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While over 6,000 athletes from 85 countries 
gather for the 2014 Winter Olympics 
in Sochi, the level of competition and 
sportsmanship are truly breathtaking. 
What impressed me as much as the athletic 
performance is to see the engineering behind 
the Winter Olympics. How can engineers 
build faster and safer bobsleds? How can 
engineers design competition suits to 
improve aerodynamics by reducing friction 
and drag? How can engineers make perfect 
ice for speed skaters? It is equally impressive 
to see how the athlete’s movements inspire 
the robotic design. It is an exciting time not 
only for athletes but also for engineers. 

2014 is also an exciting year for CSME. I 
would like to take this opportunity to 
congratulate Dr. Greg F. Naterer, Dean of 
Faculty of Engineering and Applied Science 
from Memorial University for receiving 
the Julian C. Smith Medal. The Julian C. 
Smith Medal is given by EIC to the recipient 
for Achievement in the Development of 

Canada. I would also like to congratulate 
Dr. Sushanta Mitra, Professor of the 
Department of Mechanical Engineering 
from University of Alberta and Dr. Nasser 
Ashgriz, Professor of the Department of 
Mechanical and Industrial Engineering from 
University of Toronto, who are elected as 
EIC Fellows.

I look forward to seeing you at the upcoming 
CSME International Congress 2014, which 
will be held at University of Toronto. The 
Congress Chair, Dr. Jean Zu, her Co-Chair, 
Dr. Kamran Behdinan and the organizing 
committee have invited world-class keynote 
speakers, attracted 4 concurrent conferences 
and 14 special symposiums encompassing 
all aspects of Mechanical Engineering. This 
is the first time that CSME and CFDSC 
organize their flagship conferences together. 
The bi-annual CEME Undergraduate 
Design Competition and CSME Graduate 
Students Research Paper Competition will 
showcase the outstanding achievements of 

undergraduate and graduate students from 
the Canadian Universities. The CSME 
honors, awards and fellowships will be 
announced at the conference banquette. The 
awards for the winning teams in the CSME 
Design Engineering competition and for the 
best paper awards will also be announced at 
the same banquet.

This is a great time to get involved and stay 
involved in CSME. Let’s work together 
toward to building engineering in Canada 
and around the world.

Christine Q. Wu, Ph.D., P.Eng., FCSME 
Professor and NSERC Industrial Research 
Chair 
Department of Mechanical and Manufacturing 
Engineering 
University of Manitoba

Plus de 6 000 athlètes de 85 pays se sont 
réuni pour les jeux olympiques d’hiver 
2014 à Sotchi. Le niveau de compétition et 
l’esprit sportif ont était tout simplement à 
couper le souffle. Ce qui m’a impressionné 
autant que la performance des athlètes c’est 
de voir le génie derrière les jeux olympiques 
d’hiver. Comment font les ingénieurs 
pour construire un bobsleigh plus rapides 
et plus sécuritaire? Comment font les 
ingénieurs pour concevoir les costumes pour 
améliorer l’aérodynamisme en réduisant 
la friction et la trainée? Comment font les 
ingénieurs pour faire une glace parfaite 
pour les patineurs de vitesse? Il est tout aussi 
impressionnant de voir comment la mobilité 
de l’athlète inspire la conception robotique. 
Les jeux olympiques sont des évènements 
inspirant non seulement pour les athlètes, 
mais aussi pour les ingénieurs. 

L’année 2014 est également une année 
passionnante pour la SCGM. Je veux profiter 
de cette occasion pour féliciter le Greg 
F. Naterer, doyen de la faculté de génie et 
sciences appliquées de l’Université Memorial 

pour l’obtention de la médaille Julian C. 
Smith. La médaille Julian C. Smith est 
donnée par l’institut canadien des ingénieurs 
pour réussite dans le développement du 
Canada. Je voudrais également féliciter 
Sushanta Mitra, professeur du département 
de génie mécanique de l’Université de 
l’Alberta et Nasser Ashgriz, professeur 
du département de mécanique et génie 
industriel de l’Université de Toronto, qui 
sont attribué le titre de « Fellow » par 
l’institut canadien des ingénieurs.

J’ai également hâte de vous voir au prochain 
congrès international de la SCGM, qui aura 
lieu à l’Université de Toronto en 2014. La 
présidente du congrès, Jean Zu, son co-
président, Kamran Behdinan et le comité 
organisateur ont invités des conférenciers 
de renommée internationale, ont attiré 4 
conférences simultanées et 14 colloques 
spéciales englobant tous les aspects du génie 
mécanique. C’est la première fois que SCGM 
et SCCFD organisent leurs conférences 

phares ensemble. La compétition biannuelle 
de conception pour les étudiants en 
génie CEME et la compétition aux cycles 
supérieurs de travaux de recherche mettra en 
valeur les réalisations de tous les étudiants en 
génie mécanique des universités canadiennes. 
La SCGM serra fier d’annoncer les 
récipiendaires des distinctions honorifiques 
(prix, médailles et titres de “Fellow”) lors du 
banquet de la conférence. Les prix pour les 
équipes gagnantes des concours étudiants 
seront également annoncés lors du même 
banquet. 

C’est donc une période idéal pour 
s’impliquer et pour rester impliqués dans le 
SCGM. Nous devons travailler ensemble 
pour continuer de développer le génie au 
Canada et partout dans le monde. 

Christine Q. Wu, CSME Président

President’s Message/Message de la Présidente 
Christine Wu, Ph.D., P.Eng., FCSME

President’s Message
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NEWS

Kick-Off for Western University’s CSME Chapter
By: Alicia Lenny, Logistics Co-ordinator, Western’s CSME Student Chapter

The newly established Canadian Society for Mechanical 
Engineering (CSME) Student Chapter at Western 
University held its first event on Thursday, November 21 
over the lunch hour. Approximately 120 students and 
several professors attended this seminar. Its purpose 
was to introduce students to CSME, connect them to 
the CSME community and teach them about design in 
industry, exposing them to opportunities post-graduation. 

 General information regarding CSME was presented 
while attendees enjoyed pizza for lunch. Students learned 
about the history and structure of CSME, and the benefits 
associated with being part of the society and Canadian 
community of mechanical engineers. 

Our guest speaker, Gil 
Camirand, Manager 
(Product and Technology 
Development), of 
General Dynamics 
Land Systems (GDLS) 
in London, Ontario 
discussed the design 
process he uses to create 
armoured vehicles. Mr. 
Camirand spoke of 
the “v-method” which 
relates steps of the 

design process. The House of Quality was highlighted as 
a means of eliciting customer needs. In working with high 
profile customers, GDLS is careful to achieve customer’s 
requirements while keeping costs low and functionality the 
primary objective. 

After customer needs are established, vehicles are modeled 
using precise software. Mr. Camirand showed models 
of a recently developed vehicle, depicting how blasts 
affected parts of the vehicle. Using these models, vehicles 
are designed, or old vehicles redesigned. Mr. Camirand 
mentioned that, for GDLS “having validated models is 
invaluable”, allowing proof of knowledge of superior 
designs.

We were also shown a set of “before and after” videos of 
completed tests with anthropomorphic test devices (ATD) 
inside. These videos showed how important testing was 
to the safety of vehicle occupants. In one case, the floor of 
the vehicle was destroyed, but after adjustments were made 
and more tests done, the floor provided extra support to 
the vehicle and the ATDs.  

The industry application of design processes which are 
taught to students in Mechanical Engineering was relevant 
and interesting. Student feedback was positive, and many 
expressed interest in future events and further involvement 
in CSME. The Western Student Chapter of CSME will 
meet in January to plan for the 2014 Winter Term, and 
is looking forward to opportunities to expose students 
to industry standards and to connect them to their 
engineering community. 

Special thanks to Brandon Tartaglia, President of the 
Student Chapter for his help and support in organizing the 
event.
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Wind Energy Institute of Canada

Wind Energy Institute of Canada: Advancing the 
Development of Wind Energy Across Canada

By Carrie Houston, Project Engineer, Wind Energy Institute of Canada, North Cape, PE

The origin of the Wind Energy Institute of Canada (The Institute) 
is rooted in The Atlantic Wind Test Site (AWTS), an experimental 
wind turbine test site, founded in 1981 at the northernmost tip 
of Prince Edward Island (PEI). AWTS led Canada’s research 
activities in wind energy through the 1980s and 1990s and began 
working with the Government of PEI in the late 1990s to develop 
the first megawatt-sized wind farm east of Quebec, installing 
a capacity of 10.56 MW by 2003 in PEI. With the success of 
this installation, the Government of PEI began to recognize the 
potential of wind energy as a reliable energy source and economic 

development generator, and discussions on expanding AWTS’s 
mandate began. Strategies initiated by the Government of PEI 
and the Atlantic Canada Opportunities Agency (ACOA) resulted 
in a Conceptual Plan for the Wind Energy Institute of Canada 
by 2005. In the fall of 2006, the Institute officially opened as a 
Not for Profit Organization governed by a volunteer Board of 
Directors.

The Wind Energy Institute of Canada now has a team of 
ten fulltime staff and operates under the following Mission 
Statement: “The Institute advances the development of wind 

energy across Canada through research, testing, training, and 
collaboration.” As such, the Institute’s areas of strategic focus 
include: research, development and demonstration; testing 
for certification; training, outreach and public education; and 
technical consultation and assistance. 

The Wind Energy Institute of Canada’s unique location at 
North Cape, PEI with 300 degrees of exposure to the Gulf of St 
Lawrence provides a harsh environment for wind turbine testing. 
This tough marine setting exposes turbine designs to high 
corrosion, sand, and salt rates, large winter/summer temperature 

changes, and icing events producing valuable testing results 
over a wide range of conditions leading to greater confidence in 
certification of turbines entering the global market and varying 
environments.  

The Institute is a highly collaborative organization with 
undertakes research, development and demonstration across 
a broad spectrum of activities such as, distributed generation, 
forecasting, wind-diesel systems, and wind-hydrogen applications. 
The Institute has an extensive history of small wind turbine 

 Figure 1. The Atlantic Wind Test Site (AWTS) depicted here in 1982, North Cape, Prince Edward Island.
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Wind Energy Institute of Canada
(turbines with a swept area of less than 200 square meters) 
testing and prototype development, and has more recently 
become active in the research, development and demonstration 
of large wind, with the commissioning of the Institute’s 10 MW 
Wind Park in 2013. Additionally, by 2014, The Institute will 
have installed a 1 MW utility-sized battery storage system for 
testing in conjunction with the Wind Park. 

Small Wind Turbine Testing

The Wind Energy Institute of Canada’s small wind turbine 
testing program is in accordance with the International 
Electrotechnical Commission (IEC) 61400 standards, and can 
perform testing services to conform to the American Wind 
Energy Association (AWEA), British Wind Energy Association 
(BWEA), and the Class NK Japanese Standard. Specific tests 
performed can include: power performance, load measurement, 
power quality, acoustic noise emissions, duration, and safety. 
The Institute’s testing services are mobile, however, small wind 
turbine test beds are available at the Institute’s North Cape site. 
Small wind turbines currently under test at the North Cape site 
include: 2.5 kW, 25 kW, and 50 kW turbines. Other current 
small wind installations at the Institute include 5 kW and 10 kW 
wind turbines undergoing research and development on various 
aspects of their respective design features. 

 

Figure 2. The Wind Energy Institute of Canada’s North Cape 
wind turbine test site today. 

Wind R&D Park and Storage System for Innovation in 
Grid Integration

The Institute’s Wind R&D Park project was announced in 
2010 when it was awarded a $12 million federal grant from 
the “Clean Energy Fund” to demonstrate the economic and 
technical feasibility of wind energy storage in Canada. This 
demonstration features five DeWind D9.2 wind turbines with a 
generating capacity of 10 MW, and incorporates a utility-sized 
1 MW Battery Energy Storage System (BESS) from S&C Electric 

Canada Ltd (S&C) and General Electric (GE). The 10 MW 
Wind Park was commissioned in April 2013 and has generated 
in excess of 11 GWh of power to date for the PEI electricity grid. 
Ground work is currently underway at the Wind Park substation 
for the battery storage installation. The project has also been 
supported by the Government of PEI with a $12.6M loan which 
will be repaid from the sale of power produced by the new 
infrastructure. With a focus on research, the project will add to 
Canada’s understanding of the production, operation, storage 
and installation of small and large wind energy technologies.

Figure 3. The recently commissioned Wind R&D Park has a 10 
MW capacity. 

This new asset base will allow the Institute to expand its 
research mandate and provide sector enabling support helping 
manufacturers, governments, and academia evaluate and 
improve their technologies. The Wind R&D Park and Storage 
System will offer system operators and utilities a bench test 
environment for wind and storage systems that currently does 
not exist. The opportunities presented by this new installation 
will allow the Institute to expand its research role into:

•	 Optimization of wind forecasting and forecasting 
methodologies using real time data

•	 Voltage control

•	 Frequency regulation (primary regulation)

•	 Transmission network support to delay or avoid network 
upgrades

•	 Reserve capacity

•	 Grid integration issues

•	 Continued testing, research, development, and 
demonstration of wind technologies

•	 Storage facilities to mitigate energy intermittency, and 

•	 Storage performance with respect to reliability and 
economics
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The Battery Energy Storage System is composed of two primary 
components, namely, a Power Conversion System (PCS), supplied 
by S&C via its field-proven PureWave® Storage Management 
System (SMS), and battery modules supplied by GE. The 
batteries, consisting of sodium nickel chloride Durathon modules, 
represent the first such project for GE Energy Storage in Canada. 
The PureWave® SMS converts the energy generated by the wind 
turbines to direct current, which charges the batteries and when 
called upon, will reverse the flow to take the energy from the 
batteries and convert it into alternating current for use by the 
utility, Maritime Electric Company Limited, for sale to retail 
customers. As a demonstration project, the BESS will be operated 
in a number of ways to demonstrate the benefits of energy storage 
under varying scenarios. Operation in a time shift mode is a 
probable application, as demonstrated in Figure 6, where excess 
energy is stored in times of low demand and supplied for use 
in times of higher demand.  Other demonstrations on power 
smoothing (Figure 7) and voltage control could also provide 
useful information for clients of such systems. Demonstration 
of these practical applications for energy storage systems will 
increase the acceptance and utilization of such systems and allow 
for integration of more renewable energy by utilities into the 
energy generation mix.

Figure 6. Time shifting opportunity example for PEI load. The 
battery storage system could be demonstrated to store energy 
when the wind power generation exceeds the demand load, and 
top up the wind energy production at the times when it does not 
meet the demand load. 

Figure 7. Power smoothing of wind power generation through 
use of battery charging when the wind is high and discharging 
when the wind is low to reduce output fluctuations.

Academic Collaborations

Academic collaborations are a key component of the Wind 
Energy Institute’s mandate of research, development and 
demonstration. The Institute acts as an enabler of industry-
academic partnership in wind-related research. The Institute 
currently plays a role in the NSERC Wind Energy Strategic 
Network (WESNet), Canada’s nation-wide wind energy research 
collective, a multi-partner alliance which includes leading 
researchers from 16 Canadian universities in six provinces, 
NRCan, Environment Canada, the Canadian Wind Energy 
Association, utility companies, and wind energy sector businesses. 
Under this initiative, The Institute has enabled researchers at the 

Université de Laval to test their ice-free anemometer designs in 
the harsh conditions of The Institute’s North Cape site. 

The Institute is also collaborating with WESNet on the testing 
of a 10 kW wind turbine developed by the WESNet Team. The 
objective of the project is to develop, demonstrate, and evaluate 
an integrated small wind turbine package with advanced 
technologies to address the industry’s need for high performance, 
low cost, small wind turbines. The turbine is currently installed 
at The Institute’s North Cape site where performance data 
collection is underway to fine-tune the turbine’s innovative 
technologies. 

The Institute has recently signed a memorandum of 
understanding with the University of Western Ontario’s 
WindEEE Research Institute with the intent to pursue 
cooperative relations in research and education of wind turbine 
technology. Collaboration from both organizations in providing 
services to small wind turbine manufactures in development of 
their product will lead to eventual testing leading to certification. 
Exchange of resources including personnel, expert knowledge 
and client referrals will build a diverse wind research and testing 
infrastructure.

Wind Energy Today and Into the Future

The Wind Energy Institute of Canada’s work is contributing 
to a growing wind energy industry in Canada. According to 
the Canadian Wind Energy Association (CanWEA), there are 
currently 162 wind farms operating in Canada, with more than 
3500 wind turbines installed, with a total generating capacity of 
7,051 MW. This represents 3% of Canada’s total electricity load, 
with an anticipated 1,500 MW capacity expected to be installed 
across the country within the next four years.  The province of 
Prince Edward Island currently has 9 wind farms in operation, 
with 94 wind turbines with a generating capacity of 173.6 MW, 
representing over 30% of PEI’s electricity load. A new 30 MW 
capacity wind farm is currently being installed in Hermanville, 
PE and is scheduled to be operational by the end of 2013.

The Wind Energy Institute of Canada has built a team of highly 
skilled and experienced technical staff, as well as, a collaborative 
network of academics and industry professionals dedicated to the 
development of the wind energy industry. The Institute actively 
seeks opportunities to work with partners in the development of 
technology, and provides fee for service technical consultation. 
For more information please visit www.WEICan.ca.

Wind Energy Institute of Canada
 

 

 

 

 

Figure 4. Ground work underway for battery installation.           Figure 5. Battery Energy Storage System
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Figure 6. Time shifting opportunity example for PEI load. The 
battery storage system could be demonstrated to store energy 
when the wind power generation exceeds the demand load, and 
top up the wind energy production at the times when it does not 
meet the demand load. 

Figure 7. Power smoothing of wind power generation through use 
of battery charging when the wind is high and discharging when the 
wind is low to reduce output fluctuations.
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their product will lead to eventual testing leading to certification. 
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representing over 30% of PEI’s electricity load. A new 30 MW 
capacity wind farm is currently being installed in Hermanville, 
PE and is scheduled to be operational by the end of 2013.

The Wind Energy Institute of Canada has built a team of highly 
skilled and experienced technical staff, as well as, a collaborative 
network of academics and industry professionals dedicated to the 
development of the wind energy industry. The Institute actively 
seeks opportunities to work with partners in the development of 
technology, and provides fee for service technical consultation. 
For more information please visit www.WEICan.ca.

Wind Energy Institute of Canada
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Atomic Level Diffusion Modelling and Simulation
Sulphur Diffusion in β-NiAl and Effect of Pt additive: An 

ab inito Study

Kuiying Chen, Xijia Wu and Weijie Chen 

National Research Council Canada, Aerospace Portfolio, Ottawa

ABSTRACT

Diffusivities of detrimental impurity Sulfur (S) in 
stoichiometric and Pt doped β-NiAl were evaluated using 
density functional theory calculations. The apparent 
activation energy and the pre-exponential factor of 
diffusivity via the next nearest neighbour (NNN) and 
interstitial jumps were evaluated to identify possible 
preferred diffusion mechanism(s). By calculating the 
electron localization function (ELF), the bonding 
characteristics of S with its surrounding atoms were  
assessed for the diffusion process. By comparison with the 
experimental results, the S diffusion through the NNN 
vacancy-mediated mechanism is found to be favoured. 
Addition of Pt in β-NiAl was found to significantly reduce 
the S diffusivity, and an associated electronic effect was 
explored. The elucidation of the above mechanisms may 
shed light on the development of new Pt-modified doped 
β-NiAl bond coats that can extend the life of oxidation 
resistant and thermal barrier coatings. 

Key words:  Sulfur,  diffusivity,  NiAl,   Pt,   ab initio 
calculations

1. INTRODUCTION

Thermal-barrier coatings (TBC), which consist of a 
thermal-insulating ceramic top (TC) coat and an oxidation-
resistant metallic bond coat (BC), have long been served 
in advanced gas turbine engines to protect the hot-section 
components in hostile operating environments. These TBCs 
can be deposited by plasma spray processes and/or electron 
beam physical vapour deposition (EB-PVD) techniques, the 
latter being more often used for aero-engine applications, 
because the EB-PVD microstructure is more tolerant to 
thermomechanical fatigue [1].

The metallic bond coat (or BC) is an important constituent 
of the TBC system. It is often made of either platinum (Pt) 
modified nickel aluminide, β-(Ni, Pt)Al, or a multiphase 
MCrAlY (M = Ni and/or Co) alloy, which allows the 
formation of an alumina Al2O3 layer between the TC/BC 
interface to protect the BC and the substrate from further 
oxidation during the subsequent service exposure. Several 
failure mechanisms were proposed regarding the spallation 
of TBC off the substrate. The thermal stress concentration 
is the major cause arising from a mismatch in thermal 
expansion coefficients between the thermally grown oxide 
(TGO) Al2O3 and BC as TGO thickens. 

It has been recognized that segregation of impurity 
sulphur (S) to the BC/TGO interface weakens the interface 
adhesion, as a result, leading to the interface embrittlement.  
It has also been reported that the S segregation can result in 
a void growth and coalescence at the interface, eventually 
leading to spallation of the TBC [2, 3, 4-17].  Desulfurizing 
was found to significantly improve the oxide adherence to 
the metal substrate [8, 17-24]. Although Pt does not form a 
sulphide, its addition to β-NiAl was shown to be capable of 
limiting the detrimental effects of S by increasing the oxide 
growth to fill up the voids and by reducing the S segregation 
rate to the interface [14, 17, 19, 25-27]. The role of Pt 
in β-(NiAl) phase-containing bond coat has been mostly 
thought to be lowering the chemical activity of Al, since 
Al forms a stronger bond with Pt than with Ni in β-NiAl 
[28]. The interesting question is how exactly Pt affects S 
diffusion. Limited experiments have shown that the effect 
of Pt on S diffusion is temperature-dependent [29, 30]. At 
elevated temperatures (T> ~1200 K), Pt was observed to 
reduce the S segregation rate.

To authors knowledge, the mechanisms of S diffusion 
in β-NiAl and with addition of Pt have not been 
fully understood at the microscopic scale. Since a full 
experimental characterization of S diffusion in β-NiAl with 
different additives is very difficult and costly, it is necessary 
to study possible microscopic scale mechanisms that govern 
S diffusion in doped/undoped β-NiAl.  In this study, we 
carried out ab initio density functional theory calculations 
combined with the theory of atomic transportation in 
solid to investigate S diffusion in a clean and Pt dopedβ-
NiAl.   Particularly, the apparent activation energies and the 
diffusion coefficients are evaluated for S diffusion.  Then, by 
comparing with experimental measurements, the favoured 
S-diffusion mechanism was identified. The results may shed 
some light on the understanding of the microscopic scale 
characteristics of S diffusion, and could provide guidance 
for future TBC development.
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2. METHODS

Phenomenologically, diffusivity D is predicted by following 
the Arrhenius law:

                                                         )/exp(0 TkQDD B−=                                                    (1) 

where D0 is the pre-exponential factor, Q is the apparent 
activation energy for diffusion, kB is the Boltzmann constant 
and T is the absolute temperature. The activation energy 
and the pre-exponential factor are often determined by 
fitting the experimentally measured diffusion rate vs. the 
inverse temperature relationship, regardless of the physical 
mechanisms. 

In atomic transportation theory, the activation energy Q 
for diffusion is defined as the sum of migration energy Emig 
(solute or impurity) of diffusing atom and the formation 
energy EVac

f of point defect-solute/impurity complex. The 
formation energy of a defect/additive (A)-containing system 
such as β-NiAl is defined as:
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where N = x+y is the total number of constituent atoms in 
the stoichiometric b-NiAl, and Nd = x’+y’+m  is the total 
number of atoms for a defect/additive-containing system. 
In both cases, x, y, x’, y’ stand for Ni and Al atoms in 
stoichiometric and defect/additive containing structure, 
respectively, while m is the number of defects/additives. DEF 

is the formation energy of the alloy evaluated as: 

                                                  )()( AlyENixEEE
YXYX AlNiAlNi −−=Δ                                   (3) 

for stoichiometric b-NiAl that possesses x Ni and y Al 
atoms, in which ENixAly represents its total energy in the 
supercell.  E(Ni) and E(Al) are the energies of single Ni and 
Al atoms, respectively. Similarly, for b-NiAl that contains 
x’(Ni), y’(Al) and m additives/vacancies A, the formation 
energy of the alloy becomes [32, 33]:
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where E(A) is the energy of the defect/additive (A) [34] 
(E(A)=0 eV, if A is a vacancy). The formulas (2)-(4) 
have been previously validated for diffusion calculations 
[32,33], and will be used in the present calculations for S 
diffusivities in β-NiAl.

Based on Einstein’s random walk model, within the 
classical limit, the pre-exponential factor D0 in the diffusion 
coefficient D is defined as:
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where n is the number of equivalent jump paths depending 
on the crystalline structure, a is the jump distance, n is the 
effective atom jump frequency,  is the change in vibrational 

entropy of migration, and f  is the correlation factor. The 
correlation factor can be defined as the probability of a 
successful jump, which is equal to 1 (f = 1) for uncorrelated 
jumps and a value smaller than one, f < 1, for correlated 
jumps. The effective jump frequency n and the vibrational 
entropy  are calculated by evoking the harmonic transition 
state theory. At the high temperature limit, i.e., hw/kBT<<1, 
only phonon contributions are considered. The vibrational 
entropy of a series of harmonic oscillators containing N 
atoms is calculated as:
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where wi is the normal vibrational frequency, h is the 
Plank constant. To calculate the effective atomic jump 
frequency n, the Vineyard expression in terms of vibrational 
frequencies at the initial and transition states of the 
migrating atom is used [35]:
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The denominator of the jump frequency contains one 
less vibrational frequency at the saddle point since 
one vibrational degree of freedom is converted into a 
translational degree of freedom due to the motion along the 
reaction path [36]. Finally substituting Eqs (5), (7) into Eq. 
(1), the diffusion coefficient of S can be evaluated as:
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Eqs. (2)-(8) allow the analytical evaluation of diffusivity 
without experimental measurements as inputs. 

2.2. Ab initio Methods

In the present study at the microscopic scale, two super-cell 
models, one with 55 lattice sites, composed of 27 Ni, 27 
Al, and 1S, and the other with 129 lattice sites, composed 
of 64 Ni, 64 Al and 1 S, are constructed to isolate possible 
interactions of the impurity with its periodic images. To 
fully simulate the atomic diffusion jumps, spin-polarized 
density functional theory calculations (DFT) are performed 
using the Vienna Ab initio simulation package (VASP) 
within a plane-wave basis sets [37]. The Perdew-Wang 
generalized gradient approximation (GGA) is used to 
calculate the electron exchange and correlation energy [38]. 
The projector augmented wave (PAW) potentials are used 
to describe the interactions of valence electrons with the ion 
and core electrons for all elements [39],  where Ni 4s23d8, 
Al 3s23p1, Pt 6s25d2 and S 3s23p4, electrons are treated as 
valence.

For  an interstitial diffusion of S, the 55-atom supercell 
was tested and found to be large enough to isolate the 
diffusing elements in the periodic images. For vacancy-
mediated diffusion of S, the 53-atom supercell containing 
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a single vacancy with the S atom occupying the vacancy 
site was found to be capable of isolating the diffusing atom 
interactions between periodic images. The Brillouin zone 
integration is performed using a centered gamma point 
6 × 6 × 6 Monkhorst Pack grid that yields 54 irreducible 
k-points [40]. The occupation of electronic states is 
determined according to the first order Methfessel-Paxton 
scheme with a smearing width of 0.2eV. A kinetic energy 
cutoff of 350 eV is used for all total energy calculations.

In all calculations, the equilibrium lattice constant for 
the stoichiometric b-NiAl was obtained by fully relaxing 
the volume of the supercell model. Starting with the  
experimental lattice constant a0 = 2.887 Å, the equilibrium 
is defined as the forces on the ions becoming less than 
the threshold value of 0.01eV/Å for formation energy 
calculations, and 0.03eV/Å for diffusion calculations. It 
was previously shown that the reduced threshold has a 
negligible impact on the calculated migration energy [41]. 
The lattice parameter is calculated as 2.891 Å, in excellent 
agreement with the experimental value, and is used for all 
subsequent diffusion calculations.  

The migration energy of S diffusion, defined as the 
difference between the energy at the saddle point and at 
the initial stable state, is calculated using the climbing 
nudged elastic band method (CINEB) [42-45].  In this 
method, for a given diffusion path with known initial and 
final minimum energies, a series of images are generated 
by a linear interpolation between the two end states. The 
images, which are connected through imaginary springs, 
are allowed to relax until the Hellmann-Feynman forces on 
atoms are less than the threshold values. By inverting the 
forces on the highest energy image, these images are made 
to climb along the minimum energy path (MEP) to reach 
the saddle point. To calculate the phonon frequencies wi 
and w¢i at the initial and saddle points respectively, the fitfc 
utility that uses the direct force constant supercell approach 
in the Alloy Theoretic Automated Toolkit (ATAT) package 
[46] is implemented with a displacement of ±0.05Å at the 
G point. [47]. Within the supercell method, from the fully 
relaxed structure, the positions of the atoms are perturbed 
and the new energies and inter-atomic forces are calculated 
without relaxing any degrees of freedom. 

To study possible electronic related mechanisms that may 
govern the diffusion process, the electron localization 
function (ELF) is evaluated for S diffusion in b-NiAl and 
Pt doped b-NiAl as well. The ELF amplifies the bonding 
features, and allows one to analyze the electron distribution 
on an absolute scale, ELF is defined as:
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where ρ is the first-order reduced (spin-integrated) density 
matrix; atrix; )(rD 

is the von Wis the von Weizsäcker kinetic energy functional 
which corresponds to the ground state kinetic energy 
density of a non-interacting bosonic system at density  at density )(rn 

, and, 
and , and )(rDh


is the kinetic energy density of a uniformis the kinetic energy density of a uniform electron 

gas with a spin-density equal to the local value of lue of )(rn 
. The ELF value is 0.5 for a  . The 

ELF value is 0.5 for a homogenous electron gas and can 
increase to ~1.0 for electrons paired in a covalent bond or 
a highly localized, unpaired electron dangling bond. The 
ELF values below 0.5 are less readily understandable. These 
can correspond to regions of very low electron density. For 
more details on ELF and its derivation, see reference [48].

3. RESULTS AND DISCUSSIONS 

β-NiAl possesses an ordered B2-CsCl, body centered cubic 
(BCC) structure, which consists of two interpenetrating 
Ni and Al simple cubic sub-lattices. As shown in Fig. 1, 
at the stoichiometric composition, the Al atoms occupy 
the corner sites (β-sites) and the Ni atoms occupy the 
body-centered sites (α-sites) in the unit cell. There are two 
distinct interstitial sites, at which an interstitial impurity 
S atom can occupy, the tetrahedral (Figure 1(b)-blue) and 
the octahedral (Figure 1(b)-red).  For sulphur atom, due 
to its smaller radius and higher diffusion rate as compared 
to Ni and Al atoms, it was proposed that it would prefer 
to occupy interstitial sites [29]. Finally, the preferred 
substitutional site for Pt atom in b-NiAl alloy is determined 
to be the Ni site [49] by ab initio DFT calculations. 

At elevated temperatures, deviations from the ideal b-NiAl 
structure may be observed due to the formation of point 
defects in the alloy. Vacancies and antisite atoms constitute 
these point defects. A vacancy is the absence of an atom 
from its sublattice denoted as VNi and VAl for Ni and Al 
vacancies, respectively. An antisite atom is said to be formed 
when a Ni(Al) atom resides on an Al(Ni)-site symbolized 
by NiAl(AlNi). In order to determine the most favourable 
substitutional site of S, the formation energy of NiAl with 
a S atom substituting a Ni or an Al atom is calculated 
separately. As given in Table 1, a S atom at an Al site is 
found favourable. Thus the vacancy-mediated diffusion by 
a symmetric next nearest neighbour (NNN) jump from one 
Al sublattice site to another is considered as a potential S 
diffusion path.  

The formation energy of NiAl with one S atom occupying 
a tetrahedral/octahedral interstice is evaluated. The results 
show that the structure with a S at the tetrahedral-site has a 
lower energy, as seen in Table 1. Therefore, the tetrahedral 
site is considered as the occupation site for the impurity S, 



CSME BULLETIN SCGMWINTER 2013/2014 13

Atomic Level Diffusion Modelling and Simulation
and atoms located on the S diffusion plane are referred to as 
XA,M,N,Q according to Figure 1(c). In the subsequent sections, 
we will discuss sulphur diffusion via both vacancy-mediated 
NNN and interstitial paths, evaluate diffusivities and 
identify the most favourable diffusion mechanism in β-NiAl.  

3.1. Vacancy-mediated S diffusion

3.1.1 Next nearest neighbour (NNN) diffusion of S in 
b-NiAl 

As shown in Figure 2, the nudged elastic band (NEB) 
calculations for S diffusion by a NNN jump in NiAl (Figure 
1d) results in a migration energy barrier of 0.4765 eV. 
The calculated activation energy of 3.5665 eV compares 
well with the experimental value of 2.26eV, reported by 
Rivoaland et. al. [29]. Combining the calculated pre-
exponential factor D0 of 0.014 with the activation energy 
in Eq. (1), yields the following prediction for the NNN S 
diffusion:

                                                )/)(5665.3exp(014.0 2 scm
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The diffusion coefficient given in Eq. (12) is plotted in 
Figure 3. At 1273 0C, the calculated diffusion coefficient D 
= 2×10-9 cm2/s agrees well with a recent experimental data 
of D = 1×10-9 cm2/s [31]. 

To probe possible electronic level effects associated with 
the diffusion process, the ELF is calculated for the NNN 
diffusion path. At the initial configuration, the S atom is 
displaced towards four neighbouring Ni atoms (on two 
adjacent planes but only two are shown in Figure 4 for one 
plane). During the transition state, S becomes equidistant 
with all four Ni atoms as determined from the electron 
localization between S-Ni atoms. In agreement with the 
ELF plot, the calculated atomic separations also indicate the 
displacement of S towards the vacancy, reducing four Ni-S 
separations to 2.27Å and increasing the other four to 2.81Å 
from the unrelaxed Ni-S separations of 2.5Å. During the 
transition, the shortest four Ni-S bonds lengths are reduced 
to 2.17Å, while the other four break off. At any stage 
during S diffusion, no bond formation is observed between 
S and Al atoms.  

3.1.2 Effect of Pt on S NNN diffusion

In order to examine possible effects of Pt on the NNN 
S diffusion, one Ni atom (denoted by NiA) which is the 
nearest neighbour to both SAl and VAl is replaced by a 
Pt atom. The presence of Pt is found to increases the 
activation energy by 0.3785 eV, and slightly decreases 
the pre-exponential factor, Table 1, leading to a diffusion 
coefficient:
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The higher activation energy combined with the smaller 
pre-exponential factor results in a decreased S diffusion 

rate as compared to that of the pure b-NiAl as shown in the 
Arrhenius type plot, Figure 3. 

At the initial state, due to the presence of Pt in between the 
S and vacancy, one can see that S does not relax towards the 
vacancy. Instead, it displaces away from Pt, Figure 4. Such 
behaviour and the electron delocalization suggest that an 
initial repulsion exists between these atoms. At the saddle 
point, S diffuses through the Ni-plane that contains the Pt 
atom. S displaces away from Pt towards the opposite Ni, 
disrupting the order at this layer. Although there is a general 
repulsive behaviour between Pt and S, the increased electron 
localization at the transition state between these atoms can 
be an indicative of a weak S-Pt interaction. 

It was also observed that S displaces away from Pt during 
the relaxation, elongating their separation from 2.27Å 
to 2.77Å as compared to the NiA-S bond. Due to this 
asymmetric configuration, one of the Ni-S bonds in NNN 
Ni does not form in the Pt-doped structure, and two 
additional Al-S bonds with lengths 2.71Å are observed. At 
the saddle point, the two additional Al-S and three Ni-S 
bonds are broken, and the Pt-S bond length remains larger 
compared to its counterpart, NiA-S bond in NiAl. Therefore, 
it can be concluded that the increased migration barrier 
is due to the repulsive Pt-S interaction since S is diffusing 
through a Pt-containing plane.  

In general, at lower temperatures, a low point defect 
concentration may exist in b-NiAl. At elevated 
temperatures, however, formation of vacancies and antisite 
defects become more prominent. Thus it can be expected 
that at elevated temperatures, with abundant vacancies, 
the vacancy-mediated S diffusion via a NNN jump is 
naturally preferred. This phenomenon can be rationalized 
by examining the Arrhenius plots, Figure 3. Furthermore, 
it can be seen that at elevated temperatures, the DFT 
calculations show that Pt reduces the D diffusion rate in the 
NNN mechanism. 

Recent experiments conducted by Christien et al. [30] 
showed that the diffusivities of S in both NiAl and 
NiPtAl crossed over each other at around ~1200 K, as 
shown in Figure 3, the mechanism causing this transition 
was, however, left unexplained. As discussed, at low 
temperatures, due to the low concentration of point 
defects, such as vacancies, the short-circuit diffusions via 
grain boundaries, dislocation pipelines and voids play 
major roles. At elevated temperatures, due to the high 
concentration of vacancies, the diffusion via the NNN 
mechanism can be consequently favored. Experimental 
data in figure 3 illustrates that at elevated temperatures, 
Pt reduces the S diffusivity in agreement with the DFT 
calculations. The implication of this result indicates that Pt 
shows the capability of slowing the impurity S diffusion, 
thus is capable of preventing S diffusing towards the 
TGO/BC interface from substrate, thereby diminishing its 
detrimental effect on TGO/BC interface adhesion. This 
necessarily exhibits the positive effect of Pt in the TBC 
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system. In real materials, however, S diffusion rates depend 
on the concentrations of the participating elements, which 
are not faithfully reflected in the simplified atomistic model 
constructed for the present study. Christien et al. [30] 
conducted the experiments on polycrystalline NiAl and 
NiPtAl coatings that also contained Ta, W and La, etc. The 
measured diffusivities essentially represent a mixture of 
data via different mechanisms including the NNN, grain 
boundaries and dislocation pipeline. Therefore, the present 
model is by no means matching the complexity of the real 
materials, which was already reflected by lower diffusivity 
values through DFT calculations than the experimentally 
observed in figure 3. Nonetheless, the present diffusion 
models account for the potential contributing mechanisms.  

3.2 Interstitial S diffusion

In order to explore the possible interstitial diffusion of S 
in b-NiAl, as an example, two sublattice planes in b-NiAl: 
1) the Ni-sublattice plane (NSP) on which all atoms on the 
diffusion plane are Ni atoms, and 2) the Al-sublattice plane 
(ASP) are constructed. These two planes correspond to 
different nearest neighbour configurations for S diffusion. 
Since the migration energy is governed by interactions 
of S with its immediate surroundings on the diffusion 
plane, S diffusion by NSP and ASP jumps will be discussed 
separately.

3.2.1 NSP and ASP jumps

Interstitial S diffusion on an NSP involves diffusion of the S 
atom from one tetragonal site, above a Ni-Ni bridge, onto 
another tetragonal site as demonstrated in Figure 1 (c). 
For stoichiometric b-NiAl, the MEP is symmetric with a 
migration barrier of 0.036 eV and the vibrational entropy 
and frequency result in a pre-exponential factor D0=1.5×10-

5 cm2/s.  

In the ASP diffusion mechanism, S hops from one 
tetrahedral site, above an Al-Al bridge, to another via the 
interstitial diffusion. The NEB calculations for ASP jump 
result in a migration barrier of 0.014 eV, which is much 
smaller than that for NSP, and the frequency calculations 
yield a pre-exponential factor, D0 = 2.3×10-5 cm2/s. These 
two parameters together determine the diffusivity at a given 
temperature, according to Eq. (1).

Table 1 shows the calculated apparent activation energy of 
S diffusion via an interstitial mechanism for both scenarios. 
The calculated activation energies are considerably larger 
than through the NNN mechanism, and together with 
the calculated diffusivities it indicates that the interstitial 
diffusion mechanism of S is not favored in β-NiAl.  As 
discussed in the previous sections, at low temperatures 
where the concentration of point defects is low, the short-
circuit diffusion may dominate the S diffusion in β-NiAl. 
Therefore, it is necessary to investigate the S diffusion via 
grain boundary mechanism, and examine how exactly Pt 
affects the S diffusion. This on going work along with the 
obtained results will identify the most favourable diffusion 

mechanism of S in β-NiAl.  These results are expected 
to shed light on the development of oxidation-resistant 
coatings and TBC. 

4. CONCLUSIONS 

Ab initio DFT calculations were performed to study S 
diffusion in b-NiAl and to examine the effect of Pt on its 
diffusivities. A number of possible diffusion mechanisms, 
i.e., the NNN, the interstitial via both NSP and ASP, were 
evaluated. By comparing with the experimental apparent 
activation energies and diffusivities, it is suggested that S 
diffusion in β-NiAl predominantly occurs by the vacancy-
mediated NNN mechanism, and addition of Pt reduces its 
diffusivity. The ELF plots together with atomic separations 
indicate that S does not prefer to be in the close proximity 
of Pt. This atomic-level mechanism points out that Pt 
prevents S from segregating to the BC/TGO interface, 
resulting in reduction of S concentration at the metal/oxide 
interface, thus diminishing the S detrimental effect on the 
interface adhesion.  
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Figure 1:  Stoichiometric NiAl; Al atoms occupy the corner 
sites (β-sites)(green) and Ni atoms occupy the body-centered 
sites (α-sites)(yellow), a) The Ni sublattice plane (NSP) 
in orange and the Al sublattice plane (ASP) in green. b) 
tetragonal interstitial sites in blue and octahedral interstitial 
sites in red. c) Atom A represents the atom that is being 
substituted. d) NNN diffusion. 
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Figure 2.  Migration energy Emig calculated by nudged elastic 
band for NNN S diffusion and the effect of Pt on Emig. 
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Figure 3 Diffusion coefficient of S in β-NiAl.  The 
black solid curve (NiAl-S-exp) represents experimental 
measurement without Pt addition [30];  the red solid curve 
(NiAlPt-S-exp) stands for the experiment value with Pt 
addition [30]. The blue solid line (NiAl-S-ther) is referred 
to  the calculated S diffusivity without Pt addition, while 
the dash green line (NiAlPt-S-ther) plots the calculated S 
diffusivity considering Pt effect. Both calculated results are 
under the NNN mechanism.  

 

 

Figure 4: The initial and transition state of ELF plots for S 
NNN diffusion in NiAl and in Ni(Pt)Al.

Table 1:  The migration energy Emig, formation energy Ef, 
activation energy Q and 

pre-exponential factor D0 for of S diffusion.

 

  Emig (eV) Ef (eV)  Q (eV) D0 (cm2/s) 

NiAl (NNN) 0.4765 3.09 3.5665 1.4×10-2 

NiAlPt (NNN) 0.67505 3.27 3.94505 9.5×10-3 

NiAl [30]   2.91 8.4 

NiAlPt [30]   0.41 2.5×10-10 

NiAl (NSP) 0.036 4.973 5.009 1.5×10-5 

NiAlPt (ASP) 0.014 5.13 5.144 2.3×10-5 
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CSME International Congress 2014

 
The CSME Congress 2014 will be held from June 1 to 
June 4 at the University of Toronto St. George campus 
in Toronto. The Department of Mechanical & Industrial 
Engineering, Faculty of Applied Science & Engineering will 
host the congress.

The CSME International Congress is the flagship conference 
of the CSME and is held biannually. CSME International 
Congress promotes the communication and transfer 
of technology among industry, government agencies, 
universities and R&D laboratories. The CSME Congress 
offers a platform for national and international Mechanical 
Engineering experts to meet, exchange information, 
discuss recent research challenges, and explore problems of 
practical importance to the profession and its related fields.

The CSME CONGRESS encompasses all aspects of 
Mechanical Engineering, including the following:

•	 Aerospace and Aeronautics 

•	 Biomechanics and Bioengineering 

•	 Controls, Mechatronics, Robotics, Mechanism and 
Manipulators 

•	 Energy Systems, Renewable Energy and Fuel Cells 

•	 Engineering Design (Theory and Education) 

•	 Instrumentation, Inspection and Industrial Sensors 

•	 Manufacturing and Production Process 

•	 Marine and Ocean Engineering 

•	 Material Sciences and Engineering 

•	 Mechanics, Dynamics and Finite Element Methods 

•	 Mechanical Engineering Education 

•	 Modeling, Design, Simulation and Optimization 

•	 MEMS and Nano Technologies 

•	 Thermodynamics and Fluid Mechanics 

•	 Vehicle Dynamics, Systems and Powertrains 

CONCURRENT CONFERENCES

•	 Advances and New Trends in Engineering Design

•	 22nd Annual Conference of the CFD Society of 
Canada

•	 MIE Graduate Research Showcase

•	 Ontario-on-a-Chip9/MATCH

SPECIAL SYMPOSIUMS

•	 Advanced Energy Systems

•	 CCToMM 2014 - Mechanisms, Machines, 
Mechatronics

•	 Cell Mechanics and Nanomechanics

•	 Combustion and Engines

•	 Droplet dynamics, Thermodynamics and Coatings

•	 Green Technology and Intelligent Manufacturing

•	 Manufacturing, Plastics and Polymers

•	 MEMS and Instrumentation

•	 Microfluidics

•	 Multiscale Simulation; Multifunctional Materials and 
Structures

•	 Robotics, Dynamics and Autonomous Systems

•	 Soft Matter

•	 Advanced Road Vehicles

•	 Women in Engineering

•	 For details of the congress please check the home page 
of the conference:  
http://www.mie.utoronto.ca/csme2014/index.html.
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NEWS
The Engineering Institute of Canada Honours,  

Awards and Fellowships
The Engineering Institute of Canada is pleased to announce the 2014 recipients of its honours, awards and fellowships. 

The senior awards of EIC are the highest distinctions made by the Institute and are awarded to members of its technical 
societies. Five senior medals recipients will be presented at the 2014 Awards Gala in recognition of outstanding 
achievement or service to the engineering profession. 18 engineers become Fellows of EIC for their exceptional 
contributions to engineering in Canada.

EIC President Jean Zu will present the recipients at the Institute’s Annual Awards Banquet at the Westin Hotel in 
Ottawa on 15 March 2014.

The 2014 senior award recipients from CSME are:

JULIAN C. SMITH MEDAL

Greg F. Naterer, CSME, St. John’s, NL

FELLOWS

Nasser Ashgriz, CSME, Toronto, ON; Sushanta Mitra, CSME, Edmonton, AB

The 24th International Congress of Theoretical and Applied Mechanics (ICTAM2016), 
Montreal, Quebec, Canada, August 21-26, 2016

The 24th International Congress of Theoretical and Applied Mechanics (ICTAM2016) will be held in 
Montreal, Quebec, Canada, from August 21 to 26, 2016. The National Research Council Canada will 
host the congress. For detailed information of this congress, please check the webpage at  
http://www.ictam2016.org/ or contact

This is the twenty-fourth in a series of quadrennial conferences that began in Delft, The Netherlands 
in 1924. In 1946, during the sixth congress in Paris, the International Union of Theoretical and 
Applied Mechanics (IUTAM) was founded. ICTAM congress is the largest gathering of researchers 
and engineers in the general area of mechanics from the world. It provides an international forum for 
communicating the most recent advances, sharing findings, refining ideas, and building partnerships. 

The most recent ICTAM Congress was the 23rd Congress in Beijing in 2012. The last and the only 
ICTAM Congress held in Canada is the 15th Congress in 1980 in Toronto.  

Please register at http://www.ictam2016.org/ to receive further information about the congress.

Congress Management Office - ICTAM 2016
National Research Council Canada
1200 Montréal Road, Building M-19
Ottawa, ON Canada K1A 0R6
e-Mail: ICTAM2016@nrc-cnrc.gc.ca

Bureau de gestion du congrès - ICTAM 2016
Conseil national de recherches Canada
1200, chemin Montréal, Édifice M-19
Ottawa (Ontario) Canada K1A 0R6
courriel: ICTAM2016@nrc-cnrc.gc.ca
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www.ictam2016.org

24th  International Congress of 
 Theoretical and Applied Mechanics

24e  Congrès international de  
 mécanique théorique et appliquée

Congress Management Office
National Research Council Canada
1200 Montréal Road, Building M-19
Ottawa, ON   Canada K1A 0R6

ICTAM2016@nrc-cnrc.gc.ca

 

Bureau de gestion du congrès
Conseil national de recherches Canada
1200, chemin Montréal, Édifice M-19
Ottawa (Ontario) Canada K1A 0R6

ICTAM2016@nrc-cnrc.gc.ca

Palais des congrès, Montréal, Canada

August 21-26 août 2016
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In order to receive future announcements and other information about the Congress, register your interest at :
Si vous désirez obtenir des annonces et toutes informations relatives au congrès, veuillez remplir la déclaration d'intérêt à l’adresse suivante :

Photos © NASA and Tourisme Montréal
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