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ABSTRACT 

 
As in isotropic samples (cold stretched films) by the method of dielectric relaxation revealed that 

there are two types of mobility, one of which is associated with the cooperative movement, and the other with 
local. At low multiplicities of drawing observed anomalous behavior of the activation parameters. This has 
been attributed to incomplete restructuring laminarnykh crystals. At high frequency cold-drawing the formed 
crystals with maloprotochnyh transverse dimensions. Also discovered the presence of anisotropic amorphous 
phase with higher packing of the chains. This affects the characteristics of the activation parameters of the 
observed relaxation processes. Analyzes the behavior of acoustic modules under mechanical loading cold-
extruded films. Change the marked module associated with the transition of anisotropic amorphous phase in 
the crystal. A comparison of the values of the residual polarization in an isotropic and cold-extruded films. 
Keywords: vinylidene fluoride, tetrafluoroethylene, copolymers, relaxation, electric hysteresis, ferroelectric 
films. 
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INTRODUCTION 
 

PVDF is a convenient model subject for studying the molecular dynamics in crystallizable polymers. In 
this case, a high dipole moment of its monomer unit allows the technique of dielectric spectroscopy to be used 
for this purpose. Furthermore, the choice of PVDF as a subject of study is also due to its ferroelectric 
properties [1–3], wherein the character of chain dynamics in the disordered phase has a strong effect on these 
parameters [3]. The investigation of the molecular mobility and ferroelectricity in uniaxially drawn films seems 
to be important because, in this case, orientation is accompanied by an increase in residual polarization [2, 3]. 
The residual polarization is responsible for all piezoelectric and pyroelectric coefficients [3] and, thus, may 
provide higher output parameters of sensors based on the above materials [4, 5].  

 
In this work, we studied the molecular mobility in the glass transition region for some oriented films 

of the vinylidene fluoride (VDF)–tetrafluoroethylene (TFE) copolymer, which immediately crystallize in the 
ferroelectric β-phase from their isotropic state [6]. In this connection, the orientation of a film is not 
aggravated by any solid-state transformations in the crystal lattice. This situation should lead to the 
development of a simpler structure of the polymer in its oriented state, thus enabling the experimental data to 
be unequivocally interpreted.  
 

EXPERIMENTAL 
 

The test films were prepared from the VDF–TFE (94 : 6) copolymer containing 4.5 mol % of “head-
totail” defects [7]. For orientation, the initial isotropic films were obtained by nonisothermic crystallization 
from melt and quenching in water at room temperature. The films were oriented at 20°C by uniaxial tensile 
drawing (with necking) to different draw ratios λ, which were assessed as the length of the deformed films 
between the clamps. The morphology of the initial films was studied by the technique of small-angle polarized 
light scattering. The analysis shows that the isotropic films are characterized by the presence of structures 
similar to optically anisotropic rod aggregates [8] or small-sized and highly imperfect spherulites [9]. Cold 
drawing was performed using an Instron1122 tensile machine at a pulling rate of 10 mm/min, with recording 
of the acting mechanical stress [10]. After drawing and unloading, the oriented films were characterized by the 

shrinkage 


 mS


 , where λ and λm stand for the draw ratios estimated from the distance between the 

clamps and from the position of ink marks upon unloading. The mean orientation of the oriented films was 
characterized by the birefringence ∆n, which was determined with a Berec compensator. The morphology of 
the oriented films was studied by the smallangle X-ray scattering technique [10]. The longitudinal and lateral 
dimensions of the crystallites in the oriented films were estimated using the Scherrer–Debye equations for the 
(001), (200), and (110) X-ray reflections, respectively. The conformational state of chains in the drawn films 
was studied using IR spectroscopy. The measurements were performed in polarized light. The optical density D 
and dichroic ratio R were calculated from the following relationships: D = D|| + 2D┴/3 and R = D||/D┴, where 
D|| and D┴ are the optical densities at the corresponding absorption bands with the polarization vector 
directed along and perpendicular to the direction of tensile drawing, respectively.  

 
The process of uniaxial drawing was also monitored using the ultrasonic pulse technique at a 

frequency of 200 kHz [11]. The acoustic pulse source was located on the side of one clamp of the deformed 
film, whereas the sonic-signal sensor was mounted near the other clamp; as a result, the speed of sound was 
measured along the direction of tensile drawing of the film. The oriented films were also characterized by the 
extent of irreversible increase in the free volume. The free-volume fraction was calculated through the 

following relationship [8]: ,
00

00
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 where l0 and s0 are, respectively, the length and cross sectional 

area of the initial film before tensile drawing and l and s are the same parameters after tensile drawing and 
unloading.  
To study the dielectric properties, aluminum electrodes 0.1 μm in thickness were deposited on the film 
surface. The temperature–frequency dependences of dielectric permittivity ε' and dielectric loss ε'' were 
measured with a TR-9701 instrument over the frequency range of 60 Hz–100 kHz in the isothermal mode. The 
accuracy of temperature control was 0.5°. The components of dielectric permittivity were presented on the 
complex ε''–ε' plane. The as-obtained dependences allow one to estimate both static ε0 and high-frequency 
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dielectric permittivity ε∞. The procedure for calculating the activation parameters was described earlier [12]. 
Hysteresis curves were obtained at room temperature on a Sawyer–Tower device powered by a 50-Hz ac 
voltage.  

 

 

RESULTS AND DISCUSSION 
  

For the films under study, the isochronous curves of ε'' appear to be qualitatively similar to those for 
the isotropic samples. The coincidence of the low-temperature branches of the curves at different frequencies 
of the applied electric field indicates the occurrence of two overlapping processes (Fig. 1). Table 1 presents the 
activation parameters of both relaxation processes in the isotropic and oriented samples, which were 
calculated from the isochronous dependences of the loss factor [12, 13].  

 
 

Fig. 1. Frequency dependences of the dielectric loss factor in cold-drawn VDF–TFE copolymer film with 
λ = 4 at (1) –43, (2) –38, (3) –33, (4) –28, (5) –23, and (6) –17 C. 

Fig. 2. Transition maps for the cold-drawn VDF–TFE copolymer films with = (1) 2, (2) 4, 
and (3) 6. 
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As follows from Fig. 2, the transition maps of colddrawn specimens (as well as the isotropic films) are 
characterized by the presence of two Arrhenius straight lines with a characteristic bending point. The low-
temperature part of the plots refers to the manifestation of αa-relaxation, which is due to the micro-Brownian 
motion in the disordered regions. The high-temperature part of the linear plots is associated with the 
occurrence of the combined (αa-β)-relaxation process when the corresponding relaxation times appear to be 
comparable, and distinguishing between such processes by experimental means becomes impossible (curves 4 
and 5 in Fig. 1) [12, 13].  

 
Table 1. Relaxation parameters for isotropic and cold-drawn VDF–TFE copolymer films 

 

λ ∆n10-3 
Tg, ᵒC 

∆E ∆H 
∆S, e.u. 

Tβ, ᵒC ∆E 
∆H ∆S, e.u. 

kJ/mol kJ/mol 

αa-relaxation (αa-β)-relaxation 

1 - -50 172 169 535 -76 63 61 86 

2 12,8 -53 138 136 395 -86 58 56 77 

4 30,0 -42 162 160 446 -62 86 84 173 

6 32,6 -30 191 189 550 -34 157 155 420 

 
As follows from Table 1, as compared with the isotropic sample, the oriented sample with a draw 

ratio of λ = 2 has a hindered mobility. This tendency is displayed as a noticeable decrease in the freezing-out 
temperature of both modes of molecular mobility, as well as in the values of their activation parameters. This 
behavior is explained by the specific features of “disassembling” (melting) of initial lamellar crystals [14] upon 
cold drawing. The low temperature of uniaxial orientation impedes the process of subsequent recrystallization 
of the amorphous-phase chains formed. In the case of quick unloading of the deformed polymer (as in our 
experiments), a higher proportion of the disordered phase should be expected. This conclusion follows from 
the dielectric data. Figure 3 shows the temperature dependence for the dielectric permittivity .' of the initial 
film and the film after its cold drawing up to λ = 2. First, the αa-relaxation region in the oriented sample is seen 
to be shifted to lower temperatures, as has been noted above. Second, at room temperature, ε' of the film 
with λ = 2 is higher than that of the isotropic sample. Since the dielectric permittivity of the amorphous phase 
under these conditions is several times higher than ε' of the crystal [3], this trend may be explained by an 
increased relative amount of chains in the disordered phase.  

 

 
 

Once the modulus of the crystalline phase at the drawing temperature is an order of magnitude 
higher than that of the amorphous phase [6], increments in the amorphous phase can be detected by the 
acoustic technique. Figure 4 shows changes in the speed of sound along the drawing axis during orientation of 

Fig. 3. The temperature dependences of dielectric permittivity in (1) isotropic and (2) 
cold-drawn (up to λ = 2) copolymer film. ν = 60 Hz. 
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the test film. It is seen that the speed of sound decreases in the region preceding the neck formation. This fact 
may be associated with further amorphization (along the draw axis) of the deformed sample. This behavior is 
common for crystallizable polymers, as an increase in the proportion of high-mobility kinetic units has been 
also observed with the NMR technique at the stage of necking upon the tensile drawing of nylon-6 [15]. The 
aforementioned additional amorphization seems to be accompanied by a qualitative change in the 
microstructure of the disordered phase. A similar decrease in the speed of sound observed upon the tensile 
drawing of amorphous PMMA [16] suggests that, at early stages, tensile drawing leads to a decrease in the 
packing density of chains in the disordered phase. As applied to crystallizable polymers, these speculations are 
proved by the electron microscopy data [14, 17] and positron annihilation lifetime spectra [18].  

   
In this connection, the changes in the dielectric and acoustic characteristics of the samples with low draw 
ratios (Figs. 3, 4) should be associated not only with an increase in the volume fraction of the disordered phase 
but also with a decrease in its packing density. This effect results in the alteration of relaxation parameters for 
the αa-process. As follows from Table 1, on passing from the isotropic sample to the oriented sample with λ = 
2, the entropy and enthalpy of activation decrease by 26 and 20%, respectively. Substantial facilitation of 
cooperative mobility in the amorphous phase should enhance the mobility of both electrode-injected and 
intrinsic (or extrinsic) charge carriers. For the conductivity of a polymer dielectric at high field strengths, this 
situation corresponds to a higher current density. In terms of the thermal mechanism of electric breakdown, 
one may expect lower values of breakdown voltage. Indeed, according to our data, the breakdown field 
strength for the isotropic films is equal to 1 MV/cm, whereas it decreases down to 400 kV/cm in the film with λ 
= 2.  
 
 

Fig. 4. (1) Mechanical stress and (2, 3) lateral speed of sound vs. relative tensile strain upon the cold 
drawing of VDF–TFE copolymer films. Curves 2 and 3 correspond to the speed of sound in the loaded and 

unloaded sample states, respectively. 
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It might seem that the microstructure of the disordered phase in the case under consideration is 

metastable. Figure 5 shows the kinetic curves of the longitudinal speed of sound along the draw direction for 
the copolymer films with two different relative strains ε. As is seen, in both cases, the stress relaxation is 
accompanied by structural changes which lead to quite different manners of behavior of the acoustic modulus. 
At ε = 8% (the region of minimum in curve 2, Fig. 4), the modulus increases with time, whereas its value 
decreases at high draw ratios (curve 2, Fig. 5). For the specimens with low tensile strains, this increase in the 
acoustic modulus obviously reflects the transformation of the aforementioned metastable state to that closer 
to equilibrium. This transition can be due to the collapse (healing) of microcrazes [17] and to the fact that 
some chains in the amorphous phase become closer to each other upon the formation of fibrillar crystals. As 
follows from Fig. 5, the “recovery” process of the acoustic modulus (the transition to more equilibrium fibrillar 
crystals) takes tens of minutes even at 70°C. At the draw temperature (20°C in the given case), the kinetics of 
this process should be far more hindered. The rapid unloading of samples with low λ will partially fix the 
structure of the transition state, and it is this structure that will be responsible of the above-noted change in 
the molecular dynamics in amorphous regions.  

 
Let us turn back to Fig. 2. As is seen, an increase in the draw ratio of the oriented films is accompanied 

by a consistent increase in hindrance to both cooperative αa-process and more localized β-process. This 
conclusion follows from an evident decrease (at the same temperature) in the mean frequency ν of 
reorientation of kinetic units. If ν is assumed to be proportional to the local free volume fraction, this means 
that increasing the draw ratio increases the chain packing density in noncrystallizable regions. This process 
may be provided by a decrease in the degree of folding of the formed fibrillar crystals, as was theoretically 
predicted for flexible-chain polymers [19]. Experimental evidence of this decrease can be obtained using a 
spectroscopic technique. If the chain fold regions are formed by segments in helical conformation, a decrease 

 
Fig. 5. (1, 2) Kinetic curves of changes in the longitudinal speed of sound and (1', 2') applied 

mechanical stress at a relative tensile strain of = (1, 1') 8 and (2, 2') 400%. Td = 70C. 
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in the degree of crystal folding will be accompanied by an increase in the proportion of isomers in the all-trans 
conformation in the amorphous phase. For PVDF and related copolymers, an absorption band at 470 cm–1 
corresponds to this conformation of chains [6]. Table 2 presents variations in the parameters of this band with 
increasing the draw ratio of test samples from 4 to 6. It is seen that the normalized intensity considerably 
increases. The enhancement in intensity implies that this increase in the draw ratio increases the proportion of 
all-trans conformations in the amorphous by more than a factor of 2. In this case, the dichroic ratio R of the 
470-cm–1 absorption band also markedly increases.  

 
The appearance of segments with preferable arrangement of their axes with respect to the draw 

direction in the amorphous phase is equivalent to the appearance of regions of the anisotropic amorphous 
phase. Their presence can also be proved by the X-ray diffraction data. As follows from Fig. 6, upon scanning 
along the equator, the angular position of the amorphous halo is shifted to larger angles (the dashed line in 
the curve) as compared with the scanning in the meridional direction. This implies that part of the chains in the 
amorphous phase (so-called anisotropic amorphous phase [20, 21]) aligned with the draw axis has a higher 
packing density.  
 

These transformations in the microstructure of the amorphous phase upon cold drawing have 
different effects on the characteristics of the two relaxation processes. For the αa-process, ∆H and ∆S increase 
by tens of percent, whereas this increase for the (αa-β)-process is as great as hundreds of percent (Table 1). If 
an increase in the draw ratio is supposed to provide an increase in the proportion of the anisotropic 
amorphous phase with a higher packing density, the (.a -.)-relaxation process should be related to the 
relaxation in the above regions.  
 

The longitudinal and lateral dimensions of the crystals were calculated from the width of the 
meridional (001) reflection and basic intermolecular (200, 110) reflection of the β-phase, respectively (Fig. 6); 
the results are summarized in Table 2. For the sake of comparison, Table 2 presents the same parameters for 
films oriented at high draw temperatures Td. As is seen, the parameters of the test samples obtained via cold 
drawing are much higher than those of the samples oriented at high Td. Small-angle X-ray diffraction patterns 
show that the character of orientation appears to be quite different in both cases. For the sample with Td = 
120°C, the diagram shows a two-stroke diffraction pattern, whereas four strokes are seen in the case of the 
colddrawn sample.  

 

Fig. 6. The X-ray diffraction curves for the VDF–TFE copolymer specimens prepared by 
uniaxial tensile drawing to a draw ratio of λ = 6 at 20 C. The angle between the direction 
of recording and draw axis is equal to (1) 0° (meridian) and (2) 90° (equator). See the text 

for comments. 
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According to model calculations [22], this finding may be rationalized as follows. At high draw 
temperatures, well-developed lamellar crystals are formed. Their lateral size (l110, 200) is large (Table 2). In 
contrast, this parameter appears to be two times lower for the cold-drawn sample. The longitudinal size l001 of 
the crystals also appears to be much lower. According to the conclusions made in [22], the four-stroke pattern 
suggests that small-sized crystallites are skewed. This shape may be due to increased external stress upon 
tensile drawing [10] and the impossibility of its relaxation at low temperatures. In the case of the cold-drawn 
samples, the intensity of the small-angle meridional reflection appears to be much lower [10]. As this intensity 
is proportional to the difference in densities (∆p)2 of the two phases along the draw direction, a decrease in 
(∆p)2 in cold-drawn films could be explained by an increased content of the mesomorphic (more densely 
packed) component of the amorphous phase. Therefore, the small-angle X-ray scattering data and wide-angle 
X-ray diffractograms (Fig. 6) suggest the following conclusion: as the draw ratio increases, the relative amount 
of the anisotropic amorphous phase with a high packing density increases.  

 
Table 2. Structural characteristics of oriented VDF–TFE copolymer films 

 

Td, ᵒC 
λ 

Orientation 
type 

L, nm 

l001 l110,200 ∆φ001 ∆φ110,200 

fc 
(D/d)470, 

cm-1 
R470 

  

20 4 -       82 2.1 

 6 ᵒ 8.8 4.9 6.2 18 20 0.86 179 4.9 

  - -         

120  -         

 6 ᵒ 12.1 7.1 12.7 14 16 0.91 66 3.2 

  -         

 
Table 2 shows the smearing angles ∆φ of the most characteristic reflections, which were obtained by 

azimuthal scanning. From these data, orientation functions fc for the crystal were calculated (from the (001) X-
ray reflection). In the case of cold drawing, the crystals are seen to be characterized by a lower orientation 
function as compared with that obtained using high-temperature orientation, which may be associated with 
the abovementioned lack of conditions for the relaxation of amorphous-phase chains. The films studied have a 
smaller long period L, i.e., a smaller size of amorphous interlayers between crystallites along the draw axis, 
which is calculated as the difference between L and l001 . All of the above structural features of cold-drawn 
films agree with the acoustic data (Fig. 4). As the draw ratio of the unloaded films is increased, one may only 
observe a slight increase in the speed of sound along the draw axis. The c axis of the lattice formed by the 
microfibrillar crystals is oriented parallel to the draw direction. This direction of the lattice is characterized by 
the highest modulus. As a result, a slight increase in the speed of sound is due to the fact that disassembling of 
lamellar crystals at low temperatures is not accompanied by their complete recrystallization upon the 
formation of microfibrillar crystals. Along with these crystals, a large amount of the anisotropic amorphous 
phase is formed, which exhibits intense molecular mobility at the given draw temperature. It is the increase in 
the proportion of this phase that may be responsible for the slight increase in the speed of sound with 
increasing cold-draw ratio (Fig. 4) and a substantial increase in the volume of the deformed film ∆V/V, which 
can be as high as 0.25.  

 
Table 3. Changes in the spectral characteristics of cold-drawn films (Td = 20 C, λ = 4) under mechanical stress 

 

ε, % 
D/d,cm-1 R D/d,cm-1 R D/d,cm-1 R 

410 cm-1 442 cm-1 70 cm-1 

0 54 2.9 51 4.6 32 2.6 

8 46 1.8 61 7.0 70 6.4 
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A significant increase in the speed of sound (acoustic modulus) upon the loading of the test film in the 
direction of the draw axis (curves 2, 3, Fig. 4) can be attributed only to a reversible transformation of the 
anisotropic amorphous (mesomorphic) phase to the crystalline state. A prerequisite for this transition is the 
increased density of the anisotropic phase, whose chains have the same conformation as the crystal into which 
they transfer.  

 
This conclusion can be independently supported by the data presented in Table 3, which shows the 

spectral characteristics of some structurally sensitive IR absorption bands [6]. Three absorption bands were 
selected, of which one (at 410 cm–1) is typical of the TGTG– chain conformation and the two other bands (442 
and 70 cm–1) correspond to the all-trans conformation [6]. As follows from Table 3, the normalized intensity 
(D/d) and dichroic ratio R of the first absorption band decrease upon loading. However, these parameters for 
the absorption bands at 442 and 70 cm–1 tend to rise. This implies that the conformational transitions TGTG– → 
(TT)n take place upon deformation of the cold-drawn films along the draw direction, with isomers with a helical 
conformation along the tensile draw axis being primarily involved. The 70-cm–1 band corresponds to vibrations 
in the lattice containing chains in the all-trans planar zigzag conformation [6]; hence, a strong increase in D/d 
and R (more than two times) in this case indicates that part of the amorphous-phase chains is additionally built 
in the crystal upon loading. This behavior is, most likely, common for all crystallizable polymers because a quite 
similar situation has been observed in the case of PET [23].  

 
Thus, with increasing the draw ratio, the proportion of the anisotropic amorphous phase in the 

microstructure of the films must increase. If the (αa-β)-process is associated with the regions of this phase, the 
significant increase in the enthalpy of activation of this relaxation region becomes understandable. The specific 
features of the morphology induced by cold drawing may also qualitatively explain the experimentally 
observed strong increase in the entropy of activation with increasing draw ratio (Table 1). The probability of 
formation of taut tie chains is known to increase in this case. For a small size of amorphous interlayers (Table 
2) between neighboring crystals (acting as repulsive walls for kinetic segments), the tie chains have a low 
conformational entropy. Its additional decrease may be due to the presence of skewed crystallites in the cold-
drawn films, as judged from the small-angle X-ray diffraction patterns (Table 2).  

  
Certain information on the structural changes upon cold drawing may be obtained from the 

temperature dependences of relaxation strength ∆ε = ε0– ε∞ of the above processes (Fig. 7). It is seen that a 
marked change in the slope of the curves takes place in the glass transition region. In the case of PE, the 
temperature dependence of the relative deformation of the excited segments of macromolecules displayed 
specific temperature points which were associated with an abrupt increase in the contribution of certain 
vibrational modes to internal energy [24]. Analysis shows that the increase in the deformation buildup rate at 
these points corresponds to the region of the emergence of a certain mobility type. As was shown earlier for 
another class of flexible-chain polymers (poly(alkylene oxide)s), certain vibrations in the segments of 
macromolecules impede the appearance of micro-Brownian motion in the amorphous regions upon the glass 
transition. The same situation may take place in the polymers studied in this work. Then, the low-temperature 
bending point in the ∆ε(T) plots in Fig. 7 corresponds to the excitation of certain vibrational modes in the 
polymer backbone. As a result, the free volume can strongly increase, thus creating the micro-Brownian 
cooperative mobility.  

 
In the case of oriented films, the dielectric permittivity becomes anisotropic. When the draw direction 

corresponds to axis 1 and the normal to the film plane corresponds to axis 3 in the coordinate system, the ε* 
components indexed by 33 can be measured if the electrodes have been deposited in the given 
manner.Therefore, strictly speaking, Fig. 1 deals with ε''33 and Fig. 7 shows ∆ε33 . The use of the Frelich formula 
for the relaxation strength in oriented films leads to the following expression [26, 27]:  

 




 22

33 cos
3

4
e

kT

n
 ,     (1) 

where ξ is the factor of the local field, n is the concentration of dipoles with the effective dipole moment μe, 

and γ is the angle between the direction of the dipole moment and external electric field. Assuming that the 

dipole moment of the kinetic unit is perpendicular to the chain axis (a fragment in the all-trans conformation) 

and ignoring the contribution of anisotropy to the local field, we may represent Eq. (1) as [26]  
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22 ]cos1[
3

e
kT

n



  ,     (2) 

(θ is the angle of disorientation of kinetic units). The aforementioned increase in ∆ε with increasing λ (Fig. 7) 
results from a change in three variables. Since the degree of crystallinity decreases upon cold drawing (see .. 
the values of normalized optical density at 470 cm–1 in Table 2 at draw ratios of 4 and 6), one of the factors is 
related to a concomitant increase in n. According to Eq. (2), a decrease in angle θ between the chain axis in the 
kinetic unit and draw direction (cf. the R470 values at different λ in Table 2) should also lead to an increase in 
∆ε. An increase in λ upon cold drawing increases the proportion of all-trans conformation isomers [6]. These 
isomers are characterized by a higher lateral component of the dipole moment [6]; therefore, the μe values in 
the segments are higher at greater λ’s. According to Eq. (2), this factor will also lead to an increase in ∆ε.  

 

Another aspect of the problem under consideration is the interpretation of the increase in ∆ε 
observed for all the samples with increasing the temperature (Fig. 7). For the temperature region above the 
glass transition point, this problem may be resolved to a certain extent using the data on the temperature 
dependence for in the small-angle X-ray reflection intensity in the VDF–HFP copolymer [28]. It was shown that 
cooling to below room temperature substantially decreases this intensity. If the intensity is proportional to 
(∆p)2 , this finding implies that the density of the amorphous phase increases with approaching the glass 
transition point. Since the small-angle reflection intensity at the glass transition temperature is almost zero 
[28], the packing density in the disordered phase becomes comparable to that in the crystal. This situation may 
be reasonably explained if the disordered phase is assumed to exist primarily in the mesomorphic state [12]. 
When the temperature in the glass transition region is lowered, a transition (for example, of the nematic → 
crystal type) can take place in this phase and the heterogeneity in the electron density disappears. In this 
connection, the increase in ∆ε with increasing temperature (Fig. 7) should be related, according to Eq. (2), to 
an increase in μe due to the weakening of the interchain interaction.  

 
 

Fig. 7. The temperature dependences of relaxation strength in (1) the isotropic film and films with λ = (2) 
2, (3) 4, and (4) 6. 
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CONCLUSION 

Let us consider the effect of changes in the texture upon cold drawing on the ferroelectric 
characteristics of the copolymer. For this purpose, we compare dielectric hysteresis curves for the isotropic 
and cold-drawn samples under identical polarization conditions (Tp = 20°C, Em = 500 kV/cm) (Fig. 8). As is seen, 
they differ in the values of residual Pr and spontaneous (maximum) Ps polarization. For the cold-drawn film, 
these quantities appear to be three times higher. If ferroelectricity for this class of compounds is assumed to 
be primarily dipolar in character [3], the Pr and Ps values measured are defined by P‹cos γ›, where averaging is 
performed over all dipoles. Taking into account that the dipole moment is perpendicular to the chain axis in 
our case [6], ‹cos γ› ~ ‹cos θ›. For the isotropic film, ‹cos θ› = 0.57; for the cold-drawn film, it is equal to 0.95, 
according to Table 2. Upon cold drawing, amorphization of the sample takes place and the number of polar 
crystals decreases. Therefore, the observed structural changes cannot explain the difference in Pr for the 
isotropic and oriented films. This conflict may be resolved by taking into account that reversible and 
irreversible changes in the degree of crystallinity occur in polymers when a strong field is applied [3, 6]. In the 
drawn samples under study, this process is quite feasible because of the increased amount of rotational 
isomers in the all-trans conformation in their anisotropic amorphous phase (see the normalized intensities of 
the absorption band at 470 cm–1, Table 2). The placing of part of the chains in the anisotropic amorphous 

Fig. 8. Electric hysteresis curves for the ferroelectric films of the VDF–TFE copolymer under 
polarization at ambient conditions for (1) the isotropic film and (2) the cold-drawn film with 

λ = 5. 
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phase with an increased packing density up to the crystal under the action of an external field does not require 
energy consumption because the ferroelectric crystal has chains of the same conformation [6]. The probability 
of these processes increases by virtue of the fact that, in the mesomorphic phase localized at the boundaries 
to the crystal, the mobility with reorientation frequencies of 106–107 s–1 (Fig. 2) is actualized at the polarization 
temperature. The generation of fluctuations in the orientations of the dipole moment of kinetic units by such 
motions in the presence of an applied field is responsible for the above increase in the degree of crystallinity 
under polarization.  
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