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Abstract: PVDF has historically drawn the interest of the scientific community because of its
mechanical response to external stimuli. Recently, novel 3D printing techniques have been proposed to
manufacture responsive PVDF components, leading to the reconsideration of this polymer in many
applications (i.e., sensor-actuator or energy harvesting systems). During manufacturing and/or service
conditions, PVDF structures can be subjected to large deformations that, eventually, can involve low
temperature loading (e.g., piezoelectric sensors for aircrafts). In this work, a deep mechanical
characterisation of PVDF specimens is carried out under low temperature conditions. To this end, we
first evaluate potential effects of cryogenic pre-treatment going beyond the glass transition temperature
of the polymer. Then, mechanical tests are conducted at different loading conditions and a wide range
of testing temperatures from room to temperatures below glass transition: quasi-static compression
tests, cyclic loading tests, and high strain rate tests. The complete set of experiments is analysed together
to identify slow and fast relaxation mechanisms within the polymeric structure and motivate a new
constitutive model. Finally, taking the experimental observations as formulation’s basis, a
thermodynamically consistent constitutive model is developed for finite deformations. This model
describes the mechanical behaviour of PVDF as the combination of slow and fast response and accounts
for strain rate dependency, temperature sensitivity, hysteresis and thermal evolution during the
deformation process. The results from this work provide a full study of the mechanical behaviour of
PVDF at low temperature, considering effects of both pre-treatment and testing temperature, and a new
modelling tool to predict its response under a wide range of room-to-low temperature loading
conditions.

1. Introduction

Polymeric materials have drawn the attention of both scientific and industrial communities to substitute
metallic components as structural components within a wide variety of sectors such as aeronautical,
automobile and biomedical industries (Schuhler et al., 2018; Garcia-Gonzalez et al., 2017; Garcia-
Gonzalez and Landis, 2020). This interest has even increased with the possibility to introduce
mechanical responses to external stimuli and vice-versa (smart polymers). In this regard, new
polymerics materials are emerging to provide responsive structures to thermal gradients (Scalet et al.,
2018), external magnetic fields (Kim et al., 2019; Garcia-Gonzalez et al., 2019) or electric stimulus
(Yang et al., 2020). These materials are usually polymeric matrices filled with active particles that infer
a mechanical response to the external stimulus such as magnetic particles embedded within a polymeric
matrix (Kim et al., 2019). Other examples are based on elastomers that, combined with conductive
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films, acquire capacitance-like properties which results into a coupled electro-mechanical behaviour
(Liao et al., 2020). However, there are also some materials whose responsive behaviour is intrinsically
liked to their own microstructure. Among these latter materials, polyvinylidene fluoride (PVDF)
outstands because of its intrinsic mechanically responsive performance. PVDF is a semi-crystalline
polymer with a rather complex molecular structure that can present up to five different crystalline
phases. The most common phase is the o one that consists of a non-polar phase with relevant
applications within the chemical and oil industries (Castagnet et al., 2000). Starting from this non-polar
a phase, the PVDF material can be subjected to mechanical stretching leading to a reorientation of the
polymeric chains forming a polar § phase with an associated dipole moment (Ruan et al., 2018; Li et
al., 2014). This polar phase, as well as other phases with, but lower, dipole moment (y and ), can be
alternatively obtained by application of high pressure, external electric field and ultra-fast cooling from
melting conditions (Ruan et al., 2018). Hence, when PVDF has an internal polar microstructure, it
presents pyroelectric and/or piezoelectric properties. Pyroelectricity is the property of some dielectric
materials to experience a spontancous electrical polarization against a temperature variation
(Whatmore, 1991). Moreover, piezoelectricity is the property of a material to experience an electrical
polarization against a mechanical deformation and vice-versa (Whatmore, 1991). The latter provides a
wide range of possibilities to PVDF to be used as electromechanical sensor-actuator or for energy
harvesting applications (Eddiai et al., 2019).

The B phase of PVDF has been used in interesting applications that focus on the transformation of
mechanical to electrical signals for the design of sensors (Singh et al., 2020) or the transformation of
electrical to mechanical signals for the design of actuators (Feng et al., 2017). The work by Dargaville
et al. (2005) points out the interest from the National Aeronautics and Space Administration (NASA)
to develop novel piezoelectric polymers for aircraft and aeronautical applications (Park et al., 2004). In
such applications, the polymeric components will be exposed to huge thermal gradients along time that
will go through the glass transition temperature (around -40°C) of the material. Thus, significant
changes may be introduced within the polymeric microstructure leading to relevant changes in its
macroscopic behaviour. In addition, the service conditions will cover a wide range of working
temperatures from room to low ones and different loadings from quasi-static cycling to dynamic.
Although not too much efforts have been done towards this direction, the appearance of novel 3D
printing manufacturing techniques to produce PVDF in its  phase, open new avenues (Tarbuttona et
al., 2017). Other applications working at cryogenic or low temperatures are polymer composites used
for tribology or semiconductors (Baldissera and Delprete, 2013; Friedrich, 2018). Therefore, these
applications need of a complete understanding of the mechanical behaviour of PVDF under low
temperatures and different loading conditions as well as the evaluation of potential effects arising from
the material exposition to significant thermal gradients.

Previous efforts to characterise and model the mechanical behaviour of PVDF can be found in the
current literature. As an example, Siviour et al. (2005) performed an experimental campaign to test the
mechanical response of PVDF under quasi-static and dynamic conditions at different testing
temperatures. Furthermore, Motta et al. (2018) and Santimetaneedol et al. (2016) studied the mechanical
response of PVDF under cyclic loading at room temperature. Other relevant works on the mechanical
characterisation of PVDF can be found in Refs. (Haddadi et al., 2018; Zhang et al., 2019; Zhao et al.,
2020). From all the experimental evidences to date, some conclusions can be stated: PVDF presents
significant dependences on strain rate and temperature, this material can undergo large deformations
combining elastic and inelastic components, and it presents clear hysteresis during cyclic loading.
Moreover, different constitutive models have been proposed to describe the mechanical behaviour of
PVDF (Vinogradov et al., 2004; Laiarinandrasana et al., 2009). However, to the authors’ knowledge,
there is still no combined experimental and modelling study covering the mechanical response of PVDF
under different testing temperatures and testing conditions.



In this work, we analyse the influence of low temperature conditions on the mechanical response of
PVDF from different perspectives. First, we evaluate possible effects due to previous cryogenic pre-
treatments. This study aims at elucidating a potential dependence of the mechanical response of PDVF
due to thermal history going far beyond its glass transition temperature. To this end, PDVF specimens
without and with different cryogenic pre-treatments are tested at quasi-static, cyclic and dynamic
loading conditions. Next, the mechanical behaviour of PVDF is experimentally studied at different
temperatures from room temperature to -60°C. This study covers a wide range of loading conditions to
provide a complete view of the deformation mechanisms of PVDF: monotonic quasi-static loading
conditions, cyclic loading conditions, and dynamic loading conditions. Then, the experimental
observations are used to motivate the formulation of a new constitutive model to describe the main
deformation mechanisms. This model is developed within a thermodynamically consistent framework
for finite deformations and considers temperature dependences, strain rate sensitivity and hysteresis.
Finally, the model is implemented and its parameters are identified to predict the mechanical response
of PVDF, showing a good agreement with the experimental results and faithfully describing the
different deformation mechanisms observed. Overall, a full study of the mechanical behaviour of PVDF
at low temperature is presented, providing a new modelling tool to predict its response under a wide
range of room-to-low temperature loading conditions. These results, along with future extensions of 3D
printed polymeric modelling (Garzon-Hernandez et al., 2020), could potentially serve as basis for new
avenues in 3D printed responsive components such as sensor-actuator systems.

2. Influence of cryogenic thermal pre-treatments on PVDF

Before performing the characterisation tests to evaluate the effects of testing temperature, we analyse
here potential alterations in the mechanical response of PVDF due to thermal pre-treatments. These
tests aim at clarifying the suitability of this polymer to be used in aerospace or other applications where
the components may be subjected to repetitive strong thermal gradients (i.e., biomedical, tribological).
In this regard, the glass transition of PVDF is found around -40°C. Above this temperature, a relevant
relaxation process occurs within the polymer leading to higher mobility of the molecular chains. On
contrary, temperatures below this point result into a stiffened microstructure with lower mobility
between polymeric chains. The experiments conducted in this work aim to elucidate potential effects of
cryogenic conditions on PVDF considering two main aspects: cryogenic cycles and magnitude of the
cryogenic temperature. The first case can be experienced, for instance, in PVDF sensors used in
aeronautical applications where they are subjected to low temperatures during flying conditions and
moderate temperatures while landed. The second case is representative, for instance, of aerospace
applications. Therefore, in order to study potential residual effects arising from cyclic thermal loading,
we have prepared four different groups of cylindrical PVDF specimens with dimensions 8 mm in
diameter and 4 mm in height: (i) specimens without thermal treatment; (ii) specimens subjected to -
80°C during 12h; (iii) specimens subjected to -175°C during 8h; (iv) specimens subjected to two cycles
of -80°C during 12h. These temperatures are representative of cryogenic processing for permanent
treatment of the materials as well as aeronautical and aerospace environments. Then, the four groups of
thermally pre-treated specimens were tested under different compression loading conditions: quasi-
static loading, cyclic loading and dynamic loading. The quasi-static monotonic and cyclic tests were
conducted with a universal testing machine, while the dynamic tests were conducted with a split
Hopkinson pressure bar (SHPB). A scheme of these experimental setups used for these tests in shown
in Figure 1.
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Figure 1: Schemes of the experimental setups used for: a) uniaxial monotonic and cyclic tests (universal
testing machine); b) dynamic compression tests (SHPB).

Quasi-static loading conditions

Uniaxial monotonic compression tests were conducted for a strain rate of 0.001 s-!. A total number of
3 specimens per conditions were tested to obtain reliable results. These experiments were performed in
a universal testing machine. The cylindrical faces in contact with the compression plates were lubricated

to keep longer the strain uniformity and improve uniaxial conditions.

The mechanical results obtained for the different thermal treatments are shown in Figure 2. It seems
that the thermal treatments influence the stress flow at large deformations, but these changes are not

significant under quasi-static loading.
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Figure 2: Comparison of the mechanical behaviour under compression quasi-static loading (0.001 s!)
of PVDF specimens with different thermal pre-treatments: without thermal treatment; subjected to -
80°C during 12h; subjected to -175°C during 8h; subjected to two cycles of -80°C during 12h.

Cyclic loading conditions



Uniaxial compression tests under cyclic loading were conducted to analyse potential effects of the
thermal history on both the strain rate sensitivity of PVDF and its hysteresis response. A total number
of 3 specimens per conditions were tested to obtain reliable results. These experiments were performed
in the same testing machine used for the monotonic loading. The cylindrical faces in contact with the
compression plates were also lubricated to keep longer the strain uniformity and improve uniaxial
conditions. These tests consist of a number of 6 cycles to a true deformation around 18% and a final
loading until large true deformations around 120%. During these tests, the strain rate was kept constant
t0 0.01 s\

The mechanical results obtained for the different thermal treatments are shown in Figure 3. This figure
shows the mechanical response of the specimens during the whole loading process as well as a detailed
presentation of the hysteresis loops. Important permanent deformation is observed after the first
hysteresis loop. After the second hysteresis loop, a significant increase in permanent deformation is
noted and, from the third loop the material response is not further modified. These results are rather
similar to Mullins’ effect in other type of polymers. Note that no relevant differences are observed
between specimens with and without thermal pre-treatments.
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Figure 3: Comparison of the mechanical behaviour under compression quasi-static cycling loading
(0.01 s!) of PVDF specimens with different thermal pre-treatments: without thermal treatment;
subjected to -80°C during 12h; subjected to -175°C during 8h; subjected to two cycles of -80°C during
12h.

Dynamic loading conditions

Finally, potential effects of the thermal history on the dynamic response of PVDF were studied. To this
end, compression tests were performed using a SHPB for dynamic conditions at high strain rates. A
total number of 3 specimens per conditions were tested to obtain reliable results. The cylindrical faces
in contact with the impact and transmitted bars were lubricated to keep longer the strain uniformity and
improve uniaxial conditions. These tests were conducted for an average strain rate of 2000 s™.

The stress-strain curves obtained for the different thermal treatments are shown in Figure 4. This figure
shows almost identical mechanical response of the different PVDF specimens to dynamic loading,
indicating no influence of the thermal treatments considered on its behaviour.
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Figure 4: Comparison of the mechanical behaviour under compression dynamic loading (2000 s!) of
PVDF specimens with different thermal pre-treatments: without thermal treatment; subjected to -80°C
during 12h; subjected to -175°C during 8h; subjected to two cycles of -80°C during 12h.

Therefore, it can be concluded that the mechanical response of PVDF under compression loading does
not depend on the previous low-temperature thermal history, even if cryogenic temperatures are
reached. However, low temperatures along with mechanical loading can significantly alter the response
of PVDF. These influences are studied next.

3. Influence of thermal testing conditions on PYDF

In this section, we provide a detailed characterisation of the mechanical response of PVDF to analyse
potential dependences at low testing temperatures and different loading conditions. All these tests are
performed on specimens without thermal pre-treatments.

3.1. Quasi-static loading conditions

Uniaxial monotonic compression tests were conducted for a strain rate of 0.001 s and following the
methods described above to compare PVDF specimens with thermal treatments. In addition, a thermal
chamber connected to a liquid nitrogen supplier was incorporated to the universal testing machine.
Thus, cryogenic gas is supplied into the chamber fixed around the specimen allowing for a uniform
temperature. The temperature is controlled by monitoring via a thermocouple. In all cases, we wait for
30 min to ensure uniform temperature within the specimen. Following this method, the testing
temperature was modified during the experimental program to provide a wide range from room
temperature to -60°C, considering values below and above the glass transition.

The experimental results for these tests are shown in Figure 5. In this figure, a clear stiffening of the
polymer with the decrease in temperature can be appreciated. This thermal dependence can be observed
by means of Young’s modulus and yield stress. In this regard, there is a strong jump in material
properties when crossing the glass transition temperature (-40°C). Within this regime, the polymeric
chains suffer a reduction in mobility resulting in a significant increase of stiffness. Furthermore, a
decrease in molecular chains’ locking stretch with decreasing temperature is intuited according to the
flow stress evolution after yielding. Our interpretation suggests a loss in the stretch capacity of the
polymeric chains for lower testing temperatures leading to asymptotic tendencies in stress for lower
deformation levels. These observations can also be understood, from a macrostructural point of view,
as higher deformation hardening at low temperatures.
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Figure 5: Mechanical behaviour under compression quasi-static loading (0.001 s-') of PVDF specimens
at different temperatures: room, -10°C, -20°C, -40°C, -60°C.

3.2. Cyclic loading conditions

Uniaxial cyclic compression tests (up to 6 cycles) were conducted with a mean strain rate of 0.01 s!
and following the methods described above to compare PVDF specimens with thermal treatments.
These tests allow for evaluating strain rates effects within the quasi-static regime and hysteresis
responses. For these tests, the thermal chamber with the nitrogen supplier is connected. The temperature
is controlled as done for the monotonic tests applying a waiting time of 30 min to ensure uniform
temperature within the specimen. The testing temperature was changed from room temperature to -
60°C, considering values below and above the glass transition.

The experimental results for these tests are shown in Figure 6. These results present similar tendencies
than in monotonic loading by means of yield stress and Young’s modulus. In addition, the hysteresis
loops are consistent with these tendencies. A Mullins’ like effect is observed where the hysteresis loops
stabilised at the second/third cycle. Moreover, flatter flow stresses are found at higher temperatures,
suggesting higher deformation hardening associated to an increase in polymeric chains’ mobility with
testing temperature (and vice versa). This effect is more pronounced when going across the glass
transition, being consistent with the theoretical microstructural changes.
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Figure 6: Mechanical behaviour under compression cyclic loading (0.01 s') of PVDF specimens at
different temperatures: room, -10°C, -20°C, -40°C, -60°C.

3.3. Dynamic loading conditions

Dynamic compression tests were conducted with a mean strain rate of 2000 s!' and following the
methods described above to compare PVDF specimens with thermal treatments. These tests allow for
evaluating strain rates effects within the dynamic regime and identifying transitions in the failure mode
of PVDF. For these tests, the thermal chamber with the nitrogen supplier is incorporated to the SHPB
setup. A waiting time of 30 min is used to ensure uniform temperature within the specimen. The testing
temperature was changed from room temperature to -60°C, considering values below and above the
glass transition.

These results are shown in Figure 7. Analysing the maximum stresses reached, two different tendencies
can be identified. At testing temperatures from -10°C to higher values, an increase in temperature results
into lower maximum stresses reached. However, from -20°C to lower values, the maximum stress peak
decreases for lower temperatures. This change in tendency is explained by a transition in the failure
mechanisms experienced by PVDF that strongly affects its ductility. A fully ductile behaviour is
observed at room temperature, where the polymer undergoes large deformations without showing any
sign of fracture. When the testing temperature is decreased, we find a reduction in PVDF ductility in a
slight transition to brittle failure. This transition can be observed for specimens tested at -10°C and -
20°C where the PVDF undergoes significant fractures. This brittleness becomes even more relevant
when reaching the glass transition. The images provided in Figure 7 for the tests at -40°C and -60°C
show a completely brittle behaviour that results into multiple fracture within the whole specimen. From
a microstructural perspective, the reduction in polymeric chains’ mobility hinders the polymer
deformation and relative movement of these chains, leading to the brittleness in the macroscopic failure.
This macroscopic failure can be understood as a competition between ductile and brittle fracture
mechanisms, each one defined by a stress threshold. The fracture mode is determined by which
threshold is first reached. In this regard, the brittle fracture is governed by a brittle strength (stress
threshold) associated to material imperfections that are, a priori, not dependent on strain rate and
temperature. Moreover, the ductile threshold is associated to the yield stress that, as shown before,
strongly depends on strain rate and temperature. Therefore, when increasing strain rate and decreasing
testing temperature, the polymer experiences a strong increase in yield stress adopting values above the
brittle strength. In such cases, the brittle threshold is first reached leading to the completely brittle
fracture of PVDF and changing the trend in maximum stress versus testing temperature.
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Figure 7: Mechanical behaviour under compression dynamic loading (2000 s') of PVDF specimens at
different temperatures: room, -10°C, -20°C, -40°C, -60°C.

Finally, to provide an overall view of the experimental results and the influence of testing temperature
on PVDF at different strain rates, the maximum stresses reached for each test condition are shown
together in Figure 8. The experimental results have been divided into sets of data below and above glass
transition. Then, linear fitting is used to provide the peak stress-temperature tendencies at the different
strain rates tested below and above glass transition. The experiments at low strain rate show a
considerable change in the peak stress-temperature slope when crossing such transition. Moreover,
experiments at high strain rate show an even clearer change in material response, which is mainly
governed by a transition from ductile to brittle failure (see Figure 7 for material fracture). Note that the
ductile-to-brittle transition of the polymer is intimately coupled to both temperature and strain rate and
can be moved to higher temperatures with an increase of strain rate. In addition, note that two main
viscous dependences can be inferred from the experiments conducted: slow relaxation governing the
hysteresis loops at low strain rates; and a fast response governing the hardening due to strain rate
sensitivity at high strain rates. These slow and fast responses will be taken into account next to model
the mechanical behaviour of PDVF.
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4. Constitutive modelling

A new constitutive model to describe the different thermo-mechanical dependences observed during
the experiments is proposed. The mechanical behaviour of PVDF presents a strong dependence on strain
rate leading to a relevant hardening by means of yield and flow stresses. Furthermore, the material
response is highly sensitive to testing temperature, affecting both initial stiffness and yielding. This
temperature dependence is also relevant during mechanical deformation where inelastic dissipation
results into heating and, consequently, into mechanical softening. In addition, other rate dependences
are observed in the form of viscous relaxation mechanisms leading to hysteresis in the stress-
deformation curves. All these experimental observations and material dependences are coupled together
within a thermodynamically consistent constitutive model formulated for finite deformations. Note that
the proposed model, although focused on PVDF, aims at being general and provides the basis for further
particularisation to other semi-crystalline polymers.

In this section, we first introduce the basis of the formulation and the associated kinematics. Then, the
thermodynamic context is presented and the constitutive relations as well as temperature evolution
during the deformation process are derived accordingly. Finally, specific energy functions and flow
rules are given.

4.1. Model basis and kinematics

The model takes its basis from the assumption of two visco-hyperelastic components acting in parallel.
The first component relates to a fast relaxation response whereas the second component is associated
to a slow relaxation response guided by a back-stress softened with viscous flow. Therefore, the fast
relaxation contribution is the responsible (major player) for the instantaneous response of the material
by means of strain rate dependence. This component is hypothesised to describe the intermolecular
resistance to deformation. Moreover, the slow relaxation aims at describing the polymeric network
accompanied by a softening potentially arising from detangling or melting of network junctions. This
approach has previously been used by Li et al. (2019) to model the mechanical behaviour of another
semi-crystalline polymer (PEEK). The mechanical description is completed with a third resistance
associated to volumetric deformation. In addition, thermal dependences are added to these resistances
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to introduce temperature sensitivity and allows for describing the softening caused by inelastic
dissipation during the deformation process.

A rheological scheme of the model representing the different resistances to deformation is shown in
Figure 9. Here, the overall response of the material is split into volumetric (6y,)) and isochoric (Gigo)

contributions leading to a total Cauchy stress tensor ¢ as:

G = Oyol + Oiso (1

where the isochoric contribution is the sum of both fast (o¢) and slow (o) relaxation branches:

Giso = Of + O (2)

The slow relaxation contribution, in turn, can be defined by the Cauchy stress tensor associated to each
rheological component of the constitutive branch as:

6, =6 + o1 (3)

where 6% is the stress acting on the non-linear spring in parallel with the dashpot and 612" is the stress

driving the viscous flow.

Moreover, the total deformation gradient F can be decomposed, depending on the corresponding
constitutive branch as:

F= F%F\éFvol = FgF\s}Fvol “4)

with Fyq = ]1/ 3 being the volumetric deformation gradient with | = det (F); ¢ and FY the elastic and
viscous components of the fast relaxation deformation gradient, respectively; and F§ and Fy the elastic
and viscous components of the slow relaxation deformation gradient, respectively.

To help the constitutive formulation of the model, three intermediate configurations are included (see
Figure 9). Thus, the current or deformed configuration can be reached from the reference or undeformed
configuration by use of the total deformation gradient F. Furthermore, the intermediate configuration
denoted as dilated configuration is given by the unique application of the volumetric deformation
gradient. Finally, the two relaxed dilated configurations Q and Q can be reached from the dilated
configuration by the application of the viscous components of the deformation gradient Fy and FY,

respectively. Therefore, the spatial velocity gradient L, depending on the constitutive branch, is given
by:

L=FF 1= g4 L 4 L = FIF{F,F ool P 77+ FEFe 11+ FEFIF 1P (5.1)
L=FF 1=p 0 4 LS4 LY = FSFF o F o FY S TFe 51+ FoFe 1 + FEFGFY TP ! (5.2)

with L, being the volumetric component; L§ and L the elastic components of the fast and slow

relaxation components, respectively; and Lf = D} + W} and LY = D + Wy the viscous components of
. . 1 1

the fast and slow relaxation components, respectively, where DY = E(L‘i} + LT ) and WY = E(L‘-’ _ LT )

The proposed model assumes null viscous rotations so that W} = 0.
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Figure 9: Rheological scheme of the model (left) and the corresponding kinematics (right).

4.2. Thermodynamics

The thermo-mechanical behaviour of the material is defined by a total Helmholtz free energy function
per unit reference volume lp(F,F‘f’,F‘S’ ,T) that depends on the total deformation gradient, the temperature

and two internal variables corresponding to the viscous contributions from both relaxation branches.
Thus, this total energy potential can be decomposed in a volumetric component W, ,( F); a fast

relaxation component lpf(F,F‘f’,T); a slow relaxation component qJS(F,F‘S’,T); and a thermal component
l‘Pt( T) as:

Y(FFtFs,T) = Wyo(F) + Y(FFET) + W(FFST) + W(T) (6)

Note that the total energy function can be rewritten, for convenience, depending on the elastic
deformation gradients as qJ(F'F?,FS ,T) and, therefore, qu(F,F‘f,T) = lpf(F?,T) and lyS(F,F‘S”T) =y

(F‘S,T). In addition, note that an energy potential lp‘S’(F‘S’,T) can be associated to the spring of the slow

relaxation branch in parallel to the dashpot. This energy potential will determine the stress contribution
acting on such spring and its contribution is already accounted within the energy potential .

Combining the first and second Principles of Thermodynamics with the definition of the Helmholtz free
energy given in Eq. (6), we reach the following expression for the Clausius-Plank inequality (see
Garcia-Gonzalez and Jerusalem (2019) for more details):

oW 0¥ 0¥ _ oY¥s : _
o F -] “5p. (aFeF“ R T)]F [n+ ]T+ FEFIF T 4 CFSRF ST

>0 (7N

Dine= |P -

1
where P is the first Piola-Kirchhoff stress, P =1-3F~ T®F defines a fourth-order projection tensor

with F operating as a metric tensor, with I denotes a fourth-order unity tensor, and y is the specific
entropy per unit reference volume. The standard Coleman-Noll procedure (Coleman and Noll, 1963;
Coleman and Gurtin, 1967) can be applied to satisfy this inequality for any given deformation and, thus,
the constitutive relations are consistently obtained:

v al‘pvol a‘lls
_9r -T v—T v-T
P=5p=]5 F T+] “p. (aFeF + s ) (8.1)
0L}'t
n=- 1 (8.2)

The first Piola-Kirchhoff stress tensor can be split into different components associated to each
constitutive branch as:
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P = Pyo + Pr+ P ©)

where P, is the volumetric component, P;is the fast relaxation component and P, is the slow relaxation
component. These stress tensors are given by the following relations with the energy potentials:

0¥ yol

Puoi=]7 F ' (10.1)
EEN L S

Pi=] BIP’:aT?fvaT (10.2)
)

P,=] ]p;ﬁF S (10.3)

Note that the first Piola-Kirchhoff stress tensors can be related with their corresponding Cauchy stress
tensors by ¢ =]~ 1pfT.

The last two terms in Eq. (7) refer to the viscous dissipation of the fast and slow relaxation mechanisms,
respectively. In this regard, consistent viscous flow rules must be defined to satisfy the thermodynamic
conditions:

Y . _
S FERF T >0 (11.1)
W5 o - -

e EFS >0 (11.2)

Finally, following the procedure used by Refs. (Garcia-Gonzalez et al., 2017; Barba et al., 2020; Garcia-
Gonzalez et al., 2020) and neglecting thermoelastic contributions, the evolution of the temperature
during the deformation process reads:

T = g(6%§":D} + 69¢":DY) - Div(Q) (12)

where 6%V are the deviatoric components of the corresponding Cauchy stress tensor, — Div(Q)
represents heat conduction (with Q being the heat flux per unit area), ¢ represents the specific heat and
B 1s the Quinney—Taylor heat fraction coefficient. Other relevant approaches to consistently compute

temperature evolution during inelastic deformation processes can be found in Refs. (Yu et al., 2017;
Shen et al., 2019).

4.3. Specific Helmholtz free energy functions and stress tensors

Once the constitutive framework is complete, we need to provide specific energy functions to allow for
the derivation of the stress tensors. The volumetric contribution is defined as:

Wya(F) = K( - 1)° (13)
where K is the bulk modulus of the material.

The energy function of the fast relaxation response is defined by a Neo-Hookean model as:

w(FST) =52 (15 - 3) (14)

where #(T) is the temperature-dependent shear modulus of this resistance, and [§ = tr(FefT F?).-
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Similarly, the total energy function of the slow relaxation response is defined by a Neo-Hookean model
as:

ps(T)

Y(F5,1) ==, (1s - 3) (15)

where us(T) is the temperature-dependent shear modulus of this resistance, and [3 = tr(FeST F5)-

In addition, the slow relaxation response needs the definition of the free energy associated to the viscous
deformation lps(F T) The modification of the original eight-chain model (Arruda and Boyce, 1993)
proposed by Anand et al. (1996) is used:

wY(FLT) = us (MRS T (QL) +In|—— (16)

where ., (T) is the temperature-dependent shear modulus of this resistance, XL is the locking stretch

. . . ) . . [1 .
of the polymeric chains, ¥ -1 is the inverse of the Langevin function and )" = gtr(F‘s)FVST) is the
average total stretch ratio.

The constitutive equations that provide the total Cauchy stress tensor are given by Egs. (10) and (13)-
(15) along with its transformation from Piola-Kirchhoff stress tensor. Making use of these expressions
we reach:

Gyol = K(J - 1)1 (17.1)
or="""(Bg)" (17.2)
D i (17.3)

where (B?) eV and (Be) deV are the deviatoric parts of the left Cauchy-Green deformation tensors Bf =
F$FS and BS = FSFS!. Similarly, the Cauchy stress related to the viscous deformation of the slow
relaxation can be derived from lps(F‘S’,T) as:

SV(T)XV XV
=5 XLz_l(i)(Bg_ ") (18)

where BY = FYF"] is the viscous left Cauchy-Green deformation tensor of the slow relaxation response.

The temperature dependence is included into the shear moduli of the fast response and the viscous
contribution of the slow response to capture overall stiffness sensitivity with these variables:

s (T) = pgo + m1(T = To) (19)
psv(T) = psvo + my (T- TO) (20)

where LAf0 and y 40 are the shear moduli at the reference temperature T, of each relaxation response,
m; and m, are temperature-sensitivity material parameters.
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4.4. Viscous flow rules

To complete the constitutive formulation of the model, we need to provide flow rules to govern the
evolution of the viscous components of the deformation gradient. To this end, non-linear dashpots are
defined for each relaxation response in the form of a potential function. The evolution of the viscous
flow of the fast relaxation component is given by the following set of equations:

¥ =FiFiF TP Tl = viNY @1)

with NY being a tensor describing the viscous flow direction, and Y} a viscous multiplier describing the
viscous flow magnitude. These variables can be defined as:

o.d?v

NE= oo @

Y= yfo( 0 (23)

where ‘.'fo is a reference strain rate, n f is a strain rate sensitivity parameter, and £(T) is a temperature-
dependent equivalent stress threshold defined as:

77(T) = Tfoem3T (24)
with Tf0 and 5 being material parameters.

The viscous flow rule of the slow relaxation response is described in the same manner but with oflow =

o, — 0% being the driving force governing the viscous flow:
Dy = FFoF 5 'Fe5 ! =Ny (25)

O'ﬂgw dev
Ny=— ) (26)

(o.ﬂ(éw)dev: (o_ﬂosw)dev

(o.ﬂ(;W) dev: (o_ﬂ(;w) dev) ns

27

v
Ys = YS()( T
where \'(SO, ns. 7, are the corresponding material parameters. Note that 7, has been chosen independent
of temperature for simplicity.

5. Model calibration and results

In this section, we evaluate the model capability to capture the different mechanisms involved during
the deformation process of PVDF. Note that the flow rules and temperature dependences shown in Egs.
(19), (20), (23), (24) and (27) have been chosen in rather simple forms (linear, simple potentials and
exponentials) to simplify the model and reduce the number of parameters. In this regard, we distance
our modelling efforts from describing the exact solution of the stress-strain curves by adding
mathematical complexity into phenomenological formulations. On contrary, we aim at describing all
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the different tendencies and material dependences observed in the experiments by simplified
expressions.

First, the model is implemented within a numerical framework where the flow rules are computed by
explicit integration algorithms and the evolution of the deformation gradient under compressible
conditions is computed by an implicit integration algorithm (see Appendix for details). Then, the model
parameters are identified by optimisation comparing model predictions and experimental results for a
wide variety of loading conditions. The final set of parameters selected is presented in Table 1.

Table 1: Model parameters for PVDF.

Fast relaxation response

uro MPa) — my (MPa/K) v (s) 159 (MPa) s (K7) nf ()
400 -5 0.001 280 -0.014 13
Slow relaxation response
us (MPa) o (MPa) — m, (MP&/K) 2, (-) Vo (57) 75(MPa) ns ()
3400 7 -0.3 2.5 0.001 7 50
General properties
p (kg/m’) Cp (VKgK)  Orer (K) B () K (GPa)
1780 1600 293 0.8 1.22

The model prediction for monotonic quasi-static conditions and different testing temperatures is shown
in Figure 10. This figure presents the capability of the model to capture temperature dependence on the
yield stress of the material: higher yield stress is reached when decreasing the testing temperature. Note
that the model predictions differ for testing temperatures of -10°C and -20°C. This deviation in model
predictions is due to the consideration of the simple expression used in Eq. (24). More complex
expressions can be easily added here to capture the change in the temperature-dependent yield stress
across glass transition (see works by Richeton et al. (2006) and Garcia-Gonzalez et al. (2020)).
Moreover, the temperature dependence of the large deformation regime described in Eq. (20) can be
observed in the curves for different testing temperatures. Here, lower values of temperature lead to a

more concave stress-strain shape, indicating a reduction in polymeric chains mobility and thus a
significant deformation hardening.
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Figure 10: Comparison of model predictions and experimental data for compression quasi-static
loading (0.001 s') of PVDF at different temperatures: room, -10°C, -20°C, -40°C, -60°C.

Cyclic loading tests were experimentally performed to study strain rate dependence within the low
deformation rate regime as well as hysteresis. These experiments at 0.01 s and different testing
temperatures are compared with model predictions in Figure 11. Regarding temperature dependences,
the observations mentioned before for monotonic loading also apply. In addition, it can be observed the
capability of the model to predict the strain rate dependence on yield stress (note higher yield stresses
with respect to experiments at 0.01 s!). Moreover, the slow relaxation response of the material is
appreciated during the hysteresis loops. In this regard, these simulations combine the fast response to
capture instantaneous strain rate dependence in yielding; and the slow response to capture hysteresis,
while incorporating temperature dependences in both of them.
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Figure 11: Comparison of model predictions and experimental data for cyclic loading (0.01 s!) of
PVDF at different temperatures: room, -10°C, -20°C, -40°C, -60°C.

The strain rate sensitivity can be further analysed by comparison of model predictions at higher
deformation rates, i.e., SHPB tests. Figure 12 compares model predictions with experimental data for a
wide range of loading conditions to present the capability of the model to accounts for different
deformation mechanisms and material dependences at once. Here, we can observe the predictive
capability of the model to capture yielding dependences. The model faithfully describes the increase of
yield stress with strain rate (see model predictions for monotonic loading, 0.001 s, cyclic loading, 0.01
s-!, and SHPB dynamic loading, 2000 s-'). Furthermore, the model is able to describe slow relaxation
responses leading to hysteresis from cyclic loading. Regarding the temperature dependences, the
proposed model introduces such dependence on initial stiffness, yield stress and post-yield hardening.
Higher yield stresses are obtained for lower testing temperatures as well as higher deformation
hardening leading to a concave change in the flow stress evolution. In addition, the model reproduces
the evolution of temperature due to inelastic dissipation, extremely relevant at high strain rates. This
effect can be observed in the model prediction for SHPB tests at high temperature, where a continuous
thermal softening is observed after yielding.
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Figure 12: Comparison of model predictions and experimental data for different loading conditions:
quasi-static monotonic loading (0.01 s!') at different testing temperatures; cyclic loading (0.01 s™!); and
dynamic loading (SHPB, 2000 s!).

Although the proposed model can describe the different deformation mechanisms experimentally
observed, there is still room for future avenues to improve the prediction accuracy. As mentioned
before, the temperature-dependence on yield stress can be improved by adding more complex
expressions into Eq. (24). Furthermore, although the yield stress and post-yield flow stress at high strain
rates are well described, the model does not capture the stiffening effect within the linear region. To
capture this, another viscoelastic constitutive branch representing a fast relaxation mechanism should
be added, but an extra complexity in the model formulation would be necessarily introduced. Finally,
the present model is restricted at high deformation rates as, to fully define the material response at the
different testing temperatures, a brittle failure criterion should be added to capture material failure
transitions due to microstructural changes across glass transition.

6. Conclusions

This work studies the mechanical behaviour of PVDF combining experimental and numerical methods.
The study primarily focuses on the mechanical response of this polymer at low temperatures and a wide
variety of loading conditions. The experimental characterisation first evaluates potential effects of
thermal history by application of various cryogenic pre-treatments. This analysis identifies that the
previous thermal history of the PVDF at low temperatures, even going across its glass transition, does
not significantly affect its mechanical performance. These tests are performed for quasi-static, cyclic
and dynamic loading conditions. Then, the mechanical behaviour of PVDF is tested at different loading
conditions and testing temperatures ranging from room temperature to -60°C. This study provides a
complete view of the deformation and failure mechanisms of PVDF at: monotonic quasi-static loading
conditions, cyclic loading conditions, and dynamic loading conditions. These results show a strong
dependence of PVDF on testing temperature and strain rate, presenting a significant stiffening for lower
temperatures and higher strain rates. These dependences are found to present a change in tendency at
glass transition. In addition, a drastic change in failure mode is observed when going across glass
transition temperature, going from a ductile response above this threshold to a brittle response below it.
Then, all the experimental results are used to motivate the formulation of a new constitutive model to
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describe the main dependences observed. The formulation of the model relies on a finite deformation
framework that satisfies the thermodynamic principles and accounts temperature dependences, strain
rate sensitivity and hysteresis. The proposed model is implemented, and we provide calibration of its
parameters for PVDF. The calibrated model shows a good capability to describe all the different
deformation mechanisms observed from the experiments. Finally, the limitations of the model and
future guidance to overcome them are discussed in detail. Overall, we provide a new modelling tool to
predict the response of PVDF under a wide range of room-to-low temperature loading conditions. These
results, along with future extensions of 3D printed polymeric modelling (Garzon-Hernandez et al.,
2020), aim at serving as basis for new avenues in 3D printed responsive components as sensor-actuator
systems.
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Appendix: Numerical implementation of compressible deformation

This appendix summarises the formulation and implementation of the deformation gradient evolution
under compressible conditions. For uniaxial conditions and assuming isotropic behaviour for the PDVF,
the next conditions must be fulfilled:

Residual = 0772 = 033 = 0 (Al)
A2z =233 (A.2)
These constraints are imposed by computing an incremental iterative Newton-Raphson method:

or22(Azm) _

Ao+ 1)~ A2y + (A3)

or22(Aa(ny) N

, d052;
where O'FZZ(AZ(n)) =1, -

The definition of g, in terms of principal stretches is obtained through the definition of the total stress
expressed in terms of principal stretches. Starting from Eq. (1):

(1) #s(T)
6 =K(- DI+ (B += (B (A4),

077 can be written in terms of the components B¢$, and Bg5,, which can be defined in terms of principal
stretches as:

A? 1 M2 215°

e dev -

(szz) = /112/3124/31;9;222 -3 112/3/124/3%21 + /'112/3124/31;522 (A-S)
2 2 2

B, e oA % (A.6)

( 522) —112/3/124/3135\,222 3 /112/3124/3135\;121 /112/3124/3135\;222 .
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e \dev e ydev
Btz (Bs22
In the same manner, 7 and j are defined as:

(Bet2) ™ 1 i a2 (A.7)
] TAPRMRERS 3| RPRE T A SPLYRRY '
CR™ 1 g Wt (A8)
] T AMPLMRS 3[LPRE T SPLYRY '

Finally, opy; and its derivative with respect to A, read as:
1 1 AII/S 1 1 111/3
Or22=K(J - 1)+ us(T) [3 PIE e PRLET ] + us(T) [3 PYTERIE | PRTET ] (A9)
0722 4 10f 4 4 10 4'°
a, — ZK/11/12 + Mf(T) [9 /115/3121/313&22 9 /127/2Ffv121 ] + ,uS(T) [9 115/3121/3&\;222 9 127/21;5\;121 ] (A-IO)
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