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1. Objectives 
 

With the increasing age of nuclear power plants, stainless-steel core components suffer from 

increasing irradiation damage. These irradiated stainless steels are susceptible to stress corrosion 

cracking, in this case called irradiation-assisted stress corrosion cracking (IASCC). IASCC occurs due 

to a combination of high temperature, stress and irradiation and is strongly affected by the corrosion 

potential. The corrosion potential is a useful measure for monitoring of IASCC as it can distinguish 

between the case that IASCC is likely to occur (high value of the corrosion potential) and the case that 

IASCC is not likely to occur (low value of the corrosion potential). For example, cracking due to 

IASCC has been observed in both boiling-water reactors (BWR) and pressurised-water reactors 

(PWR)1 2. The corrosion potential is a useful measure for monitoring and mitigating IASCC, since 

IASCC of stainless steels in BWRs can be prevented if the corrosion potential is decreased to below – 

230 mV (SHE)3. IASCC occurs above a threshold fast neutron dose which depends on the reactor type 

(BWR vs PWR). To measure the corrosion potential a reference electrode is needed. 

 

Therefore the main objective of the LIRES project was to develop reference electrodes which can be 

used inside the core of a light-water reactor (LWR). Thus the electrodes must survive under high 

temperature, pressure and irradiation conditions for a sufficiently long lifetime, i.e. at least one fuel 

cycle. Also the potential of the reference electrode must be related to the standard hydrogen electrode 

(SHE) scale.  

 

 

2. Brief description of the research performed and methods/approach 
adopted 

 

To obtain a reliable high-temperature in-core reference electrode, a four-step development was 

foreseen:  

 

1: Set test standard for high-temperature reference electrodes 

A testing standard has been defined for high-temperature reference electrodes to be used during the 

round-robin test. This testing standard should ensure reliable and reproducible results when used by 

different laboratories. This testing standard contains several successive steps where the reference 

electrode under investigation is subjected to more and more severe tests. When the electrode passes all 

the tests, it is supposed to work properly. A special test form is part of the testing standard and has 

been used by the laboratories involved with the round-robin test. 
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2: Design/develop different kinds of high-temperature reference electrodes 

Design and development of high-temperature reference electrodes for PWR and BWR conditions with 

operating temperature up to 350 °C at laboratory scale. Four high-temperature reference electrodes 

have been developed that can be used as an in-core electrode: the yttrium-stabilised zirconia (YSZ) 

reference electrode, the external Ag/AgCl reference electrode, the rhodium reference electrode, and 

the palladium-hydride reference electrode. The palladium-hydride reference electrode is only used for 

the round-robin test in a simplified form. 

 

3: Round-robin test the high-temperature reference electrodes 

Round-robin test among the participating laboratories of the just developed reference electrodes, using 

the test procedure developed under WP 1. All electrodes performed well during the round-robin tests. 

The measured potentials were in agreement with theoretically calculated potentials and the results 

between the different laboratories were also in good agreement. Based on the round-robin results, the 

YSZ electrode and the rhodium electrode had been selected to be used for the irradiation experiment. 

The external Ag/AgCl electrode was connected to the test solution by means of a salt bridge and could 

therefore not be used in-core. The present design of the palladium electrode was such (Teflon 

insulation materials) that it could not be used in-core. 

 

4: Test under irradiation (LWR conditions) 

Testing of high-temperature reference electrodes under appropriate irradiation conditions in a material 

test reactor. The YSZ electrode and the rhodium electrode had been tested during one year (five test 

campaigns of 3-4 weeks) under both BWR conditions (R2 reactor at Studsvik Nuclear) and PWR 

conditions (BR2 reactor at SCK●CEN). The BWR results showed that both electrodes gave in general 

proper potential readings, but the YSZ electrode potential can drift a few 100 mV without a clear 

explanation. Also the electrode potentials exhibit periods of stable and unstable potential readings. At 

the end of the testing periods the electrode potentials were stable again, which indicates that the in-

core radiation didn’t influence or degrade the operation of the electrodes. The PWR results show as 

well that the reference electrodes gave proper potential readings. During the first cycle the YSZ 

electrode correctly measures a change in water chemistry (variations of the content of dissolved 

hydrogen). After one year in the BR2 reactor both electrodes were mechanically intact. The 

electrochemical impedance of the YSZ electrode had however decreased significantly, which meant 

that potential measurements at the end of the test campaign had to be treated with care. 

 

Conclusion: Both electrodes can in principle be used for extended in-core ECP monitoring in nuclear 

reactors. The data interpretation should however be carried out with care and proper understanding of 

the chemical and physical phenomena involved is required. 
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3. Main achievements 
 

1. Testing standard 

A testing standard has been defined that can be used to test the proper functioning of reference 

electrodes in water at elevated temperatures. The procedures and methodologies described in this 

standard should be specific and clear enough to ensure reliable and reproducible results when used by 

different laboratories. 

  

The functional testing at high temperature consists of the measurement of the potential difference of 

the new reference electrode against well-known reference electrodes. All the potentials of the 

reference electrodes will be compared against each other including a simple Pt wire electrode. 

Measurements will be performed under PWR conditions (1200 ppm B and 2 ppm Li) at three different 

temperatures: 300, 325 and 350 °C. It is assumed that when the electrode survives mechanically and 

chemically under PWR conditions, the reference electrode can also be used under BWR conditions. 

For the test at 350 °C a Pt wire electrode with an oxidized Zr wire as signal cable will be used. 

 

2. Mixed-metal oxide reference electrode 

The principle of the mixed-metal oxide reference electrode is based on the zirconia pH sensor 

developed by Niedrach4 5. This zirconia pH sensor can be considered as the high-temperature analogue 

of the low-temperature glass pH electrode. The mixed-metal oxide reference electrode consists of an 

yttrium-stabilised zirconia (YSZ) tube. The lower end of the tube is filled with a mixture of Ni/NiO 

powder. The rest of the tube is filled with aluminium oxide to close the tube and isolate the metal wire 

which connects the Ni/NiO mixture with the mineral-insulated cable. The YSZ tube becomes an 

oxygen ion conductor at sufficient high temperature (T > 180 °C), which makes it possible to use this 

tube as part of a reference electrode. The potential of the electrode is determined by the nickel-nickel 

oxide reference couple inside the tube and the pH of the water outside the tube6. A photograph of the 

reference electrode is shown in Figure 1. 
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Figure 1: Photograph of the YSZ reference electrode 

 

3. External Ag/AgCl reference electrode 

The silver/silver-chloride reference electrode is probably one of the most used reference electrodes [7-

11]. Unfortunately the Ag/AgCl redox couple can not be used at high temperatures due to the 

instability of the AgCl layer. Also this AgCl layer is sensitive to degradation by hydrogen when this 

gas is present in large quantities such as in BWRs under HWC and in PWRs. Therefore an external 

reference electrode based on the Ag/AgCl reference electrode couple was developed, which was 

connected to the test solution by means of a salt bridge. The external reference electrode consists of a 

sapphire tube (Al2O3 mono-crystal) with an asbestos wick. Sapphire tubes were used as materials for 

the high-temperature parts because of their stability and lifetime in boric acid environments. This tube 

is filled with distilled water with a chloride concentration based on the maximum solubility of AgCl. 

Figure 2 shows a photograph of the external reference electrode.  

 

 
Figure 2: External reference electrode Ag/AgCl 

 

120 cm 
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4. Rhodium reference electrode 

The rhodium electrode has been developed with the emphasis on BWR application and more 

specifically for the monitoring of hydrogen water chemistry (HWC). The main requirement of the 

electrochemical properties of the electrode is the capability to detect a departure from reducing 

conditions. In practice, this means that the electrode should be able to monitor weakly oxidising 

conditions.  

 

The metal-ceramic sealing has been made with C rings. However platinum is too soft metal to be used 

with metal C-ring seals. Therefore platinum suitably alloyed with the harder noble metal rhodium has 

been used as the electrode material. A photograph of the rhodium electrode is shown in Figure 3. 

Notice that the tip of the electrode is made from Rh/Pt alloy, which is not connected to the stainless-

steel part after the yellow/beige-coloured ceramic insulation. 

 

 
Figure 3: Photograph of the Rh/Pt electrode 

 

 

5. Palladium reference electrode 

The palladium hydride reference electrode is a quasi-reference electrode where the potential only 

depends on the pH of the solution. The Pd electrode is polarised cathodically, thereby producing a 

sufficient amount of hydrogen, so that the electrode reacts like a hydrogen electrode. An in-core high-

temperature reference electrode based on this principle has been developed elsewhere12 13. The Pd-

hydride reference electrode has already been tested both under oxidising conditions and under neutron 

irradiation with good results. Therefore in the round-robin test of this research, only a simple version 

of the palladium hydride electrode will be tested, to allow comparison with the other electrodes. The 

simplified design consists of two wire electrodes: one of Pd and one of Pt. Between these two wire 

electrodes a constant current is applied that maintains a constant hydrogen concentration at the Pd 

electrode which then determines the electrochemical potential as shown in Figure 4.  

2 cm
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Figure 4: Test set-up for measuring corrosion potential with the Pd-hydride reference electrode 

 

 

4. Exploitation and dissemination 
 

The high-temperature reference electrodes (HTREs) developed in the LIRES project can be considered 

as a commercial product. They can be used to measure the corrosion potential of structural materials, 

to measure the oxidation-reduction potential (ORP – a measure of the corrosiveness of the solution) in 

combination with a platinum electrode and to measure the pH in combination with a reference 

electrode. When the three in-core electrodes are used all together, the just mentioned potentials can be 

determined. Table 1 summarises the possible combinations necessary to obtain the required potentials. 

 

   Table 1: Possible applications of the LIRES high-temperature reference electrodes 

Potential to be obtained Combination of electrodes 

Corrosion potential 

Structural material vs external Ag/AgCl electrode *  

Structural material vs YSZ electrode (when pH is known or constant) 

Structural material vs rhodium electrode (reducing and weakly 
oxidising conditions) 

ORP Rhodium electrode vs Ag/AgCl electrode 

pH YSZ electrode vs Ag/AgCl electrode 

   *  The external electrode is connected to the pressure vessel by means of a salt bridge and so the range 
is limited to 30-40 cm, being the length of the salt bridge. 

 

All the developed reference electrodes are working properly during extended amounts of time and are 

shown to survive long enough to give valuable experimental data. However, the development is not 

finished yet and the electrodes are considered more a research tool than a mass-produced article. The 

possible domains were the electrodes can be used in a decreasing degree of interest are: 
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– as a research tool for hot cell laboratories and MTRs 

– as a monitoring tool to verify the water chemistry used in LWRs (especially NWC vs HWC in 

the primary circuit of BWRs and the water chemistry of the secondary circuit in PWRs) 

– as a research and monitoring tool for the chemical process industry (high-temperature 

applications). 

 

To put the electrode on the market there is interest from Studsvik Nuclear and Framatone ANP from 

within the LIRES consortium. Also CORMET Testing Systems (Finland) is interested in marketing 

these electrodes among their clients as they have strong connections in the chemical, petrochemical, 

and oil and gas industries. 
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