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1. INTRODUCTION AND BACKGROUND
Corrosion inspection and corrosion-product charac-
terization in water and steam systems are important
for component and systems maintenance in nuclear
power stations [1,2]. Corrosion products are pro-
duced, released and redeposited at various sites in
the secondary system. Depending on the alloys used
in the condenser and feedwater heaters, paniculate
iron oxides and hydroxides can account for about 95-
99% of the total corrosion-product transport. Where
brass or cupro-nickel alloys are present, copper and
zinc contribute significantly to the total transport and
deposition. Particulates are transported by the feed-
water to the steam generators, where they accumu-
late and can cause a variety of problems, such as
loss of heat-transfer capability through deposition on
boiler tubes, blockage of flow through boiler-tube
support plates, and accelerated corrosion in crevices,
either in deep sludge piles or at blocked tube sup-
ports. The influx of oxidized corrosion products may
have a particularly adverse effect on the redox envi-
ronment of steam generator tubing, thereby increas-
ing the probability of localized corrosion and other
degradation mechanisms.

Intergranular attack and intergranular stress-corro-
sion cracking have adversely affected many pressur-
ized-water reactors that have recirculating steam
generators. One way of reducing susceptibility to
intergranular attack may be to minimize the introduc-
tion of oxidizing agents such as ferric (Fe3+) oxides,
especially hematite (a-Fe2O3) and lepidocrocite (g-
FeOOH). On the other hand, the presence of mag-
netite (Fe3O4) is believed to be beneficial and neutral
with respect to changing redox conditions [3].

A number of corrosion-product-transport surveys of

the secondary systems of Ontario Hydro (OH)
nuclear power plants have been performed since the
early 1990's. Paniculate corrosion products are fil-
tered with 0.45 mm paniculate Millipore filters, and
examined using chemical analysis and Mossbauer
spectroscopy [4-7]. Regular evaluation of the compo-
sition of filtered corrosion products helps us under-
stand the kinetics of redox reactions and sludge con-
solidation processes. The elemental and phase com-
position of these specimens provides a valuable
insight into the chemistry of the water systems,
allowing for better chemistry specifications, minimal-
ization of crud transport, lowering the sludge and
fouling, as well as proactive outage management.

The redox conditions of corrosion products and the
lowering of iron transport in general are of consider-
able interest to nuclear utilities worldwide. An
Electric Power Research Institute (EPRI) meeting
was held in early November 1995 to exchange infor-
mation on the measurement of the redox state of
iron compounds in nuclear plants (especially at ele-
vated hydrazine levels) and their relationship with
direct measurement of feedwater ECP [6,7]. Since
many stations would like to reduce their iron trans-
port and hydrazine concentrations (for economic and
other reasons), a position paper will be developed
based on the EPRI meeting, for review by the EPRI
Water Chemistry Guidelines Committee. This will
assist in revising the EPRI Secondary Water
Chemistry Guidelines in 1996.

To assist these efforts, we have performed an exten-
sive survey of the corrosion-product transport in
Bruce-B, Unit-7, in conjunction with prolonged ECP
measurements of feedwater; the results have been
described in refs. [6,7]. Also, a correlation between
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blowdown magnetite and the feedwater hydrazine/
condensate oxygen ratio has recently been suggest-
ed [8], although the extensive data from Bruce-B does
not appear to follow exactly this trend, possibly due to
secondary-system and steam-generator blowdown
design differences. In this paper, we describe a com-
plementary survey of general corrosion deposits in
Bruce-B, Units 5-8, which helps to identify the origin,
evolution and inventory of corrosion products along
the secondary system of CANDU reactors.

2. THE SAMPLES AND ANALYTICAL
TECHNIQUES

During recent outages of Bruce-B Unit-5 (September
1994), Unit-6 (May 1995), Unit-7 (May 199) and Unit-
8 (September 1995) various locations along the sec-
ondary system were inspected for visual signs of cor-
rosion, and about 80 specimens were taken by man-
ual scraping or abrasion (sanding), for laboratory
analyses. The time of sampling during the outage
varied, as did the conditions the samples experi-
enced during the outage. For all samples taken dur-
ing the outage, the feedtrain had been drained but
not completely dried. Some locations were still wet
when they were opened, while others had been
dried fairly rapidly by residual heat or dry lay-up. The
data from Unit-8 are especially valuable, since they
represent the status of the secondary system after
operating for 697 consecutive days, with a capacity
factor that averaged about 85% over the course of
the run.

Figure 1 shows a schematic of the secondary system
at Bruce-B. The sampling locations are indicated. The
forthcoming COG report will provide detailed descrip-
tion of all specimens, together with typical tempera-
tures, hydrazine and dissolved oxygen concentrations
during steady-state operation.The sample locations of
special interest were: 1) the sides of the condensers
above and below the water line, on areas of fresh cor-
rosion; 2) suction piping and discharge piping
between the condensate pump and first heater; 3)
the low-pressure heater (HX3) tube side; 4) the side
of the deaerator storage tank, relief valve line, and
feed-pump recirculation line; 5) the feed-pump dis-
charge before the high-pressure heater; 6) between
the high-pressure heater and the preheater; 7) the
shutdown cooling loop between the preheater and
boiler; 8) the high-pressure heater shell-side drains
between the pump and deaerator; 9) the steam dis-
charge to condenser; and 10) the high-pressure tur-
bine exhaust line before the moisture separators.

The specimens were examined using a nuclear
gamma resonance (Mossbauer) technique. All spec-

tra were taken in transmission geometry using
Mossbauer spectrometers at Chalk River
Laboratories. The 14.4 keV g-rays from a 30 mCi
^CoRh source were detected using Kr-CO2 propor-
tional counter. The specimens usually contained
between 100 and 200 mg of corrosion products, but
the technique also allowed us to analyze samples
that had an iron content as low as 0.5-1 mg/crrr, as
described in ref. [5]. All spectra were analyzed for the
presence of various iron-bearing phases using least-
squares minimalization procedures.

X-ray diffractograms were obtained with graphite-
monochromated Cu Ka X-rays. Since the samples
were often too thin for X-ray diffraction (XRD) analy-
sis, only those specimens that had a comparatively
high loading (~5 mg/cm2) gave XRD patterns
amenable to interpretation. In some instances,
Mossbauer spectroscopy was able to identify iron-
bearing phases that appeared amorphous or invisible
to XRD.

3 . RESULTS AND DISCUSSION
The Mossbauer spectra showed the presence of
magnetite (Fe3O4), hematite (a-Fe2O3), maghemite
(g-Fe2O3), goethite (g-FeOOH), lepidocrocite (g-
FeOOH), wustite (Fe-|.xO), and metallic iron or car-
bon steel (a-Fe). The fraction of Fe (in wt.%) in the
various iron-containing phases could be determined
to within ±1-5%. The accuracy of the analysis was
checked and confirmed using reference specimens
that had known compositions. The stability of the
small particle-size deposits with respect to oxidation
and crystallization was examined by remeasuring
Mossbauer and XRD spectra of several specimens
after approximately six months' storage in air. There
were no significant differences between the spectra
of freshly sampled and aged specimens. The full list-
ing of the experimental data will be presented in a
COG report.

The following observations can be made from the
preliminary inspection of the data:

1) Magnetite was observed at any temperature, as
well as oxygen and hydrazine concentrations.
Especially large percentages of magnetite (up to
100% of total Fe) were found on the components
exposed to steam and high temperatures. A strong
relationship between Fe3O4 and the steam/water
ratio can be related to much higher hydrogen con-
centration in steam than in water. The best examples
of this are in the condenser. The black samples come
from areas where steam is in contact with the metal
(above the water line, the top of tubes, the sides of
condenser). Where water is in contact, the percent-
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age of magnetite is much lower. Similar features
were observed in the condensate steam discharge
valve deposit (#38), in the line that allows steam to
flow from the boilers directly back to the condensers.
The distribution of red and black deposits from 4182-
TK1 (#31,32) was not as abrupt as in the condenser.
This tank is partially full and possibly boiling during
operation. In general, the red (hematite) deposits are
on the bottom (liquid) portion of the tank, and the
black (magnetite) deposits are on the upper (steam)
portion of the tank. During normal operation, this
equipment should be dry and warm (not hot, since it
is at the condenser end of the line); obviously, when
steam is flowing through the system, it would be hot
and chemically treated.

2) Although ematite was observed at any tempera-
ture and oxygen conditions, particularly large fractions
(-80% of total Fe) were found in specimens from the
deareator storage tank (#24) and in ajacent down-
stream waives (#25 and 26) (up to 100% of total Fe).
The reason for so high an oxidation state is not clear,
and more samples will be studied from this area.
Because the low-temperature hematite forms within
ferrihydrite particles via a dehydration/ rearrangement
mechanism [9], its presence in condensers indicates
a high rate of iron oxidation.

3) Maghemite accounted for up to 50% of the Fe in
some specimens, but it was only observed in speci-
mens that had been exposed to temperatures less
than 40°C. This suggests that the maghemite was a
product of the dehydroxylation of lepidocrocite [91.

4) Goethite was measured in quantities of up to 60%
of total Fe, mostly in specimens exposed to temper-
atures lower than about 100°C, and dissolved oxygen
concentrations lower than 1 ppb. Its absence on high-
temperature components suggests that it dehydrated
to hematite.

5) Lepidocrocite was seen also in low-temperature
parts of the feedtrain; it was almost entirely absent
from corrosion products exposed to temperatures
higher than about 150°C, presumably because of
dehydroxylation and thermal transformation to
hematite [9]. A particularly large fraction of lepi-
docrocite (-70% of total Fe) was found in specimen
#1 on the wet carbon steel plate in the condenser,
where it apparently grew during the outage.

6) Wiistite was found only in two specimens, at the
level of - 5 % of total Fe.

7) Metallic iron, which was observed in four cases, at
a level from 2 to 8% of total Fe, could be ascribed to
the base carbon steel removed from the components
during sampling.

4. COMPARISON WITH CORROSION
PRODUCT TRANSPORT (CPT) STUDIES

It is interesting to compare the present data with the
results of the recent corrosion-product transport
study at Bruce-B Unit-7, performed between 1995
January and August [61, in parallel with feedwater
ECP monitoring [7]. All measurements of filters at
steady-state operation indicated very low crud trans-
port, and only small changes in the composition, with
varying condensate (CEP) oxygen and feedwater
(FW) hydrazine levels. Filters taken during start-ups
showed crud transport up to 200 times higher than
the steady-state filters. The data showed clearly that
the majority of transportable corrosion products orig-
inate from the condenser, and that, in the steady
state, they are transported continually, with only min-
imal modification of phase composition, to the steam
generator. During all steady-state tests covering the
FW hydrazine/CEP oxygen ratio in the range 3-30, the
feedwater ECP measured with a carbon steel elec-
trode showed only small variations of the order of 10-
20 mV around a mean value of -570 mV vs. standard
hydrogen electrode (SHE).

During the CPT study, the CEP filters indicated mag-
netite (30-45% of total Fe), hematite (-20% of total
Fe), poorly ordered goethite (30-40% of total Fe), lep-
idocrocite (-10% of total Fe) and some metallic iron
(-5-10% of total Fe). These values are consistent
with the data for low-temperature deposits present-
ed above.

The final feedwater contained magnetite (30-40% of
total Fe), hematite (30-40% of total Fe), poorly
ordered goethite (20-30% of total Fe) and lepi-
docrocite (5-10% of total Fe). The observed by us
FW hematite levels did not decrease with elevated
hydrazine above 300 ppb, and are much higher than
those observed in Japanese PWR's (-5-10% of total
Fe) [3J.The larger hematite fraction in the feedwater
compared to the CEP can be attributed to partial
goethite- and lepidocrocite-to-hematite transforma-
tion. Note that goethite was not seen on compo-
nents exposed to hot feedwater.

In the blowdown filters, the goethite totally disap-
peared, and magnetite became a major phase (55-
80% of total Fe), with lower hematite (20-35% of
total Fe) and lepidocrocite (5-10% of total Fe) frac-
tions. Further, blowdown (BD) magnetite increased
with FW hydrazine/CEP oxygen ratio much more
slowly than was expected based on an EPRI/
AECL/OH survey [8] of various PWR and CANDU sta-
tions running elevated hydrazine levels. This result
suggests only a slow conversion of corrosion-product
phases with changes in chemistry parameters. The
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absence of maghemite and goethite in the steam
generators is consistent with the phase composition
of the high-temperature deposits discussed above.

5. CONCLUSIONS
This work has contributed towards establishing an
inventory of corrosion products in the secondary sys-
tem of a CANDU reactor. A variety of corrosion prod-
ucts were identified including magnetite, hematite,
maghemite, goethite, lepidocrocite and wustite. Very
high percentages of magnetite were observed on
components exposed to steam, whereas large
amounts of hematite were found in the deareators
and on associated piping. Maghemite appeared to be
stable only at temperatures below 3O40°C. Low-
temperature phases, such as goethite and lepi-
docrocite were largely absent from components
exposed to temperatures higher than 100-150°C
(i.e., in feedwater and steam generators).

Comparison with results from a corrosion-product
transport study, helped to identify the probable main
sources of corrosion products that contribute to the
total steam-generator sludge inventory.
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Figure 1: The schematics of the secondary side water system; the examined deposit locations (##1 to 45) and water sampling posi-
tions (CEP, FW and BD) are indicated.

Table 1: Corrosion products survey in secondary water side of Bruce-B nuclear power station.
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APPENDIX

Description of samples.

1) Sample taken from a carbon steel plate inside the
condenser. The deposition pattern (circular) lead us to
believe that water had been sitting on the plate dur-
ing the outage. The underlying deposit was very thin
and did not cover the surface continuously. Other
areas where water had been sitting also showed evi-
dence of this type of corrosion. This was most appar-
ent in drains headers that still contained liquid and on
the floor of the condenser. Some significant patches
on the condenser walls had no deposit and appear
quite bright. Most of these bright areas show evi-
dence of recent corrosion (bright orange). The
amount of bright area varies between units, as does
the proportion showing recent corrosion.

2) Taken below the tube bundle but above the water
line, at the cooling water inlet end. The deposit at the
cold end tended to be thicker and more orange than
the deposit at the outlet end.

3) Taken below the water line, at the cooling water
inlet end, but not on the floor. There was no evidence
of corrosion during the outage but it is not impossi-
ble since the humidity was high in the condensers
for some time after the shut-down.

4) Taken at the south end but on the west wall,
below water line

5) Taken at south end on support beam. There were
several "blisters" on the metal that look like the cor-
rosion blisters seen in unprotected piping.

6) Taken from condenser, no extra information, may
be from the floor.

7) Taken above water line in area with red deposit.
The red deposit is concentrated mainly underneath
the tube bundle, bottom of troughs, patches up the
walls of the condenser, at some drain discharges.
The amount of red deposit varies greatly from unit to
unit but less with the unit. Deposit was very adher-
ent and slightly rough. The deposit appears to have
formed where water is in contact with the carbon
steel (especially at bottom of collection trough). The
condenser tubes also tend to be covered by a par-
tially loose red or orange deposit at the bottom and a
more adherent black coating further up. This sample
was taken from the west wall of the condenser, half
way back.

8) Taken from a piece of structural support under
the the tube bundle, half-way back. Deposit was red
in color.

9) Taken from an area covered with black deposit.
The black deposit is much thinner and more adher-
ent. The black deposit has a coverage of approxi-
mately 0.6g/100 cm2, the orange deposit is 3g/100
cm^. In units 5&6 the ratio the area covered by red
versus black deposit was 1:3 with <5% of the area
covered by shiny material. In unit 8 the ratio of red to
black was closer to 1:5 with 30% of the surface
being covered by shiny deposit. The shiny deposit in
unit 8 mostly showed evidence of corrosion, since
the shutdown, in the form of very nonadherent
"bubbles" of corrosion products.

10) Taken from the outside of a return header mid-
way back along the west wall.

11) Taken from a drain line used for flushing the con-
densate extraction pump strainer. The line is under
vacuum at normal operation conditions but has no
flow. The line is 0.5 m long and covered by a flange.

12) Taken from the suction piping of the condensate
extraction pump. The pump was taken out of service
and the pipework taken apart to do maintenance on
a victaulic coupling.

13) Same as 12, duplicate sample.

14) Victaulic coupling consists of a rubber band that
spans the gap between two sections of piping.
Deposits collected on the victaulic coupling between
the two sections of piping. When the piping was
taken apart the unit was about 10 years old, there is
no record of previous maintenance being done on
this coupling.

15) Sample taken from the internals of a valve on the
discharge side of the condensate pumps. There was
water sitting in the valve and evidence of recent cor-
rosion (orange deposit). The sample was taken from
the dry part of the valve body. The deposit was fairly
rough and irregular.

16) This sample was taken from the valve disk. The
reason for sampling the disk was to attempt to deter-
mine if there was a difference between deposits
forming in place and deposits going past. The deposit
was not very adherent and could be removed by
brisk brushing.

17) From the internals of a valve further along the
feedtrain than 15&16 but before the drains coolers.
Deposit was more smooth and regular than in 15.

18) From a check valve on the steam drains return,
between HX1 and HXO. Taken from the lid of the check
valve. This location may not have been completely full
during operation. Deposit was rough and irregular.

58



CANDU MAINTENANCE CONFERENCE 1995

19) From the internals of 18, deposit more smooth
and uniform.

20) From the shell of the last low pressure heater on
the tube side. The manway had been opened to
allow dry lay-up to be established. There was no evi-
dence of loose deposit. The deposit was adherent
and smooth.

21) From the piping leading to a deaerator relief
valve. The piping comes out of the top of the deaer-
ator and can be assumed to see only steam during
operation. There would normally be no flow in this
line, the sample was taken about 1m above the
deaerator.

22) From the unit 5 deaerator storage tank. This sam-
ple was removed from the internals using a wire
brush. The sample comes from several locations with-
in the storage tank including the bottom of the tank.

23) Form the deaerator storage tank. This was loose
deposit sitting on the floor of the storage tank. Most
of the deposit is found on the back side of the sup-
port ribs. Between 4 and 5 kG of deposits were
removed from units 6&8 during the last outage.

24) From the side of the deaerator storage tank,
most likely below the normal operation water line.

25) From the internals of the check valve between the
boiler feed pumps and the high pressure heater. The
deposit was smooth and uniform, not very thick. There
was still water in the check valve when the sample
was taken but there was no evidence of corrosion.

26) From the body of a valve on the recirculation line
from the boiler feed pumps back to the deaerator.
There is likely to be some flow during these lines dur-
ing operation.

27) From the disk of an isolation valve in the reheater
drains pump pit. The valve gets it feed from the dis-
charge of the steam side of the high pressure heater.
Most of this stream originates as extraction steam or
from the moisture separator and first stage drains
tanks.

28) From the body of the valve in 27.

29) From the body of one of the boiler level control
valves. These valves are between the high pressure
heaters and the preheaters.

30) From the high pressure steam line before it
enters the high pressure turbine.

31) From a moisture separator drains tank. Although
there was no definite water line, the deposits in the
tank could be generally divided into red at the bottom

and black at the top. This sample was taken from an
area where red was the predominant color.

32) Taken from the same tank as 31 but from a black
dominated area.

33) Taken from a different moisture separator drains
tanks than 31&32. The tank was not illuminated so
the color of the deposit was not known.

34) From the preheater blowdown piping, with the
blowdown valve removed. This piping would not be
expected to see flow during normal operation.

35 and 36) With a feedwater RV removed a sample
was taken from the piping underneath. The inside of
the piping could not be seen. The sample was
removed in water which was subsequently dried-off.

37) From the internals of the valve separating the
shutdown cooling loop from the feedwater system.
The valve is at the feedwater piping and would
expected to be hot and full of water but have no flow
during normal operation.

38) From the internals of a condenser steam dis-
charge valve. This valve is located near the con-
denser but is open to main steam during operation.
The valve internals may be wet during operation but
not under water.

39)- JAS archive

40)- JAS archives

41) HX3B (last low pressure heater) shell side RV
(4312-RV12). From inside HX. Tubes have little
deposit, look metallic nut not shiny.

42) HX3B (4312-RV12)on the DV discharge pipe.
Normally sees air, only sses steam if RV lifts.

43) Deareator - where steam enters at ends the HX
is black.

44) Deareator - inside where the HX is wet the depo-
sait is red.

45) Deareator storage tank - from sides of tank below
operating water level.

46,47,48) Boiler feed pump discharge check valves
(4323-NV8, NV9, NV10).

49) Boiler feed pump receive line to deareator -
before flow control valve - should see only water
(4323-V76).

50,51) BFP recive line to DA - after FCV's may see
steam and water mix (4323 - V80, V78).

52,53) HX5, tube side, inlet one from each HX.

54) Boiler level control valve (4323-LCV9) between
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HX5 and preheater. Normally no or low flow, deposit
much heavier than other valves, some purple oxide in
lines before LCV9, other LCV's are all black. LCV9
oxide is patchy - has a stringy pattern with stripes of
oxide running vertically down the valve body.

55) Boiler trim valves (4323 -MV61).

56) Main steam isolation valve (4323-MV65), sanded
off valve body.

57) Main steam isolation valve (4323-MV65), deposit
lying loose in valve body.

58) 1st stage reheat drains tank vent line to extraction
steam (4185-MV48). Other 1st stage valves also
looked black, little deposit.

59) 2nd stage reheat drains tank vent line to extrac-
tion steam (4185-MV242). Other 2nd stage valves
more purple than 1st stage, some white deposit.

60, 61) 2nd stage reheat (4185-NV150, NV153) at
reheat drains pumps. After pump, should see only
water.

62) Poison prevent valve (36110-PCV1) normally
closed but on start-up allowa main steam to
deareator to warm it up. These valves often pass so
it would see the equivalent of main steam.

63) Boiler feed pump glan supply (45310-V6). From
condensate pumps before 1st low pressure heater.
Valve was wet and deposit would not sand off.

64) Unused piece of sandpaper used to collect 63.

65) Auxilliary CEP isolation valve, suction side
(43210-V198) normally no flow.

66) Boiler level control isolation MV - very heavy
deposits. Some indication of a water line, strings of
deposit. Deposit very rough - large chunks.

67) CD2 floor - some recent loose orange deposit
and an underlying rough, nodular material. Removed
by scraping.

68) CD1 red deposit - above. Forms in areas with no
steam contact )under tube bundle etc., especially at
cold end (CCW inlet end). Less in U8 than in other
units.

69) CD1. Orange on shiny. Large areas of the con-
denser walls in unit 8 have no deposit and appear
shiny. Most of this area has an orange corrosion film,
it is very loose and apparently is formed during the
shutdown.

70) High pressure recirculating service water (lake
water) with no chemical treatment.

71) HXO inlet - Inlet side of HXO - from condensate
pumps. No loose material evident.

72) Boiler feed pump 2 discharge piping - section
removed right at pump (vertical section). Iron metal
likely due to cutting of pipe for removal.

73) HX5 discharge piping. Apoximately 30 m from
HX5, vertical section. Iron metal likely due to removal
(hot cutting) of pipe.

74) Deaerator loose material. From floor of deareator,
had been wet. Some paint flake, contamination from
vacuum used for removal. Debris were removed into
bag and point flakes stuck to bag when it was
removed from vacuum.

75) Condenser floor deposits - isolated mounds of
material at north end of condenser. Appear to have
been flow deposited.

76) Loose deposit from outside of cyclone separators
in the boilers.
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