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Western University – Clara Wren IRC  

 

UNENE/NSERC IRC Program:  Radiation-Induced Chemistry and 

Corrosion 
 
 
Overview 
 
The main objective of the projects carried out in the 3rd term of the IRC 
is to provide the scientific and technical basis for assessment of the 
integrity and longevity of the new NWMO design for a used nuclear fuel 
container (UFC), and OPG nuclear reactor structural components.  
 
The new design for a UFC uses a pressure-grade carbon steel (CS) 
vessel with its outer surface coated with a thin layer of copper. One 
concern regarding the structural integrity of the new UFC design is the 
potential for internal localized corrosion of the CS vessel. Moisture 
trapped inside a UFC could condense within the gap between the 
hemispherical head and the cylindrical body of the vessel. A corrosion issue concerning OPG 
reactor structural components arose from a recent inspection of Pickering Unit 6 that found a 
leak in the end shield cooling (ESC) tank. Moisture from the leak could reach a location in the 
annular air gaps that exist in the supporting structure for the ESC system. This raises the 
potential for accelerated (galvanic) corrosion attack on CS welded to stainless steel (SS) that 
make up the supporting structures. 
  
The safety assessments for these steel structures require prediction of the corrosion rate in 
environments, and over long service lifetimes, that are well beyond those that can be easily 
tested in a laboratory. Corrosion is a complex process involving many electrochemical and 
chemical reactions that are coupled with interfacial transfer and solution transport of metal 
cations. Because of this complexity, existing corrosion rate models were often formulated based 
on overall phenomenological behaviours. However, the complexity also makes the extrapolation 
of these models to conditions beyond the studied ranges problematic. The UFC and the reactor 
structures will be exposed to very different environments from those commonly employed in 
tests for determining corrosion rates. The water volume per unit surface area (of water droplets 
and gaps) would be small and the water would be stagnant. The initial pH of the water would be 
neutral or higher and the ionic strength of the water would be very low. More importantly the 

corrosion system is exposed to a continuous flux of -radiation in both cases. Under these 
conditions there is the potential for strong feedback between different elementary processes. To 
determine the overall corrosion rate it is critical to identify and decouple the key elementary 
processes controlling the overall rate of corrosion and to formulate the rate and flux equations 
for the elementary processes as a function of solution conditions. The rate equations can then 
be coupled and solved numerically. The effects of solution parameters on the overall corrosion 
rate can then be quantified through their effects on individual elementary processes.   
 
The final goal of the IRC research is to develop corrosion dynamics models that can be used to 
assess the integrities of the newly proposed UFC and the OPG reactor structures with 
confidence. Towards this goal the 3rd term of the IRC focuses on four research projects: (1) 
steady-state water and humid-air radiolysis kinetics to determine the concentrations of 
radiolytically produced oxidants, (2) radiolysis-induced independent general corrosion of CS 
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and SS, (3) radiolysis-induced water-droplet and crevice/gap corrosion of CS in the 
environments anticipated inside the NWMO UFC, and (4) radiolysis-induced galvanic corrosion 
of coupled CS and SS in the environments anticipated in the annular air gaps of the OPG 
reactor supporting structure.  
 
 
Program Results (Progress in 2017-2018) 
 
Preamble:  Due to the Chair’s personal circumstances which required an extended leave of 
absence, the Chair requested a one-year no-cost extension of her NSERC portion of the IRC 
funding. This request was approved and it resulted in a delay of NSERC’s release of the 2018 
instalment by 12 months while adding a sixth year to her IRC term. No industrial funding was 
changed.  
 

Project 1:  Chemical kinetics of -radiolysis of liquid water and humid air 
The technical objective of this project is to develop and refine chemical kinetics models for (1) 

-radiolysis of liquid water and (2) -radiolysis of humid air, that can predict the production rates 
of chemical species that must be considered in evaluating the long-term corrosion of the steels 
used in the UFC and the ESC supporting structure.  
 

Two models for -radiolysis of liquid water, free of any ions that are susceptible to radiolysis 
induced reactions (referred to as pure water) and water initially containing nitrate and nitrite 
(referred to as nitrate solutions), were developed in the previous IRC terms. In this term these 
models are being refined and used to calculate the concentrations of radiolysis products (e.g., 
H2O2, O2) as a function of pH, temperature, and initial concentrations of dissolved O2 and nitrate 
at the radiation dose rates anticipated in the UFC and the reactor structures.  
 
A humid-air radiolysis model (HARM) has been developed and is used to calculate time-
dependent concentrations of radiolysis products. These calculations are performed as a 
function of temperature, relative humidity in air and radiation dose rate. The model calculation 
results are analyzed to formulate the overall radiolytic production rate of nitric acid that may be 
absorbed in the water that the UFC or the ESC supporting structure steels may come into 
contact with.  
 
The calculation results using these models are being applied to the design and analysis of steel 
corrosion studies to determine the mechanism of radiolysis-induced corrosion of steels. The 
work in this area resulted in a publication (#3 in the publication list below) in a peer reviewed 
journal. In addition, the work provided important background information for published studies 
on copper corrosion (#1 and #2 in the publication list). 
  
Project 2:  Radiolysis-induced independent general corrosion of CS and SS 
This project consists of systematic studies on the effects of physical and chemical parameters 
of a solution on steel corrosion dynamics. These parameters include solution volume per unit 
surface area, pH, ionic strength, dissolved O2, concentrations of nitric acid and H2O2 (key 

radiolysis products), and with or without -radiation. Corrosion dynamics are investigated by 
performing various electrochemical analyses and coupon exposure studies as a function of 
corrosion time. For electrochemical studies, both conventional and non-standard techniques 
developed as part of the IRC program, are used. The electrochemical tests were augmented 
with post-test surface and solution analyses to study oxides formed on corroded surfaces and to 
determine the dissolved metal content in the solution phase. 
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The systematic studies have produced many unusual observations that have not been reported 
in previous corrosion studies on steels, particularly CS. The studies to date conclude that for CS 
corrosion a large number of elementary reactions and transport processes need to be 
considered in determining the overall corrosion rate as a function of solution parameters. This is 
because Fe0

(m) can oxidize to cations with more than one oxidation state (Fe2+
(aq) and Fe3+

(aq)) 
with very different chemical properties. Their reaction products can precipitate as gelatinous 
hydroxides on the metal surface which can grow into oxides with varying compositions, lattice 
structures and morphologies.  
 
We have shown that the corrosion dynamics in the early stages (Stage 1) of corrosion can be 
easily modeled using classical electrochemical reaction rate equations coupled with mass 
transport flux equations, similar to the approach used in existing corrosion dynamic models. 
However, because metal oxidation and solution transport of metal cations determine the overall 
corrosion rate of CS in aerated solutions or other oxidizing environments these equations must 
be formulated for metal ions, rather than for oxidants that are normally considered in the 
existing models. We have established a mechanism for CS corrosion dynamics that progresses 
beyond Stage 1. The mathematical formulation of the model for the long-term corrosion of CS 
have just begun. More systematic studies on the effects of solution parameters on corrosion 
dynamics during the transition from Stage 1 to Stage 2 and beyond are required to refine the 
mechanism and build a database of parameters prior to the development of a high-fidelity 
corrosion model. 
 
For SS corrosion may not progress beyond Stage 1 in which the overall metal oxidation process 
results in mainly metal dissolution. Due to the presence of a protective oxide layer, metal 
oxidation at the metal/oxide interface and not the transport of metal cations to the solution 
controls the rate of the overall corrosion process. Nevertheless, a SS corrosion rate model must 
consider the behaviour of the protective oxide layer that can change as corrosion progresses. 
The mass and charge balance (MCB) model that was developed for corrosion of passive alloys 
such as Alloy 800 and Stellite-6 in the previous IRC term can be used for the modeling of SS. 
  
The work on CS corrosion is being documented in a PhD thesis (the thesis defense is 
scheduled for Dec. 11, 2018) and three manuscripts that will be submitted for peer reviewed 
journal publication shortly. The results from this project provide necessary baseline data for a 
mechanistic understanding of the localized corrosion studies performed under Projects 3 and 4 
 
 
Project 3:  Radiolysis-induced localized corrosion of CS  
The technical objectives of this project are to provide experimental data and model analyses that 
can be used to assess the long-term integrity of the proposed NWMO UFC container weld 

design, and to determine the effect of -radiation on crevice corrosion in confined volumes, such 
as those encountered in weld cracks or crevices, or in water droplets. 
 
The studies to date have found that galvanic coupling between the bold and crevice surfaces 
accelerates the corrosion on the bold rather than the crevice surface. This observation is 
opposite to the normal crevice corrosion phenomenon observed for more passive alloys. 
Hence, we have coined the term ‘inverse crevice corrosion’ for this phenomenon. Our study 
indicates that inverse crevice corrosion occurs because the overall oxidation of CS progresses 
from production of mainly soluble ferrous species to production of mainly insoluble ferric 
species. This progression is faster in a smaller water volume. Based on these observations, the 
possible iron oxidation reactions, dissolution processes, and formation of the hydroxide/oxide 
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oxidation products were identified. This work was summarized in a peer reviewed journal 
publication (#6 in the publication list). 
 
Project 4:  Radiolysis-induced galvanic corrosion of CS and SS  
The technical objectives of this project are to provide experimental data and model analysis that 
can be used to assess the integrity and longevity of the ESC supporting structure, in particular, 
the potential for accelerated (galvanic) corrosion attack on CS-SS welds, and to determine the 
effects of radiolysis on the galvanic corrosion.  
 

The effect of -radiation and solution parameters on the galvanic corrosion of a carbon steel-
stainless steel couple (CS-SS) has been investigated by performing both electrochemical and 
coupon immersion tests on isolated CS, SS and galvanically coupled CS-SS. Increasing 

temperature or -irradiation increases the corrosion rates of the alloys initially, but it also 
accelerates the formation and growth of protective oxides on CS, suppressing subsequent 
metal oxidation. As a result, the acceleration of CS corrosion due to galvanic coupling 
diminishes with increasing temperature and with radiation present. This work is currently being 
summarized for a peer-reviewed journal publication. 
 
 
Research Highlights (2017-2018):  
 
The expertise and research capabilities that have been developed through the IRC program 
have been instrumental in securing two NSERC CRD grants with the nuclear industry partners 
(UNENE(OPG) and NWMO), and renewal of the Chair’s NSERC Discovery grant: 

 NSERC/UNENE(OPG) CRD: Methodology development for volume reduction and safe 
storage and disposal of low and intermediate level radioactive wastes (2017 Sept – 2019 
Dec, Total funding, $345K ($138K (OPG) + $207K (NSERC)).  

 NSERC/NWMO CRD: Development of a mechanistic model for -radiolysis induced copper 
corrosion (2017 Nov – 2020 Oct; Total funding, $514K ($240K (NWMO) + $274K (NSERC)) 

 NSERC DISCOVERY: Radiation assisted materials performance (2018 Apr – 2023 Mar; 
$79K per year). 

The key invited international activities of the Chair include: 

 Panel at the US DOE Workshop on Basic Research Needs for Future Nuclear Energy. 
Rockville, Maryland, US, 2017 Oct.  

 Keynote speaker at the Fukushima Research Conference on “Corrosion Prediction and 
Mitigation for Key Components of Fukushima Daiichi”, Fukushima, Japan, 2017 Nov. 

 
 
Research Facilities and Equipment  
 
The Chair’s laboratories are equipped with a suite of instruments for performing leading-edge 
research in the field of radiation-induced chemistry and corrosion, including (Fig. 1):  

 a Co-60 gamma radiation chamber that provides a high dose rate (1.9 kGy/h in May 2018), 

 a suite of electrochemical equipment including potentiostats and frequency response 
analyzers, ultra-low current and voltage measuring systems,  

 several pressure vessels for high temperature/pressure water and supercritical water 
corrosion studies,  

 a gas chromatograph with mass selective, thermal conductivity, electron capture detectors, 

 a UV-Vis absorbance and fluorescence spectrometer, a photoemission spectrometer,  
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 an attenuated reflectance Fourier transfer infrared (AR-FTIR) spectrometer,  

 a scanning optical microscope with a very high resolution, 

 an inductively coupled plasma-optical emission spectrometer (ICP-OES), 

 a 20W Q-switched pulsed ytterbium-doped fiber laser operating at 1064 nm, 

 a 3 point flexural test machine. 
 
In addition, the Chair’s research group members have access to, and receive training on, a 
suite of sophisticated surface analysis instruments through Surface Science Western, Western 
Nanofabrication Facility and the Tandetron Accelerator Facility for heavy ion-beam irradiation.   

 

 
             Fig. 1:  Major equipment and instruments in the Wren laboratory.  
 
 
HQP (2017 - 2018): 
 

 Current research team:  
Research associate/assistant: Dr. J. Joseph, Mr. G. Whitaker 
11.5 PhD students: D. Guo, R. Morco, J. Turnbull (co-supervised), Y.G. Shin, M. Li, 

 R. KarimHaghighi, M. Zakeri, M. Naghizadeh, M. Bahrami, L. Grandy, T.V. Do  

 Training completed:  M. Momeni (PhD, 2017 Nov), A. Jean (MSc, 2017 May)  

 Key student achievements: 
 Dan Guo (2018): Roy G. Post Foundation Scholarship (International) 

 M. Momeni (2017): Canadian Nuclear Society Jervis Student Achievement Award  

 R. Morco (2017): Roy G. Post Foundation Scholarship (International) 
 
 
Peer-Reviewed Publications (2017 - 2018) 
 
1. B. Ibrahim, D. Zagidulin, M. Behazin, S. Ramamurthy, J.C. Wren, D.W. Shoesmith*. The 

Corrosion of Copper in Irradiated and Unirradiated Humid Air. Corr. Sci., 141, 53-62 (2018). 
2. J. Turnbull, R. Szukalo, M. Behazin, D. Hall, D. Zagidulin, S. Ramamurthy, J.C. Wren, D.W. 

Shoesmith*. The Effects of Cathodic Reagent Concentration and Small Solution Volumes on 
the Corrosion of Copper in Dilute Nitric Acid Solutions, CORROSION. 74, 326-336 (2018). 
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3. R. Morco, J.M. Joseph, D. Hall, C. Medri, D. Shoesmith, J.C. Wren*. Modelling of Radiolytic 
Production of HNO₃ Relevant to Corrosion of a Used Fuel Container in Deep Geologic 
Repository Environments. Corr. Eng. Sci. Tech., 52, S1, 141-147 (2017). 

4. T. Sutherland, C. Sparks, J.M. Joseph, Z. Wang, G. Whitaker, T-K. Sham, J.C. Wren*. Effect 
of Ferrous Ion Concentration on the Kinetics of Radiation-Induced Iron-Oxide Nanoparticle 
Formation and Growth. Phys. Chem. Chem. Phys., 19, 695-708, (2017). 

5. Z. Wang, L. Alrehaily, J.M. Joseph, J.C. Wren*, J. Wang, T-K. Sham*. Scanning 
Transmission X-ray Microscopy Studies of Chromium Hydroxide Hollow Spheres and 
Nanoparticles Formed by Gamma- Radiation. Can. J. Chem., 95, 1146-1150 (2017).  

6. L. Wu, D. Guo, M. Li, J.M. Joseph, J.J. Noël, P. Keech, J.C. Wren*. Inverse Crevice 
Corrosion of Carbon Steel: Effect of Solution Volume to Surface Area. J. Electrochem. Soc., 
164, C539-C553 (2017).      

   




