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ABSTRACT: The electromechanical properties of a segmented polyurethane elastomer
were investigated as functions of temperature and frequency. Two transitional phenom-
ena were observed in the temperature range from 050 to 857C. In these transition
regions, the electric field induced strain coefficient exhibits large increases, which indi-
cate that the effect of the transition processes is significant. The experimental analysis
suggests that the transitional processes in the polyurethane are related to the chain-
segment motions. From the elastic compliance and the dielectric constant data, the
contribution of the uniform Maxwell stress was determined. It was found that the
contribution of the Maxwell stress effect to the measured strain coefficient increased
from about 10% below the glass transition temperature (Tg) (Ç 0257C) to about 50
and 35% for the frequencies of 10 and 100 Hz, respectively, at Ç 407C, which is above
Tg . The large difference between the measured strain response and the calculated
Maxwell stress effect indicates a significant contribution to the field-induced strain
from other mechanisms, such as electrostriction. q 1997 John Wiley & Sons, Inc. J Appl
Polym Sci 65: 1363–1370, 1997
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INTRODUCTION pedance, mechanical flexibility, and good pro-
cessing properties as well as low manufacturing

Electromechanical coupling effects such as piezo- cost.3,4 However, their applications have been lim-
electricity and electrostriction have been widely ited because of the lower electromechanical activ-
utilized in transducer, sensor, and actuator tech- ity when compared with that of piezoceramic lead
nologies.1,2 During the last three decades, electro- zirconate titanate (PZT).5,6 The recent develop-
mechanical polymers, especially piezoelectric ment in electromechanical properties of polymers
poly(vinylidene fluoride) (PVDF) and its copoly- showed that some thermoplastic polymer elasto-
mers with trifluoroethylene (TrFE), have drawn mers, especially segmented polyurethane elasto-
much attention because of their low acoustic im- mers, can exhibit very high electric field induced

strain response. These electromechanically active
polyurethane elastomers have drawn more andCorrespondence to: J. Su.

* Permanent address: Department of Chemistry, Chongju more attention and many experimental investiga-
University, Chongju City, 360-764, Korea. tions have been conducted7–9 since the large elec-Contract grant sponsor: Office of Naval Research; contract

tric field induced strain of this class of polyure-grant numbers: N00014-95-1-1225 and N00014-96-1-0418.
q 1997 John Wiley & Sons, Inc. CCC 0021-8995/97/071363-08 thane elastomers was reported.10
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vacuum-evaporated onto the opposing surfaces of
the cast samples.

The result of X-ray diffraction shown in Figure
1, which was obtained by a Philips APD1700 dif-
fractometer, indicates that there is no detectable
crystalline phase in the samples investigated
within the experimental resolution, or it can be
said that the sample is amorphous.

Electric Field-Induced Strain Measurement

A double-beam laser interferometer was employed
to measure the strain induced by the applied electri-
cal field at frequencies of 10 and 100 Hz in the tem-
perature range from030 to 807C. A detailed descrip-

Figure 1 X-ray diffraction data of the polyurethane tion of the technique, including the basic principle,
elastomer at room temperature where the broad halo

the setup and the sample mounting for the strainnear 20 degree (2u ) is the reflection of the amorphous
measurements was reported with schematic repre-phase. No crystalline phase was observed within the
sentation in a previous publication.8data resolution.

The objective of this study is to provide under- Dielectric and Elastic Measurements
standing of the possible mechanisms for the ob-

The temperature–frequency dependence of theserved large electric field induced strain in this
dielectric constant of the polyurethane was mea-class of polyurethane elastomers through investi-
sured in a temperature-controlled chamber by agations of the temperature–frequency depen-
lock-in amplifier. The temperature range for thedence of the field induced strain and the dielectric
measurement was from 040 to 807C and the heat-and the elastic properties. In addition, the tem-
ing rate was 27C/min. The measurement frequen-perature dependence of the molecular motions in
cies were 10 and 100 Hz.8the material were also examined using differen-

The temperature–frequency dependence of thetial scanning calorimetry (DSC), Fourier trans-
elastic compliance of the polyurethane was inves-form infrared (FTIR) spectroscopy, and thermal
tigated using a Seiko Instruments SDM/5600 dy-expansion (TE) techniques to elucidate the prop-
namic mechanical analyzer (DMTA), from 040 toerty–molecular motion relationship.
807C with a heating rate of 27C/min. The measure-
ment frequencies were also 10 and 100 Hz. The
sample dimension was 25 mm (length) 1 5 mm
(width) 1 2 mm (thickness).EXPERIMENTAL

Sample Preparation DSC, FTIR, and TE Measurements

To understand how the observed macroscopicThe material used in this investigation was pro-
duced by Deerfield Urethane, Inc. using a Dow properties are related to the molecular structures,

molecular motions, and transitional phenomena,polyurethane (Dow 2103-80AE). The polyure-
thane is a segmented elastomer consisting of poly- DSC, FTIR spectroscopy, and TE measurements

of the polyurethane were examined as functions(tetramethylene glycol) (PTMEG) as the soft seg-
ment and methylenedi-p -phenyl diisocyanate of temperature. A Perkin–Elmer DSC-7 was em-

ployed to obtain the DSC curves and a Digilab(MDI) as the hard segment with 1,4-butanediol
(Bdiol) acting as the extender. The molar ratio of Model FTS-45 at a resolution of 2 cm01 was used

to acquire the FTIR spectra, for which a minimumthe components in the polyurethane is 1.8 mol
MDI/0.8 mol. Bdiol /1.0 mol. PTMEG. The sam- of 64 scans were signal-averaged. The film used

for FTIR examination was sufficiently thin to beples for experimental measurements were pre-
pared by solution casting followed by vacuumdry- within an absorbance range wherein the Beer–

Lambert law is obeyed. The temperature rangeing for 24 h. The thickness of the sample in this
investigation was 2 mm. The gold electrodes were for DSC and FTIR measurement was from 25 to
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SEGMENTED POLYURETHANE ELASTOMER 1365

Figure 2 Temperature dependence of (a) the electric field induced strain coefficient, R;
(b) the dielectric constant, K; and (c) the elastic compliance, s, of the polyurethane elastomer
(Dow 2105-80AE) at 10 Hz and 100 Hz. The solid lines are drawn to guide the eye.

strain, E is the applied electric field, and the sub-1907C and from 25 to 1807C, respectively, whereas
script 3 represents the direction perpendicular tofor TE the temperature range was from 40 to
the sample surface), increases with temperature1007C. The heating rate was 107C/min for the
and decreases with frequency. In the temperatureDSC and TE measurements.
range from 030 to 607C, two relatively sharp in-
crements are observed: one starts at about 0207C
and the other at about 507C. Similar trends areRESULTS AND DISCUSSION
also observed in the dielectric and elastic data
shown in Figure 2(b,c) , respectively. The dielec-Temperature and Frequency Dependence
tric constant, K , shows a rapid increase at aboutand Transitions 0207C but a relatively small change at about

The experimental results of the electric field in- 607C, while the temperature dependence of the
duced strain are presented in Figure 2(a). The elastic compliance shows two rapid increases

starting at about 025 and 607C, respectively. Thestrain coefficient, R33 (S3 Å R33E2
3 , where S is the
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spectroscopy of the FTIR study on the polyure-
thane is shown in Figures 5(a–d). The change in
the infrared absorption related to the {NH- and
{C|O-related hydrogen bonding was investi-
gated at 60, 100, 140, and 1807C. As the tempera-
ture is increased from 60 to 1007C, the absorption
of bonded {NH (3327 cm01) associated with the
absorption of bonded {C|O (1714 cm01) shows
only a minor decrease. The absorption of un-
bonded, or free, {NH (3448 cm01) and the un-
bonded {C|O (1730 cm01) shows very little in-
crease in the same temperature range, which indi-
cates that the transitional change observed in the

Figure 3 DSC trace of the segmented polyurethane DSC and TE measurements is not associated
elastomer (Dow 2105-80AE), from 25 to 1907C. mainly with the dissociation of the hydrogen

bonding in the MDI segments. However, when the
temperature is increased from 100 to 1407C, a rel-
atively large change (i.e., a large drop) in the ab-sharp change in the material properties at the

lower temperature, observed in these measure- sorption of the H-bonded groups and an increase
in the absorption of the unbonded groups can bements, is related to the glass transition of the

polyurethane due to large-scale molecular mo- observed. Further increase of the temperature to
1807C results in a significant dissociation of thetions of the soft segments, PTMEG.11 In order to

understand the change at higher temperature hydrogen bonding, which is reflected by the disap-
pearance of the bonded {NH (3327 cm01 ) andtransition, DSC, FTIR, and TE investigations,

which are employed extensively in studies of {C|O (1714 cm01) absorption peaks, and the
large increase of the absorption peak due to thestructures and molecular motions of segmented

polyurethane elastomers,11–13 were carried out. unbonded {NH (3448 cm01) and {C|O (1730
cm01 ). This observation corresponds to the endo-The DSC curve, shown in Figure 3, exhibits an

endothermic peak at about 757C, starting at about thermic peak observed in the temperature region
from 100 to 1807C in the DSC measurement,507C and ending at about 907C, which is much

higher than the glass transition temperature (Tg) which is associated with the hard-segment disso-
lution (melting) as a consequence of the dissocia-(about 0207C) and much lower than the melting

temperature (about 1707C), which is reflected by tion of the hydrogen bonding in MDI segments.
The experimental results obtained from theanother endothermic peak starting at about 1007C

and ending at about 1857C. From the DSC results, DSC, TE, and FTIR investigations show that the
transition between 50 and 1007C, which might bethe enthalpy change associated with the transi-

tion between 50 and 1007C was calculated by as-
suming the change is associated with the dissocia-
tion of the hydrogen bonding in hard segments
since previous publications suggested the endo-
thermic peak might be associated with hydrogen
bonding dissociation. However, the value ob-
tained (3.71 kcal/mol) is obviously lower than the
previously reported enthalpy change due to hy-
drogen-bond dissociation in segmented polyure-
thanes having similar chemical structure.14 The
thermal expansion measurement of the seg-
mented polyurethane elastomer also exhibits a
characteristic transitional change in the tempera-
ture range between 50 and 1007C. As can be seen
in Figure 4, the material exhibits a rapid thermal
expansion in the temperature range from about Figure 4 TE measurement of the segmented polyure-
507C to about 907C. thane elastomer exhibits a characteristic transitional

change in the temperature region from 50 to 1007C.The temperature dependence of the absorbency
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SEGMENTED POLYURETHANE ELASTOMER 1367

Figure 5 FTIR spectroscopy of the polyurethane elastomer (Dow 2105-80AE) at (a)
607C, (b) 1007C, (c) 1407C, and (d) 1807C. (Absorbency wave number: 1: 3,448 cm01 ;
2: 3,327 cm01 ; 3: 1,730 cm01; and 4: 1,714 cm01 ) .

the key factor resulting in the increased field-in- position (about 757C) and rapid decrease after the
peak observed in the DSC curve] could be a resultduced strain response of the segmented polyure-

thane in the temperature region, is neither the of the restraining of the hydrogen bonding in MDI
segments to the extender (Bdiol)-related molecu-glass transition nor the melting if the glass transi-

tion reflects the molecular motion of the soft seg- lar motion. This restraint can limit the molecular
motion of extenders between MDI segments,ments and the melting reflects the molecular flow

of whole polymer chains when the hydrogen-bond which results in the slow increase. When the tem-
perature is high enough to cause the motion of ordissociation occurs. The molecular origin of the

transition might be related to the molecular mo- dissociation of the hydrogen bonds in the hard
segments to a significant level, the limited molec-tion of the extenders within the hard segments,

which might occur without destroying the hydro- ular motion of the extenders can be accelerated,
which results in the rapid decrease.gen bonding sheet structure,12 and result in ex-

panding in the direction perpendicular to the hy-
drogen bonding sheets and increasing free vol-

Contributions from the Maxwell Stress Effectume. When this happens, it should lead to
and Non-Maxwell Stress Effectstransitional changes in elastic and thermal

expansion properties, as observed in Figures 2(c) In general, the electric field induced strain in a
nonpiezoelectric material can be from the elec-and 4, respectively. A similar transition has been

observed for similar types of materials and as- trostrictive effect and also from the Maxwell
stress effects. The electrostrictive effect is a directsigned to the glass transition of the amorphous

hard-segment domain.15–17 The asymmetric endo- coupling between the polarization and mechanical
response in the material. It can be expressed asthermic peak [i.e., slow increase before the peak
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the strain change induced by a change in the po-
larization level in the material:

SE Å QP2 (1)

where S is the strain, P is the polarization level,
and Q is the electrostrictive coefficient of the ma-
terial. For a linear dielectric, P Å 10(K 0 1)E , so
eq. (1) can be rewritten as

SE Å Q12
0 (K 0 1)2E2 (2)

where K is the dielectric constant of the material,
10 is the vacuum dielectric permittivity, and E
is the applied electric field. On the other hand,
Maxwell stress, T , which is due to the interaction
between the free charges on the electrode (Cou-
lomb interaction), can also contribute to the elec-
tric field induced strain response. For the situa-
tion considered here, it is also proportional to the
square of the applied electric field and can be ex-
pressed as

T Å 010KE2 /2 (3)

Therefore, the dimensional change due to the
Maxwell stress is obtained as

SM Å 0s10KE2 /2 (4)

where s is the compliance of the material. As can
be seen, the strain induced by the Maxwell stress
can be quite substantial for a soft, or high-compli-
ance, material such as the polyurethane elasto- Figure 6 Comparison of the temperature dependence
mer investigated. of (a) the total electric field induced strain coefficient,

Re (l, 10 Hz; j, 100 Hz), and the Maxwell stress-con-From the temperature dependence of the di-
tributed strain coefficient, Rm (s, 10 Hz; h, 100 Hz),electric constant and elastic compliance measure-
and (b) the percentage of Maxwell stress contributionments, the electric field induced strain due to the
to the total strain coefficient, at 10 and 100 Hz. TheMaxwell stress effect and the percentage of this
solid lines are drawn to guide the eye.contribution to the total strain response were de-

termined, which are shown in Figure 6(a,b), re-
spectively. When the temperature is lower than ysis, increased strain is also observed. Associated

with this increase, the elastic compliance showsthe Tg , the contribution of the Maxwell stress is
relatively small—only about 10%—because the a corresponding increase while the dielectric con-

stant does not show a significant change.elastic compliance is low. During the glass transi-
tion period, which is approximately from 020 to From the discussion above, it can be seen that

the Maxwell stress contribution is important for307C, the Maxwell stress contribution increases
from about 10% to about 35% and 50% for 100 the electric field induced strain, especially when

the temperature is higher than the Tg of the poly-and 10 Hz, respectively, while the elastic compli-
ance, s , increases about one order of magnitude urethane. On the other hand, the non-Maxwell

contribution, which is assumed to be electrostric-and the dielectric constant, K , increases from 4
to 6.5. From 50 to 807C, the temperature region tive strain, is also very significant. As can be seen

in Figure 7(a,b), the non-Maxwell stress part offor the observed second transition from DSC anal-
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SEGMENTED POLYURETHANE ELASTOMER 1369

the field-induced strain coefficient (represented
as Re–Rm , where Re is the total measured strain
coefficient and Rm is the Maxwell stress contribu-
tion) shows significant values in the whole tem-
perature region where the measurement was con-
ducted; and when the temperature is lower than
the Tg , the electrostrictive contribution dominates
(at about 90%). Even though the Maxwell stress
contribution is significantly increased when the
temperature is raised above 607C, which is higher
than Tg , the electrostrictive strain is still contrib-
uting to the total field induced strain of about 40%
at 10 Hz and about 60% at 100 Hz.

Temperature and Frequency Dependence
of the Electrostrictive Coefficient

The experimental results show that the glass
transition plays an important role in the observed
large electric field induced strain of the polyure-
thane investigated. During the transition, both
the dielectric and elastic properties show transi-
tional change; therefore the contribution of Max-
well stress effect shows similar characteristics, as
discussed. Based on eq. (2), the electrostrictive
coefficient Q can be evaluated. The temperature
dependence of the coefficient Q at 10 Hz and 100
Hz is presented in Figure 8. As can be seen, when
the electrostrictive coefficient Q is examined over
the temperature range of the glass transition, it
does not show the same temperature dependence
as that observed in the Maxwell stress effect, Figure 7 Temperature dependence (a) of non-Max-
which depends directly on the elastic compliance. well contribution to the electric field induced strain re-

sponse (Re–Rm) and (b) of the percentage of the non-However, when the temperature is raised to the
Maxwell contribution. The solid and dashed lines aresecond transitional region, the coefficient Q exhib-
drawn to guide the eye.its increase with temperature. Considering the

fact that the electromechanical response of a poly-
mer material is contributed by the molecular mo-

as much strain in the material and therefore istions which participate in both the polarization
more like pure dielectric. It should be mentionedand elastic processes,8 the increase in the elec-
that the relatively large data scatter in Figure 8trostrictive coefficient Q is a result of the in-
is due to the fact that the calculated results arecreased elasticity per unit polarization change,
obtained from three sets of experimental data (thewhich can be caused by lowering the energy bar-
dielectric constant, the elastic compliance, andrier for the mechanically related segment motion
the electric field induced strain measurements).as reflected by the increase in the elastic compli-

ance in this temperature range, where the dielec-
tric constant does not show much change. On the

CONCLUSIONSother hand, when the electrostrictive coefficient
Q is examined as a function of the frequency, it
is observed that Q measured at 100 Hz is about The temperature and frequency dependence of the

electric field induced strain and the dielectric and25% lower than that measured at 10 Hz. The de-
crease of the Q with frequency indicates that the elastic properties show that both the Maxwell

stress effect and electrostriction are important tocomponent of the polarization motions of high fre-
quency (short relaxation time) does not generate the electric field induced strain of the polyure-
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1370 SU ET AL.

the dielectric constant suggest that in this class
of the material, the chain-segment motions can be
grouped into those related to polarization, those
related to the elastic process, and those related to
both. The change in the relative activation energ-
ies related to these motions with temperature re-
sults in the different behaviors in the dielectric
and elastic properties and the electrostrictive co-
efficient.
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