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Abstract  
 

In this study the conductivity/resistivity of oxide formed on Zircaloy-2 nuclear fuel cladding is 
measured. The same cladding grade (LK3/L) is used to compare the oxide formed after short and long 
residence times, respectively 3 and 9 cycles, in a Boiling Water Reactor (BWR). The oxide in the 
vicinity of the metal-oxide interface is studied. The measurements were carried out using a novel 
technique developed at PSI, using micromanipulators (micromanipulator) inside a FIB/SEM to probe 
different thicknesses of oxide and hence directly measure the resistance and calculate the resistivity of 
that thickness of oxide. The results from the 3 and 9 cycle oxides are compared. It is demonstrated 
that the resistivity of the oxide in the vicinity of the interface of the 9-cycle cladding increases with 
distance from the interface, much faster than that of 3-cycle cladding to a maximum level. The study 
is correlated to previous work, performed at PSI, characterizing these 2 materials by EPMA and other 
techniques.  

 

1 Introduction  
 
Zirconium alloys have been used since the early 1950’s as nuclear materials [1] and in the 1960’s 
became the most commonly used material for fuel cladding in light water and heavy water reactors 
[1]. Hydrogen uptake and subsequent hydride formation during component lifetime has been 
identified as one of the critical life limiting degradation behaviours for these components [2]–[5]. It 
has been demonstrated by recent studies that hydrogen uptake is not constant throughout component 
lifetime and it can increase or decrease with residence time [4], [6]. To explain the mechanism of 
hydrogen uptake and its variation from one alloy to another, (or for the same alloy at different stages 
of oxidation and irradiation), the oxide electronic resistivity is considered.  It is claimed that this 
parameter plays a significant role in the corrosion kinetics and hydrogen pickup. In other words, one 
of the hypothesis is that increasing oxide resistivity would decrease the mobility of electrons from the 
metal-oxide interface, where the oxidation reaction takes place, out to the oxide-water interface. 
This in turn would increase the electrical potential across the oxide and hence the driving force for the 
ingress of positive �� ions [2], [7], [8].  
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This implies that, in the process of oxidation and hydrogen uptake, the metal-oxide interface and 
oxide-water interface and the pre-existing oxide layer separating the two interfaces function similar to 
an electrochemical cell [9]. Either negatively charged electrons must migrate outwards, through the 
oxide to reduce positive �� ions at the oxide-water interface; or �� ions must ingress through the 
oxide, to capture the electrons. The latter is unfavourable, as the hydrogen being very close to the 
metallic site, can cause a rapid ingress of hydrogen into the underlying metal and increase the 
hydrogen uptake.  Above a certain level of concentration, at the service temperature hydrogen will 
precipitate in the form of hydrides and can lead to cladding embrittlement and a loss of mechanical 
properties [2], [4].  
 
In order to verify the above-mentioned hypothesis, it is useful to measure the resistivity of oxide in 
the vicinity of metal-oxide interface and at an increasing distance into the oxide, and compare two 
materials with two different hydrogen pick-up fractions (HPUF).  
 
Previous attempts have been made to quantify the resistivity of the oxide by Electrochemical 
Impedance Spectroscopy (EIS)  [8], [10]–[16]. There are some limitations to this technique, firstly 
since in most cases, the experiments are performed in autoclave conditions there is an absence of 
irradiation and related in reactor phenomena (e.g. changes of microstructure, chemical composition 
and irradiation induced defects and furthermore, gradual changes of water chemistry). Secondly, since 
the samples are immersed in electrolyte, it is not possible to have a direct measurement of intrinsic 
oxide resistivity but instead a bulk average is calculated across the whole sample; and the exact 
thickness of the oxide probed is unknown. This technique has been successfully paired with weight 
gain measurements[8], [11], [12], [14], which can be correlated to oxide thickness but once again the 
electrolyte is expected to penetrate into the oxide through open pores and cracks, and hence modify its 
properties. Furthermore, the exact penetration distance measured in the oxide is unknown.  
 
The objective of the current work is to determine the inherent (in the absence of external parameters) 
oxide conductivity near the metal oxide interface of a Zircaloy-2 (LK3/L grade) and to compare the 
variations after 3 and 9 cycles of irradiation in a Swiss boiling water reactor (Kernkraftwerk 
Leibstadt, KKL). The measurements were performed, by means of a novel technique developed at the 
laboratory, Paul Scherrer Institut (PSI). Using micromanipulators (micromanipulator) in a scanning 
electron microscope (SEM), the resistivity of a certain thickness of oxide at a certain point could be 
directly measured. Although this paper will cover to some extent the experimental method, further 
detail for the hydrogen measurements and for the conductivity technique can be found in refs [6] and 
[17], [18]. The results will then be compared with the hydrogen uptake for both materials, previously 
measured in ref. [6].  
 
The choice of material in this study is based on the analysis of a high burnup LK3/L cladding, which 
after 9-cycles in reactor had still a surprisingly satisfactory oxidation behaviour; however, it showed 
an increase in hydrogen pickup fraction. It should be kept in mind that this material is not designed to 
stay for such long residence times in reactor, and the 9-cycle cladding was produced for research 
activities only. The hydrogen pickup fraction of the cladding after 9 cycles had reached 30% 
compared to the 3-cycle cladding which was 17% [6]. This finding forms the basis for the motivation 
for the extensive characterisation and comparison of its high and low burnup samples [6], [19]–[23]. 
The advantage of this technique is the capability to measure the oxide conductivity at site specific 
regions of the material and provide the intrinsic properties of the region analysed.  
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2 Materials and method  
2.1 Materials analysed 
 
As explained above, in order to compare the state of a highly irradiated material with another of low 
irradiation, a 9 and a 3 annual cycle sample were chosen. Particularly of interest is the last oxide 
formed at these two different stages of life, i.e. the very inner oxide at metal-oxide interface. The 
material is Zircaloy-2 LK3/L grade, the composition is shown in Table 1.  
 
Table 1. The chemical composition for both a standard Zircaloy-2 and the LK3/L grade. The designation /L indicates the 
presence of an inner liner on the cladding [6] 

Composition 
(wt%) 

Sn  Fe Cr Ni Fe+Cr+Ni O ppm  Si ppm 

Standard 
Zircaloy-2  
ASTM 
(B353) 

1.2-1.7 0.07-0.2 0.05-0.15 0.03-0.08 0.18-0.38 1000-
1400 

Maximum 
120 

LK3/L 1.34 0.18 0.11 0.05 0.34 1320 70 
 
The investigated segments are from similar elevation and position in the rod assembly to allow direct 
comparison. The 9-cycle segment has a local burnup of 89 MWd/kgU, and the 3-cycle a local burnup 
of 41 MWd/kgU. More details on the rod burn up, segment elevation, mean oxide thickness and total 
hydrogen content are shown in Table 2. Further description of samples and of heat treatment can be 
found in [6].  
 
Table 2. Measured data for 3 and 9-cycle Lk3/L claddings [6]. 

Sample Rod average 
burn-up 
(MWd/kgU) 

Segment 
elevation (mm) 

Mean oxide 
thickness (μm) 

Total 
Hydrogen content 
(ppm) 

3-cycle LK3/L 36 2011 4.4 (±0.7) 44 
9-cycle LK3/L 78.7 2039 46 (±2.5) 595 

 
2.2 Experimental technique and instrumentation 
 
A focused ion beam (FIB) has been used to micro-machine the samples. The instrument was a Zeiss 
NVision40 dual-beam SEM-FIB system. Subsequent to the micro-fabrication of segments, 
micromanipulators from Imina Technologies dedicated for such measurements were used to measure 
the conductivity. The overall experiment has 4 steps as follows: a) micro-machining of the wedges at 
metal-oxide interface, b) deposition of Pt electrodes by electron beam, c) measurement of 
conductivity by micromanipulator and d) cutting under the electrodes to measure the exact thickness 
of underlying oxide.  
 
The details of the experiment are further outlined below: first, the outer oxide is removed using a high 
current in the FIB. Then the current is reduced to create a wedge shape from the inner oxide at a small 
angle of 2° w.r.t. the metal-oxide interface, leading to a wedge with varying oxide thickness. Platinum 
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electrodes can then be deposited over this wedge. In this manner, beneath each electrode a band of 
oxide with increasing thickness is present, before reaching the underlying Zr metal (Figure 1.a). 
Furthermore, there was also one electrode deposited where no oxide was left i.e. on the polished 
metal. This was used as a reference of the whole circuit without containing any thickness of oxide for 
each wedge. To complete the circuit an electrode is also prepared on polished Zr metal at a given 
distance (usually in the region of 100-300μm) away from the wedge, and at an orientation 
perpendicular to the surface of the wedges. Figure 1.a depicts well this configuration. To reduce the 
different errors, the area of Pt electrode deposited for every oxide thickness was kept constant at a size 
of 4 μm x 8 μm. The thickness of the Pt deposition was also kept in the range of a few hundred nm. 
Using micromanipulators inside the SEM both the metal electrode and the wedge oxide electrode can 
be contacted simultaneously to form a circuit. Included in the circuit is an ammeter capable of reading 
very low currents, hence high resistances (in this case a Keithly 6487 pico-ammeter). When a voltage 
is then applied, the circuit will consist of the metal region, the thin Pt depositions and a certain 
thickness of oxide. This oxide thickness varies, depending on which electrode is contacted with the 
micromanipulator. During this experiment, a DC voltage of 0.1V was applied. Although higher 
voltages did prove to give less error for larger oxide thicknesses (or much higher resistances), this low 
voltage was chosen a- to be sure the voltage limit (the so-called breaking voltage) was not reached 
and b- to be consistent with previous work [17], [18]. A schematic diagram of the circuit set-up when 
contacted with micromanipulator is shown in Figure 1.b. A more detailed description of the 
experimental technique and set-up is provided in [17], [18]. An example of the position of electrodes 
on the oxide is shown in Figure 2. The micromanipulator tips can be observed in operation inside the 
SEM in Figure 3.a and the contacting of the electrodes is shown in Figure 3.b. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



5 
 

 
Figure 1. Schematic diagram of the set up used to measure conductivity A) shows the oxide wedge with the deposited 
electrodes (exaggerated) and one electrode deposited a distance away on the metal B) shows the micromanipulators 
contacting the first oxide electrode and the metal electrode deposited in a different place to form a circuit. [17], [18] 

 
Figure 2. SEM image of electrodes deposited onto the oxide wedge for 3-cycle sample. The metal (bright contrast) and oxide 
(dark contrast) regions of the wedge are indicated. The electrodes can be clearly seen on the oxide and an additional 
electrode was deposited on the bare metal region to allow a reference value to be measured i.e. the resistance of the circuit 
without containing any oxide. Arrows point to the approximate region of metal-interface, due to the angle of polish.  

 
 

 

 

 

 

 
Figure 3. SEM image of the 9-cycle sample, a) Micromanipulator tips and setup in the SEM ready to measure the electrodes, 
distance between the two electrodes is approximately 200 μm. b) Illustrating the contact between micromanipulator tip and 
electrode  

Reference 
electrode 

Metal 

Oxide 

6 μm 

B) 

80 μm 

A) 
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2.3 Determination of the exact oxide thickness under 
each electrode 

In the 9 cycle material the oxide can also be identified by the many cracks. After the measurement 
each electrode was cut to reveal the exact oxide thickness beneath it, this was done using the SEM 
FIB and examples are shown in Figure 4. The majority of electrodes were cut in two different 
locations in an attempt to find the minimum oxide thickness, due to the undulating nature of the oxide. 
The oxide could be viewed when the contrast is enhanced as the darker material. In the 9 cycle 
material the oxide can also be identified by the many cracks. Effort was made to determine this 
minimum oxide thickness but the possibility of the existence of a thinner section of oxide, due to 
undulation, under the electrode must be kept in mind. In the oxide layers with a thinner average 
thickness, larger percentage change would exist if an unknown undulation was present. For some 
electrodes, covering very large thicknesses of oxide, only space for one cut was available; in these 
instances, attempt was made to watch the cutting procedure for any large irregularities in oxide 
thickness.  
 

 
 
Figure 4. SEM images of the oxide found beneath electrodes. Figures a) and b) the oxide of the 3-cycle material; Figures c) 
and d) the 9-cycle material. The contrast is greatly enhanced to allow identification of the darker contrast oxide and hence 
measure the thickness under each electrode. In the 9-cycle material, the oxide can be identified by the many cracks. 

2.4 Calculation of results and assumptions 
 
The resistivity values were calculated from the measured resistance for each electrode using the 
formula, 

� �
	


�
 ,  (Equation 1) 

Where � is resististivity, R is resistance, A is area, and l is length. 
To calculate the resistivity in this manner some assumptions were made. As can be seen in Figure 2, 
besides the electrodes on the oxide wedge there were also reference electrodes in contact with the 
metal in the wedge to measure the resistance of the set up using the conductivity of metal Zr as our 
base point or reference point. The measured resistance, using these reference electrodes of the Zr 
metal with such setup ranged between 30-150 ohms, and hence was considered negligible compared 
to the measured resistance values from the oxide electrodes which ranged between 10� � 10� ohms. 
Thus one assumption was that the setup together with the conducting metal has a very low resistance.  
 
The creation of a contact between a semi-conductor and a metal in the semi-conducting field is the 

A) 

B) D) 

C) 

2 μm 

2 μm 

2 μm 

2 μm 
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precursor for the fabrication of low voltage drop diodes and it is quite well known. In the case of the 
present study, the aim being to probe the property of the “semi-conductor”, i.e. the substoichiometric 
oxide, which is equivalent of the n-type semi-conductor of the so-called Schottky barrier diodes, this 
aspect of the setup is only needed for the facility of measurements. However, in order to verify, if the 
deposition of Pt plays a role on the modifications of the measurements, the conclusion from bulk 
studies performed previously [24] is reported here. This effect has been previously studied using 
various electrode metal materials on zirconium oxides [24], it was concluded that “No visible effects 
of electrode materials on the specimen current of zircaloy oxides are found [24].” With these 
assumptions in mind it is clear that the importance of this work lies within the comparison between 
the two materials and hence any effects which may arise would be systematic and the comparison still 
valid. In other words, it is assumed that if any effect would exist, as it is more or less similar for all 
electrodes, the comparative analysis will hold.  
 
Therefore, it is concluded that the assumption that the object length contributing to the high resistivity 
being probed is solely the thickness of oxide beneath the electrode, is valid. For these calculations, 
always the minimum oxide thickness found under each electrode, is used as length. Although every 
electrode was built to have the same dimensions of 4 μm x 8 μm, the thickness of underlying oxide 
was not constant, and therefore, not a single number could be used to represent this thickness. As it 
can be clearly seen from Figure 4 the minimum thickness of oxide is not constant below each 
electrode over the whole area of Pt, since the oxide interface is undulated. This undulation has been 
reported many times and is a well known phenomenon  [25]–[27] with the area of an average 
protrusion calculated to be approximately 0.9 μm x 0.9 μm. Hence, the path of the current beneath 
each of the electrodes cannot be totally known. For this reason, a minimum value of resistivity was 
calculated using the protrusion area and a maximum calculated using the total electrode area. An 
average of these two values has been adopted for this study (Table 3 and Table 4).  
 
 

3 Results 
 
The full oxide thickness formed on the examined cladding, after 3 cycles and 9 cycles in reactor, is 
4.4 μm and 46 μm respectively. However, the interest of the research focuses on the last oxide formed 
on the cladding. This layer in the case of Zr and its alloys is always the last layer in contact with the 
metal-oxide interface. For this reason the property of the oxide in the vicinity of the interface is of 
interest for the understanding of the mechanisms involved in oxidation and hydrogen uptake. Since 
the aim of the current study was to measure the resistivity of the oxide that has formed most recently, 
only this region from both claddings has been probed. This allows a direct comparison of the oxide 
formed at low and high burnups.  
 
  
Tables containing the resistance measurements for the various electrodes and their respective 
minimum oxide thicknesses for both materials and all campaigns can be found in appendix A. From 
those results, the resistivities could be calculated as described in section 2.4. In each table, as well as 
the minimum thickness measured under each electrode and the measured resistance of that electrode, 
there is the lower and higher calculated resistivity values (calculated from a minimum or maximum 
area). Furthermore, a resistivity value taken from the average of these possible minimum and 
maximum is provided. Figure 5a, b and c contain the oxide resistivity results from both the 3 and 9-
cycle samples displayed as a function of oxide thickness, on different scales to help better 
visualisation. The ‘average resistivity’ values are displayed in these graphs. The three sets of results 
come from three separate campaigns, with new cuts and new electrodes deposited on a fresh region of 
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the material, followed by a micromanipulator measurement and subsequent cutting of the new 
electrodes, for 3 and 9-cycle materials individually.  Please note that while it appears that some 
resistivity values are close to zero for some oxide electrodes; this is an effect of the units. And it must 
be kept in mind that even the lowest resistivity values for oxide regions, which are in the range of 
10^-2 Ω. � are still 5 orders of magnitude higher than that of the reference electrodes. Bearing in 
mind that reference electrodes are the zirconium metal with known resistivity. The resistivity of 
zirconium metal is in the range of 10^-6. This comparison can be clearly viewed in Figure 5d. 
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Figure 5. a) Graph showing the resistivity vs oxide thickness for 3 cycle oxide (shown as blue circles) and 9 cycle oxide 
(shown as red triangles) each point is a different electrode. b) Is a selection of points from graph (a) expanded to show the 
trend at thin oxide thicknesses, the region to be expanded is shown in (a) by a green dashed box. c) Graph showing the log 
of resistivity vs oxide thickness for 3 cycle oxide (shown as blue circles) and 9 cycle oxide (shown as red triangles). d) Same 
as graph (c) but also including the resistivity values of the Zr reference electrodes for reference. For each graph a difference 
in marker outline is made between the results from campaign 1, 2 and 3. 

3.1 Examination of resistivity of control samples 
 
Before interpreting further the outcome of the studies and the difference between the two sets of measurements, attempt is 
made here to confirm the reliability of the measurements and the setup. For that, the resistance of different control samples 
is measured in the SEM/FIB using micromanipulator, in very similar configurations. The chosen materials were I. a 10�Ω 
resistor, II. ZrO powder and III. p-doped Silicon with a known resistivity of 0.01-0.2Ω. �. Furthermore, it is considered that 
many Zr to Zr reference electrodes measured in each trial of the experiment, are absolutely best types of “internal” 
references. The resistor and doped silicon were chosen to be measured, with the set up, to calibrate and confirm the values 
produced by this technique. Micrographs indicating the samples during measurements for these references can be seen in 
Figure 6 and  

Figure 7 respectively. Measurement of the resistor consistently returned values of 10�Ω within a 5% tolerance. The doped 
silicon had Pt electrodes deposited (of dimensions 4 μm x 8 μm) and was measured at applied voltages between 0.1V and 1V. 
Using the area of electrodes and being tested as shown in  

Figure 7 a mean value of 0.043 ±0.010 Ω. � was measured, which is in good agreement with the 
known resistivity. For ZrO powders the aim of the test was to confirm the linear response of 
resistance vs distance between the micromanipulator tips, as well as the effect of varying the applied 
voltage. Furthermore, it was planned to study a sample without any FIB alteration, so that the material 
does not contain any Ga contamination. Different powder particles were contacted with the 
micromanipulators across different distances and the resistance was measured. One example of the 
measurement configuration and the ZrO particles can be seen in Figure 8. The results are plotted in 
Figure 9 and confirm a linear response furthering the reliability of the set up (the values for distance 
may vary due to the no uniform shape of the particle). This gave a value of resistivity of 6.6 x 10^-
6Ω. � ±2.5 x 10^-6Ω. � with the assumption that the contact tips were1.5 μmx1.5 μm squares. At 
certain positions, the applied voltage was varied between 0.05V and 1V. The returned resistance 
remained constant with a maximum deviation of +/- 10%. This confirms an ohmic response as 
expected; this may facilitate in the future the increase of the applied voltage for highly resistive 
materials in order to reduce the effect of ‘noise’ within the system. For example a rough limit of the 
measureable resistance attainable is, for 0.1V in the magnitude of 10� Ω, for 1V in the magnitude of 
10�� Ω and for 10V in the magnitude of 10�� Ω. 
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Figure 6. The measurement of a 10MΩ resistor with the two tips contacting the wire on either side of the resistor. The two 
sides are shown here separately, since the object is too large to be captured in one SEM image. Here there is direct tip metal 
contact without an electrode. Only resistance was being measured not resistivity. 

 
 

 
 
 
 
 
 
 
 

Figure 7. The measurement of p-doped silicon wafer, here tips can be seen in position with silicon of length of 3.4 mm   

 
 
 
 
 

 
 
 
 
 
 
 
 
Figure 8. Micromanipulator tips contacting a particle of ZrO with a small separation distance  

 

10 μm 

100 μm 
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Figure 9. Graph of the resistance measured with a 0.1V applied across varying distances. Results show a linear trend so that 
resistance increases with distance probed, and resistivity remains constant as the particle has a uniform composition.  
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4 Discussion  
 

4.1 The scope of technique 
 
As previously mentioned this is a novel technique developed at PSI with the aim to achieve two 
previously unachieved goals. Firstly to examine the conductivity of irradiated materials, in particular 
the oxide formed in reactor on zirconium based alloys. Secondly to obtain direct resistivity 
measurements from regions of pre-existing oxide i.e. to see the resistivity of specific regions of oxide 
rather than the resistivity over a whole oxide film. This study shows that these goals have been well 
achieved.  
The advantages of this method are as follows: 

I. The technique so far has shown good repeatability within the scope of measurements, the 
deposition of Pt electrodes facilitates the use of micromanipulator and the confidence about 
the complete and repeatable contact between the micromanipulator and the sample. 
Performing the experiment within the SEM makes it possible to visualise the placement of 
micromanipulator and its contact with electrodes. 

II.  The small scale of this experiment allows the probing of exact locations within the oxide; this 
gives local resistances for known thicknesses of oxide. 

III.  The micromachining with FIB allows selecting the regions of interest with accuracy and 
creating electrodes at sensitive regions of the sample. 

IV.  This setup has shown the possibility of direct resistivity measurements for irradiated samples. 
V. As it is possible to create very miniature cross sections, it is possible to demonstrate that at 

very small distance from the metal-oxide interface, different materials will not behave 
similarly. 

 
In the following, the precautions to be taken to provide a satisfactory experiment are listed: 
 

I. The sample preparation and the FIB polishing will influence the amount of damage induced 
by ions and the quality of surface. Which in turn could modify the properties of the oxide and 
its resistivity. Therefore, care should be taken to provide a surface that is as clean and intact 
from ion implantation and amorphization as possible.  

II.  With many cables and electronics of micromanipulator inside the SEM, care must be taken to 
install the micromanipulator in correct positions on its stage, with respect to the SEM gun and 
to consider that the displacement of micromanipulator should be within the range that is 
tolerated in the SEM. 

III.  The metal-oxide interface of different alloys and after different stages in the reactor, have 
very variable morphology. This would lead into a more or less undulated oxide at the 
interface. As an example, in the case of 3-cycle oxide a large variation of resistivity is 
observed for thinner oxides. This large variation can be directly correlated to the large 
undulation of the oxide at interface (as an example please refer to Figure 5, where a group of 
points between 200-300 nm show much lower resistivity and to Figure 2 which shows the 
very broad region where metal and oxide co-exist). The large undulations induce some 
uncertainty in the exact determination of the oxide thickness for thin oxides. Although the 
precaution should be taken to interpret the results, this is not a limitation of the technique but 
rather a specificity of the material examined in this study. 

IV.  The comparison of the resistivities measured by this technique with measurements performed 
by in situ EIS on unirradiated Zircaloy-4 and Zr 2.5%Nb [8] give results that are not 
comparable. The results of that study give oxide resistivity in the range of 2-10 �Ω. m (for 
inactive materials) for oxide thicknesses in the range of 1-8 µm, that is to say 1000 times 
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higher compared with current results. From the Tables 3 and 4 it can be observed that the 
maximum resistivity values are higher than the average values; and it might be more adapted 
to take that number. However, as the environment in which the materials are immersed will 
be different in the two cases, the influence of environment should not be neglected. As an 
example, the resistivity of deionized water is known to be quite high (in the range of 
1.80E+07) [28]. This could influence the outcome of measurements. Furthermore, the in situ 
EIS is a bulk technique and cannot be compared with the current method, which shows a local 
high spatial resolution evaluation of these properties. To make further comments similar 
materials should be measured with the two techniques. Otherwise, it will not be possible to 
judge if the intrinsic properties of the regions studied are different, or the methodologies are 
causing this difference. It must be reminded that the current study is on irradiated materials, 
whereas the EIS was on unirradiated.  

V. These measurements are to examine the intrinsic properties of the material after different 
residence times, but it should be made clear that the oxide is expected to have differing 
resistivities in reactor (due to elevated temperatures, different pressures, different 
environment and irradiation conditions). 

 

4.2 Discussion of results  
 
 
 
The fact that the two materials show different results indicates that under identical measurement 
conditions, the comparison of the results is valid. As was mentioned before, one of the hypothesis 
regarding the mechanism of hydrogen uptake of a zirconium based fuel cladding is that the resistivity 
of the oxide has a direct relationship with the pickup fraction during oxidation. In other words, 
hydrogen pickup fraction would increase with increasing oxide resistivity. In the case of different 
cladding materials with different chemistry and heat treatment, prior to irradiation, this has been 
shown by in situ EIS [8]. The role of irradiation and residence time in-reactor, remained to be 
verified. For this, it was interesting to check if the same cladding grade, having evolved with 
residence time, would show a change of resistivity which could be correlated to its change of 
hydrogen pickup fraction. As such material was available in the laboratory, it was possible to verify 
this phenomenon.  
 
Using the micromanipulator method, for the first time, the resistivity of oxide formed in-reactor on a 
Zircaloy-2 at low and extremely high burnups could be directly measured and compared. In Figure 5 
the oxide resistivity is plotted against the distance from the metal/oxide interface for a Zircaloy-2 
LK3/L after 3 and 9 cycles in reactor.  
 
The observations from these results can be summarised as follows: 
 

• Both oxides have a region with lower resistivity close to the metal/oxide interface.  
• Within that region, the resistivity increases with distance, in the direction away from the 

interface, until plateauing with values in the range of 6-10 �Ω. m.  
• The distance of these lower resistivity regions is not the same for both materials. 

Approximately this above-mentioned region extends up to a distance of 1500 nm in the 3-
cycle material and 800 nm in the 9-cycle material. 
  

 “The following explanation is proposed for these observations. Many authors have suggested that the 
oxide in fact consists of two different regions, an outer heavily cracked porous layer and an inner 
dense impermeable layer  [6], [21], [25], [29], [30]. It is claimed that coolant can penetrate into these 
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outer cracks and hence only the inner dense layer, predominantly acts as a barrier to the penetration of 
oxidizing species [6], [21], [25], [29], [30]. For this condition to satisfy, an oxygen vacancy gradient 
formed across this region, following a parabolic trend could be expected with the highest vacancy 
concentration being at the metal/oxide interface [31], [32]. It has been shown that sub-stoichiometric 
zirconium oxide has a higher conductivity than stoichiometric oxides [33]–[35]. It is shown that 
������ is acting as an n-type semiconductor, in this manner fully ionised vacancies will act as 
electron donors and hence more electrons as charge carriers will increase the electronic conductivity 
of the material [33]–[35]. It is stressed here that this conductivity is much lower than that of metal 
(metal being at least 5-6 orders of magnitude more conducting) (please refer to Figure 5-D). The same 
has been widely shown for Titanium oxide [36]–[38] which is known to share many similarities with 
zirconium oxide regarding some behaviours. As well as for other metal-oxide systems such as ZnO 
[39]. Thus, if there was in fact a diffusion governed dense inner oxide layer it could be expected that 
the conductivity of this region would also follow a parabolic curve with highest conductivity (hence 
lowest resistivity) closest to the metal/oxide interface, where the highest oxygen vacancy 
concentration exists. Once more, bearing in mind that the values of resistivity even if they are 
relatively low in these oxide regions, they are far higher than that of the underlying metal. 
 
Although the cuts under each measurement cannot be individually chemically and structurally 
characterised, several different characterisation of the current samples, by different methods have 
been already performed in the laboratory. This provide complementary information needed to further 
interpret the current results.  
 
A very thorough chemical analysis of the metal-oxide interface of 3-cycle and 9-cycle cladding have 
been performed in the laboratory [21] and the distribution of alloying elements on the two sides of the 
interface have been reported. Regarding the oxygen concentration, Figure 10 provides a clear 
comparison between the two materials, with particular interest in the region close to the metal/oxide 
interface, published in [21]. As can be seen in Figure 5c) for the 3-cycle material, we do detect a 
parabolic trend for the intrinsic resistivity of the material. In the case of the 9-cycle sample, the same 
is valid although extended to a shorter distance. This trend of increase of resistivity matches well, for 
both samples, with the oxygen profiles obtained from the EPMA measurements performed on the 
same samples, shown in  
Figure 10. As it can be observed, the oxygen profile in the case of the 3-cycle cladding increases to 
the stoichiometric oxide at a longer distance, compared to the 9-cycle oxide. Here, this comparative 
behaviour is sought, rather than the exact quantitative values. It must be mentioned that these bulk 
overall results are not possible to obtain by other analytical methods.   
In other words, the oxygen diffusion profile exists for both samples; but is extended to a shorter 
distance in the case of 9-cycle sample. Surprisingly, the distances are also very similar in the 
measurements by these two very different techniques, of two very different properties (i.e. the 
chemical composition and the resistivity).  
 
The correlation between the sub-stoichiometric oxide regions and their resistivities together with the 
knowledge that oxides with higher oxygen vacancy concentration (sub-stoichiometry) show lower 
resistivity as seen in [33]–[35] leads to the suggestion that in this case it is oxygen vacancies that lead 
to the existence of a more conductive region, close to the interface, seen in both materials.  
 
This observation suggests that i) both materials have an inner dense region governed by diffusion; ii) 
the size of this diffusion layer decreases with time in reactor. The positive finding of this study is that 
the diffusion layer is still present and relative large in the case of the 9-cycle material, which is 
beyond design. Furthermore, as observed by 3-D tomography, by Baris et al. [22], the volume fraction 
of cracks in the vicinity of the metal-oxide interface of the 9-cycle material is higher than the 3-cycle 
material (respectively 4.9% and 0.19%).  However, the current measurements demonstrate that the 
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material still does show a more conducive region that will protect the underlying metal; Nevertheless, 
with a different kinetics being present between 3 and 9 cycles. 
 
It must be stressed that the 9-cycle cladding is a material used as experimental sample for exploring 
the limits of performance of this cladding and its residence time is beyond design [40]. 
 
It has been demonstrated that most alloying elements dissolve from the secondary phase particles 
(SPP) and increase the matrix concentration of each element [19], [22]. It is clear that alloying 
elements could also have an impact on the conductivity; however, knowing that all alloying elements 
could play a role and their effect could also cumulate or counter balance each other [41] their impact 
with time will require a much more in depth analysis and is outside the scope of this study.   
 
Further to the chemical analysis, the microstructure of the metal-oxide interface has been analysed in 
depth and it has been demonstrated that the 9-cycle oxide near the interface is much more porous, 
please refer to Figure 4. The role of porosity on the different properties of the oxide have been 
discussed by other authors and also in the laboratory [42], [19], [22],[23]. In a study performed 
previously, other researchers have shown that the porosity increases the resistivity of the oxide [42]. 
Therefore, it can be concluded that at least two factors are clearly at the origin of the differences of 
conductivity between the two materials. The stoichiometry of the oxide in the vicinity of the interface, 
with the 9-cycle oxide having a thinner sub-stoichiometric region, and the oxide porosity. 
 
 
One more factor which has been topic of several studies in the field of oxidation of Zr based alloys is 
the ratio of tetragonal zirconia present in the oxide film and its impact on the oxidation. To correlate 
this crystallographic property to the conductivity, seems to be a big challenge, for that it is necessary 
to perform direct measurement at nanometric scale of the two properties (crystal structure of the oxide 
and its conductivity), and if possible simultaneously or in parallel. Such measurements will be very 
demanding. Therefore, attempt here has been made to conclude from the data available in the 
laboratory, and the literature data available on bulk tetragonal zirconia.  
 
The crystal structure of the 9-cycle cladding has been object of a study in the laboratory [43] by 
synchrotron radiation. The major oxide phase observed has been reported to monoclinic ZrO2 and a 
very small ratio of tetragonal has been revealed by Micro-XAS analysis. This small phase has been 
mainly observed in the vicinity of the interface, however, not on a uniform and homogeneous 
distribution all along the interface. The results obtained in the laboratory for 3-cycle cladding show 
similar behaviour but with a slightly higher volume fraction of tetragonal (the exact ratio of tetragonal 
to monoclinic is not calculated due to its small quantity). These observations lead to the conclusion 
that the two oxide layers (of 3 and 9 cycle) near the interface have mainly a monoclinic crystal 
structure, however a slightly higher proportion of tetragonal is present in the low burnup oxide. 
Therefore, as the measurements cover quite large areas and knowing that the measurements are 
repeated for 3 consecutive campaigns, the statistics are sufficient to provide a representative image of 
the average crystal structure of the two oxide layers; including the statistically present tetragonal 
phase in each case. In other words, it can be claimed that the measurement probes monoclinic zirconia 
with a given ratio of tetragonal in both cases.  
It must be noted that the bulk tetragonal zirconia known in the industry, is always stabilised by large 
concentrations of different oxides such as yttria, scandia, or ytterbia. Therefore, their composition is 
not comparable to the phases observed in Zr claddings. The values for the conductivity of bulk 
monoclinic and tetragonal zirconia are provided in tables 3 and 4 of Appendix A, for comparison.  
 
 
One other aspect of corrosion can be discussed in the following. Oxidation of Zr based alloys, in 
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particular in the case of autoclave oxidation, shows a cyclic behaviour [2], [44], meaning that the 
oxidation process starts at a given rate, it reaches a maximum and then slows down to a minimum 
rate. In such cases, it has been shown that the correlated hydrogen uptake has a delayed behaviour, 
either lagging behind and most often increasing in such conditions. This behaviour can be well 
revealed in autoclave, where the number of samples collected are very large and the oxidation time 
between two sample can be quite short. In the case of reactor samples, such frequent and condensed 
sampling methods are not conceivable and samples are scarce. Thus, these corrosion cycles can’t be 
revealed in the same manner. A fuel rod, is extracted from the reactor after a certain number of years 
(cycles), and the oxidation stage could be anywhere in between two periods. Furthermore, it is 
possible that such behaviour is even absent in reactor. Therefore, in the case of 9-cycle cladding, the 
different campaigns performed on different regions of the specimen, could, to some extent reflect 
these small differences, however, the overall trend, does seem to go in the direction of smaller 
conducting distance in the 9-cycle oxide compared to the 3-cycle. 
 
The presence of zirconium monoxide has not been detected in the claddings studied here. Therefore, 
the measurement of a ZrO particle has been carried out only as reference, as reported in the chapter of 
results. It is also worth noting that the resistivity of this ZrO phase is 5 to 6 orders of magnitude 
smaller than the oxide at the interface, which means that it is much closer to metal, than to the most 
conducting oxide measured in the current studies.” 
 
Having measured the resistivity profiles of the material after two different residence times, it is 
necessary to determine the correlation between the variation of resistivity and the variation of 
hydrogen pickup fraction (HPUF) of the cladding for these two different residence times. The HPUF 
of these claddings is determined in previous studies and it is observed that the HPUF of 9-cycle 
cladding is higher than that of 3-cycle cladding (the former is 30% and the latter 17%).   
 
From all our observations and the discussions above, it can be concluded that the material has 
changed behaviour; leading to different properties, including a change of resistivity. It is demonstrated 
to a great extent that this change is a consequence of the change of composition (i.e the oxygen 
concentration of the zirconia as well as the variation of alloying elements present in the oxide at the 
metal-oxide interface) and the change of micro-porosity. The fact that the resistivity near the interface 
changes from interface until a distance of 800nm and 1.5 µm (for 9-cycle and 3-cyckle respectively), 
means that close to the interface, instead of a single layer, an inner, more electronically conductive, 
layer of oxide is formed. The finding that the resistivity of the 9-cycle cladding for a given distance 
from the metal-oxide interface is increased corresponds well to the hypothesis that resistivity of the 
oxide near the interface plays a role on the HPUF and increased resistivity will increase the HPUF.  
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Figure 10. EPMA data of the Oxygen concentration in the vicinity of the metal/oxide interface. a) shows the 3 cycle material 
and b) shows the 9 cycle. A much longer region of sub-stoichiometry can be seen for the 3-cycle material. These figures have 
been previously shown in ref [21] 

 

5 Conclusion  
 
This paper presents results of the measurement of the resistivity of the oxide layer formed in the 
vicinity of the metal-oxide interface of highly irradiated claddings from BWR. The advantage of the 
method, used to measure the resistivity, is that very site specific properties are probed at high 
resolutions, by means of micromanipulators and direct measurement in an SEM.  
For the first time the resistivity of a Zircaloy-2 cladding, irradiated in a BWR, after two different 
residence times has been measured and the results have been compared.  
The results have shown that: 

a- The intrinsic resistivity of oxide in the vicinity of metal-oxide interface varies as a 
function of distance from the interface.  

b- Above a given oxide thickness, this value remains unchanged and no more variation is 
observed as a function of thickness.  

c- The resistivity of 9-cycle cladding at a given distance from the interface is higher than 
that of 3-cycle cladding.  

d- The values of maximum resistivity seem to be similar between the two materials. 
e- These findings confirm the hypothesis that the increased hydrogen pickup fraction can be 

correlated to the increased resistivity of the oxide at a given distance from the interface. 
f- The comparison of results with previous studies on the same set of materials, shows that 

the cause of this increased resistivity is an increased oxygen stoichiometry and in general 
chemical compositional changes in the oxide, and also owing to an increased micro-crack 
and micro-pore in the microstructure.  
 

The correlation of the resistivity changes with the chemical composition as well as the other 
properties such as microcrack pattern and hydrogen uptake provide a valuable information to 
understand the mechanisms behind the degradation of the material after long-term residence.  
Results have clearly shown that the resistivity in the vicinity of metal-oxide interface increases after 
extreme residence times. However, as these results have demonstrated, above a given oxide thickness 
(in this case between 2 and 3 µm), the properties of the two oxide films are very similar. It seems that 
the variations of property for this material are limited to the distances of smaller than 2 micrometres 
from the metal-oxide interface.  
 

6 Acknowledgements  
 
The authors would like to acknowledge the support of swissnuclear for the PhD project. The supply of 
the irradiated claddings from KKL is acknowledged to KKL and to Westinghouse Electric Sweden, 
AB. The team of MUZIC (Mechanistic Understanding of the Zirconium Corrosion) is acknowledged 
for fruitful discussions.  
 
 
 
 
 



19 
 

 
 

7 Appendix A 
 
 
Table 3. Resistance results from three measurement campaigns on three different areas of the sample, for the 3-cycle 
sample. For each electrode minimum oxide thickness under respective electrodes is shown as well as resistivity values 
calculated as described in section 2.4.  

Measurement 

number 

 

Minimum 

thickness 

(nm) 

Resistance  
(Ohms, Ω) 

Resistivity 

low  

(Ω.m) 

Resistivty 

high  

(Ω.m) 

Resisitivty 

average 

(Ω.m) 

Log resistvity 

average 

(Ω.m) 

Metal-Metal reference 

I ≈100000 3.00E+01 2.43E-07 9.60E-06 4.92E-06 -5.31 

II ≈3000000 1.50E+02 4.05E-08 1.60E-06 8.20E-07 -6.09 

III ≈200000 5.00E+01 2.03E-07 8.00E-06 4.10E-06 -5.39 

Oxide 

I 100 7.00E+04 0.57 22.40 11.48 1.06 

II  200 1.00E+04 0.04 1.60 0.82 -0.09 

II  240 2.00E+04 0.07 2.67 1.37 0.14 

II  290 1.30E+04 0.04 1.43 0.74 -0.13 

II  300 1.00E+04 0.03 1.07 0.55 -0.26 

II  320 3.00E+05 0.76 30.00 15.38 1.19 

II  320 1.00E+05 0.25 10.00 5.13 0.71 

III  340 4.00E+05 0.95 37.65 19.30 1.29 

II  350 6.50E+05 1.50 59.43 30.47 1.48 

II  380 2.00E+05 0.43 16.84 8.63 0.94 

II  520 6.00E+05 0.93 36.92 18.93 1.28 

II  640 4.00E+06 5.06 200.00 102.53 2.01 

III  700 3.60E+06 4.17 164.57 84.37 1.93 

III  790 2.00E+05 0.21 8.10 4.15 0.62 

I 810 9.50E+06 9.50 375.31 192.40 2.28 

III  980 2.20E+07 18.18 718.37 368.28 2.57 

II  1030 1.00E+05 0.08 3.11 1.59 0.20 

III  1030 4.00E+07 31.46 1242.72 637.09 2.80 

III  1030 2.80E+07 22.02 869.90 445.96 2.65 

II  1240 4.00E+07 26.13 1032.26 529.19 2.72 

I 1320 7.50E+07 46.02 1818.18 932.10 2.97 

III  1330 1.00E+08 60.90 2406.02 1233.46 3.09 

II  1670 6.00E+08 291.02 11497.01 5894.01 3.77 

I 1870 7.00E+08 303.21 11978.61 6140.91 3.79 

III  1900 2.20E+07 9.38 370.53 189.95 2.28 

III  2100 2.20E+07 8.49 335.24 171.86 2.24 

III  2300 3.50E+08 123.26 4869.57 2496.41 3.40 

II  2990 1.00E+09 270.90 10702.34 5486.62 3.74 
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II  3260 1.00E+09 248.47 9815.95 5032.21 3.70 
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Table 4. Resistance results for the 9-cycle sample from three measurement campaigns on three different areas of the sample. 
For each electrode minimum oxide thickness under respective electrodes is shown as well as resistivity values calculated as 
described in section 2.4. 

Measurement 

number 

 

Minimum 

thickness 

(nm) 

Resistance  
(Ohms, Ω) 

Resistivity 

low  

(Ω.m) 

Resistivty 

high 

(Ω.m) 

Resisitivty 

average 

(Ω.m) 

log resistvity 

average 

(Ω.m) 

Metal-Metal reference 

I 100000 3.00E+01 2.43E-07 9.60E-06 4.92E-06 -5.31 

II  150000 3.00E+01 1.62E-07 6.40E-06 3.28E-06 -5.48 

III  200000 5.00E+01 2.03E-07 8.00E-06 4.10E-06 -5.39 

Oxide 

I 300 5.00E+04 0.14 5.33 2.73 0.44 

II 450 7.00E+06 12.60 497.78 255.19 2.41 

II 480 7.00E+06 11.81 466.67 239.24 2.38 

III 590 2.10E+07 28.83 1138.98 583.91 2.77 

III 670 2.60E+07 31.43 1241.79 636.61 2.80 

II 770 5.50E+07 57.86 2285.71 1171.79 3.07 

I 850 2.00E+08 190.59 7529.41 3860.00 3.59 

III 1200 4.30E+08 290.25 11466.67 5878.46 3.77 

III 1320 4.40E+08 270.00 10666.67 5468.33 3.74 

III 1450 5.70E+08 318.41 12579.31 6448.86 3.81 

I 1480 4.30E+08 235.34 9297.30 4766.32 3.68 

II 1740 7.00E+08 325.86 12873.56 6599.71 3.82 

II 2000 6.50E+08 263.25 10400.00 5331.63 3.73 

II 2300 7.00E+08 246.52 9739.13 4992.83 3.70 

I 2440 5.00E+08 165.98 6557.38 3361.68 3.53 

I 2950 1.50E+09 411.86 16271.19 8341.53 3.92 

I 3760 2.50E+09 538.56 21276.60 10907.58 4.04 

I 4300 1.00E+09 188.37 7441.86 3815.12 3.58 

I 4800 2.80E+09 472.50 18666.67 9569.58 3.98 
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