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The dynamic mechanical relaxation of non-crystalline poly(aryl ether-ether-ketone) PEEK and the one
irradiated with electron beam were studied. The three distincty, 8, &’ relaxation maxima were observed in
unirradiated PEEK from low to high temperature. It was revealed from the study on the irradiation effects
that three different molecular processes are overlapped in y relaxation peak, i.e., molecular motion of
water bound to main chain (peak temperature; at -100°C), local motion of main chain (at -80°C), and
local mode of the aligned and/or oriented moiety (at -40°C). The f relaxation connected with the glass
transition occurred at 150°C and it shifted to higher temperature by irradiation. The &’ relaxation which
can be attributed to rearrangement of molecular chain due to crystallization was observed in unirradiated
PEEK ~180°C and its magnitude decreased with the increase in irradiation dose. This effect indicates the
formation of structures inhibiting crystallization such as crosslinking and/or short branching during
irradiation. A new relaxation, f’, appeared in the temperature range of 40° to 100°C by irradiation and its
magnitude increased with dose. This relaxation was attributed to rearrangement of molecular chain from
loosened packing around chain ends, which were introduced into the non-crystalline region by chain
scission under irradiation, to more rigid molecular packing, From these observations, we proposed that
deterioration in mechanical properties of non-crystalline PEEK by high energy electron beam was
brought about not only by chain scission but structural changes such as crosslinking and/or branching

in the main chain.
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INTRODUCTION

Recently, attention has been paid to polymers composed
of aromatic rings in the skeleton (aromatic polymers) as
high performance thermoresistant engineering plastics.
These polymers would be introduced into instruments
used in nuclear fields because of their excellent
performance, but are lacking in systematic studies of
radiation effects' ~*. We have begun a study on radiation
damage of the aromatic polymers in various radiation
environments and reported, as a first step, the relative
radiation resistivity of several aromatic polymers in terms
of changes in tensile properties by irradiation of high
energy electron beam®. It is revealed through the study
that poly(aryl ether-ether-ketone) PEEK has an excellent
resistivity and the aryl ether and ketone linkages have
excellent stability against electron beam. Macroscopic
damage such as in tensile property is an important matter
in practice and microscopic damage is also important in
understanding its mechanism.

PEEK enters the non-crystalline state by quenching
from the melt (~330°C) and turns to semi-crystalline
polymer by heat treatment above the glass transition
temperature (~ 150°C)®. Structural information such as
crystal lattice parameters’ and morphology® has been
reported recently. Microscopic damage and its me-
chanisms would be guessed from the studies on changes in
crystallinity and crystallization process for the irradiated
PEEK. A recent study about non-crystalline PEEK by X-
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ray diffraction and thermal analysis showed that the
crystallization was inhibited by irradiation of the electron
beam®. In this paper we present the mechanical relaxation
behaviour of non-crystalline PEEK and the one ir-
radiated with electron beam and then discuss its micros-
copic damage revealed by the change in molecular
mobility.

The mechanical relaxation of poly(aryl ether) has been
studied extensively!°~!2, but some assignments of mole-
cular motion are still not understood. It would be
expected to obtain new information about the molecular
process from the study on irradiated polymers.

EXPERIMENTAL

A semi-crystalline PEEK sheet with 1 mm thickness was
kindly supplied from Sumitomo Kagaku Kogyo Co., Ltd.
This sheet was quenched from 360°C to room tempera-
ture after reformation into a sheet with 0.5 mm thickness
sheet in a hot press. By this treatment the specimen
became transparent and non-crystalline.

For the study of quenched non-irradiated PEEK, the
following specimens were used: (A) without further treat-
ment after the quenching; (B) dried in vacuo at room
temperature for 7 days; and (C) annealed at 100°C in
vacuo for 1h then conditioned in normal humidity
(~70% R.H.) for more than 7 days. For the study on
radiation effects, the specimen (C) was used.
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Figure 1 Dynamic viscoelastic properties of non-crystalline
PEEK (A); quenched from 360°C
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Figure 2 Temperature dependence of logarithmic decrement of
non-crystalline PEEK, (A); no treatment after quenching, (B);
dried /n vacuo at room temperature for 7 days, (C); annealed at
100°C in vacuo for 1 h, then conditioned in normal humidity

Irradiation was performed by electron beam with a
dose rate of 5 x 10® Gy s ~! (2 MeV, 1.5 mA) on a stainless
steel plate with cooling water jacket to prevent a rise in the
temperature of the specimen during irradiation. The
dynamic viscoelastic properties were measured for
100 x 10 x 0.5 mm strips in the temperature range of
—160° to 320°C by a torsion pendulum type apparatus
(RHESCA RD 1100AD) with the frequency range of 0.2 to
1 Hz

RESULTS AND DISCUSSION

Non-irradiated PEEK

Figure 1 shows the mechanical relaxation spectrum of
non-crystalline PEEK (A). Three distinct loss maxima are
observed; named as y, § and o' relaxation peaks from low
to high temperature. The y relaxation in rigid aromatic
polymers such as poly(aryl ether), poly(aryl sulphone),
and polyarylate was called mechanical secondary re-
laxation or low temperature mechanical relaxation*®™*2,
The y relaxation of flexible polymers composed of ali-

phatic chain was attributed to a rotation of short

branching and/or local motion of non-crystalline mo-
lecules on the surface of crystals at low temperature. On
the other hand, the low temperature mechanical re-
laxation in rigid polymers is attributed to a local motion
of phenylene units in the main chain.
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A very large loss peak is observed at 150°C (f re-
laxation). The B relaxation can be attributed to the
molecular motion reflecting the transition from glassy to
elastic state, because the shear modulus decreases sharply
at the same temperature range.

Above 160°C both mechanical loss and shear modulus
increase again and the loss becomes maximum at 180°C
(o relaxation). This relaxation should be attributed to the
molecular motion on rearrangement from non-crystalline
tocrystalline state, because the shear modulus increases at
the same time. The observed crystallization temperature
accords well with the one obtained by X-ray analysis®-®
In addition to the above three peaks, a shoulder is
observed at the foot (40°-100°C) of the 8 relaxation.

Figure 2 shows the temperature dependence of the loss
factor (logarithmic decrement) for the specimens treated
in three different ways. The quenched specimen (A) and
annealed specimen (C) contain slight water and the
content is about 0.1 wt%,. The specimens (A) and (C) are
named ‘wet’ and (B) as ‘dry’ specimen.

Figure 3 shows the relaxation spectra in the second run
measured after measuring up to 320°C (first run).

Comparing the Figures 2 and 3, it is clear that the
profiles of y relaxation peak are changed by drying
treatment; ie. the peak at —100°C for ‘wet’ specimen
disappears in the ‘dry’ one. Similar phenomena have been
reported for the arylene polymers, such as polysulphones.
Various polysulphones containing small amounts of
water show large y relaxation at about —120°C, but its
magnitude is decreased by drying'°~*2, Baccardda et al.
concluded that the y relaxation of polysulphone is due to
rotational movements of absorbed water molecules
bound to polar groups along polymer chains!®. Kurz et al.
described that the y relaxation of polysulphone arises
from the molecular process directly involving the —SO,—
group and its magnitude is enhanced by water absor-
ption!!. However, Robeson et al. pointed out that the y
relaxation of ‘dry’ polysulphone containing ether groups
as well is due to a relaxation arising from the aryl ether
group, and the one for ‘wet’ polysulphone is due to a
complex of water with —SO,— moiety and overlapped by
the aryl ether relaxation®2. Although detailed assignment
differs from each other, the y relaxation at the low
temperature side may be concerned closely with mole-
cular motion of water bound to the main chain, especially
for polysulphone the one bound to -SO,-.
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Figure 3 Temperature dependence of logarithmic decrement of
unirradiated PEEK in the second run, ( )} ‘wet’, (——-) ‘dry’
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Figure 4 Temperature dependence of logarithmic decrement of
irradiated PEEK in the first run, doses are illustrated in the Figure
in MGy
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Figure 5 Temperature dependence of logarithmic decrement of
irradiated PEEK in the second run, doses are illustrated in the
Figure in MGy

As shown in Figures 2 and 3, the y relaxation peak at
—100°C shifted to —80°C after drying. This means that
the peak at —100°C, overlapping with the — 80°C peak,
disappears upon drying and that the —80°C peak re-
mains, since the peak at —100°C is attributed to water
molecules bound to the main chain by analogy with
polysulphone. Robeson et al. studied the low temperature
mechanical relaxation of several poly(aryl ether)s, but
they did not report any effects of ‘wet’ or ‘dry’. In the case
of PEEK, the water absorbed moiety is probably phenyl
ketone.

The magnitude of logarithmic decrement in the tem-
perature range from 40°C to 100°C (named as f’ re-
laxation region) is decreased by annealing and becomes
very small in the second run. The mechanical loss in the §’
relaxation region for the quenched specimen (A) is
considered due to rearrangement of the main chain
toward more rigid chain packing in non-crystalline region
from a loosened packing introduced by rapid quenching,
because this loss is decreased by annealing and becomes
very small in the second run.

The B relaxation shifts to higher temperature and the
peak is broadened in the second run. This can be
interpreted as resulting from occurrence of restriction in a
three dimensional molecular motion by the crystallites
introduced during heating up to 320°C in the first run. The
o relaxation disappears in the second run, indicating that
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crystallization no longer occurs in the heating condition
during the second run.

Irradiated PEEK

The results of unirradiated PEEK shows that the
molecular packing in non-crystalline region is improved
by annealing at 100°C, but that the crystallization process
above the glass transition temperature is hardly affected
by this annealing. In the present work, the specimens
annealed at 100°C were used for the study on effects of
irradiation, since changes in molecular packing by irra-
diation can be well detected. Measurements of viscoelastic
properties were performed for the specimens conditioned
in normal humidity after irradiation except the case in
Figure 6. Thus, the relaxation spectra except those in
Figure 6 are for ‘wet’ state containing small amounts of
absorbed water.

Figures 4 and 5 show the loss factor as a function of
temperature for the irradiated specimens with 0, 10, 30
and 50 MGy. Figure 4 is the result in the first run and
Figure 5 is the result in the second run. In the first run, the
y relaxation peak becomes sharp and the shoulder at
—40°C disappears by irradiation. However, the shoulder
appears again in the second run (Figure 5). The mechani-
cal loss of the specimen irradiated with 30 MGy was
measured after drying in vacuo for 7 days, and the
spectrum in the y relaxation region is shown together with
those of ‘wet’ and ‘dry’ unirradiated specimens in Figure 6.
The shoulder at —40°C is extinguished by irradiation and
the relaxation spectrum becomes simple in profile to have
a peak temperature at —80°C. This result means that
different molecular processes are overlapped in the v
relaxation of unirradiated PEEK even in ‘dry’ state and
one of them is extinguished by irradiation.

The disappearance of the shoulder at —40°C (Figure 4)
and the simplification of y relaxation peak (Figure 6) by
irradiation seem to indicate destruction of an inherent
chemical structure. However, it might be better to con-
sider that the shoulder is concerned with a molecular
motion of the moiety in an inherent chain conformation,
because the shoulder appears again in the second run after
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Figure 6 Temperature dependence of logarithmic decrement of
irradiated and unirradiated PEEK in the relaxation region,

(O) 30 MGy irradiated then drying, () unirradiated ‘dry’,

(@) unirradiated ‘'wet’
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Figure 7 Temperature dependence of shear modulus of
irradiated PEEK in the second run, doses are illustrated in the
Figure in MGy

the first run up to 320°C. It can be considered that the
original conformation disappears once by irradiation and
reappears after melting then recrystallizing. PEEK con-
sists of planar aromatic rings and the bond angle between
aromatic rings is about 120°. Therefore, it can be said that
the freedom of chain conformation is less compared with
aliphatic polymer such as polyethylene. The entropy of
fusion S, of PEEK is obtained as 0.33 kJ kg ™" deg ™' by
Blundell et al.®. This value is smaller than that of
polyethylene (0.67 kJ kg ~* deg™)!*. The low value of S,
means that the conformational change by melting is less in
PEEK compared with polyethylene. This indicates a
probability that the molecular chains in PEEK are
aligned and orientated partially even in a non-crystalline
phase. Disappearance of the shoulder at —40°C may arise
from destruction of such conformation.

The B’ relaxation in the temperature range from 40°C to
100°C appears by irradiation and its magnitude increases
with dose (Figure 4). As described above, the quenched
unirradiated specimen {A) shows a similar relaxation
behaviour in this temperature range and we assigned this
relaxation to molecular motion of the main chain during
rearrangement to a more rigid molecular packing. When
main chain scission takes place during irradiation, the
chain ends introduced by the scission could loosen the
molecular packing and create similar packing to that
obtained by quenching. Therefore, the §' relaxation in the
irradiated specimen may be the molecular rearrangement
from the loosened packing created by the irradiation to
more rigid packing. The disappearance of ' relaxation in
the second run supports the above discussions.

The f relaxation peak concerned with glass transition
shifts to slightly higher temperature (Figures 4 and 5). The
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glass transition temperature of polysulphone and poly-
arylate is lowered by irradiation as reported else-
where!#. The lowering of the glass transition of these
polymers may be interpreted by lowering of the cohesive
energy density by chain scission. Whereas, in the case of
PEEK the glass transition temperature is increased by
irradiation. This suggests that bulky structures to increase
glass transition temperature are formed by irradiation.

The most marked change by irradiation appears in the
o relaxation (Figure 4). The magnitude decreases with the
increase of dose and the peak shifts to higher temperature
with the irradiation of 10 and 30 MGy. However, with
50 MGy, the relaxation peak becomes very small and the
peak temperature becomes lower. X-ray diffraction stu-
dies on the electron bombarded non-crystalline PEEK
showed that the crystallization temperature became high-
er with increasing dose but that the crystallization was
no longer observed even at 300°C, when irradiation was
carried out up to 50 MGy®. These results indicate that
structures inhibiting crystallization are formed by irra-
diation. Though not yet conclusive, the structure inhibit-
ing crystallization may be crosslinking and/or branching.
The increase of glass transition temperature as mentioned
above supports such changes in the molecular structure.
The B relaxation peak profile becomes sharp and its
magnitude increases with increasing dose in the second
run (Figure 5), and the profile for the specimen irradiated
up to 50 MGy resembles that of unirradiated non-
crystalline PEEK. The latter fact indicates that crystalli-
zation of highly irradiated PEEK is inhibited in the
thermal history during the first run.

The magnitude of loss in the temperature range of 40°C
to 120°C in the second run increase with dose. This
indicates that a new relaxation mode is introduced by the
formation of crosslinking and/or branching.

Figure 7 shows temperature dependence of dynamic
shear modulus in the second run. The decrement of shear
modulus just above the glass transition temperature
becomes larger with dose, indicating also that crystalli-
zation during thermal history in the first run is inhibited
with increasing dose. The sharp decrease in shear mo-
dulus for the unirradiated specimen at 320°C is due to
melting of crystals. Similar decrease is observed in the
irradiated specimens and the temperature giving the
sharp change is lowered with dose. This also shows that
structures inhibiting crystallization are formed by irra-
diation, since lowering of the temperature in this range
corresponds to depression of crystallinity.

CONCLUSION

Three different molecular processes are overlapped in the
y relaxation of ‘wet’ unirradiated non-crystalline PEEK,
ie. the relaxation at — 100°C is due to molecular motion
of water bound to main chain, the one at —80°C is due to
local motion of phenyl ether and ketone, and the one at
—40°C arises from molecular motion of an aligned and
orientated moiety having near conformation to crystal.
The B’ relaxation is appeared in the temperature range
of 40°C to 100°C by quenching and irradiation. This
relaxation is assigned to movement of main chain during
rearrangement to more rigid molecular packing in non-
crystalline region from the loosened packing brought
about by quenching and radiation-induced chain ends.
The f relaxation concerned with glass transition occurs



at 150°C for unirradiated PEEK and the f§ relaxation
peak slightly increased by irradiation.

The logarithmic decrement and shear modulus of
unirradiated PEEK increases simultaneously above
160°C, then the loss reaches a maximum at 180°C (o'
relaxation). The « relaxation is assigned to molecular
rearrangement during crystallization. The magnitude of o
relaxation decreases with increasing dose. From the
change in the behaviour of § and o’ relaxation structures
inhibiting crystallization, for example crosslinking and/or
branching, are formed by irradiation. Consequently, it is
concluded that chain scission and three dimensional
structure changes occur simultaneously in non-crystalline
PEEK under irradiation of high energy electron beam.
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