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Microstructural analysis of the microcavitation in PVDF after a
thermo-diffuso-mechanical loading: competition betveen mechanical
cavitation and gas plasticization

M. GERLAND, S.A.E. BOYER, S. (ASTAGNET, G. BENOIT

Institut P’ - Département de Physique et Mécanideg Matériaux, ISAE-ENSMA, UPR CNRS 3346
86961 Futuroscope-Chasseneuil Cedex

Résumé :

Le polyfluorure de vinylidéne (PVDF) sous fort afgament en traction s’'endommage par superposition de
deux effets : une déformation purement plastique etéation de microcavités dans la phase amolitire.

De méme, sous chargement de gaz, la diffusion décuhes gazeuses dans la solution gaz-polymere peu
endommager la matrice polymére par création detéaviCette diffusion est surtout dommageable lerad
décompression du gaz. Il est ici question de disaln réle des interactions gaz-polymére sur laitedion

d'un PVDF sous chargement diffuso-mécanique. Lasgeiments en traction sont réalisés a 30 °C sous 4
MPa de deux gaz, I'hydrogéne JHet le dioxyde de carbone (@O L’endommagement est estimé en
quantifiant la fraction surfacique de cavités paradyses de micrographies électroniques a balaysfeR)

et en transmission (MET) aprés décompression. lyeaeastructurale des échantillons endommagés sous
traction/décompression est comparée a l'analysacsiirale de I'échantillon non déformé et a cellesd
échantillons ayant seulement subi une décompressionde pouvoir discriminer la cavitation issue de
I'effet mécanique ou de la décompression de geffdt’ de I'hydrogene est moins sévere que celui du
dioxyde de carbone car le dioxyde de carbone a @dfat d’augmenter la nucléation de petites cavités
D’un autre c6té, le chargement en tension sousswagle gaz est plus sensible sous hydrogéne cénapar
dioxyde de carbone, ce qui est essentiellemerdt liéffet de plastification en compétition avecffid de
cavitation. L'ensemble de ces analyses permet derpone base a la compréhension des mécanismes
d’endommagement par cavitation du PVDF sous chaegetmermo-diffuso-mécanique.

Abstract:

Polyvinylidene fluoride (PVDF) under tensile loaglidamages by superimposition of a plastic deforomati
and a deformation induced by creation of micro-tiasiin the free amorphous phase. In the same thay,
study of polymers behaviour under gas loading shthas the gaseous molecules diffusing into the gas-
polymer solution can damage the polymer matrix hyitation creation. This diffusion is particularly
damaging when the gas-polymer solution is subjeteithe gas decompression. In this study, we discus
about the role of the gas-polymer interactions ba tavitation of a PVDF under a diffuso-mechanical
loading. Tensile loadings are performed at 30 °Glem4 MPa of two gases, hydrogen,(ldnd carbone
dioxide (CQ). The damage is estimated by quantifying the sundafraction of cavities as a function of the
observed area by scanning electron microscopy (S&id)transmission electron microscopy (TEM) after
decompression. The structural analysis of the dadagamples under tension/decompression is compared
the structural analysis of the undeformed samplel 4&o the one of samples having only seen a
decompression. The comparison permits to sepanateadvitation due to a mechanical effect from the o
due to the gas decompression. The hydrogen efféets detrimental than the carbon dioxide oneldtter
increasing the nucleation of small cavities. On ¢figer side, the tensile loading under gas pressiraore
sensitive under hydrogen compared to carbon diodigeto the plasticization effect in competitiothvthe
cavitation effect. The analysis gives a basis &uhderstanding of the damaging mechanisms byativit

of the PVDF under thermo-diffuso-mechanical loading

Keywords : Micro-cavitation, Diffusion, Tensile Loading, PVDF, TEM, SEM, H,, CO,
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1 Introduction

Semi-crystalline polymers are known to exhibit ¢atwon damage when stretched above their glass
transition temperature [1, 2], and particularly yvohylidene fluoride [3, 4]. In a different way, ¢h
description of a gas dissolved in a polymer is ikécg attention due to the special behaviour ofsthe
systems. Gas solubility in the host polymer, dilatof the host polymer and gas diffusion abilityotingh the
host polymer are properties that are obviouslyntérest. The gas-permeability as a function of qanes
generally results in plasticization effect. Plaghtion occurs when gas-concentration in the potyismdigh
enough to increase free volume and segmental rhlilithe macromolecules. The free volume affects
thermal, mechanical and relaxation properties,ogsyg, diffusivity, among others [5, 6]. Solubiliof gas, as
carbone dioxide in polyvinylidene fluoride, wasugtrated in some few works, for instance [7] afd @ly

a few works considered relationships between ggstien and mechanical behaviour, and yet, it isigh
interest to accurately understand how damage pesdie cavitation might interact with the diffogifluid
and be detrimental or not for the polymer. An exkrgf detrimental coupling between gas diffusiorl an
mechanics is the so-called “explosive decompreskiduare”. It refers to the cavitation occurring rihg
decompression of a gas-saturated polymer. This ¢ofpgamage has been studied in thermoplastics and
rubbers exposed to different gases as carbon di¢Xi®], nitrogen [7] or hydrogen [10-12]. Gaseirgction
with the stretched polymer may have two antagaefigticts. On the first hand, variations of the hydatic
part of loading can help the expansion of the sbrip@s and promote cavitation. On the other harel, th
amorphous phase plasticization associated with sgases can minimize the contribution of cavitation
accommodate the applied deformation. The aim of thork, focused on polyvinylidene fluoride, is to
discuss these two antagonist effects of gas-polyinteraction by comparing cavitation occurring dgri
tension in two gaseous environments: hydrogen arfaba dioxide.

2 Experimental

The tested material is a non-plasticized commeraipha-poly(vinylidene fluoride) (PVDF) supplied in
3mm-thick extruded sheets (Kynar 4000). Its meltiegnperature is of 169.2 °C and its degree of
crystallinity of 57 %. Carbon dioxide (GPand hydrogen (k) were purchased from Air Liquid France and
used without further purification. Tensile teste aarried out in an Instron 8802 tensile machittediwith a
pressure- and temperature-regulated chamber féléter by hydrogen or carbon dioxide. Samples are
machined in the extrusion direction with a halfled&O 527 shape. For each test condition, an iaddit
undeformed sample is placed inside the chambeods not undergo any stretching but the same peessu
cycle as the stretched one. The comparison of stretthed” and “undeformed” series aims to separate
damage nucleated under tension from that enhanc#eteldecompression stage. After fixing the sarapie
closing of the chamber, three nitrogen purges uft tdPa are successively processed to avoid mixture
between the ambient air and the filling gas. Thespure chamber is then raised at 1 MPa'min to a
constant value of 4 MPa which is maintained for baar in order to equilibrat'emperature at 30 °C (which

is achieved about 20 min after the beginning of ghessure plateau) and to reach gas saturatioheof t
sample. The time needed to reach saturation ofdah®le is estimated from the Crank’s solution oha-
dimensional Fickian diffusion problem through afiritte sheet [13]. The tensile test is then perfednat a
constant conventional strain-rate of 3.3°19' and a regulated temperature of 30 °C, up to a mmxi
conventional strain of 20 %. The axial force, axiedsshead displacement, temperature and pressure a
monitored during the test. Finally, the chambeddsompressed at 0.2 MPa.thirsamples are cut from the
tensile specimens with a razor blade then ultna-f@ictions of about 60 to 80 nm in thickness atebgu
ultramicrotomy performed in a Leica EM UC7-FC7 roitmme at the temperature of -80°C with a Diatome
diamond knife of 35 °, and observed with a Philps120 Transmission Electron Microscopy (TEM)
operating at 200 kV. The surface of the truncatgdupids after the cutting of the ultra thin secticare
observed with a JEOL 7000 Scanning Electron Miaspgerield Emission Gun (SEM-FEG) operating at 7
kV.

3 Results

3.1 Tensile tests

Figure 1 shows the tensile stress-strain curves fasts performed intand CQ. The slight stress decrease
observed after yielding can be associated with feesiog process which can correspond to the
2
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cavitation process evidenced in the following. Ti@ximum stress is reached at about 13 % of defosmat
and is slightly higher for the test in kb6 MPa) than for C€X53.5 MPa).
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FIG. 1 — Tensile tests of PVDF inldnd CQ, 30 °C and 4 MPa,.

3.2 SEM observations

Some typical SEM images of the as-received matesalvell as obtained after stretching in hydroged a
carbon dioxide are given in figure 2. Pre-existoayities are observed in the as-received matersalery
often encountered in this polymer due to the strealyme contraction upon crystallization during the
processSEM observations are made on the totality of thedated pyramid that is a surface ranging from 5
000 to 11 000 pfnfor the different samples. This first observatgitows a cavitation that appears, at this
scale, homogeneous in its spatial distribution af as in size. This observation also allows a itptale
comparison between samples. For quantitative meammnts of the cavitated surfaces, observations at a
magnification ranging between 5 000 and 7 500 arfopmed on reduced surfaces. The size of the megsu
areas, ranging from 2 700 to 5 20031imgiven in Table 1. The measured area corresponiietsum of all
the surfaces taken into account for a detailedyaisabn each sample. The number of cavities byasarfinit

in column 3 is obtained by the ratio between thial taumber of cavities seen at a magnification 602 and
the measured area. Column 4 corresponds to themage of the surface occupied by the cavitieshen t
measured area. It will be established in the falhgwthat TEM surfaces are representative for dachage
surface average. Since the total measured are&EM are much larger than in TEM, there are also
representative with a much lower standard deviaggtimated at 3 %. The corresponding scattering I&n
given into brackets.

SEM Measured | Number of cavities/umg Cavities surface percentage
area (Um2)

As-received 2743 0.016 0.080 % (0.078 % / 0.082 %)

H,, 4 MPa, undeformed| 5218 0.014 0.114 % (0.1110%17 %)

H,, 4 MPa, stretched 5183 0.042 0.161 % (0.156 %66)%)

CO,, 4 MPa undeformed 5129 0.029 0.178 % (0.173 %83%)

CO,, 4 MPa, stretched 5115 0.036 0.197 % (0.191 %2030%)

Table 1- Cavitation measured by SEM under differeathanical and diffusion environments.
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SEI 70kv  X5000  1um ~ WD8.Imm SEl 70KV X5000  1gm  WD89mm SEI 70KV  X5000 1um  WD5

a) As-received b) CH4 MPa, undeformed c)H4 MPa, stretched

FIG. 2 - SEM images of PVDF samples after cryo-otmming. The main direction of the plate or the
tensile axis is horizontal in the pictures.

3.3 TEM observations

Some typical TEM images obtained after stretchingowly a cycle of pressurization-decompression in
hydrogen and carbon dioxide are given in figurd 3ew spherulites in micro-size are clearly distirghed.

At such low magnification, micro-cavities elongaiadhe tensile direction (which is also the mairection

of the plate) are well observed. At higher magatiiens two additional populations of cavities abserved,
i.e. a few spherical cavities with a mean diametet20 nm and very small bubbles of about 10 nm in
diameter. The quantitative analysis of nano-bubhksds higher magnification TEM observations ofl wel
contrasted ultra-thin foils which is beyond thepeof this study. Large cavities do not seem todreelated

to the spherulitic morphology (core or border).amagnification of the same order as that use®GEW,

the cavities appear similar in size and in distitou

The damage results observed in the different savgke given in Table 2. Column 2 corresponds tadtas
area of the photos analyzed at a higher magnificatind column 3 corresponds to the percentagerfzce
occupied by the cavities with the scattering bandrginto brackets. The total measured area ginerable

2 is the sum of 5 to 15 individually analyzed plspteach of them corresponding to an area rangitvgelee

20 and 200 pfm The accuracy of the measurement is better in TEMIto the better contrast in transmission
and to the higher magnification (from 10 000 to0OB®@). But the total measured area in TEM is sméfian
that measured in SEM and could be less represemtétowever a statistical analysis was done [14\\sihg
that an area of 350 |fris sufficient to obtain a standard deviation lowean+ 5% and can be considered as
a representative elementary surface for the asatfghe cavitation. Furthermore a double measunéiaed
calculation of a same specimen leads to a devi&igar than 1 %.

TEM Observed area (um?) Cavities surface percentage
As-received 585 0.119 % (0.113 % / 0.125 %)
H,, 4 MPa, undeformed 1136 0.124 % (0.120 % / 0%28
H,, 4 MPa, stretched 381 0.199 % (0.179 % / 0.219 %)
CO,, 4 MPa, undeformed 1183 0.307 % (0.301 % / 099).3
CO,, 4 MPa, stretched 1049 0.375 % (0.368 % / 0.3B82 %

Table 2 - Cavitation measured by TEM under differaachanical and diffusion environments.
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FIG. 3 - TEM images of PVDF ultra-thin sections€Tlme in the pictures indicates the main directbbthe
plate or the tensile axis.

4 Discussion

Figure4 summarizes the cavities surface fraction estichéiten SEM and TEM micrographs, respectively,
in the different testing conditions. A first andl/shows similar evolutions between TEM and SEM.
However, the cavities surface percentage estimhated TEM observations is always higher than that
obtained from SEM micrographs, probably becauseesaavities are not visible at the lower SEM
magnification and also because the cavities cansdsetter in transmission microscopy. It is gh&ssible
that the stress relaxation occurring around théieavduring microtomy of the ultra-thin foils irease their
size compared to that existing in the bulk material
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FIG. 4 - Cavities surface fraction estimated frofivband TEM observations in the
different testing conditions. Scattering bands delpen the observed area.

Both the tension and decompression stages affechyldrostatic stress and can be responsible for the
observed damage. Let us focus first on the inflaesfadecompression by comparing the as-receiveglsam
to the undeformed ones, the latter undergoing dhly gas cycle and especially the decompression.
Decompression in hydrogen does not enhance anifisignt damage, especially considering TEM results.
Indeed, the cavities surface fraction measured ff@ micrographs after decompression from 4 MPa in
H, is only 4.2 % larger than in the as-received niatevhich is about the scatter value (5%). UnlikeH,,
decompression in COappears very detrimental. Indeed, after decomjpredsom 4 MPa in CQ the
cavities surface fraction of the as-received makds multiplied by about 2.2 and 2.6, when estadat
respectively by SEM and TEM. The influence of tenstan be pointed out by comparing the “undeformed”
samples to the stretched ones. In this case, leokbssundergo the decompression stage. After terssid
decompression in Hithe damaged surface is significantly larger timathe undeformed samples, i.e. 41 %
(SEM) and 60% (TEM). Since the difference betwerdafiormed and stretched samples is higher in TEM,
it can be supposed that the small cavities pouias favoured. Damage observed in SEM micrographs
5
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after tension in C®is only slightly higher than that observed in stapstretched in # For the same
pressure, the damaged surface fraction is largeR2dy%. The difference is more marked in TEM
micrographs, with a damaged surface fraction in, Ekzeeding by 88 % that measured in Hhis may
suggest that tension in GPromotes nucleation of small cavities comparetthéd nucleated in #

The second important result of this series death thie limited increase of cavitation enhanced 6y, C
during the tension stage itself. Indeed, the nadaiticrease of damage surface fraction betweenfomded

and stretched samples in €08 11 % in SEM micrographs and 22 % in TEM ondssTan be regarded as a
consequence of the plasticizing effect of £@e increased molecular mobility makes the céwita
contribution less necessary to accommodate thdeagpgeformation, in the same way as observed in air
when increasing the temperature. From the pressuoits, it is difficult to discuss the relativelirdnce of

the growth of pre-existing cavities compared to rtheleation of smaller ones. No observation suggest
germination of smaller cavities because of ,Cfdasticization. At relatively low pressure, endige
interactions were observed in gBVDF systems [7]. This was favoured by the presesfchigh polar C-F
bonds in PVDF leading to dipolar interactions wit®, [15].

5 Conclusion

Tensile tests were performed on a semicrystallipbaapoly(vinylidene fluoride) in hydrogen and camnb
dioxide atmospheres. The damaged surface fractam astimated from SEM and TEM micrographs after
decompression and compared to the as-received ialedad to samples submitted to gas decompression
only. It was checked that the observed surface aras representative for both microscopy devices.
Decompression in hydrogen appears to have onljightséffect on cavitation and appears much less
detrimental than carbon dioxide, which is boundetdhance small cavities nucleation as attested &y th
difference between SEM and TEM results. On therdthed, tension under gas pressure is more sengitiv
hydrogen compared to carbon dioxide, due to piasiig effect in competition with cavitation in thiatter
gas.

This experimental status constitutes a contributiotine understanding of micro-mechanisms of ggstien

on damage nucleation of semi-crystalline polymensng) coupled diffuso-mechanical damage.
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