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SYNOPSIS 

Poly (vinylidene fluoride) films were y-irradiated in the dose range of 1-20 Mrad, resulting 
in up to 74% gel. The irradiated polymer undergoes both crosslinking and chain scission, 
about 5 : 3 events, respectively. Swelling measurements indicate an increasing crosslink 
density with the gel content, already at  the lower doses. Thermal analysis of the gel fraction 
and the unextracted irradiated samples shows that although crosslinking affects the crys- 
tallization, degree of crystallinity, and the melting characteristics, the behavior of the 
crosslinked material is predominantly controlled by the extractable sol fraction which con- 
sists of the more mobile original chains, branched chains, and degraded ones. The crosslinks, 
already at  low density, retard the development of ordinary crystalline polymer morphology. 

INTRODUCTION 

Ionizing radiation is known as an effective source 
for inducing structural changes in polymers, result- 
ing in alterations in their physical structure and 
properties (e.g., Ref. 1 ) . An irradiated polymer un- 
dergoes molecular crosslinking and/or chain scis- 
sion (e.g., Ref. 2 ) ,  depending mainly on the polymer 
chemical structure, physical state, and irradiation 
conditions. Although the overall effects of irradiation 
on the solid state structure are quite well established, 
the details of the structural changes taking place at 
the early stages of the process are generally lacking. 
In many industrial processes and in most published 
studies polymers were irradiated while in the solid 
state (different from melt irradiation). Solid state 
irradiation may thus affect the polymer structure 
(e.g., Refs. 3-5) and even more structural changes 
following subsequent recrystallization may be seen 
(e.g., Ref. 6 ) .  Solid state irradiation is known to 
produce inhomogeneous materials due to its selec- 
tivity, i.e., preferentially occurring in amorphous 
phase and in crystalline fold  surface^.^*^ The result- 
ing material properties, commonly reported, are 
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therefore average values representing the contri- 
bution of the various polymer components. For ex- 
ample, in materials exposed to low irradiation doses 
the properties of the sol and gel fractions are aver- 
aged, and the characteristics of the extractable sol 
fraction has usually been ignored. A few recent 
studies, though limited to polyethylene, did consider 
both the extracted and unextracted irradiated 
polymer.' 

Timmerman and Greysonlo were the first to re- 
port the effect of ionizing irradiation (in air a t  room 
temperature) on poly (vinylidene fluoride) (PVDF) . 
They found that radiation up to a dose of 100 Mrad 
resulted in reduction of the polymer density accom- 
panied by small changes in tensile strength and 
elongation. These authors have suggested that their 
results indicate that PVDF crosslinks when irradi- 
ated. This was later confirmed'' by studying the sol- 
ubility behavior of irradiated (in vacuum of 47°C) 
PVDF. DSC studies coupled with X-ray analysis of 
electron irradiated PVDF12 showed that the degree 
of crystallinity increases with an increasing radia- 
tion dose (up to 50 Mrad) . 

The aim of the present study is to investigate the 
effect of y-irradiation, at relatively low doses, on the 
structure and morphology of PVDF and to shed 
some light on the relative contributions of the co- 
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existing sol and gel component fractions in the ir- 
radiated polymer. To enable comparison between 
the irradiated (unextracted) polymer and its gel 
fraction ( free of extractables) all samples were 
melted and recrystallized by cooling under a con- 
trolled rate, prior to their thermal analyses (the 
structures to be discussed are therefore not char- 
acteristic of the original solid state irradiated 
polymer ) . 

EXPERIMENTAL 

PVDF, Kynar thin (0.25 mm) films were used as 
received (Pennwalt, USA). Samples were vacuum 
packed in sealed bags made of a flexible nylon/ 
polyethylene coextruded film. They were irradiated 
at  ambient temperature, a t  a rate of 0.064 Mrad/h 
by doses ranging from 1 to 20 Mrad, using a Co60 
source. 

The gel content in the irradiated polymers was 
determined by extraction in dimethylacetamide 
(DMA) at  160°C for 48 h (until a constant weight 
was reached). The soluble free samples, the gel 
fractions, were dried in vacuum at 100°C for 24 h. 
Swelling ratios of the gels were also determined 
in DMA. 

Thermal analysis was performed using a Mettler 
TA3000 differential scanning calorimeter (DSC ) at 
heating and cooling rates of 10°C/min. All samples, 
about 10 mg, were heated from ambient temperature 
to 30°C above the melting temperature (first run), 
cooled at the controlled rate to 35°C and then re- 
heated (second run). For calculation of degree of 
the crystallinity (second run), the crystalline heat 
of fusion (100% crystallinity content) was taken as 
104.7 J/g.13 

The surface morphology of the various annealed 
PVDF irradiated samples was studied using trans- 
mission electron microscopy (JEOL 100 CX). To 
enhance the structural details, the surface was first 
etched in 20% NaOH solution for 72 h. Samples 
were replicated (two stage cellulose acetate repli- 
cas), shadowed with Pd/Au, and carbon coated. 

RESULTS A N D  DISCUSSION 

The effect of irradiation dose on the gel content is 
shown in Figure 1. Interestingly, already at a dose 
as low as 1 Mrad the gel content is 27%. It increases 
rapidly to 54% at  a dose of 5 Mrad, and then con- 
tinues to rise moderately to 74% gel a t  a dose of 20 
Mrad (the highest studied irradiation dose). These 
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Figure 1 Gel content in y-irradiated PVDF. 

results are similar to those reported by Sands and 
Pezdirtz." In their study a gel content of 98% was 
obtained at  a dose of 966 Mrad. Plotting S + fi vs. 
1/R,  where S is the sol fraction in the irradiated 
polymer and R is the dose as in Figure 2, enables14 
to estimate the ratio of scission to crosslinking 
events. The extrapolation to 1/R = 0 yields an in- 
tercept value of 0.6, namely, about three scission 
events occur for every five crosslinking events. Thus, 
the two processes take place simultaneously during 
exposure to ionizing irradiation of PVDF; cross- 
linking is the major dominating process. The in- 
crease in gel content with radiation dose is accom- 
panied by an increasing crosslinking density, as 
demonstrated by the continuously decreasing swell- 
ing ratio, as in Figure 3. The shape of the curves 
depicting gel content and swelling as function of the 
radiation dose is similar, i.e., large changes during 
the first 5 Mrad dose and a much shallower change 
upon further radiation. Thus, within the 0-5 Mrad 
range PVDF molecules already linked to the network 
and additional molecules still not linked undergo 
net crosslinking events which increase the global 
crosslink density and content of gel fraction, re- 
spectively. Since the crosslink density increases si- 
multaneously with gel content even at low irradia- 
tion doses, it is suggested that in the amorphous 
regions, which are known to be first affected by ra- 
diation, the resulting structure is not homogeneous. 
The amorphous phase in itself is heterogeneous in 
nature, consisting of chains which exhibit different 
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Figure 2 
PVDF. 

A plot of S + fi vs. 1 / R  for y-irradiated 

levels of reactivity to irradiation such as tie mole- 
cules (stretched and relaxed), chain folds, or locally, 
more densely packed, segments. 

The DSC thermograms of the irradiated polymer 
(unextracted) and those of the gel fraction, both 
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Figure 3 
by y-irradiation dose. 

Swelling ratio of PVDF in DMA as affected 

crystallized from the melt prior to their analyses 
(second DSC runs), are similar in shape. All exhibit 
a single melting endotherm, the peak temperature 
of which depends on the irradiation dose. However, 
the dependence of the melting temperature and the 
degree of crystallinity (area under endotherm) on 
the irradiation dose for the two is rather different. 
As seen in Figure 4, up to 5 Mrad, the melting tem- 
perature of the unextracted polymers decreases only 
slightly with increasing the dose. Then it decreases 
more significantly, attaining its lowest value (AT,,, 
z 3°C) at  15 Mrad and upon increasing the dose to 
20 Mrad the melting temperature markedly in- 
creases by 8°C. On the other hand, as shown in Fig- 
ure 4, the gel fraction's melt temperature decreases 
linearly, and much more significantly, with the ir- 
radiation dose (AT,,, at 20 Mrad is 7°C). It should 
be noted that the melting temperature of the irra- 
diated PVDF is always higher than that of the cor- 
responding gel. A very pronounced difference be- 
tween the two series (irradiated unextracted vs. the 
gel fraction) is found in their degree of crystallinity, 
as in Figure 5. That of the irradiated PVDF first 
exhibits only a slight increase at low doses and then, 
a t  doses above 5 Mrad, the degree of crystallinity 
continuously increases; a value 7% higher than that 
of the original material is attained at 20 Mrad. This 
general trend of increasing crystallinity with dose 
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Figure 4 The melting temperature of y-irradiated 
PVDF before (0 )  and after ( A )  extraction. 
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Figure 5 
PVDF before (0) and after ( A )  extraction (I1 run). 

The degree of crystallinity of y-irradiated 

is similar to published literature (In poly- 
ethylene such an increase in crystallinity with dose 
was reported only when measured from the first run 
thermograms.6 The second run DSC crystallinity 
degree always decreased with increasing the dose.) 
The degree of crystallinity in the gel fraction just 
slightly decreases in the entire range of irradiation 
dose studied. It is interesting to note that the crys- 
tallinity level of the gel fraction is always higher 
than that of the whole irradiated samples; the dif- 
ference between the two decreases with the increas- 
ing dose, becoming similar a t  20 Mrad. In the present 
study, interestingly, the gel fractions always exhibit 
higher degrees of crystallinity and at the same time 
lower melting temperatures than the corresponding 
values for the unextracted irradiated PVDF. Thus, 
the gel fraction consists of more crystalline phase 
which is less thermally stable. It is therefore sug- 
gested that the soluble fraction consists of more 
noncrystallizable chains which are included in the 
original polymer as well as short chains and 
branched chains that are created upon irradiation. 
The crosslinking junctions in the gel fraction intro- 
duce more defects into the crystalline phase, result- 
ing in smaller crystals which do not result in an 
additional melting endotherm in the thermograms 
of the unextracted polymers. 

An interesting difference in the behavior of ir- 
radiated PVDF, before and after extraction, is in 
the polymer crystallization temperature. As depicted 
in Figure 6, the crystallization temperatures of both 
series decrease with increasing the irradiation dose; 
however, that of the gel exhibits significantly lower 
values and its rate of change with dose is markedly 
higher. Hence, the crystallization process of the gel 
fraction requires higher degrees of supercooling than 
that for the whole irradiated PVDF, when both are 

cooled from the melt at a constant rate. This is in 
agreement with previous studies on the effect of 
crosslink density on the crystallization of poly- 
mers, 15-19 which all concluded that crosslinking re- 
duces the rate of crystallization in crosslinked melts. 
Moreover, considerable differences were reportedg 
in the crystallization of extracted and unextracted 
chemically crosslinked polyethylene. In the present 
study, the presence of up to 74% gel fraction results 
in only a slight decrease in the peak crystallization 
temperature; thus, the remaining sol fraction seems 
again to dominate the crystallization process. How- 
ever, the significant crystallization temperature re- 
duction in the extracted gels and its dependence on 
crosslinking density indicate that the crosslinks have 
a large influence in restricting chain mobility, es- 
pecially that of diffusional mobility essential for 
crystallization. Still surprising, as mentioned above, 
is the low effect produced by the presence of appre- 
ciable gel content on the crystallization temperature 
of the unextracted irradiated PVDF, which is dif- 
ferent from irradiated polyethylene behavior. 

The surface morphology of irradiated annealed 
PVDF films and their corresponding gel fractions 
was also studied. To enhance the structural details, 
required for low crystallinity content polymers, 
samples were etched (NaOH solution) prior to their 
replication. Therefore, the observed surface struc- 
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Figure 6 The crystallization temperature of y-irradi- 
ated PVDF before (0) and after ( A )  extraction. 
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Figure 7 
Au-C replica)]: ( a )  1; (b)  5; ( c )  10; (d )  20. 

Electron micrographs of y-irradiated and 100°C annealed PVDF [ Mrad (Pd/ 

ture represents the different reactivities of the var- 
ious morphological entities with respect to the etch- 
ants (using this technique some artifacts can be in- 
troduced). Unirradiated PVDF films and annealed 
irradiated samples exhibit the common spherulitic 
or lamellar surface structures (Fig. 7) .  It seems that 
surfaces of films exposed to the higher doses exhibit 
deeper gaps between lamellae seen edge on, and 
shorter and less developed lamellar structures. It 
should be emphasized that these observed morpho- 
logical changes are not suggested to occur during 
the radiation process (at  ambient temperature), but 
during the annealing because of the increasing mo- 

bility of sol fraction chains which exist in the poly- 
mer. These observations are due to changes, as a 
result of y-irradiation, in the resistance of the var- 
ious regions of the polymer to NaOH etching, with 
the increasing gel content and crosslinking density. 

The surface morphology of the gel fraction is very 
different from that of the solid state irradiated 
unextracted PVDF. It should be noticed that the 
irradiated PVDF has been crystallized prior to its 
irradiation and annealed afterwards, whereas the gel 
crystallized upon cooling the swollen crosslinked 
polymer and annealing in the oven. The gel’s surface 
is nodular in nature (Fig. 8), though in some regions 
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Figure 8 
(a)  1; ( b )  5; ( c )  10; (d)  20. 

Electron micrographs of y-irradiated PVDF dry gel Mrad [ (Pd/Au-C replica)]: 

[Fig. 8 ( a )  ] sheaves of parallel short lamellae can 
be observed. The oriented lamellar growth suggests 
crystallization under stress. These short lamellae are 
much thinner than those observed in the as irradi- 
ated samples, probably due to the restricting cross- 
linking junctions. This difference in lamellar thick- 
ness could be contributing to the lower melting tem- 
peratures of the gel fractions, as discussed above. In 
gel fractions obtained from samples irradiated at the 
higher studied doses, it is becoming quite difficult 
to identify any lamellar structure among the nodules, 
which cover the entire surface. In Figures 8 (b)  and 

8 (c  ) , some nodules are arranged in parallel line, in- 
dicating the existence of lamellar structure while 
the surface shown in Figure 8 ( d )  seems “amor- 
phous” (all samples are crystalline according to 
thermal analysis). The difficulties encountered in 
studying the surface morphology indicate an in- 
creasing chemical resistance to the etchant by the 
crosslinked polymer. Crosslinking of polyethylene 
also retards the development of conventional spher- 
ulitic structure 20,21 ; instead, sheaf or bundlelike 
morphologies were observed. However, lamellar or- 
ganization prevailed at all levels of crosslinking. 
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The thermal analysis and the microscopic study 
of low dose y-irradiated PVDF and their corre- 
sponding gel fractions suggest that the crystalliza- 
tion and the crystal properties and arrangement in 
the gel and in the irradiated PVDF are different. 
The thermal analysis suggests a dominant role 
played by the sol fraction in the irradiated PVDF. 
The presence of extractables, the more mobile spe- 
cies in the system, even at  the relatively lower per- 
centage, exerts a significant effect on the crystalli- 
zation and melting behavior of the crosslinked poly- 
mer. The level of extractables is decreasing with the 
irradiation dose; however, due to branching and 
chain scission events its composition is continuously 
changing. y-Irradiated PVDF, similar to other 
crosslinked polymers, may be considered as an in- 
timate blend system. The compatibility of its com- 
ponents, gel and sol, especially in the crystalline 
phase, should be a subject for further investigation. 
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