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72 Polymer ferroelectrics

No. 72-1 (CH,CF,),, Polyvinylidene fluoride (PVDF, PVF,)

la Large piezoelectric effect was observed in melt-quenched and uniaxially-drawn films ~ 69Kaw
of PVDF by Kawai in 1969. Pyroelectricity was found by Bergman et al. in 1971. 71Ber
Ferroelectricity in the thickness direction was confirmed by square hysteresis loops by ~ 78Kep2
Kepler et al. in 1978, and by switching current by Furukawa et al. in 1981. 81Fur
b Crystalline PVDF has at least four different modifications: I(B), II(a), ITI(y) and IV(a.,). 78Dav
Cooling from the melt yields form II. Uniaxial drawing converts form II into I which is 81Lov
ferroelectric. Annealing at high temperatures converts form II into III. Poling at =1.2 95Tas
- 10*Vm™ converts form II into IV.
phase I(B) (o) I(y) V(o)
state F
crystal system orthorhombic monoclinic orthorhombic monoclinic
space group Cm2m —C} P2/c —C3, Cc-C! P2,cn-C3,
conformation * all-trans TGTG T;GT; G TGTG
packing parallel anti-parallel parallel parallel
* T trans; G: gauche; G : gauche minus.
2a Melt-solidified or solvent-cast film was subjected to uniaxial-drawing 4...5 times the 69Kaw
length at 60...80 °C. The degree of crystallinity was usually 40...60 %. 72Has
75Kob
3a Unit cell parameters of form I: a=8.58 A, h=4.91 A, c=2.56 A. 72Has
b Structure of form I PVDF: Fig. 72-1-001.
Coordinate system in uniaxially-drawn and poled films: X, draw direction; Z, thickness 72Has
direction; Y, orthogonal to X and Z.
The mean directions of a, b and ¢ axes of the crystalline regions in the form I (ortho- 72Has
rhombic) are approximately parallel to Y, Z and X axes, respectively.
The ferroelectric axis is b. 72Has
5a Dielectric properties: see 80Miy
Dielectric constant vs. temperature: Fig. 72-1-002.
b Nonlinear dielectric properties: see 87Fur
xvs. E and D vs. E hysteresis loops: Fig. 72-1-003.
¢ P,=6-10°Cm’, E.=5-100Vm. 80Fur
D-E hysteresis loops: Fig. 72-1-004.
Switching characteristics: Fig. 72-1-005.
Larger P, reaching 10”' C m™ is reported for deuterated or high pressure crystallized 87Tak3,
PVDF. 96Hat
d p3=3-102Cm?*K". 89Fur

p3 vs. P see Fig. 72-2-022.

6a

Heat capacity: Fig. 72-1-006.
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72 Polymer ferroelectrics 1383
7a Piezoelectric constants vs. P; at 10 Hz: Fig. 72-1-007.
Piezoelectric matrix: Table 72-1-001; see also 78Kepl
b Electrostriction Q33 =-2.4 m*/C2. 90Fur
8a Elastic matrix: Table 72-1-002.
9a Refractive indices: n; = 1.448, n, = 1.414, n; = 1.412. 900gu
b Electrooptic effect: see 80Bro,
800hm,
84Goo
¢ Piezooptic effect: see 80Bro
¢ Nonlinear optical coefficient: ds; = (1/2)d}; (Si0,), ds3 = d}; (Si0y). 71Ber
10a LO-TO splitting in PVDF: see 85Tas
16 Poling-induced structural changes: see 92Kep,
87Tak2,
86Bur
Electric-field-induced dipole orientation: see 77Tam,
78Nae,
83Lat
X-ray anomalous scattering: see 87Tak2
Twin structure: see 87Takl
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1384 72 Polymer ferroelectrics

Table 72-1-001. PVDF. Piezoelectric matrix components of uniaxially-drawn and poled films [88Nix].
da: [ 102 CN"], e [ 10° C m ).

(a) Static measurements.

ds d ds3 dis dy

21 1.5 =325 27 -23

(b) At resonant frequency f.

ds ds €33 €15 €24
19 3 -125 -15 —48
f[MHz] 0.1 0.1 30 03 03

Table 72-1-002. PVDF. Elastic matrix components of uniaxially-drawn and poled films [960mo].
sy [ 10PN m?], ¢ [ 10° N m™].
(a) Static measurements.

S11 8§22 833 $21 831 832

0.32 0.40 0.68 -0.06 -021 -0.25

(b) At resonant frequency f.

1/s11 /52 C33 C44 Css

4.5 5.14 8.62 1.61 1.12
f[MHz] 0.1 0.1 30 0.3 0.3
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72 Polymer ferroelectrics 1385
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Fig. 72-1-001. PVDF. There is statistical disorder in crystal structure of form I [72Has]. Solid and dotted lines show
two possible molecular positions.
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Fig. 72-1-002. PVDF. «’, k” vs. T for form I (full circle) and form IT (open circle) at 1 kHz [81Ari].
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Fig. 72-1-005. PVDF. Ferroelectric switching characteristics measured under step-fields of 20 to 200 MVm™ at 20 °C
[81Fur].
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18 JK'mol™". Curve a: cooled from the melt at 10 K min™', b: quickly cooled from the melt, ¢: quenched from the
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72 Polymer ferroelectrics 1389

No. 72-2 ((CH;CF3)x(CHF-CF3);x)n, Vinylidene fluoride-trifluoroethylene
copolymer (VDF,—TrFE,;, VDF-TrFE)

la Ferroelectric hysteresis loops were observed in films of random copolymers 80Fur,
((CH,CF,)x(CF,CHF),_y), for x > 0.5 by Furukawa et al. and Yagi et al. in 1980. 80Yag
b phase I I 89Tas
state F P
crystal system orthorhombic hexagonal
conformation * all-trans random mixture of TT, TG, TG

* T trans; G: gauche; G : gauche minus.

Ferroelectric transition temperature appears below Ty, for 0.5 <x <0.8. 80Kt
Phase diagram: Fig. 72-2-001.

2a Films 10...100 um in thickness are produced by melt-solidification or solvent-casting. ~ 80Kt
Uniaxial-drawing is not necessary for obtaining ferroelectric film. Spin-coat technique ~ 83Kim
is useful for producing very thin films (50 nm...10 pm).

b Crystal forms of VDF,—TrFE;_, with 0.5 <x < 0.8 89Tas
3a (110), (200) spacing vs. x: Fig. 72-2-002.
¢=2.56 A in F and ¢ =2.30 A in P state. 82Lov,
83Lovl,
83Lov2
Lattice spacing depends upon not only composition but also crystallization 84Tas,
temperature, annealing condition, uniaxial-drawing and poling. 89Tas

4 Thermal expansion of isotropic bulk: Fig. 72-2-003.
Thermal contraction of oriented film: Fig. 72-2-004.
Adll()/dl 10 (OI' Adgoo/dzoo) vs. T: Flg 72-2-005.
Temperature variation of (001) reflection: Fig. 72-2-006.
avs. p: Fig. 72-2-007.

5a Dielectric properties, for a review see 84Furl,
84Koi

Dielectric constants: Fig. 72-2-008.

Dielectric spectra: Fig. 72-2-009.

Dielectric loss in the far IR region: Fig. 72-2-010.
Dielectric anisotropy: Fig. 72-2-011.

Relaxation time: Fig. 72-2-012.

Effect of p on 1/x” vs. T: Fig. 72-2-013.

Oy and Ty vs. p: Fig. 72-2-014.

b Bias-field dependence of dielectric anomaly: Fig. 72-2-015.
C=3800K, =-1.5-10"Vm’C?, ¢{=1.9-10"vm’C”. 84Fur2
Second nonlinear permittivity: Fig. 72-2-016.

¢ D vs. E hysteresis loop: Fig. 72-2-017.

Spontaneous polarization: Fig. 72-2-018.
Switching characteristics: Fig. 72-2-019.
Characteristic hysteresis loops in VDF 4—TrFE, 53: Fig. 72-2-020.
P, vs. x: Fig. 72-2-021.
d psvs. P;: Fig. 72-2-022.

Landolt-Bérnstein
New Series I11/36C



1390 72 Polymer ferroelectrics
6a Adiabatic and ac specific heat: Fig. 72-2-023; see also 92Miz
Transition heat and entropy: Table 72-2-001.
7a d31/511, d32/S22 VS. PrI Flg 72-2-024.
k; vs. P;: Fig. 72-2-025.
Coupling factor vs. T: Fig. 72-2-026.
Piezoelectric constants vs. T: see 92Gue
b Electrostriction: Q33 =-2.2 m*/C2. 90Fur
Thickness change vs. voltage: Fig. 72-2-027.
8a Elastic constants: Table 72-2-002.
Bulk modulus: Fig. 72-2-028.
Temperature dependence of ¢;; and 1/s;;: Fig. 72-2-029.
9a Refractive indices: Fig. 72-2-030.
b Electrooptical coefficient: % = 0.4 - 10> m V' uniaxially-drawn film (x = 0.75), 97Taj
%=1.4-10"m V' single-crystal-like film (x = 0.75).
e Second harmonic coefficient: d5; =0.22 - 102 mV ", di3=4.3 - 102 mV . 89Ber
13a NMR, for a review, see 85Leg,
86Ishl,
86Ish2,
87Hir,
89Per
T\, T, Ty, vs. temperature for VDF ss—TrFE4s: Fig. 72-2-031.
Second moment of magnetic resonance and mobile fraction vs. T for VDF,, ;3—TtFE 57:
Fig. 72-2-032.
T\, T\, vs. vfor VDF, —TrFE, : Fig. 72-2-033.
14 X-ray meridional reflection: see Fig. 72-2-006 in subsection 4.
16  Annealing effect on long period: Fig. 72-2-034.
Annealing effect on @& : Fig. 72-2-035.
Annealing effect, see also 94Kim,
87Fer
Crystallization condition: see 88Sta
Anomalous scattering: Fig. 72-2-036.
Domain rotation: see 92Day
Microstructure: see 95Sas
Radiation effect: see 91Dau
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72 Polymer ferroelectrics 1391

Table 72-2-001. VDF,—TrFE,_. Transition heat AH and transition entropy AS at x = 0.70 and 0.80
[94Bel].

X AH[10°Tkg'] AS[10°Tkg' K™

0.70 65 33
0.80 0.16 0.09

Table 72-2-002. VDF,—TrFE,_,. Elastic constants. A: unoriented film (x = 0.7) measured by time of flight
of acoustic wave [95Isn]. B: oriented film (x = 0.7) measured by Brillouin scattering [93Kru]. C: oriented
film (x = 0.75) measured by piezoelectric resonance [950mo]. D: single-crystal-like film (x = 0.7) meas-
ured by piezoelectric resonance [970mo].

C11 C2 C33 Ci12 13 23 Ca4 Css Co6
[10° Nm?]
A 9.73 9.73 998 6.03 6.41 6.41 2.07 2.07 1.85
B 1571 9.53 6.10 2.02
C  1/s;;: 591 1/sy:4.81 11.1 2.59 2.49
D 1/s:27.7 1/s25: 6.3 11 2.5 2.2 3.1
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Fig. 72-2-001. VDF,—TrFE, . Phase diagram, @ vs. x [89Fur2, 89Tas, 90Kog]. Open triangle: T, (heating); full
triangle: Ty, (cooling); open circle: & or Gy (heating); full circle: @y or Gy (cooling); full square: Gy
(heating). Clear indication of & | is seen for 0.5 < x < 0.8. For x > 0.8, & is overtaken by T, Antiferroelectric-
like hysteresis loop is observed in II” for 0.3 < x < 0.5 [86Koi].
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Fig. 72-2-002. VDF,—TrFE| .. dj o (or dg) vs. x in F (7= 20 °C) and P (7= 140 °C) phases [89Fur2, 94Bel]. In the
intermediate composition (x = 0.3...0.7), a well ordered F phase and a less ordered F phase coexist.
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Fig. 72-2-006. VDF, ;,—TrFE 5. I vs. 26 [89Tas]. Parameter: 7. I: X-ray intensity of meridional (001) reflection. 26:
diffraction angle.
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Fig. 72-2-007. VDF,~TrFE, ;. a vs. p at elevated temperatures [90Leg]. Pressure induced ferroelectric transition is
observed at 394 K.

N [=)
[=} [=)

Dielectric constant x’

N
o

N
S

N
(=}

Dielectric constant x’

-50 0 50 100
Temperature T[°(]

Fig. 72-2-008. VDF,~TrFE; . &’ vs. T [01Fur]. Parameter: x. f= 1 kHz. Thickness of specimen film = 50 pum.

Landolt-Bérnstein
New Series I11/36C



72 Polymer ferroelectrics

1397

()]
o

S
v
T

Dielectric constant x’
w
o
T

(7
- 77T+
..1.-.1.:' 177 L
T ."'I'I.""""

Dielectric constant x’

15+ ...--:::::'..',.."..'
0 l_l I ~ I ] I
40 60 80 100 120
Temperature T[°C]
120
*
b 115 ‘é
110 §
2 15 é
L2901 7 TS g
- aliimiies 055
= LF
s15F 4;/1”"1"’ ,’,’,nn‘\\\\\\\\\\\\\ 10 -~
€ 10| ”lllll”,’ll’:’/’l"’:&&\\\\&ggf 10’ \\Qﬁ/
o 11H7] N/
3 S| GBI i &
5 T <§
0 I I I I I 109
40 60 80 100 120 140 160 ’/

Fig. 72-2-009. VDF cs—TrFE, 3s. 3D plot of (a) &’ vs. T'and £, (b) x” vs. T and f/[89Fur2].

Dielectric constant x”

e
o

o
o

S
~

Temperature T[°C]

Elc T=300K —

Ellc T=300K -
T=400K -~
Submm. data ---- Elc

* 300K
a0k enc

_____________

Frequency f[-10'2 Hz]

Fig. 72-2-010. VDF;~TrFEg ;. x” vs. f'in the far-infrared and submillimeter regions [88Pet]. Parameter: 7' and direction.

Landolt-Bérnstein
New Series I11/36C



1398 72 Polymer ferroelectrics

100

f=100kHz

—_
o

Dielectric constant x;

0 100 200 300 400
Temperature T [K]
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line motion, (2) cooperative crystalline motion, (3) segmental motion.
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No. 72-3 ((CHCF3)(CF>CF3)1_)n, Vinylidene fluoride-tetrafluoroethylene

copolymer (VDF,—TeFE;, VDF-TeFE)

la Ferroelectric hysteresis loops were observed in films of random copolymers 78Hic
((CH,CF,)x(CF,CF5); ), for x = 0.8 by Hicks et al. in 1978.
b Phase diagram: Fig. 72-3-001.
3a dy (or dyy) vs. x: Fig. 72-3-002.
4 d] 10 (OI' dgoo) vs. T Flg 72-3-003.
5a Dielectric properties: see 78Hic,
84Lov
Kp— k. and 7vs. T: Fig. 72-3-004.

b D-E hysteresis loop, see 78Hic,
85Wen,
94Koi

d ps vs. poling field: Fig. 72-3-005.

p3 vs. P see Fig. 72-2-022 and see also 89Fur
6a DSC thermogram: Fig. 72-3-006.
7a ds and ds; vs. T: Fig. 72-3-007.

ds; vs. P, see Fig. 72-2-024.
8a Sound velocity vs. T: Fig. 72-3-008.

Elastic dispersion: see 85Mur
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VDFg;—-TeFE, 19. v vs. T. v: sound velocity measured by Brillouin spectroscopy [90Liu].
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No. 72-4 Odd Nylons (NH(CH,),_;CO), (nylon x) with x=5, 7,9, 11

la Ferroelectric hysteresis loop was found in melt-quenched and uniaxially-drawn odd 91Lee
nylons by Lee et al. in 1991.

2a Rapid cooling odd numbered nylons from the melt (200 °C) followed by uniaxial- 91Lee
drawing four times the original length at room temperature produces ferroelectric film.
Annealing at elevated temperatures causes loss of ferroelectricity.

3a Melt-quenched and uniaxially-drawn ferroelectric nylon films exhibit diffuse X-ray 94Bal,
diffraction, which indicates that molecules with skew or gauche conformation are 97Tak
packed in a pseudohexagonal lattice.

b Lattice spacing vs. annealing temperature: see 97Tak

S5a Dielectric constant vs. temperature: Fig. 72-4-001.

¢ D-F hysteresis loops of nylon 11: Fig. 72-4-002.
P, vs. annealing temperature: Fig. 72-4-003.
P, vs. dipole density: Fig. 72-4-004.
Switching characteristics of nylon 11: Fig. 72-4-005.

7a ds; and ds, vs. T: Fig. 72-4-006.
k33 vs. Py Fig. 72-4-007.

8a Temperature variation of Young’s modulus: see 91Tak
15 Electric-field induced structural changes: see 84Jac,
95Mei,

97Tsu
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Fig. 72-4-001. Odd Nylon. x’, x” vs. Tin nylon 11 [91Tak]. Parameter: frequency f.
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No. 72-5 poly-m-Xylylene adipamide

la Ferroelectric hysteresis loops were observed in thin films of poly-m-xylylene adipamide =~ 93Mur
by Murata et al. in 1993.

5¢ D-FE hysteresis loop: Fig. 72-5-001.
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Fig. 72-5-001. poly-m-Xylylene adipamide. D—E hysteresis loop [93Mur].
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