Mechanical Analyzer 2980, using the
corresponding software to collect and analyze the experi-
mental data. The samples measured approximately 3 mm
thick by 10 mm wide and were clamped at a free length
of 17.5 mm. Both ends were cantilevered, i.e., they were
constrained from rotation and sliding at both ends by
clamping plates and excited into a sinusoidal transverse
displacement at one end with a strain amplitude of
15 lm. The experiments were performed over the temper-
ature range from �80 to 70 �C, stepping upwards in incre-
ments of 3 �C. At each temperature step, five frequencies of
1, 2, 5, 10 and 20 Hz were tested sequentially. Thermal
soaking times of 3 min at the beginning of each step min-
imized the effects of thermal gradients. Liquid nitrogen
was used to cool the system to sub-ambient temperature.

2.3. Ultrasonic measurement

The ultrasonic system used in the present work was
built upon a personal computer (PC) system. As illustrated
in Fig. 1(a), it consists of a Matec� TB-1000 tone-burst sig-
nal generating and receiving card, Panametrics� contact
transducers, a 100:1 attenuator, and a Tektronix DPO
3014 digital phosphor oscilloscope. The dashed rectangle
in Fig. 1(a) represents the temperature control chamber.
Toneburst signals of given frequencies are sent from the
card to the transmitting transducer, propagate through
the sample to the receiving transducer, and eventually sent
directly to the oscilloscope. The received signals differ in
arrival time and amplitude because of both the different
thicknesses of samples sandwiched between the two
transducers and the wave speed in the material. In essence,
the small thickness experiment is the calibration needed to
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Fig. 1. Block diagram of ultrasonic experiment setup. The dashed rectangle in (a) represents the temperature control chamber, which contains the sample
and transducers, as shown in (b) where three sample configurations are shown. The first two configurations are used (with one and two sample pieces,
respectively, to measure the time of travel for two thicknesses) for longitudinal waves. The bottom configuration is used for shear wave measurements. The
aluminum rod delays the shear wave compared to the longitudinal component. In this configuration, two thin samples of different thicknesses were used.
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remove the effect of interface impedance between the
transducer and the sample, as well as the time-delay in
the electronics and the transducers. Therefore comparison
between the large and small thickness tests represents
only the effect of extra material on the time-delay (wave
speed) and transmission amplitude (material loss).

2.3.1. Longitudinal wave measurement
A pair of V133-RM Panametrics� contact transducers

was used to generate and receive longitudinal ultrasonic
signals. The nominal element size of the transducer is
/8:9 � 10:7 mm and the nominal center frequency is
2.25 MHz. Braider oil was used to achieve better surface
coupling between the transducers and the sample. Samples
used in longitudinal wave tests have the dimensions
13 � 13 � 6 mm. The temperature of the sample was var-
ied stepwise by 10 �C decrements from 30 to �60 �C and
at each step was stabilized 10 min to minimize the effects
of thermal gradients. Measurements were made in the fre-
quency range from 0.5 to 2 MHz.
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Fig. 2. Received signals of the measurement.
A detailed procedure is provided here. As illustrated in
Fig. 1(b), first, one sample was inserted between the two
transducers. The received signal was recorded at each tem-
perature step. In the second test, two samples (including
the first one) were inserted between the two transducers.
The received signal was also recorded at each temperature
step. By comparison of the signals from these two tests, the
time shift and amplitude change of the received signal
were obtained. For example, Fig. 2 shows the two received
signals at 0 �C and 1.6 MHz. ‘‘Signal 1’’ represents the re-
ceived signal when just one sample was used; ‘‘Signal 2’’
represents the received signal when two samples were
used. Consequently, the velocity in the sample can be cal-
culated according to the relation:

vL ¼ d=t; ð1Þ

where d is the thickness of the second sample (measured at
room temperature), t represents the time shift observed
between the two tests, as indicated in Fig. 2.

The attenuation coefficient per unit thickness, a (Neper/
cm), is given by

a ¼ 1
d

ln
A0

A
; ð2Þ

where A0 and A are the amplitudes of the received signals
from the first and second test respectively, as indicated in
Fig. 2. Average values from at least six pairs of peaks were
used in the following calculation.

2.3.2. Shear wave measurement
A pair of V153-RM normal incidence shear wave trans-

ducers was used to generate and receive shear ultrasonic
signals. The nominal element size of the transducer is
/17:8 � 16 mm and the nominal frequency is 1 MHz.
The transducers were in contact via a thin film of a shear
wave couplant on the sample surface. As illustrated in
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Fig. 1(b), an aluminum rod was inserted in the wave path
between the generating transducer and the sample to de-
lay the shear waves compared to the longitudinal waves
which inevitably accompany the generation of the shear
wave by the piezoelectric transducers. This method has
been used by some researchers (Cunningham and Ivey,
1956; Bezot and Hesse-Bezot, 2002). The dimension of
the aluminum rod is quite critical (Cunningham and Ivey,
1956). Since longitudinal waves travel faster than shear
waves in metal rod, the length of the aluminum rod should
be long enough to ensure that the effect of the longitudinal
waves on the receiving transducer is over before the shear
waves arrive. However, if it is too long, the shear signals
will be seriously attenuated, and reflected longitudinal
waves may interfere with the shear waves. The diameter
must be such that there are no interference effects due to
longitudinal waves coming from the sides of the rod. The
rod used herein is 76.2 mm in diameter and 50.8 mm long.
Since shear waves are highly attenuated in elastomers, it is
necessary to use very thin samples. In order to avoid intro-
ducing interfaces which are comparable in thickness to
that of the sample, two samples of 0.77 and 1.22 mm thick-
nesses were used. Unlike the longitudinal wave measure-
ment, only one sample was employed in each test. The
shear wave velocity and attenuation were also calculated
according to Eqs. (1) and (2).

Because of the substantial attenuation in polyurea at
higher temperatures, shear wave transmission in the fre-
quency region from 0.5 to 2 MHz was not reliably mea-
sured at temperatures exceeding 0 �C. Consequently,
samples were studied from 0 to �50 �C, stepping down-
wards in decrements of 10 �C. The hold time at each tem-
perature was increased to 20 min due to the utilization of
the aluminum rod.

3. Theory

Problems involving wave propagation in linear visco-
elastic media are generally solved using Laplace or Fourier
transforms; see, for example, Liu and Subhash (2006) or
Zhao and Gary (1995), respectively. Here we consider the
simple case of the propagation of a single frequency har-
monic plane wave through an isotropic homogeneous lin-
ear viscoelastic medium. In the frequency domain after
Fourier transform the wave equation is

M�
o2u=ox2 ¼ �qx2u; ð3Þ

where u is the phasor form of particle displacement from
its equilibrium position (in the x direction for longitudinal
waves, and in a transverse direction for shear waves); q is
the density; M⁄ represents the effective complex modulus
for the considered wave polarization (longitudinal or
shear); x is the angular frequency. The wave velocity is gi-
ven by the usual relation:

c� ¼ c0 þ ic00 ¼ M�=qð Þ1=2
: ð4Þ

The direct solution of Eq. (4) gives:

M0 ¼ q ðc0Þ2 � ðc00Þ2
h i

; ð5aÞ

M00 ¼ 2qc0c00: ð5bÞ
where M0 and M00 are the real and imaginary components
of M⁄, i.e., storage and loss moduli respectively.

The harmonic solution of Eq. (3) is:

u¼ u0 exp ix t� x
c�

� �
x

n o
¼ u0 exp ixt exp

�ixx
c0 þ ic00

� �

¼ u0 exp ixt exp
�xc00x

c0ð Þ2 þ c00ð Þ2

( )
exp

�ixc0x

c0ð Þ2 þ c00ð Þ2

( )
: ð6Þ

Comparing Eq. (6) with the attenuated harmonic wave
with phase velocity c, and amplitude attenuation constant
a:

u ¼ u0 exp ixt � i
x
c
� ia

� �
x

n o
; ð7Þ

the real and imaginary parts of the complex velocity are gi-
ven by the relations:

c0 ¼ c
1þ r2 ; ð8aÞ

c00 ¼ cr
1þ r2 ; ð8bÞ

where the dimensionless parameter r is defined by

r ¼ ac
x
: ð9Þ

From Eqs. (5) and (8) we find:

M0 ¼
qc2 1� r2

� �
1þ r2ð Þ2

; ð10aÞ

M00 ¼ 2qc2r

1þ r2ð Þ2
: ð10bÞ

For longitudinal wave transmission, the quantity M⁄ repre-
sents complex longitudinal modulus L⁄:

M� ¼ L� ¼ K� þ 4
3

G�; ð11Þ

where K⁄ is the bulk modulus. In shear tests, the modulus
is simply the shear modulus of the material:

M� ¼ G�: ð12Þ

From the two complex moduli K⁄ and G⁄, the complex
Young’s modulus can be calculated from the relation:

E� ¼ 9K�G�

3K� þ G�
: ð13Þ

Separating the real and imaginary parts of Eq. (13) will lead
to quite complicated expressions for the storage and loss
components. The calculations in this work were made
using the complex form of Eq. (13).

4. Results and discussion

4.1. DMA results

Fig. 3 shows the temperature dependence of the storage
and loss components of the complex Young’s modulus at
five frequencies obtained from DMA low frequency mea-
surements. It can be seen that only one relaxation peak oc-



0

20

40

60

80

100

120

140

160

180

0

500

1000

1500

2000

2500

3000

-100 -80 -60 -40 -20 0 20 40 60 80

Y
ou

ng
's

 L
os

s 
M

od
ul

us
 (

M
P

a)

Y
ou

ng
's

 S
to

ra
ge

 M
od

ul
us

 (
M

P
a)

Temperature (ºC)

1 Hz

2 Hz

5 Hz

10HZ

20Hz

Fig. 3. Young’s storage and loss moduli as functions of temperature at
five frequencies.

0.0

0.5

1.0

1.5

2.0

2.5

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

-10 -5 0 5 10 15 20 25

lo
g 

E
"*

T
re

f/
T

 (M
P

a)

lo
g 

E
'*

T
re

f/
T

 (M
P

a)

log ωaT (Hz)

Loss modulus 

Storage modulus 

Fig. 4. Master curves of Young’s storage and loss moduli at a reference
temperature Tref = 1 �C.

-10

-5

0

5

10

15

20

-100 -80 -60 -40 -20 0 20 40 60 80

lo
g 

aT

Temperature (ºC)

Fig. 5. Temperature dependence of the shift factor aT. The filled points
indicate present results and the unfilled points denote previous results
reported by Zhao et al. (2007). The solid line is the WLF equation fit to our
present results. Tref = 1 �C, C1 = 18.86 and C2 = 161.1.

602 J. Qiao et al. / Mechanics of Materials 43 (2011) 598–607
curs in the temperature region studied, which can be
attributed to the glass transition of the soft segment in
the polyurea. The dynamics of the soft domains in the
polyurea is extremely heterogeneous (Fragiadakis et al.,
2010). This is due to the fact that relative to their middle
portions, at the ends they are covalently bonded to the
hard domains which means: (a) they are mechanically con-
strained and (b) they have a much higher concentration
and less free volume to move. Therefore, the glass transi-
tion is extremely broad, with a DT = Tend � Tonset of about
50 �C. As the frequency is increased, the Young’s storage
modulus increases over the temperature covered, which
is more marked in the glass transition region, while the
Young’s loss modulus decreases in amplitude and shifts
to higher temperatures.

The Young’s storage and loss moduli curves are shown
in linear scale in Fig. 3. They were then transformed for
time–temperature superposition (TTS) shifting by: (a)
changing the horizontal axis to logarithmic frequency
scale, (b) normalizing the modulus values by T/Tref, and
(c) plotting the horizontal axis in logarithmic scale. They
were then shifted independently in the temperature range
from �71 to 67 �C. The temperature function aT is the total
amount of shift along the horizontal axis (frequency)
needed at each temperature to assemble the entire series
of experiments into a single master curve based on Tref.
Its magnitude represents the ratio of the primary relaxa-
tion time (or inverse frequency) at temperature T to that
at temperature Tref. For further fundamental discussion
see Ferry (1980). Master curves and shift factor aT for a ref-
erence temperature Tref = 1 �C were determined, as repre-
sented in Figs. 4 and 5. The detailed procedure is given in
Qiao et al. (2011). It is noteworthy that the shifting proce-
dure based on the TTS was done with smooth transitions
and therefore its application is qualitatively justified. Three
regions may be identified over the somewhat extended
range of frequencies in Fig. 4. The storage modulus levels
off at both low and high reduced frequencies (xaT). The
shifting procedure works almost perfectly in the middle re-
gions, but it starts losing accuracy as one gets closer to the
two ends of the xaT region for the loss modulus curve. This
is partially due to the fact that the measured loss modulus
becomes flat (as a function of frequency) at lower xaT re-
gions and TTS principle becomes unavailable at higher
xaT regions. The loss modulus peak in the frequency region
studied, indicates the glass transition phenomena.

The temperature dependence of the shift factor, aT, is
plotted in Fig. 5. Shift factors reported by Zhao et al.
(2007), who constructed a relaxation master curve based
on the quasistatic relaxation of polyurea and subsequently
demonstrated its validity with the aid of a split Hopkinson
pressure bar test, are also included in Fig. 5. As the compar-
ison makes clear, the present shift factors agree well with
the previous results. The present shift factors in the tem-
perature range from �71 to 49 �C were fit to the Wil-
liams–Landel–Ferry (WLF) equation:

log aT ¼
�C1 T � Trefð Þ
C2 þ T � Trefð Þ : ð14Þ

Thus, the parameters C1 = 18.86 and C2 = 161.1 were
obtained.

The mechanical behavior of polyurea is dictated by
proper combination of time (frequency) and temperature.
The results in Figs. 4 and 5 represent the proper way of
combining these two variables based on the method of re-
duced variables (Ferry, 1980).
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The relaxation spectrum U(s), represents the contribu-
tion to moduli by relaxation mechanisms whose time con-
stants are around s (Ferry, 1980):

E0 xð Þ ¼ Ee þ
Z 1

�1
Ux2s2= 1þx2s2� �� 	

d lns; ð15aÞ

E00 xð Þ ¼
Z 1

�1
Uxs= 1þx2s2� �� 	

d lns; ð15bÞ

The relaxation spectrum U can be calculated from the fre-
quency dependence of E0 and E00, by the first approximation
formula suggested by Ferry (1980):

UðsÞ ¼ E0 d log E0=d log x
� �



1=x¼s; ð16aÞ

U sð Þ ¼ E00 1� d log E00=d log x
� �



1=x¼s: ð16bÞ
where s is the relaxation time and d represents
differentiation.

A modified second approximation, given by Williams
and Ferry (1953), provides the following formulas for
determining U:
UðsÞ ¼ AE0 1� d log E0

d log x
� 1












� �




1=x¼s

; ð17aÞ

UðsÞ ¼ BE00 1� d log E00

d log x
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The factors A and B are given by

A ¼ ð1þ jm� 1jÞ=2C 2�m
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� �
C 1þm
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� �
� 2 6 m 6 2;

ð18aÞ

B ¼ ð1þ jmjÞ=2C
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� m
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3
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� �
� 1 6 m 6 3;

ð18bÞ

where m is the slope of a plot of log U (from the first
approximation calculation) against log s. Calculations of
U derived from the data of Fig. 4 based on the first approx-
imation and the modified second approximation formulas
are depicted in Fig. 6. There is good agreement between
the values from the storage (E0) and loss moduli (E00). This
agreement is a confirmation of the internal consistency
of the experimental data (Williams and Ferry, 1954), since
the storage and loss moduli are based on two independent
physical measurements; nevertheless they result in the
same relaxation spectrum.

An apparent activation energy for the a-relaxation pro-
cesses, Ea, can be determined from the temperature depen-
dence of E0 and E00 through the shift function aT (Wang and
Ploehn, 1996):

Ea ¼ R
d½ln aTð Þ�
d 1=Tð Þ ¼ 2:303R

d½log aTð Þ�
d 1=Tð Þ ; ð19Þ

where R = 8.314 JK�1 mol�1 is the gas constant. Ea for poly-
urea was obtained by calculating the numerical derivative
of log(aT) and was plotted as a function of temperature in
Fig. 7. In the case of log(aT) described by WLF equation,
Eq. (19) is converted into the form:

Ea ¼ 2:303R
C1C2T2

C2 þ T � T0ð Þ2
; ð20Þ

where C1 = 18.86, C2 = 161.1 and T0 = 1 �C. The calculated
Ea from Eq. (20) is also shown in Fig. 7. The two sets of data
are in good agreement, except at temperatures close to the
two ends of the temperature region. This is due to the low-
er accuracy of the shifting procedure as stated previously.
It can be seen the calculated Ea increases with decreasing
temperature as the glass transition is approached. This
behavior primarily reflects changes in a segmental or
monomeric friction coefficient, which involves volume
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and energy requirements for local co-operative motions
(Bueche, 1953; Fox and Flory, 1950).
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4.2. Ultrasonic measurement

The longitudinal wave velocity and attenuation coeffi-
cient per unit thickness as a function of temperature at
1.6 MHz are depicted in Fig. 8. It can be seen that the lon-
gitudinal wave velocity increases monotonically with
decreasing temperature, while the attenuation coefficient
per unit thickness peaks around the glassy transition at a
value of about 1.8 Neper/cm. Similar behavior has been ob-
served by Nolle and Mowry (1948) and Ivey et al. (1949)
for some rubbers. These curves have relatively the same
form at all measured frequencies.

Fig. 9 shows the longitudinal wave velocity as a func-
tion of frequency at all temperatures. It can be seen that
the longitudinal wave velocity is relatively insensitive to
frequency in the region studied. The frequency dependence
of attenuation per wavelength and attenuation coefficient
per unit thickness is illustrated in Fig. 10. Only data points
for which the sample thickness is more than twice the
wavelength are shown. The measured attenuation coeffi-
cient per unit thickness is a nearly linear function of fre-
quency with the slope proportional to the wave speed
(Fig. 10(b)). Therefore, attenuation per unit wavelength is
almost constant as a function of frequency; see Fig. 10(a).
Figs. 9 and 10(b) suggest that material properties are fre-
quency-insensitive under these conditions.

From the primary data on longitudinal wave velocity
and attenuation coefficient per unit thickness, the longitu-
dinal storage modulus L0 and longitudinal loss modulus L00

are calculated from Eq. (10), as shown in Fig. 11.
The shear wave measurement was conducted at 5 tem-

peratures (�50, �40, �20, �10, 0 �C) using 8 separate volt-
age pulses with apparent excitation frequencies of 0.6–
2.0 MHz (0.2 MHz step size). However, the transmitted
shear stress wave frequency content was not substantially
different from one excitation to others. The apparent fre-
quency of the transmitted stress waves seems to be close
to 1 MHz, the design frequency of the transducers. We be-
lieve that this effect is due to the significant impedance
mismatch between the transducers and samples, which
makes transmission more difficult at other frequency val-
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Fig. 8. Longitudinal wave velocity and attenuation coefficient per unit
thickness in polyurea as a function of temperature at 1.6 MHz.

Fig. 10. Attenuation per wavelength (a) and attenuation coefficient per
unit thickness (b) of longitudinal wave as a function of frequency.
ues. At each temperature, we calculated the average values
of velocities and attenuations per wavelength at all
apparent excitation frequencies and found the apparent
frequency of the stress wave. We averaged the measured
attenuation and wave velocity for those cases that were
close to 1 MHz. The rest of the data is not reported and
used here. Figs. 12 and 13 show the velocity and attenua-
tion per wavelength of shear wave as a function of
temperature respectively. Similar to the longitudinal wave
velocity, shear wave velocity increases rapidly with
decreasing temperature. However, the attenuation per
wavelength of shear wave decreases as temperature
decreases.
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Fig. 11. Longitudinal storage (a) and loss moduli (b) as a function of
frequency at several temperatures.
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The shear storage and loss moduli were also calculated
from the velocity and attenuation using Eq. (10) and their
temperature dependence is shown in Fig. 14. The points at
�30 �C and temperatures higher than 0 �C are based on the
interpolated and extrapolated portions of the velocity and
attenuation curves in Figs. 12 and 13. The shear storage
modulus increases sharply as the temperature decreases.
The calculated shear loss modulus at �50 �C is much high-
er than that at �40 �C, which might be due to experimental
error.
The storage and loss components of the complex bulk
modulus at 1.0 MHz are calculated from Eq. (12) and are
plotted as a function of temperature, as shown in Fig. 15.
Similar to the longitudinal and shear storage moduli, the
bulk storage modulus is demonstrated to increase with
decreasing temperature. The magnitudes of shear storage
moduli are approximately 3% of the bulk storage modulus
at higher temperatures, as expected for a nearly incom-
pressible material. Near the glass transition, this percent-
age increases as the temperature decreases. The bulk
viscous loss is non-zero at all temperatures.

From the complex bulk and shear moduli, the Young’s
storage and loss moduli are evaluated and master curves
at a reference temperature Tref = 1 �C are constructed by
reducing these calculated data based on the TTS principle.
The shift factor obtained from the DMA data is used here.
Correction to the moduli was made by multiplying the data
at temperature T by a factor (Tref/T). Comparison between
master curves of the complex Young’s modulus from
DMA data and ultrasonic measurement data is shown in
Fig. 16. The two master curves of Young’s storage modulus
are in agreement with each other. In contrast, the agree-
ment of the two master curves is poor in the case of
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Young’s loss modulus. The Young’s loss modulus from the
ultrasonic measurement is greater than predicted from
the DMA measurement and TTS analysis.

5. Summary and conclusions

In this work, the viscoelastic properties of polyurea
were examined by dynamic mechanical analysis and ultra-
sonic measurements. The former was carried out over the
temperature range from �80 to 70 �C at five frequencies.
Master curves were constructed for the complex Young’s
modulus. Relaxation spectra were subsequently calculated
by means of two successive approximation methods. Tem-
perature dependence of the apparent activation energy
was also determined, which shows an increase approach-
ing the glass transition. The apparent activation energy
represents the relaxation mechanism controlled by the
availability of free volume. The profile agrees with earlier
WLF expectations and is distinguished from a constant va-
lue as postulated in a rate kinetic model (Williams et al.,
1955). Velocity and attenuation of both longitudinal and
shear ultrasonic waves were measured in polyurea in a fre-
quency range 0.5–2 MHz and the temperature range �60–
30 �C. The complex longitudinal, shear, bulk and Young’s
moduli were computed from the ultrasonic measurement
data with the aid of relationships between mechanical
properties. Master curves of Young’s storage and loss mod-
uli were deduced from these values by using the shift
factors determined from the DMA measurements and com-
pared with those derived from the DMA data.

It is noteworthy that by applying the time–temperature
superposition principle, one can predict the shear stiffness
at ultrasonic frequencies using only DMA data. However,
the predicted loss clearly is below the experimental mea-
surements at high frequencies. We believe that at higher
frequencies, the hard domains of polyurea become resona-
tors and therefore contribute to higher loss throughout the
material. It is expected that by control of size, properties,
and distribution of hard domains in block copolymer and
introduction of other nano-scale or micro-scale inclusions,
the loss spectrum can be enhanced and tailored towards
specific applications.
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