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We are extremely happy to release this special issue. Energy is
the prime driver for modern civilization. Strong inverse cor-
relation between per capita energy consumption and poverty
level suggests that, in order to alleviate poverty and enhance-
ment of general living standards, the global energy consump-
tionwill growmanyfold in the coming decades.With present-
day technologies, this is simply not feasible particularly for
the choice of present-day resource portfolio and the associ-
ated economic cost of scaling. For example, according to one
estimate, for the global population to achieve western Euro-
pean living standard, characterized by moderate rate of per
capita energy consumption (≈7 kW compared to ≈11 kW for
USA), we will need $2.2 trillion per year investment for next
20 years in a sustained rate at present-day prices. While one
can debate about these numbers, what is clear is that, without
technological advancements and breakthroughs, majority of
the global population will have no choice but to settle for very
poor living standards. Global climate change and deteriorat-
ing air quality in urban areas are also a direct consequence
of how we source and utilize energy. Since the growth rate
of cleaner energy sources is far lower than needed, serious
technical research is necessary for better utilization of the
traditional resources. Generally, materials are the bottleneck
in developing new methods and technologies and hence, in
this issue, we have tried to encompass a broad range of topics
related to the materials aspects of nuclear energy-based and
fossil fuel-based energy generation.

Articles presented in this issue are related to Sodium-
cooled Fast Reactors (SFRs), Very High Temperature gas-
cooled Reactors (VHTRs), Pressurized Water Reactors

(PWRs), and other reactors. Alloy development for nuclear
fuel rods is an important topic in nuclear technology, and in
this issue the article by J.-H. Kim and coworkers discusses the
development of an injection casting process for preparing fuel
slugs of U-10Zr-5Mn, a surrogate alloy for use in Sodium-
cooled Fast Reactors (SFRs). Alloys to be used in energy
generation plants have stringent requirements in terms of
high temperature mechanical properties. In this issue, S. J.
Kim and coworkers have presented a comparison of cyclic
stress response and fracture behavior of Alloy 617 in the form
of base metal and in the form of welded joints. Another
critical issue in nuclear power generation is corrosion inhi-
bition of the inner linings of the pipes and the tubes. These
alloys get corroded due to exposure to primary water of
nuclear power plants. Surface treatment of the alloys and/or
inhibitor addition to the primary water are two approaches
to inhibit corrosion, and these approaches are discussed in
the articles by K. M. Kim et al. and by S. J. Kim et al.,
respectively.

Materials challenges in nuclear wastemanagement and in
recovery of nuclear fuel from spent fuel rods have also been
considered in this issue. In addition, design of new generation
of low power thorium-based nuclear technology also forms a
part of this issue.
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The asphalt-aggregate interface interaction (AAI) plays a significant role in the overall performances of asphalt mixture, which is
caused due to the complicated physicochemical processes and is influenced by various factors, including the acid-base property of
aggregates. In order to analyze the effects of the chemical constitution of aggregate on the AAI, the average structure C

65
H
74
N
2
S
2

is selected to represent the asphaltene in asphalt and magnesium oxide (MgO), calcium oxide (CaO), aluminium sesquioxide
(Al
2
O
3
), and silicon dioxide (SiO

2
) are selected to represent the major oxides in aggregate. The molecular models are established

for asphaltene and the four oxides, respectively, and the molecular dynamics (MD) simulation was conducted for the four kinds of
asphaltene-oxide system at different temperatures. The interfacial energy in MD simulation is calculated to evaluate the AAI, and
higher value means better interaction.The results show that interfacial energy between asphaltene and oxide reaches the maximum
value at 25∘C and 80∘C and theminimum value at 40∘C. In addition, the interfacial energy between asphaltene andMgOwas found
to be the greatest, followed by CaO, Al

2
O
3
, and SiO

2
, which demonstrates that the AAI between asphalt and alkaline aggregates is

better than acidic aggregates.

1. Introduction

Studies have shown that asphalt pavement damage phe-
nomenon has a strong dependency upon asphalt-aggregate
interfacial nature. If the bond between asphalt and aggregate
is weak, then the interface between asphalt and aggregate is
prone to failure, which results in the early damage of pave-
ment.Therefore, many methods were used to study the inter-
face between asphalt and aggregate in different perspectives.
Elphingstone [1] proposed that the surface free energy is an
effective approach to predict the fatigue and moisture prop-
erties of mixture, and adhesion process of aggregate plays
an important role. Tan et al. [2] tested the phase angle and
complex shear modulus of matrix asphalt and asphalt mastic
by dynamic shear rheometer, and the asphalt-aggregate inter-
action capabilities were evaluated by K.Ziegel-B parameter.
Cheng et al. [3] measured the surface free energy of different
asphalt and aggregates and calculated the adhesion work of
asphalt and reactive aggregates with and without water.

Bhasin et al. [4] proposed quantifying the free energy of the
surface of asphalt-aggregate adhesion energy, and the results
have shown that the same type of aggregate and bitumen
adhesion between the energies has significant difference.
To sum up, on the asphalt-aggregate interface studies have
been largely analyzed from the experimental point of view.
However, the experimental results were affected bymany fac-
tors, in the dynamic shear rheological experiments; powder-
binder ratio had greater impact on the test results, and how to
determine the best powder-binder ratio is a problem. While
aggregate composition is complex, powder, and mixed into
the asphalt, mastic asphalt does not characterize asphalt-agg-
regate interface behavior. In the surface energy calculation,
measurement results on the final great influence, different
methods may result in different surface energy, resulting in
a larger difference in the results.

In recent years, with the improvement of computer hard-
ware and the perfection of related theory, molecular dynam-
ics (MD) have become the effectivemeans to study a complex
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system from themolecular level [5], the effective methods for
the deep understanding of asphaltene adsorption character-
istics, and the interaction mechanism of the interface from
the microscopic view. At present, the domestic and foreign
scholars mostly from the angle of test studied asphalt with
aggregate interface area properties, and the computer simu-
lation research is less. As a result, the MD method asphalt-
aggregate interface behavior of asphalt mixture’s research has
the vital significance.

Based on the molecular dynamics calculation, we can
simulate the asphalt-aggregate interfacial behavior. In four
components of asphalt, asphaltene molecular mass is bigger
and has stronger polarity and the asphaltenes content has a
great impact on the properties of asphalt [6]. Asphaltene is
fused aromatic ring system as the core, with a number of dif-
ferent alkyl chains linked structure, with N, S, and O het-
eroatoms, not soluble in nonpolar molecules of the corre-
sponding normal alkanes soluble in benzene and toluene
matter [7]. The composition, structure, and morphology of
the asphaltene are very complex. In the study, the average
molecular model is often used to replace the chemical struc-
ture [8]. Rogel [9] proposed a representative average asphal-
tene molecular structure model for the study of this paper.
According to the composition of aggregate analysis, aggre-
gates content of more oxides was analyzed, the remaining
content of less neglected ones. The asphalt-oxide interface
model based on dynamics simulation of the interfacial energy
and adsorption configuration, which can quantitatively point
out the ability of the main oxides in asphalt and aggregate
interface interaction, for further understanding the mecha-
nism of adhesion between asphalt and aggregate, is of great
significance.

2. Computer Simulation Theory

2.1. BasicTheory. Calculations were conducted with Accelrys
Materials Studio software package in this study and this
method relies mainly on Newtonian mechanics to simulate
the movement of molecular systems, the samples are taken in
different states of themolecular system, and the configuration
of the system is integrated. The thermodynamic quantities
and other macroscopic properties are further calculated
based on the results of the integration configuration.

COMPASS is selected for force field simulation, and the
potential energy function form is shown as follows:

𝐸total = ∑
bond
𝐸
𝑏 (𝑏) + ∑

angle
𝐸
𝜃 (𝜃) + ∑

dihedral
𝐸
𝜙
(𝜙)

+ ∑

out-of-plane
𝐸
𝜒
(𝜒) + ∑

cross
𝐸 (𝑏, 𝜃, 𝜙) + 𝐸coulomb

+ 𝐸vdw.

(1)

In (1), the preceding five letters are bonding interaction of
which the potential energy function contains bond lengths,
bond angles, dihedral angles, plane, and cross-term; 𝑏, 𝜃, 𝜙,
and 𝜒 are expressed as bond lengths, bond angles, dihedral
angles, and off-plane vibration; the next two letters are non-
bonding interactions which are electrostatic interaction

M

N

M

=+

N

Interface

Interface

Figure 1: Schematic diagram of the interfacial energy.

𝐸coulomb and van der Waals interaction 𝐸vdw, respectively.
𝐸coulomb and 𝐸vdw are calculated by the following:

𝐸coulomb = ∑
𝑖>𝑗

𝑞
𝑖
𝑞
𝑗

𝑟
𝑖𝑗

, (2)

𝐸vdw = ∑𝜀𝑖𝑗
[

[

2(

𝑟
0

𝑖𝑗

𝑟
𝑖𝑗

)

9

− 3(

𝑟
0

𝑖𝑗

𝑟
𝑖𝑗

)

6

]

]

. (3)

In (2) and (3), 𝑖 and 𝑗 represent different atoms; 𝑞 is atomic
charge; 𝑟 is the distance of different atomic; 𝜀 is potential well
depth.

The interface model is composed of three layers. The first
layer is oxide, the second layer is asphaltene, and the third
layer is vacuum, eliminating the impact of the cyclical inter-
action between the particles resulting from double counting.

The molecular dynamics simulation of the canonical
ensemble (NVT) is completed by Discover module. Accord-
ing to the set temperature, the temperature is controlled by
Andersen thermostat, the initial rate of each molecule is
randomly generated by theMaxwell-Boltzmann distribution,
Newton’s equation of motion is calculated by Velocity Verlet
algorithm, and the van der Waals interaction and Coulomb
interaction are calculated by Charge Group method.

2.2. Interfacial Energy Calculation. Interfacial energy is also
known as the interaction energy, the calculation method
is similar to the surface energy, and the difference is that
the interfacial energy reflects the bonding strength between
the two materials. The interface may be between the same
materials or different materials; the interfacial energy of the
samematerial can be theoretically equal to the surface energy.
The interfacial energy can be calculated as shown in Figure 1.

In Figure 1, to calculate the interfacial energy between
materials 𝑀 and 𝑁, the interface model is constructed as
shown in the right of Figure 1.Themodel is calculated in tem-
perature 𝑇 and system NVT by molecular dynamics until the
system reaches a steady state; the energy of themodel is𝐸total.
The interface models𝑀 and 𝑁 are constructed as shown in
the left of Figure 1 and calculated by molecular dynamics; the
energy of the two models is 𝐸

𝑀
and 𝐸

𝑁
, respectively. If the

area of the combination surface is 𝐴, the interfacial energy is
calculated as follows:

𝛾int =
(𝐸
𝑀
+ 𝐸
𝑁
− 𝐸total)

2𝐴
. (4)
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Figure 2: Average molecular structure of asphaltene.
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Figure 3: The configuration of asphaltene molecules in different temperature.

3. Results and Discussion

3.1. Asphaltene Molecular Structure Model. Since the com-
position and structure of the asphaltene are very complex,
Rogel et al. built averagemolecular structure, whichwas stan-
dardized samples studied in the Strategic Highway Research
Program (SHRP).The average structure is shown in Figure 2.

Because asphaltenes are highly polydispersemolecules, the
construction is highly complex. So in the research, we used
one of the averagemolecules. For the simulation, we chose the
COMPASS force field. For the asphaltene, the target density
was set to 1 g/cm3, constructing the configuration of asphal-
tene system. In order to analyze the temperature dependence
of the asphaltene system, six different temperatures were

chosen: 10∘C (283.15 K), 25∘C (298.15 K), 40∘C (313.15 K),
60∘C (333.15 K), 80∘C (353.15 K), and 100∘C (373.15 K), and the
results are shown in Figure 3.

3.2. Oxide Molecular Structure Model

3.2.1. Selection of Representative Oxides. To simulate aggre-
gate, we used 10 chemical compositions of aggregate (𝑀1,
𝑀2, . . . ,𝑀10) suggested by Ozkahraman and Işik [10] (as
seen in Figure 4). The chemical composition of aggregate is
SiO
2
> CaO > Al

2
O
3
>MgO > Fe

2
O
3
> NaO > K

2
O.

Therefore, the simulation is mainly focused on the four
oxides which are SiO

2
, CaO, Al

2
O
3
, and MgO.
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Figure 4: The chemical composition of aggregates.

Al2O3CaO MgOSiO2

Figure 5: Four kinds of oxide molecular cell structure.

3.2.2. Building Oxide Molecular Cell. By the molecular dyna-
mics software that comes with the unit cell model of oxide
molecules, molecular cell structure of oxide is formed after
importing the unit cell model, as shown in Figure 5.

3.2.3. Building Oxide Supercell. Based on the molecular cell
above, the cell is intercepted by section 0 0 1. Secondly, the
force field is assigned to each atom of cell. In the paper, the
force field is COMPASS. The energy of cell is minimized by
theMinimizemodule of Discover. Finally, the oxide supercell
structure is built by the supercell module of Build which
is composed of 5 × 5 matrix. For example, the process of
building supercell structure of SiO

2
is shown in Figure 6.

3.3. The Interaction of Asphaltene and Oxide

3.3.1. Creating of Asphaltene/Oxide Interface. Interfacemodel
is composed of three layers. Layer 1 is oxide, layer 2 is asphal-
tene, and the last layer is 30 Å thick vacuum layer. According

the depiction earlier, the three-layer interface structure was
formed. For example, the asphaltene/SiO

2
interface model of

25∘C is shown in Figure 7.

3.3.2. Dynamic Simulation Interface of Asphaltene/Oxide. As
shown in the interface model in Figure 7, molecular dynamic
simulation was then conducted in order to equilibrate sys-
tems further.The temperature is set and maintained constant
by Andersen thermostat; the initial rate of molecular cell
structure is randomly generated by the Maxwell-Boltzmann
distribution. The Velocity Verlet algorithm is used to solve
Newton’s equation of motion. The van der Waals interaction
and the Coulomb interaction are calculated by Charge Group
method. The intermolecular interaction is corrected by an
average density approximation. The system was simulated
under NVT conditions with velocity rescaling, which was
used for 2000 ps with a time step of 1.0 fs to dissipate high
energy interactions between molecules.
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Figure 6: The process of building supercell structure.

Figure 7: Asphaltene/SiO
2
interface model.

Before simulation After simulation

10
∘C

25
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Figure 8: The interface configuration of asphaltene/SiO
2
(10–40∘C).

MD simulation of four-group interface model was per-
formed for temperatures of 10∘C (283.15 K), 25∘C (298.15 K),
40∘C (313.15 K), 60∘C (333.15 K), 80∘C (353.15 K), and 100∘C
(373.15 K). The results are shown in Figures 8–15.

As shown in the four interface configurations, the asphal-
tene molecular structures change in varying degree after the
simulation. The asphaltene molecular structure moves closer
to the oxide surface. Comparing the four kinds of interface
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Before simulation After simulation
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Figure 9: The interface configuration of asphaltene/SiO
2
(60–100∘C).
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Figure 10: The interface configuration of asphaltene/CaO (10–40∘C).

configuration, it is difficult to evaluate the interaction bet-
ween asphaltene and oxides accurately. For the fixed interface
configuration, it is almost impossible to distinguish whether
the interaction changes with temperature. Therefore, the
interfacial energy is introduced to evaluate the interaction
more precisely.

3.3.3. The Calculation of Interfacial Energy. The interfacial
energy can be calculated according to the following:

𝛾int =
(𝐸polymer + 𝐸surface − 𝐸total)

2𝐴
. (5)

The four-interface model size is 49.000 × 49.000 ×
26.38067 Å. So the interfacial energy equation can be simpli-
fied as follows:

𝛾


int = (𝐸polymer + 𝐸surface − 𝐸total) . (6)

After the molecular dynamics simulation, the four kinds
of interfacial energy are shown in Tables 1 and 2.

The interfacial energy of asphaltene/SiO
2
varies from

2.22𝐸+01 to 2.09𝐸+02 kJ/mol within the temperature range
of 10∘C to 100∘C; the calculated variation ranges of asphal-
tene/CaO, asphaltene/MgO, and asphaltene/Al

2
O
3
within the

same temperature range are 7.44𝐸 + 02 to 1.00𝐸 + 03 kJ/mol,
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Before simulation After simulation
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Figure 11: The interface configuration of asphaltene/CaO (60–100∘C).
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Figure 12: The interface configuration of asphaltene/MgO (10–40∘C).

Table 1: Asphaltene/SiO
2
and asphaltene/CaO.

Temp. (∘C) 𝐸total (kJ/mol) 𝐸polymer (kJ/mol) 𝐸surface (kJ/mol) 𝐸Interface (kJ/mol)

Asphaltene/SiO
2

10 9.03𝐸 + 06 3.63𝐸 + 02 9.03𝐸 + 06 2.22𝐸 + 01

25 9.03𝐸 + 06 3.83𝐸 + 02 9.03𝐸 + 06 2.09𝐸 + 02

40 9.03𝐸 + 06 3.73𝐸 + 02 9.03𝐸 + 06 3.25𝐸 + 01

60 9.03𝐸 + 06 3.72𝐸 + 02 9.03𝐸 + 06 3.88𝐸 + 01

80 9.03𝐸 + 06 3.83𝐸 + 02 9.03𝐸 + 06 1.36𝐸 + 02

100 9.03𝐸 + 06 3.85𝐸 + 02 9.03𝐸 + 06 1.31𝐸 + 02

Asphaltene/CaO

10 −1.57𝐸 + 06 3.71𝐸 + 03 −1.57𝐸 + 06 8.99𝐸 + 02

25 −1.57𝐸 + 06 3.69𝐸 + 03 −1.57𝐸 + 06 9.63𝐸 + 02

40 −1.57𝐸 + 06 3.68𝐸 + 03 −1.57𝐸 + 06 7.44𝐸 + 02

60 −1.57𝐸 + 06 3.87𝐸 + 03 −1.57𝐸 + 06 8.51𝐸 + 02

80 −1.57𝐸 + 06 3.83𝐸 + 03 −1.57𝐸 + 06 1.00𝐸 + 03

100 −1.57𝐸 + 06 3.81𝐸 + 03 −1.57𝐸 + 06 8.13𝐸 + 02
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Before simulation After simulation
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Figure 13: The interface configuration of asphaltene/MgO (60–100∘C).
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Figure 14: The interface configuration of asphaltene/Al
2
O
3
(10–40∘C).

Table 2: Asphaltene/MgO and asphaltene/Al
2
O
3
.

Temp. (∘C) 𝐸total (kJ/mol) 𝐸polymer (kJ/mol) 𝐸surface (kJ/mol) 𝐸Interface (kJ/mol)

Asphaltene/MgO

10 −2.61𝐸 + 06 3.71𝐸 + 03 −2.61𝐸 + 06 1.67𝐸 + 03

25 −2.61𝐸 + 06 3.79𝐸 + 03 −2.61𝐸 + 06 1.79𝐸 + 03

40 −2.61𝐸 + 06 3.73𝐸 + 03 −2.61𝐸 + 06 1.61𝐸 + 03

60 −2.61𝐸 + 06 3.76𝐸 + 03 −2.61𝐸 + 06 1.61𝐸 + 03

80 −2.61𝐸 + 06 3.76𝐸 + 03 −2.61𝐸 + 06 1.68𝐸 + 03

100 −2.61𝐸 + 06 3.81𝐸 + 03 −2.61𝐸 + 06 1.63𝐸 + 03

Asphaltene/Al
2
O
3

10 −2.01𝐸 + 07 3.75𝐸 + 03 −2.01𝐸 + 07 4.61𝐸 + 02

25 −2.01𝐸 + 07 3.72𝐸 + 03 −2.01𝐸 + 07 4.32𝐸 + 02

40 −2.01𝐸 + 07 3.92𝐸 + 03 −2.01𝐸 + 07 1.19𝐸 + 02

60 −2.01𝐸 + 07 3.98𝐸 + 03 −2.01𝐸 + 07 3.10𝐸 + 02

80 −2.01𝐸 + 07 3.97𝐸 + 03 −2.01𝐸 + 07 6.43𝐸 + 02

100 −2.01𝐸 + 07 3.87𝐸 + 03 −2.01𝐸 + 07 2.71𝐸 + 02
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Figure 16: The interfacial energy with different temperature.

1.61𝐸 + 03 to 1.79𝐸 + 03 kJ/mol, and 1.19𝐸 + 02 to 6.43𝐸 +
02 kJ/mol, respectively. Further, the interfacial energy was
plotted in Figure 16.

As shown in Figure 16, the four kinds of interfacial energy
reach the extreme twice at 25∘C and 80∘C which indicates
stronger interaction between asphaltene and oxides. Within
the temperature range of 10∘C to 100∘C, the interaction capa-
bility ranking of the four oxides to asphaltene is as follows:
MgO > CaO > Al

2
O
3
> SiO

2
.

4. Conclusion

The interaction and the interfacial energy between asphaltene
and four kinds of oxides (MgO, CaO, Al

2
O
3
, and SiO

2
) under

temperature range from 10∘C to 100∘Cwere analyzed by virtue
of molecular dynamic simulations and the following conclu-
sions can be made: the interaction between asphaltene and
oxides reaches strongest level at the temperature of 25∘C and
80∘C and reaches weakest level at the temperature of 40∘C.
It could be concluded according to the calculation results
of the interfacial energy that the interfacial energy between
asphaltene and four kinds of oxides ranges from 2.22𝐸 +
01 kJ/mol to 1.79𝐸 + 03 kJ/mol within the temperature range
of 10∘C to 100∘C. In this temperature range, the interaction
capability ranking of the four oxides to asphaltene is as fol-
lows: MgO > CaO > Al

2
O
3
> SiO

2
.
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The effect of suction cycles and suction gradients on a hard clay is investigated.The cylindrical samples of the hard clay are prepared
to carry out the hydration and dehydration tests with different suction gradient and suction cycles.The results show that the suction
gradient has little effect on the suction-water content relation, while the suction cycle has great effect on it, particularly the first
cycle of hydration and dehydration. The apparent moisture diffusion coefficient of the hard clay has been identified by the use of a
two-dimensional diffusion model. The moisture diffusion coefficient varies between 4.10−11m2/s and 2.10−10m2/s and it decreases
during dehydration while the relative humidity is less than 85%.The results also show that the suction cycles play little effect on the
moisture diffusion coefficient.

1. Introduction

In Belgium, a hard clay has been considered as an ideal
geological formation for high-level radioactive nuclear waste
disposal in Belgium [1, 2], because it has several favourable
factors such as low permeability, plasticity, and high retention
capacity for radionuclide. The hydromechanical behaviour
of the host rock is one of the most important issues in the
feasibility studies of the deep geological repository and many
studies concerning coupled hydromechanical behaviour and
unsaturated behaviour have been carried out [3–5]. Earlier
studies show that the mechanical behaviour of clay strongly
depends on water content [6, 7] and dehydration and hydra-
tion can induce a chemical-physical reaction and change the
microstructure of clay and degrade the properties of clay [8–
10].The excavation stage and the open-drift stage of a nuclear
waste repository could last a few decades during which the
ventilation and temperature conditions will change [11]. The
hydromechanical properties of clay could be changed due
to cyclic moisture variation. The studies of Wang et al. in
2013 [10] show that different suction gradients play a notable
effect on themicrostructure of the COx argillaceous rock and
larger suction gradients createmoremicrocracks in the clayey
matrix than smaller suction gradient during the same suction

range. The microstructure change could affect the water
retention properties of thematerial.The purpose of this study
was to investigate the effect of suction cycles and suction
gradients on the water retention properties of Boom clay.

2. Material and Methods

2.1. Material and Sample Preparation. In this study, the
hydration and dehydration tests have been performed on
Boom clay that is a plastic clay. Boom clay contains an average
of 55% clay minerals including illite and smectite, 20%–25%
quartz, 5%–10% feldspar, and the small content of pyrite
(<5%) and calcite (<5%) [12]. The dry density of the material
varies between 1.6 and 1.7 g/cm3 [3]. The total porosity of
Boom clay is between 36% and 40% [1, 12] and the hydraulic
conductivity is around 10−12m/s. Young’s modulus of the
Boom clay is around 300MPa and the uniaxial compression
strength is about 2MPa.

The cylindrical sample with a diameter of 36mm and a
length of 10mm approximately was machined from the cores
extracted from the Praclay gallery in the Mol underground
research laboratory at a depth of 223m in Belgium. Special
care was taken to assure that the sample was in saturated
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Table 1: Four different dehydration and hydration paths.

Type Dehydration and hydration path

A Saturated state → 98% → 90% → 85% → 81% → 75% → 59% → 43% → 32.5% → 11% → 32.5% → 43% →
59% → 75% → 81% → 85% → 90% → 98%

B Saturated state → 98% → 75% → 32.5% → 75% → 98% → 75% → 32.5% → 75% → 98% → 75% → 32.5% →
75% → 98%

C Saturated state → 98% → 81% → 59% → 11% → 98% → 81% → 59% → 11% → 59% → 81% → 98% →
81% → 59% → 11%.

D Saturated state → 98% → 75% → 32.5% → 75% → 98% → 75% → 32.5% → 75% → 98% → 75% → 32.5% →
75% → 98%.

state. The measurements show that the tested samples had
an average water content of 25% at the initial state and dry
density of 1.63 g/cm3.

2.2. Experimental Method. In order to determine the water
retention properties of Boom clay, the suction was imposed
by controlling the relative humidity in an airtight container.
The relative humidity can be imposed by the use of supersat-
urated saline solution, which creates a fixed vapour pressure
in a sealed container. As shown by Delage et al. in 1998
[13], different values of relative humidity corresponding to
the saline solution are listed and they firmly depend on the
temperature. The tested samples were placed into the desic-
cators containing saturated saline solutions at their bottom.
Different supersaturated saline solutions (LiCl, CaCl

2

⋅6H
2

O,
K
2

CO
3

⋅2H
2

O, NaBr, NaCl, (NH
4

)
2

SO
4

, KCl, ZnSO
4

⋅7H
2

O,
and CuSO

4

⋅5H
2

O) were chosen to cover a large range of
relative humidity from 98% to 11%. The corresponding
suction at 25∘C varies from 2.76 to 301.51MPa, following the
Kelvin law [13]:

𝑃
𝑐

= −

𝑅𝑇

𝑀
𝑤

𝑉
𝑤

ln( 𝑃
𝑃
0

) = −

𝑅𝑇

𝑀
𝑤

𝑉
𝑤

ln(𝐻𝑅
100

) . (1)

𝑃
𝑐

is the suction, equal to the absolute difference between
the air and water pressures; 𝑅 is the constant of perfect
gases (𝑅 = 8.3143 J⋅mol⋅K−1); 𝑇 is the absolute temperature
(𝑇 = 298K at 25∘C); 𝑀

𝑤

is the molar masse of water
(𝑀
𝑤

= 18.016 g⋅mol−1); 𝑉
𝑤

is specific volume of water (𝑉
𝑤

=

0.99565 g⋅cm−3); 𝑃 is the partial water vapour pressure; and
𝑃
0

is the fact that, at state saturated, their ration is the relative
humidity. Note that all the tests are carried out at a constant
environment temperature.

The saturated saline solutions used and the corresponding
suctions/relative humidity at 20∘C have been presented by
Delage et al. in [13]. Note that all the tests are carried out at a
constant environment temperature (25∘C).

2.3. Test Program. To study the effects of suction gradients
and suction cycles on water retention properties of Boom
clay, four different dehydration and hydration paths were
programmed as shown in Table 1. In order to obtain the
representative results, a series of samples are submitted to a
same hydration or dehydration path. Path A was performed
on the six samples (A1–A6) with different heights and it
consisted of one cycle of dehydration and hydration with

small suction gradient. Path B was performed on five samples
(B1–B5) and it consists of two drying/wetting cycles with
small suction gradient. Path C was performed on eight
samples (C1–C8) and it is composed of two and a half cycles of
hydration and dehydration with large suction gradient. Path
D was performed on eight samples (D1–D8) and it consists
of three drying/wetting cycles with larger suction gradient.
Because of the low permeability of Boom clay, each moisture
stage lasted more than one week to reach a stable state.
Note that more than five samples were simultaneously tested
following the same hydration and dehydration paths to get
better confidence in the results.

When the samples reached mass stabilization, the sample
was weighted rapidly and then placed in the desiccator to
subject to the next hydric loading. Once the whole hydration
and dehydration cycles finished, the tested samples were
dried in the oven at 105∘C to determine the dry weight. The
volume of the sample was measured by immersing the waxed
samples into water.

3. Experimental Results

3.1. Water Retention Curves. The successive samples weights
(𝑀) at the moisture equilibrium were measured and the
corresponding water contents (𝑤) were thus determined by
comparing the measured weight (𝑀) with the dried weight
(𝑀
𝑑

) obtained at the end of the test: 𝑤 = (𝑀 − 𝑀
𝑑

)/𝑀
𝑑

.
All the results concerning the water content show that the
samples submitted to the same hydration and dehydration
path have close water content change during each moisture
phase as shown in Figure 1 which illustrates the water content
evolution of the three samples (A1, A2, and A3) following
pathA.Therefore, thewater content evolution observed of the
Boom clay in centimetre should be representative to study the
water retention curves of the material. We will present only
the results of the samples A1, B1, C1, and D1 in order to focus
on the effect of suction cycles and suction gradients on the
water content properties.

The gravitational water content versus suction of the
samples A1, B1, C1, andD1 is plotted in Figures 2(a), 2(b), 2(c),
and 2(d), respectively. Similar to the results of Bernier et al.
in 1997 [3] and Li et al. in 2006 [1], the water retention curves
show that the water content decreases nonlinearly with the
increase of suction. The water content variation is relatively
larger than that obtained by CIEMAT [3] and close to the
results obtained by the researchers of Universitat Politècnica
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Figure 1: Hydration and dehydration path and the corresponding water content evolution of the samples A1, A2, and A3.
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Figure 2: The water retention curves of the samples A1, B1, C1, and D1.
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Figure 3: The comparison of the water retention curves of different studies.
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Figure 4: (a) Effect of suction gradient on the water retention curves during the first hydric cycle and (b) the second hydric cycle.

de Catalunya (UPC) (Figure 3). The water content decreases
greatly during the first desaturation and it losses more than
10% when the suction increases to 29MPa corresponding
to a relative humidity of 81%. The large variation of the
water content should be related to both the initial state and
the pore size distribution of Boom clay. During the first
dehydration, the initial state of the sample is fully saturated
and the continuous water will be vapoured and it will induce
the shrinkage of Boom clay and lead to a large variation
of water content. The first cycle and the second cycle of
dehydration and hydration of the four samples (A1, B1, C1,
and D1) are, respectively, regrouped in Figures 4(a) and 4(b),
which show that the water content of the samples at the
same suction level is very close and there is little effect of
the suction gradient on the water retention curves. Figures
2(b), 2(c), and 2(d) show also that there is large difference
between the first hydric cycle and the second one. However,
there is small difference between the second hydric cycle
and the third hydric cycle. Moreover, the water content is
nearly reversible after the second and third hydric cycle

(Figure 2(d)).Therefore, suction cycles play an important role
on the water retention curves, mainly the first dehydration
and hydration cycle. The little effect of suction gradient on
the water retention properties should be related to small
microstructure change during hydration and dehydration
which is different from the COx argillaceous rock. The effect
of suction cycle on the water retention properties should be
mainly related to the pore size distribution as Bernier et al. in
1997 [3] and Coussy in 2010 [15] indicated.

3.2. Moisture Diffusion Coefficient. The dehydration and
hydration tests with different paths lasted more than six
months. The long test duration should be firmly related
to the transfer moisture properties. In fact, the moisture
transfer process is complex and it depends on the relative
humidity level. At high relative humidity, the capillary phase
remains continuous and the moisture transfer is governed
by the capillary forces; when relative humidity decreases,
the liquid water and the gas (vapour and air) coexist and
the moisture transfer is controlled by the exchange between
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Figure 5: (a) Experimental results and the numerical prediction of the weight evolution of the sample D1 during dehydration while the
relative humidity (RH) decreases from 75% to 32% (b) and during hydration with the increase of RH from 32% to 75%.

evaporation and condensation; at low relative humidity, the
pores are mainly occupied by gas and the moisture transfer
is controlled by vapour diffusion [14]. In this study, the
apparentmoisture diffusion coefficient is used to characterize
the transfer properties of Boom clay. Assuming the validity of
the mass conservation law and Fick’s law [15], the moisture
transfer of the cylindrical sample of Boom clay can be
expressed using a macroscopic model in two dimensions to
simulate themoisture diffusion in the radial direction and the
vertical direction:

𝜕𝑚
𝑒

𝜕𝑡

= 𝐷
𝑒

(

𝜕
2

𝑚
𝑒

𝜕𝑟
2

+

1

𝑟

𝜕𝑚
𝑒

𝜕𝑟

+

𝜕
2

𝑚
𝑒

𝜕𝑧
2

) . (2)

With 0 ≤ 𝑟 < 𝑎, 0 < 𝑧 < 𝑙 for 𝑡 > 0, where 𝑚
𝑒

is the
volumetric mass water content (kg⋅m−3) defined as 𝑚

𝑒

=

𝜌
𝑒

𝜙𝑆
𝑟

(kg⋅m−3); 𝜌
𝑒

is the water density; 𝜙 is porosity; 𝑆
𝑟

is
the saturation degree; 𝑎 is the radius of sample (𝑚) and 𝑙
is the length (𝑚); and 𝐷

𝑒

is the apparent moisture diffusion
coefficient (m2⋅s−1).

While the initial conditions (porosity, geometric parame-
ters) and boundary conditions (initial and final saturation)
are given, the numerical solution of (2) can be obtained
by means of the finite difference time domain method. The
moisture equilibrium time only depends on𝐷

𝑒

.The apparent
moisture diffusion coefficient is determined by searching an
optimal parameter𝐷

𝑒

tominimize the difference between the
experimental masse evolution and the numerical solution of
(2). Figure 5(a) illustrates the experimental weight evolution
of the sample D1 when the relative humidity decreased
from 75% to 32% to compare with its numerical solution
with a coefficient of diffusion of 1.4 10−10m2⋅s−1. Figure 5(b)
illustrates the case of hydration. The numerical prediction
data fits well with the experimental results. Most of the hydric
phases are analysed and the moisture diffusion coefficient of
the sample D1 varies from 4 10−11m2⋅s−1 to 2 10−10m2⋅s−1. It
is much smaller at the high relative humidity of 98% than

at the lower humidity level as shown in Figures 6(a) and
6(b) which gives evidence also of the little effect of hydration
and dehydration cycle on moisture diffusion coefficient. In
fact, the moisture diffusion coefficient is firmly related to the
water permeability, which decreases with the diminution of
the relative humidity. The results of this study confirm it as
shown in Figure 6, even if the apparent diffusion coefficient
varies very little during hydration and dehydration when the
relative humidity is less than 85%.

4. Conclusions

In order to study the effect of suction cycles and suction
gradients on the water retention properties of the hard clay,
a series of samples are prepared to carry out dehydration
and hydration tests bymeans of suction controlled technique.
Four hydric paths with different suction cycles and suction
gradients are programmed and each hydric test has lasted
more than six months. The results concerning water content
show that the samples following the same hydric path have
a very close water content variation during the same suction
change and suction gradient has little effect on the suction
water content relation, while the suction cycle has great effect
on it, particularly the first cycle of hydration and dehydration
will change much the suction-water content relation.

Because of the very low permeability, each hydric phase
during dehydration and hydration lasted more than one
week. The moisture transfer properties of Boom clay were
quantified by the use of a two-dimensional diffusion model.
The apparent moisture diffusion coefficient of Boom clay
varies between 4 10−11m2/s and 2 10−10m2/s. It decreases
during dehydration while the relative humidity is less than
85%. The moisture diffusion coefficient is relatively small
when the relative humidity is close to 98% and it is about 4
10−11m2/s. The results show also that the suction cycles play
little effect on the moisture diffusion coefficient.
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Figure 6: (a) The apparent moisture diffusion coefficient of the sample B1 (b) and the sample D1.
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While NaNO
2
addition can greatly inhibit the corrosion of carbon steel and ductile cast iron, in order to improve the similar

corrosion resistance, ca. 100 times more NaNO
2
addition is needed for ductile cast iron compared to carbon steel. A corrosion and

inhibition mechanism is proposed whereby NO
2

− ion is added to oxidize. The NO
2

− ion can be reduced to nitrogen compounds
and these compounds may be absorbed on the surface of graphite.Therefore, since nitrite ion needs to oxidize the surface of matrix
and needs to passivate the galvanic corroded area and since it is absorbed on the surface of graphite, a greater amount of corrosion
inhibitor needs to be added to ductile cast iron compared to carbon steel. The passive film of carbon steel and ductile cast iron,
formed by NaNO

2
addition showed N-type semiconductive properties and its resistance, is increased; the passive current density is

thus decreased and the corrosion rate is then lowered. In addition, the film is mainly composed of iron oxide due to the oxidation
by NO

2

− ion; however, regardless of the alloys, nitrogen compounds (not nitrite) were detected at the outermost surface but were
not incorporated in the inner oxide.

1. Introduction

Since the operation period of nuclear power plants around
the world increases each year, the degradations in buried
pipes have become an important issue in the nuclear power
industry. Many reports have been carried out on the degra-
dation of buried pipes, such as the lining damage of buried
pipe for a component cooling seawater system at Hanul #1
unit (Korea), 1998 [1], the leakage of buried pipe for a fire
protection system at Hanbit #4 unit (Korea), 2006 [2], and
the cooling water leakage (ca. 2.27m3) at Indian Point #2
unit (USA), 2009 [3]. In the case of buried pipe, its corrosion
environment differs from that of air-exposure pipe. While
the interior of the pipe becomes corroded by fluids, the
outside undergoes mechanical and chemical damage from
the soil. Also, even though leakage occurs in the buried

pipe, it is very difficult to determine the reason for the
leakage and to fix it timely because of a lack of accessibility.
Various pipes of ca. 30∼40 km per unit of nuclear power
plant have been buried and operated, and depending on the
application system and water chemistry, they are separately
maintained as the large diameter pipes and the other pipes.
Large diameter pipes are installed to convey the primary
cooling seawater system, the secondary cooling seawater
system, and the circulating system, the cooling water of
which is seawater [4, 5]. About 70% of pipes are Prestressed
Concrete steel Cylinder Pipe (PCCP) and Prestressed Con-
crete Pipe (PCP). Another pipework has been installed for
conveying water for the fire-fighting system, which was made
of carbon steel or cast iron [6]. The types of damage that
can occur in buried pipe include leakage, fracture, blockage,
and deformation by mechanical impact. Secondary damage
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Table 1: Chemical compositions of experimental alloys.

Alloys Chemical compositions, wt%
C Mn P S Si Cr Cu Mo Ni V Fe

CS 0.26 0.86 0.014 0.005 0.23 0.04 0.057 0.033 0.029 0.008 bal.
DCI 4.01 0.17 0.022 0.026 1.53 — 0.023 0.028 0.059 0.016 bal.
CS: carbon steel, ASME SA106 Gr.B; DCI: ductile cast iron, KS D4311.

then occurs, including general corrosion, pitting, microbial
induced corrosion, scale buildup,multiplication ofmicrobial,
and fatigue. Therefore, several corrosion control methods
such as painting and coating, electrical protection, and the
use of corrosion inhibitors have been applied [7–9]. Carbon
steel and cast iron used in a closed cooling system may be
corroded. In order to control this type of corrosion problem,
corrosion inhibitors such as nitrite, silicate, molybdate, and
hydrazine have been used among them; nitrite is widely used
because of its excellent performance.

Many reports have been presented on corrosion inhi-
bition by nitrite, including Fe

2
O
3
formation on steel by

nitrite addition [10], adherent protective oxide on steel [11],
correlation of oxygen and nitrite on steel corrosion [12],
comparative study of nitrite including various inhibitors on
steel [13–15], and inhibition effect of nitrite on steel with
time [16, 17]. Nitrite as an anodic inhibitor has a tendency
to increase anodic polarization and thus increase corrosion
potential to a noble direction and decrease the corrosion
current. Since nitrite contains a strong oxidizing power, it
oxidizes the surface and forms Fe

2
O
3
[18]. Formation rate of

protective film due to nitrite is very fast and thus among the
several corrosion inhibitors, nitrite shows good performance
[19].

On the other hand, ductile cast iron has a very different
microstructure to that of carbon steel. Spheroidized graphite
forms in the matrix and galvanic corrosion occurs between
the matrix and graphite. Also, cast iron does not have high
corrosion resistance to various corrosion environments and
it should be protected by a coating. As described above,
many reports have been presented on the corrosion inhibition
of carbon steel but there are few reports on cast iron.
Therefore, in this work, corrosion inhibition effects of nitrite
on carbon steel and ductile cast iron for nuclear power
plant pipework using chemical and electrochemical methods
were evaluated. This work attempts to clarify the corrosion
inhibition mechanism between steel and iron by NaNO

2

addition.

2. Experimental Procedure

2.1. Materials and Corrosion Environments. Commercial car-
bon steel (ASME SA106 Gr.B) [20] and ductile cast iron (KS
D4311) [21] were used in this work, and Table 1 shows the
chemical composition of the experimental alloys.

The test solution was simulated primary cooling water
used in the nuclear power plant. The standard solution was
1.6 ppm NaCl and its pH was modified with 1N NaOH
solution and the range of pH 9 ± 0.2 was controlled. NaNO

2

as a corrosion inhibitor was added as a ppm order.

2.2. Corrosion Tests

2.2.1. Immersion Corrosion Test. A specimen was cut to a size
of 20× 20× 5mmand each surfacewas groundusing #120 SiC
paper. Immersion tests were carried out in a stagnant solution
condition (500mL glass flask) and in a circulating solution,
in which test chamber has a dimension of 50 × 100 × 50 cm
and the flow rate was 5 L/min. After the immersion tests, each
specimen was cleaned with acetone and alcohol and was then
dried; the corrosion rate was then determined.

2.2.2. Electrochemical Tests. Specimens were cut to a size
of 20 × 20mm and, after electrical connection, they were
epoxy-mounted and the surface was ground using #600
SiC paper and coated with epoxy resin, except an area of
1 cm2. A polarization test was performed using a potentiostat
(Gamry DC105) and the reference electrode was a saturated
calomel electrode and the counter electrode was Pt wire. The
test solution was deaerated using nitrogen gas at the rate
of 100mL/min for 30 minutes and the scanning rate was
0.33mV/sec. In order to measure the AC impedance, the
specimens were ground using #2,000 SiC paper and then
polished using a diamond paste (3𝜇m).The test solution was
the same as that of the polarization test. AC impedance mea-
surement was performed using an electrochemical analyzer
(Gamry EIS 300). Before measuring, passivation was treated
at +400mV(SCE) for carbon steel and 0mV(SCE) for ductile
cast iron for 30 minutes. AC impedance was measured at
a passivation potential from 10 kHz to 0.01Hz and the AC
voltage amplitude was 10mV. Also, a Mott-Schottky plot was
prepared to determine the semiconductive properties of the
passive film. The specimen preparation was the same as that
for AC impedance measurement and the DC amplitude was
10mV (peak-to-peak) at 1,580Hz of the AC frequency [22].
The capacitance was measured at the scan rate of 50mV/sec
from +1V(SCE) to −1.5 V(SCE).

2.2.3. Surface Analysis. X-ray photoelectron spectroscopy
(XPS, K-alpha (Thermo VG, UK), Al-K

𝛼
(1486.6 eV, 12 kV,

3mA)) was analyzed to determine the chemical state of
several species of the passive film. The specimen was cut
to a size of 20 × 20 × 5mm and then ground with #2000
SiC paper and polished with a 3 𝜇m diamond paste; the
specimenwas finally cleaned with alcohol using an ultrasonic
cleaner. Carbon steel and ductile cast iron were passivated
by immersion for 24 hours in 1,000 ppm and 100,000 ppm
NaNO

2
, respectively. The depth profile was obtained every

5 seconds by Ar-sputtering. Also, an Electron Probe Micro
Analyzer (EPMA, EPMA-1600, 15 KV) was used to identify
the elemental distribution of the passivated surface. Optical
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Figure 1: Effect of NaNO
2
addition on corrosion rate in circulating and stagnant simulated cooling water at 25∘C; (a) carbon steel and (b)

ductile cast iron.

Microscope (OM, Zeiss Axiotech 100HD) and SEM-EDS
(Tescan Vega II LMU) and a 3Dmicroscope (Zeiss KH-7700)
were used.

2.2.4. Corrosion Simulation. In order to determine the differ-
ence in galvanic corrosion between the matrix and spheroid-
ized graphite of the ductile cast iron, computer simulation
was performed using COMSOL Multiphysics software. Tafel
slopes of anodic and cathodic reactions were used and the
rate controlling equation applied in this modeling was the
secondary corrosion condition.

3. Results and Discussion

3.1. Effect of Nitrite Concentration. Figure 1 shows the effect
of NaNO

2
addition on corrosion rate in circulating and

stagnant simulated coolingwater in the air at 25∘C. In the case
of carbon steel, increasing NaNO

2
concentration reduced

significantly the corrosion rate of carbon steel. When the
inhibitor was absent, the rates of stagnant and circulating
solutions were 0.23 and 0.48mm/year, respectively. Also, the
effect of nitrite ion was stronger in the circulating solution
than in the stagnant solution. However, in the case of ductile
cast iron, the effect of nitrite addition was similar to that of
carbon steel, but the similar corrosion inhibition of ductile
cast iron needs a significant addition of NaNO

2
. When the

inhibitor was absent, the rates of stagnant and circulating
solutions were 0.47 and 0.84mm/year, respectively. Even
though the NaNO

2
addition was increased, the corrosion

rate of ductile cast iron showed relatively higher values than
those of carbon steel. The corrosion of carbon steel can be
inhibited at near 100 ppmNaNO

2
addition, but the corrosion

of ductile cast iron can be inhibited by an addition of more
than 10,000 ppm NaNO

2
. Moreover, while the corrosion of

carbon steel can be inhibited more readily by the circulation

of the solution, the circulation facilitated the corrosion of
ductile cast iron.

The open circuit potential with immersion time by
NaNO

2
addition in circulating (solid symbol) and stagnant

(open symbol) simulated cooling water in the air at 25∘C
was shown in Figure 2. Regardless of the alloys used and the
circulation of solution, the open circuit potential of the spec-
imen without NaNO

2
addition decreased with immersion

time. However, the open circuit potential of the specimen
with NaNO

2
addition increased and its tendency depends

on the alloys. In the case of carbon steel, an addition of
100 ppm NaNO

2
increased the open circuit potential and the

circulation stimulated its rate. Also, in the case of ductile cast
iron, a greater concentration (about 100 times) of NaNO

2
is

needed for a similar effect of NaNO
2
addition.

The effect of NaNO
2
addition on the polarization behav-

ior in deaerated simulated cooling water at 25∘Cwas revealed
in Figure 3; the scanning rate was 0.33mV/s.WhenNaNO

2
is

not added, carbon steel and ductile cast iron dissolved readily
without the passivation by anodic polarization. With 10
and 100 ppm NaNO

2
additions, carbon steel revealed active-

passive transition, but the passive current density was high
and transpassive behavior occurred. Ductile cast iron did not
show an active-passive transition until a 10,000 ppm NaNO

2

addition. From a 1,000 ppm NaNO
2
addition, carbon steel

showed excellent passivation behavior, but the ductile cast
iron revealed the best passivation curve from 100,000 ppm
NaNO

2
addition. This tendency is coincident with the result

of the immersion test shown in Figure 1.
Figure 4 shows the corrosion rate due to the NaNO

2

addition obtained from the immersion test (circulation
condition) shown in Figure 1 and the current density was
obtained at +400mV(SCE) as shown in Figure 3. Regardless
of the chemical or electrochemical tests, the corrosion of
carbon steel can be inhibited by a small NaNO

2
addition
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Figure 2: Open circuit potential with immersion time by nitrite addition in circulating (solid symbol) and stagnant (open symbol) simulated
cooling water at 25∘C; (a) carbon steel and (b) ductile cast iron.
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Figure 3: Effect of NaNO
2
addition on polarization behavior in deaerated simulated cooling water at 25∘C (scanning rate; 0.33mV/s); (a)

carbon steel and (b) ductile cast iron.

(ca. 1,000 ppm), but the corrosion of ductile cast iron could
be only inhibited by a significant NaNO

2
addition (ca.

100,000 ppm).That is, it was demonstrated that the difference
in the NaNO

2
addition needed between carbon steel and

ductile cast iron was about 100 times.

In order to determine the resistance of the passive film
formed on the surface of carbon steel and ductile cast iron by
NaNO

2
addition, the AC impedance was measured. Figure 5

shows the effect of NaNO
2
addition in Nyquist plot obtained

from AC impedance measurement at +400mV(SCE) for
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Figure 5: Effect of NaNO
2
addition on Nyquist plot obtained from AC impedance measurement in deaerated simulated cooling water at

25∘C; (a) carbon steel at +400mV (SCE) and (b) ductile cast iron at 0V (SCE).

carbon steel and 0V(SCE) for ductile cast iron in deaerated
simulated cooling water at 25∘C. In the case of carbon steel, a
stable passive film could not be formedwith a 10 ppmNaNO

2

addition and very small impedance (15.6 kohm) was thus
shown.A 100 ppmNaNO

2
addition formed a passive film, but

its polarization resistancewas small (194.6 kohm).However, a
stable passive film (442.5 kohm)was formedwith a 1,000 ppm
NaNO

2
addition. In the case of ductile cast iron, a stable

passive film (333.7 kohm) was formed with a 100,000 ppm
NaNO

2
addition. As shown in Figures 1 and 4, the difference

of corrosion inhibition between carbon steel and ductile cast
iron due to the NaNO

2
addition was closely related to the

formation of a stable passive film on the surface.

3.2. Corrosion Inhibition Mechanism of Carbon Steel and
Ductile Cast Iron by Nitrite Ion. It was revealed that the
difference in the effect of corrosion inhibition due to NaNO

2

addition between carbon steel and ductile cast iron was about
100 times through the immersion test and electrochemical
tests as described above. As shown in Table 1, the significant
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Figure 6: Optical microstructures (a, b) and SEM images (c, d); (a, c) carbon steel and (b, d) ductile cast iron.

difference in the composition between the two alloys is
carbon content. Figure 6 shows optical microstructures and
SEM images for carbon steel and ductile cast iron. In the case
of carbon steel, ferrite and pearlite phases can be observed.
However, in the case of ductile cast iron, spheroidized phases
were formed in the ferrite matrix and the spheroidized
phase was shown to be graphite by SEM-EDS analysis. These
pictures show the typical microstructures of carbon steel and
ductile cast iron.

In order to determine the effect of NaNO
2
addition

on the corrosion morphologies of ductile cast iron after
immersion, the corroded surface was observed. The effect of
NaNO

2
addition on the surface appearance of ductile cast

iron after the immersion test in simulated cooling water for 3
hours at 25∘C was presented in Figure 7; Figure 7(a) shows
the addition of 0 ppm NaNO

2
and Figure 7(b) shows the

addition of 10,000 ppmNaNO
2
.When noNaNO

2
was added,

the ductile cast iron was generally corroded on the entire
surface. However, when 10,000 ppm NaNO

2
was added (this

addition of which is not sufficient to inhibit corrosion of
ductile cast iron as shown in Figures 1 and 3), the iron was
corroded locally near the spheroidized graphite and the cor-
roded areas were agglomerated. Figure 8 shows the corrosion
morphologies of ductile cast iron in which ductile cast iron

was corroded for 3 hours in stagnant simulated cooling water
(10,000 ppm NaNO

2
) at 25∘C. Figure 8(a) shows the surface

contour using a 3D microscope and local corrosion near the
spheroidized graphite was confirmed. Figure 8(b) shows an
SEM image of the corroded area, showing that it was corroded
spherically near the graphite, and thenfinally the graphite had
chipped off. Also, corrosion products and even cracks were
observed near the chipped-off graphite. These figures show
that galvanic corrosion took place in the ductile cast iron. It
is well known that graphite is nobler than matrix iron [23].

The galvanic corrosion between graphite and matrix
iron was simulated using a COMSOLMultiphysics program.
Anodic and cathodic Tafel slopes (+108mV and −206mV,
resp.) were applied to calculate the corrosion behavior of the
corroding and noncorroding areas. Figure 9 shows computer
3D simulation results of the corrosion propagation of ductile
cast iron occurring in stagnant simulated cooling water
(10,000 ppm NaNO

2
) at 25∘C. At the initial stage (0 hour),

the potential difference between graphite (the center) and
matrix (left and right) is shown by the blue and red colors,
respectively. By increasing the immersion time, the matrix
near the graphite corroded and the corrosion depth was
increased; its depth was greater near the graphite. (This
is the distance effect observed in galvanic corrosion.) This
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Figure 8: Corrosion morphologies of ductile cast iron corroded in stagnant simulated cooling water (10,000 ppm NaNO
2
) for 3 hours at

25∘C; (a) 3D microscope and (b) SEM image.

simulation result differs from that shown in Figure 8(b). This
difference could be due to the characteristics of the graphite.
(However, it should be noted that the COMSOLMultiphysics
program does not simulate the mechanical damage in gal-
vanic corrosion.)The crystal structure of graphite is covalent
bonded with neighboring atoms in the same layer, although
layers are van der Waals bonded together [24, 25] and thus
the bonding force of graphite is very weak. Therefore, it is
considered that the matrix is corroded galvanically and that
the graphite is protruded and then graphite is peeled off layer
by layer because of the weak bonding force of graphite.

Figure 10 shows the elemental distribution analyzed using
EPMA on the surface of ductile cast iron passivated in

simulated cooling water (100,000 ppm NaNO
2
) at 25∘C for

72 hours. The SEM image clearly shows the microstructure
of ductile cast iron. Fe was depleted in the graphite area and
carbon was concentrated as spheroidized shapes. Also, while
oxygen was detected on the entire surface, it was particularly
concentrated on the graphite area and dim spots of nitrogen
were detected. Figure 11 shows the elemental distribution
analyzed using EPMA on the surface of ductile cast iron
corroded in simulated cooling water (10,000 ppm NaNO

2
)

at 25∘C for 72 hours. The SEM image shows the locally
corroded morphology as seen in Figure 7(b). Fe was not
uniform and this is related to local corrosion. However, the
carbon distribution was very different to the fully passivated
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Figure 9: Surface electrolyte potential (V(SCE), the right vertical color bar) obtained by computer 3D simulation (the unit of 𝑥-, 𝑦-, and
𝑧-axes; 𝜇m) using COSOL Multiphysics on corrosion propagation with immersion time of ductile cast iron occurred in stagnant simulated
cooling water (10,000 ppm NaNO

2
) at 25∘C; (a) 0 hour, (b) 24 hours, (c) 48 hours, (d) 72 hours, and (e) 144 hours.

surface as shown in Figure 10(c).While spheroidized graphite
was not observed, destroyed graphite and its location were
identified; this result provides the evidence that graphite can
be peeled off layer by layer as discussed above. Oxygen was
detected more on the Fe-depleted areas and dim spots of
nitrogenwere detected.This oxygen comes from the sufficient
NaNO

2
. It will be discussed below.

The depth profile on the passivated surface was obtained
using XPS to determine the role of nitrite ion on the
passivation of steel and iron. Figure 12 shows the depth profile
using XPS on the passive film of carbon steel passivated for
24 hours in simulated cooling water (1,000 ppm NaNO

2
) at

25∘C.Oxygen and nitrogenwere enriched at the outer surface
and Fe drastically increased with etch time. Figures 12(b)
and 12(c) show that iron oxide was enriched at the outer
surface.Nitrogenwas only detected before sputtering andwas
not detected at any sputtered depths. This provides evidence
that nitrogen is present only on the outermost surface, even
with the NaNO

2
addition to the solution. Figure 13 shows

the depth profile using XPS on the passive film of ductile
cast iron passivated for 24 hours in simulated cooling water
(100,000 ppm NaNO

2
) at 25∘C. Oxygen and nitrogen were

enriched at the outer surface and Fe is drastically increased
with etch time. Figures 13(b) and 13(c) show that iron oxide
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Figure 10: Elemental distribution analyzed by EPMA on the surface of ductile cast iron passivated in simulated cooling water (100,000 ppm
NaNO

2
) at 25∘C for 72 hours; (a) SEM image, (b) Fe, (c) C, (d) O, and (e) N.
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Figure 11: Elemental distribution analyzed by EPMA on the surface of ductile cast iron corroded in simulated cooling water (10,000 ppm
NaNO

2
) at 25∘C for 72 hours; (a) SEM image, (b) Fe, (c) C, (d) O, and (e) N.
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Figure 12: Depth profile by XPS on passive film of carbon steel passivated for 24 hours in simulated cooling water (1,000 ppm NaNO
2
) at

25∘C; (a) depth profile, (b) Fe
2p detail scan, (c) O1s detail scan, and (d) N

1s detail scan.

was enriched at the outer surface. Nitrogen was only detected
before sputtering and at 10 seconds’ etch time and was not
detected at any sputtered depths. This provides evidence
that nitrogen is present only on the outermost surface,
even with the NaNO

2
addition to the solution. However,

nitrogen of passivated ductile cast iron was detected at a
slightly deeper depth than that of the passivated carbon
steel. This behavior seems to be related to the corrosion and
passivation between graphite and matrix in ductile cast iron.

Figure 14 shows the deconvolution of the chemical species
determined by XPS on the surface of (a, b, c) carbon steel
passivated in 1,000 ppm NaNO

2
and (a, b, c) ductile cast

iron passivated in 100,000 ppm NaNO
2
. Regardless of the

alloys and sputtering time (0 sec. and 10 sec.), the passive
films formed by NaNO

2
addition were composed of iron

oxides (Fe2+ and Fe3+). Also, nitrogen before sputtering exists
as nitrogen compounds including NO− (400.4, 399.2 eV),
NH
4

+ (401.1 eV), NH
3
(398.6, 399.8 eV), and NO (399.6 eV)
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Figure 13: Depth profile by XPS on passive film of ductile cast iron passivated for 24 hours in simulated cooling water (100,000 ppmNaNO
2
)

at 25∘C; (a) depth profile, (b) Fe
2p detail scan, (c) O1s detail scan, and (d) N

1s detail scan.

[26, 27]. However, it should be noted that the chemical states
of nitrogen on the passivated surface are not easy to identify
by XPS.

Therefore, as discussed above, corrosion and its inhibition
model can be proposed as follows. Figure 15 shows the corro-
sion and inhibition steps of ductile cast iron with nitrite addi-
tion. When no corrosion inhibitor is used, general corrosion
and galvanic corrosion occur simultaneously and thus the
surfacemay show relatively uniform corrosion (Figure 15(a)).
Also, when the amount of corrosion inhibitor is insufficient

(e.g., 10,000 NaNO
2
), some area may be passivated (red

line) and galvanic corrosion can occur; finally, the iron then
reveals localized corrosion (Figure 15(b)). However, when
a sufficient corrosion inhibitor (e.g., 100,000 ppm NaNO

2

in Figure 15(c)) is used (even though galvanic corrosion
between graphite andmatrix has occurred), the entire surface
can be passivated and thus corrosion can be inhibited. Also,
it should be noted that NO

2

− ion is used to oxidize thematrix
and can itself be reduced to nitric oxide; this compound can
be absorbed on the surface of graphite and thus the enriched
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Figure 14: Deconvolution of the chemical species determined by XPS on the surface of (a, a, c) carbon steel passivated in 1,000 ppmNaNO
2

and (b, b, c) ductile cast iron passivated in 100,000 ppm NaNO
2
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Figure 16: Effect of NaNO
2
addition on Mott-Schottky plot for the passive film formed in deaerated simulated cooling water at 25∘C; (a)

carbon steel at +400mV (SCE) and (b) ductile cast iron at 0mV (SCE).

nitrogen compounds could be detected in the EPMA and
XPS results. Therefore, since nitrite ion needs to oxidize the
surface of the matrix and needs to passivate the galvanic
corroded area and since it is absorbed on the surface of
graphite, a larger amount of corrosion inhibitor is needed for
ductile cast iron than for carbon steel.

On the other hand, passivated film of various alloys
exhibits semiconductive properties [28–30]. Acquisition of
Mott-Schottky plots is a usual way for semiconductor mate-
rials electrochemical characterization. Mott-Schottky plot
(inverse square of space charge layer capacitance, 𝐶sc

−2,
versus semiconductor electrode potential 𝐸) gives doping
density by slope of the straight line and flat band potential by
intercept [31]. A positive slope in the plot indicates theN-type
semiconductive properties. Figure 16 shows a Mott-Schottky

plot of the effect of NaNO
2
addition for the passive film

formed in deaerated simulated coolingwater at 25∘C. Regard-
less of the alloys, the increasing inhibitor concentration
strengthened the N-type properties. Also these plots revealed
the N-type semiconductive properties of the passivated sur-
face film due to nitrite addition.

4. Conclusions

(1) While NaNO
2
addition can greatly inhibit the corro-

sion of carbon steel and ductile cast iron, in order
to improve the similar corrosion resistance, ca. 100
timesmore NaNO

2
addition is needed for ductile cast

iron than for carbon steel. A corrosion and inhibition
mechanism is proposed whereby NO

2

− ion is added
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to oxidize. The NO
2

− ion can be reduced to nitrogen
compound and this compound may be absorbed on
the surface of graphite. Therefore, since nitrite ion
needs to oxidize the surface of matrix and needs to
passivate the galvanic corroded area and since it is
absorbed on the surface of graphite, a greater amount
of corrosion inhibitor needs to be added to ductile
cast iron than to carbon steel.

(2) The passive film of carbon steel and ductile cast iron,
formed by NaNO

2
addition, showed N-type semi-

conductive properties and its resistance is increased;
the passive current density is thus decreased and the
corrosion rate is then lowered. In addition, the film
is mainly composed of iron oxide due to the oxida-
tion by NO

2

− ion; however, regardless of the alloys,
nitrogen compounds (not nitrite) were detected at the
outermost surface but were not incorporated in the
inner oxide.
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Scientific researches of new technological platform realization carried out in Russia are based on ideas of nuclear fuel breeding
in closed fuel cycle and physical principles of fast neutron reactors. Innovative projects of low-power reactor systems correspond
to the new technological platform. High-temperature gas-cooled thorium reactors with good transportability properties, small
installation time, and operationwithout overloading for a long time are considered perspective. Such smallmodular reactor systems
at good commercial, competitive level are capable of creating the basis of the regional power industry of the Russian Federation.
The analysis of information about application of thorium as fuel in reactor systems and its perspective use is presented in the work.
The results of the first stage of neutron-physical researches of a 3Dmodel of the high-temperature gas-cooled thorium reactor based
on the fuel block of the unified design are given. The calculation 3D model for the program code of MCU-5 series was developed.
According to the comparison results of neutron-physical characteristics, several optimum reactor core compositions were chosen.
The results of calculations of the reactivity margins, neutron flux distribution, and power density in the reactor core for the chosen
core compositions are presented in the work.

1. Introduction

Nowadays in many countries nuclear power development
programs are established. In the Russian Federation federal
special-purpose program “New Generation Nuclear Power
Technologies for 2010–2015 and Perspective to 2020” was
adopted. The basis of this program is a new technological
platform: closed nuclear fuel cycle (CNFC) and fast neutron
reactors.

Researches aimed at developing nuclear technologies
capable of including natural uranium and thorium into
the nuclear fuel cycle correspond to the new technological
platform. First of all these are the technologies of CNFC and
fast neutron reactors (BN-600, BN-800, and BN-1200 reactor
types) and innovative projects of perspective types of low-
power reactors and nuclear power reactors (10–100MWt).

In recent years, a great variety of research works in the
field of low-power reactors has been presented. A small mod-
ular reactor on fast neutrons with sodium coolant created by
Toshiba and ARC-100 construction promoted by Advanced

Reactor Concepts are considered to be the most developed
projects.

In Russia, the demonstration block “BREST-300-OD,”
which will be put into operation at Siberian Chemical
Combine by 2020, meets the well-developed concepts of low-
power fast reactors. It is expected to be a new link of the
perspective model of CNFC in Russia [1].

Another development direction in a small modular niche
is occupied by high-temperature and super high-temperature
reactors. In this direction a number of designs and detailed
schemes with temperatures from 900 to 1500K were pre-
sented, high-temperature gas-cooled reactors being the most
advanced [2–10].

It is obvious that low-power nuclear reactors are not an
original idea. However, the projects on designing thorium
fuel reactors on their basis are considered very perspective
in the field of nuclear power industry. Besides, the market
of low-power nuclear reactors with thorium fuel can be very
advantageous in Russia.
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The purpose of the research is to develop the concept of
a thorium low-power safe reactor based on the fuel block of
the unified design.

It is supposed that during implementation of the concept
all new available knowledge in the field of nuclear reactor
industry and physics of neutrons will be applied. Develop-
ment of the concept will allow starting a range of works which
in their turnwill result in the project of high-temperature gas-
cooled thorium reactor (HTGTR) and further commercial
realization.

It should be noted that in Russia nuclear technologies
connected with commerciality of thorium low-power reac-
tors are innovative, technically and economically are not
investigated and are associated with significant financial
investments.

2. Analysis of Information Materials of the Use
of Thorium as Nuclear Power Plants Fuel

Due to calculation and experimental information (ENDSF
(Evaluated Nuclear Structure Data File), EXFOR (Experi-
mental Nuclear Reaction Data)) about neutron resonance
absorption by thorium and uranium nuclei, one specific
peculiarity can be reported. In the neutrons energy interval
from 4 to 30 eV, when they interact with nuclei of U-238, two
significantly powerful resonances with amplitudes of 11 000
and 8 000 barns (the cross section of absorption depends
on the energy) can be observed. When neutrons interact
with nuclei of Th-232 in the same energy interval, there is
resonance of about 300 barns, but the amplitude is negligible
in comparison with the resonances in the case with U-
238. This peculiarity allowed explaining an important fact
discovered in numerical experiments. When raw U-238 in
oxide fuel composition (U, Pu)O

2
was substituted by raw

Th-232, optimum ratio of the water (moderator) volume to
the fuel volume in a multiplying system from fuel pins with
the diameter to 0.012m increased significantly (5 times).
Numerical experiments were performed at the Institute
of Safety and Reactor Technologies Researches (ISR-2) of
Forschungszentrum Juelich (Germany, 1998-1999). In the
researches physics of WWER reactors operating in long and
super long fuel-element lifetimes (up to 10 years) on thorium,
highly enriched uranium and plutonium were studied [11].

In further numerical experiments [11–13] and experimen-
tal works (the works were carried out on the basis of research
reactor IRT-T, unique id of the works: RFMEFI59114X0001)
one peculiarity (anomaly)was determined by the dependence
of resonance absorption on the ratio of themoderator volume
to the fuel volume in multiplying thorium system ((m%
U, n% Th)O

2
, (m% Pu, n% Th)O

2
), operating in thermal

neutrons spectrum. The anomaly lies in the fact that at fixed
value of the characteristic size of the nuclear fuel elements
in a definite interval of changes of the moderator volume
ratio to the fuel volume (𝑉mod/𝑉fuel) there is sharp increase
of the resonance neutrons absorption. In this interval the
resonance absorption for uranium system exceeds absorption
for plutonium by 3 and more times. Numerical experiments
were carried out for multiplying systems with light-water and

graphite moderators. Anomalymanifested in case of graphite
at characteristic sizes of the fuel kernel (300–400) microns.

Much smaller resonance absorption in the case when
raw nuclide is Th-232 provides two main advantages. The
first one is that strong internal block-effect in distribution
of epithermal neutrons flux distribution in the fuel kernel
volume, which results in absorption of decelerating neutrons
in relatively thin marginal layers, is much smaller in thorium
systems. As a result integral fission quantity in nuclear
fuel element increases at unchanged size. It provides great
increase of fuel use efficiency, due to increase of lifetime as
well. The second one is that in thorium system there is bigger
amount of the moderator. It causes significant increase of
thermal inertia with all ensuing advantages such as safety
and reliability [3, 4, 6, 11–16].

The numerical researches and experiments, the results
of which were presented above, were carried out for fuel
compositions, plutonium, and highly enriched U-235 served
as an igniter in start-up loading of the reactor core (RC).
Thus physics of the fuel composition and reactors neither
in thorium-uranium nor in uranium-plutonium NFC was
studied. In case of (m% Pu, n% Th)O

2
composition it was

thorium-plutonium NFC with the maximum possible burn-
up of fissionable nuclides of uranium, and plutonium formed
and was burnable during nuclear fuel lifetime.

The results and the peculiarities of neutrons resonance
absorption obtained in multiplying grids with thorium point
out the necessity to change traditional design solutions for
the grids, if the raw nuclide is Th-232.

The works performed within the framework of
three state contracts (state contract number P777, 2010;
agreement number 14.B37.21.0473, 2012; agreement number
14411.9990019.05110, 2014) allowed reviewing the decision
for multiplying grids with thorium. Optimization of
geometrical characteristics of fuel assemblies and nuclear fuel
composition, particles size, and coatings of microcapsulated
fuel (microfuel) dispersed into graphite of the fuel blocks of
HTGTR operating with the maximum burn-up was made.
The received scientific results and solutions made it possible
to start complex neutron-physical calculations of HTGTR.

3. Calculation Model of
the High-Temperature Gas-Cooled
Thorium Nuclear Power Reactor

Design solutions accepted for HTGTR and neutron-physical
characteristics necessary for comparison determined the
reactor calculation model and the degree of RC elements
specification.

Calculation model of HTGTR was created using MCU-5
program [17]. Geometrical module of MCU-5 allows simu-
lating 3D systems with different complexity geometry using
combinatorial approach based on description of complicated
systems by combinations of elementary bodies and surfaces.

Detailed models of fuel pellets (FP) with heterogeneous
fuel kernels, fuel assemblies, and RC of HTGTRwere created.
The temperature of all elements of the RC and core reflector
was considered to be 1200K. Realized inMCUpossibilities of
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Figure 1: Calculation model of HTGTR fuel assembly: (a) 0500 and 1000 type fuel pellet of HTGTR; (b) HTGTR fuel assembly.

Table 1: Classification of FPs of HTGTR.

Fuel pellet type XXXX Fuel volume (MeO
2
) (m3) Graphite volume (m3) SiC volume, (m3) Heavy metal mass (kg)

0500 1.122 ⋅ 10−8 8.770 ⋅ 10−7 1.917 ⋅ 10−7 0.103 ⋅ 10−3

1000 2.245 ⋅ 10−8 8.539 ⋅ 10−7 2.036 ⋅ 10−7 0.206 ⋅ 10−3

2000 4.489 ⋅ 10−8 1.949 ⋅ 10−6 3.360 ⋅ 10−7 0.411 ⋅ 10−3

describing complex geometrical objects, containing repeated
elements with the help of grids, were used during the
calculation model development.

Fuel pellet and fuel kernel: microfuel is a kernel from
coated fissionable material dispersed into graphite matrix of
cylindrical FPs, which are placed in the RC of HTGTR. Pu
and Th-232 in equal proportions were used as fissionable
material (heavy metal). Microfuel had bilayered coatings:
layer 1: pyrolytic carbon (PyC)with the density of 1720 kg/m3;
layer 2: silicon carbide (SiC) with the density of 3210 kg/m3.
Configurations of the fuel kernel, coatings, and fuel pellets
(see Figure 1) were chosen on the basis of scientific results
obtained in [3, 4, 6, 11–16].

Preliminary estimates of energy production efficiency
showed that bilayered coating decreases the fuel cost com-
ponent considerably. Safety barrier is created by SiC coating
on the fuel pellet surface.

Taking into account that coatings of microfuel are made
from materials, in which cross sections do not have signifi-
cant resonance peaks, the method of partial homogenization
was used. In this approximation the fuel kernel coatings
homogenize with the graphite matrix filling new volume
with new concentrations. Acceptability of homogenization

was testified in the works of the authors in [5, 7, 17–
21]. Homogenization of the fuel kernel is an impermissible
approximation and it immediately causes noticeable devi-
ation of 𝑘eff (effective multiplication coefficient) (to 7-8%)
from more precise simulation [5, 7, 20, 21] and experimental
results [5, 19].

Three types of FPs of HTGTR were considered in the
calculations. FPs of 0500 and 1000 type have the following
constructional characteristics (see Figure 1(a)): diameter of
8.17 ⋅ 10−3m (with SiC surface layer); height of 2.06 ⋅ 10−2m
(with SiC surface layer); volume of 1.08 ⋅ 10−6m3.

FPs of 2000 type have the following constructional char-
acteristics: diameter of 1.2 ⋅ 10−2m (with SiC surface layer);
height of 2.06 ⋅ 10−2m (with SiC surface layer); volume of
2.33 ⋅ 10−6m3. Close classification of the considered FPs is
presented in Table 1.

Depending on the heavy metal composition in the FPs,
the fuel assemblies of XXXXB and XXXXZ type were con-
sidered (see Figure 1(b)).

The fuel assembly of XXXXB type (of the first type) is Pu,
10%; Th-232, 90%. The fuel assembly of XXXXZ type (of the
second type) is Pu, 50%; Th-232, 50%. The modifications of
isotope composition of Pu in FPs are given in Table 2.
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Table 2: Isotope composition of Pu in FPs of HTGTR.

Pu isotope composition
modification Pu-238 (%) Pu-239 (%) Pu-240 (%) Pu-241 (%) Pu-242 (%)

1 1.8 59 23 12.2 4
2 0 94 5 1 0

(a) (b)

Figure 2: Calculation model of HTGTR reactor core: (a) small reactor core with the reflector; (b) large reactor core with the reflector.
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Figure 3: Arrangement schemes of fuel assemblies of the first and second type for small and large reactor cores: (a) small reactor core; (b)
large reactor core.

Example. Fuel assembly 0500Z2 is a fuel assembly of the
second type which consists of FPs of 0500 type (see Table 1)
and has the second isotope composition of Pu (see Table 2).
FP: fuel volume (MeO

2
) is equal to 1.122 ⋅ 10−8m3; graphite

volume is 8.770 ⋅ 10−7m3; SiC volume equals 1.917 ⋅ 10−7m3;
heavymetalmass is 0.103 ⋅ 10−3 kg. Percentage of heavymetal,
%, is Pu, 50;Th-232, 50. Isotope composition of Pu (%) is 238,
0; 239, 94; 240, 5; 241, 1; 242, 0.

Fuel Assembly (Fuel Block of the Unified Construction). It is a
hexagon graphite fuel block with the width across the flats of
0.2m and height of 0.8m; 78 holes with the diameter of 8.2
⋅ 10−3m for FPs of 0500 and/or 1000 type; 7 holes with the
diameter of 2.4 ⋅ 10−2m for passing gaseous coolant (helium)
(see Figure 1(b)).

Reactor Core. Cores are loaded with specified fuel assemblies
by two methods (see Figures 2 and 3):

(1) Small reactor core consists of fuel assemblies with
fuel-containing parts, each about 2.4m long, sur-
rounded by two graphite blocks without holes; at the
top and the bottom the reactor core is covered by
0.3m thick graphite.

(2) Large reactor core consists of fuel assemblies with
fuel-containing parts, each about 2.0 or 2.4m long,
surrounded by two rows of graphite blocks without
holes; at the top and at the bottom the reactor core is
surrounded by 0.3m thick graphite.
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Table 3: Calculation results of effective multiplication coefficient 𝑘eff and reactivity margin of the calculated type of HTGTR.

Number Reactor core height (m) Reactor core type Fuel pellets type Isotope composition of Pu 𝑘eff Δ𝑘/𝑘 (%)
1 2 Large 1000 1 1.0591 5.57

2 2 Large 1000 2 1.2445 19.65

3 2 Large 500 1 0.9611 −4.06

4 2 Large 500 2 1.1243 11.06

5 2.4 Small 1000 1 1.0611 5.75

6 2.4 Small 1000 2 1.2471 19.81

7 2.4 Small 500 1 0.9785 −2.20

8 2.4 Small 500 2 1.1475 12.85

9 2.4 Large 1000 2 1.2665 21.49

10 2.4 Large 500 2 1.1612 13.76

11 2.4 Large 1000 1 1.0801 7.80

12 2.4 Large 500 1 0.9921 −1.52

4. Neutron-Physical Calculations of High-
Temperature Gas-Cooled Thorium Reactor

Neutron-physical calculations were carried out using the cal-
culation code of MCU created in Russian National Research
Center “Kurchatov Institute.” MCU program is intended
for precision simulation of the processes of neutrons and
photons transfer by analogue and nonanalogue methods of
Monte-Carlo on the basis of evaluated nuclear data in any
reactor types, considering changes of reactormaterial isotope
composition during the lifetime [17].

BURNUP module was used for calculating the reactor
lifetime. The module is a part of the program MCU5 and is
intended for calculating composition changes of the reactor
fissile isotopes and absorbing materials during its lifetime.
The module provides possibility of calculation prediction of
reactor materials nuclide composition and multiplying prop-
erties of the reactor depending on the fuel burn-up during
its operation. Calculation of isotope composition changes
during the reactor lifetime was performed at the given
dependence of medium power in the system on time.

Constant MCU5 package is based on nuclear data
bank MCUDj50. Library 0b@/MCU being a part of
MCUDj50 is point-to-point presented neutron-physical
constants received from the files of evaluated nuclear data
(ENDF/B-VII.0, JEFF-3.1.1, and JENDL-4.0) using the inter-
national program NJOY-99. Library BNAB/MCU (a part of
MCUDj50) is an extended andmodified version of 26-group
constants system BNAB-78. Other sources included into
nuclear data bank MCUDj50 are Russian (Russian National
Library of Evaluated Neutron Data, Resonant Parameters
Library, Moderators Generalized Phonon Spectrum Library,
Library of Evaluated Neutron Data, etc.) and available inter-
national libraries (ENDSF, EXFOR).

Thus nuclear data bank MCUDj50 comprises constants
obtained in group and point-to-point approximation, which
allowed using in calculations statistic algorisms based on
Monte-Carlo method and multigroup approximations using
subgroup parameters in calculations of group coefficients in
decomposed Boltzmann equation.

The schemes of fuel assemblies arrangement (of the first
and second types) for small and large reactor cores ofHTGTR
are presented in Figure 3.

Results of 𝑘eff calculation usingMCU-5 for all considered
calculation variants of HTGTR are presented in Table 3.

Calculation variants with the first isotope composition of
Puhave the least values of 𝑘eff fromall variants; thus theywere
excluded from any further consideration.

Calculation variants 2, 6, and 9 of the high-temperature
gas-cooled thorium reactor with fuel assemblies of 1000B2
and 1000Z2 type (see Table 3) are the reactor with small
and large cores with fuel assemblies of the first and second
types, fuel pellets of 1000 type having the second isotope
composition of Pu (see Tables 1 and 2).

The distributions of neutron fluxes and power densities
were obtained for the selected variants; irregularity coefficient
estimation was carried out.

Irregularity coefficient of neutron flux distribution is ∼
1.5 for large reactor cores (calculation variants 2 and 9) and
∼1.4 for small reactor core (calculation variant 6). Axial
irregularity coefficient of power density for the reactor core
with the height of 2m (calculation variant 2) is ∼1.25, and for
the reactor core with the height of 2.4m (calculation variants
6 and 9) it is ∼1.31. Radial distribution irregularity coefficient
does not exceed the value of ∼3.

For calculation modification 9, that is, for HTGTR large
reactor core with fuel assemblies of 1000B2 and 1000Z2 type,
the reactivity margin is 21.49%. When the reactor operates
on the power of 60MWt, the steady-state poisoning effect is
∼3.5% and the reactivity loss rate is ∼0.123% per day. It allows
evaluating the reactor lifetime which is not more than 150
days.

In case of the small reactor core (calculation variant 2) the
reactivity margin has a slightly smaller value (∼20%), but due
to significantly smaller sizes the reactivity loss rate is higher
compared to the large reactor core; consequently, the reactor
lifetime does not exceed 110 days.

The calculations showed that the modification, when the
reactor core consists of fuel assemblies of the same type
(e.g., 1000Z1 and 1000Z2 type) containing equal amount
of Th-232 and Pu, is considered more perspective. Initial
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Figure 4: Change of the reactivity margin of HTGTR with fuel
assemblies of 1000Z2 and 2000Z2 type.
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Figure 5: Radial flux density distribution of fast and thermal
neutrons in the large core.

reactivity margin of HTGTR with fuel assemblies of 1000Z2
type increases up to 25.3%, and the reactor lifetime continues
up to 210 days (see Figure 4).

Such reactor core loading allowed reducing power and
neutrons flux distribution tilts in comparison with earlier
calculation variants (see Figures 5 and 6). Approximately
1.7% of Th-232 burns up in the reactor with fuel assembly of
1000Z2 type; accumulation of U-233 is ∼10% of this amount
(considering the burn-up of the latter).

One more way of creating HTGTR was an attempt to
increase fuel loading. Fuel of 2000 typewas used (seeTable 4).

Such fuel is used for arranging the biggest RC (with 381
fuel assemblies of 2000Z2 type) with the height of 2.4m.The
mass of plutonium in such RC increases by ∼4 times, the
initial reactivity margin of HTGTR being 21.1%, while the
rate of reactivity loss decreases to 0.035% per day and lifetime
increases to 510 effective days (see Figure 4).

Figures 5 and 6 show the distribution of power density
and neutron flux in large reactor core with fuel assemblies of
2000Z2 type radially.
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Figure 6: Radial power density distribution in the large core.

Table 4: Basic design parameters of the reactor.

Performance Value
Full thermal reactor power (MWt) 60
Neutrons flux density:
Thermal (n/cm2/s) 2.8 ⋅ 10−13

Fast (n/cm2/s) 4.8 ⋅ 10−13

Reactor geometrical parameters:
Equivalent diameter of reactor core with reflector
(m) 3.1

Height of reactor core with reflector (m) 3.0
Reactor core geometrical parameters:
Reactor core equivalent diameter (m) 2.4
Reactor core height (m) 2.4

Fuel assembly type (fuel block of the unified design) 2000Z2
Number of fuel assemblies in the reactor core (pcs) 381
Fuel assembly geometrical parameters:
Width across the flats (m) 0.2
Height (m) 0.8
Fuel pellets number (pcs) 3120
Heavy metal mass (kg) 1.282

Fuel pellet geometrical parameters:
Height (m) 0.020
Diameter (m) 0.012
Heavy metal mass (kg) 0.411 ⋅ 10−3

Full starting core fuelling:
Mass of Th (kg) 244
Mass of Pu (kg) 244

Maximum reactivity margin (Δ𝑘/𝑘), % 21.3
Full-power reactor operation time (days) 510

5. Conclusion

Several optimum arrangements of the reactor cores (calcu-
lation variants 2, 6, and 9) intended for low-power industry
and creation of mobile nuclear power installations with
the capacity to 60MWt were chosen from tens of HTGTR
calculation variants.
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Calculation variants 2, 6, and 9 of HTGTR with the fuel
assemblies of 1000B2 and 1000Z2 type (see Table 3) are a
reactor with small and large reactor cores with fuel assemblies
of the first and second type and fuel pellets of 1000 type, which
have the second isotopic composition of Pu (see Table 2).

Themain disadvantage of these modifications of HTGTR
is that Pu-239 does notmanage to burn up andU-233 to accu-
mulate to appreciable amount during short reactor lifetime
(150 days for the large reactor core and 110 days for small
reactor cores).

The calculations showed that the most perspective solu-
tion is when the reactor core consists of fuel assemblies of the
same type and contains equal amount of Th-232 and Pu. In
this case initial reactivity margin for the large reactor core
loaded with fuel assemblies of 1000Z2 type increases up to
25.3% and the lifetime increases to 210 effective full power
days (see Figure 4). During 210 days, 1.7% of Th-232 burns
up in the reactor with fuel assembly of 1000Z2 type; accu-
mulation of U-233 is ∼10% of this amount (considering the
burn-up of the latter). At such loading the distributions of flux
density and power density become uniform over the whole
reactor (see Figures 5 and 6).

One more way of creating HTGTR was an attempt to
increase fuel loading. Fuel of 2000 type was used. Such fuel
is used for arranging the biggest reactor core (with 381 fuel
assemblies) with the height of 2.4m. The mass of plutonium
in such reactor core increases by ∼4 times, the initial reactiv-
ity margin of HTGTR being 21.1%, while the rate of reactivity
loss decreases to 0.035% per day and lifetime increases
to 510 effective days (see Figure 4).

It should be noted that only the first stage of neutron-
physical calculations researching the possibility of creating
thorium reactor has been performed. In the calculation
model of the reactor the control rods were not considered.
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In the pyroprocess integrated inactive demonstration (PRIDE) facility at theKoreaAtomic Energy Research Institute (KAERI), UO
2

porous pellets were fabricated as a feed material for electrolytic reduction on an engineering scale of 30 kg-U/batch. To increase the
batch size, we designed and modified the corresponding equipment for unit processes based on ceramic processing. In the course
of pellet fabrication, the correlation between the green density and sintered density was investigated within a compaction pressure
range of 106–206MPa, in terms of the optimization of processing parameters. Analysis of the microstructures of the produced
UO
2
porous pellets suggested that the pellets were suitable for feed material in the subsequent electrolytic reduction process in

pyroprocessing. This research puts forth modifications to the process and equipment to allow the safe mass production of UO
2

porous pellets; we believe these results will have immense practical interest.

1. Introduction

Nuclear reprocessing is the process of chemically treating
spent nuclear fuel to recover plutonium (Pu) and uranium
(U). The aqueous process, PUREX, has conventionally been
used for this purpose. However, pyroprocessing has recently
emerged as one of the key technologies that can reduce
nuclear waste while improving the efficiency of resource
use in the nuclear fuel cycle. This is because, among other
advantages over PUREX, pyroprocessing is less proliferative
as it does not enable the separation of Pu from other
impurities [1]. Pyroprocessing is a process that starts with
the head-end process, followed by electrolytic reduction,
electrorefining, electrowinning, and salt purification [1–3].

The head-end process includes chopping, mechanical or
oxidative decladding, and high-temperature voloxidation as
unit processes. During the head-end process, uranium and
transuranic (TRU) elements are recovered from spent fuel,
while fission products such as Kr, Xe, H-3, C-14, Cs, and
I are removed [4–6]. Another important goal of the head-
end process is the fabrication of a proper feed material
for the subsequent electrolytic reduction process. The feed
material can take on different physical forms depending on

the decladding method used: mechanical decladding results
in crushed particles, whereas oxidative decladding results
in porous pellets or granules. Compared to mechanical
decladding, oxidative decladding results in a high recovery
rate of the fuel material from rod-cuts [3]. However, during
the oxidative decladding process, uranium oxide undergoes
a change in phase from a UO

2
pellet to a U

3
O
8
powder.

In this viewpoint, the UO
2
porous pellet form, which can

be prepared from the U
3
O
8
powder via ceramic processing,

has attracted much interest as a promising feed form for the
following electrolytic reduction [6–9].

The fabrication of aUO
2
porous pellet involves pelletizing

and sintering of U
3
O
8
pellets at high temperature under

a H
2
-containing atmosphere [6]. In this regard, there have

been many studies that have investigated the reduction
behaviors and microstructural variations of U

3
O
8
under

reducing atmosphere [10–15]. However, the majority of such
investigations have been carried out on a lab scale.Therefore,
in order to achieve engineering-scale production (50 kg-
U/batch), for example, at the PRIDE facility [9], it is necessary
to determine if the fabrication process and the corresponding
equipment need to be modified to suit mass production.
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Table 1: Fabrication process of UO
2
porous pellets and its chemical/physical form during the various stages.

Process Starting
material Oxidation Mixing Pelletizing Sintering

Chemical/
physical
Form

UO
2
/

dense pellet →

U
3
O
8
/

powder →

U
3
O
8
+ EBSa/

powder →

U
3
O
8
+ EBSa/

pellet →

UO
2
/

porous pellet
aEthylene bis stearamide, (CH2NHC(O)C19H35)2.

In the present experiment, based on the literature and
conventional ceramic processing, a fabrication process was
adapted to meet the needs of the fabrication scale in PRIDE
facility: oxidation,mixing, pelletizing, and sintering. Towards
this end, the fabrication equipment was newly designed and
improved by introducing new structures. In addition, the
relationship between the green density and sintered density
under compaction pressure was investigated in the course of
mass production. From a practical aspect, the results of this
investigation can be employed to themass production ofUO

2

porous pellets, which can be used as a feed material for the
subsequent electrolytic reduction process.

2. Materials and Methods

2.1. Fabrication of Porous Pellets. Similar to conventional
ceramic processing, the fabrication of UO

2
porous pellets

in the PRIDE facility involves four sequential processes:
oxidation, mixing, pelletizing, and sintering. The fabrication
process of the porous pellets and the chemical/physical
form of the produced uranium oxides after each process
are summarized in Table 1. Considering the purpose of
the PRIDE facility, the fabrication equipment was designed
to accommodate a capacity of 50 kg-U/batch; a schematic
drawing of this equipment is shown in Figure 1. The porous
UO
2
pellets were fabricated in the PRIDE facility as follows:

UO
2
pellets with a diameter of 8.05mm, a height of 10.08mm,

and a weight of 5.20 g were prepared as the starting material.
The geometrical density of UO

2
pellets was about 92.47% on

average, much higher than the theoretical density of UO
2
,

10.96 g/cm3. The UO
2
pellets were oxidized to U

3
O
8
powder

at 480∘C for 16 h under a 75%O
2
-Ar atmosphere in a rotating

drum furnace, which was equipped with a double chamber:
an inner chamber made of INCONEL 600 and an outer
chamber of SUS 304 stainless steel. A schematic drawing
and a photograph of the rotating drum furnace are shown in
Figure 1(a). On the inside wall of the inner chamber, a spiral
screw structure is formed to allow transport of the UO

2
feed

pellets and/or produced U
3
O
8
powders back and forth by

rotating the chambers. After complete oxidation of the UO
2

pellets, the oxidized U
3
O
8
powder was recovered by reverse

rotation of the chambers. The recovered U
3
O
8
powder was

mixed with 2wt% of acrawax (ethylene bis stearamide (EBS),
C
38
H
76
O
2
N
2
, CAS #: 110-30-5) by using a tubular mixer for

30min. Acrawax is a well-known lubricant used to minimize
die wall friction during the subsequent pelletizing process.
The powder mixture containing EBS was then pressed into
a pellet shape using the rotary press machine shown in

Figure 1(b). A schematic drawing of the driving part of the
rotary press shows 13 sets of die and punches (Figure 1(b)).
In a single rotation cycle, U

3
O
8
powder is injected into the

hole of the die, followed by compaction of the filled powder
in the die by the upper and lower punches and ejection of
the pelletized U

3
O
8
; this cycle can be repeated continuously.

The hole of the die used in this experiment was designed to
be 6.6mm wide, and the rotation speed of the rotary press
was optimized to be 5 rpm during the pelletizing process.
The green pellets obtained after pressing were sintered and
reduced in a vertical-type sintering furnace that helped to
minimize the temperature gradient throughout the heating
zone. The heating elements penetrating the ceiling surface
of the furnace chamber allow the samples to be completely
surrounded by the heating element. The green pellets were
put into five zirconia crucibles, which can contain ∼13 kg of
U
3
O
8
pellets, and then sintered at 1350∘C for 12 h under 4%

H
2
-Ar atmosphere.

2.2. Characterization of Porous Pellets. The microstructures
of the U

3
O
8
powders andUO

2
pellets were observed by scan-

ning electronmicroscopy (SEM, Philips XL-30, Netherlands)
after polishing using diamond paste. The pore sizes and size
distributions were measured from the SEM images using the
image processing software, Matrox Inspector 2.1 (Matrox Inc.
Canada). The crystal structure of the fabricated UO

2
pellets

was examined using X-Ray Diffraction (XRD, Rigaku Mini-
Flex, Japan). The XRD experiments were performed over the
2𝜃 range of 20–80∘ and at a scan speed of 6∘/min and a step
size of 0.01∘. The pellets were crushed into powder form in an
agate mortar and pestle prior to the measurements.

3. Results and Discussion

Figure 2 shows the variations in the temperature and
O
2
concentration during the oxidation process of UO

2

to U
3
O
8
in a rotating drum furnace (Figure 2(a)) and

macro/microscopic images of the resultant oxidized U
3
O
8

powder (Figure 2(b)). The oxidation temperature was deter-
mined based on a previous report on the oxidation of
UO
2
to U
3
O
8
[16]. This was done taking into account the

temperature difference measured during the preliminary
test between the two different positions of the rotating
drum furnace: temperature of heating element (𝑇he) and
inside chamber (𝑇inside). Through the heat treatment at
470–480∘C for 16 h, fine U

3
O
8
powders were produced

without significant agglomerates, as shown in Figure 2(b),
indicating homogeneous oxidation of UO

2
into U

3
O
8
.
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Figure 1: Schematic drawings and photographs of (a) rotating drum furnace, (b) driving part of rotary press, and (c) sintering furnace
constructed in PRIDE.

During the oxidation, the phase change is accompanied
by volumetric expansion (∼23.6%) due to the difference
in density between the two phases: 10.96 g/cm3 for UO

2

and 8.37 g/cm3 for U
3
O
8
[13]. The U

3
O
8
powder particles,

therefore, become popcorn shaped. In our experiment as
well, the U

3
O
8
powder particles were popcorn shaped, with

an average particle size of 4.63 𝜇m, as shown in Figure 2(b)
[17, 18]. Both fine particle size and uniform phase of the
producedU

3
O
8
powder are conditions necessary for securing

good compactibility during the following pelletizing process.
Before the pelletizing process, 0.2 wt% of acrawax was added
to the U

3
O
8
powders. Acrawax is a well-known lubricant

material in powder metallurgy, and it reduces the friction
between the die and the wall while improving themechanical
strength of the green pellet [19]. After addition of the acrawax,
the powders were mixed using a tubular mixer for 30min to
improve the uniformity of the powders.

The mixed U
3
O
8
powders were then compacted into

pellets using a rotary press, as shown in Figure 2(b). The
rotary press exhibited excellent production yield: 3,500 pellets
per hour (7 kg-U/h). The rough shape of the U

3
O
8
powder

indicates that it has poor flowability, which leads to the
failure of uniform die filling during the pelletizing process.
To improve the flowability, in this experiment, a mechanical
feeder was installed. Figure 3(a) shows a schematic of the
mechanical feeder attached at the feeding part of the rotary
press. It consists of three impellers and a powder scraper,
which allow a constant amount of U

3
O
8
powders to be filled

in the rotating dies. With the rotary press machine, around
30 kg of U

3
O
8
powders were compressed into green pellets,

as shown in Figure 3(b).
With an aim of optimizing the processing parameters in

the pelletizing experiment, the effect of compaction pressure
on the density of green pellets was examined.The compaction
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Figure 2: Experimental conditions and results of oxidation process: (a) variations in temperature and O
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concentration and (b) produced

U
3
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powder.
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Figure 3:Modification of the equipment and results of pelletizing process: (a) schematic drawings and a photograph of themechanical feeder
attached to rotary press and (b) produced U

3
O
8
green pellets.

pressure could be controlled by regulating the amount of
U
3
O
8
powder filled into die hole and the pressing depth of

upper punch. In this case, the compaction pressure ranged
from approximately 100 to 200MPa. The density of pellets
increased linearly with the compaction pressure in the range
of 60.33 to 68.14% TD, as listed in Table 2. The geometrical
information and green density values for pelletization under
different pressures are also summarized in Table 2.The pellets
have similar size and weight, with little standard deviation
in the values, thus indicating that a uniform amount of
powders was filled and uniform force was applied during
the pelletizing process using a rotary press machine. Figure 4
shows photographs of the green pellets pressed under differ-
ent compaction pressure values. It is evident that the surface
of the pellets becomes smoother with increasing compaction
pressure.

To ensure that the U
3
O
8
green pellets are suitable as feed

for electrolytic reduction, they must be sintered and reduced

to UO
2
phase by heat treatment in the furnace. As shown

in Figure 1(c), a vertical-type furnace was constructed for
heat treatment of the green pellets (50 kg/batch). A vertical-
type furnace was used in order to minimize the temperature
gradient throughout the heating zone. The sample loaded
at the center of the furnace was surrounded by the heating
element. To secure mechanical stability up to high tempera-
tures, the green pellets were placed in zirconia crucible that
was 320mm in diameter and 10mm thick. Each crucible
contained ∼13 kg of U

3
O
8
pellets and could be stacked tightly

on another crucible.
Figure 5 shows the programmed and measured temper-

ature variations during sintering of the U
3
O
8
green pellets.

The sintering was conducted at 1350∘C for 12 h under a
reducing atmosphere using a gas containing hydrogen (4%
H
2
-Ar balanced). The thermal history includes dewaxing

treatment at 700∘C for 1 h to remove the added acrawax.
The retarded heating and cooling rate could be attributed to
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Table 2: Green and sintered density and % TD (theoretical density) of pellets under different compaction pressures.

Compaction pressure (MPa) Pellet height (mm) Pellet weight (g) Green density (g/cm3) % TDa (%)
106 {33} 6.78 {0.03} 1.17 {0.03} 5.05 {0.13} 60.33 {1.51}
160 {43} 6.34 {0.03} 1.19 {0.03} 5.50 {0.14} 65.73 {1.63}
206 {52} 6.02 {0.06} 1.17 {0.03} 5.70 {0.11} 68.14 {1.37}
aTheoretical density compared to U3O8 (8.37 g/cm

3).
{} Standard deviation.
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Figure 4: Green pellets pressed under different pressures: (a) 106, (b) 160, and (c) 206MPa.
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Figure 5: Experimental conditions and results of oxidation process: (a) thermal profile of sintering process and (b) produced UO
2
sintered

pellets. The inset in (b) and dashed circles indicate delamination defects.

the thick refractory ceramics coated inside the heating zone.
Figure 5(b) shows the sintered UO

2
pellets with a scale of

30 kg-U/batch. Among the produced pellets, delamination
cracks are observed at the end of some pellets, as shown
in the inset photograph. The dashed circles in Figure 5(b)
show the pellets that were crushed owing to the delamination
cracks.The delamination crack is known to result from severe
friction between the die and the wall during the pelletizing
process [20]. When cracks are formed in the pellets, dust
particles (<45 𝜇m), which escape the cathode basket and

infiltrate into the molten salt in the electrolytic reduction
process, can be formed. The crack formation can be avoided
by further optimizing the processing conditions, such as the
amount of acrawax, mixing time, and compaction pressure.

Figure 6 shows the XRD patterns of the sintered pellets
extracted from different crucibles: top and bottom floor. All
patterns are similar to that of the UO

2
phase, without any

second phase. This indicates that all of the sintered pellets
have the UO

2
phase, irrespective of their position in the

furnace during the sintering. It also implies that the reduction
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Figure 7: SEM micrographs and measured pore size distributions of sintered pellet: (a) inside and (b) surface.

of U
3
O
8
to UO

2
was completed during the previous sintering

process.
Figure 7 shows SEM micrographs of different positions

in a pellet: inside and surface. The pore structures at the
center/surface of the porous pellet were clearly observed after
mechanical polishing but with no etching. Except a slight
difference in the size of the pores and their connectivity, both
from the inside and from the surface, a porousmicrostructure
with interconnected micropores is clearly seen in the SEM
micrographs. Compared to the pores on the surface, the pores
inside the pellets were larger and more interconnected. The
average pore size inside and on the surface of the pellets was
5.25 and 3.65 𝜇m, respectively.This could be attributed to the
preceding densification of the surface region, resulting in the
escape of gas trapped in the pores deep inside the pellet.

Figure 8 shows the relationship between the green density
of theU

3
O
8
pellets and the sintered density of theUO

2
pellets

with respect to the compaction pressure. In the following

electrolytic reduction process, the density of a porous pellet is
one of the major factors determining the reduction efficiency
[20]. Generally, the sintered density of UO

2
pellets strongly

depends on the green density of U
3
O
8
pellets, which is

determined by the compaction pressure in the pelletizing
process. Therefore, to fabricate porous UO

2
sintered pellets

within a suitable density range, the relationship between
the compaction pressure, green density of U

3
O
8
pellets, and

sintered density of UO
2
pellets should be clarified. In this

experiment, the following linear relationship was obtained in
the compaction pressure range from 106 to 206MPa:

SD (%) = 0.35GD (%) + 39.87 (%) , (1)

where SD and GD are the percentages of sintered density and
green density, respectively. This provides technical data for
the fabrication of UO

2
porous pellets in large batches and

can help in ensuring the quality assurance and quality control
(QA/QC) of the porous pellets.
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4. Conclusions

UO
2
porous pellets, which are promising as a feed material

for the electrolytic reduction process in pyroprocessing,
were fabricated in the PRIDE facility at an engineering
scale. The fabrication processing was based on conventional
ceramic processing, which consists of oxidizing, pelletizing,
and sintering. To meet the demand for scaling up, three
kinds of fabrication equipment were constructed, and the
drawbacks in scaling up were addressed at the stage of design
and fabrication. A screw structure in the rotating drum
furnace helps to convey a large amount of powders/pellets by
rotating the chambers in the oxidation process, a mechan-
ical feeder improves the flowability of the U

3
O
8
powders

into the hole of dies during the pelletizing process, and
a vertically penetrating heating element structure reduces
the temperature gradient throughout the large space during
the sintering process. In addition, this paper clarifies the
relationship between green density, sintered density, and
the compaction pressure in terms of the optimization of
processing parameters as a practical aspect of the fabrication
of UO

2
porous pellets.
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Cyclic stress response and fracture behaviors of Alloy 617 base metal (BM) and Alloy 617 weld joints (WJ) are investigated under
strain controlled low cycle fatigue (LCF) loading. Axial fully reversed total-strain controlled tests have been conducted at room
temperature with total strain ranges of 0.6, 0.9, 1.2, and 1.5%. At the all testing conditions, weld joint specimens have shown higher
peak stresses than the base metal specimens, whereas the plastic strain accumulation of the base metal specimens is comparatively
higher than those of the weld joint specimens. The cyclic stress response behavior of both base metal and weld joint specimens
revealed initial cyclic hardening during first small number of cycles followed by progressive softening to failure. Higher strain
amplitudes decreased the fatigue lives for both base metal and weld joint specimens; subsequently weld joint specimens had lower
fatigue resistances relative to base metal specimens. Furthermore, the cracking in weld joint specimens initiated in the weld metal
(WM) region. The crack initiation and propagation showed transgranular mode for both base metal and weld joint specimens;
especially weld joint specimens showed a wedge type crack initiation about 45 degrees to the loading direction because of the
dendritic structure.

1. Introduction

The very high temperature gas-cooled reactor (VHTR) is
currently the most promising reactor among the Generation-
4 reactors for producing electricity and hydrogen econom-
ically. The VHTR structural components like the reactor
internals, piping, hot gas ducts (HGD), and intermediate
heat exchangers (IHX) are designed for a design life of
30–60 years at 950∘C and 3–8MPa in He impurities. The
HGD and IHX are key components, and their materials have
potential for use in nickel-based superalloys such as Alloy
617, Haynes 230, Hastelloy-X, and Alloy 800H. The Alloy
617 does have the distinction of possessing very high creep
resistance at elevated temperatures when compared with
other nickel based alloys. In addition to its high temperature
strength, it also has excellent resistance to wide range of
corrosive environments and is readily formed and welded
by conventional techniques. For this reasons, Alloy 617 is
considered as one of the leading candidates because of its
highest allowable design stress compared to other superalloys

for construction of the IHX associated with the reformer
system [1–4].

The LCF loadings are suspected to a result of power
transients and temperature gradient induced thermal strain
during operation as well as startups and shutdowns and
also the fluctuated work load, each of which produces cyclic
loading [2, 5]. LCF situation is characterized by high plastic
strain in low frequency and the fatigue life is about <104
cycles. Although the low cycle fatigue behavior of Alloy 617
base metal has been studied by many researchers [5–9], less
information is available on the welded joints [10]. Extensive
high temperature low cycle fatigue studies of welded joints in
Alloy 617 and austenitic stainless steels have shownmarkedly
lower lives in weld areas [10, 11]. In mechanical structures,
the welded components are unavoidable and some of the
components were joined by various welding techniques.
Moreover, the welded joints are more brittle than the base
metal and may have several original defects [1]. In addition,
the welded joints are microstructurally and mechanically
heterogeneous, which could form one of the potential sites
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Table 1: The chemical composition of Alloy 617 plate used in this study (wt.%).

C Ni Fe Si Mn Co Cr Ti P S Mo Al B Cu
ASTM Min 0.05 Bal. ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 10.0 20.0 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 8.0 0.8 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅

Spec. Max 0.15 Bal. 3.0 0.5 0.5 15.0 24.0 0.6 0.015 0.015 10.0 1.5 0.006 0.5
Alloy 617 0.08 53.11 0.949 0.084 0.029 12.3 22.2 0.4 0.003 <0.002 9.5 1.06 <0.002 0.0268

of the fatigue failure. The welded section material could
be considerably affected by the welding process which is
responsible for heterogeneities.Therefore, the fatigue damage
evolution mechanisms such as fatigue crack initiation and
crack propagation could be different and the evaluation of
fatigue damage of welded joints must be confirmed [11].

Current research activities at Korea Atomic Energy
Research Institute (KAERI) andPukyongNationalUniversity
(PKNU) focus on the study of low cycle fatigue behavior
of Alloy 617 base metal and the welded joint specimens
were machined from GTAW butt-welded with temperature
between passes under 177∘C and the postheat-treatment was
not conducted because the Ni-based superalloy was not nor-
mally applied. After welding, the soundness of the weldments
was investigated by ultrasonic, tensile, and bending tests. In
the present paper, in order to understand the baseline of high
temperature low cycle fatigue behavior for Alloy 617 welded
joints, initial strain-controlled low cycle fatigue testing was
performed in air at room temperature with a constant strain
ratio (𝑅 = −1), as listed in ASTM Standard number E606-
92 [12]. This paper focuses on the comparative investigation
on cyclic stress response and fracture behaviors of Alloy 617
base metal and Alloy 617 welded joints under LCF loading.
The cyclic stress response behaviors have been investigated at
room temperature condition in air with four different total
strain ranges of 0.6, 0.9, 1.2, and 1.5%. And also, to clearly
compare the low cycle fatigue fracture modes of Alloy 617
base metal and the welded joint specimens, the microscopic
investigations were examined for selected specimens.

2. Experimental Procedures

2.1. Materials and Specimens. The chemical composition of
the Alloy 617 (UNS 06617) used in this study is given in
Table 1. The amount of each element was well within the
ASTM Standard B 168-08 specifications [13]. Base metal
specimens were machined from 25mm thick rolled plate
and the weld joint specimens were machined from gas
tungsten arc welding (GTAW) butt-welded plate such that
the loading direction was oriented transverse to the welding
direction. Fatigue specimens especially for weld joint, used
for this experiment, were machined and located in the upper
side of weld pad as seen in Figure 1(a). Figure 1(b) shows
the cylindrical specimen’s shape and dimensions of LCF
specimens with 6.0mm of diameter in the reduced section
with a parallel length of 18mmand a gauge length of 12.5mm.
The cross weld specimens that were machined from the weld
pad have a reduced section contained BM, Heat Affected
Zone (HAZ), and WM with the optical microstructures
which have been shown in Figure 2, respectively. The welded
specimens were prepared which have a single V-groove of

80∘ of an angle and joined from the GTAW process. Hence,
a filler metal was used for KW-T617 (brand name). It was
prepared according the AWS specifications, AWS A 5.14-05
ERNiCrMo-1 (UNS N06617), and the diameter was 2.4mm.
After welding process, the soundness of the weldments was
evaluated by ultrasonic, tensile, and bending tests.The details
of the welding procedure are shown in [1].

2.2. Low Cycle Fatigue Test Procedures. Fully reversed (𝑅 =
−1) total axial strain-controlled LCF tests were conducted
at four different total strain ranges of 1.5, 1.2, 0.9, and 0.6%
at room temperature on Alloy 617 base metal (BM) and
Alloy 617 welded joints (WJ) in air by using a servohydraulic
machine (Instron 8516 capacity 100 kN) equipped at a con-
stant frequency of 0.25Hz. Consequently, the strain rate was
varied between 3 ⋅ 10−3 s−1 and 7.5 ⋅ 10−3 s−1 depending
on total strain range. According to [7, 10, 14], fatigue life
could be defined to a 20–30% drop in the maximum tensile
stress measured at half-life, when the tests were terminated
based upon 100% peak load drop of the stable value or
complete fracture. The fatigue life is not very sensitive to
the exact value of load drop used to define failure because
of the rapidly falling peak stress during the final crack
propagation phase. A triangular strain-time wave form was
employed for all tests. In the all tests, the push-pull mode
ramp rates are equal. A closed loop servohydraulic testing
system equipped with a high precision extensometer with
12.5mm gage length was attached to the gauge section for
carefullymonitoring and recording the real time data of stress
and strain in detail. Furthermore, the fatigue crack initiation
and propagation mechanisms were investigated to discover
the fracture mode and the failure mechanism of this material
for selected specimens by using opticalmicroscopy (OM) and
scanning electronmicroscopy (SEM).The specimens for OM
observations were prepared by cutting into two parts which
then mounted and polished the cut surface. Afterward, the
specimens were etched in a solution containing hydrochloric
acid, ethanol, and copper II chloride.

3. Results and Discussion

3.1. Tensile Properties andCyclic Stress Response Behavior. The
tensile tests have been first done as a reference data for Alloy
617 BM and Alloy 617 WJ. The tensile test specimens were
machined into a rectangular cross section with a gage length
of 28.5mm, width of 6.25mm, and thickness of 1.5mm.
Further details of the tensile test preparation can be found in
[1]. Figure 3 shows the stress-strain curves for BM and weld-
ment specimens.The unique tensile properties were observed
from each specimens. Table 2 shows the results of the tensile
property measurements at RT condition. However, the WJ
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Figure 1: (a) The weld pad configuration for WJ specimen. (b) The cylindrical specimen’s shape and dimension for Alloy 617 BM and Alloy
617 WJ.
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Figure 2: Microstructures with respect to LCF welded specimen.

specimen showed a higher 0.2% yield stress (YS) value than
that of the BM at RT operation. It is notable that the ultimate
tensile strength (UTS) values of the BM were comparatively
higher than the WJ. Therefore, the BM ductility from the
tensile elongation increased significantly compared with that
of the WJ.

For strain-controlled tests, a material’s cyclic stress
response behavior can be characterized by examining its
stress response as a function of cycle number. Generally, a
material’s initial response during LCF is to harden through
a small number of cycles and then reach a period of
either cyclic saturation or cyclic softening, depending on
the microstructure and temperature and total strain range
[15]. Comparison of peak and valley stresses response curves
at total strain range conditions of (a) 0.6% and (b) 1.5%
as a function of number of cycles to failure is illustrated
in Figure 4 under continuous cyclic loading condition. The
cyclic stress response was almost symmetrical in tension and
compression.

As shown in Figure 4, the WJs exhibit a higher cyclic
stress response compared with that of the BMs, because of
the harder zone in WJ. It is believed that higher stress range
caused a short life in WJs. And also, the stress amplitude
response curves at four total strain ranges as a function of
number of cycles to failure are illustrated in Figure 5 under
continuous cyclic loading.The cyclic stress response for both
BM andWJ exhibited a cyclic softening regime for the major
portion of the life after a brief period of initial hardening.
The short period of cyclic initial hardening was observed
about 2–200 cycles for both BM and WJ specimens and
remained softening phase until failure. At the lower strain
range (0.6%), the saturation regime was also visible. The
similar cyclic stress response behavior was exhibited for both
BM and WJ specimens. However, the WJ specimens showed
a slow degradation in stress amplitude response compared
to the BM specimens. About the end of the tests, the stress
amplitude decreased rapidly, indicating the formation of
microcracks and their subsequent growth [16]. In order to



4 Advances in Materials Science and Engineering

Table 2: The tensile mechanical properties of Alloy 617.

Temp. (∘C) Base metal Weld joint (GTAW)
YS (MPa) UTS (MPa) EL (%) YS (MPa) UTS (MPa) EL (%)

RT 346.6 811.1 59.9 462 764.9 24.6

Table 3: The experimental results of LCF for Alloy 617 BM and Alloy 617 WJ.

Specimen reference 𝑁
𝑓

Δ𝜀
𝑇

(%)
Δ𝜀
𝑒

/2
(%)

Δ𝜀
𝑝

/2
(%)

Δ𝜎/2
(MPa)

Specimen
reference 𝑁

𝑓

Δ𝜀
𝑇

(%)
Δ𝜀
𝑒

/2
(%)

Δ𝜀
𝑝

/2
(%)

Δ𝜎/2
(MPa)

BM-RT150 1409 1.5 0.315 0.435 583.037 WJ-RT150 416 1.5 0.367 0.383 665.854
BM-RT120 3410 1.2 0.279 0.321 552.406 WJ-RT120 1485 1.2 0.326 0.274 656.179
BM-RT090 13042 0.9 0.245 0.205 505.539 WJ-RT090 2924 0.9 0.293 0.157 621.123
BM-RT060 42360 0.6 0.222 0.078 474.208 WJ-RT060 28422 0.6 0.273 0.027 545.578
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Figure 3: Stress-strain curves for Alloy 617 BM and Alloy 617WJ in
tensile tests at RT condition with a strain rate of 5.85 × 10−4 1/s.

clearly investigate the effects of initial cyclic hardening for BM
andWJ specimens, the cyclic hardening factor is considered.
The cyclic hardening factor can be calculated as follows [17]:

𝐻
𝑠
=

(𝜎
𝑎
)
𝑝

− (𝜎
𝑎
)
1

(𝜎
𝑎
)
1

× 100%, (1)

where 𝜎
𝑎

𝑝 is the stable stress amplitude and 𝜎
𝑎

1 is the
stress amplitude at the first cycle. The dependence of cyclic
hardening on total strain range is shown in Figure 6. The
degree of cyclic strain hardening for BM specimens increased
linearly with total strain range. However, Alloy 617 WJ
specimens in this work increased to 1.2% total strain range
and slightly decreased at 1.5% of total strain range. The BM
specimens showed relatively higher value of𝐻

𝑠
compared to

WJ specimens at all total strain ranges.
In order to further investigate the nature of cyclic stress

response for BM and WJ specimens, the stable hysteresis
loops were evaluated and investigated at half-life period of
fatigue life. Figure 7 shows the shape of the hysteresis loops

for (a) Alloy 617 BM and (b) Alloy 617 WJ specimens in
each total strain range at room temperature. The stable loop
remains unchanged until the crack initiation occurs. At the
half-life cycle, the hysteresis loops were all asymmetric at
both BM and WJ specimens, where the peak stresses of WJ
specimen at each total strain range were greater than the
BM.The shape shows significant dependence on the material
property (namely, BM and WJ) and total strain range,
normally short and fat for the BM, while the WJ shows long
and narrow hysteresis loop. The presented hysteresis loops
showed that the total stress range increases with increasing
total strain range, as known monotonic strain hardening
behavior [15].

3.2. Fatigue Life Evaluation. From the viewpoint of engineer-
ing applications, the best way to describe the low cycle fatigue
behavior is to use the fatigue life of the alloy as a function
of total strain ranges at the BM and WJ, shown in Table 3.
It was found that the material properties had a significant
influence on the LCF life. The LCF fatigue resistance of the
BM is higher than the WJ due to mechanical aspect as well
as fine grain size and slip band grain boundary interaction at
all the testing conditions. It should be pointed out that the
total strain range governs the stress level in this investigation.
The fatigue life-strain relationship under the total strain range
controlled condition is often described using the Coffin-
Manson equation, which is

Δ𝜀
𝑡

2

= 𝜀
𝑓



(2𝑁
𝑓
)

𝑐

+

𝜎
𝑓



𝐸

(2𝑁
𝑓
)

𝑏

, (2)

where Δ𝜀
𝑡
/2 is the total strain amplitude, Δ𝜀

𝑒
/2 is the elastic

strain amplitude, Δ𝜀
𝑝
/2 is the plastic strain amplitude, and

2𝑁
𝑓
is the number of reversals to failure. 𝜎

𝑓

 is the fatigue
strength coefficient, 𝑏 is the fatigue strength exponent, 𝜀

𝑓



is the fatigue ductility coefficient, 𝑐 is the fatigue ductility
exponent, and 𝐸 is the elastic modulus.

Figure 8 shows the Coffin-Manson equation plots for the
BM and WJ specimens. Those data were analyzed using a
least squares fit method, and the coefficients and exponents
in the Coffin-Manson equation were determined and are
listed in Table 4. The material constants 𝐾 and 𝑛 are cyclic
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Figure 4: Peak/valley stresses versus number of cycles in LCF with total strain controlled of (a) 0.6% and (b) 1.5%.
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Figure 5: The stress amplitude as a function of number of cycles for (a) Alloy 617 BM and (b) Alloy 617 WJ.

strength coefficient and cyclic strain hardening exponent.
Those valueswere obtained by fitting a power law relationship
to the stress amplitude. The strain-life curves were simply
fitted and related to (2). In both logarithmic coordinates,
those that were plotted by two straight lines with slopes 𝑏
and 𝑐, the intercepts with the vertical axis of the two straight
lines represent the constants 𝜎

𝑓



/𝐸 and 𝜀
𝑓

. It is obvious that
the cyclic lives were found to be strong function of material
property, namely, BM and WJ. At higher total strain ranges,
the plastic strain tends to be higher than the elastic strain and
plays a dominant role for dislocations. The fatigue resistance
of WJ specimen is lower than that of BM specimen.

In Figure 8, although the alloys exhibit similar elastic
fatigue life, the ductility of the BM is superior to that of the

WJ, which is responsible for their longer transition of fatigue
life, 𝑁

𝑡
[17]. From the regression parameters that are listed

in Table 4, we can back substitute the values at any desired
conditions to obtain the predicted lives. The LCF lives of the
BMandWJ can be predicted by theCoffin-Manson equations
and well coincided with the experimental data.

3.3. Fracture behavior of the BM and WJ. It is interesting
to note that the fracture surface morphologies between the
BM and WJ distinctly showed different crack mechanism.
Figure 9 shows fractured specimens that illustrate failure
occurring inside of the gauge section for BM andWJ. Cracks
in BM specimen are flat-type related to the fatigue loading
direction, whereas the WJ reveals relatively wedge-type
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Table 4: Coefficients and exponents for regression analysis of the BM andWJ.

Specimen 𝜀


𝑓

𝑐 𝜎


𝑓

(MPa) 𝑏 𝐸 (GPa) 𝑛


𝐾


BM-RT 0.501 −0.567 1519.55 −0.104 214.4 0.118 1086.43
WJ-RT 0.398 −0.654 1213.04 −0.069 214.4 0.076 1023.29

Table 5: The schematic diagrams of failure pattern for Alloy 617 BM and Alloy 617 WJ tested at RT.

Specimen
type

Total strain ranges (%) Failure
mode0.6 0.9 1.2 1.5
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Figure 6:The degree of cyclic hardening factor on total strain range
in Alloy 617 BM and Alloy 617 WJ.

(star/shear shape), as shown in Figure 9. However, as total
strain range levels increased, the fracture mode of the WJ
progressively changed into flat mechanism. The schematic
diagrams of failure pattern for BM and WJ specimens are
shown in Table 5. Table 5 represents a more damaging effect

of differentiation in material property on life reduction, on
the base information of the surface of failed samples that
the crack source (CS) for the BM is located at one point
of specimen surface; conversely, the crack initiation for WJ
specimens emerged from multiple points on the specimen
surface.

In this investigation, the continuous cycling tested speci-
mens were examined using SEM (Hitach JEOL JSM 5610) to
provide a great illustration of crack initiation and propaga-
tion.The fracture surfaces of crack initiation and propagation
of Alloy 617 BM are revealed in Figure 10. SEM image of
fracture surface for BM specimen shows the transgranular
crack initiation (Figure 10(a)). Figure 10(b) shows, in the near
of crack initiation site, cleavage-like features that were also
observed in any fracture surface along the crack propagation
and pattern of fatigue striations could be seen in BMs.
With the help of the cross section of OM photograph in
Figure 10(c), the fatigue crack propagation site was essentially
characterized by typical fatigue striationswhichwere perpen-
dicular to the fatigue loading direction. The grain boundary
sliding is restricted and the plastic cyclic strain provided by
transgranular cracking. The transgranular cracking is more
obvious in the BM specimens owing to itsmaterial properties.
Eventually, the characteristics of BM are uniform and stable
which caused the increasing of the fatigue crack resistance
and resulted in a longer fatigue life.

Figure 11 shows typical fractograph for WJ specimen that
experienced a transgranular crack initiation and propagation.
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Figure 7: Stable hysteresis loops for a half-life at each total strain range for (a) Alloy 617 BM and (b) Alloy 617 WJ.
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Figure 8: Coffin-Manson equation plots of (a) the BM and (b) the WJ.

Figure 11(a) shows SEM fractograph of several points on
initiation site. However, the crack propagation stage was not
significantly different than BM despite the dissimilarity in
microstructure. The propagation mode for WJ appears to
be sharper edges which followed dendritic paths and the
fatigue striation was observed in the highmagnification SEM
image, shown in Figure 11(b). Shankar et al. reported for high
strength materials [18] that the resistance to transgranular
crack propagation in HAZ is less due to its coarse-grain size;
that is, the smaller the grain boundary area, the less the
number of crack-arrest events that causes the crack front to
be held back and necessitates the crack initiation phase to
occur in the adjacent grain. Somehow the fatigue life was
less for WJs relative to those of BMs due to localized strain
concentration in the HAZ region. Polák and Man [19] stated

that the fatigue crack initiation in crystalline materials is
related to the strain localization in the formof slip bands.This
localized plastic strain results from dislocation mechanics
which play an important role in the fatigue response of the
material. The role of slip bands that contain extrusions and
intrusions leads to the production of point defects that will
develop into small cracks. At the beginning, the WJ may
have original some defects in the microstructures [1] that
could accelerate initiation for cracking during the service.
Typical OM image of fracture surface in Figure 11(c) shows
that the transgranular crack initiation of 45 degrees normal
to the fatigue loading direction and failure occurred in the
weld metal zone. It is interesting to note that such crack path
deviations are obvious in this work. This could be associated
with the heterogeneities which contribute to significant local
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Figure 9: The fracture surface morphologies for (a) the BM and (b) WJ tested under total strain range, 0.6% condition.
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Figure 10: (a) SEM images representing a crack initiation site; (b) typical propagation SEM image showing fatigue striations; and (c) cross-
sectional OM image of surfaces for Alloy 617 BM tested at 0.6% total strain range.

variations in the crack propagation atWJ specimens and also
the coarse grain size in the weld metal zone and agree with
the findings of previous work on Alloy 617 weldments [10].
Previously, Kim et al. [1] investigated the measurement of
hardness for Alloy 617 welded joints; it showed that the weld
zone showed a sharp increase compared to the BM and WM
region because it was affected by thermal generated during

the welding process. In particular pay attention to the fact
that the possible weakness of the WM as well as the presence
of microstructural heterogeneity, including the coarse grain
size, can cause a reduction in fatigue resistance.

Figure 12 shows typical SEM fractographs of failed spec-
imens tested at 1.5% total strain range for BM and WJ
specimens. The failure region is larger at higher strain
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Figure 11: (a) SEM fractograph; (b) the crack propagation stage; (c) OM view of the fracture surfaces for Alloy 617 WJ tested at 0.6% total
strain range.

Cleavage
facet

Striations

(a)

Dimples

(b)

Cleavage
facet

Striations

(c)

Dimples

Pores

(d)

Figure 12: SEM images of the fractograph representing a crack propagation for low and high magnifications for ((a), (b)) Alloy 617 BM and
((c), (d)) Alloy 617 WJ, tested at 1.5% total strain range, respectively.
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Figure 13: Schematic illustrations of the failure mechanism in pure fatigue representing a transgranular crack initiation and propagation
along the fracture surfaces for (a) Alloy 617 BM and (b) Alloy 617 WJ, tested at 1.5% total strain range, RT.

range and somehow the propagation stage looks different.
In Figures 12(a) and 12(c), the propagation area of samples
tested at a higher strain amplitude of 1.5% had a smaller
propagation area in both BM and WJ, compared with the
samples tested at a lower strain amplitude of 0.6% (Figures 10
and 11), due to the higher cyclic stress response. The spacing
of well-developed striations was also observed to be larger
with increase in total strain range. However, at higher strain
range, the fatigue striations will not be seen clearly in WJ
due to reduction in crack propagation rate and fatigue life.
Figures 12(b) and 12(d) show the propagation stage that was
taken at higher magnification for BM and WJ, respectively.
The fact that theWJ representsmore obvious sharp edges and
cleavage facets followed dendritic paths with several pores
located at higher strain range. However, fracture surfaces
show dimple ruptures due to the occurrence of microvoids in
the failure region for BM and WJ tested at 1.5% total strain
range. Furthermore, the size of the crack propagation area
was mainly associated with the applied strain amplitude in
both BMs and WJ specimens. The higher the applied total
strain range was, the smaller the propagation area was.

The LCF failure mode outlined above has been presented
in advance at room temperature and selected total strain
condition. The mode is schematically illustrated and com-
pared to micrographs of Alloy 617 crack paths in Figure 13.

It should be noted that the secondary cracks or the fracture
surface could describe the mode of failure of this alloy under
these specific conditions. The fatigue crack initiation and
propagation are dominated by the crack that traveled cut
along the grain boundaries, and it is relative to the pure
fatigue phenomena. In the current work, testing condition
such as temperature did not contribute well to this mech-
anism result, despite being at all investigated total strain
ranges. The premature of crack propagation which manifests
deviations in WJs (Figure 13(b)) which were expected from
the presence of microstructural heterogeneity includes the
dendritic structure.

Future work for high temperature LCF testing is planned
specifically on all WJ specimens to distinguish the fatigue
behavior of Alloy 617 welded joints by GTAW process.

4. Conclusions

The strain-controlled LCF testing of Alloy 617 base metal and
Alloy 617 the welded joints was performed at four different
total strain ranges, 0.6, 0.9, 1.2, and 1.5% at room temperature
in air conditions. The cyclic stress response for both BM
and WJ specimens exhibited a cyclic softening regime for
the major portion of the fatigue life after a brief period of
initial hardening. The short period of cyclic initial hardening
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was observed about 2–200 cycles for both BM and WJ
specimens and remained softening phase until failure. The
WJ specimens have shown a higher cyclic stress response
than the BM specimens. Contrarily, the BM showed a higher
value of degree of initial hardening, 𝐻

𝑠
, compared to WJ.

Furthermore, the material constants have been evaluated
and characterized by the Coffin-Manson relationship. The
great results appeared and can be well compared with the
experimental data.

Fatigue resistance was decreased with increasing the total
strain ranges; thereafter the fatigue lives of WJ specimens
were reduced relative to those of BM specimens. The low
cycle fatigue crack initiation and propagation occurred in
transgranular mode for BM and WJ specimens in this work.
Furthermore, the fracture behavior of the BM is very flat
related to the fatigue loading axis, whereas that of the WJ
is relatively wedge-type (star/shear shape) and consequently
transgranular cracking initiation is 45 degrees normal to the
fatigue loading axis. Cracks inWJ specimens initiated in weld
metal region.
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This work clarifies the effect of surface modifications on the corrosion rate of Alloy 690, a nickel-based alloy for steam generator
tubes, under the simulated test conditions of the primary water chemistry in nuclear power plants. The surface stress was modified
by the shot peening and electropolishing methods. The shot peening treatment was applied using ceramic beads with different
intensities by varying the air pressure and projection angle.The corrosion rate was evaluated by gravimetric analysis and the surface
was analyzed by scanning electronmicroscopy (SEM).The corrosion rate of Alloy 690 was evaluated from the influence of the stress
state on the metal surface. Based on the observation of the surface after the corrosion test, the oxide composition and its structure
were affected by the surface modifications. The corrosion behavior of Alloy 690 was distinguished by the shot peening intensity on
the surface, and additional electropolishing was effective at reducing the dissolution of nickel ions from the metal surface.

1. Introduction

The dissolution control of nickel from steam generator
(SG) tubes is important to reduce the radioactive dose rate
and deterioration of fuel performance in the operation of
pressurized water reactors (PWRs). The major sources of
the radiation field in the primary coolant circuit including
the reactor are known to be neutron reactions with nickel
and cobalt ions in water. Corrosion products released from
metal surface in the coolant circuit can be deposited on the
reactor core forming the crud on the fuel surface during
operation of power plant. The corrosion products prevent
heat transfer from the fuel to the coolant and induce the
growth of crud on the fuel cladding. The composition of the
fuel crud consists mainly of nickel ferrite, which indicates
that its primary source is the nickel contained in the SG
tube materials [1, 2]. Higher crud buildup might cause an
increase in the axial offset anomalies through the corrosion
products deposited on the surface of the fuel cladding [3–
5]. To avoid problems originating from crud buildup, the
primary water chemistry has been improved by various

means, such as loading of hydrogen overpressure, reduction
of the electrochemical potential, coordinated adjustment of
the boron and lithium concentration, and zinc addition [3–
8]. Zinc addition in operating PWR plants shows reducing
radiation dose rates [3]. It is recommended on primary
chemistry control to reduce the corrosion products for PWR
type plants with plant-specific optimization.These alleviation
methods need an exact evaluation of chemical conditions in
primary coolant and effects on component integrity [4].

The corrosion properties are affected by the material’s
surface states including roughness, residual stress, and work
hardening under the conditions of the reactor water chem-
istry [9]. The Alloy 600 SG tube material has been replaced
withAlloy 690, which is resistant to stress corrosion cracking.
However, the metal cations released from the surface might
be accumulated in the primary circuit over long operation
times, and other unknown manufacturing processes may
affect the integrity of the Alloy 690 surface [2]. Clauzel et al.
observed the corrosion behavior of Alloy 690 manufactured
from various suppliers and classified the tubes according
to their metallurgical properties, release, and corrosion
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Table 1: Chemical composition of Alloy 690.

C Cr Fe Ni Si Mn Ti Al S
0.015 28.2 9.5 Bal. 0.1 0.26 0.21 0.04 <0.002

properties in relation to microstructure, surface impurities,
microhardness, roughness, and carbon content [10]. Guinard
et al. [11] and Huang et al. [12] have studied the impact of
different surface-state conditions, as well as the cold working,
and electropolishing of Alloy 690 on its corrosion-release
rate.

There are many studies on the metal-surface improve-
ment using electropolishing and shot peening.The corrosion
rate of electropolished stainless steel was lowered by more
than a factor of three relative to that of machined surfaces in
mild alkaline, hydrogenated water at 260∘C, and this reduc-
tion was explained by the decrease in surface microstrain
[13]. It is known that the higher equilibrium concentration
of Cr in Alloy 690 results in good resistance against failure
induced by intergranular attack (IGA) and stress corrosion
cracking (SCC) in high-temperature water environments
[14]. Zhang et al. reported that the SCC of Alloy 690 was
reduced by shot peening and electropolishing treatments
[9]. Some studies also showed that compressive residual
stresses inhibit the initiation of SCC [15, 16]. However, the
effects of the surface states on the corrosion and metal-ion
dissolution properties of Alloy 690 have not been clearly
evaluated, and the combined application of shot peening
and electropolishing treatments on SG tubes needs to be
experimentally studied.

The aim of this work is to study the reduction in the
dissolution of metal ions from the Alloy 690 surface through
surface modification in the simulated water chemistry of the
primary system of PWRs. In this work, the applicability of
shot peening and electropolishing on SG tube material was
investigated, and the effect of these surface treatments on the
corrosion-release behavior was evaluated.

2. Experimental

2.1. Material Preparation. The corrosion experiments were
performed onAlloy 690 which wasmanufactured by POSCO
Specialty Steel with the chemical composition listed in
Table 1. The specimens were heat processed in two steps,
namely, mill annealing (MA) and thermal treatment (TT),
after being cold-rolled to the thickness of about 1.5mm. The
samples were mill annealed at 1100∘C for 5min, followed by
water quenching, and then thermally treated at 715∘C for 10 h
in a vacuum furnace under the pressure of about 5× 10−6 Torr.
The specimens were manufactured in plate shape with size of
45mm in length and 15mm in width. All the specimens have
a hole of 3mm in diameter in order to hang on a tree in the
autoclave for high-temperature corrosion test.

2.2. Surface Treatment. Shot peening was performed on
the flat specimens using ceramic beads (0.125 ∼ 0.250mm
in size). The shot peening process was conducted using a

pressure-type blast machine (MPTB-01 model) manufac-
tured by Korea Shot Blast Co., and the maximum air pressure
for the shot peening instrument was 5 bars. The intensity
and coverage during the shot peening process were measured
using N-type Almen strips. Almen strips are flat metal strips
that were exposed to shot peening under the same conditions
as the specimens. Residual surface compressive stresses will
make the strip bow upward in the middle when released.The
height of this convexly bowed arc is an index of the intensity
of the shot peening and was measured using a TSP-3 Almen
gauge (Electronics Inc., USA). The surface microstrain was
determined from high-resolution X-ray diffraction (HR-
XRD) measurements. For the residual stress evaluation of
Alloy 690, Young’s modulus of 211 GPa and Poisson’s ratio of
0.289 were used.

Table 2 lists the surface-processing procedures applied for
shot peening and electropolishing of the specimens. The first
test was performed to investigate the effect of only varying the
air pressure used for shot peening on the corrosion behavior
(specimens B–D).

Further shot peening processes were conducted at differ-
ent angles and distances from the nozzle of the shot peening
machine, namely, at 30∘ and 75mm (SP30), 45∘ and 100mm
(SP45), and 90∘ and 150mm (SP90). In this test series, the
shot peening air pressure was maintained at 1 bar for all
specimens. After the shot peening treatment, the SP45 and
SP90 specimens were further electropolished to improve the
roughness of the shot-peened surfaces, marked as EP45 and
EP90 specimens.

The electropolishing processwas applied using the instru-
ment type ElectoMet 4 (Buehler Co., IL). The electrolyte
for electropolishing was a mixture of 70% phosphoric acid
(H
3
PO
4
), 15% sulfuric acid (H

2
SO
4
), and 15% methanol

(CH
3
OH). Electropolishing was conducted at 10V and 1.6

to 1.7 A, thereby maintaining the electrolyte temperature
of 40∘C and 50 cc/min circulation speed for about 1.5min.
The surface morphology and roughness were investigated by
scanning electronmicroscopy (SEM, JEOL JSM-5400model)
and the surface microhardness was measured using a Vickers
hardness tester equippedwith a pyramidal diamond indenter.
The loading condition was 25 g for 10 s.

2.3. Corrosion Test and Oxide Analysis. A recirculation loop
with Hastelloy autoclave system was used during the long
corrosion tests. The test environment simulated the primary
water chemistry in a PWR.Dissolved oxygen (DO), dissolved
hydrogen (DH), pH, and conductivity were monitored at
room temperature using sensors manufactured by Orbi-
sphere and Mettler Toledo. The temperature and pressure
were maintained at 330∘C and 150 bars, respectively, during
the corrosion tests. The composition of the test solution
was lithium (LiOH, 2 ppm), boron (H

3
BO
4
, 1,200 ppm), DH

(35 cc/kg), and less than 5 ppb ofDO.Theflow rate of the loop
system was 3.8 L/h, and the corrosion tests were conducted
for 500 h.

The corrosion rate was evaluated by gravimetric analysis
using an alkaline permanganate ammonium citrate (AP/AC)
descaling process: 1% KMnO

4
and 5% NaOH were exposed

to the inner tube surface at 90∘C for 3min [17–19]. This
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Table 2: Conditions of the specimen’s surface treatments.

Specimen ID Shot peening Electropolishing
Air pressure (bar) Distance (mm) Angle (∘) Time (sec)

A — — — — —
B 0.5 50 90 60 —
C 1 50 90 60 —
D 2 50 90 30 —
SP30 1 75 30 300 —
SP45 1 100 45 300 —
SP90 1 150 90 300 —
EP45 1 100 45 300 Yes
EP90 1 150 90 300 Yes

method involves multiple applications and enables reverse
extrapolation to correct for base-metal losses during the
removal of the corrosion oxides.

Themorphology and chemical composition of the surface
oxide layers were analyzed using SEM and X-ray photo-
electron spectroscopy (XPS). The XPS analysis was carried
out using a spectrometer model Thermo Fisher Scientific
(Theta Probe AR-XPS) XPS, equipped with Al K𝛼 X-ray
source (1486.6 eV) and operated at 15 kV and 150W. The
depth profiling was conducted in intervals of 60 s through
Ar sputtering at the energy of 2 keV and at the spot size of
400 𝜇m.

3. Results and Discussion

3.1. Surface Stress State. The shot peening intensity was
measured in dependence on the applied air pressure, as
shown in Figure 1. The shot-peened surface shows saturation
of its intensity value as the exposure time is held constant.
The saturation time for a given test piece may be defined
as the time necessary to attain a deflection such that, by
doubling the treatment time, the deflection does not increase
bymore than 10%.The arc deflection at saturation defines the
peening intensity.The shot peening intensitywasmeasured to
be 10.1 N at an air pressure of 2 bars and a shot peening time of
30 s. When the air pressure was reduced to 1 bar and 0.5 bars,
the intensities decreased to 7.36N and 5.51N, respectively, for
a shot peening time of 60 s. After these shot peening times,
the intensity values showed no further increase.

The XRD patterns of the oxide layers are obtained to
determine the crystal faces as a measure of the residual
stress. The XRD patterns of the specimens shown in Figure 2
indicate that the shot peening treatment did not change the
crystal structure of Alloy 690. The residual stress induced
by shot peening on the surface was measured by an HR-
XRD instrument, and the results are shown in Figure 3.
The residual stress was measured employing the Ni crystal
faces of (111) and (311) at the surface of the specimens. The
two stress levels are different but show a similar pattern
in dependence on the air pressure applied during the shot
peening. The results indicate that specimen D shot-peened
at an air pressure of 2 bars shows lower residual stress than
specimen B surface treated at an air pressure of 0.5 bars,
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Figure 2: X-ray diffraction patterns of Alloy 690 at different shot
peening intensity.

contrary to expectations, and it is considered with the change
of surface morphology as explained with the next figures
(Figures 4 and 5). In Figure 3, the Vickers microhardness
indentations are depicted along with the residual stress
values. The microhardness was measured at the distance of
20𝜇m from the shot-peened surface. The hardness increases
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Figure 3: Residual stress and microhardness at different shot peening air pressure.
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Figure 4: SEM photographs of the surface of shot-peened specimens at different air pressure.
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(a) (b)

(c) (d)

Figure 5: SEM photographs of the depth profile of the surface layer of shot-peened specimens at different air pressure.

with the shot peening intensity, and specimen D accordingly
shows the hardest state.

The surface morphology of the specimens was observed
by SEM and is shown in Figure 4. Scratches are observed at
the surface of specimen A, but the shot peening treatment
removes them, as shown in Figures 4(b)–4(d). The shot
peening causes circular indentations and imprints of the
shot peening beads at the surface are more clearly formed
at increasing shot peening intensity. The surface layer of
the alloy was slightly smeared and/or redistributed by the
shot peening. No particle embedment is observed and the
occurrence of bead contamination is not considered. The
depth profile (Figure 5) shows the breakaway of some small
parts at the outer surface at high shot peening intensity.
The decrease of the residual stress at higher shot peening
intensities of specimen D, as shown in Figure 3, can be
explained as the stress relief induced from microcracking by
excessive shot peening intensity over metal fracture stress.

High intensity of the shot peening (higher than about 7N)
might cause problems such as crack initiation. To improve
the surface integrity, the intensities were lowered by changing
the incident angle and the distance from the peening nozzle.
The shot peening intensity is determined to be about 4.5–
6N based on the Almen-strip measurements, as shown in
Figure 6. The intensity difference between samples SP30 and
SP45 was affected more by the incidence angle than by
the distance. On the other hand, the intensity value of the
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Figure 6: Almen-strip saturation curves at different shot peening
incidence angles.

SP90 sample shows higher variation in dependence on the
distance than on the angle. Figure 7 shows the values of
the residual stress and microhardness. The changes induced
by electropolishing after the shot peening were not large
compared with the values already obtained by applying only
shot peening.

The surface morphologies of all specimens are shown in
Figure 8. The surfaces processed by shot peening (Figures
8(b)–8(d)) show a slightly larger number of dimples and a
scaled appearance, similar to Figure 4, but these structures
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Figure 7: (a) Residual surface stress measured by XRD and (b) microhardness measured at the depth of 20 𝜇m from the surface of shot-
peened and electropolished specimens. The specimen labels distinguish the different surface treatments: shot peening at 1 bar with angles of
30∘ (SP30), 45∘ (SP45), and 90∘ (SP90) and electropolishing after shot peening with angles of 45∘ (EP45) and 90∘ (EP90).

(a) (b) (c)

(d) (e) (f)

Figure 8: SEM photographs of the surface before the corrosion tests for specimens of (a) reference, (b) SP30, (c) SP45, (d) SP90, (e) EP45,
and (f) EP90.

are formed to a lesser degree than in case of high shot peening
intensity. The samples being subject to the electropolishing
treatment show blunt dimples induced by the shot peening
but an overall smoother surface achieved by electropolishing
in comparison to the samples processed only by shot peening
(Figures 8(e)–8(f)). It is known that deformation twinning
and the number of dislocations increase upon increasing the
peening intensity, which was inferred from TEM observa-
tions of the surface of nickel-based alloys [20].

3.2. Corrosion Behavior Modified by Surface Treatments.
Immersion tests were performed using specimens processed
by shot peening at different intensities with or without
electropolishing treatment in primary water chemistry envi-
ronment, and the corrosion rates were measured, as shown
in Figure 9. The corrosion rate at different air pressures of
the shot peening was measured to be 1.45mg/m2 h for as-
received specimen A (Figure 9(a)). The corrosion rates of the
specimens treated at different shot peening intensities are



Advances in Materials Science and Engineering 7

A(0) B(0.5) C(1) D(2)
0.0

0.5

1.0

1.5

2.0

SP condition (bar)

Exposure time: 500 h
C

or
ro

sio
n 

ra
te

 (m
g/

m
2

h)

(a)

SP(30) SP(45) SP(90) EP(45) EP(90)
0.0

0.5

1.0

1.5

2.0

Surface condition (deg.)

Exposure time: 500 h

C
or

ro
sio

n 
ra

te
 (m

g/
m

2
h)

(b)

Figure 9: Corrosion rates of Alloy 690 processedwith different surface treatments: variation of the shot peening air pressure (a) and incidence
angle (b).

(a) (b) (c)

Figure 10: SEM photographs after corrosion test of 500 h for specimens of different surface treatments: (a) reference specimen, (b) specimen
SP45, shot peening only, and (c) specimen EP45, electropolishing after shot peening.

shown to have the values of 1.34, 1.18, and 0.88mg/m2 h for
specimens B, C, and D, respectively. Specimen D treated at
high shot peening intensity shows a decrease of about 40% in
the corrosion rate in comparison to as-received specimen A.
Figure 9(b) shows the corrosion test results for the samples
processed at different shot peening angles and distances,
with or without electropolishing. The results indicate that
weak shot peening was not effective for the reduction of
the dissolution rate of metal ions (SP30, SP45, and SP90
specimens), whereas electropolishing after the shot peening
(EP45, EP90 specimens) decreased the corrosion rate to less
than 1/4 of that of reference specimen A.

The observations of the oxidic surface are shown in
Figure 10. The oxide layer formed on reference specimen
A shows a polyhedral crystal structure (Figure 10(a)), but
the oxide layer on the shot-peened surface shows an almost
needlelike morphology with small additional platelike parti-
cles (Figure 10(b)). In the case of electropolished surfaces, the
needlelike oxides were concentrated in the dimples induced
by shot peening whereas the outer surface showed little
coverage of deposited oxides (Figure 10(c)). Investigation of

Seo et al. about the corrosion behavior of Alloy 690 at high-
temperature condition shows that the change of the oxide
morphology from polyhedral to wirelike shape was induced
by a roughness change of the surface [21].

The increase in roughness by shot peening might be
assumed to have a negative effect on the corrosion behav-
ior; however, the results of the corrosion tests in primary
environment indicate that the corrosion rate was reduced on
increasing shot peening intensity.The depth of the oxide film
might grow by the chemical reaction and deposition of metal
ions in solution or by a metallic transfer from the metal-
oxide interface. Because the corrosion environment was not
changed, the different test results show that the corrosion
rate relies on the metal-ion dissolution rate at the metal-
oxide interface, and the metal-ion transfer depends on the
residual stress in the metallic surface layer. The compressive
residual stress formed in the sublayer beneath the outermetal
surface of the specimen is considered to constrain the metal-
ion release into the oxide film or solution [9]. The corrosion
rate is proportional to the concentration gradient of the
metallic species near the metal-oxide interface and to the
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Figure 11: XPS depth profiles of the oxide layer for the elements (a) nickel, (b) oxygen, (c) chromium, and (d) iron.

mass-transfer property in the liquid phase that is governed
by the solubility.

The corrosion-release rate can be controlled by the
surface modification using electropolishing, as shown in
Figure 9(b).The electropolishing treatment modifies the sur-
face roughness and structure of the oxide layer. It is assumed
that electropolishing reduces the density of dislocations
which provide short-circuit paths for the diffusion of metal
ions in thematrix [22] and promote the formation of a passive
film in the primary coolant environment at high temperature.
Figure 11 shows the XPS depth profiles for the individual
elements Ni, O, Cr, and Fe in the oxide layer of Alloy 690.The
content of nickel in the oxide layer of the specimens treated
only by shot peening was more strongly reduced than in case
of the electropolished specimens. The depletion of nickel in
the oxide film is balanced by oxygen because the amount of
chromium and iron did not change considerably, as shown in

Figures 11(c) and 11(d). The oxygen distribution in the oxide
layer (Figure 11(b)) shows that the electropolishing treatment
reduced the thickness of the oxide film and maintained a
higher nickel content in comparison to the specimens treated
only by shot peening.This result indicates that the additional
electropolishing after shot peening could effectively mitigate
the dissolution of nickel ions from SG tube materials.

4. Conclusions

The control of the nickel ion release rate is very important
for reducing the radioactive dose rate and the deterioration
of fuel performance in nuclear power plants. In this study, the
surface residual stress ofAlloy 690wasmeasured and its effect
on the corrosion behavior was investigated.Themodification
of the SG tube surface induced by shot peening and elec-
tropolishing could affect the corrosion rate under primary
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water conditions. Compressive residual stress is induced by
the shot peening treatment, and its value depends on the shot
peening intensity at the surface of Alloy 690. Higher shot
peening intensity causes reduction in the corrosion rate. It is
considered that the compressive residual stress beneath the
surface layer suppresses the metal-ion transfer in the alloy
matrix. At low shot peening intensity, the corrosion rate is
not remarkably changed but the oxide morphology of the
corrosion products was changed from polyhedral shape to a
needlelike type. When the surface was further modified by
electropolishing after shot peening, the corrosion rate was
reduced to almost a quarter of that obtained by shot peening
only. The dissolution of nickel ions from SG tube materials
was mitigated by the additional electropolishing treatment
after the shot peening process.
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[11] L. Guinard, O. Kerrec, D. Noel, S. Gardey, and F. Coulet,
“Influence of the initial surface condition on the release of nickel
alloys in the primary circuit of PWRs,” Nuclear Energy, vol. 36,
no. 1, pp. 19–27, 1997.

[12] F. Huang, J. Q. Wang, E. H. Han, and W. Ke, “Short-time
oxidation of alloy 690 in high-temperature and high-pressure
steam and water,” Journal of Materials Science and Technology,
vol. 28, no. 6, pp. 562–568, 2012.

[13] S. E. Ziemniak, M. Hanson, and P. C. Sander, “Electropolishing
effects on corrosion behavior of 304 stainless steel in high
temperature, hydrogenated water,” Corrosion Science, vol. 50,
no. 9, pp. 2465–2477, 2008.

[14] J. J. Kai, C. H. Tsai, and G. P. Yu, “The IGSCC, sensitization,
and microstructure study of Alloys 600 and 690,” Nuclear
Engineering and Design, vol. 144, no. 3, pp. 449–457, 1993.

[15] P. Hernalsteen, “PWSCC in the tube expansion zone— an
overview,” Nuclear Engineering and Design, vol. 143, no. 2-3, pp.
131–142, 1993.

[16] V. N. Shah, D. B. Lowenstein, A. P. L. Turner et al., “Assessment
of primary water stress corrosion cracking of PWR steam
generator tubes,” Nuclear Engineering and Design, vol. 134, no.
2-3, pp. 199–215, 1992.

[17] S. E. Ziemniak and M. Hanson, “Corrosion behavior of NiCrFe
Alloy 600 in high temperature, hydrogenated water,” Corrosion
Science, vol. 48, no. 2, pp. 498–521, 2006.

[18] J. F. Ziegler and J. P. Biersack, SRIM-2000, 40: The Stopping and
Range of Ions in Matter, IBM-Research, Yorktown, NY, USA,
2000.

[19] M. R. Fard, T. E. Blue, and D. W. Miller, “SiC semiconductor
detector power monitors for space nuclear reactors,” in Pro-
ceedings of the Space Technology and Applications International
Forum (STAIF ’04), Albuquerque, NM, USA, February 2004.

[20] A. Gill, A. Telang, S. R. Mannava et al., “Comparison of
mechanisms of advanced mechanical surface treatments in
nickel-based superalloy,” Materials Science and Engineering A,
vol. 576, pp. 346–355, 2013.

[21] M. J. Seo, H.-S. Shim, K. M. Kim, S.-I. Hong, and D. H. Hur,
“Influence of surface roughness on the corrosion behavior of
Alloy 690TT in PWR primary water,” Nuclear Engineering and
Design, vol. 280, pp. 62–68, 2014.

[22] N. Shaigan, W. Qu, D. G. Ivey, and W. Chen, “A review of
recent progress in coatings, surface modifications and alloy
developments for solid oxide fuel cell ferritic stainless steel
interconnects,” Journal of Power Sources, vol. 195, no. 6, pp. 1529–
1542, 2010.



Research Article
Preparation of U–Zr–Mn, a Surrogate Alloy for
Recycling Fast Reactor Fuel

Jong-Hwan Kim, Ki-Hwan Kim, and Chan-Bock Lee

Next Generation Fuel Division, Korea Atomic Energy Research Institute, Daejeon 305-353, Republic of Korea

Correspondence should be addressed to Jong-Hwan Kim; jhk9@kaeri.re.kr

Received 27 May 2015; Revised 26 August 2015; Accepted 8 September 2015

Academic Editor: Randhir Singh

Copyright © 2015 Jong-Hwan Kim et al.This is an open access article distributed under theCreativeCommonsAttribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Metallic fuel slugs of U–10Zr–5Mn (wt%), a surrogate alloy for the U–TRU–Zr (TRU: a transuranic element) alloys proposed
for sodium-cooled fast reactors, were prepared by injection casting in a laboratory-scale furnace, and their characteristics were
evaluated. As-cast U–Zr–Mn fuel rods were generally sound, without cracks or thin sections. Approximately 68% of the originalMn
contentwas lost under dynamic vacuumand the resulting slugwas denser than those prepared underAr pressure.The concentration
of volatile Mn was as per the target composition along the entire length of the rods prepared under 400 and 600 Torr. Impurities,
namely, oxygen, carbon, silicon, and nitrogen, totaled less than 2,000 ppm, satisfying fuel criteria.

1. Introduction

A metallic fuel is a promising candidate to power sodium-
cooled fast reactors (SFRs). Compared with other fuel forms,
the higher densities of fissile and fertile materials in metallic
fuels offer superior reactor core performance, hence affording
increased breeding ratio and reducing the fissile inventory [1–
5].

However, the low melting temperature of metallic fuels
such as pure U, Pu, and U–Pu alloys makes them unsuitable
for high-temperature applications because of the dangers
associated with molten elements penetrating the cladding.
The addition of certain high melting temperature elements
such as Cr, Mo, Ti, and Zr has therefore been investigated to
boost the liquidus temperature and enhance the thermal and
mechanical stability of the alloy system.

The excellent corrosion resistance and mechanical sta-
bility during the cycling of U–Zr-based alloys make them
promising nuclear fuels. Moreover, Zr metal has a low
thermal-neutron cross section and is unique in suppressing
interdiffusion between the nuclear fuel and stainless-steel
cladding. These favorable properties have led to the develop-
ment of U–Zr fuel systems for SFRs.

Over several decades, various methods have been devel-
oped to fabricate metallic fuel, such as rolling, swaging,

wire drawing, and coextrusion; however, these processes are
limited by the additional steps that are required and by
complex setups, making them unsuitable for remote use [2,
6, 7]. For SFR applications, metallic fuel needs to be mass-
produced remotely and inexpensively, while minimizing the
amount of radioactive wastes. Casting is one of the oldest
manufacturing processes and is used to produce shapes
that are not readily machined. By carefully choosing the
mold and the filling method, injection casting can be used
advantageously to prepare small-diameter castings with a
high length/diameter ratio and a randomly oriented grain
structure.

In injection casting, the pressure difference between the
interior of the mold and the furnace is exploited to drive the
molten metal up into a quartz tube, either under a dynamic
vacuum or a low-pressure atmosphere. A large number of
input parameters have to be defined for this process, relating
to the casting machine, injection, mold, and cast metal.
Among these, the melt temperature, injection pressure, mold
temperature, and pressure holding time are crucial, because
small deviations from the optimal values can substantially
degrade the quality of the product.

In the present work, a laboratory-scale induction furnace
was designed and constructed to study injection casting
variables and handling techniques. Firstly, a surrogate copper
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Figure 1: Induction copper coil used for heating the raw materials.

slug, whosemelting temperature is similar to that of uranium,
was prepared to evaluate the effect of injection casting
variables on the fuel slug. Then, U–10Zr–5Mn slugs (wt%),
surrogates for the U–TRU–Zr slugs (TRU: a transuranic
element) advanced for SFRs, were produced and their char-
acteristics were evaluated.

2. Experimental

Figure 1 shows the induction copper coil used in this study.
In keeping with the scale of the equipment, casting was
conducted in a small furnace with a capacity of ∼0.5 kg U–Zr
alloy per batch operation.Themain components are amelting
furnace, a vacuum pumping system, and a pressuring system.
The intention here is to prove the practicality of injection
casting as a means of producing fuel slugs and to furnish
the necessary design information for hot-cell applications.
Components such as the crucible, crucible cover, graphite
insulation, and water-cooled copper induction coil are con-
tained within the furnace.

The chamber has a double-shell structure for water
cooling and the chamber cover is designed to rotate to
facilitate the separation of themold assembly before and after
casting.The quartz mold is preheated using a cartridge heater
and insulated with ceramic wool. Pressurized inert gas was
used to force molten metal, stored in the accumulator tank
adjacent to the casting furnace, into quartz molds. For this
study, the feedstock materials were weighed in proportion to
the alloy composition and charged into a melting crucible.
The crucible was heated at 100∘C/min and elevated to the
target temperature by induction copper coil.

Before injecting the melt, the heating power was reduced
from 100% to 0% to maximize the electromagnetic force
and homogenize the alloy via electromagnetic stirring. Once
the quartz mold and alloy melt had reached the target
temperature, the former was immersed in the latter and the
chamber was filled with pressurized gas to inject the molten
alloy into the mold. After injection casting, the fuel slug was
extracted from the mold in a glove box.

Fuel slugs were cut into slices of suitable thickness using
a slow-speed SiC abrasive cut-off wheel and the density at
each location was measured using Archimedes’ principle.
The microstructures and compositions were analyzed using

scanning electron microscope (SEM) with energy-dispersive
X-ray spectroscope (EDS). Casting yields and fuel losses
were evaluated by measuring the material balance before and
after casting. The chemical composition of the fuel slugs and
the presence of impurities were also assessed by inductively
coupled plasma atomic emission spectrometry (ICP-AES).

3. Results and Discussion

Assuming a homogeneous liquid at constant temperature, the
height of the liquid in the mold can be expressed in terms of
the applied pressure as follows:

ℎ =

1

𝜌

×

𝑝

𝑔

, (1)

where ℎ is height of the liquid, 𝑝 is the fluid pressure, 𝑔 is
the gravitational constant, and 𝜌 is the density of the liquid.
However, for dynamic systems such as metallic fuel melts,
many factors neglected in this equation hinder the rise of the
melt, namely, the wettability, the cooling rate, temperature
and density variations, and other hydraulic effects. These
hindering effects can be circumvented by superheating the
melt, preheating the mold, and increasing the pressure differ-
ence between the mold’s interior and the furnace. However,
because these factors affect one another, they should be
optimized carefully.

Before using radioactive uranium, a copper slug was cast
to study the interplay of these variables and optimize the
handling of the apparatus. Copper has a melting temperature
similar to that of uranium but does not carry a radiation risk.
Table 1 lists the furnace pressures and other experimental
parameters used to cast the copper slug (tests 𝑎–𝑑). The
holding time is the delay between the submersion of themold
tip and the pressurization of the furnace.The immersion time
is the delay between the submersion and retraction of the
mold tip.

Test 𝑎was performed under dynamic vacuum conditions,
at an injection pressure of ∼0.8 kgf/cm2, and with no elec-
tromagnetic induction while the mold was immersed. As
shown in Figure 2(a), the Cu slug obtained was attached to
the heel at the bottomof themold as a result of the low casting
temperature or relatively long immersion time. Nonetheless,
the slug filled and was cast to the full length of the mold, with
no thin sections observed.

In order to prevent the slug from solidifying too rapidly
and becoming attached to the heel, in test 𝑏, induction was
maintained until the mold was removed from the melt—the
conditions being otherwise the same as those used for test
𝑎. Figure 2(b) shows that the resulting Cu slug was cast to
the full length of the mold but not attached to the heel. The
surface is however coarser in the lower region (left side of
the photograph), where the temperature was highest during
casting, than in the middle and upper regions of the slug.

Temperature is known to be the most important casting
variable because it governs both the fluidity of the melt
during mold filling and the surface state of the slug via its
interactions with the hot mold. Shrinkage defects appear
more readily in high-temperaturemelts; themelt temperature
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Table 1: Experimental parameters for injection casting of Cu and U–10Zr–5Mn fuel slugs.

Test 𝑎 Test 𝑏 Test 𝑐 Test 𝑑 Test 𝑒 Test 𝑓 Test 𝑔
Charge alloy
composition (wt%) Cu Cu Cu Cu U–10Zr–5Mn U–10Zr–5Mn U–10Zr–5Mn

Casting temperature
(∘C) 1160 1160 1120 1120 1530 1450 1450

Injection pressure
(kgf/cm2) 0.8 0.8 0.8 0.8 2.5 3.4 3.4

Chamber atmosphere
before injection

Dynamic
vacuum
condition

Dynamic
vacuum
condition

Dynamic
vacuum
condition

Dynamic
vacuum
condition

Dynamic
vacuum
condition

Ar
(400 Torr)

Ar
(600 Torr)

Holding time (sec.) 2 2 2 2 4 2 2
Emerging time (sec.) 18 18 18 10 5 5 5

Cu slugMelt residue

TC protector (ZrO2)

(a)

(b)

(c)

(d)

Figure 2: Photographs of surrogate copper slugs prepared in (a) test
𝑎, (b) test 𝑏, (c) test 𝑐, and (d) test 𝑑.

should therefore be kept as low as possible to improve the
quality of the casts, while ensuring nonetheless that the melt
fills the mold adequately. For test 𝑐, the casting temperature
was lowered from 1160 to 1120∘C and indeed Figure 2(c)
shows that the surface state of the Cu slug is better than that
of the slugs obtained in test 𝑎 or 𝑏.

Figure 2(d) shows the Cu slug fabricated under the same
conditions as those used for test 𝑐, but with the delay between
the submersion of the mold tip in the melt and its retraction
reduced from 18 to 10 s (test 𝑑). The objective was to reduce
the heating time in the melt and thereby reduce the thermal
stress on the lower part of the slug. The fuel slug did not

drip back into the melt and its surface condition is visibly
improved (Figure 2(d)).

Based on these preliminary tests with copper, U–Zr–
Mn, a surrogate alloy for U–TRU–Zr, was injection cast. U–
TRU ingots, the raw nuclear fuel for SFRs, are converted
through pyroprocessing from spent fuel generated in nuclear
power plants and contain volatile minor actinide such as
Am. Volatile elements are difficult to melt and cast because
they tend to vaporize and are often poorly incorporated in
the product. A simple solution to this problem is to enrich
the casting charge and accept the loss, as in conventional
casting; however, this approach is not suitable for radioactive
materials, in particular, those containing minor actinides
which may transmute into short-lived or nonactive elements
in the nuclear reactor.

The equilibrium vapor pressure of Am at 1465∘C is about
3.3 Torr, and over the range of melting temperatures, the
vapor pressure of Am is nearly three orders of magnitude
higher than that of Pu. The vapor pressures of U and Zr are
known to be 3 and 4.5 orders of magnitude less than that of
Pu, respectively [8–13]. This implies that Am is the element
most likely to be lost as vapor during the casting process.
According to [13–15], Mn has a vapor pressure similar to that
of Am in the temperature range of 1200–1600∘C (Figure 3). In
addition, theU-rich end of theU–Mn phase diagram exhibits
no liquid miscibility [16]. Thus, Fielding investigated the use
of a U–Mn–Zr alloy system to simulate the loss of Am during
the melting process [17].

The furnace temperatures and other experimental param-
eters used to cast the U–Zr–Mn slugs are listed in Table 1
(tests 𝑒–𝑔).The volatility ofMnwas estimated under dynamic
vacuum conditions in test 𝑒 and under pressures of 400
and 600Torr in tests 𝑓 and 𝑔, respectively. The casting
temperature is an important variable in the casting of fuel
slug, and it is affected by many factors such as casting shape
(length, diameter, volume, and area), batch size, mold filling
time, cooling conditions, and casting method. In this study,
casting temperature is referred to [18], where U–Zr–Mn alloy
slug was fabricated soundly.

Figure 4(a) shows an as-cast U–Zr–Mn slug prepared
under dynamic vacuum conditions at an injection pressure
of 2.5 kgf/cm2 (test 𝑒). The slug fills the full length of the
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Figure 4: Photographs of U–10Zr–5Mn slugs prepared in (a) test 𝑒,
(b) test 𝑓, and (c) test 𝑔.

mold and is generally sound with no cracks or thin sections
visible. As for the Cu slug, the bottom surface is rougher,
where the quartz mold was immersed in the melt (left side
of the photograph), and some reaction layers are observed.

For tests 𝑓 and 𝑔, the casting temperature was lowered
from 1530 to 1450∘C, to reduce the risk of Mn vaporization
and improve the surface state of the resulting slug. As shown
in Figures 4(b) and 4(c), the slug shortens as the atmosphere
pressure is increased, reflecting the corresponding increase in
the repulsive pressure during mold filling.

Figure 5 shows the density of the U–10Zr–Mn slugs as
measured from samples taken from the lower, middle, and
upper portions of each slug. The average densities are 15.7,
15.3, and 14.8 g/cm3 for the fuel slugs prepared in tests 𝑒, 𝑓,
and 𝑔, respectively. The low standard deviations associated
with each value (±0.2 g/cm3) show that the inductive forces
during melting and alloying were sufficient to mix the melt
homogeneously. Figure 5 shows furthermore that the U–Zr–
Mn slug prepared under dynamic vacuum (test 𝑒) is denser
than the one prepared under pressure.This is the result ofMn
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Figure 5: Distributions of fuel slug density according to the position
of fuel slug.

vaporization. Indeed, as Mn is vaporized more readily than
the other elements, the concentrations of U and Zr and the
density of the alloy increase notably because the atomic mass
of U is more than twice that of Mn. However, vaporization is
inhibited under Ar pressure (tests 𝑓 and 𝑔), resulting in slugs
with a higher Mn content and lower density. The fact that the
density of the slugs prepared under Ar is homogeneous along
their length implies that pressures up to 400 Torr do not have
a significant effect on the vaporization of Mn. This effect is
quantified below in terms of the chemical composition of the
casts.

The chemical compositions of the surrogate fuel slugs
were obtained by ICP-AES. Table 2 shows the Mn and Si
concentrations measured in the lower, middle, and upper
portions of each slug. Under dynamic vacuum conditions
(test 𝑐), approximately 68% of the original Mn content is
lost by vaporization, indicating that dynamic vacuums are
unsuitable for the fabrication of fuel slugs containing volatile
radioactive constituents such as Am. Under 400 and 600Torr
Ar, however, the Mn content is as per the target composition
along the entire length of the slugs, indicating that the volatile
element was retained throughout the melting and alloying
processes. The average Mn content of these slugs is ∼5.1 wt%.

The impurity (i.e., oxygen, carbon, silicon, and nitrogen)
content of the slugs is less than 2,000 ppm and thereby sat-
isfies the tentative criteria defined for Experimental Breeder
Reactor II fuel. Silicon is found in a higher concentration
toward the bottomof the slug, the region in contact withmelt,
because of reactions with the melt during injection.

Figure 6 shows the U, Zr, and Mn concentrations mea-
sured in the lower, middle, and upper portions of the slugs.
The fuel slugs prepared at 400 and 600Torr have Zn contents
in the target (11.0–9.0 wt% Zn) range; however, the fuel slug
prepared under dynamic vacuum is richer in U and Zr, as
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Table 2: Concentrations of Mn and Si according to position of U–10Zr–5Mn fuel slugs prepared by injection casting.

Fuel slug location Test 𝑒 Test 𝑓 Test 𝑔
Mn (wt%) Si (wt%) Mn (wt%) Si (wt%) Mn (wt%) Si (wt%)

Lower
1 1.51 0.09 5.19 0.03 5.01 0.06
2 1.52 0.04 5.03 0.02 5.26 0.02

Middle
1 1.49 0.02 5.11 0.02 5.28 0.02
2 1.48 0.03 5.06 0.02 5.36 0.01

Upper
1 1.56 0.02 5.18 0.01 4.92 0.01
2 1.80 0.01 5.18 0.01 4.91 0.01
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Figure 6: Variations of chemical composition according to the position of a U–Zr–Mn fuel slug fabricated under different injection casting
conditions: (a) U, (b) Zr, and (c) Mn.
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(a) (b)

(c)

Figure 7: Scanning electron micrographs according to position of as-cast U–Zr–Mn fuel slug prepared in test 𝑒: (a) lower region, (b) middle
region, and (c) upper region.

suggested already by its increased density. As mentioned
above, this is the result of Mn vaporization (Figure 6(c)).

The microstructures at different positions of the as-cast
fuel slug were examined to determine the effect of cooling
rate. Figure 7 shows scanning electron micrographs of the
lower, middle, and upper portions of the U–10Zr–5Mn fuel
slug prepared in test 𝑒. It can be observed that the inter-
lamellar spacing is large at the lower portion and becomes
smaller at the upper portion. The reduction in interlamellar
spacing at the upper portion can be explained by the cooling
conditions. Because the lower portion is continuously heated
by the high-temperature melt during the casting process,
it has a lower cooling rate compared to the middle and
upper portions. Hence, the thermal undercooling is relatively
high at the upper portion, which leads to a high rate of
nucleation and a smaller interlamellar spacing. The chemical
composition of the lamellar structure was elucidated using
an electron microscope fitted with an energy-dispersive X-
ray analyzer, as shown in Figure 8. Figure 8(a) is a magnified
image of the micrograph shown in Figure 7(a). The plate-like
phase marked by “A” shows a higher content of Zr and Mg
and lower content of U (Figure 8(b)), and the block phase
marked by “B” shows a higherU content and lower Zr content
(Figure 8(c)).

Quantifying and reducing the amount of fuel lost during
its preparation are crucial because large recycling and waste
streams lower the productivity and economic efficiency of the
production process.Thematerial balances in the crucible and

in the mold were quantified after casting the U–Zr–Mn slugs,
as shown in Table 3. While a large amount of fuel is lost by
casting under dynamic vacuum conditions, the fuel loss is
within 0.1 wt% when casting under 400 or 600 Torr Ar. The
fuel losses relative to the initial contents are 3.1%, 0.06%, and
0.04% in tests 𝑒, 𝑓, and 𝑔, respectively. This result indicates
that fuel loss decreases as the atmosphere pressure increases,
becoming very small for pressures greater than 400Torr.

4. Conclusions

As surrogates for the U–TRU–Zr slugs proposed to fuel
SFRs, U–10Zr–5Mn slugs were injection cast under different
conditions in a laboratory-scale furnace and their character-
istics were evaluated. The effects of injection temperature,
electromagnetic stirring, and immersion time were evalu-
ated in preliminary tests conducted using Cu slugs. As-cast
U–Zr–Mn slugs were generally sound, without cracks or
thin sections. The shorter the as-cast U–Zr–Mn slugs, the
higher the atmosphere pressure. Under dynamic vacuum
conditions, approximately 68% of the original Mn content
was lost by vaporization, and the resulting U–Zr–Mn fuel
slug was denser than that prepared under Ar atmosphere.
This result indicates that fuel slugs containing volatile minor
actinides should not be injection cast under dynamic vacuum
conditions. Increasing the atmosphere pressure is also shown
here to reduce fuel loss. All the U–Zr–Mn slugs prepared in
this study contained less than 2,000 ppm impurities (namely,
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Figure 8: (a) Magnified image of the micrograph shown in Figure 7(a), and EDX spectra at (b) spot “A” and (c) spot “B” marked in (a).

Table 3: Material balance after injection casting of U–10wt% Zr–5wt% RE fuel slugs.

Casting part Test 𝑒 Test 𝑓 Test 𝑔
Mass (g) Fraction (%) Mass (g) Fraction (%) Mass (g) Fraction (%)

Before casting Crucible assembly 607.2 100 428.1 100 420.19 100

After casting Crucible assembly 497.1 81.86 362.3 84.62 365.0 86.90
Mold assembly 91.3 15.04 65.5 15.30 55.0 13.10

Fuel loss — 18.8 3.10 0.30 0.06 0.19 0.04

oxygen, carbon, silicon, and nitrogen), satisfying the criteria
defined for SFR fuels.
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