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1 | INTRODUCTION

Polyvinilidene fluoride (PVDF) is a semi-crystalline polymer
with excellent gas barrier properties and high chemical
resistance; apart from that, it is best known for its polymor-
phism. Five different crystalline phases can be found"* but
the @ and f phases are the most common and frequently
investigated ones. Generally, when the material is under-
cooled from the melt in quiescent conditions, a combination
of @ (TG'TG™) and mesomorphic phases is obtained, with
an increase of the former with decreasing cooling rates. The
p (TTT) phase, which is known for its piezo- and pyro-
electrical properties, can be obtained by stretching from the
a conformation®™®; however, the properties characterizing
S-PVDF are not the subject of the present work. In this arti-
cle, we focus on the mechanical properties of a-PVDF.

| Martin van Drongelen® | Joris J. C. Remmers' |

The present study investigates the effect of processing conditions on the yield
kinetics, such as rate dependence of the yield stress and creep rupture, of poly-
vinilidene fluoride. Samples were compression molded with cooling rates vary-
ing from 100°C/s to 0.5°C/min, or isothermally crystallized at temperatures
varying from 20 to 120°C. Deformation kinetics were studied over a wide range
of strain rates and temperatures. It is shown that for all conditions the yield
response is well represented by the Ree-Eyring model. Moreover, the activa-
tion volumes and activation energies are independent from the processing con-
ditions. The effect of processing is fully covered by a simple relationship
between the rate factors and the degree of crystallinity. Subsequently, the ver-
satility of this relationship is demonstrated by experimental validation.

crystallinity, fluoropolymers, processing, PVDF, structure-property, yield, yield kinetics

The mechanical properties of the material are related
to the details of the microstructure: for example, the
phase content, degree of crystallinity, and size of the crys-
talline domains. The morphology, in turn, is affected by
the processing conditions in terms of cooling rate, flow,
and pressure and it evolves in time depending on the
thermo-mechanical history.”*°

Regardless the effect of processing, the good mechani-
cal properties and the chemical resistance of PVDF drew
great interest from industry, in particular for oil and gas
field applications,'"'* where a good performance of the
material on a long-term time scale is fundamental. Since
the adoption of polymeric pipes in the late 1950s, research
on these materials focused on the understanding of the
long-term mechanical performance. It is now well
established that there are three failure mechanisms coexist
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FIGURE 1 Sketch of the three regions of typical failure
mechanisms for polymers [Color figure can be viewed at
wileyonlinelibrary.com]
in polymers'*'®; these mechanisms act in parallel but,

depending on loading conditions, one of these may trigger
catastrophic failure before the others. This results in three
distinct regions typically observable in an applied stress-
time to failure plot, as shown in the example of Figure 1:

1. Region I: plasticity-controlled failure, also referred as
ductile failure. In this case failure is triggered by the
accumulation of plastic deformation beyond a critical
value. In most cases, failure is accompanied by large
plastic deformation such as bulging.

2. Region II: slow crack growth, also referred as brittle
failure. Existing defects grow under the action of the
applied load up to a critical size leading to unstable
propagation or loss of functionality (e.g., leaking if the
defect grows through the thickness of a pipe).

3. Region III: molecular degradation. This process is
essentially stress independent; moreover, it can be
easily avoided (or shifted toward very long times) by
the addition of stabilizers. Therefore, it is no longer
considered a limiting factor for the long-term perfor-
mance of polymeric pipes.

Compared to other thermoplastics, the long-term fail-
ure of PVDF received relatively limited attention; the
crack growth kinetics were reported by Al-Abduljabbar
et al.'” who used an indirect technique based on fatigue
tests on unnotched pipe segments. De Jesus Silva et al.'®
investigated and modeled the thermal degradation of
PVDF aged in bioethanol.

With respect to creep rupture (plasticity-controlled
failure), no studies were reported so far. This failure

mode is closely related to the yield stress, which for
PVDF is known to depend strongly on temperature and
strain rate. The deformation kinetics of PVDF were stud-
ied extensively by Hellinckx and Bauwens,'® who identi-
fied three separate molecular deformation mechanisms
contributing to the yield stress in different conditions of
temperature and strain rate. This response was success-
fully modeled using a Ree-Eyring approach.

Previously, Bauwens-Crowet et al.?° already demon-
strated that the stress dependence of the plastic flow rate
during secondary creep is identical to ¢,(¢) and showed
that it can be employed to predict time to failure. This
approach was later adopted by Kanters et al.'® who devel-
oped it into a framework to predict time to failure in the
plasticity-controlled failure of HDPE.

In the present investigation, this approach, which
was proven successful also for other semi-crystalline
polymers,'®**"*> is applied on PVDF; in addition, the
effects of crystallinity will be incorporated. The procedure
followed in the present study is based on the mechanical
characterization of PVDF with different thermal histo-
ries, complemented by the characterization of the micro-
structure through X-ray analyses.

2 | EXPERIMENTAL

2.1 | Material preparation

PVDF (Solef®) was kindly provided by Solvay Specialty
Polymers (Bollate, Italy) in form of pellets. Several plates,
0.5 and 6 mm thick, were prepared by compression mold-
ing: in all cases, the polymer pellets were put in the mold
and heated up to 200°C, kept at this temperature for
15 min after which different cooling protocols were
applied: slow cooling (the mold was kept in the press but
the heating source was switched off), controlled cooling at
a rate of 10°C/min and isothermal crystallizations at dif-
ferent temperatures. A summary is provided in Table 1.

2.2 | X-rays analysis

From each plate, a small sample (roughly 2 x 2 cm?) was
cut to be analyzed with wide angle X-ray diffraction
(WAXD). Experiments were performed in transmission
mode on a Bruker Discover D8 system equipped with a
Cu-tube and Montel primary optics to provide a highly
parallel beam of 0.2 mm in diameter. The Eiger2R-500 K
2D detector was installed at approximately 35 mm from
the sample and images were acquired for 300 s. The back-
ground was subtracted from the obtained patterns, which
were then radially integrated to obtain the intensity
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TABLE 1 Cooling protocols applied Cooling protocol Thickness (mm) Type of specimen Short name
Slow cooling 0.5 Tensile, Creep SC
10°C/min 0.5 Tensile, Creep CCo0.5
10°C/min 6 Tensile, Compression CCé6
Isoth. cryst. at 20°C 0.5 Tensile, Creep 1C20
Isoth. cryst. at 40°C 0.5 Tensile 1C40
Isoth. cryst. at 60°C 0.5 Tensile 1C60
Isoth. cryst. at 100°C 0.5 Tensile 1C100

versus scattering angle 2. These integrated patterns were
used to obtain the weight fraction of crystallinity as

Xe= (Atot _Aa)/Atoty (1)

where A, is the total intensity underneath the curve and
A, is the area underneath an amorphous halo. This
amorphous halo was measured by installing a Linkam
THMS600 thermal stage in the X-ray system and heating
the PVDF sample (wrapped in Kapton foil) to the molten
state at T = 200°C. Appropriate corrections for thermal
expansion were taken by shifting the acquired pattern
along the 20 axis. The intensity of the halo was scaled as
to match the pattern in the region between the two main
crystal diffraction peaks, as shown in Figure 2.

The values obtained for the different processing con-
ditions are included in Figure 2. Even if the adopted
cooling protocols span a range of nominal cooling rates
that is quite large (0.1-100°C/min), it can be observed
that the degree of crystallinity does not vary strongly.

2.3 | Mechanical testing
Compression specimens of 24 X 4 mm were prepared from
the 6 mm thick plate (Table 1), which was first machined
down to a uniform thickness of 4 mm.

Uniaxial compression tests were performed on a
Zwick 1473 universal tester, equipped with a 100 kN load
cell and a temperature chamber. Tests were carried out at
constant true strain rates varying from 3 x 107° to
107" s at temperatures of 23, 55, and 75°C. True stresses
were calculated assuming incompressibility. In all cases,
PTFE spray was used to lubricate the compression plates
in order to avoid friction and barreling of the specimen.

Tensile specimens with a nominal cross-section of
5 % 0.5 mm?®, according to ISO527-1BA and a nominal
cross-section of 5 X 4 mm?” were cut from the plates pre-
pared with the different cooling conditions listed in
Table 1.

Uniaxial tensile tests were carried out on a Zwick
7010 universal tester, equipped with a 1 kN load cell and
a temperature chamber. Tests were performed at constant

strain rates varying from 107 to 10~ s~ and at tempera-
tures of —10, 23, 55, and 75°C.

In each case, the yield stress o, was taken as the maxi-
mum stress when a clear peak could be discerned or as
the intersection of the tangents to the stress-strain curve
in the pre- and post-yield regions respectively.

Creep tests were performed at different constant
applied stress levels and at temperatures of —10, 23, 55,
and 75°C. The same specimens as for the tensile tests
were used. In all cases, the target applied stress level
was reached in 10 s and then kept constant until
failure.

Specimens were left in the temperature chamber for
5 min in order to reach thermal equilibrium, when the
test temperature was different from room temperature.
Aging effects in the material were not considered in the
present work; however, all the experiments were carried
out in a short time frame (less than 1 week) after material
preparation. Some preliminary tests revealed that no vari-
ation of properties was observed within that period
of time.

3 | RESULTS

Figure 3 shows the experimental stress—strain curves,
obtained at different rates and temperatures, in both ten-
sion and compression. The yield stress was found to be
increasing with strain rate and decreasing with tempera-
ture, as expected. It can also be observed that the curves
are less spaced for increasing temperatures, indicating
that the dependence of the stress on the strain rate is less
pronounced. This is even more clear if we plot the yield
stress as a function of the strain rate for the different test-
ing temperatures, see Figure 4. The yield stress strongly
depends on temperature and displays a linear trend with
the logarithm of strain rate. At higher temperatures
and/or lower strain rates the linear trend shows a change
in slope. Such response is generally interpreted as the
result of a combination of different mechanisms: on one
hand, at lower strain rates and high temperatures the
yield kinetics are dominated by an intralamellar process
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0.54 FIGURE 2  (left) wide angle X-ray
- diffraction radial intensity for
> 082 o © 1  polyvinylidene fluoride (PVDF) SC
E) % 05 o (please refer to Table 1) and (right)
© = B ] o s
g 2 degree of crystallinity, y., of PVDF for
g % 0.48 ° the different cooling protocols listed in
i o o © Table 1
o 0.46
(3]
©
0.4 : P
Q Q ) N © O
2 9 [O] \(57/ \Qb‘ OQ) \0 00 OOQ )
100 T T T 100 . FIGURE 3 True stress versus true
PVDF CC6 £ PVDF CC6 strain curves of polyvinylidene
g 801 ¢ = 80f fluoride CC6 (please refer to Table 1)
= ol % for tensile (left) and compression
a = 60t (right) tests at different strain rates
% 40} g a0l and temperatures [Color figure can be
) = viewed at wileyonlinelibrary.com]|
= 20t g— 20 H
— -10°C — 55°C o — 23°C — 75°C
— 23°C —— 75°C o — 55°C
0 . . . 0 . . . .
0 0.05 0.1 0.15 0 0.1 0.2 0.3 0.4 0.5
true strain [-] compr. true strain [-]
- - pl - . .. oV* AH upVv*
80 L PVDF cce _R---10C &pi(0,T,p) = &osinh (ﬁ) exp <ﬁ) exp (— T )’ (2)
E 60 b where k and R are the Boltzmann's and gas constants, épl
=3 is the equivalent plastic flow rate, & is the equivalent von
% 40 Mises stress and p is the total hydrostatic pressure. &g is
D the rate factor, which depends on the thermodynamic
E 20 — state of the material.”® V* is the activation volume which
> -~ - O -Tension describes the stress dependency, AH is the activation
—&— Compression . .
0 - - - enthalpy, which takes into account the temperature
107 107 1073 107" 10! dependency and p is pressure dependence parameter,
strain rate [ 3-1] which capture.s the effec't o.f hydrostatic pressure. The
total hydrostatic pressure is given by
FIGURE 4 Yield kinetics of polyvinylidene fluoride CC6

(please refer to Table 1). Open and solid symbols represent
experimental tensile and compressive data, respectively. Lines
(solid for compression, dashed for tension) are fits obtained using
Equation (7) with the parameters from Table 2 [Color figure can be
viewed at wileyonlinelibrary.com]

in the crystalline phase. On the other hand, at higher
strain rates and low temperatures, a second process
driven by interlamellar deformation becomes active and
acts in parallel to the first, resulting in a higher slope.

To describe the deformation kinetics in different load-
ing conditions we can make use of Eyring's stress-activated
flow theory® and the successive pressure-modified Eyring
equation®’:

Lir(o), 3)

P=Pam— 3

which in the uniaxial case becomes
D =DPam + 00, (4)

where a depends on the loading conditions and it is equal
to —1/3 for tension and 1/3 for compression. Since the
atmospheric pressure, p,.,, is in the order of 107! MPa, it
can be neglected considering the order of the stresses
involved.

The pressure dependence parameter can be obtained
by measuring the yield stress under different
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superimposed external pressures®'; an alternative solu-
tion, adopted in the present work, is to combine tests in
different configurations. For example, considering that in
uniaxial tension and uniaxial compression the equivalent
stress and the equivalent strain rate are the same
(in particular they are equal to the stress ¢ and the strain
rate ¢ respectively), the difference of hydrostatic stress
due to the value of a in Equation (4) can be used to eval-
uate p. Obviously, this only holds when the thermody-
namic state of the material is the same for both loading
conditions.

Given the presence of two different mechanisms, the
modified equation introduced by Ree and Eyring**** must
be adopted. Under the assumption that different molecular
processes act in parallel and that the stresses are additive,
the total equivalent stress can be described as

e kT . (& AH; upVs;
(e, T) = Z Wsmh 1<gpi)exp(RT‘>exp< le ,

i=LI" i
(5)

in which a different set of Eyring equation parameters for
each process applies. If we combine Equations (5) and (4)
and we adopt the approximation sinh™(x) ~ In(2x), we

can write
{ k1T (ln <2§pl) AHi>:| (6)
S lQ—pa) vy &0, RT )|

Using the expression for the equivalent stress and strain
rate for tension and compression, and considering them at
the steady-state found at yield, for which the plastic flow
rate matches the external strain rate (¢ = oy, &y =¢), we
obtain the following expression for the yield stress:

S i (n(2) +50) ) 0

The fitting lines in Figure 4 were produced with
Equation (7) and the parameters reported in Table 2. An
adequate agreement was found. The results for strain
rates higher than 107 s~ and temperatures lower than

E(E‘pl, T,(l) =

(]

oy(&,T,a)=

TABLE 2
polyvinylidene fluoride CC6

Pressure modified Ree-Eyring parameters for

V* (m?) AH (J/mol) & (s™) # (=)
Process I 3.7x107%  41x10° 7.9%x10%®  0.28
ProcessII 32x107% 14x10° 8.3 x 10*

23°C suggest the presence of a third process, as reported
by Hellinckx and Bauwens.'® However, the present data
are too incomplete to fully characterize this process.

The parameters, used for the identification in
Figure 4, are listed in Table 2. It should be noted that the
rate factors, &p;, are dependent on the thermodynamic
state of the material, so the values found are representa-
tive for the specific thermomechanical history of the
specimens adopted to produce the results of Figure 4. On
the other hand, the activation volumes, the activation
enthalpies and the pressure dependence parameter are
usually not influenced by the thermodynamic state.

In order to verify this hypothesis, the other processing
conditions listed in Table 1 were investigated as well, fol-
lowing the same procedure as for the cooling protocol
labeled CC6 (Figures 3 and 4). However, in this case only
tensile tests were carried out.

Yield stress versus strain rate values at different tem-
peratures are shown in Figure 5 for the different
processing conditions. Experimental results were fitted
again with Equation (7): apart from the rate factors, &;,
which are specific to each processing condition, all the
other parameters present in Equation (7) are known. In
fact, the activation volumes, the activation enthalpies
and the pressure dependence parameter were kept con-
stant and equal to the values reported in Table 2. A fitting
procedure was implemented to find the alternative values
of the rate factors, &g;, for each processing condition. The
complete list of the parameters used to produce the cur-
ves of Figure 5 is reported in Table 3.

It can be observed from Figure 5 that for all the
processing conditions a good agreement between experi-
mental data and the pressure modified Ree-Eyring flow
rule was found, thus confirming that the thermodynamic
state of the material only affects the rate factors and not
the other material parameters.

As proposed previously for another semi-crystalline
polymer (PE),*! a relationship between the rate factors of
the Ree-Eyring model and the degree of crystallinity was
investigated. Figure 6 shows the rate factors from Table 3
as a function of the values of the degree of crystallinity y.
from Figure 2. It can be observed that, for both processes,
the logarithm of the rate factors show a linear depen-
dence on the degree of crystallinity, at least in the range
investigated. Note that a decrease of the rate factors
entails an increase of the yield stress, see Equation (2).
Therefore, for given conditions of strain rate and temper-
ature, an increase of the degree of crystallinity also
implies increase of the yield stress. The results from
Figure 6 were fitted with the following equation:

&0 =Aiexp(Byy,). (8)
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- - T ~ - R FIGURE 5 Yield kinetics of
80 | PVDFsC | 80 | PVDF ccos | o ) )
— 4 = j polyvinylidene fluoride prepared with
g 23°C g 23°C . .
S ol | = 6ot | different cooling protocols (please refer
E' 55°C E 55°C1 to Table 1). Open symbols represent
£ 40 LGSR I T, 75°C] experimental tensile data. Solid lines are
g / g /V/V/V/V/V/V/ fits obtained using Equation (7) with the
2 20} 2 20} 1 parameters listed in Table 3 [Color
—O—Tension —O—Tension figure can be viewed at
0 = = = 0 = = = . L
107 107 107 107! 10° 107 10 107 107 1ot Wileyonlinelibrary.com]
strain rate [3'1] strain rate [3'1]
80 | PVDFIC20 o 10°C7] 80 |- PVDF IC40
g {1 g
23°C 23°C A
= 60} o {1 = 60f ]
a 55°C a 55°C |
2 a0t 1 £ a0t ]
] 75°C (]
Ke] K]
2 20f 1 22 :
—O—Tension —O—Tension
0 - - - 0 - - k-
107 10°® 10°° 10”" 10 107 10°® 10°° 107 10
strain rate [3'1] strain rate [3'1]
80 | PVDF ICs0 80 | PVDF IC100
g g !
23°C] 23°C
=, 60 {1 = 60f ]
@ 55°C a2 55°C"]
% a0t % 40t
o o
-q—; 20 .0_; 20 F
—O—Tension —O—Tension
0 0
107 10°® 10°° 10”" 10 107 10°® 10°° 107 10
strain rate [3'1] strain rate [3'1]
TABLE 3 Pressure modified Ree-Eyring parameters for polyvinylidene fluoride for different processing conditions
éo (571 V' (m®) AH (J/mol)
Short name I I I 14 I I u(=)
e 1.4 x 10* 3.2x 10" 3.7x 1077 32x107%7 41x10° 14 x 10° 0.28
CCo.5 42 x10% 1.0 x 10%°
CC6 7.9 x 10* 8.3x 10"
IC100 8.3 x 10% 1.4 x 10%°
1C60 51 % 10%° 2.9 x 10%°
1C40 1.1 x 10" 3.5 % 10%°
I1C20 2.1 x10* 3.0 x 10%°

The values found for A; and B; are

Table 4.

Substitution of (8) into (7) leads to

(& T,y a)

i;,ﬂ [(l—ua)vg

kT

2¢

reported in

With Equation (9) and the parameters from Table 4

the yield stress for any configuration and for any given
combination of strain rate, temperature, and pressure can
be predicted. It suffices to know the degree of crystallinity

(ln (AieXP(Bi)(c)

)+

of the particular material under investigation. The impor-
tance and the validity of this expression will be discussed
in the next section.
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FIGURE 6 Ree-Eyring rate factors, 1054 ] ”
&0, versus degree of crystallinity, y.. _ _1a
Open symbols represent data from "o 10%2 ] ‘_'&
Table 3 and Figure 2. Solid lines are fits - ° = 107
. . . . S o
obtained using Equation (8) with the *g 105 o ] g >
parameters listed in Table 4 ° “E 1020 °
2 o S
& 108 ] S
10"°
044 046 0.48 0.5 0.52 0.54 044 046 0.48 0.5 0.52 0.54
degree of crystallinity [-] degree of crystallinity [-]
TABLE 4 Pressure modified Ree-Eyring parameters for polyvinylidene fluoride
V' (m®) AH (J/mol) AT B(-) n(=) a (-) ¢ (°C)
Process I 3.7x107% 41x10° 7.4x10® -136.6 0.28 33%x1072 11x107°
Process II 32x 1077 1.4 x 10° 5.0 x 10* —44.6
FIGURE 7 Polyvinylidene fluoride 0.3 102 r v r r -
m -10°C
SC (please refer to Table 1): (left) strain — PVDF SC A 2
. o . 0257 i ® s5°C
versus time curves at 23°C. Dashed lines — 42.6 MPa L, 4 v 75°C
o . . = g0 o 10 1
indicate the time to failure, f; for the c U =5 _E
different applied stresses. (right) plastic % 0.15 g of o
flow rate, &y, versus time to failure, ¢ o ‘ | =107z . 1
S o g
Symbols represent experimental data, g ot 1 1 b 2 s
| &
solid lines are fits obtained using 0.05 ‘ ! ! %_ 108E% o 1
Equation (10) [Color figure can be 0 | | |  2°CPVDFSC B
viewed at wileyonlinelibrary.com] 1 02 1 03 1 04 1 00 1 01 1 02 1 03 1 04 1 05 1 06 1 07
time [s] time to failure [s]

Figure 7 shows an example of the strain evolution
in time during creep tests carried out at different levels
of applied load. The time to failure, f; is the time at
which strain localization and softening occur. During
this phase, the evolution of the strain in time is very
fast. As a result, the time to failure is approximately
taken as the time at which a certain threshold of strain
is reached (i.e., ¢ = 0.2 in Figure 7). The plastic flow
rate, &y, the rate at which the strain changes in time dur-
ing secondary creep, was evaluated as the minimum in
the Sherby-Dorn (&, vs. €) curves.** For lifetime predic-
tions, we make use of the concept of the critical plastic
strain &... Assuming that the plastic flow rate induced by
the applied stress entails an accumulation of plastic
strain, failure is triggered once a certain critical thresh-
old is attained.'®*> The critical plastic strain is the
amount of plastic strain that would be accumulated if
the material would display plastic flow at a rate equal to
&p) for its entire lifetime (fy). It can be observed from Fig-
ures 7 and 8 that, on a double logarithmic scale, &, and &

show a linear relation with a slope equal to —1. Hence,
results were fitted with the following expression
épl(T,0)-t;(T,0) =€cr(T). (10)
The values of the critical plastic strain obtained at dif-
ferent temperatures for the different processing condi-
tions are shown in Figure 9, where a clear effect of the
temperature can be discerned. On the other hand, an
effect of the thermodynamic state cannot be confirmed
from the present results. Hence, only the dependence on
temperature is taken into account, by adopting a simple
linear relationship
er(T)=c1 + ¢, T, (11)
in order to obtain a general expression for the critical
plastic strain valid for any temperature (at least in the

range investigated). The values of ¢; and c, are reported
in Table 4 with the other material parameters.
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102 MO 102 o FIGURE 8 Polyvinylidene fluoride
— PVDF CC0.5 A x| — PVDF 1620 ‘23°0 (PVDF) CC0.5 (left) and PVDF 1C20
o, 104k ; ?;Z S ] o, 10 ?2 2 (right) (please refer to Table 1): plastic
*g _E % flow rate, &, versus time to failure, .
c;> o (;D o Symbols represent experimental data,
2106 ’g o 1 =210° g o solid lines are fits obtained using
‘% zo_os '% zm Equation (10) [Color figure can be
S108k° ?20"0 PP { 2108}® oo viewed at wileyonlinelibrary.com]
T[°C] T[°C]
10° 10" 102 10® 10* 10° 10° 10’ 10° 10! 102 10® 10* 10° 10% 107
time to failure [s] time to failure [s]
. kT 2(c1 + T AH;
0.15 o o(tr.Toyea) =D { *(ln< (1 +eT) )+ l)}
— o (L= pa)V; trAiexp(Bix.) RT
£ o 13
g o1f (13)
(%]
o @ ¢
1]
I 0.05 8 Similarly to Equation (9), Equation (13) can be used
ERE to predict the stress belonging to a certain time to failure
5 o ccos for any configuration and for any temperature provided
0 . . . O o= that the degree of crystallinity is known. As Equation (13)
-20 0 20 40 60 80 cannot be inverted, it is not possible to evaluate the time
T[°C] to failure as a function of the applied stress. However,
feeding a range of values of time to it, it is possible to
FIGURE 9 Critical plastic strain, &, versus temperature, T. S 8 P

Open symbols represent values evaluated with Equation (10); the
solid line is a fit obtained using Equation (11) with the parameters
from Table 4

4 | VALIDATION AND
DISCUSSION

In order to investigate the validity of the model proposed,
the data from Figure 5 is incorporated in Figure 10, along
with the results of creep tests where available. The exper-
imental data used to identify the rate factors in Table 3, is
now plotted along with the prediction lines obtained with
Equation (9) and the parameters from Table 4. It can be
observed that in most cases a good agreement was found;
obviously, the closer the values of the rate factors to those
fitted with Equation (8) the better the agreement in
Figure 10.

Equation (8) can also be used to predict the time to
failure under an applied load. By combining Equa-
tions (10) and (11) and considering the equivalence
between the steady state reached at yield under constant
stress or constant strain rate,”® the following relationship
for the strain rate is obtained

.. £ 1+ T
8:£p1:ﬂ:¥y (12)
U I

which substituted into Equation (9) leads to

obtain the predictions numerically. An example is shown
in Figure 11, where the experimental data from creep
tests are compared with the prediction lines obtained
using Equation (13) with the parameters from Table 4.
An excellent agreement is found for all the conditions
investigated.

In order to further verify the validity of this approach,
it was decided to prepare two new sets of specimens,
applying different cooling protocols with respect to those
already studied: an isothermal crystallization at 120°C
(short name “IC120”) and a quenching in salted water
and ice (short name “QUE”). The testing protocol was
the same as for the other processing conditions: crystal-
linity was measured with WAXD, creep and tensile tests
were carried out at various applied stresses and strain
rates respectively, but only at the temperatures of 23 and
55°C. The degree of crystallinity of the new two sets of
samples is briefly reported in Table 5. The lines predicted
with Equation (9) and the parameters from Table 4 are
shown in Figure 12, along with the experimental yield
stress values as a function of strain rate and temperature.
On the other hand, Figure 13 shows the experimental
creep data along with the prediction lines obtained with
the parameters from Table 4 and Equation (13). Again,
also for these two new processing conditions a very good
agreement was found.

The results confirm the validity of the approach pro-
posed to predict the yield kinetics directly from the
degree of crystallinity of the material. The modification
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FIGURE 10 Yield kinetics of
polyvinylidene fluoride prepared with
different cooling protocols (please refer
to Table 1). Open and solid symbols
represent experimental tensile and creep
data, respectively. Dashed lines are
obtained using Equation (9) with the
parameters from Table 4 [Color figure
can be viewed at
wileyonlinelibrary.com]

FIGURE 11 Time to failure of
polyvinylidene fluoride prepared with
different cooling protocols (please refer
to Table 1). Solid symbols represent
experimental creep data. Dashed lines
are predictions obtained using
Equation (13) with the parameters from
Table 4 [Color figure can be viewed at
wileyonlinelibrary.com]
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of the Ree-Eyring flow rule introduced in Equation (9) or
similarly in Equation (13) is very simple, yet very effec-
tive. In many cases the thermodynamic state of the mate-
rial may be unknown for a variety of reasons. For
example, processing conditions can be deliberately chan-
ged, the micro-structure of the material can be affected
by fluctuations of the processing parameters or the com-
plete thermal history is not known. Moreover, the geome-
try of the processed component may have a significant
effect on the resulting micro-structure, even revealing
spatial variations throughout the component. A measure-
ment of the crystallinity could be sufficient to clear all
these uncertainties and give a reliable prediction of the

time to failure [s]

long term behavior of the material. Note that, apart from
X-rays analyses, other techniques can be used to measure
the degree of crystallinity as well.***’

Considering all the cooling protocols applied
(Tables 1 and 5), the nominal cooling rate spans a range
from approximately 0.1°C/min (SC) to 100°C/s (QUE).
This more or less covers the one that is typically
obtained in standard processing methods for polymers
and fiber reinforced composites. Hence, it is reasonable
to assume that the actual manufactured components
will show a degree of crystallinity, y., in the range
between these two extremes, that is, y. will vary from
0.444 to 0.518. A comparison between SC and QUE
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cooling protocols can be found in Figure 14, where the
yield stress versus strain curves from Figures 10 and 12
are shown together, while the prediction lines from
Figure 11 are compared to those for QUE evaluated with
Equation (13). Experimental results are omitted. It can
be observed that, at a fixed temperature and strain rate,
moving from one cooling protocol to another deter-
mines a shift in stress between approximately 8 and
12 MPa, depending if only process I or both processes
are active. This indicates that even a small difference in
crystallinity generates a non-negligible variation of yield
stress. A similar observation can be made regarding the
time to failure. Under the same conditions of applied
stress and temperature, a shift between approximately
2 and 5 decades on the logarithmic time scale is
obtained, depending again on how many processes are
active. Obviously a shift of this extent can have a cata-
strophic effect if not taken into account properly. The
obtained results suggest that the choice of the
processing technique has a an important consequence
on the time to failure: the faster the processing
(i.e., higher cooling rates) the shorter the time to failure.
An increased lifetime of the component may justify
lower production rates.

Regardless the processing technique that is adopted,
the approach proposed proved to accurately predict the
long-term behavior of the material, provided that the
degree of crystallinity is known.

5 | CONCLUSIONS

A large set of experiments (tension, compression, and
creep) was carried out to study the yield kinetics of
PVDF. We demonstrated that the yield kinetics can be
modeled successfully with the pressure modified Ree-
Eyring flow theory, similar to other semi-crystalline poly-
mers. Combining the yield kinetics with the critical plas-
tic strain concept, the time to failure in creep is
accurately predicted under different combinations of
applied stresses and temperature. The effect of processing
conditions was taken into account by means of a simple
relationship between the degree of crystallinity and the
rate factors in the Eyring equation, under the assumption
that the activation volumes and activation energies do
not vary. The approach proposed proved to successfully
predict the long-term performance of the material,
regardless the processing conditions, provided that the
degree of crystallinity is known.
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