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Abstract

The change of resistivity and permittivity of oxide films grown 1554 days in water at 360 °C on tubes of Zr1Nb,
ZrSnNb(Fe) and IMP Zry-4 was investigated by /-7 measurements after long-time annealing in air at 123 °C. Thereby
the room temperature resistivity, highest in Zry-4W and lowest in Zr1Nb, increased by more than two orders of mag-
nitude due to a strong decrease of mobility, with nearly constant carrier concentration. The polarity of the zero current
changed from negative to positive values in the pA range. The changes are thought to be due to continued oxidation.

© 2004 Elsevier B.V. All rights reserved.

1. Introduction

The results presented in this paper were achieved
continuing the investigation of the transport properties
of oxide layers of zirconium alloys described earlier [1].
Of special interest were three specimens [2] of oxide films
on ZrINb, ZrSnNb(Fe) and IMP Zry-4 tubes, used for
fuel cladding in light water reactors, which had been
grown at VVER conditions in water of 360 °C for
1554 days (4% years). The task was to compare the resis-
tivity and the permittivity of the oxides grown under
identical conditions on different alloys and test their sta-
bility at higher temperature by long-time annealing in
air.
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2. Experimental

Tube specimens 30 mm long and of 9 mm outer
diameter prepared from the zirconium alloys Zr1Nb,
ZrSnNb(Fe) and IMP Zry-4 (Table 1) had been oxidized
in water at 360 °C for 1554 days (4 years). Gold elec-
trodes of about 200 nm thickness were vacuum evapo-
rated on to the specimens wrapped in Al foil with
circular openings of 6.0 mm diameter, and the samples
were mounted in a mini-thermostat. The schematic mea-
suring set-up was the same as used earlier [3].

Owing to the large contact area of 0.283 cm?, guard
rings appeared not to be necessary, as was shown al-
ready in [1]. The voltage was applied and measured at
the zirconium metal. The gold electrode on the oxide
layer was earthed via a picoampere-meter with a resolu-
tion of 0.1 pA. The voltage drop on the picoampere-
meter was limited to 10 mV maximum. First the capacity
was measured with a TESLA BM 498 type capcitance
bridge, operating at 1000 Hz with 0.1% precision. Then
the I-V characteristics were measured, first at room
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Table 1
Chemical composition (wt%) of zirconium alloys used in the
present study

Nb Sn Fe Cr
ZrINb 1 - - -
ZrSnNb(Fe) 1 1 0.1 -
IMP Zry-4 - 1.3 0.2 0.1

temperature and then at constant higher temperatures
between 60 and 120 °C with 20 °C steps. The voltage
steps applied were 1, 2, 5, 10, 15, 20, 25, 30 V, respec-
tively. The time dependence of the injection current
was measured after each voltage increase, and reaching
constant charge limited current conditions after
30 min, the time-dependent extraction short-circuit cur-
rent drop was registered to evaluate the extracted
charge, being equal to the injected charge. In order to as-
sess the influence of oxygen on the properties of the
oxide layers, the specimens were long-time annealed at
123 °C and the time dependence of the zero current
was registered. The annealing was interrupted from time
to time to measure the I~V characteristics at room tem-
perature and trace the change of transport properties.

3. Results and discussion

The steady-state current at room temperature of the
samples as grown as a function of the applied voltage
is shown in Fig. 1. The I~V characteristics can be fitted
to a second order polynomial

I=aU”+bU +c, (1)

where ¢ is the short-circuit current I, flowing at zero
voltage. The linear term describes the current obeying
Ohm’s law, and b = 1/R defines the resistance R = pw/
A of the sample with thickness w, contact area 4 and
resistivity p. The quadratic term is due to the space-
charge limited current according to the Mott-Guerney
[4] relation
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Fig. 1. I-V characteristics at room temperature, samples as-
grown.

Using Eq. (2) it is possible to evaluate the mobility u
and the concentration 7 of the free carriers from the qua-
dratic term in Eq. (1),

n=1I/eup. 3)

The results of the measurements of the /-} character-
istics at room temperature, using values from Fig. 1, are
given in Table 2. It should be noted that the samples had
been measured at room temperature and had not been
exposed to higher temperatures. Although the oxides
had been grown under the same conditions, there are
large differences of their properties.

Measurements of the I~V characteristics at higher
temperatures (starting from 60 °C with 20 °C increments
up to 123 °C), allowed to evaluate the activation energy
of resistivity, mobility and carrier concentration, shown
in Table 3. It is interesting to note that the measure-
ments at temperatures above room temperature changed

=4 9eeopt U2 ) appreciably the results, compared with Table 2. As can

8w ' be seen in Table 3, the activation energy is higher for
Table 2
Transport parameters of the as-grown samples

ZrINb ZrSnNb(Fe) IMP Zry-4w

Thickness w (um) 27.1 359 37.5
Rel. permittivity & 24 28 18
Resistivity p (Qcm) 43 % 10" 1.3x 10" 45x%10"
Mobility M (cm?/Vs) 1.5% 1077 1.1x107° 20x1078
Concentration n (cm™) 1.0 x 10 44x 108 7.0x 10"
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Table 3

Activation energies of transport parameters

Samples ZrINb ZrSnNb(Fe) IMP Zry-4
Activation energy of resistivity (eV) —0.64 —-0.96 -1.07
Activation energy of mobility (eV) 0.78 0.79 0.65
Activation energy of carrier concentration V) —0.14 0.14 —0.05

The sign of the activation energy indicates (+) increasing and (—) decreasing the parameter with rising temperature.

the samples with larger room temperature resistivity. In
consequence of this, at 360 °C oxidation temperature,
the resistivity of all three samples will be around
105 Qcm. Owing to the lower activation energy of
ZrIND, its resistivity will remain higher than that of
the other samples, although the starting resistivity at
room temperature was the lowest. This would explain
the smaller thickness of the oxide film of Zr1Nb in com-
parison with the other zirconium alloys, if we assume [5]
the oxidation velocity to be directly proportional to the
conductivity of the oxide layer.

The mobility of the carriers is extremely low, about
1077 cm?/Vs at room temperature, and nearly the same
for all three zirconium alloys, but strongly increasing
with rising temperature with not very different activation
energies (0.65-0.79 ¢V). On the other hand, the carrier
concentration is with 1 x 10" cm™2 practically the same
and furthermore, nearly temperature independent for all
three zirconium alloys. The values of carrier concentra-
tion given in Table 2, which were computed from the
measured I-V characteristics directly after contact
evaporation, differ from the values assessed, when the
samples had been at higher temperatures during mea-
surement of the temperature dependence of resistivity.
Already after the first measurements it could be seen
that there existed a certain influence of past temperature,
time and voltage treatment on further results. It was
therefore decided to investigate the effect of prolonged
impact of temperature and voltage.

The I-V characteristics at higher temperatures did
not pass through zero, i.e. there existed a short-circuit
current and an open-circuit voltage, similar to previous
measurements on other samples. But on the contrary
to former findings [1], the zero current was negative,
and the open circuit voltage was positive (the polarity
is related to the bulk zirconium). The short-time depen-
dence of the injection and extraction currents is shown
in Fig. 2.

Continued annealing at 123 °C resulted in a slow
drop of the zero current with a final change to a positive
and stabile zero current. The results are summarized in
Table 4.

Thus the overall behaviour of injection and extrac-
tion currents is in principle the same for all three zirco-
nium oxides. At application of a voltage, there flows an
injection current (phase 1), which drops after about
1000s to a space-charge limited steady current. At
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Fig. 2. Time dependence of injection and extraction currents
(at 123 °C) (a) ZRIND (b) ZrSnNb(Fe), starting from negative
zero current, injection at 5V (¢) IMP Zry-W, injection at
—-20V.

shortening the sample by a pico-amperemeter, there
flows an extraction current of opposite sign of the injec-
tion current (phase 2), which is the sign inverted replica
of the injection current drop (Fig. 3), obeying a power
law, I =A-t", (the exponent was 0.25 <n <0.65,
rising with injection voltage and falling with tempera-
ture). The time-integral of the extraction current is equal
to the injected charge, which is a linear function of the
injection voltage.

From time to time the annealing was interrupted
and the I~V characteristics were measured at room
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Table 4
Injection and extraction currents at 123 °C
Zr1Nb ZrSnNb(Fe) IMP Zry-4W

Stable injection current at voltage (nA) 25 3.65 -7.5

\% 5 5 =20
Zero current after 1800 s (pA) —4500 -200 —60%
Time for change of polarity of zero current (d) 5.4 0.46 5.8
Constant positive zero current after 14 days (pA) 30 45 0.9

# Originally positive extraction current after 600 s changed to negative zero current.
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Fig. 3. The extraction current as the replica of the injection
current. IMP Zry-4, measurement at room temperature before
annealing, (a) time dependence of the current at application of
55V, consisting of the time dependent injection current with
added steady state current of 660 pA, (b) short circuit extrac-
tion current (of opposite polarity, here depicted positive), (c)
current values of (a) after subtraction of 660 pA, being the pure
injection current.
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Fig. 4. Dependence of room temperature resistivity on time of
annealing in air at 123 °C.

temperature. As can be seen in Fig. 4, the resistivity in-
creased steadily with annealing time.

It is possible to compensate the zero current /; to zero
by applying a voltage of opposite sign, which is equal to
the open-circuit voltage U,. Measurements of the zero
current and of its compensation voltage represent a sim-
ple method of assessing the resistivity at a given temper-
ature, because I, and U, constitute a small section of the
linear part of the /-V characteristics at the origin.

4. Conclusions

Although all three samples had been grown under
identical conditions, there are grave differences in their
properties, see Tables 2-4. ZrINbD is considered to be
the best corrosion resistant material for fuel cladding.
It had the smallest oxide layer thickness, and the permit-
tivity had nearly the normal value of the compact oxide.

The negative zero current is caused by electrons,
which had been injected as space charge by former posi-
tive injection currents, and are loosely bound to vacan-
cies and are then thermally liberated. In case of the
as-grown samples the origin of these electrons is not clear.
The final positive zero current after long annealing is be-
lieved to be caused by the diffusion of oxygen from the
surrounding air and chemically reacting with zirconium
at the metal-oxide interface. At the annealing tempera-
ture oxygen diffuses through the oxide layer, thereby fill-
ing up vacant oxygen sites and thus increasing the
distance between the remaining vacancies, which will
strongly diminish the probability of electron hopping
and thus lowering the mobility. It is not clear, why the
concentration of current carriers is also not diminished,
but slightly increases with annealing time.

Changes in the oxide structure by prolonged anneal-
ing in air are indicated by a change of the relative
permittivity. It dropped from a starting value of 24 to
14 in ZrINb (—41%), from 28 to 24 in ZrSnNb(Fe)
(—14%), and from 18.1 only a little to 17.5 in IMP Zry-
4 (—3%). In the Zr1Nb sample the current I = 30 pA
transported a charge of 9.8 x 107 in 38 days as equaling
n=6.2x 10" electrons which, if used for oxidizing the
Zr metal, would increase the oxide layer thickness only
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by about 4x10*um (Aw=nWIQ2pNA), where
W =123.22 is the molecular weight, p = 5.56 g/cm® the
density, N =6.02x10* Avogadro’s number and
A =0.283 cm? the contact area). The negligible thickness
increase cannot explain the large permittivity changes.

It seems justifiable to assume that the large observed
differences are due to the different alloying additives, as
listed in Table 1.
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