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Oxidation and Reduction of Copper and Iron Species in Steam Generator Deposits -
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Abstract

It has long been suspected that oxidation and reduction of secondary side deposits in PWR steam generators
have a significant influence on the onset of intergranular attack and stress corrosion cracking ([GA/SCC) of mill
annealed Alloy 600 steam generator tubes. It is believed that these same processes could affect the possible
future occurrence of IGA/SCC of thermally treated Alloy 600 and Alloy 690 tubes that are in newer steam
generators. The working hypothesis for describing the influence of oxides on accelerated tube degradation is
that deposits formed during normal operation are oxidized during layup. During subsequent operation. these
oxidized species accelerate tube degradation by raising the electrochemical potential. A schematic of this
hypothesis is given in the following figure.
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Figure 1: Schematic of the Working Hypothesis

Of particular concern, due to its high reactivity with oxygen, is copper. Copper is usually present in steam
generator deposits as 1-3 Om inclusions close to the tube wall or in crevices. Of lesser. but significant, concern
is the iron oxide magnetite (Fe3O4), the main component of most steam generator deposits. The oxidation
products of these two species, e.g. cuprite (Cu2O), tenorite (CuO) and hematite (Fe2OA are collectively referred
to as reducible metal oxides.

In the present work, the kinetics of oxidation of deposit species, as well as subsequent reduction, have been
investigated. The role of temperature and pH have been explored, as well as the effectiveness of hydrazine,
carbohydrazide and catalyzed hydrazine in reducing oxidized species such as copper oxides and hematite.
Oxidation tests were conducted under both aqueous and atmospheric (humid air) conditions. The purpose of
these tests was to collect data for the construction of a model to predict oxidation and reduction of deposits in
several geometries in several bulk environments as an aid to plant chemists in developing protocols to minimize
the deposit oxide accelerated ]GA/SCC of steam generator tubes.
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Conclusions

The oxidation and reduction of iron oxides and copper were studied for the purpose of collecting data for the
development of a model to aid utility personnel in formulating layup and startup strategies which may reduce the
impact of reducible metal oxides on the acceleration of [GA/SCC. The following conclusions were reached:

• In general, magnetite did not oxidize to form detectable levels of hematite <1 %) even under the most
detrimental layup conditions.

• Copper was easily converted to copper oxides under typical layup conditions, although adjustments to
the pH and the use of different amines were found to provide the means for limiting the degree of
oxidation.

• Hematite, once formed, was difficult to convert wholly into magnetite, although catalyzed hydrazine was
found to promote some conversion.

• Copper oxides could be wholly converted to copper metal, but this required hydrazine quantities that
were stoichiometrically in excess of the quantity of oxide to be converted.

These findings and the detailed kinetic data presented below will provide the basis for the development and
validation of an oxidation/reduction model that will address specific geometries and local environments
associated with the layup and statup chemistries of the secondary cooling system. This model, when completed,
may enable utility personnel to devise layup and startup protocols that minimize the impact of deposit oxides on
SG tube degradation.

Background

The concentration and eventual precipitation of feed water impurities is an unavoidable consequence of steam
production. In pressurized water reactors (PWRs), the boiling of water on the secondary side of the steam
generator (SG) results in significant deposition of impurities. These deposits can form in many locations within
the steam generator, for example, scale on the SG tubes, collars in the support plate crevices, or hard sludge or
powder on the top of the tube sheet. Scale and powder are generally composed of iron species, which typically
constitute more than 80% of the deposit weight. After iron, copper is typically the most plentiful element in tube
scale and powders. Copper concentrations range from 03% to 1 % at plants with nominally copper-free
secondary systems, and up to 2% to 20% at copper-bearing plants. Iron is usually present in the form of
magnetite, while deposited copper is usually present in the form of copper metal.

Because deposits are often found in direct contact with SG tubes (either as free-span scale or crevice deposits),
these materials are expected to strongly influence the local chemistry conditions experienced by the tube
surface. One of the chief influences of deposits is the alteration of the electrochemical potential (ECIP). A
kinetically active electrochemical reaction will maintain the local ECIP at the potential of the reaction couple. For
example, if copper is being converted to cuprous oxide (CU20 or cuprite), then the local ECIP will be the potential
of the CU/CU20 reaction since this is the only potential at which both species can exist. The difference between
local ECIP and bulk ECIP will depend on the kinetics of the reaction, the ratio of the reacting surface area to the
reaction volume, the other species present and other situation-specific factors. Figure 2 shows the calculated 1]
ECP of several chemical reactions or couples associated with the species most common in deposits. The ECIP
is shown relative to the ECP of the Ni/NiO reaction.

Experiments have shown that Alloy 600 is most susceptible to IGA/SCC at potentials of I 00 to 200 mV above
the Ni/NiO potential 2-4]. Figure 2 shows this range, with respect to the Ni/NiO potential with a shaded band. If
the bulk environment is above the area of susceptibility, localized corrosion like IGA/SCC is not expected. If the
local environment is below the area of susceptibility, corrosion is expected to be too slow to support IGA/SCC.
However, if the bulk environment is below the area of susceptibility and the local area is above, there exists a
location between the local chemical reaction (high potential) and the bulk environment (low potential) that is in
the area of susceptibility. Since SGs are typically operated at low potential (perhaps as low as the potential of
the one atmosphere hydrogen electrode or the Ni/NiO reaction, but possibly higher), the presence of equilibria
with elevated potentials will likely lead to some portions of the SG being exposed to potentials which may
accelerate [GA/SCC. Thus from an electrochemical analysis, cuprous oxide (CU20 or cuprite), cupric oxide
(CuO or tenorite) and hematite (Fe2O3)would all be expected to promote IGA/SCC.
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Because of the many variables associated with operating and controlling the chemistry in SGs, absolute
confirmation that oxidants in SG deposits are a primary cause of [GA/SCC is difficult, if not impossible, to obtain.
However, considerable anecdotal evidence exists to support this hypothesis. A detailed summary of much of the
data present in the literature [5]. Some of the most convincing cases include the following:

• Low IGA/SCC rates at Swedish and Japanese plants where strict controls on oxides were in place
during the plants' entire life

• An evaluation of Belgian plants indicating that lGA/SCC is related to the number of shutdowns and
startups rather than the operating life

• A rapid increase in circumferential cracking at a plant after a chemical cleaning that may have left
oxidized copper in the SG (no copper oxide removal solvent step was performed)

• The absence of accelerated IGA/SCC after chemical cleanings that included a high temperature oxide
reduction step

• The successful amelioration of severe lGA/SCC when strict controls over startup oxides (along with
other remedial measures) were imposed
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Figure 2: Potentials of Several Electrochemical Reactions at 3000C Relative to the Ni/NiO Potential

Together, anecdotal evidence from plants and theoretical evidence from the electrochemistry form a strong
indication that deposit oxides can contribute to the acceleration of IGA/SCC.

Most secondary side systems are operated at low oxygen concentrations with small but significant
concentrations of reducing agents, typically hydrazine. It is therefore unlikely that oxidizing conditions will
develop during long-term operation. This conclusion is confirmed by analysis of deposits from SGs, which
generally consist of compounds (magnetite and copper metal) with low potentials (to the extent that typical
analysis methods, such as XRD or Mossbauer spectroscopy, can determine concentrations of other species).
However, during layup and startup the SG deposits may be exposed to an oxidizing environment. Such an
environment may arise through any of the following situations:

• Sludge lancing with aerated water

• Exposure to humid air during a dry layup

• Layup with aerated water

• Additions of aerated auxiliary feed water
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When the deposits are exposed to an oxidizing environment, reducible metal oxides (RMOs) may be formed
through one of the following reactions:

2Fe3O4 + 1202 3Fe2O3 (1)

2Cu + 20 CU20 (2)

CU 20 CUO (3)

Due to the competition between different reactions and diffusion limitations through the deposits, some
reducible metal oxides may survive startup and influence the high temperature electrochemical environment in a
way that accelerates IGA/SCC during operation despite attempts to reduce species during plant startup. For
example, hydrazine can reduce copper oxides back to copper metal. However, this reaction, as well as the
autodecomposition of hydrazine and the reaction of hydrazine with oxygen, is temperature dependent. The
reaction rate under a layer of tube scale or at the bottom of a crevice can be limited by the diffusion of hydrazine
through deposits. Furthermore, thermal expansion differences may close crevices after startup, trapping oxides
near the tube surface and making them inaccessible to hydrazine.

The complex chemistry of deposit oxidation could lead to the three-stage process shown in Figure 1. In the first
step, during normal operation, reduced deposits (magnetite and copper metal) are formed. These deposits are
generally benign with respect to acceleration of tube degradation. In the second step, during layup, the deposits
are exposed to oxidizing conditions and undergo a chemical reaction (to form hematite or copper oxides). At the
low temperatures associated with layup, there is likely to be no tube degradation during this stage. However, in
step three, the tubes are heated in the presence of reducible metal oxides that, due to incomplete reduction,
accelerate IGA/SCC of the SG tubes.

If the working hypothesis outlined in the previous paragraph is valid, then there are two ways in which the
deleterious effects of deposit oxides can be mitigated. These are as follows:

• Minimize the oxidation of species during layup

• Take steps to insure reduction of the oxidized deposits back to their low potential form before the
temperature of the system increases to a point where these species could cause the deposits to
accelerate IGA/SCC

The first of these goals requires data on oxidation kinetics. The second requires data on reduction kinetics. The
research described here is part of a program to provide these data and to formulate a model of deposit oxidation
and reduction for use by plant personnel in making decisions regarding the chemistry of layup and startup.
Previous results of this program are available in Reference 6.

The following four sections will give research results regarding the oxidation and reduction of deposits. The
sections cover the following issues:

• Oxidation of magnetite

• Oxidation of copper

• Reduction of hematite

• Reduction of copper oxides

The data provided in the following sections will provide input into the development of a model intended to assist
plant chemists in optimizing layup and startup chemistry to reduce the occurrence of [GA/SCC.

Oxidation of Magnetite

The primary constituent of most SG deposits is magnetite. As shown in Figure 2 the iron/magnetite couple does
not have a potential high enough to promote IGA/SCC. However, the magnetite/hematite couple could raise the
potential into the zone known to accelerate IGA/SCC. Therefore, it is desirable to know the kinetics of the
oxidation of magnetite to hematite under a variety of conditions so that the plant chemist can 1) predict the
degree to which magnetite deposits are oxidized to hematite and 2 design chemistry practices to limit the

formation of hematite.
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Previous investigations 6] showed no evidence of magnetite oxidation in aqueous solutions over the course of
one month at 60'C and pH=7 in air saturated water. However, SG deposits can be exposed to dry or moist
conditions due to outage activities such as draining and refilling for hideout return or sludge lancing. It is well
known that the three-way interface between the liquid, solid and gas phases can be a highly aggressive
environment for oxidation. Therefore, in order to test the most severe conditions to which deposits might be
exposed during layup, an experiment was devised for testing the oxidation of magnetite in contact with both air
and water.

In this experiment, pellets and powders composed of synthetic magnetite and magnetite obtained from sludge
lancing at two commercial nuclear plants were used. The magnetite from Plant A was in the form of sludge pile
powder. The magnetite from Plant B was obtained by grinding tube scale flakes obtained from sludge lancing.
These pellets and powders were simultaneously exposed to both air and distilled water by allowing the porous
pellets and powder piles to wick water up to the air interface. The distilled water was not pH adjusted and so
had a slightly acidic nature due to adsorption of carbon dioxide from the air.

After three months and after six months, the samples were examined by X-ray diffraction (XRD). The XRD
spectra obtained from the test with ground flakes from Plant are shown in Figure 3 These spectra are offset
from the actual values to allow comparison with the other spectra. XRD analysis showed no change in hematite
levels over the course of six months. The samples did not show the development of any color change. Surface
conversion of magnetite to hematite would be expected to be accompanied by a change in color from black
(magnetite) to rust red (hematite) even at levels of less than one per cent conversion. Similar results were
obtained from tests with synthetic magnetite and powder from Plant B.

The environment to which these samples were subjected, low pH and oxygen saturation, is considered to be the
most oxidizing that secondary side deposits would experience during layup. This environment is similar to those
that might accompany sludge lancing or draining and refilling for cooling or hideout return and other cleanup
measures. The time scale of the experiment, six months, is longer than the exposure likely in a commercial
power plant by at least an order of magnitude. Therefore, the conclusion drawn from this experiment, that
magnetite does not oxidize to hematite under wet or humid air layup conditions, is considered quite robust.
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Figure 3: XRD Spectra of Magnetite Exposed to Aerated Water for 3 and 6 Months
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Oxidation of Copper

Previously 6] it has been shown that elevation of the pH from 7 to 10 using ammonium hydroxide can
significantly decrease the oxidation rate of copper powders and, by implication, secondary side steam generator
deposits containing copper. Increasingly, advanced amines for pH control in secondary water systems are quite
common. Thus, it is useful to know whether the oxidation inhibition previously observed was due solely to
changes in pH or if the use of an alternative amine would similarly or perhaps even more beneficially reduce the
oxidation rate.

Experiments were conducted in which copper powders were exposed at 30'C to environments with a range of
pH levels generated by three different amines:

• ammonia hydroxide

• morpholine

• ethanolamine

These experiments were conducted according to the procedures developed in Reference 6. In brief, batch
reactions of copper powder submersed in de-ionized water were performed. At the end of the experiment, the
oxidation state of the copper powder was determined by X-ray diffraction (XRD). Kinetic data were obtained by
conducting several experiments with the same environmental conditions and different durations. The oxidation
rate is evaluated in nm/day in order to eliminate the effect of the copper particle size. Previous work has
demonstrated that copper powders are appropriate models for copper inclusions in SG deposits and that XRD is
an accurate technique for measuring the progress of oxidation 6].

The oxidation rates measured are shown in Figure 4. Except for one anomalous data point for ethanolamine at
pH=1 0, the oxidation rates decline with increasing pH. The effect of ammonium hydroxide is the most
pronounced, while that for morpholine is the least. Note that even for the low pH experiments at pH=7, some
amine was added to adjust the pH from the slightly acidic level arising from the absorption of carbon dioxide
from the atmosphere.
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Figure 4: Copper Oxidation Rates in Aerated Water with Various Arnines, 300C

At low pH values, the advanced amines were more effective than ammonium hydroxide at lowering the
oxidation rate. At high pH values, they were less effective. Since most layup chemistries are in the pH range of
9 to 10, this implies that ammonium hydroxide may be more effective in preventing the oxidation of steam
generator deposits during wet layup. The data shown in Figure 4 also suggest that raising the pH of the layup
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environment from moderately high values (8.5) to still higher values (1 0) can further inhibit the oxidation of
deposits.

Figure shows the relationship between the amount of cuprite (CU20) detected and the amount of tenorite
(CuO) detected. As this figure shows, increasing amounts of tenorite lead to decreasing amounts of cuprite.
There is a rough correlation between the oxide formed and the pH of the environment. At low pH values 7.0),
nearly all of the oxide formed is cuprite (regardless of the amine used to adjust the pH). At higher pH values the
oxide formed is increasingly tenorite (with ethanolamine again displaying anomalous behavior). This trend is
most pronounced in the cases where ammonium hydroxide was used to adjust the pH. These data roughly
correspond to the equilibrium observation that increased pH makes tenorite more stable than cuprite 7].
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Figure 5: Relationship between the Amount Of CU20 and CuO Formed During Oxidation

The kinetic data shown in Figure offer evidence that tenorite formed under these conditions can lead to the
development of a passivation layer which protects the copper metal from further oxidation. Thus it appears that
the mechanism for oxidation inhibition of copper at high pH levels is not due to an absence of oxidation, but
rather a shift from the development of an unprotective cuprite (CU20) film to a protective tenorite (CuO) film.

Hematite Reduction

Although testing indicates that magnetite in SG deposits, once formed, will not convert to hematite under normal
layup conditions, special circumstances may result in the precipitation of hematite from the secondary system
waters. For example, during startup elevated levels of hematite have been detected in the feedwaters of
CANDU and once-through SGs indicating that hematite could precipitate in SGs during this phase of
operation [5]. Thus, even though the magnetite from SG deposits formed during normal operation may not
oxidize, hematite may still be present due to ingress during less reducing operating conditions. Therefore, it is
desirable to understand the kinetics of hematite reduction so that increases in ECP due to the presence of
hematite can be avoided.

During a recent SG chemical cleaning at a US nuclear power plant, residual deposits were removed from the

SGs. This powder was analyzed by XRD and found to consist of a mixture of magnetite and hematite. The
hematite concentration was about 38% by weight. Laboratory tests were conducted using this powder to
investigate the kinetics of its reduction to magnetite.
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The initial phase of this study investigated the relative reducing power of the following three different reducing
agents:

• Hydrazine (Hz)

• Carbohydrazide (CZ)

• Catalyzed hydrazine (hydrazine supplemented with quinhydrone (H), a fifty-fifty mixture of
hydroquinone and benzoquinone)

Note that the catalyzed hydrazine used in this test contains quinhydrone in a :1 75 ratio to hydrazine and
approximates the composition of Amerzine and Scavox 110, two commercially available catalyzed hydrazine
solutions.

In each test approximately 03 g of the hematite/magnetite mixture were dispersed in 150 mL of test solution (for
a powder loading of 2 g/Q. The conditions of these tests are given in Table 1, below. The results are shown
graphically in Figure 6 In these tests a negative conversion percentage corresponds to the conversion of
magnetite to hematite.

Reducing Agent Reducing Agent Temperature Test Duration Hematite Converted to
Concentration (ppm) (OC) (hr) Magnetite

Hydrazine 500 260 24 -10

Carbohydrazide 500 260 24 7

Catalyzed 300 288 4 29
Hydrazine I

Table 1: Conditions of First Round of Hematite Reduction Tests
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Figure 6: Reduction of Hematite to Magnetite by Solutions of Three Different Reducing Agents
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From Figure 6 it is clear that the greatest conversion of hematite to magnetite was obtained using catalyzed
hydrazine. In order to explore further this reaction, the effects of temperature, reducing agent concentration and
ratio of catalyst were explored in a second round of testing. Figure 7 shows the results of this second round of
testing. From this data the following conclusions can be made:

• The reduction of hematite to magnetite is accelerated by increased temperature.

• At moderate temperatures (77'C), reduction is accelerated by increases in the concentration of
hydrazine.

• At moderate (770C) and elevated (163'C) temperatures, reduction is accelerated by increasing levels of
quinhydrone.

• At room temperature there is no reduction of hematite to magnetite.
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Figure 7 Reduction of Hematite by Catalyzed Hydrazine 24 hr tests, except at 2880C which was for 4 hr)

Copper Reduction

PWR steam generator layup practices are not always dictated by corrosion concerns. Other issues such as
economic restraints and maintenance requirements affect layup practices. Because copper oxidizes so readily,
some oxidation of copper in steam generator deposits during layup may be unavoidable. In order to prevent
deposit oxide acceleration of tube degradation, it may be necessary to implement startup procedures to reduce
these oxides to a less harmful state, rather than attempt to completely prevent their formation. In order to
explore this possibility a number of reduction experiments were conducted to gather data on copper oxide
reduction kinetics.

In these experiments several small reaction bombs were created using short lengths of /4in. stainless steel
tubing. The seals on the bombs were provided using SwagelokTm end caps. The reaction tubes were filled with
0.30 g of the reaction powder. The reaction powder used was the copper powder that had been oxidized in the
aqueous oxidation studies described above. It therefore consisted of particles with a metallic copper core
surrounded by a film of copper oxide. Under a low oxygen, low carbon dioxide nitrogen cover, partially
deaerated water (less than 400 ppbO2)with hydrazine was loaded into the reaction tube until it was filled
(-1.5 ml). After filling, the tubes were sealed and placed in an oven at the test temperature. When an oxide
content was desired, the tube was removed from the oven and placed on ice. When chilled, the bomb was
opened. The water in the bomb was tested for hydrazine and the copper powder was partially dried in air. The
oxide content of the copper paste was then determined by XRD.
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The first set of experiments was run with partially deaerated water (DO<400 ppb) and excess hydrazine
(400 ppm) with pH adjusted to either 10.3 or 93 with dilute ammonia. The levels of oxygen, copper and
hydrazine in these experiments lead to a large stoichiometric excess of hydrazine with respect to oxygen, but a
large stoichiometric shortage of hydrazine with respect to the copper oxide. Thus, no significant reduction would
be expected, nor would significant oxidation. Samples were removed for determination of the extent of oxidation
after In and 24 h at either O'C or 2000C. No effect of pH or temperature was observed. Unexpectedly, the
degree of oxidation increased significantly with time as is shown in Figure .
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Figure 8: Copper Oxidation in 400 pprn Hydrazine Solution

A volume of 1.5 ml with 04 ppm oxygen is the equivalent of 1.9xl 0-8 moles of oxygen,

1.5mi 0.4�tgO 2 mol =1 9X1 0 -, mol (4)
ml 32000000�tg

which would make only 4.9xl 0-6 grams of copper convert to copper oxide (CU20),

1.9x10-,m0102 4molCu 64g =4.9x1049Cu (5)
M0102 M01CU

However, this leads to a negligible increase in the fraction of the copper converted to copper oxide, indicating
that either there was an air ingress during incubation or that an anaerobic reaction is taking place between
water and copper (ie. oxidation of copper by water to release hydrogen). The tubes were under pressure due to
the increase in temperature above the temperature at which they were sealed. Since even at 2000C, there was
no significant leakage of water vapor from the tube, it is reasonable to assume that there was no leakage of
oxygen into the tube. There is some controversial discussion of the possibility of anaerobic oxidation of copper
by water present in the literature [8-1 1]. This reaction involves the evolution of hydrogen. However, the reaction
is generally considered to be thermodynamically unfavorable. If the high pressure in the reaction tube was able
to force out whatever hydrogen was formed (preferential leaking due to the small size of the hydrogen
molecules) then the reaction might proceed. If the reaction were thus limited by the rate of hydrogen evolution,
the reaction rate's insensitivity to the temperature and the pH might be explained. Regardless of the
mechanism, the increase in the oxide content is quite significant and orders of magnitude greater than that
which would be produced if all the oxygen in the water reacted with the copper.
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The study of the reduction kinetics of copper oxides is thus complicated by the oxidation reactions that continue
to occur even in the absence of oxygen. For example, when the reaction tubes were dosed with hydrazine at
twice the stoichiometric amount needed to reduce all of the copper oxide (equivalent to a concentration of
0.44%) some oxidation was detected at high (2000C) temperatures (see Figure 9 In a similar experiment at
100'C, the overall effect was a reduction in the degree of oxidation. Since no differences due to temperature
were observed in the absence of an excess of hydrazine, one can conclude that the differences in the presence
of hydrazine were due to reaction rate differences in the autodecomposition of the hydrazine. Thus at the higher
temperature, hydrazine decomposed more quickly, leaving less hydrazine to reduce the copper oxide.
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Figure 9 Copper Oxide Reduction in 2x Stoichiornetric Hydrazine

The hypothesis that there is a competition for hydrazine between the autodecomposition reaction and the
reduction reaction with copper oxide is further supported by experiments conducted with a ten fold
stoichiometric (relative to the amount of copper oxide) dosing of hydrazine. This dosing is equivalent to 2.22%
hydrazine. At this high level of hydrazine there is considerably more reduction of copper, indicating that even at
hydrazine levels in excess of the stoichiometric amount the hydrazine availability is the limiting factor in
reduction kinetics. The results from these experiments are shown in Figure 10.
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Figure 1 0: Copper Oxide Reduction in Ox Stoichiornetric Hydrazine

The results from the reduction experiments are promising. They indicate that copper oxides formed during layup
can be reduced back to metallic copper. However, more study of the competing hydrazine autodecomposition
reaction is necessary to determine what the best conditions are for executing this reduction. Based on the data
collected to date, high levels of hydrazine (enough to produce local stoichiometric excesses) at relatively
moderate temperatures may produce the best results.
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