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Abstract

The deposition behaviour of corrosion products on the Zircaloy heat transfer surface was examined under four different
experimental environments. First, iron oxide deposition on two kinds of Zircaloy surfaces was carried out in order to eval-
uate the effects of the oxidation state of Zircaloy. Second, the amount of iron oxide deposits on the Zircaloy surface was
measured in order to analyse the influence of dissolved hydrogen. Third, nickel oxide deposition was carried out on two
Zircaloy surfaces with dense and porous iron oxide layers, respectively, to evaluate the effects of pre-deposited iron oxides.
Finally, the effects of Fe2+ ions on the deposition of iron oxide micro-particles were examined in a suspended hematite
solution and a mixed solution containing Fe2+ ions and suspended hematite. In our results, a heat treatment of the
Zircaloy surface was effective for reducing the iron oxide deposition. Dissolved hydrogen and Fe2+ were found to promote
the deposition of the iron oxides. And the amount of nickel oxide deposits was increased on the porous iron oxide layer.
� 2006 Elsevier B.V. All rights reserved.
1. Introduction

Corrosion products released from reactor struc-
tural materials, such as Inconel and stainless steel,
are deposited on the surfaces of both the fuel clad-
ding and the primary reactor system (e.g., steam
generator). It is well known that the deposition phe-
nomena of the corrosion products depend greatly
on the type of nuclear reactor. In a BWR (boiling
water reactor), most corrosion products are depos-
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ited on the fuel cladding through a so-called
‘boiling-promoted deposition’ mechanism and are
activated to generate a radioactive ‘fuel CRUD
(Chalk River unidentified deposits)’ that is generally
referred to as the CRUD formed on the fuel clad-
ding. In a PWR (pressurised water reactor) operated
under a short-term fuel cycle program of 12 months,
on the contrary, most corrosion products are
observed in the steam generator. For these reasons,
whereas the study of the fuel CRUD has not been
considered an important issue in a PWR, it has long
been recognised as a critical issue in a BWR and,
accordingly, related research has been intensively
carried out. Recently, however, extended burn-up
.
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programs for a long-term fuel cycle of 18–24
months have been introduced in many PWR plants
since it became clear that a long-term fuel cycle
operation has important benefits such as providing
a more stable electric power supply and allowing
for a reduction of the spent fuel. However, after
applying the long-term fuel cycle program, safety
concerns have arisen due to a considerable increase
of the fuel CRUD. It has been reported that the fuel
CRUD contributes to the occurrence of an AOA
(axial offset anomaly) and an increase in the dose
rate [1,2].

At present, approaches to mitigate the fuel
CRUD problem can be categorised into two types.
One method involves minimizing the release of cor-
rosion products from reactor structural materials in
order to reduce the formation of the fuel CRUD. To
this end, various techniques such as a higher pH
operation, use of EBA (enriched boric acid), hydro-
gen injection, and improvement of the cladding
material have been investigated [2–4]. The other
approach is to directly remove the fuel CRUD from
the fuel cladding using numerous techniques involv-
ing a chemical purification, injection of zinc ions,
magnetic separation, and an ultrasonic cleaning of
the fuel [5–7].

Fundamental research on topics such as physico-
chemical characteristics of the fuel CRUD and a
mechanistic study on the formation of the fuel
CRUD has been actively undertaken. In particular,
the formation study of nickel ferrite (NixFe3�xO4),
which is known to be the main component of fuel
CRUD, is an important subject in relation to reac-
tor coolant chemistry. Notably, thermodynamic
evaluation results demonstrate that nickel ferrite is
spontaneously formed by an exchange reaction
between Ni2+ in the coolant and Fe2+ in the
Fe3O4 lattice [8]. However, the formation mecha-
nism of the nickel ferrite on the fuel cladding has
not been clearly identified.

The present study focuses on an analysis of the
formation process of fuel CRUD, i.e., the deposi-
tion process of the corrosion products, in order to
obtain a better understanding of the origin of a fuel
CRUD formation. The deposition behaviour of
corrosion products on a Zircaloy heat transfer sur-
face was examined under four discretely different
experimental environments. First, an iron oxide
deposition on two kinds of Zircaloy surfaces was
carried out in order to evaluate the effects of the
oxidation state of the Zircaloy surface. Second,
the amount of iron oxide deposits on the Zircaloy
surface was measured in an aqueous solution con-
taining ferrous acetate to analyse the influence of
the dissolved hydrogen in the following two condi-
tions: (i) in a deaerated solution; and (ii) in a hydro-
gen-dissolved solution. Third, the effects of the iron
oxide type on a nickel oxide deposition were ana-
lysed. Finally, a deposition of colloidal hematite
particles was carried out to examine the effects of
Fe ions on the deposition of an iron oxide micro-
particle in the following two kinds of solutions: (i)
a suspended hematite solution; and (ii) a mixed
solution containing Fe2+ ions and suspended hema-
tite.

2. Experimental

2.1. Corrosion products

Ferrous ions (Fe2+), nickel ions (Ni2+), and col-
loidal hematite particles (< 0.5 lm in diameter) were
chosen as the corrosion products to be tested. The
sources of the Fe2+ and Ni2+ ions were ferrous
acetate and nickel acetate, respectively. Suspended
hematite solutions were prepared by thermal hydro-
lysis of a ferric solution. Test solutions used in this
study consisted of at least one of the corrosion
products and distilled water.

2.2. Deposition apparatus under subcooled boiling

conditions

A high-temperature and high-pressure loop
system was used for the deposition test under
subcooled boiling. Fig. 1 shows the loop system,
which was composed of a reactor, a rod-type heater
installed within the reactor, a pressuriser, a heat
exchanger, a circulation pump, and a chemistry con-
trol system. This loop system was designed such that
the heat is transferred from the heater to the test
solution, and at the same time the corrosion prod-
ucts were deposited on the surface of the rod-type
heater. Four Zircaloy rods (Zircadyne-702, Wah
Chang), the inside of which was filled with an elec-
trically insulated heating coil and an insulator (e.g.,
MgO), were used as a rod-type heater (dia-
meter = 12.7 mm, heat flux zone = 179 cm2, maxi-
mum power = 1.25 kW) by which the solution
temperature in the reactor was controlled. The pres-
sure of the system was regulated by the pressuriser,
which was filled with a condensed test solution and
vapour at a high-temperature. During the deposi-
tion test, the solution was circulated within the loop



Fig. 1. Scheme of the high-temperature and high-pressure loop
system.
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system at 2.3 l/min using a circulation pump
installed in the loop system, as shown in Fig. 1.
Note that the calculated flow rate of the solutions
along the fuel rod in the main reactor is about
3 mm/s.

The temperature profile of the test solutions with
time, where the temperature was monitored with
thermocouples (TC1 denoted in Fig. 1) near the out-
let part of the reactor, consists of the following three
periods: (1) the temperature is increased up to
300 �C; (2) the temperature is fixed during the pre-
scribed time, defined as the ‘deposition test time’;
(3) the electric heater is turned-off immediately after
the end of the second stage and the test solution is
circulated until the solution temperature decreases
to room temperature.

We devised a specific method for subcooled boil-
ing, which is the heat transfer mode of a PWR in
operation, given that it is difficult to induce sub-
cooled boiling by use of only an electric heater with
a relatively low power compared to that of a real
fuel cladding. The main objective of the process is
to rapidly decrease the pressure of the loop system
so that small bubbles are generated on the heat
transfer surface. The heat exchanger can take the
heat energy from the loop system and it is used
for a rapid reduction of the system pressure. The
periodic operation of the heat exchanger provided
the heat transfer surface with nearly continuous
subcooled boiling during all the deposition tests.

In this study, three types of deposition tests were
conducted under subcooled boiling conditions using
the loop system. First, iron oxide deposition tests,
both on a untreated Zircaloy polished with diamond
paste and a heat-treated Zircaloy with steam of 400�
to 500 �C for 4 h, were carried out in ferrous acetate
solutions to elucidate the heat treatment effect of
Zircaloy on the formation of the iron oxide depos-
its. Distillated water was used as steam source for
the heat treatment of Zircaloy. Second, the iron
oxide deposition on Zircaloy was investigated both
in a hydrogen-dissolved ferrous acetate solution
and in a deaerated ferrous acetate solution in order
to analyse the effects of hydrogen on the formation
of the iron oxide deposits. Molecular hydrogen was
injected through the VCT (volume control tank)
and the concentration of dissolved hydrogen was
measured by a hydrogen analyser (Orbisphere
3600) installed in a bypass line of the loop system.
Third, nickel oxide deposition tests on two kinds
of iron oxide-coated Zircaloys were carried out in
nickel acetate solutions so as to examine the effects
of the iron oxide type on the nickel oxide deposi-
tion. The detailed experimental conditions of the
deposition tests performed in this study are summa-
rised in Table 1. The iron oxide deposits formed on
the Zircaloy surface after the deposition tests were
removed by ultrasonic cleaning in 5 M HCl
solution. The iron concentration was determined
by inductively coupled plasma-atomic emission
spectrometry (ICP-AES) after completely dissolving
the resulting solution in hot hydrochloric acid.

2.3. Deposition apparatus under non-boiling

conditions

A once-through loop system was used for the
deposition test under non-boiling conditions.
Fig. 2 shows the once-through loop system, which
is composed of a reactor, a rod-type heater installed
within the reactor, a cooling unit, an injection
pump, and a BPR (back-pressure regulator) valve.
This system was designed so that the deposition
behaviour of the corrosion products on the heat
transfer surface such as that of a rod-type heater
could be examined under non-boiling conditions;
this means that all the test solutions exist in a liquid
state within the reactor. One Zircaloy rod (dia-
meter = 9.52 mm, heat flux zone = 75 cm2, maxi-
mum power = 0.8 kW) with a structure similar to
the Zircaloy rod used in the subcooled boiling con-
ditions was installed in the center of the reactor. The
pressure of the system was regulated by the BPR
valve. During the deposition test, the test solution



Table 1
Experimental conditions of the iron and nickel oxide depositions

Test Zry
surface
treatment

Iron oxide deposition (Step 1) Nickel oxide deposition (Step 2)

Fe source Deposition
time (h)

T (�C)/P
(kg/cm2)

Ni source DH
(cm3/kg)

Deposition
time (h)

T (�C)/P
(kg/cm2)

Figs. 3, 4(a) No Fe(Aca)2,
50 lg/ml Fe

0, 1, 2, 4, 8 215/34 Ni(Ac)2 30 lg/ml
Ni, pHT = 7.0

36 12 300/160

Fig. 3 400–500 �C
steam

Fe(Ac)2,
50 lg/ml Fe

0, 1, 2, 4, 8 215/34 Ni(Ac)2 30 lg/ml
Ni, pHT = 7.0

36 12 300/160

Fig. 4(b) No Fe3O4 particles,
0.92 lg/ml Fe

0, 3/2, 4, 12 100/boiling Ni(Ac)2 20 lg/ml
Ni, pHT = 7.0

36 12 300/160

Table 2 No Fe(Ac)2,
20 lg/ml Fe

10 300/160

Fig. 6(a),
Table 3

No Suspended hematite,
30 lg/ml Fe, dia. < 0.5 lm

6 200/25

Fig. 6(b),
Table 3

No Suspended hematite
(30 lg/ml Fe,
dia. < 0.5 lm) +
Fe2+ ions 50 lg/ml Fe

6 200/25

a Ac: CH3COO�.

Fig. 2. Scheme of the high-temperature and high-pressure one-
through loop system.
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was supplied to the reactor at 10 ml/min using a
injection pump installed in the loop system, as
shown in Fig. 2. Note that the calculated flow rate
of the solutions along the fuel rod in the main reac-
tor is about 0.07 mm/s. The temperature profile of
the test solutions with time was very similar to the
profile described in Section 2.2, except that the solu-
tion temperature measured near the outlet part of
the reactor (at TC2 in Fig. 2) is 200 �C.

The effect of Fe2+ ions on the deposition of
hematite micro-particles was examined under non-
boiling conditions using this loop system. As the
iron oxide micro-particles were deposited on to the
Zircaloy surface under subcooled boiling, the one-
through loop system was utilised to remove the
influence of a direct deposition of the micro-parti-
cles. The detailed experimental conditions of the
deposition test are summarised in Table 1. The
metal concentration of the deposits after the test
was determined by the same method as described
in Section 2.2.
3. Results and discussion

3.1. Heat treatment effect of the Zircaloy surface
on iron oxide deposition

The surface of the fuel cladding is pretreated at
the initial stage of an operation by increasing the
temperature of the coolant in the power plant. This
treatment forms a corrosion-resistive film on the
fuel cladding, the chemical composition of which
is mainly ZrO2. It is well known that the zirconium
oxide film has a remarkable stability in various
chemical environments [9]. In order to determine
the effect of this treatment on the deposition of Fe
species, we performed iron oxide deposition tests
with time on an untreated Zircaloy rod-type heater
and on a heat-treated Zircaloy rod with steam at a
temperature of 400–500 �C.

The deposition tests were carried out under sub-
cooled boiling conditions in ferrous acetate solu-
tions ([Fe] = 50 lg/ml) as corrosion products. We
observed dark and dot-like deposits of iron oxides
formed at specific sites on the Zircaloy surfaces after
the deposition tests. The amount of deposits, which
reflects the Fe amount within the deposits, was
determined by ICP-AES after a removal of the
deposits from the Zircaloy surfaces.
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Fig. 3. Effects of a heat treatment of a Zircaloy surface on the
deposition of iron oxide: solid line (s), untreated Zircaloy
surface; dotted line (h), high-temperature heat-treated Zircaloy
surface.

Table 2
Effects of dissolved hydrogen on the iron oxide deposition on the
heat exchanging Zircaloy surface in a ferrous acetate solution
(20 lg/ml Fe) for 10 h at 300 �C

H2 conc. (cm3/kg) Fe content in deposits (lg/cm2)

Subcooled boiling Non-boilinga

0 4.5 4.1
20 31.8 3.9

a Data of non-boiling tests were measured at 280 �C.

J.-W. Yeon et al. / Journal of Nuclear Materials 354 (2006) 163–170 167
Fig. 3 shows that the deposition behaviour on the
two Zircaloy surfaces, where the amount of deposits
increased greatly with time, are very similar when
the deposition test time is less than 2 h. However,
when the deposition test time exceeds 4 h, distinctly
different deposition behaviours were observed. Note
that the deposition test time corresponds to the per-
iod of the second stage of the temperature profile
described in Section 2.2. Specifically, the deposition
rate decreased more sharply in the heat-treated
Zircaloy, compared with the untreated Zircaloy.
The amount of deposits on the untreated Zircaloy
was about two times larger than that on the heat-
treated Zircaloy at a deposition time exceeding
4 h, as shown in Fig. 3. This implies that a surface
treatment of Zircaloy strongly influences the deposi-
tion behaviour of the Fe species as well as the depo-
sition of the corrosion products generated in the
PWR primary circuit.

3.2. Effect of dissolved hydrogen on the iron oxide

deposition

Hydrogen gas is added to the primary coolant in
order to protect the structural materials from the
oxidizing species produced by water radiolysis
[1,10]. Dissolved hydrogen is a unique chemical
additive to control the redox condition in the cool-
ant, and its optimal concentration is determined by
evaluating its influence only on the removal of the
oxidizing species as well as on the solubility of the
metal oxides and PWSCC (primary water stress cor-
rosion cracking) of steam generator tubing [10].
Therefore, in order to mitigate the current CRUD
problem, it may also be necessary to estimate the
effects of dissolved hydrogen on the deposition of
the corrosion products.

To examine the effects of dissolved hydrogen on
the deposition of the Fe species, we performed
deposition tests of Fe on Zircaloy in 20 lg/ml fer-
rous acetate solutions under subcooled boiling at
300 �C. Table 2 shows the amounts of Fe in the iron
oxide deposited in 20 cm3 H2/kg hydrogenated and
Ar gas-purged solutions, respectively. Iron oxide
deposition was clearly promoted by the presence
of dissolved hydrogen. However, no hydrogen effect
was found under the non-boiling conditions tested
at 280 �C.

It has been reported that the partial fraction of
the hydrogen gas is higher inside the bubbles formed
by water boiling [11]. This means that the hydrogen
is more stable in the bubbles as a gaseous form and
thus hydrogenated water may be boiled easier than
pure water at the same temperature. In addition, the
hydrogen concentration surrounding the vapour
bubbles is clearly reduced. It has been reported that
the iron oxide solubility is reduced with a decreased
concentration of the dissolved hydrogen [9]. Given
these experimental and reported results, it appears
that dissolved hydrogen may affect the iron oxide
deposition through the promotion of boiling pro-
cess and by decreasing the local solubility of the iron
oxide near the vapour bubbles.

3.3. Effect of pre-deposited iron oxide

on the nickel oxide deposition

Nickel is always observed in deposits with iron
oxide in the formation of a fuel CRUD. We mea-
sured the effects of iron oxide on the nickel oxide
deposition in order to evaluate the reduction of
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Fig. 4. (a) Effects of pre-deposited iron oxide on a nickel oxide
deposition. Pre-deposited iron oxide layers were formed from
Fe2+ ions. (b) Effect of pre-deposited iron oxide on nickel oxide
deposition. Pre-deposited iron oxide layers were formed from
magnetite particles.
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the nickel content in the deposits through a control
of the concentration of the Fe species.

Two different kinds of pre-deposited iron oxide
layers were used for the deposition test: a uniform
iron oxide layer deposited from Fe2+ ions at
215 �C and an inhomogeneous layer formed with
magnetite particles at an 100 �C boiling. After depo-
sition of the iron oxide layers, nickel oxide was
deposited with Ni2+ ions for 12 h at 300 �C. Magne-
tite was selected as a pre-deposited iron oxide,
because it is known to be the most stable iron oxide
formed in a high-temperature aqueous solution [12].

Fig. 4(a) shows the relationship between the iron
and nickel content in the mixed metal oxide deposits
obtained after two sequential iron and nickel oxide
deposition processes. The nickel oxide deposition
was independent of the amount of pre-deposited
iron oxide. This indicates that there was little inter-
action between the nickel oxide deposition and the
pre-deposited iron oxide. Thus, it appears that the
pre-deposited iron oxide layer formed from Fe2+

ions is so dense that nickel oxide is simply deposited
on the iron oxide layer. Therefore, a successive
nickel oxide growth is kinetically favourable under
this condition rather than any other reaction with
pre-deposited iron oxide, such as the exchange reac-
tion between Ni2+ ions in solution and Fe2+ ions in
the iron oxide lattice.

The nickel oxide deposition was carried out on
pre-deposited magnetite layers directly formed with
magnetite micro-particles. Fig. 4(b) shows a plot of
the nickel content against the iron content in the
deposits. In contrast to Fe2+ ions, the magnetite
particles were deposited only on the boiling surface.
The amount of deposited particles was much less
than that formed from Fe2+ ions, because the
concentration of magnetite particles, 0.92 lg Fe/
ml, was relatively lower than that of Fe2+ ions,
50 lg Fe/ml, and the particulate form of iron oxide
is not deposited as readily as Fe ion form is. The
nickel oxide deposition increased sensitively with
an increased amount of pre-deposited magnetite.
These results indicate that a nickel oxide deposition
could be formed inside a magnetite particle layer
with a porous structure.

Based on the present experimental results, we
estimated the deposition pattern of nickel oxide on
pre-deposited magnetite layers. The diagram in
Fig. 5(a) illustrates the nickel oxide deposition on
an iron oxide layer with a dense structure, taking
into account the experimental result showing that
a nickel oxide deposition does not depend on the
amount of pre-deposited iron oxide. Fig. 5(b) shows
a possible deposition pattern to explain how a nickel
oxide deposition depends on the amount of pre-
deposited magnetite.

3.4. Effect of the Fe ion on the deposition of an
iron oxide micro-particle

In our previous work [13], iron oxide deposits
were formed by the presence of Fe2+ ions under



Fig. 5. Proposed schematic representation for a nickel oxide deposition on the iron oxide layers formed from (a) Fe2+ source and (b)
magnetite particles, respectively: Dotted part, Zircaloy; Solid part, iron oxide; Hatched part, nickel oxide. The above diagrams illustrate
the iron and nickel oxides deposition steps.
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both non-boiling and boiling heat transfer condi-
tions, while iron oxide micro-particles were depos-
ited only in the boiling condition. In order to
examine the effects of the Fe2+ion on the deposition
of iron oxide micro-particles under non-boiling con-
ditions, we carried out iron oxide deposition tests in
the following two solutions: a suspended hematite
solution ([Fe] = 30 lg/ml) and a mixed solution
consisting of Fe2+ ions ([Fe] = 50 lg/ml) and sus-
pended hematite ([Fe] = 30 lg/ml).

Fig. 6(a) shows that no deposition layers were
produced on the Zircaloy surface in the suspended
hematite solution except for a ZrO2 thin film resem-
bling the deposits. This observation is significantly
different with that under boiling heat transfer condi-
tions. Fig. 6(b) clearly shows that the deposited lay-
Fig. 6. Photographs of the Zircaloy surfaces after the deposition experi
solution consisting of Fe2+ ions and hematite colloidal particles.
ers in the mixed solution consist of a relatively
distinct inner layer and a dark brown outer layer
partially coated on the inner layer. The outer iron
oxide layer was easily removed from the inner layer
by an ultrasonic cleaning in distilled water. How-
ever, the inner layer was strongly attached to the
Zircaloy surface and could only be removed by
ultrasonic cleaning in 5 M HCl solution. The exper-
imental results are summarised in Table 3.

From these results it is thought that the outer
layer deposits originated from the particulate mate-
rial of the suspended hematite, and the deposition of
the particles was dramatically promoted by the
inner oxide layer formed by Fe2+ ions. The particu-
late deposits begin to appear just after the inner
layer was formed, because the characteristics of
ments at 200 �C in (a) suspended hematite solution and (b) mixed



Table 3
Effects of Fe2+ ions on the deposition of suspended hematite on
the heat exchanging Zircaloy surface

Deposition solution
(lg/ml Fe)

Amount of
deposits (lg Fe/cm2)

Layer

Suspended
hematite (30)

< 0.1 –

Suspended hematite
(30) + Fe2+ ions (50)

2.3 Outer
10.5 Inner
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the interaction between the suspended hematite and
the Zircaloy surface becomes favourable for a
deposition.

4. Conclusions

In the present work, heat treatment of Zircaloy
surface with 400–500 �C steam for 4 h proved to be
very effective for reducing the iron oxide deposition.
It was also found that dissolved hydrogen promoted
the iron oxide deposition. This was attributed to an
acceleration of the water boiling and the low solubil-
ity of the iron oxide near the steam bubbles. The iron
oxide layer formed from the Fe2+ ions did not influ-
ence a subsequent nickel oxide deposition; however,
the iron oxide layer formed with magnetite particles
promoted a subsequent nickel oxide deposition. It is
thought that the magnetite particle layer has a por-
ous structure, and thus a large deposition surface.
The presence of Fe2+ ions rendered the Zircaloy sur-
face more favourable for a deposition of the hema-
tite colloidal particles. Our results indicate that a
metal deposition on a heat transfer surface could
be mitigated by the optimisation of the parameters
selected in this paper.
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