
 
 

Ain Shams University                                                                           

   Faculty of Science                                                                      

Physics Department                                                                              
                               

 

Design of Steel Alloys for Industrial and 

Nuclear Applications 
                

Thesis 

 Submitted for Fulfillment the Requirements of  

The Ph.D. Degree 

 In Nuclear Physics 

 

By 

 

Aly Abdallah Saeed Abdallah 
 

M.Sc., In Nuclear Physics and Its Applications 

Supervisors 

 
Prof. Dr /Mamdouh Mahmoud Eissa  

Professor of Steel & Ferroalloys 

Technology (CMRDI) 

Prof. Dr/ Samir Yousha El khamisy  
Professor of Nuclear Physics 

Ain Shams University  
  Prof. Dr/ Saeed Nabil Saeed Ghali 

Asst. Professor of Steel & Ferroalloys 

Technology (CMRDI) 

Prof. Dr/ Soad Abd El-Monem El fiki 
Professor of Radiation Physics 

Ain Shams University 

Dr/ Raed Mohamed El Shazly 
Lecturer of Nuclear Physics 

Al Azhar University 

 

2016 

 



 

 

 

 

 

الأمم نجاةالعلم هو طوق   

بنىت ياا باللعلم ت فبالعلم    
 

 

 

 

 

Aly Saeed 



 
Ain Shams University 

   Faculty of Science 

Physics Department 

 

 

Degree: Ph.D. in Nuclear Physics 

 

Title: Design of Steel Alloys for Industrial and Nuclear Applications 

 

Name: Aly Abdallah Saeed Abdallah 

 

Thesis Advisors                                         Approved 

 

Prof. Dr. / Samir Yousha El-Khamisy                     …………….. 

Physics Department, Faculty of Science, 

              Ain Shams University 

 

Prof. Dr. /Mamdouh Mahmoud Eissa                      ……………….  

Central Metallurgical Research Institute (CMRD) 

Prof. Dr/ Soad Abd El-Monem El fiki                       ………………. 

Physics Department, Faculty of Science, 

              Ain Shams University 

 

Prof. Dr. / Saeed Nabil Saeed Ghali                       ……………….  

Central Metallurgical Research Institute (CMRD 

Dr. / Raed M. El Shazl                                                  ………………. 

Physics Department, Faculty of Science, 

             Al Azhar University 
 



 
Ain Shams University 

   Faculty of Science 

Physics Department 

 

Name: Aly Abdallah Saeed Abdallah 

 

Degree: Ph.D. in Nuclear Physics 

 

Department: Physics  

 

Faculty: Science 

 

University: Ain Shams  

 

Graduation date: 2008, Al-Azhar University 

 

Registration date: 12/1/2014 

 

Grant date: 2016 

 

 

 

 

 

 

 



    
 

Ain Shams University 

   Faculty of Science 

Physics Department 
 

Approval Sheet 

 

 
Degree: Ph.D. in Nuclear Physics 

 

Title: Design of Steel Alloys for Industrial and Nuclear Applications 

 

Name: Aly Abdallah Saeed Abdallah 
 

 

This Thesis for Ph.D. degree has been approved by 

 

                                                                                 

 

Prof. Dr. / Samir Yousha El-Khamisy                              …………….. 

Physics Department, Faculty of Science, 

              Ain Shams University 

Prof. Dr/ Soad Abd El-Monem El fiki                                  ………………. 

Physics Department, Faculty of Science, 

              Ain Shams University 

Prof. Dr. / Azza Abd El Raoef Abd El Kader                      ……………….  

Physics Department, Faculty of Science, 

              Al Azhar University 

Prof. Dr. /James Navratil                                                     ………………   

Environmental Engineering and Earth Sciences Department 

                       Clemson University 



 

 

 

 

 

 

 

 

 

 

 

Acknowledgement 
 

 

 

 

 

 

 

 

 

 



ACKNOWLEDGEMENT 
 

Acknowledgment Page I 
 

ACKNOWLEDGEMENT 
 

First of all, Author bow head thanking to “Allah” who paved the way and 

only by his will everything can be achieved, for helping and inspiring to 

accomplish all this work. 

Author’s very deep gratitude goes to Prof. Dr. Salah Yassen El-Bakry, 

chairman of the physics department, for his interest, fruitful comments, support 

and encouragement 

Author is deeply grateful and respect to his advisor Prof. Dr. Samir Yousha 

El khamisy, Professor of Nuclear Physics, Faculty of Science, Ain Shams 

University, for giving  this opportunity to work under his esteemed guidance,  for 

suggesting the work and supervising it, for useful comments and help during the 

course of this work. Under his supervision Author successfully overcomes many 

difficulties and learned a lot.  Author also wishes to express profound gratitude for 

his constant encouragement and critical discussions throughout this research 

program and during the preparation of this thesis.   

Deep  thanks and sincere gratitude with appreciating to Prof. Dr. 

Mamdouh Mahmoud Eissa, Professor of Steel & Ferroalloys Technology, Central 

Metallurgical Research and Developments Institute. This work would not have 

been possible without his guidance, support and encouragement. For his effective 

supervision, helpful comments, and the extensive time he devoted to this work, 

providing many facilities during preparation and experimental measurements, and 

scientific supervision that helped to accomplish this study. 



ACKNOWLEDGEMENT 
 

Acknowledgment Page II 
 

Author is also grateful to his advisor Prof. Dr.  Soad Abd El-Moneem El-

fiki, Professor of Radiation Physics, Faculty of Science, Ain Shams University, for 

her supervision, advice, and crucial contribution from the very early stage of this 

research by her  fruitful discussion throughout this work. Above all and the most 

needed, she provided me unflinching encouragement and support in various ways.  

Author is deeply indebted to his advisor Prof. Dr/ Saeed Nabil Saeed Ghali, 

Assistant Professor of Steel & Ferroalloys Technology, Central Metallurgical 

Research and Developments Institute, for his constant support and useful 

discussion. Without his help, this work would not be possible, providing necessary 

infrastructure and resources to accomplish the research work. 
 

Author owes a great debt of gratitude to the completion of this work to Dr. 

Raed M. El Shazly, Lecturer of Nuclear Physics, Faculty of Science, Al-Azhar 

University, for his sincere help, continuous supervision, continuous guidance and 

for his insightful comments and encouragement, and also for helping to find out 

answers for many questions which enabled widening research from various 

perspectives. 

Author would like to thank Dr. Mohamed Kamal and Eng. Hassan Bahi 

El-Deen, Central Metallurgical Research and Developments Institute; they 

rendered enormous helps being apart during the whole tenure of measurements. 

Finally, Author takes this opportunity to express sincere gratitude to his 

sisters for their unceasing encouragement, help and their support in his decisions. 

Without whom Author could not have made it here. 

                                         Aly Saeed 

 



 

 

 

 

 

 

 

Contents 
 

 

 

 

 

 

 

 

 

 

 

 

 

 



CONTENTS 
 

Contents Page III 
 

Contents 

                                                                                                                           Page 

Acknowledgement I 

Contents III 

List of Tables V 
List of Figures VI 
List of Abbreviations  IX 

List of Symbols XI 

Abstract XII 

Organization of The Thesis 1 

Introduction 
1. Motivation 2 

2. Objectives and experimental approach 3 

3. Significance of the study 4 

CHAPTER I                                                            Steel as a Reactor Material 
1.1.Steel for Fission Reactor Systems 6 

1.1.1. Fuel cladding  6 

i. Clad Materials Selection Criteria  7 

ii. Stainless Steel Reactor Fuel cladding 9 

1.1.2. Control rod Cladding and Absorbing Materials  11 

1.1.3. Pressure Vessel  12 

1.1.4. Piping and valves 13 

1.1.5. Steam Generators 15 

1.2.Steel for Fusion Reactor System 17 

1.3.Pervious Work 20 

CHAPTER II                                           Radiation Damage in Steel Alloys 
2.1.Radiation Interactions  27 

2.1.1. Neutron Interactions 27 

i- Electronic Excitations 27 

ii- Nuclear reactions 27 

iii- Elastic collisions 28 

2.1.2. Gamma Ray interactions 29 

2.1.3. Heavy Charged Particles 29 



CONTENTS 
 

Contents Page IV 
 

2.1.4. Light Charged Particles  30 

2.2.Radiation Damage  30 

2.3.Microstructural Changes 31 

2.4.Macroscopic Damage 33 

CHAPTER III                                                                   Experimental Setups                                                                               
3.1.Samples Preparation 35 

3.2.Chemical analysis  36 

3.3.Optical Microscope Observation   38 

3.4.X-Ray Diffraction Analysis 39 

3.5.Corrosion Resistance Measurements  40 

3.6.Mechanical Properties 

3.6.1. Vickers Hardness Measurements 

3.6.2. Tensile Properties Determination 

3.6.3. Impact Energy Absorption    

40 

40 

41 

43 

3.7.Density Measurements 43 

3.8.Radiation Attenuation Measurements 44 

3.8.1. Neutron Attenuation  

3.8.2. Gamma Rays Attenuation  

44 

46 

3.8.3. Experimental Error Calculation 47 

CHAPTER V                                                                   Results and Discussion 
4.1.Chemical Analysis  48 

4.2.Microstructure  

4.2.1. Optical Microscopy Observations 

4.2.2. Schaeffler Diagram  

4.2.3. X-Ray Diffraction 

49 

49 

49 

52 

4.3.Corrosion resistance 56 

4.4.Mechanical Properties 57 

4.5.Attenuation Characteristics  62 

4.5.1. Neutrons Attenuation Properties 62 

4.5.2. Gamma Ray Attenuation Properties 66 

Conclusion  75 

References  79 

Appendix 
      Researcher Activity  

       Future Work 

 

I 

III 

Arabic Summary  1 

 



 

List of Tables Page V 
 

List of Tables 

Table No. Description Page 

No 

Table (1.1) Possible cladding material for different reactor types 8 

Table (4.1) Chemical composition and density of the studied stainless steels alloys 48 

Table (4.2) Chromium and nickel equivalent values for the studied stainless steel 

alloys 

51 

Table (4.3) Phases and constituents predicted using Shaeffler diagram and 

observed using microstructure examinations 

56 

Table (4.4) Corrosion rate of investigated steels in 3.5 wt% and 5 wt% NaCl 

solution 

57 

Table (4.5) Mechanical properties of the studied stainless steel alloys 61 

Table (4.6) Neutron removal cross sections of the studied stainless steels 64 

Table (4.7)      Gamma ray linear attenuation for the studied standard stainless steel 70 

 

 

 

 

 

 

 

 



List of Figures Page VI 
 

List of Figures 

Figure Description Page 

No. 

Fig (1.1)  Stainless steels distribution in Boiling Water Reactor (BWR) 5 

Fig (1.2) Stainless steels distribution in Pressurized Water Reactor (PWR) 6 

Fig (2.3) Typical shape of a reactor fuel clad 7 

Fig (1.4) Different types of reactor fuel clad 9 

Fig (1.5) The reactor pressure vessel 13 

Fig (1.6) Typical shape of stainless steel reactor piping 13 

Fig (1.7) Different types of reactor valves 15 

Fig (1.8) Schematic of a vertical steam generator 17 

Fig (1.9) The horizontal shape of steam generator 17 

Fig (1.10) Schematic diagram of fusion reactor 18 

Fig (2.1) Typical shape of neutron induced fission reaction 27 

Fig (2.2) Defects in the lattice structure of materials that can change their material 

properties 

31 

Fig (2.3) Two-dimensional projected view of interstitial loop–nanovoid interaction 32 

Fig (3.1) The pilot plant induction furnace used in melting of different investigated 

steels 

36 

Fig (3.2) Spectrographic analyzer (SPGA) used to analyze the investigated steels 36 

Fig (3.3) Schematic diagram of the Kjeldahl apparatus 38 

Fig (3.4) The used optical Microscope 39 

Fig (3.5) X-ray diffraction (XRD) device  39 

Fig (3.6) Corrosion technique management, a- Electrolytic cell  

b-Elctronicpotentiostate (VoltaLab 40–PGZ301 EIS voltammetry 

40 

Fig (3.7) Hardness Test Device 41 

Fig (3.8) Standard tension test specimen, ASTM E-8 42 

Fig (3.9) EZ20 Tensile Testing Machine 42 

Fig (3.10) Dimensions of Charpy-V impact test specimens, machined according to 

standard 

43 

Fig (3.11) Neutron spectrum emitting from 
241

Am-Be neutron source 44 



List of Figures Page VII 
 

Fig (3.12) The neutron source cell for 
241

Am-Be 45 

Fig (3.13) Schematic diagram of neutrons measurements 45 

Fig (3.14) Experimental setup of gamma ray narrow beam transmission method 46 

Fig (4.1) Optical microscope observation of the studied stainless steel alloys  50 

Fig (4.2) Shaeffler diagram for the investigated stainless steel alloys 51 

Fig (4.3-a)  X    X-ray diffraction of SS304 stainless steel 52 

Fig (4.3-b)       X-ray diffraction of SS304L stainless steel 53 

Fig (4.3-c)       X-ray diffraction of SS316L stainless steel 53 

Fig (4.3-d)       X-ray diffraction of SS 430 stainless steel 53 

Fig (4.3-e)       X-ray diffraction of SSMn9 stainless steel 54 

 Fig (4.3-f)       X-ray diffraction of SSMn10 stainless steel 54 

Fig (4.3-g)       X-ray diffraction of SSMn4N stainless steel 54 

Fig (4.3-k)       X-ray diffraction of SSMn6N stainless steel 55 

Fig (4.3-h)       X-ray diffraction of SSMn7N stainless steel 55 

Fig (4.4) Hardness variation of the investigated stainless steel alloys 58 

Fig (4.5) Yield strengths at room temperature of the investigated stainless steel alloys 59 

Fig (4.6) Ultimate tensile strength at room temperature of the investigated stainless 

steel alloys 

60 

Fig (4.7) Elongation at room temperature of the investigated stainless steel alloys 60 

Fig (4.8) Impact at room temperature of the investigated stainless steel alloys 61 

Fig (4.9) Slow neutrons attenuation relation of the studied stainless steel  63 

Fig (4.10) Total slow neutrons attenuation relations of the studied stainless steel 63 

Fig (4.11) Half value layers of total slow neutrons for the studied stainless steels 65 

Fig (4.12) Half value layers of slow neutrons for the studied stainless steels 65 

Fig (4.13-a) Attenuation curves of SS304 at different gamma ray energies 66 

Fig (4.13-b) Attenuation curves of SS304L at different gamma ray energies 67 

Fig (4.13-c) Attenuation curves of SS316Lat different gamma ray energies 67 

Fig (4.13-d) Attenuation curves of SS530 at different gamma ray energies 67 

Fig (4.13-e) Attenuation curves of SSMn9 at different gamma ray energies 68 

Fig (4.13-f) Attenuation curves of SSMn10 at different gamma ray energies 68 

Fig (4.13-g) Attenuation curves of SSMn4N at different gamma ray energies 68 



List of Figures Page VIII 
 

Fig (4.13-k) Attenuation curves of SSMn6N at different gamma ray energies 69 

Fig (4.13-h) Attenuation curves of SSMn7N at different gamma ray energies 69 

Fig (4.14) Half value layers of gamma ray for the studied stainless steels 71-72 

Fig (4.15) Experimental and theoretical mass attenuation coefficients of the 

investigated samples as a function of gamma ray energies 

73-74 

 


