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Damage and fracture of polyvinylidene fluoride (PVDF)
at 20 °C: Experiments and modelling

Mélanie Challier *, Jacques Besson, Lucien Laiarinandrasana,
Roland Piques

Centre P.M. Fourt, Ecole des Mines de Paris, UMR CNRS 7633, BP 87, 91003 Evry, France

Flexible oil pipelines are multilayered structures used for the transport of crude oil or natural gas from the seabed to the
surface in offshore oil fields. Because of severe service conditions, composite structures made of metallic and poly-meric
layers must be used. PVDF is a good candidate as it accommodates tensile and flexural deformations and guar-antees
water tightness. The present paper focuses on the mechanical properties of PVDF at 20 °C. Several specimens with
different geometries were tested: smooth specimens, notched specimens and cracked specimens under tension and
bending. Fracture surfaces were examined to determine fracture mechanisms. Based on mechanical testing and
microscopic observations, a modified Gurson-Tvergaard—Needleman model for semi-crystalline polymers is proposed.
The model allows both the non-linear behavior and the cracking of polymer structures to be represented.
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1. Introduction

Polyvinylidene fluoride (PVDF) is a semi-crystalline polymer that has been widely studied for its piezo-
electric properties [1,2], due to its polar B phase. Nevertheless, the apolar phase o is also studied for struc-
tural applications, because it exhibits good mechanical properties and chemical resistance [3]. Mechanical
properties of PVDF have been already studied by many authors, who analysed the macroscopic tensile and
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creep behavior over several strain rate decades, and over a large range of temperatures [4,5]. During
viscoplastic deformation, the material whitens after the onset of necking due to nucleation and growth
of voids, as evidenced using small and large angle X-ray diffraction [3]. In this study, an a-PVDF grade
used for offshore applications is analysed at 20 °C with respect to viscoplastic and damage behavior.
Notched specimens and cracked specimens were used in order to investigate damage development over a
wide range of loading conditions. A numerical simulation of these tests is performed using the Gurson
model [6] which was adapted to the present material.

2. Materials and experimental procedures
2.1. Materials

The material of the study was provided by ARKEMA. It is used in multilayered offshore risers. In order
to prevent from any kind of ageing effect, the material was extruded without plasticizer. Hence it differs
from the standard industrial grade. The lack of plasticizer leads to a difficult extrusion, which creates a sig-
nificant porosity. The initial defect population was estimated by microscopic examination followed by
image analysis, of a PVDF sample broken in liquid nitrogen. The porosity is equal to 10%. It consists
of 1 pum diameter voids which are always observed in bulk PVDF and that are created during crystallisation
and extrusion [4]. A second, much smaller (0.1 um) population is also observed in the investigated material.
The unplasticized PVDF can exhibit brittle failure at 20 °C which is not observed in industrial PVDF.
Results reported in this study give consequently a pessimistic evaluation of the rupture properties.

2.2. Experimental procedures

Tensile and flexural tests were made on different geometries. Smooth specimens were machined from
PVDF 6 mm extruded sheets (ASTM D638 M1) with a gauge length of 100 mm and a cross section equal
to 6 x 8 mm”. All tensile tests were carried out using an Instrén testing machine, at constant crosshead
speed, ranging from 0.015 to 15mms~' (corresponding to a strain rate between 1.5x10~* and 1.5 x
10~'s7!). A strain gage extensometer is also used, its gauge length is 25 mm.

Circumferentially notched round bars (CNRB) were also tested, in tension, and tests have been per-
formed using three notch radii: CNRB 4: R =4 mm, CNRB 1.6: R=1.6 mm, CNRB 0.8: R=0.8 mm.
All specimens have a 65-mm length, the diameter in the minimal cross section is 4 mm, and the maximum
diameter is 7.2 mm. A strain gage is positioned at the notch tip in order to record the decrease of the min-
imum diameter. The crosshead displacement is also measured. Tests have been carried out by controlling
either the crosshead displacement (0.15mm s~ '), or the diameter reduction (2.5 x 107> mm s~'). Double
edge notched specimens were tested in tension (DENT). They were machined from PVDF 12 mm thick ex-
truded sheets (ASTM D638 M1). The length is 100 mm, the width () is 6 mm and the thickness is 12 mm.
Various crack length (a) width ratios (a/W) are used ranging from 0.1 to 0.5. The cracks are made with a
cutter blade. Special attention is paid to guarantee alignment of both cracks. Initial crack lengths are mea-
sured from the fracture surfaces using an optical microscope. DENT tests are carried out at constant cross-
head speed (0.15 mm s '), and a gage extensometer (gage length: 7 mm) is used to follow the crack opening
displacement (COD).

Single edge notched specimens (SENB) were tested in three point bending at a constant displacement
rate (0.15 mm s~ ') using an Instrén machine. Specimens were tested using a span-to-specimen width ratio,
S/W, of 4:1. Width (W) and thickness (B) are respectively 14 mm and 7 mm, and the a/W ratio was 0.5.
Displacement and load are monitored together with the crack opening displacement measured using a
MTS extensometer.



3. Results of mechanical testing
3.1. Tensile tests on smooth and CNRB specimens

Nominal stress—strain curves on smooth specimens are shown in Fig. 1 for the different displacement
rates, exhibiting a strong influence of the strain rate on the non-linear behavior. The maximum load is in-
creased by 22% for strain rates varying between 1.5 x 10™*and 1.5 x 10~ s~ whereas the nominal strain at
fracture is decreased by 40%. This decrease is likely related to material softening caused by temperature
elevation [7].

Engineering thermoplastics are significantly notch-sensitive. They exhibit a brittle mode of failure in
notched specimens, which generate a state of sufficiently large hydrostatic tension ahead of the notch
[8,9]. This stress state also promotes void growth. Decreasing the notch radius leads to an increase of
the maximum load as the stress triaxiality ratio (z) is increased [10].

Typical results on CNRB are shown in Fig. 2 for the three notch radii, where the load is plotted versus
radial displacement. As expected, fracture occurs sooner with small radii. Large plastic deformation is ob-
tained for CNRB 4. In all cases, a maximum load is observed followed by a post-yield softening and a load
plateau before final rupture. Note that this last effect is not monitored on smooth specimens as necking
occurs after the maximum load so the displacement measured by the longitudinal extensometer is no longer
representative of the deformation in the neck region. As the cross section diminishes, the load plateau actu-
ally corresponds to a strain hardening phase.

This two stage deformation process can qualitatively be related to the microscopic deformation mecha-
nisms of the porous semi-crystalline polymer. First, elongation of amorphous tie chains followed by slip
and tilting of crystalline lamellar chains, and orientation of crystal blocks occur [11]. This corresponds
to moderate hardening rates. Then, once the spherulite microstructure has been destroyed and transformed
into a fibrillar microstructure, deformation occurs by destruction of the lamellar morphology. This last
deformation process induces a strong strain hardening. Indeed the hardening mechanisms are coupled with
void growth induced softening (see below).

Results obtained on CNRB 4 and CNRB 1.6 also indicate an increase of maximum load. But no similar
effect is obtained between CNRB 1.6 and CNRB 0.8. The maximum load reaches a limit value for radii
smaller than 1.6 mm. In order to check this effect, similar tests were carried out on the same geometry under
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Fig. 1. Simulated and experimental nominal stress versus nominal strain, on smooth specimens, for different strain rates.
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Fig. 2. Load versus diameter decrease curves for NT 0.8, NT 1.6 and NT 4 notched specimens at a radial decrease rate equal to
2.5% 107> mm s~!. (NTxx indicates: Notched specimen Tensile with xx mm initial radius).

similar conditions but with a 0.15 mm radius (CNRB 0.15). The same maximum load was obtained. Ductile
initiation followed by brittle fracture are observed whereas the other specimens failure mode was ductile.
Similar results have been reported in bending on other engineering thermoplastics [8,12,13]. It is shown that
fracture becomes brittle when the notch radius is decreased as a constrained plastic zone is formed at the
notch root where hydrostatic stresses are high leading to brittle fracture. In conclusion, all results clearly
indicate that brittleness is favored by high triaxiality ratios.

3.2. Tensile and flexural tests on cracked specimens

Tensile tests on DENT are carried out to induce more severe loading conditions compared to CNRB
specimens. A constrained plastic zone is confined at the crack tip. Fig. 3 displays the load versus COD,
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Fig. 3. Simulated and experimental load—-COD curves for DENT using 3D calculations at a displacement rate of 0.15 mm s~! for
different a/ W ratios.
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Fig. 4. Simulated and experimental load—crack opening displacement curves for SENB in 3D calculations, (load line displacement rate
0.15mms ).

for a/ W ratios between 0.07 and 0.46. In all cases, fracture is unstable. On the other hand, flexural tests on
SENB indicate that crack propagation is stable during the test at 20 °C, Fig. 4.

Differences between cracked specimen fracture under tension and under bending have been explained by
Paris et al. [14]. They proposed an approach to the stability analysis of crack growth based on the J-Aa
curve. They established that stable or unstable propagation is a function of the specimen length; this depen-
dence is strong for DENT. This geometry exhibits higher risk of unstable fracture, especially if the specimen
is long. Conversely, they indicated that the stability of SENB specimens increases as the crack propagates
[15].

4. Microscopic observations

Fracture surfaces of notched specimens have been observed by scanning electron microscopy (SEM).
Interrupted CRNB tests have been carried out to highlight damage development and localisation. Tensile
tests were stopped just prior to fracture. Then, the specimens were microtomed along the tensile direction.
Optical observations of 2-um thick lamellae and SEM observations of longitudinal cross sections indicated
that for the two smaller radii, a localised damage band, containing many cavities, is observed in the min-
imal cross section, Fig. 5a. Crazing is not observed and voids are larger at the specimen centre, where stress
triaxiality ratio is high. The damage band width decreases for smaller radii.

Fracture surfaces observed in SEM indicate an initiation site located at the centre of the minimum cross
section. The macroscopic crack is initiated on a cavity or on a particle, Fig. 5b. EDX analysis revealed these
particles are composed of potassium salt or calcium salt. Radial propagation is characterised by many large
cavities. Diameter of voids diminishes with propagation, and striations could also be observed at the end of
ductile propagation close to specimen edges, Fig. 5c.

Optical observations carried out during the DENT test show that the white zone is located at the crack
tip indicating that the deformation and damage remain confined. Blunting up to 60 um was observed prior
to crack initiation in a test performed in situ in the SEM chamber. Crack initiation is always ductile and
quickly followed by unstable brittle fracture, Fig. 6. Crack propagation is always larger at the centre of the
specimen (tunnelling effect) where plane strain conditions (high stress triaxiality) prevail. Plane stress
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Fig. 5. SEM observations of (a) microtomed longitudinal section area of interrupted CNRB 0.8 test, (b) initiation site on CNRB 0.8
fracture surface, (c) striations observed during propagation on CNRB 0.8 fracture surface.

Fig. 6. SEM observations of (a) ductile propagation on DENT, (b) ductile-brittle transition area on DENT, (c) brittle surface on
DENT.
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Fig. 7. SEM observations of fracture surfaces: (a) smooth tensile specimen: fibrillar stretching, (b) CNRB 0.8: void growth and
coalescence.

conditions (low stress triaxiality) are met at the free surfaces. The percentage of brittle zone on the fracture
surface was evaluated for different a/ W ratios. It is a slightly increasing function of the initial crack length
(from 70% for a/W = 0.07-80% for a/ W = 0.46). This trend is related to the confinement of the crack tip
plastic zone which is more pronounced for the deep cracks; this leads to higher stress triaxialities which
favor brittle fracture [16]. Striations are also observed close to the ductile-brittle transition zone.

From the study of CNRB and DENT specimens, it is concluded that macroscopic crack initiation is al-
ways ductile followed by a stable ductile crack advance. As the crack grows, it becomes unstable so that
quasi-static loading conditions do not prevail any longer. Under dynamic conditions, unloading of the
crack tip can occur leading to crack arrests which create striation marks similar to what is observed under
fatigue loading [17]. The observed distance between the striations (10-20 um) is consistent with observa-
tions on fatigued polymers [17]. As the crack speed further increases, stresses are increased, due to the strain
rate dependence of the material, so that brittle fracture is triggered.

Brittle fracture was not observed in three point bending. Observation of the fracture surface showed that
the crack had blunted to an estimated radius of about 100 pm before initiation. Then, subsequent patterns
revealed a stable propagation without striations, but with many cavities.

Ductile propagation was observed on the different specimen fracture surfaces under tension and under
bending. A comparison can be made as a function of the stress triaxiality ratio 1 = oy,/0q Where o, and oeq
are respectively the mean stress and the equivalent stress. Ductile fracture of smooth specimens (low 1) are
characterised by material stretching (Fig. 7a), whereas for CNRB 08 (high ), many large cavities are ob-
served on fracture surface (Fig. 7b). On SENB fracture surfaces, both cavities and material stretching can
be observed. This indicates that final rupture can be controlled by two different mechanisms: (i) fibril
stretching up to their limit elongation for low triaxialities, (ii) void coalescence for high triaxialities [18].

5. Damage quantification on notched specimens

As the initial material porosity is high, significant volume variations can be expected during testing.
Video acquisition followed by image processing was used to follow the volume variation. This technique
has already been used for tensile tests on smooth specimens [19,20]. In this study, it was also applied
to notched specimens. As shown in Fig. 8, the outer surface located on both sides of the minimum cross
section is painted in black to track its evolution using the video acquisition system. The height of the
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painted zone is chosen to match the extension of the whitened (i.e. damaged) region. The volume change is
then computed for each load step assuming that initially straight cross sections remains straight. This leads
to a slight error on the calculated volume change. Tests were conducted on CNRB 4 and CNRB 0.8 sam-
ples at a crosshead speed equal to 0.05 mm s~ '. Results are shown in Fig. 8a for a CNRB 4 where the load
and the relative volume change AV/V, are plotted against time. Volume starts to strongly increase slightly
before the maximum load, which corresponds to the onset of whitening. For high levels of deformation, the
rate of volume change decreases; at this stage void growth is probably limited by fibrils stretching. Similar
conclusions are drawn from tests performed on CNRB 0.8 specimens. As these measurements involve both
effects related to the material behavior and structural effects, they cannot be directly interpreted. However,
they can be used to adjust the parameters of the constitutive models used to represent deformation and
damage behavior (see below).

6. Modelling
6.1. Model

The model is based on Gurson’s yield function [6], extended by Needleman and Tvergaard [21,22], and
Besson et al. [23] to incorporate isotropic hardening, strain rates effect and coalescence. An effective stress,
¢" depending on damage is defined by

0'2 q,0 *

* e 20kk def-¢
0o, 0", f) = —2+2, f - cosh (Z25) —1 - g2/ =0 (1)
0eq 18 the von Mises stress, and oy the trace of the stress tensor. f is the porosity, ¢; and ¢, are model
parameters that were introduced to improve the model predictions for periodic arrays of cylindrical and
spherical voids. The yield surface is now expressed as @ = ¢* — R where R is the flow stress of the matrix

material. Note that hardening was supposed to be isotropic as the study is only concerned with monotonic
loadings. The viscoplastic strain rate tensor, &,,, is given by the normality rule as

b= (= 1o ?)

so that (1 — f)po* = o : &, - pis given using the matrix viscoplastic law which will be expressed as a Norton
law: p = (£)". The evolution of porosity is expressed using mass conservation f = (1 — f)trace(é,,).



Several parameters need to be identified. The first set is related to the polymer matrix behavior: R, K, n.
A second set is used to describe damage evolution: ¢;, ¢». As the initial porosity is high, all these parameters
need to be adjusted simultaneously. This identification was performed using tensile tests on smooth spec-
imens, Fig. 1, and tests on CNRB specimens using both the force-displacement curves (Section 3.1) and
volume variation measurements (Section 5). The model is validated by simulating the mechanical response
of DENT and SENB specimens.

Poisson’s ratio, v was fixed at 0.38, and the Young’s modulus, £ = 2 GPa, was identified together with
the other parameters. The material flow stress is expressed as

R = Ry + O(1 — exp(—bp)) + A(exp(Bp) — 1) 3)

As R(p = 0) = 10 MPa, the material almost immediately yields. The first term (Q(1 — exp(—bp))) describes
the initial hardening stage, i.e. the deformation of the amorphous phase. The second term (A(exp(Bp) — 1))
allows the simulation of the large stretching of the fibrils, which leads to a rapidly increasing stress.

6.2. Model identification

To simulate the post-yield softening (Figs. 2 and 8a), it is necessary to use large values of ¢,. As the mate-
rial deforms, elongated cavities are formed between the fibrils so that their growth rate is decreased [4]. This
corresponds to the evolution of the volume change for large deformation reported in Section 5. Conse-
quently, ¢> was expressed as a function of the maximum principal plastic strain p;. Note that using a large
value for ¢, did allow a good fit of both the load—displacement curves (Fig. 2) and the volume variation
(Fig. 8a) to be obtained.

Optimized parameters are gathered in Table 1. Comparisons of experimental and adjusted curves are
shown in Figs. 1-4 and 8. Fig. 8b compares the experimental and computed deformed shapes of a CNRB
4 sample just before fracture. A good agreement is obtained. In particular, denotching is followed by ren-
otching. From the FE results it can be observed that the originally straight mesh remains straight so that
the computed volume variation (Section 5) corresponds to the actual one. The load plateau observed after
the post-yield softening is the result of two opposite effects: (i) void growth (i.e. strong softening), (ii) chain
elongation (i.e. strong hardening). Note that fitting the hardening and damage parameters without consid-
ering the volume change data leads to a much lower value of ¢,, and a less pronounced strain hardening.
However, the actual volume change is in that case strongly underestimated.

Table 1
Optimized matrix behavior and damage parameters

Matrix behavior parameters

Elasticity
E=2GPa,v=0.38

Strain rate effect
n=>5, K=20MPa, Q=40MPa, b =175

Flow stress
A=11MPa, B=1.6

Damage parameters

Void growth { 1.55 if p; <02

Jo=0La1=08 =1 oyn(3p) if py > 0.2
Final rupture

fe=0.650rp.=1.1




To represent the two failure criteria, final fracture is assumed to occur when the porosity reaches a crit-
ical value f. or when the principal maximum plastic strain reaches a critical value p.. The material is con-
sidered as broken when either of these conditions is met. At high stress triaxiality, void growth is promoted
so that the porosity reaches f; for values of the plastic strain less than p.. At low stress triaxiality, the strain
based failure criterion is met first. p. was adjusted on smooth and CNRB 4 specimens in order to fit the
minimum diameter at failure. f; was adjusted in a similar way on CNRB 0.8 and CNRB 0.15 specimens.

6.3. Model validation

DENT and SENB specimens are simulated to validate the model. To represent the tunnelling effect, it is
necessary to use a 3D mesh. Due to the symmetries, only one eighth of a DENT specimen is meshed, and
only one quarter of a SENB specimen. Calculations were performed using quadratic 20-node bricks with
reduced integration (i.e. 8 Gauss points). Due to the softening characters of the constitutive equations,
FE results strongly depend on the mesh size [8]. It is therefore necessary to use a constant mesh size to dis-
cretise zones where the crack propagates. In this study, the element height in the direction perpendicular to
the crack propagation plane is equal to 50 um. This length was chosen as it approximately corresponds to
the width of the highly damaged localisation band observed in Fig. 5a. Using this mesh size, it was possible
to accurately model all the specimens so that fitting of the mesh size was not necessary [24]. Simulated load/
crack-mouth opening curves for DENT are compared to experimental data in Fig. 4 showing a good agree-
ment, for the different values of the a/W ratios. Simulation indicates that the macroscopic crack is initiated
at the maximum load. As experimentally observed, stable crack growth is simulated for a crack advance
between 0.2(W — a) and 0.3(W— a). At this point, the load rapidly decreases which corresponds to the
experimentally observed onset of instability. The model can no longer be applied as it does not account
for: (i) dynamic effects, (ii) adiabatic heating, (iii) ductile to brittle failure transition. For SENB specimens,
crack propagation is initiated at maximum load.

The failure mechanism can be deduced from the numerical simulations. For CNRB 1.6, SENB and
DENT specimens, both failure criteria are met almost simultaneously. This result is corroborated by
SEM observations of the fracture surfaces which exhibit an appearance intermediate between pure stretch-
ing (Fig. 7a) and pure coalescence (Fig. 7b). On CNRB 0.15, failure is controlled by coalescence as observed
experimentally.

Simulated crack extension for SENB and DENT specimens is plotted as a function of the imposed dis-
placement in Figs. 9 and 10. As observed experimentally, propagation is stable for SENB specimens. For
DENT, the crack becomes unstable after stable extensions between 400 and 800 um depending on the a/ W
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Fig. 9. Simulated crack advance for SENB specimen (load line displacement rate 0.15 mm s™").
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ratio. Instability corresponds to a strong acceleration of the crack extension (arrow in Fig. 10). Due to the
strain rate dependence of the material, stresses increase after the onset of instability. This is likely to lead to
brittle failure as observed experimentally.

7. Conclusion

Viscoplastic and damage behavior of an unplasticized PVDF have been studied using different test geom-
etries. Mechanical tests corroborated by fracture surface examinations and volume change measures indi-
cate that damage is essentially caused by void growth. Softening by void growth and strain hardening by
chain elongation occur simultaneously. A constitutive model accounting for both effects is employed to rep-
resent the mechanical behavior of the material. It is adjusted on tests carried out on smooth and notched
tensile bars. It is validated on DENT and SENB specimens. The model reproduces well the observed insta-
bility on DENT specimens. Instability causes an increase of the strain rates and consequently of the stres-
ses. This increase triggers brittle fracture.
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