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A summary of recent research results regarding the time-dependent response of a thin-� lm piezoelectric polymer
polyvinylidene� uoride is presented. At present, polyvinylidene� uoride and its copolymers comprise the principal
commerciallyavailablegroup of polymers that exhibit strong piezoelectric properties. In this paper, the mechanical
response of polyvinylidene � uoride has been studied on the basis of a comprehensive experimental program. It
is shown that, within certain limits, the material can be treated as linearly viscoelestic. However, under long-
term conditions involving superimposed static and oscillatory loads, the polymer tends to exhibit nonlinear creep
behavior that depends on the magnitudeofmean stresses, stress amplitudes,and frequencies. The � ndingsreported
are of immediatepractical signi� cancegiventhatpolyvinylidene� uoridethin � lmsare typicallyemployedas sensors
or actuators designed to function in vibratory environments.

Nomenclature
Cn = creep compliance, GPa¡1

En = relaxation function, GPa
n = direction of material properties (n D 1; 2)
T = temperature, ±C
t = time, s
0 = gamma function
" = strain, mm/mm
"m = static creep strain, mm/mm
"v = vibrocreep strain, mm/mm
¾ = stress, MPa
¾a = stress amplitude, MPa
¾m = mean stress, MPa
¾Y = yield stress, MPa
! = frequency,Hz

Introduction

I N the past few decades, a new generationof syntheticpiezoelec-
tricpolymershasemergedthatpossesstheabilityto reactactively

to changing stimuli as a result of energy conversion from mechani-
cal to electrical and vice versa. Piezoelectric polymer systems have
been increasingly integrated in structural design as active elements
capable of sensing and responding intelligently to external stimuli.
A broad rangeof applicationsutilizingsuch functionsincludeactive
vibration damping, acoustic suppression, damage detection, shape
and position control of compliant structures, and self-inspectionof
structural integrity.1;2

In general, the diverse group of piezoelectric materials includes
a variety of synthetic polymers such as polypropylene,polystyrene,
and poly(methylmethacrylate);semicrystallinepolyamidessuch as
nylon-11;and amorphouspolymers such as vinyl acetate.However,
piezoelectriceffects in these materials are relativelyweak, often un-
stable, and, therefore, are of limited practical signi� cance. Strong
piezoelectricity has been observed only in a synthetic polymer
polyvinylidene� uoride (PVDF or PVF2/ and PVDF copolymers.
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Currently, polyvinylidene � uoride (PVDF) is the principal com-
mercially available polymer that exhibits strong piezoelectricprop-
erties. Typically, PVDF is produced in the form of thin � lms of
thickness ranging from 102 £ 10¡4 to 762 £ 10¡3 mm. A thin layer
of nickel, copper, or aluminum is deposited on both surfaces of
the material to provide electrical conductivity when an electrical
� eld is applied, or to allow measurements of the charge induced by
mechanical deformations.

Since the discovery of piezoelectric effects in PVDF by Kawai,3

the properties of this material have been studied by many investi-
gators. However, research efforts in this subject area have focused
mainly on the piezoelectric response of the polymer, whereas the
mechanical properties of PVDF have attracted limited attention.4¡6

The main objective of this paper is to provide a summary review
of recent research � ndings regarding the mechanical behavior of
PVDF thin � lms. Particular attention is given to the time-dependent
response of the material under static and cyclic loading conditions.

Physical Properties of PVDF
Polyvinylidene� uoride is a semicrystallinepolymer with typical

crystallinity of, approximately, 50%. The amorphous phase of the
polymer has the properties of a supercooled liquid with the glass
transition temperature of about ¡50±C.

The molecular structure of polyvinylidene � uoride consists of
the repeated monomer unit CF2 CH2 . The atoms are cova-
lently bonded together, forming long molecular chains. Because
the hydrogen atoms are positively charged and the � uoride atoms
are negativelychargedwith respect to the carbonatoms, PVDF is in-
herently polar. However, the net polar moment of the material in its
original state is zero due to the random orientationof the individual
crystallites.5

Piezoelectric properties of PVDF are obtained by subjecting the
polymer to an elevated, typically,130±C temperatureand an electric
� eld of up to 100 kV/mm. Stretching and polling of extruded thin
sheets of the polymer causes an alignment of its molecular chains
in the stretch direction. The material is then cooled down while the
poling � eld is maintained. The result is that the alignment of the
dipoles is permanently � xed.

The properties of PVDF thin � lms are commonly de� ned by the
constitutive equations of linear piezoelectricity, which describe
the interaction between the mechanical and electrical responses
of the material in terms of stress, strain, electric � ux density, elec-
tric � eld, and dielectric tensors.7 The functional relations between
these characteristicsare linear, implying, in particular,directpropor-
tionality between mechanical loads and de� ections and no energy
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dissipationwhen the material is subjected to loading–unloadingcy-
cles. However, experiments indicate that these assumptions have
certain limitations. In particular, it is shown that PVDF is a poly-
mer characterized by a stress-dependent nonlinear piezoelectric
response.8 The polymer has also demonstrated creep and relax-
ation behavior,9¡11 as well as measurableenergy losses under cyclic
conditions.12¡16

Stress–Strain Behavior of PVDF
Static stress–strain tests have been performed using PVDF thin

� lm samples of 28-¹m thickness. The material has been tested in
two material directions, that is, the directions parallel (direction 1)
andperpendicular(direction2) to thealignedmolecularchainsof the
polymer.The resultshavedemonstratedthat PVDF is an orthotropic
material.10;17

The stress–strain diagrams shown in Figs. 1 and 2 illustrate the
mechanical response of PVDF in two in-plane material directions.
According to Fig. 1, progressiveloadingof the material tested along
its alignedmolecularchainscausesa steady increaseof stresses,cul-
minating in sudden failure. This response of PVDF is similar to the
typical rubbery behavior of polymers. In contrast, the stress–strain
diagram in direction 2 is characterized by an increase of stresses,
reaching a certain maximum value, at which point deformation be-
comes localized, forming a neck. This behavior is similar to that of
polymeric materials in their glassy state. The mechanical charac-
teristics of PVDF thin � lms in both in-plane material directions are
summarized in Table 1.5;6;10

Creep and Relaxation Properties of PVDF
Creep and relaxationcharacteristicsof PVDF thin � lms havebeen

determined from a series of experiments involving thin-� lm PVDF

Fig. 1 Stress–strain diagram of PVDF (direction 1).

Fig. 2 Stress–strain diagram of PVDF (direction 2).

Table 1 Elastic characteristics of PVDF

Symbol Value Unit

Young’s modulus
E1 2:7 £ 109 Pa
E2 2:5 £ 109 Pa

Yield stress
¾Y 1 4:5 £ 107 Pa
¾Y 2 3:9 £ 107 Pa

Yield strain
"Y 1 1.8 %
"Y 2 1.4 %

Ultimate stress
¾U 1 3:5 £ 108 Pa
¾U 2 5:0 £ 107 Pa

Ultimate strain
"U 1 16.9 %
"U 2 2.5 %

Poisson’s ratio
º1 0.326 ——
º2 0.348 ——

Fig. 3 Creep of PVDF (direction 1).

samples tested in both in-plane material directions at 10 different
stress levels.10;11;17 Tests havebeenperformedunder sustained load-
ing conditionsat room temperature.Strain measurementshave been
taken using LVDT with an automated data acquisition system.

Based on these experiments, it has been observed that, at stress
levels below 57% of ¾Y 1 and 76% of ¾Y 2 in the material directions
1 and 2, respectively, the time-dependent response of PVDF thin
� lms can be treated as stress independent.Hence, within these lim-
its, the creep properties of PVDF can be characterised as linearly
viscoelastic.18;19 The results of the creep tests for both in-planema-
terial directions are illustrated in Figs. 3 and 4.

Because the thickness of PVDF thin � lms is negligible in re-
lation to their in-plane material dimensions, their creep properties
in the linear viscoelastic range are de� ned in terms of the follow-
ing material characteristics:creep compliancesCn.t/ and relaxation
functions En.t/ in the material direction n.n D 1; 2). Accordingly,
the viscoelastic behavior of the material is represented by the con-
stitutive equation in the form19

".t/ D ¾ .0/Cn.t/ C
Z t

0

Cn.t ¡ ¿ /
d¾

d¿
d¿; n D 1; 2 (1)

Based on the obtained experimental data,10;11;17 the functions
Cn.t/, (n D 1; 2) have been represented analytically in the form of
a power law:

Cn.t/ D an C bn t¸n ; n D 1; 2 (2)
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Fig. 4 Creep of PVDF (direction 2).

Fig. 5 Relaxation function of PVDF (direction 1).

such that, in the material direction 1,

a1 D 3:206 £ 10¡10; b1 D 5:018 £ 10¡11; ¸1 D 0:107

(3)

and, in the material direction 2,

a2 D 3:514 £ 10¡10; b2 D 0:111 £ 10¡11; ¸2 D 0:085

(4)

The relaxation functions of PVDF in each in-plane material di-
rection have been obtained by solving Eq. (1) in terms of ¾ .t/. By
the substitution of Eq. (2) into Eq. (1), the latter assumes the form
of an inhomogeneousAbel integral equation (see Ref. 20)

".t/ D an¾ .t/ C bn¸n

Z t

0

µ
¾ .¿ /

.t ¡ ¿ /1¡¸n

¶
d¿ (5)

The latter has been solved in terms of ¾ .t/ using the Laplace trans-
formation method. The respective solution has been obtained in the
form

¾ .t/ D ".t/
an

¡ 1
an

Z t

0

1X

k D 1

[.bn¸n=an/0.¸n/.t ¡ ¿ /¸n ]k

.t ¡ ¿ /0.k¸n/
".¿ / d¿

(6)

where n D 1; 2, and 0.¸n/ and 0.k¸n/ denote gamma functions.
At a constant strain ".t/ D "0 , Eq. (6) describes stress relaxation

of PVDF. By the speci� cation in Eq. (6) of the coef� cients an , bn ,
and ¸n , (n D 1; 2) from either Eq. (3) or Eq. (4), the relaxationmod-
ulus En.t/ .n D 1; 2/ in the respective material direction has been
obtained using the software package MATHEMATICA. A graph-
ical representation of the relaxation functions of PVDF for both
in-planematerial directionsof the polymer is given in Figs. 5 and 6,
respectively.

Table 2 Cyclic test conditions for PVDF thin � lms

Mean stress Amplitude
¾m D k1¾Y 1, k1 ¾a D k2¾Y 1, k2

0.30 0.1 0.2 —— ——
0.45 0.1 0.2 0.35 0.4
0.60 0.1 0.2 0.40 0.5

Fig. 6 Relaxation function of PVDF (direction 2).

Equations (5) and (6) provide complete characterization of the
creep and relaxation properties of PVDF. Note that, based on the
experimental data, it is clear that time-dependenteffects in the me-
chanical response of PVDF are of greater signi� cance in the prin-
cipal material direction 1.

Cyclic Creep of PVDF
In a separate study, the time-dependent behavior of PVDF has

been investigatedunder the conditionsof combinedstatic and cyclic
loads. The investigation has been motivated by the empirical evi-
dence that, in general, polymers tend to exhibit measurablechanges
in their creep response due to the presence of cyclic loads. This
phenomenon, known as vibrocreep, is typically observed in terms
of accelerated creep rates as compared with the creep rates at the
respective static loads.21¡25

The understanding of vibrocreep effects in PVDF is of partic-
ular importance, � rst, because the polymer is typically employed
in sensing and actuation devices designed to functions in vibratory
environments and, second, because, in practice, PVDF thin � lms
perform only in the tension–tension mode, always requiring static
pretension.

In this study, thin � lm 7:62 £ 76:2 mm PVDF samples of 28-¹m
thickness with two 10-¹m silver layers deposited on both surfaces
of the � lm were tested under the conditions of superimposed static
and cyclic loads such that

¾ .t/ D ¾m C ¾a sin!t (7)

where ! denotes cyclic frequency.
To implement the experimental program, a special apparatus was

designed, involvinga load pretensiondevice, electrodynamicvibra-
tion exciter, power ampli� er, and signal generator. Displacements
were measured by LVDT. Test data were processedusinga software
supported data acquisition system.

Because PVDF thin � lms have demonstrated greater creep rates
in the direction of the aligned molecular chains, vibrocreep exper-
iments have been performed in the principal material direction 1.
Tests have been conducted at the temperature T D 23±C, at three
different frequencies, ! D 5, 10, and 20 Hz, over a range of mean
stresses ¾m and stress amplitudes ¾a , de� ned in proportion to the
yield stress ¾Y 1 of the material as shown in Table 2.

Throughout the entire program, PVDF samples were prepared in
compliancewith American Society for Testingand MaterialsD882-
95a standards. At least three–� ve identical experiments have been
performed to ensure reproducible results.

In the program, vibrocreep effects have been characterized in
terms of the measured vibrocreep strain "v.t/, or normalized vibro-
creep creep strain "v.t/=¾m . The obtained experimental results have
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General case

Linear viscoelastic case

Fig. 7 Vibrocreep criteria.

Fig. 8 Vibrocreep of PVDF, frequency effect: cyclic (¾m = 0.45¾Y1 and
¾a = 0.1¾Y1 ): 1, ! = 5; 2, ! = 10; and 3, ! = 20 Hz; static: 4, 0:45¾Y1 and
5, 0:6¾Y1 .

been assessed in relation to static creep de� ned in terms of "m .t/
or "m .t/=¾m , where "m .t/ denotes time-dependentstrain under con-
stant stress ¾m .

It has been considered that the polymer exhibited measurable vi-
brocreepeffects if the cyclic creep curve "v.t/ was observedoutside
theenvelopeformedby thecreepcurves"m C a.t/ and"m ¡ a.t/, corre-
spondingto static stresses (¾m C ¾a/, and (¾m ¡ ¾a/, respectively.In
the linear viscoelstic range, vibrocreep effects have been assessed
through a comparison of normalized vibrocreep strains "v.t/=¾m

and the respective creep compliances "m.t/=¾m . These vibrocreep
criteria are illustrated schematically in Fig. 7.

Some representative results demonstrating vibrocreep effects on
the time-dependent response of PVDF in the material direction 1,
depending on the frequency, mean stress, and stress amplitude, are
shown in Figs. 8–13. A more complete account of the results ob-
tained from this investigation is given in Ref. 25.

The diagrams in Figs. 8 and 9 provide a comparison between the
creep response of PVDF under combined static and cyclic loading
conditions (curves 1, 2, and 3) and the respective creep behavior of
the polymer subjected to static loads (curves 4 and 5). Both Figs. 8

Fig. 9 Vibrocreep of PVDF, frequency effect: cyclic (¾m = 0.3¾Y1 and
¾a = 0.1¾Y1 ): 1, ! = 5; 2, ! = 10; and 3, ! = 20 Hz; static: 4, 0:3¾Y1 and
5, 0.45¾Y1.

Fig. 10 Vibrocreep of PVDF, amplitude effect: cyclic (¾m = 0.45¾Y1
and ! = 10 Hz): 1, ¾a = 0.1¾Y1; 2, ¾a = 0.2¾Y1; and 3, ¾a = 0.4¾Y1; static:
4, 0.45¾Y1 and 5, 0.6¾Y1 .

and 9 demonstrate that PVDF samples undergo considerableaccel-
eration of creep rates due to cyclic loading effects. Consistently,
cyclic creep rates tend to increase as the frequency increases from
5 to 10 Hz and, further, to 20 Hz.

The diagrams in Figs. 10 and 11 demonstrate that, similarly to
frequencyeffects,PVDF samples exhibit accelerationof creep rates
as the cyclic amplitudestend to increase.Note that curve3 in Fig. 10
illustrates considerablecreep accelerationcaused by a combination
of cyclic loading effects and the stress-induced viscoelastic non-
linearity. This observation is based on the fact that, in the latter
experiments, the maximum stress ¾m C ¾a D 0:85¾Y 1 exceeds the
viscoelastic linearity limit of 0:57¾Y 1 for PVDF � lms in the stretch
direction.

The diagrams in Figs. 12 and 13 demonstrate the effects of mean
stress magnitudes on the cyclic creep response of PVDF. Based
on these results, one can observe that increases of mean stresses
lead to accelerated creep rates of PVDF samples (curves 1–3) in
comparison with static creep represented by curves 4–6. However,
this effect appears to diminish as the magnitude of the mean stress
approaches the viscoelastic linearity limit.

It is of interest to evaluate the observed vibrocreep response of
PVDF in light of other related research � ndings reported in the lit-
erature. Clearly, PVDF samples subjected to combined static and
cyclic loads have consistently shown creep acceleration as com-
pared with the respectivecreep behaviorof the polymer under static
loading conditions. Similar results have been reported for other
polymers.23¡28



VINOGRADOV AND SCHUMACHER 843

Fig. 11 Vibrocreep of PVDF, amplitudeeffect: cyclic (¾m = 0.3¾Y1 and
! = 5 Hz): 1, ¾a = 0.1¾Y1 and 2, ¾a = 0.2¾Y1; static: 3, 0.3¾Y1 and 4,
0.6¾Y1 .

Fig. 12 Vibrocreep of PVDF, mean stress effect: cyclic (¾a = 0.2¾Y1
and ! = 10 Hz): 1, ¾m = 0.3¾Y1; 2, ¾m = 0.45¾Y1; and 3, ¾m = 0.6¾Y1;
static: 4, 0.3¾Y1; 5, 0.45¾Y1; and 6, 0.6¾Y1 .

Fig. 13 Vibrocreep of PVDF, mean stress effect: cyclic (¾a = 0.2¾Y1
and ! = 20 Hz): 1, ¾m = 0.3¾Y1; 2, ¾m = 0.45¾Y1; and 3, ¾m = 0.6¾Y1;
static: 4, 0.3¾Y1; 5, 0.45¾Y1; and 6, 0.6¾Y1 .

In general, cyclic loadingeffects on the time-dependentresponse
of polymer systems have been treated in terms of creep–fatigue
interaction.21;22;26;29 It has been observed that these effects are pro-
ducedby couplingsbetween severalmechanismsincludingintrinsic
creep, damage evolution, and hysteretic heating. The signi� cance
of each mechanism depends on the loading and temperature condi-
tions, as well as the type of the polymer under consideration. For
example, it is shown that fatigue failureof polymers is dominatedby

hysteretic heating at higher stress levels and frequencies, whereas
damage accumulation processes become critical at lower stresses
and frequencies.22

Essentially, the process of cyclic damage development in poly-
mers tends to evolve through several progressive stages such as
crazing,cracknucleation,and crackpropagation.21;30;31 Even before
the appearanceof crazes, polymers undergo measurable changes of
their properties due to cyclic loading regimes.28 In this regard, ex-
periments indicate that, at the initial stages of damage development,
polymers are sensitive to cyclic frequencyeffects, such that damage
evolution in terms of nucleation and propagation of crazes tends to
accelerate in response to increased cyclic frequencies.26 The latter
observationsmay well explain the frequency-dependentvibrocreep
effects in PVDF, as shown in this study. Note, however, that the ef-
fects of mean stresses and cyclic amplitudes on the time-dependent
response of PVDF, among other polymers, are not clearly under-
stood and require further investigation.

Conclusions
The paper provides a summary review of the mechanical proper-

ties of the piezoelectric polymer PVDF. Experiments indicate that
PVDF thin � lms are orthotropic, time-dependent materials. Static
tests demonstrate that there are signi� cant differences between the
responses of the material in two in-plane material directions, those
coincidingwith, and perpendicularto, the aligned molecular chains
of the polymer. Although the elastic moduli in both material direc-
tions are practically identical, other mechanical characteristics of
PVDF differ considerably.

Creep tests of PVDF thin � lms under sustained loading condi-
tions at ambient temperaturedemonstratethat the linearviscoelastic
theory based on the Boltzmann’s superpositionprinciple accurately
represents the time-dependentresponse of PVDF, provided that the
applied stresses remain below certain limits, that is, 57% of ¾Y 1 and
76% of ¾Y 2 in the in-plane material directions1 and 2, respectively.
For higher stresses,creep propertiesof PVDF must be characterized
by a nonlinear viscoelastic constitutive model.

In the linear viscoelastic deformation range, the creep compli-
ances of PVDF in both in-plane material directions have been rep-
resented in the form of a power law. The respectiverelaxationprop-
ertiesof the materialhavebeende� ned in termsof gamma functions.

The results of the study concerning the cyclic creep response of
PVDF demonstrate that the polymer tends to exhibit accelerated
creep rates under the conditions of superimposed static and cyclic
loads. Creep acceleration due to cyclic loading effects has been
observed even in the range of stresses well below the viscoelastic
linearity limit. It is clear that the long-termcyclic responseof PVDF
is essentially nonlinear because it does not represent a simple su-
perpositionof the responses to static and fully reversed cyclic loads
applied separately.
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