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Effect of Proton Irradiation on Mechanical Properties
of Carbon/Epoxy Composites
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Irradiation using 120-keV protons was performed on the AG-80 epoxy resin and the unidirectional M40J/AG-80
composite. Changes in the bend strength, bend modulus, interlayer shear strength, and mass loss ratio were
examined. Experimental results show that by using proton fluences lower than approximated, the cross-linking
density increases with the fluence in the surface layer of the AG-80 epoxy matrix and increases the bend strength and
modulus for the composite. Increasing the fluence above 6.3 × 1015 cm−2, the cross-linking density, bend strength,
and bend modulus are decreased. The mass loss ratios for both the AG-80 epoxy resin and the M40J/AG-80
composites increase with increasing proton fluence, and then level off.

Nomenclature
E ′ = storage modulus
Tg = glass temperatures
tan δ = loss tangent

I. Introduction

C ARBON/EPOXY composites are extensively used in struc-
tural components of spacecraft, such as in the truss structure,

antennas, and solar-cell panels.1 When spacecraft fly in orbit, com-
ponents are exposed to a multitude of environments that are not
present on the Earth, including high vacuum, plasmas, high-energy
charged particles (protons and electrons), atomic oxygen, ultravio-
let radiation, meteoroids and orbital debris, and thermocycling.2−5

The interaction of these environments with spacecraft systems will
cause degradation of materials. The damaging effects pose a difficult
challenge for spacecraft designs. The aim of this study is focused
on examining the radiation effect of protons with energy less than
200 keV on mechanical properties of carbon/epoxy composites.

Protons in the space environment have an extremely wide en-
ergy spectrum from 0 to more than 400 MeV. Fluxes of protons
less than <200 keV protons are large.6 Such protons can cause
degradation of materials caused by a cumulative dose effect. Unfor-
tunately, the need to perform applied research to understand their
effect on mechanical properties of carbon/epoxy materials is often
underestimated. To date, most previous work7−10 was focused on the
radiation effects in the energy ranges more than 1 MeV. Snead et al.7

showed that the strengths of several thermoset epoxy resins and their
composites were increased after proton irradiation. This increased
strength was related to the curing agents, the amount of toughen-
ing agent, and the curing temperature of the resins. Zhang et al.8

found that after 1.25-MeV proton irradiation, the bend strength and
the compression strength of carbon/epoxy composites increased,
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while the tensile strength and the interlayer shear strength decreased.
Romanov et al.9 revealed that after the proton irradiation the surface
color of epoxy resins became darker and changes in chemical and
material properties depended on the irradiation dose. When the dose
was less than 1.5–2.0 MGy, the curing process was dominant, being
beneficial to formation of a three-dimentional net structure. The pro-
ton irradiation for the doses larger than 1.5–2.0 MGy destroyed the
molecular chains of the epoxy resins severely, and the degradation
dominated, leading to decreasing the tensile strength. The effect of
>1-MeV proton irradiation on polymer films was characterized by
DMA analysis.10

The need to design lighter and more complex spacecraft structures
pushes the use of advanced carbon/epoxy composites. The AG-80
resin is a new type of thermosetting matrix for advanced polymeric
composites, which can be stored for a long time at room tempera-
ture, and its glass temperature Tg is quite high (536 K) (Ref. 11).
Also, the AG-80/DDS epoxy resin exhibits a unique resistance to
moisture and heat.12 It is necessary to examine its compatibility
with space environments such as the proton radiation in order for
its composites to be successfully used in spacecraft. In this paper,
the changes in mechanical properties and mass loss of M40J/AG-80
composites were investigated after exposure to 120 keV protons and
using dynamic mechanical thermal analysis (DMA). This study was
funded by a program that aims to develop new composites with good
resistance to space environments for spacecraft structures, and a lot
of additional work needs to be done. More matrix resin and fiber
types will be chosen, and effects of other space environment factors
would be investigated, such as the electron radiation, the combined
radiation of protons and electrons, and the vacuum thermocycling.

II. Experiment
A commercial grade of AG-80 resin, that is, tetraglycidyl diamin-

odiphenyl methane, was used as the matrix material, supplied by
the Shanghai Institute of Synthetic Resins in China. The chemical
structure is shown in Fig. 1. Its epoxy value is approximately 0.80,
and the curing agent is diaminodiphenyl sulfone. The M40J carbon
fibers were chosen as the reinforcement for the composites, which
were supplied by TORAY Company in Japan. The prepreg tape for
the M40J/AG-80 composite specimens was laid on a mold board
and placed in an autoclave for curing. The curing cycles were as
follows: heating to 130◦C from room temperature with the heating
rate 1.5–2.0◦C/min, and holding for 40–60 min at 130◦C under the
pressure of 0.6–0.7 MPa; then heating to 180◦C with the rate 1.5–
2.0◦C/min and holding for 120 min; and finally, cooling to room
temperature in the autoclave. The volume fraction of M40J fibers in
the manufactured composites was approximately 60%.

505



506 YU ET AL.

Fig. 1 Chemical structure of AG-80 resin.

Fig. 2 Bend strength vs fluence for M40J/AG-80 composite irradiated
with 120-keV protons.

The proton irradiation test was performed in a simulator with an
energy range of 30–200 keV. Specimens were placed in the cham-
ber with vacuum 1.2 × 10−5 Pa. The proton beam was perpendic-
ular to the specimen surface. The energy of protons was chosen as
120 keV and the flux 6.25 × 1012 cm−2 · s−1. The fluence was var-
ied in the range of 2.1 × 1015–3.15 × 1016 cm−2. A liquid-nitrogen
screen is inside the test chamber, keeping the environment temper-
ature at 186 ± 3 K. According to TRIM program,13 the penetra-
tion depth of 120-keV protons into the AG-80 epoxy resin is less
than 2 μm.

The mass loss of precision after the irradiations was mea-
sured using a high-precision microbalance with a sensitivity of
10−5 g. The bend strength and interlayer shear strength were mea-
sured using a MTS-810 type tester. The sizes of specimens were
55 × 12.5 × 1.0 mm for the bending and 30 × 6.0 × 4.0 mm for the
interlayer shearing. Each group of specimens consisted of five sam-
ples. The tests were performed by means of a standard three-point
bending, and tensile stress was applied on the specimen surface
layer irradiated by protons. The fractures of the specimens were
observed by a HITACHI S-570 type scanning electron microscope.
The DMA analysis was conducted using a Rheometric Scientific
DMA V-type device, in which the deformation mode was a single-
suspension type, the loading frequency 1 Hz, the temperature range
from −110 to +300◦C, and the heating rate 5◦C/min. The DMA
sample size was 22 × 6.0 × 0.8 mm.

III. Results and Discussion
A. Bend Strength

Figure 2 shows the bend strength as a function of proton fluence
for the M40J/AG-80 composite with increasing proton irradiation
fluence. The bend strength increases then decreases after exposure
to fluences higher than 6.3 × 1015 cm−2. The trend change in bend
modulus is similar to the trend in bend strength, as shown in Fig. 3.

Figure 4 shows the change in fracture surface morphology of the
bending specimens after the proton irradiation for various fluences.
In the figure, arrow A stands for the irradiated surface, arrow B for
the epoxy resin matrix nearby the surface, arrow C for the carbon
fibers, and arrow D for the epoxy matrix away from the surface.
Before the irradiation, many small wrinkles appear on the epoxy
matrix nearby the irradiated surface, which are almost parallel in
distribution, as shown in Fig. 4a. This indicates that the pristine
epoxy matrix has a given ductility. The fracture of the epoxy matrix
in the vicinity of the irradiated surface exhibits an obvious curling
feature after the irradiation for the fluence 6.3 × 1015 cm−2, as shown
by arrow B in Fig. 4b, demonstrating a fracture mode with better
ductility. The fracture of the epoxy matrix away from the irradiated
surface, as shown by arrow D, is similar to that for the pristine
specimens. When the fluence increases to 3.15 × 1016 cm−2, the

Fig. 3 Bend modulus vs fluence for M40J/AG-80 composite irradiated
with 120-keV protons.

Fig. 4 SEM micrographs showing fractures of bend specimens irradi-
ated with various fluences for M40J/AG-80 composite: a) before irradi-
ation, b) 6.3 ×× 1015 cm−2, and c) 3.15 ×× 1016 cm−2.
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Fig. 5 Interlayer shear strength vs fluence for M40J/AG-80 composite
irradiated with 120-keV protons.

Fig. 6 Mass loss ratio vs fluence for AG-80 epoxy resin and M40J/AG-
80 composite irradiated with 120-keV protons.

fracture of the epoxy matrix in the surface layer is rather smooth
and has a typical brittle fracture feature (Fig. 4c).

B. Interlayer Shear Strength
Figure 5 shows the interlayer shear strength vs proton fluence. In-

creasing the fluence slightly increases the interlayer shear strength.
This shear strength then decreases gradually after exposure to a flu-
ence level of 6.3 × 1015 cm−2. The change of the interlayer shear
strength is similar in trend to the bend strength, but smaller in mag-
nitude. The interlayer shear strength depends on both the shear
strengths for the epoxy matrix and the interfaces of fibers with
the matrix. Because only a shallow surface layer of epoxy ma-
trix (approximately 2 μm in thickness) can be influenced by the
120-keV protons, the effect of proton irradiation on the interlayer
shear strength is much smaller.

C. Mass Loss
Figure 6 show the mass loss ratio vs proton fluence for the AG-80

epoxy resin and M40J/AG-80 composite, respectively. With increas-
ing fluence, the mass loss ratios are increased followed by tending
to level off for both the AG-80 resin and the M40J/AG-80 com-
posite. The maximum mass loss ratio of the AG-80 resin is almost
four times as large as that for the M40J/AG-80 composite. The au-
thor believes that the mass loss originates from two events. One is
volatilization of the absorbed water and the minor amount of resid-
ual organic species after curing in the materials under high vacuum.
The other is the outgassing of the volatile molecules in the AG-80
epoxy matrix, produced by the proton irradiation.

D. DMA Analysis
DMA analysis is a useful means to reveal the microscopic relax-

ation movement of polymer molecules. All of the micromovements
of the lateral groups, the end groups, and the impurities could be
revealed in dynamic relaxation spectrum at low temperatures. It
is well known that the α peaks in the loss tangent (tan δ) vs tem-
perature curves are closely related to glass transition.10 Figure 7
shows the effect of proton fluence on the tan δ in the primary
α-transition region for the pristine AG-80 epoxy resin. Table 1 gives
the glass temperatures Tg and the tan δ values at the α-transition
peaks exposed to various proton fluences. In general, an increase

Table 1 Values of Tg and tan δ at α transition peaks for AG-80
samples irradiated with 120-keV protons for various fluences

Loss tangent
Fluences Tg,◦C tan δ at α transition peaks

Unirradiated 221.62 0.65899
2.1 × 1015 cm−2 221.45 0.5334
6.3 × 1015 cm−2 228.14 0.49719
3.15 × 1016 cm−2 218.24 0.681

Fig. 7 DMA spectra of the primary α transition portion for AG-80
samples irradiated with 120-keV protons for various fluences.

Fig. 8 DMA spectra of the secondary β and γ transition portions for
AG-80 samples irradiated with 120-keV protons for various fluences.

of Tg and a decrease in the α-transition peak height can be related
to the increase of cross-linking density in amorphous polymers. It
was observed that using fluences lower than 6.3 × 1015 cm−2, the Tg

temperature increases and the peak tan δ value decreases, indicating
that the cross-linking density increases. Increasing the fluence above
6.3 × 1015 cm−2, the Tg decreases and the peak tan δ increases, in-
dicating the cross-linking density decreases. Especially under the
fluence 3.15 × 1016 cm−2, the Tg temperature is even lower than
that for the pristine sample. This phenomenon implies that under
such a high fluence, the cross-linking density in the samples would
be decreased quite severely.

Figure 8 shows the effects of proton irradiation on the two sec-
ondary transitions β and γ in the DMA spectrum for AG-80 epoxy
resin. With increasing the fluence, the β transition peak intensity
increases and reaches a maximum when exposed to proton fluences
less than 6.3 × 1015 cm−2. It was observed that the change in the β
transition intensity with the fluence is similar to that for the cross-
linking density and might be related to the excited movement of
some specific groups in the molecule chains, such as the benzene
rings. In contrast, the γ transition intensity does not change a lot after
the proton irradiation. Usually, the γ transition occurs at the tem-
peratures from −120 to 50◦C in the DMA spectrum and is related to
the excited movement of the chain segments −CH2CHOH(R)CH2–
(Ref. 14). Such a chain segment can be formed by opening an epoxy
ring in the process of curing. The less change in theγ transition peaks
with the fluence indicates that the proton irradiation has no obvious
influence on the –CH2CHOH(R)CH2– chain segments. The proton
irradiation could not make the residual epoxy rings open for further
curing in the AG-80 resin.

Figure 9 shows the storage modulus E ′ vs temperature curves for
the AG-80 epoxy resin before and after the proton irradiation. The
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Fig. 9 DMA spectra showing storage modulus E′ vs temperature for
AG-80 samples irradiated with 120-keV protons for various fluences.

storage modulus is a parameter related to the elastic behavior of ma-
terials when undergoing small amounts of cyclic deformation. It is
shown that under the fluence 6.3 × 1015 cm−2 the storage modulus
E ′ dramatically drops at 60◦C. In the elevated temperature range
higher than Tg from 240 to 300◦C, the E ′ increases with the fluence
until 6.3 × 1015 cm−2 and is less than the value for the pristine sam-
ples using a fluence of 3.15 × 1016 cm−2 Also, the E ′ for the latter
case drops severely with increasing the DMA testing temperature,
demonstrating that the samples are melted. The increase in E ′ with
proton fluence in the DMA testing temperature range higher than
Tg could be attributed to increasing the cross-linking density and
the melting of the samples at the temperatures higher than 240◦C
to degradation of the polymers.10 It is believed that increasing the
fluence until 6.3 × 1015 cm−2 results in increasing, cross-linking
density. Increasing the fluence to 3.15 × 1016 cm−2 produces severe
degradation in the AG-80 samples. This result is consistent with that
obtained by the preceding primary α transition.

E. Discussion
The preceding results show that a change takes place for both the

mechanical properties of the M40J/AG-80 composite, including the
bend strength and modulus as well as the interlayer shear strength,
and the cross-linking density in the AG-80 epoxy resin before and
after the proton fluence of approximately 6.3 × 1015 cm−2. Exposed
to fluences lower than 6.3 × 1015 cm−2, the mechanical properties
and the cross-linking density increase with proton fluence. Further
increasing the fluence results in a decrease of mechanical property
and cross-linking density. It is suggested that the competition be-
tween debonding and bonding would play a major role in controlling
the changes in cross-linking density and mechanical properties. In
the early stages of proton irradiation, a small amount of debond-
ing might take place at some chain segments with lower bonding
energy, forming a portion of new free radicals. These free radicals
could induce the possibility of cross linking for the neighboring
chains in some regions with lower resistance to spatial positions.
Increasing the proton fluence increases the amount of newly formed
radicals and thus increases the cross-linking density. However, with
further increasing the fluence the debonding would dominate, and
the network structure of the AG-80 molecules could be destroyed
severely. Also, with the network structure being destroyed, a variety
of minor molecule products would be formed and vent out of the
samples by outgassing. As a result, the cross-linking density must
be reduced considerably. Therefore, the change in mechanical prop-
erties of the M40J/AG-80 composite is different before and after the
proton fluence of approximately 6.3 × 1015 cm−2.

IV. Conclusions
The 120-keV proton irradiation leads to nonmonotonous changes

in mechanical properties of the M40J/AG-80 composite, including

bend strength and modulus, as well as interlayer shear strength.
Under the fluence lower than 6.3 × 1015 cm−2, the bend strength
and modulus increase with proton fluence. Continuing to increase
the fluence tends to decrease these properties. The interlayer shear
strength shows a similar trend.

DMA analysis shows that a change takes place at the proton
fluence of approximately 6.3 × 1015 cm−2 for the change in cross-
linking density in the AG-80 epoxy resin. Before the change, the
cross-linking density increases with proton fluence. Continuing to
increase the fluence tends to decrease the cross-linking density. The
increase and decrease in the cross-linking density before and after
the transit could account for the changes in the mechanical properties
caused by the proton irradiation for the M40J/AG-80 composite.
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