
Reaction of yttria-stabilized zirconia with zirconium,
silicon and Zircaloy-4 at high temperature:
a compatibility study for cermet fuels

T. Arima *, T. Tateyama, K. Idemitsu, Y. Inagaki

Faculty of Engineering, Institute of Environmental Systems, Kyushu University, 6-10-1 Hakozaki, Fukuoka 812-8581, Japan

Abstract

Compatibility studies for cermet (ceramic and metal) fuels have been completed for a temperature range of 1073–

1423 K. A reaction between yttria-stabilized zirconia (YSZ), as a simulated fuel, and Zr, as a candidate for a metallic

matrix, has been observed at temperatures P 1273 K, which means the formation of a metallic reaction layer at the

interface between YSZ and Zr and the occurrence of metallic phases inside the YSZ. Similar results were observed for

the YSZ–Zry4 (cladding) system. On the other hand, the degree of reaction was relatively large for the YSZ–Si (metallic

matrix) system, and Si diffused into the YSZ. However, the maximum fuel center-line temperature can be predicted to

be less than �1273 K for cermet fuels. Therefore, compatibility between the ceramic fuel and the metallic matrix should
be good under normal reactor operational conditions. Furthermore, since the temperature of the fuel-cladding gap is

lower, the cermet fuel and the cladding material are compatible.

� 2003 Elsevier Science B.V. All rights reserved.

1. Introduction

Zirconia-based inert matrix fuels are likely to be an

attractive fuel candidate for burning, in light water re-

actors (LWR), excess plutonium from LWR as well as

from nuclear weapons. An inert matrix fuel (IMF)

material based on yttria-stabilized zirconia (YSZ),

YyZr1�yO2�y=2 ðy P 0:15Þ, was proposed by PSI [1]. For
such a zirconia, it is important to stabilize the cubic

lattice structure for a wide temperature range. So, the

proper amounts of Y2O3 and PuO2 were added to ZrO2.

Cubic YSZ has advantages such as high melting

point, chemical stability, low neutron capture cross-

section and stability under irradiation. In addition to

Y2O3 as the stabilizer, Er2O3 must be added to act as a

burnable poison. As a result, the composition of the

cubic zirconia as the inert matrix fuel is ErxYyPuz-

Zr1�x�y�zO2�ðxþyÞ=2.

However, there is the drawback that the oxide fuel

consisting only of zirconia-based material has a rela-

tively low thermal conductivity. Thermal conductivity of

zirconia has been measured by many researchers [2–4].

Pure monoclinic zirconia has a thermal conductivity of

�6 Wm�1 K�1 at room temperature, and its value de-

creases with temperature [2]. However, zirconia stabi-

lized by Y2O3, Er2O3 and/or CeO2 has a thermal

conductivity of 2–3 Wm�1 K�1 [2–4], and these values

are relatively low compared to UO2, as shown in Table

1. In addition, the thermal conductivity of stabilized

zirconia is almost independent of temperature. There-

fore, in order to improve such a thermal property, two

types of reliable materials have been investigated so far.

These are cermet (ceramic–metal) and cercer (ceramic–

ceramic) fuels. The present study is focused on cermet

consisting of IMF particles embedded in a metallic

matrix. By combining oxide and metal, cermet fuels

have a good thermal conductivity. Fig. 1 shows the

temperature distribution in several types of fuel [5].
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Although this result was calculated under the following

simplifications, (1) the thermal conductivity of oxide was

neglected, (2) the thermal conductivity was constant

throughout the fuel, (3) the power distribution was

constant in the fuel, it was possible to compare the

temperature distributions among different fuels. Conse-

quently, the maximum fuel center-line temperatures of

cermet were estimated to be less than �1273 K.
For cermet fuels, it is essential to have direct contact

between the oxide fuel and the metal matrix. Therefore,

it is very important to investigate the compatibility

between them at the fuel operating condition. In the

present study, considering their neutron capture cross-

sections, Zr and Si were selected as candidates for the

metal matrix (see Table 1). So far, several types of cer-

met fuels have been developed and a compatibility study

has been done for each cermet fuel system, e.g. Al–UO2,

Mo–UO2 [6]. An idea of the liquid–metal-bonded gap

for LWR fuels has been proposed and this may be

considered to be a kind of cermet fuel system [7]. Al-

though YSZ is the key material of the oxygen ion con-

ductor as well as the host material of the nuclear fuel,

the interaction between YSZ and metal has received

little study of a chemical thermodynamic nature. In the

present study, the reaction of YSZ with Zr, Si or Zir-

caloy-4 was investigated for a temperature range of

1073–1423 K for a maximum of 112 days.

2. Experimental

The zirconia specimens used in this experiment were

fully stabilized YyZr1�yO2�y=2 ðy ¼ 0:15Þ. In order to
confirm that this material had cubic structure, X-ray

diffractometry (XRD) was performed. As a result, the

diffraction pattern of only the cubic structure was mea-

sured, and the lattice parameter was estimated to be

5.14 �AA. The YSZ specimens were prepared into the form
of a disk, which had the geometry of 10 mm diameter

and 1 mm thickness. Their surfaces were polished on

abrasive papers and then subsequently finished by alu-

mina buffing.

For the preparation of metal materials, Zr (99.7%), Si

(99.99%) and Zircaloy-4 (ASTM chemical composition)

were formed into samples which had the dimension of

10� 10� 1 mm, £10� 1 mm and £10� 1 mm, re-
spectively. For these metal materials, the surfaces were

also polished mechanically as mentioned above.

The heated sample was the YSZ disk sandwiched

between the metal samples, which were clamped between

Mo plates. Each sample was put in a silica glass tube

which was evacuated to a pressure of �10�3 Torr. The
schematic view of the test sample for isothermal heating

can be seen in Fig. 2. The heating temperature varied

from 1073 to 1423 K. The samples were heated to the

maximum in 112 days.

After isothermal heating, the sample was removed

from the silica tube and was analyzed by an electron

probe microanalyzer (Shimadzu EPMA-1600). For

EPMA examinations, cross-sections of samples embed-

ded in an acrylic resin were observed. The surfaces of

the observed sections were mechanically polished with

Table 1

Thermal, chemical and physical properties of candidates for cermet fuel

Cr Mo W Si Zr ZrO2 UO2

Thermal conductivity (Wm�1 K�1) 90.3 138 178 148 22.7 4–6 3–8

Melting point (K) 1860 2620 3400 1410 1850 2720 2840

Heat capacity at R.T. (JK�1 mol�1) 23.3� 23.8� 24.4� 20.0� 26� 57�� 64��

Linear expansion coefficient at R.T. (10�6 K�1) 8.4 5.1 4.5 4.2 5.8 8.8 9.4

Density (g cm�1) 7.19 10.22 19.3 2.33 6.51 5.8 10.9

Thermal neutron capture cross-section (10�24 cm2) 3.1 2.5 19.2 0.13 0.185 0.2 8

To be compared with � 3R ¼ 25 JK�1 mol�1; �� 9R ¼ 75 JK�1 mol�1.
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Fig. 1. Temperature distribution in cermet fuel at BOL (be-

ginning of life). Linear heating rate¼ 40 kWm�1; metal/oxide

volume ratio of cermet fuel¼ 50/50; fuel-cladding gap temper-
ature¼ 200 K.
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diamond paste and were then rinsed in an ultra-sonic

bath. The surface of the observed section was covered

with Au film to improve the electrical conductivity.

Photographs taken by EPMA examinations were pre-

sented as back-scattering electron images (BEI) because

it easily clarified the difference in distribution due to the

average weight of elements. Furthermore, in order to

measure the distribution of elements, characteristic X-

rays of La–Zr, La–Y, Ka–O, Ka–Si and La–Sn were
detected using analyzing crystals of ADP, PET, LS7A

and PETs, respectively.

3. Results and discussion

3.1. Zr–YSZ and Zry4–YSZ

At a temperature less than 1273 K, interaction be-

tween Zr and YSZ was not observed. At high temper-

atures, P 1273 K, reaction layers were observed between

Zr and YSZ and internal changes of YSZ were also

observed, especially for long term experiments. Fig. 3

shows the back-scattering electron images (BEI) and line

analyses in the vicinity of the interface between Zr and

YSZ for a sample heated to 1373 K for 5 d. The Zr layer

strongly adhered to the surface of YSZ and the adherent

layer fractured at a certain depth in the metal. Hereafter,

the thickness of the adherent layer was defined as that of

the reaction layer for Zr– and Zry4–YSZ samples. In

terms of the chemical composition, the line analyses of

EMPA showed that the oxygen content of the reaction

layer was a little higher than that of the Zr matrix. It is

known that zirconium easily absorbs oxygen and that the

oxygen solubility in Zr is 30 at.%. Therefore, this a-
phase of Zr that formed in the reaction layer had a high

oxygen content and consumed the oxygen of the YSZ.

In addition, every reaction layer observed at the inter-

face between Zr and YSZ was peeled from the metal

matrix. It may be related to mismatch of the thermal

expansion. The thermal expansion DL 	 L�1
0 of Zr was

known to be 0.7% at 1373 K, and �1% for YSZ [8,9].
Therefore, at high temperature, the surfaces of the Zr

and the YSZ were tightly pressed together so that the

metallic reaction layer was probably peeled from its

matrix in the cooling process due to the difference in

thermal expansion.

The changes observed in the interior of the YSZ are

shown in Fig. 4. In this figure, the BEIs taken from the

cross-sections of samples heated at 1273 and 1373 K are

shown. At the initial stage of heating, the white precip-

itates seen in the BEI emerged at the grain boundaries.

The EPMA measurements clarified that these contained

little oxygen and were like metal rather than oxide.

These phenomena are related to both the oxygen affinity

of coupled Zr and the oxygen diffusion property of YSZ.

The YSZ is known to be an oxygen-ion conductor and

the oxygen diffusion coefficient is larger at grain

boundaries than within grains. Therefore the oxygen

atoms existing around the grain boundaries moved into

the coupled Zr at first. With increasing temperature and

Fig. 3. Back-scattering electron image (BEI) and line analyses

of the interface between Zr and YSZ. The sample was heated at

1373 K for 5 d. Line analyses were done along the white line

shown in BEI.
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Fig. 2. Experimental set-up for isothermally heating. The he-

ated sample was a YSZ disk sandwiched between metals such as

Zr, Si and Zircaloy-4.
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heating time, each white precipitate extended its area

and they were distributed uniformly in the YSZ.

In the Zry4–YSZ samples, neither the reaction layer

between Zircaloy-4 and YSZ nor the metallic phases in

YSZ could be found at T 6 1273 K. Above a tempera-

ture of 1273 K, the reaction layers could be observed,

and the metallic phases could also be observed after long

periods of time. These changes observed in the Zry4–

YSZ samples were similar to those of Zr–YSZ samples.

Fig. 5 shows the BEI and line analyses at the vicinity of

the interface between Zry4 and YSZ, and this sample

was heated to 1323 K for 22 d. The condensation of tin,

which is one of the alloy elements of Zircaloy-4, was

observed. Such tin condensations were observed in al-

most all samples heated at T > 1273 K and occurred at
the gap between the reaction layer and the Zircaloy-4

matrix. The content was �2–3 times of the 1.3 wt% of Sn
initial content in Zircaloy-4. Such an amount of tin can

be soluble in Zircaloy-4 (or Zr) in consideration of the

Zr–Sn phase diagram [10]. The EPMA measurement,

however, showed that tin was swept away in the reaction

layer. It is difficult, so far, to understand clearly these

results.

3.2. Si–YSZ

With heating temperatures lower than 1273 K, in-

teractions between Si and YSZ are not observed. Above

a temperature of 1273 K, a reaction layer is formed at

the surface of the YSZ. Fig. 6 shows the BEI and line

analyses at the vicinity of the interface between Si and

YSZ. This sample was heated to 1373 K for 7 d. The

Fig. 4. Formation of metallic phases in the interior of YSZ coupled with Zr. These metallic phases were distributed uniformly in the

YSZ.
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reaction layer was characterized by two features. One is

that the thickness of the reaction layer was much greater

than those of Zr– and Zry4–YSZ samples, and another

is that the reaction layer formed on the YSZ side. The

line analyses clarified that Si combined preferentially

with Zr, and that Y and O moved in the opposite di-

rection to Zr. And two chemical phases, i.e.

Y0:11Zr0:26Si0:63 and Y0:06Zr0:11Si0:33O0:5, could be found

in the reaction layer. The composition thus obtained had

an error of roughly 
10% for each value due to the

analyzed position or the experimental condition.

3.3. Kinetics of reaction layers

In Fig. 7, the thickness of reaction layer was plotted

as a function of time for a sample heated to T ¼ 1373 K.
Fig. 8 shows the Arrhenius relationship between the

reaction rate constant and the reciprocal of temperature.

The rate constant was deduced under the assumption

that the reaction layer grew parabolically with time. The

reaction layers of Zr– and Zry4–YSZ samples had small

growth rates. This was the reason the formation process

Fig. 5. BEI and line analyses of the interface between Zircaloy-

4 and YSZ. The sample was heated at 1323 K for 22 d. Line

analyses were done along the white line shown in BEI.

Fig. 6. BEI and line analyses of the interface between Si and

YSZ. The sample was heated at 1373 K for 7 d. Line analyses

were done along the white line shown in BEI.

28 T. Arima et al. / Journal of Nuclear Materials 319 (2003) 24–30



of reaction layers was not only relevant to chemical in-

teraction, but also to the mechanical fracture. If the

chemical interaction dominates the kinetics, the oxygen

diffusion in Zr or Zircaloy-4 has to be considered. The

oxygen diffusion coefficient in a-Zr was reviewed by
Ritchie [11]. The oxygen diffusion pathway was esti-

mated to be �2 mm in a-Zr at 1373 K for 14 d, and the

value thus obtained was much larger than observed in

this work (Fig. 7). In terms of the activation energy, the

values of �500 kJmol�1 obtained in the present study
were larger than that of oxygen diffusion in a-Zr (229
kJmol�1). In addition, the oxygen supply was controlled

by the equilibrium oxygen partial pressure of the Zr (or

Zry4)–YSZ system [12]. The equilibrium oxygen partial

pressure was estimated to be P (O2)¼ 4.4� 10�18 atm
and at 1373 K for YyZr1�yO2�ðy=2Þ ¼ YyZr1�yO2þx�ðy=2Þ þ
ðx=2ÞO2ðgÞ where y ¼ 0:148. For the Zr–ZrO2 system,
the P (O2) was estimated to be 2.3� 10�32 atm at 1373 K.
In either case, the amount of supplied oxygen was very

limited in terms of the oxygen partial pressure. Conse-

quently, the oxygen was distributed evenly in Zr (or

Zircaloy-4) at a concentration of less than the oxygen

solubility limit. In the Zry4–YSZ samples, tin condensed

in the gap between the reaction layer and Zircaloy-4

matrix. The correlation between the growth rate of the

reaction layer and the chemical interaction was strong

compared with the Zr–YSZ samples. However, from the

aspect of chemical interaction only, the kinetics of re-

action layer growth could not be understood. Therefore,

as mentioned in Section 3.1, the difference in the me-

chanical property, e.g. thermal expansion, between

metal and oxide might have an effect on the thickness of

the reaction layer of Zr– and Zry4–YSZ samples.

On the other hand, the Si–YSZ samples showed a

growth curve whose rate constant was relatively large. In

addition, the thickness of reaction layer was increased

with heating time. As shown in Fig. 6, in the reaction

layer, cracks due to mismatch of thermal expansion

could not be observed. Therefore, the chemical interac-

tion determined the thickness of the reaction layer.

Nevertheless, the reaction between Si and YSZ was a

solid–solid or gas–solid reaction, the consideration of

the reaction of YSZ with Si vapor under low oxygen

partial pressure was helpful to understand the formation

process of the reaction layer. The oxygen partial pres-

sure in the Si–YSZ system might be less than the equi-

librium one (¼�6.9� 10�25 atm) between Si and SiO2
at 1373 K because Si was not oxidized. Under such low

oxygen partial pressures, Si and SiO vapor are the main

chemical species. Consequently (Zr,Y)Si2 may be

formed in YSZ as a result of chemical thermodynamics

equilibrium [13], and other chemical compounds con-

taining oxygen atoms formed, since the zirconia was

doped with 8 mol% Y2O3.

4. Conclusion

In the present study, the compatibility between yt-

tria-stabilized zirconia and zirconium, silicon or Zirca-

loy-4 has been investigated at temperatures from 1073 to

1423 K. For the YSZ–Zr and –Zry4 systems, relatively

thin reaction layers were observed at the interface
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between YSZ and the metal at T >� 1273 K. The
thickness of reaction layer, which was originally a part

of the metal matrix, might be determined by both

chemical interactions, e.g. oxygen diffusion, and me-

chanical interactions, e.g. mismatch of thermal expan-

sion. For the YSZ–Zry4 samples, Sn condensation could

be observed. In addition, the samples heated at high

temperatures for long periods of time showed the oc-

currence of metallic phases in YSZ. On the other hand,

in the YSZ–Si system, Si attacked YSZ at T > 1273 K so
that the reaction layers formed on the YSZ side. The

growth rate of the reaction layer of YSZ–Si samples was

much larger than those of YSZ–Zr and YSZ–Zry4

samples. However, in terms of compatibility, the pro-

posed systems in the present study was found to be

suitable for utilization in pile because the maximum fuel

center-line temperatures for cermet fuels and the tem-

perature of the fuel cladding gap was estimated to be less

than 1273 K.
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