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Studies were carried out to assess the performance of a vapor deposition as a diffusion barrier under a
fuel–clad chemical interaction (FCCI). Single or multiple layers of zirconium, chromium and titanium
were coated onto a HT9 clad surface and diffusion couple tests at 800 �C for 25 h were carried out for
a U–10 wt%Zr metallic fuel. While a massive reaction occurred at the fuel–clad interface for the specimen
without any surface treatment, the vapor-deposited specimens showed an excellent resistance against a
FCCI regardless of the coating materials. Specimen coated with zirconium remained intact. However, the
coating consists of the multiple layers with titanium, chromium and zirconium dissolved and formed as a
precipitate at a fuel interface after the diffusion couple test. Although it dissolved and precipitated as
small-sized particles during the diffusion test, secondary zirconium-rich phase preferentially agglomer-
ated around the particles, which acted as a barrier against FCCI.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction of a target material either physically or chemically under con-
Metallic fuel has been considered as one of the most probable
candidates for the fuel system in the sodium-cooled fast reactor
(SFR) in that it has high thermal conductivity, proliferation resis-
tance, ease of fabrication and good compatibility for sodium [1].
The addition of an alloying element such as chromium, molybde-
num, zirconium and titanium has been applied in order to increase
the solidus temperature of the uranium–plutonium alloy. Among
these, uranium–plutonium alloys with the addition of 10–20 wt%
zirconium have been considered in the design of the metallic fuel
for a SFR. However, actinide elements in a metallic fuel like ura-
nium and plutonium react with austenitic or ferritic–martensitic
stainless steel at a temperature above 650 �C to form eutectic com-
pounds [2]. Such a eutectic reaction reduces the cladding thickness
so that the mechanical integrity of the cladding gradually de-
creases as the fuel burnup proceeds. To mitigate such a circum-
stance, a barrier layer, which prevents both the fuel and clad
elements from diffusing into each other, has been proposed. Metal-
lic foil made of pure metal has been suggested as a barrier and its
feasibility test has been carried out [3,4]. To provide a wide selec-
tion of the barrier, a surface treatment of a material has been pro-
posed to induce the formation of a protective layer that improves
the surface property [5,6]. Vapor deposition is one of the surface
treatment processes where the reactant deposits over the surface
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trolled conditions [7]. It has been widely used for enhancing sur-
face properties such as a corrosion, wear, electrical conductivity
and diffusion resistance [8–10]. Since it is expected to apply to
the inner surface of the cladding much easier than the metallic foil
alone, it can be effectively used for suppressing a fuel–clad chem-
ical interaction (FCCI) provided that the optimum conditions are
found. The objectives in this study are to propose the possibility
of a vapor deposition as a type of the barrier and to verify its per-
formance under a fuel–clad interaction situation.
2. Experimental

2.1. Specimen preparation

Both an uranium–zirconium alloy and a HT9 were used as a
metallic fuel and a clad material in this study. Table 1 showed
the chemical composition of the test material. The metallic fuel
rod was fabricated from uranium and zirconium lumps by induc-
tion melting. Fuel rod was furnace-cooled after melting in zirconia
crucibles. HT9 has been fabricated by vacuum induction melting.
Specimens were prepared as a 6.6 mm disk for the fuel and an
8 mm disk for the clad, respectively, prior to the test.
2.2. Vapor deposition process

After specimen preparation, vapor deposition process was car-
ried out. Chromium and zirconium were selected as the main com-
ponent of the layer material because they have been found to be
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Table 1
Chemical composition of the test material (measured value).

HT9 C Si Mn Cr Ni Mo W V Nb N Fe

Wt% 0.19 0.14 0.49 12.05 0.48 1.00 0.49 0.30 0.02 0.01 Bal.

U–10Zra Zr C H O U

Wt% 10.1 0.12 0.09 0.54 Bal.

a 119 ppm of Fe and 12 ppm of Ni were incorporated as an impurity.

Table 3
Vapor deposition conditions in this study.

Sample
name

Layer structure Total thickness

Ref. Clad | w/o barrier
VD #1 Clad | Zr layer �6 lm
VD #2 Clad | (Cr_Ni alloy–Zr) � 5 layer �6 lm
VD #3 Clad | Ti–(Cr_Ni alloy–Zr) � 5

layer
�6 lm (Ti layer:
�150 nm)
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superior against FCCI from the previous paper [3]. Commercial
chromium alloy, which contains a small amount of nickel, and zir-
conium metal were used as a source in the vapor deposition. The
vapor deposition method adopted in this study was a direct-cur-
rent magnetron sputtering whose deposition condition is shown
in Table 2. The barrier layer in this study were constructed as fol-
lows; One was a zirconium layer coated onto a clad surface with a
thickness of 6 lm (noted as VD #1). Another was a composite of a
chromium alloy and a zirconium layer alternately coated 5 times
onto a clad surface with a thickness of 6 lm (noted as VD #2).
The third has the same layer structure as VD #2 except for a
150 nm-thick titanium layer coated between the first chromium
alloy layer and the clad material. Titanium was selected because
it is expected to act as a buffer layer. The structure of each layer
was described in Table 3. After deposition, the structure of the bar-
rier layer was examined through scanning electron microscopy
(SEM) and the Auger electron spectroscopy (AES), where it was re-
vealed that the thickness as well as the composition of the layer
was developed well over the clad surface, like in Fig. 1.

2.3. Diffusion couple test

To assess the performance of the barrier, diffusion couple tests
between the metallic fuel and the clad material were carried out.
Metallic fuel disk and the vapor-deposited clad disk were con-
tacted with each other. Then the coupled specimen was inserted
into the screw-type jig made of 316-type stainless steel and then
it was clamped. The coupled specimen was wrapped with a tanta-
lum foil to avoid any unnecessary reaction between the specimen
and the jig. After clamping, they were placed in the vacuum fur-
nace then the diffusion couple tests were performed. Tests were
at a temperature of 800 �C for 25 h, which was higher than the nor-
mal operation temperature of a SFR, 650 �C. As the main objective
in this study is to test the performance of the barrier layer under
the FCCI condition, it was intended to raise the test temperature
as the normal case in order to evaluate the endurance of the barrier
in an efficient way by relatively short time. Also, since metallic fuel
in this study does not contain plutonium, it was necessary to raise
the temperature in order to compensate for the effect of the pluto-
nium, which decreases the onset temperature to induce FCCI [3].
After testing, the specimens were pulled out of the furnace and
quenched in water to prevent any microstructural changes or an
oxidation during slow cooling of the specimen in an air environ-
ment. Fig. 2 shows the schematic illustration of the diffusion test.
After the test, the specimens were sectioned, mounted and ground
up to 2000 grit, followed by a SEM/EDX analysis. Intensities of each
element were obtained and they were converted into an atomic
Table 2
Deposition condition of the barrier layer in this study.

Sputter power Working pressure (Pa) Gas co

Ti layer 200 W (0.44–0.5 A) 6.7 � 10�4 Ar (40
Cr_Ni layer 200 W (0.44–0.5 A) 6.7 � 10�4 Ar (40
Zr layer 200 W (0.44–0.5 A) 6.7 � 10�4 Ar (40
percent. (Hereafter, % denotes at.% unless otherwise mentioned.)
Table 4 summarized the element contents of the specimen after
the diffusion couple test.
3. Results and discussion

3.1. Diffusion couple test result

Fig. 3 shows the microstructure of the specimen without the
diffusion barrier after the diffusion couple test at 800 �C for
25 h, where it showed that a massive reaction occurred for the
fuel–clad coupled specimen. Uranium and zirconium diffused to-
ward the clad material to encroach on the cladding material to
form a reaction layer, whose thickness was approximately
250 lm. (Note the layer between the interface and the clad in
Fig. 3.) Also, iron and chromium diffused toward the fuel to form
a complex phase in the metallic fuel. In the case of the vapor-
deposited specimen, no visible reaction could be seen at the
fuel–clad interface. In the VD #1 specimen, as in Fig. 5, the metal-
lic fuel and the clad disk bonded with each other after disassem-
bly of the jig after the test. In the VD #2 and #3 specimens, the
metallic fuel and the clad disk were found to be detached from
each other, as in Figs. 6 and 7. Since no bonding caused by the
significant eutectic reaction occurred in the surface-treated spec-
imen, it is concluded that vapor deposition can be applied as one
of the probable methods for preventing a FCCI. To evaluate the
performance of the each diffusion barrier in terms of a fuel ele-
ment penetration, the uranium and zirconium contents were
measured for the cladding, just below a 10 lm depth from the
fuel–clad interface. Fig. 8 shows the result of the element content
at that position. In the specimen without diffusion barrier, ura-
nium and zirconium were diffused into the cladding so that their
contents 10 lm beneath the interface were respectively 25.83%
and 5.22%. In the vapor-deposited specimens, the uranium con-
tent was significantly reduced to a value of 0.55% in the VD #1
specimen, 0.1% in the VD #2 specimen, and 0.17% in the VD #3
mposition (flow rate) Deposition time (min) Temperature

cm3/min) 10 Room temperature
cm3/min) 10 Room temperature
cm3/min) 45 Room temperature
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specimen. Zirconium content was also suppressed in the case of
the surface-treated specimen. In the VD #2 specimen, zirconium
was not found at the cladding. Although the zirconium content
in the VD #3 specimen was not negligible, its value was still be-
low the reference condition, showing that a vapor deposition pro-
cess has an effect of suppressing an inter-diffusion between the
metallic fuel and the cladding.

3.2. Microstructural analysis of specimens

Fig. 5 shows a magnified image of the specimen without a vapor
deposition after the diffusion couple test at 800 �C for 25 h. To
identify the phase at each region, a composition analysis at a selec-
tive point by EDX, and by collating it with a ternary phase diagram
proposed by Nakamura [11], was carried out. For simplicity, the
iron and the chromium were regarded as a single element. Iron
and chromium diffuse toward the fuel side to form the intermedi-
ate compound as U(Fe,Cr)2 (point 1 in Fig. 4(a)) and Zr(Fe,Cr)2

(point 2 in Fig. 4(a)) in the liquid phase (point 3 in Fig. 4(a)). These
phases reacted together and converted into the another intermedi-
ate phase like U(Fe,Cr)2 + Zr(Fe,Cr)2 + Zr6(Fe,Cr)23 (point 1 in
Fig. 1. Characterization of the vapor-deposited lay
Fig. 4(b)) in the liquid phase (point 2 in Fig. 4(b)). In the region be-
low the fuel–clad interface, the iron concentration was relatively
high so that a-Fe + U(Fe,Cr)2 + Zr6(Fe,Cr)23 consist the reaction
layer (refer to the point e in Fig. 4(c)).

Fig. 5 shows the microstructural observation of the interface be-
tween the U–10Zr and the VD #1-treated clad. In a comparison
with the specimen without vapor deposition process, no visible
phase formation caused by inter-diffusion was found across the
barrier layer. In the EDX analysis, however, small amount of diffu-
sion was indicated between the metallic fuel and the clad material.
5.48% of chromium and 8.21% of iron were found in the metallic
fuel at the vicinity of an interface (point a in Fig. 6). At point c in
Fig. 7, uranium was not found in the clad material. Although a
small amount of zirconium at 1.21% was found in the clad material,
it is not known whether the detected zirconium originated from
the dissolution of the initially deposited layer or the diffusion of
the metallic fuel.

Fig. 6 shows the microstructural observation of the cross-sec-
tional image of the fuel and the VD #2 specimen. Similar to the case
of VD #1, no apparent phase formation was found at either the fuel or
the cladding side. However, the barrier layer disappeared either at
er on the clad material. (a) VD #2, (b) VD #3.



Fig. 1 (continued)

Fig. 2. Schematic illustration of the diffusion couple test.
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the fuel or the clad and small particles remained in the fuel side. EDX
analysis of the particles revealed that they were composed of ura-
nium which contained 23 at.% zirconium mixed with a small amount
of chromium, iron and nickel. Thus it is assumed that chromium, iron
and nickel inside the barrier layer dissolved and formed as particles.
Besides the small-sized particles, a zirconium-enriched phase ap-
peared at the interface of the fuel side. (Refer to the point e in
Fig. 6(a).) Since zirconium is known to give an increased resistance
to a FCCI by increasing the solidus temperature of a metallic fuel
[12], such a formed zirconium phase may act as a barrier against a
diffusion of the uranium. Similar result has been proposed in a pre-
vious paper [13] that such a zirconium layer may have originated
from a decomposition of the d-phase of a metallic fuel and a prefer-
ential redistribution of a zirconium element at a discontinuous site
such as the surface of the fuel. Suppose that the formation of the zir-
conium phase is initiated by an unstable site such as an interface, the
particle generated by the dissolution of the vapor-deposition layer
can accelerate the precipitation of the protective zirconium phase.
It is reported that chromium inside a particle has an influence on
the formation of the zirconium phase [12]. If the clad material con-
tained a higher chromium level, it favors the formation of a highly
enriched zirconium phase.



Table 4
Element content of the specimen after diffusion test at 800 �C for 25 h (selective
points).

Specimen Region Location Element (at.%)

Ref. (w/o barrier) Fig. 4(a) a 7.88Zr–24.32U–10.62Cr–57.18Fe
b 19.25Zr–14.08U–16.49Cr–50.19Fe
c 1.54Zr–76.77U–1.49Cr–20.20Fe
d 16.05Zr–17.62U–14.00Cr–52.32Fe

Fig. 4(b) a 7.17Zr–24.07U–10.93Cr–57.82Fe
b 97.20Zr–0.85U–0.56Cr–1.39Fe
c 8.18Zr–23.21U–10.36Cr–58.25Fe
d 5.22Zr–25.83U–11.17Cr–57.78Fe

Fig. 4(c) a 3.27Zr–28.08U–9.37Cr–59.28Fe
b 3.85Zr–27.02U–10.25Cr–58.88Fe
c 1.56Zr–28.59U–7.98Cr–61.87Fe
d 0.47U–15.25Cr–84.28Fe
e 0.12U–13.07Cr–86.81Fe

VD #1 Fig. 5 a 29.86Zr–56.63U–5.48Cr–8.21Fe
b 89.71Zr–2.57U–2.64Cr–5.09Fe
c 1.21Zr–0.55U–13.62Cr–84.62Fe

VD #2 Fig. 6(a) a 18.68Zr–77.10Cr–1.46Cr–2.76Fe
b 21.89Zr–69.39U–2.25Cr–2.80Fe–

3.67Ni
c 20.08Zr–71.25U–1.93Cr–3.10Fe–

3.64Ni
d 22.56Zr–71.12U–0.82Cr–2.35Fe–

3.15Ni
e 73.32Zr–22.04U–0.69Cr–1.26Fe–

2.69Ni
Fig. 6(b) a 50.42Zr–2.72U–19.09Cr–26.96Fe–

0.81Ni
b 13.60Zr–0.47U–29.87Cr–55.51Fe–

0.55Ni
c 6.13Zr–0.20U–27.50Cr–65.94Fe–

0.23Ni
d 0.10U–13.33Cr–86.30Fe–0.27Ni

VD #3 Fig. 7(a) a 9.83Zr–81.47U–1.45Ti–1.68Cr–
3.03Fe–2.54Ni

b 4.95Zr–88.46U–0.43Ti–1.45Cr–
2.42Fe–2.28Ni

c 90.80Zr–5.29U–0.89Ti–0.77Cr–
1.28Fe–0.98Ni

d 95.62Zr–1.39U–0.91Ti–0.51Cr–
0.82Fe–0.76Ni

Fig. 7(b) a 41.41Zr–15.13U–4.44Ti–14.70Cr–
23.19Fe–1.13Ni

b 1.57Zr–0.31U–1.09Ti–11.86Cr–
85.03Fe–0.13Ni

c 0.30Zr–0.21U–0.11Ti–12.53Cr–
86.32Fe–0.53Ni

Fig. 3. Microstructure of the specimen without diffusion barrier after diffusion
couple test at 800 �C for 25 h.

Fig. 4. Magnified image of the specimen without diffusion barrier after diffusion
couple test at 800 �C for 25 h (#1–3 magnified from the location of Fig. 3).
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The effect of vapor deposition on the precipitation of a zirco-
nium-rich phase is more apparent when titanium is added to the
barrier layer. Fig. 7 shows the microstructural observation of the
VD #3-treated specimen after a diffusion couple test. As in the pre-
vious results, it did not show any bonding caused by the eutectic
reaction, nor any inter-diffusion at either the fuel or the clad side.
At the fuel side, zirconium-rich granules appeared which agglom-
erated with each other to form a separate layer. Such a zirco-
nium-rich layer has a positive effect on the fuel–clad interaction.
To assess the effect of the barrier layer on the diffusion behavior
and the phase distribution of the diffusion-coupled specimen, a
composition analysis at selective points by EDX and by collating
it with a ternary phase diagram [11], was carried out, as shown
in Fig. 9. For simplicity, the iron and the chromium were regarded
as a single element. In the reference specimen, intermetallic com-
pounds such as U(Fe,Cr)2 and Zr(Fe,Cr)2 were formed during the
fuel–clad reaction. When connecting each point according to the
sequence of a region, an experimental diffusion path could be ob-
tained. Highly enriched zirconium phase, such as point b in
Fig. 4(b), was not included in the diffusion path. Metallic fuel at
first reacts with the iron and chromium then it converts into the
liquid phase. It then changes to a zirconium-rich phase Zr(Fe,Cr)2,
then it gradually changes to a U(Fe,Cr)2 phase along an eutectic



Fig. 5. Microstructure of the vapor-deposited specimen (VD #1) after diffusion
couple test at 800 �C for 25 h.

Fig. 6. Microstructure of the vapor-deposited specimen (VD #2) after diffusion
couple test at 800 �C for 25 h. (a) U–10Zr side, (b) HT9 side.

Fig. 7. Microstructure of the vapor-deposited specimen (VD #3) after diffusion
couple test at 800 �C for 25 h. (a) U–10Zr side, (b) HT9 side.

Fig. 8. Element content of the clad material below 10 lm from the interface with
the vapor-deposited conditions.
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line. In the vapor-deposited specimen, it was shown that a eutectic
compound was not formed but c and e-phases were developed,
showing that a reaction caused by an inter-diffusion did not occur
in the case of the surface-treated specimen. Instead, a zirconium-
rich phase like Zr(Fe,Cr)2 + Zr2(Fe,Cr) phase was developed, which
acted as a barrier against a FCCI.
4. Conclusion

Studies were carried out to assess the performance of the bar-
rier layer under a FCCI. Single or multilayers of zirconium, chro-
mium and titanium were coated onto the HT9 clad surface by
the vapor deposition and diffusion couple tests at 800 �C for 25 h
were performed for the U–10wt%Zr metallic fuel. Surface-treated
specimens by vapor deposition were found to be resistant FCCI
regardless of the coating materials. On the other hand, in a speci-
men without any surface treatment, a massive reaction occurred
at the fuel–clad interface. The zirconium-coated layer remained in-
tact, however multi-component-layers such as titanium, chro-



Fig. 9. Effect of the vapor deposition on the phase distribution of the metallic fuel
and the clad coupled specimen after diffusion test at 800 �C for 25 h. Red line
represents experimental diffusion path for the U–10 wt%Zr and HT9 clad material
after diffusion test at 800 �C for 25 h. Collated phase diagram was cited after
Nakamura [11]. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

150 J.H. Kim et al. / Journal of Nuclear Materials 394 (2009) 144–150
mium and zirconium dissolved and formed a precipitate layer dur-
ing the diffusion tests. On the other hand, secondary zirconium-
rich phase preferentially agglomerated at around the precipitate
layer to act as a barrier against FCCI.
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