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Changes in structural and mechanical behaviour of PVDF with processing
and thermomechanical treatments. 1. Change in structure
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Abstract

The present work focuses on the effects of thermomechanical history on the structure and mechanical behaviour of PVDF. In the first part
of our investigation differential scanning calorimetry (DSC) and dynamic mechanical analysis (DMA) are used to follow the evolution of the
structure of PVDF after different annealing treatments or deformation. Processing has a significant impact on the quantities of the amorphous
and crystalline phases and their interphase. Subsequent annealing affects these phases in a different proportion. This influence depends on the
position of the annealing temperature in comparison with the upper glass transition temperature of PVDF. Deformation induces conforma-
tional change in the injection moulded samples. Thus, the a conformation is transformed to the 3 conformation. The (3 conformation also has
a noticeable influence on the mechanical behaviour of the material, which will be discussed in the second part of our study. © 2001 Elsevier

Science Ltd. All rights reserved.
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1. Introduction

PVDF has remarkable chemical, electrical and mechan-
ical properties [1,2]. The discovery of its piezo and pyro-
electrical properties had motivated most of the work on it
[3.4].

PVDF is a semi-crystalline polymer presenting a complex
structure with 4 possible conformations [5-7]. The o
(TG'TG™) conformation is the most common. The B
conformation, which is responsible for the piezo and the
pyro-electrical properties, has a TTT conformation. The +y
form has a GTTT conformation while & corresponds to the
polar form of a.

The conditions under which a specific conformation can
be obtained depend strongly on the processing, thermal or
mechanical treatments that the polymer undergoes. The o
conformation may be obtained after supercooling or a
quench [8]. The B conformation can be obtained by
stretching the polymer with a conformation. Several
authors investigated the optimal conditions for this
conversion [9-11].

Gregorio et al. [12] studied the position of the melting
temperature of each conformation. They find that the melt-

* Corresponding author. Tel.: +32-2-6502759; fax: +32-2-6502766.

ing of y conformation occurs at temperatures higher than the
a or 3 conformation. However, the melting temperatures
vary considerably with the conditions of polymerisation,
which influences the average molecular weight, and the
processing parameters, such as pressure, as observed by
Matsushige and al [13].

On melting, PVDF can therefore present several peaks
linked to the presence of several conformations, or crystal-
lites of different sizes [8,12].

In addition to melting, PVDF presents also several transi-
tions. The principal ones are the lower glass transition,
around (233 K), corresponding to the amorphous phase,
and the upper glass transition, corresponding to the amor-
phous-crystalline interphase (a—c interphase), between 303
and 333 K. Other transitions above 333 K might correspond
to pre-melting phenomena. Their appearance at high
temperatures depends on treatment or processing [14].

The aim of the first part of our work is to analyse the
structural transformations in PVDF after different thermo-
mechanical treatments. The second part will concern the
analysis of the evolution of its mechanical behaviour after
these treatments to determine the influence of the structural
transformation.

These treatments consist initially of the processing tech-
nique, then on annealing at various temperatures as well as
stretching samples in tension.
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Fig. 1. Dynamic measurements, loss tangent and storage modulus, of IM
(triangles) and CM (full line) as-delivered samples.

2. Experimental
2.1. Sample preparation

The samples, provided by Solvay NOH, are commercia-
lised as Solef. The o conformation alone is present.

Tensile samples, ISO 1B, are prepared by injection
moulding (IM) or by cutting out of pressed plates (CM).
Cross-sectional dimensions are approximately (2 X 9.94)
and (2.11 X 11.6) mm?, respectively. The length of the
gauge section is 60 mm.

A set of injection-moulded samples (IMB) is charac-
terised by a lower cross-section, which does not exceed
1.98 X 9.88 mm”.

The samples used for dynamic measurement are parallel-
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Fig. 2. DSC measurements of IM (sharp line) and CM (thick line) as-
delivered samples.

ipipedic, with a dimension of
36X 5% 1 mm’.

All treatments are preceded by a standardisation treat-
ment, i.e. by annealing at 423 K for approximately one
hour. At this annealing temperature most of the thermo-
mechanical history of samples is erased without altering
their shape. Annealing was then carried out at various
temperatures, chosen for their position in relation to the
upper glass transition: 296, 313 and 353 K. The annealing
duration is 1 or 10 days.

Samples were deformed at room temperature in an
Instron stretching machine. They were left for lhour at
room temperature after the treatment and were then
stretched at 0.1 or 0.01 cm/min until break. DSC samples
were taken from the stretched part near the break and in the
non-deformed part to determine the effect of stretching on
crystalline and amorphous phases and their interphase.

approximately

3. Measurements
3.1. Dynamic measurements

These measurements were taken during a temperature
sweep between 183 and 400 K at 1 Hz frequency in a
Metravib torsional pendulum, and at a heating rate of 1 K/
min. The samples were removed from the annealing oven,
placed in the pendulum and cooled to 183 K with liquid
nitrogen. They were then kept at this temperature for
approximately 30 min before taking the measurements.

The temperature position for the lower and upper glass
transitions and their amplitude were determined from the
storage modulus. In addition, we look at the loss tangent,
which by analysing the peak surface of the lower glass
transition, informs us about the amorphous phase quantity.

3.2. Calorimetric measurements

These were performed on a Perkin—Elmer DSC-2C.
Measurements were taken on samples of approximately
15 mg, cut perpendicularly to the surface. Other measure-
ments were taken on samples cut parallel to the surface to
detect the difference between the core and the skin of the
samples. The heating rate was 10 K/min. These measure-
ments allow the evolution of the crystalline phase quantity
and in a lesser proportion the evolution of the a—c inter-
phase, to be followed.

4. Experimental results
4.1. Effects of the processing technique

In the curve of the loss tangent Tgo (Fig. 1), the peak
corresponding to the lower glass transition, situated around

234 K, indicates that there is more amorphous phase in IM
than CM. We observe clearly that the area corresponding to
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Table 1

Melting temperature (7},,x) and heat of melting (H) for stretched and non-stretched treated samples

Tensile sample Injected (IM) Pressed (CM)

Fraction of sample — Non-deformed Deformed Non-deformed Deformed

Treatment | Tmax K H cal/g Tmax (K) H cal/g Tmax K H cal/g Tmax (K) H (cal/g)

As-Delivered 449.8 13.64 450.78 14.31 448.9 14.73 444.94 14.78
466.1° 0.18*

Standardised 450.39 14.69 446.24 14.56 449.81 15.4 447.76 15.33
465.36" 0.22°

+ 10 days 23°C 449.24 14.92 447.29 15.02 448.98 15.44 444.12 15.49
464.33* 0.21*

+ 10 days 40°C 447.85 13.72 446.25 14.8 449.23 15.82 449.5 15.84
464.68" 0.21°

+ 10 days 80°C 449.3 14.81 4473 15.2 448.78 16.14 449.03 16.13
464.43* 0.23°

* Correspond to temperature and heat melting of peak at 465 K (B conformation).

that peak is higher for IM. The peak temperature is similar
for all the different samples. However, the temperature of
the upper glass transition varies considerably with the
processing technique; this can be seen clearly on the storage
modulus curves but not from the DSC measurements. We
have thus a Tgy equal to ~323 and 318 K for CM and IM,
respectively. The DSC trace (Fig. 2) gives a temperature
of ~332K in the two cases, but with a larger transition
for CM.

Concerning the crystalline phase, the melting heat is
higher for the CM (Table 1). Their crystallinity is therefore
higher than for IM. Also, a multiple peak is present only for
IM melting (Fig. 2). We also notice for IMB, the appearance
of a small peak, above the main melting peak, at 465 K. This
peak is localised mainly at the surface of the IMB samples
as shown in (Fig. 2, insert). Indeed, the peak is absent in the
DSC trace of the sample core.
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Fig. 3. DSC measurements of IM as-delivered sample (circles) and after
standardisation (full line).

4.2. Effects of standardisation annealing

This annealing is carried out to delete the thermo-
mechanical history of the sample before any additional
treatment. A part of this history is recorded in the crystalline
phase, and can be deleted only by annealing at a temperature
above the melting temperature (~450 K).

However, the standardisation annealing modifies the
crystalline structure and erases the effects of all annealing
and ageing undertaken at lower temperatures. In the DSC
trace of IM shown in Fig. 3, we notice the appearance of a
shoulder just before the main melting peak, which becomes
narrower, as well as a wide tail before the shoulder. In the
case of the samples with completely different thermo-
mechanical history, their mechanical behaviour is similar
after this annealing [15]. A change in crystallinity is also
observed. Indeed, we notice an increase after standardisa-
tion compared to the as-delivered sample, thus the melting
heat increases from 13.6 to 14.7 cal/g for the IM. The
transition corresponding to the a—c interphase disappears
or weakens.

In the dynamic measurements (Fig. 4), a false peak
appears in the loss tangent curve with characteristics similar
to those of an annealing peak [16,17], in the area of the
upper glass transition. The false peak appears after cooling
and can be lessened by annealing in this range of
temperature. This affects the storage modulus curve and
makes therefore the observation of any transition in this
temperature range difficult.

In the lower glass transition, we distinguish clearly an
increase in the area of the loss tangent peak after standardi-
sation (Fig. 4), indicating an increase of the amorphous
phase quantity.

4.3. Effects of post-standardisation thermal treatments

As mentioned previously, this treatment consists in
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Fig. 4. Dynamic measurements, loss tangent and storage modulus, of IM
as-delivered sample (triangles) and after standardisation (full line).

annealing during 1 or 10 days at a temperature of 296, 313
and 353 K.

Annealing at 296 and 313 K has similar effects. Their
corresponding dynamic measurements (Fig. 5) show a
larger decrease of the amorphous phase than after annealing
at 353 K. The latter is similar to standardisation in its
effects.

Also, after annealing at 296 and 313 K, more a—c inter-
phase, which was invisible after standardisation, reappears.
This is shown by the transition in the real modulus curve
around 325 K. Furthermore, the upper glass transition
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Fig. 5. Dynamic measurements, loss tangent and storage modulus, of IM
sample standardised (square) and annealed 1 day at, 353 K (dash-dot-dot),
313 K (triangles) and at 296 K (full line).
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Fig. 6. DSC measurements of IM standardised samples annealed for 1 day
at 313 K (full line) and 353 K (circles).

temperature Tgy is higher after annealing at 353 K, but
the amplitude is larger after annealing at 296 K. The rate
of change of the properties is greater if the treatment
temperature is higher. Thus, saturation is reached sooner
at 353 than at 296 K. More details will be given on these
results in our paper concerning the effects on the mechani-
cal properties [15]. The DSC measurements confirm the
dynamic results. Indeed, an upper glass transition appears
after annealing at 296 and 313 K, as well as their difference
in the temperature position (Fig. 6). After annealing at
296 K, the Tgy is equal to 312 K, while equal to 335 K
after annealing at 313 K.

Concerning crystallinity (Table 1), no evolution for IM
with annealing is observed. For CM samples, the crystal-
linity is higher after annealing at 353, followed by 313, then
by 296 K and last by the standardisation annealing.

4.4. Stretching effects:

The comparison of the samples cut from the region close
to the break with non-deformed samples allows us to
observe the effects of plastic deformation on the structure
of the polymer. These effects are different for IM and
CM samples. We observe for IM samples that the defor-
mation is homogeneous and accompanied by a slight
increase in the quantity of the crystalline phase
(Table 1). We also observe the appearance of a new melting
peak around 465 K (Fig. 7), above the ordinary melting
peak of a conformation. This peak is attributed to the 3
conformation.

For CM samples, no increase in crystallinity is seen, nor
appearance of any new peak. However, we observe a neck
propagating along the sample before rupture. Necking is
also observed in IMB samples.



B.-E. El Mohajir, N. Heymans / Polymer 42 (2001) 5661-5667 5665

28

26

ENDO>

24 1

Heat flow (mW)

22 —

>,

i

440 460 480

20 T -
340 360 380 400 420

TK

Fig. 7. DSC measurements of IM standardised samples non-stretched
(circles) and stretched at room temperature (full line).

5. Discussion

The influence of the processing technique on the phase
quantities in the polymer is obvious. Injection moulding
enables the appearance of more amorphous phase while
compression moulding leads to more crystalline phase.
This is due to the differences in the principle of the
two techniques. During injection moulding, the sample
is cooled rapidly in the mould, which leads to incomplete
crystallisation with formation of small size crystallites,
and thus to more amorphous phase. In contrast, pressed
samples are cooled more slowly from the melt towards
room temperature, allowing more crystallisation and
formation of larger crystals.

The a—c interphase depends on the crystalline phase area;
smaller crystals having greater area lead to more interphase;
that should be the case for IM samples. However, as
crystallinity is lower in IM compared to CM samples,
more interphase is obtained for CM. The dynamic measure-
ments show this behaviour better, as its equivalent heating
rate is 10 times smaller than DSC.

The form of the melting peak of IM samples is more
complex than CM samples. We should keep in mind that
the DSC samples are cut perpendicularly to the surface so
different crystalline sizes are present in IM samples [11].
Thus the sample surface cools more rapidly and is submitted
to higher shear stresses during injection than the sample
core. Therefore, the crystallite size varies from the surface
to the core, and so does the melting peak temperature. For
the CM samples, no shearing exists and there is no contact
with a cold surface, which decreases the effects of tempera-
ture heterogeneity in comparison with IM samples.

The crystalline structure of the polymer depends strongly on
the conditions under which it is formed. A high or moderate
cooling rate generally produces the o conformation [12].

The latter can be transformed to the 3 conformation by
stretching. This conversion is strongly influenced by the
stretching temperature; a maximum is obtained with a
temperature around 353 K [9,10]. The B conformation is
also observed in samples injection moulded at higher
injection rates; as a result, a melting peak appears in the
DSC trace around 456 K [11]. Gregorio et al. [12], when
isolating each of the two conformations observed that the
melting temperature for both of them coincides around
440 K, with a broader melting peak for the 3 conformation.
However, the melting peak of the vy conformation is
also situated around 456 K [12]. Therefore, the melting
temperature varies considerably with the conditions of
polymerisation, which control the average molecular weight
and the processing parameters such as pressure. Matsushige
et al. [13]studied the effects of pressure on PVDF crystal-
lisation. They observed an increase with pressure of the
melting temperature of the a conformation, which is trans-
formed to the B conforation at high pressure. The melting
temperature of the o conformation is around 449 K if
crystallisation occurs under atmospheric pressure, but can
reach 573 K if the pressure exceeds 390 MPa. For the 3
conformation, the melting temperature varies between 463
and 573 K for the same pressure range.

For the IMB samples, the peak situated at 465 K linked to
the 3 conformation can be due to a higher injection rate or to
higher pressure. In addition, the lower thickness of those
samples induces an imperfect contact with the mould
surface. The sample skin is thus maintained under constraint
at high temperature for longer leading to the conversion of
the o conformation to 8 as indicated on Fig. 8a,b illustrates
the case of y conversion and absence of those conversion
mechanism in our study which reinforce the hypothesis that
the peak at 463 K correspond to 3 conformation.

The standardisation annealing temperature (423 K) is
clearly above the Tgp (~233 K) and Tgy (~327 K). At
this temperature, the amorphous phase and the a-—c
interphase are in equilibrium, and any effects of annealing
at lower temperature are suppressed. However, those occur-
ring at higher temperature, such as processing, remain. The
crystalline quantity in CM samples is thus maintained higher
compared to IM samples even after standardisation (Table 1).
Therefore, only samples obtained by the same processing
technique are in the same state after standardisation.

At 423 K, the polymer is still able to crystallise, that
explains the appearance of the shoulder before the melting
peak. Indeed, narrowing of the melting peak (Fig. 3) implies
recrystallisation of imperfect crystallites. The partial crys-
tallisation of the a—c interphase increases the crystalline
fraction (Table 1) and suppresses the interphase transition
in the DSC trace.

The amorphous phase fraction also increases at the
expense of the a—c interphase (Fig. 4). After the standardi-
sation annealing, the sample is cooled to annealing tempera-
ture 296, 313 and 353 K with different cooling rates. The
latter process has more pronounced impact on the CM
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Fig. 8. Transitions from different conformations of PVDF to (3 and y conformations [5].

crystallinity (Table 1). The increased crystallinity in 353 K
annealed samples corresponds to a lower cooling rate prior
to annealing. In contrast, lower crystallinity is obtained in
samples annealed at 296 K due to the high cooling rate, as
well as after the standardisation because samples are cooled
to room temperature before the DSC trace is taken.

For the 296 and 313 K annealing, we note a weak decrease
of the amorphous quantity and reappearance of a—c interphase.
This suggests that the latter forms at the expense of the first,
insofar as these annealing temperatures are below Tgy. The
353 K annealing does not enable the appearance of the inter-
phase, as the temperature is above Tgy (Fig. 6).

The increase of crystallinity after IM stretching at room
temperature results mainly from the appearance of the
conformation, which implies higher orientation of the
crystalline phase. However, it remains low in quantity due
to the stretching temperature and at the same time to the
thickness of the sample. The formation of the 8 conforma-
tion is optimal in the thin films with stretching temperature
around 353 K [10]. Fig. 8a indicates the different routes
which allows generation of the 3 conformation from the
melt or from other PVDF conformations.

6. Conclusions and perspectives

DSC and dynamic measurements allow us the observa-

tion and the study of the effects of thermomechanical history
on PVDF structure. The processing technique influences the
structure on all scales, from crystalline to the amorphous
phase as well as through their interphase. Indeed, we
observe higher crystallinity in CM than IM due to the low
cooling rate and to the absence of shear. The impact of
subsequent annealing depends on the position of the anneal-
ing temperature in comparison to Tgy. A temperature below
Tgy affects the interphase more, while a higher temperature
affects the crystalline phase. The stretching effect is also
significant. We clearly see the development of the 3
conformation from the o conformation for the IM. Changes
in crystallinity of CM samples annealed at 353 K or below
are attributed to differences in cooling rate prior to
annealing rather than to the annealing treatment itself.
We will show in the second part of our work the influence
of all these structural changes on the mechanical behaviour
of PVDF.
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