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A.N.T. International’s Network of Experts

The Experts of A.N.T. International will be very happy to provide an 
independent analysis of operation issues and evaluation of reports or 
analysis to provide a second opinion of suggestions or recommendations 
made by others and, provide technical support services (reports, seminars, 
workshops), education and training in the following areas:

•   FUEL DESIGN   •   ACCIDENT  TOLERANT FUEL   •   MANUFACTURING   
•   IN-REACTOR PERFORMANCE   •   INTERIM DRY STORAGE

•   BWR, PWR, VVER CHEMISTRY, CORROSION AND MATERIALS

CONSULTATION / TECHNICAL SUPPORT
TEACHING / TRAINING

Services provided by A.N.T. International

Read more about our Network of Experts
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VALUABLE REPORTS ON SALE

THE EFFECT OF HYDROGEN AND HYDRIDES ON THE 
INTEGRITY OF ZIRCONIUM ALLOY COMPONENTS:  

HYDRIDE REORIENTATION

Opportunity to purchase all you need to know 
about Effects of Hydrogen and Hydrides 

in Zr Alloys as well as about Fuel Material 
Technology vol. I-IV. The unique reports are 

described more in the following.

About this report

Under normal operating conditions, hydrides in zirconium alloy fuel cladding and pressure tubes 
used in nuclear power reactors are formed as platelets oriented in the circumferential-axial 

direction of these tubes. Under these conditions, the effect of increasing hydride volume fraction on 
reducing the fracture toughness of the material is relatively small. However, if conditions are such that 
hydride platelets precipitate in the radial-axial conditions, then these reoriented hydrides can result 
in a significant reduction in the fracture toughness of such tubes. This reduction in fracture toughness 
is also associated with a significant reduction in ductility. Hydride reorientation is, therefore, a key 
step in understanding and quantifying the effect of hydride precipitates on the fracture toughness of 
pressure and fuel cladding tubes.

The objective of this report is to provide 1) detailed, up-to-date (or updated) mathematical derivations 
of theoretical models and experimental methods; 2) data under which hydride reorientation can occur 
and 3) a purely explanatory summary of these more detailed results. The report is equally accessible 
and useful for both new workers in the field and those working at the forefront of it. Combined with 
the author’s own assessment of the literature on hydride reorientation, it represents an enriched, 
cohesive and unique source of information on this topic, useful to all practitioners in this field
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link – download sample of report

Contents:

1. Introduction

2. Early observations of factors determining hydride orientations

3. Theory of hydride stress orienting based on classical nucleation models 
3.1 Overall theoretical development 
3.2 Evaluation of nucleation rate under zero applied stress 
3.3  Evaluation of effect of stress on hydride orientation

4. Applications of the Ells/Puls and other theories of hydride stress orienting 
4.1 Earliest applications of the Ells/Puls theory 
4.2  More recent applications of the Ells/Puls hydride reorientation theory 
4.3  Extensions of the Ells/Puls hydride stress orientating theory 
4.4  Other studies and methods of quantifying hydride reorientation 
4.5  Studies of hydride reorientation in irradiated material 
4.6  In situ synchrotron X-ray studies of the evolution and characteristics of hydride  
 precipitation and dissolution associated with hydride reorientation

5.  Theoretical evaluations of hydride precipitate morphology and stress orienting based  
 on Phase Field Methodology 
5.1  Introduction 
5.2  Cahn-Hilliard model of an incoherent, isotropic thermodynamic system 
5.3  Application of PFM to hydride precipitates in zirconium 
5.4  Experimental observations and theoretical predictions of precursor phases 
 during nucleation and growth of zirconium hydride precipitates

6.  Summary and Conclusions 
6.1  Early Work 
6.2  Theoretical Model 
6.3  Early applications of the Ells/Puls model of hydride reorientation 
6.4  Extensions of the Ells/Puls hydride model for hydride stress reorientation 
6.5  Hydride reorientation tests of irradiated specimens 
6.6  In-situ synchrotron X-ray studies of hydride-containing zirconium alloys 
6.7  Evaluations of hydride precipitate morphology and stress orienting based on phase  
 field methodology 
6.8  Experimental observations and theoretical predictions of precursor phases 
 during nucleation and growth of zirconium hydride precipitates

7.  Closing Remarks
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BWR and PWR Material Degradation
 » NSSS Component Degradation and Materials Field Experience; 

 – Remedies in case of crack formations in austenitic stainless steel and in low alloyed steel (LAS)  
    piping systems of BWR 
 – Ageing management strategies in BWR and PWR 
 – Measures to reduce dose rate in BWR and PWR 
 – Assistance in resolving corrosion problems in the structural components of PWR fuel assemblies, 
 – High strength alloys used for springs, bolts and valve stems SCC Mitigation 
 – Destructive examination monitoring/advices 
 – SCC and IASCC of core internals 
 – Operations monitoring and measures to ensure the component performance  
  in BWR and PWR
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About the author

Dr. Puls has a PhD degree in Physics from McMaster University, Hamilton, 
Ontario, Canada. After spending a year as a post-doctoral fellow at McMaster, 
he joined AECL, retiring from AECL in 2006 after 35 years of service. The first 
20 years of service in AECL were spent as a researcher working on pressure 
tube integrity issues such as Delayed Hydride Cracking, whilst the remaining 
15 were spent in various management positions, the last 9 of which were at 
AECL’s Engineering Company located in Missisauga, Ontario, Canada. At 
that site he managed a resource group of engineers consisting of many of the 
company’s experts for the design, build support, development, life management 
and service of fuel channel technology in CANDU reactors.

Read more: https://antinternational.com/experts/dr-manfred-puls/

Fuel Material Technology Report (FMTR)

Objective

The objective of the Fuel Material Technology Reports Vol. I-IV is to provide guidance for those needing 
to get an introduction to and an initial understanding of fuel material technology or to update and 
refresh the memory of those with materials background. This group includes individuals ranging from 
young engineers and researchers to upper management. The Report provides the basic understanding 
of various material topics and relate that to fuel performance. It covers the range from basic data to 
current practical experience.

Authors:

Dr. Peter Ford Peter Rudling

Al Strasser Friedrich Garzarolli Dr. Ron AdamsonBrian Cox

Dr. Rolf Riess

https://antinternational.com/experts/dr-manfred-puls/
https://antinternational.com/experts/dr-peter-ford/
https://antinternational.com/experts/mr-peter-rudling/
https://antinternational.com/experts/al-strasser/
http://antinternational.com/experts/mr-friedrich-garzarolli/
http://antinternational.com/experts/dr-ron-adamson/


3

FMTR vol. I
This first volume of the Fuel Material Technology Report covers short general 
outlines of the designs of PWR, BWR, CANDU, VVER and RBMK reactors but 
with focus on the corresponding fuel assembly and supporting structure designs 
together with the rational for the selection of the materials used in the different 
applications. This volume also gives an overview of the in-reactor fuel performance, 
of fuel performance codes and the manufacturing process of the fuel assembly. 

Contents

» General Reactor Characteristics
» Fuel Assembly Design

– General outline of fuel assembly design and functions
– Descriptions of various LWR fuel vendor designs and their specifics

» Fuel assembly materials
» Fuel rod, assembly and pressure tube in-rector performance
» Fuel performance codes
» Manufacturing of pressure tubes for CANDU and RBMK reactors
» Manufacturing of PWR and BWR fuel assembly materials

Read more: https://www.antinternational.com/docs/samples/FM/11/fmtr1_example_2.pdf

FMTR vol. II
The FMTR vol II covers the effect of radiation on the fuel materials as well as 
the interaction between materials and cooling water chemistry in the radioactive 
environment. These effects are treated in a systematic and detailed manner for all 
types of water cooled nuclear fuel and associated materials

Contents

»    Irradiation
– Types of irradiation
– Impact on materials

» Water chemistry impac
» Material properties

– Corrosion and hydriding of Zr alloys
– Dimensional stability of Zr alloys (irradiation growth, creep, residual stress relaxation, hydriding)
– Mechanical properties of Zr alloys (stress-strain behaviour, fracture toughness, fatigue)
– Stress corrosion cracking of Zr alloys (PCI)
– IASCC of austenitic and nickel alloys
– Grid-to-rod fretting
– Secondary degradation of failed fuel

» Safety and design basis accidents (LOCA and RIA)
» Fuel design criteria and operating limits
» Fuel performance during intermediate storage
» High burnup issues and limits

Read more: https://www.antinternational.com/docs/samples/FM/11/fmtr2_example_2.pdf

https://www.antinternational.com/docs/samples/FM/11/fmtr1_example_2.pdf
https://www.antinternational.com/docs/samples/FM/11/fmtr2_example_2.pdf
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FMTR vol. III 
The report on Control Assembly Technology which constitutes Volume III of the 
series of Fuel Material Technology Reports (FMTRs) will be available during the 
Spring of 2014. It describes the designs, manufacturing, performance and issues 
related to BWR/PWR/VVER/CANDU Control Assemblies with Ag-In-Cd (AIC), 
B4C, Hf absorber materials and stainless steel structural materials.

Contents

» General outline of control rod designs and what are the functions of the different components
» Materials used in the control rods and their characteristics (general)
» Description of various fuel vendor designs (their specifics) and their manufacturing (general)
» Reactor performance

Read more: https://www.antinternational.com/docs/samples/FM/11/CATH_FMTR3_sample1.pdf 

FMTR Vol. IV 
THE PRIMARY OBJECTIVE of this volume of the Fuel Material Technology 
Report, FMTR Vol. IV is to provide guidance in improving fuel reliability. To reach 
this objective various Poolside and Hot Cell Examinations techniques may be used. 
A good knowledge of the pros- and cons- with the different techniques can guide 
the utility/fuel vendor to select the most cost efficient techniques for this specific 
objective. A second objective of this Report is to document this knowledge in a 
form, which can be updated as new information, and methods become available.

Contents

» Structure and components of the BWR and PWR FA
» Fuel vendor licensing data
» Root cause examinations of failed and degraded fuel
» Maintaining good fuel reliability
» Fuel Assembly characterisation techniques

Read more:  https://www.antinternational.com/docs/samples/FM/11/fmtr4_example_2.pdf 

CONTROL ASSEMBLY
TECHNOLOGY REPORT

(FMTR Volume III)

https://www.antinternational.com/docs/samples/FM/11/CATH_FMTR3_sample1.pdf 
https://www.antinternational.com/docs/samples/FM/11/fmtr4_example_2.pdf
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NETWORK CLOSE UP FUEL MATERIAL TECHNOLOGY REPORT VOLUME I I
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but at the time I was still working for
EPRI. Then Peter Ford contacted me
and put me in touch with Peter
Rudling.  

How has the field of water chemistry
issues changed during your career?
Thirty years ago, water chemistry was
seen as the cause of many of the pro-
blems facing the operators of nuclear
power plants – stress corrosion crack-
ing, high radiation fields and fuel failu-
res as examples. In fact, the need to
modify water chemistry to reduce mate-
rials degradation, control crud buildup
on fuel cladding and sludge buildup in
steam generators gradually became
apparent, up to the highest manage-
ment levels. This led to increased inte-
rest in research in many countries. The
resulting developments in the chemistry
area, such as elevated pH in PWR pri-
mary systems, hydrogen water chemi-
stry and noble metals in BWRs, zinc
injection, amines for pH control in
steam generators, and also chemical
decontamination and ultrasonic fuel
cleaning, have successfully mitigated
many of the problems. Consequently,
these advanced water chemistry options
are now regarded as a proactive way of
improving plant performance and add-
ressing the challenges of power upra-
ting and life extension.

What do you foresee for the future in
the nuclear industry and how does the
LCC program fit in?
Clearly, new nuclear power plants are
essential for addressing the global war-
ming problem worldwide, and they will
improve energy supply security.  It is
encouraging that most of the major
industrial nations are now preparing to
build, or are already building new
water reactors which are enhancements
of current plants.  Looking further
ahead, high temperature gas-cooled
reactors and fast reactors will present
new technical issues. The challenge is to
ensure that the next generation of
design engineers and operators benefit
from the lessons of the past, and LCC
has a central role in providing historical
and educational papers in the chemistry
and materials area.  

How do you spend your leisure time?
A retirement club in Paulo Alto, golf,
hiking and maintaining my 1960 Triumph
TR3A (which drips oil like all British
sports cars, but is great fun to drive in
the mountains) keep me busy.

READ MORE ABOUT THE NETWORK

READ MORE

“A Starting Point for 
Every New Project”

We look forward to meet you there!
NPC 08 in Berlin, Germany

International Conference on Water Chemistry of Nuclear Reactor Systems 
September 15th – 18th 2008

WRFPM 2008 in Seoul, Korea
Water Reactor Fuel Performance Meeting October 19th – October 23rd 2008

ANT International will be present with representatives and a booth.

THERE IS NO DOUBT

that a person who is
new (or not) to the
field of nuclear fuel
materials will be
charmed when they
first open the Fuel
Material Technolo-

gy Report Volume II. First of all, this is
a handsome volume with an intriguing
cover and highly appealing graphics,
colors, charts and tables. The layout
and organization of each page is so
appealing that it becomes easy to be
immersed into its content. This volume
definitely does not have the cryptic or
claustrophobic appearance of many
other textbooks.  

The Fuel Material Technology
Report Volume II should be a starting
point for every new research project in
this field. Reading the organized chap-
ters in the book we become aware of
the current state of knowledge in this
subject. This volume says what we
know and what (and sometimes why)

we do not know, all conveyed almost
colloquially by experts in the field. The
volume has a well balanced content
from the most basic concepts to the
most advanced findings, all in the mat-
ter of a few sections in each chapter.
One of the most important assets of the
book is its sense of comprehensiveness
and authority, since it was written by
people that were dealing with everyday
issues of fuel material performance for
decades. 

This volume was particularly useful to
me since, although I am an experienced
corrosion engineer, I was completely
new to the fuel materials performance
field. My supervisor at GE Global
Research purchased the book before my
arrival to the company and this volume
is now an indispensable reference
resource for my work, especially at the
time of the interpretation of laboratory
data or the preparation of technical
reports.

C O M M E N TA R Y  F O R  A N T E N N A  O N  F U E L  M AT E R I A L  

T E C H N O L O G Y  R E P O R T  V O L U M E  I I  B Y  D R .  R A U L  B .  R E B A K ,

C O R R O S I O N  E N G I N E E R , G E  G L O B A L  R E S E A R C H

“FMTR Vol. II - A starting point for every new 
project”

DR. RAUL B. REBAK,  
Corrosion Engineer, GE Global Research

Read more: http://www.antinternational.com/docs/newsletter/old/
ANTENNA_009.pdf
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The valuable answer 
to our questions

A L E X A N D E R  L I N D Q V I S T  A N D  M A R C U S  N I L S S O N ,

F U E L  E N G I N E E R S  AT  O K G  A B , E - O N  G R O U P, S W E D E N

NETWORK CLOSE UP

P E T E R F O R D
How did you get started as an 
engineer?
I started my career as an engineering
apprentice for a UK turbine manu-
facturer in 1958, and from that early
experience I developed an interest in
materials performance. This led to 
my going to Cambridge University
where I was awarded my bachelors’
and doctoral degrees, with the latter 
concentrating on stress corrosion
cracking and corrosion fatigue.

Your career history?
After receiving my PhD I joined the
Central Research Laboratories of the
(former) CEGB in the UK working
mainly on corrosion problems in
steam turbines and the SGHWR. 
In 1977 my wife and I returned to the
USA where, for 24 years, I managed
the Corrosion Group at the GE
Corporate Research and Development
Center. Apart from activities associa-
ted with gas turbines, steam turbines,
chemical plant, etc., the main research
activities, related to environmentally-
assisted degradation problems in
BWRs. From this research evolved
such processes as GEZIP, noble metal
technology, life prediction method-
ologies for environmentally-assisted
cracking, monitoring systems, etc.
Upon retiring in 2000 I was a member
for four years of the Advisory
Committee on Reactor Safeguards to
the USNRC Commissioners.

Continued on next page

THE FUEL MATERIAL TECHNOLOGY REPORT
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Being fairly new to the nuclear area, a
lot of time is spent learning about the
specific material issues dealt with by the
nuclear industry. Many of these issues
are more or less unique to the nuclear
industry, due to the fact that the envi-
ronment in the nuclear reactors is scar-
cely found elsewhere. The Fuel Material
Technology Report provides us with an
excellent, comprehensive and well-
written review of nuclear fuel material
aspects. It therefore serves as a referen-
ce guide, enabling us to quickly and
efficiently find high-quality information
and thus increasing our own ability to
solve fuel material related problems. 
It also serves as a very good basis for
discussions regarding fuel assembly
material selection and fuel assembly
productions related issues. 

The Fuel Material Technology Report is
written in a very systematic and logical
fashion, making it suitable to use not
only as a reference but also for studying
and reading. The vast experience and
excellent knowledge-level of the authors
ensures that all aspects of each and
every important fuel material issue are
completely covered.

Even though OKG only operates
BWRs, the fact that the report covers
fuel material aspects from PWR,
Candu, VVER and RBMK as well as

BWR actually helps us in our long 
and vivid discussions regarding fuel
assembly material issues. Sometimes the
solution to our problems has already
been found but for another reactor
design. Then, the Fuel Material
Technology Report with its comprehen-
sive coverage of nuclear fuel material
properties can provide an extremely
valuable and quick path towards an
answer to our questions.

The Fuel Material Technology Report 
is the latest addition to our library of
reports from ANT International and 
we are impatiently looking forward 
to the coming volumes of the report. 
We believe that the Fuel Material
Technology Report enables us to more
quickly adapt to the demands of the
nuclear industry and that it provides 
a true advantage for us. The Fuel
Material Technology Report together
with the Zirat and LCC programs has
been very helpful to us on numerous
occasions.

The fact that we also received the
report on CD was extremely useful, 
it provides for instant access. It also 
minimizes the wear and tear of the 
very attractive hardcover book.

Read more about  FMTR

“FMTR vol. I has been very helpful to us on numerous 
occasions”

MARCUS NILSSON & ALEXANDER LINDQVIST, 
Fuel Managers, OKG AB, E-ON Group, Sweden

Read more: http://www.antinternational.com/docs/newsletter/old/
ANTENNA_006.pdf
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OPINION FROM AECL

T H E F U E L M AT E R I A L S T E C H N O L O G Y

R E P O RT I I provides an excellent advan-
ced summary of the materials issues rele-
vant to nuclear fuels, written by experts
in the field. It is well organized, with a
wealth of high quality illustrations and
insight-ful graphs showing important
trends. The report includes a basic,
undergraduate level introduction to key
concepts in materials science such as: 
dislocations, crystallographic texture,
and corrosion mechanisms. These topics
are presented clearly and concisely and
are the basis from where fuel material
behavior is described. Irradiation effects,
influence of water chemistry, high burn-
up, and issues impacting safety and used
fuel storage are covered in sufficient 
detail to provide an in-depth perspective

on the current concerns in the field of
nuclear fuel design, development, and
application. Insights into issues that arise
in the field as well as those facing utilities
are also provided.

The report is an excellent resource and
reference tool for engineers and materials
scientists, like myself, who are new to the
field. Particularly useful is a glossary
covering the terminology and jargon pro-
per to the field. Available in electronic
format, it is easy to access and to dissemi-
nate. AECL (Atomic Energy of Canada
Limited) purchased the report and has
made it available across our company via
our library server. I have recommended it
to engineers and scientists new to the
field of fuel materials.

R O S A U R A  H A M - S U  M AT E R I A L S  R & D  S C I E N T I S T  

F U E L  D E V E L O P M E N T  A E C L

The Fuel Material Technology Report contains four separate volumes.
The first volume was available in January 2007. Volume two was 
available January 2008 and can now be purchased.  

Volume 3-4 will be published during the coming years with one
volume each year. The first two volumes covers fuel assembly 
performance in water cooled reactors, the third volume contains
corresponding information on BWR and PWR control rods while
the fourth volume is dedicated to different fuel inspections 
techniques.

One or two day seminars associated to each volume of the FMTR
can be provided by ANT International at your company´s site. 

Read more about the FMTR vol II here

The Fuel Material Technology Report Vol. II

“An Excellent Resource
and Reference Tool”

Second Volume Available

“FMTR vol. II provides an excellent advanced 
summary of the materials issues relevant to nuclear 

fuels, written by experts in the field.”
ROSAURA HAM SU, Materials R&D Scientist, 
Fuel Development, Atomic Energy of Canada

Read more: http://www.antinternational.com/docs/newsletter/old/
ANTENNA_008.pdf

http://www.antinternational.com/docs/newsletter/old/ANTENNA_009.pdf
http://www.antinternational.com/docs/newsletter/old/ANTENNA_009.pdf
http://www.antinternational.com/docs/newsletter/old/ANTENNA_006.pdf
http://www.antinternational.com/docs/newsletter/old/ANTENNA_006.pdf
http://www.antinternational.com/docs/newsletter/old/ANTENNA_008.pdf
http://www.antinternational.com/docs/newsletter/old/ANTENNA_008.pdf


Deliverables and price:

All reports are delivered as electronic files (high resolution pdfs). 

A.N.T. International ZIRAT and IZNA (click on the links for more information) customers gets 50 % 
discount. 

For price information and questions please contact Mikaela Strand at e-mail: 
Mikaela.strand@antinternational.com

I look forward to hear from you, 
With best regards,

Mikaela Strand 
Marketing and Sales Director

Advanced Nuclear Technology International
info@antinternational.com          www.antinternational.com

https://antinternational.com/zirat/
https://antinternational.com/izna/
mailto:Mikaela.strand%40antinternational.com?subject=
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