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Overview 
 
Steam generator (SG) tubing plays an important 
role in heat transfer from the primary side to the 
secondary side of the nuclear reactor.  SG tubing 
made from Alloy 600 (Ni-rich alloy) has proven to 
be susceptible to corrosion, especially to stress 
corrosion cracking (SCC). As a result, A600 has 
been replaced with either A690 (Cr-rich) in the 
USA or A800 (Fe-Ni-rich) in Canada.  Thus far, 
there had been no reports of SCC in A800 while in 
service; though recently cracking has been 
reported in Europe. A800 is also not immune to 
cracking under laboratory conditions. 
 
One of the main mechanisms proposed for the SCC of nickel-based alloys is the film rupture 
mechanism in which the passive film at the crack-tip is ruptured by the build-up of plastic strain, 
leading to localized corrosion and crack advancement before repassivation. Hence, determining 
the properties of the oxide films formed on these alloy surfaces is critical to understanding their 
susceptibility to SCC and for developing new nickel-based alloys with better corrosion 
resistance.  Accordingly, the major objective of this UNENE-funded NSERC CRD project is to 
understand the differences in the corrosion behaviour of A600 and A800 SG tubing materials, 
especially the properties of the oxide layer formed on A600 and A800, and how these 
differences affect their cracking behaviour. 
 
During the first year of this project, research focused on understanding the oxide film properties 
on A600 and A800 samples exposed to room temperature 0.1M Na2S2O3 (pH=6.5) solution.  
Based on the electrochemical data and the results from the surface analytical measurements, a 
model for the oxide film growth was developed. For the Fe-Ni rich A800, the results indicated 
that the segregation of Fe to the outer regions of the oxide film leads to a thicker oxide layer, a 
more resistive inner Cr2O3 barrier layer, and the retention of Ni in the surface of the substrate 
alloy. In contrast, for the Ni-rich A600, the more noble Ni does not readily oxidize and segregate 
to the outer regions of the film, leading to a thinner oxide layer and an underdeveloped barrier 
layer. Improved corrosion resistance exhibited by A800 in this solution was mainly due to the 
retention of the Cr2O3 inner barrier layer. 
 
During the second year of the project, research continued on understanding the oxide film 
development at higher temperatures, up to 90 ºC. In addition to sodium thiosulphate solution 
(known to cause SCC in A600 tubing), experiments were also performed in sodium sulphate 
solution (which does not cause SCC).  Moreover, the oxide films formed on stressed A600 and 
A800 C-ring samples exposed to an acid sulphate solution at 315 ºC (from U of T) was also 
characterized. Highlights of the results from these measurements are presented in the next 
section. 
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Program Results / Highlights 
 
The results presented here are divided into two parts:  (a) results obtained from the laboratory-
based electrochemical experiments and (b) results from the characterization of the A600 and 
A800 C-ring samples subjected to cracking experiments. 
 
(1)  Results from Electrochemical Measurements 

Electrochemical experiments have been performed in deaerated 0.1M Na2S2O3 (pH=6.5) and 
0.1M Na2SO4 (pH=6.1) solutions. As discussed previously, SCC of A600 was observed in the 
thiosulphate solution, while the sulphate solution is considered neutral and benign. Samples 
were subjected to various applied potentials, ranging from the equilibrium potential (Ecorr) to 
those in the passive and transpassive regions. The oxide films formed under these conditions 
were characterized using surface analytical techniques such as scanning electron microscopy 
coupled with energy dispersive X-ray (SEM/EDX) analysis, X-ray photoelectron spectroscopy 
(XPS), scanning Auger microscopy (SAM) and time-of-flight secondary ion mass spectrometry 
(ToF-SIMS). 
 
Figure 1 presents the anodic polarization curves obtained in the sulphate and thiosulphate 
solutions at 90 ºC. The data for the A600 and A800 samples are presented here. The anodic 
polarization curves in 60 ºC solutions are similar in nature and hence not presented here. For 
the sulphate solution, the anodic polarization curves presented in Figure 1 (left) indicated that 
A600 and A800 exhibited similar behaviour.  For example, the passive region was from -0.39 to 
0.7 Vsce for A600 and -0.5 to 0.65 Vsce for A800. However, the passive current densities are 
lower by an order of magnitude for A800, 7.2x10-7 to 4.3x10-6 A/cm2, compared to 1x10-6 to 
1.5x10-5 A/cm2 for A600. Thus, even in this benign solution, A800 was more passive (less 
corrosive) than A600. In contrast, the anodic polarization curves in the thiosulphate solution 
exhibited much different behaviour. While A800 still exhibited a large passive range (-0.44 to 0.5 
Vsce), only a narrow passive range (-0.47 to 0.18 Vsce) was observed for A600, increasing its 

susceptibility to corrosion. 
 
Figure 1.   Anodic polarization curves for the A600 (black) and A800 (red) samples in 0.1M 
Na2S2O3 (left) and 0.1M Na2SO4 (right) solutions at 90 ºC 
 
Based on the anodic polarization curves, regions for potentiostatic experiments were chosen 
and the samples were subjected to these potentials for a period of eight hours.  The samples 
were then removed, washed with deionized water and analyzed using XPS and other 
techniques.  Figure 2 presents a summary of the data from the XPS survey scan spectra 
collected at three different potentials after exposure to a 0.1M Na2SO4 solution at 60 and 90 ºC.  
The three major constituents, Ni, Cr and Fe, have been normalized and the normalized ratios 
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are presented in this figure.  For A600 (Figure 2, left), the oxide consists mostly of nickel (blue) 
and chromium (black).  Iron (red) incorporation in the oxide layer was observed only in the 
transpassive region.  In addition, Cr appears to be depleted in the transpassive region and the 
oxide film consists of iron and nickel only.  In contrast, the oxide layer on A800 appeared to be a 
mixture of Fe, Cr and Ni at all potential regions.  In addition, Cr was found to be present in the 
oxide layer even in the transpassive region.  Moreover, greater Cr content within the oxide layer 
was observed in the oxide on the A800 sample.  Incorporation of Cr into the oxide layer can 
explain why A800 consistently exhibited lower current densities in the anodic polarization curve 
shown in Figure 1 (left).  Figure 3 presents the XPS data for the samples exposed to a 0.1M 
Na2S2O3 solution at 60 ºC and 90 ºC.  Even in this solution, A800 consistently tends to retain 
more Cr in the oxide film compared to A600 (by a factor of 2).  High resolution XPS spectra 
obtained of the A600 and A800 samples exposed to the thiosulphate solution at 90 ºC, Figure 4, 
indicate that the dominant Cr species are Cr(OH)3 for the A600 samples and Cr2O3 for the A800 
samples.  A significant amount of Cr2O3 is observed on the A800 samples, even in the 
transpassive region where the passive film breakdown had occurred.  Moreover, the extent of 
Cr concentration in the oxide layer, and particularly that of Cr2O3, is greater for A800 compared 
to A600, which enhances the corrosion resistance of A800 in the thiosulphate solution.  A major 
reason for the retention of Cr2O3 on A800 can be explained by the simultaneous presence of 
iron species in the oxide layer on A800; the presence of iron species was consistently observed 

across all potential regions on A800 samples.  In contrast, iron species were not observed in 
A600 samples, except in the transpassive region.  The presence of iron tends to retain Cr in the 

oxide layer, thus enhancing its corrosion resistance. 

  



UNENE ANNUAL REPORT 2014        132 

 
 

 

 

 

 

 

 

 

 

 

 

Figure 2.   Normalized (Fe, Ni and Cr) oxide composition determined from the XPS survey scan 
spectra for the samples exposed to 0.1M Na2SO4 solution at 90 ºC. 

Figure 3.   Normalized (Fe, Ni and Cr) oxide composition determined from the XPS survey scan 
spectra for the samples exposed to 0.1M Na2S2O3 solution at 90 ºC. 

Figure 4.   Summary of high resolution XPS measurements performed on the samples exposed 
to a 0.1M Na2S2O3 solution at 90 ºC.  The figures on the top are for the Cr species and the 
figures on the bottom are for the Fe species.  The figures on the left are the data from the A600 
samples and the figures on the right are the data from the A800 samples. 

 
 
(2)  Results from Characterization of Cracked C-ring Samples 

A600 and A800 stressed C-ring samples were exposed to an acid sulphate solution at 315 ºC 
under potentiostatic control in Roger Newman’s laboratory at U of T. Samples were removed 
after 12 hours of exposure (close to crack initiation for A800) and after 60 hours (cracks 
propagated to ~ 60 µm in A800). These samples were characterized as part of the project 
workscope to determine the oxide film composition and how the composition compared to those 
formed during laboratory electrochemical experiments. 
 
Figure 5 presents the SEM images of the C-ring samples after exposure to the acid sulphate 
solution for 60 hours. Extensive intergranular cracking was observed on the A800 C-ring sample 
(images on the right). However, the A600 sample exhibited severe cracking behaviour; 
intergranular and transgranular cracking (images on the left) was observed at the apex of the 
A600 C-ring sample.  Even after a 12 hour exposure, intergranular cracking was observed on 
the A600 sample, while only localized corrosion was observed on the A800 sample.  Further 
surface analytical measurements have been conducted to determine the nature of the oxide 
layer formed under a high temperature acid sulphate exposure. EDX spectra obtained of the 
oxide films are presented in Figure 6.  This figure shows that the oxide layer is enriched in Cr, 
while a Fe-Cr-rich oxide layer was observed on the A800. The XPS and ToF-SIMS 
measurements indicated that the presence of Fe in the oxide film on the A800 sample tends to 
produce a more compact and stable oxide film.  In contrast, Fe incorporation in the oxide film 
was not observed on the A600 sample and, as a result, the oxide film is porous and thicker 
compared to that on the A800. Thus, the oxide film properties appear to influence the relative 
susceptibility to cracking in acid sulphate chemistry at 315 ºC. 
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Figure 5.   SEM images of the apex of the C-ring indicating the presence of intergranular cracks 
after exposure to the solution for 60 hours. 
 
In summary, based on the results obtained from the laboratory-based electrochemical 
measurements performed at room temperature to 90 ºC and the analysis of the C-ring samples  
exposed to the acid sulphate chemistry at 315 ºC, the incorporation of Fe into the oxide layer on 
A800 is the most critical step in improving the corrosion resistance of this material compared to 
that of A600. It appears that the presence of Fe (or Fe oxides) helps to stabilize and preserve 
the Cr oxides on the sample surface even in the transpassive region where significant corrosion 
is expected to occur. Improvement in corrosion resistance could be attributed to the formation of 
a stable Fe2Cr2O4 phase on the A800. 
 
Research for the third year of the project will focus on three aspects: (1) extending the 
laboratory-based electrochemical measurements to temperatures up to 180 ºC, (2) performing 
scoping experiments under selected shutdown and start-up conditions typically encountered in a 
CANDU reactor, (3) further investigating the role of applied/residual strain on oxide film 
properties. A major outcome of this project will be the development of a comprehensive  

 
database of oxide film properties on the A600 and A800, which will identify the effect of solution 
composition (especially the trace amounts of contaminants present during the shutdown or 
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start-up conditions), operating temperature and the role of strain in the material. It is also 
expected that the results from these experiments may help to define boundary conditions for the 
stakeholders in which the A800 material is expected to be stable and resistant to corrosion 
 
Figure 6.   EDX spectra collected from the apex of the A600 (left) and A800 (right) C-ring 
specimens, indicating the presence of a Cr-rich oxide layer on A600 and a Fe-Cr rich oxide 
layer on A800. 
 
 
Cases with Realized Outcomes to Industry 
 
As discussed in the previous section, significant progress has been made on understanding why 
A800 exhibits improved corrosion resistance compared to A600.  Incorporation of Fe into the 
oxide layer and the subsequent formation of a compact and stable film appears to be the 
primary factor for improved corrosion resistance of A800. During the third year of the project, 
experiments will be conducted under the shutdown and restart conditions and the role of various 
species (such as dissolved oxygen) on the oxide film stability will be investigated. Such 
experiments are expected to define the boundary conditions within which the SG material is 
expected to exhibit a stable behaviour with improved resistance to corrosion. 
 
 
Research Facilities and Equipment 
 
This project is being carried out at Surface Science Western (SSW), a research and consulting 
laboratory specializing in the analysis and characterization of surfaces and materials. This 
facility houses a number of surface analytical techniques and is the only facility of this kind in 
Canada. In addition, the expertise of the staff at SSW has been critical in the data analysis and 
interpretation for the results generated in this project. 
 
A high temperature furnace was built for the steam/H2 oxidation experiments conducted for this 
project. This furnace is being used by the project personnel from this group as well as Professor 
Newman’s group. There is also a possibility of using this furnace for other research projects.  
Other additions to Professor Shoesmith’s facility include an anaerobic chamber with oxygen 
concentration less than 0.1 ppm, a humidity chamber that allows gas phase corrosion 
experiments at different humidity levels in temperatures, and a photoelectrochemistry (PEC) 
system to probe the properties and defect structures of semiconducting materials, such as 
certain oxides and sulphides - common corrosion films on metals. 
 
 
Current HQP 
 
1 Research Associate, 50% on this project. 
1 Research Assistant, 25% on this project 
1 Summer Student, 100% on this project. 
 
 
HQP that Graduated  
 
1 PhD student (Melissa Faichuk), graduated December 2013.  Currently employed at Chalk 
River Laboratories. 
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Publications 
 
Major publications for the past year (2014) from Professor Shoesmith’s group are given below. 

1. T.E. Standish, D. Zagidulin and D.W. Shoesmith, The Galvanic Coupling Between Waste 
Form and Waste Container Materials under Permanent Nuclear Waste Disposal Conditions. 
Submitted to J. Nucl. Mater., February 2015. 

2. P. Jakupi, P.G. Keech, I. Barker, S. Ramamurthy, R.L. Jacklin, D.W. Shoesmith and D.E. 
Moser. Characterization of Commercially Cold-sprayed and Determination of the Effects of 
Impacting Powder Velocities, submitted to J. Nucl. Mater., February 2015. 

3. P. Dauphin-Ducharme, W.J. Binns, M.E. Snowden, D.W. Shoesmith and J. Mauzeroll, 
Determination of the Local Corrosion Rate of Magnesium Alloys Using a Shear Force 
Mounted Scanning Capillary Method, accepted for publication in Faraday Discussions, 
January 2015. 

4. M. Razdan and D.W. Shoesmith, The Influence of Hydrogen Peroxide and Hydrogen on the 
Corrosion of Simulated Spent Fuel, accepted for publication in Faraday Discussions, 
January 2015. 

5. M. Faichuk, J.J. Noel, S. Ramamurthy and D.W. Shoesmith, Properties of the Oxide Films 
Formed on Alloy 800 in a 0.1 M Na2S2O3 Solution, Submitted to Corrosion Science, 
September 2014. 

6. P. Dauphin Ducharme, M. Danaie, R.M. Asmussen, D.W. Shoesmith and J. Mauzeroll, In-
situ Mg2+ Release Monitored during Magnesium Alloy Corrosion, J. Electroanal. Chem., 736, 
61-68 (2015). 

7. V. Dehnavi, B.L. Luan, X.Y. Liu and D. Shoesmith, Correlation between Plasma Electrolytic 
Oxidation Treatment Stages and Coating Microstructure on Aluminum under Unipolar 
Pulsed DC Mode, accepted for publication, Surf. Coat. Technol., October 2014. 

8. T. Kosec, Z. Qin, J. Chen, A. Legat and D.W. Shoesmith, Copper Corrosion in 
Bentonite/Saline Groundwater Solution: Effects of Solution and Bentonite Chemistry, 
Corrosion Science, 90, 248-258 (2015). 

9. R.M. Asmussen and D.W. Shoesmith, Microscale Investigation of Multi-Phase Metal Alloy 
Wasteforms (60SS[316]-12Zr-12Mo), Corrosion 70, 1177-1180 (2014). 

10. P. Dauphin-Ducharme, R.M. Asmussen, U.M. Tefashe, M. Danaie, W.J. Binns, P. Jakupi, 
G.A. Botton, D.W. Shoesmith and J. Mauzeroll, Local Hydrogen Fluxes Correlated to 
Microstructural Features of a Corroding Sand cast AM50 Magnesium Alloy, J. Electrochem. 
Soc. 161, C1-C8 (2014). 

11. R.M. Asmussen, W.J. Binns, P. Jakupi and D.W. Shoesmith, The Influence of Microstructure 
on the Corrosion of the Magnesium Alloy ZEK 100, Corrosion 71, 242-254 (2015). 

12. R. Partovi-Nia, S. Ramamurthy, D. Zagidulin, J. Chen, R. Jacklin, P. Keech and D.W. 
Shoesmith, Corrosion of Cold-Spray Deposited Copper Coatings on Steel Substrates, 
submitted to Corrosion, August 2014. 

13. R.M. Asmussen, W.J. Binns, P. Jakupi, P. Dauphin-Ducharme, U.M. Tefashe, J. Mauzeroll 
and D.W. Shoesmith, Reducing the Corrosion Rate of Magnesium Alloys Using Ethylene 
Glycol for Advanced Electrochemical Imaging, Corrosion Science, 93, 70-79 (2015). 

14. R.M. Asmussen, W.J. Binns, R. Partovi-Nia, P. Jakupi and D.W. Shoesmith, Simulating the 
Corrosion Behaviour of a Cathodic Site in Mg Alloy Corrosion: The Electrochemical 
Behaviour of Al-Mn Intermetallics In NaCl and MgCl2Solutions, submitted to Electrochim. 
Acta, May 2014. 

15. R.M. Asmussen, W.J. Binns, P. Jakupi and D.W. Shoesmith. Microstructural Effects on the 
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Corrosion of AM50 Magnesium Alloys; J. Electrochem. Soc., 161, C501-C508 (2014). 
16. L. Wu, N. Liu, Z. Qin and D.W. Shoesmith; Modelling the Radiolytic Corrosion of Fractured 

Nuclear Fuel under Permanent Disposal Conditions, J. Electrochem. Soc. 161, E3259-
E3266 (2014). 

17. L. Wu, J.S. Goldik and D.W. Shoesmith; The Anodic Reactions on Simulated Spent Fuel in 
Hydrogen Peroxide Solutions – The Effect of Carbonate/Bicarbonate, J.Electrochem.Soc, 
161, C363-C371 (2014). 

18. L. Wu and D.W. Shoesmith; Electrochemical Study of H2O2 Oxidation and Decomposition on 
SIMFUEL (doped UO2) – Effect of pH, Electrochimica Acta 137, 83-90 (2014).  

19. P.G. Keech, R. Partovi-Nia, J. Chen, S. Ramamurthy, D. Zagidulin and D.W. Shoesmith; 
Design and Development of Copper Coatings for Long Term Storage of Used Nuclear Fuel, 
Corros. Eng., Sci. and Tech, 49, 425-430 (2014). 

20. J. Chen, Z. Qin and D.W. Shoesmith; The Key Parameters Determining the Structure and 
Properties of the Sulphide Films Formed on Copper Corroding in Anaerobic Sulphide 
Solutions, Corros. Eng., Sci. and Tech 49, 415-419 (2014). 

21. Z. Qin, W-J. Cheong, P.G. Keech, J.C. Wren and D.W. Shoesmith; Modelling the 
development of Acidification within Corroding Sites on Spent Fuel Surfaces, Corros. Eng., 
Sci and Tech 49, 583-587 (2014). 

22. V. Dehnavi, X.Y Liu, B.L. Luan, D.W. Shoesmith and S. Rohani; Phase Transformation in 
Plasma Electrolytic Oxidation Coatings on 6061 Aluminum Alloy, Surf. Coat. Technol., 251, 
106-114 (2014). 

23. L. Wu, Z. Qin and D.W. Shoesmith; An Improved Model for Corrosion of Used Nuclear Fuel 
Inside a Failed Waste Container under Permanent Disposal Conditions, Corrosion Science 
84, 85-95 (2014). 

24. M. Danaie, R.M. Asmussen, P. Jakupi, D.W. Shoesmith and G.A. Botton; The Cathodic 
Behavior of Al-Mn Precipitates During Atmospheric and Saline Aqueous Corrosion of a 
Sand-cast AM50 Alloy; Corrosion Science, 83, 299-308 (2014).  

25. M. Razdan and D.W. Shoesmith; The Electrochemical Reactivity of 6.0 wt% Gd-doped 
Uranium Dioxide in Aqueous Carbonate/Bicarbonate Solutions; J. Electrochem. Soc., 
161(4), H225-H234 (2014). 

26. T. Martino, R. artovi-Nia, J. Chen, Z. Qin and D.W. Shoesmith; Mechanisms of Film Growth 
on Copper in Aqueous Solutions Containing Sulphide and Chloride under Voltammetric 
Conditions, Electrochimica Acta, 127, 439-447 (2014). 

27. M. Razdan, M. Trummer, D. Zagidulin, M. Jonsson and D.W. Shoesmith; Electrochemical 
and Surface Characterization of Uranium Dioxide Containing Rare Earth Oxide (Y2O3) and 
Metal (Pd) Particles, Electrochimica Acta 130, 29-39 (2014). 

28. M. Razdan and D.W. Shoesmith, Influence of Trivalent-Dopants on the Structural and 
Electrochemical Properties of Uranium Dioxide, J. Electrochem. Soc., 161, H105-H113 
(2014). 

29. A. Mishra and D.W. Shoesmith, The Influence of Alloy Content on the Propagation of 
Crevice Corrosion on Nickel-Chromium-Molybdenum-Tungsten Alloys in Hot Saline 
Solutions, Corrosion, 70, 721-730 (2014). 

30. A. Mishra and D.W. Shoesmith, The Effect of Alloying Elements on Crevice Corrosion 
Inhibition of Nickel-Chromium-Molybdenum-Tungsten Alloys under Aggressive Conditions, 
accepted for publication in Corrosion, January 2014. 

31. J. hen, Z. Qin, L. Wu, J.J. Noel and D.W. Shoesmith; The Influence of Sulphide Transport on 
the Growth and Properties of Copper Sulphide Films during Copper Corrosion in Anaerobic 
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Sulphide Solutions, Corrosion Science 87, 233-238 (2014). 
32. A.K. Mishra and D.W. Shoesmith; Effect of Copper on the Crevice Corrosion Inhibition of 

Nickel-Chromium-Molybdenum Alloys in Aggressive Solutions, submitted to 
CORROSION2015, National Association of Corrosion Engineers, Houston, TX, USA, 
October 2014. 

 
 
Interactions / Consultations with Industry 
 
The results from this research project were presented to the UNENE community during the 
UNENE RAC meeting (May 8, 2014) and UNENE R&D Workshop (December 16, 2014). In 
addition, students from Professor Shoesmith’s group participated in the student poster session 
during the December R&D Workshop. The project personnel will also work with the Technical 
Advisory Committee members to determine the shut down and start up conditions for 
experiments to be performed in the third year. 
 
In addition to this project, Professor Shoesmith has extensive interactions with the nuclear 
industry, mainly through the Nuclear Waste Management Organization (NWMO). In addition to 
sponsoring his chair program, NWMO is also funding major projects on copper coated steel 
containers for long-term nuclear waste storage, radiolytic corrosion of copper and pitting 
corrosion of copper. He has also been involved with various international efforts on nuclear 
waste storage.  Some of his research projects have been sponsored by SKB (copper corrosion), 
Amec U.K. (titanium corrosion), TransCanada Pipelines (pipeline corrosion), and GM 
(magnesium corrosion) In addition, he has also been involved in reviewing technical reports and 
papers related to the corrosion of nuclear waste storage containers. 
 
  




