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Queen’s University – Mark Daymond IRC 

 

UNENE/NSERC IRC Program: Nuclear Materials  
 

 

Overview 
 
The specific goals of the program are to understand the materials of 
the fuel channel, and in particular impacts of processing choices and 
their aging mechanisms.  The fuel channel includes the pressure 
tube, the calandria tube and the spacers which keep them separate 
over the lifetime of the channel.  For example, one effort has been 
into understanding the anisotropic behaviour of pressure tube 
material, over a wide range of crystallographic textures and 
microstructures and to relate this to the elongation of pressure tubes, 
their increase in diameter, their sag and their fracture characteristics.  
The research currently concentrates on the effect of manufacturing 
variables on the properties microstructure and texture of pressure 
tubes, the anisotropic creep of Zr-2.5Nb, the plastic anisotropy of Zr-2.5Nb, Zircaloy-2, the 
behaviour of hydrides in bulk Zr-2.5Nb, delayed hydride cracking of Zr-2.5Nb, irradiation 
induced degradation of X-750 spacers.  During the reporting period, the focus on irradiation 
damage and its effects of properties of Zr and Ni based alloys has continued.  This latter area 
will be a significant part of the Chair program in the future 
 
 
Program Highlights & Advances in Knowledge 
 
In January 2018, three new Asst. Professors arrived at Queen’s, all with a research focus in the 
area of Nuclear Materials.  Their specific topic areas are modelling; corrosion; and materials 
characterisation of nuclear materials, respectively: these areas are complementary to the 
existing expertise and significantly increase the breadth of research possible at Queen’s.  With 
Malcolm Griffiths as an Adjunct Professor, and Rick Holt as an Emeritus Professor, the total the 
number of Faculty at Queen’s working on Nuclear Materials is now seven, and the total 
research team (Faculty, postdocs, graduate students and technicians) is presently thirty-six. 
 
The Reactor Materials Testing Laboratory (RMTL) commissioning has continued to progress 
well, with significant experimental work carried out including irradiations of Ni and Zr based 
alloys.  An Operations Licence application has now been submitted to CNSC, allowing us to 
move to full operational capacity. 
 
Significant advances have been made in the past year in the study of irradiation induced 
elemental segregation and damage.  This work has included Nickel X750 spacer materials, with 
a focus on understanding the contributing factors towards irradiation induced embrittlement; 
relating change in microstructure due to irradiation damage on resultant mechanical properties 
of Zr2.5Nb pressure tube material; the impact of irradiation on hydrides in pressure tube 
material.  We continue to expand our expertise in the area of ion irradiation as a tool to explore 
the effect of neutron irradiation. 
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Realized outcomes to Industry 
 
Key knowledge transfers include 

- With CNL: Developing for the first-time in the world a method allowing for artefact-
hydride free FIB production of Zr TEM samples.  FIB extraction of TEM foils is very 
beneficial, allowing for localised removal of samples for subsequent examination.  In 
particular this opens up research avenues for example when examining crack-tips.  
Up until now most users in the literature have reported being plagued by artefact 
hydrides when FIB’ing Zr samples (i.e., hydrides that were not there prior to FIB 
production).  Queen’s and CNL have developed a methodology for reliable artefact 
hydride-free FIB sample preparation.  This makes the study of real hydrides (e.g., of 
relevance to DHC difficult). 

 
- To Kinectrics: One of our students has developed a methodology to model the 

influence of He on changes in structure of X-750 garter springs, and hence on 
mechanical properties.  This is an important step in modelling the changes in 
mechanical properties of X-750 during aging. 
 

In addition, Queen’s (Holt) contributed to an Expert Panel meeting organized by Kinectrics, to 
do with the end-of-life fracture program and residual stresses at rolled joints.  
 
Queen’s is working with Kinectrics on studying DHC in high (>100wppm) hydrogen content 
pressure tube material, as well as alternative approaches to hydrogen solubility measurement.  
This has impact on end-of-life pressure tube conditions, and in our ability to predict how long 
the pressure tubes can continue to operate. 
 
Queen’s is working with Kinectrics to provide mechanical test data on proton irradiated Ni X750 
spacer material.  This has significant impact in understanding potential for spacer 
embrittlement, and hence in predicting maximum life for fuel channels. 
 
The Queen’s RMTL TEM has also been used by CNL for a number of COG projects.  These 
take advantage of the unparalleled chemical mapping capabilities of the Queen’s TEM, and 
include:  

 Chemical characterization of elemental distribution at crack tips in stainless steels due to 
Stress Corrosion Cracking (i.e., steam generator materials) 

 Characterization of irradiation damage to neutron irradiated X750 spacer material, 
removed from BP and OPG reactors.  

 Characterization of irradiation damage of Zr2.5Nb pressure tube material, of relevance 
to the high stress creep projects. 

 Characterization of hydrides in Zr2.5Nb pressure tube material, of relevance to DHC. 
 
 
Research Facilities and Equipment  
 
The RMTL accelerator project funded by CFI/MEDT continues, with equipment purchase, 
installation and commissioning competed.  A full suite is now operational and dedicated to 
nuclear materials testing, including: 

 Accelerator (8MeV protons, 12 MeV alpha particles) for irradiation at a range of 
conditions;  
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 FEG TEM (with full suite of holders including tomography, heating, straining, EDX 
mapping) 

 FEG SEM (with EBSD, EDX);  

 Micromaterials Nanotester, capable of micro and nano testing up to 700degC. 

 Sample preparation suite 

 Nested Neutron Spectrometer for energy specific neutron detection (with Tony Waker, 
UOIT). 

 
Expected upgrades in 2019 include, in situ mechanical testing in the proton beam; in situ 
corrosion testing in the proton beam. 
 
 
HQP enrolled in the program 
 
The group is led by Prof. Mark Daymond with support from Assoc. Prof. Zhongwen Yao.  In 
addition, as noted above, 3 new Professors joined the Nuclear Materials program at Queen’s in 
2018.  While not yet conducting research funded by UNENE, they have already brought in 6 
HQP working on nuclear materials issues with other funds.  This, together with Prof. Yao’s 
group, brings the total Nuclear Materials research team at Queen’s to 36.  Many students / 
postdocs are co-supervised.   
 
Postdoctoral fellows (5):  Fei Long, Matt Topping, Peyman Saidi, Cong Dai, Jason Wang 
Continuing PhD students (9): Travis Skippon, Pooyan Changizian, Zhouyao Wang, Alice Mao, 
Nima Nikpoor, Segun Aiyeru, Igor Cherubin, Sean Hanlon (part time, at CNL), Yubin Zhao 
Continuing MASc students (2): Brodie Moore, Jordon Solomon 
New MASc student (1): Rong Guo 
 
 
HQP that graduated since last report; number, type 
 

 Mitch Mattucci (MASc), now at CNL 

 Oksana Shiman (PhD), now at CNL 

 Chris Cochrane (PhD), now at CNSC 

 Cong Dai (PhD), postdoc at Queen’s University 

 Jason Wang (PhD), postdoc at Queen’s University 

 Qingshan Dong (PhD), postdoc at Queen’s University 

 Levente Balogh (postdoc), Faculty at Queen’s University  
 
 
Publications 
 
Journal papers 

1. Q. Wang, F. Long, Z. Wang, N. Guo, M.R. Daymond, “Orientation dependent evolution of 
plasticity of irradiated Zr-2.5Nb pressure tube alloy studied by nanoindentation and finite 
element modeling”, J. Nuclear Materials, v512, p371-384 (2018) 

2. C. Cochrane, M.A. Gharghouri, M.R. Daymond, “Evidence for Transformation-Induced 
Plasticity in a High Sn Content Zirconium Alloy”, Acta Mater., v161, p311-319 (2018) 

3. Q. Wang, C. Cochrane, H. Yu, M.R. Daymond, “Micropillar compression study on heavy 
ion irradiated Zr-2.5Nb pressure tube alloy”, J. Nuclear Materials, v511, p487-495 (2018) 
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4. O.V. Shiman, T. Skippon, E. Tulk, M.R. Daymond, “Strain evolution in Zr-2.5wt.% Nb 
observed with synchrotron X-ray diffraction”, Materials Characterization, v146, p35-46 
(2018) 

5. H. Qin, V. Fallah, Q. Dong, M. Brochu, M.R. Daymond, M. Gallerneault, “Solidification 
pattern, microstructure and texture development in Laser Powder Bed Fusion (LPBF) of 
Al10SiMg alloy”, Mater. Char., v145, p29-38 (2018) 

6. Q. Dong, Z. Yao, P. Saidi, M.R. Daymond, “Effect of pre-existing dislocations on the 
formation of dislocation loops: pure magnesium under electron irradiation”, J. Nuc. 
Materials, v511, p43-55, 2018 

7. C. Cochrane -phase 
zirconium alloy”, Materials and Design, v156, p622-630 (2018) 

8. C. Cochrane, M.R. Daymond, “Phase transformation temperatures and solute redistribution 
in a quartenary zirconium alloy”, Met. Mat. Trans. A, v49(8), p3468-3485 (2018) 

9. F. Long, J. Kacher, Z. Yao, M.R. Daymond “A tomographic TEM study of tension-
compression asymmetry response of pyramidal dislocations in a deformed Zr-2.5Nb alloy”, 
Scripta Mater., v153, p94-98 (2018) 

10. S.M. Hanlon, S.Y. Persaud, F. Long, M.R. Daymond, Advanced Characterization of 
Hydrides in Zirconium Alloys. In: J. Jackson, D. Paraventi, M. Wright (eds) Proc. of 18th Int. 
Conf. on Environmental Degradation of Materials in Nuclear Power Systems – Water 
Reactors. The Minerals, Metals & Materials Series. Springer, vol 2, p577-597, (2018) 

11. H.K. Zhang, Z. Yao, Z. Zhou, O. Kaitasov, M.R. Daymond, “In-situ heavy ion irradiation in 
ferritic/martensitic ODS steels at 500ºC”, Mat. Sci. Tech., v34(1), p42-46 (2018) 

12. J. Hiscocks, B. Diak, A. Gerlich, M.R. Daymond, Strain localization and failure of dissimilar 
magnesium-based alloy friction stir welds, Science and Technology of Welding and Joining, 
v23(7), p628-634, 2018 

13. O.V. Shiman, E. Tulk, M.R. Daymond, Synchrotron X-ray diffraction study of zirconium 
hydride distribution in Zr-2.5%Nb and its redistribution during thermal cycling, Materials 
Characterisation, v136, p183-195 (2018). 

14. N. Guo, Z. Zhang, Q. Dong, H. Yu, B. Song, L. Chai, C. Liu, Z. Yao, M.R. Daymond, 
Strengthening and toughening austenitic steel by introducing gradient martensite via cyclic 
forward/reverse torsion, Materials & Design, v143, p150-159 (2018). 

15. P. Changizian, A. Brooks, Z. Yao, M.R. Daymond, “Nano-scale mechanical properties and 
microstructure of irradiated X-750 Ni-based superalloy”, Met. Mat. Trans. A, v 49(2), p498-
514, selected as Editors Choice Free Access article. (2018). 

16. N.L. Buitrago, J.R. Santisteban, A. Tartaglione, J. Marín, L. Barrow, M.R. Daymond, M. 
Schulz, M. Grosse, A. Tremsin, E. Lehmann, A. Kaestner, J. Kelleher, S. Kabra, 
“Determination of very low concentrations of hydrogen in zirconium alloys by neutron 
imaging”, J. Nucl. Materials, v503, p98-109, (2018). 

17. N. Yang, P. Saidi, M.R. Daymond, J.J. Hoyt, “Modelling of particle coarsening and 
precipitation free zones”, Modelling and Simulation in Materials Science and Engineering, 
v25, 085012 (2017) 

 
Conference presentations 

1. M.R. Daymond, “Mechanical properties of ion irradiated alloys: microstructure-property 
relationships”, Keynote, Plasticity 2018, Puerto Rico. 

2. R. Holt, “Polycrystalline modelling of Zirconium Alloys”, Invited, Workshop on modelling of 
materials, 2018, Santa Fe, New Mexico 

3. M. Griffiths, “Irradiation damage microstructure in Zr alloys, and its effect on mechanical 
properties”, Invited, CCEM Workshop on Nuclear Materials, 2018, Hamilton, Ontario. 
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4. P. Saidi, “Molecular Dynamics study of irradiation damage: effect of grain size in a 
polycrystal”, TMS 2018, Phoenix Arizona. 

5. C. Dai, “Residual point defects and their evolution near dislocation loops and grain 
boundaries in α-zirconium: an atomistic study”, TMS 2018, Phoenix Arizona. 

6. Z. Wang, “Strain and dislocation evolution at a crack-tip in pure Zr under non-plane strain 
conditions”, CNS Annual Conference, 2018, Niagara 

7. Q. Wang, “A tomographic TEM study of dislocation slip structures in pure zirconium”, 
NuMat 2018, Seattle, Washington 

8. Q. Wang, “A tomographic TEM study of dislocation slip structures in pure zirconium”, 
NuMat 2018, Seattle, Washington 

9. Z. Wang, “Digital image correlation strain measurement and geometrically necessary 
dislocation determination at a crack tip in zirconium”, NuMat 2018, Seattle, Washington 

10. M. Griffiths, “Irradiation damage microstructure in X-750, and its effect on mechanical 
properties”, NuMat 2018, Seattle, Washington 

 
Much of the group (Daymond, Yao, 2 postdocs, 10 students) attended the UNENE R&D 
Workshop in December 2017, and presented their work (1 oral presentation, 12 posters). 
 
 
Interactions/Consultations to industry or others  
 
Prof. Holt continues a strong interaction with the industry sponsors as an external consultant for 
AECL, Bruce Power and OPG (through Kinectrics Inc), as a reviewer and a member of the 
COG Fuel Channels Technical Committee. 
 
Prof. Daymond is a member of the COG Fuel Channels Technical Committee, the COG Fuel 
Channel Working Group on Crack Initiation and Fracture, the COG Fuel Channel Deformation 
Working Group, the COG Working Group on Spacer Degradation and the COG High Stress 
Creep Task Group.  
 
Prof. Yao is a member of the COG Fuel Channel Working Group on Crack Initiation and 
Fracture.  Profs. Holt, Daymond & Yao collaborate with AECL, Kinectrics and Nu-Tech precision 
metals on a number of research topics.   
 
Daymond continues his collaboration with the Commissariat a l`ÉnergiesAtomique (CEA) in 
Paris.  The group there is developing an ion irradiation facility with some overlap in capability 
compared to the RMTL, as well as developing models describing polycrystalline plasticity in 
irradiated material.  He also continues his collaboration with Comisión Nacional de Energía 
Atómica of Argentina, working on aspects of hydrides and DHC in Zirconium.  Other 
collaborations include Penn. State University (USA), University of Manchester (UK), Australian 
Nuclear Science and Technology Organization (ANSTO), APS-Argonne National Lab. (USA), 
IVEM- Argonne National Lab (USA), Oxford Culham Science Centre (UK), Wuhan University 
(China), China Institute of Modern Physics (China) and UBST (China).   
 
 
  




