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Modification of Phase Transitions in Swift Heavy Ion Irradiated*

and MMA-Grafted Ferroelectric Fluoropolymers

Eleonora Petersohn, Natacha Betz, Alain Le Moël

CEA/DSM/DRECAiWSRSIM/Laboratoire des Polymères Irradiés, Centre d'Etudes de

Saclay, 91191 Gif sur Yvette Cedex, France

Abstract: Ferroelectric poly(vinylidene fluoride) (P PVDF) and copolymers of vinylidène fluoride-

trifluoroethylene (P(VDF/TrFE)) were irradiated with swift heavy ions and post-irradiation grafted

with methyl methacrylate (MMA). We have studied the influence of irradiation parameters such as

the ion fluence, the type of ion and the electronic stopping power, on the melting and crystallization

temperatures and the ferroelectric-paraelectric phase transitions, by DSC and dielectric

measurements. The relation between the shift in the transition temperatures and the ion fluence is

described by a single term equation. Ion track grafting with MMA affects the ferroelectric-

paraelectric phase transitions in F(VDF/TrFE) and leads to a strong amorphization of the polymer

films. Th.- grafting in (3 PVDF occurs mainly on the surface of the samples and no change in the

transition temperatures is observed.

Résumé: Des films de polyfluorure de vinylidène (PVDF (3) et d'un copolymère statistique du

fluorure de vinylidène trifluoroéthylène (P(VDF/TrFE)) ont été irradiés aux ions- lourds rapides et

greffés avec du méthacrylate de méthyle (MMA) par la méthode indirecte. Nous avons étudié par

DSC et mesures diélectriques l'influence des paramètres d'irradiation tels que la fluence des ions, la

nature de l'ion et le pouvoir d'arrêt électronique sur les températures de fusion, de cristallisation et

sur la transition de phase ferroélectrique-paraélectrique. La modification des températures de

transition en fonction de ia fluence peut être décrite par une fonction dépendant d'un seul paramètre:

le pouvoir d'arrêt électronique. Le greffage radiochimique du MMA dans la trace latente du

polymère irradié agit sur la transition de phase ferroélectrique-paraélectrique dans le P(VDF/TrFE)

et mène à l'amorphisation du polymère. Le greffage dans le PVDF P se produit en majorité à la

surface du polymère. Aucun changement des températures de transition n'a été observé.



Introduction

Heavy ion irradiation of polymers and post-irradiation grafting induces deep modifications in the

physico-chemical properties of polymers. Ions create on their wake through the solid a high density

of excitations and ionisations which induces reactive sites in a small cylindrical damage zone, called

the latent track. These reactive sites can initiate the grafting thus leading to an anisotropic composite

where the localization of the graft copolymer is related to the distribution of latent tracks. Such a

distribution cannot be obtained after electron or y-ray grafting.

Poly(vinylidene fluoride) (PVDF) in its 3 phase and copolymers of vinylidene fluoride-

triflouroethylene (P(VDF/TrFE)) are the subject of current interest due to their ferroelectric

properties and applications as various types of sensors [1], Changes in phase transitions and

modifications of the structure induced by electrons have been reported [2]. In addition, a lot of

studies [3-5] were carried out in the field of PVDF/Poly(methyl methacrylate) (PMMA) blends.

Hahn [3] explained the piezo- and pyroelectric activities as dependent on the morphology of the

PVDF/PMMA blends. In [4], the dielectric constant s of the polyblend samples was observed to

increase with PVDF content. Schaffner and Jungnickel [5] have measured the permittivities under

variation of the temperature and the hydrostatic pressure and discussed the relaxations of PVDF and

PMMA due to motions in the crystal-amorphous interphase of these blends.

This paper presents a study on the effect of swift heavy ion irradiation and post-irradiation grafting

of methyl methacrylate (MMA) on the thermal properties of the polymers (p PVDF and

P(VDF/TrFE)). Both irradiated and grafted films were characterized by differential scanning

calorimetry (DSC) which enables the study of the melting and crystallization behaviour as well as the

evolution of the ferroelectric phase transition. Dielectric measurements were carried out for deeper

understanding of the DSC results.

Experimental

Polymer: Polymers were used in the form of 25 \xm films. PVDF -{CH2-CF2)n- in its ferroelectric

bi-stretched p form (all-trans) was purchased from Solvay. The random copolymer P(VDF/TrFE),

whose chemical formula is -((CH2-CF2)x-(CHF-CF2)i-x)n- w a s used in the composition of 75/25

weight% (80/20 mol%, Piezotech). All the polymers were extracted with ethanoi for 24 hours in a

Soxhlet apparatus before irradiation.

Irradiation: Polymer films were irradiated with different ions (0. Ca. Kr, Sn) in the electronic

stopping power range. Swift heavy ion irradiations were performed at room temperature in oxygen



atmosphere (O, Ca, Kr) and in the vacum (Sn) at the GANIL, Caen, France. The radiation

conditions are summarized in Table 1.

Grafting: Grafting of the swift heavy ion irradiated samples with MMA is achieved by the peroxide

method. The grafting temperature is 60°C and the grafting time ranges from 15 min to 16 h. The

maximum grafting yields that could be attained with our experimental conditions are 60% and 150%,

respectively, for (3 PVDF and P(VDF/TrFE).

Differential scanning calorimetry: DSC measurements were carried out on a Perkin-Elmer DSC

7B in the temperature range 25 - 200 °C with a scan speed of 10°C min"1 for both the heating and

the cooling. The measurements were performed on 1.5-2.0 mg samples. The calibration of the

temperature and the enthalpy was achieved by indium and zinc standards.

Dielectric measurements: The determination of the dielectric constant s r as a function of

temperature was performed with an impedance analyser HP4193a at a frequency of 1 MHz. A layer

consisting of 100 A Pt and 1000 A Au was deposed by evaporation on both surfaces of the samples.

The experimental arrangement was introduced in a temperature controlled BRABENDER Realtest-

Simulator KSW 61/40H.

Results and Discussion

Modification of thermal properties by swift heavy ion irradiation

The Figure 1 shows the DSC scans of (3 PVDF for both the heating and the cooling of a pristine

sample and a Sn irradiated sample (absorbed dose D = 100 kGy). The endothermic peak visible on

the heating curves corresponds to the melting of the crystalline ferroelectric phase to the amorphous

liquid phase. The maximum of the peak T^ is located at 171.8°C, whereas the exothermic transition

on the cooling scan, due to the crystallization occurs at T£=142.5 C C. Both phase transitions are

shifted to lower temperatures after swift heavy ion irradiation. Simultaneously to the decrease of T^,

a decrease in the enthalpy of the melt process is observed, from AHm = 55.6 J/g for the pristine

sample to 51.4 J/g for the irradiated sample. The crystallinity Xc 's eclual t 0 53.1% for the pristine

sample and 49.1% for the irradiated one. Similar results were obtained on a PVDF sampies

irradiated with electrons [6], y-rays [7] and heavy ions [8].

The Figure 2 shows the heating and cooling DSC scans in the case of the pristine and the Sn

irradiated (D = 107 kGy) copolymer P(VDF/TrFE). The lower temperature transition during the

heating is attributed to a structural phase transition in the crystal, from the planar all-trans



conformation of the ferroelectric phase to the less ordered hexagonal paraelectric pha: e with TT, TG

and TG' sequences [9]. The peak temperature, T^ (Curie transition) is determined at 131.6°C. The

high temperature endothermic transition, T£ at 151.8°C, corresponds to the melting of the

crystallites. During the cooling, the amorphous phase crystallizes in the paraelectric crystalline phase

at T^=137.3°C. The Curie transition into the ferroelectric phase takes place at T£=84.9°C. The

value of the melting enthalpy is of AHm = 26.76 J/g that corresponds to a 56.9% crystallinity.

The assignment of the low temperature peaks to the Curie transitions of the copolymer is supported

by the dielectric measurements (Figure 3a). The dielectric constant E rises at the Curie point to a

maximum both for the cooling and the heating: the maxima for the pristine sample were determined

at 137.5 °C (TQ) and 91.8 °C (T£). Comparing the DSC and the dielectric measurements, the shift

between T£ and T£ can be neglected whereas the temperature difference for these transitions is

caused most probably by differences either in the methods used or the temperature calibration. In

addition, it must be emphasized that the dielectric measurements are carried out in a quasi-

equilibrium state which is not the case for the DSC measurements.

After irradiation of P(VDF/TrFE), the transition temperatures are shifted to lower temperatures

(Figure 2). During heating, T£ and TQ decrease is 4.9°C and 6.3°C, respectively. During cooling,

the shifts are equal to AT£=3.3 O C and ATç=2.1°C. The shifts for Tjt and T^ after irradiation are

confirmed by the dielectric measurements of the Sn irradiated samples, which is shown for two

different doses in the Figures 3b, c and Table 2.

The Figure 4 illustrates the dependence of T^ T£, T^, T^ and T£ to the ion fluence Ot when the

samples are irradiated by different ions. In the case of the P(VDF/TrFE), the T^ is reduced in a

larger extend than TQ leading to an overlapping of T^ and T^ at high Ot. Therefore it was not

always possible to calculate the ferroelectric to paraelectric transition temperature from the DSC

measurements. The decrease of all transition temperatures T^ after irradiation of P PVDF and

Pf VDF/TrFE) can be fitted by a single term function:

Ttr = T£-p : r-ln<l> t (1)

with T£, the transition temperature of the pristine polymers. The parameter p.̂ . depends on the ion

used for irradiation. It increases by varying the ions used for irradiation from C to Kr and is almost

equal for Kr and Sn ions. For an equivalent ion fluence, the defects produced by Kr/Sn ion radiation

have a larger influence on the transition temperatures than those created by C ions. This behaviour

may be explained by differences in the electronic stopping power (dE/dx)e of the heavy ions (see



Table 1) which could incuce different effects on the crystallites depending on its magnitude. The

electronic stopping power is proportional to the atomic mass Z and the ion velocity. To understand

which of these parameters causes the influence of (dE/dx)e necessitates supplementary studies. In a

PVDF, at low (dE/dx)e (< 40 MeVxrrrmg'1), the amorphization of the crystallites seems to be

initiated at the surface, while for upper values of (dE/dx)e, a direct amorphization of the crystallites

is observed [10]. The C, O and Ca ions, where an increase of pu is observed belong to the former

case. Irradiations with Sn and Kr ions, where no variation of p^ could be observed, appertain to the

latter case. Moreover direct amorphization of the crystallites could render more difficult the healing

process of the damages after the irradiation.

The shift in the melting temperatures can be attributed to a diminution of the mean length of the

macromolecular chains in the crystallites, caused by chain scissions in the ion tracks. It is

accompanied by a diminution of AHm leading to the conclusion that irradiation of the polymers

involves an amorphization of the samples. Applying the model of Gibbs-Thomson [11], the melting

temperature of a crystalline lamella with the thickness /, the large dimensions (x, y) and the density p

of the crystallites can be described by the equation:

T - T ° (l 2 g e 4Oi "l m

where a e is the fold surface free energy, c\ the lateral surface free energy, T^ the equilibrium

melting temperature of an infinite crystal and AH^ the enthalpy of fusion for a completely crystalline

sample. The large dimensions x and y are hundred fold greater than /, therefore the latter term in (2)

can be neglected. Assuming that the thickness / of the crystallites is not reduced by irradiation [2],

the decrease in melting temperature could be due to an increase in a e of the crystallites. This

behaviour can be explained by an increase in the potential barrier for folding the polymer chains due

to reticulations and chain scissions.

By application of equation (2) and assuming that the thickness of the lamella in (3 PVDF and

P(VDF/TrFE) is equal, we can calculate that the surface free energy c e is 1.5 fold higher in the

pristine p PVDF than in P(VDF/TrFE). The comparison of the effects of swift heavy ion irradiation

on Tm for the two fluoropolymers reveals that ATm is larger for P(VDF/TrFE) than for (3 PVDF.

According to equation (2), a e of the crystallites in PfVDF/TrFE) rises more compared to [3 PVDF

for the same ion iluence. Hence, a higher a e may be one of the reasons for the greater resistance of (3

PVDF exposed to ion irradiation compared to P(VDFTrFE).

The lowering for T£, is attributable to the creation of defects in the crystalline phase by ion

irradiation which means that the molecular dipole concentration is reduced. In addition, defects



induced by irradiation, vhich leads to greater freedom of the intermolecular bond rotations of the

CF2 and CFH dipoles [9], facilitate the Curie transition thus lowering its temperature. The results of

the dielectric measurements (Figure 3, Table 2), especially the lowering of T^ and T^ and their

dependence on the type of ion used, confirm our DSC measurements. The Table 2 shows that the

effect on the Curie transition is greater with Sn ions (ATc=1.0°C per <Dt=10l0cnr2) than with 0 ions

(AT^=0.1°C per Ot=10l0cnr2). Similarly, the loss in the s values is more elevated with Sn

irradiation. The e diminution is characteristic of a loss of polarization which is also evidenced from

the thermal hysteresis that is diminished by irradiation (Figure 3).

Influence of MMA-grafting on the thermal properties

The curves in the Figure 5 show the DSC heating scans of an 0 irradiated (3 PVDF sample (D = 14

kGy) and the same sample after grafting with 51% PMMA. The change in heat capacity at low

temperatures is due to the glass transition T» of atactic PMMA that is determined at 114.7 °C.

Neither a shift of T^ nor an influence on the To of atactic PMMA is observed during PMMA-

grafting up to 75%. During the melting, the peak broadens and the enthalpy of melting decreases as a

function of the grafting yield Y^r. Because of the absence of any influence of the grafting yield on

T£, we assume the following grafting model. The graft process takes place mainly on the surface of

P PVDF and the interaction between the two polymers is limited to the surface. Grafting in the bulk

of 3 PVDF seems to be strongly hindered due to the bi-stretching of the films. The model is

supported by the comparison with the results described in [12].

The analyses of DSC scans for MMA-grafted P(VDF/TrFE) lead to slightly different results. The

Figure 6 presents the heating scans for a Sn irradiated sample (D=107kGy, Yw=15%) and two 0

irradiated samples, (D=42kGy, Yw=56% and D=102kGy, Yw=68%, respectively). Both the T^ and

the T^ are present and a decrease of AHm is observed. The Curie transition is broadened by the

superimposition of the Tg of PMMA (about 110°C) thus the evolution of T£ as Y ^ increases could

not be estimated. An additional peak was found at lower temperatures. As shown by the dielectric

measurements of PMMA. grafted samples, which reveal only one Curie transition both during the

heating and the cooling scan (Figure 3d, Table 2), this low temperature transition has to be assigned

either to a melting peak or a second glass transition. As observed by the increase of the dimensions

of the Ft'VDF/TrFE) samples, the grafting takes place both in :he bulk and on the surface of the

films. Hence, we can consider two different PMMA phases, the first one in the buik (the ion tracks,

the interfaces of the crystallites, the amorphous phase of P(VDF.TrFE)) and a second one on the

surface of P(VDF/TrFE). The PMMA on the surface of the P(VDF/TrFE) is responsible for the high



temperature Tg of atactic PMMA at about 110°C, whereas the frac'on of PMMA grafted in the bulk

may be the reason for a second glass transition at lower temperature. According to the law of Fox:
1 _ WPMMA , WP(VDF/TrFE) m

gexp gp.MMA Sp(VDF/TrFE)

which relates the weight fractions w, and the Tg: of involved miscible polymers to a new Tg, we

have calculated the PMMA weight fraction between 0.85 and 0.91 from the low temperature Tg

during the DSC-heating scans (87 to 93°C).

On the contrary, the TQ and the T^ were determined at higher temperatures than for the irradiated

samples. Moreover, grafting is accompanied by a strong decrease in the s values, which may be

described as a function of the grafting yields and is due to the strong amorphization of the samples.

The ferroelectric to paraelectric phase transition requires the availability of free volume for the

rotational movements of the di poles. Assuming that the packing of PMMA between the crystallites

of P(VDF/TrFE) induces sufficiently high strain on the crystallites, the increase in the Curie

temperatures may be due to a loss in freedom of these molecular motions. The force responsible for

the ordering of the dipoles in the ferroelectric phase rises. Hence, the grafted copolymer necessitates

higher temperatures for reorientation of the dipoles and the transition into the paraelectric phase.

Conclusion

The experiments reveal that the melting temperature and the crystallization temperature of P

PVDF and P(VDF/TrFE) are lowered after irradiation with swift heavy ions. The Curie points of

P(VDF/TrFE) are also shifted to lower temperatures. The relation between the transition

temperatures and the ion fluence can be described by an empirical equation. A further macroscopic

effect, the exponential decrease in crystallinity can be attributed to partial amorphization of the

polymers induced by a larger defect content due to chain scissions and reticulations. The shift in the

phase transition temperatures is more pronounced in the case of P(VDF/TrFE).

The thermal analysis of the polymers grafted with MMA confirms several differences in the

grafting mechanisms of the polymers. Beside the unchanged melting points a second order transition

corresponding to the glass transition of atactic PMMA is observed for both systems. The system

P(VDF/TrFE)/PMMA shows an additional low temperature transition. Dielectric measurements

permit the assumption that the phase transition at the Curie points is slightly increased by MMA-

grafting. The greater efficiency of grafting in P(VDF.TrFE) is explained by differences in the

structure of the grafted samples leading to bulk and surface grafting, while in the system p

PVDF/PMMA grafting occurs preferentially on the surface of (3 PVDF.



References

[I] A.J. Lovinger, Science 220 (1983) 1115

[2] B. Daudin, J.F. Legrand and F. Macchi, J. Appl. Physics 70 (1991) 4037

[3] B. Hahn, PhD Thesis, TH Darmstadt (1983)

[4] Rashmi, G.K. Narula and P.K.C. Pillai, J. Macromol. Sci.-Phys. B26 (1987) 185

[5] F. Schaffiier and B.J. Jungnickel, J. Macromol. Sci.-Phys. B32 (1993) 343

[6] M. Klimova et al., J. Appl. Polym. Sci., 37 (1989) 3449

[7] Y. Rosenberg et al., J. Appl. Polym. Sci., 45 (1992) 783

[8] L. Calcagno et al., Nucl. Instr. Meth., B91 (1994) 461

[9] A.J. Lovinger, Macromolecules 18 (1985) 910

[10] V. Chailley, E. Balanzat and E. Doorhyee, 1st Ionizing Radiation and Polymers

Symposium, November 1994, St. François, Guadeloupe, France

II1] J.D. Hoffman, Treatise and Solid State Chemistry, Plenum Press, vol.3, 1976

[12] E. Petersohn, N. Betz and A. Le Moël, 7éme Journée d'Etudes de la Chimie sous

Rayonnement, September 1994, Caen, France.submitted to J. Chim. Phys.



Figure captions

Fig. I : DSC heating and cooling scans of p PVDF samples: (—) pristine 3 PVDF, (- -)

irradiated 3 PVDF, Sn ions, D = 100 kGy

Fig. 2: DSC heating and cooling scans of P(VDF/TrFE) samples: (—) pristine P(VDF/TrFE),

(- -) irradiated P(VDF/TrFE), Sn ions, D = 107 kGy

Fig. 3: Dielectric constant of the copolymer P(VDF/TrFE) as a function of temperature: black

symbols during heating, white symbols during cooling, a) pristine P(VDF/TrFE);

irradiated samples: b) Sn ions, D = 107 kGy, c) Sn ions, D = 536 kGy; d) MMA-

grafted sample: Sn ions, D = 107 kGy, Yw = 15 %

Fig. 4: Evolution of the transition temperatures as a function of mean absorbed dose for a) 3

PVDF, b) P(VDF/TrFE) and several heavy ions: (•) C, (•) Ca, (A) Kr, (•) Sn

Fig. 5: DSC-heating scan of 3 PVDF: top; irradiated with O ions, D = 14 kGy; bottom: same

irradiation conditions and grafted with 51 % PMMA

Fig. 6: DSC-heating scan of the grafted system PMMA/P(VDF/TrFE): bottom: Sn ions, D =

107 kGy, Y w = 15 %; middle: O ions, D = 42 kGy, Y w = 56 %; top: O ions. D = 102

kGy, Y w = 68 %
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Table captions

Table 1: Irradiation conditions of the polymer samples

Table 2: Results of the dielectric measurements of P(VDF/TrFE): Yw (grafting yield) is

calculated by Yw = (Wf-Wj)/Wj, where Ŵ  and Wf are the sample weights

before and after grafting. (Tc
+, e+) and (Tc ' , e") are the Curie points and the

real part of the dielectric constant during the heating, and during the cooling,

respectively



Ion Energy Ion energy Mean Fluence Electronic
lo s s a ) absorbed dose stopping power

[MeY-ami r 1 ] [ M e V - a n u r 1 ] [kGy] [cm' 2 ] [MeV-cm 2 mg- 1 ]

3.1 to 141.0 9.6-109 to 3.9-lOH 2 . 1

1.4 to 140.0 1.3-1O9 to 1.3-lOH 6.7

0.3 to 630.4 8.9-107 to 2.1- lOH 1 8 9

9.6 to 994.4 1.4-109 to 1.4-lOH 44.1

0.1 to 535.7 9 .9- lQ6to4.9- lQlQ 65.5

a ) Ion energy loss between the entrance and the exit of the film target

C13

Q16

:a^8

JO-78

;nii2

9.14

6.73

9.94

10.72

8.70

-0.73

-1.83

-1.77

-2.33

-2.46



sample

vierge

0 102 kGy

Sn 107 kGy

Sn 535 kGy

0 102 kGy

Sn 107 kGy

Fluence

[cm-2]

1.3-lOH

9.9-109

4.9-101°

1.3-lOU

9.9-109

Yw

[%]

-

-

-

-

63

15

[°C]

136.8

135.5

135.8

127.5

140.3

137.5

TC-

[°C]

91.8

88.8

89.3

87.0

92.0

91.1

s+

[arb.units]

1

0.90

0.80

0.48

0.17

0.45

s*

[arb.units]

1

0.98

0.91

0.75

' 0.26

0.35


