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Radiation-induced oxidative irradiation effects (with y-rays under oxygen pressure) or poly(aryl sulphones)
(U-PS and PES), poly(aryl ester) (U-Polymer), poly(aryl amide) (A-Film) and poly(aryl ether ether ketone)
(PEEK ) have been studied based on changes in tensile properties. The deterioration dose estimated from the
decrease in the elongation at break was as low as one-fifth to one-tenth of that in high-dose-rate electron-
beam irradiation, but the order of radiation resistance of the polymers did not differ from that in electron-
beam irradiation, i.e. PEEK > A-Film > U-Polymer > U-PS > PES. The radiation stability of aromatic units
under oxidative conditions was estimated from a comparison of the radiation resistance of the polymers
themselves and their chemical structures. The following order was obtained: diphenyl ether, diphenyi
ketone > aromatic amide> bisphenol A > diphenyl sulphone. The deterioration mechanism of PEEK under
oxidative irradiation was studied by measuring dynamic viscoelastic properties. It was concluded that
deterioration in mechanical properties under oxidative irradiation was brought about by chain scission only.
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INTRODUCTION

Some attention has been paid to the use of aromatic
polymers composed of various functional aromatic units
in the main chain as high-performance engineering
plastics. These polymers are expected to find use in high
radiation fields, such as around fast-neutron breeder
piles, fusion reactors and in space, because aromatic
compounds are believed to be stable to radiation. We
have already reported that aromatic polymers show high
resistance compared with aliphatic polymers for high-
dose-rate electron-beam irradiation, but the radiation
resistance depends strongly on their chemical structures’.

It is known that radiation-induced oxidation takes
place when polymers are irradiated in an atmosphere
containing oxygen. For instance, in the case of irradiation
by y-rays with very low dose rate in air for long periods,
polymer material is oxidized right to the inside?. On the
other hand, in high-dose-rate electron-beam irradiation,
only a very thin layer of material is oxidized, because the
oxygen is consumed in a thin layer on the surface of the
material before it diffuses into the inside. The
deterioration behaviour of aromatic polymers reported
previously! can be regarded as equivalent to
deterioration by irradiation in vacuum.

Polymer materials are often used in irradiation
environments accompanied by oxidative reaction, so that
knowledge of irradiation effects under oxidative
conditions is important. Irradiation at very low dose
rates, however, is impracticable, because a very long time
is required to evaluate radiation effects. Seguchi et al.?
proposed a new technique to enable oxidation to proceed
well inside the polymer material under relatively high-
dose-rate irradiation (1 x 10*Gyh™!). This technique is
characterized by irradiation under an oxygen pressure to
promote diffusion of oxygen to the inside of the material.
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In this paper, radiation deterioration of the mechanical
properties of several aromatic polymers under oxidative
conditions has been studied using the new technique.
Further, the deterioration mechanism in oxidative
irradiation was discussed for poly(aryl ether ether ketone)
(PEEK) based on changes in molecular motion.

EXPERIMENTAL

The polymers used are poly(aryl ether sulphone) (PES), a
bisphenol A type poly(aryl sulphone) (Udel-polysulfone,
U-PS), poly(aryl ester) U-Polymer), poly(aryl amide) (A-
Film) and poly(aryl ether ether ketone) (PEEK). The
samples of PES and PEEK were kindly supplied by
Sumitomo Chemical Co. Ltd, U-PS was obtained from
Toray Industries Inc., and U-Polymer and A-Film were
from Unitika Co. Ltd, as sheets with about 0.1 mm
thickness. PEEK was received in the non-crystalline state
(PEEK-a) and it was used as the sample of a non-
crystalline state. The sample of semicrystalline PEEK
(PEEK <) was prepared by heat treatment of PEEK -a at
200°C for 30min. The degree of crystallinity was
measured to be about 159 by X-ray diffraction. The non-
crystalline PEEK samples for viscoelastic measurements
were prepared by high-speed quenching from 360°C to
room temperature after re-formation into a sheet with
0.5mm thickness in a hot press. The semicrystalline
PEEK samples were obtained by heat treatment of the
non-crystalline sheet at 200°C for 30 min.

Irradiation was carried out on specimens in the shape
of JIS No. 4 dumbbell using 6°Co y-rays. Two irradiation
conditions were employed: (1) dose rate of 5 x 10> Gy h~!
under 0.7 MPa oxygen pressure; (2) dose rate of
1x10*Gyh™! in air. Irradiation was at room
temperature for both sets of conditions.
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The tensile tests were performed at 25°C with a
crosshead speed of 200 mm min ~!. The Young’s modulus
is obtained from the initial slope of the stress-strain
curves; the yield strength is calculated from the maximum
stress just after yielding; the tensile strength at break was
obtained from the stress at break; and the elongation was
determined by dividing overall displacement at break by
the initial length of the dumbbell neck (30 mm). These
tensile parameters are represented by the average and
standard deviation of five specimens.

The viscoelastic properties were measured on strips
with  dimensions of 0.5mm thickness x 10 mm
width x 100 mm length by use of a torsion-pendulum-
type apparatus (Rescha RD 1100AD) in the temperature
range — 160 to 320°C at a frequency of 0.2-1 Hz. The
viscoelastic measurements were performed after the
specimens were dried on silica gel in vacuum, in order to
avoid the influence of small amounts of water molecules
on the low-temperature relaxation.

RESULTS AND DISCUSSION

Evaluation of oxidation conditions

The thickness of the oxidized layer is controlled by the
diffusion constant of oxygen (D), the solubility of oxygen
in the material (S), the dose rate and the G value of radical
formation. It has been reported that polyethylene and
polypropylene with 1 mm thickness can be oxidized well
inside the surface by irradiation at a dose rate of
1x 10* Gy h™! under 0.5 MPa oxygen pressure?.

The reported values3 of D and S for polyethylene and
polypropylene are D=(3-9)x10""cm?s~!, S=(1-
5)x10"%molg~'atm~!. The values for PES, U-

Table 1 Tensile properties of aromatic polymers irradiated by y-rays in air

Polymer and the polyimide ‘Kapton’ measured by the
same method are as follows: D=1.55x10"%cm?®s™ 1,
$=472x10"%molg 'atm™! for PES; D=4.98x
107 8cm?s™!, §=8.03x10"°molg 'atm~! for U-
Polymer; and D=232x10"°cm?s™!, $§=3.98x
10~®mol g~! atm ™! for Kapton, respectively. The data
obtained show that the diffusion constants of oxygen for
aromatic polymers are one to two orders lower than those
of aliphatic polymers but that the solubility of oxygen is
comparable to those of aliphatic polymers.

The G value of radical formation of aromatic
compounds, in general, is less than that of aliphatic
compounds; for example*, the G value of total radical
formation for phenoxyphenoxydiphenyl is about 0.04 and
that for n-alkane is 2.5. Thus, the diffusion constant of
aromatic polymers is one or two orders smaller than that
of aliphatic polymers, and the G value of radical
formation is about two orders smaller compared with
aliphatic polymers. Further, the solubility of oxygen is of
the same order as that for aliphatic polymers.
Consequently, the irradiation conditions in the present
work (5 x 10* Gy h™! under 0.7 MPa oxygen pressure for
polymers with 0.1 mm thickness) are sufficient to oxidize
materials right to the inside.

Radiation stability in oxidative
irradiation

Irradiation in air. Table I gives the relations between
tensile parameters and dose for irradiation in air. Table 2
shows the same relations for irradiation under 0.7 MPa
oxygen pressure. From the two tables, the following
changes are seen: with increasing dose, (1) the Young’s
modulus tends to increase, (2) the tensile strength and

of aromatic units

Dose Young’s modulus Yield stress Tensile stress Elongation
Polymer MGy) (GPa) (MPa) {MPa) (%)
PEEK-a 0 1.17+0.08 733+1.2 132314139 286+33
4.9 1.15+0.12 714414 104.6+3.3 280+13
9.8 1.15+0.14 754+1.3 92.2+3.6 252+18
19.5 1.50+0.05 81.6+1.9 15+11
29.1 1.4940.08 66.018.3 5+1
PEEK < 0 1.37+0.07 974+1.7 97.0+8.0 175+33
49 1.46+0.09 963118 81.0+2.1 176 + 20
9.8 1.67+0.07 97.5+1.8 623114 20+13
19.5 1.71+0.10 68.2+9.8 4+1
Polyamide (A-Film) 0 2.29+0.06 125.61+10.8 1479+1.2 186+7
21 2.03t0.11 144.2+5.4 161.5+9.3 183+11
4.0 2.15+0.16 147.7+1.0 156.3+7.6 145+ 25
8.2 2.30+0.15 146.1+0.3 143.6+2.4 136 +36
153 2.45+0.05 143.9+4.7 118.1+5.6 39+10
Polyester (U-Polymer) 0 1.06+0.03 73.74+1.1 757+1.2 88410
0.45 1.11+0.05 74.7+0.7 69.1+2.5 41411
0.91 1.17+0.01 74.5+0.6 68.2+2.1 1945
15 1.194+0.11 727+1.9 65.9+2.7 25+11
3.0 1.02+0.01 726406 68.6+1.8 16+1
5.7 1.1740.18 354455 3+03
Polysulphone (Udel) 0 1.20+0.07 842+1.2 848+19 235+4
0.23 1.21£0.11 783405 78.5+2.1 192+9
0.62 1.3040.07 779+1.6 67.6+3.3 142422
0.91 1.42+0.05 78.9+0.6 60.7+2.1 67+29
1.6 1.2940.05 779+1.2 60.3+3.8 1416
Polysulphone (PES) 0 1.36+£0.08 89.8+1.3 81.6+6.9 17545
0.23 1.314+0.12 873+1.5 79.3+5.7 156 +27
0.62 1.5240.10 91.2+1.0 68.3+0.5 39+11
0.91 1.59+0.03 89.5+0.2 65.5+1.0 19+4
1.6 1.43+0.10 89.5+8.5 7+2
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Table 2 Tensile properties of aromatic polymers irradiated by y-rays under 0.7 MPa oxygen

Dose Young’s modulus Yield stress Tensile stress Elongation
Polymer MGy) (GPa) (MPa) (MPa) (%)
PEEK-a 0 1.17+£0.07 733+1.2 13224139 296 +33
2.1 1.38+0.10 775429 1153443 273+9
4.0 1.36+0.17 76.0+2.1 1043+3.0 260+ 10
8.1 1.48+0.10 76.3%1.5 735+29 181423
11.8 1.1740.05 855+1.1 1549
PEEK < 0 1.37+0.07 974417 97.0+8.0 175433
2.1 1.59+0.15 999+1.9 754+19 67+7
4.0 1.73+£0.09 99.5+2.1 723438 48+13
8.1 1.91+0.14 98.9+0.6 7731108 1443
Polyamide (A-Film) 0 2.29+0.06 1256+1.1 1479+1.2 186+7
2.1 2.26+0.15 1427424 1259+18.6 130425
4.0 2.24+0.14 1454+25 143.7+2.5 133+32
8.1 2.5840.10 1151453 5403
Polyester (U-Polymer) 0 1.06+0.03 73.7+1.1 757+1.2 88+10
0.25 0.95+0.04 73.5+04 68.7+2.1 45+17
0.34 1.04+0.03 749+2.1 69.8+2.6 47+10
0.53 1.55+035 72.5+03 64.7+14 16+2
Polysulphone (Udel) 0 1.02+90.07 842+1.2 848+1.9 235+4
0.25 1.16+0.05 78.5+3.6 63.610.9 120+ 36
0.53 1.23+0.04 779+0.5 589+2.1 51430
Polysulphone (PES) 0 1.36+0.08 89.8+1.3 81.6+1.3 175+5
0.25 1.38+0.13 88.5+10 60.5+0.6 54+13
0.53 1.31+0.09 88.2+2.7 63.8+08 1443
elongation at break decrease, but (3) the change in yield 1.0 0\

strength is minor. Since, among the changes in tensile
parameters, decrease in elongation is the most susceptible
to irradiation, the degree of deterioration was evaluated
based on decrease in elongation.

The elongation at break is shown as a function of dose
in Figures I to 6 together with the results from electron-
beam irradiation’. In these figures the elongation is
represented by the value normalized by that of the
unirradiated specimen (residual elongation). The
relations between the residual elongation and dose under
irradiation in air for U-PS, PES and U-Polymer resemble
those in electron-beam irradiation. This indicates that
oxidative deterioration takes place in only a thin surface
layer for a short period (maximum 20 days) even for y-ray
irradiation in air.

The decrement in elongation of A-Film against dose
during irradiation in air is slightly larger than that in
electron-beam irradiation, but A-Film keeps a relatively
high elongation for a long period (65 days), indicating
that the diffusion constant of oxygen would be fairly
small.

The residual elongation for PEEK-a and PEEK-c
initially is scarcely changed and then decreases sharply in
the high-dose region (above 3 MGy for PEEK- and
15MGy for PEEK-a). As reported previously?,
crosslinking and chain scission take place simultaneously
in PEEK under high-dose-rate electron-beam irra-
diation. In y-ray irradiation in air, chain scission should
occur mainly on the surface and crosslinking should
occur mainly inside the polymer. Less change in
elongation in the initial stages would be brought about by
a balance between scission on the surface and crosslinking
inside the material. The sharp decrease in elongation in
the high-dose region may be caused by enlargement of the
oxidized layer to the inside for long-period irradiation (15
days for PEEK -, 76 days for PEEK -a).

The dose giving rapid decrease in elongation for
PEEK cis lower than for PEEK -a. Also in electron-beam

Residual elongation
o
[&)]
T

0 0.5 1.0 1.5
Dose (MGy)
Figure1 Residual elongation as a function of dose for U-PS: @, y-rays
in air; O, y-rays under 0.7 MPa oxygen; —~——— , electron beam in air
1.00+

Residual elongation
o
(%]

Dose {(MGy)

Figure 2 Residual elongation as a function of dose for PES: notation
as in Figure |
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10

Residual elongation

Dose (MGy)

Figure 3 Residual elongation as a function of dose for U-Polymer:
notation as in Figure |

Residual elongation

0 1 A 5

0 5 10 15
Dose (MGy)
Figure 4 Residual elongation as a function of dose for A-Film:
notation as in Figure 1

irradiation, PEEK -¢c shows a lower radiation resistance
than PEEK-a. It has been reported that the chains
existing at the interface between crystalline and non-
crystalline domains are affected more by irradiation than
chains in non-crystalline and/or crystalline phases®. The
difference in deterioration doses between PEEK-a and
PEEK < increases in comparison with that in electron-
beam irradiation. The diffusion constant of oxygen might
be increased by partial crystallization.

Irradiation under oxygen pressure. In the irradiation
under oxygen pressure, elongation of all polymers
decreases markedly with increasing dose. This is the result
of radiation-induced oxidation right to the inside of the
polymers. The doses which make the elongation decrease
to half of the initial value under oxidative irradiation are
0.25 MGy for U-PS, 0.2 MGy for PES, 0.35 MGy for
U-Polymer, 5 MGy for A-Film, 1.5 MGy for PEEK<
and 9 MGy for PEEK-a, respectively. The order of
radiation resistance of polymers can be evaluated as
follows: PEEK-a> A-Film> PEEK-c» U-Polymer>
U-PS> PES.

Radiation effects should be affected not only by
chemical structure but also by higher-order structure
such as the presence or not of crystallites, because the
chain conformation and molecular motion may have a
large influence on reactivity of the active species produced
by irradiation. Therefore, evaluation of the radiation
stability of the aromatic unit should be done under
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conditions in which the effects of crystallinity can be
excluded. The polymers used in the present work are non-
crystalline polymers, except PEEK -c, so that the order of
stability of the aromatic units is deduced on the polymers,
except for PEEK .

The relation between radiation resistance and chemical
structure under oxidative radiation can be summarized as
follows:

(1) The two polysulphones show the lowest resistance,
so that diphenyl sulphone is not stable under oxidative
irradiation.

(2) U-PS and U-Polymer, which contain bisphenol A
groups, are not stable, indicating that the structure of
bisphenol A also has low resistance against oxidative
irradiation.

(3) Since A-Film shows a relatively high resistance, the
aromatic amide group is a relatively resistant structure for
oxidative irradiation.

(4) Non-crystalline PEEK shows high resistance,
indicating that diphenyl ether and ketone have high
stability for oxidative irradiation.

From the comparison, we propose the following order
of radiation stability of aromatic units under oxidative
conditions: diphenyl ether, diphenyl ketone>aromatic
amide> bisphenol A > dipheny! sulphone. The radiation
resistance of these polymers for oxidative irradiation is
lower than for electron-beam irradiation but the order of
stability of the aromatic units under oxidative conditions

Q
o
T

Residual elongation

S .
0 10 20 30
Dose (MGy)

Figure 5 Residual elongation as a function of dose for PEEK-a:
notation as in Figure 1

1.0

Residual elongation
o
o

0 5 10 15
Dose (MGy)

Figure 6 Residual elongation as a function of dose for PEEK-c:
notation as in Figure |
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seems to be the same as in high-dose-rate electron-beam
irradiation.

Mechanism in deterioration of PEEK under oxidative
irradiation

Figure 7 shows the temperature dependence of
logarithmic decrement (Figure 7a) and dynamic shear
modulus (Figure 7b) for the non-crystalline PEEK
unirradiated and irradiated with 12 MGy under oxidative
conditions. Three discrete mechanical loss peaks are
observed at —80, 150 and 180°C for the unirradiated
specimen. These mechanical losses are named y, § and o’
relaxations from low to high temperature. The low-
temperature relaxation (y relaxation) in rigid aromatic
polymers is generally assigned to local motion of
aromatic units in the main chain in the glassy state®~”.
The B relaxation is attributable to molecular motion
reflecting the transition from glassy to elastic state,
because the shear modulus decreases sharply at the same
temperature. The shear modulus increases again above
the glass transition temperature. It is known that non-
crystalline PEEK changes to a semicrystalline polymer
on heat treatment above the glass transition
temperature® 1%, so that an increase in shear modulus
above the glass transition temperature should be brought
about by crystallization. Therefore the o’ relaxation can
be assigned as molecular rearrangement from non-
crystalline to semicrystalline state.

It was observed in electron-beam irradiation!? that the
B and o' relaxation peaks shift to higher temperature and
the magnitude of the o' relaxation is lowered with
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increasing dose. The shift of the o’ relaxation peak to
higher temperature and its decreasing magnitude indicate
the appearance of a structure inhibiting crystallization.
We concluded, judging from the shift of the glass
transition to higher temperature, that a crosslinking
structure is introduced by high-dose-rate electron-beam
irradiation.

In contrast with electron-beam irradiation, the peaks of
the f and o' relaxations shift to lower temperature and the
intensity of the o relaxation peak is enhanced by
oxidative irradiation. The shift of the o’ relaxation peak to
lower temperature shows that crystallization occurs
easily at lower temperature. Accompanied by
enhancement of the intensity of the o' relaxation, the
shear modulus above 180°C increases on irradiation. This
shows that the degree of crystallinity increases. These
changes in mechanical relaxation should be interpreted in
terms of a lowering of molecular weight by chain scission.
Further, the lowering of the glass transition temperature
might support the lowering of molecular weight.

A new relaxation appears as a shoulder just below the
glass transition temperature (' relaxation). This
relaxation is often observed in irradiated polymers having
a high glass transition temperature. From the
experiments on annealing and high-speed quenching of
several aromatic polymers'! “'3, the f’ relaxation was
assigned to movement of the main chains during
rearrangement from a loosened chain packing to a more
rigid chain packing. The appearance of the ' relaxation
on irradiation results from the disturbance of molecular
packing caused by chain ends created by radiation-
induced chain scission. Consequently, it can be concluded
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Figure 7 (a) Temperature dependence of logarithmic decrement for non-crystalline PEEK irradiated by y-rays under 0.7 MPa of oxygen pressure: A,
unirradiated; O, irradiated with 12 MGy. (b) Temperature dependence of dynamic shear modulus for non-crystalline PEEK irradiated by y-rays under

0.7 MPa of oxygen pressure: A, unirradiated; O, irradiated with 12 MGy
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Figure8 (a) Temperature dependence of logarithmic decrement for semicrystalline PEEK irradiated by y-rays under 0.7 MPa of oxygen pressure: A,
unirradiated; (], irradiated with 4 MGy; O, irradiated with 8 MGy. (b) Temperature dependence of dynamic shear modulus for semicrystalline PEEK
irradiated by y-rays under 0.7 MPa oxygen pressure: A, unirradiated; [, irradiated with 4 MGy; O, irradiated with 8 MGy

from the changes in the f and o relaxations and the
appearance of the ' relaxation that vigorous
deterioration in tensile properties of PEEK irradiated
under oxidative conditions is mainly due to chain
scission.

Figures 8a and 8b show the same relations for
semicrystalline PEEK irradiated with various doses. In
these figures, the o’ relaxation is not observed, because
crystallization has already been completed. Also in the
case of semicrystalline PEEK, a shift of the glass
transition to lower temperature, an increase in intensity of
the B’ relaxation and an increase in shear modulus above
the glass transition temperature are observed with
increasing dose. These results show clearly that chain
scission occurs, as in non-crystalline PEEK.

As seen in Figures 7a and 8a, the behaviour in the y
relaxation region is changed markedly by irradiation. The
detailed y relaxation spectra of semicrystalline PEEK are
shown in Figure 9. The y relaxation of the unirradiated
specimen can be seen to be composed of two components:
the main peak at about — 75°C, responsible for the local
motion of the main chain in the glassy state, and a
shoulder in the temperature range —40 to 0°C. In
electron-beam irradiation!?, the magnitude of the
shoulder decreases with dose and the shoulder appears
again in the second run. This result was interpreted as a
moiety having a specific chain conformation damaged by
irradiation and reproduced during recrystallization after
the first run. The shoulder is assigned to molecular
motion of chains existing at the interface between
crystalline and non-crystalline domains.
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Figure9 Detailed changesin the y relaxation region for semicrystalline
PEEK: [J, unirradiated; O, irradiated with 8 MGy under oxidative
conditions; A, the second run for the irradiated specimen
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In oxidative irradiation, the decrease in the magnitude
of the y relaxation is marked in comparison with the
electron-beam irradiation, and even in the second run the
peak profile differs from that of the unirradiated
specimen. This indicates that damage to chains in the
non-crystalline phase is vigorous and that the chain
conformation at the interface between crystalline and
non-crystalline domains for the specimen recrystallized
after being irradiated under oxidative conditions differs
from that of the unirradiated specimen. It can be
considered that recrystallization is affected by changes in
first-order structure, such as formation of an oxidized
moiety during irradiation. Marked changes in the y
relaxation region indicate the occurrence of considerable
damage to the chemical structures.

Finally, from the changes in tensile properties and
molecular motions, characteristics in oxidative
irradiation are summarized as follows: (1) aromatic
polymers which show relatively high radiation resistance
for non-oxidative irradiation deteriorate vigorously
under oxidative irradiation—the deterioration dose is as
low as one-fifth to one-tenth of that in high-dose-rate
electron-beam irradiation; (2) the vigorous deterioration
is brought about mainly by chain scission.
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