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ABSTRACT: The influence of electron beam irradiation on
the properties of fluorine-containing poly(aryl ether ke-
tone)s (F-PEK), derived from 2,3,4,5,6-pentafluorobenzoic
acid, was examined. Irradiation was performed with an
electron beam at a dose of 3.63 � 103 Gy s�1 for which the
corresponding doses were 29.0, 51.0, and 94.5 MGy. Tensile
strength at break increased up to a dose of 29.0 MGy and
then decreased very slightly with irradiation. Elongation at
break was more susceptible to irradiation and decreased
drastically to one tenth at a dose of 29.0 MGy. Young’s
modulus was enhanced by the irradiation. F-PEKs were
changed from elastic materials to strong and brittle materials
by irradiation. Relaxation of the viscoelastic property shifted
toward higher temperature by irradiation. These tensile and
viscoelastic property changes were attributed to the forma-

tion of a bulkier and more rigid structure by crosslinking.
The fluorine atoms attached to the 1,4-phenylene moiety in
F-PEKs were surprisingly susceptible to the irradiation and
were completely lost at a dose of 29.0 MGy. The �-electron
conjugated aromatic structure was concurrently developed
during irradiation. Further, polar functional groups such as
carboxyl group and ester group were generated by chain
scission and rearrangement. The F-PEKs retained their good
transparency and the thermal stability was significantly im-
proved after irradiation. © 2003 Wiley Periodicals, Inc. J Appl
Polym Sci 91: 157–166, 2004
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INTRODUCTION

Aromatic polymers are often referred to as high-per-
formance polymers because of their excellent thermal
and mechanical properties, as well as chemical resis-
tance.1 In many cases, they exhibit neither fusibility
nor solubility because of the rigid chain structures.
Recently, fluorinated groups were introduced into ar-
omatic polymers to improve their solubility in com-
mon solvents, as well as other properties such as
thermal stability, high glass-transition temperature,
low dielectric constant, transparency, low water ab-
sorption, and so on.2

We previously prepared the novel fluorinated poly-
(ether ketone)s (F-PEKs) derived from 2,3,4,5,6-pen-
tafluorobenzoic acid (PFBA), which were composed of
the 2,3,5,6-tetrafluoro-1,4-phenylene moiety in the

polymer chains.3 These PEKs exhibit improved prop-
erties described above. Additionally, PFBA is widely
used as a common industrial intermediate for medi-
cines, cosmetics, and agricultural chemicals. Hence,
PEKs are potential candidates for optical and micro-
electronic devices not only because of outstanding
properties but also because of reasonable costs.

In the last few decades many aromatic polymers
showing good resistance to degradation by high-en-
ergy radiation have been developed to be used as
materials in high-energy radiation environments, such
as those found in the nuclear and aerospace indus-
tries.4–7 Among them, poly(ether ether ketone)s
(PEEK)4,8–11 and polyamides6 exhibit better resistance
than that of other aromatic polymers such as poly(sul-
fone)s (PS),12–14 poly(ether sulfone)s (PES),13–18 and
polyesters.14,19 However, their potential is less than
that of polyimides represented by Kapton.20–24

Kapton is one of the best organic materials to show
good resistance to degradation by high-energy radia-
tion, although the property is not sufficient for long-
term usage and besides Kapton itself has less solubil-
ity. Polymers superior to polyimides are eagerly de-
sired with respect to resistance to degradation by
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high-energy radiation. The radiation chemistry of flu-
orine-containing aromatic polymers has been investi-
gated, including polyimides,25–29 poly(phosphine ox-
ide)s,30 and polyesters.31–34 However, all these poly-
mers contain fluorine atoms as a form of
trifluoromethyl pendant or 1,1,1,3,3,3-hexafluoroiso-
propylidene group. Aromatic polymers consisting of a
fluorinated aromatic moiety like 2,3,5,6-tetrafluoro-
1,4-phenylene group have not yet been reported con-
cerning their potential for resistance to degradation by
high-energy radiation. In this study, the resistance to
degradation of F-PEKs was examined by electron
beam irradiation to evaluate the potential of F-PEKs as
high-performance materials in high-energy radiation
environments.

EXPERIMENTAL

Materials

Five different F-PEKs shown in Scheme 1 were syn-
thesized according to a previously reported proce-
dure.3 The films of F-PEK(6FBA), F-PEK(BA), F-PEK-
(HF), and F-PEK(PP) were prepared by cast method of
20 wt % toluene solution and that of F-PEK(DPE) was
prepared from 20 wt % N,N-dimethyl acetamide

(DMAc) solution. The thickness of the obtained films
was in the range of 20–50 �m.

Electron beam irradiation

Irradiation was performed with an electron beam at a
dose of 3.63 � 103 Gy s�1 on a stainless-steel plate with
a cooling water jacket to prevent an increase in the
temperature of the specimen during irradiation under
a slow stream of argon gas. The films were irradiated
for different periods, 8.0 � 103, 14.0 � 103, and 26.0
� 103 s, for which the corresponding doses were 29.0,
51.0, and 94.5 MGy, respectively.

Measurements

Tensile tests were performed at 25°C with a crosshead
speed of 200 mm min�1. The specimens (size 100 � 10
� 0.02–0.05 mm) for tensile testing were cut from the
as-irradiated films. The tensile strength was obtained
from the stress at break point, and elongation was
determined by simply dividing over all displacements
by the initial length of the dumbbell neck (30 mm).
These tensile parameters were the average of five
specimens. The viscoelastic properties were measured
on a Reovibron DDV-II-EP (Orientec Co., Japan) at a
frequency of 110 Hz in the temperature range of �100
to 400°C at a heating rate of 2°C min�1. The water
contact angle was measured on a contact angle meter
CA-D (Kyowa Kaimen Co., Japan) on both surfaces of
the irradiated films. Thermal properties were mea-
sured on a Perkin–Elmer TGA-7 (Perkin Elmer Cetus
Instruments, Norwalk, CT) at a heating rate of 10°C
min�1 in nitrogen atmosphere. Glass-transition tem-
perature (Tg) and melting temperature (Tm) were mea-
sured on a DSC-7 apparatus (Perkin Elmer Cetus In-
struments) at a scanning rate of 10°C min�1 in nitro-
gen atmosphere. Absorption spectra of the films,
which were about 40 �m in thickness, were recorded
on a V-750 spectrometer (Jasco Co., Tokyo, Japan).
FTIR spectra of the films were measured on an FT/

TABLE I
Reduced Viscosity and Properties of F-PEKs

Polymer codea

F-PEK

6FBA BA HF DPE PP

Reduced viscosity (dL g�1)b 0.75 0.54 0.46 0.82 0.97
Tg

c (°C) 174 170 239 171 235
Tm

c (°C) NDd ND ND ND ND
10% wt loss in N2 (°C)e 524 499 553 607 523

a Polymer codes are shown in Scheme 1.
b Measured in DMAc at a concentration of 0.5 g dL�1 and 25°C.
c DSC was performed at a scanning rate of 20°C min�1 in nitrogen.
d Not detected.
e TGA was performed at a scanning rate of 20°C min�1 in nitrogen.

Scheme 1 Structures of F-PEKs.
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IR-410 spectrometer (Jasco Co.). Wide-angle X-ray
scattering (WAXS) patterns of the films were mea-
sured on a Gaiger flex 2013 diffractometer (Rigaku
Co., Japan) with Cu–K� (30 kV, 20 mA). Elemental
analysis was performed by X-ray photoelectron spec-
troscopy (XPS; JPS-9000MX, JPS Co., Japan) with
Mg–K� (10 kV, 10 mA).

Solubility test

The irradiated films were extracted in DMAc under
reflux for 6 h with a Soxhlet extractor. The residual

films were dried under reduced pressure at 70°C for
24 h and then the weight losses by extraction were
determined.

RESULTS AND DISCUSSION

Characterization of F-PEKs

Five F-PEKs were synthesized and characterized as
summarized in Table I. Molecular weights of these
F-PEKs were high enough to prepare tough films, of
which the reduced viscosities were in the range of
0.46–0.97 dL g�1. As previously reported,3 they ex-
hibited outstanding solubility in polar aprotic solvents
such as N-methyl-2-pyrrolidinone and DMAc. In par-
ticular, F-PEK(6FBA), F-PEK(BA), and F-PEK(HF) ex-
hibited greater solubility in chloroform and toluene.
Tg’s of the obtained F-PEKs ranged from 170 to 239°C
depending on their chemical structures; F-PEK(HF)
had the highest Tg (239°C) among them because of the
bulky structure. They exhibited no Tm and were non-
crystalline polymers, confirmed by WAXS, as dis-
cussed later. The temperature of 10% weight loss in
nitrogen atmosphere of these F-PEKs ranged from 499
to 607°C and they showed excellent thermal stability.

Mechanical properties of irradiated F-PEK films

The tensile properties of the unirradiated and irradi-
ated films were examined and the stress–strain curves

Figure 1 Stress–strain curves of unirradiated and irradi-
ated F-PEK(6FBA) at a dose of 94.5 MGy.

Figure 2 Plots of tensile strength and elongation at break of (a) F-PEK(6FBA), (b) F-PEK(BA), (c) F-PEK(HF), (d) F-PEK(DPE),
(e) F-PEK(PP), and (f) Kapton as a function of irradiation dose.

INFLUENCE OF IRRADIATION ON F-PEKS 159



of F-PEK(6FBA) are shown in Figure 1 as a typical
example. The stress–strain curve of the unirradiated
film at 25°C is characterized by necking and cold
drawing, appearing like that of soft and tough plastics.
On the other hand, the curve of the irradiated film
shows an increase of tensile strength at yield and
break, but the necking and cold-drawing process dis-
appeared. Appearance of the yield phenomenon on
that of irradiated film indicates that the irradiated film
still retains a slight elasticity. Young’s modulus in-
creased significantly after irradiation. The most sus-
ceptible parameters to structural change by irradiation
are tensile strength and elongation at break as previ-
ously reported.6,23 Changes in the tensile strength and
elongation at break are plotted as a function of irradi-
ation dose in Figure 2. F-PEKs are very sensitive to
irradiation. The tensile strength at break of

F-PEK(6FBA), F-PEK(BA), and F-PEK(HF) films in-
creases up to a dose of 29.0 MGy and then decreases
slightly with irradiation. An initial increase was not
observed on F-PEK(PP) and F-PEK(DPE) films, and
their tensile strength gradually decreased with dose.
Concerning elongation at break, it is noteworthy that
the elongation decreased drastically from 150–250 to
20% at a dose of 29.0 MGy after which they remained
unchanged during irradiation. The tensile properties
of F-PEKs were significantly degraded by irradiation
and they changed from being elastic films to being
strong and brittle films. Kapton film, which is very
strong and tough, was also irradiated under the same
conditions and the tensile properties were measured
as a reference. Kapton is much more inert than F-PEKs
to irradiation. Whereas the tensile strength at break of
Kapton decreases continuously by irradiation, that of

Figure 3 Plots of tan � and dynamic modulus of (a) F-PEK(6FBA), (b) F-PEK(BA), (c) F-PEK(HF), (d) F-PEK(DPE), (e)
F-PEK(PP), and (f) Kapton as a function of irradiation dose of (E) 0 MGy, (�) 29.0 MGy, (�) 51.0 MGy, and (‚) 94.5 MGy.
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F-PEKs increases with irradiation as described. This
increase is an important characteristic of F-PEKs.

The dynamic viscoelasticity was measured on the
irradiated films at different doses to determine the
change in the relaxation behavior by irradiation. The
spectra of tan � and dynamic modulus are shown in
Figure 3. The spectra of the unirradiated films are
characterized by major two peaks designated as �-
and �-relaxation from low to high temperature. The
�-relaxation appearing over 200°C is attributable to
the molecular motion reflecting the transition from
glassy to elastic state because the dynamic modulus
decreases significantly. This relaxation is dependent
on the structure, which is in good agreement with Tg.
The magnitude of tan � of this �-relaxation is the
largest among the relaxations. The �-relaxation peaks
are observed at 0–100°C. This relaxation temperature

and the magnitude of tan � are not remarkably
changed on the dried film. Therefore, this relaxation is
not influenced by water uptake as reported.9,15–17 This
kind of relaxation has not been reported on the spectra of
PEEK and noncrystalline PEEK, but the relaxation at
�80°C was observed as the relaxation arising from the
aryl ether group, called mechanical secondary relaxation
or low-temperature mechanical relaxation.17,35 This re-
laxation is often observed in rigid aromatic polymers
such as poly(aryl ether), poly(aryk sulfone), and polyary-
late.36 The �-relaxation of F-PEKs appears at 100°C
higher than this relaxation of PEEK but the �-relaxation
of F-PEKs might be attributed to a local motion of the
1,4-phenyl moiety or 4,4�-biphenylether moiety in the
polymer chain. The bulkiness of fluorine atoms substi-
tuted on 1,4-phenylene moiety results in the higher re-
laxation temperature.

Figure 3 (Continued from the previous page)
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Additionally, F-PEK(DPE) and F-PEK(PP) exhibit
�-relaxation peak at lower temperature than the �-re-
laxation and only F-PEK(BA) exhibits an ��-relaxation
peak at 150°C. The �-relaxation shifts to higher tem-
perature and its magnitude of tan � decreases with
dose. The peak becomes sharper at a dose of 29.0 MGy
and then becomes broader with dose. The dynamic
modulus of irradiated F-PEKs is almost constant up to
the temperature of the �-relaxation. The decrement of
the dynamic modulus becomes smaller with dose and
the irradiation maintains a constant modulus to higher
temperature. If the crystallization is induced by irra-
diation, the �-relaxation moves toward higher temper-
ature. WAXS measurement was performed to deter-
mine the induced crystallization. The profiles of unir-
radiated and irradiated F-PEK(6FBA) are shown in
Figure 4. The broad peak is observed in both profiles,
attributed to the amorphous part, and there are no
sharp diffraction peaks of the crystal. The broad peak
shifts slightly toward a smaller angle of 2�. This result
indicates that crystallization is not induced by irradi-
ation in the case of F-PEKs and they are amorphous
after irradiation.

These results suggest that movement of polymer
chains in the glassy state is restricted by the irradiation
because of the structural change of F-PEK to a more
rigid structure. This kind of phenomenon was also
characterized on the irradiated PEEK film and was
never observed on PS and PES.15–17 The lowering of

the glass transition of PS and PES was accounted for
by lowering of the cohesive energy density attributed
to polymer chain scission. The differences of �-relax-
ation behavior by irradiation between PEEK and PS
were attributed to the difference of structural changes
of polymer chains, that is, PEEK forms bulkier struc-
tures because of the complicated crosslinking by phe-

Figure 4 WAXS profiles of (a) unirradiated and (b) irradi-
ated F-PEK(6FBA) film at a dose of 94.5 MGy.

Figure 5 Plots of the insoluble part in DMAc of (a)
F-PEK(6FBA) (F), (b) F-PEK(BA) (f), (c) F-PEK(HF) (‚), (d)
F-PEK(DPE) (�), and (e) F-PEK(PP) (E) films as a function of
irradiation dose.

Figure 6 C1S, O1S, and F1S photoelectron spectral profiles of
(a) unirradiated and (b) irradiated F-PEK(6FBA) film at a
dose of 94.5 MGy.
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nyl and phenoxy radical. In the case of F-PEKs, it can
be interpreted from the analogy of PEEK that the
crosslinked structure should be developed by irradia-
tion. The �-relaxation at lower temperature also shifts
toward higher temperature with dose. This relaxation,
which results from the local motion of the 1,4-phe-
nylene moiety, is also restricted by the crosslinking.

The solubility test of irradiated films was carried out
in DMAc to confirm the results discussed above,
which are shown in Figure 5. The weight percentage
of the insoluble part in DMAc increases with dose in
all films. In particular, F-PEK(6FBA), F-PEK(BA), and
F-PEK(HF) are completely changed to insoluble poly-
mers at a dose of 29.0 MGy. F-PEK(DPE) and F-PE-
K(PP) contain insoluble parts of 50–70 wt % at a dose
of 29.0 MGy and they become almost insoluble at a
dose of 51.0 MGy. The outstanding solubility of F-
PEKs was seriously degraded by the irradiation. These
results reveal the occurrence of crosslinking reaction
by irradiation and strongly support the above discus-
sion concerning mechanical behavior.

Elemental analyses of the F-PEK(6FBA) and F-PE-
K(HF) films were carried out by XPS to determine the
structural change by irradiation. The contents of car-
bon, oxygen, and fluorine elements were estimated as
the corresponding peak area percentage to total peak

area. The content was calculated by the average of the
data measured on the front surface and the reverse
surface of the film toward the irradiation. The photo-
electron spectra of the front surface of F-PEK(6FBA)
film are illustrated in Figure 6. The peaks correspond-
ing to C1S, O1S, and F1S may be observed on both
spectra. The peaks of C1S and O1S of unirradiated film
consist of at least two peaks, which indicates the pres-
ence of at least two different types of bonding.37–39

The largest peak at 284.7 eV in the C1S spectrum
corresponds to COC bonding, whereas the peak at
287.2 eV corresponds to COO, COF, and CAO bond-
ing. The largest peak at 532.0 eV in the O1S spectrum
corresponds to CAO, whereas the shoulder peak at
534.0 eV corresponds to COO bonding. After irradia-
tion of 94.5 MGy, the peak of C1S is changed to a single
peak at 284.7 eV and the peak of C1S at 287.2 eV is
significantly diminished. The peak of O1S is also
changed by irradiation to a single peak at 534.0 eV.

Figure 7 Plots of content of (a) fluorine, (b) carbon, and (c)
oxygen atoms in F-PEK(6FBA) (E) and F-PEK(HF) (F) film
as a function of irradiation dose.

Figure 8 Absorption spectra of (a) unirradiated and irra-
diated F-PEK(6FBA) films at a dose of (b) 29.0 MGy, (c) 51.0
MGy, and (d) 94.5 MGy.

Figure 9 FTIR spectra of (a) unirradiated and (b) irradiated
F-PEK(6FBA) film at a dose of 94.5 MGy.
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These results indicate that COF and CAO bonds
are damaged by irradiation. Surprisingly, the relative
intensity of the O1S peak increases and that of F1S peak
decreases by irradiation. F-PEK(HF) becomes devoid
of fluorine atoms at a dose of 29.0 MGy. The results are
plotted in Figure 7 as a function of dose. The content
of fluorine atom obviously decreases with dose in both
films. F-PEK(6FBA) contains 12.3% of fluorine atoms
after a dose of 29.0 MGy, which corresponds to the
calculated fluorine content of 13.6%, assuming that
fluorine atoms in the 1,1,1,3,3,3-hexafluoroisopropyli-
dene group are retained and those in the 2,3,5,6-tet-
rafluoro-1,4-phenylene group are completely lost. The
bond dissociation energy of COF is 530.5 kJ mol�1,
which is much higher that that of COH of 429.7 kJ
mol�1 and COF bond is more stable against irradia-
tion as reported in numerous studies of radiation
chemistry for aliphatic fluorine-containing poly-
mers.41 Fluorine atoms attached to the 1,4-phenylene
group seem to be very susceptible to irradiation.

The radiation chemistry of F-PEKs has not yet been
elucidated but it can be speculated that the crosslink-
ing primarily occurs between the 2,3,5,6-tetrafluoro-
1,4-phenylene groups with disappearing fluorine at-
oms, resulting in development of the �-electron con-
jugated aromatic structure. The content of oxygen
atoms increases with dose and the increment is larger
than the value calculated assuming the complete lack
of fluorine atoms. This suggests that oxygen partici-
pates in the structural change, which might come from
the atmosphere or uptake in the films despite the fact
that irradiation was carried out under a slow stream of
argon, or carbon atoms are lost as volatile by-prod-
ucts. The former reason is more appropriate because
of the occurrence of the crosslinking. Absorption spec-
tra of the films were measured to confirm the forma-
tion of �-electron conjugated aromatic structure by
irradiation. The absorption spectra of F-PEK(6FBA)
film are illustrated in Figure 8 as typical spectra. Ab-
sorbance was corrected by the thickness of the films. It

Figure 10 Plots of water contact angle of (a) F-PEK(6FBA), (b) F-PEK(BA), (c) F-PEK(HF), (d) F-PEK(DPE), and (e) F-PEK(PP)
films on the front surface (E) and the reverse surface (F) as a function of irradiation dose.
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is very clear that the band edge of �– �* absorption
extends definitely toward the longer wavelength with
dose. This indicates that the �-electron conjugated
aromatic structure is developed by irradiation. The
films are colored from colorless to brown by irradia-
tion, but the irradiated films retained their transpar-
ency after irradiation.

FTIR spectra were measured to obtain information
about the structural change during irradiation. All
peaks were broader after irradiation and the structural
change was more complicated, as shown in Figure 9.
A broad peak newly appears at 2500–3500 cm�1 after
irradiation, which can be assigned to the carboxyl and
hydroxyl groups. Moreover, the peak of the carbonyl
group at 1680 cm�1 becomes split and broader to 1760
cm�1. This suggests that the carbonyl group is con-
verted into other functional groups such as ester and
carboxylic acid. The ester and carboxylic groups can
be generated by oxidation and direct scission as well
as rearrangements such as retro-Fries rearrangement,
Cleisen rearrangement, and pinacolization reaction,
for example, by radical formation as reported in the
photolysis of PEEK.41–44 If these polar functional
groups are generated, the water contact angle on the
film surface is reflected. The water contact angle was
measured on both surfaces of the films. The F-PEK
films are very hydrophobic because of the existence of
fluorine atoms of which the contact angle is more than
90°. The contact angles on both surfaces decrease
gradually with dose and they are about 60° at 94.5
MGy, as shown in Figure 10. The F-PEKs are changed
to hydrophilic character by irradiation. The decrement
up to 29.0 MGy is brought about by the disappearance
of fluorine atoms as well as the formation of polar
groups. However, the continuous decrease after 29.0
MGy, at which the content of fluorine atoms becomes
constant, can apparently be attributed to the formation
of polar groups.

The thermal stability of unirradiated and irradiated
F-PEK(6FBA) was examined. The temperature of 10%
weight loss and char yield at 700°C are tabulated in
Table II. The temperature of 10% weight loss increases
by 90°C and the char yield increases from 18 to 62%.
The irradiation leads to thermally stable structure of
F-PEKs as a result of crosslinking.

CONCLUSIONS

The tensile strength at break of F-PEK(6FBA), F-PE-
K(BA), and F-PEK(HF) increased up to a dose of 29.0
MGy and then decreased slightly with irradiation.
Initial increases were not observed on F-PEK(PP) and
F-PEK(DPE), and they gradually decreased with irra-
diation. Elongation at break decreased drastically to
one tenth at a dose of 29.0 MGy after which they were
unchanged by irradiation. Young’s modulus of F-
PEKs significantly increased by irradiation. F-PEKs
became strong and brittle by irradiation. The �- and
�-relaxation of viscoelastic property shifted toward
higher temperature by irradiation. These tensile and
viscoelastic property changes were attributed to the
formation of a bulkier and more rigid structure by
crosslinking. The fluorine atoms attached to the 1,4-
phenylene moiety in F-PEKs were surprisingly sus-
ceptible to irradiation and were completely lost at a
dose of 29.0 MGy. The �-electron conjugated aromatic
structure was concurrently developed during irradia-
tion. Further, polar functional groups such as carboxyl
group and ester group were generated by chain scis-
sion and rearrangement. F-PEKs retained their good
transparency and the thermal stability was signifi-
cantly improved after irradiation.
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