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Poly-vinylidene fluoride (PVDF) is a semi-crystalline thermoplastic featuring a high chemical resistance,
good thermal stability, and high pressure resistance, rendering it attractive for a wide range of engineering
applications. This study assesses the influence of temperature, strain rate, and stress triaxiality on the
large-strain response of a commercial PVDF copolymer containing poly-ethylene (PE) particles.

Vi lastici . . . . N . .
P;ZZZEr:Ss;Cr:styhive ielding The thermo-viscoplastic response of the material was investigated at six temperatures ranging between
Void growth Y —20°C and 100°C at a quasi-static strain rate ¢ of 0.005s™!, and three strain rates ¢ = {0.005,0.1,1.0}s7! at

room temperature. To study the pressure sensitivity of the material, tensile tests using axisymmetric notched
tensile specimens with three different notch radii as well as uniaxial compression tests were performed.
The mechanical response was assessed in terms of net axial stress and volume strain vs. longitudinal strain,
measured using digital image correlation (DIC). To gain insight into the interrelationship between the
macroscopic volume strain and void morphology on the microscale, selected cross sections of deformed
specimens were imaged employing scanning electron microscopy (SEM).

The material exhibited a temperature- and strain-rate-dependent response as well as a pressure-sensitive
flow stress. For ambient temperatures up to 60 °C, pronounced plastic dilatancy was observed, promoted by
increasing the stress triaxiality. The SEM study confirmed that the plastic dilatancy was a result of extensive
void nucleation and growth on the microscale. Two sources of void nucleation were identified, namely particle—
matrix interface separation as well as cavitation within the matrix material itself. In tests performed at ambient
temperatures higher than 80 °C, no plastic dilation was observed and no voids or PE particles were identified
in the SEM images.

Apart from an improved understanding of the material’s mechanical response, this study provides data and
insights suitable for the development and calibration of constitutive models, aiding the design of robust and
reliable structures using PVDF.

1. Introduction range of applications such as microfiltration membranes [9], pressure

sensors [10], and pressure barriers in the oil and gas industry [11].
To design robust, material-efficient, and sustainable structures, de-

tailed knowledge of the material’s large-strain response under the rel-

evant loading conditions is essential. However, despite the widespread

Poly-vinylidene fluoride (PVDF) is a semi-crystalline thermoplastic
polymer with high chemical resistance, good thermal stability, and
high pressure resistance [1-3]. In addition, PVDF has favourable piezo-

electrical properties associated with a transformation of its common
apolar « crystalline phase into the polar g crystalline phase [4-8].
Thus, PVDF has become a popular engineering polymer used in a wide
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use of PVDF, the availability of experimental data suitable for mod-
elling the large-strain mechanical response of PVDF at different loading
conditions and temperatures is limited.
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As is common for thermoplastic polymers, PVDF exhibits a thermo-
viscoelastic and thermo-viscoplastic response where the yield stress
and elastic modulus increase for increasing strain rate and decreasing
temperature [12]. Another characteristic of PVDF is the occurrence
of stress-whitening during deformation, associated with an increased
degree of crystallinity [1,12,13] as well as nucleation and growth of
voids within the material [3,12].

Void nucleation and growth is a common observation in thermo-
plastics, corresponding to pressure-sensitive yielding as well as plastic
dilation [14,15]. Void nucleation in un-filled PVDF can be observed
even prior to yielding, caused by the formation of nanometer to mi-
crometer sized cavities within the amorphous inter-laminar phase of
the microstructure [16]. This behaviour is a common observation in
semi-crystalline polymers, see e.g. [17-19]. When voids form inside
the amorphous phase of an un-filled semi-crystalline polymer, the void
morphology is constrained by the comparatively stiff crystalline lamel-
lae of the microstructure. Initiated as penny-shaped voids, these voids
grow into barrel shaped cavities upon further deformation. However,
when filler particles are added to the polymer to improve mechanical or
processing properties [20-23], the voids may also form around the par-
ticles due to separation of the particles from the matrix at the interface,
see e.g. [15], or inside the particles themselves [21,22,24,25].

An increased stress triaxiality ratio is commonly associated with
higher degrees of void growth in thermoplastics such as mineral filled
PVC [14,26], PA11 [27], HDPE [26], and PVDF [28,29]. Conversely,
by increasing the ambient temperature in uniaxial tensile tests of
PVDF specimens, less void growth [12,16] was observed. Also, as the
nucleation of voids decreases at higher temperatures, PVDF exhibits a
tendency to turn translucent or transparent during stretching [12].

Studying deformation-induced void nucleation and growth in ther-
moplastics is challenging due to these materials’ rate-dependent be-
haviour as well as the wide range of relevant length scales. Non-
intrusive techniques such as small-angle X-ray scattering (SAXS) [30,
31] and X-ray computed tomography (XCT) [18,19,27,32] have been
extensively used to study void formation and growth in thermoplastics
on the micro- and nanoscale. However, these techniques are often
limited to ex situ measurements and are typically experimentally de-
manding, making such techniques less suited to studies assessing a
wide range of parameters. A convenient way of studying the evolu-
tion of void growth in a deforming polymer specimen is to estimate
the degree of void growth from the macroscopic volume strain. The
volume strain can be estimated for a cross section of the specimen
based on surface deformation measurements using methods such as
digital image correlation (DIC) [33]. However, this approach relies
on assumptions regarding the deformation field inside the specimen
during deformation, limiting the technique to macroscopic qualitative
assessments [19,32]. When the morphology of voids after failure is
of primary interest, imaging cross sections of material specimens by
scanning electron microscopy (SEM) can provide detailed insight into
the deformation mechanisms involved.

This study combines mechanical tests of different specimen ge-
ometries deformed to large strains with analyses of the deformed
material morphology on the microscale, aiming for a better under-
standing of the large-strain behaviour of PVDF under different loading
conditions relevant for engineering applications. To investigate the
thermo-viscoplastic material behaviour, uniaxial tensile tests were per-
formed at different ambient temperatures and strain rates. Additionally,
the influence of the stress triaxiality on the material response was
studied using axisymmetric notched tensile specimens with different
notch radii and compression specimens. Local surface deformations
were measured using DIC, allowing the net axial stress and volume
strain response to be determined. For the analyses of the material
morphology, the cross section of failed specimens was imaged by SEM.
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Fig. 1. SEM micrograph of an undeformed PVDF sample showing the embedded PE
particles. The imaged surface was obtained by cryogenically cracking an undeformed
material sample.

2. Material & methods

The aim of the experimental study was to investigate the large-strain
response of a commercial PVDF grade at different temperatures, strain
rates and stress triaxialities relevant for engineering applications.

2.1. Material

The PVDF material was provided as a section of an extruded pipe
with a nominal outer diameter of 100 mm and a nominal wall thickness
of 10 mm. This particular grade of PVDF is marketed as a copoly-
mer featuring a high viscosity of the melt flow suited for piping
applications where the material has to withstand high temperatures
and high pressures. The glass transition temperature and the melting
temperature are specified by the manufacturer as —40 °C and 170 °C,
respectively. The morphology of the material was assessed by SEM and
is shown in Fig. 1. The PVDF matrix material contained a low fraction
of spherical particles, and results from differential scanning calorimetry
(DSC) and energy dispersive X-ray spectroscopy (EDX) strongly indicate
that the particles consisted of poly-ethylene (PE). These particles had
varying sizes in the order of 1 pm and appeared to be evenly dispersed
throughout the material volume.

2.2. Specimen specifications

The five different types of axisymmetric specimens employed in
this study were one uniaxial tension specimen, three notched tension
specimens featuring different notch radii, and one cylindrical com-
pression specimen. The geometries were chosen to assess the material
response in stress states spanning from compression to higher tension-
dominated stress triaxialities. The specimens were manufactured using
a turning lathe, aligning the longitudinal I-axis of the specimen with
the longitudinal axis of the pipe, see Fig. 2. The radial direction ¢, of
the pipe was indicated on the specimens, allowing for identification of
possible anisotropy of the material behaviour. The tension specimens
all featured threaded ends for fixation to the testing machine.

The geometry of the uniaxial tension (UT) specimens is shown in
Fig. 3. To vary the initial stress triaxiality ratio in the tensile tests,
axisymmetric notched tension (NT) specimens with three different
notch radii R of 2 mm, 5 mm, and 20 mm, referred to as NT2, NT5,
and NT20, respectively, were used. The dimensions of the three NT
specimens are given in Fig. 4.

The stress triaxiality ratio # is given by
n=—, €8]

O¢
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Fig. 2. Illustration of the extruded pipe and orientation of extracted specimen with
corresponding coordinate system {¢,¢,,¢,}.
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Fig. 3. Geometry of UT specimens. All dimensions in mm.
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Fig. 4. Geometry of the NT specimens featuring different notch radii: (a) NT2, (b)
NT5, (c¢) NT20. All dimensions in mm.

where o, denotes the hydrostatic stress and o, is the von Mises
equivalent stress. Under the assumption of linear elastic material be-
haviour, Ognedal et al. [26] used finite element simulations to deter-
mine the initial stress triaxiality in specimens featuring the same notch
radii and diameters. According to these simulations, a notch radius
R of 20 mm, 5 mm, or 2 mm yields an initial stress triaxiality ratio
n in the centre of the specimen of approximately 0.4, 0.6, and 0.8,
respectively [26].

The uniaxial compression (UC) specimens were of cylindrical shape
with a diameter and length of 6 mm.

To facilitate the process of image correlation, a random speckle
pattern was applied to the surface of the specimens. For the specimens
tested at or above room temperature, the speckle pattern was applied
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Fig. 5. Schematic drawing of top view onto the experimental setup.

Table 1
Crosshead velocities, nominal strain rates, and testing machines used in the UT, NT,
and UC tests.

Specimen Nominal strain  Crosshead Gauge section Testing machine
type rate ¢ velocity u length

[s71] [mm s71] [mm]
uT 0.005 0.05 10.0 Instron® 5944
uT 0.1 1.0 10.0 Instron® 5944
uT 1.0 10.0 10.0 Instron® 5944
NT20 0.005 0.087 17.4 Instron® 5944
NT5 0.0016 0.0125 8.0 Instron® 5944
NT2 0.0013 0.005 4.0 Instron® 5944
ucC 0.005 0.03 6.0 Instron® 5566

using an airbrush and black paint, whereas white grease and a black
powder were used to create a speckle on the specimens tested at lower
temperatures [34].

2.3. Experimental setup

The uniaxial tensile tests using UT and NT specimens were carried
out employing an Instron® 5944 testing machine featuring a load
capacity of 2kN equipped with a 2kN load cell. Additionally, the
deformation of the specimen’s gauge section was measured using a
2D DIC system equipped with two orthogonally positioned cameras.
A detailed description of the DIC setup is given in Section 2.4. In
all UT and NT experiments, the testing machine’s fixation mechanism
comprised of two threaded grippers in which the threaded ends of the
specimens were mounted. The crosshead velocities of the tensile test
machine were chosen such that the desired nominal strain rate with
respect to the initial length of the specimen gauge section was obtained.
Three successful repetitions of each experiment were carried out, to
assess the reproducibility of the results.

2.3.1. UT tests at various strain rates

The material behaviour under uniaxial tension was investigated for
three nominal strain rates at room temperature (7' = 25 °C). Nominal
strain rates ¢ of 0.005s7!, 0.1s7!, and 1s~! were targeted in this
study, representing strain rates relevant for a wide range of engineering
applications. The lowest strain rate ¢ = 0.005s~! was assumed small
enough to not cause self-heating of the specimens, whereas the elevated
strain rates were anticipated to cause notable self-heating. Based on
a gauge length of 10 mm, crosshead velocities # of 0.05mm s,
1.00mm s~! and 10.00mm s~ were applied (see Table 1).

To monitor the self-heating of the specimens deformed at nominal
strain rates ¢ of 0.1s~! and 1.0s™!, the temperature of the specimen
surface was measured using a FLIR SC 7500 infrared (IR) camera.
In each of these tests, the temperature difference was measured on
a portion of the specimen surface at the centre of the gauge section
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and spatially averaged to obtain a scalar value. The temperature field
was approximately constant within the region where the average was
calculated. To account for the increasing crosshead displacement and
longitudinal strain, respectively, and monitor the same region of the
specimen surface, the area of measurement was adjusted continuously.

2.3.2. UT tests at various temperatures

The influence of ambient temperature on the mechanical response
of the material was investigated for six different temperatures T =
{-20,4,25,60, 80,100} °C. This temperature range was chosen to span
from temperatures approaching the glass transition temperature of
PVDF up to temperatures relevant for high-temperature applications.
To avoid self-heating of the specimens, the tests were carried out using
a crosshead velocity & of 0.05mm s~! and a nominal strain rate ¢ of
0.005s!. In order to control the ambient temperature, a transparent
temperature chamber was added to the experimental setup shown
in Fig. 5. The chamber, also used in previous studies [34,35], was
constructed in a manner such that two cameras could be positioned
perpendicular to each other and the specimens’ longitudinal axis to
monitor the deformation. Additionally, the chamber featured a slit such
that the thermal camera used for the UT strain rate tests could be
employed to monitor the temperature of the specimen surface. In order
to ensure a homogeneous temperature in the specimens, the specimens
tested at 60 °C, 80 °C and 100 °C were thermally conditioned within
the chamber for 45 min before testing. The specimens deformed at —20
°C and 4 °C were conditioned for approximately 30 min.

2.3.3. NT tests

To calculate the nominal strain rate in the NT tests, the notched
region of the specimens was taken as the length of the gauge sec-
tion. Thus, different crosshead velocities were used to account for the
different specimen geometries. In the case of the NT20 specimens,
a crosshead velocity & = 0.087mm s~! was used. In relation to the
length of the notched specimen section of 17.44 mm, this crosshead
velocity yielded a nominal strain rate ¢ = 0.005s~!. In the case of
the NT5 and NT2 specimens, crosshead velocity i of 0.0125mm s~!
and 0.005mm s~! were used. Taking into account the respective gauge
section lengths of 8mm (NT5) and 4mm (NT2), resulted in nominal
strain rates ¢ of 0.0016s! and 0.0013s~! (see Table 1).

2.3.4. UC tests

For the uniaxial compression (UC) tests, an Instron® 5566 testing
machine featuring a load capacity of 10kN equipped with a 10kN
load cell was used. Targeting the quasi-static nominal strain rate é
of 0.005s! used in the UT tests, the crosshead velocity i was set to
0.03mm s~! (see Table 1). The UC tests were carried out up to a final
machine displacement u of 4.8 mm or a magnitude of the longitudinal
engineering strain |¢ | of 0.8, respectively.

2.4. Calculation of net axial stress and logarithmic strain

To estimate the net axial stress vs. logarithmic strain response of
the material, the local surface deformations in the notch root of the
tensile specimens were measured using 2D DIC. The gauge section of
the specimens was imaged during deformation using two orthogonally
positioned 12MP Basler acA4112-30um cameras. The cameras were
equipped with Samyang 100 mm f/2.8 ED UMC MACRO lenses for the
NT2 and NT5 tests, whereas Kowa 50 mm LM50FC24M lenses were
used for NT20 and UT experiments. The two cameras were oriented
coaxially to the hoop direction &, and radial direction ¢, of the pipe, see
Fig. 2, allowing potential material anisotropy to be identified. DIC was
performed using the finite element based DIC code eCorr, employing
Q8 elements. To ensure that local strains were fully resolved, the size
of the finite elements was successively reduced until no further increase
in local strain was observed.
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Fig. 6. Illustration of platelet shaped UC specimen (post deformation) and orientation
of coordinate system.

The deformation of the minimum cross section of the specimens
was quantified through the stretch ratios 4, 4, and A,, where the
subscripts denote the longitudinal direction ¢, radial direction ¢,, and
hoop direction ¢, of the extruded pipe, respectively (see Fig. 2). The
stretch ratios were determined as the average of the values extracted
along a horizontal line spanning the visible circumference of the notch,
see Johnsen et al. [35] for a detailed discussion.

Assuming that the minimum cross section of the specimens is accu-
rately described by an ellipse with minor and major axes being coaxial
with the r and h axes, the net axial stress ¢ is calculated as

F__F
A Aghdy’
where F denotes the reaction force measured by the load cell and 4 is
the current area of the minimum cross section.

A, is the initial specimen cross section which was determined based
on the diameter of the specimen prior to testing, measured using a
calliper. Similarly, the logarithmic longitudinal strain was calculated
as

(2)

& =1In(A). 3

Assuming that the strain field within the minimum cross section is
homogeneous, the logarithmic volume strain was calculated as

e, =In(44,4,). “@
2.5. SEM sample preparation

To gain insight into the void morphology of failed specimens,
the specimens were cryogenically cracked and the resulting fracture
surfaces imaged using SEM. In the case of the UT and NT tests,
the samples were extracted from the necked sections of the ruptured
specimen halves and cracked along their l-axis. To investigate the
morphology following a UC test, one whole plastically deformed and
therefore platelet shaped specimen was cracked open along its rh-plane
(see Fig. 6). To cryogenically crack open the samples, they were first
immersed in liquid nitrogen for 40 min and thus cooled down to
approximately —196 °C. After removal, each sample was cracked open
using a sharp blade and a hammer. The samples were subsequently
gold coated using sputter deposition to prevent electrostatic charging
of the non-conductive material during SEM. The image acquisition was
carried out employing a Zeiss® SUPRA® 55 VP field emission scanning
microscope using an acceleration voltage of 10kV.

3. Results

The mechanical response of the material in terms of net axial stress
vs. logarithmic strain plots and corresponding volume strain plots are
shown for different strain rates, temperatures, and stress triaxialities in
the following section. To illustrate the repeatability of the experiments,
the results from repeat tests as well as the mean value of all repeat tests
are presented. To corroborate on the mechanisms governing the volume
strain response, SEM images showing the void morphology of selected
cross sections within failed specimens are presented and discussed.
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Fig. 7. Net axial stress response in uniaxial tensile tests deformed at a nominal strain
rate of ¢ = 0.005s~! and room temperature (T = 25 °C).

3.1. Uniaxial tensile tests

The net axial stress vs. logarithmic strain response and correspond-
ing volume strain evolution for the UT tests carried out at room
temperature and a nominal strain rate ¢ of 0.005s~! are shown in
Figs. 7 and 8, respectively. Based on the similarity of the response from
repeat tests, the repeatability of the experiments appears to be satisfac-
tory for the purpose of this study. The material exhibited a linear elastic
response up to a logarithmic strain of approximately 0.05 (see Fig. 7),
followed by a transition to almost perfect plasticity. The onset of yield
manifests itself in the volume strain ¢, through a pronounced uptake
of the dilation (see Fig. 8). Up to a strain ¢, of approximately 0.25, the
net axial stress level remains constant without pronounced softening
or hardening. In the same range of the longitudinal strain, the volume
strain ¢, exhibits its steepest increase (see Fig. 8). For strains ¢ larger
than 0.25, the stress response shows progressive rehardening up to
failure at a strain ¢, of approximately 1.6. The volume strain was found
to increase up to a strain ¢ of 0.96, reaching an average maximum
of 0.32 (Fig. 8). However, with the continuation of the deformation,
the volume strain decreased to about 0.2 at failure. Fig. 9a shows
the morphology in the cross section of a UT specimen post failure.
Despite observing a decrease in the macroscopic volume strain ¢, prior
to failure, a significant void volume fraction was found. The largest
voids developed around the PE particles that retained their spherical
shape. However, the majority of the voids was found to have nucleated
in the PVDF matrix phase. All voids were highly elongated along the
principal stress direction (see Fig. 9a).

3.1.1. Impact of the strain rate on the material response

To investigate the material’s viscoplastic properties, additional UT
tests were performed at elevated strain rates ¢ = 0.1s~! and é = 1.0s!
at room temperature (T" = 25 °C) while measuring the temperature
of the specimen surface. The net axial stress and volume strain vs.
logarithmic strain responses of these tests as well as the quasi-static
UT tests are shown in Figs. 10 and 11, respectively. Fig. 12 shows the
average net axial stress response of the UT tests at each strain rate up
to a longitudinal logarithmic strain ¢, of 0.25. For an increasing strain
rate, the net axial stress at the onset of yielding was found to increase.
Defining the yield stress o, as the point fulfilling do/de; = 0, values
ranged from 41.0 MPa for ¢ = 0.0055~! to 50.0 MPa for ¢ = 1.0s™! (see
Fig. 12). In comparison to the quasi-static case (¢ = 0.005s71), the yield
stress increased by 11% for the strain rate ¢ = 0.1s~! and by 22% in
the case of ¢ = 1.0s~! (see Fig. 12).

For an increasing strain rate, the material’s stress response featured
an increasingly pronounced softening upon yield which was not present
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Fig. 8. Volume strain response in uniaxial tensile tests deformed at a nominal strain
rate ¢ = 0.005s™! and room temperature (7 =25 °C).

in the case of the slowest UT tests (see Fig. 12). The slow tests exhibited
the greatest amount of progressive rehardening and thus ultimate
strength (see Fig. 10). The net axial stress curves of the tests at the
intermediate strain rate ¢ = 0.1s~! shown in Fig. 10 feature a sudden
stark increase in modulus at a longitudinal strain ¢, of approximately
1.6. In the case of these UT tests, the neck propagated out of the gauge
section and into the specimen shoulders (see Appendix). As a result,
the observed stark increase of the hardening in the corresponding net
axial stress curves is due to plastic rehardening of the material outside
of the gauge section where also the cross-sectional area increases.
Therefore, this apparent rehardening cannot be considered part of the
true material response and is disregarded.

Regarding the volume strain responses shown in Fig. 11, an in-
creasing degree of plastic dilation with an increasing strain rate was
found. However, the difference between the two higher strain rates was
within the spread of the individual test results (see Fig. 11). Comparing
the quasi-static case (¢ = 0.005s~1) with the two elevated strain rates
(¢ = 0.01s7! and ¢ = 0.1s71), the maximum volume strain shifted to
larger longitudinal strains for the elevated strain rates (see Fig. 11).

Fig. 13 shows the logarithmic longitudinal strain rate ¢, as a function
of the logarithmic longitudinal strain ¢, in the uniaxial tensile tests at
the three strain rates investigated. In the elastic range of all curves, the
local logarithmic longitudinal strain rate ¢; does not match the nominal
strain rate values. This is a result of elastic deformations outside of the
specimens’ gauge section which was used as the reference length for
the nominal strain rates. After the onset of plastic flow and therefore
localisation of the deformation in the gauge section, the nominal strain
rate was reasonably well approximated for all three crosshead velocities
(see Fig. 13). With the onset of neck propagation, the logarithmic strain
rates started to increase and exceed the nominal strain rate values in
all curves. This trend continued until the onset of neck propagation,
resulting in a decline of the observed logarithmic longitudinal strain
rates.

The temperature difference between the specimen surface and the
ambient temperature of 25 °C for both elevated strain rates is shown
in Fig. 14. The measured temperatures briefly declined at small strains
up to approximately 0.15 as a result of the thermoelastic effect [36].
Afterwards, the temperature increased for both strain rates. This tem-
perature increase was more pronounced in the case of the higher
strain rate ¢ = 1.0s~!, reaching a maximum temperature difference
AT, = 52.8K (see Fig. 14) as opposed to a maximum temperature
AT, = 34.1K in the case of the lower strain rate ¢ = 0.1s71.

For the specimens deformed at the lower strain rate ¢ = 0.1s71,
the temperature difference steeply declined before final failure (see
Fig. 14) due to heat conduction within the specimen. For large overall
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Fig. 9. SEM micrographs of morphology in necked region of uniaxial tensile specimens (post failure) tested at room temperature (7' = 25 °C) and a nominal strain rate of (a)
¢=0.005s71, (b) ¢=0.1s"1, and (c) ¢ = 1.0s™". The direction of the tensile stress is indicated through the white arrow.
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Fig. 10. Strain rate dependency of the net axial stress response in uniaxial tensile tests
at room temperature (7" =25 °C).
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Fig. 11. Strain rate dependency of the volume strain response in uniaxial tensile tests
at room temperature (7" =25 °C).

displacements, the deformation mainly progressed outside the initial
specimen gauge section centre where the temperature was measured.
Therefore, deformation and dissipation in the gauge section stalled as
a result (see also Appendix). Long test durations due to the relatively
low strain rate allowed for the self-generated heat to be conducted
within the specimen, resulting in a decreasing temperature at the point
of measurement. Fig. 9b and c show the post-failure morphology in
the cross section of UT specimens tested at a nominal strain rate of
¢ =0.1s71 and ¢ = 1.0s7!, respectively. Both morphologies feature a
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Fig. 12. Strain rate dependency of the net axial stress at the onset of yielding in
uniaxial tensile tests at room temperature (T =25 °C).
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Fig. 13. Longitudinal logarithmic strain rate ¢ vs. longitudinal logarithmic strain ¢
from uniaxial tensile tests for the three strain rates investigated at room temperature
(T =25°0).

high void volume fraction with voids that are highly elongated along
the principal stress direction, similar to what was found in the case of
a nominal strain rate ¢ = 0.005s7!.

3.1.2. Impact of the ambient temperature on the material response

The stress—strain response of the UT tests at different ambient
temperatures is shown in Fig. 15 with the corresponding volume strain
behaviour being shown in Fig. 16. The temperature control system
used in tests at elevated temperature introduced fluctuations in the
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Fig. 14. Evolution of the temperature change with respect to the ambient temperature
(T =25 °C) on the surface of UT specimens in the gauge section for elevated strain
rates.
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Fig. 15. Temperature dependency of the net axial stress response in uniaxial tensile
tests carried out at a nominal strain rate ¢ = 0.005s7!.
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Fig. 16. Temperature dependency of the volume strain response in uniaxial tensile
tests carried out at a nominal strain rate ¢ = 0.005s7'.

chamber temperature of about +5 °C over the total duration of the
tests. Consequently, these temperature fluctuations have to be taken
into account when interpreting the results from the high temperature
tests.
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Fig. 17. Temperature dependency of the net axial stress at the onset of yielding o, in
uniaxial tensile tests at temperatures of 25 °C, 4 °C, and —20 °C.
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Fig. 18. Temperature dependency of the net axial stress at the onset of yielding o, in
uniaxial tensile tests at temperatures of 60 °C, 80 °C, and 100 °C.

The overall stress level was found to increase with decreasing
temperature (see Fig. 15). Considering the lower temperature range
between —20 °C and 25 °C, the net axial stress curves were found to be
approximately self-similar from the onset of yield up to a logarithmic
strain of approximately 1.4. In this temperature range, the yield stress
oy increased from 41.0 MPa at room temperature (T = 25 °C) to
74.6 MPa at a temperature of —20 °C and to o, = 552 MPa at 4 °C
(see Fig. 17).

In the upper temperature range comprising temperatures 7' > 60 °C,
both the yield stress and the initial modulus were found to decrease.
At these temperatures, no plateau stress could be determined (see
Fig. 15). Based on the longitudinal strains corresponding with the
plateau stresses in the uniaxial tensile tests at lower temperatures, the
stress at a longitudinal strain ¢, = 0.15 was taken as the yield stress in
these cases. At a temperature of 60 °C, this yield stress amounted to
28.4 MPa. The yield stress decreased to 20.6 MPa at a temperature of 80
°C and 12.8 MPa at a temperature of 100 °C, respectively (see Fig. 18).

The volume strain was observed to decrease with increasing temper-
ature (see Fig. 16). An exception from this trend is the plastic dilation
measured at a temperature of —20 °C which was lower than that found
for T = 4 °C. Hence, the greatest plastic dilation with a maximum value
of 0.42 was found for a temperature of 4 °C.

For the tests carried out in the lower temperature range (T <
25 °C), a pronounced increase of the volume strain after onset of
yielding was found. However, the volume strain responses of these tests
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Fig. 19. Impact of the ambient temperature on the morphology in UT specimens (post failure) for temperatures of (a) T =-20 °C, (b) T =4 °C, (¢) T =25 °C, (d) T =60 °C, (e)

T =80 °C, and (f) T = 100 °C. The white arrows indicate the tensile stress direction.

exhibit a regressive trend with ongoing deformation for strains ¢ > 0.5.
Considering the tests at temperatures 7 = 4 °C and T = 25 °C, the
volume strain response features a maximum and subsequent decrease.
Regarding the large-strain volume strain response for a temperature of
—20 °C, the growth subsided as well yet only a small decrease was found
until failure.

In the upper temperature range (T' > 60 °C), the volume strain
was reduced compared to the results in the lower temperature range.
Whereas in the case of a temperature of 60 °C, an increasing volume
strain upon plastic deformation was found, no such increase con-
sidering temperatures T = 80 °C and T = 100 °C was observed. With
temperature fluctuations in mind, the uptake in the volume strain
response of the tests carried out at temperatures T > 60 °C, setting
on at a longitudinal strain ¢ of approximately 1.0, is treated as at
measurement uncertainty and disregarded in the following discussion.

The mechanisms on the microscale causing the macroscopic volume
strain are reflected in the SEM micrographs shown in Fig. 19. The
micrographs of samples from tests carried out at temperatures 7' < 60
°C, shown in Fig. 19a, b, c, and d, all show extensive cavitation and void
growth. In agreement with the volume strain measurements, the visual
impression is that the samples from the tests at temperatures T < 25
°C, featured a higher overall porosity than the sample extracted from
the specimen subjected to a temperature T = 60 °C. Furthermore, for
temperatures of 25 °C, 4 °C, and —20 °C, the PE particles remained
spherical even after the extensive deformation of the matrix.

Fig. 19e shows the heterogeneous microstructure of a specimen
tested at T = 80 °C, featuring a low porosity. However, in this case,
the particles apparently deformed with the PVDF matrix material and
only detached from the matrix at their tips in the tensile direction.
Voids stemming from nucleation were found to be sparse and small
in relation to those occurring at samples from tests conducted at lower
temperatures. The micrograph showing the sample from the test carried
out at T = 100 °C does not show any porosity (see Fig. 19f). Also,
the morphology of the sample proved to be homogeneous without
particles or voids. It should be noted that the specimens deformed at
T =100 °C turned translucent during deformation instead of displaying
stress-whitening.
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Fig. 20. Impact of the stress triaxiality on the stress—strain response at room
temperature (T =25 °C).

3.2. NT tests and the impact of the stress triaxiality ratio

To investigate the material’s susceptibility to void formation and
growth when subjected to an elevated stress triaxiality, tensile tests on
NT specimens featuring different notch radii were carried out. The net
axial stress vs. logarithmic strain responses of the NT tests, with the
quasi-static UT tests added for comparison, are shown in Fig. 20 and the
average responses of repeat tests up to a strain ¢, of 0.25 are depicted
in Fig. 21.

The longitudinal stress at the onset of yielding was found to not vary
significantly with the notch radius or stress triaxiality ratio, respec-
tively. Furthermore, the longitudinal stress response up to a logarithmic
strain ¢, of approximately 0.5 was found to be similar across all notch
radii. Only for further increased strain, a decreasing degree of harden-
ing with respect to the longitudinal stress was observed for a decreasing
notch radius.
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Fig. 21. Longitudinal stress at the onset of yielding for different notch radii.
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Fig. 22. Impact of the stress triaxiality on the volume strain response at room
temperature (T =25 °C).

The volume strain responses of the NT tests as well as the quasi-
static UT tests are shown in Fig. 22. For all specimens, extensive plastic
dilation was observed with a decreasing notch radius resulting in an
increasing volume strain. The maximum average volume strain in the
UT tests, i.e. for a stress triaxiality ratio n = 1/3, amounted to ¢, = 0.32
(see Fig. 8). For the NT20 tests, featuring an initial stress triaxiality
ratio n = 0.4, the maximum volume strain increased to 0.56. A further
increased maximum of the volume strain ¢, of 0.84 was found in the
case of the NT5 specimens (1 = 0.6). During the NT2 tests (y = 0.8), the
volume strain ¢, reached a maximum of 1.18. SEM images showing
the void morphology of samples extracted from the NT specimens are
shown in Fig. 23. The micrographs show an apparently increasing
porosity for a decreasing notch radius, conforming to the increased
volume strain. The void morphology of the NT20 sample (see Fig. 23a)
was similar to the UT sample with highly elongated voids. The NT5
and NT2 samples both featured an even higher porosity (see Fig. 23b
and c). While the elongation of the voids decreased with an decreasing
notch radius, their diameter increased. Furthermore, the thickness of
the ligament between voids decreased with a decreasing notch radius.

3.3. Uniaxial compression tests

The force vs. machine displacement responses of the quasi-static
uniaxial compression tests are shown in Fig. 24. The UC specimens
exhibited barrelling, did not crack, and retained a platelet shape after
the experiments. Due to the barrelling and complex interaction between
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Table 2

Material parameters in the Ree-Eyring model (Eq. (5)).
Ve AH, o Vy AH, éop
[nm?] [kJ/mol] [s] [nm?] [kJ/mol] [s™]
2.69 248.40 9.56 - 10% 6.25 496.21 4.72 - 10%

the specimen and the fixture through a varying contact surface area and
frictional effects, the UC tests were only considered for small strains to
obtain the yield stress. The magnitude of the average net axial stress vs.
the magnitude of engineering strain response under compression and
tension is shown in Fig. 25. The average magnitude of the yield stress
under compression oy .| was 53.24 MPa, being increased by 30% over
the average magnitude of the yield stress in tension |oy;| of 41.02 MPa.
Hence, a yield stress ratio |og¢|/|og,| = 1.30 was determined, further
demonstrating that the material is highly pressure sensitive.

The surface morphology of a material sample extracted from the
centre of the deformed specimen is shown in Fig. 26. Here, no cavita-
tion, particle-matrix separation, and consequentially no porosity was
observed. However, an increase of the diameter of the particles prior
and post deformation (see Figs. 1 and 26) indicated that the particles
had been plastically deformed into platelets.

4. Discussion

Strain rate, ambient temperature, and stress triaxiality were found
to have a pronounced impact on the net axial stress vs. logarithmic
strain response of PVDF as well as on the degree of void growth.

The stress level was observed to increase with increasing strain
rate or decreasing temperature, respectively, demonstrating that the
material adheres to the equivalence principle. Accordingly, a drop in
ambient temperature impacts the material response similarly as an
increased strain rate [37-39].

Fig. 27 shows the dependence of the yield stress ¢, on the nominal
strain rate ¢ and temperature T in uniaxial tensile tests, complemented
by a fitted Ree-Eyring model. The Ree-Eyring flow theory [40] de-
scribes the rate and temperature dependence of a material’s yield stress
o as given by

AH

kg0 5
6y = Z 5 arcsinh <i exp [ R0X]> s 5)

x=a.f "X

where « and # denote two material-specific relaxation processes each
associated with an activation volume V,, a reference strain rate ¢,
and an activation enthalpy AH,. The experimental conditions enter
the model in the form of the absolute temperature # and the nominal
strain rate ¢, kg is Boltzmann’s constant, and R denotes the univer-
sal gas constant. A set of model parameters was calibrated from the
uniaxial tensile tests and the resulting curves in Fig. 27 demonstrate
that the Ree-Eyring theory is well capable of reproducing the rate
and temperature dependence of the investigated PVDF grade. The
parameters of the calibrated model are given in Table 2. Softening was
not observed in the net axial stress vs. logarithmic strain response for
tensile tests at quasi-static rate and room temperature. However, for
elevated strain rates and ambient temperatures of —20 °C and 4 °C, a
small amount of softening was observed upon yield. Strain softening at
the onset of yielding is commonly attributed to either intrinsic softening
such as ageing of the matrix material [41-43] or to softening caused
by separation of the particles from the matrix at the interface [15].
However, since the particles appear to be undeformed upon failure
(see Figs. 9 and 23), particle-matrix decohesion cannot be considered
a source of softening in this material. However, gathering conclusive
evidence on the origin of strain softening in this material is considered
out of scope for this study.

For all tests, increasing strain hardening was observed for increasing
deformation. However, the overall strain hardening decreased with an
increasing ambient temperature or strain rate. Also, a transition from
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Fig. 23. Impact of the stress triaxiality ratio on the morphology in NT specimens (post failure) for different notch radii: (a) NT20, (b) NT5, (c) NT2. The white arrows indicate

the tensile stress direction.
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Fig. 24. Force vs. machine displacement response of the quasi-static UC tests at room
temperature (T =25 °C).
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Fig. 25. Comparison of the net axial stress at the onset of yielding under tension and
compression.

a gradually increasing strain hardening to a more abrupt increase in
hardening at large strains was observed for a decrease in strain rate or
increase in temperature. In polymers, such an abrupt increase in strain
hardening at large strains is commonly attributed to reorientation as
well as locking of the polymers molecular backbone and is therefore
intrinsic to the matrix material [44]. In the present case, the transition
from a gradually increasing hardening to an abrupt onset at large
strains was likely caused by saturation of the longitudinal strain in
the notch. The subsequent associated spread of the deformation to the

10

Fig. 26. SEM micrograph of the morphology in the centre of a UC specimen (post
deformation).

140
® T=-25°C
1 e T=4°C

120 ovm T=25°C
= ® T=60°C
o, 100 ® T =80°C
2 ® T=100°C
P Ree-Hyringmodel | e
2
9]
2 60
2}
=
L 40
P

20—

0~

1074 1073 102 107!
Nominal strain rate ¢ [s7!]

100

Fig. 27. Yield stress o, vs. nominal strain rate ¢ from uniaxial tensile tests at different
strain rates and temperatures, complemented by a fitted Ree-Eyring model.

neighbouring material outside the gauge section, featuring a larger
cross section, has to be assumed the main driver of the stark increase
in the reaction force and stress. Also, an increased stress triaxiality
ratio and correspondingly increased void growth were found to reduce
the rate of strain hardening at large strains, suggesting that void
formation and growth had a pronounced influence on the hardening
of the material at large strains. Similarly, when the strain rate ¢
was elevated to 0.01s™! and 1.0s™!, an increased volume strain was
observed, corresponding to decreased strain hardening. Furthermore, a
more gradually increasing hardening was observed in the case of the
elevated strain rates, possibly caused by increased thermal softening
due to limited heat diffusion.
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The longitudinal stress at the onset of yielding was found to be
approximately similar in all UT and NT experiments featuring different
notch radii. Therefore, the material exhibited pressure-sensitive yield-
ing. This behaviour is possibly caused by the presence of voids in the
material [45,46]. Considering the SEM images of samples deformed at
room temperature, the embedded PE particles did not appear to be
deformed, suggesting that separation of the particles and surrounding
matrix happened before yielding of the particles. However, this could
not be confirmed from the volume strain measurements since the onset
of void nucleation cannot be identified on the surface of a specimen as
separation at the phase boundary does not necessarily cause an increase
in overall volume strain. Furthermore, the accuracy of the DIC derived
volume strain measurements is questionable at small deformations.

Two sources of void formation were observed in the SEM images: (i)
separation at the phase boundary between particles and matrix and (ii)
void nucleation in the matrix material. The relative contribution from
the two sources could not be determined from the SEM images. Void
nucleation by particle-matrix decohesion has been observed in other
filled polymers, e.g. mineral filled PVC, causing void formation from
the onset of yielding [14,15]. Cavitation within the matrix material
itself is commonly observed in neat semi-crystalline polymers such as
PA6, PA11 and HDPE. There, the voids form in the amorphous phase
of the spherulitic microstructure and are constrained by the crystalline
lamellae [17-19]. However, in this study, the SEM images neither
allowed the microstructure of the material nor the origin of cavitation
to be identified. It should here be noted that the specimens were imaged
using SEM after being stored for several weeks. Hence, any phenomena
influenced by stress relaxation could not be studied.

Stress triaxiality, ambient temperature, and strain rate all had a
pronounced impact on the degree of void growth during deformation
of the specimens. The interrelationship between an elevated stress
triaxiality and an increased void growth conforms to previous studies
on similar materials [16,29]. The increased dilation observed for the
UT tests at elevated strain rates could be caused by the increased stress
level, promoting separation of the particles from the matrix at the
interface and void nucleation in the matrix material.

The volume strain and void growth were significantly reduced
at an ambient temperature of 60 °C, and no void growth was ob-
served at temperatures of 80 °C and 100 °C. Several other studies
on PVDF also found a decrease of volume strain with an increasing
temperature [12,16]. The stress level was also significantly reduced
at higher temperatures, possibly reducing the material’s tendency to
nucleate voids. Also, the highly deformed neck region in the case of
the 100 °C sample was translucent in appearance. Fig. 28 shows the
microstructure of an undeformed material sample, heated to 100 °C
and subsequently cryogenically cracked open, where this translucency
was not observed. PVDF thin films featuring a thickness of less than
200 pm have been found to turn transparent upon large stretches at
room temperature [1]. Investigating macroscopic specimens, André-
Castagnet and Tencé-Girault [12] observed a tendency for PVDF to
turn translucent when subjected to large deformations and elevated
temperatures up to 150 °C. Thereby, lower strain rates and higher
temperatures were found to promote translucency. That behaviour was
attributed to a reduced tendency for voiding. Hence, in the sense that
both mechanical stress and increased temperatures prevent voiding
and therefore promote translucency, the results of this study are in
line with other findings in the literature. The PE particles could not
be identified in SEM micrographs of the samples which had been
deformed at 100 °C, whereas the particles were still present in SEM
micrographs of undeformed material that had been heated to the same
temperature (Fig. 28). Hence, the combination of both mechanical
stress and an elevated temperature must be responsible for the particles’
disappearance. An explanation might be that the particles melt as a
result of the temperature nearing their melting point in combination
with pressure from the deforming surrounding matrix. Subsequently,
elongation and shear forces acting on the particles in their molten state
may lead to their dissolution.
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Fig. 28. SEM micrograph of an undeformed PVDF sample that has been heated to a
temperature of 100 °C and subsequently cryogenically cracked open.

5. Conclusions

This study investigated the influence of temperature, strain rate and
stress triaxiality on the large-strain response of a commercial PVDF
copolymer. The following conclusion can be drawn:

» The material contained a low fraction of spherical PE particles
with an average size in the order of 1 pm. The PE particles were
found to promote void formation by separation at the interface
between particles and matrix during deformation.

The material exhibited a temperature-dependent and strain-rate-
dependent behaviour, where the stress level increased for increas-
ing strain rate and decreasing temperature.

Pressure-sensitive yielding was observed in tensile tests featuring
different stress triaxialities as well as compression tests.
Pronounced plastic dilation was observed for all tensile tests. The
plastic dilation increased with increasing deformation and was
promoted through elevated stress triaxiality. On the microscale,
the plastic dilation corresponded with void growth initiated by
separation at the phase boundary as well as void nucleation in
the matrix.

No plastic dilation was observed for ambient temperatures of
80 °C and 100 °C. Accordingly, no voids were identified on the
microscale.

CRediT authorship contribution statement

Jonas Hund: SEM imaging, Data curation, Visualisation, Writing
— original draft. Henrik Mggster Granum: Experiment planning, Ex-
periment execution, Data curation, Writing — review & editing. Sindre
Nordmark Olufsen: Consultation, Writing — original draft. Petter Hen-
rik Holmstrom: Consultation, Writing — review & editing. Joakim
Johnsen: Experiment planning, Consultation, Writing — review & edit-
ing. Arild Holm Clausen: Supervision, Consultation, Writing — review
& editing.

Declaration of competing interest

The authors declare the following financial interests/personal rela-
tionships which may be considered as potential competing interests:
Jonas Hund reports financial support was provided by Research Council
of Norway. Sindre Nordmark Olufsen reports financial support was
provided by Equinor ASA. Henrik Mogster Granum reports financial
support was provided by Enodo AS. Joakim Johnsen reports financial
support was provided by Enodo AS. Jonas Hund reports financial
support and equipment, drugs, or supplies were provided by Baker
Hughes. Jonas Hund reports financial support was provided by Equinor
ASA.



J. Hund et al.
Data availability

The raw/processed data required to reproduce these findngs cannot
be shared at this time due to technical or time limitations.

Acknowledgements

The authors wish to thank the Research Council of Norway for
funding through the Petromaks 2 programme, Contract No. 317673.
The financial support from Equinor, Norway, Baker Hughes, United
Kingdom, and Enodo, Norway is also acknowledged. The authors also
gratefully appreciate the financial support from the Research Council of
Norway through the Centre for Advanced Structural Analysis, Project
No. 237885 (SFI-CASA).

Appendix. Complementary plots to the UT strain rate tests

Figs. 29 and 30 show the force vs. displacement and force vs.
log. longitudinal strain responses of the UT tests at different strain
rates at room temperature, respectively. The elongation of the whole
specimen in comparison to the elongation of the gauge section for the
UT tests at the intermediate strain rate ¢ of 0.1s~! is shown in Fig. 31.
Fig. 29 shows that for large deformations the reaction force and overall
specimen elongation, represented by the machine displacement u, were
still increasing, while the material in the gauge section used for DIC did

Force F [kN]

0.0 —r
60 80
Machine displacement u [mm)|
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T
100

Fig. 29. Force vs. displacement response of UT tests at three strain rates and room
temperature (7' =25 °C).
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Fig. 30. Force vs. log. longitudinal strain response of UT tests at three strain rates and
room temperature (7 =25 °C).
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Fig. 31. Elongations of the whole specimen and the specimen gauge section for the
UT tests at the intermediate strain rate ¢ = 0.1 s7!.

no longer experience any elongation (see Fig. 31). Therefore, Figs. 30
and 31 shall illustrate that the DIC-derived quantities (based on the
elongation of the gauge section) such as the longitudinal strain ¢, could
not reproduce the increasing overall deformation shown in Figs. 29 and
31 for longitudinal strain ¢, > 1.6.
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