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The present work proposes applying polyurethane coatings as an additional barrier in the design of Cana-
dian nuclear waste disposal containers. The goal of the present research is to investigate the physico-
mechanical integrity of a natural castor oil-based polyurethane (COPU) to be used as a coating material
in pH–radiation–temperature environments. As the first part to these inquiries, the present paper inves-
tigates the effect of a mixed radiation field supplied by a SLOWPOKE-2 nuclear research reactor on COPUs
that differ only by their isocyanate structure. FTIR, DSC, DMA, WAXS, and MALDI are used to characterize
the changes that occur as a result of radiation and to relate these changes to polymer structure and com-
position. The COPUs used in the present work have demonstrated sustained physico-mechanical proper-
ties up to accumulated doses of 2.0 MGy and are therefore suitable for end-uses in radiation
environments such as those expected in the deep geological repository.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

In Canada, the proposed method for the ultimate disposal of
spent nuclear reactor fuel and high-level radioactive waste consists
of burying the radioactive waste deep underground within granitic
rock formations referred to as plutons. These plutons are com-
monly found in the Canadian Shield [1]. The basis for the disposal
concept is the multi-barrier approach, which has been successfully
implemented in the design of the CANDU nuclear reactor. The
actinides and the fission products, both intensively radioactive at
the time of fuel discharge from the reactor’s core, are contained
within the fuel matrix and the cladding of the fuel rods. The dis-
charged fuel bundles are stored for several years in the spent fuel
bay at the nuclear generating station in order to allow them to cool
down both radioactively and thermally.

The Canadian concept for a deep geological repository (DGR) for
used fuel is comprised of a system of multiple barriers that include
the used CANDU reactor fuel, the container, the buffer, the sealing
systems, and the Geosphere [1]. In the Canadian multi-barrier ap-
proach for used nuclear fuel disposal, the bundles are left intact
when retrieved from the spent fuel bay, and placed within a con-
tainer specifically designed to keep the fuel bundles indefinitely.
Inside the container the fuel bundles are surrounded by a filler
material. Glass beads, a molten, low melting point metal, such as
lead; and an internal structural support, such as an array of carbon
steel tubes have been suggested as filler materials to occupy the
ll rights reserved.
empty space between the fuel bundles [1]. The research team at
the Royal Military College of Canada (RMC) has proposed sintered
thorium dioxide (ThO2) as a filler material because the purpose of
the ThO2 is threefold: it serves as a heat conducting material to
keep the temperature of the bundles and the container walls to
acceptable values; it shields the container walls from the radiation
emitted by the radioactive material; and it offers yet an additional
barrier opposing the escape of radioactive material in the event of a
breach in the fuel cladding [2,3].

The container walls serve as a fourth barrier, since the container
is designed to be leak-tight, and to resist the effects of radiations
from the fuel bundles stored in the container. In addition to the
effects of radiation, the container must also resist temperature
effects and the chemical aggression from the surrounding alkaline
or acidic groundwater. The change in pH is due to the presence of
calcite in the surrounding groundwater. Over time, the calcite pre-
cipitates into surrounding rock fractures and calcium exchanges
for sodium in the clay minerals resulting in a shift in the pH from
8.4 in higher concentrations of calcite to �6.8 after its removal
[1,4,5]. Once placed in the cavities of the DGR, buffer materials
made of clay would surround the container. The same materials
would be used to backfill the galleries and the mine shafts once
the disposal facility is filled up to capacity. The backfill represents
the fifth barrier, while the 500–1000 m thick granite rock of the
pluton is the sixth barrier against the eventual displacement of
the radioactive fission products and actinides towards the bio-
sphere [1,4,5].

The present work is concentrated on the design of the storage
container, which must absolutely maintain its integrity for at least
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500 years. The material proposed for the fabrication of the con-
tainer is copper, more specifically, oxygen-free phosphorous doped
copper. The main cause of failure of copper is corrosion, which in
the context of the DGR is at its most aggressive in the warm oxidiz-
ing period during the early stages of emplacement (<100 years) [6].
The simultaneous exposure of the container’s walls to the ionizing
radiation field emitted by the spent nuclear bundles, the relatively
high temperatures caused by the residual heat produced by the
spent nuclear fuel, and the chemical aggression from the ground-
water that would be in contact with the copper would all challenge
the container’s integrity.

At RMC, research has been carried out on the merits of replac-
ing the copper material with polymer based materials for the
fabrication of the container. Already, several polymers have dem-
onstrated their qualities that would be well suited for such an
application [7–12]. However, if the concerns about corrosion
could be brushed aside for copper, this metal has many out-
standing properties which justify that its consideration be main-
tained as a candidate material for the fabrication of the container
walls. The present research thus aims at looking at the merits of
coating the copper walls with a suitable polymer that would act
as an additional physical barrier. It is anticipated that the
polymer would provide an arduous pathway for groundwater
movement towards the container walls thereby reducing the
exposure time of the copper walls to the harsh oxidizing envi-
ronment during the early emplacement phase. Consequently,
the polymer may reduce the corrosion rate and increase the life-
time of the metal container, and thus the isolation of the used
nuclear fuel.

The field of natural based polymers is a very active one, as
industry strives to replace conventionally produced petroleum
based polymers with biopolymers (natural polymers). The com-
plex structure of the castor oil based polyurethanes (referred to
in this document as COPU) provides an interesting backdrop for
a variety of applications. The uniqueness of the castor oil compo-
nent is that it imparts chain flexibility due to its long aliphatic
chain component and more importantly it assumes several roles
that promote crosslinking, which results from its tri-functional
nature and proton donor ability. The present work considers the
use of COPU as a coating material for the metal containers sug-
gested for the storage of used nuclear fuel. Castor oil-based poly-
urethanes are chosen for this application because of its flexibility
and impact resistance, important factors in the handling and
transportation of the used fuel container. Epoxies for example,
are known to be radiation resistant, but they are susceptible to
brittle fracture. The formation of microcracks in the polymer coat-
ing can severely affect the protective function of the coating. The
implication of this proposition is that the polymer will be sub-
jected to a combined radiation–temperature–pH environment.
The goal undertaken in the present work is to investigate the radi-
ation effects provided by the mixed ionizing radiation on natural
castor oil based polyurethanes. The properties and effects im-
parted by different isocyanate structure on the physico-mechani-
cal performance of the COPU as a function of accumulated dose
are analyzed.

A literature research has revealed many valuable works per-
formed on the physico-mechanical properties of castor oil-based
polyurethanes; and the effects of chain extenders, isocyanate
structure, and hard-to-soft ratio [13–16]. However, no research
has been performed on the study of the radiation effects on natural
castor oil-based polyurethanes. In this work, the physico-mechan-
ical behaviour of the COPUs was monitored by means of Fourier
transform infrared spectroscopy (FTIR), dynamic mechanical anal-
ysis (DMA), differential scanning calorimetry (DSC), wide angle X-
ray spectroscopy (WAXS), and matrix-assisted laser desorption/
ionization (MALDI) spectroscopy.
2. Experimental

2.1. Materials

Castor oil, hexamethylene diisocyanate (HMDI), and 2,4-toluene
diisocyanate (TDI) were obtained from Sigma-Aldrich Company,
Inc. and were used as received. The equivalent weight per hydroxyl
group for castor oil was 345 g and per NCO group were 84 g and
87 g for hexamethylene diisocyanate and 2,4-toluene diisocyanate,
respectively.

2.2. Sample preparation

The samples were prepared by simultaneously introducing a pre-
determined amount of castor oil and isocyanate corresponding to a
fixed NCO/OH ratio of 1.5 into a round-bottom flask. The round-bot-
tom flask was then placed in an oil bath for even heat distribution.
The mixture was stirred vigorously under reflux, with a Teflon-
coated magnetic stir bar, and heated to approximately 65 �C for at
least one hour to form the urethane prepolymer. After mixing, the
blend was poured into moulds designed according to the tensile
dumbbell shape prescribed by ASTM D638-96 [17]. To produce bub-
ble-free samples, the moulds were degassed under reduced pres-
sure, 76 mmHg (10.13 kPa), and heated to 65 �C for 30 min. Then
the blends were cured in the moulds at 100 �C for 9.5 h.

2.3. Irradiation conditions

The samples were irradiated in the mixed radiation field pro-
vided by a SLOWPOKE-2 nuclear reactor. At the irradiation site,
the mixed field comprised of 87% electrons, 9% gamma photons,
3% recoil protons and 1% fast and thermal neutrons. The samples
were positioned at 32 cm in the radial direction from the reactor
centre at mid-core height. At this position, the dose rate was deter-
mined to be 37 kGy h�1 ±28% [18]. In the present work, the COPU
sample names are reported as COPU suffixed first by H or T to repre-
sent HMDI or TDI, and followed by a number that represents the to-
tal accumulated dose in MGy; i.e COPUH0, COPUT0, etc. Previous
experiments not reported in the present paper illustrated an
increasing trend in the tensile strength and the modulus values of
COPUs subjected to radiation [20]. Based on the tensile tests it was
shown that below an accumulated dose of 1.0 MGy there was a stea-
dy increase in the COPUs mechanical strength properties, with
increasing dose. Then, above 1.0 MGy the response of the COPU to
higher radiation doses reached a plateau. As expected, with the in-
crease in mechanical strength, there was a slight drop in the ductility
reflected in the decrease in the maximum strain, with increasing
dose up to a dose of 1.0 MGY. After 1.0 MGy, the maximum strain re-
mained at a constant value [19]. The decrease in ductility was not
considered significant, as the long chain aliphatic structure of the
polyol component, which is responsible for the COPUs ability to
change conformation when deformed, is only slightly affected by
increasing dose. The microphase structure of polyurethane allows
for the formation of more hard segments such as additional urethane
and allophanate linkages, with increasing radiation. This causes an
increase in mechanical properties, while only slightly compromising
the ductility of the polyol soft segment. Therefore, the present work
focused on the effects of two accumulated doses at the two extremes
of the dose spectrum at 0.5 MGy and 2.0 MGy [19].

2.4. Characterization

In the present work, five samples were tested at each trial to en-
sure the reproducibility and reliability of the test samples and the
results.



194 A. Mortley et al. / Journal of Nuclear Materials 376 (2008) 192–200
FTIR analysis was performed on a Perkin Elmer Spectrum GX
FTIR Spectrometer with a PIKE MIRacle ATR sampling accessory.
The IR data were collected using the attenuated total reflectance
(ATR) technique with a single bounce Ge crystal. Since the IR inten-
sity can be dependent on sampling depth in the ATR measurement,
all FTIR-ATR spectra were corrected for quantities analysis using
the software attached to the spectrometer.

DSC analysis. Differential scanning calorimeter data were ob-
tained on a TA instruments Q100 series. Runs were performed on
polymer samples of about 10 mg at a heating rate of 5 �C/min.
The gas-cooling accessory was used to provide an experimental
range that began at �100 �C and spanned to 100 �C. Two consecu-
tive cycles were run on each sample. The midpoint of the slope
change of the heat capacity plot of the second scan was taken as
the glass transition temperature.

DMA analysis. DMA data were collected on the TA instruments
Q800 DMA series using a single cantilever clamp setting. The mul-
tifrequency mode at a temperature ramp of 15 �C/min, over a tem-
perature range of �100 �C to 100 �C was used.

WAXS analysis. WAXS spectra were collected using a Thermo ARL
Scintag X1 with a germanium monochromatic CuKa (k = 1.5406 Å)
radiation in a transmission mode. A curved position sensitive detec-
tor in the 2h range from 2� to 50� at a step size of 1� was used.

MALDI analysis. The MALDI spectra were acquired using a Voy-
ager-DE STR, MALDI TOF instrument from Applied Biosystems. The
Voyager DE-STR MALDI TOF instrument was operated in the reflec-
tron mode. The accelerating voltage was 20 kV. The COPUs were
dissolved in a THF/chloroform mixture at 10 mg/mL. The matrix
solution was prepared by dissolving 0.5 lL polymer solution (poly-
mer in THF/chloroform (v/v, 1:1) with 0.5 lL DHB matrix (160 mg/
mL in THF). The mixture was deposited on a MALDI target. When
the co-crystallation was formed, the samples were analyzed by
MALDI MS with a nitrogen laser (337 nm).

3. Results and discussion

3.1. FTIR

Two types of castor oil-based polyurethane specimens were
produced, differing only in their isocyanate structure. The two
types of isocyanate structures were provided by an aliphatic HMDI
and an aromatic TDI. Both types of castor oil-based polyurethanes
displayed typical polyurethane spectra. Table 1 assigns the func-
tional groups associated with the various frequencies derived from
the spectrum of the different COPUs (Fig. 1).
Table 1
Band assignment for the COPU specimens

Frequency,
cm�1

Assignment

3321 at (N–H) bonded in TDI
3311 t (O–H) bonded in TDI in HMDI
3000 t (C–H) sp2 CH stretch from the C@C bond in the castor oil and the

C@C bond in the aromatic group of TDI
2920 t (C–H) in CH2 groups
2851
1727 t (C@O) in TDI
1713 In HMDI
1600 d(C@C) in TDI benzene ring and in castor oil
1533 d(N–H) bending
1061 t(C–O–C)

875
811 c(CH) due to 1,2,4-substituted ring in TDI

729 d(C–H) rocking band cue to long aliphatic chains of castor oil

a t = stretching, d = in plane bending, and c = out of plane bending.
The FTIR spectra can be used to give a qualitative comparison of
the functional groups present in the COPUs. As the accumulated
dose on the COPUs increased, there was no change observed in
the FTIR spectra. This was because the rearrangement of the struc-
ture due to chain scission or recombination may have changed the
quantity of functional groups present, but did not change the type
of functional groups observed by FTIR analysis.

3.2. DMA and DSC

The dynamic mechanical properties for a series of castor oil
polyurethanes based on HMDI and TDI with a NCO/OH ratio of
1.5 are presented in Figs. 2–4. The maximum values of the storage
and loss modulus were lower (� � 2) for the COPUT samples than
for the corresponding COPUH samples. In the glassy region, there
were two drops in the storage modulus of the COPUT samples ver-
sus one drop in the COPUH and several maxima exhibited in the
loss and tan d graphs of the COPUT specimens. The different trends
between the COPUH and the COPUT samples could be attributed to
the different diisocyanate structures.

The aliphatic diisocyanate provides a hard segment structure
that is in line with the long chain aliphatic structure of the castor
oil. As such, the COPUH demonstrated a higher storage modulus
than the corresponding COPUT because the aliphatic chains could
store energy through various conformational arrangements more
easily than the COPUT containing a rigid aromatic group. The
two drops exhibited in the storage modulus of the COPUT were
due to secondary transitions that occurred at low temperatures.
The occurrence of secondary transitions in the COPUT was sup-
ported by the Tg, b, and c peaks in the loss modulus and the tan d
graphs of COPUT in Figs. 3 and 4. The glass transition temperature
coincided with the second drop in the storage modulus. The second
transition b peak was associated with the Schatzki [21] crankshaft
mechanism corresponding to the first drop in the storage modulus.
The secondary transitions obtained from DSC and DMA measure-
ments for the COPU are shown in Table 2.

The glass transition temperature derived from the DSC mea-
surements indicated a single transition, which confirmed that both
the COPUH and the COPUT samples consisted of an amorphous
structure. The DSC thermograms are illustrated in Fig. 5. The Tgs
derived from DSC occurred at lower values than those derived from
the peak temperatures of tan d in the DMA measurements (Fig. 4).
DMA measurements characterize the dynamic mechanical proper-
ties that rely strongly on the changes in the relaxation time of the
polymer and are therefore well suited for secondary transition
measurements. However, DSC gives a more accurate indication of
first order transitions, which usually produce an instantaneous
large step change in the enthalpy (heat flow). With secondary tran-
sitions, the step changes are smaller and occur over a longer time
frame and, therefore, the glass transition temperature is much less
distinct when measured with DSC.

In terms of structural differences, the Tgs extrapolated from
both DSC and DMA experiments showed that the aromatic based
polyurethanes exhibited a higher glass transition temperature than
the aliphatic based ones. The Tg could be used to reflect the poly-
mers’ ability to undergo significant backbone movement and is af-
fected by flexibility and intermolecular forces. As such, the more
flexible aliphatic COPUH, which can easily undergo conformational
changes, had a lower Tg whereas the aromatic COPUT had a higher
Tg due to the stiffness and inflexibility imparted by the aromatic
ring structure.

With respect to the effects of ionizing radiation on the COPU,
there were slight differences observed between the unirradiated
sample and the samples exposed to radiation. The COPU based
on the aliphatic isocyanate showed a decrease in its Tg values
and the COPU based on the aromatic isocyanate exhibited an in-
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Fig. 1. Typical FTIR spectra for COPU specimens. Top: COPUH; Bottom: COPUT.
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crease in its Tg values. The aforementioned trend could be ex-
plained by changing structural effects resulting from radiation
exposure. Radiation affects polymers through two competing ef-
fects: crosslinking leading to bond formation and chain scission
leading to bond reduction. The decreasing Tg values of the aliphatic
polymer suggested an increase in the polymer’s flexibility and flu-
idity and therefore indicated some possible rearrangement caused
by chain scission within the polymer network structure. The aro-
matic ring could provide radiation protection to the polyurethane,
thus the geminate pairs formed during the radiation driven process
reacted to give additional crosslinks that imparted stiffness to the
polymer network, thereby increasing its Tg.

The changes experienced by the polymers COPU as a function of
accumulated dose reflected in their Tgs and dynamic mechanical
properties were small (DTg <3 �C for COPH and DTg < 9 �C for
COPUT using tan d values). The small differences were accounted
for by the highly networked structure provided by the long ali-
phatic soft segment imparted by the castor oil. The radiation doses
provided in the present work were not large enough to supply suf-
ficient energy to cause multiple fragmentations along the backbone
of the chain. As a result, the competing crosslinking and chain scis-
sion reaction were such that neither reaction dominated in the CO-
PUs. For degradation to occur, free radical segments formed upon
radiation should ideally be separated from the polymer network.
The highly networked COPU structure can impart only limited
mobility on these free radical segments resulting in a more proba-
ble geminate pair recombination reaction as the radicals may find
escape difficult due to the cage formed by the surrounding matrix.
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3.3. WAXS

The results of the WAXS diffraction patterns (Fig. 6) comple-
mented the DSC data, which showed that there were no crystalline
structures in the COPUS and therefore the COPU consisted only of
an amorphous structure. The WAXS spectra show two broad peaks
that were analogous to the peaks exhibited by the pure castor oil
sample. The spectra consisted of two broad peaks that were found
in the regions 2h = 5.5 � and 19.4�.

3.4. MALDI

The MALDI mass spectra of the COPUs are illustrated in Fig. 7.
Castor oil consists of a mixture of a di- and tri-glycerol at 30%



Table 2
Secondary transitions of COPU

Sample DSC DMA

Tg (�C) Tg (�C) b (�C) c (�C)

COPUH0 �21.27 11.10 – –
COPUH05 �22.39 8.18 – –
COPUH2 �21.25 8.21 – –
COPUT0 10.44 44.36 �9.45 �31.87
COPUT05 14.47 46.51 �7.60 �40.28
COPUT2 14.90 53.12 2.5 �44.87

Fig. 5. DSC thermograms.
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and 70%, respectively; therefore the molecular weights derived in
the mass spectrum were an averaged weight between the frag-
ments produced by the di and tri-components.

The COPUT and COPUH structures showed a bell shaped distri-
bution with a bias towards the low molecular weight components.
The most abundant peaks at molecular masses of 1108 and 1114
for the COPUH and COPUT samples respectively were due to a frag-
Fig. 6. WAXS diffraction
ment composed of the castor oil linked to three isocyanate groups
from HMDI and TDI, respectively, produced as a result of the pro-
posed fragmentation pattern illustrated in Fig. 8. This fragmenta-
tion pattern was due to scission of the alkyl-substituted carbon
adjacent to the urethane linkage and cleavage at the C–N hetero-
atom bond in the hard segment of the urethane group (Fig. 8). In
the COPUH and COPUT mass spectra series, mass spectral peaks
differed by 142 and 149 for the COPUH and COPUT specimens
and were attributed to their isocyanate hard polyurethane compo-
nent. The series of lower intensity peaks can be classified as vari-
ous short chain fragments of the soft castor oil component
attached to isocyanate hard component. The MALDI spectra sug-
gested that, in the presence of high-energy radiation, the COPU
would cleave at the carbonyl group ester (C–O) linkage to produce
isocyanate fragments.

3.5. Long-term performance

The present work is concerned with ensuring minimal contact
between the surrounding groundwater and the metal wall of the
container in the DGR through the implementation of a physical
polymer barrier. As such, the lifetime of the polymer material in
simultaneous radiation–temperature–pH environments must be
investigated.

The present research investigates one of these conditions, the
radiation effects on COPUs subjected to high doses over short
times. The maximum predicted dose rate at the surface of the used
fuel container within the DGR environment is 0.908 Gy/h at the
beginning of the dwelling time of the container within the DGR
[3]. The dose rate gradually decreases with time such that the total
expected dose on the metal wall of the container over its lifetime of
500 years is 6.262 MGy [3]. If the thorium dioxide filler suggested
by the RMC research team were used instead of the glass beads as
the filler material within the container, then the total expected
dose experienced on the metal container wall over its lifetime in
the DGR would be 0.289 MGy [3,4].

Based on the preliminary results derived from the present re-
search the COPUs withstood the accelerated dose rate of 37 kGy/
h such that there were minimal changes in the polymer’s proper-
ties up to an accumulated dose of 2.0 MGy. Therefore based on
these experimental findings the COPUs can be considered as suit-
able materials in their application as a coating material for the
patterns of COPU.



Fig. 7. MALDI MS of COPUs. Top: COPUH; Bottom: COPUT.
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used fuel copper container walls, provided that ThO2 is used as the
filler material.

Ongoing research is aimed at determining the validity of trans-
posing the results of the accelerated experimental conditions
utilized in this work to more representative conditions of the con-
tainer’s lifetime in the DGR. The upcoming research investigates
the individual and combined effects of radiation, temperature
and varying pH environments on the COPU.

4. Conclusions

The goal of the present work was to investigate the radiation ef-
fects on the properties of elastomeric castor oil polyurethanes
based on two isocyanate structures: an aliphatic HMDI and an aro-
matic TDI, using several investigation techniques. The steric impo-
sitions placed by the rigid structure of the aromatic ring in the hard
segment of the COPUTs lead to specimens that were less viscoelas-
tic than the COPUH counterparts. The results retrieved from the
analysis of the various data revealed an amorphous polymer whose
properties (DTg <3 �C for COPH and DTg <9 �C for COPUT using tan d
values) were only slightly altered by radiation. The indifference to
the accumulated doses used in the present work (0.5 MGy and
2.0 MGy) was because the ionizing energy supplied to the COPU
was below the energy threshold required to produce multiple bond
scission that would otherwise lead to degradation. To that end, the
competing crosslinking and chain scission reactions was such that
no significant changes occurred in the COPU network as reflected
by the DMA and DSC data. MALDI analysis revealed a network
structure that could be decomposed by successive loss of the isocy-
anate hard segment upon exposure to aggressively harsh ionizing
beam. Therefore, below and including an accumulated dose of
2.0 MGy, COPUs can be used in radiation environments.
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Fig. 8. Probable COPU fragmentation pattern. Top: COPUH; Bottom: COPUT.
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