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a b s t r a c t

Diffusion couple tests of U–Zr or U–Zr–Ce alloys vs. ferritic martensitic steels such as HT9 or T91 were
carried out in order to evaluate the performance of the diffusion barrier candidates. Elemental metal foils
of Zr, Nb, Ti, Mo, Ta, V and Cr were very effective in inhibiting interdiffusion between these fuels and
steels. Eutectic melting between the fuels and steels was not observed in any of the diffusion couples
using these diffusion barrier foils at annealing temperatures up to 800 �C. Among the metallic foils eval-
uated in this study, V and Cr exhibited the most promising performances as a diffusion barrier material
for eliminating the fuel cladding chemical interaction problem. However, Zr, Nb and Ti showed an active
interaction with the fuel mainly due to the large U solubility.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Transuranic element (TRU) bearing metallic fuels are being
developed for sodium-cooled fast reactors (SFR) in order to burn
the long-lived fission products in spent nuclear fuel [1–3]. Because
the experiences with TRU metallic fuel containing minor actinides
are limited compared to U–Zr and U–Pu–Zr metallic fuels, the basic
properties of a TRU fuel are currently being investigated exten-
sively [4,5]. Fuel-cladding chemical interaction (FCCI) during irra-
diation can limit the performance of metallic fuel due to eutectic
melting of the interaction products at temperatures much lower
than the melting point of a fuel alloy [6]. Penetration of an interac-
tion layer into the cladding also decreases the life of a fuel element
because thinning of cladding by an interaction layer decreases the
load bearing capability.

FCCI behavior of U–Zr and U–Pu–Zr alloys against Fe, Fe–Cr, D9
and HT9 have been investigated by out-of-pile annealing tests with
diffusion couples [7–10]. Ferritic martensitic steels (FMS) such as
HT9 and T91 are considered as candidate cladding materials for a
SFR fuel due to their excellent irradiation performance [11]. Re-
cently, a thin coating on the inside wall of cladding has been pro-
posed to retard any interaction between the metallic fuel and its
cladding [12,13]. Effectiveness of a Zr liner in mitigating pellet
cladding interaction (PCI) for boiling water reactor (BWR) fuel is
well established [14]. Crawford et al. fabricated a U–Pu–Zr fuel
rod by injection casting into Zr sheath tubes [12]. When irradiated
in the EBR-II up to 6 at.% burnup, the Zr-sheathed fuel showed good
performance. Tokiwai et al. reported that the interdiffusion be-
tween U–Zr and HT9 was reduced when a ZrN layer or a V foil were
formed on the HT9 cladding [12]. Keiser and Cole compared the
ll rights reserved.
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out-of-pile diffusion couples tests of Zr or V disks against a 65U–
19Pu–9Zr–2.5Mo–2.5Ru–2Nd alloy (compositions in wt%) [15]. V
showed reduced interdiffusion with the U–Pu–Zr–Mo–Ru–Nd alloy
compared to Zr at 700 �C.

There are many candidate materials for a diffusion barrier other
than Zr and V. Refractory metals such as Nb, Mo and Ta have been
widely used as diffusion barrier materials [16–18]. In this study,
the diffusion barrier performances of various metallic layers were
compared by out-of-pile diffusion couple tests. Zr, Nb, Ti, Mo, Ta,
V and Cr foils were inserted between the U–Zr or U–Zr–Ce fuels
vs. FMS to form diffusion couples and the microstructures of the
diffusion couples after the annealing tests were analyzed.

2. Experimental procedures

Small rods of U–Zr and U–Zr–Ce alloys (U–Zr–X) were fabri-
cated by induction melting of elemental U, Zr and Ce. Each rod
was furnace-cooled after melting in zirconia crucibles. Nominal
content of Zr was 10 wt% and the cerium content was 2 wt%. Ce
was added to U–Zr in order to simulate lanthanide and minor acti-
nide fission products. Disks of HT9 and T91 steels were used to
simulate FMS cladding. Mechanical clamps of Type 304 stainless
steel joined the diffusion couples which were vacuum sealed in
quartz tubes as shown in Fig. 1.

Commercially available metallic foils of Zr, Nb, Ti, Mo, Ta, V and
Cr were used as a diffusion barrier between the U–Zr–X and FMS.
The thickness of the foils ranged from 20 to 30 lm and each foil
was inserted between the U–Zr–X and FMS diffusion couples. Cr-
coated HT9 disks were also produced using a plasma spray coating
process. Cr powder of 30 lm average diameter was used for the
plasma spray coating. Plasma gases were argon and hydrogen,
the gas pressure was 25 kPa, the arc current was 630 A and the
spray distance was 220 mm. The thickness of the plasma spray
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Fig. 1. A photo showing vaccum-sealed stainless steel clamps containing a diffusion
couple of U–Zr–X and FMS.

Fig. 2. Scanning electron micrographs of the interaction layers in: (a) a U–10Zr vs.
HT9 diffusion couple annealed at 700 �C for 96 h and (b) a U–10Zr vs. T91 diffusion
couple annealed at 740 �C for 25 h.
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coated Cr layers was controlled to about 100 lm by multiple-pass
coating.

Diffusion couple tests were conducted in a muffle furnace with
annealing temperatures of 700–800 �C. Cross-sectional microstruc-
tures of the diffusion couple specimens were observed using a
scanning electron microscope (SEM). The elemental composition
of the interaction layers were measured using energy dispersive
X-ray spectroscopy (EDS) and standardless quantitative data were
obtained by the ZAF correction algorithm of the EDAX Genesis X-
ray microanalysis software.

3. Results and discussion

Liquid phase formation in the diffusion couples can be identi-
fied by microstructural observation of the interaction layers.
According to the experimental data for liquefaction of an interac-
tion layer of U–10 wt%Zr/Fe, liquefaction occurs at about 725 �C
[19]. A cross-sectional micrograph of a U–Zr–X vs. HT9 diffusion
couple annealed at 700 �C for 96 h without diffusion barrier foils
showed that various interaction phases were formed, as shown
in Fig. 2(a). Keiser et al. characterized the interaction phases
formed in U-Zr/HT9 diffusion couples annealed at 700 �C for 96 h
[8]. Nakamura et al. also characterized the interaction phases
formed in U–Zr/Fe–Cr diffusion couples annealed at 700 �C [10].
Among the phases formed in the interaction layers, UFe2, U6Fe
and ZrFe2 were the major phases according to their analyses. These
phases are also observed in the interaction layers of U–Zr/HT9 dif-
fusion couples in this study. In this study, HT9 and T91 steels were
used at the same time and temperature, but there was little differ-
ence between the two steels in the observed interaction behavior
for identical conditions.

Fig. 2(b) shows a scanning electron micrograph of the U–Zr/T91
diffusion couple annealed at 740 �C for 25 h. The microstructures
of the interaction layers are different from those in Fig. 2(a). For
example, the continuous UFe2 layers on the U–Zr side observed
in Fig. 2(a) are not shown in Fig. 2(b). Instead, a gray phase is dis-
persed in a brighter matrix in the interaction zone adjacent to T91,
and a dark phase is dispersed in the interaction zone near to U–Zr.
This microstructure is very similar to the U–Pu–Zr vs. Fe diffusion
couple annealed at 650 �C [19]. Nakamura et al. reported that eu-
tectic melting occurred at 650 �C because the Pu addition lowered
the eutectic melting temperature of the interaction phases. Accord-
ing to a ternary phase diagram of U–Zr–Fe as shown in Fig. 3
[20,21], a liquid phase is formed at a composition in the range
65–80 at.%U–Fe. The composition of the bright phase in the U–Zr
side interaction zone in Fig. 2(b) was similar to the composition
at which eutectic melting occurs in a ternary U–Zr–Fe.

When the annealing temperature was increased to 800 �C, eu-
tectic-melted microstructures were observed as shown in
Fig. 4(a) and they were much different from the layered structures
formed below the eutectic temperature. The faceted dark phase
was identified as ZrFe2, the gray phase as UFe2, and the bright ma-
trix phase had the composition of a liquid phase as shown in
Fig. 4(b). Average composition of the liquid phase was 60 at.%U–
29 at.%Fe–8 at.%Cr–3 at.%Zr. One of the features in the eutectic-
melted microstructure is that dark ZrFe2 phases whose facets are
well developed are distributed in a brighter matrix composed of
around 60 at.%U and 30 at.%Fe.

In order to compare the diffusion barrier performances of
metallic foils above the eutectic point of U–Zr–X vs. FMS, diffusion
couples of U–Zr–Ce and a metallic foil were annealed at 740 �C for
25 h. Although, U–10 wt%Zr–2 wt%Ce alloy was used as a metallic
fuel, any effect of Ce was not clearly shown in the microstructural
analyses. It is believed that Ce was not dissolved in U–Zr and pure
Ce particles were found in the U–Zr matrix as shown in Fig. 5. Fig. 6
shows the SEM micrographs after the diffusion couple tests using
the metallic diffusion barriers at 740 �C for 25 h. The U–Zr–Ce side
remained intact without eutectic melting with the diffusion barrier
metals. However, many kinds of interactions were observed in the
other diffusion couples using various metallic diffusion barriers.
Dissolution of Zr-rich precipitates (UZr2) was observed in the diffu-
sion couples using Nb, Ti, Mo, Ta and V foils. Zr-rich precipitates
were maintained only when Zr foils were used as shown in
Fig. 6(a). Thickness of the diffusion barrier layers was increased
from 23 to 33 lm in the diffusion couples using Zr. Multilayers



Fig. 3. An isothermal section of the ternary phase diagram of U–Zr–Fe at 800 �C [21].
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were formed in the diffusion couples using Nb and Mo, as shown
by the example for Nb in Fig. 6(b). Cr and V foils showed a mini-
mum interaction in the diffusion couple test at 740 �C. Because
the performance of the diffusion barrier foils was well character-
Fig. 4. Scanning electron micrographs of the diffusion couples of: (a) HT9/U–10Zr/
T91 annealed at 800 �C for 7 h and (b) a magnified micrograph for the melted zone
consisting of UFe2 and ZrFe2 in a liquid matrix.
ized in the data from the 800 �C annealing tests, and will be pre-
sented below, characterization of the interaction layers for the
740 �C annealing tests are not presented in detail here.

From the binary phase diagrams of U and the candidate barrier
metals tested in this study, the basic performance of the barrier
metals can be estimated. Diffusion barrier metals should be chosen
that do not

(a) have a large U solubility,
(b) form intermediate phases with U and
(c) have a lower eutectic melting temperature with U alloy.

Basic properties of the binary systems for the candidate diffu-
sion barrier elements and uranium are summarized by their binary
phase diagrams [22].

(a) V–U binary system has a eutectic point at 1040 �C. Solubility
of U in V is lower than 4 wt% at around 800 �C. There is no
intermediate phase in the V–U binary system.
Fig. 5. A scanning electron micrograph of a pure Ce particle incorporated in a U–
10Zr–2Ce alloy.



Fig. 6. Scanning electron micrographs of the diffusion couples of: (a) U–10Zr–2Ce
and T91 with a Zr diffusion barrier and (b) U–10Zr–2Ce and HT9 with a Nb diffusion
barrier, both annealed at 740 �C for 25 h.

Fig. 7. Scanning electron micrographs of the diffusion couples of U–10Zr and HT9
with: (a) a Zr diffusion barrier, (b) a Nb diffusion barrier and (c) a Ti diffusion
barrier, which were annealed at 800 �C for 25 h.
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(b) Cr–U binary system has a eutectic point at 860 �C. Solubility
of U in Cr is very limited. There is no intermediate phase in
the Cr–U binary system.

(c) Zr–U binary system has no eutectic reaction. c-U and b-Zr
form a perfect solid solution. There is a d phase (UZr2) in
the Zr–U binary system.

(d) Ti–U binary system has no eutectic reaction. c-U and b-Ti
form a perfect solid solution. There is an U2Ti phase in the
Ti–U binary system.

(e) Mo–U binary system has no eutectic reaction. Solubility of U
in Mo is very limited whereas the solubility of Mo in U is
large at up to 40 at.%. There is a U2Mo phase in the Mo–U
binary system.

(f) Nb–U binary system has no eutectic point. c-U and Nb form
a perfect solid solution. There is no intermediate phase in
the Nb–U binary system.

(g) Ta–U binary system has no eutectic reaction. Solubility of U
in Ta and the solubility of Ta in U are very limited. There is
no intermediate phase in the Ta–U binary system.

From the binary phase diagram analyses of the candidate metal
elements with uranium, V, Cr and Ta appeared to offer good diffu-
sion barrier performance against uranium. In contrast, Zr, Nb and
Ti are expected to have poor diffusion barrier performance against
uranium, because uranium has an unlimited solubility in them,
which means interdiffusion occurs readily at their interface.

Diffusion barrier performances of the metallic foils were com-
pared by diffusion couple annealing tests at 800 �C for 25 h.
Annealing at 800 �C, which is much higher than the projected use
temperature for metallic fuel, has triple purposes: first, it was to
accelerate the interdiffusion for a performance comparison be-
tween the candidate barrier materials, second, it was to simulate
a transient state, and third, it was to compensate for the missing
Pu which lowers the melting temperature of metallic fuel alloys.

Fig. 7 shows the scanning electron micrographs of the cross-sec-
tions of the diffusion couples annealed at 800 �C for 25 h by using a
Zr foil, a Nb foil and a Ti foil. The initial thickness of each foil is
listed in Table 1. There remained no inert thicknesses of these foils
due to their active interaction with U. Composition distribution of
the constituent elements was measured by EDS. Zr-rich particles
were observed commonly in the U–Zr side of the diffusion couples
and some pores, shown as darker areas, were observed inside some
barrier foils such as Nb, Ti, Ta and V.



Table 1
Thickness changes for each barrier material after diffusion couple tests at 800 �C for
25 h.

Barrier materials Initial thickness (lm) Inert thickness after annealing (lm)

Zr 25 0
Nb 35 0
Ti 25 0
Mo 27 19
Ta 31 25
V 26 23
Cr 38 37
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The Zr foil and U formed a solid solution. No elemental Zr re-
mained after 25 h at 800 �C. The measured Zr content decreased
from 55 to 20 at.% from the HT9 side to the U–Zr side, as shown
in Fig. 7(a). Fig. 8 shows the composition profile of Zr and U along
the distance from the Zr foil toward the U–Zr side. No distinct
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Fig. 8. Composition profiles of Zr and U along the distance from Zr foil toward the
U–Zr side.

Fig. 9. A binary phase diagram of U–Ti system showing that four layers with circ
boundaries were found after diffusion couple annealing. A large
amount of U, more than 40 at.%, penetrate into the initial Zr foil
by interdiffusion. The Zr–U alloy at the interface can cause eutectic
melting with FMS cladding if annealed longer than 25 h.

When an Nb foil was used, Nb and U–Zr formed a solid solution
as shown in Fig. 7(b). The Nb and U–Zr formed three interaction
layers of 67 at.%U–17 at.%Nb–15 at.%Zr, 77 at.%Nb–19 at.%U–
4 at.%Zr and 93 at.%Nb–7 at.%Zr.

The Ti and U–Zr formed a solid solution in a diffusion couple
using a Ti foil, as shown in Fig. 7(c). Composition of the Ti foil chan-
ged to Ti–22at.%U–6at.%Zr, and Ti also penetrated into the U–Zr
side. An intermediate interaction layer similar to a TiU2 phase
was formed and its composition was measured as 37 at.%Ti–
58 at.%U–5 at.%Zr. The d phase precipitates in the U–Zr dissolved
in the interaction zone near the Ti layer and the composition was
16 at.%Ti–68 at.%U–16 at.%Zr. The Zr, Ti and Nb interacted actively
with U–Zr as predicted from the binary phase diagram study. Fig. 9
shows the phase formation in the U–Ti system at 800 �C. The four
interaction phases expected to form in a U–Ti diffusion couple at
800 �C, are observed in the diffusion couple test using the Ti foil,
Fig. 7(c).

Fig. 10 shows the scanning electron micrographs of the cross-
sections of the diffusion couples annealed at 800 �C for 25 h using
a Mo foil, a Ta foil and a V foil. The initial thickness and remained
inert thickness of each foil are compared in Table 1. The thick-
nesses of the Mo foil and Ta foil were reduced from their initial
thickness due to a small amount of interaction with U. Fig. 10(a)
shows that a U–12 at.%Mo layer was formed on the Mo layer in
the diffusion couple using the Mo foil. Although a pure Mo layer re-
mained after a diffusion couple test at 800 �C for 25 h, Mo showed
an active interaction with U–Zr and formed multiphase layers
composed of U–Mo and Zr–Mo. When the Ta foil was used, a pure
Ta layer remained and some Ta diffused into the U–Zr to form the
ternary U–Zr–Ta phase as shown in Fig. 10(b). Fig. 10(c) shows that
V and U did not react with each other because of their mutual
insolubility. Elemental Zr formed a thin layer between U–Zr and
V. No U was detected in the EDX analysis inside the V layer. A ter-
nary V–Fe–Zr layer was observed between the V foils and the FMS
showed the measured composition was 93.5 at.%V–4 at.%Fe–
2.5 at.%Zr. The reduction of V foil thickness after annealing, as
led compositions can be formed when annealed at 800 �C (dotted line) [22].



Fig. 10. Scanning electron micrographs of the diffusion couples of U–10Zr and HT9
with: (a) a Mo diffusion barrier, (b) a Ta diffusion barrier, and (c) a V diffusion
barrier, which were annealed at 800 �C for 25 h.

Fig. 11. Scanning electron micrographs of the diffusion couples of U–Zr–X and HT9
with: (a) a Cr diffusion barrier foil annealed at 740 �C for 25 h and (b) a plasma-
sprayed Cr diffusion barrier coating annealed at 800 �C for 25 h.
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shown in Table 1, is associated with the interaction between V and
FMS.

Diffusion couple test at 740 �C also showed good diffusion bar-
rier performance for a Cr foil. Fig. 11(a) shows that no interaction
was observed between the U–Zr and Cr foil. Although the Cr foils
were effectively located between the U–Zr and FMS in a diffusion
couple test at 740 �C, the commercially available Cr foils were
too brittle to be clamped between two disks as a single layer.
The annealing test at 740 �C (Fig. 11(a)) is the only test using com-
mercial Cr foil and we used plasma-sprayed Cr coatings in the
annealing test at 800 �C (Fig. 11(b)). Cr and U–Zr did not react with
each other and the elemental Cr remained after a 25 h diffusion
couple test at 800 �C, when the thickness of Cr coating was
38 lm, as shown in Fig. 11(b). There was a minimal thickness
change after a diffusion couple test using the Cr coating as listed
in Table. 1.

The excellent diffusion barrier performance of V had been re-
ported in the literature. Cohen et al. reported that V alloy cladding
had excellent metallurgical compatibility with U–Pu–Zr alloys as
compared to steel in in-reactor tests conducted by Argonne Na-
tional laboratory in the 1960s [23]. Keiser and Cole reported that
interdiffusion zone width for the U alloy/Zr diffusion couple is lar-
ger than for the U alloy/V when annealed at 700 �C for 75 h [15].
Tokiwai et al. reported that V foil showed good barrier perfor-
mance in diffusion couple tests at both 750 �C for 2250 h and
750 �C 200 h plus 800 �C 1 h [13]. The inert interdiffusion behavior
of V with U alloys, shown in this study, agreed well with the pre-
vious results.

However, little attention has been given to the diffusion barrier
performance of Cr for metallic fuel cladding. One of significant re-
sults of this study is the promising performance of Cr as a diffusion
barrier coating. Another significant result is the relatively poor dif-
fusion barrier performance of Zr, although Zr has been considered
to be a strong candidate for FCCI barrier material [12]. Use of Zr
foils charged with nitrogen might increase the diffusion barrier
performance of Zr because Tokiwai et al. showed that Zr foils
charged with nitrogen blocked interdifusion of U and Fe due to for-
mation of a very thin ZrN layer, although most Zr foils were dis-
solved into U–Zr fuel [13].

The effects of the lanthanide fission product elements on FCCI
are not yet clearly understood [24]. In this study, tests with U–
Zr–Ce showed no significant change in the diffusion couple tests.
It is believed that the isolated Ce particles observed in the micro-
structures resulted due to their limited solubility in the U–Zr ma-
trix. Further diffusion couple tests of the fission product
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lanthanides vs. diffusion barrier candidates are necessary in order
to clarify the effect of lanthanides on FCCI.

Fabrication processes should be developed to apply a diffusion
barrier coating to fuel cladding tubes. Various coating methods
are being studied to develop diffusion barrier coated cladding
tubes. In addition, such a diffusion barrier coating should have
good compatibility with the cladding materials, with little effect
on the mechanical properties and it must be radiation resistant.
Neutron economy and fission product activation of diffusion bar-
rier materials should also be addressed further.

4. Summary

In order to overcome the FCCI problem and the eutectic melting
of metallic fuel, candidate diffusion barrier materials were tested
by diffusion couple annealing tests with commercial metallic foils.
Diffusion couples of U–Zr–X vs. FMS incorporating metallic diffu-
sion barrier foils showed that interdiffusion was inhibited effec-
tively by the presence of thin foils of about 20�30 lm even
above the eutectic melting temperature of U–Zr alloys and FMS.
Comparing the interactions between U–Zr–X and various diffusion
barrier materials, it is concluded that an element with a limited
solubility of U and no intermediate phases with U should be used
as a diffusion barrier material. V and Cr showed good diffusion bar-
rier performance during the diffusion couple tests. Although Ta and
Mo blocked interdiffusion of U and Fe, they diffused into the fuel.
Zr, Nb and Ti are not suitable barriers as they showed active inter-
action with U–Zr–X due to the large U solubility.
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