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Structural changes in the para-ferroelectric phase transition of the vinylidene fluoride-trittuoroethylene 
copolymer with 60.40 molar content have been investigated by means of real-time X-ray diffraction. A 
combined study of (i) long period from small-angle X-ray scattering, (ii) coherently diffracting domains 
derived from the integral width of the wide-angle reflections and (iii) lattice spacings offers the following 
picture. In the high-temperature region (65 140 C) the stacks of250 ,~ thick paraelectric lamellae are found 
to consist of 250/k wide coherently' diffracting blocks. At the Curie transition (65 50' C) a breakdown of 
the large paraelectric crystals into thinner and smaller ferroelectric domains statistically mixed with the 
remaining paraelectric zones is observed. In the low-temperature region (7< 50 C), the ferroelectric phase 
is the predominant one (75%) though a fraction of non-polar crystals {25%1 is also observed. It is further 
found that a part of the material in the non-polar phase can he associated with the trifluoroethylene 
structure, which is supported by the persistence of the corresponding reflection above the melting point 
of the copolymer. 
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I N T R O D U C T I O N  

Thc structural changes occurring in vinylidcnc fluoride 
trifluoroethylene (VDF F3E) copolymers and their 
depcndcncc on the VDF molar content have been widely 
investigated as a function of a variety of parameters 
i n c l u d i n g  s a m p l e  p r e p a r a t i o n ,  a n n e a l i n g  effects, 
mcchanical straining, application of electron fields, 
ctc.~ 1o. It is now well known 11 that these copolymers 
cxhibit a Curie transition below their melting point (Tin). 
At room tcmpcraturc they present a ferroelectric phase 
that is characterized by chains in a planar all-trans 
conformation and packcd in a pseudo-hcxagonal lattice, 
similar to the [~ phase of PVDF 8-x°. Upon heating above 
the Curie temperature (To), the VDF F3E copolymers 
undergo a structural transformation, involving a 
disordered sequence of conformational isomers (t,q, tO, 
tt) ~, to a centrosymmetric phase accompanied by large 
changes in the mechanical, electrical and thermal 
propertics. The specific behaviour of the transition 
dcpends on the VDI- contcnt. Thus, while low VDF 
compositions (<40°/, ,)give a broad transition between 
the high-temperature phase and the non-polar phase, 

* Dedicated to Professor G. Martin Guzman on the occasion of his 
65th birthda3 

high VDF conccntrations ( > 70%) show a discontinuous 
first-order transition in which the non-polar phase is 
absent 1. A large amount of the above work, reported in 
characterizing the Curie transition, has been mainly done 
by means of wide-angle X-ray diffraction (WAXD) 
techniques. The information concerning the changes 
occurring in the superstructure as obtained from 
small-angle X-ray scattering (SAXS) is. howcver, not so 
abundant. Legrand has studied in situ the changes in the 
long pcriod and lamellar orientation of drawn 70/30 
samples under periodic extension 12. Furthermorc, SAXS 
studies on isotropic samples for various compositions 
(70 30, 80/20, 54/46 and 75/25) as a function of annealing 
tcmpcraturc up to the melting point and during 
crystallization from thc mclt havc also been carried 
O U t  e ' ' 1 3 ' t 4  C o m p a r i s o n  of  e x p e r i m e n t a l  rea l -  
t ime  s c a t t e r i n g  intensities with calculated values, 
derived in our laboratory 13'14 from a simplc modcl, 
yieldcd information concerning the coexistcncc at thc 
Curie transition of ferroelectric and non-ferroclcctric 
phases within the lamellar crystals. 

The main object of the present study is to supplement 
our previous experiments and to investigate, in real time, 
the changes in the small-angle X-ray scattering pattern 
of the 60/40 copolymer, during heating of the material 
to the molten state and cooling back from this state to 
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room temperature. The 60/40 copolymer has been selected 
for this investigation because the Curie transition for this 
composition is well defined and also because at low 
temperature the non-polar phase appears ~. In addition, 
T c for this copolymer lies 80~'C below Tm so that 
structural changes can be clearly identified. Synchrotron 
radiation offers the possibility to record SAXS patterns 
instantly, which may detect temperature-induced structural 
changes before and during the phase transition. In this 
respect a combined real-time investigation of the long 
period from SAXS and the integral width from the 
wide-angle reflections was carried out on cooling from 
the melt, in an attempt to shed more light onto the 
microstructural changes occurring near the Curie 
transition. 

EXPERIMENTAL 

Commercial pellets of poly(VDF-F3E) (60/40) from 
Atochem were pressure-moulded at temperatures between 
160 and 180'C to 100-200/~m thick films, and the films 
were subsequently quenched in ice water. During X-ray 
diffraction experiments the resulting isotropic films were 
placed in a temperature chamber, melted again at 170:C 
for about 5 min and then cooled at a rate of 10C min- 1. 
Thermal contact and homogeneous heating were ensured 
by a thin aluminium foil covering the faces of the sample. 
The temperature was measured by a thermocouple 
embedded near the sample. Wide-angle X-ray diffraction 
and small-angle X-ray scattering measurements were 
made using a double-focusing camera for synchrotron 
radiation on the polymer beam line at HASYLAB 
Hamburg 15. The wavelength used was 0.15 nm with a 
bandpass of 6 2 / 2 = 5 x  10 -3.  Scattering patterns were 
recorded every 20 s using a linear position-sensitive 
detector. They were corrected for fluctuations in the 
intensity of the primary beam and for the background. 
The integral breadth of the reflection. ~Sfl. was directly 
measured from the experimental profile (without 
correction) to make an estimate of the value for the 
coherently diffracting domains, D = 1/611, normal to the 

chain direction as a function of temperature. The time 
required (20 s) to take a pattern as temperature varies 
gives an accuracy in temperature of z I .TC for each 
diffraction pattern. An overview of the data acquisition 
system based on CAMAC hardware and modular 
software was published recently ~6-18. 

RESULTS 

Small-angle X-ray scattering 
The Curie transition was followed by means of 

small-angle X-ray diffraction. Figure I illustrates the 
variation of the long period L with temperature for the 
heating and cooling process. The long period L = 300 ,~, 
remains nearly constant within experimental error in the 
low-temperature region, then it shows a sudden increase 
up to 325 A at T c, remaining constant again in the 
high-temperature region. Finally a very large L increase 
at about T =  150'C is observed. On cooling, essentially 
a symmetrically decreasing behaviour of L with T is 
observed: just below T c one can follow the first steps of 
crystal nucleation showing a distinct decrease of L from 
410 to 325/~ for a change from 140 to 130C. In the 
high-temperature range (130 60'C) thc value of 
L"-325,~ remains practically constant. At T =  Tc, L 
shows a small but nevertheless detectable decrease from 
325 to 310/~, confirming the stepwise behaviour of L 
near Tc. Finally the long period shows a gradual increase 
with decreasing temperature up to L ~-325 A. 

Wide-angle X-ray d!l.'fraction experiments 
For additional characterization of the phase changes 

through the Curie transition, WAXD experiments were 
carried out as a function of temperature. The sample was 
first heated at a constant rate of 10C rain- ~ from room 
temperature (3OC) up to 170~C. Then it was kept at this 
temperature for ---5 min and finally it was cooled down 
at the same heating rate (10C rain -~) to room 
temperature. Figure 2 illustrates a series of WAXD 
patterns in the range 16 <20<21: '  following the above 
temperature variation. At room temperature the 
diffraction pattern shows a superposition of a very 
conspicuous broad peak associated with the ferroelectric 
phase centred at 20= 18.97' (d=4.55 &) and a fainter 
one as a shoulder at 20=18.36 (d=4.70,~) corre- 
sponding to a non-polar phase (NF). The presence of 
this doublet was first pointed out by Yamada ~'~ and 
Lovinger 2°. It is to be noted, however, that some authors 
consider only a singlet when discussing copolymers with 
similar compositions 21. As the temperature is increased, 
the intensity of the fainter (non-polar) peak increases and 
that of the ferroelectric maximum concurrently decreases. 
At the Curie temperature the ferroelectric peak 
disappears and only the paraelectric structure is present. 
On further heating the intensity of the paraelectric 
reflection rapidly increases until the vicinity of the melting 
poin t  (Tm). Beyond T m the appearance of a broad halo 
centred at 5.3 Aindicates the onset of the molten polymer 
phase. When the sample is cooled down the opposite 
process is observed, However, owing to the thermal 
hysteresis shown in l"i,qure 3, the reappearance of the 
ferroelectric peak (Curie temperature) is shifted towards 
lower temperatures. At room temperature the diffraction 
pattern resembles that of the starting material. To 
minimize thermal history effects from the starting 
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Figure 2 Threc-dimensional  plot of the W A X D  patterns for the copolymcr  as a function o{ temperature  
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polymer, in the present study we have just investigated 
the crystallization of samples from the melt and the 
changes at the Curie transition occurring during the 
cooling process from the melt. 

The study of the lattice spacings permits one to follow 
accurately the para-ferroelectric transition. Figure 4a 
illustrates the constancy in the spacing of the amorphous 

halo d~, at about 5.3,~, for 5 min at T =  170 C (molten 
state) and in the temperature range 170 150C. Below 
150 C, crystallization takes place and the reflection 
corresponding to the spacing of the paraelectric phase, 
d~,- ~ 5 ,~, appears. In the temperature region 150-60 C 
(to be called the high-temperature range) de decreases 
linearly with 7". The linear expansion coefficient ~ is equal 
to ~=0.36 × 10-3 K -  t. At T-~65 C (Curie temperature) 
not only does a new spacing, dr, corresponding to the 
fcrroclectric phase appear but also a small fraction of the 
initial paraelectric crystals are gradually transformed into 
a new non-ferroelectric phase with a spacing that we shall 
denote d,~. Finally, in the 50 25 C range (low- 
temperature range) the spacings d~ and dN~ corre- 
sponding to two coexisting phases are observed: the rate 
for d,~t. decrease is about 0.2 × 10- 3 K t and that of dr. 
is about 0.4x 10 -3 K -t  

The variation of the integral width of the WAXD peaks 
through the Curie transition is shown in k'i,qure 4h. In 
the high-temperature range, 6tip remains nearly constant. 
The quoted value here of 6flr,~4 × 10 -3 A,- t represents, 
in fact, the smallest possible value given by the 
experimental conditions. Just before 7~ is reached, ~flp 
rapidly increases, showing a maximum value ((~fl = 7.5 × 
10 3A ~)at T = T  c. At this point two broad diffraction 
peaks corresponding to the ferroelectric and non- 
ferroelectric phases emerge. In the low-temperature 
range, both 613~v and 6flv slightly decrease on further 
decreasing the temperature. 

Figure 4c presents the variation of crystallinity X~ and 
the relative fraction contribution of the different phases 
X~, X~ v and X~ v in the temperature range investigated 
through T c. During crystallization, below T =  150°C, it 
is seen that X¢=X~ rapidly increases with decreasing 
temperature and levels off at 100':C. At this temperature 
crystallization is completed. Most intcresting is the fact 
that, in the 60 50 C range (Curie transition), the ~olume 
fraction of thc cmcrging ferroclcctric (X~,) crystals 
incrcascs linearly, whilc a concurrent dccrcasc of the 
volume fraction of the paraelectric phasc (X~), which 
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gradually changes into the non-fcrroclectric phase in this 
interval, is observed. Below T=50"C,  the ferroelectric 
phase predominates (X~~60%, N~ X~ ~18%),  both 
fractions X~ and X~ ~ remaining constant. 

DISCUSSION 

In the high-temperature range (140 60'C) (paraelectric 
phase) crystallinity develops during crystallization of 
the material with decreasing temperature, showing a 
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levelling-off tendency as the temperature approaches 
100°C (Figure 4c). As can be seen in Figure 5, in the 
high-temperature range the dimensions Dp, derived from 
6~, of the emerging paraelectric coherently diffracting 
domains normal to the chain direction show nearly 
constant values (Dp~250/~). Figure 5 also shows the 
crystal thicknesses l as derived from the X-ray long 
period, I=LX c. It is interesting to note that when 
crystallization is completed, at T~> 100°C, I is of the order 
of the lateral size of the crystallites Dr, in support of 
WultVs rule 22 (see Figure 6). Simultaneously, the crystal 
lattice contracts with decreasing temperature in this 
region (Figure 4a), exhibiting a thermal expansion 
coefficient ~ = 0 . 3 x  10 -3 K - t  similar to that found in 
other polymers like polyethylene 23. 

At T~65°C (onset of the Curie transition) the first 
ferroelectric crystals appear, showing remarkably smaller 
lateral dimensions than the paraelectric ones (Figures 4b 
and c). This finding indicates that the transition above T c 
involves the breakdown of paraelectric crystal blocks into 
smaller ferroelectric domains with dimensions D v of 
about 110/~. Evidence for the fragmentation of the 
paraelectric crystallites into smaller ferroelectric ones 
during cooling has been given previously by dark-field 
electron microscopy 24. From here on (T~  65-50°C), the 
increasing fraction of the new ferroelectric crystals 
develops at the expense of the population of paraelectric 
crystallites, which is linearly decreasing with T. Thus in 
this region (Figure 4c) the overall crystallinity remains 
nearly constant. From Fi.qure 3 it is evident that the 
para-ferroelectric phase transition is completed at To. 
The sudden dccrcase of the lattice spacing dp at T=  Tc 
shown in Figure 4a can be associated with a transition 
from the paraelectric disordered phase, close to that of 
thc melt, into a new non-ferroelectric structure (dsF), 
which resembles that of the PF3E homopolymer crystals. 
This transition parallels the simultaneous appearance of 
crystals having a new spacing dr and could explain the 
splitting of the Curie transition cndothermic peak into 
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Figure 5 Dependence of the average crystal size, 1= LX~ and size of 
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decreasing temperature 

two smaller ones as seen in Fi,qure 3. The average 
thickness of the crystalline lamcllae, I. containing both 
ferroelectric crystalline domains and low-temperature 
non-ferroelectric domains, derived from I ~- LX~. slightly 
d e c r e a s e s  wi th  t e m p e r a t u r e  at  T c ( F i g u r e  5).  
S i m u I t a n e o u sly, the coherently diffracting domains for 
the paraelectric phase normal to the chain axis arc 
transformed from De=250,~, into the new non-polar 
crystals having dimensions of about  150/~. The large 
decrease of the crystal dimcnsion Dp seems to be directly 
connected with the observed sudden increase of the 
thermal expansion cocfficient reaching a value of 
7=2.5  x 10 3K I (Fi,qure 4a). The increase in :~ is, in 
turn, related to the transformation of an increasing 
numbcr of gauche-type isomers tit the Curie transition 
into the energcticaily morc favoured trans conformations. 
A recent study of Raman spectra for VDF F3E 
copolymers with other molar contents indeed provides 
quantitative evidence for such ,qauche-trans conforma- 
tional changes with temperature 3. Figure 6h illustrates a 
model showing the newly formed smallcr crystal blocks, 
of the ferroelectric phase (white regions) embedded within 
the lamellae of thickness l and their coexistence with the 
non-fcrroclcctric domains. 

In the Iow-tcmpcraturc range (50--25 C) the crystal 
dimensions 1, Dxr and D~. show a slight parallel increase 
with temperature (k'i,qure 5). This incrcasc could bc 
related to a thickening effect of the crystals towards an 
equilibrium state as a result of an annealing behaviour 
of the material when stored at these low temperatures. 
The population of the prcdominant ncw ferroelectric 
crystals and the small fraction of  non-polar ones reaches 
an equilibrium in this temperature range (F'i,qure 4c). 
Here the coeflicient of thermal expansion of the 
non-ferroelectric phase is similar to that observed for the 
paraelectric phase in the high-temperature region 
(:~=0.4 x 10 -3 K--l)  (Figure 4a). 

It is known 25 that, in polymer crystals, the ratio of 
lateral crystal size to crystal thickness (/~ = D/I) exhibits 
values that lie between 1 and 2. However, the data of 
Figure 5 show for T < T  c apparently low /~ values of 
about 0.4. This result may be related to the fact that 
1 = LX~ does not represent a coherence length but it must 
rather be seen as a crystal dimension that comprises a 
stacking of alternating ferroelectric and non-ferroelectric 
crystal domains. To obtain a direct estimate of the 
coherently diffracting crystalline dimensions along the 
molecular direction, the X-ray diffraction profiles in the 
higher wide-angle scattering region (25 < 20 < 50 ~ ) were 
analysed as a function of temperature. Fiqure 7 shows 
the WAXD pattern exhibiting two maxima: a very broad 
maximum at a spacing d=2.16/~  and a fainter peak at 
d=2.53 ,&. The latter spacing corresponds to the well 
known (0 0 1) reflections of the ail-trans ferroelectric 
form. From the linewidth analysis, an approximate value 
of Doo I ~45 ,& can be derived. The ratio Dv,/Doo~ now 
yields a value of - 2 ,  which is in good agreement with 
Wulfl"s rule, indicating that the ferroclectric crystals in 
the low-temperature region are in an equilibrium state. 
The d=2.16/~  spacing could be associated with a 
polytrifluoroethylene reflection. This reflection was first 
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indexed by K o l d a  and Lando  20 as (00  3) and later 
Tash i ro  et al. ~ proposed  the (2 0 1, 1 1 l)  ass ignment .  
F r o m  the i inewidth analysis  a value of D ' - - 1 2 A  is 
ob ta ined .  Mos t  reveal ing is the fact that  with increasing 
t empera tu re  the (0 0 I) peak d i sappears  while the peak 
at d = 2.16 A prevails.  These results suggest that ,  whereas  
the ferroelectric t rans  crystals  are mol ten  above  
T , ,~  155:C, the coherent ly  diffract ing doma ins  that  
co r r e spond  to the d = 2.16 A spacing persist  in the mol ten  
phase.  One  may  suggest that  these diffracting lengths 
could co r re spond  to aggregates  of  t r i f luoroethylene shor t  
sequences having a mel t ing t empera tu re  at abou t  200~C, 
which coexist  with the non -po l a r  phase.  

C O N C L U S I O N S  

The s t ructura l  changes  observed dur ing  cool ing from the 
melt for the 60/40 copo lymer  can be summar ized  as 
follows: 

(a) In the h igh- tempera tu re  region the s tacks of  
iamel lar  crystals  yielding a long per iod L , , , 3 2 5  ,& are 
composed  of paraelec t r ic  b locks  of abou t  250 ,& in la teral  
d imens ions  (F igure  6a). 

(b) At the Curie  t empera tu re  the large paraelect r ic  
crystals  are g radua l ly  t ransformed into smal ler  ferro- 
electric domains  (D~ = l l0 ,~, Doo t = 4 5  ~) ,  which become 
stat is t ical ly mixed with the remain ing  non-ferroelectr ic  
zones.  

(c) In the low- tempera tu re  region most  of the mater ia l  
is t rans formed into the ferroelectr ic  phase (F igure  6c) 
a l though a small  fraction emerges as a non -po l a r  
s t ructure.  Accord ing  to this model  the X-ray long per iod 
below T c compr ises  the a l t e rna t ion  of crystal  b l o c k s - -  

consis t ing of r a n d o m  coexistence of po l a r  and  non -po l a r  
d o m a i n s - - s e p a r a t e d  by a m o r p h o u s  regions.  
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