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Resume

Les programmes de recherche en chimie des systemes ont pour but
de preserver 1'integrite des nombreux systemes operationnels des
reacteurs CANDU et de mini miser les problernes d'origine chimique
comme la croissance du champ de rayonnement ou l'encrassement des
surfaces.

Les questions les plus preoccupantes sont la chimie et la corrosion
des generators de vapeur, car c'est dans ce domaine general que
la possibility de probiemes graves est tr£s reelle.
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ABSTRACT

Research programs in Systems Chemistry are aimed at preserving the
integrity of the many working systems in CANDU reactors and at minimizing
chemistry-induced problems such as radiation field growth or fouling of
surfaces.

The topics of main concern are the chemistry and corrosion of steam
generators, for it is in this general area that the potential for serious
problems is very real.
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D.H. Lister and R.S. Pathanla
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Introduction

The materials of construction of reactor systems are diverse, for they are
dictated by several requirements such as transparency to neutrons in the
core, resistance to corrosion In the steam generators, and cost. The
operating conditions are dictated by the need to extract as much energy
from the fuel as possible, and this imposes requirements such as high heat
transport system temperatures which, as the system Is progressively
optimized, approach limits dictated by materials.

Given such rigorous constraints, the chemistry of the various cooling
circuits has to be optimized so that corrosion and other problems attrib-
utable to chemistry are minimized. In the Systems Chemistry Working Party
of AECL's Research Company, most of the programs are devoted to that end
and therefore to the continued excellent performance of the CANDU reactor.
Indeed, the overall objective of the Working Party can be stated:

"To understand and model the chemistry, corrosion and material transport
phenomena in raactor coolant systems so that associated problems can be
minimized."

The Working Party itself Is a committee of six experts in the chemistry of
power reactor systems from the various branches of AECL. The chairman,
secretary and two others are researchers from AECL Research Company
at Chalk River Nuclear Laboratories and Whiteshell Nuclear Research
Establishment. The remaining two are chemistry system designers from
AECL Engineering Company at Toronto and Montreal.

The committee generally meets once a year to discuss the current program
plan In Systems Chemistry and to review critically the experiments being
planned. Observers from Ontario Hydro, Hydro Quebec and New Brunswick
Electric Power Commission are regularly invited to attend and to comment,
and from time to time attached staff from overseas CANDU utilities have
participated.

Most of the experimental work is done at Chalk River. In all, about eight
professional scientists (with associated technical and support staff) are
involved for the year 1984-85, and about half this effort is devoted to
commercial contract work - much of it in support of light-water-cooled
reactor programs. This is fulfilling AECL's mandate to sell its services
and is bringing in dollars to Canada; it is also helping to maintain AECL's
position in the forefront of R & D in this field.



Besides the Systems Chemistry Working Party, sources of expertise in the
chemistry and materials of CANDU reactors include scientists working on
underlying research at CRHL and WNRE, chemistry specialists at CANDU
Operations, station chemists and chemists and materials scientists at
Ontario Hydro Research. The research programs at Ontario Hydro are mainly
in support of reactors at Pickering and Bruce, whereas AECL's programs are
increasingly focused on providing technical support to CANBU-600 reactors.

CANDU Coolant Systems

Figure 1 shows schematically the three principal coolant circuits of the
CANDU reactor. They are: the primary coolant circuit, in which heavy
water at ̂ 300aC removes heat from the core and transports it to the steam
generators; the secondary coolant circuit, in which light water boils in
the steam generators, transfers Its energy to the turbines, is condensed
and pumped back to the steam generators; and the moderator circuit, in
which heavy water at ̂ 85"C is circulated through the calandria at atmos-
pheric pressure and moderates the neutron energies In-core to allow the
fission reactions to be sustained in natural-uranium fuel. Other circuits
not shown in Figure 1 are the cooling water system for the various heat
e: hangers around the reactor, and the auxiliary systems such as the
end-shield cooling water circuit.

From the foregoing, it can be seen that CANDUs work on similar principles
to other dual-cycle reactors such as PWRs. There are important differences,
however, that lead to unique development programs. Materials are different
- the CANDU primary coolant circuit contains nickel alloy boiler tubing and
quite large amounts of carbon steel piping, while PWRs have nickel alloy
tubing and relatively small amounts of stainless steel piping. Zirconium
alloys are used for fuel cladding in both types of reactor. The fuel
channel concept of CANDUs has led to a considerable effort in perfecting
the technology for manufacturing pressure tubes from improved zirconium
alloys and, as described later, there is some impact on coolant chemistry.
Also, the separate moderator systems in CANDUs, while conveniently allowing
poison control of the core to be done outside the primary coolant system,
means that heavy water radiolysis has to be controlled In a second circuit.
Finally, auxiliary systems such as the eud-shield cooling (in which cooling
water is circulated through the biological shield at each face of the
reactor) or the annulus gas (in which the space between the pressure tubes
and the calandria tubes in the core is constantly supplied with a circu-
lating gas such as CO2) give rise to their own special problems within
the province of Systems Chemistry, although these are minor and do not
require dedicated study programs.



Programs In Systems Chemistry

The success of the CANDU concept can be at least partly attributed to an
awareness of potential chemistry problems during the initial design of each
system and throughout the subsequent stages of:

- detailed system and equipment design,

- equipment manufacture and delivery,

- system construction and commissioning,

- system operation, shutdown and maintenance.

An understanding of the relationships linking material selection, chemistry
control, the growth of radiation fields, radiolysis, and operating
parameters such as pressure and temperature, is vitally Important for the
optimum performance of each system(l). Research and development programs
In Systems Chemistry are aimed at achieving such an understanding, and
continued liason with CANDU operators and designers (through committees,
task groups, etc., as well as representation on the Systems Chemistry
Working Party Itself) ensures that the awareness of potential problems is
maintained.

Activity Transport

As a nuclear power station gets older, radiation fields around components
of the reactor generally grow. This phenomenon is called "activity
transport". Unless something can be done to counteract the effect of
increasing fields, the amounts of radiation absorbed by workers at the
station will tend to increase from'year to year, and problems of station
management and staff logistics will occur If jobs cannot be done within
prescribed limits of radiation dose. Furthermore, the problems multiply
with time because equipment tends to deteriorate with age - older reactors
require more maintenance.

Such problems of occupational radiation dose are being encountered more
and more in water-cooled reactors; in fact, means for reducing the dose
commitment in LWRs, such as fundamental design changes, are being
considered (2). CANDU reactors are not immune from occupational dose
problems either, and indeed have the additional source tritium which is
formed In the core by the transmutation of the heavy-water deuterium and
gives rise to internal doses of radiation. Internal dose, however, is not
a problem addressed by Systems Chemistry.



Corrosion Products

External doses arise because the materials of construction of the coolant
circuits corrode and release corrosion products to the coolant to a degree
that depends on the chemistry control of the water. The released corrosion
products are transported to the core where they are made radioactive;
subsequently, the radioactivity is distributed around the circuit and
accumulates on surfaces.

Cobalt—60 is a notoriously troublesome radicnucllde In all water reactors.
It Is produced in-core by irradiation of Co-59, the 100% abundant natural
isotope of cobalt; it has a long half-life and emits high-energy gamma rays
as It decays. It occurs as an impurity, mostly associated with nickel in
reactor materials, and as a major constituent in wear resistant alloys for
components such as valve seats. Because of an intensive effort In activity
transport, corrosion product fields have been largely brought under control
iuifcANDU reactors. Figure 2 illustrates the radiation field reductions
actually achieved in the vicinity of the steam generators at successive
CANDUs. The early data for Douglas Point show the disastrous effects of
inadequate dissolved oxygen control. Dissolved oxygen provoked excessive
release of corrosion products from the boiler tubes; these corrosion
products were made radioactive in the core and large amounts of Co-60 were
produced. The reduced fields, achieved after about 600 EFPD by redox
cycling (3), have been maintained by keeping the coolant essentially free
of dissolved oxygen. Radiation fields in other areas have been reduced by
decontamination (discussed later)(4).

The factor of ten reJuction in steam generator radiation fields from
Douglas Point to Pickering GS 'A1 results from a combination of good
coolant chemistry control and larger steam generators which have much
greater self-shielding from gamma rays.

The Bruce GS 'A' reactors, in addition to the benefits of good chemistry
control and even larger steam generators, have had the added benefit of
reduced cobalt concentrations in the primary system materials. The maximum
cobalt in the carbon steel feeder piping Is 0.006% and in the steam
geneator tubing is 0.015%, the latter a factor of ten below the level at
Pickering and Douglas Point. Also, at Bruce and subsequent reactors,
nearly all high-cobalt wear-resistant alloys have been eliminated. Further
reductions in steam generator radiation fields are expected at CANDU-600
stations where Incoloy-800 replaces Inconel-600 as the steam generator
tubing. As a result of the successive reduction in radiation fields from
Douglas Point to Bruce GS 'A', it has now been decided that neither high
temperature filtration nor high flow (20 minute half life) purification of
the primary coolant is necessary for future CANDU plants(l).



Such reduced radiation fields have resulted in major reductions in
occupational radiation doses at CANDUs (see Figure 3 ) . Compared with LWRs
in the U.S., our record is excellent:

Commercial Water-Cooled Reactors in 1982

Yearly Dose Normalized to Gross Power Produced

(Bem/MW(e).Year)

U.S. BWRs - 2.3
U.S. PWRs - 1.3
CANDUs - 0.30.

As a result, programs in corrosion product transport in support of CANDUs
have ended, and we are exploiting our considerable expertise in this area
by doing contract research for organizations such as the Electric Power
Research Institute in the U.S.

Fission Products

At Bruce 'A', fission products and Co-60 now contribute about 50-50 to
boiler fields. The cause of fission product fields is defects which occur
in a very small proportion (<0.1%) of CANDU fuel. These defects are small
with no release of UO2 and only miniscule releases of fission products.
In later reactors, fission products are likely to be the major contributors
to fields because corrosion products will be reduced even further. In
addition, there is always the potential for fuel damage caused during
refuelling to release fission products and even fuel debris to the coolant
and therefore to create acute radiation problems. Such an incident
occurred in Bruce Unit 1 in 1979, after about two operating years, and the
effects took 2-3 years to disappear from the system (see Figure 2 ) . Thus,
there is an incentive to understand, and possibly control, fission product
movement in operating reactors. The small program in Systems Chemistry is
aimed at loop and laboratory studies that will provide enough information
on the chemistry and transport mechanisms of fission products to allow
predictions of the growth of fission product fields in reactors to be made.
The studies should also provide information pertinent to the location of
failed fuel in Ontario Hydro reactors and to the development of
decontamination methods for fission products.

Fission Products During Accidents

The amounts of radioactivity that might be released to the reactor contain-
ment during a loss of coolant accident (LOCA) are important quantities in
safety assessments. Many research programs around the world are aimed at
estimating them. A major step in the Chalk River studies of LOCAs will be
the commissioning of a blow-down loop in a research reactor (see Reference 5
for a description of the Blowdown Test Facility now under construction in
the NRU reactor and due to start up in 1985). The loop will be used to
damage fuel assemblies severely by cutting off the coolant flow during



operation and blowing it down to a catch tank. The behaviour of the fuel,
and of the debris and radioactivity released from it, will be studied.

The experiments pose some difficult problems in sampling and analysis. The
transient may be of the order of minutes, and as it proceeds coolant condi-
tions of flow rate, temperature, pressure ani phase will change markedly.
Then, when "re-wet" with emergency coclant occurs, another set of transient
conditions is imposed. The challenge, from the Systems Chemistry point of
view, is to get information from the experiments to allow us to predict how
fuel debris and radioactivity will behave during hypothetical accidents in
the actual reactor. This will involve in-situ measurements of the hold-up
of fuel debris and radioactivity on system piping, the sampling of the
coolant whilst it is blowing down, and the determination of the chemical
form of the radioactivity. Before the loop start-up, there is a supporting
program of laboratory studies aimed at identifying fission product species
in steam and determining their deposition characteristics. The program
complements studies on the behaviour of material possibly released to the
reactor containment during a LOCA, currently underway at Whiteshell (6).

Decontamination

If used in CANDU primary coolant systems, most conventional acidic
decontamination reagents would be too aggressive to components such as
mechanical seals when used at concentrations sufficient to give adequate
decontamination. Also, conventional reagents would entail replacing the
heavy water coolant with light-water solutions. Furthermore, large volumes
of radioactive waste liquids would have to be disposed of at considerable
expense. Therefore, a chemical decontaminating process, tailored to the
CANDU system, using mild reagents to minimize corrosion and producing only
small quantities of solid waste, has been developed.

The CAN-DFXON process entails the addition of small quantities (about
0.1 wt%) of a proprietary reagent directly to the heavy-water coolant. A
continuous by-pass through ion-exchange columns removes radioactive
metallic ions from the heavy water and at the same time regenerates the
reagent. At the end of the decontamination, the radioactivity removed from
the circuit has been transferred to ion-exchange columns (for which
disposal facilities already exist at operating stations), and a simple
switch of the by-pass flow to another type of column removes the reagent
and restores the purity of the system heavy water.

The process is particularly useful for carbon steel components in CANDUs,
and has been used successfully at NPD, Gentilly-1 and twice at Douglas
Point. At Pickering, however, two attempts by Ontario Hydro to decontami-
nate the carbon steel feeders in the reactor at Unit 1 in 1982 and 1983
gave disappointing results. Subsequent trials at NPD and Pickering Units 1
and 2, again by Ontario Hydro, in early 1984 achieved reasonable decontami-
nations and were particularly useful in indicating how the process can be
used to advantage in a system with thick oxide films on carbon steel
components. It is clear, however, that there is much that is not under-
stood about the workings of CAN-DECON in CANDU reactors. Therefore, a
program on researching the mechanisms is continuing in collaboration with
Ontario Hydro.



In the meantime, London Nuclear Ltd., the Canadian company licensed to
apply CAN-DECON (and which did the second Douglas Point decontamination in
1983) is expanding its business in the U.S. and overseas. The CAN-DECON
process as described above works well in BWR systems (which are mostly
stainless steel), and modifications to the process have been proved in PWR
systems. Our expertise in Systcus Chemistry in the area of decontamination
is frequently called upon by London Nuclear for development work and
support services under contract.

Primary Coolant Chemistry

The two major requirements for chemistry control of the primary coolant

are:

- maintaining alkaline conditions which reduce general carbon
steel corrosion rates to acceptably low levels and minimize
the transport and activation of corrosion products;

- minimizing dissolved oxygen to ensure acceptably low rates of
zirconium alloy corrosion, and to avoid both carbon steel
pitting and stress corrosion cracking of austenitic alloys.

Lithia is added to the coolant to give a concentration of about 1 mg Li/kg
D2O which corresponds to a light water, room temperature pH of 10.15. In
heavy water the pertinent unit Is pD but In fact what is measured is an
"apparent pH" since a meter calibrated with light water solutions is used
to monitor heavy water solutions.

High coolant pH reduces corrosion product transport and activation and also
reduces general component corrosion. However, if concentration of the pH
agent occurs, corrosion can be aggravated. The local thinning of some
Pickering pressure tubes at contact areas with fuel bearing pads has been
attributed to local crevice boiling, causing high concentrations of lithium
hydroxide (1). The thinning under the bearing pads is quite small - less
than 5% of the wall thickness. Experiments and modelling show that LIOH
concentrations greater than 0.1M are required to accelerate zirconium alloy
corrosion at reactor operating temperatures and that such concentrations
can occur. Laboratory tests have shown that one solution to the problem is
to modify the profile of the fuel bearing pads so that the local heat
fluxes are reduced and flushing of the crevice Is promoted. Fuel with such
a modified design of bearing pad Is now undergoing irradiation testing.
While solutions to the potential problem are being defined, recent pressure
tube inspection by P itario Hydro at dickering and Bruce has indicated that
crevice corrosijn • ds to tail off with increasing exposure, and that Its
incidence is Urn.' mostly to a few tubes at Pickering Units 3 and 4. In
fact, measures .n as modifying fuel bearing pads may not be necessary.
To be prudent, however, it is advisable to maintain the alkalinity at the
lower end of the permitted range.

The suppression of radiolytic oxygen in water reactor coolants by addition
of hydrogen is a well understood phenomenon. Hydrogen gas is added to the
CANDU primary coolant and isotopic exchange produces dissolved deuterium.



The objective is to maintain a deuterium concentration of 3 to 10 mL/kg to
reduce the dissolved oxygen to acceptably low levels. The resulting heavy
water downgrading is acceptably small.

In Bruce and later CANDU reactors, the primary coolant might boil in the
core. It is expected that this will necessitate higher concentrations of
dissolved deuterium to suppress oxygen levels to below 70 yg/kg, at which
level cracking of steam generator tubing might be induced.

There is the conflicting requirement, however, that any source of hydrogen
(or deuterium) ingress to pressure tubing should be minimized. Dissolved
deuterium kicked up by the stainless steel end fittings may enter the
zirconium alloy of the pressure tubes via the rolled joints between the
tubes and the end fittings where there may not be an effective barrier of
ZrC>2 against deuterium permeation. This deuterium can add to the hydrogen
already existing in pressure tubes after manufacture and might thereby
aggravate hydride (or deuteride) precipitation and the subsequent tube
cracking under stress (7). Another factor is the ingress into the
zirconium alloy of deuterium caused by corrosion of the tubes themselves,
which is itself influenced by oxidizing conditions in the coolant. There-
fore, there is a considerable incentive to optimize the dissolved deuterium
levels. Experiments to define the optimum in boiling coolant are planned
within this sub-program of Systems Chemistry.

Moderator and Auxiliary Systems Chemistry

While the separate moderator system of CANDU plants allows the primary
coolant chemistry to be maintained at constant, optimum conditions, the
chemistry of the moderator heavy water is affected by the reactivity
requirements of the reactor (by changes in the concentrations of soluble
pois .s) as well as the need to minimize both the net rate of radiolysis of
the heavy water and the corrosion of system materials. The low temperature
(<85°C) and pressure (atmospheric) of the system make the chemistry control
straight-forward.

For reactivity control of the reactor core, soluble neutron poisons are
employed in the moderator system. Generally, boron is used for long-term,
and gadolinium for short-term, reactivity control. Thus, boron absorbs
excess reactivity at the beginning of core life, and gadolinium compensates
for the lack of xenon in the fuel after a long shutdown. Gadolinium can
also be injected to shut the reactor down. Since gadolinium ions hydrolyse
and precipitate in alkaline water, the moderator is kept slightly acidic.

The problem most likely to occur is unacceptably high levels of deuterium
in the helium cover gas (>4% - necessitating a reactor shut-down) caused
by excessive radiolysis. Generally, the neutroi poisons do not affect
radiolysis - only impurities are important in this respect. For axaaple,
organic matter reacts with hydroxyl radicals and thereby impedes the recom-
bination reactions that re-form water from radiolysis products. However,
there are indications that nitrate ions (introduced with gadolinium as
gadolinium nitrate) can interfere with the radiolysis process and might
promote deuterium "excursions" in the cover gas. St'-'^es have shown that



the interference is minimized by keeping moderator conditions constant - in
particular, maintaining the water level high in the calandria. Excursions
are otherwise controlled by keeping the water free from impurities.

The auxiliary systems, such as end-shield cooling or annulus gas, have
required very little input from Systems Chemistry. Overall in this
sub-program, while there is no experimental work planned, there is a small
allocation of effort to keep abreast of developments at reactors and to
give advice as required.

Steam Generator Chemistry and Conosion

AECL has conducted surveys of world experience of steam generator tube
failures in water-cooled nuclear power reactors (8). Figure A shows the
incidence of boiler tube failures in the last decade. The surveys show
that approximately 90% of tube defects have been caused by corrosion at the
secondary side. Corrosion has been observed in regions of low flow in
steam generators (e.g., in tube to tubesheet crevices, within the sludge
above the tubesheet and in tube to tube-support-plate crevices). Impurities
can concentrate by several orders of magnitude in such crevices and the
concentrated solutions attack the steam generator materials.

The causes of boiler tube failures in water-cooled reactors in the last
decade are shown in Figure 5. Stress corrosion cracking (SCC) from the
secondary side was an important failure mechanism in the early seventies.
Then from 1973-75 corrosion by sodium phosphate additives in the boiler
water (phosphate wastage) caused most of the failures. As a result mopt
utilities stopped using phosphate water chemistry. Soon another problem
appeared. Ingress of sea water in the steam generators caused corrosion
of tube support structures. The forces exerted by the growing oxide
constricted (dented) the tubes. Steam generators of four reactors in the
U.S. had to be replaced because of this problem. More recently, SCC from
primary and secondary side as well as pitting have caused most of the tube
defects. It appears that as one problem is overcome another failure
mechanism emerges.

CANPU steam generator service experience and design data have been
discussed previously (9). The performance of CANDU steam generators has
been excellent. The tube defect rate (percentage of tube defects) in CANDU
steam generators is about a factor of 100 lower than that in other types of
reactors. Design factors such as small size, lower temperatures, high
recirculation ratio (ratio of flow of recirculating water within the steam
generator to flow of steam) and well flushed tube to tube-support-plate
ci-evices have contributed to the excellent reliability of CANDU steam
generators. However, for reasons of economy, the steam generators of
CANDf*-600 reactors are larger and operate at higher temperatures. Further-
more, some reactors now use sea water for condenser cooling. Experience
with pressurized water reactors (PWRs) indicates that these factors
increase the likelihood of corrosion in steam generators. In order to
avoid costly corrosion problems, there are research programs in Systems
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Chemistry on steam generator chemistry and corrosion. The objective of the
programs is to understand the chemistry, deposition and corrosion processes
in nuclear steam generators, to formulate improved methods of water
treatment and chemical cleaning, and to predict the corrosion behaviour of
materials in steam generator environments*

Boiler Water Chemistry

Some of the achievements of the water chemistry program are summarized
here.

A model has been developed to predict the effect of leakage of various
condenser cooling waters on steam generator chemistry (10). This model
shows that ingress of sea water produces acidic chloride solutions In
heated crevices whereas leakage of river or lake water leads to alkaline
chloride solutions. The corrosivity of these solutions is being evaluated
In another sub—program. Some predictions of this model have been verified
by model boiler tests. Experiments are In progress to refine the model.

A radiotracer technique was used to study the concentration factors (ratio
of concentration in the crevice to that in bulk water) which can be
attained within heated crevices of various designs (11). These tests were
carried out at approximately 100°C and ambient pressures. Concentration
factors in broached tube to tube-support plate (used in CANDUs) were found
to be significantly lower than those in cylindrical crevices (used in some
PWRs). When the crevices were packed with stainless steel wire gauze to
simulate magnetite deposits, the concentration factors increased In both
types of crevice. Further experiments at temperatures and pressures
similar to those In steam generators are planned. Information from these
tests will help to predict chemistry and corrosion in steam generator
crevices.

Our expertise on high-temperature water chemistry is well-recognized and
has attracted commercial work from abroad, notably from the Electric Power
Research Institute (EPRI). EPRI has awarded us two contracts to study
oxygen supression and filtration In boiler feedwater.

Boiler Cleaning

Deposition of corrosion products on steam generator tubes may increase
the risk of corrosion and decrease the heat transfer across the tubes,
thereby decreasing the steam output. After 17 years of operation,
corrosion products caused a reduction in the output of the Nuclear Power
Demonstration (NPD) reactor at Rolphton, Ontario, from 25 MWe to less than
18 MWe. AECI, and Ontario Hydro launched a cooperative lesearch program to
develop a chemical cleaning process for the NPD steam generator. The
deposit was a mixture of magnetite, cuprous oxide and metallic copper.
A two-step process to remove copper and iron was developed within



11

2 months (12). The process was then used to clean the NPD steam generator
in 1979. About 500 kg of magnetite, 200 kg of copper and 200 kg of other
materials (calcium, phosphate, etc.) were removed and the output of the
reactor was restored to 25 MWe. This is the first time chemical cleaning
has been used successfully on a steam generator of a commercial nuclear
power reactor. Further studies are underway to develop chemical cleaning
processes for other types of deposit and sludge.

At NPD, some tubes developed stress corrosion cracks under a hard deposit
which formed on the vertical tube-sheet. This deposit was not removed by
the chemical cleaning operation. Hard sludge deposits on tube-sheets have
also been observed in Douglas Point, Pickering and Bru;e. The sludge
heights range from 150 mm at Bruce to 350 mm at Pickering. At present,
there is no effective method to remove sludge on tubesheets. It is
important to develop chemical cleaning techniques to remove sludge, so
experiments on consolidation and removal of sludge have begun.

Boiler Corrosion

The objective of boiler corrosion studies is to predict the corrosion
performance of steam generator materials in environments which may be
produced in service.

Stress corrosion cracking, caused by locally high concentrations of free
hydroxides, is an important tube failure mechanism. A comprehensive
study of SCC behaviour of steam generator tube materials (Incoloy-800,
Inconel—600, Monel-400) in concentrated sodium hydroxide at 300°C was
carried out (13). This showed that applied stress and sodium hydroxide
concentration had a significant effect on SCC. The ranges of stress and
concentration where cracking could occur were defined.

Condenser leaks can Introduce potentially corrosive cooling water into
steam geneators. The effect of leakage of sea water and river water on the
corrosion of steam generator materials was studied under heat transfer and
Isothermal conditions (14, 15). Sea water ingress caused rapid corrosion
of carbon steel in heated crevices, whereas leakage of river water resulted
in negligible corrosion. Shallow pits were observed on Incoloy-800 and
Inconel-600 tubes; however, these pits did not propagate significantly with
time. Results from other tests showed that, with severe sea water contam-
ination, denting and corrosion can occur even in thu presence of sodium
phosphate. Sea water contamination may be minimized through use of
corrosion—resistant tubing in the condenser and installation of condensate
polishers in the secondary circuit. Some of this work was sponsored by
New Brunswick Electric Power Commission.

In !979, it was discovered that steam generators of several CANDU reactors
were damaged during a heat treatment by the boiler manufacturer. As a
result the tube bundles had to be replaced on site prior to reactor start-
up. A research project sponsored by CANDU Operations was carried out to
assess the effect of different types of tube-to-tubesheet joints (roller
expanded, hydraulically expanded) on the SCC resistance of boiler tubing
(16). This work demonstrated that the retubirig operation should have no
adverse effect on Integrity of tubes in service.
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To ensure reliable operation of CANDU-600 steam generators, there is a need
to conduct further corrosion tests at higher heat fluxes representative of
those in an operating boiler. Work is alsc needed on the effect of oxygen
contamination on corrosion and SCC of boiler materials.

Heat Exchanger Corrosion

The objective of this program is to determine the corrosion behaviour of
heat exchanger materials in site cooling waters. Corrosion problems have
occurred in moderator heat exchangers, bleed coolers and various other
heat exchangers in operating CANBU reactors. A comprehensive study was
conducted to determine the corrosion resistance of heat exchanger materials
in cooling waters from Lake Ontario, Lake Huron and the Bay of Fundy.
Alloys with good resistance to localized corrosion were identified.
Galvanic corrosion tests on couples of titanium with different tubesheet
materials were also carried out. This type of corrosion has been observed
on copper alloy tubesheets in titanium—tubed condensers. A study of the
effect of anode to cathode area ratios on galvanic corrosion of copper
alloy tubesheets is now in progrss. In addition, a mod. 1 heat exchanger
containing tubes of various corrosion-resistant alloys 1 as been installed
at the Point Lepreau CANDU site. This field test is de&igned to evaluate
the corrosion performance of tube materials under realisiic conditions.

The Future

The most important area for continued support is steam generator chemistry
and corrosion. Steam generators have had to be replaced at several
reactors in the U.S. (with plans for more both in the U.S. and in Europe)
at costs of $100M-$300M per reactor - excluding replacement power costs.
Such problems warrant continued research to improve understanding of the
mechanisms of corrosion and corrodent build-up in CANDU boilers, and to
develop methods of keeping boilers clean,

The latest attempts at decontaminating Pickering Units 1 and 2 have
indicated that our understanding of how CAN-DECON works is basically sound.
However, improvements to the process are still feasible. The marketing
ventures by London Nuclear Ltd. will continue to provide commercial
funding for the sub-program, while research into applying CAN-DECON to
CANDUs is being supported by Ontario Hydro.
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