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Abstract

Sintering behavior of U–80 at.%Zr powder compacts in a temperature range from 1100 to 1500 �C in a vacuum of 1 · 10�4 Pa was
evaluated. The sintered density depended more on the sintering temperature than on the sintering time. The sintered specimens consisted
of the d-UZr2 matrix with acicular a-Zr precipitates, but it still had un-reacted zirconium when the sintering temperature was 1100 �C.
The uranium depletion near the surface of the specimens sintered at temperatures above 1300 �C was detected. Massive Zr(O) grains in
the sintered specimen were found, and their formation was restrained when the cooling rate from the sintering temperature was
increased.
� 2007 Elsevier B.V. All rights reserved.

PACS: 81.20.Ev; 65.40.De
1. Introduction

Metallic nuclear fuels can be utilized in the future light
water reactors due to their excellent thermal conductivity.
In particular, the metallic fuel with a composition of U–
80 at.%Zr has drawn an attention as a nuclear fuel for
advanced integral reactors [1]. In order to fabricate this
fuel, a powder sintering method can be considered since
the liquidus of U–80 at.%Zr is too high for the usual injec-
tion casting of the fast-reactor metal fuel. The sintering
temperature is thus important as it can determine the phys-
ical properties of sintered fuels.

In this study, the sintering behavior of U–80 at.%Zr
powder compacts in a temperature range from 1100 to
1500 �C in a vacuum was evaluated. The effect of the cool-
ing rate from the sintering temperature on the microstruc-
ture was also evaluated.
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2. Experimental procedure

Uranium powders were manufactured by a centrifugal
atomizing process, and zirconium powders were prepared
by a hydride–dehydride process. Impurity contents of the
uranium and zirconium powders are given in Tables 1
and 2, respectively. Within a glove box filled with a purified
argon gas, 20 at.% uranium and 80 at.% zirconium pow-
ders were mixed together in a V-type off-axis rotating mixer
at 75 rpm for 2 h. The mixed powders were uniaxially cold
compacted by using a double action press. In order to find
the optimum compaction conditions, the compaction
pressure was varied from 86 to 428 MPa with a fixed hold-
ing time of 20 s, and the holding time under the fixed pres-
sure of 428 MPa was changed from 0 to 180 s. The
sintering was then carried out at 1450 and 1500 �C for
2 h. The selected compaction conditions, a pressure of
428 MPa and a holding time of 20 s, were applied to other
compaction experiments. The powder compacts were trans-
ferred to an alumina crucible in a vacuum chamber for the
sintering (Fig. 1). The sintering was carried out at 1100,
1300, 1350, 1400, 1450 and 1500 �C with a cooling rate
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Table 1
Chemical composition of the impurities of the uranium powder (ppm)

Li Al Cu Cd O C N H

<1.3 <600 <80 <10 <3000 <300 <500 <10

Fig. 1. Schematic drawing of the sintering of U–Zr powder compacts in a
vacuum furnace.
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of 2 �C/min in a vacuum of about 1 · 10�4 Pa. An addi-
tional specimen sintered at 1500 �C was cooled down at a
rate of 10 �C/min to observe the effect of the cooling rate
on the microstructure of the sintered specimen.

After the sintering, the sintered density was measured,
and the solid phases were identified by using a X-ray dif-
fraction (XRD). The microstructure was examined by
using both a scanning electron microscope (SEM) for a
compositional contrast by using a back scattered electron
image and an image analyzer (IA). Elemental analyses on
the cross section of a sintered specimen were made by an
energy dispersive spectroscope (EDS), and the homogene-
ity was investigated through the atomic ratio of U/Zr.
The deposits on the inner surface of the crucible were also
analyzed by using SEM/EDS. A Vickers hardness measure-
ment of the sintered specimen was carried out.

3. Results and discussion

The SEM images of the uranium and zirconium pow-
ders are shown in Fig. 2. The uranium particles exhibited
nearly a spherical shape with a smooth surface, represent-
ing the characteristics of centrifugally atomized powders
(Fig. 2(a)). On the other hand, the zirconium particles
revealed a porous surface, indicating the characteristics of
hydride–dehydride processed powders (Fig. 2(b)). The
mean particle sizes of the uranium and zirconium powders
were 48 and 88 lm, respectively.

The effect of the compaction pressure on the green and
sintered densities of the U–Zr specimen is shown in
Fig. 3. It was found that the increase in the compacting
Fig. 2. SEM images of (a) uranium

Table 2
Chemical composition of the impurities of the zirconium powder (ppm)

Fe Al Cu Mn Ni B Si Hf

201 19 <10 <25 <30 0.5 <10 <100
pressure led to the increase in the green and sintered densi-
ties, and the highest sintered density was achieved at the
maximum compacting pressure of 428 MPa.

The effect of the holding time under a compaction pres-
sure of 428 MPa on the green and sintered densities of the
U–Zr specimen is shown in Fig. 4. Compared with the
results without a holding time under a compaction pres-
sure, the green and sintered densities increased after the
applied pressure was held for 20 s, and the densities
remained constant as the holding time increased from 20
to 180 s. It is considered that a holding time of 20 s is long
enough for the best densification.

The sintered density of the sintered specimen is given in
Table 3. The sintered density increased continuously with
an increasing temperature, and depended more on the sin-
tering temperature than on the sintering time.

The X-ray diffraction patterns of the sintered U–Zr
specimens are plotted in Fig. 5. As expected from the U–
Zr phase diagram [2], the specimen consisted of two phases;
d-UZr2 (hcp, a = 0.5030 nm, c = 0.3080 nm) and a-Zr
(hcp, a = 0.3232 nm, c = 0.5147 nm).
and (b) zirconium powders.

Co Cr Ti W O C N H

<10 65 <25 43 <4000 34 <100 <50
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Fig. 4. Effect of the holding time under a compaction pressure of 428 MPa
on the green and sintered densities of the U–Zr specimen.
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Fig. 5. X-ray diffraction patterns of the sintered specimens.
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Fig. 3. Effect of the compaction pressure on the green and sintered
densities of the U–Zr specimen.
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The microstructures of the sintered specimens are shown
in Fig. 6. The specimens consisted of the d-UZr2 matrix
with acicular a-Zr precipitates. However, the specimen sin-
tered at 1100 �C still had un-reacted zirconium particles
(Fig. 6(a)), indicating that the sintering was not complete
although the sintering at this temperature was carried out
for as long as 100 h. Small amount of pores was also
observed in the sintered specimens.

The area fraction of the pore and the mean pore area
with a sintered density are plotted in Fig. 7. It was found
that both the decrease in the area fraction of the pore
Table 3
Sintered density of the sintered specimen

Temperature
(�C)

Time
(h)

Powder compact

Diameter
(mm)

Length
(mm)

Weight
(g)

1100 100 25.0 35.03 107.81
1300 30 25.0 34.91 107.80
1350 30 25.0 34.88 107.79
1400 10 25.0 34.85 107.79
1450 3 25.0 35.08 107.81
1500 2 25.0 34.97 107.76
and the pore coarsening accompanied the increase in the
sintered density.

The atomic ratio of U/Zr in the cross section of the sin-
tered specimen is plotted in Fig. 8. The atomic ratio of U/Zr
in the specimen sintered at 1100 �C was almost constant,
but it decreased by increasing the sintering temperature.
Uranium depletion was detected up to about 1000 lm from
the specimens’ surface. It could be attributed to a vaporiza-
tion of the U–Zr powder compacts during the sintering,
thus forming deposits on the surface of the crucible (Fig. 1).

The SEM/EDS results of the deposits on the inner sur-
face of the crucible after the sintering at 1500 �C for 2 h are
shown in Fig. 9. The deposits were composed entirely of
fine grains (Fig. 9(a)), and their chemical composition
was found to be (in at.%) 17.52U, 5.99Zr and 76.49O
(Fig. 9(b)). The vapor pressures of uranium and zirconium
at 1500 �C have been reported to be about 2.8 · 10�2 and
3.5 · 10�5 Pa, respectively [3]. The mechanism leading to
the deposits in the vacuum of 1 · 10�4 Pa is not clear yet.
However, it is suspected that the vapor species other than
U(g) and Zr(g) are involved, which may include ZrO(g)
and UO(g) [4,5].

The effect of the cooling rate from a sintering tempera-
ture of 1500 �C on the microstructure of the sintered spec-
imen is shown in Fig. 10. Massive grains were detected in
the periphery of the specimen with a slow cooling rate of
2 �C/min (Fig. 10(a)). Its chemical composition was found
to be (in at.%) 86.62Zr, 13.38O (Fig. 10(c)). The grains of
Sintered alloy

Diameter
(mm)

Length
(mm)

Weight
(g)

Density
(g/cm3)

%TD

24.27 33.55 107.77 8.04 92.7
24.08 33.25 107.68 8.18 94.3
23.59 32.78 107.63 8.44 97.3
23.59 32.74 107.62 8.47 97.7
23.57 32.96 107.59 8.50 98.0
23.56 32.82 107.52 8.56 98.7



Fig. 6. Microstructures of the specimens sintered at (a) 1000 �C for 100 h, (b) 1300 �C for 30 h, (c) 1350 �C for 30 h, (d) 1400 �C for 10 h, (e) 1450 �C for
3 h, and (f) 1500 �C for 2 h.
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Fig. 7. Area fraction of the pore and the mean pore area with a sintered
density.
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Fig. 8. Atomic ratio of U/Zr in the cross section of the sintered specimen.

T.-K. Kim et al. / Journal of Nuclear Materials 372 (2008) 394–399 397
this type in U–Pu–Zr alloys have been reported to be zirco-
nium with impurities (O, N and C) in previous studies [6,7].
At a fast cooling rate of 10 �C/min, the massive Zr(O)
grains, which were found at the slow cooling rate of
2 �C/min, were not observed, and the lath-type a-Zr precip-
itates were finely distributed throughout the matrix
(Fig. 10(d)). These results indicate that a fast cooling from
the sintering temperature could restrain the formation of
the Zr(O) grains. A fast cooling rate also led to the increase



Fig. 9. SEM/EDS results of the deposits on the inner surface of the crucible after the sintering at 1500 �C for 2 h: (a) surface appearance and (b) spectrum
of the marked area in (a).

Fig. 10. Effect of the cooling rate from a sintering temperature of 1500 �C on the microstructure of the sintered specimen: (a) cooling rate of 2 �C/min, (b)
Zr(O) grains at the periphery of the sintered specimen marked in (a), (c) spectrum from Zr(O) grain arrowed in (b), and (d) cooling rate of 10 �C/min.
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in the hardness of the sintered specimen from 245 to
289 Hv.
4. Conclusions

U–80 at.%Zr powder compacts were sintered in a tem-
perature range from 1100 to 1500 �C in a vacuum of
1 · 10�4 Pa. The sintered density depended more on the
sintering temperature than on the sintering time. A sinter-
ing at 1100 �C left un-reacted zirconium particles in the sin-
tered specimen. The specimens sintered at temperatures
above 1300 �C consisted of the d-UZr2 matrix with acicular
a-Zr precipitates. The pore coarsening accompanied the
increase in the sintered density. Uranium depletion near
the surface of the sintered specimen was observed due
to a vaporization of the U–Zr powder compacts during a
sintering. Massive Zr(O) grains, which was observed at
the periphery of the sintered specimen with a slow cooling
rate of 2 �C/min, were not detected when the cooling rate
from the sintering temperature was increased to 10 �C/min.
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