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Abstract 

Zr-2.5Nb-0.5Cu alloy is considered as a potential replacement of the current Inconel X-750 alloy for future 

spacer installations in CANDU® reactors. They are designed to be placed in the annular space between 

pressure and calandria tubes to support the pressure tube and prevent it from coming into contact with the 

calandria tube. During their service lifetime, they are exposed to a high flux of fast neutrons and multiple-

directional loads. Therefore, it is important to study the effect of irradiation on the microstructure, 

microchemistry, and mechanical property of this alloy. In this dissertation, the effect of ion irradiation, heat 

treatment, alloying elements, pre-existing crystal defects on the microstructure and irradiation hardening 

was investigated to help us have a better understanding of this alloy before its application. 

Chapters 1 and 2 present a general introduction to the current investigated material and a literature review 

to previous related studies. Characterization of the microstructure and precipitates of the as-received 

material is presented in Chapter 3. Three types of microstructure and three types of second phase particles 

are detected in the as-received material. A comparison between annealing in TEM thin foils and bulk 

material is displayed in Chapter 4. The change of microstructure and precipitates is significantly slower in 

TEM thin foils than in bulk material, due to the presence of the foil surfaces. Chapter 5 reports the 

precipitate stability in the three types of microstructure under heavy ion irradiation. The starting 

microstructure shows a remarkable influence on the precipitate stability; the precipitates are more stable in 

the microstructure with a high density of point defect sinks. Chapters 6 and 7 cover the impact of alloying 

elements Nb and Cu on the loop formation and hardening in Zr alloys under self-ion irradiation. The 

existence of Nb and Cu exhibits a significant influence on the loop density and Burgers Vector of loops 

obtained, as well as ɤ precipitation and subsequent hardening behaviour. In Chapters 8 and 9, pure Mg was 

used as an analogue of Zr to provide additional insight into the influence that crystal internal defects, such 

as grain boundaries and gliding dislocations, have on the loop formation during irradiation. Noticeably 

different loop formation behaviour was observed in the vicinity of a grain boundary under electron 

irradiation. The pre-existing dislocations also displayed a noteworthy impact on the loop formation.   



ii  

Co-Authorship 

This dissertation is presented in a manuscript format. Each manuscript chapter is based on the following 

published, submitted or to be submitted journal articles.  

Chapter 3 

Q. Dong, H. Yu, Z. Yao, F. Long, L. Balogh, M.R. Daymond, Study of microstructure and precipitates of 

a Zr-2.5Nb-0.5Cu CANDU spacer material, Journal of Nuclear Materials 481 (2016) 153-163. 

Chapter 4 

Q. Dong, P. Saidi, H. Yu, Z. Yao, M. R. Daymond, A direct comparison of annealing in TEM thin foils 

and bulk material: application to Zr-2.5Nb-0.5Cu alloy, to be submitted. 

Chapter 5 

Q. Dong, Z. Yao, Q. Wang, H. Yu, M. Kirk, M. R. Daymond, Precipitate Stability in a Zrï2.5Nbï0.5Cu 

Alloy under Heavy Ion Irradiation, Metals, 7 (2017) 287. 

Chapter 6 

Q. Dong, H. Qin, Z. Yao, M.R. Daymond, Irradiation damage and hardening in Zr and Zr-Nb alloys at 573 

K from self-ion irradiation, submitted to Materials & Design. 

Chapter 7 

Q. Dong, Z. Yao, H. Qin, Q. Wang, M.R. Daymond, Effect of the addition of Cu on irradiation induced 

defects and hardening in Zr-Nb alloys, to be submitted. 

Chapter 8 

Q. Dong, P. Saidi, Z. Yao, C. Dai, M. R. Daymond, In situ TEM and atomistic study of dislocation loop 

formation in the vicinity of a grain boundary, to be submitted. 

Chapter 9 

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, Journal of Nuclear Materials, 511 (2018) 43-

55. 



iii  

 

The work conducted in this dissertation is original and my own with supervisors (Dr. Zhongwen Yao and 

Dr. Mark R. Daymond) acting in an advisory capacity. Other co-authors have made the following 

contributions to the publications above: 

In chapter 3, Dr. H. Yu helped with TEM characterization. Dr. F. Long and Dr. L. Balogh carried out 

synchrotron X-ray diffraction at the I11 high-resolution powder diffraction beamline of the Diamond Light 

Source located at the Harwell Science and Innovation Campus in Oxfordshire, UK. 

In chapter 4, Dr. P. Saidi and Dr. H. Yu provided useful discussions. 

In chapter 5, Dr. H. Yu, and Mr. Q. Wang carried out heavy ion irradiation in Argonne National Laboratory 

with the assistance of Dr. Marquis A. Kirk. 

In chapter 6, Dr. H. Qin assisted with nanoindentation data analysis. 

In chapter 7, Dr. H. Qin and Mr. Q. Wang provided helpful discussions. 

In chapter 8, Dr. P. Saidi performed molecular dynamics simulations. 

In chapter 9, Dr. P. Saidi provided helpful discussions. 

  



iv 

Acknowledgements 

I would like to express my appreciation to my supervisors Dr. Zhongwen Yao and Dr. Mark R Daymond. 

Without their patience in waiting for my IELTS test, I would not have had the opportunity to come to 

Queenôs and join this wonderful Nuclear Material Group. They gave me guidance and encouragement when 

I was lost; they tolerated me when I made mistakes and gave me opportunities to improve. They are the 

model for my research. They are rich in knowledge, noble in character, and patient and sincere to students. 

To me, they are the best supervisors in the world. 

I would like to express thanks to Professor Xiaoxu Huang at Chongqing University and Professor Emeritus 

Doug Boyd at Queenôs University for their suggestions and encouragement. 

I would like to give my gratitude to my colleagues in Nuclear Materials Group at Queen's University for 

selfless sharing of their ideas and experiences. They provide an enjoyable research environment.  

To my brothers and sisters in KCAC, I thank you for your sacrificial love and companionship in the last 

four years. You prayed for me and helped me in my difficulties.  

I thank my family and my wifeôs family. I have already been away from home for 4 years, and I truly miss 

you. To my wife and daughter: you are the dearest to me. I thank my wife who, after graduating, came 

overseas to accompany me through this difficult journey. My life is not wealthy, but it is happy because I 

have you. 

To my Lord and Saviour, thank you for giving me a new life and for becoming the light of my life. Because 

I have you, I do not fear; because of you, I have direction. Thank you. 

 

This work is supported by the NSERC-UNENE Collaborative Research and Development (CRD) project 

and the NSERC/UNENE/Nu-Tech Precision Metals Industrial Research Chair Program at Queen's 

University. In-situ heavy ion irradiation was accomplished at the Electron Microscopy Centre for Materials 

Research at Argonne National Laboratory supported by US Department of Energy Office of Science and 

operated under Contract No. DE-AC02-06CH11357 by U Chicago Argonne, LLC.  



v 

Statement of Originality  

(Required only for Division IV Ph.D.) 

I hereby certify that all of the work described within this thesis is the original work of the author. Any 

published (or unpublished) ideas and/or techniques from the work of others are fully acknowledged in 

accordance with the standard referencing practices.  

 

(Qingshan Dong)  

 

(September 2018) 

  



vi 

Table of Contents 

Abstract .......................................................................................................................................................... i 

Co-Authorship............................................................................................................................................... ii  

Acknowledgements ...................................................................................................................................... iv 

Statement of Originality ................................................................................................................................ v 

List of Figures ............................................................................................................................................... x 

List of Tables ........................................................................................................................................... xviii  

List of Abbreviations ................................................................................................................................. xix 

Chapter 1 General introduction ..................................................................................................................... 1 

1.1 Zr alloys in nuclear industry ............................................................................................................... 1 

1.2 Spacers in CANDU reactor ................................................................................................................. 3 

1.3 Objectives ........................................................................................................................................... 4 

1.4 Thesis overview .................................................................................................................................. 4 

Chapter 2 Literature Review ......................................................................................................................... 7 

2.1 CANDU spacers: history and problem ............................................................................................... 7 

2.2 Alloying elements in Zr alloys ............................................................................................................ 8 

2.3 Microstructure evolution by thermal treatment in Zr alloys ............................................................... 9 

2.4 Irradiation defects in Zr Alloys ......................................................................................................... 11 

2.4.1 Neutronïzirconium interaction .................................................................................................. 11 

2.4.2 Displacement cascade estimation ............................................................................................... 13 

2.4.3 Irradiation damage calculation by SRIM ................................................................................... 14 

2.4.4 Irradiation-induced dislocation loops ......................................................................................... 15 

2.4.5 <a> loops in Zr ........................................................................................................................... 17 

2.4.6 <c> loops in Zr ........................................................................................................................... 21 

2.4.7 Irradiation-induced precipitate instability .................................................................................. 22 

2.5 Irradiation hardening in Zr Alloys .................................................................................................... 29 

Chapter 3 Study of microstructure and precipitates of a Zr-2.5Nb-0.5Cu CANDU spacer material ......... 42 

3.1 Introduction ....................................................................................................................................... 42 

3.2 Experimental ..................................................................................................................................... 44 

3.3 Results ............................................................................................................................................... 47 

3.3.1 Precipitates ................................................................................................................................. 47 

3.3.2 Microstructure ............................................................................................................................ 52 

3.3.3 Orientation relationship .............................................................................................................. 57 



vii  

3.4. Discussion ........................................................................................................................................ 59 

3.4.1 Formation of the microstructure ................................................................................................ 59 

3.4.2 Nucleation site selection for different precipitates ..................................................................... 61 

3.5. Conclusions ...................................................................................................................................... 64 

Chapter 4 A direct comparison of annealing in TEM thin foils and bulk material: application to Zr-2.5Nb-

0.5Cu alloy .................................................................................................................................................. 68 

4.1 Introduction ....................................................................................................................................... 68 

4.2 Experimental ..................................................................................................................................... 69 

4.3 Results ............................................................................................................................................... 70 

4.3.1 Annealing of TEM foils ............................................................................................................. 70 

4.3.2 Annealing in bulk material ......................................................................................................... 74 

4.3.3. Comparison between the annealing in TEM thin foils and bulk material ................................. 76 

4.4. Discussion ........................................................................................................................................ 77 

4.4.1. Diffusion in TEM thin foils. ..................................................................................................... 80 

4.4.2. Grain growth ............................................................................................................................. 82 

4.5. Conclusion ....................................................................................................................................... 82 

Chapter 5 Precipitate Stability in a Zrï2.5Nbï0.5Cu alloy under Heavy Ion Irradiation ........................... 89 

5.1 Introduction ....................................................................................................................................... 89 

5.2 Materials and Methods ...................................................................................................................... 91 

5.3 Results ............................................................................................................................................... 92 

5.3.1. Zr2Cu ......................................................................................................................................... 98 

5.3.2. ɓïNb ........................................................................................................................................ 100 

5.3.3. Zr2Fe ....................................................................................................................................... 102 

5.4. Discussion ...................................................................................................................................... 104 

5.4.1. Amorphization of Precipitates ................................................................................................ 104 

5.4.2. Effect of Structure on the Precipitate Stability ....................................................................... 106 

5.5. Conclusions .................................................................................................................................... 107 

Chapter 6 Irradiation damage and hardening in pure Zr and Zr-Nb alloys at 573 K from self-ion irradiation

 .................................................................................................................................................................. 113 

6.1Introduction ...................................................................................................................................... 113 

6.2. Experimental .................................................................................................................................. 116 

6.2.1 Material and preparation .......................................................................................................... 116 

6.2.2 Self-ion irradiation ................................................................................................................... 116 

6.2.3 Micro-hardness by nanoindentation ......................................................................................... 117 



viii  

6.2.4 Sample preparation .................................................................................................................. 117 

6.2.5 SEM and TEM characterization ............................................................................................... 118 

6.3. Results ............................................................................................................................................ 119 

6.3.1 As-annealed microstructure ..................................................................................................... 119 

6.3.2 Damage microstructure ............................................................................................................ 120 

6.3.3 Hardening ................................................................................................................................. 127 

6.4 Discussion ....................................................................................................................................... 128 

6.4.1 Defect accumulation in Ŭ and ɓ phase ..................................................................................... 128 

6.4.2 Irradiation-induced alloying element redistribution ................................................................. 130 

6.4.3 Precipitation of ɤ phase ........................................................................................................... 130 

6.4.4 Irradiation hardening ................................................................................................................ 132 

6.5 Conclusion ...................................................................................................................................... 137 

Chapter 7 Effect of the addition of Cu on irradiation induced defects and hardening in Zr-Nb alloys .... 149 

7.1. Introduction .................................................................................................................................... 149 

7.2. Experimental .................................................................................................................................. 151 

7.2.1 Material .................................................................................................................................... 151 

7.2.2 Self-ion irradiation ................................................................................................................... 152 

7.2.3 Micro-hardness by nanoindentation ......................................................................................... 152 

7.2.4 Sample preparation and material characterization ................................................................... 153 

7.3. Results ............................................................................................................................................ 154 

7.3.1. As-annealed microstructure .................................................................................................... 154 

7.3.2. Effect of Cu addition on the defect microstructure ................................................................. 155 

7.3.3. Effect on Cu on the irradiation hardening ............................................................................... 161 

7.4. Discussion ...................................................................................................................................... 163 

7.4.1. Effect of Cu on the formation of irradiation defects ............................................................... 163 

7.4.2. Effect of Cu on the ɤ precipitation from ɓ phase ................................................................... 164 

7.4.3. Effect of Cu on Fe redistribution ............................................................................................ 165 

7.4.4. Effect of Cu on irradiation hardening ..................................................................................... 165 

7.5. Conclusion ..................................................................................................................................... 171 

Chapter 8 In-situ TEM and atomistic study of dislocation loop formation in the vicinity of a grain boundary

 .................................................................................................................................................................. 179 

8.1. Introduction .................................................................................................................................... 179 

8.2. Methods.......................................................................................................................................... 181 

8.3. Results ............................................................................................................................................ 181 



ix 

8.4. Discussion ...................................................................................................................................... 187 

8.5. Conclusion ..................................................................................................................................... 192 

Chapter 9 Effect of pre-existing dislocations on the formation of dislocation loops: pure magnesium under 

electron irradiation .................................................................................................................................... 198 

9.1. Introduction .................................................................................................................................... 198 

9.2. Experimental .................................................................................................................................. 200 

9.2.1. Sample preparation ................................................................................................................. 200 

9.2.2. In-situ electron irradiation and characterization ..................................................................... 200 

9.2.3. TEM sample thickness measurement ...................................................................................... 201 

9.3. Results ............................................................................................................................................ 201 

9.3.1. Irradiation at RT ...................................................................................................................... 202 

9.3.2. Irradiation at 100 ºC ................................................................................................................ 211 

9.3.3. Irradiation at 150 ºC ................................................................................................................ 214 

9.4. Discussion ...................................................................................................................................... 215 

9.4.1 Effect of pre-existing dislocations on the loop formation ........................................................ 215 

9.4.2 Effect of irradiation on pre-existing dislocations ..................................................................... 220 

9.5. Conclusion ..................................................................................................................................... 222 

Chapter 10 Conclusion and future work ................................................................................................... 237 

10.1. General discussion and conclusion .............................................................................................. 237 

10.2. Future work .................................................................................................................................. 241 

 



x 

List of Figures 

(The equations or special symbols in captions of some figures may not display properly in this list, please 

refer to the original captions in the main body) 

Fig. 1-1. Schematic diagram of a CANDU fuel channel [8]. ........................................................................ 3 

Fig. 1-2. Schematic map of the working condition of the spacers in CANDU fuel channel [9]. ................. 4 

Fig. 2-1. MD simulation of a 30 keV displacement cascade in Cu at 300K at 2ps (a) and 18ps (b) into the 

collision [29]. .............................................................................................................................................. 13 

Fig. 2-2. SRIM calculations showing the damage profile of 5 MeV (a) and 20 MeV (b) Kr2+ ions 

implantation in Zr calculated using the threshold displacement energy Ed = 40 eV................................... 14 

Fig. 2-3 Change of yield strength, UTS, and elongation of Zircaloy-2 under different irradiation 

temperature: (a) low temperature (< 100 °C), (b) high temperature (320 °C~360 °C) [101]. .................... 28 

Fig. 2-4. Variation of stress-strain curves with temperature, for annealed transverse Zircaloy-2 specimens 

un-irradiated and irradiated to σȢς ρπςσ ÎȾÍς (E > 1 MeV): (a) tensile testing strain-stress curves for 

irradiated Zircaloy-2; (b) comparison of irradiated and un-irradiated Zircaloy-2 at different temperatures 

[104]. ........................................................................................................................................................... 28 

Fig. 3-1 Illustration of the thinning method for electropolishing samples from the Zr-2.5Nb-0.5Cu spacer: 

(a) schematic of the electropolishing apparatus; (b) slices from the spacer; (c) platinum washer and ground 

slices; (d) washer and sample centered in the holder. ................................................................................. 45 

Fig. 3-2. (a) Diffracted intensity plotted against two-theta angle for the Zr-2.5Nb-0.5Cu spacer material 

using synchrotron radiation; (b) enlarged image of peak A from(a)........................................................... 49 

Fig. 3-3. Qualitative Chemi-STEM EDX element mapping of the Zr-2.5Nb-0.5Cu spacer. The numbers in 

the map indicate the spots where the composition analysis was taken. The corresponding concentration of 

alloying elements in labeled particles is listed in Table 3-2. ...................................................................... 50 

Fig. 3-4. (a) SEM and (b) TEM images showing three types of microstructure presenting in the spacer 

material. White arrows and circle in (a) illustrate the prior ɓ grain boundaries and recrystallized grain within 

the Widmanstätten structure. The inserted SAD patterns in (b) demonstrates grains in type ii and type iii 

structure have the same orientation. A, B, and C in (a) and (b) are corresponding to type i, tpye ii and type 

iii structure, respectively. ............................................................................................................................ 51 

Fig. 3-5 TEM bright field images showing Widmanstätten structure: (a) basket-weave structure; (b) 

internally twinned Ŭ plates; (c) SAD pattern with [11ς0]M//[11ς0]T indicating (1ρ01)M and (1ρ0ρ)T 

twinning plane. ............................................................................................................................................ 53 



xi 

Fig. 3-6 HAADF-STEM and Chemi-STEM micrographs showing the distribution of precipitates in 

Widmanstªtten structure. ɓ-Nb particles are widely distributed in Ŭ plate boundaries and twin interfaces, 

whereas Zr2Cu and Zr2Fe are only found in the Ŭ plate boundaries. .......................................................... 54 

Fig. 3-7 HAADF-STEM and Chemi-STEM micrographs showing the distribution of precipitates in type iii 

structure. The distribution of precipitates aligns with the white line. ......................................................... 55 

Fig. 3-8 Comparison of precipitate size in type i and type iii structure. ..................................................... 56 

Fig. 3-9 Orientation relations between the precipitates and the matrix: (a) TEM bright field map; (b) and 

(c) SAD patterns of Zr2Cu and ɓ-Nb with Ŭ-Zr matrix (ZŬ=[11-20]), respectively; (d) and (e) stereographic 

projections of Zr2Cu and ɓ-Nb with Ŭ-Zr matrix; (f) stereographic projections of Zr2Cu with ɓ-Nb showing 

the orientation relationship between Zr2Cu and ɓ-Nb being πρρɼ .ÂȾȾπρσ:Òς#Õandςρρɼ

.ÂȾȾπσρ:Òς#ÕȢ ....................................................................................................................................... 58 

Fig. 3-10 Schematic of the proposed microstructure formation sequence in Zr-2.5Nb-0.5Cu spacer material: 

(a) microstructure comprising of Ŭ and ɓ grains during annealing in Ŭ+ɓ dual phase field; (b) formation of 

Widmanstätten structure during subsequent quenching treatment; (c) precipitation of particles on 

boundaries during Ŭ aging; (d) formation of type iii structure due to strain induced grain boundary 

migration. The green spots represent secondary particles in the microstructure. ....................................... 60 

Fig. 3-11 Stereographic projections of ɓ-Nb and Ŭ-Zr at ρρπρŬtwin boundaries: (a) on one side of the 

twin boundaries with πρρɓ .ÂȾȾπππρ4, ρρρɓ .ÂȾȾρρςπ4; (b) on the other side of the twin 

boundaries with rotation angle being 57.5 ° along ρρρɓ .ÂȾȾρρςπ4. The misfit angle (ɗ) between 

ρρπɓ .Â and πππρ4in (b) is detected to be 3.89°±0.5°. ..................................................................... 60 

Fig. 3-12 Illustration of the stacking sequence and three possible coherent orthogonal directions of (a) ɓ-

Nb and (b) Ŭ-Zr. .......................................................................................................................................... 62 

Fig. 4-1. BF images (a) and HAADF-EDX maps (b) showing the as-received microstructure and alloying 

element distribution within the microstructure. It contains three types of microstructure, which is noted as 

type i, type ii, and type iii in (a). The red and pink dotted lines in (b) display the boundaries between type i 

and type ii, and type ii and type iii structure. .............................................................................................. 70 

Fig. 4-2. Evolution of type i (a), type ii (b), and type iii (b) structure, and alloying element distribution in 

those microstructures after heat treatment at 300 Ņ for 25 h in TEM thin foils. Red lines in (b) show the 

separation between type ii and type iii structure. There is no change of the microstructure and alloying 

element distribution after heat treatments. The maps of heat treatments for 5 h and 10 h are displayed in 

Fig. 4-s1 of Appendix A4. .......................................................................................................................... 71 

Fig. 4-3. Evolution of type i, type ii, and type iii structure, and alloying element distribution in those 

microstructures after heat treatment at 550 Ņ for 25 h in TEM thin foils. Red and pink lines show the 



xii  

boundaries between type i and type ii, type ii and type iii structure. The maps of heat treatments for 5 h and 

10 h is displayed in Fig. 4-s2. There is no change of the microstructure after heat treatments. ................. 72 

Fig. 4-4. Evolution of type i , type ii, and type iii structure, and alloying element distribution in those 

microstructures after heat treatment at 850 Ņ for 0.5 h in TEM thin foils. Red and pink lines show the 

boundaries between type i and type ii, type ii and type iii structure. There is no change of microstructure. 

Nb, Cu, and Fe redistributions are more obvious in type i than in type ii structure. .................................. 73 

Fig. 4-5. HAADF and BF images of the as-received (a), and bulk material after annealing at 300 Ņ (b), 

550 Ņ (c), and, 850 Ņ (d) for 25 h, 25 h, and, 0.5 h. Different types of microstructure are marked by pink 

arrows in the upper HAADF images. The bottom BF images are the enlarged views of the blue rectangle 

areas in (a).  Apparent microstructural changes are observed after annealing at 550 Ņ and 850 Ņ. ........ 74 

Fig. 4-6. Alloying element distribution in type i (a) and type ii (b) structure of the as received, and 550 and 

850 Ņ (c) bulk annealed. ............................................................................................................................ 75 

Fig. 4-7. Evolution of the area fraction of type i and type ii structure in samples with TEM annealing and 

bulk annealing. ............................................................................................................................................ 76 

Fig. 4-8. A schematic map of the TEM thin foil used for vacancy concentration calculations. ................. 79 

Fig. 4-9. Variation of vacancy concentration with the annealing time at 550 ºC and 850 ºC.  .................... 79 

Fig. 4-10. Vacancy concentration profile in a 100 nm thin foil annealing at 550 ºC for different times. ... 79 

Fig. 4-s1. Evolution of type i (a), type ii (b), and type iii (b) structurĕand alloying elements in those 
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Chapter 1 

General introduction 

1.1 Zr alloys in nuclear industry 

Zr alloys are used as structural components for light- and heavy-water nuclear reactors because of 

their low capture cross-section to thermal neutrons and their good corrosion resistance [1]. The 

most commonly used alloys are Zircaloy-2, Zircaloy-4, Zr-2.5Nb, and Zr-2.5Nb-0.5Cu (Table 1-

1), with Zr-Excel being developed for CANDU Supercritical Water Reactor (SCWR) system [2]. 

Zircaloy-2 and -4 are single-phase material with a relatively random distribution of second phase 

particles in the Ŭ-Zr grains [3]. In Zircaloy-2, Cr, Fe, and Ni are added to improve the corrosion 

resistance, while maintaining the good mechanical properties [4]. Zircaloy-4 is similar to Zircaloy-

2 in many properties except for a slightly better corrosion resistance, which is achieved by the 

removal of Ni. The addition of Nb in Zr-2.5Nb alloy is aimed at improving the creep resistance of 

Zr under in-reactor operation, even though the presence of Nb might slightly degrade the corrosion 

resistance compared with Zircaloy-2 [5]. This significant improvement of creep resistance led to 

the replacement of Zircaloy-2 by Zr-2.5Nb for Pressure Tube (PT) in 1964. Zr-2.5Nb-0.5Cu alloy 

was originally used as spacers between the PT and the Calandria Tube (CT) to prevent the contact 

of PT and CT. The presence of Cu in the alloy is to improve the material strength, so that it could 

bear the load from the PT and heavy water [6], although the Cu-enriched second phase particles 

will decrease the corrosion resistance [7]; however, with the consideration of the working 

conditions of the garter springs (dry CO2 flowing in the space), the degradation of material 

properties from corrosion will only have very limited impact. Even though many Zr alloys have 

been developed in order to satisfy the nuclear industry demand for improving reactor safety, the 

degradation of material property during in-reactor service, such as creep, hardening and delayed 

hydride cracking (DHC) still exists and slows further development of the nuclear industry, 
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especially when for example, the SCWR next generation CANDU reactor requires materials to 

have a much higher working temperature (~ 500 °C).  

Table 1-1. Chemical composition of common Zr alloys for nuclear application 

Alloying 

element 

Zircaloy-2 Zircaloy-4 Zr-2.5Nb Zr-1Nb Excel 
Zr-2.5Nb-

0.5Cu 

Sn (wt. %) 1.2-1.7 1.2-1.7 -- 0.9-1.1 3.5 -- 

Fe (wt. %) 0.07-0.2 0.18-0.24 <650ppm <550ppm -- -- 

Cr (wt. %) 0.05-0.15 0.07-0.13 <100ppm -- -- -- 

Ni (wt. %) 0.03-0.08 -- <35ppm <200ppm -- -- 

O (ppm) 900-1300 900-1400 900-1300 <1000 - 900-1300 

N (ppm) <80 <65 <65 <60 <60 <65 

Nb (wt. %) -- -- 2.4-2.8 1.0 0.8 2.4-2.8 

Cu (wt. %) -- -- -- -- -- 0.3-0.7 

Mo (wt. %) -- -- -- -- 0.8 -- 

H (ppm) <25 <25 <5 <15 -- <25 

C (ppm) <270 150-400 <125 <200 -- <270 

Cl (ppm) <20 -- <0.5 -- -- -- 

P (ppm) -- -- <10 -- -- -- 

Used for 

Fuel tube 

and plug 

material 

for BWR, 

PHWR 

Fuel tube 

and plug 

material 

for PWR 

and PHWR 

Pressure 

tube 

material 

for PHWR 

Fuel tube 

and end 

plug in 

VVER 

CANDU 

GEN IV 

pressure 

tube 

material 

Garter 

spring 

material 

for PHWR 
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1.2 Spacers in CANDU reactor 

 

Fig. 1-1. Schematic diagram of a CANDU fuel channel [8]. 

The fuel channel of CANDU nuclear reactor comprises a Zrï2.5Nb PT, a Zircaloy-2 CT, and four 

spacers. Fig. 1-1 is a schematic illustration of the fuel channel of a CANDU reactor core. The PT 

contains the natural UO2 fuel, encased in Zircaloy-4 sheathing, and heat transport fluid, D2O, 

operating at temperatures from 250 °C ~ 270 °C at the inlet to 290 °C ~ 310 °C at the outlet. The 

CT containing low-temperature moderator operates at the temperature around 60 ~ 70 °C. The 

spacers are placed in the annular gap between PT and CT to support the PT and prevent it from 

coming into contact with the CT [8]. Due to the PT sagging and resting on the spacer, the working 

temperature of the spacer is different for the pinched (bottom) part and the un-pinched (top) part 

[9]. Fig. 1-2 shows a schematic of the working temperature of the spacers in the annular space. In 

the pinched part, there will be a thermal stress because of the temperature gradient between PT and 

CT, which might contribute to spacer failure.  Such a failure could lead to the contact of PT and 

CT and result in PT fracture and coolant leakage.  
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Fig. 1-2. Schematic map of the working condition of the spacers in CANDU fuel channel 

[9]. 1.3 Objectives 

This research aims of this dissertation are to study the microstructural, microchemistry, and 

mechanical evolution of Zr-2.5Nb-0.5Cu under irradiation. We also aim to study the influence of 

large pre-existing defects on irradiation-induced dislocation loop formation behaviour: pure Mg 

will be used as an analogue of Zr. Specifically, the objectives are: 

1) To characterize the microstructure and precipitates of the as-received Zr-2.5Nb-0.5Cu spacer 

material and study their stability under different heat treatment methods; 

2) To understand the effect of irradiation on the defect formation, alloying element redistribution, 

and hardening in the Zr-2.5Nb-0.5Cu alloy; 

3) To study the effect of crystal internal defects, such as grain boundaries and dislocations on the 

loop formation. 

1.4 Thesis overview 

The research in this dissertation will be presented in manuscript format. There are 7 individual 

journal papers included, either published, submitted or to be submitted. Chapter 1 is a general 

introduction to this dissertation. Each part of the work will be introduced individually in the 

following chapters. 
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- Chapter 2 reviews the phase transformation, alloying element, radiation damage theories, research 

techniques, and relevant studies on irradiation-induced defects, phase instability, alloying element 

redistribution and hardening in Zr and its alloys. 

- Chapter 3 investigates the microstructure and precipitates of the as-received Zr-2.5Nb-0.5Cu 

alloy. 

- Chapter 4 presents a direct comparison of annealing in TEM thin foils and bulk material of Zr-

2.5Nb-0.5Cu. 

- Chapter 5 reports the stability of precipitates in Zr-2.5Nb-0.5Cu under in-situ heavy ion 

irradiation. 

- Chapter 6 displays the irradiation defects and hardening in Zr-Nb alloys under self-ion irradiation. 

Three types of alloys, pure Zr, Zr-2.5Nb, and Zr-5Nb, were used for the comprehensive study. 

- Chapter 7 is focused on the effect of the addition of Cu on irradiation induced defects and 

hardening in a Zr-Nb alloy. 

- Chapter 8 studies the dislocation loop formation in the vicinity of a grain boundary in pure Mg 

under electron irradiation. 

- Chapter 9 covers the effects of pre-existing dislocations on the dislocation loop formation in pure 

Mg under electron irradiation. 
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Chapter 2 

Literature Review 

2.1 CANDU spacers: history and problem 

In early CANDU units, the spacer material was Zr-2.5Nb-0.5Cu alloy and the spring was designed 

to be loose fitting. In 1983, the PT in Pickering NGS "A" Unit 2 reactor developed a critical 

through-wall crack and failed by fast fracture after 342 days of continuous full power operation [1]. 

Later examination revealed that the PT failure was due to the movement of the Zr-2.5Nb-0.5Cu 

spacers. The loose-fitting spacer was found to be very susceptible to movement during reactor 

assembly and operation [1]. Due to the uncertainty in the span between some spacers and the 

potential for it to be larger than expected, PT to CT contact could occur. Such contact leads to the 

potential for hydride blister formation and growth if the hydrogen concentration at the contact 

location exceeds the óblister formation thresholdô (BFT) and initiates a delayed hydride crack from 

the defect place [2]. Subsequently, specialized spacer location and repositioning (SLAR) tools were 

developed to locate the spacers and also relocate them [3], and for later installations, the spacer 

design was changed from loose-fitting to tight-fitting. At the time of the accident, the material (of 

the tight-fitting spacer) was changed to Ni-based X750. 

The current spacer material used in the CANDU® reactor is thus a tight-fitting Ni-based Inconel X-

750 alloy. However, recently it has been found that the Inconel X-750 spacers are subject to severe 

irradiation damage and potential property degradation after long in-reactor exposure [4]. That is, 

the components containing Ni are subjected to the transmutations by absorption of neutrons at 

thermal energies, leading to the formation of helium cavities in the material [4-6].  

υψ ὲᴼυω ‎             (2-1) 

υω ὲᴼυφ τ             (2-2) 

υω ὲᴼυω Ὄ              (2-3) 
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The agglomeration of helium cavities to grain boundaries and phase boundaries results in a loss of 

ductility of the Inconel X-750 [5, 6]. Due to the property degradation of the Inconel X-750 spacers, 

the Zr-2.5Nb-0.5Cu alloy is being re-considered as a potential replacement for Inconel X-750 alloy 

for future spacer installations. There is no void formation in Zr alloys under neutron irradiation [7] 

and also the change of spring fitting type from loose to tight and the development of SLAR tools 

means the movement of spacers in the annular gap are controllable, although the issue of 

irradiation-induced creep and growth will still need to be assessed. The proposed Zr-2.5Nb-0.5Cu 

spacers would have a similar geometry to the current Inconel X-750 spacer; a closed helical shape, 

made from wires of the rectangular cross-section. They are held in place with the help of a girdle 

wire passing through the axis of the spring, the ends of which are spot-welded to form a ring around 

the PT tube. 

2.2 Alloying elements in Zr alloys 

Addition of alloying elements or performing heat treatments is often considered as an effective way 

to improve the properties of pure metals. Pure Zr has a low yield strength and poor corrosion 

resistance. Therefore, to improve the engineering properties of Zr, the addition of alloying elements 

are considered. However, due to the neutron physics and the special application of Zr in the nuclear 

industry, only the alloying elements that have low neutron capture cross-section would be 

considered for alloy development, such as O, Sn, Nb, Mo, Cu, Fe, Cr, and Ni [8]. Two requirements 

must be satisfied by the addition of alloying elements. Firstly, the elements have to improve the 

engineering properties such as mechanical properties (strength, ductility, growth, creep, etc.) and 

corrosion resistance under hot water conditions. Secondly, the mechanical property change such as 

microstructural and the microchemical change-induced loss of ductility, growth and creep under 

in-reactor neutron irradiation condition should be controllable. 

Fe, Cr, and Ni, at their usual concentrations (less than 2.0%, Table 1-1), are fully soluble in the ɓ 

phase [9-11]. However, in the Ŭ phase, their solubility is very low: in the region of 120 ppm for Fe 
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and 200 ppm for Cr at the maximum solubility temperature [12-14]. Various phases have been 

obtained in pure binary systems such as Laves phases with cubic or hexagonal structure (ZrFe2 and 

ZrCr2), and Zintl phase with a body-centered tetragonal C16 structure (Zr2Ni) [15]. In Zircaloys, 

Zr2(Ni,Fe) and Zr(Cr,Fe)2 might form by the substitution of Fe into Ni and Cr in Zr2Ni and ZrCr2, 

respectively [15].  

Nb is a ɓ stabilizer that can extend the bcc domain to a complete solid solution between pure Zr 

and pure Nb at high temperatures. The addition of Nb was reported to benefit the corrosion 

resistance under reactor operating temperature if the Nb was fully precipitated in small particles 

[16, 17] and also the complexity of phase transformation of Zr-Nb alloys makes mechanical 

property improvement feasible. Water quenching from ɓ phase field may lead to the martensitic 

transformation, athermal ɤ phase transformation or retention of ɓ phase; further aging might lead 

to the precipitations of ɓ phase, Ŭ phase and/or ɤ phase.  

Sn was originally added to improve the creep resistance. Low concentrations of 1.2% ~ 1.7% is 

originally added to increase the corrosion resistance (Table 1-1), by mitigating the deleterious 

effects of nitrogen [18]. However, it is found that in N-free Zr, the presence of Sn deteriorates the 

corrosion resistance [19]. Therefore, the modern trend is to reduce the amount used in order to 

maintain good creep properties [20].  

2.3 Microstructure evolution by thermal treatment in Zr alloys  

The performance of Zr-based alloy components is crucially dependent on the microstructure of the 

material which can be tailored by suitable thermal treatment of the alloys. Zr alloys have shown a 

variety of phase transformations and these phase transformations can be divided into two 

categories: diffusionless and diffusional phase transformations [21]. The diffusionless 

transformation, such as the martensitic transformation and athermal ɤ-phase transformation occurs 

when the material is quenched from the high-temperature ɓ-phase field; there is not sufficient time 

for solute alloying elements to diffuse and they are trapped in their original sites. On the other hand, 



 

10 

the diffusional transformation is of a much slower pace and alloying elements are moved by 

diffusion during heat treatments. This category includes the tempering of quenched martensite, 

isothermal ɤ phase transformation, and secondary phase precipitation.  

In dilute Zr-Nb alloys, the ɓ-phase undergoes martensitic transformations up to about 8.0% Nb, 

provided the cooling rate exceeds a certain critical value [22]. Those martensites can be broadly 

classified into lath and plate types based on their morphologies [21-23]. In the lath morphology, 

martensites are grouped together in parallel arrays within a packet and several such packets make 

up the volume of the parent ɓ-grains. Two types of orientation distributions of laths in a given 

packet have been reported. In one case, laths belonging to the same orientation variant are stacked 

together with a small angle boundary separating the adjacent laths while in the other, alternate laths 

are twin related [22, 23]. In the plate morphology, the acicular plates form along different variants 

of the habit plane (depending on their burgers relationship), continuously partitioning ɓ-grains. The 

first generation plates span across the entire grain of the parent phase. The partitioned grain is then 

further partitioned by the second generation plates which are shorter in length and the process 

continues till  the transformation is nearly complete.  

Athermal ɓ-Zr to ɤ-Zr transformation has been found to prevail over the martensitic transformation 

with increasing concentration of ɓ-stabilizing elements in Zr alloys [23, 24]. Provided an alloy has 

the composition in the range where martensite transformation starting temperature is lower than 

the ɤ starting temperature, the athermal ɓ- to ɤ- transformation will take place when quenching 

from the ɓ phase field. For compositions lower than 8.0% Nb, it is possible to get ɤ phase by 

quenching from the ɓ phase field. In the composition ranging between 8.0% Nb and 17% Nb, 

quenching from the ɓ field phase field will also lead to the formation of solute lean ɤ phase and 

solute-rich ɓ phase [25]. The morphology of the athermal ɤ particles is generally ellipsoidal with 

particles aligned along one of the <111>ɓ directions [23]. 

During the tempering of the martensite, the ɓ phase is found to precipitate from the martensite 

along the boundaries or in the plate interior. In Zr-Nb alloys, the phase transformation sequence, 
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i.e. the sequence of formation of Zr-enriched ɓ phase (ɓ-Zr, with 20% Nb) or Nb-enriched ɓ phase 

(ɓ-Nb, with 85% Nb) is determined by the miscibility gap in the ɓ-phase observed in the ZrïNb 

phase diagram [26]. Generally, annealing between 500 °C and 610 °C will lead to precipitation of 

ɓ-Zr, while annealing below 500 °C or above 610 °C will cause the precipitation of both ɓ-Zr and 

ɓ-Nb [26-28].  

Isothermal ɓ- to ɤ- transformation takes place when aging in the ɓ-phase matrix at temperatures 

below 450 ÁC. Both cuboidal and ellipsoidal ɤ precipitates were observed in different Zr-Nb alloys 

[24]. Usually, the size of the ɤ precipitates forming by isothermal treatments is in the range of 10 

~ 20 nm and they were arranged along the (100) direction [24]. The explanation of the ɤ phase 

precipitation from the ɓ phase is often related to spinodal decomposition [24]. As the phase 

separation by spinodal mechanism proceeds, the concentration fluctuation leads to the lowering of 

Nb content in periodically spaced regions in the matrix. This increases the stability of the ɤ phase 

in these Nb lean regions. Ultimately a composition is reached when ɤ phase nucleation becomes 

thermodynamically possible. Continuous rejection of the Nb from the adjacent regions promotes 

the subsequent growth of the particles until an equilibrium is reached beyond which rejection of 

niobium in the surrounding matrix is not feasible. This leads to the formation of large size cuboidal 

ɤ particle spaced by a thin region of the Nb-rich ɓ phase. 

2.4 Irradiation defects in Zr Alloys  

2.4.1 Neutronïzirconium interaction 

In a reactor core, Zr alloys are subjected to a fast neutron flux (E > 1 MeV). The atoms would be 

displaced from its crystallographic sites due to the elastic interaction between the fast neutrons and 

the atoms [8, 29]. During the collision, part of the kinetic energy would be transferred to the target 

atom. For a typical fast neutron of 1 MeV, the mean transferred energy (Ὕ) of the Zr atom is  Ὕ 

ςς ὑὩὠ [8, 29]. If the transferred energy is lower than the threshold energy (Ed), the target atom 

cannot leave its original site, which would result in the vibration of the target atom and subsequently 
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crystal heating. However, if the transferred is higher than this value, the atom will escape from its 

initial position and this atom is called the primary knocked-on atom (PKA). The PKA continues to 

interact with the other atoms of the alloy along its path. On average, half of its current kinetic 

energy is transferred to the collided atom at each atomic collision, since they have equal masses. 

The collided atoms will then interact with other atoms, thus creating a displacement cascade within 

the crystal (Fig. 2-1). A displacement cascade will experience four stages of evolution [29]: 

1) Collisional stage: the PKA initiates a cascade that continues until no more atoms are displaced 

from their original sites (usually less than 1 ps). At the end of this stage, the damage consists of a 

large number of self-interstitials and vacancies. 

2) Thermal spike: the energy that transferred to the displaced atoms is so high that the volume of 

the displaced atoms and the neighboring atoms are effectively melted. The duration of this stage is 

about 0.1 ps.  

3) Quenching stage: when the high energy is transferred to the surrounding atoms, the energy 

quickly reduces and the molten zones return to the quenched state. This stage might last longer, 

about 10 ps and during this stage, stable defects form through the formation of point defects or 

defect clusters.  

4) Annealing stage: this stage is the further development of the defects and it might last a very long 

time, up to several months depending on the irradiation conditions, until all the defects escape from 

the cascade location and form stable structures. 

Fig. 2-1 shows a molecular dynamics (MD) simulation of the evolution of a cascade in Cu at room 

temperature [29]. Fig. 2-1a and Fig. 2-1b correspond to the early stages of the cascade and near the 

final state. In the early stage, the cascade expands to a large scale but lasts only 2 ps; then it shrinks 

until stable defect structures form. 



 

13 

  

Fig. 2-1. MD simulation of a 30 keV displacement cascade in Cu at 300K at 2ps (a) and 

18ps (b) into the collision [29]. 

2.4.2 Displacement cascade estimation 

The number of displaced atoms inside the cascade was first estimated by Kinchin and Pease (K-P 

Formula) [29]. The total number of vacancy and self-interstitial pairs (ὔ ) is: 

ὔ                  (2-4) 

where Ep is the total kinetic energy and Ὁ  the value of the threshold displacement energy averaged 

over all crystallographic directions. 

The K-P Formula was later modified by Norgett et al. [29-31] by taking electron stopping power 

into account, which is called the NRT model (NorgettïRobinsonïTorrens model) now. The total 

number of vacancy and self-interstitial Frank pairs (ὔ ) is: 

ὔ             (2-5) 

Ὁ is the total energy of PKA, – is the energy lost in the cascade by electron excitation, and Ὁ  

is the damage energy available for elastic collisions (inelastic losses such as electron excitation 

subtracted from total PKA energy). The displacement efficiency, ‖ is 0.8 and is independent of the 

total energy of PKA or temperature. 
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According to the NRT model, the number of displaced atoms within the cascade in the case of a 22 

keV PKA and using a displacement energy of Ὁ τπ Ὡὺ is ὔ ςςπ. With the consideration 

of the free path of the neutron (several cm) and the thickness of the Zr cladding (less than 1.0 mm), 

only one PKA is expected to be created during its travel through the cladding. Therefore, if the 

PKA creation rate per volume in the material and the fast neutron flux in the reactor are known, the 

displacements per atom (DPA) per volume and per second can be calculated. It was estimated by 

many authors [2, 15, 32] that a fluence of φȢφσρπ ὲά  Ὁ ρὓὩὠ corresponds to a 

damage of 1 dpa. 

 

Fig. 2-2. SRIM calculations showing the damage profile of 5 MeV (a) and 20 MeV (b) Kr2+ 

ions implantation in Zr calculated using the threshold displacement energy Ed = 40 eV. 

2.4.3 Irradiation damage calculation by SRIM 

SRIM (Stopping and Range of Ions in Matter) program was developed by James F. Ziegler and 

Jochen P. Biersack around 1983 and now is widely used in the field of ion implantation 

research and radiation material science [33]. SRIM is based on a Monte Carlo simulation 

method, namely the binary collision approximation with a random selection of the impact 

parameter of the next colliding ion [33].  

It can output data such as the three-dimensional distribution of the ions in the solid and its 

parameters, such as penetration depth, its spread along the ion beam, and the concentration of 
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vacancies during irradiation. The acquired vacancy concentration can be used in the calculation of 

the DPA [34]: 

$0!             (2-6) 

where ‰ is the fluence in ions/cm2, and N is the atomic number density in atoms/cm3. The damage 

rage is obtained from SRIM simulations. The atomic number density is acquired from the atomic 

weight (ὓ), material density (”) and Avogadroôs number (ὔ ). 

.               (2-7) 

For Zr, a threshold displacement energy of Ed = 40 eV is commonly used in DPA calculations and 

a fluence of τȢςψρπ ions will create 1 DPA damage in the material. An example of damage 

profiles calculated by SRIM in Zr using 5 MeV and 20 MeV Kr ions implantation energy is shown 

in Fig. 2-2.  

2.4.4 Irradiation -induced dislocation loops 

Irradiation-induced dislocation loops in hcp material have been investigated by many authors with 

different irradiation methods in the past several decades [35-47]. In general, dislocation loops with 

Burgers vectors of <a> (a= ρρςπ), <c> (c= πππρ) and <c+a> (c+a= ρρςσ ÏÒ  ςπςσ) nucleating on 

ρρππ,  πππρ,  ρρπρ have been reported. In 1975, Foll and Wilkens [48] proposed a simple 

model relating loop habit planes with the c/a ratio. Their model is based on the relative packing 

density for different planes, which changes as the c/a ratio varies from one metal to another. When 

the c/a ratio is greater thanψσ, the basal (0001) plane is the principal dislocation loop nucleation 

plane. When the c/a ratio is less thanψσ, the prism ρρππ planes are the principal loop 

nucleation planes. According to this model, the principal loop habit plane of all the hcp metals 

except Zn and Cd should be ρρππ (Table 2-1).  
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Table 2-1. Lattice parameters of typical hcp crystals [45]. 

Crystal 

Lattice parameters (Ἃ) 

a c c/a 

Ŭ-Be 2.286 3.584 1.568 

Ŭ-Hf 3.195 5.05 1 1.581 

Ru 2.706 4.282 1.582 

Ŭ-Ti 2.951 4.684 1.587 

Gd 3.636 5.783 1.590 

Ŭ-Zr 3.231 5.148 1.593 

Re 2.760 4.458 1.615 

Ŭ-Co 2.507 4.070 1.623 

Mg 3.209 5.211 1.623 

Ideal packing - - 1.633 

Zn 2.665 4.947 1.856 

Cd 2.979 5.617 1.886 

Griffiths [45] reviewed the previous reports on the loop formation preferential planes and found 

that there are a number of exceptions. For instance, the appearance of ρρςσ   loops on the 

pyramidal planes, and  πππρ and ςπςσ  loops on the basal plane has been reported in Zr 

[46, 47, 49], Mg [50] and Ti [47] under neutron, ion, and electron irradiation. The formation of <c> 

component dislocation loops on basal or pyramidal planes was attributed to the effect of impurities 

[37, 39, 49, 51], cascades [45] and local stresses in the material [46].  

In Zr, the formation of dislocation loops has been widely investigated because of its special use in 

the nuclear industry. All four types of irradiation-induced dislocation loops lying on the prismatic, 

basal and pyramidal were found in early studies [34, 37, 39, 40, 43-46, 51-53].  
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2.4.5 <a> loops in Zr 

Neutron irradiation-induced <a> dislocation loops were comprehensively studied by Jostsons et al. 

in zone-refined Zr at irradiation temperatures ranging from 300 °C to 435 °C [51]. It was found 

that only ρρςπ  loops exist in neutron-irradiated Zr and they have a non-edge character with 

the loop normal showing a range of scatter with a tendency to rotate towards one of the neighboring 

ρρππ and to a lesser extent towards πππρ. Their shape is elliptical with the loop minor axis 

within the (0001) plane, whereas the loop major axis is in the vicinity of [0001]. This ellipticity is 

marked for vacancy loops and increases with loop size; but interstitial loops tend to be circular. 

The loops increase in diameter but decrease in density with the increase of the irradiation 

temperature. Both vacancy and interstitial loops were successfully characterized for all irradiation 

conditions. At 350 °C, the numbers of interstitial and vacancy loops are almost equal; but at 400 

°C, the proportion of vacancy loops increases to about 70% and this drops to lower than 20% at 

temperatures above 450 °C. There are large grain- to grain- variations in the interstitial and vacancy 

content of the dislocation loops and the amount of vacancy loops (around 70%~90%) is always in 

excess of interstitial loops [49].  

Electron irradiation ( 1 MeV) induced <a> dislocation loops were studied by Griffith in iodide-

grade Zr (above 99.95% purity) at 440 °C [46, 54, 55]. <a> loops have all three types of Burgers 

vectors, i.e. ρρςπ, ρςρπ and ςρρπ and 30% more loops are with ρςρπ than with 

ρρςπ or ςρρπ. Both interstitial and vacancy loops exist and the content of vacancy and 

interstitial loops is almost the same. However, the number of vacancy and interstitial loops are not 

equally distributed among the three types of <a> Burgers vectors. The loops with ρςρπ have 

more vacancy type than interstitial type, while the ςρρπ loops have an opposite trend of  

ρςρπ. In contrast, the ρρςπ loops have equal numbers of interstitial and vacancy types. 
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Heavy ion (Kr2+) irradiation was carried out by Yasir et al. in pure Zr at temperatures from 300 °C 

to 500 °C [34]. They observed the nucleation of <a> loops in the TEM foils. Their size increases 

nearly linearly with the irradiation dose at all investigated temperatures and reaches a maximum of 

around 10 nm. Their density also has the same increasing trend as the size, and a saturation was not 

observed at high temperatures (> 400 °C). The nature of the loops was not characterized because 

of their small size. 

Comparison of irradiation-induced dislocation loops in Zr alloys by neutron, electron and heavy 

ion irradiation is shown in Table 2-2. From the table, one can easily find the differences between 

the three types of bombardment particles. Electron irradiation creates the largest loops in all, while 

heavy ions generate the smallest loops.  
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Table 2-2. Irradiation -induced <a> type dislocation loops in Zr alloys under different irradiation methods. 

Irradiation 

method 

Sample 

Irradiation 

Temperature (ᴈ) 

Damage level 

(dpa) 

Mean diameter(nm) 

Loop density 

( □ ) 

Ref. 

Neutron 

Annealed Zr 

300 0.8 18.6 0.5 [56] 

400 0.74&2.2 50.0~56.0 ~0.09 [57] 

Annealed Zircaloys 

250 0.7 6.0~11.6 1.3~4.0 [57] 

300 0.8 6.5 1.9 [56] 

`340 2.2 8.0~10.0 0.8~5 [57] 

400 2.2 16.0~23.0 ~0.5 [57] 

500 0.62 >100.0 Rare [56] 

Annealed Zr-2.5Nb 

300 0.8 7.0 Not Given [56] 

400 0.74 37.0 Not Given [56] 

Electron Iodide-grade Zr 440 0.1 70.0~100.0 Not Given [46] 

Heavy ion 

(Kr2+) 

Pure Zr 300 

0.008 2.0 0.1 [34] 

0.3 7.0 2.0 [34] 
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1.0 8.0 5.0 [34] 

400 

0.008 3.5 5.0 [34] 

0.3 8.0 7.0 [34] 

1.0 10.0 9.0  

500 

0.008 2.0 13.0 [34] 

0.3 10.0 27.0 [34] 

1.0 12.0 24.0 [34] 
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2.4.6 <c> loops in Zr 

<c> loops have attracted more attention because their formation is correlated to irradiation growth. 

Early reports claimed that there was no evidence of <c> component dislocation loop formation 

from neutron irradiation at 400 °C and above to a fluence up to ρ ρπ neutrons/m2 (1.6 dpa, > 

1.0 MeV) [57, 58]. However, the vacancy faulted dislocation loops with Burgers vectors of Â

ςπςσ  on the basal plane have been reported in high purity Zr irradiated at 450 °C to a fluence 

of ρȢσ ρπ neutrons/m2 (2.0 dpa, > 1.0 MeV) [49]. Analysis showed that these loops appeared 

only in some batches of zone-refined material at irradiation temperatures in excess of 450 °C. 

Griffith et al. performed neutron irradiation in annealed Zr, Zircaloy-2, and Zircaloy-4 at 

temperatures ranging from 80 °C to 465 °C with a fluence up to ρȢυ ρπ neutrons/m2 (2.3 dpa, 

> 1.0 MeV) [39]. They found that there is no evidence for <c> component loops produced by 

irradiation at 80 °C to a fluence of φȢπ ρπ neutrons/m2.  At 287 °C, there is no <c> component 

loop formation to a low fluence (ρȢπ ρπ neutrons/m2, 1.6 dpa); but for a high fluence (ψ ρπ 

neutrons/m2, 12 dpa), there is a high concentration of <c> component loops. At 427 °C, <c> 

component defects were observed even at a low fluence (ρȢπ ρπ neutrons/m2, 1.6 dpa). The 

number of observable dislocation segments increases at higher fluences (τȢυ ρπ neutrons/m2, 

6.8 dpa). All the <c> component dislocation loops are faulted basal plane loops having Burgers 

vectors of Â ςπςσ . The <c> component dislocation loops are un-faulted having Burgers 

vectors of Â πππρ following an annealing at 600 °C for 1 h. The reaction is thought to be the 

occurrence of the reaction: ςπςσ ςπςσ πππρ. The nature of the resultant loops is 

determined to be vacancy in character, indicating that the faulted loops in the as-irradiated material 

are also vacancy in character because interstitial loops could not convert to vacancy loops by post-

irradiation annealing. Second phase particles are found to affect the formation of <c> component 

loops. It was found by Griffith et al. [39] that the basal plane vacancy loop are higher in number 
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near the intermetallic particles in Zircaloy-4 for temperatures between 287 °C and 307 °C at 

fluences above υ ρπ neutrons/m2 (7.6 dpa).  

The existence of <c> component defects is also observed in pure Zr under electron irradiation to a 

very high dose, 10 dpa [59]. The most detailed and systematic studies were performed by Griffith 

et al. [46, 54, 55]. They observed that the dislocation loops often have Burgers vectors of Â

ςπςσ , ρρςσ  and πππρ at temperatures between 300 °C and 500 °C. The ςπςσ

 loops are vacancy in nature lying on the basal plane and the ρρςσ  loops are interstitial in 

character having pyramidal or complex (pyramidal/basal) habit planes at 400 °C. The πππρ loops 

are vacancy in character at 450 °C and the formation of this type of loop is largely dependent on 

the foil normal. 

The presence of <c> component loops is also seen in heavy-ion irradiated pure Zr and Zr-Excel 

alloys [34, 53]. However, due to the small size of the loops, the Burgers vectors and the nature of 

the <c> component loops were not determined. 

2.4.7 Irradiation -induced precipitate instability  

The stability of precipitates is crucially important when assessing the mechanical properties and 

corrosion behaviour of reactor materials. It is known that irradiation has a remarkable effect on 

precipitate stability. It may cause the dissolution, precipitation, growth and/or amorphization of 

precipitates, redistribution of alloying elements and other associated microstructural changes. 

These changes will affect the material performance in the reactors, such as corrosion behaviour and 

irradiation growth. Generally, a finer size and more homogeneous distribution of precipitates 

benefit the corrosion resistance in Zircaloys [60, 61]. In Zr-Nb alloys, super-saturation of Nb in the 

matrix was demonstrated to degrade corrosion resistance and thus a full precipitation of ɓ-Nb either 

from Ŭ-Zr or ɓ-Zr is recommended [16, 17, 62]. It is reported that irradiation growth is related to 

the presence of <c> component vacancy dislocation loops on the basal plane and Fe concentration 

in the matrix [2, 63]. It is believed that an increase of the Fe solute concentration promotes the 
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formation of <c> dislocation loops [63]. Furthermore, interfaces of incoherent precipitates can act 

as effective sinks for interstitials and vacancies to recombine and decrease the propensity for 

accelerated growth [64]. As Fe has a significant effect on the diffusional characteristics of vacancies 

in Zr, an increasing Fe concentration in the matrix may also decrease the magnitude of the 

irradiation growth rate [2, 65]. 

2.4.7.1 Amorphization 

Amorphization occurs when the rate of damage production (redistribution of atoms) exceeds the 

rate of thermal recombination towards the equilibrium crystalline phase [66]. At low temperature, 

irradiation-induced defects would stay at their original places with little annealing taking place 

[67]. In this temperature regime, the dose for producing amorphization is independent of the 

temperature. At a certain critical level of damage, there is a driving force for the change of short-

range order to long-range order to reduce the system energy and when this critical value reached, 

the amorphization happens [67]. 

The transformation of particles from crystalline state to amorphous state in Zr alloys has been 

studied by many authors [15, 66-73]. It has been demonstrated [15, 67-71] that the crystalline to 

amorphous transformation for a particular intermetallic precipitate is dependent on temperature, 

flux, and fluence. Here, a study of the precipitate stability of different intermetallic particles in 

Zircaloy-2 and Zircaloy-4 by Griffith et al. [15] is used to illustrate the amorphization behaviour 

of distinct particles under irradiation. The samples of Zircaloy-2 and -4 were neutron irradiated at 

temperatures ranging between 70 °C and 300 °C up to a dose of 20 dpa. In those two alloys, the 

main second phase particles are the intermetallic precipitates of Zr2(Ni, Fe) and Zr(Cr, Fe)2. Their 

responses to irradiation are listed in Table 2-3 [15]. At low temperatures (< 80 °C), both types of 

particles become amorphous. At intermediate temperatures (250 °C~330 °C), the Zr2(Ni, Fe) 

particles remain crystalline, whereas the Zr(Cr, Fe)2 particles become amorphous. The amorphous 

transformation depends on the local composition within the particle and occurs when the relative 

Cr content is high or if there is a depletion of solute below the stoichiometric value. At high 
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temperatures (365 °C~435 °C), both the Zr2(Ni, Fe) and Zr(Cr, Fe)2 intermetallic particles are 

crystalline, but undergo radiation-induced dissolution. The crystalline-to-amorphous 

transformation starts at the periphery of particles, and then the amorphous rim moves inward until 

the whole precipitate becomes fully amorphous. The chemical concentration profile within the 

precipitates also exhibits two distinct zones corresponding to the two different states: the crystalline 

core and the amorphous periphery. The amorphous layer exhibits a much lower iron content than 

crystalline core dropping from the standard value of 45 at.% to below 10 at.%. It is suggested by 

Griffith [15] that iron may be in some form of irradiation-induced interstitial state in irradiated Zr-

alloys and may then diffuse interstitially out of the intermetallic particles.
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Table 2-3. Structure of intermetallic precipitates in neutron irradiated Zircaloy -2 and -4 [15] 

Alloy Reactor 

Displacement damage Fluence(

 ▪□  

Temperature (°C)  

Structure 

 ▀▬╪Ⱦ▼ dpa Zr(Cr,Fe)2 Zr2(Ni,Fe) 

Zr-2 

DIDO 

(UKAEA) 

11 1.5 0.6 80 Amorphous Amorphous 

11 6 2.5 80 Amorphous Amorphous 

17 1 0.4 280 Crystalline1 Crystalline 

17 5 2 280 Amorphous2 Crystalline 

PHWR 

(OH) 

<1 <2 <1.0 77 Amorphous Amorphous 

4 12.5 6 77 Amorphous Amorphous 

<0.5 <1 <0.5 250 Crystalline Crystalline 

0.6 2 0.9 250 Duplex (10 nm)3 Crystalline 

1.5 4 2.1 250 Duplex (25 nm) 3 Crystalline 

5 15 7.2 277 Amorphous Crystalline 

                                                      

1 Non uniform structure of amorphous regions in a crystalline matrix. 

2 Non uniform structure of crystalline regions in an amorphous matrix. 

3 Amorphous layer thickness given in brackets for particles having a duplex crystalline/amorphous structure. 
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EBR-11(GE) 80 20 6.2 402 Crystalline Crystalline 

Zr-4 

BWR 

(GE) 

1.5 2 1 287 Duplex (10 nm) 3 Crystalline 

8 9 3.5 287 Duplex (40 nm) 3 Crystalline 

16 18 8.5 287 Duplex (90 nm) 3 Crystalline 

PWR 

(CE) 

1 1 0.5 307 Crystalline Crystalline 

16 18 8 307 Duplex (80 nm) 3 Crystalline 
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2.4.7.2 Alloying element redistribution 

Under irradiation, there are two reasons for the redistribution of alloying elements in the material: 

ballistic sputtering and diffusion. The collision between atoms ballistically drives the target atoms 

out of their original places. If the displacement is large enough, the atoms might go out of the 

precipitates and either form precipitates or dissolve in the matrix depending on the ñspaceò created 

in the matrix. Therefore even for the same type of precipitates, they might have totally different 

redistribution behaviour under irradiation with different dose rate, material, heat treatment history 

and/or variation of stoichiometric value. For example, Zr(Cr,Fe)2 particles were found to more 

easily become amorphous in Zircaloy-2 than in Zircaloy-4 under neutron irradiation [15]. A direct 

explanation for this is the concentration difference of Cr in Zircaloy-2 and -4, which means the 

stoichiometric ratio between Fe and Cr is different. During irradiation, a large number of defects 

such as point defects, clusters, and loops are generated [74, 75], which dramatically raises the solute 

solubility limit from that in the thermal equilibrium state. Hence, this improved solubility would 

facilitate the diffusion of sputtered solute atoms into the matrix. Like ballistic sputtering, the 

diffusion process also depends on the ñspaceò in the irradiated material. Both processes are 

crucially dependent on the temperature. Generally, at a lower temperature, the ballistic sputtering 

dominates the redistribution; at a higher temperature, the diffusion rate increases and both processes 

work. However, if the temperature is so high that the coalescence rate of vacancies and SIAs is fast, 

there will be little irradiation-induced element redistribution other than thermally induced element 

redistribution.  

In many materials, both dissolution and precipitation have been reported under irradiation [64, 68-

72, 76-87]. For example, in Zr-2.5Nb Coleman et al. [88] showed that Nb dissolved and re-

precipitated during irradiation at 300 °C and post-irradiation annealing at 500 °C, respectively. 

Kruger and Adamson [80] also inferred the dissolution of Nb from the changes in the diameters of 

the ɓ-Nb precipitates in NSF-2 (Zr-1Nb-1Sn-0.2Fe) under neutron irradiation to 3 dpa at 300 °C. 

However, Perovic et al. [83] found that there was no Nb dissolution in Ŭ-Zr under neutron 
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irradiation to 0.54 dpa at 310 °C, in Zr-2.5Nb. Cann et al. [77] reported the precipitation of Nb from 

the supersaturated Zrï2.5% Nb matrix. Similar precipitation behaviour was also observed in Zr-

1Nb [89]. Those differences are probably due to the difference in types of ions for irradiations, 

flux, and dose. 

 

Fig. 2-3 Change of yield strength, UTS, and elongation of Zircaloy-2 under different 

irradiation temperature: (a) low temperature (< 100 °C), (b) high temperature (320 °C~360 

°C) [101].  

 

 

Fig. 2-4. Variation of stress-strain curves with temperature, for annealed transverse 

Zircaloy-2 specimens un-irradiated and irradiated to Ȣ  ▪Ⱦ□  (E > 1 MeV): (a) 

tensile testing strain-stress curves for irradiated Zircaloy-2; (b) comparison of irradiated 

and un-irradiated Zircaloy -2 at different temperatures [104]. 
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2.5 Irradiation hardening in Zr Alloys  

Under irradiation, there will be an increase of the material strength and a loss of the ductility. The 

reason for this is thought to be the irradiation created defects and precipitation or super-saturation 

which might act as obstacles for operating (source hardening) and moving the dislocations (friction 

hardening) [29]. Considerable work has been done aiming to understand the hardening behaviour 

of the material under irradiation and the basic mechanisms behind those behaviours [7, 90-115]. In 

Zr alloys, previous studies are mainly focused on the tensile properties of the irradiated material 

[93, 99, 102, 104, 106, 113, 116, 117].  

In Zircaloy-2 and Zircaloy-4, neutron irradiation was carried out by Higgy and Hammad [101] at 

50 °C to 360 °C up to a fluence of ρȢυσρπ ὲȾά  (2.26 dpa). They found that both materials 

showed considerable hardening and loss of ductility at all temperatures (Fig. 2-3). The rate of 

hardening for high temperature irradiation was higher than that for low temperature irradiation. At 

elevated temperature, irradiation-induced changes in yield stress showed saturation at a fluence of 

τȢπ ρπ ὲȾά , while no saturation was observed after elevated-temperature irradiation up to a 

fluence of τȢπ ρπ ὲȾά . A test made by Onchi et al. [104] in annealed Zircaloy-2 aiming to 

understand the post irradiation annealing effect on the hardening is shown in Fig. 2-4. It is clear 

that there is a constant increase in the hardness even after post irradiation annealing in the material 

at all testing temperatures. Within expectation, the increase of temperature decreases the hardness 

and increases the elongation. In Zr-2.5Nb, work done by Bose et al. [118] with Zr+ self-ion 

irradiation to a maximum dose of 30 dpa (8 MeV) at room temperature in the pressure tubes showed 

that there was an increase in the hardness after irradiation. Irradiation caused a decrease of hardness 

ratio on the transverse normal (TN) plane relative to that on the axial normal (AN) and radial-

normal (RN) planes from 1.3 and 1.2 to 1.04 and 1.08, respectively. They suggested that irradiation-

induced defects altered the operation of slip systems in Zr. In Zr-2.5Nb-0.5Cu, post irradiation 

examination was carried out on the garter springs removed from Indian PHWR after 8 and 15 Hot 
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Operating Years (HOY), corresponding to a dose of 8 and 15 dpa [116]. For the same amount of 

residual extension, the spacers after 15 HOY required higher load than that after 8 HOY. This 

indicates continued irradiation hardening with increasing fluence. Spacers from both channels (15 

HOY and 8 HOY) could withstand a load up to 10 kg without undergoing any breakage, but an 

obvious decrease of ductility is observed after irradiation. 

The irradiation-induced increase in yield stress is often expressed by the power-law function: 

Ўʎ Ὤɲ             (2-8) 

where ɲ  the displacement per atom; h and n are the regression coefficients [97, 119]. At low doses, 

the exponent n has been measured to be about 0.5 for many metals; at higher doses, there is a 

tendency towards saturation in irradiation hardening [97]. In Zr alloys, the same trend is also 

reported, depending on the temperature, processing history and alloying elements in the matrix. 

The change in yield stress showed saturation at a fluence of τ ρπ ὲȾά  (0.6 dpa) for 

Zircaloy-2 and υ ρπ ὲȾά  (0.75 dpa) for Zircaloy-4 at the temperature below 373 K, while 

no saturation was observed at the temperature between 593 K and 633 K to a fluence of ρȢυσ

ρπ ὲȾά  (2.31 dpa) [90, 101]. In Zr-Nb alloys, the saturation was noticed at a fluence of σ

ρπ ὲȾά  (4.53 dpa) in cold-worked Zr-2.5Nb from neutron irradiation [103]; in a recent study 

in Zr-1.8Nb by C4+ ion irradiation, the saturation was found to be around 1.8 dpa [120]. Even though 

early investigations displayed different doses for the material to reach a saturation of yield stress 

change, the trend is similar, that is, the continuous increase of irradiation dose would lead the yield 

stress toward saturation. 

References 

[1] Field GJ, Dunn JT, Cheadle BA. Analysis of the Pressure Tube Failure at Pickering NGS ñAò 

Unit 2 Nuclear Systems Department. Canadian Metallurgical Quarterly 1985;24:181-8. 

[2] Holt RA. In-reactor deformation of cold-worked Zrï2.5Nb pressure tubes. Journal of Nuclear 

Materials 2008;372:182-214. 



 

31 

[3] Hopkins JR. Proceedings of the Second International Conference on CANDU Maintenance. 

Canadian Nuclear Society; 1987. 

[4] Zhang HK, Yao Z, Morin G, Griffiths M. TEM characterization of in-reactor neutron irradiated 

CANDU spacer material Inconel X-750. Journal of Nuclear Materials 2014;451:88-96. 

[5] Zhang H, Yao Z, Daymond MR, Kirk MA. Cavity morphology in a Ni based superalloy under 

heavy ion irradiation with cold pre-injected helium. I. Journal of Applied Physics 

2014;115:103508. 

[6] Zhang H, Yao Z, Daymond MR, Kirk MA. Cavity morphology in a Ni based superalloy under 

heavy ion irradiation with hot pre-injected helium. II. Journal of Applied Physics 2014;115:103509. 

[7] Adamson RB. Effects of neutron irradiation on microstructure and properties of Zircaloy.  

Zirconium in the Nuclear Industry: Twelfth International Symposium: ASTM International; 2000. 

[8] Konings R. Comprehensive nuclear materials: Elsevier; 2011. 

[9] Arias D, Abriata JP. The CrīZr (Chromium-Zirconium) system. Bulletin of Alloy Phase 

Diagrams 1986;7:237-44. 

[10] Arias D, Abriata JP. The FeīZr (Iron-Zirconium) system. Bulletin of Alloy Phase Diagrams 

1988;9:597-604. 

[11] Nash P, Jayanth CS. The NiīZr (Nickel-Zirconium) system. Bulletin of Alloy Phase Diagrams 

1984;5:144-8. 

[12] Stupel MM, Bamberger M, Weiss BZ. Determination of Fe solubility in ŬZr by Mºssbauer 

spectroscopy. Scripta Metallurgica 1985;19:739-40. 

[13] Zou H, Hood GM, Roy JA, Schultz RJ, Jackman JA. The solid solubility of Fe in Ŭ-Zr: A 

secondary ion mass spectrometry study. Journal of Nuclear Materials 1994;210:239-43. 

[14] Holt RA, Causey AR. The effects of intergranular constraints on irradiation growth of 

Zircaloy-2 at 320 K. Journal of Nuclear Materials 1987;150:306-18. 



 

32 

[15] Griffiths M, Gilbert RW, Carpenter GJC. Phase instability, decomposition and redistribution 

of intermetallic precipitates in Zircaloy-2 and -4 during neutron irradiation. Journal of Nuclear 

Materials 1987;150:53-66. 

[16] Jeong YH, Lee KO, Kim HG. Correlation between microstructure and corrosion behaviour of 

ZrïNb binary alloy. Journal of Nuclear Materials 2002;302:9-19. 

[17] Park J-Y, Choi B-K, Jeong YH, Jung Y-H. Corrosion behaviour of Zr alloys with a high Nb 

content. Journal of Nuclear Materials 2005;340:237-46. 

[18] Krishnan R, Asundi MK. Zirconium alloys in nuclear technology. Proceedings of the Indian 

Academy of Sciences Section C: Engineering Sciences 1981;4:41-56. 

[19] Wei J, Frankel P, Polatidis E, Blat M, Ambard A, Comstock RJ, et al. The effect of Sn on 

autoclave corrosion performance and corrosion mechanisms in ZrïSnïNb alloys. Acta Materialia 

2013;61:4200-14. 

[20] Harada M, Kimpara M, Abe K. Effect of alloying elements on uniform corrosion resistance of 

zirconium-based alloys in 360 C water and 400 C steam.  Zirconium in the Nuclear Industry: Ninth 

International Symposium: ASTM International; 1991. 

[21] Banerjee S, Mukhopadhyay P. Phase Transformations: Examples from Titanium and 

Zirconium Alloys: Elsevier Science; 2010. 

[22] Banerjee S, Krishnan R. Martensitic Transformation in Zirconium-Niobium Alloys. Acta 

Metallurgica 1971;19:1317-&. 

[23] Tewari R, Srivastava D, Dey GK, Chakravarty JK, Banerjee S. Microstructural evolution in 

zirconium based alloys. Journal of Nuclear Materials 2008;383:153-71. 

[24] Dey GK, Singh RN, Tewari R, Srivastava D, Banerjee S. Metastability of the ɓ-phase in Zr-

rich Zr-Nb alloys. Journal of Nuclear Materials 1995;224:146-57. 

[25] Perovic V, Weatherly GC, Simpson CJ. Hydride precipitation in Ŭ/ɓ zirconium alloys. Acta 

Metallurgica 1983;31:1381-91. 



 

33 

[26] Williams C, Gilbert R. Tempered structures of a Zr-2.5 wt% Nb alloy. Journal of Nuclear 

Materials 1966;18:161-6.  

[27] Banerjee S, Vijayakar SJ, Krishnan R. Precipitation in zirconium-niobium martensites. Journal 

of Nuclear Materials 1976;62:229-39. 

[28] Luo CP, Weatherly GC. The precipitation behaviour of a Zr-2.5 wt pct Nb alloy. Metallurgical 

Transactions A 1988;19:1153-62. 

[29] Was GS. Fundamentals of Radiation Materials Science: Metals and Alloys2007. 

[30] Norgett MJ, Robinson MT, Torrens IM. A proposed method of calculating displacement dose 

rates. Nuclear Engineering and Design 1975;33:50-4. 

[31] Singh BN, Zinkle SJ. Defect accumulation in pure fcc metals in the transient regime: a review. 

Journal of Nuclear Materials 1993;206:212-29. 

[32] Holt RA, Bickel GA, Christodoulou N. Effect of fast neutron fluence on the creep anisotropy 

of Zrï2.5Nb tubes. Journal of Nuclear Materials 2008;373:130-6. 

[33] Ziegler JF, Biersack JP. The Stopping and Range of Ions in Matter. In: Bromley DA, editor. 

Treatise on Heavy-Ion Science: Volume 6: Astrophysics, Chemistry, and Condensed Matter. 

Boston, MA: Springer US; 1985. p. 93-129. 

[34] Idrees Y, Yao Z, Kirk MA, Daymond MR. In situ study of defect accumulation in zirconium 

under heavy ion irradiation. Journal of Nuclear Materials 2013;433:95-107. 

[35] Karim ASA, Whitehead ME, Loretto MH, Smallman RE. Electron radiation damage in H.C.P. 

metalsðI. The determination of the threshold displacement energy in Zn, Cd, Mg and Ti. Acta 

Metallurgica 1978;26:975-81. 

[36] Whttehead ME, Karim ASA, Loretto MH, Smallman RE. Electron radiation damage in H.C.P. 

metalsðII. The nature of the defect clusters in Zn and Cd formed by irradiation in the HVEM. 

Acta Metallurgica 1978;26:983-93. 

[37] Griffiths M. A review of microstructure evolution in zirconium alloys during irradiation. 

Journal of Nuclear Materials 1988;159:190-218. 



 

34 

[38] Griffiths M, Faulkner D, Styles RC. Neutron damage in Ŭ-titanium. Journal of Nuclear 

Materials 1983;119:189-207. 

[39] Griffiths M, Gilbert RW. The formation of c-component defects in zirconium alloys during 

neutron irradiation. Journal of Nuclear Materials 1987;150:169-81. 

[40] Griffiths M, Gilbert RW, Coleman CE. Grain boundary sinks in neutron-irradiated Zr and Zr-

alloys. Journal of Nuclear Materials 1988;159:405-16. 

[41] Jenkins ML. Characterisation of radiation-damage microstructures by TEM. Journal of 

Nuclear Materials 1994;216:124-56. 

[42] Khan AK, Yao Z, Daymond MR, Holt RA. Effect of foil orientation on damage accumulation 

during irradiation in magnesium and annealing response of dislocation loops. Journal of Nuclear 

Materials 2012;423:132-41. 

[43] Woo CH. Defect accumulation behaviour in hcp metals and alloys. Journal of Nuclear 

Materials 2000;276:90-103. 

[44] Gulden T, Bernstein I. Dislocation loops in irradiated zirconium. Philosophical Magazine 

1966;14:1087-91. 

[45] Griffiths M. Microstructure evolution in hcp metals during irradiation. Philosophical 

Magazine A 1991;63:835-47. 

[46] Griffiths M, Loretto MH, Smallman RE. Anisotropic distribution of dislocation loops in 

HVEMȤirradiated Zr. Philosophical Magazine A 1984;49:613-24. 

[47] Jostsons A, Blake RG, Kelly PM. Characterization of dislocation loops in neutron-irradiated 

titanium. Philosophical Magazine A 1980;41:903-16. 

[48] H. Föll MW. A simple method for the analysis of dislocation loops by means of the inside-

outside contrast on transmission electron micrographsÀ. physica status solidi (a) 1975;31:519-24. 

[49] Jostsons A, Blake RG, Napier JG, Kelly PM, Farrell K. Faulted loops in neutron-irradiated 

zirconium. Journal of Nuclear Materials 1977;68:267-76. 



 

35 

[50] Hossain MK, Brown LM. Electron irradiation damage in magnesium. Acta Metallurgica 

1977;25:257-64. 

[51] Jostsons A, Kelly PM, Blake RG. The nature of dislocation loops in neutron irradiated 

zirconium. Journal of Nuclear Materials 1977;66:236-56. 

[52] Northwood DO, Fidleris V, Gilbert RW, Carpenter GJC. Dislocation loop generation and 

irradiation growth in a zirconium single crystal. Journal of Nuclear Materials 1976;61:123-30. 

[53] Idrees Y, Yao Z, Sattari M, Kirk MA, Daymond MR. Irradiation induced microstructural 

changes in Zr-Excel alloy. Journal of Nuclear Materials 2013;441:138-51. 

[54] Griffiths M, Loretto MH, Smallman RE. Electron damage in zirconium: I. defect structure and 

loop character. Journal of Nuclear Materials 1983;115:313-22. 

[55] Griffiths M, Loretto MH, Smallman RE. Electron damage in zirconium: II. Nucleation and 

growth of c-component loops. Journal of Nuclear Materials 1983;115:323-30. 

[56] Gilbert RW, Farrell K, Coleman CE. Damage structure in zirconium alloys neutron irradiated 

at 573 to 923 k. Journal of Nuclear Materials 1979;84:137-48. 

[57] Northwood DO, Gilbert RW, Bahen LE, Kelly PM, Blake RG, Jostsons A, et al. 

Characterization of neutron irradiation damage in zirconium alloys ð an international ñround-

robinò experiment. Journal of Nuclear Materials 1979;79:379-94. 

[58] Northwood DO, Herring RA. Irradiation growth of zirconium alloy nuclear reactor structural 

components. Journal of Materials for Energy Systems 1983:195-216. 

[59] Carpenter GJC, Watters JF. A study of electron irradiation damage in Zirconium using a high 

voltage electron microscope. Journal of Nuclear Materials 1981;96:213-26. 

[60] Sabol GP, Comstock RJ, Weiner RA, Larouere P, Stanutz RN. In-reactor corrosion 

performance of ZIRLOÊ and zircaloy-4 

 Zirconium in the nuclear industry: Tenth International Symposium: ASTM International; 1994. 



 

36 

[61] Anada H, Nomoto K-i, Shida Y. Corrosion behaviour of Zircaloy-4 sheets produced under 

various hot-rolling and annealing conditions.  Zirconium in the Nuclear Industry: Tenth 

International Symposium: ASTM International; 1994. 

[62] Kim HG, Jeong YH, Kim TH. Effect of isothermal annealing on the corrosion behaviour of 

ZrïxNb alloys. Journal of Nuclear Materials 2004;326:125-31. 

[63] Griffiths M, Gilbert RW, Fidleris V. Accelerated irradiation growth of zirconium alloys.  

Zirconium in the Nuclear Industry: Eighth International Symposium: ASTM International; 1989. 

[64] Russell KC. Phase stability under irradiation. Progress in Materials Science 1984;28:229-434. 

[65] King AD, Hood GM, Holt RA. Fe-enhancement of self-diffusion in Ŭ-Zr. Journal of Nuclear 

Materials 1991;185:174-81. 

[66] Motta AT. Amorphization of intermetallic compounds under irradiation ð A review. Journal 

of Nuclear Materials 1997;244:227-50. 

[67] Motta AT, Howe LM, Okamoto PR. Amorphization kinetics of Zr3Fe under electron 

irradiation. Journal of Nuclear Materials 1993;205:258-66. 

[68] Yang WJS, Tucker RP, Cheng B, Adamson RB. Precipitates in zircaloy: Identification and the 

effects of irradiation and thermal treatment. Journal of Nuclear Materials 1986;138:185-95. 

[69] Yang WJS. Precipitate stability in neutron-irradiated Zircaloy-4. Journal of Nuclear Materials 

1988;158:71-80. 

[70] Etoh Y, Shimada S. Neutron irradiation effects on intermetallic precipitates in Zircaloy as a 

function of fluence. Journal of Nuclear Materials 1993;200:59-69. 

[71] Pêcheur D, Lefebvre F, Motta AT, Lemaignan C, Charquet D. Effect of irradiation on the 

precipitate stability in Zr alloys. Journal of Nuclear Materials 1993;205:445-51. 

[72] Brimhall JL, Kissinger HE, Charlot LA. Amorphous phase formation in irradiated 

intermetallic compounds. Radiation Effects 1983;77:273-93. 

[73] Motta AT, Lemaignan C. A ballistic mixing model for the amorphization of precipitates in 

Zircaloy under neutron irradiation. Journal of Nuclear Materials 1992;195:277-85. 



 

37 

[74] Griffiths M. A review of microstructure evolution in zirconium alloys during irradiation. 

Journal of Nuclear Materials 1988;159:190-218. 

[75] Griffiths M, Styles RC, Woo CH, Phillipp F, Frank W. Study of point defect mobilities in 

zirconium during electron irradiation in a high-voltage electron microscope. Journal of Nuclear 

Materials 1994;208:324-34. 

[76] Herring R, Loretto M. Neutron irradiation induced effects in Zircaloy-2. In Phillips, GJ (Ed) 

Proceedings of the Canadian Nuclear Society sixth annual conference 1985:693. 

[77] Cann CD, So CB, Styles RC, Coleman CE. Precipitation in Zr-2.5Nb enhanced by proton 

irradiation. Journal of Nuclear Materials 1993;205:267-72. 

[78] Francis EM, Harte A, Frankel P, Haigh SJ, Jädernäs D, Romero J, et al. Iron redistribution in 

a zirconium alloy after neutron and proton irradiation studied by energy-dispersive X-ray 

spectroscopy (EDX) using an aberration-corrected (scanning) transmission electron microscope. 

Journal of Nuclear Materials 2014;454:387-97. 

[79] Griffiths M, Phythian W, Dumbill S. Comment on Fe-distribution in Zr-2.5Nb pressure tubing. 

Journal of Nuclear Materials 1993;207:353-6. 

[80] Kruger RM, Adamson RB. Precipitate behaviour in zirconium-based alloys in BWRs. Journal 

of Nuclear Materials 1993;205:242-50. 

[81] Nelson RS, Hudson JA, Mazey DJ. The stability of precipitates in an irradiation environment. 

Journal of Nuclear Materials 1972;44:318-30. 

[82] Nuttall K, Faulkner D. The effect of irradiation on the stability of precipitates in Zr-2.5 WT% 

Nb alloys. Journal of Nuclear Materials 1977;67:131-9. 

[83] Perovic V, Perovic A, Weatherly GC, Purdy GR. The distribution of Nb and Fe in a Zr-2.5 

wt% Nb alloy, before and after irradiation. Journal of Nuclear Materials 1995;224:93-102. 

[84] Shen HH, Peng SM, Xiang X, Naab FN, Sun K, Zu XT. Proton irradiation effects on the 

precipitate in a Zrï1.6Snï0.6Nbï0.2Feï0.1Cr alloy. Journal of Nuclear Materials 2014;452:335-

42. 



 

38 

[85] Sundell G, Thuvander M, Tejland P, Dahlbäck M, Hallstadius L, Andrén HO. Redistribution 

of alloying elements in Zircaloy-2 after in-reactor exposure. Journal of Nuclear Materials 

2014;454:178-85. 

[86] Griffiths M, M¿llejans H. A TEM study of Ŭ-phase stability in Zr-2.5 Nb pressure tubes 

following neutron irradiation (A TEM study of Ŭ-phase stability). Micron 1995;26:555-7. 

[87] Motta AT, Faldowski JA, Howe LM, Okamoto PR. In situ studies of phase transformations in 

zirconium alloys and compounds under irradiation.  Zirconium in the Nuclear Industry: Eleventh 

International Symposium: ASTM International; 1996. p. 557-79. 

[88] Coleman CE, Gilbert RW, Carpenter GJC, Wetherly GC. Phase stability during irradiation.  

AIME Symposium Proceedings: ASM International; 1980. 

[89] Shishov V, Nikulina A, Markelov V, Peregud M, Kozlov A, Averin S, et al. Influence of 

Neutron Irradiation on Dislocation Structure and Phase Composition of Zr-Base Alloys. Zirconium 

in the Nuclear Industry: Eleventh International Symposium, ASTM STP 1295 1996:603-22. 

[90] Byun TS, Farrell K. Plastic instability in polycrystalline metals after low temperature 

irradiation. Acta Materialia 2004;52:1597-608. 

[91] Makin MJ, Minter FJ. The mechanical properties of irradiated niobium. Acta Metallurgica 

1959;7:361-6. 

[92] Makin MJ, Minter FJ. Irradiation hardening in copper and nickel. Acta Metallurgica 

1960;8:691-9. 

[93] Coleman CE, Mills D, van der Kuur J. Deformation parameters of neutron irradiated Zircaloy-

4 at 300°C. Canadian Metallurgical Quarterly 1972;11:91-100. 

[94] Hardy D. The effect of neutron irradiation on the mechanical properties of zirconium alloy 

fuel cladding in uniaxial and biaxial tests.  Irradiation Effects on Structural Alloys for Nuclear 

Reactor Applications: ASTM International; 1970. 

[95] Tenckhoff E. Review of deformation mechanisms, texture, and mechanical anisotropy in 

zirconium and zirconium base alloys. Journal of ASTM international 2005;2:26-50. 



 

39 

[96] Azzarto FJ, Baldwin EE, Wiesinger FW, Lewis DM. Unirradiated, in-pile and post-irradiation 

low strain rate tensile properties of zircaloy-4. Journal of Nuclear Materials 1969;30:208-18. 

[97] Byun TS, Farrell K. Irradiation hardening behaviour of polycrystalline metals after low 

temperature irradiation. Journal of Nuclear Materials 2004;326:86-96. 

[98] Cupp CR. The effect of neutron irradiation on the mechanical properties of zirconium-2.5 % 

niobium alloy. Journal of Nuclear Materials 1962;6:241-55. 

[99] Farrell K, Byun TS, Hashimoto N. Deformation mode maps for tensile deformation of neutron-

irradiated structural alloys. Journal of Nuclear Materials 2004;335:471-86. 

[100] Hashimoto N, Byun TS, Farrell K, Zinkle SJ. Deformation microstructure of neutron-

irradiated pure polycrystalline metals. Journal of Nuclear Materials 2004;329ï333, Part B:947-52. 

[101] Higgy HR, Hammad FH. Effect of neutron irradiation on the tensile properties of zircaloy-2 

and zircaloy-4. Journal of Nuclear Materials 1972;44:215-27. 

[102] Howe LM, Thomas WR. The effect of neutron irradiation on the tensile properties of 

zircaloy-2. Journal of Nuclear Materials 1960;2:248-60. 

[103] Langford WJ, Mooder LEJ. Metallurgical properties of irradiated cold-worked Zr-2.5 wt% 

Nb pressure tubes. Journal of Nuclear Materials 1971;39:292-302. 

[104] Onchi T, Kayano H, Higashiguchi Y. The inhomogeneous deformation behaviour of neutron 

irradiated Zircaloy-2. Journal of Nuclear Materials 1980;88:226-35. 

[105] Onimus F, Béchade J-L. A polycrystalline modeling of the mechanical behaviour of neutron 

irradiated zirconium alloys. Journal of Nuclear Materials 2009;384:163-74. 

[106] Onimus F, Béchade JL, Duguay C, Gilbon D, Pilvin P. Investigation of neutron radiation 

effects on the mechanical behaviour of recrystallized zirconium alloys. Journal of Nuclear 

Materials 2006;358:176-89. 

[107] Onimus F, Monnet I, Béchade JL, Prioul C, Pilvin P. A statistical TEM investigation of 

dislocation channeling mechanism in neutron irradiated zirconium alloys. Journal of Nuclear 

Materials 2004;328:165-79. 



 

40 

[108] Ribis J, Onimus F, Béchade JL, Doriot S, Barbu A, Cappelaere C, et al. Experimental study 

and numerical modelling of the irradiation damage recovery in zirconium alloys. Journal of Nuclear 

Materials 2010;403:135-46. 

[109] Ross-Ross PA, Hunt CEL. The in-reactor creep of cold-worked Zircaloy-2 and Zirconium-

2.5 wt % niobium pressure tubes. Journal of Nuclear Materials 1968;26:2-17. 

[110] Suganuma K, Kayano H. Irradiation hardening of Fe-Cr alloys. Journal of Nuclear Materials 

1983;118:234-41. 

[111] Yao Z, Schäublin R, Victoria M. The microstructure and tensile properties of pure Ni single 

crystal irradiated with high energy protons. Journal of Nuclear Materials 2002;307ï311, Part 1:374-

9. 

[112] Yao Z, Schäublin R, Victoria M. Tensile properties of irradiated Cu single crystals and their 

temperature dependence. Journal of Nuclear Materials 2004;329ï333, Part B:1127-32. 

[113] Himbeault DD, Chow CK, Puls MP. Deformation behaviour of irradiated Zr-2.5Nb pressure 

tube material. Metallurgical and Materials Transactions A 1994;25:135-45. 

[114] Williams CD, Ells GE. The influence of niobium in irradiation strengthening of dilute Zr-Nb 

alloys. Philosophical Magazine 1968;18:763-72. 

[115] Huang PY, Mahmood ST, Adamson RB. Effects of thermomechanical processing on in-

reactor corrosion and post-irradiation mechanical properties of Zircaloy-2.  Zirconium in the 

Nuclear Industry: Eleventh International Symposium: ASTM International; 1996. 

[116] Dubey JS, Shriwastaw RS, Kumar A, Shah PK, Rath BN, Kumar S, et al. Post irradiation 

examination of tight fit garter springs from Indian PHWR. Journal of Nuclear Materials 

2015;462:205-13. 

[117] Fregonese M, Régnard C, Rouillon L, Magnin T, Lefebvre F, Lemaignan C. Failure 

Mechanisms of irradiated Zr alloys related to PCI: Activated slip systems, localized strains, and 

iodine-induced stress corrosion cracking.  Zirconium in the Nuclear Industry: Twelfth International 

Symposium: ASTM International; 2000. 



 

41 

[118] Bose B, Klassen RJ. Effect of Zr+ ion irradiation on the mechanical anisotropy of Zrï2.5%Nb 

pressure tube material. Journal of Nuclear Materials 2010;405:138-43. 

[119] Blewitt TH, Coltman RR, Jamison RE, Redman JK. Radiation hardening of copper single 

crystals. Journal of Nuclear Materials 1960;2:277-98. 

[120] Yang HL, Kano S, Matsukawa Y, Shen JJ, Zhao ZS, Duan ZG, Chen DY, Murakami K, Li 

YF, Satoh Y, Abe H. Tensile properties and microstructure of Zrï1.8Nb alloy subjected to 140-

MeV C4+ ion irradiation. Journal of Nuclear Materials 2017;495:138-45. 

 

  



 

42 

Chapter 3 

Study of microstructure and precipitates of a Zr-2.5Nb-0.5Cu CANDU 

spacer material 

Abstract 

Synchrotron X-ray diffraction, scanning electron microscopy, and transmission electron 

microscope bright field and high angle annular dark field were employed to investigate the 

microstructure and precipitates of a Zr-2.5Nb-0.5Cu alloy wire, with potential application as a 

spacer in the CANDU® reactor design. Results show that three types of microstructure co-exist in 

the alloy: Widmanstªtten structure, Ŭ-Zr grains without precipitates and Ŭ-Zr grains with 

precipitates. At the same time, three types of second phase particles are detected: ɓ-Nb, Zr2Cu and 

Zr2Fe, which have different distributions within the microstructure. The ɓ-Nb precipitates are 

observed to be extensively distributed among the Ŭ plate boundaries and twin interfaces in the 

Widmanstätten structure, whereas the Zr2Cu and Zr2Fe precipitates are only found in the Ŭ plate 

boundaries. The orientation relations of the Zr2Cu precipitates with respect to the Ŭ-Zr and ɓ-Nb 

are found to be  πρσ ȾȾ  πππρ, πσρ  ȾȾρρππ and  πρσ ȾȾ πρρ , 

πσρ ȾȾςρρ  respectively. 

Keywords: Zr-2.5Nb-0.5Cu; STEM, microstructure; precipitates; orientation relationship 

3.1 Introduction  

In CANDU®4 Gen III nuclear power plants, four spacers are placed in the annular space between a 

Zrï2.5Nb pressure tube (PT, in contact with the primary coolant, approximately 300 °C) and a 

Zircaloy-2 calandria tube (CT, in contact with the moderator, around 80 °C) to support the PT and 

                                                      

4CANDU® is the registered trademark of Atomic Energy of Canada Ltd. (AECL) used under exclusive license by 

Candu Energy Inc. 
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prevent it from coming into contact with the CT [1]. The current spacer used in the CANDU® 

reactor is a nickel based Inconel X-750 alloy; however, it has been found that the Inconel X-750 

spacers are subject to severe irradiation damage and potential property degradation after long in-

reactor exposure [2]. That is, the components containing nickel are subjected to the transmutation 

by absorption of neutrons at thermal energies, leading to the formation of helium cavities in the 

material [2-4]. The agglomeration of helium cavities to grain boundaries and phase boundaries 

results in a loss of ductility of the Inconel X-750 [3, 4]. Zr-2.5Nb-0.5Cu alloy is considered as a 

potential replacement for Inconel X-750 alloy for future spacer installations, since there is no void 

formation in zirconium alloys under neutron irradiation [5], although the issue of irradiation-

induced creep and growth will need to be assessed. The proposed Zr-2.5Nb-0.5Cu spacers would 

have a similar geometry to the current Inconel X-750 spacer; a closed helical shape, made from 

wires of rectangular cross section. They are held in place with the help of a girdle wire passing 

through the axis of the spring, the ends of which are spot-welded to form a ring around the coolant 

tube; in the case of the Indian Pressurized Heavy Water Reactors (PHWRs) the girdle wire is 

Zircaloy-2 [6]. 

In fact Zr-2.5Nb-0.5Cu spacers were already widely used in early CANDU® reactors. They were 

designed to be loose-fitting and hence were found to be susceptible to movement during reactor 

assembly and operation [7]. Due to the uncertainty in the span between some spacers and the 

potential for it to be larger than expected, PT to CT contact could occur. Such contact leads to the 

potential for hydride blister formation and growth if the hydrogen concentration at the contact 

location exceeds the óblister formation thresholdô (BFT) [1]. Subsequently, specialized spacer 

location and repositioning (SLAR) tools were developed to locate the spacers and also relocate 

them [8], and for later installations the spacer design was changed from loose-fitting to tight-fitting 

[9]; at the same time the material was changed to Ni-based X750. However, the subsequent 

innovations and the in-reactor degradation of X750 properties mean the use of Zr-2.5Nb-0.5Cu 

spacers is again being considered. 
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Although there is the potential for significant improvements regarding the design of the Zr-2.5Nb-

0.5Cu spacers, the working condition for the spacers is relatively unchanged. During in-reactor 

service, the spacers will be subjected to multiple-directional loading. Early studies [10] reported 

that diametrical expansion of the PT by 4% would impose a maximum load of 1.0 kg on the spacer, 

which corresponds to a stress of around 98 MPa. Apart from this tension (axial to the spacer) the 

spacer experiences other loads arising from the PT sagging and resting on the spacer, which 

imposes a diametrical compressive load estimated to be about 2.8 kg/turn [10]. Though a flowing 

dry carbon dioxide gaseous environment is maintained, contamination by moisture due to leakage 

of heavy water is often detected in the annular space, which results in the potential formation of 

brittle deuteride/hydride phases in the form of platelets within the material. Recent examinations 

by Dubey et al. [6] on post-irradiated spacers from Indian PHWRs revealed that small hydride 

platelets were observed, being uniformly distributed across the wire cross-sections after 15 hot 

operating years. In addition to multi-axial loads and hydrogen/deuterium pickup, as the spacers are 

located in the core region of the reactor the spacer itself is exposed to high temperatures and fast 

neutron fluxes, and this causes changes in the dimensions and material properties. Dubey et al. [6] 

found that there were slight increases in the mean length and significant irradiation hardening after 

in-reactor service when compared to the as-fabricated condition.  

It is known that in-reactor deformation and deuterium/hydrogen pickup of the fuel channels 

crucially depend on the microstructure and microchemistry of the materials [1]. However, to date 

microstructural and microchemical investigations on the modern Zr-2.5Nb-0.5Cu spacers proposed 

for CANDU® use have not been reported. The purpose of the present work is therefore to study the 

microstructure and microchemistry of Zr-2.5Nb-0.5Cu spacer material.  

3.2 Experimental 

The material used in current investigation was a zirconium alloy spring wire material. The nominal 

chemical composition was 2.5Nb, 0.5Cu and 0.1Fe in wt.%, and will be denoted as Zr-2.5Nb-0.5Cu 
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hereafter. The springs were made from a cold drawn wire, which has been subjected to Ŭ+ɓ field 

(~850 °C) quenching and intermediate Ŭ (~550 ÁC for 10 hours) aging heat treatment.  

 

Fig. 3-1 Illustration of the thinning method for electropolishing samples from the Zr-

2.5Nb-0.5Cu spacer: (a) schematic of the electropolishing apparatus; (b) slices from the 

spacer; (c) platinum washer and ground slices; (d) washer and sample centered in the 

holder. 

The synchrotron X-ray diffraction was performed at the I11 high resolution powder diffraction 

beam line of the Diamond Light Source located at the Harwell Science and Innovation Campus in 

Oxfordshire, UK. A monochromatic beam with an energy of 10 keV (ɚ= 0.1239962 nm) and with 
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a cross section of 0.1 mm × 1.5 mm was used. The incident X-ray beam had an angle of 20̄ with 

the surface of the sample. The diffraction pattern was recorded by a multiple analyzing crystal 

(MAC) detector system [11] in the range of 0.1<̄ 2ⱥ < 150 ̄with a measurement time of 45 

minutes. 

The TEM specimens were prepared by electro-polishing with an electrolyte of 10% perchloric and 

90% methanol at -40°C on a STRUERS Tenupol-5 electro-polisher. It is a little bit of a challenge 

to prepare the samples for TEM and SEM examination, the cross section of which is only 0.8 mm 

×0.7 mm. Zhang et al. [12] proposed a novel technique of preparing the Ni-based irregular TEM 

samples. That is, two nonconductive lacomit painted copper rings and the sample were stacked one 

by one into the sample holder to make a sandwich. However, this technique is not applicable to 

Zirconium alloys because the residual lacomit is difficult to remove after electro polishing and also 

the copper rings were always found to be polished by the electrolyte. Here, a new method is applied 

in preparing the irregular Zr-2.5Nb-0.5Cu wire TEM samples. A 3.0 mm platinum washer with a 

0.5 mm hole in the centers placed between the sample and the anode Pt foil as shown in Fig. 3-1. 

Though the cathode side is exposed to the 3.0 mm jet flow, results show that the location where the 

hole appears in the samples is governed by the anode side, i.e., the holes are found in the 0.5 mm 

area. The polishing speed is comparable to that of normal TEM samples and more importantly the 

samples can be cleaned very easily; further the Pt washer can be used repeatedly without damage. 

With the described method, high quality TEM samples were obtained. It has to be pointed out that 

this method would also be applicable to preparing in-situ straining TEM tensile samples (for which 

normally the width is less than 3.0 mm) which requires an exactly centered hole. Samples for SEM 

were electro-polished with the same electrolyte, temperature, and electro-polisher as TEM samples 

but using less time. The electrolyte temperature was controlled by an external chiller during the 

polishing. 
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An FEI Nova 450 field emission scanning electron microscopy (SEM) was employed to 

characterize the microstructure. The transmission electron microscopy (TEM) bright field (BF) and 

high angle annular dark field scanning TEM (HAADF-STEM) techniques were performed on an 

FEI Tecnai Osiris S/TEM equipped four super X-ray spectrum detectors which allow fast 

acquisition of X-ray spectrum and enable the mapping of elemental distribution using Chemi-

STEM EDX (Energy dispersion X-ray) in several minutes. The acquired elemental map datasets 

were used to quantify the chemical composition of the precipitates in the alloy. 

Table 3-1 A summary of the diffraction planes and the corresponding peaks and d-spacing 

of the secondary phases in the Zr-2.5Nb-0.5Cu spacers. 

Phase 

Crystal 

system 

Diffraction 

plane 

Experimental 

peak(2ɗ) 

d-spacing 

(nm) 

Calculated lattice 

parameter(nm) 

ɓ-Nb Cubic 

200 43.483 1.6735 

a=b=c=0.3294 

220 64.590 1.1602 

Zr2Cu Tetragonal 

103 29.479 2.4364 

a=b=0.3215; 

c=1.1201 

116 50.891 1.4428 

213 55.994 1.3206 

Zr2Fe Tetragonal 

112 30.420 2.3628 

a=b=0.7096; 

c=0.5356 

202 32.069 2.2442 

310 36.826 1.9626 

3.3 Results 

3.3.1 Precipitates 

The synchrotron radiation source provides a much higher signal-to-noise ratio than conventional 

X-ray sources, enabling the detection of very small volume fractions of precipitate. Fig. 3-2 shows 

the diffraction intensities as a function of two-theta angle measured in the Zr-2.5Nb-0.5Cu spacer. 

The surface of the diffraction sample was perpendicular to the helical axis; the diffraction pattern 
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was recorded with a fixed angle of 20̄ between the surface of the sample and the incident X-ray 

beam. Four phases were detected in the material studied. The most intense peaks correspond to Ŭ-

Zr and the other less intense peaks are determined to be associated with ɓ-Nb, Zr2Cu, and Zr2Fe 

respectively. In zirconium alloys both Zr3Fe and Zr2Fe are stable at room temperature. Therefore 

attention must be paid to the phase identification. The determination of Zr2Fe phase is based on the 

2ɗ peak positions (specifically at 32.069° and 36.826°) which can be attributed to Zr2Fe and thus 

rule out the presence of detectable quantities of Zr3Fe. The peak positions and the corresponding 

interplanar spacings for the four phases are recorded in Table 3-1. Through the experimentally 

measured interplanar spacings of these crystallographic planes and the crystal structure of the 

phases, the lattice parameters for all the four phases could be calculated, and are listed in Table 3-

1. 

Table 3-2 Concentration of alloying elements in the secondary phases. 

Phase 

Composition,% at. 
Secondary 

phase location 

in Fig. 3-3 
Zr  Nb Cu Fe 

ɓ-Nb without 

Fe segregation 

11.55±1.30 87.44±1.17 0.90±0.16 0.11±0.02 #1,#2,#3 

ɓ-Nb with Fe 

segregation 

10.24±1.31 85.89±2.55 0.74±0.10 3.13±1.09 #4,#5 

Zr2Cu 67.00±0.96 0.42±0.13 31.12±1.31 1.46±0.14 #6,#7 

Zr2Fe 68.02±3.28 23.22±2.28 0.30±0.18 8.46±1.96 #8,#9 
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Fig. 3-2. (a) Diffracted intensity plotted against two-theta angle for the Zr-2.5Nb-0.5Cu 

spacer material using synchrotron radiation; (b) enlarged image of peak A from(a). 

The composition and morphology of the phases are reported to have a significant impact on material 

properties during in-reactor service [13, 14]. Therefore it is important to know the microstructure 

and composition of the four phases. With the help of Chemi-STEM which has an accuracy of up to 

0.02% for composition analysis, the phase composition and morphology can be easily obtained. 

Fig. 3-3 shows the elemental distribution in a Chemi-STEM micrograph. The thickness of this area 

was measured to be 89.19 nm by Electron Energy Loss Spectroscopy (EELS). However, because 

the particle size can only be estimated from the 2-D images, we can only acquire a semi-quantitative 

calculation of the alloying element concentration in the precipitates in the TEM. Nonetheless it is 

clear that the secondary phases with aggregation of different elements (Nb, Cu, Fe) are present in 

the form of discrete particles. Compositional analysis was carried out in different regions marked 

with numbers in Fig. 3-3 and the calculated results are summarized in Table 3-2. 
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Fig. 3-3. Qualitative Chemi-STEM EDX element mapping of the Zr-2.5Nb-0.5Cu spacer. 

The numbers in the map indicate the spots where the composition analysis was taken. The 

corresponding concentration of alloying elements in labeled particles is listed in Table 3-2. 

It can be seen that there are two types of ɓ-Nb particles in the spacer material. One is ɓ-Nb without 

Fe element segregation, comprising 87.44% Nb and 11.55% Zr which is a typical constitution 
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reported in zirconium-niobium binary alloys [15, 16]. The other is ɓ-Nb with a slight Fe 

segregation. Both types of ɓ-Nb have been reported in a Zr-Nb-Sn-Fe alloy [17]. The partition of 

Fe to the ɓ-Nb precipitates could be explained in the following way: during elevated temperature 

thermal treatment, since the solubility of Fe in Ŭ-Zr is negligible, the Fe would diffuse into the ɓ-

Nb and as the total concentration of Fe available in the matrix is low, the limited number of Fe 

atoms will diffuse to certain favorable ɓ-Nb sites. The composition analysis on Zr2Cu and Zr2Fe 

precipitates shows that there is always a minor Fe and a large Nb concentration in each particle 

type respectively. The formation of Zr2Fe is not frequently observed in zirconium fuel channel 

materials. The types of Zr-Fe precipitates depend largely on the fabrication route and the Fe 

concentration; it is reported that a Fe concentration (Ò0.2%) is likely to promote the precipitation 

of Zr2Fe particles [18]. 

 

Fig. 3-4. (a) SEM and (b) TEM images showing three types of microstructure presenting 

in the spacer material. White arrows and circle in (a) illustrate the prior ɓ grain boundaries 

and recrystallized grain within the Widmanstätten structure. The inserted SAD patterns 

in (b) demonstrates grains in type ii and type iii structure have the same orientation. A, B, 

and C in (a) and (b) are corresponding to type i, tpye ii and type iii structure, respectively. 
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3.3.2 Microstructure 

Fig. 3-4 reveals the microstructure of the as-received Zr-2.5Nb-0.5Cu wire material. The obtained 

morphology can be broadly divided into three types:  

i. Widmanstätten structure, occupying 77.2%±3.7% of the total volume; 

ii. Ŭ-Zr grains without precipitates, taking up 18.2%±3.7% of the total volume; 

iii. Ŭ-Zr grains with precipitates, which have the same orientation as the nearby type ii Ŭ grains, as 

shown in Fig. 3-4(b). 

The shape of the Ŭ-Zr peaks confirm the microscopy observations: a closer investigation reveals 

that each of these reflections are the sum of very narrow and significantly broadened components, 

as Fig. 3-2b shows on a logarithmic intensity scale. This specific peak structure is the result of the 

bimodal character of the microstructure of the Ŭ phase seen in Fig. 3-4a and 4b: the very narrow 

components correspond to the large and relatively undeformed (type ii and iii) Ŭ grains, while the 

significantly broadened components correspond to the Ŭ domains having Widmanstªtten structure 

(type i) [19]. The X-ray diffraction peaks originating from the type ii and iii Ŭ grains are narrow 

because of the large crystallite size (> 1 mm) and the low dislocation density. In contrast, the 

reflections originating from the type i grains having a Widmanstätten structure are very broad 

because of their pronounced defect structure. Due to the high density of twin and other types of 

boundaries the average size of the coherently diffracting domains in the type i grains is in the < 100 

nm range, which causes significant size broadening of the reflections. Additionally, such structures 

contain a significant amount of inhomogeneous residual strains and high dislocation densities 

which contribute to the strong strain broadening of the reflections [19]. The combined size and 

strain broadening originating from the type i Ŭ grains causes their peak components to be 

significantly wider than the components originating from the type ii and iii Ŭ grains. A detailed 

characterization of the defect structure of very similar bimodal microstructures in heat treated Zr-

Sn-Nb-Mo alloys, performed by diffraction line profile analysis and TEM methods, can be found 

in Ref. [19]. 
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Fig. 3-5 TEM bright field images showing Widmanstätten structure: (a) basket-weave 

structure; (b) internally twinned Ŭ plates; (c) SAD pattern with [110]M//[11 0]T indicating 

(1 01)M  and (1 0 )T twinning plane. 

Fig. 3-5 shows details of the microstructure of the type i morphology. The type i structure exhibits 

a typical Widmanstªtten morphology consisting of Ŭ-phase platelets organized into basket-weave 

tangles (Fig. 3-5(a)), many of which are internally twinned (Fig. 3-5(b)). A selected area diffraction 

(SAD) pattern (Fig. 3-5(c)) taken from the twinned area demonstrates the twin plane to be ρρπρ, 

in good agreement with some previous reports on ɓ-quenched Zr-Nb alloys [15, 20]. The mean 

plate width in the basket-weave structure is around 400 nm. It is known that prior ɓ grain boundaries 

can be conserved after ɓ quenching [21]. This is also the case in the present material. The well-

conserved prior ɓ grain boundaries are indicated by white arrows in Fig. 3-4(a). Line intercept 

measurements show that the prior ɓ grain size is 22.4Ñ4.6 ɛm. The formation of martensite has 

been extensively investigated by many authors [21-23] in zirconium-niobium alloys. The 

martensite structure is believed to be formed by diffusionless transformation, where variant 

selection following the Burgers relationship takes place [24]. The martensite phase exhibits the 

same hcp structure as the equilibrium Ŭ phase, but may be supersaturated in solutes. 
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Fig. 3-6 HAADF-STEM and Chemi-STEM micrographs showing the distribution of 

precipitates in Widmanstªtten structure. ɓ-Nb particles are widely distributed in Ŭ plate 

boundaries and twin interfaces, whereas Zr2Cu and Zr2Fe are only found in the Ŭ plate 

boundaries. 
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Fig. 3-7 HAADF-STEM and Chemi-STEM micrographs showing the distribution of 

precipitates in type iii structure. The distribution of precipitates aligns with the white line. 
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Fig. 3-8 Comparison of precipitate size in type i and type iii structure. 

The distribution and morphologies of second phase particles in the type i structure are presented in 

Fig. 3-6. It can be seen that fine ɓ-Nb particles are uniformly distributed between the Ŭ plate 

boundaries and the twin interfaces. The particles on the Ŭ plate boundaries are generally larger than 

those on the twin interfaces. Similar observations of the ɓ-Nb distribution Zr-Nb tempered alloys 

were obtained by Banerjee et al. [15] and Luo et al. [25]. When a quenched Zr-Nb alloy is annealed 

above 500 ÁC, the ɓ-Nb would precipitate from the supersaturated Ŭ plates to minimize the systemôs 

Gibbs free energy. The higher diffusion rate of Nb along the grain boundaries would enable the 

growth of ɓ-Nb faster at these locations. 

In contrast, the Zr2Cu particles, marked in blue, are only detected between the boundaries of the Ŭ 

plates. The smaller particles show a circular shape, whereas the larger particles are found to be 

needle-like, with the major axes parallel to the Ŭ plate boundaries, which apparently reveals a 

preferred lengthening direction of the precipitates. This is likely because the boundaries could act 

as a sink for the solute atoms which diffuse faster along the boundaries than the volume, and 

therefore the lengthening of the Zr2Cu particles would be faster along the Ŭ boundaries especially 

when one of the boundaries is coherent to the particles. The distribution of Zr2Fe is very similar to 

that of Zr2Cu. They are only found within the Ŭ plate boundaries in the type i structure.  
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As shown in Fig. 3-4, the grains of the type ii structure are near-equiaxed with an average grain 

size of 7.3Ñ2.9 ɛm. These grains will be prior Ŭ grains, obtained during the Ŭ+ɓ phase field heat 

treatment, and subsequent quenching. 

Most grains of the type iii structure encircle the prior Ŭ grains, with the precipitates widely 

distributed (Fig. 3-4(a)). Fig. 3-7 presents the microstructure and distribution of the precipitates in 

the type iii structure. It can be seen that the alignment of the precipitates is along the adjacent Ŭ 

plate boundaries which is indicated by white lines. It is denoted as ñghostò martensitic boundaries 

[15], since the growth of the precipitates is at the expense of the martensitic plates during heat 

treatment or tempering. 

Fig. 3-8 illustrates the size distribution of the precipitates in the type i and type iii structures. It is 

clear that all the particles in the type iii structure are bigger than in the type i structure and the 

particle size of Zr2Cu are much larger than that of ɓ-Nb and Zr2Fe as well. 

3.3.3 Orientation relationship  

To determine the orientation relations, SAD patterns were taken from regions containing Ŭ matrix 

and precipitates. Fig. 3-9 illustrates the SAD patterns from ɓ-Nb and Zr2Cu with the matrix 

respectively. The orientation relations between the ɓ-Nb and the matrix can be denoted as 

πρρ ȾȾπππρ, ρρρ ȾȾρρςπ  a typical Burgers relationship between these bcc and 

hcp phases [24, 26]. Likewise the orientation between the Zr2Cu precipitate and the Ŭ plate can be 

expressed as:πρσ ȾȾ πππρ, πσρ  ȾȾ ρρππ. This orientation relationship is 

consistent with that observed between the Zr2Cu and Ŭ phase in the eutectoid Zr-Cu alloys [27, 28]. 

However, attempts to determine the orientation relations between the Zr2Fe and Ŭ matrix failed due 

to the small size of the precipitates.  

From Fig. 3-9(a) we can see that the ɓ-Nb and the Zr2Cu precipitates seemingly have a coherent 

interface. Therefore an orientation relationship must exist between those two precipitates. 

Stereographic projection maps were used to determine their orientation relations. Fig. 3-9(d) and 
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(e) show the stereographic projection of the ɓ-Nb and the Zr2Cu with respect to the Ŭ matrix and 

through overlapping the projection maps of ɓ-Nb and the Zr2Cu (Fig. 3-9(f)), one can readily 

determine their orientation relation, which can be written as: πρρ ȾȾπρσ , 

ςρρ ȾȾπσρ Ȣ  

 

Fig. 3-9 Orientation relations between the precipitates and the matrix: (a) TEM bright field 

map; (b) and (c) SAD patterns of Zr2Cu and ɓ-Nb with Ŭ-Zr matrix  (ZŬ=[11-20]), 

respectively; (d) and (e) stereographic projections of Zr2Cu and ɓ-Nb with Ŭ-Zr matrix; (f) 

stereographic projections of Zr2Cu with ɓ-Nb showing the orientation relationship between 

Zr 2Cu and ɓ-Nb being ἚἪȾȾ ἨἺἍἽand ἚἪȾȾ ἨἺἍἽȢ 

 

 



 

59 

3.4. Discussion 

3.4.1 Formation of the microstructure 

It is noticeable that three types of microstructure are observed in the Zr-2.5Nb-0.5Cu wire material. 

During the fabrication, the material was heated to the Ŭ+ɓ dual phase field followed by water 

quenching and a subsequent Ŭ phase annealing. The alloying elements such as Nb, Cu and Fe are 

reported to have larger solubility in the ɓ phase than in the Ŭ phase [29]. Therefore, when the 

material is annealed in the Ŭ+ɓ phase field, the solutes will completely dissolve in the ɓ phase (as 

schematically illustrated in Fig. 3-10(a)). During the rapid Ŭ+ɓ phase region quenching treatment, 

those elements will be saturated in the ɓ phase and consequently also saturated in the resulting 

Widmanstªtten structure. A microstructure comprising of prior Ŭ grains (type ii) and 

Widmanstätten structure (type i) will then be obtained (Fig. 3-10(b)). During aging at proper 

conditions, both precipitation and recrystallization would take place concurrently to reduce the 

energy of the system. As shown in Fig. 3-4(b) both grains in type ii and type iii structure have the 

same orientation, indicating the type iii grains are recrystallized grains originating from the growth 

of grains of type ii during Ŭ phase annealing.  

Loucif et al. [30] found that a substantial precipitation would always occur earlier than the initiation 

of recrystallization in Zircaloy-4 provided the aging temperature is in the Ŭ phase region. Similar 

observations were also obtained in Zr-Nb alloys. Williams et al. [20] suggested that solute atom 

segregation took place at the twin interfaces and martensitic plate boundaries at 500 °C in less than 

one hour, whereas the initiation of recrystallization in commercial Zr-2.5Nb alloys was not 

triggered even after aging for 100 h [25, 31]. By comparing the recrystallized and un-recrystallized 

areas containing precipitates in Fig. 3-4 and Fig. 3-7, one can conclude that precipitation occurs 

earlier than the initiation of recrystallization in the Zr-2.5Nb-0.5Cu spacer material (Fig. 3-10(c)), 

which agrees well with the references [15, 20, 25, 30, 31].  
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Fig. 3-10 Schematic of the proposed microstructure formation sequence in Zr-2.5Nb-0.5Cu 

spacer material: (a) microstructure comprising of Ŭ and ɓ grains during annealing in Ŭ+ɓ 

dual phase field; (b) formation of Widmanstätten structure during subsequent quenching 

treatment; (c) precipitation of particles on boundaries during Ŭ aging; (d) formation of 

type iii structure due to strain induced grain boundary migration. The green spots 

represent secondary particles in the microstructure. 

 

Fig. 3-11 Stereographic projections of ɓ-Nb and Ŭ-Zr  at twin boundaries: (a) on 

one side of the twin boundaries with ἚἪȾȾ ἢ, ἚἪȾȾ ἢ; (b) on 

the other side of the twin boundaries with rotation angle being 57.5 ° along 

ἚἪȾȾ ἢ. The misfit angle (ɗ) between ἚἪ and ἢin (b) is 

detected to be 3.89°±0.5°.  
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Strain induced grain boundary migration (SIBM) or ñbulge nucleationò is reported as a dominant 

recrystallization mechanism in ɓ-quenched zirconium [32, 33]. In this mechanism, once a grain 

boundary bulge is formed in a low dislocation region, it would migrate into the adjacent region 

where the dislocation density is higher, due to the strain energy difference. Rumball et al. [32] 

found that the bulges tend to nucleate in the areas with mixed transformed ɓ structure, i.e., 

Widmanstätten-martensitic boundaries and grow into the Widmanstätten structure because of the 

large amount of defects such as vacancies and dislocations inside. The white circle in Fig. 3-4(a) 

revealed such a recrystallized grain formed in the mixed structure region. Northwood and Dosen 

[33] put forward the explanation that the boundaries separating the Ŭ* from either the 

Widmanstätten or martensite structures could act as the nucleation site and grow into the 

surrounding structures. The Ŭ* is diffusive massive phase which is from a diffusional phase 

transformation and contains very few defects. The prior Ŭ grains in type ii structure is similar to the 

reported Ŭ* phase which has a very low dislocation density. Thus the dislocation density difference 

between the prior Ŭ grains and the ɓ transformed structure would drive the Ŭ grain boundaries to 

move forwards (Fig. 3-10(d)).  

According to the Zener pinning mechanism [34] a dispersion of particles would exert a retarding 

pressure (Pz) on the grain boundaries during grain growth. If the driving force (Pd) for grain growth 

is larger than the Zener pinning pressure (Pz), the grain boundary will move forward; otherwise it 

will be retarded. It is known that the particle nature, size, shape and distribution have a profound 

influence on the magnitude of the pinning pressure. Therefore the Pz varies from region to region 

within the microstructure and consequently irregular shaped type ii grains are formed, as shown in 

Fig. 3-4(a). 

3.4.2 Nucleation site selection for different precipitates 

It is common to see precipitates distribute at the incoherent Ŭ plate boundaries and high angle grain 

boundaries (prior Ŭ and ɓ boundaries, in this study) because these boundaries contain a large 

amount of defects and the precipitation of second phase particles at these sites would greatly reduce 
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the system energy without disturbing the boundary relationships. However, twin interfaces are fully 

coherent on the habit planes. Precipitation at the twin interfaces requires special orientation 

relationships in order to maintain the boundary coherency and minimize the nucleation energy. As 

mentioned above, the ɓ-Nb precipitates are found to be lying in the twin interfaces whereas Zr2Cu 

and Zr2Fe are not. A possible explanation for the existence of ɓ-Nb on the twin interfaces is 

illustrated by stereographic projection of the ɓ-Nb with respect to the twin in Fig. 3-11. As shown 

in Fig. 3-11(a) the orientation relation between the ɓ-Nb and one side of the twin is 

πρρ ȾȾπππρ , ρρρ ȾȾρρςπ. Since the twin plane is ρρπρ with the twinning 

angle being 57.5 Á, the orientation relations between the ɓ-Nb and the other side of the twin should 

be ρρπ ȾȾπππρ , ρρρ ȾȾρρςπ (Fig. 3-11(b)) which is another variant of the 

Burgersô relation, with a misfit angle of 3.89°. Thus the misfit angle between each side of the twin 

component would be 1.94Á, making the nucleation of ɓ-Nb at the twin interfaces favorable 

considering the orientation.  

 

Fig. 3-12 Illustration of the stacking sequence and three possible coherent orthogonal 

directions of (a) ɓ-Nb and (b) Ŭ-Zr . 
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Table 3-3. Degree of the misfit along three orthogonal directions of ɓ-Nb and Ŭ twin. 

 

Interatomic distance 

Degree of misfit 

ɓ-Nb Ŭ twin 

Along 

ἚἪȾȾ  
ЍσÁȾς Á 11.49% 

Along 

ἚἪȾȾ  
ЍρσÁȾς ЍσÁ 6.37% 

Along 

ἚἪȾȾ  
ЍςÁȾς ÃȾς 9.24% 

The other aspect that needs to be considered is the degree of misfit along three orthogonal 

directions. The three orthogonal directions ρρρ , ςρρ  and πρρ  of ɓ-Nb 

precipitates are parallel to the ρρςπ , ρρππ and πππρ of an Ŭ twin respectively. Fig. 3-12 

shows the stacking sequence along πρρ and πππρ directions and three orthogonal 

directions of the ɓ-Nb precipitates and the Ŭ twin. The degree of misfit strain is calculated 

correspondingly and listed in table 3-3. It can be seen that the values of mismatch between these 

three directions are quite small and thus for the interfaces separating ɓ-Nb and the Ŭ twin, two can 

be fully coherent to a reasonable extent. This coherency at the precipitate-twin planes can greatly 

reduce interfacial energy and subsequently reduce the nucleation energy for the precipitation.  

The Zr2Cu precipitates, however, cannot maintain the same degree of coherency on both sides of 

the twinning plane, since an equivalent orientation relationship with both twin components cannot 

be established. Therefore, the formation of Zr2Cu on the twin interfaces would disrupt the twin 

relationship and this makes the nucleation of Zr2Cu at this location unfavorable. It is likely that the 

reason for absence of Zr2Fe particles at the twin interfaces is similar to the case of Zr2Cu. 
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3.5. Conclusions 

The microstructure and precipitates of Zr-2.5Nb-0.5Cu wire are investigated in the present study. 

The following conclusions can be drawn: 

1. Three types of microstructure are observed in the Zr-2.5Nb-0.5Cu wire material: Widmanstätten 

structure, Ŭ-Zr grains without precipitates and Ŭ-Zr grains with precipitates. 

2. Three types of second phase particles are detected: ɓ-Nb, Zr2Cu and Zr2Fe. The ɓ-Nb precipitates 

are extensively distributed in the Ŭ plate boundaries and twin interfaces in the Widmanstªtten 

structure, whereas the Zr2Cu and Zr2Fe precipitates are only in the Ŭ plate boundaries. 

3. The orientation relationships of the Zr2Cu precipitates with respect to the Ŭ-Zr and ɓ-Nb are 

found to be πρσ ȾȾ πππρ, πσρ  ȾȾρρππ and πρσ ȾȾπρρ , 

πσρ ȾȾςρρ , respectively. 
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Chapter 4 

A direct comparison of annealing in TEM thin foils and bulk material: 

application to Zr-2.5Nb-0.5Cu alloy 

Abstract 

As an important technique for the investigation of microstructure evolution during heat treatments, 

in-situ annealing in TEM thin foils has attracted great attention. However, comparison of its 

effectiveness in quantitatively emulating its bulk counterpart is rare. In this study, annealing was 

performed on TEM thin foils and on bulk material, with different types of starting microstructure 

and at various temperatures. Results show that the change of microstructure and precipitates is 

significantly slower in TEM thin foils than in bulk material. At intermediate temperatures, the 

growth of precipitates and microstructure was noticed in bulk material, while such growth did not 

take place in thin foils. At high temperature, phase transformation was seen in bulk material, 

whereas, such transformation did not occur in thin foils. An analytical model was developed to 

understand the diffusional differences between thin foils and the bulk material. 

Keywords: annealing; TEM thin foils; bulk material; Zr-2.5Nb-0.5Cu 

4.1 Introduction  

As one of the most efficient methods to optimize material properties, annealing has attracted 

significant research attention [1, 2]. In recent years, due to the development of nanoscale 

characterization technology, an increasing number of studies are being carried out directly on TEM 

thin foils to study nanoscale changes in-situ, for instance, phase transformations [3-6], dislocation 

movements [7-10], and boundary migrations [11, 12]. However, in contrast to bulk material, thin 

foils have an extremely large surface-to-volume ratio, which might be expected to introduce distinct 

annealing behaviours. To our knowledge, there has been no previous direct comparison of the 

annealing behaviour of thin foils and bulk material. It has been suggested that the difference in 
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dislocation density between thin foils and bulk material might cause different annealing behaviours, 

due to distinct numbers of fast diffusion channels [13, 14]. A difference in dislocation density 

between foil and bulk material could come from image forces from free surfaces [15] as well as 

choice of inappropriate sample directions [14]. However, for many materials, diffusion is not 

dependent on dislocations. In this study, a Zr-2.5Nb-0.5Cu alloy with different types of starting 

microstructure was selected. In-situ TEM and bulk material annealing were carried out at various 

temperatures. The evolution of microstructure and precipitates was compared under two the heat 

treatment methods. The effect of free surfaces and starting microstructure was studied.  

4.2 Experimental 

The material used in the current investigation was a Zr-2.5Nb-0.5Cu alloy spring material. The 

springs were made from a cold drawn wire which has been subjected to a Ŭ+ɓ field (~850 °C) 

quenching and intermediate Ŭ (~550 ÁC for 10 hours) aging heat treatment. The As-received 

microstructure is presented in Fig. 4-1. There are three broad types of microstructure that can be 

observed: martensitic structure (type i), Ŭ-Zr grains without precipitates (type ii), and Ŭ-Zr grains 

with precipitates (type iii), as well as three types of precipitates: ɓ-Nb, Zr2Cu, and Zr2Fe (bright 

field (BF) images shown in Fig. 4-1a). The size, density, and distribution of these precipitates can 

be seen in Fig. 4-1b. In the type i microstructure, the precipitates are small and mainly distributed 

on the martensite plate boundaries, while in the type iii microstructure, the precipitates are large 

with a random distribution. A detailed description of the microstructure and precipitates can be 

found in Ref. [16]. 

Heat treatment of the as-received material was carried out at 300 °C, 550 °C, and 850 °C for 25h, 

25h, and 0.5 h, respectively. High Angle Annular dark-field Scanning Transmission Electron 

Microscope (HAADF-STEM) and Energy Dispersive X-ray spectroscopy (EDX) images were 

taken after the heat treatments. In-situ TEM and bulk material annealing were performed in a Gatan 

TEM double tilt heating holder and a tube furnace, respectively.  
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TEM samples for in-situ TEM heating and TEM characterization of the bulk material post-

annealing were prepared by electropolishing in a Struers Tenupol-5 twin-jet polisher at -40 °C with 

an electrolyte of 10% perchloric and 90% methanol. TEM characterizations were performed on a 

FEI Tecnai Osiris S/TEM microscope at the Reactor Material Testing Laboratory (RMTL) at 

Queenôs University.  

 

Fig. 4-1. BF images (a) and HAADF-EDX maps (b) showing the as-received microstructure 

and alloying element distribution within the microstructure. It contains three types of 

microstructure, which is noted as type i, type ii, and type iii in (a). The red and pink dotted 

lines in (b) display the boundaries between type i and type ii, and type ii and type iii 

structure. 

4.3 Results 

4.3.1 Annealing of TEM foils 

4.3.1.1 Low-temperature annealing (T=300 °C) 

Fig. 4-2 exhibits the microstructure and alloying element distribution after in-situ heat treatment to 

25 h in a TEM thin foil at 300 °C. The maps for 5 h and 10 h annealing are shown in Fig. 4-s1 of 

Appendix A4. It is evident that there is no change of microstructure or alloying element distribution 

at this temperature. 
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Fig. 4-2. Evolution of type i (a), type ii (b), and type iii (b) structure, and alloying element 

distribution in those microstructures after heat treatment at 300 ᴈ for 25 h in TEM thin 

foils. Red lines in (b) show the separation between type ii and type iii structure. There is no 

change of the microstructure and alloying element distribution after heat treatments. The 

maps of heat treatments for 5 h and 10 h are displayed in Fig. 4-s1 of Appendix A4. 
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Fig. 4-3. Evolution of type i, type ii, and type iii  structure, and alloying element distribution 

in those microstructures after heat treatment at 550 ᴈ for 25 h in TEM thin foils. Red and 

pink lines show the boundaries between type i and type ii, type ii and type iii structure. The 

maps of heat treatments for 5 h and 10 h is displayed in Fig. 4-s2. There is no change of the 

microstructure after heat treatments.  

4.3.1.2 Intermediate-temperature annealing (T=550 °C) 

Fig. 4-3 displays the microstructure and alloying element distribution after in-situ annealing to 25 

h at 550 °C. The maps at 5 h and 10 h are shown in Fig. 4-s2 of Appendix A4. From the HAADF 

maps, it can be seen that there is no obvious change of the microstructure after the thermal 

treatment. From the STEM-EDX maps, it can be seen that the heat treatment did not cause the 

redistribution of Nb and Fe, but did lead to the redistribution of Cu. The redistribution of Cu also 

shows differences between type i and type iii microstructures. In the type i microstructure, there is 

an almost complete dissolution of the Zr2Cu particles, for instance, P1 in Fig. 4-3. In the type iii 

microstructure, the change of Zr2Cu is not apparent (P2 in Fig. 4-3). In the boundary between type 

i and type iii microstructures, there is a dissolution and its rate is much slower than for type i (P3 

in Fig. 4-3). 
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Fig. 4-4. Evolution of type i , type ii, and type iii  structure, and alloying element distribution 

in those microstructures after heat treatment at 850 ᴈ for 0.5 h in TEM thin foils. Red and 

pink lines show the boundaries between type i and type iii , type ii and type iii structure. 

There is no change of microstructure. Nb, Cu, and Fe redistributions are more obvious in 

type i than in type iii  structure.  

4.3.1.3 High-temperature annealing (T=850 °C) 

Fig. 4-4 shows the microstructure and alloying element distribution after in-situ annealing to 0.5 h 

at 850 °C. Similar to the heat treatment at low and intermediate temperatures, a change in 

microstructure is not observed under HAADF imaging. However, there is an apparent alloying 

element redistribution of Nb, Cu, and Fe in both type i and type iii microstructures. In the type i 

microstructure, there is a complete Nb, Cu, and Fe redistribution, while in the type iii 

microstructure, the redistribution is less significant. 
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Fig. 4-5. HAADF and BF images of the as-received (a), and bulk material after annealing 

at 300 ᴈ (b), 550 ᴈ (c), and, 850 ᴈ (d) for 25 h, 25 h, and, 0.5 h. Different types of 

microstructure are marked by pink arrows in the upper HAADF images. The bottom BF 

images are the enlarged views of the blue rectangle areas in (a).  Apparent microstructural 

changes are observed after annealing at 550 ᴈ and 850 ᴈ. 

4.3.2 Annealing in bulk material 

Fig. 4-5 shows the microstructure after heat treatment of bulk material at 300 °C, 550 °C, and 

850°C, for the same time as was carried out for the thin foils. The corresponding change of alloying 

element distribution at 550 °C and 850 °C is displayed in Fig. 4-6. At 300 °C, there is no visible 

change of the microstructure or precipitates compared to the as-received material (Fig. 4-5a-b). At 

550 °C, the change of microstructure and precipitates is obvious (Fig. 4-5c and Fig. 4-6a-b). There 

is an apparent increase of the area fraction of type iii microstructure with a reduction in the area 

fraction of type i microstructure. The precipitate size also became noticeably larger in both type i 

and type iii microstructures. At 850 °C, the microstructures of type i and type iii are completely 

different compared to the as-received one (Fig. 4-5c and Fig. 4-6c); the microstructure is composed 

of lamella ɓ-Zr with Zr2Cu particles on the Ŭ and ɓ phase boundaries. 
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Fig. 4-6. Alloying element distribution in type i (a) and type ii& iii  (b) structure of the as 

received, and 550 and 850 ᴈ (c) bulk annealed.  
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Fig. 4-7. Evolution of the area fraction of type i and type iii  structure in samples with TEM 

annealing and bulk annealing.  

4.3.3. Comparison between the annealing in TEM thin foils and bulk material 

To obtain a better understanding of the differences occurring on annealing in TEM thin foils and 

in the bulk material, a comparison of the microstructure and precipitates needs to be made. Fig. 4-

7 shows the change of area fraction with the two different heat treatment methods at various 

temperatures. In the TEM thin foils, at all the thermal treatment temperatures, there is no change in 

the area fraction of any of the three types of the microstructure. In contrast, in bulk material, at 

550°C, there is a rapid increase of the area fraction of the type iii microstructure, which is achieved 

by the consumption of the type i microstructure. At 850 °C, the heat treatment led to phase 

transformation and correspondingly, a different microstructural morphology.  The change of ɓ-Nb 

and Zr2Cu particle size under the two annealing methods is summarized in Table 4.1. The change 

of Zr2Fe is not discussed due to their small size and low density. It can be seen that the precipitates 

appear to be more stable in TEM foils than in bulk material. In thin foils, at 550 °C, there are no 

change of ɓ-Nb particles, but a slight dissolution of Zr2Cu was noticed in the type i microstructure; 

at 850 ÁC, there is a slight particle coarsening of both ɓ-Nb and Zr2Cu. In comparison, in bulk 

material, at 550 ÁC, there is a coarsening of ɓ-Nb and Zr2Cu in both type i and type iii 
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microstructures; at 850 °C, there is a precipitate morphology change due to the phase 

transformation. 

4.4. Discussion 

The present results reveal that alloying element redistribution and grain coarsening in TEM thin 

films were observed to be significantly slower with that observed in the bulk material. At 300 °C, 

there is no change of either the microstructure or precipitate distribution due to the low thermal 

energy present, which is to be expected for a Zr alloy. A temperature of 550 °C is frequently 

reported as that required for recrystallization in Zr-Nb alloys [16-19]. At this temperature, rapid 

grain growth and precipitate coarsening are expected to take place, however, such a rapid change 

is not seen in the TEM foils. 850 ÁC is within the Ŭ+ɓ dual phase region [20]. At this temperature, 

phase transformation is expected to occur. However, a significant change of the microstructure is 

not observed in the TEM foils. 

  



 

78 

Table 4-1. A summary of the precipitate change at 300 ºC, 550 ºC, and 850 ºC in different types of microstructure under annealing in 

TEM thin foils and bulk material.  

Material  TEM thin foils  Bulk material  

Type of 

microstructure 

Type i Type iii Type i Type iii 

Type of particles Zr2Cu ɓ-Nb Zr2Cu ɓ-Nb Zr2Cu ɓ-Nb Zr2Cu ɓ-Nb 

300 ºC  No change 

550 ºC  

Fast 

dissolution 

No 

change 

No 

change 

No 

change 

Coarsening Coarsening Coarsening Coarsening 

850 ºC  

Slight 

Coarsening 

No 

change 

No 

change 

No 

change 

Morphology change 
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Fig. 4-8. A schematic map of the TEM thin foil used for vacancy concentration calculations. 

 

 

Fig. 4-9. Variation of vacancy concentration with the annealing time at 550 ºC and 850 ºC.  

 

 

Fig. 4-10. Vacancy concentration profile in a 100 nm thin foil annealing at 550 ºC for 

different times. 
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4.4.1. Diffusion in TEM thin foils. 

It is known that the rate of precipitate growth is dependent on the alloying element transportation 

rate in the matrix [21]. If we assume that at a fixed temperature, the diffusion coefficient of vacancy 

is independent of vacancy concentration, the one-dimensional version of Fickôs second law for the 

determination of vacancy concentration, ὅ, reduces to [22]: 

$              (4-1) 

where D is the diffusion rate of vacancies, ὸ is the annealing time, and ὼ is the distance from the 

vacancy sink, i.e., free surfaces. A schematic map of the thin foil is shown in Fig. 4-8. The thin foil 

thickness is L. There are two sets of boundary conditions, the top surface and the bottom surface. 

The two free surfaces remove the vacancies independently, therefore the effect of independent 

surfaces add up. The initial condition for such a system is: 

# ØȟÔ # 

where ὅ  is the thermaldynamic equilibrium concentration. The boundary conditions are: 

# Ø πȟÔ π 

# ØO ЊȟÔ # 

Similarly, the initial condition for the bottom surface is: 

# Ø ,ȟÔ π 

# ØO ЊȟÔ # 

To solve the problem analytically, the separation of variables technique is used, where the vacancy 

concentration is assumed to be dependent on both position and time, as a product of two functions: 

T(t) which depends only on time and X(x) which is only a function of position. Therefore, # ØȟÔ 

can be written as: 

# ØȟÔ 4Ô8Ø 

The final solution of the problem is given by: 

# ØȟÔ В ÓÉÎ ÅØÐ $Ô      (4-2) 



 

81 

The concentration profile from Eq. 2 converges very fast, and, for any k > 10 and t > 0, is reliable. 

Therefore, given diffusivity and equilibrium vacancy concentrations, the vacancy concentration 

profile can be calculated. The equilibrium vacancy concentration at any given temperature, T, can 

be calculated using: 

# ÅØÐ           (4-3) 

where '  is the changes in Gibbs free energy, associated with the formation of one vacancy and 

Ë  is the Boltzmann factor. Using molecular dynamics and neglecting the difference between 

potential energy and enthalpy, Mendelev et. al. [23] determined '  of vacancy formation in ZrŬ as 

a function of temperature. The diffusivity in the vacancy mechanism can be expressed as: 

$ ɻÆɾÖ#ÅØÐ ɻÆɾÖ#ÅØÐ ÅØÐ $ÅØÐ    (4-4) 

where ɻ is the length of jumps, ɾ is the geometrical factor, Æ is the correlation factor, Ö is vibration 

frequency, 3 , ( , and '   are the entropy, enthalpy, and Gibbs energy, respectively, and $  is 

the temperature independent factor. The subscript eff, implies that the activation energy associated 

with the diffusion phenomenon corresponds to the migration of vacancy and does not include the 

formation energy.  

Fig. 4-9 shows the calculation results from the above equations at 550 ºC and 850 ºC. For both 

temperatures, there is a continual reduction of vacancy concentration in the system. It takes only 

0.03 s and 3×10-4 s for the vacancy concentration to reduce to 10% of the equilibrium concentration 

at 550 ºC and 850 ºC, respectively.  The distribution of vacancies in a 100 nm thin film is displayed 

in Fig. 4-10. It is clear that the driving force for vacancy loss from the foil is the constant zero 

concentration on the free surfaces. Near the free surfaces, the vacancy concentration is significantly 

lower than in the centre. It should be noted that due to this constant sink of the vacancies and 

departure of the vacancy concentration from the equilibrium, a driving force for vacancy generation 

in the material will develop. In our analytical models, however, the vacancy generation rate is 

negligible for the size of the system up to a few micrometers, due to the fact that the formation 



 

82 

energy of a vacancy is calculated to be significantly higher than the migration energy. In addition, 

the ratio of surface area (vacancy sink) to volume (vacancy production sites) is very high in a TEM 

foil.  

4.4.2. Grain growth 

When a grain boundary interacts with the free surface, a óthermal grooveô will develop along the 

line where the interaction takes place because, without the formation of the thermal groove, the 

tension between the surfaces and the grain boundary cannot be balanced [24, 25]. This thermal 

groove will exert a dragging force to prevent the grain boundary movement. If the grooving angle, 

which is expressed by ʃ  (L is the foil thickness and r is the grooving curvature), is smaller 

than a critical angle (ʃ), it can move forward; otherwise, it will be stuck on the surface [24]. The 

TEM samples used in this study were around 100 nm thick, which is significantly smaller than the 

thickness (ͯχ ρπ  nm) or grain size (~ς ρπ  nm) of their bulk counterparts. Therefore, the 

thermal critical grooving angle in TEM thin foils is dramatically smaller than in bulk material, 

which makes grain boundary movement much more difficult.  

In addition, we note that the lack of an observed ɓ phase transformation in the TEM foil at 850°C, 

may also have been influenced by pickup of remnant oxygen from the TEM chamber.  It has 

previously been demonstrated that such oxygen pickup can occur in a TEM heating experiment [6], 

and the presence of oxygen would be expected to elevate the ɓ transformation temperature [26]; 

such an effect would also be expected to be exacerbated in the case of the large surface area 

associated with the TEM foil. 

4.5. Conclusion 

In-situ TEM thin foil and ex-situ bulk material annealing were performed and compared in a Zr-

2.5Nb-0.5Cu alloy at different temperatures. The major findings are summarized as follows: 

1. The change of both microstructure and precipitates is significantly slower in TEM thin foils than 

in bulk material. At intermediate temperature, the growth of precipitates and microstructure was 
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observed in bulk material, while such growth did not take place in thin foils. At high temperature, 

phase transformation was seen in the bulk material, whereas, such transformation did not occur in 

thin foils. 

2. An analytical model was proposed to understand the difference between the vacancy 

concentration in thin foils and bulk material. The vacancy concentration is significantly lower in 

thin foils than in bulk material, which accounts for the slower microstructural and microchemistry 

change occurring under in-situ TEM annealing. 

3. Though the diffusion is slower in thin foils, the diffusion behaviour is similar in thin foil and 

bulk materials. The presence of fast diffusion channels such as grain boundaries still promotes the 

alloying element redistribution. 
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Appendix A4 

 



 

85 

 

Fig. 4-s1. Evolution of type i (a), type ii (b), and type iii (b) structurĕ and alloying elements 

in those microstructures after heat treatment at 300 ᴈ for 5 h, 10 h, and 25 h.  
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Fig. 4-s2. Evolution of microstructure, and alloying elements in those microstructures after 

heat treatment at 550 ᴈ for 5 h, 10 , ad 25 h.  
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Chapter 5 

Precipitate Stability in a Zrï2.5Nbï0.5Cu alloy under Heavy Ion 

Irradiation 

Abstract  

The stability of precipitates in Zrï2.5Nbï0.5Cu alloy under heavy ion irradiation from 100 °C to 

500 °C was investigated by quantitative Chemi-STEM EDS analysis. Irradiation results in the 

crystalline to amorphous transformation of Zr2Cu between 200 ÁC and 300 ÁC, but the ɓïNb 

remains crystalline at all temperatures. The precipitates are found to be more stable in starting 

structures with multiple boundaries than in coarse grain structures. There is an apparent increase of 

the precipitate size and a redistribution of the alloying element in certain starting microstructures, 

while a similar size change or alloying element redistribution is not detected or only detected at a 

much higher temperature in other starting microstructures after irradiation. 

Keywords: Zrï2.5Nbï0.5Cu; precipitate stability; heavy ion irradiation; Zr2Cu; Zr2Fe 

5.1 Introduction  

The stability of precipitates is crucially important when assessing the mechanical properties and 

corrosion behaviour of reactor materials. It is known that irradiation has a remarkable effect on 

precipitate stability. It may cause the dissolution, precipitation, growth, and/or amorphization of 

precipitates, the redistribution of alloying elements, and other associated microstructural changes. 

In Zircaloys, radiation-induced dissolution of Zr(Cr,Fe)2 and Zr2(Ni,Fe) secondary precipitation in 

the matrix and at grain boundaries, and the depletion of Cr and Fe from the precipitates have been 

reported by many authors [1ï6]. In ZrïNb alloys, the dissolution of Nb and the redistribution of Fe 

are also clearly observed under higher dose irradiation (>3 dpa) [3,7]. These changes will affect the 

material performance in the reactors such as corrosion behaviour and irradiation growth. Generally, 

a finer size and more homogeneous distribution of precipitates benefits the corrosion resistance in 



 

90 

Zircaloys [8,9]. In ZrïNb alloys, the super-saturation of Nb in the matrix was demonstrated to 

degrade corrosion resistance; thus a full precipitation of ɓïNb either from ŬïZr or ɓïZr is 

recommended [10ï12]. It is reported that accelerated irradiation growth is related to the appearance 

of <c> component vacancy dislocation loops on the basal plane and Fe concentration in the matrix 

[13,14]. It is believed that an increase of the Fe solute concentration promotes the formation of <c> 

dislocation loops and consequently increases the growth strain in the material [13]. Furthermore, 

interfaces of incoherent precipitates can act as effective sinks for interstitials and vacancies to 

recombine and hence decrease the propensity for accelerated growth [15]. As Fe has a significant 

effect on the diffusional characteristics of vacancies in Zr, an increasing Fe concentration in the 

matrix may also decrease the magnitude of the irradiation growth rate [14,16]. 

Zrï2.5Nbï0.5Cu alloy has been proposed as a potential replacement for Inconel X-750 alloy for 

future spacer installations in CANDU (a registered trademark of Atomic Energy of Canada Ltd. 

used under exclusive license by Candu Energy Inc.) reactors [17]. This alloy was widely used for 

spacers in early CANDU reactors; however, the in-reactor movement of loose-fitting Zrï2.5Nbï

0.5Cu spacers led to many design challenges [18]. In future designs, it is anticipated that the Zrï

2.5Nbï0.5Cu will be of a tight-fitting design; however, irradiation growth and creep will still result 

in a dimensional change of the spacer. The effects of irradiation on the microstructure are important 

when assessing creep relaxation and growth during the operation of the reactor. Therefore, the 

assessment of irradiation effects on this material is vital. In-reactor neutron irradiation is the best 

way to determine the materialôs in-reactor properties. However, it is very costly, time consuming, 

and makes the samples hard to handle due to induced radioactivity. Heavy ion irradiation has been 

proven to be an excellent alternate to neutron irradiation for the simulation of neutron irradiation 

damage in Zr alloys because it does not have the drawbacks of neutron irradiation [15]. However, 

the results must be interpreted in light of the differences in irradiation conditions, most obviously 

a typically much higher damage rate. 
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In the past few decades, some research works have reported the effect of irradiation on precipitate 

and microstructure stability in Zrï2.5Nb [3,7]. A temperature and irradiation fluence dependent 

precipitate stability and the distribution of alloying elements was reported. High temperatures and 

high doses will enhance the dissolution of ɓïZr and the depletion of Fe from the particles to the 

matrix [3,5,7,19]. However, the microstructure and precipitates of the as-processed Zrï2.5Nb 

pressure tube alloy have many differences to the proposed Zr spacer material. In Zrï2.5Nbï0.5Cu, 

multiple structures and precipitates are formed, which improve its strength so that it can withstand 

the load from the pressure tube [20]. Hitherto, the effect of irradiation on intermetallic compounds 

in these structures and this material has not been studied in any detail. In this study, a quantitative 

transmission electron microscopy (TEM) and ChemiïSTEM EDS (energy dispersive spectroscopy) 

analysis was conducted to investigate precipitate stability under heavy ion irradiation. 

5.2 Materials and Methods 

The material used in this study is a Zrï2.5Nbï0.5Cu spring wire material. The nominal chemical 

composition was 2.5Nb, 0.5Cu, and 0.1Fe in wt %. More details of the source material are provided 

in Reference [20]. 

To prepare TEM samples, slices from the as-received spring were cut off and ground to about 

100nm. Standard TEM 3 mm diameter disc samples were punched out from the thin foils and 

electropolished with a Tenupol-5 twin-jet electro-polisher using 10% perchloric acid in 90% 

methanol at a temperature of ī40 ÁC. It is challenging to prepare the TEM samples with a maximum 

width less than 0.8 mm; a novel method was proposed and is reported in detail elsewhere [20]. 

The heavy ion irradiation was carried out at the Intermediate Voltage Electron Microscope Tandem 

Facility (IVEMïTandem) at Argonne National Laboratory (Argonne, IL, USA). The facility 

includes a Hitachi H-9000 NAR TEM interfaced to a 2 MV tandem ion accelerator. The TEM thin 

foil specimens were irradiated under 600 KeV Kr2+ with a flux of 0.6 × 1016 mī2sī1 at 100 °C to 

500 °C to a total fluence of 6.0 × 1016 mī2. According to the SRIM (stopping and range of ions in 
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matter) calculations carried out with an ion beam angle of 15°, 1 MeV Kr2+ ions, and a displacement 

energy of 40 eV for Zr [21], the dose rate during the heavy ion irradiation was approximately 

10ī3dpa/s, and, correspondingly, the final accumulated irradiation damage is 10 dpa. The SRIM 

calculations were done using the Kinchin-Pease formulation. 

The pre-irradiation and post-irradiation S/TEM characterizations were performed on a FEI Tecnai 

Osiris S/TEM microscope in the Reactor Material Testing Laboratory (RMTL) at Queenôs 

University (Kingston, ON, Canada). The TEM microscope is equipped with four super X-ray 

spectrum detectors, which allow the fast acquisition of the X-ray spectrum. For each acquisition, 

at least 1200 ms line scan dwelling time was used on a 1024 × 1024 map. Particle size measurement 

was carried out in Image-Pro Plus software. The measurement of the nominal precipitate diameter 

before and after irradiation is based on the measured area of the particles and assumed circularity. 

For each measurement, more than 20 particles are used. The alloying element line distribution 

profiles before and after irradiation were measured at the same location in Esprit software. To 

minimize the uncertainties resulting from the line measuring locations, the data from four adjacent 

parallel lines were averaged. 

5.3 Results 

 

Fig. 5-1. (a) SEM and (b) TEM bright field maps showing the three types of microstructure 

of the as-received material. 

Fig. 5-1 shows the microstructure of the as-received material. It contains three types of 

microstructures; Widmanstätten (type i, noted as A in Fig. 5-1), ŬïZr grains without precipitates 
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(type ii, B in Fig. 5-1), and ŬïZr grains with precipitates (type iii, C in Fig. 5-1). Three types of 

precipitates, namely, Zr2Cu, ɓïNb, and Zr2Fe, are distributed in the type i and type iii structures. In 

the type i structure, the precipitates are mainly located within the martensite plate boundaries and 

the twin boundaries, while, in the type iii structure, the precipitates are homogenously distributed. 

A detailed description of the initial microstructure and precipitates can be found in Reference [20]. 

 

Fig. 5-2. High-angle annular dark-field (HAADF) and Chemi-STEM micrographs showing 

the distribution of Nb, Cu, and Fe alloying elements before and after heavy ion irradiation 

at 100 °C to 10 dpa in (a) type i and (b) type iii structures. Red lines in the maps indicate 

the precipitates used for the element distribution line profile measurement. 

 










































































































































































































































































































