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a b s t r a c t

Metallic fuel has been considered for sodium-cooled fast reactors because it can maximize the uranium
resources. It generates rare earth elements as fission products, where it is reported by aggravating the
fuelecladding chemical interaction at the operating temperature. Rare earth elements form a multi-
component alloy (CeeNdePreLaeSmeetc.) during reactor operation, where it shows a higher reaction
thickness than a single element. Experiments have been carried out by simplifying multicomponent
alloys for mono or binary systems because complex alloys have difficulty in the analysis. In previous
experiments, xCe-yNd was fabricated with two elements, Ce and Nd, which have a major effect on the
fuelecladding chemical interaction, and the thickness of the reaction layer reached maximum when the
rare earth elements ratio was 1:1. The objective of this study is to evaluate the effect and relationship of
rare earth elements on such synergistic behavior. Single and binary rare earth model alloys were pre-
pared by selecting five rare earth elements (Ce, Nd, Pr, La, and Sm). In the single system, Nd and Pr
behaviors were close to diffusion, and Ce showed a eutectic reaction. In the binary system, Ce and Sm
further increased the reaction layer, and La showed a non-synergy effect.
© 2018 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Sodium-cooled fast reactor (SFR) is a fourth-generation reactor
that uses liquid sodium as a coolant and produces electrical energy
using spent fuel. Metal fuels of the SFR are obtained through
pyroprocessing techniques that recover uraniumwithout the waste
disposal of spent fuel [1e4]. Thus, SFRs are environmental-friendly
reactors that can reduce the use of uranium resources and maxi-
mize fuel efficiency. In addition, it is possible to operate the reactor
at atmospheric pressure by using liquid sodium rather than light
water and heavy water as a coolant, thereby enhancing safety.
However, metal fuels result in eutectic reaction with iron, which is
the constituent of the cladding tube [fuelecladding chemical
interaction (FCCI)]. Metal fuels of the SFR produce a large number of
nuclides including rare earth elements (CeeNdePreLaeSmeetc)
due to fission during operation. The rare earths are formed toward
the cladding through a temperature gradient [5]. The rare earth
elements integrated at the interface accelerate the FCCI by causing
diffusion or a eutectic reaction at the operation temperature of the

cladding in the SFR at 650�C. This reaction causes the thickness of
the cladding to be thinner and the hardness of the reaction part to
be lowered. Eventually, it becomes a problem that worsens the
safety of the SFR [6e9]. To solve this problem, the interactions
between rare earths and the claddings have been studied. As a
result, it is known that the multi-rare earth alloys show thicker
reaction layers than a single element [9,10]. A research using xCe-
yNd binary alloy model was carried out by simplifying a complex
multielement alloy in a previous experiment. As a result, it was
reported that when the rare earth ratio is 1:1, the reaction thickness
becomes close to the maximum [11]. In this study, the mechanisms
of single-element behaviors were identified. After that, the in-
teractions between the elements of each alloy were investigated
according to the fixed composition. In addition, the basis of
modeling/numerical analysis has been laid out to predict the
behavior of ternary systems, which are difficult to interpret through
databases of single and binary systems. Identifying the behavior of
rare earth elements and finding highly reactive elements can help
find appropriate FCCI precautions. The single and binary rare earth
model alloys were prepared by selecting five rare earth elements
(Ce, Nd, Pr, La, and Sm). Diffusion couple tests were performed
using the HT9 (12Cr-1MoWV) clad at 660�C for 1, 6, 25, and* Corresponding author.
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48 hours. The thickness of the reaction layer and the migration of
each element were analyzed by scanning electron microscopy
(SEM).

2. Experimental method

2.1. Material fabrication

The HT9 claddings used in this experiment contain 12 wt% of Cr,
1 wt% of Mo, and trace elements. The chemical composition is
shown in Table 1 except for Fe, which is the main component [3].
The HT9 specimens were produced in a disk shape with 8 mm
diameter and 1.5 mm thickness. The rare earth specimens were
prepared by selecting five kinds of fission products: Ce, La, Pr, Nd,
and Sm. The ingots of rare earth were prepared by vacuum arc
remelting using a rare earth element manufactured by Alfa Aeser
Co. and specimens fabricated to a square of 5mm� 5mmx 1.5mm.
Five specimens of a single alloy and ten specimens of a binary alloy
were prepared. The binary alloy model consisted of Ce, Nd, Pr, La,
and Sm elements and was made uniformly at a 1:1 ratio. (Single
system: 100Ce, 100Nd, 100Pr, 100La, 100Sm; binary system:
50Ce50Pr, 50Ce50La, 50Ce50Pr, 50Ce50La, 50Ce50Pr, 50Ce50La,
50Ce50Sm, 50Nd50Pr, 50Nd50La, 50Nd50Sm) The specimens of
HT9 claddings were pretreated with a 3-mm diamond suspension,
and the rare earth was polished with a #2400 sandpaper.

2.2. Diffusion couple test

Diffusion couple tests of the HT9 claddings and rare earth alloys
were carried out. The specimens were inserted, as shown in Fig. 1,
and two Ta foils were placed at the top and bottom to prevent an
unnecessary reaction between the specimens and jigs. The speci-
mens were in contact with a small jig, then placed in a large jig and
fixed with a bolt. After fixing, argon gas with a purity of 99.9999%
was injected and sealed with a quartz tube to prevent oxidation of

the rare earths. Experiments were carried out continuously for 1, 6,
25, and 48 hours at 660�C, 10�C higher than 650�C, to simulate the
fuel coreecladding interface temperature. The experiments were
repeated 3e5 times to ensure the reproducibility of the thickness of
the reaction layer. After the heat treatment, it was cooled in air, and
the reaction layer was observed by SEM/Energy Dispersive Spec-
trometer (EDS) after cutting, mounting, and polishing. Because the
rare earths easily get oxidized, the specimenwas cut in half without
further etching to observe the cross section of the reaction layer.
Although the diffusion depth of Fe is larger than that of rare earth,
the depth at which the rare earths penetrated from the initial
boundary was defined as the thickness of the reactive layer to
evaluate the safety of the cladding tube. As shown in the Fig. 2, the
initial interface of the reaction layer is clearly visible.

3. Results and discussion

3.1. Reaction of HT9 with single rare earths

As a result of the diffusion pair test, the Fe of HT9 cladding
moved into the rare earth alloys, and the rare earths were diffused
into HT9 cladding as well. As shown in Fig. 3, the characteristics of
the reaction layer were different for each unit element. Because
diffusion mechanism is strongly influenced by temperature, the
tendency of the thickness of the reaction layer was in the order of
Ce, Pr, Nd, Sm, and La (Table 2), similar to the eutectic temperature
order. Because of eutectic reaction, Fewas present widely in Ce, and
Cr precipitates were remarkably observed near the initial interface.
Nd had clear boundaries of the reaction layer and clearly showed
diffusion of Fe at the initial interface. In the case of Pr, Fe concen-
tration was higher at the interface than in the reaction layer.
Although experiments were carried out at higher temperatures
than the eutectic point of Fe and Pr (620�C), it is considered that
diffusionwas caused by Cr and trace elements of HT9 cladding. The
La and Sm reaction temperatures were higher than the experi-
mental temperature, and the thickness of the reaction layer was
considerably low. The reaction layer of Sm was formed larger than
La, but most of the Sm specimens were separated after heat
treatment.

3.2. Diffusion behavior of single rare earths in HT9

After heat treatment, the penetration depths from the top to the
bottom of each specimen were measured at a constant interval of
10e20 points in the SEM image. The thickness (Dx) of the reaction
layer is known to have a nonlinear relationship with time (t), and
the equation is as follows.

Dx ¼ A$tn (1)

In this equation, A is a constant, and n is a reaction rate expo-
nent. The closer the reaction rate exponent is to 0.5, the more the
reaction is governed by the diffusion mechanism, and the closer the
exponent is to 0.33, the greater the effect of the mechanism other
than diffusion is. Therefore, the reaction rate exponents of Nd and
Pr in the single system are close to 0.5, which means that diffusion
occurs [12]. Ce showed a tendency not to follow the nonlinear re-
action due to eutectic reaction with Fe. In the case of La and Sm,
because the reaction temperatures with Fe are higher than 700�C,
the reaction rate exponents were less than 0.5 for 48 hours at 660�C
(Table 3, Fig. 4). Because the irregularity of the interface or the
presence of the oxide film is the same for all rare earth specimens,
the reaction rate exponent, which is lower than 0.5, depends on the
annealing time. It is considered that the diffusion mechanism of La
and Sm can be confirmed by conducting a long-term experiment.

Table 1
Chemical composition of HT9 (in wt%).

Element C Mn Si Ni Cr Mo

HT9 0.18 0.59 0.25 0.59 11.99 1.00
Element W Al Nb V P S
HT9 0.54 0.01 0.008 0.30 0.005 0.003

Fig. 1. Schematic illustration of the diffusion couple test.
RE, rare earth.
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Fig. 2. Depth measurement penetrated into the HT9 from the initial boundary.
RE, rare earth.

Fig. 3. SEM images of rare earth alloy models and HT9 after annealing at 660�C for 48 hours. (A) Ce. (B) Nd. (C) Pr. (D) La. (E) Sm.
SEM, scanning electron microscopy.
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To determine the diffusion coefficients of Nd, Pr, and La, which
have diffusion behaviors, the concentration (at%) according to the
location of the reaction layer was determined through an SEM EDS
point analysis, as shown in Fig. 5. The diffusion coefficients of the
reaction layers of Nd, Pr, and La were calculated by the Boltz-
manneMatano method [13e15]. The alloys on both sides were
assumed to be large enough so that the concentration at the other
end was not affected during the experimental period, and the left
concentrationwas greater than the right concentration (CL > CR). (If
CR is greater, the formula is retained.)

The point (XM) satisfies the following initial boundary condi-
tions. The Matano plane is set at the point where the concentration
inflow and loss are equal.

Cðx<0; t ¼ 0Þ ¼ CL (2)

Cðx>0; t ¼ 0Þ ¼ CR (3)

ZXM

�∞

½CL � CðxÞ�dx ¼
Z∞

XM

½CðxÞ � CR�dx (4)

The diffusion coefficient D can be obtained by using XM ¼ 0 and
the following Eq. (5). The diffusion coefficient according to the
position of reaction layer is calculated and shown in Fig. 6. In the
following equation, C represents the concentration (at%) at x after
time t, and CR represents the final concentration of a rare earth (at%)
diffused toward the HT9 cladding.

DðCÞ ¼ 1
�2t

�
vx
vC

�

C

ZC

CR

xdC (5)

ε ¼ a$
ffiffiffiffiffiffiffiffi
2Dt

p
(6)

In Eq. (6), the distance (ε) that the interface moves from the
initial boundary is the thickness of the reactive layer and increases
with the ratio of

ffiffiffiffiffiffi
Dt

p
[16]. The mean value of the diffusion co-

efficients at each position is plotted in Fig. 7 by substituting into Eq.
(6). As a result of comparing the diffusion coefficient calculated by
the aforementioned method with the experimentally obtained
value, it is verified that the calculated coefficient is valid by
checking a similar tendency as shown in Fig. 7. The diffusion co-
efficient of the thickest Pr was the largest in the reaction layer,
followed by Nd and the thinnest La in the reaction layer.

3.3. Diffusion behavior of binary rare earths in HT9

Diffusion couple test results of binary rare earth alloys and HT9
show various thicknesses of the reaction layer depending on the
combination of elements and time. As shown in Figs. 8 and 9, the
reaction layer of the binary system has a complex characteristic of
the single system. The thicknesses of the reaction layer were sum-
marized in Table 4. There were combinations of elements showing a
synergy effect or non-synergy effect between binary alloys. If the
thickness of the reaction layer in the single systemwas similar to or
lower than the thickness of the reaction layer in the binary system, it
was defined as the non-synergy effect. Conversely, when the reac-
tion layer was larger in binary system, it was defined as the syner-
gistic effect. As a result of a binary diffusion couple test, all relations
between binary rare earth elements were the same regardless of
time. In the binary alloys showing a synergistic effect, the reaction
layer was formed from 30 mm up to 300 mm, and the combinations
exhibiting the non-synergistic effect were all 50 mm or less.

3.4. Correlation between binary rare earth elements

The test temperature of this study is 660�C, which is the oper-
ating temperature of SFR. Ce is higher than eutectic temperature,
and other elements are below the eutectic temperature. Pr
confirmed the diffusion behavior in previous single-system tests.
Therefore, all alloys of Ce can be classified into Eutectic þ Diffusion
combination (ED), and other alloys can be categorized as
Diffusion þ Diffusion (DD) combinations. The ED combination
showed a synergistic effect except for CeLa in the alloy with Ce. In
the binary system, reaction layers of 50Ce50Nd, 50Ce50Pr, and
50Ce50Smwere formedwith a size of more than 300 mm, and other
alloys were formed below 100 mm after 48 hours. It is considered
that the synergistic effect of ED is due to the substitution mecha-
nism of migration and depletion of Fe and diffusion mechanism of
Ce, so that the reaction layers of binary system are higher than
those of single system [11]. On the other hand, the DD combination
show non-synergistic reactions except for the alloys combinedwith
Sm. That is, the Sm alloys show a synergistic effect, but La does not.
There was no synergistic effect in the 50La50Sm alloy, which is a
combination of Sm with synergistic effect and La with non-
synergistic effect. It was confirmed that the behavior of La was
more dominant in the relation between La and Sm. As a result of the
classification of each effect and reaction combination, it is consid-
ered that La is the most dominant, and Ce and Sm are next in the
mutual relation between binary elements.

The diffusion coefficients of 50Nd50Pr and 50Nd50La, which are
composed of single rare earths (Nd, Pr, and La) showing diffusion

Table 2
Thickness of reaction layer after annealing at 660�C for 25 hours and eutectic
temperature of rare earths and Fe.

Element FeeCe FeePr FeeNd FeeSm FeeLa

Reaction thickness (mm) 184.15 52.11 24.75 7.49 4.29
Eutectic temperature (�C) 592 620 685 720 780

Table 3
Reaction rate exponent of rare earths (n).

Element Ce Pr Nd Sm La

Reaction rate exponent (n) 0.3851 0.4514 0.4375 0.2152 0.2741

Fig. 4. Relationship between reaction layer thickness and experimental time.
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Fig. 5. Analysis of content of Nd and Pr by SEM EDS point according to reaction layer position after annealing at 660�C for 25 hours.
SEM, scanning electron microscopy.

Fig. 6. Diffusion coefficients of Pr, Nd, and La calculated by BoltzmanneMatano
method.

Fig. 7. Comparison of the experimental graphs (dotted line with square dot) and the
calculated graphs (solid line) obtained by substituting the diffusion coefficients.
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behavior, were determined. The reaction layer graphs obtained
from the experiment and the differences between the binary
diffusion behaviors and the single diffusion behaviors are shown in
Fig. 10. The diffusion coefficients of the binary elements were
calculated using the BoltzmanneMatano method applying a 50:50
alloy ratio. In addition, the reaction layer thicknesses were calcu-
lated using the reaction rate exponents obtained from the experi-
ment. The behavior of a binary system was similar to that of an
element with a high diffusion coefficient at 1e6 hours. As time
passed, the binary system changed to the behavior of an element
with a low diffusion coefficient. The overall binary diffusion coef-
ficient is approximated to the value of the elementwith a low single
diffusion coefficient. In the case of 50Nd50Pr, the behavior of the
binary system is similar to that of Nd, whose diffusion coefficient is
lower than Pr. 50Nd50La is also close to La with a low diffusion
coefficient. In other words, it can be predicted that when the alloy

ratio is 1:1 in the binary DD combination, the reaction is similar to
that of the element having a low diffusion coefficient. Exception-
ally, the alloy combined with Sm showed a synergistic effect with
Nd and Pr. The general relationship between elements is that the
ED combinations show a synergistic effect and the DD combina-
tions follow the trend of the element having a low diffusion coef-
ficient. Based on this study, the behaviors of alloys with similar
proportions can be predicted by extending them to a ternary
system.

It is necessary to identify the cause of the Sm-containing binary
alloys that deviate from the non-synergistic effects of DD combi-
nations. Further experiments are required to confirm the syner-
gistic behaviors of the combinations with Ce. Based on this study, it
needs to analyze the phase of the reaction layer and to evaluate the
mechanical properties and the mechanism of the synergy and the
non-synergy effects.

Fig. 8. SEM images of Eutectic þ Diffusion (ED) combination after annealing at 660�C for 25 hours.
SEM, scanning electron microscopy.
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4. Conclusion

This study was carried out to evaluate the effects of the rare
earth elements on the HT9 claddings at 660�C. The effects of the
rare earth elements were determined by combining five elements
(Ce, Nd, Pr, La, and Sm) at a 1:1 ratio. The thicknesses, compositions,
and elemental migrations of the reaction layers were confirmed
through a diffusion couple tests. All rare earth elements react with
the HT9 claddings to form intermetallic compounds. The kinetics of
the reaction showed that Nd and Pr behaviors are close to diffusion
and Ce showed a eutectic reaction in the single system. The rela-
tionship between the rare earth elements was confirmed by pre-
dicting the interdiffusion of the binary system from the diffusion
coefficients of the single system. La reaction was the most domi-
nant, followed by Ce and Sm. The reaction layers of binary alloys

Fig. 9. SEM images of Diffusion þ Diffusion (DD) combination after annealing at 660�C for 25 hours.
SEM, scanning electron microscopy.

Table 4
Reaction layer thickness of the binary rare earth alloy after diffusion couple test at
660�C for 48 hours (mm).

48hr

Ce 201.92 Ce 201.92 Ce 201.92 Ce 201.92
Nd 29.32 Pr 80.91 La 5.66 Sm 7.62
CeNd 318.16 CePr 413.49 CeLa 45.29 CeSm 363.30

S S N S

Nd 29.32 Nd 29.32 Nd 29.32 S: Synergism
N: Non-synergismPr 80.91 La 5.66 Sm 7.62

NdPr 45.49 NdLa 9.66 NdSm 39.17
N N S
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with ED combination showed a synergistic effect. The reaction of
binary alloys with DD combinations was close to that of elements
with low diffusion rates and showed a non-synergistic effect. It can
be predicted that the combination of the non-synergistic effect is
similar to the reaction of the element with the low diffusion coef-
ficient. Based on this study, the basis of a modeling/numerical
analysis of the diffusion reaction layer has been set up to predict the
behavior of the ternary system. Considering the influence of La,
which reduces the thickness of the reaction layer, it is necessary to
consider La element in the FCCI precautions.
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