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INTRODUCTION

Composite materials and adhesives are used in an increasing number of applications, including land
vehicles, ships and aircrafts, in which they replace metals and alloys because of their excellent mechanical properties
and resistance to corrosion. Already, the Canadian patrol frigate and the CF-18 Hornet aircrafts have several parts
made of epoxy adhesive-based composite materials. These materials also see an increasing usage in civil engineering
designs, notably in the replacement of steel bars in reinforced concrete beams and structures. It is conceivable that
the space and the nuclear industry could employ these materials for certain applications, such as structural parts of
space crafts or orbital stations, or, in the case of the nuclear industry, for the fabrication of some structural elements
of power reactors or for the container walls for the long-term storage of radioactive materials including the spent
fuel from nuclear reactors.

In this context, it is essential that the behaviour and the resistance of these composites to intense radiation
fields and/or prolonged irradiations be fully assessed before any commitment is made to the composite materials
for nuclear applications. In the military context, it is also important to determine how composite materials could
resist in wartime operations involving nuclear weapons, submitting the equipment to high radiation bursts. Initially,
this project was launched with the goal of answering these concerns, but, as the tests were carried out and analyzed,
it became obvious that the phenomenon of radiation processing was taking place in the irradiated samples, and that
this beneficial effect of the radiations could be put to good uses. The results presented here were obtained from a
third set of tests, using an improved procedure from the lessons gained with the first two sets of results published
previously '•2, from which a better understanding of the complex phenomena has been obtained.

RADIATION EFFECTS ON EPOXIES

Figure 1 illustrates the epoxide group, made of two carbon atoms linked to an oxygen atom, which
characterizes the epoxy molecules which may include one of several epoxide groups as part of their structure, along
with other structures such as aromatic, aliphatic, or cycloaliphatic groups. Thanks to the presence of the epoxide
groups, these large polymeric molecules can react with a large variety of substrates. The epoxies are made as resins
which are cured using most often an aliphatic polyamine, yielding a system of crosslinked epoxy backbone which
gives exceptional mechanical and chemical properties. The curing process can be controlled by ambient temperature
or by the addition of accelerating agents.

Most often, the epoxies are used with some kind of diluents, fillers, hardening or toughening agents,
intended to facilitating the use of the material and to further improve its usefulness, and not so much to alter the
properties themselves, except for lowering the costs. The epoxies are usually heavy and viscous materials with a
molecular weight of approximately 370, with a wpe (weight per epoxide group) of about 180 and a viscosity of 1100
to 1500 mPa-s at 25°C.
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Several factors affect the behaviour of epoxies subjected to ionizing radiations, including the radiation
environment and the presence of additives. In particular, the behaviour of the properties of the epoxies irradiated
in the presence of an oxygen-containing material (such as water) is much different than in the absence of oxygen.
In an inert atmosphere, only chain scission and crosslinking can occur due to the radiations. When the radiations
are made of electromagnetic photons (X-rays and gamma rays), the predominant mechanisms of interaction of the
photons with the matter are the Compton and the photoelectric effects, and the pair production. The latter effect,
possible only if the photon energy is above 1.02 MeV, is essentially the disappearance of the photon in the vicinity
of a heavy nucleus, followed by the creation of an electron-positron pair. While the electron may subsequently
ionize atoms by stripping other electrons, the positron, a particle of anti-matter, first slows down to thermal energies
by colliding with other electrons and causing ionization, then collides with an electron and both disappear in an
annihilation process resulting in two (sometimes three) 511-keV photons which are eventually absorbed into the
matter with more ionization produced. As for the Compton and photoelectric effects, they are respectively partial
and total absorption of the photon energy by the atoms, resulting in stripped electrons and ionization. Finally, the
effect of the radiation can also result in the excitation of the atoms. The stripped electrons and the ionized atoms
and molecules may have sufficient energy to cause chemical reactions producing highly excited molecules and free
radicals resulting from heterolytic or homolytic bond cleavage.

From a macroscopic point of view, the effects of radiation on epoxies may be seen to depend on the type,
dose rate and integrated radiation dose. The chemical reactions triggered by the radiation interaction with the atoms
are numerous and complex in nature, but the overall effects are that more or less the same sets of reactive species
are created. The reactions can be further complicated by the presence of elements such as sulfur or chlorine. After
the formation of free radicals, recombination can terminate the polymerization process with the formation of a
crosslink, the addition to a double bond to form a crosslink, or simple chain scission. Both the phenomena of
crosslinking and chain scission occur simultaneously, but one of the two is usually predominant, depending mostly
on the structure of the polymer. Chain scission is the predominant process when the polymers exhibit high
concentrations of quaternary carbons atoms along the chain. However, the presence of an aromatic ring in the
polymer backbone makes the polymer more stable in the presence of radiations.

Oxygen in the ambient atmosphere has a determinant effect on the behaviour of the epoxies subjected to
ionizing radiations. The processes are very complex, but can be summarized as a much evident predominance of
the chain scission phenomenon for the epoxies irradiated in the presence of oxygen-containing mediums such as air
or water. Reactions with oxygen produce oxidized structures within the polymers such as ketones, alcohols,
peroxides and gaseous effluents like H2O, CO and CO2. The radicals formed directly and indirectly by the radiations
are immediately attacked by the oxygen atoms and prevented from further processes such as crosslinking.

EXPERIMENTAL PROCEDURE AND EQUIPMENT.

For this experimental work, two types of epoxies were submitted to intense fluxes of radiation produced
by the SLOWPOKE-2 research reactor at the Royal Military College/College Militaire Royal. The radiation
consisted in thermal and epithermal neutrons and in gamma and X-rays. The first type of epoxy was the 5-minute
Cole-Parmer epoxy, characteristic of a quick setting adhesive. The other type was a Devcon #10210 type, with a
24-hour curing time. The doss rates for the neutrons and the gamma radiations were determined from measurements
carried out as part of past projects 3l \ and can be summarized as follows: at the irradiation site (about three to six
centimeters outside the reactor vessel), the neutron dose rate is estimated at 3 ± 2 mGy/h, and the gamma dose rate
at 240 ± 60 mGy/h, at full reactor power.

The samples consisted of two aluminum cylinders glued together by the epoxy adhesive as shown in Figure
1. Their preparation and the testing procedures followed rigorously the ASTM D897 "Standard Test Method for
Tensile Properties of Adhesive Bonds" i, detailed in Table I. The epoxy adhesives were prepared according to the
manufacturer's instructions which instructed essentially to mix together equal quantities of resin and hardener.
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The problem of producing uniform batches was solved by building and calibrating a dual syringe applicator
for a precise control of the quantities used and excellent repeatability. Also, in order to ensure good repeatability,
the resin-hardener mixture was stirred using a glass rod following a well defined mixing pattern and well-controlled
duration of the mixing. For the same reason, the surfaces of the aluminum cylinders were carefully prepared with
a first grinding done with water flowing for cleansing the surface of the fine aluminum particles. Then, the surfaces
were subsequently ground using grits of 120, 240, and 320. As per the standard procedure, a sanding grit of 400
was used for the final grinding of the surfaces and their condition verified using an optical microscope. Gluing of
the samples was done using a jig to ensure that the epoxy glue thickness was uniform for all the samples. The curing
period was set at 72 hours for both types of epoxies.

In order to investigate the effects of a different preparation technique, and to improve the epoxy-aluminum
adhesion, a batch of samples was prepared according to the DTD915B standard procedure *. This calls for polishing
the surface with 100 grit paper, but, here, 120 grit paper was used. Following this, the aluminum samples were
immersed in a 5% chromium trioxide, 15% sulfuric acid and 80% water solution (all weight %) kept at 60°C
during at least 30 minutes. The samples were then rinced with distilled water and dried using a dryer. The results
for the samples such treated are presented with the label "treated".

The sample holder used for the irradiation was a simple plexiglas sector-shaped box designed to fit snugly
against the reactor vessel wall. It is visible in the photograph presented at Figure 2. The holder can hold 8 samples
in two rows of four. The holder was affixed to the "elevator", a device which can be lowered into the reactor pool
along a vertival track, and rotated to position the holder against the reactor vessel wall at exactly the height of the
reactor mid-core plane.

Irradiation ranged from 2 hours to 32.25 hours at half reactor power. (128-hour irradiations were carried
out for both epoxies, but the test results are not available at the time of this writing, but will be presented at the
conference). Undue personal exposure to radiation was avoided by first allowing the irradiated samples decay
(radioactively) for several days in the reactor pool, but at a position about half-way up where the neutrons and
gamma photons do not affect the samples. Atfer the activities have dropped sufficiently, the holder is lifted up the
pool surface and removed from the elevator, then the samples are discharged into a lead cask and let to further
decay for several more days. Then, with the sample radioactivity at safe levels, the samples were tested using an
Instron computerized tensile strength instrument. Once the two cylinders had broken apart, the surfaces were
examined and their appearances were carefully noted. The samples were then sent to the radioactive products storage
room and let to decay to background radiation levels.

RESULTS

Figure 3 illustrates the various types of failures possible for the samples. In the several tests performed in
this study, the cohesive failures were not observed at all, the mode of failure obtained being always one of the
adhesive failures. By definition, the 60% adhesive failure means that 60% of the area of the face of one aluminum
cylinder previouly in contact with the epoxy adhesive is left uncovered after the test, with the rest of the separation
occuring within the epoxy material. Whereas in the series of test carried out in the past years, adhesive failures of
either X% or 100% Type A have always been obtained, in this series of tests reported here, a new type of failure
was obtained, in which adhesive failures occurred simultaneously on the surfaces of both aluminum cylinders, as
shown in Figure 3. The total of the exposed aluminum surfaces always amounted to 100% of the glued area of one
cylinder, but these results are reported here as "X % Type B" with X indicating the percentage of the largest exposed
area on one cylinder. Therefore, a 75% Type B adhesive failure would result as one of the cylinders having failed
adhesively on 75% of its glued surface, with the other cylinder having failed adhesively on 25% of its surface.
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Figure 4 shows the average tensile stress versus the irradiation time close to the reactor core, for the 24-
hour Devcon epoxy adhesive. Since the reactor was operated steadily at half power, the estimated doses absorbed
by the epoxies were, for the 32-hour irradiations, 170 mGy for the neutrons, and 3840 mGy for the gammas. The
tensile stress displays a nearly 50% decrease after a 4-hour exposure to the radiations, but, as the exposure
increases, the results indicate a definitive increase of the tensile stress, with the value at 4 hours nearly doubled at
an irradiation time of 32 hours. For the 5-minute Cole-Parmer adhesive (Figure 5), the tensile stress appears to
decrease as the irradition proceeds, but the decrease rate is very small at the 32-hour mark. Again, a large percent
of the original tensile stress is lost due to the radiations. For both graphs, the standard deviation is quite large,
mostly due to the low number of samples tested (8 or 16), but this is indicative to the difficulties in the preparation
and application of the adhesive to the aluminum surfaces.

In Figure 6, the results presented as averages in Figure 4 appear as separated into sub-groups characterized
by the adhesive failure mode. This way, it is believed that the samples having failed within a given mode would
have been prepared within very similar conditions. Thus, the effects of the preparations could be somewhat
minimized with this method of reporting the results. For the 24-hour Devcon epoxy, the inspection of the failure
modes indicated that the samples could be gathered into three sub-groups: 0-20%, 21-40% and 41-60% adhesive
failure modes. The first two groups display the same trend as for the averages: a sharp decrease of the tensile stress
at 4-hour irradiation, followed by a recovery for longer exposures. It appears that the third sub-group does not
evidence the recovery, but this may be because of the standard deviations (not presented) which are relatively more
important since the results displayed in this graph are often based on one or two samples only. For the 5-minute
Cole-Parmer adhesive, a similar graph was constructed (Figure 7), but, with more sub-groups due to the "Type B"
failures, the statistics are poorer within each sub-group, and the interpretation of these results more difficult, except
that the radiations do affect the tensile stress of this epoxy as well.

The average energy to break point is displayed in Figures 8 and 9 for the two epoxies respectively. For
the Devcon adhesive, this energy drops initially from an average above 3 J for the non-irradiated samples to a value
below 1 J at 4-hour irradiation, then recovers to about 2 J for the 32-hour exposure. Again, the trend for the Cole-
Parmer epoxy is essentially a steady decrease from about 3.6 J to about 1 J, quite similar to the trend of the tensile
stress.

Figures 10 and 11 present the graphs of the average Young Modulus versus the irradiation time. For the
Devcon adhesive, a minimum occurs at 4-hour irradiation, followed by a maximum at 16 hours. The values for the
Cole-Parmer do not change significantly, except for a maximum at a 2-hour irradiation. Finally, Figures 12, 13 and
14 present a comparison of the effects of the presence of water during the irradiation, for the Devcon epoxy. For
the three parameters reported, the presence of water significantly affects their values, with the tensile strength
decreased by a factor as large as 5 (for the 2-hour irradiation). Similarly, the average energy to break point and the
average Young Modulus are altered by the effects of the radiation coupled to those of the water.

These three figures also present the results for the samples treated differently as described above. These
samples were not irradiated in the presence of water. Except for a slight change of the average energy to break
point, the results obtained for the "treated" samples are very similar to those prepared following the ASTM D897
procedure.

INTERPRETATION AND DISCUSSION OF THE RESULTS

Standard deviation

According to the standard deviation values for both types of epoxy adhesives, it can be deduced that the
maximum relative errors are ±20% for both cases. These errors are quite acceptable considering the numerous
sources of uncertainty such as the variations of the conditions of the surface preparation, the dryness of the
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aluminum surfaces, the mixing of the epoxy resin and hardener (with the possible entrapment of air bubbles), the
relative compositions of these two components, the application method, and, most important (for the Cole-Parmer
in particular), the time lapse between the beginning of the mixing of the adhesive and the joining of the two
adherend surfaces. Owing to the extreme care paid to each step of the preparation procedure explained above,
statistical errors were kept as low as possible to yield good values of the tensile stress and other parameters of the
adhesive joints with their standard deviations reported in this paper.

It should be noted here that the tensile stresses measured in this research are better than the ones suggested
by the manufacturers (about 8.0 MPa)7. This may be attributed to the attention given to the preparation of the
effective aluminum surface. In the case of the fast-setting epoxy adhesive, the reactional solution quickly became
thick resulting in a limitation of the curing reaction and in an adhesive strength a little lower than that of the long-
time setting adhesive.

Failure Mode of Un-Irradiated Samples.

For both types of epoxy adhesives, it was observed that, in the case of the non irradiated samples, those
samples which have broken with very low percentage of adhesive failure (<20%), i.e., with a high percentage of
cohesive failure, displayed a lower tensile stress than the samples broken with a high percent adhesive failure. This
can be interpreted in terms of adhesion strength between the epoxy and the aluminum surface being larger than the
bulk adhesive strength of the epoxy adhesive. This appears to be a credit to our careful methods of preparation of
the adhesive joints. The difference described above is more pronounced in the case of the fast-setting adhesive
probably due to the limited curing achievement.

Failure Mode of Irradiated Samples.

The irradiated samples have also been broken with different failure modes ranging from low to high percent
adhesive failure. However, contrary to the non-irradiated case, the tensile strength did not vary appreciably with
the failure mode. This may be interpreted as that the irradiation had an effect of strengthening the cohesive strength
through the increase of crosslinking degree.

Irradiation Effects on Young Modulus and Toughness (Energy to Break Point).

In general, the Young Modulus (E) of irradiated samples increases slightly with the irradiation time. This
results from a slight increase of the tensile stress while the elongation at break point might remain constant or at
least change by a very small amount due to the thermosetting characteristics of the epoxy adhesives. On the other
hand, based on the decrease of the energy to break point with irradiation time, it can be deducted that the elongation
at break point was effectively smaller than the one of the non-irradiated samples. This negative change is again
related to higher crosslinking degrees.

Water Effect Combined with Irradiation Effect.

As explained in the text above, the presence of the oxygen contained in the water molecules in contact with
the epoxy adhesive causes a major decrease of the mechanical strength of the joined samples, as a result of the
chemical action of the oxygen causing predominant chain scissions. It is interesting to observe the increase of what
was left of tensile stress, energy to break point and Young modulus when the irradiation time was doubled from
two to four hours. This indicates that the effect of the oxygen from the water is immediate in causing chain scissions
and the kinetics of these reactions appear to saturate quickly, whereas some crosslinking effects are still possible
in the presence of water and that, with increasing irradiation, these effects become more important.
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Effects of the alternate surface treatment.

As Figures 12, 13 and 14 show, the alternate aluminum surface treatment used for this research did not
yield results that are significantly different than those for the ASTM D897 procedure. Only the average energy to
break point differs by a modest amount (1.478 J versus 0.833 J for the D897 treatment), however, the standard
deviation for the DTD91SB treatment was 1.12 J (76%), compared with a standard deviation of only .286 J (34%)
for the samples prepared according to the ASTM D897 procedure. Therefore, it may be concluded that the more
complex preparation does not significantly affect the results.

Discussion of the results.

Even if they are still affected by relatively large uncertainties, the results presented here do confirm that
the adhesion between aluminum surfaces and the two epoxy adhesives investigated are significantly affected by the
three types of radiations produced by the SLOWPOKE-2 research reactor at RMC-CMR. In both cases, an initial
reduction of the tensile stress is observed, followed by a recovery for the Devcon epoxy, or a stabilization for the
Cole-Parmer adhesive, as irradiation progresses. In spite of fairly large uncertainties, these trends are indeed
apparent.

It does not seem that the large uncertainty on the results can be further lowered, since this research
demonstrates that, even with the most care given in the preparation of the samples, the standard deviations remain
quite large due to the numerous factors intervening during the various preparation steps, the curing and the exposure
to the radiations in the reactor pool. The fact that the results for the non-irradiated samples confirm and even exceed
the results reported in the literature indicate that the samples have been prepared in an optimal fashion.

Additional analysis performed on the epoxy adhesive samples by various methods confirm that both chain
scission and cross linking reaction occur as a result of the radiations. Infrared spectroscopy and Fourier Transform
infrared spectroscopy analyses indicated that aromatic structures and quaternary carbons were predominant in the
epoxies, favouring the crossl inking effect within the molecules. Differential scanning calorimetry was carried out
on non-irradiated and irradiated samples and indicated large releases of heat, consistent with enhanced crosslinking.
Finally, neutron activation analysis confirmed that the epoxy adhesives had few impurities other than iron (485000
ppm) and chlorine (12200 ppm).

The use of the adhesive failure modes to group the results into sub-groups believed to have similar
preparation conditions has permitted to reduce somewhat the spread of the results and, in the case of the Devcon
epoxy, to confirm the trends observed for the average results. This grouping of the results for the 5-minute Cole-
Parmer adhesive, while having yielded interesting results for the batch samples reportd in Ref. 2, produced data
with poor statistics because of an overabundance of sub-groups identified following the "new" type of adhesive
failure revealed with this batch.

While, in the graphs, the vertical error bars are of the order of 20-25 %, the horizontal error bars are much
smaller that 1 % due to the good time keeping of the irradiations. However, if the horizontal axis had been made
in terms of doses, the error bars would have been of the order of 50-65 % because of the experimental methods used
for measuring the neutron and the gamma fluxes. Research is presently under way to improve the dose determination
in terms of the neutron flux level in the reactor and the exposure time.

CONCLUSIONS

This series of tests on epoxy samples has permitted the confirmation of the effects of the radiations from
the SLOWPOKE-2 research reactor on the two types of adhesives investigated in this research: the 24-hour Devcon



- 7 -

epoxy and the 5-minute Cole-Parmer epoxy. At first, for short irradiation durations, the mechanical properties
diminish by almost 50%, due to the predominance of the chain scission process. In the case fo the long setting time
epoxy, a recovery after longer exposures has been put in evidence, whereas the 5-minute Cole-Parmer adhesive's
strength remains about constant as irradiation progresses. While the chain scission is an immediate process, the
crosslinking phenomenon occurs after a series of chemical reactions with an overall longer time constant under the
effect of the incident radiations.

This series of tests has revealed yet another type of adhesive failure, characterized by the failure of the
adhesive bonds on both aluminum surfaces simultaneously. This phenomenon, coupled with the fact that very few
cases were observed with more than 60% adhesive failure (Type A), may be attributed to the successful preparation
procedures, since the adhesive joints were most often stronger than the epoxy material itself.

Longer irradiation times should reveal the ultimate doses sustainable by these adhesive epoxies and answer
our questions on the suitability of epoxy-based composite materials for nuclear applications. The project should also
be pursued using larger batches of samples for improved statistics. It is also foreseen that selective irradiations will
be carried out, either using caches to block off a type of radiations, or by using intense gamma sources to irradiate
the epoxies, in order to determine the exact effects of a given type of radiation. While the research has focussed
on the adhesion with a metallic surface, it will also look after the strength of the adhesive itself with samples made
100% of the epoxy adhesive. Finally, other analysis methods such as nuclear magnetic resonance (NMR) will be
investigated to characterize better the effects of the radiations.
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TABLE I: TEST PROCEDURE OUTLINE

STEP

1

2

3

4

5

6

7

8

9

DESCRIPTION

Grinding of aluminum cylinders to 400 grit.

Samples glued and set aside to cure for 72 hours.

Samples sealed with adhesive tape and installed into holder.

Holder secured to elevator and positioned for irradiation.

At end of irradiation, holder positioned halfway up in reactor
pool for first cool-down period.

Holder brought to pool surface and samples placed in lead cask
for second cool-down period.

Once radiation field at safe level, samples tested on Instrom
tensile strength machine.

Type of adhesive or cohesive failure observed and noted.

Samples stored for remaining cooling-down and subsequent use.

Figure 1: Epoxy-Aluminum Adhesion Sample.
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Figure 2: Sample Holder in Position in SLOWPOKE-2 Reactor Pool.
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Figure 3: Failure Modes.
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Figure 6: Measured Tensile Stress (Devcon Epoxy)
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Figure 7: Measured Tensile Stress (Cole-Parmer Epoxy)
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Figure 8: Average Energy to Break Point (Devcon Epoxy)
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Figure 10: Average Young Modulus (Devcon Epoxy)
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Figure 11: Average Young Modulus (Cole-Parmer Epoxy)
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Figure 12: Water and Treatment Effects on Tensile Stress
(Devcon Epoxy)
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Figure 13: Water and Treatment Effects on Energy to Break Point
(Devcon Epoxy)
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Figure 14: Water and Treatment Effects on Young Modulus
(Devcon Epoxy)


