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Abstract

The following study is the continuation of our previous work, which consisted in analysing the structural evolution of PVDF after different
thermomechanical treatments. In this second part, we will discuss the influence of these evolutions on the mechanical behaviour. This has
been determined by tensile drawing, creep or dynamic measurements.The observed changes in behaviour are strongly influenced by the
different processing routes. Therefore, the beta conformation appears only when stretching injection-moulded samples (IM) and is accom-
panied by an increase of rupture stress compared to yield stress, which is not the case for compressed samples (CM). The influence of
annealing on mechanical behaviour varies with annealing and measurement temperature. Thus, annealing at 80°C after standardisation
increases the Young’s modulus at 120°C and decreases it during drawing at 23°C compared to other annealing treatments. © 2001 Elsevier

Science Ltd. All rights reserved.
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1. Introduction

The mechanical behaviour of a polymer is closely linked
to its amorphous and crystalline phases and their interfacial
region. The main factor that controls its properties is the
chain conformation in the solid state, which depends
strongly on the crystallisation and therefore on the thermo-
mechanical history of the polymer [1]. In the case of PVDF
[2], slow cooling will allow the spherolites nucleated in the
first stages of cooling to grow rather than interacting with
other crystalline zones. This reduces the interfacial region
and increases the degree of order of the system, so Young’s
modulus and yield stress are higher than after quenching.
After the latter, there are more crystals but of small size, and
therefore the interfacial region is increased.

Several authors have studied the molecular mechanisms
that appear during the deformation of semi-crystalline poly-
mers [3—7]. The complexity of these deformation mechan-
isms is strongly related to the crystalline phase, which may
be deformed by a range of mechanisms, such as slipping,
twinning, or martensitic transformations. These are the
mechanisms proposed by Peterlin [3]. Molecular mechanisms
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studied during PVDF drawing indicates that necking
resembles melting-recrystallisation, the mechanism of plas-
tic deformation of a semi-crystalline polymer proposed by
Flory and Yoon [8].

Study of mechanical relaxation of PVDF indicates three
main relaxations [9]: y relaxation (around —80°C) is attri-
buted to local chain movement; 8 relaxation, or lower glass
transition, (around —32°C) is attributed to a large amplitude
motion of the main chain; and, finally, o relaxation, or
upper glass transition, (around 40°C) is attributed to motion
of molecular chains in folds at the lamellae surfaces [10,11].

We have discussed in the previous paper [12], the effects
of different thermomechanical treatments on PVDF struc-
ture. In this paper, we will discuss the influence of these
treatments and therefore of structural evolution on its
mechanical behaviour, with drawing, dynamic and creep
measurements.

2. Experimental

A full description of all materials used and their treat-
ments are given in the first part of this work [12].

PVDF samples, of type ISO 1B, were prepared by
injection moulding (IM) or cut from compression moulded
plates (CM).
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2.1. Tensile drawing measurements:

Samples were drawn in an Instron tensile tester. Two
displacement rates were chosen, 0.1 and 0.01 cm/min,
which correspond to deformation rates of 16e > and 16¢ ~*
s~' respectively. Measurements were taken at three
temperatures: 23, 40 and 120°C. Young’s modulus, yield
and fracture stress and strain were obtained from these
measurements.

2.2. Creep measurements:

Creep measurements were taken at 23 and 40°C for IM
samples. The creep stress depends on temperature; the stress
values were chosen in relation to the yield stress as deter-
mined by the tensile drawing measurements. Thus we have
chosen the values of 70, 80 and 90% of yield stress at a
displacement rate of 0.1 cm/min. Measurements were taken
by an extensometer connected to a data acquisition system.

2.3. Dynamic measurements:

The experimental procedure is given in the first part of
this work [12].

3. Experimental results
3.1. Effects of processing technique

Phenomena appearing during tensile drawing depend
strongly on the nature of the sample (injected or pressed)
and measurement temperature. For IM, deformation is
homogeneous at 23 or 40°C (Fig. 1), which is not the case
for CM; thus we observe localised deformation and the
appearance of necking which propagates along the sample
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Fig. 1. Tensile drawing curves at 23°C for IM (square) and CM (full line)
as-delivered samples; displacement rate = 0.01 cm/min.
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Fig. 2. Tensile drawing curves at 120°C for IM (A: square) and CM (B: full
line) as-delivered samples; displacement rate = 0.01 cm/min.

and is accompanied by material whitening. Note that during
tensile drawing at 120°C (Fig. 2), necking also appears for IM.

Tensile drawing measurement uncertainty is 1% in stress.
We obtain two kinds of curves as shown in Fig. 1. Major
differences appear after yield, thus we observe a stress
increase for IM (squares), whereas maximum stress is
reached at yield for CM (full line). Also IM reaches rupture
just after stress is maximised, while CM reaches a higher
fracture strain after necking. This necking appears also in
IM but only when drawn at 120°C (Fig. 2) and remains
lower compared to CM where maximal stress is reached
just before necking and not at yield.

To compare the effects of treatments on the tensile draw-
ing curves, we define several quantities in order to illustrate
the differences. For example, for IM linear deformation, we
took as reference the stress value for 10% strain and the
strain value for 30 MPa stress, respectively oy and €3
(Fig. 1).

In IMB (Injection moulded samples containing 3 con-
formation), necking is also observed (Fig. 3), even when
drawing at 23 or 40°C and rupture occurs at a higher
deformation than in IM.

On increasing the deformation rate, no qualitative
changes are observed but differences between samples are
enhanced. Other characteristic values were taken as the
maximum stress reached and the corresponding strain,
O cmax AN €] cnax, TEspectively, also the drawing stress for
CM, o ¢4 which corresponds also to the stress before rupture
at €cy.

Tables 1-5 summarize the characteristic values of the
tensile drawing curves IM and CM. The slope at the origin,
corresponding to the Young’s modulus, is the only feature
independent of the sample nature.

According to the tables, we note that the Young’s modulus
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Fig. 3. Tensile drawing curves at 23°C for IM (full line) and IMB (square)
samples annealed for 10 days at 80°C; displacement rate = 0.01 cm/min.

is slightly higher for pressed samples, as is the storage
modulus. This is more obvious at 40 and 120°C. But IM
samples reach a higher stress than CM ones. The maximum
stress for IM is reached before rupture on drawing at 23 or
40°C, and before necking, which precedes rupture when
drawing at 120°C. For CM, necking before rupture occurs
even when drawing at 23 or 40°C. In these latter cases,
maximum stress is reached in the yield range, while during
drawing at 120°C, it is reached just before necking.

In both cases, for IM and CM samples, deformation at
maximum stress increases with temperature.

Concerning extension, CM are more extensible than 1M,
thus rupture deformation exceeds 120% during the drawing
of CM at 120°C and only reaches 50% for IM.

3.2. Effects of standardisation annealing:
The aim of this treatment is to erase the sample’s thermo-

Table 1

All stresses and deformations are nominal, displacement rate = 0.01 cm/
min. I: Injected sample IM; E: Young’s modulus; €13: deformation for o
equal to 30 MPa; o7y: stress for € equal to 10%; drawing at 23°C

Table 2

All stresses and deformations are nominal, displacement rate = 0.01 cm/
min. I: Injected sample IM; E: Young’s modulus; €3: deformation for o
equal to 30 MPa; o7y stress for € equal to 10%; drawing at 40°C

Treatment EIM MPa €130 % g0 MPa O Imax MPa €max %
As-delivered 769 6.3 35 40.46 23.83
Standardised 703 6.6 35 40.3 24.25
+1 day 23°C 749 6.5 35 40.79 24.16
+10 days 23°C 769 6.4 355 40.55 255
+1 day 40°C 783 6 36.5 40.83 25.83
+10 days 40°C 782 5.8 36 40.79 25.08
+1 day 80°C 731 6.3 355 40.22 26
+10 days 80°C 756 5.8 35.8 40.51 23

mechanical history. Indeed when comparing two types of
samples, one having undergone annealing during 30 days at
40°C and the other not, we notice that even if their beha-
viour in drawing is different before standardisation, it
becomes identical afterwards (Fig. 4).

We will now compare the behaviour of the as-delivered
samples and those that have undergone a standardisation
annealing. This behaviour depends on sample type (IM or
CM) and measurement temperature. For tests carried out
at 23 and 40°C, the modifications are almost identical
(Fig. 4, Tables 1-4). Thus, we notice a decrease of Young’s

Table 3
All stresses and deformations are nominal, displacement rate = 0.01 cm/
min. C: Compressed sample CM; E: Young’s modulus; o cp,c: maximum
Stress; €cmax: deformation corresponding to o cpay, in case of IM, € =
rupture deformation; oc,: necking stress; €c,: rupture deformation; drawing
at 23°C

Treatment EcMPa  ocpx MPa  €cpax % 0cn MPa €, %
As-delivered 1046 42.43 11.16 32.74 59.83
Standardised 914 42.25 14.66 34.1 54.33
+1 day 23°C 1028 42.71 14 34.6 60.3
+10 days 23°C 1186 45.46 12 35.58 423
+1 day 40°C 1148 44.72 11.83

+10 days 40°C 1161 46.43 11.66 35.82 57.33
+1 day 80°C 1012 43.76 13.66 35.17 43
+10 days 80°C 1094 45.31 13.16 35.74 45.16
Table 4

All stresses and deformations are nominal, displacement rate = 0.01 cm/
min. C: Compressed sample CM; E: Young’s modulus; o cpax: maximum
stress; €cmax: deformation corresponding to o cpay, in case of IM, €ppx =
rupture deformation; o ¢,: necking stress; €c,: rupture deformation; drawing
at 23°C

Treatment E;MPa €p3y% opoMPa o MPa €ppa % Treatment EcMPa  ocpx MPa  €cpax % 0cy MPa €, %
As-delivered 1041 3.5 44 47.36 23.66 As-delivered 918 37.34 13.16 28.48 > 60
Standardised 918 4.6 43 48.85 24 Standardised 815 3541 14 28.57 > 45
+1 day 23°C 962 4.6 42 47.61 24.5 +1 day 23°C 904 36.78 14.16 29.09 > 50
+10 days 23°C 1030 4 44 48.55 24.3 +10 days 23°C 956 37.82 14 30.33 > 45
+1 day 40°C 1031 4 45 49.34 22.8 +1 day 40°C 1012 37.43 12.16 30.23 > 50
+10 days 40°C 1065 4 45 48.46 24.16 +10 days 40°C 1040 38.09 12.16 30.60 68.16
+1 day 80°C 931 44 44 48.35 24.16 +1 day 80°C 803 37.07 13.83 29.86 > 45
+10 days 80°C 886 44 44 49.88 25.66 +10 days 80°C 918 38.13 13.5 30.34 65.16
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Table 5

All stresses and deformations are nominal, displacement rate = 0.01 cm/min. C: Compressed sample CM, E: Young’s modulus; o ¢y, maximum stress;
€cmax: deformation corresponding to o cpax, in case of IM, €py.x = rupture deformation; o¢,: necking stress; €c: rupture deformation; drawing at 120°C

Treatment Ec MPa O cmax MPa €cmax % oc, MPa €c; %o
As-delivered 220 11.23 44 10 > 120
Standardised 280 11.06 37.66 10.09 > 120
+1 day 23°C 263 10.96 42.83 10.06 > 120
+10 days 23°C 257 11.22 38.5 10.28 > 120
+1 day 40°C 230 11.09 44 10.2 > 120
+10 days 40°C 264 11.08 41.83 10.06 > 120
+1 day 80°C 303 11.02 40.16 9.81 > 120
+10 days 80°C 331 10.98 37.33 10.05 > 120
Ey MPa T max MPa E1max %0 o, MPa € %
+10 days 80°C 230 16.61 28.33 14.9 38

modulus after standardisation, for IM as well as for CM
samples. Similarly, the yield stress decreases and the yield
strain increases whilst the stress before rupture increases,
leading to curves crossing. This trend is confirmed by creep
measurements (Fig. 5) when measuring the compliance,
which increases after standardisation at short times, and
decreases at long times and high deformations, also leading
to curves crossing.

When testing at 120°C, the observed changes are different
(Fig. 6, Table 5). We note rather an increase of Young’s
modulus after standardisation, as well as an increase of yield
stress and decrease of yield strain.

This is in agreement with measurements of the dynamic
storage modulus, which decreases in the region of the upper
glass transition (the case of 23 and 40°C measurement
temperature) and increases at high temperatures (the case
of 120°C).
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Fig. 4. Tensile drawing curves at 23°C for IM samples as-delivered (square)

and standardised (dash-dot-dot), annealed 30 days at 40°C (full line) and
standardised (triangle); displacement rate = 0.01 cm/min.

3.3. Effects of post-standardisation annealing

DMA measurements [12] show that these treatments do
not affect the storage modulus at low or high temperatures,
but only at room temperature, just below the upper glass
transition. We note an increase of storage modulus after
annealing at 23 and 40°C compared with that after stan-
dardisation or at 80°C both for IM and CM.

In drawing and creep measurements, annealing effects are
apparent as from the early stages of deformation. These vary
with measurement temperature.

The influence of annealing time depends on temperature.
This is more visible for IM in tensile tests at 23°C. Thus when
annealing at 40 or 80°C, saturation is reached after 1 day, so
€3 and oy are equal to those after 10 days annealing. This
not the case following annealing at 23°C. Furthermore we
observe that the tensile curve obtained after 1 day annealing
at 40°C is very close to that after 10 days at 23°C (Fig. 7).

En, Ex, Ey and Egy will be used to denote Young’s
modulus after standardisation, 23, 40 and 80°C annealing,
respectively.
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Fig. 5. Creep curves at 23°C of IM sample as-delivered (dash-dot), stan-
dardised (dash-dot-dot) and annealed 10 days at 40°C (full line); applied
stress = 32 MPa.
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Fig. 6. Tensile curves at 120°C of IM samples as-delivered (square) and
standardised (full line); displacement rate = 0.01 cm/min.

When measuring at 23 and 40°C, effects are sometimes
similar but more defined at 23°C (Fig. 8). Thus Ey is always
lower and E,; and Ej higher. But deformability is lower
after annealing at 23 and 40°C, as deformation at 30 MPa
stress is lower (Table 1). Also the yield stress increases after
these treatments as compared to standardisation. This is
especially observed for CM.

We notice the same evolution during the creep tests for
the compliance in the linear range (Fig. 5). The compliance
is higher after standardisation annealing and lower after
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Fig. 7. Tensile curves at 23°C of IM samples annealed 1 day (square),
10 days (full line) at 23°C and 1 day at 40°C (triangle); displacement
rate = 0.01 cm/min.
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Fig. 8. Tensile curves at 23°C of IM samples standardised (square),
annealed 10 days at 23 (full line), 40 (triangle) and at 80°C (dash-dot);
displacement rate = 0.01 cm/min.

annealing at 40°C, but they all converge in the field of
high deformation (non-linear).

For drawing at 120°C (Table 5), the observed effects are
different for CM. Thus, Eg, and Ey are higher than E»; and
E, and deformability decreases after standardisation or
annealing at 80°C.

4. Discussion
4.1. Processing

Injection moulding requires the control of more para-
meters than for compression moulding [13]. We can analyse
effects of those two techniques on processed material along
two scales:

1. on a small scale, IM are more homogeneous owing to a
stricter control of temperature, as well as orientation due
to applied shear in the screw and during injection into the
cold mould. This implies more perfect and more oriented
crystals in IM compared to CM, which undergo neither
shear nor quench.

2. on a large scale, IM are more heterogeneous [14] due to
temperature heterogeneity across the sample thickness.
Thus the surface, in contact with the mould, cools more
quickly than the sample core, so the crystalline size
varies according to its position across the thickness.
The CM samples are cooled to room temperature, with-
out contacting any cold surface, so temperature is more
homogeneous across the thickness compared to IM.

Also, the cooling rate is higher for IM than CM. This



7022 B.-E. El Mohajir, N. Heymans / Polymer 42 (2001) 7017-7023

influences considerably the crystalline size. We have then
a much larger number of small crystals in IM, compared
to CM.

This implies also, a larger a—c interface region content in
IM than in CM for an equal crystalline phase quantity. But
in the previous work [12], thermal and dynamic measure-
ments have demonstrated that there is more amorphous and
less crystalline phase in IM with respect to CM; this has
been explained due to incomplete crystallisation in IM as a
consequence of quenching in the mould. This additionally
explains the lower storage modulus for IM in all tempera-
ture ranges compared to CM. This is also shown for
Young’s modulus (Tables 1-5), which is higher for CM
in almost all cases.

The necking that appears in CM after yield is due to the
presence of more defects, and an easy localisation of defor-
mation, although the crystals are larger than in IM. However
in the latter case, they are more homogeneous and more
oriented, leading to more strain hardening, making strain
localisation more difficult. This eases reorganisation in
TTT (B) conformation from GTGT («), or from the a—c
interfacial region or even from the amorphous phase [12].

Concerning IMB samples, the 8 conformation is already
present, so little or no reorganisation takes place during
drawing, favouring deformation localisation and the appear-
ance of necking.

During drawing at 120°C, the material becomes more
fragile and chain mobility increases, even inside the crystal-
lites since they are able to crystallise at this temperature.
This induces necking even in IM, although less so than in
CM.

4.2. Standardisation annealing

This annealing effectively normalises all samples
produced by the same processing technique. A major part
of the thermomechanical history is recorded in the crystal-
line phase formed during processing at temperatures above
150°C, so IM and CM behaviour remains different even
after standardisation.

The increase of storage modulus after this annealing,
compared with the as-delivered samples, for IM in low
and high temperature ranges is mainly due to the increase
of crystallinity [12] which reinforces the material in this
temperature area. At low temperature, all phases have a
high modulus but the crystalline phase has the highest,
resulting in the increase of sample modulus with crystal-
linity. At high temperatures, the amorphous and a—c inter-
facial region are in equilibrium and therefore very mobile
and soft, only the crystalline phase remains compact and
rigid so that the modulus also increases with crystallinity.
We observe the same evolution during drawing at 120°C for
CM (Table 5); we have thus an increase of Young’s
modulus after standardisation annealing compared with
the as-delivered samples.

Atroom temperature, only the amorphous phase is soft. The

a—c interfacial region becomes rigid and its increase induces a
higher modulus whereas its absence decreases the storage
and Young’s modulus. This occurs after standardisation
annealing, when the interfacial region fraction decreases
or even disappears leading to a decrease of Young’s
modulus for all samples. This implies also an increase of
compliance at short times, and its decrease at long times due
to the increase in crystallinity.

4.3. Post-standardisation annealing

The effects of these treatments are particularly evident
during tests at 23°C. At this temperature, the effects of
annealing during the tests are the weakest, compared to
those during tests at 40 or 120°C, where changes operate
more rapidly.

When annealing at 23 and 40°C, the a—c interfacial region
forms at the expense of the amorphous phase [12]. The a—c
interfacial region quantity is higher after annealing at 23°C,
but more stable after that at 40°C, thus its transition
temperature is higher. Therefore the modulus is higher
during drawing at 23°C after annealing at 40°C, and the
compliance is lower. During annealing at 80°C, a—c inter-
facial region does not form because this temperature is
above Tgy and it does not have enough time to form when
cooling to 23°C. Thus this annealing does not differ much
from standardisation.

During drawing at 40°C, the effects of annealing at 23°C
are partly deleted. Thus Ey; is lower than Ej,.

When drawing at 120°C, the crystalline phase dominates
the behaviour. DSC results on CM showed that crystalline
quantity is influenced by cooling rate [12]. Thus we have a
higher quantity when annealing at 80°C or standardisation
than at 23 or 40°C, and therefore a higher Young’s modulus
after the first two treatments.

5. Conclusions

This work has demonstrated the influence of structure
on the mechanical behaviour of PVDF. Major differ-
ences are observed when using different processing
techniques. These differences remain in spite of final
annealing at temperatures below the melting temperature
of PVDF. Differences appear mainly after yield in tensile
drawing, because of the formation of the 8 conformation for
IM and not for CM, and the participation of the crystalline
phase in the materials behaviour depending on measurement
temperature.

Concerning the nature of these variations and their
kinetics, they evolve differently depending on the tempera-
ture position with respect to Tgy. Mechanical characteristics
depend thus on annealing and measurement temperatures.

Although differences due to processing cannot be erased
by the thermal treatments investigated in this work, an
improvement, particularly in long-term mechanical
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behaviour, can be obtained by the use of an appropriate
annealing treatment.
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