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1 | INTRODUCTION

In recent years, fluorinated polymers have attracted growing
interest due to their versatility and their unique combination
class of polymers,
poly(vinylidene fluoride) (PVDF) and VDF-based copolymers

of properties.) Among this
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Abstract

Gelation kinetics and rheological properties of poly(vinylidene fluoride-co-hex-
afluoropropylene) [P(VDF-co-HFP)] solutions in methyl-ethyl-ketone and in
2-heptanone are investigated. Small-angle X-ray scattering measurements indi-
cate that the systems undergo phase separation by a nucleation process. For
concentrations between 6 and 10 wt% of copolymer, strain-hardening appears
when gels are sheared in the nonlinear regime, around 50% of deformation. At
some critical shear amplitude, the rheological response changes abruptly, but
reversibly, from hyperelastic towards viscous liquid. This indicates that the sys-
tem undergo fracture or shear banding, in bulk or at walls. In other words the
continuous network formed by the elastic, polymer-rich phase is locally bro-
ken under high amplitude oscillatory shear, thus breaking down the overall
elastic response of the material. More interestingly, when the strain amplitude
is progressively decreased back to zero, the initial nonlinear viscoelastic behav-
ior is quantitatively recovered. In addition, when the strain is removed, the
solution turns back to gel state very fast as compared with thermal gelation
kinetics. These observations indicate that the initial structure can heal within
a short time. It is proposed that strain-hardening depends on the intrinsic
hyperelastic behavior of the polymer-rich phase, which should have a high
density of effective crosslinks and/or entanglements.

KEYWORDS
gelation, LAOS, PVDF

such as P(VDF-co-hexafluoropropylene) [P(VDF-co-HFP)]
are emerging (co)polymers because of their high dielectric
constant and their piezoelectric and pyroelectric
properties.* ® Depending on the architecture of the copoly-
mer, and specifically on the HFP comonomer molar fraction,
these copolymers can be semicrystalline to amorphous and
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they can behave as thermoplastics or elastomers." PVDF
and related semicrystalline copolymers show a complex
semicrystalline structure and a rich polymorphism.
They are known to exist in up to five different crystal
structures that have been widely studied by X-ray dif-
fraction in the bulk state.””® The predominant crystal-
line phase is the apolar @ polymorph (also denoted form
IT), generally obtained under melt crystallization. How-
ever, the polar § phase (or form I) attracts technological
interest as it accounts for the piezoelectric and pyroelec-
tric properties of the polymer.”*°

It has been found that PVDF and VDF-based copoly-
mers form thermoreversible gels in certain solvents, the
morphologies of which strongly depend on the exact nature
of the solvent."' """ It is generally agreed that thermorever-
sible gelation is the result of the formation of a three-
dimensional network in which the junction points consist
in physical bonds."®'® Depending on the studied system,
these physical bonds may result from hydrogen bonds,
crystalline zones or liquid-liquid phase separation.*

Physical gels can be compared with chemically cross-
linked systems, except that the junction points of the net-
work are not chemical bonds.'® The gelation process has
been widely investigated on PVC, polyvinyl alcohol or
acrylonitrile-vinyl acetate gels.”! However, the nature of
the junction points in the network has often been a sub-
ject of controversy. Indeed the nature and structure of
these physical junction points are complex and depend
on the considered system, so that they need to be further
clarified. Crystallization and phase-separation appear to
be the most recognized gelation mechanisms in polymer
solutions. Paul suggested that gelation may be due to
phase separation into polymer-rich and polymer-poor
regions.”® A classical model considers that gelation may
occur due to hydrogen-bonding association of polymer
chains.*” Junction points may be small polymer crystal-
lites interconnected by long chains. This last hypothesis
was supported by thermodynamics of gel melting and
crystallographic studies on the crystallites. As the crystal-
line regions are supposed to be small and constituted
from only a small fraction of the total polymer, it seems
difficult to clearly identify the rigid zones to crystallites
in an unambiguous way.*

The gelation by crystallization mechanisms has been
widely reported in the literature and may occur with
highly crystallizable polymers such as polyethylene as
well as with PVDF."" This mechanism depends on the
experimental conditions. For example in the case of
PVDF gels, the solvent nature influences the morphology
of the polymer network. PVDF—acetophenone gels have
been reported to have a spheroidal morphology while
PVDF—glyceryl tributyrate gels would have fibrillar mor-
phology.'*'> Moreover, by changing the solvent, different

conformations of the crystallites can be obtained: a-type
crystals are obtained in PVDF—cyclohexanone gels and
p-type crystals in PVDF—y-butyrolactone gels. Tempera-
ture also influences the morphology of the gels.

In addition to gelation through the formation of crystal-
lites or hydrogen-bonding interactions, a third mechanism
associated to liquid-liquid phase separation (or spinodal
decomposition) was proposed by some authors.’>**** They
suggested that gelation is induced by separation of the sys-
tem into polymer-rich and polymer-poor phases. Gels do
not have a definite supramolecular structure and their
structure depends on the gelation process. Studies on poly-
acrylonitrile (PAN), polyvinylalcohol (PVA), and gelatin
solutions show that the mechanism of gelation through
molecular aggregation or crystallization is not consistent in
some cases. X-ray diffraction on PAN, PVA, and gelatin
solutions and gels show that gelation occurs without change
in light or X-ray scattering: thus, this gelation does not
come from crystallization of hydrogen-bonds. Due to the
optical heterogeneities of these samples, it was suggested
that gelation could also occur via liquid-liquid phase sepa-
ration. A molecular mechanism was therefore proposed. As
the polymer solution is thermodynamically unstable at the
gelation temperature, compact aggregates are formed and
then connect to form a heterogeneous gel system.>

Gelation of polymer solutions involves a connectivity
phase transition which causes the viscosity to diverge at
the gel point. Since binary phase separation is driven by a
diffusive process it is very likely that the onset of gelation
would drastically slow down the kinetics of the phase
separation process.

Liquid-liquid phase separation can sometimes occur
in addition to or concomitantly with liquid-solid transi-
tion (crystallization), and the gelation mechanisms
become more complex. This mechanism was investigated
on PVDF gels in y-butyrolactone by Cho et al.>> They pro-
posed that gelation in this solvent is a two-step process
involving liquid-liquid phase separation followed by
crystallization, though liquid-liquid phase separation
alone may be responsible for gelation. Indeed, by per-
forming DSC, SEM, and X-ray diffraction measurements
on (dried) gels, they showed that, depending on the poly-
mer concentration, different crystalline forms exist in the
gel: form I for high concentrations of PVDF and forms I
and II for low concentrations of polymer. They indicate
that the gelation mechanism at high polymer concentra-
tion is due to the formation of crystalline zones. Con-
versely, at low concentrations, the solutions turn to gels
in two steps with, first, liquid-liquid phase separation,
followed by crystallization. Gelation may thus be caused
only by the formation of polymer-rich zones and the
overlapping of polymer chains in this phase, and crystal-
lization may not be necessary to form a gel in that case.
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Gelation of semicrystalline polymers is thus a com-
plex phenomenon. The nature of the gel depends on the
chain structure and molecular weight of the polymer,
and also on the nature of the solvent.

The accepted definition of a gel is usually based on a
rheological approach, defining a gel as a network which
possesses an elastic modulus in oscillatory measurements
extrapolated to zero frequency or at infinite time in relax-
ation experiments. The gel point may also be defined as
the crossover of the shear storage (G) and loss (G') mod-
uli in small-angle oscillatory shear measurements during
a crosslinking reaction.?® Another condition to define the
gel state is the independence of the loss factor tané with
the frequency.”” These three methods are widely used to
characterize the gelation time of polymer solutions. In
addition numerous structural, thermal, mechanical ana-
lyses were performed on gels.

For PVDF in y-butyrolactone, liquid-liquid phase sep-
aration has been considered as the cause of the gela-
tion.”>?%73% Investigations of PVDF gels formed in other
solvents (aromatic diesters, acetophenone, ethyl benzo-
ate, glyceryl tributyrate) have shown that crystallization
may be responsible for the PVDF gelation.'>'>'®3! These
studies have also highlighted that the morphology of the
PVDF gels strongly depends on the nature of the sol-
vent.'* Ohkura et al. expressed the gelation rate, defined
as the inverse of the gelation time £, measured by a tube
tilting method, as the product of a concentration-
dependent factor f{C) and a temperature-dependent fac-
tor g(T).*

The relationship between gelation and phase separa-
tion was studied.**** Specifically, the respective roles of
phase separation and crystallization were discussed. The
differences observed depending on whether phase separa-
tion occurs in the nucleation or spinodal decomposition
regimes were also discussed. Thus, the gelation of semi-
crystalline polymers is a complex phenomenon and the
nature of the gel depends on the polymer chain structure
and molecular weight as well as on the nature of the sol-
vent, or more precisely on polymer-solvent interactions.

Kinetic studies of the gelation process have been per-
formed in methyl-ethyl-ketone (MEK) and in others sol-
vents to understand the gelation mechanism both from a
macroscopic and a microscopic point of view.'* >

However, the structure, morphology and thermal
behavior of these gels have mostly been studied in the
dried state, considering that the morphology of the dried
material is representative of the structure of the gel in the
presence of solvent.'**¢

In this article, we combine structural and dynamical
investigation in order to elucidate the respective impacts
of temperature and of large amplitude shearing on the
structure and dynamical response of thermoreversible

gels of a P(VDF-co-HFP) copolymer in MEK and in
2-heptanone. Indeed, there may be a specific interest in
studying PVDF solutions in such a solvent as heptanone,
which has a high boiling temperature. In a previous
work, the kinetics of gelation was investigated by tube
tilting and rheology, while a combination ot small-angle
and wide-angle X-ray scattering (SAXS and WAXS)
experiments were performed on the gels in the presence
of solvent to probe the gelation mechanism and the struc-
ture of these systems.36 In this article, we first show that
gelation corresponds to the appearance of a nanometer
structure. Some features of this structure are discussed in
a semiquantitative way, based on SAXS. However, the
emphasis is put here on the study of the response to these
gels to large amplitude strain, which has not been
reported yet. We analyze the nonlinear response of the
gels to large amplitude oscillatory shear (LAOS) in
details. We show that the gels exhibit self-healing behav-
ior after breaking. Such dynamical mechanical experi-
ments give pieces of information which are
complementary to structural investigations.

2 | EXPERIMENTS

2.1 | Samples

The poly(VDF-co-HFP) copolymer considered in this
work (Figure 1) was provided by Solvay (Solef® 21510). It
is a linear random copolymer of vinylidene fluoride
(VDF) and hexafluoropropylene (HFP) with a molar con-
tent of HFP below 20% and a molar mass in the range
M,, ~ 150-160 kg/mol and M,, ~ 290-300 kg/mol. MEK
has a boiling point temperature of 79 °C under 1 atm
pressure. 2-heptanone (Sigma Aldrich, France) has a boil-
ing point at 150 °C under 1 atm pressure. Both solvents
were bought from Sigma Aldrich (France) and were used
as received. Solutions of P(VDF-co-HFP) at different con-
centrations were prepared by dissolving appropriate
amounts of the copolymer in the solvent at 80 °C and
stirring with a magnetic bar at 500 rpm for 2 h in order
to obtain homogeneous solutions. All solution prepara-
tions in MEK were performed under reflux to prevent sol-
vent evaporation. The weight fraction of copolymer in

AN
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FIGURE 1 Chemical structure of P(VDF-co-HFP).Y stands
below 20 mol%. Note that VDF and HFP comonomers are
randomly distributed along the chain
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the solutions will be denoted ®p. The solutions were
cooled down to room temperature in sealed vials and
were then placed in an oil bath at a given temperature
until the gel state was reached.

Gelation times were first measured by the tube tilt-
ing method. Sealed tubes containing the solutions
(diameter 12 mm) at various concentrations are tilted
and the gelation time is determined when no macro-
scopic flow is observed. In the given experimental con-
ditions this method gives repeatable results. However,
the determined gelation time depends on the size or
shape of the sample tube, as gelation is determined in
the nonlinear regime with this method. Actually, the
apparent gel point is observed when the yield stress
value of the gel exceeds the gravitational stress applied
to the sample. Gelation times shown in Section 5 have
been determined by linear rheology. While the trends
are qualitatively similar, there is a consistent discrep-
ancy by a factor of about 4-5 between each determina-
tion of the gelation time.

2.2 | Small-angle X-ray scattering

SAXS measurements were performed at the SWAXS labo-
ratory (IRAMIS, Saclay, France) equipped with a two-
dimensional detector. The acquisition time was 15 min.
The q range extends from 10~ to 0.5 A~'. Samples were
placed in a closed cell in between two thin Kapton win-
dows. The sample thickness was 1 mm. The electron den-
sity pﬁp) [expressed as number of electrons, or electron
units (e.u.), per mm?>] of P(VDF-co-HFP) was estimated
as an average over the electron densities of each segment,
assuming a fraction of HFP of 20mol% and a value for
the copolymer density p ~1.78 g/cm>. This estimate gives
pP) =519 x 102 e.u./mm?>. The electron density of MEK
(p = 0.805g/cm?) is p{ =2.683 x 10° e.uw./mm>. For
2-heptanone (p = 0.82g/cm?), it is ) =2.762 x 107 e.
u./mm’. These values give differences in electron density
Ap,=pF) —p ~2.4 to 2.48 x 10°° e.u./mm’>. The elec-
tron coherent cross-section (Thompson scattering) shall
be denoted * = 7.9 x 10" 2® mm?*.

2.3 | Large amplitude oscillatory shear

Small amplitude and Large Amplitude Oscillatory Shear
(LAOS) experiments were performed at Laboratory of the
Future (Bordeaux, France) on a Kinexus rheometer
(Anton Paar) with a cone-plate geometry (CP4/40: angle
4 and diameter of 40 mm) and an enclosure containing a
ring shaped solvent reservoir near the sample to prevent
evaporation of the solvent. Samples were introduced in

the liquid state on the lower plate preheated at 75 and
cooled down to the desired temperature at a heating rate
of about 60 °C/min.

Small amplitude measurements were performed to
determine the gelation times and gel melting tempera-
tures of the samples. The temperature was set in the
range 25-75 °C. The frequency was set at 1 Hz and the
target shear strain at 0.1%, after performing a strain
amplitude sweep to properly determine the linear regime.
From these experiments the storage G and loss G shear
moduli were recorded as a function of time and
temperature.

To further assess the elastic response of the gel sam-
ples, oscillatory frequency sweeps were performed over
the frequency range 0.1-10 Hz at 25 and 75 °C with a
fixed shear strain amplitude 0.1%.

3 | RESULTS

3.1 | Thermal gelation

The evolution of the complex shear modulus (G,G)asa
function of time over a period of 1 h at T = 25 °C for the
P(VDF-co-HFP) solution in 2-heptanone with ®p = 10 wt
% is shown in Figure 2. Starting from the liquid state at
time ¢t = 0, with G’ much higher than G (in fact G is
hardly measurable in the chosen cone-plate configura-
tion), the complex modulus evolves drastically as a func-
tion of time, with G increasing considerably to reach
values well above G”, which indicates that the sample has
changed from a liquid state to an elastic state. Note that
the system still continue to evolve over a long time scale.

S 10
o -1
©» 10 —
-2 - o — n
10 e G
10° -
T T T T T T T
0 500 1000 1500 2000 2500 3000
Time (s)
FIGURE 2 The storage (G, blue curve) and loss (G, green

curve) linear moduli as a function of time during the gelation of
P(VDF-co-HFP) solution in 2-heptanone with ®» = 10 wt% at
25 °C, at a frequency 1 Hz and strain amplitude 0.1%
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The complex modulus still increases slowly in an appar-
ent logarithmic way.

Gelation is further assessed by measuring the variation
of the modulus as a function of the frequency in the gel
state, after 1 h delay. As shown in Figure 3, G is indepen-
dent of the frequency within the investigated frequency
range. This indicates that the system possess some perma-
nent elastic response in the time range corresponding to
the measured frequency window. Figure 3 also shows that
at 100 °C, that is, above the gelation temperature, the com-
plex modulus depends on the frequency, with qualitative

4
10 ~
103 | » » - . . - . - *~—e L
107 1" R . L
E gy
= 10" -
5 10 p
£ <
S 4o - 7 L
V]
1
10 —e- G'at25°C
& G'at 100°C
107 -m- G'at25C -
-5 G"at100°C
4 56789
0.1 1 f (Hz)
FIGURE 3 The storage G (blue circles) and loss G’ (green

squares) linear moduli as a function of frequency in the gel state
(after 1 h time sweep), for P(VDF-co-HFP) solution in 2-heptanone
with ®p = 10 wt% at 25 °C, at a strain amplitude 0.1%. Full
symbols: T = 25 °C (below the gelation temperature); hollow
symbols T = 100 °C (above gelation temperature)

2i -
0.1+ =
e 4 -
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— o |
A 3 L
[
o
2i ~
0.01+ L
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FIGURE 4 The gelation rate tgefl as a function of the

copolymer concentration ®p at 25 °C in 2-heptanone

variations corresponding roughly to G ~ f* and G ~ £
which corresponds to the behavior of a viscous liquid.

The gelation time fy, Or equivalently the gelation rate
1/tge1, may be conveniently defined as the time when G
and G curves cross. The gelation rate at T = 25  is plot-
ted as a function of the copolymer concentration for the
solutions in 2-heptanone in Figure 4. Figure 4 shows that
the gelation rate (or equivalently gelation time) strongly
depends on the copolymer concentration. It varies
between about 80 min and about 4 min as the concentra-
tion changes from 6% to 10%.

The behavior of the solutions of poly(VDF-co-HFP)
copolymer in MEK is qualitatively similar, but drastically
different in terms of gelation time in the same concentra-
tion range. Gelation is typically three orders of magni-
tude slower in MEK than in 2-heptanone. Besides, a
copolymer solution in MEK does not gelify within a mea-
surable time scale at room temperature below about 15%,
while in heptanone this threshold seems to be lower
than 2%.

3.2 | Large-scale structure: Small-angle
X-ray scattering

As the electron density of the fluorinated copolymer and
those of the solvents are significantly different (electron
density differences Ap, :pﬁp) —p§5> of about 2.4 to
2.48 x 10*° e.u./mm°), there is a strong contrast between
the copolymer and the solvent, and SAXS is an appropri-
ate technique to obtain pieces of information on the
structure of the system, namely, concentration heteroge-
neities at various scales, specifically in the gel state, in
the same way as when neutron scattering is used with
deuterated polymers in solution.®’

Due to the overall long gelation time scales and high
concentration thresholds for gelation, we first show scat-
tering results from copolymer solutions in MEK, as this
allows easy comparison between liquid solutions and
gels. The scattered intensities measured for P(VDF-co-
HFP)-MEK solutions at different concentrations are
shown in Figure 5. In liquid solutions below the sol-gel
transition [4 and 13 wt% of P(VDF-co-HFP)] the scatter-
ing is typical of a single-phase polymer-solvent mixture,
with small concentration fluctuations. The scattering
intensity starts increasing at very small angle in the sys-
tem with 15 wt% of P(VDF-co-HFP), which is very close
to the gel point. This indicates the presence of weak,
large-scale heterogeneities in the system. Above the sol-
gel transition (gel corresponding to 20 and 26 wt% of
P(VDF-co-HFP) in Figure 5), the scattering patterns
change and qualitatively new features appear. Below a
critical g. value of about 0.1 A™' typically, large
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additional scattering appears, while above g, the shape of
the scattering does not change significantly. No correla-
tion peak with a maximum at a finite g value is observed.
The scattering intensity at low g values (below q.)
increases as the polymer concentration increases, while
keeping essentially the same shape. This scattering shape
is typical of polymer-polymer or polymer-solvent phase
separated systems with sharp interfaces, with a q*
power law in the approximate range 0.05 < q < 0.1 A~
Such type of scattering has been observed in neutron
scattering experiments on phase separating polymer
blends.>®*° More precisely, the fact that the scattering
appears below a well-defined value g. may indicate that
phase separation occurs in the nucleation regime rather
than in the spinodal regime. In the nucleation regime,
there is a critical size r, below which a nucleated droplet
of the phase will vanish, while above r, it will grow. Thus
all phase-separated domains which grow as the system
undergoes phase separation are larger than r., which
gives a scattering only at g values smaller than q. ~ 2z/r..
Based on the observed g, value, the estimated r. should
be of order 6 nm.

However, this typical scale 7. ~ 6 nm probed by SAXS
here is about 10 times smaller than that observed in phase
separating polymer blends.***° It is also much smaller
than typical scales associated to phase separation in poly-
mer solutions and other soft systems, often occurring in
the spinodal regime, which are of order a few pm up to
tens of um.*" Note also that the gels remain fully transpar-
ent. Therefore, the observed scattering should be

l 1 1 lllllll 1 1

—A— sol 13% PVDF
—- sol 15% PVDF

® Gel 20% PVDF
—- Gel 26% PVDF
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FIGURE 5 Normalized SAXS profiles for P(VDF-co-HFP)—MEK

systems with different fractions of P(VDF-co-HFP): Light blue:

®p = 4 Wt%; blue: ®p = 13 wt%; brown: ®p = 15 wt%; red: ®p = 20 wt
%; violet: ®p = 26 wt%. The systems with ®p = 20 and 26 wt% are in
the gel state. The blue and red curves are fits with Equation (1)

associated to some local structure at the nanometer scale
formed by the copolymer as the very early stage of phase
separation. This local structure, be it related to self-
assembly of the copolymer and/or to crystallization, shall
then play the role of network junctions and prevent fur-
ther evolution of the minority polymer-rich phase into iso-
lated droplets, preserving a three-dimensional network.

Below q., the scattering may be semiquantitatively
described by the Debye-Bueche equation.®’

53

S 1
(1+¢28)° .

1(q) = F*(8p.)*0(1— 9)

In Equation (1), £/(Ap,)* is the contrast factor, where
(Ap,)? = QS’) —pfﬁ) is the electron density difference
between the polymer-rich phase and the solvent, ¢ is the
volume fraction occupied by one of the phases (e.g., the
polymer-rich phase) and £ the characteristic size of
the structure. This equation describes domains of the
coexisting phases (one rich in polymer and one rich in
solvent) with sharp interfaces. Examples of fits are shown
in Figure 5. They were obtained with the domain size
value £ = 3.6 nm.

To illustrate the effect of concentration, the scattered
intensities measured for P(VDF-co-HFP)—2-heptanone
mixtures at different concentrations are shown in
Figure 6. As gelation times in heptanone are quite fast,
these curves can be considered as corresponding to the
final states of the gels. The curves are qualitatively simi-
lar to those obtained in MEK. The scattered intensities

Ll
T

Ll
T

0.1

I(@) (mm")
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LELELERLL |
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0.001

TTTTI T T T
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FIGURE 6 Normalized SAXS profiles for P(VDF-co-HFP)—
2-heptanone systems with different weight fractions of P(VDF-co-
HFP): Brown symbols: ®p = 2 wt%; red bullets: ®p = 3 wt%; orange
squares: ®p = 4 wt%; yellow triangles: ®p = 5 wt%; green down
triangles: ®p = 6 wWt%; blue diamonds: ®p = 7 wt%; dark blue
symbols: ®p = 15 wt%; black symbols: ®p = 20 wt%
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FIGURE 7 The intensities of the curves shown in Figure 6,
taken at g, = 0.01 A1, as a function of the factor ®p(1 — ®p)
where ®p is the polymer concentration in the initial solution

increase below a well-defined g. value of the order
gc = 0.11 nm™ ! which corresponds to a structure size of
the order r. = 27/q. ~ 6 nm, independent of the concen-
tration. The general shape of the scattering curves does
not depend on the concentration either. These observa-
tions confirm that an identical local structure is formed,
independent of the initial copolymer concentration.

The scattered intensity increases as the polymer con-
centration increases. According to Equation (1), the scat-
tered intensity should be proportional to ¢(1 — ¢) where
@ is the volume fraction occupied by the polymer-rich
phase. However, what is known is ®p, the overall poly-
mer concentration in the initial solution, not ¢. By
neglecting the amount of polymer contained in the
solvent-rich domains, it may be assumed that ¢ is propor-
tional to ®p. The scattered intensity, arbitrarily measured
at gmin = 0.01 A, plotted as a function of the factor
®p(1 — ®p) is shown in Figure 7. A linear variation is
observed, which is in agreement with Equation (1).

The slope of the linear adjustment in Figure 7 is of
order 50 mm '. According to Equation (1), this slope
should be roughly equal to f*Ap*E® where £ is the typical
size of the phase-separated domains [assuming
(@minf)* < 1]. By assuming an electron density difference
Ap. 2 x10®°eu./mm® and £ = 55 nm, a value
50 mm ', equal to the measured one (the slope of the
line in Figure 7), is obtained. Altogether, this indicates
that the measured scattered intensities are roughly coher-
ent with Equation (1), assuming that copolymer struc-
tures of size 5-6 nm are present, within a very diluted
solvent-rich phase and with an overall volume fraction
comparable to the initial copolymer concentration.

| | | |
0.1 1 10 100

strain amplitude v [ %]

FIGURE 8 The shear modulus as a function of the LAOS
strain amplitude for a P(VDF-co-HFP)—2-heptanone gel at

®p = 7 wt%. Red circles: Upwards strain ramp, 0.01% up to 500%;
blue triangles: Downwards strain ramp, 500% down to 0.01%. Filled
symbols: G'; empty symbols: G . Experiments were performed at

25 °C and a frequency of 1 Hz

3.3 | Nonlinear rheological response of
thermoreversible gels

The nonlinear rheological properties of the P(VDF-co-
HFP) physical gels in 2-heptanone using LAOS experi-
ments are described in this Section. Results obtained in
gels in 2-heptanone only are reported, as reliable results
could not be obtained in gels in MEK due to solvent
evaporation in the course of the measurements. We shall
concentrate on systems between 6 and 10 wt% of copoly-
mer, which have gelation times typically between about
5 min and about 1h (see Figure 4). The rheological
behavior of the gels under LAOS was measured after per-
forming a 1-h time sweep and a frequency sweep to
check the gel state of our materials, as described in
Section 5.

An example of the evolution of the viscoelastic mod-
uli G and G of a P(VDF-co-HFP)—2-heptanone gel with
®p = 10 wt% as a function of the strain amplitude is
shown in Figure 8. At low strain amplitude, both the stor-
age and loss moduli remain constant, characteristic of
the linear viscoelastic (LVE) regime and G is higher than
G’ which assesses the elastic-like behavior of the material
(gel state). On increasing the strain amplitude above
about y = 5%, the value of the elastic modulus G
increases quite sharply, that is, the system exhibit strong
strain hardening. As the strain amplitude reaches a criti-
cal value (y = 57% in the example shown in Figure 8),
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FIGURE 9 Stress (red crosses) and strain (blue circles) as a

function of time in P(VDF-co-HFP)—2-heptanone gel with

@p = 7 wt% during three periods of oscillation, at high strain
amplitude. At the beginning of the time window which is shown,
the system is elastic. The stress is nearly in phase with the strain
and the stress is of order 1.5 kPa (modulus G of order 2 kPa). Some
high-frequency stress oscillations appear just before the abrupt
transition towards the viscous regime, which occurs here at about
98.5 s. In the subsequent viscous regime, the stress is nearly in
phase with the strain rate (i.e., in quadrature with the strain)

the elastic modulus G then drops abruptly to a very small
value while the loss modulus G rises above G. Above
y = 100%, the loss modulus G stays higher than G',
meaning that the system is in the viscous (liquid) state.

In a subsequent step, the strain amplitude was pro-
gressively decreased back to the linear regime, from 500%
down to 0.1%. The corresponding curves for the elastic
and loss moduli are shown in Figure 8, superimposed on
the curves for the upwards strain sweeps. Final values of
the moduli very close to the initial ones are recovered
when the linear regime is reached back, meaning that
the elastic-to-viscous transition is reversible. However,
the behavior during the downwards ramp does not super-
impose on that for the upwards ramp. The curves corre-
sponding to the downwards strain sweep are continuous
and monotonous. No strain-hardening phenomenon is
detected during the downwards sequence. The system
seems to evolve progressively from a viscous state to an
gel-like, elastic state. The sol-gel transition, determined
as the crossing point between G and G, occurs around
y & 10% on decreasing the strain amplitude, while the
system stays elastic up to y = 80%-100% on increasing
the strain amplitude.

The points at which the systems suddenly lose their
elasticity may be dependent on the experimental condi-
tions. There may be a critical stress level for either inter-
nal fracture or for onset of slippage at the cell walls. This
precise value should then not be considered as

representative of an intrinsic property of the material.
Figure 9 shows real time recording of the elastic break-
down. Some high-frequency stress oscillations, possibly
associated to stick-slip at the walls of the measuring cell
or to sporadic propagation of a crack or elastic defect,
develop just before the transition to liquid flow suddenly
occurs. Note that the breakdown occurs at a point where
the stress is close to be maximum.

The nonlinear behavior is further shown in Figure 10.
At small strain amplitudes, in the linear regime, the
response is nearly fully elastic, with a loss factor
G'/G" =tan$ of order 0.03 (see also Figure 8). On enter-
ing the nonlinear regime, stress-strain curves show a pro-
nounced strain hardening effect, while still keeping a
very low loss factor, as measured by the inner area of the
stress—strain cycles as compared with the stored mechani-
cal energy. As the system undergoes the abrupt transition
to the liquid state, the cycles become characteristic of a
nonlinear, viscous fluid. On the downwards strain sweep,
the stress-strain cycles evolve progressively from viscous
to elastic, as illustrated also in Figure 10.

In another series of experiments, a time sweep at fixed
frequency and small shear strain was carried out immedi-
ately after shearing at high amplitude, when the sample is
in the liquid state. This experiment was performed to mea-
sure the complex modulus as a function of time and deter-
mine the time for recovery of the initial gel behavior at rest
after LAOS experiment. As shown in Figure 11, the gela-
tion of P(VDF-co-HFP)—2-heptanone is almost instanta-
neous. The system recovers a complex modulus nearly
identical to the initial one within a couple of seconds. This
evolution is very different from the gelation induced by
thermal treatment, in which the gelation time at rest was
around 500 s in the same sample (see Figure 3). This result
shall be further discussed in Section 4.

The nonlinear response of the gels was investigated
for systems between 6 and 20 wt% of copolymer. All sys-
tems show qualitatively similar behavior, with compara-
ble strain hardening and abrupt transition from an elastic
towards a viscous liquid behavior at comparable values of
the strain and/or the maximum stress.

4 | DISCUSSION

4.1 | Phase separation

MEK and heptanone are not very good solvents of the
P(VDF-co-HFP) copolymer. Flory interactions parameters
have been estimated for a number of different solvents,
including ketones of various chain lengths, at tempera-
tures higher than room temperature however.'>** It was
found that ketone solvents of various chain lengths have
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x Flory interaction parameters in the vicinity of 0.5 near
room temperature, the value being closer to 0.5 as the
chain length increases up to heptanone. It was found that
PVDF/ketone solvent systems indeed undergo thermore-
versible gelation. Note that the interaction parameter
may be further affected by the presence of HFP comono-
mers as compared with PVDF.

Alternatively, y Flory interaction parameters may be
estimated from solubility parameters using the Hildeb-
rand equation:

1/2
= ), @)

where vg and vp are the molar volumes of the solvent
molecule and the monomer, respectively, and 65 and 6p
are the solubility parameters of the solvent and the poly-
mer. 6p and Jg are estimated by taking into account the
three Hansen components according to §° = &) +-
Sy + Sy’ Say py and ¢y being the dispersive, polar

and hydrogen bond contributions, respectively. However,
given the large variations in values reported in the
literature,**™* it is very difficult to give reliable estimate
of the Flory interaction parameters of PVDF with MEK
and with heptanone, without even mentioning the pres-
ence of the HFP comonomers, which may further affect
its value. Nevertheless, the following qualitative argu-
ments can be stated as regards the relative solvent quality
of MEK and heptanone for PVDF. Reported values of the
total solubility parameter 6p of PVDF range from 19.2 to
23.2 MPa'/>%%%3 For MEK, the total solubility parameter
Ss is in the range 18.35-19 MPa'/>**** For heptanone it
should be smaller than this value, whatever the way by
which it is estimated, because the molar volume is larger
(about 140 cm®/mol for heptanone vs. about 90 cm®/mol
for MEK) and the molecule is less polar than MEK. The
solubility parameter for heptanone was estimated to be
in the range 17.6-18.2 MPa'/? based on the group contri-
bution method using Van Krevelen group values.**
From the estimated values reported above, the Flory
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FIGURE 11 Evolution of the viscoelastic shear moduli G and

G’ as a function of time as the strain is stopped after LAOS
measurement on a P(VDF-co-HFP)—2-heptanone gel with

®p = 10 wt% of copolymer. Experiments were performed at 25 °C
and a frequency of 1 Hz. The material recovers its elastic behavior
within a couple of seconds

interaction parameter might be around 0.41 for PVDF/
MEK and 0.6 for PVDF/heptanone. Besides, as noted
above, a further source of uncertainty comes from the
presence of the HFP comonomers. The systems may then
be in the metastable region of the phase diagram, indicat-
ing that phase separation would occur through a nucle-
ation mechanism, which is coherent with SAXS
observations. PVDF/heptanone solutions are more prone
to phase separation, with a higher nucleation rate, which
is also coherent with observed much faster gelation rates.

Phase separation in polymers and viscoelastic systems
has been extensively discussed in the seminal work of
Tanaka.*! In particular, it was shown that the more visco-
elastic phase forms a continuous network structure in
order to support the local stress. This may certainly corre-
spond to the present case, in which the polymer-rich
phase may form a continuous network responsible for
the gel-like, elastic response of the system, even though it
is the minority phase, in agreement with case (b) in
Figure 25 of Reference [41]. However, the early forma-
tion of copolymer structures (possibly crystallites) at the
nanometer scale, inhibits further growth of phase-
separated domains over larger scale.

4.2 | Strain hardening

Gels stiffen as they are strained. Strain-hardening is
observed at approximately 50% of deformation. It mani-
fests itself in two ways. First, the apparent elastic modu-
lus plotted as a function of the strain amplitude (see

Figure 8) increases; second, stress-strain cycles at
increasing strain amplitudes exhibit increasingly pro-
nounced strain hardening (see Figure 10B).

Strain-hardening has been observed in various mate-
rials including polymer gels and more particularly bio-
polymer gels made of DNA,*® gelatin,*” or cellulose*® for
example. However, to our knowledge, the linear and non-
linear behavior of PVDF gels has not been thoroughly
studied."” In DNA gels, strain-hardening was attributed
to finite extensibility of DNA double-strand chains form-
ing the gel, which have a very long persistence length,
that is, are quite rigid.*® For gels made of flexible chains,
finite extensibility would not be observed in the range of
deformation which is studied. Let us make this argument
more precise.

For a homogeneous gel made of very flexible chains,
the elastic modulus in the linear regime would be
expressed as

PP
G~nRT =~ | — |kgT, 3
n (Mc) B (3)

where n is the number of elastic chains (twice the num-
ber of crosslink points for tetrafunctional crosslinks) per
unit volume, p the density of P(VDF-co-HFP), ¢ the poly-
mer volume fraction and M, the average molar mass
between crosslinks.

Considering p = 1.78 x 10°kg/m>, ¢ = 6 vol%,
G = 10°Pa at T = 313K, we find M, ~ 278 kg/mol,
which corresponds roughly to 4500 monomers and to a
number of segments N = 500. Stated in another way,
such a very small elastic modulus would correspond to a
very loose network with a very low crosslink density.
Remember that typical elastomer moduli are in the range
of a few hundreds of kPa up to about 1 MPa.

The force-extension curve of a flexible chain of
N Kuhn segments of length a is given by:

p=telpa (R> (4)

a Na

where f is the force exerted on chain ends and R is the
end-to-end vector of the chain. L™'(x) is the inverse of
the Langevin function L(x) = chx/shx — 1/x. In this
expression the force fdiverges as R reaches the maximum
extension R., = Na (fully stretched chain). To make a
parallel with the behavior of a stretched macroscopic sys-
tem such as a gel, an equivalent “elongation ratio” 1 can
be defined as R/ <R?>1'/? where <R%> ~Na? is the
squared equilibrium “length” of a chain. Thus the fully
stretched state would correspond to an extension ratio of
order N'2. It follows that strain-hardening related to
finite extensibility would occur at typical (elongation)
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FIGURE 12 Schematics of the proposed mechanism for the
nonlinear behavior of P(VDF-co-HFP)—2-heptanone gels. Above
the critical gelation temperature Tgy, the system is homogeneous
(with concentration fluctuations). Below Ty, the system phase- strain
separate. Under large amplitude shear, the continuous, elastic
polymer-rich domain is broken and elasticity is no longer FIGURE 13 The purely elastic contributions o, to the stress—

transmitted along a fracture (as schematized by a gray dashed path)

strain values of order N*/? which amounts to about 20-25
by taking N~ 500 and is much larger than what is
observed. Conversely, to observe large strain-hardening
effect in the range of 100% elongation, one should have a
value of N of order 2, which means unrealistically short
and/or rigid chains in the gel network.

Therefore, explaining such a high strain-hardening
effect in the gels studied here is not easy. P(VDF-co-HFP)
chains in solvent are certainly not semirigid as it is the
case for double-strand DNA.*

We may speculate that a picture which would be
coherent with other observations (namely, SAXS) and
considerations about the Flory parameter of the solvent,
is a partially segregated, polymer-rich network within a
solvent-rich phase as schematized in Figure 12. Note that
the scheme at rest in Figure 12 is similar to that proposed
by Tanaka in Figure 25(b) in Reference [41]. The elastic-
ity would then be transmitted only through the polymer-
rich domain. In this domain, the density of effective
crosslinks (entanglements, crystallites...) could be much
higher than the overall average value estimated above.
This could lead to much enhanced strain-hardening
effect.

To describe the strain-hardening in a more quantita-
tive way, we propose to analyze the stress-strain curves
obtained in the elastic regime in more details (see
Figure 10). We first use the method proposed by Cho
et al. to extract a purely elastic component of the
stress.*>*° This component is the one which is in phase
with the strain (while the viscous part is in phase with
the strain rate). Writing the oscillatory strain as
y(t) =yosin(wt), that is, as an odd function of the time ¢,
the elastic part of the stress shall then be the odd part of

strain cycles for a P(VDF-co-HFP)—2-heptanone gel with

®p = 7 wt% and amplitudes from y = 15% up to about 52%.
Symbols: Analyzed elastic data; curves: Polynomial fits as described
in the text. The determination of the P, and P; slopes of o, used for
the calculation of the strain-hardening ratio H = P;/P, is illustrated

the stress, which may be simply computed as
e = (6(t) —o(—1))/2, or equivalently 6o = (6(t)—o
(Tosc — 1))/2 where T is the period of the oscillatory
strain.

The hysteresis (the difference between up and down
branches of the original cycle) is quite small in the whole
hyperelastic regime, which means that the gels have very
low dissipation (see a representative example in
Figure 10B). Examples of nonlinear elastic response
curves obtained by this procedure are shown in Figure 13
for a P(VDF-co-HFP)—2-heptanone gels with 7 wt% of
copolymer, for strain amplitudes between about 0.15 and
0.57. By definition, computing the purely elastic stress o
cancels the hysteresis.

The shape of the elastic response curve is qualitatively
similar to an inverse Langevin function. It cannot be
fitted quantitatively with this function, though. Note any-
way that the inverse Langevin function describes finite
extensibility of a single chain submitted to axial simple
extension, while the deformation mode applied here is
shear.

To describe the nonlinear behavior of gels and
rubber-like materials, a nonlinear strain energy function
was proposed by Groot et al.*’ in the form of a series
expansion of the first strain invariant I, using the gener-
alized empirical nonlinear expression I; = (A" + 1 ")/n
where 1 is defined by y = 1 — 1! with y the shear
angle.”’ The linear constitutive law corresponds to one
single term in the expansion and to n = 2. The resulting
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overall hyperelastic constitutive equation is a polynomial
of the form 64 = >_ Cyy* with k taking odd values (k = 1,
3, 5, and so fortllfleote that C; = G is the linear shear
modulus. An example of such fit is shown in Figure 13.

We then introduce a parameter (strain-hardening
ratio) H defined as the ratio:

H="! ()

where P; is the slope at the maximum of o and P, the
slope of o, at the origin (i.e., the elastic modulus of the
gel). These slopes are shown for the example shown in
Figure 13. The values of P; and P, and thus the strain-
hardening ratios have been determined for each value of
strain amplitude during the upwards ramp of the LAOS
experiments.

The slope P, start to decrease moderately as the strain
amplitude increases beyond typically 0.25, which indi-
cates that the gels have some degree of plasticity. Never-
theless the behavior is characteristic of a nearly purely
elastic behavior. This is quite different from the Payne
effect observed in reinforced elastomers, in which the
modulus decreases significantly as the strain amplitude
increases in the nonlinear regime.’® Note also that the
apparent increase of modulus shown in the upward (red)
curve in Figure 8 is actually due to strain hardening and
not to an increase of the slope P, as the strain amplitude
increases.

The strain-hardening ratio H was determined for
P(VDF-co-HFP)—2-heptanone gels with concentrations
of copolymer between 6 and 10 wt%. Its evolution as a
function of the strain amplitude during the upwards
ramp of the LAOS experiment at different concentrations
of copolymer is shown in Figure 14. Considering the pre-
viously mentioned hyperelastic constitutive equation and
derivating it, and neglecting plasticity effects, the ratio
H should be expressed as a function H = 1 + hyy* +-
hay* + ..., where 7 is the strain amplitude. The curve in
Figure 14 corresponds to H = 1 4 22y* 4 110y*. This
curve should be understood as a guide for the eyes, as it
is purely heuristic.

Figure 14 suggests that the strain hardening ratio is
roughly independent of the gel concentration, even
though the elastic moduli in the linear regime vary by
about one order of magnitude over the investigated con-
centration range, as shown in inset in Figure 14. Among
polymer/solvent systems reported in the literature, only
biopolymer gels such as, for example, gelatin, alginate, or
DNA gels, show comparable degree of strain
hardening,*>*'* with quite low initial modulus and
steep increase of the stress. The nonlinear mechanical
behavior of gels with stiff, rod-like junctions has been
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FIGURE 14 Evolution of the strain-hardening ratio H = P,/P,

as a function of the strain amplitude for P(VDF-co-HFP)—
2-heptanone gels with different fractions of copolymer: Red circles:
6 Wt%; blue triangles: 7 wt%; light green diamonds: 8 wt%; green
down triangles: 10 wt%. The curve corresponds to a polynomial
adjustment (see text) and is a guide for the eye. Inset: The elastic
modulus in the linear regime as a function of the polymer
concentration in the gel

described by Doi and Kuzuu.”® Combining a linear varia-
tion at small amplitude and the strain-hardening contri-
bution due to stiff junctions proposed by Doi and Kuzuu
indeed gives a reasonable representation of the data.
Thus, the observed behavior seems to indicate that
polymer-rich regions behave in a similar way as rod-like
effective crosslinks present in biopolymer gels.

4.3 | Recovery of elasticity after large
amplitude shear

The gel-sol transition induced by increasing temperature
is reversible. The gels recover values of viscoelastic mod-
uli close to those measured before the temperature cycle.
While the behavior of gels is often studied using single
stress-strain curves at a given strain rate up to failure,
here we have been considering the recovery after elastic
failure in two distinct cases, either at rest immediately
after large amplitude shearing or on decreasing progres-
sively the strain amplitude back to zero.

Above the critical gelation temperature T, the
copolymer solution is in a single phase state, with con-
centration fluctuations. Below Ty, the system phase sep-
arates. In the LVE region (for strain amplitude lower
than 10%), the gels may be organized into solvent-rich
and polymer-rich regions. In the polymer-rich zones, a
polymer network would exist and polymer chains would
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be crosslinked by physical junction points that are crys-
tallites. When a deformation is applied in a nonlinear
transient regime (for typically 10% < y < 50%), the struc-
ture of the material evolves while remaining in the gel
state.

When the strain amplitude continues to increase, the
gel abruptly softens and shows a liquid-like response (for
y > 100%). This abrupt change of behavior should corre-
spond to failure of the polymer-rich network, either
through slippage at the wall or within the bulk of the gel.

The complete recovery of the initial elastic modulus
after the downwards strain sweep suggests that the same
material is formed (same fraction of physical junction
points, same polymer-rich network). As judged from the
rheological behavior, the material quite quickly loses the
memory of the previous fracture.

Note that the material does not follow the same path
on the upwards and downwards parts of the strain sweep
(see Figure 8). On the downwards strain sweep, the evo-
lution shows a monotonous evolution of the complex
modulus and does not reproduce the strain-hardening
behavior observed on the upwards sweep. We may specu-
late that the polymer rich zones on both sides of the frac-
ture surface are able to reconnect progressively, leading
to progressive, though fast enough, healing of the frac-
ture. Figure 12 qualitatively illustrates a possible mor-
phology of the gel in the vicinity of the fracture zone.

5 | CONCLUSIONS

In this article, the complex rheological properties of solu-
tions of a P(VDF-co-HFP) copolymer in a ketone solvent
(2-heptanone) in the gel state was investigated. The gels
stiffen as they are submitted to LAOS strain. Systems
with concentrations between 6 and 10 wt% of copolymer
were studied. The apparent strain-hardening is due to the
strong nonlinearity of the response, as shown by the
shape of stress-strain cycles plotted in the form of Lissa-
jou cycles. This pronounced strain-hardening nonlinear-
ity starts to appear around 20% of deformation
amplitude. The degree of strain hardening is roughly
independent on concentration.

Abrupt elastic breakdown occurs at strain amplitudes
between about 15% and 50% strain amplitude, depending
on the gel stiffness. This value should not be considered
to be an intrinsic property of the material, as it may cor-
respond to internal fracture or slippage at the walls, and
thus depend on experimental conditions. When the high
strain amplitude is removed, the solution turns back to a
gel with a fast kinetics.

Based on the combined observations presented in this arti-
cle, the following mechanisms may be tentatively proposed:

MEK and heptanone are not very good solvents for
the P(VDF-co-HFP) copolymer. This is particularly true
for heptanone. The Flory interaction parameter y is close
to the critical value 0.5. It follows that phase separation
may be induced by decreasing temperature from above
down to room temperature. The solution then separates
into two phases, one polymer-rich and one solvent-rich
phase. The composition of the phases depend on temper-
ature and the polymer-solvent interaction parameter,
while the fraction of each phase in each system depends
on the initial copolymer concentration.

SAXS results indicate that identical structures at the
scale of a few nanometers are formed by the copolymer,
independent of the initial copolymer concentration.
These local structures most probably nucleate at the early
stage of phase separation.

The elastic response in the linear regime is controlled
by the polymer-rich phase (which may be entangled
and/or partly crystallized, with crystallites possibly acting
as effective crosslinks), which would form a continuous
network in the system. The overall modulus value should
depend both on the intrinsic modulus of the entangled
and/or physically crosslinked polymer-rich phase and on
the overall fraction of this phase, that is, on the copoly-
mer concentration.

The response in the nonlinear regime, namely strain-
hardening, depends on the intrinsic hyperelastic behavior
of the polymer-rich phase. The remarkably strong strain
hardening which is observed indicates that this phase
should have a high density of effective crosslinks and/or
entanglements. To make this statement compatible with
a comparatively very low value of the overall linear mod-
ulus, the polymer-rich phase should occupy a relatively
small fraction of the overall gel system. The strain-
hardening behavior does not depend on the overall sys-
tem concentration, as it is determined by the intrinsic
properties of the polymer-rich phase.

After elastic breakdown, the systems recover their ini-
tial elastic behavior and the memory of the previous frac-
ture is apparently erased, as judged from the rheological
behavior. This illustrates the self-healing ability of the
material. This was evidenced in two ways. When the
strain amplitude is decreased back to the linear regime
progressively, the elastic modulus increases progressively
back to the initial value. When the large amplitude strain
is stopped and the system maintained at rest, the material
recovers its elasticity in a quite short time scale, much
shorter than when gelation is induced by cooling down
from the liquid state above room temperature.
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