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Abstract: To investigate the compatibility and diffusion behavior between U-Zr alloys and Zr-4 alloys, solid-to-solid U-10wt%
Zrt/Zr-4 diffusion couples were assembled by vacuum hot pressing and then annealed under vacuum at temperatures ranging from
580 °C to 1100 °C for various time. Scanning and transmission electron microscopes were employed to analyze the microstructures
and composition profiles at the interfaces of the couples. The compatibility between the two alloys was investigated. 0-UZr, and
~20-nm-thin U-rich layers existed in the vacuum-hot-pressed samples. The interdiffusion coefficient constant and activation energy
are found to be (4.23£0.63)x10° m%s and (160.73+1.67) kJ/mol, respectively. The interdiffusion coefficients of the U-10wt%

Zr/Zr-4 alloy couples are higher than those of U-Zr alloys, especially at low temperature.
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Metallic fuels possess high breeding ratio, high burn-up,
good thermal conductivity, hard neutron spectrum, high fissile
capability and fertile material density, short doubling time,
and simplified reprocessing and refabrication, which make
them promising candidates for next-generation reactors, such
as traveling-wave reactors' ), sodium-cooled fast reactors*'!,
and fusion-fission hybrid reactors (FFHRs)!'"*'*. Metallic fu-
els have several advantages, such as simple fabrication, in-
herent safety characteristics'®, a favorable thermal response'*!
and relatively easy recycling using compact pyroprocessing
treatment. Uranium-zirconium alloys are considered promis-
ing metallic fuels. The addition of zirconium to uranium in-
creases the melting point, enhances the corrosion resistance,
reduces fuel-cladding chemical interaction (FCCI), and im-
proves the dimensional stability under irradiation™ ' ">"®. To
reduce the interactions between a U-Zr fuel and a cladding,

pure Zr foil has been suggested as a diffusion barrier between
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U-Zr alloys and steel cladding!*?" to eliminate FCCI, which
is considered to be a potential problem in the application of
metallic fuels in fast reactors. The addition of trace elements
such as Sn, Nb, and Fe to pure zirconium enhances its corro-
sion resistance. These Zr alloys have been extensively used as
cladding materials in light water reactors (LWRs)"*?. Because
of the above advantages, Lightbridge Corporation is develop-
ing an advanced metallic nuclear fuel clad in Zr alloy to in-
crease the power output and extend the cycle length of current
LWRs!"™*]. China is investigating the use of Zircaloy-4 (Zr-4)
as a cladding material for U-10wt% Zr alloy fuels in FFHRs'".
U-Zr alloys can act as a nuclear fuel for next-generation re-
actors. The fabrication method of the fuel rod plays a role in
determining whether it behaves well in the relevant nuclear
fuel cycle. A U-Zr fuel and Zr-Nb cladding has been extruded
or hot-rolled to assemble fuel rods™**”); however, mechanical
working may introduce texture into the materials. Furthermore,
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the diffusion data and compatibility between the U-Zr alloy
fuel and cladding are important for understanding the
post-irradiation behavior of fuel rods. Uranium diffusion in
pure zirconium was examined experimentally to obtain diffu-
sion data in the temperature ranges of 540~850 °C**! and
915~1200 °CP*!. Pure zirconium metal foils were effective in
inhibiting interdiffusion between the U-Zr alloy fuel and a
steel cladding!"”*”. Interdiffusion between U-Zr alloys and Zr
alloys differs slightly from that in U/Zr couples because the
interdiffusion coefficients in uranium depend on the Zr con-
tent of U-Zr alloys and minor elements added into zirconium
alloy. Although very limited data on diffusion between U-Zr
alloys and Zr alloys are available, there are several studies on
the compatibility between a U-Mo alloy and pure Zr under the
Reduced Enrichment for Research and Test Reactor
Program™™>". Gordillo et al.” reported the interdiffusion be-
havior of U-10wt% Zr/ Zr-4 at elevated temperatures of
700~800 °C for a short time and extrapolated the diffusion
data. To systematically investigate the compatibility of the
U-10wt% Zr alloy and Zr-4 alloy, it is necessary to investigate
the phase constituents and microstructure that develop during
fuel rod fabrication and the interdiffusion between U-10wt%
Zr and Zr-4 at various temperatures for a longer time.

This study examined the phase constituents and micro-
structure of fuel rod assemblies after vacuum hot pressing
(VHP) with high-temperature annealing. Scanning electron
microscopy (SEM) and transmission electron microscopy
(TEM) with X-ray energy-dispersive spectroscopy (EDS)
were adopted to observe the phase constituents and micro-
structure between the U-10wt% Zr fuel and Zr-4 cladding.
Concentration profiles were determined by SEM-EDS to study
the growth kinetics of phases at the interfaces and the inter-
diffusion behavior between the fuel and cladding.

1 Experiment

The U-10wt% Zr alloy employed in this investigation was cast
by induction melting with high-purity depleted uranium and
99.95% pure zirconium. The alloys were flipped and remelted
three times to ensure homogeneity and were then drop-cast to
form rods. The Zr-4 rods were acquired from a commercial
source; the chemical composition of Zr-4 is given in Table 1.

Both the U-10wt% Zr and Zr-4 rods were sectioned into
discs with 12.5 mm in diameter and 2 mm in thickness. The
surfaces of the discs were metallographically polished to 1 um
using alumina paste; both faces of the discs were flat, and they
were parallel to each other. Then, to remove the residual oxide
scale, the Zr-4 was acid-washed for 2 s using a mixture of
45% nitric acid, 10% hydrofluoric acid, and 45% deionized

Table 1 Chemical composition of Zircaloy-4 (wt%)
Sn Fe Cr C N Zr
1.3~1.4 0.2~0.22 0.1~0.12 0.01~0.012 0.006~0.007 Balance

water. Next, etched Zr-4 discs were washed in deionized water
to remove F ions. After a set of wet mechanical polishing
treatments and washing, the discs of U-10wt% Zr and Zr-4
were ultrasonicated sequentially in acetone and ethanol for 5
min each to remove the oil and other impurities on the surface.

All of the U-10wt% Zr/Zr-4 couples annealed under vac-
uum were prepared by VHP bonding. The polished and
cleaned discs of U-10wt% Zr and Zr-4 alloys were stacked
face-to-face in contact with each other in a VHP furnace with
a pressure of <5x10° Pa. To ensure adhesion between the
U-10wt% Zr and Zr-4, VHP bonding used both heat and pres-
sure to form solid-state bonds between the fuel and cladding.
VHP bonding was performed at 580 °C and 200 MPa for 2 or
8 h. To evaluate the effect of VHP bonding on the interfacial
microstructure of the couples, the diffusion and reaction be-
haviors were studied in U-10wt% Zr/Zr-4 couples prepared by
VHP bonding before annealing for various time.

To study the growth kinetics of the reaction layer in the
U-10wt% Zr/Zr-4 diffusion couples, each couple was VHP
bonded at 580 °C and 200 MPa for 2 h and then encapsulated
in a quartz capsule that was sealed under vacuum (5x10° Pa).
Next, the couples were annealed using a tubular furnace at
temperatures of 580~1100 °C for various time. After anneal-
ing, the diffusion couples were quenched by breaking the
quartz capsule in cold water.

Each diffusion couple was cross-sectioned, mounted in ep-
oxy, and metallographically polished to 0.25 um for micro-
structural examination and compositional analysis.

The surface of each diffusion couple was examined by fo-
ion beam (FIB)/SEM (FEI Helios 650 dual
beam/scanning electron microscope). For each couple, SEM
analysis was conducted to examine the microstructure. To

cused

measure the thickness of the interaction zone (IZ), EDS was
employed to obtain the concentration profiles of U and Zr by a
line scan with a 0.5 pum step size and an accelerating voltage
of 20 kV. To determine the average thickness of the 1Z devel-
oped by interdiffusion during annealing and its standard de-
viation, the data were measured at 12 randomly selected loca-
tions for each diffusion couple. For the diffusion couple
bonded by VHP at 580 °C and 200 MPa for 8 h, TEM samples
were prepared using an FIB in-situ lift-out technique. Selected
area diffraction (SAED), EDS, and high-angle annular
dark-field (HAADF) analysis, in combination with the U-Zr

[B31]

phase diagram™ -, were used to examine the interdiffusion and

reactions between the U-10wt% Zr and Zr-4 alloys.
2 Results and Discussion

2.1 Interface between U-10wt% Zr and Zr-4 after VHP
Fig.1 shows cross-sectional SEM images and concentration
profiles of U-10wt% Zr/Zr-4 diffusion couples vacuum hot
pressed at 580 °C for 2 and 8 h. The interdiffusion zone after VHP
treatment at 580 °C and 200 MPa for 2 h was narrow (~1.6 pm);
the thickness of the diffusion zone was within the experimental
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error owing to the limits of the SEM-EDS resolution. As time
passed, a discontinuous UZr, layer with a width of ~2.1 pm was
observed in the interface of the U-10wt% Zr/Zr-4 couple
VHP-treated at 580 °C and 200 MPa for 8 h, as shown in Fig. 1b.
Fig.2 shows a cross-sectional TEM bright image of the
UZr,/Zr-4 interface in the U-10wt% Zr/Zr-4 diffusion couples
vacuum hot pressed at 580 °C and 200 MPa for 8 h. The con-
trast of the interface in Fig.2 indicates that the interface is
clean and sharp. The composition profiles drop abruptly as the
scanned beam crosses the interface, as shown in Fig.3b. Fig.3a
presents a HAADF scanning micrograph of the region be-
tween the Zr-4 alloy and UZr, layer, where an approximately
20-nm-thick layer of a U-rich phase was observed. The phase
constituents could not be identified via SAED analysis

a
2
£ |
f) == Zr
= U
o
2
=
o)
&~
£ 30Um:
b
2
2 Zr
=
> V]
2
g ¢
o)
&
3 um

Fig.1 Secondary electron micrographs and Zr, U concentration pro-
files of U-10wt%Zr/Zr-4 diffusion couples vacuum hot
pressed at 580 °C for 2 h (a) and 8 h (b)

® [230]

.(U(Dl;

s [231

Il
o
®

5
: (211) ¢

B

400 nm

Fig.2 TEM bright-field micrograph of the UZr»/Zr-4 interface in the
U-10wt% Zr/Zr-4 diffusion couples by vacuum hot pressed at
580 °C for 8 h (inset shows the SAED patterns of UZr, and
Zr-4 alloy)

and high-resolution TEM because the U-rich layer was too
narrow and the TEM sample was too thick. The U segregation
at the UZr,/Zr-4 interface is explained by interface free energy
minimization™ *!. U has poor solubility in the Zr-4 alloy at
room temperature. Consequently, U atoms will be ejected into
the Zr-4 alloy during the growth of UZr,. A schematic sum-
mary of the interaction layer between the U-10wt% Zr alloy
and Zr-4 cladding is presented in Fig.4.

The pre-treatment (VHP at 580 °C and 200 MPa for 2 h)
could produce U-10wt% Zr/Zr-4 diffusion couples with good
bonding that exhibit no cracks or porosity. Therefore, the
preparation method of the couples has a negligible impact on
the investigation of the interaction between the U-10wt% Zr
and Zr-4 alloys.
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Fig.3 HAADF-STEM micrograph (a) of the UZr»/Zr-4 interface in
the U-10wt% Zr/Zr-4 diffusion couples vacuum hot pressed
at 580 °C for 8 h and concentration profile (b) obtained by

line scanning along the red line in Fig.3a

U-rich layer

U-10Zr
(a-U + 0 phase)

Fig4 Schematic representing the phase constituents and micro-
structure of the interaction layers in the U-10wt%Zr/Zr-4 dif-
fusion couples by vacuum hot pressed at 580 °C for 8 h
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2.2 Growth Kkinetics of the reaction layer in diffusion
couples

To study the growth kinetics of the reaction layer between the
U-10wt% Zr and Zr-4 alloys, diffusion couples were prepared
by VHP at 580 °C and 200 MPa for 2 h and then vac-
uum-annealed at elevated temperature for various durations.
Fig.5 shows typical secondary electron (SE) micrographs and
the U and Zr concentration profiles of U-10wt% Zr/Zr-4 cou-
ples prepared by VHP and annealed at temperatures of
600~1100 °C for various time. Zr-rich particles (darker areas)
were observed on the U-Zr side of the diffusion couples. A con-
tinuous intermediate phase of UZr, formed at the interface. The
thickness of the diffusion layers at the interface increased with
increasing heat-treatment time at these temperatures. The SE
images in Fig.5c and 5d show obvious interfaces between the
UZr, layers and Zr-4 alloys, and it is difficult to identify the ex-
act location of the UZr,/U-10wt% Zr interfaces.

To analyze the growth kinetics of the diffusional interaction
between the U-10wt% Zr fuel and Zr-4 cladding, the thickness
of the 1Z was measured from the terminal ends of the
U-10wt% Zr and Zr-4 alloys, where the concentration gradient
becomes negligible. Table 2 reports the average thickness of
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the 1Z as a function of the annealing temperature. The nu-
merical data on the thickness of the IZ were measured at 12
randomly selected locations on the EDS line scan for each
sample. The interdiffusion coefficient of the U-10wt% Zr/Zr-4
IZ was calculated for annealing at 580, 600, 650, 700, 750,
800, 900, 950, 1000, and 1100 °C, as listed in Table 2 and
presented in Fig.6. The principal alloying elements in Zr-4 are
Sn, Fe, and Cr, as shown in Table 1. The maximum solubility
of Sn in a-Zr is about 9.3 wt%, whereas the solubility of Fe in
a-Zr is very low (120 pg/g at 820 °CP**). Almost all of the Fe
would be precipitated as the Zr(Fe, Cr), type with a Fe/Cr ra-
tio close to 1.5%%, and the solubility of Cr in a-Zr is very low.
Further, Sn generally remains in solid solution in the hexago-
nal Zr phase. According to the U-Sn phase diagram, however,
when uranium encounters tin, they react to form intermetallics.
In addition, considering that the Sn concentration in the Zr-4
alloy is only ~1 at%, the multicomponent alloy system of
U-10wt% Zr and Zr-4 was simplified to the U-Zr binary sys-
tem. Assuming that the growth of the IZ was controlled by
diffusion and followed a parabolic growth law®", the correla-
tion between the thickness and annealing time is expressed as

50 pm
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Fig.5 SE micrographs and Zr, U concentration profiles of the water-quenched U-10wt% Zr/Zr-4 diffusion couples annealed at different temperatures
and for different time: (a) 600 °C, 192 h, (b) 650 °C, 192 h, (c) 700 °C, 192 h, (d) 750 °C, 192 h, (¢) 800 °C, 72 h, (f) 900 °C, 24 h, (g) 950 °C,

24 h, (h) 1000 °C, 12 h, and (i) 1100 °C, 12 h
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Table 2 Interdiffusion coefficients of the interaction zone (IZ) of water-quenched U-10wt% Zr/Zr-4 diffusion couples from this research

Diffusion Coefficient,

Diffusion coefficient Diffusion activation

Temperature/°C Thickness of [Z/um  Annealing time/h tm-s™ constant, ky/m’s" eneray, O/kJ-mol”

1100 528.7+23.4 12 (3.2£0.3)x10 "2

1000 307.6+23.8 12 (1.1£0.2)x10° "2

950 312.4423.5 24 (5.7£0.9)x10° "

900 220.0+9.7 24 (2.8£0.2)x107"

800 138.9+10.0 72 (3.710.5)x1071‘; (4.2340.63)x10°° (160.731.67)

750 81.0+4.2 192 (4.7+0.5)x10

700 67.6+3.5 192 (3.3£0.3)x10°"*

650 41.0£2.0 192 (12£0.1)x107"

600 49.6+2.8 868 (3.9+£0.4)x107'¢

580 13.6+0.7 192 (1.4£0.2)x107'°

U-10wt% Zr/Zr-4 alloy interface than they do at the U/Zr"*"

T 10" and U-10wt% Zr alloy[36] interfaces. Further, the interdiffusion
NE 107 coefficients of U-Zr alloys decrease as the Zr content (above
;“ 10"r 10 wt%) increases”**". Hence, the interdiffusion coefficient
g 10°T of the IZs in the U-10wt% Zr/Zr-4 alloys is larger than that of
é 101 e %, the 1Zs in U-Zr alloys with Zr contents ranging from 10 wt%
S 107" e LiuY2016U-10zr/Zr4 to near 100 wt%.

é 107 L. ég?ﬁ' 1906 UDips cCmpostions ' Second, at 750~800 °C, the interfaces consist of a y-U solu-
g ot ! g?g;"fv{gi ;Zééi/zr . tion and a-Zr, and the interdiffusion coefficients & are in good
= 1o AT L . agreement with those reported for U-10wt%Zr/Zr-4 alloys by

6 7 8 9 10 11 12 13
T'/X 10K

Fig.6 Comparison of the interdiffusion coefficients from this work
with those found in the published literature and plot of the

calculated values of the diffusivity and activation energy

k=x*/2t (1)
where k is the interdiffusion coefficient, x is the measured
thickness of the IZ, and ¢ is the annealing time. If the relation-
ship between the diffusion coefficient and temperature obey the
Arrhenius relationship, the activation energy for the growth of
the IZ is predicted using the relation

k=ky exp(—Q/RT) )
where kj is the interdiffusion coefficient constant, Q is the ac-
tivation energy, R is the ideal gas constant, and 7 is the an-
nealing temperature in Kelvins. The temperature dependence
of k presented in Fig.6 follows Arrhenius behavior. The inter-
diffusion coefficient constant and activation energy are
(4.23+0.63)x10"° m*/s and (160.73+1.67) kJ/mol, respectively.
The interdiffusion coefficients estimated from the thicknesses
of the 1Zs are considered to represent the interdiffusion coeffi-
cient averaged over the Zr concentration range from 10 wt%
to near 100 wt%. In Fig.6, these estimated values are com-
pared with the reported interdiffusion coefficients, which are
given at various Zr concentrations and temperatures. Accord-
ing to the temperature and the U-Zr system, the data can be
divided into four categories.

First, at 900~1100 °C, elements diffuse more rapidly at the

Gordillo et al™!. Between 750 and 800 °C, the interdiffusion
coefficients k£ of U-10wt% Zr/Zr-4 alloys were greater than
that of U-28wt% Zr alloy, which has the largest interdiffusion
coefficient among U-Zr alloys with a Zr content more than 10
wt%"”. Therefore, compared with U-Zr alloys with a Zr con-
tent above 10 wt%, elements diffuse more rapidly at the inter-
face between the U-10wt% Zr and Zr-4 alloys.

Third, at 650~750 °C, the interfaces consist of p-U, a
bee(y-U, p-Zr) solid solution, and a-Zr, where the bee(y-U,
p-Zr) solid solution layers have J-UZr, phase compositions, as
shown in Fig.5b and 5c.

Finally, at 580~600 °C, the J-UZr, phase of the U-Zr sys-
tem can be expected to form at the interface of the U-10wt%
Zr/Zr-4 alloy couples, and the interdiffusion zones of the
U-10wt% Zr/Zr-4 alloys consist of a-U, J-UZr,, and a-Zr. The
width of the interdiffusion zone equals that of the bcc (y-U,
B-Zr) solid solution or 6-UZr, layer. Akabori et al.*® reported
the interdiffusion in the U-Zr system with the J-UZr, phase
composition by applying the Boltzmann—Matano method. In
addition, the interdiffusion coefficient k£ of U-Zr alloys at these
compositions tends to increase slightly with increasing Zr con-
centration.

Therefore, the interdiffusion coefficients of the U-10wt%
Zr/Zr-4 alloy diffusion couples can be compared with the re-
ported data for U-Zr alloys with §-UZr, phase compositions™".
The interdiffusion coefficients of the U-10wt% Zr/Zr-4 cou-
ples are 2.6, 2.75, and 3.2 times larger than that of U-Zr alloys
at 750, 700, and 650 °C, respectively[37’38]. The interdiffusion
coefficient £ of the U-10wt% Zr/Zr-4 couples is much larger
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than that of the J-UZr, phase at 580 °C”®.. As the temperature
decreased, the difference in the interdiffusion of the above two
systems became more obvious. This phenomenon can be ex-
plained as follows.

The mechanisms of atomic diffusion in substitutional-type
solids are closely connected with defects such as vacancies or
interstitials and dislocations””. The phase boundaries of the Zr
matrix and Zr(Fe, Cr), intermetallics can act as high-diffusivity
paths because the mobility of atoms is usually much higher
along phase boundaries than in the lattice. At low temperature,
the interdiffusion coefficient in the 6-UZr, phase is significantly
smaller than that extrapolated from the (y-U, f-Zr) solid solu-
tions®*]. The phase boundaries of Zr(Fe,Cr),/6-UZr, and
U;Sn,/6-UZr, offer short-circuit diffusion paths. Further, the
effects of improving the interdiffusion coefficient are obvious.
In the temperature range of 650 to 750 °C, U-Zr systems con-
sist of (y-U, p-Zr) solid solutions and a-U or $-U, and the sol-
ids have more vacancies; thus, atoms diffuse much more rap-
idly. As the temperature increases, the ratio of short-circuit
diffusion to interdiffusion of U-10wt% Zr/Zr-4 alloy couples
becomes smaller.

3 Conclusions

1) The interdiffusion coefficient constant and activation en-
ergy of U-10wt% Zr/Zr-4 diffusion couples are (4.23+£0.63)x
10 m%/s and (160.73+1.67) kJ/mol, respectively.

2) Compared with those of U-Zr alloys, the interdiffusion
coefficients of the U-10wt% Zr/Zr-4 couples are larger below
750 °C, which is attributed to phase boundaries between dis-
persed intermetallics and the matrix.
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