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RÉSUMÉ

On s'est servi d'une boucle à haute température pour déterminer l'effet de
conditions légèrement oxydantes sur l'accroissement de l'activité du
cobalt 60 sur les pastilles en acier inoxydable 403, acier au carbone et
oxyde de fer. Dans les pastilles d'oxyde, le Fe3O4 a fixé plus de
cobalt 60 que le a-Fe2O3. L'acier inoxydable 403 a fixé plus de cobalt 60
que l'acier au carbone dans des conditions à la fois réductrices et
oxydantes. Les conditions redox fluctuantes ont influé sur les oxydes des
surfaces d'acier et sur l'accroissement de l'activité.
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ABSTRACT

A high-temperature loop was used to determine the effect of slightly oxidizing
conditions on cobalt-60 activity buildup on 403 SS, carbon steel and iron oxide
pellets. In the oxide pellets, Fe304 picked up more Co-60 than a-Fe2O3. The
403 SS picked up more activity than the carbon steel under both reducing and
oxidizing conditions. Fluctuating redox conditions affected the oxides on steel
surfaces and influenced activity buildup.
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1. INTRODUCTION

Corrosion plays a major role in activity transport in the primary heat transfer
system (PHTS) of a water-cooled nuclear reactor. Oxide layers are formed on
surfaces and some of these corrosion products are released into the coolant.
Activation of corrosion products occurs in the core. Subsequent redistribution
of the activated products, such as Co-60, onto out-of-core surfaces of the PHTS
creates radiation fields that contribute to workers' radiation exposure. The
redox conditions of the coolant can alter both the nature of the corrosion
products and the uptake of activity by corrosion product oxides.

Most of the fundamental studies of activity transport in reactors with lithiated
coolant have concentrated on "normal" chemistry conditions (i.e., reducing
chemistry with undetectable amounts of oxygen). However, some CANDU1 reactors
now operating with boiling in the core have fields rising more rapidly than the
same reactors had without boiling in the core. These reactors appear to have
somewhat oxidizing conditions, and it was hypothesized that these conditions are
leading to the higher rate of field growth. The objectives of this study were
to learn more about activity transport in slightly oxidizing conditions, by
determining how oxide films on carbon steel and 403 SS are affected when oxygen
is added to lithiated coolant, and how oxidizing conditions affect pickup of
Co-60.

2. EXPERIMENTAL

Experiments were performed in a high-temperature experimental loop constructed
of 304 SS (Figure 1). A previously irradiated bundle of stainless steel mesh
acted as a corrosion product source, introducing Co-60 and other radionuclides
into the water. The flow was split between two parallel test sections, each
with a coupon holder, a tube section monitored by a gamma detector, and two beds
of oxide pellets. The coolant was cooled and purified by ion exchange before
being reheated and introduced to the experimental section as "fresh" coolant.

The experiments were performed in four separate phases. All used similar
conditions, with the exception of the redox conditions, which were controlled by
adding hydrogen, helium, and oxygen. Typical experimental conditions were:

Temperature (°C) 295 - 302
Pressure (MPa) 10.7 - 11.2
Flow Rate (L/min) 1.27 -.4.33

(in each test section)
pH at room temp. 10.1 - 10.7
Conductivity (AtS/cm) 54 - 98

The redox conditions were altered using hydrogen and oxygen addition (with
helium as a sparging gas in some runs, see Table 1). Phases 1 and 2 used
reducing chemistry and Phases 3 and 4 used slightly oxidizing conditions.
Phases 1, 3 and 4 were 576-hour runs, but Phase 2 was a 144-hour run, having
initially been intended as a phase to strip the hydrogen from the coolant.

1. CANDU: CANada Deuterium Uranium. Registered Trademark.



Table 1: Description of Experimental Phases

PHASE

1

2

3

4

HOURS

576

144

576

576

GASES ADDED TO COOLANT

cm 3.kg 1

17

15

He
c m 3 k g 1

10

9

tfg-kg"1

66

57

Coupons were removed during each phase at 144-hour intervals, but some coupons
were exposed for more than one experimental phase. The tube sections used to
monitor Co-60 pickup on-line were replaced after Phases 2, 3, and 4. Oxide beds
were sampled every 144 hours, starting with fresh oxide at the beginning of each
phase. The oxide beds were removed from the loop, evacuated to dryness, and
mixed before sampling. The remaining oxide was put back into the holder for
further exposure.

3. RESULTS AND DISCUSSION

3.1 Co-60 Pickup by Oxide Pellets

Beds of haematite and magnetite were located downstream of the gamma-monitored
tube sections. In each of the oxide types, some of the other oxide type was
initially present as an impurity. The haematite beds were in test section 1
(TS1), where 403 SS was the test material; the magnetite beds were in TS2, where
carbon steel was the test material. Each bed contained approximately 2 g of
pellets, 20 to 40 mesh in size.

The use of oxide pallets allowed the measurement of radionuclide pickup on iron
oxides in different redox conditions, without the complicating factors of
different film thicknesses and corrosion rates, which must be considered when
films on reactor materials are examined. Oxide pellets are expected to behave
more like crud particles with respect to activity buildup and oxide phase
changes.

Cobalt-60 pickup on the oxides is shown in Figure 2 for all four phases. The
molar percentage of Fe3O4 in the pellets, as determined using Mossbauer
spectroscopy, is shown beside each data point. Activity buildup was greatest
for the reducing conditions of Phase 1 on both the haematite and magnetite
pellets. Buildup was substantially lower for the oxidizing conditions of both
Phase 3 (02 + He) and Phase 4 (02 + H 2 ) . The higher rate of Co-60 uptake under
reducing conditions is not an effect of cobalt concentration. Table 2 shows
that, on average, the Co-60 concentrations in solution were higher for Phases 3
and 4, the phases in which lower buildups were observed.



Table 2: Average Co-60 Activity in Water

Phase

1
2
3
4

/iCi/L*

2.24 x lO"7

2.52 x 10-7

4.07 x 10"7

5.03 x 10-7

*1 Ci = 3.7 x 1010 becquerels

Activity pickup can be related to the amounts of Fe,04 and a-Fe2O3 measured in
the pellets. The amount of Fe3O4 present increased during Phase 1 for both
particle types: from 26% originally tc 37% for the haematite particles, and
from 85% originally to 100% for the magnetite particles. The fraction of Fe3O4
was dramatically lower for the oxidizing conditions of Phases 3 and 4: less
than 6% in the haematite particles and 15 to 35% in the magnetite particles.
The bulk of the oxide pellets were a-Fe2O3 during the oxidizing phases, where
less activity uptake occurred. The results indicate that pickup of Co-60 by
Fe304 occurs much more readily than Co-60 pickup by a-Fe203.

The relationship between Fe304 concentration and Co-60 pickup appears to be
consistent within a given particle type. However, the total Co-60 pickup
measured as tiCi/g was larger for the haematite pellets containing 37% Fe304 at
the end of Phase 1 than it was for the 100% Fe304 magnetite pellets. This
difference is explained by the difference in surface areas. Both Scanning
Electron Microscope (SEM) examination and BET measurements indicate a much
higher surface area of the haematite particles. BET analysis showed the surface
area of the haematite pellets to be 40 times that of the magnetite pellets:
they had surface areas of 10.06 and 0.24 m2/g, respectively.

The ability of Fe304 to pick up Co-60 more readily than a-Fe2O3 can be explained
by the mechanisms of cobalt incorporation. Possible mechanisms include ion
exchange, adsorption, and co-precipitation.

Ion exchange is not likely to be a major mechanism of cobalt adsorption into
a-Fe2O3, as there are no natural crystal sites for divalent ions, such as cobalt
(1). Wu and co-workers (2) have confirmed this experimentally at lower
temperatures (25 to 80°C). Results of cobalt deposition and release experiments
by Kuwae et al. (3) suggested that the following ion exchange was the main
cobalt incorporation mechanism with magnetite powders at 290°C:

Fe + 2Fe + 3
20 4 + Co+

2 I Co+2Fe+3
204 + Fe+2

Adsorption of cobalt on haematite and magnetite has been studied by many
authors, who concluded that at pH 10 (i.e., in CANDU reactor coolant) cobalt
will be adsorbed as Co(0H)+ and/or Co(0H)2 (4-7) on both a-Fe2O3 and Fe304. A
possible adsorption reaction has been described by Walker (8):

Co(0H)+ + S-OH S-O-Co(OH) + H+



where S is a surface metal ion, Fe for the cases discussed here. It has been
shown repeatedly with both haematite and magnetite that as pH increases, the
amount of cobalt uptake increases. At lower pH and temperature the adsorption
characteristics of haematite and magnetite have been reported to be similar (9),
and a high pH has been found to be conducive to cobalt adsorption on both
haematite and magnetite. At pH 10, therefore, it is reasonable to conclude that
haematite and magnetite have similar adsorption characteristics for the
hydrolysis products of cobalt. Walker (8) concluded that cobalt adsorption is
followed by incorporation into the oxide.

Co-precipitation of iron and corrosion products such as Co-60 onto corroding
metal surfaces has been described by Lister (10-12). Co-precipitation occurs
when iron is deposited as a growing oxide film and carries cobalt with it; both
the iron and cobalt ultimately become incorporated into the oxide lattice. As
metals corrode, a continuous source of iron is introduced into the usually iron-
saturated coolant, resulting in a driving force in an isothermal system for
continuous iron precipitation. In the absence of corrosion, there is no net
driving force for iron release and precipitation on the oxide pellets. Some
exchange of Fe ions on the surface with Fe and Co ions in solution will occur,
and some Co-60 will be picked up by this mechanism.

Of the three mechanisms of cobalt pickup discussed, two--ion exchange and
adsorption--are the major mechanisms of cobalt pickup on oxide pellets. Ion
exchange is more likely in magnetite than in haematite, while adsorption is
probably similar in magnitude for both the haematite and magnetite. Adsorption
thus would be the dominant mechanism of activity buildup by haematite. Since
magnetite picks up substantially more activity than haematite in our
experiments, we can conclude that ion exchange played a significant role in
Co-60 buildup on magnetite.

3.2 Magnetite-Haematite Transformations

Exposure of the oxide pellets to high temperature lithiated water resulted in
transformations between oxide phases. Conversion from a-Fe2O3 to Fe304 was
observed after exposure to reducing coolant in Phases 1 and 2, and the reverse
occurred in the oxidizing conditions of Phases 3 and 4. Since both the
haematite and magnetite pellets initially contained impurities of the other
phase, both types of transformation could be observed for each pellet type. The
changes measured using transmission Mossbauer spectroscopy are represented as
mole % Fe304 values in Figure 2.

The transformation from Fe304 to a-Fe2O3 occurred more quickly than the reverse,
with essentially all of the reaction having taken place in the first 144 hours
(or less). Almost no conversion occurred after 144 hours, even though a portion
of the pellet remained unconverted after 576 hours. This could indicate a
relatively fast reaction of those regions easily accessible by oxygen, with a
much slower diffusion process controlling the reaction within the individual
grains.

The reduction of a-Fe2O3 to Fe304 occurred much more slowly than the opposite
transformation, with an increase from 25 to 37% Fe304 measured in the haematite
pellets over the 576 hours of reducing Phase 1. As the grains in the haematite
pellets were substantially smaller than the grains in the magnetite pellets and



had a larger surface-area/volume ratio, this indicates that the conversion was
limited by the rate of the a-Fe2O3 to Fe3O4 reaction, and/or that diffusion of
oxygen is much slower into haematite.

3.3 Oxide Films on Steel Surfaces

Coupons and tube sections of type 403 SS and carbon steel were used to determine
activity buildup and film characteristics under reducing and oxidizing
conditions. Elemental analysis of the steel materials is presented in Table 3.

Table 3: Elemental Analysis of Steel Materials

SAMPLE

403 SS tube

403 SS coupon

WEIGHT 1

Fe

89

88

Cr

12

12

Mn

0.495

0.480

Mo

0.300

0.365

Ni

0.315

0.415

C

0.137

0.120

Cu

0.150

0.134

Co

0.018

0.021

SAMPLE

CS Cube

CS coupon

Fe

BAL

BAL

Mn

0.307

0.265

VEIGHT

Cu

0.032

0.072

Z

Cr

0.009

0.014

c

0.095

0.057

Mo

0.004

0.006

Data for Co-60 pickup on the coupons and tub—>• ;r? plotted in Figure 3 for
reducing conditions and in Figure 4 for oxidizing conditions. The on-line
count-per-second (cps) data on the tubes were converted to activity per unit
surface area, with a conversion factor calculated by off-line gamma counting the
tube and the activity subsequently stripped from the tube. The coupons were not
monitored on-line; therefore, their activities were determined by off-line gamma
spectrometry.

Figures 3 and 4 show that 403 SS picks up more Co-60 activity than carbon steel
in both reducing and slightly oxidizing conditions. To understand this
behaviour, parameters such as the form of iron oxide, film thickness and other
metals present in the oxide must be considered.

The oxide films formed on both the carbon steel and stainless steel were double
layer oxides, similar to those which have been frequently observed on steel
surfaces (e.g., 10-13). SEM photographs for many samples revealed an outer
layer of precipitated crystals over a layer of fine-grained oxide. Double layer
structures formed on carbon steel are shown in Figure 5.



The coupons were analyzed for the type of oxide present using conversion
electron Mossbauer spectroscopy. The Mossbauer technique used detects only
iron-bearing species, so the composition of species measured does not rule out
the presence of additional metal ions. Substituted iron spinels such as
Fe3.xCrx04 would therefore be included in the fraction analyzed to be Fe3O4.
The Mossbauer technique analyzes the form of iron in approximately the outer
300 nm of the film, and as a result places a greater emphasis on the composition
of the outer oxide layer.

Transmission electron microscopy (TEM) with electron diffraction analysis vas
performed on single crystals or small crystal clusters of oxides formed on the
steel coupons, to determine the crystal structure. An extraction replica
technique was used to remove outer layer crystals from the coupons. Energy
dispersive X-ray (EDX) analysis was used to determine the elemental composition
of the crystals examined using TEM.

The Scanning Auger Microprobe (SAM) was used to obtain composition-with-depth
profiles and thicknesses of the oxides on the steel coupons. Depth profiles
revealed the metallic species dominant in the outer layer, the inner layer and
the base metal, and provided an estimate of oxide film thickness.

Analysis of the oxides on 403 SS coupons showed:

Under deoxygenated (reducing) conditions, both the inner and outer oxide
layers were of the magnetite crystal structure (i.e., spinel). The outer
layer contained negligible chromium, but the inner layer was enriched in
chromium.

Under slightly oxygenated conditions (nominally 60 ppb 0 2), the outer layer
was primarily of the haematite structure (i.e., corundum) and the fine-
grained inner layer was primarily of the magnetite structure. Chromium was
present in both the inner and outer oxide layers.

Analysis of the oxides on carbon steel coupons showed:

- Under deoxygenated (reducing) conditions, both the inner and outer oxide
layers were magnetite. Iron and oxygen were the only significant components
of both layers.

- Under slightly oxygenated conditions (nominally 60 ppb), magnetite was the
dominant species of the inner oxide. The grain size of the inner layer oxide
was similar to that measured under reducing conditions. Haematite was a
major component of the outer oxide. Some chromium, presumably having been
mobilized from the 304 SS loop under oxidizing conditions, was present in the
outer oxide.

Phase 4 was nominally an oxidizing phase, but oxygen concentrations fluctuated
from very low (near 0 ppb) to very high ("600 ppb). During the periods of very
low oxygen, Fe3O4 would have been the stable precipitated phase, while a-Fe2O3
would have been the stable precipitated phase during oxygenated periods.



Cobalt-60 activity measured on-line on the carbon steel tube section in Phase 4
showed fluctuations that can be attributed directly to the changes in oxygen
concentrations during the run (Figure 6). Three periods of rapid rise in Co-60
occurred near 30, 180 and 530 hours of exposure time. These all coincide with
periods when the oxygen levels in the system dropped to less than 5 ppb. During
periods of very low oxygen concentration, film growth is more rapid, and the
stable depositing oxide phase is a magnetite-type spinel, which has greater
affinity for Co-60 than haematite. Decreases in Co-60 levels were measured on-
line in the periods near 290 and 330 hours of exposure time, which correspond to
times when the oxygen levels peaked near 200 and 600 ppb, respectively. Under
these conditions, haematite would have been the stable precipitated oxide phase.
This suggests that Co-60 was rejected from the oxide film as the Fe3C4 was
converted to Fe203 by the oxidizing conditions. The Co-60 accumulation curve
shows that the effect of fluctuating redox conditions on activity pickup can be
dramatic.

Dissolution of parts of the outer layer crystals caused by the fluctuating redox
conditions of Phase 4 is apparent in photographs of coupons exposed for multiple
phases. Coupons exposed to Phases 3 and 4, and to Phases 1 and 3 and 4
(Figure 7), showed distinct erosion of parts of the deposited crystals. In
contrast, a coupon exposed to a single change from reducing to oxidizing
conditions (e.g., a coupon exposed to Phases 1 and 3) had an exterior layer of
well-defined crystals (Figure 8). The a-Fe203 content of all the films of
carbon steel coupons exposed to multiple experimental phases was determined by
Mossbauer analysis to be between 85 and 92% after Phase 3 or 4. The low Fe304
content after Phase 4 indicates that the Fe3O4 deposited during periods of
reducing chemistry has been converted to a-Fe2O3, and/or it has been dissolved.
The erosion of some regions of crystals of the outer layer oxide suggests some
dissolution of Fe304, which is more soluble than a-Fe2O3.

The oxides formed on carbon steel and 403 SS after 576 hours of the reducing
conditions of Phase 1 and the slightly oxidizing conditions of Phase 3 are
compared in Figure 9. It can be seen that much thicker films were formed under
reducing conditions than under oxidizing conditions for both types of steel.

The activity per unit volume of oxide was calculated by dividing the activity
per unit area by the film thickness. For both carbon steel and 403 SS, activity
per unit volume was substantially higher during oxidizing conditions.

It was shown with the oxide pellets (and also in some coupon results not shown
here) that Fe3O4 picks up Co-60 more readily than a-Fe2O3, but coupons that hold
a-Fe2O3 (i.e., coupons from the oxidizing phases) contain more activity per unit
volume. Other factors must therefore influence Co-60 pickup.

The cobalt-60 concentration in solution was almost double in Phase 3 what it was
for reducing Phase 1 (Table 2). The average volumetric activities for carbon
steel and 403 SS in Phase 3 were 3.5 times and 4.9 times, respectively, what
they were in Phase 1. With these values being much greater than the cobalt
concentration factor of nearly 2, another factor must affect Co-60 pickup.

As noted previously, 403 SS picked up more activity than carbon steel in both
oxidizing and reducing conditions. The 403 SS had a chromium content in the
metal of 12%, while the chromium content in the carbon steel was very
low—approximately 0.01%. Under the reducing conditions of Phase 1, no chromium
was measured in the oxide layers on carbon steel. The outer layer on 403 SS was



depleted in chromium and enriched in iron (relative to the base metal), and the
inner oxide was chromium enriched. Under the oxidizing conditions of Phase 3,
both the inner and outer oxide layers on 403 SS were enriched in chromium, and
some chromium (presumably mobilized from stainless steel loop components as
Cr+6) was found in the outer layers of the oxide on carbon steel.

The relative amounts of chromium in the oxide correlate with the average Co-60
activities per unit volume on the steel materials. Type 403 SS contains more
chromium than carbon steel and 403 SS picks up more activity than carbon steel.
Similarly, films formed under oxidizing conditions contain more chromium thau
those formed under reducing conditions, and films formed under oxidizing
conditions pick, up more Co-60 activity per unit volume.

Kanbe and Miyashiro (14) have also observed a correlation between chromium
content in steel and activity uptake. They measured buildup of Co-58 on steels
with a range of chromium contents and found that when the content was greater
than 12% a substantial increase in the Co-58 buildup occurred. On the same
materials they measured a steady, decreasing trend in the relative amount of
corrosion as the chromium content increased, with no sudden change, as was
observed for the Co-58 uptake. They suggested that chromium content in
corrosion products had an important role in activity buildup, as has been
observed here.

The contribution of chromium to Co-60 activity buildup appears to dominate over
the effect observed on pellets where Fe304 picks up more activity than a-Fe203.
The chromium containing oxide Cr203 appears to have a greater affinity than
or-Fe203 for Co-60. With the oxidizing conditions of Phases 3 and 4, a larger
fraction of the oxide (primarily the outer oxide layer) is present with the
structure of a-Fe2O3, but the average Co-60 activity per unit volume is
generally higher (Figure 9). However, because of the thinner oxides formed
under oxidizing conditions, the overall activity per unit area of metal is
similar in magnitude for reducing and oxidizing conditions.

In summary, under oxidizing conditions, oxide films on 403 SS and carbon steel
are thinner, but of higher specific activity. Since the first characteristic
works to reduce activity and the second characteristic contributes to increasing
activity, the magnitude of each of the two factors must be considered to
determine whether a net increase or decrease in overall activity per unit area
of steel occurs when oxidizing conditions exist.

4. APPLICATION OF RESULTS

In Bruce A nuclear generating station, radiation fields due to Co-60 have been
rising faster than predicted after the reactors were uprated from an operating
level of ~88% to full power over a period of several years (15). The prediction
does not take into account in-core boiling (16), which is widespread in the
uprated reactors. Boiling can lead to the formation of higher concentrations of
radiolysis products in the core, which can result in oxidizing conditions in the
fuel channel outlets. It was hypothesized that these oxidizing conditions were
leading to faster rates of radiation field increase on the oxides formed at the
core outlet. The oxides formed on 410 SS from a reactor core inlet and outlet
were analyzed and showed the following properties:



- oxide films were thinner on the outlet oxides than on the inlet oxides,

the specific activity of the fixed oxide at the outlet was at least three
times that of the inlet oxide, and

- decontamination tests suggest that the chromium content in the outlet oxide
is much higher than in the inlet oxide (it was more difficult to
decontaminate the outlet samples).

These results are consistent with the results of this study, and indicate that
the conditions at the core outlet are indeed more oxidizing than those at the
inlet.

5. CONCLUSIONS

Oxide films formed on steel materials in deoxygenated and slightly oxygenated
water were seen to have different structures and different affinities for Co-60.
The spinel structure of magnetite was the predominant inner phase component
under both oxidizing and reducing conditions, but the major component of the
outer oxide was of the haematite structure under oxidizing conditions and of the
magnetite structure under reducing conditions. More chromium was present in the
outer oxide under oxidizing conditions. The higher chromium content in the
oxide is implicated in contributing to increased Co-60 pickup.

Oxide films formed under oxidizing conditions were thinner, but had higher Co-60
activities per unit volume of oxide. Because these two properties work against
each other, the net result was similar Co-60 activity per unit area of base
metal under reducing and oxidizing conditions.
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12

2a) 35

ACTIVITY
(uCi/gram)

% = mole % Fe3O4 ;n "haematite" pellets 37%

100 200 300 400

EXPOSURE TIME (h)

500 600

2b)
22 T

20

18 j

16

14 -

ACTIVITY 1 2 -
(uCi/gram) I Q ..

8

6

4 +
2

0

% = mole % Fe3O4 in "magnetite" pellets

85%

100 200 300 400

EXPOSURE TIME (h)

500 800

Figure 2: Co-60 pickup on oxide pellets a) haematite pellets, b) magnetite
pellets.
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Figure 3:. Co-60 pickup on steels - Phase 1, reducing conditions, a) carbon
steel, b) 403 SS.
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Figure 4: Co-60 pickup on steels Phase 3, oxidizing conditions, a) carbon
steel, b) 403 SS.
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5a)

5b)

Figure 5: SEM photographs of carbon s tee l coupons a) Phase 1, 100% Fe3O4,
b) Phase 3, 61% Fe as a-Fe2O3, 39% as Fe3O4
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Figure 6: Co-60 pickup on carbon steel, Phase 4.
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Figure 7: SEM photograph of carbon steel coupon exposed to Phases 1, 3 and 4.

Figure 8: SEM photograph of carbon steel coupon exposed to Phases 1 and 3.
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Figure 9: Comparison of oxides formed on carbon steel and 403 SS coupons under
reducing and slightly oxidizing conditions.



Cat. No. CC2-10658E
ISBN 0-662-20100-0

ISSN 0067-0367

To identify individual documents in the series
we have assigned an AECL- number to each.

No. aucat. CC2-10658E
ISBN 0-662-20100-0

ISSN 0067-0367

Pour identifier les rapports individuels faisant
partie de cette serie nous avons assigne un

numero AECL- a chacun.

Please refer to the AECL- number when re-
questing additional copies of this document

Veuillez faire mention du numero AECL- si
vous demandez d'autres exemplaires de ce

rapport

from au

Scientific Document Distribution Office
Atomic Energy of Canada Limited

Chalk River, Ontario, Canada
K0J 1J0

Service de Distribution des Documents Officiels
Energie atomique du Canada limitee

Chalk River, Ontario, Canada
K0J 1J0

Price: A Prix: A

® ATOMIC ENERGY OF CANADA LIMITED, 1992

2612-92


