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DYNAMIC CHARGE CARRIER TRANSPORT BEHAVIORS IN ZIRCONIUM OXIDE
FOR NUCLEAR CLADDING MATERIALS

Dynamic charge carrier transport behavior in the zirconium (Zr) oxide was investigated based on the frequency-dependent
capacitance-voltage (C-V) and temperature-dependent current-voltage (I-7) measurements. The Zr oxide was formed on the ZIRLO
and newly developed zirconium-based alloy (NDZ) by corrosion in the PWR-simulated loop at 360°C. The corrosion test for 90 days
showed that the NDZ exhibits better corrosion resistance than ZIRLO alloy. Based on the C-V measurement, dielectric constant
values for the Zr oxide was estimated to be 11.28 and 11.52 for the ZIRLO and NDZ. The capacitance difference between low
and high frequency was larger in the ZIRLO than in the NDZ, which was attributed to more mobile electrical charge carriers in
the oxide layer on the ZIRLO alloy. The current through the oxide layers on the ZIRLO increased more drastically with increasing
temperature than on the NDZ, which indicating that more charge trap sites exist in the ZIRLO than in NDZ. Based on the dynamic
charge carrier transport behavior, it was concluded that the electrical charge carrier transport within the oxide layers was closely

related with the corrosion behavior of the Zr alloys.
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1. Introduction

For few decades, Zirconium (Zr)-based alloys have been
achieved much attention for applications as a fuel cladding and
other components of fuel assembly in nuclear reactors due to
their excellent corrosion resistance, mechanical hardness, high
melting temperature, and stability under the irradiation condition
during nuclear reactor operation [1-5]. Especially, Zircaloy-4
(Zr-1.5Sn-0.2F¢0.1Cr in wt.%) is a Zr-based alloy containing
a few percent of Sn, Fe, and Cr and has been developed for
application in nuclear fuel cladding tubes [6]. Because of its
high resistance to corrosion and stable under neutron irradia-
tion, Zircaloy-4 has been used for a long time in commercial
nuclear power plants. To further improve the performance of
the Zr-based alloys, many parameters, such as safety, reliability,
long-term stability, and economical operation have been consid-
ered. Recently, advanced Zr-based alloys containing high Nb
content, such as ZIRLO (Zr-1Nb-1Sn-0.1Fe in wt.%), HANA-4
(Zr-1.5Nb-0.4Sn-0.2Fe-0.1Cr in wt.%) [8], and HANA-6
(Zr-1.1Nb-0.05Cu in wt.%) have been developed to meet the

demands for increased fuel discharge burn-up and power level
[7-8]. These excellent corrosion-resistance of the Zr-based alloys
have been known to be attributed to the formation of stable Zr
oxide on the surface [9,10]. The oxidation behavior of metal in
aqueous ambient is dominated by the diffusion of oxidant species
and electrical charge carrier [9-11]. To further investigate the
oxidation behavior of the Zr-based alloys, the dynamic charge
carrier transport behaviors through the Zr oxide should be fully
understood. Therefore, in this study, we have investigated on
the dynamic charge carrier transport behaviors in the Zr-based
alloys based on the frequency-dependent capacitance-voltage
and temperature-dependent current-voltage measurements. In
addition, we have considered the relation between these dynamic
charge carrier transport behaviors with the corrosion resistance.

2. Experimental

In this study, we compared the electrical properties of the
Zr oxides for the conventional ZIRLO alloy and newly devel-
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oped zirconium based alloy which containing over 95 wt%
of Zr and additives. These samples will be noted as ZIRLO
and NDZ in this manuscript. They were thermally annealed at
475°C to completely recrystallize the microstructures. To form
the oxide layers on the Zr alloys, corrosion test was carried out
based on the ASTM G2 procedure. The Zr alloy plates were
cut into 20 mm x 25 mm X ¢ mm size. And they were mechani-
cally polished and cleaned by using acetone and ethanol in the
ultrasonic bath for 10 min. The corrosion test was performed in
the pressurized water reactor (PWR)-simulated loop at 360°C in
2.2 ppm Li solution. The corrosion tested samples were weighed
periodically to check the weight gain. For the investigation of
the electrical properties of the oxides before transition, the oxide
used in this study was tested for 90 days.

To investigate the electrical properties of the oxides formed
during the oxidation test, metal-insulator (oxide)-metal (MIM)
capacitor structure was fabricated. As shown in Fig. 1(a), Zr
alloys and aluminum metal were used for the bottom and top
electrodes, respectively. The aluminum top electrode was depos-
ited by using DC sputtering method through the circular shape
of shadow mask. The diameter and thickness of the aluminum
electrode were 0.5 mm and 200 nm, respectively.

To investigate the structural properties of the Zr oxide,
X-ray diffraction (XRD, Rigaku D/Max-2500 diffractometer
equipped with a Cu Ka source) was measured for the corrosion
tested samples for 90 days. The electrical properties of the oxides
were measured by using current-voltage (/-V) and capacitance-

(a)

(b)

voltage (C-V) measurements. The /- measurement were
performed using a source meter (Keithley 2450) with variation
of temperature by hot chuck from 20 to 100°C. The C-V meas-
urement were performed using an impedance analyzer (Agilent
4292A) with voltage amplitude of —30 mV at the frequency of
10 kHz and 1 MHz.

3. Results and discussion

To investigate the electrical properties of the Zr oxide, cor-
rosion test was performed for 90 days before starting transition.
Figure 2(a) shows the corrosion test results for the ZIRLO and
NDZ for 90 days. They showed similar and typical corrosion
behavior of Zr alloys showing that the corrosion occurs drasti-
cally until 30 days and increase linearly by 90 days. Considering
the weight gain, the oxide thickness for the ZIRLO and NDZ
after 90 days assumed to be 2.12 and 2.06 pum, respectively. The
corrosion test results imply that the NDZ exhibits better corrosion
resistance. Figure 2(b) shows the XRD results for the samples
after 90 days corrosion test. Two samples showed similar XRD
features of the Zr oxide formed by corrosion. The XRD peaks
are corresponding to the (111), (-111), (002), and (200) planes of
the monoclinic phase of Zr oxide [12]. It should be noted that the
tetragonal phase showed negligibly small peak even before the
transition. The Zr oxides for both alloys were mainly consisted
of monoclinic phase.

Sample structures for electrical measurements

Al (Sputtering deposition)
200 nm

Electron energy band structure

Zr alloy metal ZrO,, Al top electrode
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Fig. 1. (a) MIM sample structure for C-¥ and I-V measurements. (b) Electron energy band structure of the Zr oxide based MIM capacitor structure

used for electrical measurements
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Fig. 2. (a) Weight gain results during corrosion test for the ZIRLO and
NDZ. (b) Theta-2 theta XRD results for the Zr oxide layers formed
by corrosion

To investigate the electrical properties of the Zr oxides,
C-V was measured after fabricating top electrode as shown in
Fig. 1. The Zr was used as bottom electrode after grinding and
polishing the back side to expose the fresh Zr surface. Consid-
ering the work function of Zr as 4.05 eV, the aluminum can be
an excellent counter electrode to form a symmetric capacitor,
because its work function is 4.06 eV. As shown in Fig. 1(b), the
device structure can exhibit a MIM capacitor structure due to
insulating nature of the Zr oxide layers. Figure 3(a) shows the
C-V results for the Zr oxides formed on the ZIRLO and NDZ
measured at low (10 kHz) and high (1 MHz) frequency between
—10 and 10 V. The capacitance value of the Zr oxide showed
linear behavior with applied voltage. The dielectric constant
of the Zr oxide was estimated from the measured capacitance
values based on following equation;

A

C=g¢,¢, 7

where, C is the capacitance, ¢, is relative dielectric constant of
the oxide, ¢, is vacuum permittivity of 8.8542 x 1072 F/m, 4
is the electrode area, and d is the thickness of the oxide layers.
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The estimated dielectric constant values for the Zr oxide on the
ZIRLO and NDZ are 11.28 and 11.52, respectively. Even though
these values are much lower than 25 which is well-known di-
electric constant value of bulk ZrO,, these are very close to the
already reported dielectric constant value 11 for the anodic and
thermally formed Zr oxide film [13]. The lower value of dielec-
tric constant for the oxidized Zr than that of bulk or dense ZrO,
would be due to loss of stoichiometry and defective structures of
the oxide layers. Figure 3(b) summarizes the average capacitance
values for the samples depending on the frequency. It should be
noted that the difference between the capacitances at low and
high frequency of the ZIRLO is much larger than that of the
NDZ. This would be attributed to the different contribution of
the polarization mechanism. There are four basic polarization
mechanisms in the materials; electronic, ionic, orientational,
and interfacial polarization [14]. Among them, the interfacial
polarization contributes to the total polarization only in the low
frequency range because the interfacial polarization occurs when-
ever there is an accumulation of charge at an interface between
two materials, in this case, between the metal and oxide layers.
The mobile charges can be trapped electrical charge carriers at
the defect states or hydrogen ions. The difference between the
capacitances at the low and high frequency ranges implies the
contribution of the interfacial polarization. the large capacitance
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Fig. 3. (a) C-V curves for the ZIRLO and NDZ at the low (10 kHz) and
high frequency (1 MHz) ranges. (b) Summary of capacitance values at
low and high frequency and capacitance difference
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difference indicates more contribution of the interfacial polariza-
tion due to larger amount of mobile electrical charge carriers.
Therefore, this implies that the ZIRLO alloy contains more
mobile electrical charge carriers than NDZ, which is coincident
with the corrosion results.

To investigate further about the transport behavior of mo-
bile charges in the oxide layer, temperature-dependent /- was
measured for the MIM capacitors. As shown in Figs. 4(a) and (b),
the ZIRLO and NDZ showed asymmetric /-V characteristics,
which would be due to non-uniform distribution of defects in
the oxide layers. Under the reverse bias condition, more current
flows than in forward bias condition. It should be noted that the
current increases as temperature increases. In addition, the incre-
ment of the current with increasing temperature is larger in the
ZIRLO than in the NDZ. This indicates that more charge trap
sites exist in the ZIRLO than in NDZ. This coincide with the
corrosion test results, which showing better corrosion-resistant
property in NDZ than ZIRLO. Therefore, the corrosion behavior
could be estimated based on the electrical measurements. To
investigate more about the temperature-dependent /- results,
InJvs 1/Trelation was plotted as shown in Fig. 4(c) and it shows
linear relation. This temperature-dependent behavior can be ex-
plained as a Poole-Frenkel conduction mechanism, which is one
of conduction mechanism through an insulator [13]. As shown
in the inset of Fig. 4(c), crystalline defects in Zr oxide forms
localized trap energy states within the energy bandgap. The elec-
trons or other electrical charge carriers are generally trapped in
these localized state. As temperature increases, random thermal
fluctuations can provide enough energy to the electrical charge
carriers to escape from its localized state, excited into the con-
duction band, and finally results in increased current flow. The
standard quantitative expression for the Poole-Frenkel effect
can be expressed as [15,16];

—q(¢y —\JqE | ne j

kyT

JocEeXp{

where, Jis the current density, E is the applied electric field, g is
the elementary charge, ¢ is the voltage barrier that an electron
must cross to move from one atom to another in the crystal, ¢ is
the dynamic permittivity, kz is Boltzmann’s constant, and 7 is
the temperature. This equation implies that the /nJ and 1/T have
linear relation as shown in Fig. 4(c). It should be note that the
current increases more drastically in ZIRLO than in NDZ. This
indicates that more defective oxide layer was formed within
the oxide of the ZIRLO alloy. During corrosion process, trans-
portation of oxygen, hydrogen ions, and electrons between the
coolant and Zr alloy cladding layers through the oxide layer
determines the corrosion kinetics. Therefore, the capacitive and
transportation behavior of electrical charge carriers within the
oxide layers can be closely related with the corrosion rate of the
Zr alloys. In this way, the corrosion behavior of the Zr alloys
can be estimated by only considering the dynamic charge carrier
transport behavior at the initial stage.
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4. Conclusions

In this study, the dynamic charge carrier transport behav-
ior in the Zr oxide based on the frequency-dependent C-V and
temperature-dependent /-V measurements. The Zr oxide was
formed on the ZIRLO and newly developed NDZ by corrosion in



the PWR-simulated loop at 360°C. The corrosion test results for
90 days showed that the NDZ exhibits better corrosion resistance
than ZIRLO. The estimated dielectric constant values for the Zr
oxide on the ZIRLO and NDZ are 11.28 and 11.52, respectively,
which are very close to the already reported dielectric constant
value 11 for the anodic and thermally formed Zr oxide film. The
capacitance difference between low and high frequency was
larger in the ZIRLO than in the NDZ, which was attributed to the
contribution of the interfacial polarization and implied that the
oxide of ZIRLO alloy contained more mobile electrical charge
carriers than that of NDZ. In addition, the increment of the cur-
rent through the oxide layers with increasing temperature is larger
in the ZIRLO than in the NDZ, which indicating exist of more
charge trap sites in the ZIRLO than in NDZ. These electrical
charge carrier transport influenced on the corrosion kinetics. And
the capacitive and transportation behavior of electrical charge
carriers within the oxide layers can be crucial in estimating the
corrosion of Zr alloys at the early stage.
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