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Anisotropy of radiation-induced degradation in
mechanical properties of fabric-reinforced
polymer—-matrix composites
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Takasaki Radiation Chemistry Research Establishment,
Japan Atomic Energy Research Institute, Takasaki-shi, Gunma 370-12, Japan

Four kinds of fabric-reinforced polymer-matrix composites (filler: E-glass or carbon fabric;

matrix: epoxy or polyimide resin) were irradiated with ®°Co y-rays or 2 MeV electrons at room
temperature. Three-point bend tests were then carried out at 77 K and at room temperature in
a 45° direction from warp to fill. Comparison of the degradation behaviour among these com-
posites reveals that the glass-epoxy and glass—polyimide composites are quite similar to each
other in the dose dependence of the ultimate interlaminar shear strength at each test tempera-
ture. This result suggests that the radiation damage at the fibre-matrix interface decreases the

contribution of the chemical bond mode to the total bond strength at the interface, thus
decreasing the composite shear strength with increasing dose. For the carbon-epoxy and
carbon-polyimide composites, on the other hand, the shear strength at room temperature
changes little even after irradiation up to 140 MGy, while the shear strength at 77 K decreases
monotonically with increasing dose. These findings suggest that the fibre-matrix bond
strength due to the friction force mode is quite insensitive to radiation, thus resulting in the
dose-independent shear strength at room temperature. At 77 K, however, the friction force
mode fails to function properly because of the brittleness of the matrix resin, and consequently
the composite shear strength decreases with increasing dose owing to a resulting increase in

the matrix brittleness.

1. Introduction

In a previous paper 1], the author reported a work on
the radiation-induced degradation in the mechanical
properties of polymer matrix composites. The work
has shown that the dose dependence of the composite
ultimate strength depends not only on the combi-
nation of fibre and matrix in the composite but also on
the temperature during the mechanical test. It was also
shown that a relationship exists between the compo-
site ultimate strain and the matrix ultimate strain, thus
clarifying the degradation mechanism that the dose
dependence of the composite strength is virtually
determined by a change in the matrix ultimate strain
due to irradiation. Based on this mechanism, the
author constructed a composite failure model which
possibly explains the dose dependence of the ultimate
strength for any type of composite at any test tem-
perature. The model was, in fact, valid at least for four
kinds of polymer matrix composites studied in the
previous work [1}].

In that work the mechanical test was performed
only in the warp direction of plain-woven fabrics. At
present, therefore, it is unknown whether the above-
mentioned degradation mechanism for the warp direc-
tion holds also for directions other than the warp and
fill. The elucidation of this problem will be very useful
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for further the fundamental understanding of the
degradation behaviour of polymer matrix composites
to be used in fusion magnets [2, 3] or in space vehicles
[4, 5].

In the present work, four kinds of fabric-reinforced
polymer—matrix composites were cut into rectangular
specimens having the length axis in a 45° orientation
with respect to the warp and fill. The 45° specimens
were irradiated at room temperature with y-rays from
a “Co source or with 2MeV electrons from an
accelerator. Three-point bend tests were then carried
out at 77 K and at room temperature. Comparison of
the degradation behaviour among these composites
revealed that the glass-epoxy and glass—polyimide
composites are quite similar to each other in the dose
dependence of the ultimate interlaminar shear strength
at each test temperature. Such a similarity was
observed also in a comparison between the carbon-
epoxy and carbon-polyimide composites. The glass
and carbon fibre composites, however, were found to
differ essentially from each other in the degradation
behaviour. The present paper mainly describes the dose
dependence of the composite mechanical properties in
a 45° direction from warp to fill. On the basis of the
dose dependence, a possible mechanism of the com-
posite degradation for the 45° direction is discussed.
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2. Experimental details

The composite materials studied here were the same
type as those used in the previous work [1]. The rein-
forcing filler was a plain-woven E-glass fabric (Kanebo
KS-1210) treated with a silane coupling agent (y-
glycidoxypropyltrimethoxysilane) or a plain-woven
carbon fabric (Torayca No. 6142) treated with an
epoxy sizing agent. The matrix resin was an epoxy of
tetraglycidyl diaminodiphenyl methane (TGDDM)
cured with diamino diphenyl sulphone (DDS) or a
polyimide of polyaminobis-maleimide (Kerimid 601).
By a combination of these fillers and resins, four kinds
of fabric-reinforced polymer-matrix composites were
prepared. The thickness of these laminate plates was
between 1.7 and 2.3 mm, and the volume fraction of
fibres was between 57 and 63%. Further details are
described elsewhere [1].

The laminate plates were cut into rectangular speci-
mens of 6.4 mm width and 70 mm length or specimens
of 12.0 mm width and 70 mm length. The cutting was
made so that the 70 mm axis was in a 45° orientation
with respect to the warp and fill, thus obtaining 45°
specimens. For comparison, rectangular specimens
having the 70 mm axis parallel to the warp direction
were also cut from the same laminate plates, thus
obtaining 0° specimens,

The irradiation procedures with ®Co y-rays and
2MeV electrons arc described eclsewhere [1]. Both
irradiations were carried out in air at room temperature
with the absorbed dose rate of about 0.021 MGy h™'
for y-rays and about 11.5MGyh™' for electrons. In
the present work, the electron irradiation was carried
out only for the glass—epoxy composite, while for the
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other composites the irradiation was made with y-
rays. In this connection, it is worth noting that the
irradiation effects of electrons have been confirmed to
be almost the same as those of y-rays for 0° specimens
of the glass—epoxy composite [1].

The mechanical test apparatus and procedures for
three-point bend tests were essentially the same as
those reported earlier [1]. All specimens were tested at
77K and at room temperature at a crosshead speed of
0.6mmmin ', except that the tests of 45° specimens at
room temperature were made at a crosshead speed of
1.2mmmin~'. These tests were carried out at the span
length of 20 mm unless otherwise noted in the text.
The load was applied in the direction normal to the
laminate planes of a rectangular specimen.

3. Results and discussion
3.1. Comparison between 0 and 45°
specimens
Typical load—deflection curves for the 6.4 mm wide 0
or 45° specimens tested at 77 K and at room tempera-
ture are shown in Figs la to d separately for each
composite before irradiation. For the glass-epoxy
(Fig. la) and glass—polyimide composites (Fig. 1b),
the curves are almost linear up to the failure point for
the 0° specimens, whereas for the 45° specimens the
curves display a strong nonlinearity for both test tem-
peratures. This is also the case for the carbon-epoxy
(Fig. 1c) and carbon-polyimide composites (Fig. 1d).
When a rectangular specimen is loaded at three
points, not only flexural stress (tensile and compress-
ive stresses) but also interlaminar shear stress exists at
the same time in the specimen [6]. According to the
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Figure | Typical load-deflection curves obtained in three-point bend tests for the 6.4 mm wide 0 or 45° specimens of (a) the glass—epoxy,
(b) the glass—polyimide, (c) the carbon—epoxy, and (d) the carbon-polyimide composites before irradiation. The curves are as follows for
pairs of the specimen type and the test temperature: (——) 0°/77K; (--~) 45°/77K; (= --—— ) 0°/ room temperature; (- ---) 45°/room

temperature.
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Figure 2 Schematic representation of three types of failure modes
observed in three-point bend tests for polymer matrix composites.

Bernoulli-Euler theory [6], the maximum flexural
stress, 0,.., and the maximum interlaminar shear
stress, T,.,., exist at the surface of the specimen and at

the neutral axis, respectively, and are given by
G = 3PUIR)2bh ()
Tmax = 3P[4bh (2)

where P is the applied load, [ is the span length, & is
the specimen width, and % is the specimen depth
(thickness). From a simplistic standpoint, the speci-
men can fail in a flexural mode at the surface orin a
shear mode at the neutral axis, depending on which of
Goa and T, becomes critical at the failure [6-8]. In
practice, however, a mixed failure mode can also
occur when the flexural and shear failures take place
simultaneously.

A schematic representation of such failure modes
has been reported by Hanna and Steingiser [7], and is
shown in Fig. 2 in this paper. According to their
experimental finding, the failure mode can be deter-
mined not only from microscopic or visual examina-
tions of the failed specimen but also from a load-
deflection curve of the three-point bend test. When a
flexural failure occurs, the specimen fails abruptly
without an appreciable decrease in the slope of the
load-deflection curve. When a shear failure occurs, on
the other hand, the slope of the curve decreases gradu-
ally with increasing deflection, and approaches a zero
value before the specimen fails completely.

According to this criterion, the 0° specimens tested
at 77K and at room temperature always fail in a
flexural mode for all the composites studied here, as
seen from the load~deflection curves in Fig. 1. The 45°
specimens tested at room temperature, on the other
hand, fail in a shear mode for all the composites except
the glass-polyimide composite. For this exceptional
case, the failure appears to occur in a mixed mode. For
the 45° specimens tested at 77 K, the failure appears to
occur in a mixed mode for all the composites.

The failure mode thus determined from a load-
deflection curve was checked by visual examinations
of the failed specimen. The actually observed failure
mode was not so simple as depicted schematically in
Fig. 2. The characteristics of the respective failure
modes shown in Fig. 2, however, were clearly noticed
in the failed specimens. For example, no fibre break-

age was found for the 45° specimens having a load-
deflection curve characteristic of a shear failure mode.
For the 0° specimens having a curve characteristic of
a flexural failure mode, on the other hand, extensive
fibre breakage was observed across the width of the
failed specimens.

3.2. Comparison between glass and carbon
fibre composites

Typical stress—strain curves for the 6.4 or 12.0mm
wide specimens tested at 77K and at room tempera-
ture are shown in Figs 3a to d separately for each
composite before irradiation. In these figures, the
interlaminar shear stress calculated from Equation 2 is
plotted as a function of the interlaminar shear strain
at the specimen neutral axis. This way of plotting is
based on the fact that the 45° specimens of the com-
posites studied here always fail in a shear or mixed
mode. The interlaminar shear strain, y, was calculated
from [6]

y = 2.35A/l 3)

where A is the midspan deflection.

The stress-strain curves for the glass—epoxy
(Fig. 3a) and glass—polyimide composites (Fig. 3b)
possess a knee or a change in slope during loading for
both specimen widths and for both test temperatures.
Comparison of the 6.4 and 12.0mm wide specimens
at each test temperature reveals that the curves are
practically identical in the region up to the knee point.
The curves appear to be linear in this region, thus
suggesting that the 45° specimens of these glass fibre
composites are elastic up to the knee point. In the
region above the knee point, however, the curves are
separated from each other, and consequently the fail-
ure point depends on the specimen width.

For the carbon-epoxy (Fig. 3¢) and carbon-polyi-
mide composites (Fig. 3d), the stress—strain curves
appear to possess no distinct knee point for both
specimen widths and for both test temperatures. Com-
parison of the 6.4 and 12.0 mm wide specimens at each
test temperature reveals that the curves are separated
from each other from the beginning of loading, thus
confirming the absence of a knee point. This fact
suggests that the 45° specimens of these carbon fibre
composites are inelastic from the very beginning of
loading.

Such a difference in the mechanical behaviour
between the glass and carbon fibre composites may be
due to differences in the mode of load transfer at the
fibre-matrix interface and, consequently, in the inter-
facial bond strength. The fibre-matrix interface is
known to have at least two modes of load transfer,
i.e. the chemical bond mode and the friction force
(mechanical bond) mode [9, 10]. In this connection,
Manocha reported that the fibre-matrix bond
strength is due for the most part to the friction force
mode for carbon fibre-reinforced epoxy composites
[11]. This will also be the case for the carbon fibre
composites studied here, because the carbon fibres are
treated only with an epoxy sizing agent, and hence the
chemical bond mode can not be expected to make a
significant contribution to the total bond strength at

1865



80— I B
_ 80 A -
g - ""'“.f"\a‘
=
40 -
ul
(2]
[
5 —
230
[
2 20 _
& \
\
10 AN
\,
R \‘\
of 1 I e N,
0 0.1 02 03 0.4 05 0.6 0.7 0.8
(a) Shear Strain
T T
= _
[+B
z
- _
w e
1] e —
4‘3 4 \'\»\
%] ~
" ]
@
@ ~ |
o 3,
[
I q
0.4 0.5 06 0.7 0.8

Shear Strain

60 ] T T

Shear Stress (MPa)

0 N o= M o B
0 0.4 0.2 0.3 04 0.5 0.6 0.7 0.8
(b) Shear Strain
30 T T 1
e —
25 |- 7

Shear Stress (MPa)

Shear Strain

Figure 3 Typical shear stress—strain curves obtained in three-point bend tests for the 6.4 or 12.0 mm wide 45° specimens of (a) the glass—epoxy,
(b) the glass—polyimide, (c) the carbon-epoxy, and (d) the carbon-polyimide composites before irradiation. The curves are as follows for
pairs of the specimen width and the test temperature: (——) 6.4 mm/77K; (- - -) 12.0mm/77K; (--——-- ) 6.4 mm/room temperature; (- - -)

12.0 mm/room temperature.

the fibre-matrix interface. For the glass fibre com-
posites, on the other hand, the glass fibres are treated
with a silane coupling agent with the intention of
increasing the contribution of the chemical bond
mode. Then it may be possible that the chemical bond
mode is responsible for a knee in the stress—strain
curve, because the knee is observed only for the glass-
epoxy and glass—polyimide composites (Figs 3a and b).

3.3. Effect of test specimen width

The mechanical properties of the composites before
irradiation are summarized in Tables I and II for the
0 and 45° specimens, respectively. In Table I, the
Young’s (tensile) modulus and the ultimate flexural
strength are shown because the 0° specimens of the
composites studied here always fail in a flexural mode.
The Young’s modulus, E, was calculated from [6]

E =

The initial slope (P/A) measurement for this purpose
was made at the span length of 60 mm. The ultimate
flexural strength was calculated from Equation 1 with
P = P, where P is the applied load at failure. The
failure test for this purpose was carried out at the span
length of 20 mm.

Table I shows that the Young’s modulus is almost
independent of the specimen width for both test tem-
peratures and for all the composites. The ultimate
flexural strength, however, decreases by 1-8% with an
increase in the specimen width from 6.4 to 12.0 mm for
both test temperatures and for all the composites. This
result may be associated with the scatter of the bundle
strength of glass or carbon fibres in a composite. Such
a scatter will cause the probability of the test specimen
failing at a given stress level to increase with an
increase in the specimen width, thus leading to a 1-8%

(A [4bl>

(4)

TABLE [ Mechanical properties of 0° specimens before irradiation

decrease in the composite flexural strength.

Composite Specimen Young’s modulus Ultimate flexural
width (mm) (GPa) strength (MPa)
77K RT 77K RT
Glass—epoxy 6.4 41.1 344 1517 838
12.0 40.9 34.3 1417 812
Glass—polyimide 6.4 29.1 25.1 1069 521
12.0 30.2 25.8 1011 516
Carbon-epoxy 6.4 57.6 58.3 884 910
12.0 56.5 51.5 821 835
Carbon-polyimide 6.4 59.8 60.3 890 855
12.0 59.5 58.8 845 809
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In Table II, the interlaminar shear modulus and the
ultimate interlaminar shear strength are shown
because the 45° specimens of the composites studied
here always fail in a shear or mixed mode. The inter-
laminar shear modulus, G, was calculated from [6]

G = 03(P/A)bh )

The ultimate interlaminar shear strength was calcu-
lated from Equation 2 with P = P.. The initial slope
(P/A) and the applied load at failure (P;) were deter-
mined from the failure test made at the span length of
20 mm. For the carbon—epoxy and carbon-polyimide
composites, the shear modulus was not evaluated
because of the absence of a linear elastic portion in the
stress—strain curve.

Table IT shows that the shear modulus of the
glass~epoxy or glass—polyimide composite is almost
independent of the specimen width for both test
temperatures. The ultimate shear strength, however,
increases by 10-30% with an increase in the specimen
width from 6.4 to 12.0 mm for both test temperatures
and for all the composites, except the glass—polyimide
composite at room temperature.

Comparison of the stress—strain curve between the
6.4 and 12.0 mm wide specimens at each test tempera-
ture for each composite (Figs 3a to d) shows that as
the specimen width increases, the composite failure
mode is shifted from a shear mode to a mixed mode.
This fact indicates that the increase in the specimen
width results in an increase in the fraction of flexural
failure relative to shear failure, thus leading to an
enhancement in the reinforcing effect of fibres.
Accordingly, the 10-30% increase in the composite
shear strength resulting from the specimen width
increase from 6.4 to 12.0 mm (Table II) is most likely
ascribed to the increased fraction of flexural failure
relative to shear failure.

It is interesting to note here that Nardone and Strife
[12] reported a similar specimen width dependence of
the composite strength for the tensile test of angle-ply
graphite-aluminium composites. They also reported
that the composite failure mode shifts from a shear
mode to a mixed mode with an increase in the speci-
men width, Such a shift in the composite failure mode
appears to be associated with a complexity of the
shear stress distribution in the test specimen. For a
specimen loaded at three points, for example, Sattar
and Kellogg [13] reported a theoretical finding that the
interlaminar shear stress is not uniform across the

width of the specimen, and that the degree of the
nonuniformity increases with an increase in the speci-
men width. In addition, they reported that the intra-
laminar (in-plain) shear stress exists in the actual test
specimen, although this stress is neglected in the
Bernoulli-Euler theory [6]. Then it is quite possible
that the nonuniformity of the interlaminar shear stress
and the existence of the intralaminar shear stress are
responsible for the failure mode shift from a shear
mode to a mixed mode. At present, however, further
quantitative explanation can not be offered.

3.4. Effect of test temperature
Comparison of the 77K and room-temperature
Young’s moduli for 0° specimens (Table I) shows that
the modulus is about 18% higher at 77 K than at room
temperature for the glass—epoxy and glass—polyimide
composites, while for the carbon-epoxy and carbon-
polyimide composites the modulus is almost the same
between the two temperatures. Such a comparison of
the interlaminar shear moduli for 45° specimens
(Table II), on the other hand, shows that the modulus
is 50-90% higher at 77 K than at room temperature
for the glass—epoxy and glass—polyimide composites.
These results indicate that the shear modulus of a 45°
specimen is much more temperature dependent than
the Young’s modulus of a 0° specimen.

In general, the Young’s modulus of a composite can
be represented by the rule of mixtures [14]

Ec = EIV; + Em I/m (6)

where F is the Young’s modulus, ¥ is the volume
fraction, and the subscripts ¢, f, and m stand for the
composite, fibre, and matrix, respectively. This equa-
tion shows that the composite Young’s modulus is
dominated primarily by the highest value of the fibre
and matrix Young’s moduli. The interlaminar shear
modulus of a composite, on the other hand, may be
approximated by the inverse rule of mixtures [15]

| /GL = VI/G[\ + Vm /Gm (7)

where G is the shear modulus. This equation shows
that the composite shear modulus is dominated pri-
marily by the lowest value of the fibre and matrix
shear moduli. Then it is quite possible that a change in
the matrix stiffness with temperature is reflected much
more strongly in the composite shear modulus than in
the composite Young’s modulus, if such a change is
small for the fibre stiffness. This will be the case for the

TABLE Il Mechanical properties of 45° specimens before irradiation

Composite Specimen Interlaminar shear Ultimate interlaminar
width (mm) modulus (MPa) shear strength (MPa)
77K RT 77K RT
Glass-epoxy 6.4 298 157 45.5 22.5
12.0 298 170 49.5 27.1
Glass~polyimide 6.4 251 165 433 24.3
12.0 249 162 46.2 23.6
Carbon-epoxy 6.4 ~ - 333 26.8
12.0 - - 39.8 31.2
Carbon-polyimide 6.4 - - 222 19.9
2.0 - - 28.7 25.0
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composites studied here, because the stiffness of the
matrix resins used here increases by a factor of about
2 on cooling from room temperature to 77 K [1], thus
leading to a 50-90% increase in the composite shear
modulus and a mere 18% increase or no appreciable
change in the composite Young’s modulus (Tables I
and II).

Comparison of the 77K and room temperature
ultimate flexural strengths for 0° specimens (Table I)
shows that the strength is about 2 times higher at
77 K than at room temperature for the glass—epoxy
and glass—polyimide composites, whereas for the car-
bon—epoxy and carbon-polyimide composites no
striking difference in the strength is found between the
two temperatures. Such a comparison of the ultimate
interlaminar shear strengths for 45° specimens (Table
IT), on the other hand, shows that the strength is about
2 times higher at 77K than at room temperature for
the glass fibre composites, whereas for the carbon fibre
composites the strength is 12-28% higher at 77 K than
at room temperature. These results indicate that
roughly speaking, the temperature dependence of the
shear strength of a 45° specimen is similar to that of
the flexural strength of a 0° specimen for all the com-
posites studied here.

An approximate two-fold increase in the flexural
strength on cooling to 77K is attributable mainly to
an increase in the bundle strength of E-glass fibres in
the glass—epoxy and glass-polyimide composites [1].
A similar increase in the shear strength on cooling to
77K, on the other hand, appears to be ascribed to
factors other than the bundle strength of E-glass
fibres. This is because regardless of the test tempera-
ture, the 45°specimens fail in a shear or mixed mode,
while the 0° specimens fail in a flexural mode, as seen
from the load-deflection curves in Fig. 1.

It is generally believed that the composite inter-
laminar shear strength is dominated primarily by the
properties of the matrix and the fibre-matrix interface
rather than the fibre [9]. In this connection, it is worth
noting that although the ultimate strengths of the
matrix resins used in the present work do not change
strikingly on cooling from room temperature to 77K,
the Young’s moduli of these resins increase by a factor
of about 2 [1]. This fact suggests that if the bond
strength at the fibre-matrix interface is high enough
to transfer full load from the matrix to the fibre, then
the temperature dependence of the composite shear
strength is virtually determined by the stiffness of the
matrix resin. This suggestion will be true for the glass—
epoxy and glass-polyimide composites rather than for
the carbon-epoxy and carbon—polyimide composites.
This is because the fibre-matrix bond strength can be
expected to be much higher for the glass fibre com-
posites due to the total contribution of the chemical
bond mode and the friction force mode. So far as the
glass fibre composites are concerned, therefore, an
approximate two-fold increase in the shear strength
on cooling to 77 K (Table II) is most likely ascribed to
an increase in the matrix stiffness.

For the carbon fibre composites, merely a 12-28%
increase in the shear strength on cooling to 77K
(Table IT) suggests that the fibre-matrix bond strength
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is relatively poor for lack of the contribution of the
chemical bond mode. Then, the slight increase in the
composite shear strength may be associated with the
generation of internal shear stresses on cooling to 77K
rather than with an increase in the matrix stiffness.
Such stresses will be generated at the fibre-matrix
interface by a difference in the thermal expansion
between the fibre and the matrix [16]. Possibly the
internal shear stresses increase the contribution of the
friction force mode to the total bond strength at the
interface, thus leading to a 12-28% increase in the
composite shear strength on cooling to 77 K.

3.5. Dose dependence of shear modulus

The dose dependence of the interlaminar shear mod-
ulus of a 45° specimen was studied by using 6.4 mm
wide specimens. The modulus is plotted as a function
of absorbed dose in Fig. 4 for the glass—epoxy and
glass—polyimide composites. Each data point indi-
cates the average value of three tests, and the error bar
shows the standard deviation. A missing error bar
means that the deviation is too small to be shown. The
shear moduli of these composites are seen to decrease
gradually with increasing dose in both the 77K and
room temperature tests. In addition, the dose depend-
ence appears to follow the identical pattern for the two
composites at each test temperature.

The degradation of the composite shear modulus
appears to be associated with the radiation damage at
the fibre-matrix interface rather than in the matrix.
This is because a previous work of this series shows
that the stiffness of the fibre and matrix materials used
here remains practically unchanged even after irradi-
ation up to 170 MGy [1]. In addition, the underlying
principle of Equation 7 is that the composite shear
modulus is actually determined by the weakest part in
the composite. If therefore the fibre-matrix interface
is the most radiation sensitive part in the composite,
then the composite shear modulus will degrade even if
the fibre and matrix stiffness remains unchanged.
Thus, the identical dose dependence of the shear
modulus for the glass—epoxy and glass—polyimide
composites (Fig. 4) reflects a similarity of the fibre-
matrix interface between the two composites. The
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surface treatment of the glass fibres is, in fact, the same
for both of these composites.

3.6. Dose dependence of ultimate shear
strength

The dose dependence of the ultimate interlaminar
shear strength of a 45° specimen was studied by using
6.4mm wide specimens. The strength is plotted as a
function of absorbed dose in Figs 5 and 6 for the glass
and carbon fibre composites, respectively. Figure 5
includes also the interlaminar shear stress at a knee
point. The knee shear stress was calculated from
Equation 2 with P = P,, where P, is the applied load
at a knee point. In order to determine the knee point,
the initial slope in the stress—strain curve was first
evaluated from the linear portion of the curve. Then,
the position of a knee was determined from a point at
which the ratio of stress to strain is 95% of the initial
slope. Each data point in Figs 5 and 6 indicates the
average value of three tests, and the error bar means
the standard deviation.

The plots for the ultimate shear strengths of the
glass—epoxy and glass—polyimide composites in
Fig. 5a demonstrate that the strengths of these com-
posites decrease monotonically with increasing dose in
both the 77 K and room temperature tests. Compari-
son of the 77K and room temperature data points
shows that a decrease in the strength by irradiation is
appreciably greater at 77 K than at room temperature.
It is particularly worth noting that the dose depend-
ence at -each test temperature follows the identical
pattern for the glass—epoxy and glass—polyimide com-
posites. These characteristics of the dose dependence
are observed also for the knee shear stress shown in
Fig. Sb, except that the knee shear stress at 77K
decreases more rapidly with increasing dose for the
glass—epoxy composite than for the glass-polyimide
composite: This discrepancy between the two com-
posites is most likely ascribed to a difference in the
radiation resistance of the epoxy and polyimide resins
(see Figs 8 and 10 in {1]).

The plots for the ultimate shear strengths of the
carbon-epoxy and carbon—polyimide composites in
Fig. 6 demonstrate that the strengths of these com-
posites decrease monotonically with increasing dose in
the 77 K test, whereas in the room temperature test the

strengths remain practically unchanged even after
irradiation up to 140 MGy. The plots also show that
the dose dependence at 77K follows a rather similar
pattern for the carbon-epoxy and carbon-polyimide
composites, although the initial strengths of these
composites differ significantly from each other. This
difference in the initial strength may result from a
difference in the volume fraction of fibres for the
carbon-epoxy (57%) and carbon-polyimide com-
posites (62%). An example of the interlaminar shear
strength decreasing with increasing volume fraction of
fibres is, in fact, reported for an S-glass fibre-rein-
forced epoxy composite [9].

3.7. Degradation mechanism of
composite shear strength

In general, the radiation induced degradation of a
polymer matrix composite could be due to radiation
damage produced in the matrix, at the fibre-matrix
interface, and in the fibre. Usually, such damage in the
fibre can be neglected, because the radiation resistance
of inorganic materials like glass and carbon fibres is
much higher than that of organic materials like epoxy
and polyimide resins [17]. Then the degradation mech-
anism of the composite shear strength should be inter-
preted in terms of radiation damage in the matrix, at
the fibre-matrix interface, or both. In this connection,
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Figure 6 Plot of the ultimate interlaminar shear strength against the
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carbon fibre composites. The data points are as follows for pairs of
the 77K and room-temperature tests: (O) carbon-epoxy, 77K;
(O) carbon-epoxy, RT; (®) carbon-polyimide, 77 K; (®) carbon-
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a previous work of this series demonstrated that the
dose dependence of the ultimate flexural strength of a
0° specimen is virtually determined by a change in the
matrix ultimate strain due to irradiation [1]. This
degradation mechanism for the fiexural strength of a
0° specimen, however, will fail for the ultimate inter-
laminar shear strength of a 45° specimen, because the
0° and 45° specimens differ essentially from each other
in the failure mode (see Fig. 1).

The dose dependence of the ultimate flexural
strength is reproduced from a previous paper [l]
in Fig. 7 for the glass-epoxy and glass—-polyimide
composites. The two composites are seen to differ
strikingly from each other in the dose dependence of
the flexural strength at each test temperature, thus
reflecting a difference in the radiation resistance of the
epoxy and polyimide resins. However, the two com-
posites are quite similar to each other in the dose
dependence of the ultimate shear strength at each test
temperature (Fig. 5a). These findings strongly suggest
that the degradation of the composite shear strength is
associated with the radiation damage at the fibre-
matrix interface rather than in the matrix. This idea is
consistent with the scanning electron microscope
observation reported by Takeda e al. [18] for the same
glass—epoxy composite as used in the present work.
According to their observation made after interlami-
nar shear tests, the fracture surface of the irradiated
composite displays separation or debonding between
the fibre and the matrix, thus reflecting the radiation
induced decomposition of surface treating compounds
at the fibre-matrix interface. It is reasonably con-
cluded, therefore, that the dose dependence of the
composite shear strength is virtually determined by a
change in the fibre-matrix bond strength due to
irradiation.

This degradation mechanism will hold also for the
carbon-epoxy and carbon—polyimide composites.
Then the dose independent shear strengths of these
composites at room temperature (Fig. 6) indicate that
the fibre-matrix bond strength is scarcely changed by
irradiation up to 140 MGy. In agreement with this
view, the scanning electron micrographs reported by
Takeda et al. [18] for the carbon-epoxy composite
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show no observable change in the fracture surface
even after irradiation up to 120 MGy. The radiation
insensitiveness of the fibre-matrix bond strength is
perhaps intrinsic of the friction force mode which
makes a major contribution to the total bond strength
in carbon fibre composites [11].

It should be noted that the friction force mode can
function only when the matrix resin is ductile enough
to support the fibres at a given strain level. When the
matrix resin is brittle, the friction force mode may fail
to function properly, and consequently the composite
shear strength may come to depend on the matrix
brittleness rather than on the fibre-matrix bond
strength. In this connection, a previous work of this
series shows that the ultimate strains of the epoxy and
polyimide resins decrease appreciably on cooling from
room temperature to 77 K, and decrease further with
increasing absorbed dose (see Fig. 10 in [1]). So far as
the carbon fibre composites tested at 77K are con-
cerned, therefore, the dose dependence of the ultimate
shear strength (Fig. 6) is most likely attributed to a
change in the matrix brittleness due to irradiation.

4. Conclusions

The present work has shown that the glass-epoxy and
glass—polyimide composites are quite similar to each
other in the dose dependence of the ultimate interlami-
nar shear strength of a 45° specimen in both the 77K
and room temperature tests. Comparison of this dose
dependence with that for the ultimate flexural strength
of a 0° specimen strongly suggests that the dose
dependence of the composite shear strength is virtu-
ally determined by a change in the fibre-matrix inter-
facial bond strength due to irradiation,

For the carbon-epoxy and carbon-polyimide com-
posites, the shear strength tested at room temperature
changes little even after irradiation up to 140 MGy,
while the shear strength tested at 77K decreases
monotonically with increasing absorbed dose. The
dose independent shear strength at room temperature
1s interpreted by assuming that the fibre-matrix bond
strength due to the friction force mode is much less
sensitive to radiation compared with that due to the
chemical bond mode. The dose dependence of the
shear strength at 77 K, on the other hand, is attributed
to a change in the matrix brittleness due to irradiation,
with the recognition that the friction force mode can
function only when the matrix resin is ductile to a
certain extent.
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