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SYNTHÈSE:

L'oxydation, provoquée par rayonnement gamma, d'un terpolymère
éthylène-propylène-hexadiène (rapports molaires 87/12/1) a été étudiée par
spectrophotométrie IR dans la plage de températures de 40 à 90°C, avec des taux
d'irradiation variant de 10 à 2 500 Gy h-1, et des doses cumulées allant jusqu'à
100 kGy. Des échantillons épais (<* 8 mm) et minces (= 0,1 mm) ont été étudiés. Il
apparaît que l'oxydation est contrôlée par la diffusion dans les échantillons épais, et
non contrôlée par la diffusion dans les films minces.

Une étude cinétique des modifications du spectre IR dans ces derniers révèle
que les groupes vinylène de l'élément monomère hexadiène disparaissent à un stade
précoce de l'exposition, probablement par réaction additive avec les radicaux peroxy.
U hé é t i l è i l i f i é dél i t i tifi d

p , p p py
schéma réactionnel très simplifié permet une modélisation satisfaisante de ce
essus, dont la vitesse est pratiquement proportionnelle à l'intensité du

p
Un
processus
rayonnement
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EXECUTIVE SUMMARY :

The Y ray initiated oxidation of an ethylene-propylene-hexadiene terpolymer
(molar ratios 87/12^1) was studied by IR spectrophotometry in the 40-90°C
temperature range, with dose rates varying from 10 to 2500 Gy h"1 and integrated doses
up to 100 kGy. Bulk (« 8 mm) and thin (» 0.1 mm) samples were studied. It appears
that the oxidation is diffusion controlled in the bulk samples and non diffusion
controlled in thin films.

A kinetic study of IR spectral changes in these latter rêverais that vinylene
groups of the hexadiene monomer unit disappear in the early priod of exposure,
presumably by addition reactions with peroxy radicals. A very simplified mechanistic
scheme allows a satisfying modelling of this process whose rate is almost proportional
to the dose rate (irradiation intensity).
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INTRODUCTION

Ethylene-propylene rubbers are widely used in electri-
cal insulation in nuclear plants, which explains the
relatively abundant literature on this topic (Gillen
and Clough, 1981; Seguchi et al., 1983; Kuriyama
et al., 1979; Mares et al., 1991; Schônbacher and
Stolarz-Izicka, 1979; Gillen and Clough, 1978). How-
ever, most of the published data deals with industrial
crosslinked materials containing stabilisers and fillers
in high weight fractions, which limits systematic
analytical study. Most of the lifetime data is relative
to use properties, especially ultimate elongation,
whose relationships with structure are largely un-
known. Thus, models of lifetime prediction cannot be
developed, except at a purely empirical level, owing
to the lack of mechanistic data. The latter can be
obtained, at least partly, from experiments made on
unfilled, unstabilised polymers. Such experiments al-
low us to determine the general mechanisms of the
ageing processes and to bring interesting elements for
the choice of adequate structural variables. These can
be used as ageing "probes" in further studies of filled
stabilised polymers, for determination of kinetic
models, and, eventually, for determination of stabiliz-
ation strategy. In the case of ethylene-propylene
rubbers, such studies have established that the domi-
nant ageing process is a radiochemically initiated
chain oxidation (Decker et al., 1973; Arakawa et al.,
1982; Kabamba, 1988; Nakase and Kuryama, 1983;
Arakawa et al., 1983). The main characteristics of
these processes are well known: initiation is non
selective so that branching due to hydroperoxide

decomposition is not favored; propagation, in con-
trast, is selective owing to the relatively low reactivity
of peroxy radicals in hydrogen abstractions. Radio-
chemical oxidation thus constitutes an interesting
tool to study propagation and termination steps
occuring also during thermal or photochemical oxi-
dation.

In the framework of research on the durability of
Kl type cables (Gueguen, 1992; Gueguen et al., 1991;
Gueguen, 1993), it seemed to us interesting to study
the radiochemical oxidation of the EPDM (Ethylene-
Propylene-Diene Monomer) terpolymer which
constitutes the "matrix" of the insulation materials
of these cables. Emphasis win be put on two
points:

1. The role of oxygen diffusion in oxidation kin-
etics. The existence of z diffusion controlled kinetic
regime m accelerated ageing conditions is revealed by
a survey of literature on dose rate effects (Gueguen,
1992). Our aim is to determine its consequences on
the thickness distribution of oxidation products and
on the influence of temperature on this thickness.

2. The kinetics of radiochemical oxidation in non
diffusion controlled regimes. It appeared that by IR
determination of double bonds linked to diene
monomer unity, it could be possible to detect the
early steps of oxidation. Despite the fact that these
unsaturations are used in vulcanization, they remain
in low concentrations in industrial rubbers. They
could be thus used as sensitive probes in
ageing studies so that it seems to us interesting to
propose a mechanistic and kinetic scheme for their
destruction.
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EXPERIMENTAL

Material

The material was supplied by Dupont de Nemours
under the trade name NORDEL 2722. It is an ethyl-
eoe-propylcae-l,5-hexadiene terpolymer. The IR
spectrum reveals the presence of bonds linked to the hex-
adiene units(965 cm"1), propyleneunits (1150cm~').
large poiymethylene sequences (720 cm"1) and
methyl groups of hexadiene and propylene units
(1380 cm'1)- literature data on molar absorptivity of
transvinylene (1001 mol"1 cm"1) (McMurray and
Thornton, 19S2), and a previously reported relation-
ship between the Allx/Am absorbance ratio and the
propylene content (Wei, 1961), allow us to determine
the molar fraction of each comonomer, and to pro*
pose the following formula

—CH2),

of 287 Jg"1 for 100% crystalline polyethylene (Jager
et al., 1985). This value is in relatively good agree-
ment with a previous study on relationships between
the cthylene fraction and the degree of crystallinity as
determined by X-rays (Baldwin and Ver Strate, 1972).
Tests were made on bulk samples of 8 mm thickness
and on films of 0.1 mm thickness prepared by casting
of chloroform solutions. The films were then dried at
50°C in vacuum for 24 h to remove the solvent.

Irradiation

Irradiations were performed by ORIS/LABRA
(Saclay, France), using a "Co y-rays source in air.
Three sets of experiments were made:

Set I: at 40°C and 10, 100, 500, 1000 and
2500 Gyh-' dose rate.

(CHî—CH), (CHj—CH)J,

CH3 CH2 CH3

CH=CH
with j = 87,y=* 12 and k = 1.

The glass transition temperature determined by
DSC was Tt=* - 4 7 ± 2 ° C which is in good agree-
ment, according to Maurer (1965), with the propylene
molar fraction previously found by JR.

The thermograms reveal the existence of a broad
melting endotherm, with a maximum at 46°C, whose
enthalpy of fusion is equal to 59.5 Jg"1. It is obvi-
ously linked to the presence of large poiymethylene
sequences. The enthalpy of fusion corresponds to a
degree of crystatlinity of 20% using the standard value

Set 2: at 50'C and 100 Gy h"1 dose rate.
Set 3: at 90°C and 100 Cy h"1 dose rate.

Table I. Quantitative determinations from IR spectra after 200 and
lOOOh otpoture

Conditions

[CO] (mol •

[OH] (mol-

l>c=c<
(molkg-1:

kg"

kg" )• UP

mt

200 h
40X

30

57

341

200 h
arc

s
25

230

200b

we
33

57

176

1000 h

170

470

720

1000 h
90-C
460

511

S25



Fïg. 2. Absorbai» (optical density/thickness) at 965 cnj-'.for different dose rates at 40°C: O, lOGyh"1;
• , 100Gyh-1; D, 500Gyh-'; • . 1000Gyh"1; A, 2500Gyh-'.

Sample characterization

Transmission FTIR spectra were taken with a
Perkin Elmer FTIR 1710 spectrophotometer. For
bulk samples, the thickness distribution of degra-
dation products was studied from IR spectra taken
every 02 mm depth, using a IR BRUKER ISS 25
microscope.

RESULTS

/. Changes of IR spectrum

The changes of IR spectrum are illustrated in
Fig. 1. They can be summarized as follows:

In the 700-1480 cm"1 range, a significant decrease
of the transvinylene band intensity at 965 cm' 1 , and
the growth at a wide band presumably linked to
>C—O— bands in alcohols, ethers and hydroperox-
ides in the 1000-1300 cm"1 region.

At 1630 cm.-1, the growth of a small band pre-
sumably due to an unsaturated species of cis-vinylene
type (McMurray and Thornton, 1952).

501 mol"1 cm"';

At 1720 cm'1 , the growth of a carbonyl peak in
region where ketones (vM = 1720 cm"1 ) predominate.

At 3300 cm'1 , the growth of a wide band probably
involving bydroxyls and hydroperoxides, both hydro-
gen bonded.

A quantitative determination was tentatively made,
in the case of the lOOGyh"1 dose rate, after 200
and 1000 hours of exposure, using the following
molar absorptivities values t , ^
«ça»-3001 mol"1 cm"1; «<CH-CH>
(McMurry and Thornton, 1952). The measured poly-
mer density was p = 0.88 g cm"3.

The results are summarized by Table 1. A relatively
important scatter of experimental values for ir-
radiation time of 200 h can be explained by a very low
conversion at 20 kGy dose and probably not strictly
identical conditions during irradiation. The fusion of
micro-crystalline fraction take place also between 40
and 50°C. It is noteworthy that the initial concen-
tration of transvinylene groups was 980
lO-'molkg'1 . It appears thus that most of the

3 0 r

Fig. 3. Absorbante at 1720cm-', for different dose rates at 40°C: O. lOGyh"1; # , lOOGyh"1; Q,
500Gyh"'; • , lOOOGyh"'; A . 2500Gyh"'.
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Fig. 4. Absorbance at 3300cm-1. for different dose rates at 40'C: O. lOGyh"1; • . lOOGyh"
D. SOOGylr1; | . lOOOGyh'1; A, 25O0Gyh-'.

Z— double bonds were consumed after a
100 kGy irradiation at 50 or 90*C

2 Kinetic data for films of 100 ftm thickness

The kinetic curves of absorbance changes are pre-
sented in Figs 2-7 for the ttansvinylene band (Figs 2
and 5), the carbonyl band (Figs 3 and 6) and the
hydroxyl band (Figs 4 and 7). It appears that for all
the species under study, the radiochemical yield is a
decreasing function of the dose rate. An increase of
the temperature has a slightly increasing effect on the
consumption rate of transvinylenes and on the
growth rate of hydroxyis and a moderate increasing
effect on the growth rate of carbonyls.

3. Thickness distribution of carbonyls in thick samples

The carbonyl normalized absorbance determined
on bulk samples was plotted against depth in
Figs 8-10. These results call for the following com-
ments, (a) Concentration gradients are observed in all
the cases, (b) The thickness of the oxidized layer
(TOL) appears as an increasing function of the
temperature and a decreasing function of the dose

100 r-

rate. Semiquantitative estimations have been made
considering that TOL corresponds to the depth at
which [CO] = [CO]t/2 where [CO1 is the carbonyl
absorbance in the superficial layer. The resulu are
summarized in Table 2.

DISCUSSION

/. Diffusion control of the oxidation kinetics

Before analysing the kinetic data on 100 nm films,
we tried to establish if their oxidation was kinetically
controlled by oxygen diffusion. Depth concentration
profiles of carbonyls show clearly that this was the
case for bulk samples. These results can be inter-
preted on the basis of a simplified theory of diffusion
controlled kinetics (Audouin et al., 1994).

TOL a: (1)

where D is the oxygen diffusivity at the temperature
under study. An estimation of D can be made from

20 100 12040 60 80
Dose (kGy)

fig. 5. Absorbance at 965cm-', at lOOGy h"1 for different températures: 0.40!C; « . 50C: D. WC
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Fig. 6. Absorbante at 1720cm-', at 100 Gy h"1 for different temperatures: 0.40"C; • . 50C; D, 903C.

Seguchi's data (Segucbi, 1986) on EPR elastomer of
close structure

where Dt «1.75 cm» s" ' and ED = 34.3 U mol"1. fO2J
is the oxygen equilibrium concentration whose order
of magnitude is [O,] « 10~s mol cm"3 (Seguchi, 1986)
in the temperature range under study. Vn is the
oxygen consumption rate in non diffusion controlled
conditions. It has been determined from equation (1)
using the data of Table 2 and the results are given in
the same Table.

In the 500-2500 Gyh"1 dose rate interval, it ap-
pears that the oxygen consumption rate in non
diffusion controlled conditions is an increasing func-
tion of the dose rate

Vm si Vd" (2)

where V is a constant K%1.4-10~13 when d is
expressed in Gyh"1 and Vn in mol cm"3 s"1.

The temperature effect on Va is difficult to
establish owing to the high data scatter. It can

be estimated from the results obtained at 50 and
90°C

JL

with

Since [O2] does not vary significantly in the tempera»
ture domain of interest, equation (1) can be rewritten

'/>oexpHI)
•-(-#)

Since £ R - £ D $ 0 , TOL increases slightly with
temperature as observed.

Finally, it can be concluded that (i) the oxidation
is diffusion controlled for thicknesses up to 2-3 mm

30 r-

— 20 -

g
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Fig. 7. Absorbancc at 3300cm-'. at 100Gyh"1 for different temperatures: 0.40*C; • • 50:C; D. 90:C.
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Fig. 8. Ratios of optical densities at 1720 and 1125 cm-' (internal standard), vs the depth of the sample
at 40°C for a dose of lOOkGy. and for different dose rates: O, 500Gy h"1; • , 1000Gyh"';

a.2500Gyh-'.

but is not diffusion controned for 100 fixa fibns whose
thickness is noticeably lower than the TOL; (ii) the
TOL increases slightly with the temperature in the
40-90°C range; p ) according to the shnplified kinetic
theory of diffusion controlled oxidation, the oxygen
consumption rate would be an increasing function of
the dose rate in non diffusion controned kinetic
regimes.

2 Quantitative analytical data

The analytical data shown in Table I on the
100 Gy h~ ' dose rate call for the following comments.

(a) The saturation of the bexadiene monomer unit
appears as the most reactive species of the terpory-
mer. It is well known that such species can disappear
by both addition or aBylic hydrogen abstraction
processes, as is shown in Scheme I.

(b) In the early hours of exposure, for
instance t < 200 h, the number of spectrophotometri-
cally detectable oxygen containing molecules is sig-

nificantly lower than the number of reacted double
bonds.

against

[CO] + [OH] ̂  9010-» mol cm"

C < ] < 17010-Jmolcm-3.

In non diffusion controlled conditions, where
double bonds must be essentially attacked by peroxyl
radicals, this result indicates that a great number of
non detectable oxygen containing species must be
formed, for instance peroxides POOP. This favours
hypothesis I (addition) relative to hydrogen abstrac-
tion mechanisms (II).

(c) The formation of a new type of onsaturation
absorbing at 1630cm"1 is, however, in favor of
mechanism II. According to literature data (Mc-
Murry and Thornton, 1952), the corresponding
molar absorptivity would be 91 mol'1 cm'1 . This
value was used to calculate the concentration of these
double bonds at the end of exposure (100 kGy). This

Depth (mm)

Fig. 9. Ratios of optical densities at 1720 and 1125cm-1 (internal standard), vs the depth of the sample
at S0°C. 100 Gyh"1 for different doses: O. 10 kGy; • • 20 kGy; D. 50 kGy; • , 75 kGy; A. 100 key.
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Fig. 10. Ratios of optical densities at 1720 and 1125 cm'* (internal standard), vs toe depth of the sample,
at 90"C «00 Gy fc"1 for different doses O, 10 kGy; • . 20 kGy, D, 50 kGy; • , 75 k<3y; A , 100 kGy.

latter is about 4% at 50°C and 10% at 90°C of the
initial concentration of transvinylenes. This is also
consistent with the hypothesis that most of the
transvinylene units reacted in addition reactions.

3. Kinetics of radiochemical oxidation of thin films

The transvinylene group appears as a sensitive
trace of the sample oxidation in its early period. It is
interesting to note that no rate discontinuity appears
in the curves JCO]«/(f) or [OH1*/(O when
transvinylenes disappear, which indicates that they
have probably a negligible effect on the overall
oxidation rate.

The process could be tentatively modelled by a
variant of the standard mechanistic scheme

PH (Polymer)+ *v — F (r,)

PO; *,

where fT] is the transvinylene concentration. It be-
comes

(addition of POj on a transvinylene)

POi + PO; -* inactive products kT.

According to the hypothesis of stationary states

Table Z Thickness of the oxidized Uyer in bulk samples and
cofrcspoiidinf oxyjCD consun^>uo& nte in the supcraoal byer (see

tot)

Tcnipecuure(*Q
40
40
40
SO
90

Dose nte
(Cyir1)

500
1000
2500

100
too

TOL
(mm)
0.8
0.4
0.2

J.0-I.5
1-2

(mol cm-"*-')-10»
5

20
83
5-2

20-5

m,exp(-Kl ) where K = kK Rj-. (5)

Let us choose an arbitrary endlife criterion, for
instance ^ = J in order to take into account the
maximum number of experimental results.

It becomes rL •= £ In J where tL is the corresponding
lifetime, which in terms of lethal dose Z>L (£ L =d/ L ) ,
leads to

d. 4 d
K 3 kA

4
3

Thus, supposing that the rate of primary radical
productions r, is proportional to the dose rate
d :rt = 4>d, it becomes

(6)

The experimental values of DL, interpolated
on curves m="/W) (Figs 2 and 5), are given
in Table 3. These results call for the following
comments, (a) For the exposure at 40°C, the dose
rate effect seems to be relatively accomodated by
equation (6), since the lethal dose appears to be
proportional to the square root of the dose rate
within experimental scatter, (b) The temperature
effect appears very low which is not surprising since,
according to equation (6), the overall activation
energy would be

Ej and EA being the respective activation energy of
termination and addition reactions, both values are
expected to be low, not more than few kilojoutes per
mole (Reich and Stivala, 1969).
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CONCLUSIONS

The radiocbemical oxidation of an uncrosslinked
etbyleoe-propylene-hexadiene terpolymer was stud-
ied by IR spectrophotometry. The hexadiene double
bond disappears rapidly in the early period of ex-
posure. Quantitative determinations of carbonyls and
hydroxyls suggest that double bonds are essentially
consumed by addition reactions with presumably POj
groups.

Table 3. Leihal dose (for PT/PI, « 3/4) and iu relationship with the
dose rate

Temperature
CQ
40
40
40
40
40
50
90

Dose rate
(Oyh-1)

10
100
SOU

1000
2500

100
100

DL

(kOy)

10
19
44
51
85
23
20

DJ-Jà
(Gy'*h'- 10"').

3.16
1.9
1.96
1.61
J.7
23
10

For samples up to 2 nun thickness, the oxidation is
kinetically controlled by oxygen diffusion for dose
rates up to 100 Gy h~'t in the temperature interval
4O-5O°C. The thickness of tbe oxidized layer varies
between 02 and 1.5 mm in the domain under investi-
gation, so that it can be concluded that the oxidation
is not diffusion controlled for films of 100 fim thick-
ness.

A very simplified kinetic scheme based on the
hypothesis that the transvinylene double bond acts as
a simple transfer agent in the oxidation chain, was
proposed to model the kinetics of transvinylene dis-
appearance. Jl gives results in relatively good agree-
ment with experimental data, according which the
arbitrary lifetime is almost proportional to the square
root of the dose rate and increases only slightly with
the temperature.
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