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Eﬀects of Electron Beam Irradiation on Elasticity of CFRTP (CF/PEEK)
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Homogeneous low voltage electron beam irradiation (HLEBI) improved the elasticity indicated by both ﬂexural modulus (Ef ) and the
maximum slope value (ðd=d"Þmax ) of the bending stress–strain curve of carbon ﬁber reinforced thermoplastic polyetheretherketone (CFRTP)
composite sheets with 0.50 mm thickness, although the penetration depth estimated was from 0.14 to 0.21 mm on both side surfaces. HLEBI
remarkably enhanced both Ef and ðd=d"Þmax . The Ef at middle cumulative probability (PE ) of 0.50 for CFRTP irradiated at 0.30 MGy (kJg1 )
was 3.3 GPa, which was 27% higher (2.6 GPa) than for CFRTP before irradiation. Moreover, ðd=d"Þmax at middle cumulative probability
(PE ¼ 0:50) was more than 4.9 GPa for CFRTP irradiated at 0.30 MGy. The interfacial friction force, as well as the strengthening of both carbon
ﬁber and polyetheretherketone probably contributed to the HLEBI eﬀects to enhance both Ef and ðd=d"Þmax in the CFRTP.
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Introduction

Carbon ﬁber reinforced polymers (CFRP), which are
typical composite materials, have been applied as light
structural materials with high strength.1,2) Further strengthening has been always expected to develop high-speed mover
machines with tiny energy consumption.
Electron beam irradiation greater than one MeV-class high
voltage easily induces radiation damage,3) whereas electron
beam irradiation with extremely low voltage of less than
10 keV-class simply charges materials. While 0.10 MeV-class
electron beam has been homogeneously irradiated at an
optimum absorption dose, it is referred to as homogeneous
low voltage electron beam irradiation (HLEBI). It often
improves not only the fracture strain of polymer,4,5) but also
the mist resistance of transparent ceramics.6–8) In addition,
the irradiation has improved not only the bending fracture
strain,9) but also the hardening modulus, tensile strength, and
corresponding strain of carbon ﬁber.10) To apply to highspeed mover transports, HLEBI also enhances the bending
fracture stress, its strain and impact value of thermo-hardened
CFRP.5,11)
Carbon ﬁber reinforced thermoplastic polymers (CFRTP)
can be easily produced with high productivity, which is its
industrial attractive point for mass production with various
forming process.12) However, weak adhesive force at interface between ﬁbers and thermoplastic polymer matrix is a
serious problem resulting in low strengthening of CFRTP.
HLEBI often enhances the deformation resistivity (elasticity) of polymer13) and carbon ﬁber.9,10,14) In addition, it is
also possible to enhance the interfacial strength induced by
surface activation by charging, as well as compressive
stresses at the interface by dangling bond formation in the
polymer. Since the interfacial area of carbon ﬁber with
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Fig. 1 Rational formula of polyetheretherketone (PEEK).

6.0 mm diameter is extremely large, it is possible that HLEBI
enhances the friction force, resulting in strengthening the
CFRTP. In order to enhance the interfacial friction force,
HLEBI is probably eﬀective for the interface in CFRTP.
Figure 1 illustrates the rational formula of polyetheretherketone (PEEK), which has high heat and corrosion resistance.15) Thus, it is generally applied to interiors and
upholsteries of the cabin and parts in airplanes and
automobiles.
Radiation damage of PEEK matrix in CFRTP irradiated
by electron beam with high voltage of 1.5 MeV and high
absorbed doses of 10 GGy (104 J m1 ) has been observed.16)
On the contrary, the mechanical properties of CFRTP (CF/
PEEK) have been improved by 0.10 MeV class-HLEBI
without the radiation damage. The high impact value of
CFRTP (CF/PEEK) has been obtained to clarify the eﬀects
of HLEBI.17) Since elasticity is a typical basic mechanical
property, the eﬀect of HLEBI on elasticity has been expected
for the design for practical articles. Therefore, the purpose
of the present work is to investigate eﬀects of HLEBI on
ﬂexural modulus and the maximum slope value (ðd=d"Þmax )
of the bending stress–strain curve of CFRTP constructed of
PEEK and carbon ﬁber.
2.

Experimental Procedure

2.1 CFRTP sample preparation
The CFRTP sample, with a volume of 0.30 cm3 , has been
constructed with the bundle of carbon ﬁber (Diameter ¼
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6:0 mm, T800HB, Toray Industries, Inc.) and thermoplastic
polymer (Polyetheretherketone; APTIV 2000-025, Victrex
plc) matrix. Volume fractions of carbon ﬁber and polymer
matrix were 61 and 39 vol%, respectively. The composites
were manufactured under 30 MPa Ar-H2 gas atmosphere
at 390 C for 1.0 min. Since the bundle direction is the
longitudinal direction, the high unidirectional strength can be
expected.
2.2 Bending test
In order to evaluate the stiﬀness, the ﬂexural modulus of
the CFRTPs with and without HLEBI were measured using
a testing methods for three-point bending test (IMADA
Co., Ltd. DPU-50N/MX-500N/GA-10N) (see JIS K 70741998).18) The CFRTP sample dimensions were: 60 mm
length, 10 mm width and 0.50 mm thickness. Both bending
stress () and bending strain (") were expressed by the
following equations.18)
 ¼ ð3PLÞ=ð2bh2 Þ
ð1Þ
" ¼ ð6hdÞ=L2

ð2Þ

Here, , P, L, b, h, ", and d were bending stress (MPa), load
(N), distance between supporting points (20 mm), sample
width (¼ 10  0:20 mm), sample thickness (¼ 0:50  0:15
mm), bending strain, and amount of deﬂection (mm),
respectively.
The ﬂexural modulus (Ef : GPa) was expressed by the
following equation.18)
3

3

Ef ¼ ð1=4ÞfL =ðbh ÞgðP=dÞ

ð3Þ

Here, Ef was ﬂexural modulus (GPa) and the maximum slope
value (ðd=d"Þmax ) was determined from the slope of stress–
strain curves within elastic deformation of " ¼ 8:0  104 .
The distance between supporting points was 20 mm. The
testing speed was 6.5 mm/min.
2.3 Condition of EB-irradiation
Sheet electron beam irradiation with low energy was
homogeneously performed using an electron-curtain processor (Type CB175/15/180L, Energy Science Inc.,
Woburn, MA).6–11,13,14) The specimen was machined from
the sheet heat-treated for making composites and was
homogeneously irradiated with the electron beam through a
titanium thin ﬁlm window attached to the vacuum chamber,
240 mm in diameter. Since HLEBI treatment was after
forming interface between carbon ﬁber and PEEK matrix,
improvement of adhesive force could be expected. A
tungsten ﬁlament in a vacuum was used to generate the
electron beam at a low energy (acceleration potential, V:
MeV), of 0.17 MeV and irradiating current density (J: Am2 )
of 0.089 Am2 . Although electron beam generation was done
in a vacuum, the irradiated sample was kept under protective
nitrogen at atmospheric pressure. The distance between
sample and window was 35 mm. To prevent oxidation, the
samples were kept in a protective 1.0 atm of nitrogen gas with
a residual concentration of oxygen below 0.030%. The ﬂow
rate of nitrogen gas was 1.5 Ls1 at 0.10 MPa of nitrogen gas
pressure. Each absorbed dose (0.043 MGy (kJg1 )) was
applied for only a short time (0.23 s) to avoid excessive
heating of the sample; the temperature of the sample surface
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remained below 323 K just after irradiation. The sample in
the aluminum plate holder (0:15 m  0:15 m) was transported
on a conveyor at a speed of 10 mmin1 . The sheet electron
beam irradiation was applied intermittently. Repeated irradiations to both side surfaces of samples were used to
increase the total dose of irradiation. The interval between the
end of one period of irradiation and the start of the next
operation was 30 s. When the irradiation current (I: mA),
the conveyor speed (S: m min1 ) and number of irradiations
(N) were determined, the irradiated dose (D: MGy) was
expressed by the following equation.19)
D ¼ 0:216ðI=SÞN

ð4Þ

The absorbed dose was controlled by the integrated
irradiation time in each of the samples. Here, absorbed dose
was corrected by using FWT nylon dosimeter of RCD
radiometer ﬁlm (FWT-60-00: Far West Technology, Inc.
330-D South Kellogg Goleta, California 93117, USA) with
irradiation reader (FWT-92D: Far West Technology, Inc.
330-D South Kellogg Goleta, California 93117, USA). The
dose was 0.043 MGy at each irradiation.
Penetration depth of the electron beam is one of the
important factors for dominating productivity and CFRTP
thickness choice to apply for practical use. Based on the
density (: kgm3 ) and irradiation voltage (V: MeV), the
EB-irradiation depth (Dp : m) is expressed by the following
equation.19)
Dp ¼ 66:7V 5=3 =

ð5Þ

The surface electrical potential (0.13 MeV) is estimated
from the electrical potential (0.17 MeV), the 10 mm thickness
of the titanium ( ¼ 4:5 Mgm3 ) window and the 30 mm
distance between the sample and the window in the nitrogen
gas atmosphere ( ¼ 1:1 kgm3 ). Since the measured density
of the CFRTP sample is 1.6 Mgm3 , the EB-irradiation depth
estimated from eq. (5) is 1:4  104 m (0.14 mm), when the
densities () are 1.8 Mgm3 for carbon ﬁber and 1.3 Mgm3
for PEEK, respectively. The volume fraction of carbon ﬁber
in PEEK CFRTP was 61 vol%. By using the relation and
density, eﬀective depth of EB-irradiation for carbon ﬁber,
PEEK and CFRTP are 0.12, 0.18 and 0.14 mm. Since the
eﬀective depth of the sheet electron beam irradiation is
0.28 mm in the CFRTP, the irradiated depth from each
sample surface is 56% of the CFRTP sample thickness of
0.50 mm.
On the other hand, the HLEBI depth (Dp : m), related to the
mass thickness (l0 : gm2 ) and irradiation voltage (E: MeV),
is also expressed by the following equation suggested by
Libby.20)
l0 ¼ E5=3 =150

ð6Þ

The estimated mass thickness is 0.35 kgm2 , when initial
irradiation voltage is 0.17 MeV. Since the mass thickness
values of Ti foil (l0 ¼ 18 gm2 ) and N2 gas (l0 ¼ 1:5 gm2 )
reduce the EB-irradiation depth, the mass thickness of
CFRTP sample is 0.33 gm2 . In addition, the irradiation
voltage on the sample surface is expressed by the following
equation.
E ¼ ð150l0 Þ3=5

ð7Þ
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2.4 Evaluation of dangling bonds
To obtain more precise information on atomic-scale
structural changes in the glass, the density of the dangling
bonds was measured by means of an electron spin resonance
spectrometer (ESR, JES-FA200, JEOL Ltd. Tokyo).10,21) The
microwave frequency range used in the ESR analysis was the
X-band at 9:5  0:050 GHz with a ﬁeld modulation of
0.10 MHz. The microwave power was 1.0 mW. The magnetic
ﬁeld was varied from 0.32 to 0.33 T. The spin density was
calculated by using the Mn2þ standard sample. Only ESR
spectra are given, not spin densities. Based on the standard
calibration material [4-hydroxy-2,2,6,6-tetra-methylpiperidine-1-oxyl (TEMPOL, 089-04191, Wako Pure Chemical
Industries Ltd., Tokyo)] and Mn2þ in the MnO, the density
of dangling bonds is estimated by double integration of the
intensity of the ESR signal.21)
3.

Results

3.1 Eﬀects of HLEBI on stress–strain curve
Figure 2 shows bending stress–bending strain curves of
CFRTP (CF/PEEK) with and without HLEBI. Although the
irradiated depth estimated is from 0.14 to 0.21 mm on both
side surfaces, eﬀects of HLEBI on bending stress–bending
strain curves of CFRTP have been obtained. HLEBI with the
small dose of 0.30 MGy to the CFRTP apparently raises the
slope (d=d") of the bending stress–bending strain curves.
On the other hand, the additional EB irradiation of 0.86
MGy dose reduces the slope.
3.2 Eﬀects of HLEBI on ﬂexural modulus of CFRTP
An inﬂuence of EB irradiation on d=d" has been
evaluated. Figure 3 shows changes in slope of stress–strain
curve, which is deformation resistivity (d=d"), against
bending strain (") at each dose. 0.30 MGy-HLEBI remarkably enhances the d=d" of CFRTP at each bending strain.
On the other hand, additional HLEBI with large dose of
0.86 MGy is apparently reduces the d=d" of CFRTP at each
bending strain. This phenomenon is similar to the general
radiation damage with high voltage and large dose.22)
4.

Discussion

4.1 Eﬀects of HLEBI on (d=d")
Evaluating the cumulative probability of ﬂexural modulus
(PE ) is a convenient method of quantitatively analyzing experimental values. PE is expressed by the following equation,
which is a generalized form of the median rank method.23)

40
PE =0.50

30

Bending Stress, σ / MPa

Namely, the EB-irradiation depth of CFRTP is obtained by
assumptions of Christenhusz and Reimer (see eq. (6)),19) and
Libby.20) Estimated penetration depth of EB-irradiation for
carbon ﬁber, PEEK and CFRTP are 0.12, 0.18 and 0.14 mm
by using the assumption of Christenhusz and Reimer (see
eq. (6)),19) and are 0.18, 0.26 and 0.21 mm by using the
assumption of and Libby,20) respectively.
Although the irradiated depth estimated is from 0.14 to
0.21 mm on both side surfaces of composite sheet with
0.50 mm thickness, it is expected that the HLEBI improves
the ﬂexural modulus of CFRTP.
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Fig. 2 Bending stress–bending strain curves at PE of 0.50 for CFRTP
irradiated at absorbed doses of 0.30 and 0.86 MGy, respectively.
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Fig. 3 Relationships between slope (d=d") (GPa) of bending stress–strain
curve and bending strain (") of CFRTP irradiated at each absorbed dose of
HLEBI.

PE ¼ ði  0:3Þ=ðNs þ 0:4Þ

ð8Þ

Here Ns and i are the total number of samples (Ns ¼ 11),
and the rank order integer of ﬂexural modulus (Ef ) of each
sample, respectively, where i is from low to high rank. When
the i values are 2, 6, and 10, their corresponding PE values are
0.15, 0.50 and 0.85, respectively.
Figure 4 shows changes in Ef of CFRTP against PE value
at each dose of HLEBI. Here, remarkable eﬀects of HLEBI
on Ef of CFRTP have been obtained at PE values from 0.15 to
0.59, although Ef enhancement cannot be found at the high
PE values higher than 0.68.
Note the direct irradiation of more than 0.30 MGy
remarkably enhances the Ef value of the CFRTP at PE
values from 0.15 to 0.59.
When PE is between 0.061 and 0.94 (see Fig. 4), the
diﬀerence (3.0 GPa) between 1.6 and 4.6 GPa before HLEBI
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Fig. 4 Relationships between ﬂexural modulus (Ef ) (GPa) of CFRTP
irradiated at each absorbed dose of HLEBI and cumulative probability
(PE ).
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Fig. 6 Relationships between the maximum slope value (ðd=d"Þmax )
(GPa) of bending stress–strain curve of CFRTP irradiated at each absorbed
dose of HLEBI and cumulative probability of ðd=d"Þmax (Pm ).

mid and low PE values of 0.50 and 0.15, respectively. They
are about 27.5% higher than those before irradiation.
Although drops of Ef values are found at each PE from
0.15 to 0.85, the data distribution becomes small for CFRTP
irradiated at 0.22 MGy. Furthermore, the highest Ef value of
more than 2.0 GPa is found at low PE of 0.15.
When PE is between 0.15 and 0.85 (see Fig. 5), the
diﬀerence (2.7 GPa) between 1.7 and 4.4 GPa before HLEBI
is about two times higher than that (1.1 GPa) between 2.0 and
3.1 GPa after 0.22 MGy-HLEBI. Consequently, 0.22 MGyHLEBI reduces the experimental data diﬀerence from
2.7 GPa before HLEBI to 1.1 GPa after 0.22 MGy-HLEBI,
resulting in enhancement of reproducibly of PEEK-CFRTP
by HLEBI.
As shown in Figs. 4 and 5, 0.22 MGy-HLEBI enhances the
Ef at low PE of 0.15 as well as enhancement of reproducibly
of PEEK-CFRTP.
Fig. 5 Changes in ﬂexural modulus (Ef ) at PE ¼ 0:15, 0.50 and 0.85 of
CFRTP plotted against absorbed dose of HLEBI.

is about 10% higher than that (2.7 GPa) between 1.3 and
4.0 GPa after 0.13 MGy-HLEBI. Consequently, 0.13 MGyHLEBI reduces the experimental data diﬀerence from
3.0 GPa before HLEBI to 2.7 GPa after 0.13 MGy-HLEBI,
resulting in enhancement of reproducibly of PEEK-CFRTP
by HLEBI.
Figure 5 shows changes in Ef value of CFRTP against
dose of HLEBI at each PE value. Additional EB irradiation
of 0.86 MGy apparently reduces the d=d" values at high
and mid PE of 0.85 and 0.50, as the common radiation
damage.16,22)
On the other hand, compared with the sample before
irradiation, the irradiation from 0.22 to 0.30 MGy apparently
enhances the Ef value of the CFRTP at low PE value of 0.15.
The irradiation at 0.30 MGy also enhances the Ef value of the
CFRTP at mid PE value of 0.50. 0.30 MGy-HLEBI enhances
the Ef value from 2.6 to 3.3 GPa and from 1.7 to 1.9 GPa at

4.2 Eﬀects of HLEBI on ðd=d"Þmax
The maximum slope value (ðd=d"Þmax ) of the bending
stress–strain curve of each CFRTP sample is the maximum
d=d" value in Fig. 3. Although all ðd=d"Þmax values are not
found in the initial slope at initial strain of zero in Fig. 3, they
are obtained at the elastic deformed strain (") from 0:25 to
0:75, respectively. Figure 6 shows changes in ðd=d"Þmax
of CFRTP at each dose of HLEBI against cumulative
probability of ðd=d"Þmax (Pm ). Remarkable eﬀects of
HLEBI on ðd=d"Þmax value of CFRTP have been obtained
at Pm value from 0.06 to 0.68. Although the ðd=d"Þmax
enhancement cannot be found at high Pm of more than 0.76,
the irradiation mostly enhances the ðd=d"Þmax values at low
Pm values of less than 0.50.
When Pm is between 0.061 and 0.94 (see Fig. 6), the
diﬀerence (5.5 GPa) between 1.7 and 7.2 GPa before HLEBI
is about 38% higher than that (4.0 GPa) between 2.7 and
6.7 GPa after 0.13 MGy-HLEBI. Consequently, 0.13 MGyHLEBI reduces the experimental data diﬀerence from
5.5 GPa before HLEBI to 4.0 GPa after 0.13 MGy-HLEBI,
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Fig. 7 Changes in the maximum slope value (ðd=d"Þmax ) (GPa) of
bending stress–strain curve at Pm ¼ 0:15, 0.50 and 0.85 of CFRTP plotted
against the absorbed dose of HLEBI.

resulting in enhancement of reproducibly of ðd=d"Þmax of
PEEK-CFRTP by the HLEBI.
Figure 7 shows changes in ðd=d"Þmax value of CFRTP
against dose of HLEBI at each Pm value. Although additional
EB irradiation of more than 0.43 MGy gradually reduces the
ðd=d"Þmax values at each Pm , as the common radiation
damage, ðd=d"Þmax values of the CFRTP irradiated at each
dose from 0.13 to 0.86 MGy is apparently higher than that
before treatment at both low and mid Pm values of 0.15 and
0.50.
Furthermore, 0.30 MGy-HLEBI enhances the ðd=d"Þmax
value from 4.0 to 4.9 GPa. The ðd=d"Þmax value of CFRTP
irradiated at 0.30 MGy is about 23% higher than that without
irradiation at mid Pm value of 0.50.
0.30 MGy-HLEBI enhances the ðd=d"Þmax value from 2.3
to 3.6 GPa at low Pm value of 0.15. The ðd=d"Þmax value of
CFRTP irradiated at 0.30 MGy is about 56% higher than that
without irradiation at mid Pm value of 0.15.
Although the drop of ðd=d"Þmax value is remarkably found
at Pm of 0.85, the data distribution becomes small for CFRTP
irradiated at 0.22 MGy. Although both 0.65 MGy-irradiation
and high Pm values of 0.85 cannot improve the ðd=d"Þmax ,
0.30 MGy-irradiation enhances the ðd=d"Þmax values.
When Pm is between 0.15 and 0.85 (see Fig. 7), the
diﬀerence (4.7 GPa) between 2.3 and 7.0 GPa before HLEBI
is about three times higher than that (1.6 GPa) between 4.7
and 3.1 GPa after 0.22 MGy-HLEBI. Consequently, 0.22
MGy-HLEBI reduces the experimental data diﬀerence from
4.7 GPa before HLEBI to 1.6 GPa after 0.22 MGy-HLEBI,
resulting in enhancement of reproducibly of ðd=d"Þmax of
PEEK-CFRTP by HLEBI.
As shown in Figs. 6 and 7, 0.22 MGy-HLEBI enhances the
ðd=d"Þmax value at low Pm of 0.15 as well as its enhancement of reproducibly of ðd=d"Þmax of PEEK-CFRTP.
4.3

Eﬀects of dangling bonds induced by HLEBI on
ðd=d"Þmax improvement of CFRTP constructed
with carbon ﬁber, PEEK and their interface
Improvement of the ðd=d"Þmax of CFRTP by HLEBI

probably depends on strengthening carbon ﬁber, ductility
enhancement of polymer matrix, and enhancement of
interfacial friction.
From the conventional X-ray diﬀraction patterns of the
carbon ﬁber before and after the EB irradiation, remarkable
diﬀerences cannot be observed. On the other hand, EB
irradiation in fact produces detectable dangling bonds.9,10,14)
To discuss the inﬂuences of electron beam irradiation on the
ðd=d"Þmax , ESR signals related to dangling bonds have been
observed.
Dangling bonds spontaneously exist in carbon ﬁber before
irradiation. The densities of dangling bonds of the carbon
ﬁbers before and after 0.30 MGy-irradiation are 1:2  1017
and 4:7  1016 spins mm3 , respectively. Although additional irradiation generally enhances the density and induces
the radiation damage, 0.30 MGy-HLEBI decreases the
density of dangling bonds. Annihilation of dangling bonds
of carbon ﬁber has often enhanced the tensile fracture stress
and fracture strain of bending tests.9,10,14)
HLEBI annihilates dangling bonds in the hexagonal
atomic structure of graphite,9,10) it often enhances the
elasticity, resulting in strengthening of the carbon ﬁber.8,9)
In addition, HLEBI often enhances the strengthening of the
polymer matrix, although additional irradiation generally
induces the radiation damage.5)
The ESR signals of PEEK with and without EB irradiation
are observed for the irradiated and untreated PEEK corresponding to dangling bonds.17) The densities of dangling
bonds of PEEK samples before and after 0.30 MGy irradiation are 1:5  1012 and 5:0  1012 spins mm3 , respectively. The electron beam irradiation at 0.30 MGy increases
the intensity of ESR signal, which exhibits to generate the
dangling bonds in PEEK.
When HLEBI cuts the weak chemical bonds of PEEK,
the repulsive force between terminated atoms with dangling
bonds occurs, resulting in generating volume expansion at
dangling bonds. The expansion induced by HLEBI generates
the compressive stress to enhance the elasticity indicated by
both Ef and ðd=d"Þmax values in the PEEK matrix.
While the compressive stress induced by HLEBI also
enhances the frictional force at the carbon ﬁber/PEEK
interface, it prevents carbon ﬁber pull-out. Based on both
eﬀects of compressive stress, HLEBI enhances both Ef and
ðd=d"Þmax values of CFRTP. The interfacial friction force,
as well as the strengthening of both carbon ﬁber and
polyetheretherketone probably contributes the HLEBI eﬀects
to enhance both Ef and ðd=d"Þmax values of CFRTP.
On the other hand, additional EB irradiation of more than
0.86 MGy apparently decreases the ðd=d"Þmax at all PE
values, as shown in Figs. 5 and 7. Since the additional
irradiation easily breaks the chemical bonds of PEEK
polymer and carbon ﬁber, it probably generates many
relaxation sites, resulting in softening. The decay of
ðd=d"Þmax of CFRTP irradiated at 0.86 MGy can be
explained by the excess formation of dangling bonds.
4.4 Penetration depth of HLEBI into PEEK
In order to conﬁrm the penetration depth (Dp ), 0.28 mmthickness PEEK sheet laminated by eleven PEEK ﬁlms with
25 mm thickness has been irradiated. Dangling bond density

Density of Dangling-bonds,
ρ DB / × 1012 spin mm -3
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Fig. 8 Changes in dangling bonds density of PEEK irradiated by 0.30 MGy
against penetration depth (Dp ) of HLEBI, together with that before
irradiation (broken line).

has been evaluated by electron spin resonance (ESR) spectra.
Figure 8 shows changes in dangling bond density of PEEK
irradiated by 0.30 MGy against Dp , together with that before
irradiation (broken line). Although the dangling bond density
of PEEK before irradiation is 1:5  1012 spins mm3 , the
high density of dangling bonds of from 2:0  1012 to 5:0 
1012 spins mm3 is observed from the surface to 0.25 mmDp of PEEK irradiated at the 0.30 MGy HLEBI dose.
Consequently, the experimental drastic reduction zone of
PEEK is 0.03 mm from 0.25 to 0.28 mm-Dp .
The estimated penetration depth of irradiated PEEK by
using the assumptions of Libby20) (0.26 mm-Dp ) is mostly
agrees with the experimental value of 0.25 mm-Dp . Based
on the Libby20) assumption, the estimated penetration depth
of EB-irradiation for CFRTP is probably 0.21 mm. When
the experimental drastic reduction middle zone of PEEK
(0.03 mm) assumes to be approximately equal to that of
CFRTP, its sample with 0.50 mm thickness is probably
constructed with the irradiation zone outside near surface,
middle zone and irradiation free zone inside. Their thickness
values are 0.42, 0.06 and 0.02 mm.
Since the irradiation free zone retains the inside part with
small bending stress near neutral point of bending deformation, its inﬂuence on d=d" of CFRTP is negligible small.
Therefore, we conclude that the HLEBI apparently improves
ﬂexural modulus of CFRTP.
5.

Conclusion

(2) The ﬂexural modulus (Ef ) at its middle cumulative
probability (PE ) of 0.50 for CFRTP irradiated at 0.30 MGy
(kJg1 ) is 3.3 GPa, which is 27% higher than that (2.6 GPa)
for CFRTP before irradiation. Thus, the HLEBI enhances the
stiﬀness.
(3) HLEBI enhances the maximum slope value (ðd=
d"Þmax ) of bending stress–strain curve. The ðd=d"Þmax ) at its
middle cumulative probability (Pm ¼ 0:50) was more than
4.9 GPa for CFRTP irradiated at 0.30 MGy.
(4) The interfacial friction force, as well as the strengthening of both carbon ﬁber and polyetheretherketone (PEEK),
probably contributes to the HLEBI eﬀects to enhance both
Ef and ðd=d"Þmax in the CFRTP.
(5) 0.22 MGy-HLEBI enhances both Ef and ðd=d"Þmax
values at low PE of 0.15 as well as enhancing the
experimental reproducibly of PEEK-CFRTP results.
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