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Queen’s University – Zhongwen Yao CRD 
 
CRD Title:  Aging of Inconel X-750 Spacer Material  
 
 
Overview 
 
Dr. Zhongwen Yao was awarded the NSERC/UNENE/ 
Collaborative Research and Development (CRD) Grant on 
June 1, 2013.  
 
In modern CANDU® reactors, spacers are tight fitting 
springs that provide support to the pressure tube, separate 
it from the cold calandria tube (80°C) and prevent creep 
deformation of the pressure tube. It is essential that the 
spacers in fuel channels maintain their integrity throughout 
the fuel channel life, so the pressure tubes can be 
guaranteed not to come in contact with the calandria tubes, risking hydride blister formation and 
pressure tube rupture in which case the nuclear power plant would be accidentally shut down. 
The first generation of spacers were made of Zr-2.5Nb-0.5Cu and designed to fit loosely with 
pressure tube. However the relaxation of the spring due to irradiation led directly to the P2 G16 
incident in 1983. As a result, the spacers in CANDU reactors were changed to a tight fitting 
design made of Inconel X-750. In principle, Inconel X-750 is a γ’ Ni3[Al, Ti] strengthened Ni 
based superalloy which possess excellent mechanical strength and good creep properties in 
addition to oxide and corrosion resistance at high temperatures. However, in recent years the 
effect of aging on the properties of Inconel X-750 spacers has been a growing concern for the 
CANDU industry. Often spacers from removed channels have been found to be broken. 
Mechanical tests on removed spacers have been conducted in CRL and results suggest that 
they may have become embrittled. 
 
The main objective of this project is to develop an understanding of the embrittlement behaviour 
of the spacer, to address life management issues in existing operating reactors. The focus of 
this project is to examine the effects of displacement damage using energetic ions (as an 
analogue to fast neutron irradiation), combined with the effect of helium (via implantation carried 
out using tandem accelerators, to simulate the effect of helium produced by n-α reactions from 
Ni) on the properties of Inconel X-750: Ni (70%min), 13-17 Cr, 5-9 Fe, 2.25-2.75 Ti, 0.4-1.0 Al, 
0.7-1.2 Nb+Ta. The short and long term results are directly applicable to understanding the 
effect of aging on the integrity of CANDU spacers. The techniques and analysis methods 
applied here to ion irradiated materials help characterize neutron irradiated materials being 
studied at the Chalk River Laboratory (CRL) in parallel where the work can be rather 
challenging in terms of the complexity in operation of radioactive materials. The following 
sections outline progress achieved during 2013. 
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Program Results / Highlights 
 
Excellence on experimental setup 
• Helium pre-implantation 
• In-situ heavy ion irradiation setup for irregular TEM samples  

 
In this study, Helium ions were implanted directly into the TEM samples with energy of 10 keV 
using the Université de Montréal implanter (Fig. 1 left). TEM with in-situ  ion irradiation instead 
of traditional ion irradiation is primarily employed in bulk materials. The investigation was mainly 
carried out at IVEM-Tandem facility at Argonne National Laboratory. The figure 1 illustrates two 
irradiation facilities, Montreal Beam (left) and IVEM (right). The samples must be loaded with 
our own designed sandwich installation.  
 

 
 
Fig.  1 TEM with in-situ ion beam facilities. Left: Helium implantation facility at University of 
Montreal in Canada; Right: Single beam IVEM-Tandem at Argonne National Laboratory in USA. 
 
 
Pre-implantation of Helium at Low Temperature (RT) and Following Ion Irradiation 

A different amount of helium, 200 appm, 1000 appm, and 5000 appm, were implanted to 
different samples at room temperature. It was indicated that, by calculation of the stopping and 
range of ions in matter (SRIM), approximately 90% of the helium ions remained inside the TEM 
foil after implantation (fig. 2 (a)).  
 
 



UNENE ANNUAL REPORT 2014        108 

 
 

 
Fig.  2 SRIM calculation showing a) ion range of He+, b) ion range of Kr2+, c) damage produced 
by He+, d) damage produced by Kr2+.  
 
 
The TEM samples containing pre-implanted helium were then sent to IVEM-Tandem facility in 
Argonne National Laboratory for in-situ heavy ion irradiation. For samples containing 200 appm 
and 5000 appm helium, each of them was irradiated with 1 MeV Kr2+ to a maximum dose of 
4×1019 ions·m-2 at 300°C and 400°C, respectively. Samples containin g 1000 appm helium were 
irradiated at 5 different temperatures 60°C, 200°C,  300°C, 400°C and 500°C to study the effect 
of irradiation temperature. The SRIM calculations indicate that most 1 MeV Kr2+ ions can 
penetrate through the 100 nm thick area of TEM foil easily (fig. 2 (b)). Observation was taken at 
several dose steps, 0.01 dpa, 0.06 dpa, 0.27 dpa, 0.68 dpa, 2.7 dpa, 5.4 dpa and 10.8 dpa. The 
calculated dpa values only counted the damages from heavy ions since the damages produced 
from helium implantation was negligible. As shown in fig. 2 (c) and (d), within the 100 nm thick 
TEM foil, the damage produced from helium ion implantation was only about 1% of that 
produced from heavy ions. 
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 - Dose effects of heavy ion irradiation 

Cavities formed and developed during the following heavy ion irradiation at temperatures 
≥200°C in all samples with different helium content,  200 appm, 1000 appm and 5000 appm. At 
these temperatures, visible cavities in size of approximate 1 nm yielded after heavy ion 
irradiation above 2.7 dpa. Steady growth of cavities was observed with increasing irradiation 
dose. Fig. 3 (a) and (b) are underfocus bright field micrographs presenting cavity growth in 
sample containing 1000 appm helium, irradiated from 2.7 dpa to 5.4 dpa at 300°C. The 
significant cavity growth is observed in the sample containing 5000 appm helium. A high density 
of small cavities (~1 nm) presented after Kr2+ irradiation at 300°C to 2.7 dpa, whereas they grew  
to 2-3 nm at 5.4 dpa. 
 

 
 
Fig.  1 Underfocus bright field micrographs showing growth of cavities with increasing dose. a) 
and b) showing sample containing 1000 appm helium, irradiated to 2.7 dpa and 5.4 dpa 
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respectively at 300°C. c) and d) showing sample con taining 5000 appm helium, irradiated to 2.7 
dpa and 5.4 dpa respectively at 300°C. 
 
 
-    Temperature effect of heavy ion irradiation 

Apart from irradiation dose, irradiation temperatures also show an influence on the cavity size. 
There was no cavity presented in sample containing 1000 appm helium and irradiated with Kr2+ 
at 60°C to the final dose 10.8 dpa. At temperatures  ≥200°C, cavity size and morphology greatly 
depends on irradiation temperature. Sizes of cavities in lower temperature irradiations tend to 
be much smaller, and their distribution is more uniform than those in sample irradiated at 
elevated temperatures. The density of cavities decreases with an increase of irradiation 
temperatures. The size distribution of cavities is plotted in fig. 4. A larger size variation at higher 
temperatures is noticeable. 
 
 

 
Fig.  4 Size distribution of cavities in samples containing 1000 appm helium and irradiated at 
different temperatures to 5.4 dpa. 
 
 
- Effect of helium amount  

The cavity size and density are also affected by the amount of implanted helium. Fig. 5 (a) and 
(b) are underfocus bright field micrographs showing cavity microstructures after irradiation to 5.4 
dpa at 300°C in samples containing 200 appm and 500 0 appm helium respectively. Cavities in 
sample containing 5000 appm helium is much denser than those in sample containing 200 
appm helium, but much smaller sizes can be observed. A comparison is shown in fig. 6, in 
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which the cavity mean size against irradiation dose in samples containing different amounts of 
helium is plotted. The decrease of cavity size with increasing of helium amount was observed. 
 

 
 
Fig.  5 Underfocus bright field micrographs showing cavity microstructures after irradiation to 5.4 
dpa at 300°C with a) 200 appm helium, b) 5000 appm helium. 

 
Fig.  6 Cavity mean size against the amount of helium. 
 
 
-  Cavity evolution close to grain boundaries 

In all samples with the presence of visible cavities (irradiated at ≥200°C), grain boundaries and 
phase boundaries were carefully checked. After irradiation to 5.4 dpa at relatively high 
temperature, and in samples containing both high helium level (5000 appm) and low helium 
level (200 appm), no cavity denuded zone near boundaries was observed. 
 
Pre-implantation of helium at high temperature (300°C) 

In contrast to neutron irradiated Inconel X-750, sink of cavities to grain boundaries and phase 
boundaries were not found during heavy ion irradiation with cold pre-implanted helium, in a wide 
irradiation temperature range from 60°C to 500°C. T he absence of cavity segregation to 
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boundaries during heavy ion irradiation with cold pre-implanted helium might be attributed to the 
mutual trapping effect between helium atoms and vacancies. Helium was immobile in the 
material while being implanted at room temperature. Prior to heavy ion irradiation at high 
temperature, helium atoms may have already trapped vacancies to form cavity embryos. Once 
this has occurred, the migration of helium was limited. Consequently, fewer helium atoms 
migrated to the boundaries to assist the cavity nucleation. This implies helium pre-injection at an 
elevated temperature followed by heavy ion irradiation is likely more practical for simulating the 
real situation of helium diffusion in the reactor environment. 
 
-  Microstructures after helium pre-injections 

Cavities were observed within grains after helium pre-injections at 400°C. After 400 appm 
helium implantation,  heterogeneously distributed low density (2.27×1022 m-3) cavities with sizes 
smaller than ~1 nm were observed. After 1000 appm helium implantation, a substantially higher 
density (5.79×1023 m-3) of cavities with sizes of 1~2 nm were noted. Line dislocations tended to 
be the preferred nucleation sites for cavities. The size of cavities at dislocations was slightly 
larger than those in the matrix. In sample implanted with 5000 appm helium, highly dense 
(8.52×1023 m-3) and uniformly distributed cavities with sizes of ~ 2 nm present. Cavity mean size 
and density against helium dosage are shown in fig. 7, where an obvious decrease of size and 
density with the increasing helium dosage can be observed.  
 

 
Fig.  7 a) Cavity density and b) cavity size, against amount of implanted helium. 
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Fig.  8 Bright field micrographs showing cavity structures close to grain boundaries, a) and b) 
are overfocus and underfocus micrographs respectively taken from sample containing 1000 
appm helium. c) and d) are overfocus and underfocus micrographs respectively showing 
enrichment of cavities close to a low angle grain boundary after 5000 appm helium implantation.  
 
 
Segregation of cavities along boundaries was observed in samples containing 1000 appm and 
5000 appm helium. Fig. 8 (a) and (b) are TEM micrographs taken under overfocus and 
underfocus condition respectively, showing the microstructure of a cavity close to a grain 
boundary after 1000 appm helium implantation. Cavities along the grain boundary showed 
noticeably higher density along with larger sizes.  
 
-  Microstructures after heavy ion irradiations 

After 1 MeV Kr2+ irradiation in samples containing pre-implanted helium, obvious modification to 
the cavity microstructures was observed. Fig. 9 indicates in-situ observations of cavity 
development during heavy ion irradiation in sample containing 400 appm helium. An apparent 
increase in size and density of cavities is recognizable by comparing a) 0.68 dpa with b) 5.4 
dpa, and also another location from c) 0.27 dpa to e) 5.4 dpa.  



UNENE ANNUAL REPORT 2014        114 

 
 

 
 
Fig.  9 Underfocus bright field micrographs showing cavity development during in-situ 1 MeV 
Kr2+ irradiation in sample containing 400 appm helium. a) and b) showing same area after 0.68 
dpa and 5.4 dpa respectively. c), d), e) showing the same area after 0.27 dpa, 2.7 dpa and 5.4 
dpa respectively. 
 
 
Similar changes were also found in sample containing 1000 appm helium,  although the 
increasing margin is not as obvious as the cavities in sample containing 400 appm helium. In 
addition, a size increase of cavities along grain boundary with irradiation dose is also 
observable. In sample containing 5000 appm helium, no obvious cavity size increase was 
observed in the grain interiors during the irradiation. Unlike cavities within the grain interiors, 
some cavities formed close to a grain boundary show a remarkable growth at high dose. The 
measured cavity density after irradiation to 5.4 dpa is 9.09×1023 m-3, which is slightly higher than 
that prior to the heavy ion irradiation. A cavity denuded zone formed after helium implantation, 
and no obvious changes to it was found thereafter.  
 
 - The effects of pre-implanted helium on γ’ ordering/disordering 

Our sole heavy ion (1 MeV Kr2+) irradiation in Inconel X-750 showed that γ’ superlattice 
reflections disappeared at low dose 0.06 dpa while being irradiated at temperature ≤400°C. The 
‘ChemiSTEM’ analyses in fig. 10 show obvious agglomeration of Ti and Al but depletion of Cr 
and Fe. This indicates γ’ precipitates were only disordered but not yet dissolved at this dose. 
With addition of helium, the disordering of γ’ precipitates was apparently delayed. In sample 
containing 200 appm helium, the superlattice reflections vanished at 2.7 dpa; with 400 appm 
helium, the superlattice reflections vanished at 5.4 dpa. 200 appm helium delayed the γ’ 
disordering from 0.06 dpa to >0.68 dpa but <2.7 dpa; 400 appm helium delayed the disordering 
to >2.7 dpa. Results obtained at all temperatures are summarized in fig. 10. At temperature 
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≤400°C, the γ’ precipitates disordered eventually regardless of the helium level. The delaying 
effect by adding helium is similar from 60°C to 400 °C. Without helium, a critical temperature was 
observed in between 400 and 500°C, above which the γ’ precipitates were stable and could not 
be disordered. Adding helium did not change this critical temperature. One abnormality was 
observed during irradiation at 600°C with 400 appm helium. The γ’ superlattice reflection did not 
vanish during the irradiation.  

 

Fig. 10 left) High angle annular dark field STEM micrographs and ChemiSTEM mapping of γ’ 
precipitates after 1 MeV Kr2+ irradiation at 200°C to 0.06 dpa. Superlattice ref lections 
representing ordered γ’ precipitates vanished; right) 23 Disordering kinetics of γ’ precipitates. ‘•’ 
indicates the superlattice reflections observed. ‘o’ indicates no superlattice reflection observed. 
a) without helium, b) with 200 appm helium, c) with 400 appm helium. 

 
It has been found that there exists a critical temperature between 400 and 500°C, only below 
which the disordering can occur. This was attributed to a competition between the ballistic 
mixing induced disordering and thermal reordering, as well as defect enhanced reordering. The 
addition of helium did not change this critical temperature, which implies that helium likely 
enhance the kinematical reordering process, not substantially alters the thermal reordering at 
high temperatures. 
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Cases with Realized Outcomes to Industry 
 
same as above  
 
 
Research Facilities and Equipment 
 
1. A computer cluster was built for calculating the damage morphology in alloys. 
2. A sophisticated TEM lab is being built with in-situ heating, straining, 3D construction and low 

background measurement capabilities, considered as unique equipment in Canada.  
 
 
Current HQP 
 
The NSERC/UNENE CRD involved close collaboration with Prof. Mark Daymond of Queen’s 
University, Dr. Malcolm Griffiths of the AECL-CRL in the areas of microstructure 
characterization and rate theory calculation of Ni superalloy. 
 
Nine HQP are being trained by this CRD project. Namely, Ken Zhang (PhD, Queen’s), Sali Di 
(PhD, Queen’s), Iris Wang (MSc, Queen’s), Pooyan Changizian (PhD, Queen’s), Qingshan 
Dong (PhD, Queen’s), Adam Brooks (UG, Queen’s), Yuhan Mao (PhD, Queen’s), Cong Dai 
(PhD, Queen’s), Fengfeng Luo (PhD, Wuhan U). 
 
 
HQP that Graduated  
 
Mr. Yasir Idrees has defended his thesis successfully, and been hired full-time by Queens’ 
University as MITAC research fellow. 
Mr. Ken Zhang defended his thesis successfully, and been hired full-time by Energy Consultants 
in Alberta. 
Mr. Sali Di finished his PhD study and is hired by Vermillion Energy in Alberta. 
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Conference Oral Presentations: 

1. Z.Yao, ‘Electropolishing techniques and artifacts in Fe based alloys’, Workshop ‘TEM 
Characterization of Irradiation Induced Defects’ in Argonne National Lab 2014. 

2. Z.Yao, ‘In-situ behavior, use of video’, Workshop ‘TEM Characterization of Irradiation Induced 
Defects’ in Argonne National Lab 2014. 

3. Y Idrees, M. Sattari, Z Yao, M Daymond, ‘Effects of microstructures on high temperature 
mechanical properties and radiation damages in Zr Excel Alloy’, the proceeding of  the 2014 
Canada-China Conference Advanced Reactor Development, 2014. 

4.  Z. Yao, ‘Ageing effects of CANDU spacers’ in collection of UNENE RAC meeting, McMaster 
University, Hamilton, May 8, 2014.  

5. S. Di, Z. Yao , M.R. Daymond and F. Gao, 'Molecular dynamics simulation of displacement 
cascades in α-Zirconium – c loop nucleation’, 2014 CAMS Summer School, Madison, 
Wisconsin, May, 2014. 

 
Technical Reports: 

1. The IVEM Research Highlight Report of Zircaloy and Ni-Alloys, Argonne National Lab - EMC 
Annual Review of DOE-USA in 2014. 

2. 3. G. Jiao, Z. Yao and J. Kaoumi, IRP Quarterly Report of Microstructure Characterization of 
T91 and HT9 /2014. 

 
 
Interactions / Consultations with Industry 
 
This CRD program directly benefits the parallel study of neutron irradiated spacer program in 
Chalk River Lab. The university research involved strong collaboration with AECL–CRL, 
Kinectrics and Argonne National Lab.  
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Dr. Yao has refereed the scientific proposals for EMIR JANNUS in France. He refereed one 
funding proposal for the Qatar National Research Fund. 
 
Dr. Yao also reviewed a number of manuscripts for the Journal of Nuclear Materials and the 
Journal of Materials Science. 
  




