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Low temperature  internal friction on 
v-irradiated polyvinyl idene fluoride ( PVDF ) 
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A least-squares fitting of the below room temperature part of the internal friction spectra, 
obtained by the torsion pendulum technique on as-received and 3'-irradiated (up to 1 
Grad) strips and fibres of polyvinylidene fluoride [ - ( C H 2 - C F 2 - ) n - .  �9 .; PVDF] by a 
superposition of single Debye functions, reveals that the spectral component features 
are determined not only by purely amorphous chain characteristics but also by the dose- 
dependence of crystallinity. A careful analysis of the relaxation spectra confirms that at 
least one relaxation effect ('~ 236 K) is created upon irradiation. The analysis of the dose 
dependence of the characteristics of the fl (glass transition; ~ 220 K) and flu (apparent 
upper glass transition; "~ 270 K) relaxations, suggests the probable influence of crystal- 
linity on the molecular motion in the amorphous phase. The increase of the intensity of 
the 3' relaxation (~ 190 K) is related to the irradiation-induced crystallite degradation. 

1. Introduction 
In a previous paper [1], we have analysed the TSD 
(thermo-stimulated depolarization) current spectra, 
recorded on 3,-irradiated polyvinylidene fluoride 
(PVDF) films. Dynamic mechanical experiments, 
reported below, corroborate the interpretation 
suggested in [1], but also reveal the possibility 
that parameters related to crystallinity may 
influence the relaxation processes, which are 
attributed to molecular motions of chains within 
the amorphous phase. This conclusion is arrived at 
by comparing results belonging to different 
specimen modifications. 

2. Experimental 
2.1. Material 
While the previous paper [1] described results on 
20/an thin foils, the present one deals with exper- 
iments carried out with fibres (q~ = 280 pan) and 
with "bulk" material (1 mm thick plates cut to 
size suitable for the dynamic mechanical exper- 

iments). The crystalline modifications of the bulk 
and fibre material have been determined by X-ray 
wide-angle diffraction analysis, according to the 
literature data of Kosmynin et  aI. [2] and of 
Tadokoro and co-workers [3 ,4] .  The a-crystalline 
modification contains trans-gauche-trans-gauch~ 
chain conformations in a monoclinic lattice and 
may occur in one of two variants, ao (oriented a) 
or ah (high density a). The/3 crystalline modific- 
ation is formed mainly in strongly oriented ma- 
terial. The degree of crystallinity Xer has been 
determined using Gal'perin's method [5], i.e. 
comparing the relative fractions of amorphous and 
crystalline material obtained by estimating their 
contribution to the area of the X-ray diffraction 
intensity peaks. 

Concerning the fibre materials, no explicit 
characterization experiments have been carried out 
but, taking account of their highly oriented 
structure, it may be presumed that they exhibit an 
(ao + fl) modification and a high Xex value. 
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TAB LE I Experimental technique and specimen characteristics 

Technique Material Crystalline Xer at 
modification zero dose 

K~-pendulum fibres s o + ~3 highest 
(~ 1 Hz) (q~ - 280pro) (strongly 

length - 100 mm oriented) 

bulk strips ah 0.58 
thickness = 1 ram, 
length - 100 mm, 
width = 2 mm 

flexural bulk strips a h 0.58 
resonance (length - 50 mm) 
(102 to 103 Hz) 

TSD 
(equivalent frequency 
~ 10 -3 Hz) 

films of thickness s 0 + ~ 0.44 
20 #m 

2 .2 .  E q u i p m e n t  
Dynamic mechanical experiments have been per- 
formed by means o f  both  a low-temperature 

torsion pendulum and flexural resonance equip- 
ment.  

The KS-type torsion pendulum [6] ,  enclosed in 
a vacuum vessel (p -~ 1 Pa) allows measurements in 
a temperature rang e between 100 and 300K.  By 
choosing an appropriate inertia member a fre- 
quency of  ~ 1 Hz is obtained for experiments on 

both fibres and bulk material.  
Experiments at higher frequencies have been 

carried out on bulk strips by semi-automatic 
recording flexural resonance equipment [7, 8] .  
The apparatus operates at constant oscillation 

amplitude, the vibration of  the specimen being 

detected by  FM and driven by  capacitive coupling 

(both sides of the specimen, which is mounted  as a 
cantilever, are covered by an evaporated silver 

layer). The damping is calculated from the re- 
quired driving force, after comparison with a 

free-decay run. The experiments are carried out  in 

vacuo (p  "" 1 Pa). Table I contains the exper- 
imental techniques, the specimen modification and 

the initial (=  zero dose) Xer-value. 

2.3. Irradiation and post-irradiation charac- 
terization 

The specimens for the dynamic mechanical exper- 
iments were 3,-irradiated at r oom temperature by 
means o f  spent fuel elements (BR2 reactor, Mol, 
Belgium; photon  energy 1 to 2 MeV; dose rate 7 to 
13Mradh  -1; max. dose ~ 1  Grad). The post- 
irradiation characterization has been discussed in 
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Figure 1 Internal friction and resonance frequency (flexural resonance) for as-received PVDF platelets (a) and 100 Mrad 
irradiated (b). 
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Figure 2 Resonance frequency (a) 
and internal friction (b) (torsion 
pendulum) of as-received and ?- 
irradiated PVDF fibres. The fre- 
quency is normalized to unity at 
100 K. 

[1]; some of the main conclusions are briefly 
recalled below: 

(a) Main chain cross-linking prevails over 
scission, leading to an increase of the mechanical 
strength, somewhat depressed by loss of crystal- 
linity at higher doses. 

(b) The degree of crystallinity X= decreases 
with increasing dose, resulting in almost complete 
amorphicisation at 1 Grad. 

(c) A strong increase of the infra-red line inten- 
sities in the 1500 to 1900 cm -1 wavenumber range 
is attributed to the increase of the contribution of 
amorphous chains containing multiple bonds, as 
confirmed by our ESR analysis [9] (creation of 
fluorinated polyenyl radicals). 

3. Experimental results 
It is well known (see, for example, [10]) that the 
resolution of relaxation spectra tends to decrease 
with increasing measuring frequency so that 
effects which can be clearly distinguished in TSD 
spectra (equivalent frequency ~ 10 -4 to 10 -3 Hz) 
are hardly observable in torsion pendulum dy- 

namic mechanical spectra (~1  Hz) and even 
completely merged in flexural resonance spectra 
(~  102 to 10 a Hz). Therefore, results obtained by 
the flexural resonance technique will be con- 
sidered only if of special importance or com- 
plementary to the interpretation of corresponding 
lower frequency data. Some of the flexural reson- 
ance spectra are shown as an example in Fig. 1. 
The post4rradiation flexural resonance spectra 
reveal a strong decrease in the relaxation strength, 
which appears to saturate already at about 100 
Mrad. The pre-irradiation peak damping value is 
very high and results from an extrapolation of the 
gauge factor obtained for the lower damping tem- 
perature regions (the accuracy of a logarithmic 
decrement derived from a small number of periods 
is, of course, rather low). Figs. 2a and b represent 
the damping spectra and the corresponding reson- 
ance frequencies (normalized to the value at 
10OK) for the fibre material, as obtained by 
torsion pendulum while Fig. 3a and b show similar 
results for the bulk platelets. The curves in Figs. 1, 
2 and 3 indicate with increasing dose a general 
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Figure 3 Resonance frequency (a) 
and internal friction (b) (torsion 
pendulum) of as-received and 7- 
irradiated PVDF bulk material. The 
frequency is normalized to unity 
at 100 K. 

decrease of the intensity, in the whole temperature 
region considered, as well as an increasing com- 
plexity. 

4. Analysis of the experimental results 
The  shape of the torsion pendulum damping 
spectra clearly suggests the presence of a number 
of  separate contributions. In order to be able 
to apply a standard computer fitting routine, it 
has been assumed that the internal friction spec- 
trum may be described by a linear combination 
of Debye functions: 

Xi 
6 = ~6M,  i i +x~ (1) 

in which 6M,i represents the relaxation strength , 
co the pulsation and ri (=xi/co) the relaxation 
time which is an Arrhenius-type function of tem- 
perature. The fact that at least one of the com- 
ponents in the temperature range considered 
may be characterized by a relaxation-time tem- 
perature relation which is non-Arrhenius-like 
(Williams-Landel-Ferry (WLF) behaviour of  the 
/3-relaxation [11]) is taken care of by using an 
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effective activation enthalpy (this can be done, 
since one considers a very restricted co range). 

The distribution of relaxation times, which 
is usually observed in polymers, has been intro- 
duced formally by using a Fuoss-Kirkwood 

relaxation time distribution function charac- 
terized by a parameter m and leading to an ap- 
parent activation enthalpy: 

~ r - / a , i  = mz2k[-Zi. (2) 

This leads to the following expression for the tem- 
perature dependence of the damping: 

8 ( r )  = Y~ 8M, i sech [(zXt-/&,i/k)(r "1 - rd~,.)] (3)  

in which TM, i are the peak temperatures. As in 
[1 ], fitting was done by means of the nonqinear 
least-squares method used in the fitting routine 
FATAL[12]I  To avoid overflow and non- 
convergence risks during the fit, the natural logar- 
ithm of both sides of  Equation 3 has been used. As a 
test for the reliability of the fit, the data have 
been submitted consecutively to Equation 3 
with strongly deviating starting parameters. It is 



I A B L E  I I  D e c o m p o s i t i o n  of  the  i n t e rna l  f r i c t i on  spec t ra ,  o b t a i n e d  by  to r s ion  p e n d u l u m  on  - / - i r radiated f ibres  of  

P V D F  

Dose  ( M r a d )  C o m p o n e n t  no .*  TM,i(K) AHa, i(eV) 6 M,i (log. decr . )  

0 0 138 ,+ 3 0.08 ,+ 0 .02  0 .052  ,+ 0 .003  

1 194 -+ 1 0.13 -+ 0 .02  0 .10  ,+ 0.01 

3 234 ,+ 1 0 .44  ,+ 0.01 0 .265 ,+ 0 .007  

5 273 ,+ 0.5 0 .59  -+ 0.01 0 .114  -+ 0 .004  

100 0 127 ,+ 3 0 .043  ,+ 0 .005 0 .106  ,+ 0 .003 

1 191 ,+ 2 0 .12  ,+ 0.01 0.13 ,+ 0.01 
3 235.5  ,+ 0.5 0.34 ,+ 0 .02  0 .24  -+ 0.01 

5 271 .5  ,+ 0.5 0 .79  ,+ 0 .04  0.14 ,+ 0.01 

200  0 132 ,+ 7 0 .042  +- 0 .005  0 .110  +- 0 .007  

1 194 ,+ 3 0.13 +- 0 .02  0 .14  -+ 0 .02  

3 233 -+ 2 0.35 ,+ 0.03 0.21 ,+ 0 .02  

5 270  ,+ 1 0.63 ,+ 0 .06  0 .12  ,+ 0.01 

300  0 128 ,+ 5 0.04 ,+ 0.01 0 .075  ,+ 0 .003  
1 194 ,+ 4 0 .12  ,+ 0 .02  0 .10  ,+ 0 .02  

3 233 ,+ 1 0 .30  -+ 0 .03  0.16 -+ 0.01 

5 273 +- 1 0 .69 ,+ 0 .08  0 .081 ,+ 0 .006  

4 0 0  0 131 ,+ 5 0.05 ,+ 0.01 0 .092  ,+ 0 .005 

1 193 ,+ 4 0.13 ,+ 0 .02  0.14 ,+ 0 .02  
3 235 -+ 1 0.28 ,+ 0.04 0.18 +- 0 .02  

5 272  ,+ 1 0.78 ,+ 0.06 0 .09  ,+ 0.01 

*To m a i n t a i n  the  s imi la r i ty  w i t h  the  b u l k  resul ts  we  have  used  the  same labe l l ing ,  so t h a t  C o m p o n e n t  no .  4 has  b e e n  

o m i t t e d  in th is  l is t ,  s ince i t  has  n o t  b e e n  obse rved  as a separa te  c o n t r i b u t i o n .  

T A B L E  I I I  D e c o m p o s i t i o n  of  the i n t e r n a l  f r i c t ion  spec t ra ,  o b t a i n e d  b y  to r s ion  p e n d u l u m  on  3,- irradiated b u l k  s t r ips  

of  P V D F  

Dose (Mrad) C o m p o n e n t  no .  TM,i(K ) AHa, i (eV ) 6M,i( log.  decr .)  

0 0 134 -+ 7 0.04 -+ 0.01 0 .025  -+ 0 .005 

1 195 -+ 5 0 .12  -+ 0 .04  0 .07  -+ 0.01 

3 231 -+ 1 0 .50  -+ 0.03 0 .24  -+ 0.01 

5 278 -+ 1 0 .73  -+ 0.07 0 .050  -+ 0 .005 

200  0 158 -+ 10 0.03 -+ 0.01 0 .024  -+ 0 .004  

1 189 +- 2 0 .13 -+ 0 .02  0 .075  -+ 0 .008  

3 224 -+ 2 0.31 -+ 0.03 0 .12  -+ 0 .02  

4 236 +- 2 0 .9  -+ 0.3 0 .04  -+ 0.03 

5 275 -+ 1 0 .72  -+ 0.08 0 .12  -+ 0.01 

4 0 0  0 140 -+ 10 0.05 -+ 0.01 0 .030  +- 0 .005 

1 188 ,+ 4 0.13 -+ 0 .02  0.09 ,+ 0 .02  

3 220  ,+ 7 0 .30  ,+ 0 .10  0.08 ,+ 0.03 

4 237 ,+ 2 0.5 -+ 0.2 0 .07  ,+ 0 .04  

5 270  ,+ 1 0 .76  -+ 0 .08  0 .097  ,+ 0 .004  

700  0 137 ,+ 10 0 .04  ,+ 0.01 0 .032  ,+ 0 .009  

1 186 +- 10 0.13 ,+ 0.03 0 .108  +- 0 .05 

3 216 -+ 7 0.27 ,+ 0.05 0 .085  -+ 0.01 
4 238  ,+ 5 0.4 ,+ 0.1 0 .096  ,+ 0.03 

5 275 ,+ 1 0.8 -+ 0.1 0 .071 -+ 0 .006  

1000  0 144 ,+ 10 0 .050  +- 0 .005 0 .037  ,+ 0 .005  
1 194 +- 5 0 .14 ,+ 0 .02  0 .14  -+ 0 .025  

3 218 ,+ 3 0.4 +- 0.1 0 .08 ,+ 0.03 
4 236 ,+ 3 0.4 ,+ 0.1 0.09 -+ 0 .02  -;  

5 2 7 t  ,+ 1 0.6 ,+ 0.1 0 .060  ,+ 0..006 

t 
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Figure 4 Decomposition of the 
internal friction spectra of as- 
received and 3~-irradiated PVDF 
fibres into their components .  (a) 
0 Mrad; (b) 100 Mrad; (c) 
Mrad; (d) 300Mrad ;  (e) 400 
Mrad. 

satisfying that a strong coherence in the final 
parameter values is obtained (see Tables II and 
III, corresponding to fibre and bulk results, 
respectively). Figs. 4 and 5 contain some selected 
post-irradiation spectra, the separate individual 
components and their sum, calculated by Equation 
3. Fig. 5 and Table III, indicate the presence of 
at least one irradiation-created component in the 
bulk material spectra. The interpretation for 
the dose-dependent behaviour of the various 
components is given separately. Most attention 
has been paid to the dose dependence of the 
relaxation strengths, presented in Fig. 6. Occasion- 
ally, the dose dependence of other parameters 
(TM.i, AHa, i) will be incorporated when it con- 
tains supplementary information useful for the 
interpretation. 

5. Discussion of the experimental results 
The data of Tables II and III and Fig. 6 may be 
interpreted along the lines developed for the 
analysis of the post-irradiation TSD data [1]. 
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In the subsequent analysis, the components have 
been labelled 0 to 5, in correspondence with the 
sequence adopted in [1]. 

5.1. Component no. 0 (not present in [1 ] ) 
This component should not be considered as a 
"true" relaxation effect, but rather as a correction 
term, which takes account of the background 
damping. Its intensity (Fig. 6a) is about three 
times as large for the fibres as for the bulk ma- 
terial, which may be explained by the much 
smaller mass of the former type of specimen. 

5.2. C o m p o n e n t  no. 1 
Its position (TM, 1 ~ 190 K) and the value of its 
apparent activation enthalpy (AHa, 1 ~ 0.13 eV), 
which remain practically unaltered by irradiation, 
suggest that this component corresponds to the 
"),-relaxation. From Fig. 6b, it appears that the 
relaxation strength gradually increases with dose. 
This may be understood in terms of the cranck- 
shaft or local-mode molecular models [1,11 ] based 
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Figure 6 The dose dependence o f  the intensities o f  the  
components  of  the as-received and post-irradiation inter- 
nal friction spectra. 
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upon molecular me}ions of small (2 to 4 monomer 
units), isolated chain segments within the amor- 
phous fraction of the material. The loss of crystal- 
linity may t h e n  explain the increase with dose 
of 6M,1 [13]. 

5.3. C o m p o n e n t  no. 3 
As observed from Figs. 4, 5 and 6 and Tables II 
and III, the general decrease of the intensity of 
the below room temperature relaxation region 
with dose is almost exclusively due to this com- 
ponent, which corresponds to the /3-relaxation 
(glass-transition Tg) [11]. From thedose depend- 
ence of its parameters, listed in Tables II and II !, 
several characteristic features may be deduced: 

(a) a broadening of this relaxation peak 
(Section 5.3.1 .); 

(b) a strong decrease of the peak intensity 
(Section 5.3.2 .); 

(c) a downward shift of the peak temperature 
(Section 5.3.3.). 
The interpretation of all of those features can 
be related to changes in the chain length dis- 
tribution, introduced schematically in [1]. 

5.3. 1. The broadening  o f  the internal 
friction ~-peaks 

This broadening with dose (see also [14]) may 
be expressed by means of thedose dependence of 
the distribution parameter: 

m~ = zXtla,3/ZXHen,3. (4) 

2x/-/a,3 is the dose-dependent apparent activation 
enthalpy derived from the computer fit and 

zX/-/ef~,3 (~ l .85eV)  has been estimated from 
the apparent linearity of the WLF curve in the 
limited frequency range of the torsion pendulum 
experiments for an as-received material [15]. 
From Fig. 7, it appears that the decrease of m~ 
saturates above a dose of 200 Mrad. (The 1 Grad 
data point is difficult to assess since the material 
has almost completely degraded at this dose.) We 
suggest that this irradiation-enhanced peak broad- 
ening may be attributed to the absorption into the 
postqrradiation /~-peak of at least one of the two 
irradiation-created TSD effects (see Components 
no. 2 and no. 4; Section 7 in [1]). An apparently 
similar phenomenon with a different interpret- 
ation has been reported by Ishida et al. [16], 
who observed a broadening of the dielectric relax- 
ation peaks for a series of cross4inked or blended 
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Figure 7 Dose dependence of the Fuoss-Kirkwood 
broadening parameter rn/3 of the #-peak. ' 

semi-crystalline polymers. They attributed this 
broadening to an alteration of the molecular 
chain force constants and friction coefficients. 

\ 

5.3.2. The decrease of  intensity of  
component no. 3 

The decrease of the intensity of Component 
no. 3 (Fig. 6c) is different in aspect for the various 
material modifications, as seen from Fig. 8, which 
presents several postqrradiation /3-intensities, all 
normalized to their zero dose value. To account 
for this decrease, we have proceeded in two 
ways. 

5.3.2.1. In the first approach [14], use is made 
only of the dose dependence of the relaxation 
strength. It assumes a proportionality between the 
relaxation strength 6M, 3 and the free molecular 

length Le between cross-links. In the case of a 
polymer which predominantly cross-links upon 
irradiation, Le is approximately inversely pro- 
portional to the cross-linking density x(R)  [17]. 
Rather than using the generally accepted [18] 
linear dose dependence ofx(R),  we have extended 
it to larger dose values and have incorporated both 
saturation effects and pre-irradiation cross-links: 

x(R) = U{Co + c, [1 -- exp (--R/Re) ] }. (5) 

The parameters in this intuitively derived ex- 
pression can be interpreted in terms of physical 
quantities; u is the zero dose molecular length 
(=~I , /M,  ~1, being the number average poly- 
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anical techniques, normalized to unity 
at zero dose. 

TA B L E IV Determination of post-irradiation cross-linking parameters from the dose dependence of the/~-peak inten- 
sities (first approach of analysis) 

Parameter c o c, R 0 co/c 
(Mrad) 

T.S.D. 2 X 10 -s 1.3 • 10 -2 113 0.16 
Flexural resonance* 2 X 10 -3 6.5 • 10 -3 6 5  0.31 
(bulk) 
Dynamic mechanical 3.3 X 10 -3 4.6 • 10 -3 83 0.72 
(bulk tots. pend.) 
Dynamic mechanical 5 X 10 -3 3.7 X 10 -3 300 1.06 
(fibres tots. penal.) 

*Those results are based on the average total relaxation strength which cannot be completely resolved 

TABLE V Post-irradiation c~(R)-values of PVDF 

Materialmodification Dose (Mrad) 

0 5 10 20 30 50 60 100 120 200 240 300 400 700 1000 

TSD 0.85 0.66 0.41 0.35 0.29 0.20 0.14 0.11 0.08 
(20/~m films) 

aTSD 

Matveev 0.94 0.85 0.70 0.57 0.40 
(dielectric 
relax, bulk) 

adiel 

this work 0.94 0.40 0.31 
(torsion 
pendulum -bulk)  

~mech 

this work 0.9 0.88 0.73 
(torsion 
pendulum -fibres) 

O~rnech 

0.63 0.72 

0.38 0.27 

m e t  and  M the  m o n o m e r  m o l e c u l a r  weights) ,  

Co is re la ted  to  the  in i t ia l ly  p re sen t  cross- l inking 

(or  o t h e r  cha in  m o t i o n  h i n d e r i n g  effects) ,  c l  

to  the  r ad i a t i on - induced  cha in  m o t i o n  h inde r ing  

and  Ro charas te r i s t i c  for  the  ra te  o f  s a tu ra t i on .  

F r o m  E q u a t i o n  5 : 

L c o z u x  -1 = {c O -[-c I [l  - - e x p ( - - R / R o ) ] }  -1 (6)  

and  hence  : 

6M, 3 : Kc{C 0 ~- C l [1 - - e x p  (--R/Ro)] }-1 . (7)  

E q u a t i o n  7 is, o f  course ,  on ly  a very  c rude  descrip-  

t i on  o f  the  e x p e r i m e n t a l  real i ty ,  ye t  i t  yields 
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estimates for parameter values to be introduced 
in a more sophisticated model. Table IV contains 
the Co, Cl, Ro parameter values obtained from 
a fit of the experimental intensities listed in 
Tables II and III, complete with TSD results 
o f [ l ]  and also with flexural resonance data. 
A discussion of the final parameter values will 
be done after the analysis with the more elaborate 
method. 

5.3.2.2. The second way of analysing the dose 
dependence of the /~4ntensities is based on the 
development of expressions for the post- 
irradiation molecular size distributions. It is an 
extension of the preliminary considerations 
developed in [1] (Section 7, Component no. 3). 
It will be more extensively discussed in a separate 
paper and essentially consists in determining 
the fraction of amorphous material a(R) taking 
part in the chain segmental micro-Brownian 
motions (/3-relaxation). a(R) is calculated 
from the post-irradiation molecular size distri- 
butions Z(p, x, y), where p is the molecular 
length, x the cross-linking density and y the 
scission density, a(R) may be evaluated analyti- 
cally in some specific cases, of which the one 
corresponding to a zero-dose molecular size 
distribution of the "random" type [a2(R)] 
is the most suitable. This is not surprising since 
~2(R) is derived from the most simple zero dose 
distribution function Z(p, 0, 0) and contains 
both the cross4inking and scission densities : 

xV(IA + 3 V +  6)/(g~ 
a2(R) = exp(--V) 1 + 6[(1 + 2Ax)B 3 +x]J ' -"  

wherein : 

B = [1 + (A + 2)x]; V = (Pe/U)B; ~X = y/x 

with A the ratio of scission to cross-link densities 
and Pc a critical molecular length, i.e. the mini- 
mum length of the amorphous chain segments 
to be allowed to take part in the collaborative 
reorganization at Tg. Introducing Equation 7 
into Equation 8 yields the dose dependence 
for the a(R)expressions. The theoretical expres- 
sions of a(R) are determined by five parameters, i.e. 
Pc, A, Co, Cl, Ro. The experimental a(R)-values 
may be determined from: 

c~(R) = ND/NT (9) 

where ND is the number of monomer units taking 
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part in the relaxation and ArT the total number of 
monomer units. In [1], we have derived an a(R) 
for the TSD results: 

Q#TM,3  TsD(R) = KTsD (i (10) 

with KTS D a factor which is to a first approxi- 
mation independent of dose and determined by 
poling factors and geometrical constants; Q~ is 
the charge release over the /3 peak. The exper- 
imental a(R) values for TSD are listed in Table V. 
We have also attempted to evaluate a(R) from 
the dielectric relaxation results of Matveev et al. 
[19] obtained on bulk PVDF. The a(R) values 
have been calculated from Equation 9, taking 
account of the Onsager-Kirkwood Equation 
for the dielectric relaxation strength [20] : 

TM, a(2es + e~)(es - - e . ~ )  
adiel(R) = Kdi~l g - O - - ~ c ~ e s - ~  +-2~ :(11) 

Kdiel contains the factors which are independent 
of dose in a first approximation; es and e= are 
the relative dielectric constants at very low and 
very high frequency; g the Fr6hlich interaction 
parameter which takes account of orientational 
effects due to nearest-neighbour molecules. 

The dose dependent aaiel (R) values, calculated 
from the experimental data of Matveev et al. [19], 
are also listed in Table V. 

The internal friction data are difficult to evalu- 
ate on the basis of Equation 9, since the necessary 
numerical values of quantities, such as the mechan- 
ical dipolar moment, are not known. Nevertheless 
O~meela (R) may be calculated from the mechanical 
relaxation peaks on the basis of a model developed 
by Gisolf et al. [21-23] .  They assume a propor- 
tionality between the concentration of mobile 
monomer units and the area under the loss com- 
pliance peak: 

/ .  

amech(R) o~ j D"(ln ,o)d(ln ~o) (12) 
loss peak  

with D" the loss compliance and co the angular 
frequency. It may be demonstrated that Equation 
12 may be rewritten in terms of temperature T as 
the independent variable. When using discrete 
variables and considering an Arrhenius-like single 
relaxation time effect, Equation 12 becomes: 

N 

 me (R)  (Ti)f2(Ti)r?2( r)i (13) 
i = 1  

with N the number of experimental data points 
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Figure 9 Dose dependence of the post- 
irradiation a(R) values, superimposed 
with the theoretical curves. 

covering the /3 internal friction peak. Ti ,  8 ( T i ) , f ( T i )  

and (AT)i are, respectively, the temperature,  dam p- 
ing value, frequency and temperature step at each 

experimental  point.  This method does not  allow 

an absolute determinat ion of  the ~mech(R) 
values for each dose, but  only relative to a refer- 

ence, say O/meeh (0). The value of  ~raeeh (0) of  
the bulk platelets has been assumed to be equal to 
the one obtained for the dielectric relaxation 
data of  Matveev e t  al. ,  listed in Table V [adiel (0) 
~ 0 . 9 4 ] .  The zero dose amech (0) ValUe for the 
fibres was not  available and has been est imated 

very roughly to be 0.9. Both series of  arnech (R) 
values, obtained for the torsion pendulum results, 

are also listed in Table V. 
The experimental  ol(R) values, listed in Table V, 

and shown versus dose in Fig. 9, have been sub- 
mi t ted  to a mathematical  fit with Equation 8. The 

high-dose values amech (R) for the fibres have 

probably  been overestimated, if  one considers 
the possible influence of  neighbour effects on the 
/3-peak as pointed out in Section 5.3.1. This 
may explain the exaggerated difference between 

the two curves, corresponding to the dynamic 
mechanical results. Only in the case of  the TSD 
experiments,  a sufficient number of  data were 
available to carry out the fit with all five parameters 

[Pc, A ,  Co, c l ,  Ro ] while for both  series of  torsion 
pendulum data,  one of  them has been fixed to 
reduce non-convergence risks. To try out the 
reliability of  the latter fits, different parameters 
were fixed consecutively during the computer  runs 
of  the fit, leading to acceptable final parameter 
values, which are all listed in Table VI. From this 
table,  there appears to be surprisingly good agree- 
ment between the results, taking account of  the 
l imited number of  data points and the often l imited 

reliability of  the experimental  a (R)  values. 

T A B L E V I Parameter values obtained from the curve fitting of the post-irradiation c~ (R) values of PVDF 

Parameter 

Experimental Pc A Co c ~ R o c o/c 
results (Mrad) 

TSD 43 0.35 3 • 10 -3 1.8 • 10 -2 70 0.17 
(c~TSD) 

dielectric relax. (fixed) 0.31 5 X 10 -3 8 • 10 -3 130 0.62 
~diel 43 
(Matveevet al.) 34 (fixed) 5 • 10 -3 1.5 • 10 -2 200 0.33 

0.35 

dynamic mech. (fixed) 0.31 2.8 • 10 -3 1.1 • 10 -2 126 0.25 
~meeh 43 
(bulk strip) 37 (fixed) 2.8 X 10 -3 1.3 • 10 -2 126 0.21 

0.35 

dynamic mech. (fixed) 0.31 5 • 10 -3 3.4 • 10 -3 165 1.47 
~mech 43 
(fibres) 43 (fixed) 4.8 • 10 -3 3 X 10 -3 160 1.60 

0.35 
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The value ofpe:i n Table VI (34 to 43 monomer 
units) is  somewhat higher than theoretical esti- 
mates of Brydson [24] and Boyer [25] [~20 to 
30/Jm]. The value of 103Co remains between 3 
and 5 independent of specimen modification or 
applied technique, which suggests that Co may 
be a material constant, ca and R0 clearly are 
related to differences in initial steepness and 
rate of saturation of the curves of Fig. 8. This 
may also be expressed by evaluating co~el (Table 
IV), which points to a correlation with the degree 
of crystallinity Xcr (Table I). This suggests that 

the radiation damage is the least effective for a 
high initial crystallinity. It is clear that the corre- 
lation presented here is very rough, since it may be 
assumed that not only Xer plays a role but also the 
shape and size of the crystaUites and their disper- 
sion within the amorphous phase. In [26], it is 
shown that there is a fairly good correlation 
between physical quantities calculated from the 
parameter values of Table VI and equivalent data 
determined from post-irradiation solution exper- 
iments. 

Tables IV and VI Show that the Co/Ct values 
obtained with both analysis techniques exhibit 
the same trends, although in specific cases (e.g. 
torsion pendulum-bulk) they may strongly differ 
among each other. 

5.3.3. The dose dependence of the peak 
temperatures TM,3 

This dependence for both series of dynamic 
mechanical experiments is represented in Fig. 10. 
While for the fibres, TM,3 remains about constant, 
one observes a dose-dependent decrease for the 
bulk material, the latter results somewhat con- 
firming the trend observed for the TSD results 
[1]. To account for this downward temperature 
shift, we have proceeded on the basis of a formal- 
ism developed by Boyer [25] relating the shift of 
the glass transition temperature (Tg, here TM,3) 
to what is vaguely defined as the "mid-chain" 
molecular length n: 

TM,3/Tg(o~ = (n + 2)/(n + 2Kffl). (14) 

Tg(oO) is the transition temperature for an infinite 
molecular length; Kg has been defined as a dimen- 
sionless parameter with a value between (0.5 to 2) 
and (4 to 8) for semi-crystalline polymers contain- 
ing, respectively, mainly completely free amor- 
phous chains and mainly chains closed on the 
crystallite surface. For n >> 2 and after replace- 
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Figure 10 Dose dependence of/3 peak temperature TM, 3 
obtained by the various relaxation techniques. 

ment of n by the free length L e between cross- 
links, Equation 14 becomes: 

Tia,3 ~ Tg(~176 + 2Lel(1--K~I)] .  (15) 

Fitting the experimental data of Fig. 10 and 
those given in [1] with Lc values determined 
from Equation 6, with the introduction of para- 
meter values listed in Table VI, yields final values 
for Kg and Tg(oo) listed in Table VII. The values 
of Tg(~ are in the expected range, while the 
Kg values do not confirm completely the expected 
correlation with degree of crystallinity Xcr. They 
do, however, suggest that initially only free amor- 
phous chains take part in the relaxation effect. 

TABLE VII 

Films (TSD) Fibres (torsion Bulk strip 
pendulum) (torsion pendulum) 

Tg(~o) 225 K 236 K 240K 
Kg 0.4 0.64 0.17 

5.4. Component no. 4 
This component can be observed as a separate 
peak only in the "bulk" results presented in 
Fig. 3a. The dynamic mechanical Component 
no. 4 has nearly similar characteristics to its 
equivalent in the post-irradiation TSD spectra, 
i.e. it is apparently sharper than the neighbouring 
peaks (higher apparent activation enthalpy) and 
it presents only a very small shift of the peak 
temperature. If one calculates the activation 
enthalpy from the frequency versus T~,4 relation- 
ships of the TSD results (232K; 10 -3 Hz) and 
the bulk torsion pendulum data (237 K; 0.7 Hz), 
one obtains an unreasonably high value of 15 eV. 



One may interpret those features on the basis of 
either one of two hypotheses. The first one 
assumes that  the high apparent activation enthalpy 
corresponds to the low temperature tail of some 
kind of WLF-curve for the chain segments contain- 
ing multiple bonds, which may execute a cooperat- 
ive Brownian motion, corresponding to a kind of 
glass transition; this has already been suggested in 
[1]. The second hypothesis is that the observed 
high activation enthalpy is due to the fact that the 
peak corresponds to a second-order thermodyn- 
amic transition, for which, however, no acceptable 
mechanism seems conceivable. The results of the 
characterization, given in Section 2.3, are in 
favour of the first hypothesis, since they reveal 
a gradual increase of the amount of unsaturation 
upon increasing dose. As already pointed out 
during the analysis of Component no. 3, it is 
plausible that fibre Component no. 3 has absorbed 
TSD Components no. 2 and no. 4 [1] and that 
bulk Component no. 3 has absorbed TSD Com- 
ponent no. 2, as observed from the apparent 
broadening of the/3-peak, mentioned above. 

5.5. Component no. 5 
The highest temperature component of the low 
temperature internal friction spectrum is difficult 
to assess because of cut-off difficulties from the 
above room temperature part of the spectrum, 
which exhibits much higher levels of damping 
for doses exceeding 400Mrad. Then, it is sur- 
prising that there is still such a good agreement in 
the shapes of the intensity curves of Fig. 6e which 
both exhibit a maximum at~--100Mrad. The 
corresponding TSD results of [1] only show an 

initial flattening with dose and a subsequent 
decrease, comparable to the torsion pendulum 
results. 

In [1], we have attributed Component no. 5 
to the (apparent) upper glass transition/3u [Tg(u) 
in [1] ]. The phenomenological interpretation of 
the above features is in accordance with this /3 u 
hypothesis. The initial intensity increase in Fig. 6e 
may indeed be attributed to the incorporation 
into the ~u effect of amorphous chains, produced 
by the initial cross-linking, which do not exceed 
the critical chain length Pc, to take part in the 
/]-relaxation (Component no. 3), but which are 
long enough to belong to/3u, which, according to 
Boyer [25], is performed by shorter amorphous 
chain segments. The subsequent decrease of the 

intensity may be explained within the same 
framework developed for the /3-relaxation, i.e. a 
hindering of the molecular chain Brownian motion 
through the creation of the cross-linking network. 
That the decrease of the intensity is much less 
steep than for the/3u-relaxation may be explained 
through one of the characteristic features of ~u, 
i.e. the hindering of the molecular motion by the 
crystallites [26], which depresses the importance 
of subsequent hindering brought about by the 
radiation cross-linking. The above hypothesis 
needs further quantitative confirmation. 
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