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Abstract This study aimed to highlight the role of

microstructure evolutions induced by high temperature

annealing on damage in a semi-crystalline polymer during

long-term applications. It was based on a polar form of

poly(vinylidene fluoride) (Tg = –40 �C; Tm = 170 �C) and

the long term annealing context dealt with burst resistance

tests performed for 1000 h in a temperature range from

95 �C up to 140 �C. A secondary crystallization was ob-

served after annealing by Differential Scanning Calorime-

try and a consistent phenomenology was evidenced in

Dynamic Mechanical Analysis. A decrease of the amor-

phous phase mobility and a weak reorganization of primary

crystals were observed at the same time. Tensile tests on

annealed specimens pointed out modulus and yield stress

reinforcement, partial disentanglement in the amorphous

phase and a raise of the volume strain. Thermally-induced

microstructure evolutions were shown to enhance cavita-

tion and slow down crack opening displacement kinetics.

This last effect would result from both a raise of the yield

stress in primary crystals and secondary crystallization.

Introduction

The design of polymeric pieces of a engineering structure,

which mainly involve semi-crystalline thermoplastics, re-

quires an accurate prediction of lifetime and thus a good

understanding of damage processes. It is all the most

important for long-term applications like pressure pipes or

vessels used at high temperature. The nucleation and

growth of micro-voids, which further leads to crazing and

crack propagation, is a well-known phenomenon in poly-

ethylene (PE), polyoxymethylene (POM) or polypropylene

(PP) [1–7]. Many works were published about cavitation

micro-mechanisms in rubber-toughened polymer but the

key problem mainly involves rubber particles and differs

from our issue. When strained in particular strain-rate and

temperature conditions, micro-voids considered here in

semi-crystalline homopolymers were nucleated within

amorphous layers. This cavitation process has been crucial

in slow crack growth issue for instance: when tested in this

regime (high temperature and low internal pressures) fail-

ure has been resulting from the propagation of a very thin

and short crack across the pipe wall. The onset of cavita-

tion and nucleation of a porous area was identified then as a

slow crack growth precursor [8].

Cavitation is bound to depend on (i) the local mor-

phology of crystalline lamellae inducing local hydrostatic

stress within the amorphous layers, (ii) the local amorphous

flow ability directly linked to strain-rate and temperature,

(iii) the external stress field and the hydrostatic stress in

particular. So, any thermo-mechanical treatment affecting

the crystalline microstructure was expected to have con-

sequences on damage processes. The following stage of

crack propagation also depends on microstructure. Stiff-

ness and structural disorder were pointed out as influent

parameters in slow crack growth resistance in PE [9].
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High temperature annealing is known to activate some

microstructure changes in semi-crystalline polymers [10–

16]. These works reported a critical temperature Tc0, close

to the main melting temperature, above which annealing

induces a thickening of lamellae. This process requires a

great mobility of chains within lamellae. On the contrary,

the thickness of primary lamellae remains unchanged

during annealing below Tc0: a secondary crystallization is

then observed corresponding to the formation of ordered

volumes in the amorphous phase.

This study aimed to investigate how micro-structural

reorganizations induced by a high temperature anneal-

ing—directly affecting the lamellae shape and the amor-

phous phase mobility—enhanced or not cavitation and

crack propagation processes in such a material when

strained. It is based on apolar form of poly(vinylidene

fluoride) (alpha crystalline phase) (PVDF) in the frame-

work of burst resistance tests performed at high tempera-

ture for several 1000 h.

The first part of the paper deals with the microstructure

changes occuring during such long term annealing (several

1000 h) for temperatures higher than 95 �C. DSC and

DMA experiments were performed. Via moduli, DMA

spectra allowed to link elementary mechanisms to the

mechanical behaviour pointed out in the second part of the

paper. Tensile tests were performed with a particular

attention paid on volume changes resulting from cavitation.

Creep tests on notched specimens were also carried out to

investigate consequences on cracking.

Experimental

Materials

The PVDF studied here was a commercial homopolymer

(Kynar740�) by Arkema. All samples were machined in

extruded pipes (external diameter 32 mm; thickness

2.5 mm) after different thermo-mechanical histories sum-

marized in Table 1, i.e. machined in as-received pipes

(AR) and in pipes failed after slow crack growth during

burst tests performed at different temperatures (Table 1).

Effects of annealing time, annealing temperature and weak

pressure loading could not be separated from each other.

Nevertheless, annealing time variations were about 10%

from the mean value. After failure in the slow crack growth

regime, the pipe was further unloaded and often kept at the

test temperature before removing from the device. Creep

deformation could not be measured during burst resistance

test. Nevertheless, it must have been rather low since the

pipe dimensions measured at the end of the experiment

were nearly the same as initially. A few comparisons have

been performed here on samples annealed at 120 �C for

1440 h without any mechanical loading to point out the

possible effect of the low pressure applied to the pipes

during burst tests described above.

All samples spent at least several weeks at room tem-

perature between the end of burst resistance tests and DSC

or DMA experiments.

Differential scanning calorimetry (DSC)

Experiments were performed under a N2 sweep in a TA

Instrument DSC-2920 used in a standard mode. Measure-

ments were taken on samples of 10 mg at least and cut in

the same pipes. The temperature range was from –70 �C up

to 200 �C at heating and cooling rates equal to 5 K/min.

Two scans were performed for each experiment. Mea-

surements allowed an evaluation of the weight fraction

extent of crystallinity v as following:

v ¼ DHf ðTmÞ =DH0
f ðT0

mÞ ð1Þ

where DHf(Tm) is the enthalpy of melting measured by

integrating the melting peak and DHf
0(Tm

0 ) is the enthalpy of

melting of the totally crystalline polymer at the equilibrium

melting temperature. A value of 104.6 J/g was taken for

DHf
0 [17]. Measurement of the melting peak area was based

on a linear extrapolation of the baseline from the melt.

Calculations from a series of ten experiments performed on

the same material and same operating conditions lead to a

discrepancy of ±0.6% for v. The crystallization tempera-

ture was 149 �C for all materials tested here. It was

checked that the melting temperature (170.4 ± 0.2 �C),

crystallinity ratio (53.5 ± 0.5%) and shape of the melting

peak are identical for all tested specimens on the second

scans after heating up to 200 �C.

Dynamic mechanical analysis (DMA)

These measurements were taken on a TA Instruments

DMA-Q800 in a single cantilever mode. Samples were

cooled down to –80 �C at 5 K/min with liquid nitrogen and

kept at this temperature for 10 min before starting the

linear temperature ramp from –80 �C up to 160 �C at a

heating rate of 2 K/min.

Table 1 Thermo-mechanical history of the tested aged materials

after burst resistance test

Temperature during

burst test (�C)

Lifetime (h)

(SCG failure)

Hoop stress

(Mpa)

V95 95�C 3595 11.5

V120 120�C 4381 8

V140 140�C 4043 4.8
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Samples had a gauge length of 17.5 mm, a width of

5 mm and a thickness of about 2.5 mm. They were cut

along the extrusion direction of the pipe and polished to

make the upper and lower faces flat. Skins on the inner and

outer surfaces were then removed. Because of the polishing

treatment, thickness was not exactly the same for all

samples and not perfectly constant all along each sample.

Thickness discrepancy (±0.05 mm) resulted in a storage

modulus discrepancy of ±6%. For temperatures higher than

150 �C, these thickness defects may have induced tight-

ening problems but all samples were tight in the DMA

device with a torque wrench up to the same clamping

torque value of 0.132 Nm.

Experiments have been carried out at 1 Hz with a

maximal amplitude of 15 lm corresponding to a maximal

strain of 3 · 10–4.

Tensile tests

Dumbbell specimens were machined in extruded pipes

(external diameter 32 mm; thickness 2.5 mm) with half-

scale ISO R527 specifications all in the hoop direction.

Samples were machined in as-received (AR) pipes and in

pipes previously submitted to the burst resistance tests

depicted in Table 1. Uniaxial tensile tests were performed

in an Instron Universal Test Instrument 1190. Specimens

were tested at a constant strain-rate of 3 · 10–3 s–1 and

constant temperature ranging from 100 up to 120 �C

(±1 �C).

Up to necking, stress and strain could be considered

homogeneous in any position on the gauge length. Loga-

rithmic axial and transverse strain measurements were

analysed and stored by the optical device consisting in four

marks laid on the sample and followed by a digital image

correlation software linked to a CCD camera. Hencky

strains were calculated from Eq. (1):

eaxial ¼ ln
l

l0

� �
ð1Þ

where l0 and l are the initial and actual gauge length values.

Both the axial strain eaxial and the width strain ewidth

were measured with this device. Then, the volume strain

evol could be calculated according to Equation (2),

assuming isotropy of transverse strains along width and

thickness:

evol ¼ eaxial þ ewidth þ ethickness ¼ eaxial þ 2 ewidth ð2Þ

Before necking, stress and strain were homogeneous in

the sample. The local axial component of the Cauchy stress

tensor r could be calculated then from Eq. (3):

rz ¼
F

S
ð3Þ

where F is the actual value of the axial force and S the actual

value of the cross-section area calculated from the width

strain ewidth still assuming the isotropy of transverse strains.

Creep tests on notched specimens

A constant load was applied with a 1:10 lever creep device

to a three-notched parallelepiped sample (length: 125 mm;

width: 10 mm; thickness: 4.7 mm). The principal and lat-

eral notches (1.5 and 0.5 mm deep respectively) were made

with a razor blade (curvature radius 700 nm) penetrating

slowly perpendicularly to the surface. To be sure that the

principal notch and the lateral ones are in the same section,

the latter ones were made under a binocular.

The applied stress was calculated in the notched section.

The average initial value of the ligament area

(30 mm2 ± 5%) was calculated from fourteen samples

after a post-mortem measurement with an optical micro-

scope. Two pairs of optical marks were drawn on the lips of

the notch to measure the notch opening during the test.

Photographs taken by the CCD camera were analysed with

digital correlation software. Distances between the two

marks of the same pair were measured and averaged to get

the crack opening displacement (COD). Such a calculation

assumed that the deformation of the notch lips could be

neglected. All tests were performed at 120 ± 1 �C. Here,

samples were submitted to low stresses corresponding to

the slow crack growth regime in burst resistance tests.

Electronic microscopy observations indicated that the

process zone ahead of the crack tip was clearly delimited:

the whole ligament was not plastically deformed.

Results and discussion

Microstructure modification after long-term annealing

at high temperature

DSC thermograms of samples machined in pipes previ-

ously submitted to burst tests at different pressures and

temperatures (95 �C, 120 �C and 140 �C) are presented in

Fig. 1. The corresponding characteristics of thermograms

are summarized in Table 2. DMA experiments have been

performed to complete the understanding of thermally in-

duced microstructure changes and to make a link with the

mechanical consequences studied below. Figure 2 com-

pares DMA spectra from an as-received sample to those

machined in pipes after burst resistance tests at different

temperatures. Several phenomena could be observed mix-

ing these two techniques.
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Lower glassy transition

The peak centred at around –35 �C on tan d in DMA

spectra (Fig. 2) depicted the glassy transition. A 40% de-

crease of the storage modulus was classically observed at

the same time. As often, the glassy transition was not clear

on DSC thermograms.

Upper glassy transition

A small peak on tan d with a maximum at 23 �C appeared

after annealing in Fig. 2. This peak was not observed for the

as-received material. The peak on tan d or on the loss mod-

ulus became clearer for higher annealing temperatures. El

Mohajir and Heymans [15] observed a similar phenomenon

in PVDF after annealing 1 h at 150 �C and further annealing

at temperature lower than 80 �C. It was associated with the

upper glassy transition. Like for the lower one, no signature

was observed in DSC thermograms.

Physical ageing at room temperature

For the as-received material, a small endothermic peak can

be observed around 60–70 �C on the DSC thermograms in

Fig. 1. It disappears on the second scan. For samples cut in

the pipes previously submitted to burst resistance tests at a

high temperature Ta and further raised to the temperature Ta

just before the DSC experiments, no small endothermic

peak was observed either around 60–70 �C. This endo-

thermic peak corresponded to the melting of secondary

Fig. 1 DSC thermograms of as-received and thermally aged samples

presented in Table 1 (first heating scan; 5 K/min)

Table 2 Characteristics of the DSC thermograms presented in Fig. 1

Sample Melting

Temperature

(�C)

Crystallinity

Ratio (DSC)

Height

of the

main

melting

peak

(W/g)

Width at

mid-height

of he

melting

peak (K)

As-

received

AR 166.5/171 50.8% / /

Aged V95 169 53.3% 0.391 6.7

V120 170 55.4% 0.426 6.3

V140 170 55.5% 0.591 4.3

Fig. 2 DMA spectra obtained after burst resistance tests at different

temperatures (see Table 1) (2 K/min)
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crystals formed during the long time spent at room tem-

perature before the DSC experiment [14]. The location of

the peak changed with the time spent at room temperature

between the annealing treatment and the DSC experiment.

After annealing at high temperature, samples aged dur-

ing burst tests at 95 �C, 120 �C or 140 �C have been stored

at room temperature for a long time before DMA experi-

ments also. A drop of storage modulus appears around

70 �C on DMA spectra in Fig. 2, i.e. at the same temper-

ature as the DSC peak. The corresponding peak on tan d
remains quite difficult to analyse since it appears like a

shoulder of the ac crystalline transition peak studied in the

next section. The tan d peak is better defined on spectra

corresponding to annealed sample when the alpha transi-

tion peak is shifted towards the higher temperatures. On the

second heating scan (performed on the V140 sample) both

the shoulder on tan d peak and the drop on storage mod-

ulus, visible on the first run have disappeared. Again, these

phenomena could be regarded as a consequence of

annealing at room temperature.

The presence of small crystalline arrangements en-

hanced by room temperature storage reduced the molecular

mobility in the amorphous phase. This is in accordance

with the RMN study performed by Neidhöfer et al. [14]

pointing out a reduced mobility in the amorphous phase

after annealing.

Secondary crystallization during annealing at high

temperature

After high temperature annealing (typically above 120 �C)

an endothermic peak appeared like a shoulder of the main

melting peak on the first heating scan of DSC thermograms

(Fig. 1). They were centred at around 120 �C, 140 �C and

155 �C after annealing at 95 �C, 120 �C and 140 �C

respectively. Like those involved in room temperature

annealing, these peaks disappeared on the second heating

scan.

As already reported [10, 11, 14], it clearly evidenced a

secondary crystallization process: small-organized volumes

created at a given annealing temperature further melted at

higher temperature. According to Marand et al [10, 11]

small crystals nucleated at so high temperature constituted

a specific population within the amorphous phase. Evi-

dence was brought in ethylene/octene copolymers and

PEEK of a critical temperature Tc0 above which annealing

induces a thickening of primary lamellae and below which

the thickness of primary lamellae remained unchanged. An

actual secondary crystallization was then observed, corre-

sponding to the formation of ordered volumes within the

amorphous phase. This interpretation was further devel-

oped by Neidhöfer et al. [14] for alpha-PVDF. In this

polymer the secondary crystallization clearly appears for

temperatures as low as room temperature and is very rapid

for annealing at 140�C. As the main melting temperature

remained nearly constant (170 �C), the average thickness

of primary crystallites was considered as nearly unchanged

after annealing.

The DMA signature of the melting of these secondary

crystals looked like the one observed for annealing at room

temperature. A fall of the storage modulus can be observed

in Fig. 2 from 115 �C, 135 �C and 150 �C for samples

aged at 95 �C, 120 �C and 140 �C respectively; a very

quick raise of tan d occurs in the same temperature range.

The drop of storage modulus started at temperatures

identical to endothermic peaks observed by DSC, i.e. at a

higher temperature Td = Ta + DT than the annealing tem-

perature Ta. Like in our DSC experiments and already re-

ported by Neidhöfer et al. [14] about DSC also, DT

decreased when the annealing temperature is raised in

DMA experiments. It led to a false peak in tan d, difficult

to analyse since it was included in the ac massif analysed

below. This earlier decrease of the storage modulus in

DMA was fully consistent with the evolution of the main

melting peak in the DSC experiments. The drop of modulus

and the false tan d peak could be attributed to the beginning

of secondary crystals melting.

Primary crystals population

For the as-received material, the main melting peak in DSC

thermogram (Fig. 1) exhibited a particular shape with two

distinct peaks. It could be attributed to a difference of

crystal size between the skin and the core of the pipe. It

turned into a single melting peak located at 169 �C after

3595 h at 95 �C. Its particular asymmetrical shape could be

linked to a size homogenization of the two lamellae pop-

ulations: the low temperature melting peak (initially lo-

cated at 166.5 �C) seemed to increase in temperature and

become higher than the peak initially located at 171 �C.

For samples aged at 120 �C and 140 �C, only the higher

temperature-melting peak could be distinguished. The main

melting peak became narrower and deeper for increasing

annealing temperatures as indicated in Table 2. This could

be due principally to a more homogeneous lamellae crys-

tallites population and also to a decrease of defects density

within crystallites. Homogenization of the crystallites size

was allowed by the melting of smallest crystals during

annealing. Indeed, the baseline extrapolated from the melt

intercepted the experimental curve of the as-received

material at Ti = 108 �C against 120 �C and 138 �C after

burst resistance tests at 120 �C and 140 �C respectively.

This means that, after a long term annealing at a given high

temperature Ta, all crystals further melted at higher tem-

peratures than Ta during DSC experiments.

7854 J Mater Sci (2007) 42:7850–7860
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After annealing, the crystallinity ratio significantly in-

creased. Nevertheless, it was calculated from a linear

baseline extrapolation from the melt including the shoulder

appearing after annealing. The crystallinity ratio thus re-

sulted as a global quantity mixing primary and small sec-

ondary crystals. From the contribution of the secondary

crystallites melting enthalpy to the total melting enthalpy

Neidhöfer et al. [14] evaluated the corresponding crystal-

linity ratio contribution to a few percent. This value cor-

responded to the apparent increase of crystallinity

measured here after annealing. This meant that the appar-

ent increase of crystallinity measured after annealing could

be mainly attributed to the secondary crystals.

Figure 3 gives a comparison between the second heat-

ing scan on the as-received material and the first heating

scan on a material previously submitted to a burst resis-

tance test at 140 �C (V140). Melting temperatures were

both equal to 170 �C but the crystallinity ratio during the

second heating scan was lower (51.2%) than that obtained

on the V140 sample. It could be concluded that a long

term annealing at 140 �C during several 1000 h was more

efficient for crystalline organization than a slow cooling

down at 5 K/min.

DMA spectra in Fig. 2 show a broad peak, with a

maximum around 100–110 �C. This peak, usually named

‘‘ac transition’’, was attributed to the shear of amorphous

layers allowed by the elongation of the tie molecules. This

elongation was due to the translation of chains within the

crystalline lamellae resulting from the activation of defects

mobility in crystals according to a ‘‘flip-flop’’ mechanism

[18, 19]. A consequence of molecular mobility within

lamellae was to improve primary crystals rejecting some

defects in the interphase. These defects were rejected in the

vicinity of the surface of crystallites; they constituted an

intermediate phase between crystalline and amorphous

layers. This phase, closely linked to crystallites and less

mobile than the amorphous layer, exhibited a glassy tran-

sition at the upper temperature Tg
up previously depicted.

After annealing, chains mobility within crystallites was

then reduced: as visible in Fig. 2, the maximal value of the

peak on tan d was shifted towards higher temperatures after

high-temperature annealing during burst resistance tests i.e.

from 99.2 �C for the as-received material up to 111.7 �C,

112 �C and 115.8 �C after burst resistance tests at 95 �C,

120 �C and 140 �C respectively. The height of the peak

also decreased. Because of this shift towards higher tem-

perature the storage modulus increased in the annealing

temperature range. This evolution was due to more difficult

motions in the amorphous phase and could be attributed to

both the reduction of mobility of tie molecules and the

nucleation of small secondary crystals within the amor-

phous phase. Quantitative analysis and interpretation of the

ac peak on tan d was not easy because of the shoulder

around 70 �C more or less clear depending on the thermo-

mechanical history of the material.

Role of the low internal pressure applied during burst

resistance test

Samples cut in pipes previously submitted to burst resis-

tance test for a very long time have both undergone a

thermal treatment and a low-pressure loading. During the

test, deformation remained limited since each pipe recov-

ered its original size after unloading. DSC experiments

carried out after burst resistance test at 120 �C (V120) and

after annealing at 120 �C for 1440 h without any

mechanical loading (R120) provided similar results. In the

latter case, the crystallinity ratio was 54.2% against 55.4%

for the V120 sample. The melting temperature was slightly

minor (168.5 �C) than the V120 sample (170 �C). The

height of the main melting peak was nearly identical and

the width at mid-height 1 K wider in R120 than in V120.

The shoulder associated with secondary crystallization was

located at a lower temperature for R120 (135 �C) than for

V120 (140.5 �C) but the shorter annealing time for R120

would have explained such difference [14]. Thus, the small

pressure applied during burst resistance tests at high tem-

perature was regarded of minor importance in comparison

to the role of thermal treatment.

Synthesis

An attempt to schematize consequences of high tempera-

ture annealing on both primary crystals and amorphous

layers is proposed in Fig. 4:

Fig. 3 Comparison between the second heating on the as-received

material and the first heating on a material previously submitted to a

burst resistance test at 140 �C (5 K/min)
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(i) The primary crystals population undergoes reorgani-

zations among which a thickness homogenization, a

probable enlargement and a rejection of defects out of

crystalline lamellae. The latter process leads to a more

defective constrained amorphous layer at the bound-

ary of primary crystallites.

(ii) Annealing induces a secondary crystallization process

within the amorphous phase.

(iii) As supported by our DMA experiments, the amor-

phous phase mobility decreased after high temperature

annealing, consistently with anterior results by solid

RMN concluding to conformational constraints in-

duced in the residual amorphous by the formation of

secondary crystals [14].

Comparisons between samples cut in pipes previously

submitted to burst resistance tests and samples annealed at

the same temperature without mechanical loading suggest

that thermal annealing is the first order parameter in the

microstructure changes observed here.

Mechanical behaviour

Such microstructure modifications were likely to affect the

mechanical behaviour of materials when stretched at a

lower temperature than the previous annealing temperature

Ta. Classical tensile behaviour has been considered first.

Next, a particular attention has been paid on damage ini-

tiation and crack propagation in the low stress range in-

volved in the slow crack growth regime.

Modulus and yield stress

Evolution of the conventional stress with the conventional

strain is depicted in Fig. 5 for a tensile test performed at

3 · 10–3 s–1 and 120 �C on the as-received material. The

first stage referred to a homogeneous deformation of the

specimen up to necking. During stage 2, the deformation

was not homogeneous any more since the neck propagated

along the gauge length of the sample. It corresponded to a

spherulitic-to-fibrillar transformation of the material. After

entire propagation of the neck, the material was further

stretched homogeneously again (stage 3). The oriented

fibrillar microstructure showed a reinforced modulus.

Figure 6 compares the tensile behavior (stage 1) of as-

received samples to that of specimens machined in pipes

after burst resistance tests at 95, 120 and 140 �C. Tests

were performed at 3 · 10–3 s–1 and 120 �C. Corresponding

values of the modulus and yield stress are summarized in

Table 3. The yield point was defined as the maximal

strength point on the conventional stress-strain curve. Each

value was averaged from three tests.

A raise of the modulus (from 14% up to 27% with

increasing annealing temperature) was observed after

annealing, consistently with the increase of storage mod-

ulus observed in DMA experiments. The yield stress also

increased with the annealing temperature, from 17% after

annealing at 95 �C up to 21% after annealing at 140 �C.

All microstructure modifications may have contributed to

this increase:

(i) Deformation was more difficult in a material con-

taining more crystals and less mobile amorphous

chains

(ii) Shear yielding of less defective lamellae needed a

higher stress

Fig. 4 Schematization of the consequences of high-temperature

annealing during burst resistance test on the microstructure of

alpha-PVDF at the lamellar scale

Fig. 5 Tensile test performed at 3 · 10–3 s–1 and 120 �C on the

as-received material

Fig. 6 Tensile behavior of as-received and annealed samples

(3 · 10–3 s–1; 120 �C)
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(iii) Secondary crystallization decreased the global

amorphous mobility and contributed to a toughening

of the material. The role of secondary crystals has

been emphasized by tests performed at 120 �C on

samples previously annealed at 95 �C. In this case,

secondary crystals previously formed during

annealing at 95 �C have melt, as observed in DSC

and DMA experiments. Modulus and yield stress

measured at 120 �C after annealing at 95 �C ap-

peared lower than after annealing at 120 �C or

140 �C.

Both modulus and yield stress determined for the R120

sample annealed for 1440 h at 120 �C without mechanical

loading (320 MPa and 18.7 MPa respectively) were nearly

the same as for the V120 sample (330 MPa and 18.9 MPa

respectively). Again, the weak pressure applied during

burst resistance tests seemed to be of minor importance

against annealing.

Natural draw ratio

During stage 2 (cf. Fig. 5), necking propagated all along

the gauge length. Extension reached at the end of propa-

gation defined the natural draw ratio kn. This parameter

corresponded to the conversion from a spherulitic to a

fibrillar microstructure. It was characteristic of the material

microstructure. In a purely amorphous polymer, the natural

draw ratio kn is directly linked to the entanglement density

me according to the following relationship:

kn /
1ffiffiffiffi
me
p ð4Þ

The higher the natural draw ratio kn, the less entangle-

ments in the amorphous polymer. In the crystalline poly-

mer at stake, the natural draw ratio was assumed to directly

result from the amorphous phase behavior. Equation (4)

was then used to calculate a density of entanglements in the

amorphous phase. Table 4 presents kn values (average

values calculated from 3 tests with a standard deviation of

0.05) measured in tension at 3 · 10–3 s–1 and 120 �C. Its

relative evolution after annealing was compared to the as-

received material in the last column. The natural draw ratio

kn increased after annealing; the entanglement density

consistently decreased. After burst resistance test at 95, 120

or 140 �C the entanglement density might have decreased

from at least 13%, i.e. more than the experimental scatter.

This very partial and local disentanglement seemed con-

sistent with microstructure reorganizations like homoge-

neization, enlargement and slight thickening of primary

crystals and notably with secondary crystallization occur-

ring during annealing. It must be reminded that such re-

organisations were allowed by the possible motion of

defects within crystals occurring in the temperature range

of the ac crystalline transition.

The natural draw ratio measured on the sample annealed

for 1440 h at 120 �C without loading (R120) was 0.9 times

that of the as-received material. A partial disentanglement

was observed but less important than in the V120 sample.

Volume changes and cavitation

Consequences of a long-term high-temperature annealing

on cavitation were examined. A previous work established

that cavitation in PVDF was very sensitive to temperature

[20]. In as-received specimens strained at 3 · 10–3 s–1,

whitening and SAXS diffusion vanished for temperatures

increasing from the ambient up to 150 �C and disappeared

above a critical temperature Tc = 90 �C. Cavities nucle-

ation also depended on strain-rate [20]: Tc increased with

the strain-rate.

Dumbbell samples compared in Fig. 7 were machined in

an as-received pipe and in a pipe previously submitted to a

burst test resistance at 120 �C (V120). Volume strain was

measured during tensile tests performed at a temperature

(100 �C) and strain-rate (3 · 10–3 s–1) close to critical

values mentionned above.

The volume strain measured in the annealed specimen

after 4380 h spent at 120 �C during the previous burst test

was significantly higher than the one for the as-received

material. At the beginning, values were identical in the as-

received and aged specimens. It corresponded to the elastic

contribution due to a Poisson ratio minor than 0.5. From an

axial strain of 3%, the volume strain measured in the aged

sample exceeded that of the as-received sample. The dif-

ference was greater than the experimental scatter. With this

experimental device, volume strains measured in the

Table 3 Modulus and yield stress measured for tensile tests

presented in Fig. 6 (3 · 10–3 s–1; 120 �C)

As-received V95 V120 V140

Yield Cauchy stress (MPa) 280 320 330 355

15.7 18.4 18.9 19

Table 4 Sensitivity of the natural draw ratio measured in tension

(3 · 10–3 s–1; 120 �C) to annealing and comparison of corresponding

entanglement density compared to the as-received material

kn
vc

vc as�receivedð Þ

As-received 4.13 1

V95 4.57 0.8

V120 4.47 0.85

V140 4.43 0.87
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sample previously annealed at 120 �C for 1440 h without

mechanical loading (R120) was nearly the same as in the

V120 sample.

Tensile tests have been performed at 100, 105 and

110 �C to estimate the critical temperature Tc above which

whitening vanishes. As already mentionned, the as-re-

ceived material remained translucent above 100 �C while

the aged material (V120) exhibited a strong whitening at

100 �C, decreasing at 105 �C and vanishing at 110 �C. The

critical temperature at which cavitation disappeared was

higher in the sample previously submitted to a long lasting

burst test at 120 �C.

Both the local and the macroscopic hydrostatic stresses

were likely to influence cavitation.

(i) The local hydrostatic stress was influenced by the

crystalline microstructure. Even if scales and materials

are not the same as considered here, a comparison

could be dared between the local strain into interla-

mellar amorphous phase between two lamellae and the

well-known schema from Gent et al. [21] on strain

cavitation in a rubber layer between two plates pulled

apart from each other: the larger the plates, the higher

the local hydrostatic stress at the middle point of the

amorphous layer between them. Accommodation of

the local deformation required large displacement of

macromolecules in the amorphous phase. Modifica-

tions of the crystalline microstructure and amorphous

mobility by annealing were thus likely to affect cav-

itation through the local heterogeneous stress-field

within interlamellar amorphous layers and the hydro-

static stress in particular. The reduction of amorphous

phase mobility, a slight enlargement and thickening of

crystalline lamellae that raised the local hydrostatic

stress at the middle point and a small decrease of the

entanglement ratio were factors expected to enhance

cavitation, as observed in tensile tests. Further growth

of cavities implied large deformation of the material

around them. It involved disentanglement in the

amorphous phase and plasticity of crystalline lamel-

lae. All these phenomena resulted in a larger volume

strain observed in dumbbell specimens after annealing

at high-temperature, for instance here during burst

resistance tests.

(ii) The macroscopic hydrostatic stress deals with the

geometry of piece. In our dumbbell specimens, the

triaxiality ratio s (defined as the hydrostatic stress over

the equivalent Von Mises stress) calculated in an

elastic framework was equal to 0.33, whatever the

point in the gauge length. Conversely, a gradient of s
seated in the pipe wall. At any point M in the wall of a

thin elastic pipe, s was given by Eq. (5) (details for

calculations are given in the Appendix):

s ¼ rh

rVM

¼ 1ffiffiffi
3
p r2

R2
e

ð5Þ

where r is the distance of the considered point M to the axis

of the pipe and Re is the internal radius of the pipe. The

porous zone appearing in the pipe wall at the beginning of

the slow crack growth process was located just below the

inner skin [8]. Then, the triaxiality ratio was equal to 0.41.

It was not so different from that calculated in the dumbbell

specimen. Nevertheless, at temperature high enough

(above 110 �C) no volume strain was measured in the latter

whereas cavities ended up nucleating within the pipe wall

(first stage of damage before initiation of the crack) [8].

Conclusions of this study suggested that microstructure

changes induced by a long lasting application at high

temperature would contribute to damage nucleation. It

must be underlined that the triaxiality level of samples

considered here (dumbbell or pipes) remained quite low.

The relative influence of microstructure changes during

annealing is bound to decrease for higher triaxiality ratio in

the specimen.

Crack propagation

Microstructure changes were also expected to influence

further stages of damage once the porous zone nucleated

within the pipe wall has turned into an actual crack. Con-

sequences of long-term high temperature annealing on

cracking were investigated through creep tests on notched

specimens. Samples were submitted to a constant load; the

corresponding stress level r in the ligament belonged to the

hoop stress range involved in slow crack growth phe-

nomenon during burst resistance tests. After loading, the

crack opening displacement (COD) rate _d slowed down to

a stationary rate actually measured for 5 days in these tests.

Fig. 7 Volume change measured in as-received and annealed (after

burst resistance test at 120 �C) specimen stretched at 100 �C and

3 · 10–3 s–1
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These COD rates are drawn vs. the applied stress in the

ligament in Fig. 8, for the as-received material and after

annealing for 5 months at 120 �C. In both cases, the COD

rate depended on the applied stress in the ligament obeying

a power-law:

_d / rn ð5Þ

where n is a stress-sensitivity parameter.

For a given applied stress level, the notch opening was

slower in annealed samples than in as-received ones.

Nevertheless, the stress-sensitivity parameters n were

close, respectively equal to 3.55 for the as-received mate-

rial and 3.61 for the annealed one.

This decrease of the COD rate after annealing could

result from a raise of the yield stress ry in the process zone

ahead of the crack tip. Figure 9 compares the COD kinetics

in as-received and annealed samples submitted to creep

stress corresponding to the same r/ry ratio. Even in this

case, the COD rate was slower in the annealed sample

suggesting that kinetics differences could not be attributed

to a yield stress effect only.

Indeed, crystals plasticity, disentanglement and sec-

ondary crystallization were found to influence the

mechanical resistance of the fibrillar process zone of the

crack and consequently the crack opening and propagation.

Nevertheless, it remained rather difficult to separate each

contribution. Disentanglement would have resulted in an

earlier fracture of fibrils within the process zone and lead to

a higher crack opening. Nevertheless, for the same applied

stress, the raise of the yield stress would have delayed

plasticity in the process zone and contributed to a lower

COD. Secondary crystals would have a major effect then,

acting as supplementary ‘‘cross-links’’ in the macromo-

lecular network and decreasing the amorphous phase

mobility.

Conclusion

This study aimed to highlight the contribution of micro-

structure changes induced by high temperature annealing to

damage processes. Consequences of annealing have been

studied first with a focus on long durations (several 1000 h)

at high temperatures (90–140 �C). Results from DSC

experiments supported an evolution of the amorphous

phase consistent with those previously observed on alpha-

PVDF annealed for shorter times or at lower temperatures.

Annealing above 95 �C induced an improvement of the

structure and a size homogenization of the primary crystals

population which led to a thinner main melting peak on

DSC experiments. Secondary crystals have been nucleated

at a given annealing temperature. They melted at a tem-

perature higher than the annealing temperature. Whatever

on DSC or DMA experiments, consequences of annealing

at Ta (endothermic peak on DSC thermograms; tan d peak

and drop of the storage modulus on DMA spectra) were

observed at a higher temperature Tc = Ta + DT. DT de-

creased when the annealing temperature was raised. The

correlated reduction of the amorphous phase mobility was

responsible for a shift of the ac crystalline transition peak

on tan d in DMA experiments. The mechanical loading

applied during burst resistance test appeared of minor

importance on microstructure evolutions since samples

annealed at the same temperature without any mechanical

loading exhibited similar evolutions.

Crystalline reorganizations, secondary crystallization

and decrease of the amorphous phase mobility modified the

local triaxiality ratio in the amorphous layers. In a low

triaxiality context as involved in a dumbbell specimen a

higher cavitation resulted from annealing above 95 �C.

Partial disentanglement occuring during crystalline reor-

ganizations and pointed out through a decrease of the

Fig. 8 Influence of annealing on the stress sensitivity of the crack

opening displacement rate measured during creep tests on notched

specimens at 120 �C

Fig. 9 Crack opening displacement kinetics measured during creep

tests on notched as-received and annealed specimens at 120 �C: effect

of the stress/yield stress ratio
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natural draw ratio was expected to assist cavities growth.

As macroscopic triaxiality ratio in the thin pipes considered

here was close to the dumbbell specimen value, a non

negligible contribution of thermally-induced microstruc-

ture changes to cavitation onset in high-temperature

application like burst resistance tests could be established.

Microstructure evolution occuring during long-term

annealing at high temperature also influenced the further

damage stage of cracking. Partial disentanglement was

likely to decrease the ultimate behaviour of fibrils and

consequently enhance crack opening and propagation.

Nevertheless, crack opening displacement kinetics was

lower in annealed samples. It could be explained by a re-

duced plasticity enhancement in the process zone (due to

the raise of yield stress in primary crystals), and by sec-

ondary crystals which acted as supplementary ‘‘cross-

links’’ in the macromolecular network.
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Appendix

The following equations are valid for a thin elastic pipe

subjected to a constant internal pressure P. The internal and

external radii of the pipe will be called a and b respec-

tively. Consider any point M of the pipe wall located at a

distance r from the axis of the pipe.

The components of the stress tensor for M are the

followings:

– radial stress : rr ¼ P a2

b2�a2 1� b2

r2

� �
– tangential stress : rt ¼ P a2

b2�a2 1þ b2

r2

� �
– longitudinal stress : rl ¼ P a2

b2�a2

The hydrostatic stress is then rH ¼ 1
3

rr þ rtþð
rlÞ ¼ P a2

b2�a2 :

The Von Mises equivalent stress is:

rVM ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

2
rr � rtð Þ2 þ rr � rlð Þ2 þ rt � rlð Þ2

h ir

¼
ffiffiffi
3
p

P
a2b2

b2 � a2ð Þr2

Then, the triaxiality ratio is given by:

s ¼ rH

rVM

¼ r2ffiffiffi
3
p

b2
:
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