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Introduction

This work consists of collection of all books of abstracts presented at annual symposium series entiltled, “Fusion Materials”. At present, its sixth series is being successfully held. Previous five version resulted in evolution and accumulation of various new and advanced ideas about fusion materials which help reader, students, researchers, faculty, practicing engineers and general public to gain and develop a better understanding of the subject. Various practical problems related to design, materials, properties, selection, manufacturing and applications have been discussed and explained. Emphasis remain solving a practical problem and develop and Mega Watt reactor and a device. Audience are expected to be benefitted from this compendium as it presents all meetings in the form a collection at one place. This will also serve as first hand ready made reference for libraries.
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Preface

Harnessing of terra watts of energy in fusion process has gained utmost importance in today’s scientific community. Various efforts to understand the nature of plasma, interaction in it, its containment and design of equipment and machinery which can successfully accomplish this objective in reality is an area of high focus of research. Materials which are used in making different parts of reactor such as first wall, breeder, limiter, divertor, back plate also constitute an important segment of research. A lot understanding is still required about how to make, join, integrate, assemble and operate them in such a way a successful controlled fusion may be achieved. This symposium is aimed to address this gap. Studies fundamentally addressing structure of material and how it plays a part in controlling its properties when exposed to high heat, heat flux and temperature of plasma in a fusion reactor are presented. Aim is to develop a material which will not only be optimal but economical and successfully address all materials degradation problems when it sis exposed to fusion conditions. Wit these scientific studies, from the platform of Eastern Engineering Solutions Inc, we remain. 

Program

Mar 15, 2021 Morning (07:00 AM – 12:00 noon (EST))

Session I: Structure, properties, and characterization


FM 01:  Role of fluence and exposure time in quantification of damage in 321 stainless steel as plasma facing material. 





Lunch break: 12:00 noon – 01:30 pm (Lunch, Coffee, tea, or cold drinks)

Mar 15, 2021 Afternoon (01:30 PM – 05:00 PM (EST))

Session II: Materials design and selection

FM 02:  Co base superalloys a plasma facing material.


FM 03: Rhenium as plasma facing material - hexagonal close packed (hcp) structure and its role in suppressing formation of Frenkel pair, bubble and ‘fuzz’
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SCOPE

Fusion materials I – fundamental understanding to design and development 

Development of fusion energy and its harnessing has been a hot topic of research for long. Many developments have been made in this respect, but these are mostly circumscribed around development of physics behind generation of plasma and its confinement using magnetism or inertial motion. Rigorous research has been carried out to expand our knowledge about instrumentation, transducers, actuators and their calibration as well. However, there is very limited growth about understanding how a material can behave when exposed to extremely harsh conditions of various types of plasma (e-g. pure Helium and mix modes (D-D, D-H, D-T))? This is primarily limited by the very nature of problems encountered in the process. Intense heat, combined with rigorous motion of particles pose serios threats to materials integrity and bizarre structure are observed such as “fuzz”, surface blisters, nanochannels, cavities and bubbles. This severely limits materials integrity and inflict serious damage to its durability and stable performance in an environment of charged ions, gases, and heat. Materials quickly lose their surface finish – a prerequisite for durability and stability and becomes useless for further use. It not only gets tarnished by effect of irradiation but plasma itself becomes unstable in such circumstances with serious damage to stability of magnetic field and performance. 

Last decade, however, has seen some progress in this field in which various types of purpose build geometries are proposed to be engineered into potential materials forming certain types of networks which help outgassing of He during fusion. It is hypothesized that this will help reduce material degradation and enhance its life and durability. Various methods such as physical vapor deposition, microstructure control, solidification processing and interface crystallography is proposed to be adopted as potential solution. 

This symposium aims to address and discuss these advancements.

Light will be shed on 


	various mechanisms by which materials degrade in heavy ion or Helium irradiation

	abnormal structures formed and observed

	materials characterizations

	potential solution to problem

	techniques adopted to form nanostructures to avoid abnormalities and 

	results obtained after implementation of these techniques and use of radiation damage tolerant material in actual service conditions



It will bring scientists, engineers, researchers and practicing professionals from academia, research and industry to discuss the problem and devise solution to develop efficient plasma facing materials.

FM – 01 

Role of fluence and exposure time in quantification of damage in 321 stainless steel as plasma facing material.

Muhammad Musaddique Ali Rafique

It is observed that fuzz appears at low ion energies in bcc metals. Same is hypothesized in fcc metals. However, it is unclear how material will behave in various fluences and exposure times? In some cases, this is a function of, and / or determines selection and performance of pelletron (ion generator, linear accelerator, and implanter). In this study, both aforementioned variables are experimentally tested to determine their effect in damage. Proposed material – 321 stainless steel is exposed to various ion fluences (dose) for different times at constant ion energy varied in increasing segments. Resulting irradiated material is characterized using electron microscopy. It is observed that these serve an important part in determining wall thickness of actual reactor and amount of electricity which may be produced from it.  

FM – 02 

Co base superalloys a plasma facing material.

Muhammad Musaddique Ali Rafique 

Eastern Engineering Solutions Inc. Cambridge MA 02139, USA 

––––––––
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ABSTRACT 

Ni, Iron or Co base superalloys have fcc crystal lattice at all temperature in former case and turns to fcc at higher temperature in later case. This makes them suitable to be used as plasma facing material based on analysis performed earlier by author. It is shown earlier that formation of bubble (point defect) – a precursor of fuzz or undersense nanostructure is suppressed if proper crystal lattice is selected and structure is built on that. It was shown that fcc is suitable lattice structure. It invokes intuition to use superalloys (inherently high temperature resistant alloys) to be used as plasma facing materials. Not only they will resistant high temperature and high heat flux in plasma but will also be able to resist formation and evolution of bubble (ejection of atom from its own position in unit cell). Their Co base variant will be excellent choice to resist nuclear transmutation of Ni and Fe containing Ni to Co60 under neutron radiation (14.06 MeV Neutron). Their main drawback is their weldability which severely limits their application and use. They must be cast or forged and rolled to required dimensions followed by, or no heat treatment to achieve required properties. Their other disadvantages are poor creep or stress rupture strength, fatigue strength and high temperature oxidation resistance. These may be mitigated by aforementioned treatments during or after treatment (such as thermomechanical treatments). In this study, an attempt has been made to select a proper composition of Co based superalloy and is presented as effective plasma facing material. Its parameters are determined, composition is optimized, and processing regimes is established. Proposed methodology is proposed to be meritorious.

FM – 03 

Rhenium as plasma facing material - hexagonal close packed (hcp) structure and its role in suppressing formation of Frenkel pair, bubble and ‘fuzz’

Muhammad Musaddique Ali Rafique

Eastern Engineering Solutions Inc. Cambridge, MA 02139

Abstract

Problem of fuzz formation has been an area of active research lately due to its implication on fusion device and reactor operation and performance. Attempts have been made to address this from chemistry and chemical engineering standpoint but unfortunately, none is satisfactory. Attempts have also been made to address this on the basis of mechanisms proposed i.e. ejection of atom from its lattice position by a cluster of He atoms, its combination with vacancy, its rearrangement into prismatic loop, its movement to surface and punching upon reaching there forming bubble and fuzz. Existing material – W is found unsatisfactory due to its inability to resist this mechanism owing to its bcc structure. Alternative proposed material – 321 stainless steel having fcc structure is found unsuitable due to its poor behavior in neutron irradiation. Other potential candidates such as low activation ferritic / martensitic steel and oxygen dispersion strengthened (ODS) steels suffers from same drawback being of bcc and bct structure respectively (former case). Seeing these problems, an alternative material (Rhenium (Re)) is proposed here. It has hexagonal close packed (hcp) structure, is a refractory metal with very high melting point (3186oC), thermal stability, and good thermal conductivity (48 W/(m.K)). Drawback being, it is expensive, rare, and difficult to process.  In this study, author has examined its suitability as plasma facing material based on its crystal lattice. Suitability is judged by determination of crystal lattice parameters, its nature and tendency to form self-interstitial solid solution. It is fond that proposed approach is meritorious.

Fusion materials II

Dr. Muhammad Musaddique Ali Rafique

Design and construction of 100 MW spherical tokamak in Michigan. Largest reactor in US, first in Michigan

Part A: Electrical design

Part B: Thermal design

Part C: Fluid design (including cooling mechanisms)

Part D: Civil Design

Part E: Materials selection

Part F: Manufacturing Engineering and Technology

Part G: Instrumentation, diagnostics (including Supervisory Control and Data Acquisition (SCADA). Human Machine Interface (HMI) and Artificial Intelligence enabled self-correcting systems)

Part H: Installation, assembly, commissioning, and operation

Part I: Testing and operation at full rated power

Part J: Electrical distribution system

Part K: In service performance, predictive and preventive maintenance, scheduling and analysis

Products: Reduced price (unit price) electricity for domestic, semi commercial, commercial and national use, transmutation products (including isotopes) for medical, agricultural, civil and industrial use, high flux, high energy neutrons for materials characterization (neutron irradiation facility)

Fusion device engineering: Design, construction, power (rating, output), detonation mechanism, blast radius, diagnostics, and quantification of damage - a Michigan geographic study

––––––––
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PROJECT PLANNING

Device capacity 20 MW till 100 MW in 20 MW increment (05 devices)

Region: Historically Underutilized Business (HUB) Zone, Michigan

Aim: Determine yield, energy output, detonation mechanism and sequence, fusion, transmutation products, type of radiations (including neutrons) produced, their effect on human, structures (civil (steel, concrete), mechanical) and atmosphere. Further objective, (a) strengthen US national security (b) ascertain and quantify tests for propulsion and to build machinery to propel human space craft to space.

First detonation (surface detonation), early fall 2022 followed by each in every quarter or more, near surface, mid surface, far surface detonations. Near surface on steel pillar while mid and far are air drop using B 52 (high altitude bomber (max lifting capacity: 70,000 lbs (~ 35 ton))

Vacuum systems (metallurgy and engineering) of large-scale satellites for outer and deep space interstellar research - thermal cycle development

Abstract 

Large scale satellites such as Voyager 1 and 2 which were launched in 1977 to collect data and transmit it back to its parent planet (earth) are an excellent engineering marvel and hallmark of US Space program. At present, they have crossed heliosphere and are in interstellar space. With continued interest of scientific, research, engineering community and public to travel and populate other planets, it is of utmost importance that further missions of the sort are launched. in this study, author will analyze in depth design and development of such probes. Aim is to understand existing technology, advancement since inception and apply them to make more robust, efficient and reliable satellites. Effect of gravity from other planets and sun itself is considered in design and jolting down specifications. Materials properties such as ductile to brittle transition, radiation induced defects and transformations, selection and manufacturing is researched as point of focus.

Design of 20 MW fusion device - weight basis

1. Weight basis is selected on the availability of lift capability and pay load bay capacity of carrier aircraft (B 52)

1.1 Dropping mechanism: Fixed target drop or moving target drop.

2. Conversion of MW to TNT to Ton

Dual shell design

3. Inner spherical shell with three main compartments 

3.1 Fuel 1 (H)

3.2 Fuel 2 (D)

3.3 Thermal energy source (fission device)

4. Sub compartments (switch, mixing tube, critical mass chamber, diverter, energy confiner)

5. Design of outer shell (ellipse) to allow breach at critical energy level

6. Shell materials, fabrication, and manufacturing 

6.1 Shell material having preferred crystallographic orientation in a direction parallel to major axis of ellipse. 

6.2 EBSD maps, determine orientation relationships, pole figures, inverse pole figures.

6.3 Fabrication method: hot rolling to achieve texture and preferred grain orientation (elongated grain)

6.4 Elongated grains facilities rapid intergranular crack initiation and propagation easing out shell rupture as well as anisotropic mechanical properties (UTS, YS, hardness)

Design of 20 MW fusion device - energy basis

Abstract 

Fusion device and its structure may be designed by various means. Two of most popular are; weight basis (described in previous study) and energy basis. In present research, later method is explored and described. Energy basis is based on amount of energy released from device upon detonation followed by explosion. Its beneficial in a sense that device size can be kept as independent variable as compared to dependent in former case. Further, it shortens the design procedure. For example, heat transfer pattern in such approach directly helps in quantifying wall thickness which dictates material, fabrication, and manufacturing route. It may also eliminate anisotropy as wall thickness is direct function of amount of heat at which it will rupture and can be much thinner. Device geometry can also be flexibility controlled as it is no longer dependent on pay load bay capacity. This allows more freedom in designing subsystems (compartments, their locations, switches, and mixers). Such devices can be more compact and simpler. Few such designs are proposed.

Effect of fusion energy on sublimation of metals and alloys 

––––––––
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ABSTRACT 

Owing to ongoing research on development of fusion devices and reactors, novel concepts are researched. One of them is sublimation. It is well known that huge amount of energy (terra watts) is released during fusion. This may be contained (to build a reactor) or uncontained (to build device). Amount of energy, its release, source, release rate, and subsequent spread can be controlled. However, it is relatively unknown what effect this energy will cause on containment and surrounding structures. It was previously heavily investigated during early development of Manhattan project that concentrated amount of energy released in very short periods of time even on large scale can duplicate effects observed in laboratory conditions (sublimation of solids upon heating). This effect is not known for fusion. In this study, author will investigate effect of huge amount of energy released from fusion in a series of small-scale device detonations in open atmosphere in which steel poles are used as holder. Objective is to quantify sublimation (amount and rate) of steel upon exposure to fixed and variable amounts of intense fusion energy from a fix point. Total of 05 devices each having 20 MW capacity are tested. Device capacity is kept constant while pole geometry (height and diameter) is a variable. This will also help build better buildings and structures which can resist and proved out to be damage tolerant to fusion energy.

Materials for outer shell of 1.170 GWh (1.00669 kilo ton TNT) fusion device - weight basis

Abstract

Fusion devices are investigated as an active area of research. As described in previous studies, anisotropic properties are required for outer elliptical shell of device to achieve optimum rupture at a specific time. This requires that grain of material must be parallel aligned to major axis of ellipse. It requires attainment of certain texture and directional properties which may be achieved by hot rolling or cold rolling. High entropy alloys owing to their superior mechanical properties are good candidate. This study describes adoption of method for developing sheets of HEA with elongated grains fabricated by cold rolling in which texture is achieved by annealing. Method is described and microstructure is characterized using advanced analytical techniques. 1.170 GW devices are tested in actual back-to-back detonations from air drop to validate hypothesis. In concurrent and concomitant detonations ellipse major axis is rotated at an angle to first detonation. This study will also provide support to effect of concurrent and concomitant detonations on material properties (flexural strength, torsional strength) and angular energy release.

Project - Sublime Midwest: Design, construction, and testing of GWh fusion devices weight basis, yield basis and energy basis aerial dropped from stratosphere at subsonic cruise speed (0.25 km/sec).

Abstract

With growing interest of scientific community and general public in harnessing fusion energy, it has become utmost important to make it realizable for national security and advance space propulsion. In this study, which is continuation of previous studies, author will analyze test drop effectivity and efficiency from stratosphere at subsonic cruise speed (0.25 Km/sec) using high altitude carrier B52, increase it to supersonic and validate the same aforementioned hypothesis. Drop mechanism adopted is fixed target drop, moving target drop with or without guided lasers. All studies will be conducted in Historically Underutilized Business (HUB) Zones of region. This will also spur economic activity and growth in those regions in the form of development of allied facilities and infrastructure. Another aim is to test night vision systems, drop and detonations irrespective of time zone. Time zone itself is calculated as a function of curvature of earth as projectile (plane) traverses its path at the boundary of atmosphere and stratosphere. This will help quantify original hypothesized design and values to manufacture, refine and optimize devices for maximum output, yield and efficient detonation in minimum possible time. 

Project start date: March 15, 2021

Project End date: No end date

Project - Sublime Michigan

Design, construction and testing of fusion devices

Region: Historically Underutilized Business (HUB) Zone

Aims and Objective: Strengthen US National security and advance space propulsion program.

Start date: March 15, 2021

End date: No end date

Fusion Materials III

Muhammad Musaddique Ali Rafique

Massachusetts Institute of Technology 

Eastern Engineering Solutions Inc.

Fusion Materials III

March 20 – 21, 2023

––––––––
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ABSTRACT SUBMISSION open

Abstract deadline: July 1, 2022

Submit 250 - 300 word abstract to info@easternengineering.org

Sponsors: Eastern Engineering Solutions LLC

Publisher: Eastern Publishers LLC and Applications sought. Please contact at info@easternengineering.org

——————Topics———————

Fusion device engineering

Materials for outer shell, inner shell, compartments, their joining, diagnostics and integration

Fusion device manufacturing (melting, casting, rough machining, fine machining, polishing, honing and finishing)

Fusion reactor engineering

Materials of first wall, back wall, divertor, limiter, coolants

Fabrication, joining and welding technologies

Crystallography

Orientation relationships

Texture, banding, anisotropy

Cold, warm and hot rolling

Hardness, yield strength, ultimate tensile strength, fracture, fatigue and creep of fusion materials

Testing, measurement, data and analysis

Low, medium and high entropy alloys

Metallic glasses and metallic glass matrix composites

Sponsors: Eastern Engineering Solutions Inc. 
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Cobalt base superalloys a plasma facing material


Muhammad Musaddique Ali Rafique1,2



1Department of Fusion Engineering, Massachusetts Institute of Technology, Cambridge MA 02139


2Eastern Engineering Solutions Inc. Cambridge MA 02139
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Nickel (Ni), Iron (Fe) or Cobalt (Co) base superalloys have face centered cubic (fcc) crystal lattice at all temperatures in former case and turns to fcc at higher temperature in later case. This makes them suitable to be used as plasma facing material based on analysis performed earlier by author. It is shown earlier that formation of bubble (point defect) – a precursor of fuzz or undersense nanostructure is suppressed if proper crystal lattice is selected, and structure is built on that. It was shown that fcc is suitable lattice structure. It invokes intuition to use superalloys (inherently high temperature resistant alloys) to be used as plasma facing materials. Not only they will resistant high temperature and high heat flux in plasma but will also be able to resist formation and evolution of bubble (ejection of atom from its own position in unit cell). Their Co base variant will be excellent choice to resist nuclear transmutation of Ni and Fe containing Ni to 60Co under neutron radiation (14.06 MeV Neutron). Their main drawback is their weldability which severely limits their application and use. They must be cast or forged and rolled to required dimensions followed by, or no heat treatment to achieve required properties. Their other disadvantages are poor creep or stress rupture strength, fatigue strength and high temperature oxidation resistance. These may be mitigated by aforementioned treatments during or after treatment (such as thermomechanical treatments). In this study, an attempt has been made to select a proper composition of Co based superalloy and is presented as effective plasma facing material. Its parameters are determined, composition is optimized, and processing regimes is established. Proposed methodology is proposed to be meritorious.

Keywords: Irradiation, Fluence, Plasma, fcc

Abstract ID: 0331202202
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Rhenium as plasma facing material - hexagonal close packed (hcp) structure and its role in suppressing formation of Frenkel pair, bubble, and ‘fuzz’


Muhammad Musaddique Ali Rafique1,2



1Department of Fusion Engineering, Massachusetts Institute of Technology, Cambridge MA 02139


2Eastern Engineering Solutions Inc. Cambridge MA 02139
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Problem of fuzz formation has been an area of active research lately due to its implication on fusion device and reactor operation and performance. Attempts have been made to address this from chemistry and chemical engineering standpoint but unfortunately, none proved out to be satisfactory. Attempts have also been made to address this on the basis of mechanisms proposed i.e., ejection of atom from its lattice position by a cluster of He atoms, its combination with vacancy, its rearrangement into prismatic loop, its movement to surface and punching upon reaching there forming bubble and fuzz. Existing material – Tungsten (W) is found unsatisfactory due to its inability to resist this mechanism owing to its bcc structure. Alternative proposed material – 321 stainless steel having face centered cubic (fcc) structure is found unsuitable due to its poor behavior in neutron irradiation. Other potential candidates such as low activation ferritic / martensitic steel and oxygen dispersion strengthened (ODS) steels suffers from same drawback being of body centered cubic (bcc) and body centered tetragonal (bct) structure respectively (former case). Seeing these problems, an alternative material (Rhenium (Re)) is proposed here. It has hexagonal close packed (hcp) structure, is a refractory metal with very high melting point (3186oC), thermal stability, and good thermal conductivity (48 W/(m.K)). Drawback being, it is expensive, rare, and difficult to process. In this study, author has examined its suitability as plasma facing material based on its crystal lattice. Suitability is judged by determination of crystal lattice parameters, its nature and tendency to form self-interstitial solid solution. It is fond that proposed approach is meritorious.

Keywords: hcp, fuzz, ODS, self-interstitial, Re

Abstract ID: 0331202203
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Threshold of pain: fusion energy perspective - design of safety apparel


Muhammad Musaddique Ali Rafique1,2



1Department of Fusion Engineering, Massachusetts Institute of Technology, Cambridge MA 02139


2Eastern Engineering Solutions Inc. Cambridge MA 02139
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ABSTRACT

It is relatively well known that time in which human brain cells detect pain is greater than time of release of energy after detonation in nuclear fission. This can be mathematically expressed. However, same is unknown in fusion. It is known that exposure time is extremely small and orders of magnitude shorter than in fission. This is researched. It will lead to biological understanding of effect of fusion energy on threshold of pain and its detection upon exposure and bearance. It will help design apparel (clothing, suits, and gear) to act as safeguard against it.

Keywords: brain, time, exposure, threshold

Abstract ID: 0331202204
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Role of fluence and exposure time in quantification of damage in 321 stainless steel as plasma facing material


Muhammad Musaddique Ali Rafique1,2



1Department of Fusion Engineering, Massachusetts Institute of Technology, Cambridge MA 02139


2Eastern Engineering Solutions Inc. Cambridge MA 02139
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Abstract

It is observed that fuzz appears at low ion energies in bcc metals. Same is hypothesized in fcc metals. However, it is unclear how material will behave in various fluences and exposure times? In some cases, this is a function of, and / or determines selection and performance of pelletron (ion generator, linear accelerator, and implanter). In this study, both aforementioned variables are experimentally tested to determine their effect in damage. Proposed material – 321 stainless steel is exposed to various ion fluences (dose) for different times at constant ion energy varied in increasing segments. Resulting irradiated material is characterized using electron microscopy. It is observed that these serve an important part in determining wall thickness of actual reactor and amount of electricity which may be produced from it.  

Keywords: Fluence, quantification, damage, fcc


Abstract ID: 0331202205
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Energy basis design of non-tactical deployable variable capacity manual fusion devices – role of significant figures



Muhammad Musaddique Ali Rafique1,2,3 



1Department of Fusion Engineering, Massachusetts Institute of Technology, Cambridge, MA 02139


2National Aeronautics and Space Administration, 39B, Florida


3Eastern Engineering Solutions Inc., Cambridge, MA 02139
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ABSTRACT

Design of 20 Gwh (17.20841 Kilo Ton TNT) non tactical deployable fusion device was described by author in previous study. One may infer that design of higher capacity devices would just be multiplication of quantities inferred by corresponding mathematical integer. In simplicity, it is true. However, a detailed analysis shows that significant figures play a vital role as device capacity is increased from its initial set output value. This may further simplify the design process as relatively fewer grams of fuel is required for high capacity if designed carefully, corroborated and controlled. Linear multiplication with a constant integer yields higher values which may complicate design and imposes more burden on subsequent material selection, properties, manufacturing, fabrication and quality control and assurance teams. Said method is more crude approach while method described is more refined engineering approach. Even more simpler and compact devices can be produced in less time and with much less resources and energy. Further studies will encompass automation of variable capacity which may be controlled by maneuvering internal dimensions of device (such as reflector, explosive lens (shaped plastic charge) and feeder)
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