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Abstract of the thesis 
 

ABSTRACT OF THE THESIS 

 

Elastic-Plastic Analysis of the Transition Divertor Joint for High Performance Divertor Target 

Plate 

 

 

by 

 

Dara Navaei 

 

Master of Science in Engineering Sciences (Mechanical Engineering) 

 

Professor Mark Tillack, Chair 

 

 

The use of tungsten as a plasma-facing material necessitates a transition joint to the 

structural material of the primary coolant loop at some location in order to transport the coolant to 

the heat exchanger.  A critical issue in transition joints is the thermal expansion mismatch 

between materials, which can lead to unacceptably high thermal stresses.  Detailed 2D and 3D 

analyses were performed to study the behavior of a transition from tungsten to ferritic steel (FS) 

with an intermediate layer of tantalum, located outside of the high heat flux region. This thesis 



 
 

xiii 
 

describes the results of FEM analyses including primary and secondary stresses under various 

time-dependent loading conditions such as warm and cold shutdown, and allowing for inelastic 

behaviors leading to stress relaxation and ratcheting.  

In previous FEM analyses at UCLA, it was concluded the residual stress in Ta exceeds 

the ultimate and tensile strength. In such configuration that is under high pressure and 

temperature loading conditions, plastic deformation has to be considered during the analysis. It 

also causes stress relaxation on the configuration.  

The results exhibited that the original transition joint did not satisfy the design 

requirement on maximum accumulated plastic principal strain due to stress concentration. Some 

modifications were made on the transition joint. Fabrication steps were analyzed in 2D models 

utilizing ANSYS. The results of the modified design exhibited less plastic deformation in Ta 

alloy and ODS steel as well as no ratcheting in cold shutdown. Both 2D and 3D cold and warm 

shutdown were analyzed as well.  
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Chapter 1: Introduction 

1. Thesis Statement 

In a power plant, temperature and pressure are substantially high. Knowing that, it requires 

detailed analyses in every component of the power plant to assure they meet the design criteria. 

The divertor joint is one of the components of the proposed fusion power plant. The divertor joint 

consists of three materials which are ODS steel, Tantalum (Ta), and Tungsten (W).    

In the divertor transition joint, the mismatch in coefficient of thermal expansion (CTE) 

between W and ferritic steel (FS) can lead to failure.  The addition of an intermediate material 

such as tantalum with a CTE between that of W and FS helps alleviate the mismatch, but strains 

could still exceed individual material limits. In our analysis, the maximum plastic strain 

accumulated over the operating life was used as the design criterion.  No part of the joint should 

exceed 50% of the uniform elongation (εu) at any time during normal or off-normal operation.
1
 

The design of the joint uses conventional fabrication techniques. Strong metallurgical bonds, 

such as explosion welding, diffusion welding or brazing, have been used to create a robust 

structure. These bonds transfer thermo-mechanical loads across the material interfaces.
 
The 

geometry is dictated to a large extent by bonding limitations in the three materials, each of which 

is subject to different constraints.
1
 

2. Motivation 

Finite element method (FEM) results show that thermal stresses dominate, especially at the 

cold shutdown temperature of 20˚C.  The impact of thermal stress is largest when the coolant 

pressure is not applied, especially on the sharp tip of the Ta ring.  In addition, cyclic thermal 

loading, especially with cold shutdown may cause ratcheting with plastic strains exceeding design 
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limits.  Care must be taken in the design and the choice of materials to reduce the maximum 

principle plastic strain.
1
 

3. Goals 

Using FEM as a tool, the Divertor joints were analyzed to understand its structural behavior 

under 10 MPa pressure and thermal load. Similar analyses had been conducted in UCLA (Chapter 

3) except the group at UCLA used stress as the failure criteria and I used plastic strain. After 

months of analysis on the Divertor joints designed by Siegfried Malang, I proposed some 

modifications that will be discussed in chapter 6. 

4. Contributions 

Several methods of analyses were performed to study the behavior of the divertor joints under 

different conditions. Cyclic loading, 2D and 3D analyses, as well as Creep are among the 

performed analyses on the joints. The methods and the results of them will be illustrated in 

chapters 4 and 5 respectively. 

 

 

 

 

 

 

 

 

 

 

 



 
 

3 
 

Chapter 2: Literature Review 

1. Fusion energy 

1.1. The Theory 

Fusion reaction is the source of energy at the sun and most of the stars. According to 

International Thermonuclear Experimental Reactor (ITER), “when Hydrogen collide, fuse into 

heavier Helium atoms and release tremendous amounts of energy in the process.” The fusion of 

two Hydrogen atoms produces Helium which is heavier than Hydrogen but the mass of the atom 

made by the fusion is not exactly the sum of the two initial atoms. Due to the mass and energy 

conservation law part of the mass has been lost thus some energy has to be produced. The amount 

of energy is calculated by Einstein’s energy equation: E=mc
2
. Since c is the speed of light in this 

equation, even a tiny amount of mass can produce a vast amount of energy by fusion.
2
 Figure 1 

illustrates a schematic of fusion reaction:  

 
Figure 1: The process of fusion reaction  

http://www.iter.org/sci/whatisfusion 

 

 Fusion requires temperature as high as 15,000,000 °C for reaction. In such high 

temperature, electrons can be separated from the nuclei and as the result the gas turns into plasma.  

Plasma is the fourth state of matter in which happens at temperatures higher than 100,000 °C. In a 

plasma matter, atoms have lost electrons thus plasma is a collection of free moving electrons and 

http://www.iter.org/sci/whatisfusion
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ions. Plasma is the general state of matter in stars. In order to reach to plasma, a source of power 

is needed to free the electrons from nuclei and the source can be thermal, electrical and magnetic. 

Plasma has to be controlled to be applied and this is feasible by electric and magnetic fields.
3
 

Figure 2 shows the plasma state: 

 
Figure 2: The plasma form 

http://www.viewzone.com/electricaluniverse.html 

1.2. Plasma on earth 

Reaching to a high temperature like 15,000,000 °C is difficult. International 

Thermonuclear Experimental Reactor (ITER) is a project that studies fusion energy and plans to 

build a fusion power plant. ITER reaches to fusion reaction via a device called Tokamak.   

In Tokamak, the plasma is kept in a doughnut shaped vacuum vessel in which the mixture 

of Deuterium and Tritium as two isotopes of Hydrogen is heated to 150,000,000 °C to form the 

appropriate environment for fusion reaction. Strong magnetic fields are applied to the doughnut to 

http://www.viewzone.com/electricaluniverse.html
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keep the superhot plasma away from the walls as well as conduct the energy produced by fusion 

reaction.
2
   

Figure 3 below illustrates the ITER Tokamak: 

 
Figure 3: The schematic of a Tokamak 

http://www.zdnet.com.au/nuclear-fusion-becomes-economic-reality-339285739.htm 

2. Divertor Joints 

2.1. The divertor concepts 

In the past few years, several configurations have been proposed for the inner and outer 

divertor target plates for fusion power plants. The mutual points of all the proposed 

configurations are using Helium as the coolant and using W-alloys. Plate configuration with 

characteristic dimension of 1m, ARIES-CS T-tube configuration with the order of 10 cm range 

and EU FZK finger concept with characteristic dimension of the order of 1.5 cm are among the 

three important concepts. Using tungsten or tungsten alloys required the scientist to develop 

materials for wider operating temperature range. In general, all solid structures must be operated 

within their temperature limits. Tungsten’s operating temperature is ~600-700 °C to be above 

DBTT and below the recrystallization temperature. Tungsten has to be coupled to an Oxide 
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Dispersion Strengthened (ODS) ferritic steel (FS) manifold to reach the desirable temperature of 

~1300 °C which is the desirable temperature. In this project, only plate type Divertor was 

analyzed.
6
   

In the current design, the divertor consists of integrated plate and finger concepts. In this 

configuration, fingers are implemented in regions of highest heat flux and simple slot-jet 

cartridges are used when the heat flux is below 10 MW/m
2
. 

2.2. The plate type concept 

The plate-type concept was proposed to provide a larger scale divertor concept that 

would minimize the number of units and associated joints containing high coolant pressure. The 

plate is made out of tungsten (W) alloy with a 5-mm castellated W armor. The plate consists of a 

number of ~1m long W-alloy heat sinks with castellated armor brazed on it. Figure 4 illustrates 

the configuration of the plate. Figure 4 only illustrates the transition joint only on one end for 

better observation  but both ends of the divertor need transition joint. 
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Figure 4: The configuration of the Divertor plate concept with W armor 

M. S. TILLACK, A. R. RAFFRAY, X. R. WANG, S. MALANG, S. ABDEL-KHALIK, M. YODA, and D. 

YOUCHISON, "Recent US Activities on Advanced He-Cooled W-Alloy Divertor Concepts for Fusion Power Plants," 

submitted to Fusion Engineering and Design 

 The surface heat flux is 10 MW/m
2
 and the volumetric heat generation is 17.5 MW/m

3
 

and inlet and outlet of the coolant (He) is 600-677 C. With the coolant pressure of 10 MPa, all the 
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structures remain within their allowable structural and thermal stress limits while the coolant 

pumping power is kept below 10% of the thermal power. 
7
 

2.3. The design requirements 

 The main advantage of this concept is its less number of units compared to T-tube or 

finger concept.
8
 In general all the divertor concepts had to have these design requirements: 

1. The operating temperature of the divertor plates has to be used efficiently in the power 

conversion system. 

2. The lifetime of the target plates should not be shorter than the lifetime of the blanket 

modules in order to avoid additional down time for replacing them. 

3. The operating temperature of the plates must be higher than 800 C in order to avoid 

embrittlement under neutron irradiation. 

4. The maximum structure temperature must be maintained below the re-crystallization 

temperature of the W-alloy (~1300 C) 

5. The thermal stresses must be acceptable. 

6. The required pumping power for the divertor coolant should be less than about 10% of 

the heat extracted from the plates. 

7. It must be possible to align the target plates precisely relative to the plasma with 

tolerance <1mm.
8
 

2.4. The original Divertor plate design 

 As illustrated in figure 4, the plate Divertor consists of 1m long W armor that is 

connected to Tantalum (Ta) and ODS from the left side.  Figure 5 illustrates the cross section of 

the flat plate Divertor target. 
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Figure 5: Cross section of the flat plate Divertor target 

X.R. WANG, S. MALANG, A.R. RAFFRAY and the ARIES Team "Design Optimization of High-Performance 

Helium-Cooled Divertor Plate Concept, "Fusion Science and Technology, 56, 1023(2009) 

In the design of the plate, a transition section was proposed to alleviate the CTE 

mismatch in between ODS and W. To address that problem, Ta was used as the transition section. 

The CTE of ODS is in (10-14 x10
-6

 K
-1

) and W is in (4-6 x10
-6

 K
-1

) and Ta has CTE of 4.5 x10
-6

 

K
-1

. This design was proposed and developed by Siegfried Malang from Fusion Nuclear 

Technology Consulting in Germany. Figures 6 and 7 illustrate the transition pieces of the plate 

and the cross section of the transition region respectively. 

 
Figure 6: Transition pieces of the plate 

X.R. WANG, S. MALANG, A.R. RAFFRAY and the ARIES Team "Design Optimization of High-Performance 

Helium-Cooled Divertor Plate Concept, "Fusion Science and Technology, 56, 1023(2009) 
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Figure 7: Cross section of the transition region 

X.R. WANG, S. MALANG, A.R. RAFFRAY and the ARIES Team "Design Optimization of High-Performance 

Helium-Cooled Divertor Plate Concept, "Fusion Science and Technology, 56, 1023(2009) 

This concept was originally analyzed at the University of California Los Angeles 

(UCLA) under Dr. Sharafat’s group. The analysis included detailed 2D thermo-structural analysis 

of the transition region. Their results will be discussed in section 3.3.
8
 

2.5. The fabrication processes of the original W-Ta-ODS Divertor joint 

As it can be seen in figure 7 (above), the transition pieces are connected to each other 

with different types of fabrication such as explosive welding or diffusive welding. The procedure 

of assembling the transition pieces are mentioned below: 

Subassembly 1: ODS manifold, ODS ring and Ta ring. 

Explosion welding is used between Ta ring and ODS ring. 

Diffusion weld is used between ODS manifold and ring. 

Subassembly 2: Ta manifold and W manifold. 

Brazing is used between large Ta and W. 
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Join subassemblies: 

Weld or TIG laser is used between subassemblies 1 and 2.
1
 

There are other types of divertor joints that will be discussed concisely. 

2.6. T-tube concept   

 This type of Divertor was developed to provide a mid-size unit capable of 

accommodating at least 10 MW/m
2
. In order to minimize the thermal stress, the W-alloy pieces 

are connected to an ODS ferritic steel (ODS-FS) base through a graded transition. The analyses 

have proved the performance of T-tube concept can be improved by scaling it. T-tube can be 

scaled by reducing the dimensions of it.
7
 Figure 8 illustrates the schematics of T-tube Divertor: 

 
Figure 8: T-tube Divertor (ARIES) 

A.R. RAFFRAY , S. MALANG, X.R. WANG “Optimizing the overall configuration of a He-cooled W-alloy Divertor 

for a power plant” Fusion engineering and design (2009) 

2.7. Finger concept 

 The finger concept was developed to minimize the thermal stress with higher heat flux 

accommodation. The strong point of this concept is the modular units are still small.  In finger 

concept, there are small hexagonal armor tiles of tungsten brazed to a W-alloy thimble. The tiles 

and thimbles form a cooling finger. There is a 10 MPa He as the coolant and the operating 



12 

 

 
 

temperature varies between 600/700 °C supplied by a manifold. The cooling finger then is fixed 

to a front plate made out of ODS with a Cu casting transition. Cu alleviates the large thermal 

mismatches between ODS and W due to large CTE difference.
7
 Figure 9 illustrates schematics of 

finger concept: 

 
Figure 9: Schematics of finger type Divertor  

A.R. RAFFRAY , S. MALANG, X.R. WANG “Optimizing the overall configuration of a He-cooled W-alloy Divertor 

for a power plant” Fusion engineering and design (2009)  

 After studying each of the Divertor concepts individually, a couple of combined concepts 

have been proposed as well. 

2.8. Combination of T-tube and plate concepts     

 In this concept, the high heat flux zones are covered by T-tube while the lower heat flux 

zones are covered by plate type Divertor. The flow, loading conditions, and the units are all the 

same as before and each zone is cooled in parallel. Combining these concepts to each other 

enables the designers to use the strong point of each of them in a suitable way with less number 

of units in general. Figure 10 illustrates the schematic of T-tube and plate Divertors: 
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Figure 10: T-tube and plate divertor, T-tube is placed in the high heat flux region 

A.R. RAFFRAY , S. MALANG, X.R. WANG “Optimizing the overall configuration of a He-cooled W-alloy Divertor 

for a power plant” Fusion engineering and design (2009) 

2.9. Integrated plate and finger concept   

 The same as the previous combined concept, the high and low heat flux regions are 

covered with the best fit. With this concept, the high heat flux region can be placed at poloidal 

location in the design.
7
 Figure 11 illustrates the schematics of integrated and finger type divertors: 

 
Figure 11: Schematics of finger and plate type Divetors 

A.R. RAFFRAY , S. MALANG, X.R. WANG “Optimizing the overall configuration of a He-cooled W-alloy Divertor 

for a power plant” Fusion engineering and design (2009) 

 The finger type covers the higher heat flux region since it has better heat transfer ability. 

3. Materials  

 As mentioned, in the divertor joints three materials will be used: ODS Steel, Tantalum 

(Ta), and Tungsten (W). Each of these materials will be discussed in this section. Proper materials 

should be picked according to the application of the product. Some important criteria can be: 
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 Physical properties such as thermal expansion coefficient and melting point 

 Mechanical properties such as yield strength or Young Modulus 

 Chemical properties 

 Workability such as machinability or welding 

 Structure and recrystallization behavior
9
  

For the fusion applications, neutron irradiation, and contact dose should be considered as well. 

For instance, the material properties of a certain material may change when it is under the neutron 

irradiation produced by fusion reaction. Then the material may become brittle while it is not a 

brittle material in general and such issues may cause failure.   

3.1. Tantalum (Ta) 

 Tantalum is the medium material seating in between ODS Steel and Tungsten.  

Therefore, its physical property especially coefficient of thermal expansion (CTE) is suitable for 

the divertor joints. The CTE of Ta is 6.3x10
-6

 which is in between ODS, 12.68x10
-6

 and 

Tungsten, 4.5x10
-6

. Pure Ta has melting point of 2996 °C thus it is a refractory metal. Refractory 

metals are probably preferred in a fusion power plant due to high operating temperature. The 

recrystallization temperature is between 900 °C and 1450 °C (depending on the degree of 

deformation and purity) which is above the operating temperature of the joints (600-700 °C). 

During the analyses, two types of Ta were tried. It was first started with Pure Ta and then Ta2.5W 

alloy was used. The material properties of both of them will be shown in Chapter 4 and the results 

of them will be discussed in Chapter 5. The main benefit of Ta2.5W is its higher yielding point 

than pure Ta so it will encounter less plastic deformation. 

 According to PLANSEE which is one of the main Ta manufacturers, the following 

joining techniques can be applied on Ta: 

 Spot-welding 
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 TIG welding 

 Electron-beam welding 

 Laser welding 

 Furnace brazing 

 Riveting 

 Fastening
9
     

PLANSEE also have several recommendations for brazing Ta: 

1. Furnace brazing must be carried out under argon atmosphere or in high vacuum. 

2. Careful cleaning and the removal of any surface layers by pickling is recommended. 

3. The choice of braze material is dependent on the intended operating conditions of the 

assembly. 

4. Silver and gold-based braze materials are suitable for operating temperatures in the range 

of 600 °C-800 °C. 

5. For brazed assemblies able to resist high temperatures special braze materials based on 

titanium, vanadium, and zirconium are used. These have brazing temperatures in the 

range of 1500 °C and 1900 °C.
9
   

 Tantalum is a good material for welding using TIG-welding, electron welding. 

These processes should be performed in vacuum or laser welding with protective gas cover. 

For the process of braze and TIG welding please refer to Chapter 2 section 2.4. 

3.2. Tungsten (W) 

 Tungsten is also a refractory metal. It has the highest melting point (3420 °C) and lowest 

vapor pressure of all metallic elements.
10

 Tungsten also has low coefficient of thermal expansion 

as well as high Young’s modulus. These properties have made Tungsten a suitable material for 

the divertor joints. The recrystallization temperature of W is between 1100 °C and 1400 °C thus it 
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is above the operating temperature of the joints (600 °C to 700 °C). Depending on the purity of 

tungsten, the mechanical properties of it can be changed. For further control on the mechanical 

properties of Tungsten is depends on the type and the amount of alloys as well as the heat 

treatment and microstructure of it.
10

 Adding small quantities of oxides of cerium or lanthanum 

can improve some mechanical properties of W significantly especially creep strength. 

 Several joining techniques are available for W but it is recommended not to weld W in 

the highly stressed parts. Tungsten is not suitable for welding very well, riveting or threaded 

fasteners are recommended to use as an alternative. Brazing can be used for joining w to the other 

materials. Overall, the following joining methods are recommended for W: 

 Riveting 

 Fastening 

 Welding such as TIG 

 Brazing
10

 

 Brazed joints using W have good strength and they can be made using similar or 

dissimilar materials. The brazing process is performed in a protective atmosphere such as vacuum 

or hydrogen because W is sensitive to oxidation. PLANSEE recommends furnace brazing for 

joining large techniques as well as induction brazing for smaller parts. As usual, all the parts 

should be clean from grease, oils, or oxides for brazing. The brazing metal is chosen according to 

the use of the design later.
10

 

The materials properties of the W used in this analysis are shown in Chapter 4 section 1. 

3.3. Oxide Dispersion Strengthened (ODS) Steel 

 Applying steel in a high magnetic field such as fusion power plant is an issue since the 

high magnetic fields of the reactor could cause magnetostatic forces on the structure of steel. In 
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addition, a fusion power plant is a harsh environment in terms of neutron irradiation. Neutron 

irradiation has several effects on material especially in steel. It hardens steels which affects the 

mechanical properties and fracture behavior.
11 

 ODS Steel is one way to develop materials for high temperature operations. The main 

problem during the development of ODS steels was the anisotropic properties resulting from the 

way the material is fabricated. The anisotropy problem still exists in recent versions of ODS 

steel.
11

 Three types of ODS steels are under development: F82H in Japan, EUROFER ODS steel 

in Europe, and ODS steel in the United States and each of these ODS steels have their own 

advantages. For instance, EUROFER has better creep behavior while the ODS being developed in 

US has higher yield strength.
12

 Also, replacing the Reduced Activation Ferritic/Martensitic 

(RAFM) steel by a suitable ODS alloy, allows the operating temperature to be increased 

significantly. For instance, using ODS-EUROFER would increase the operating temperature from 

~550 °C to 650 °C.
13

 The ODS steels being developed in Oak Ridge National Laboratory 

(ORNL) in US consist of two alloys: 12Y1 (Fe-12Cr-0.25Y2O3) and 12YWT (Fe-12Cr-2.5W-

0.4Ti-0.25Y2O3). The difference in the elements of the alloys causes large differences in tensile 

and creep properties. Room-temperature of 12YWT is 20% higher than 12Y1 while at 900 °C 

12YWT is 2.5 times as strong.
12

 ODS 12YWT was used for the analyses of the divertor joints. 

This type of advanced ODS has good ductility abilities. Also, 12YWT showed higher creep 

strength at higher temperature rather than 12Y1. The experimental alloys of ODS have similar 

commercial version: 12YWT and 12Y1 are similar to MA956 and MA957 respectively. Figure 12 

illustrates the microstructure behavior of 12Y1 and 12YWT: 
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Figure 12: Transmission electron micrograph of experimental ODS steels: a) 12Y1 and b) 12YWT 

Oxide dispersion-strengthened steels: A comparison of some commercial and experimental alloys 

Figure 13 compares the yield strength of experimental and commercial ODS steel: 

 
Figure 13: A comparison of the yield strength of the experimental (left) and commercial (right) ODS steels  

Oxide dispersion-strengthened steels: A comparison of some commercial and experimental alloys 

Experiments have proved ODS-EUROFER’s resistance to ageing as well as long-term stability 

and predictability under creep.
13

  

 In terms of joining, TIG welding is possible for ODS alloys but the strength of the joints 

is relatively low. Also, one of the manufacturers of commercial ODS alloys recommends to 

perform post-weld stress relieving right after welding to avoid delayed stress cracking. This act is 

especially important for highly restrained joint designs. Diffusion bonding, transient joint phase 

bonding (TLP) as well as brazing is recommended for ODS alloys but the protective alumina 

should be removed by grinding to improve the strength of the joints.
14
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4. Fabrication processes 

 Several fabrication methods are used to manufacture divertor joints. Explosive welding, 

diffusion welding, brazing are among the fabrication methods to bond the dissimilar materials. 

Each of the fabrication methods has their own advantages and disadvantages. Since the divertor 

joints will be under large thermal and structural loads, the fabrication methods should be picked 

carefully. 

4.1. Explosive welding (EXW)           

 In this method, two materials are bonded together using explosive materials. A very thin 

layer of explosives is exploded on top of the materials for a fraction of second to produce a robust 

bond. This method is primarily used for bonding plane sheets of corrosion-resistant metal to 

heavier plates. To perform EXW, the bottom material is positioned on a rigid surface while the 

top material is inclined with a small angle. The explosive substance is positioned on the top of the 

inclined material. The explosion starts from the corner of the material that is touching the bottom 

material and the explosion sweeps across the material. In a few milliseconds, a huge stress in the 

order of thousands of mega-pascals is applied to the materials. The resulting bond strength is 

quite high and the clad plates can go under numerous processing such reduction of thickness by 

rolling. Explosive welding is considered as a solid state welding so dissimilar materials can be 

welded with high bonding strength. Figure 14 illustrates the schematic of EXW setup: 

 
Figure 14: Schematic of EXW setup 

http://www.hitech-me.co.uk/CladMaterials/MaterialsPage.html 

 Plane sheets are the only material that EXW can be applied to them thus it cannot be used 

for complicated geometries.
16

    

http://www.hitech-me.co.uk/CladMaterials/MaterialsPage.html
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4.2. Diffusion welding (DFW) 

 In diffusion welding, the materials are maintained in contact surface under sufficient 

pressure and time at high temperatures. Before starting DFW process, the material should be 

properly prepared to decrease the impurities. In general, the quality of the DFW depends on the 

surface condition, temperature, time at temperature, and pressure. In order to improve DFW, an 

intermediate material can be used. This can either promote the DFW process or prevent the 

formation of undesirable intermetallic compound. 
16

 DFW is mostly used to join dissimilar metals 

and composite materials. The bonding process is quite slow and it is restricted to low-volume 

production.  

A couple of other advantages and limitations are considered for DFW:  

Advantages: 

 Properties and microstructures remain similar to those of base metals 

 Multiple welds can be made in one setup at the same time 

 Produces a product finished to size and causes compared to other welding processes 

 Highly automated process does not need skillful workforce 

Limitations: 

 Costly equipment especially for large weldments 

 Costly preparation with smooth surface finish and exceptional cleanliness 

 Protective atmosphere or vacuum required 

 Long time to completion 

 Not suited to high production rates 

 Difference in thermal expansion of members may need special attention 

 Limited nondestructive inspection methods available
17
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4.3. Gas Tungsten Arc Welding (GTAW)  

 Gas Tungsten Arc Welding or formerly known as Tungsten Inert Gas (TIG), was mostly 

developed away from the use of ordinary shielded electrodes. In this method of bonding, 

tungsten electrode is positioned in a holder.  The inert gas which is generally Argon, Helium, 

or a mixture of both is flown to shield the tungsten arc and molten metal during welding. In 

GTAW the arc length remains constant and the arc is stable and easy to maintain. This 

method is compatible to all the metals for welding especially for reactive metals as well as 

the high temperature refractory metals.
18

 Figure 15 illustrates a schematic of GTAW: 

 
Figure 15: Schematic of GTAW 

http://www.weldingengineer.com/1tig.htm 

4.4. Brazing 

  “Brazing is the joining of metals through the use of heat and filler metal whose melting 

temperature is above 450 °C but below the melting point of the metals being joined.” 
20

  The 

composition of the brazing section is different from the base metal and also, the strength of the 

brazing alloy is substantially lower than that the base metal.  But these issues cause several 

advantages for this type of bonding: 

 All the metals can be joined by some type of brazing metal. 

 Dissimilar metals can be joined using brazing. (i.e. ferrous to non-ferrous materials) 

 The process is quick and economical since less heating is involved in brazing. 
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 Since brazing requires lower operating temperature, the problems such as heat affected 

zones or distortion is less seen. Also, thinner and more complex assemblies can be joined 

successfully.  

 Any subsequent heating of the assembly should be done cautiously because it may reach 

the melting point of the brazing metal and weaken the joints. The strength of the joints can be 

enhanced with cleaning and proper clearance of the brazing section.   

 In brazing the clearance between the parts should be made carefully because the strength 

of the joints depends on it. It is recommended that the ideal clearance is between 0.0127 to 0.0381 

mm (0.0005 and 0.0015 in). 

 Depending on the use of the product, the brazing metal should be picked carefully and it 

should be compatible with the base metals.  For instance, a certain mechanical property of the 

brazing metal such as ductility or toughness is needed. “In addition, the materials must be capable 

of flowing through small capillaries, “wetting” the joint surfaces and partially alloying with the 

base metals.” 

 There are several brazing standard metals that are used such as Nickel, Copper, Copper 

alloys, and pure Silver. Each of these metals has their own brazing temperature. For fusion 

applications, other issues such as radioactivity of neutron irradiation of the materials should be 

studied as well especially for the plasma facing materials. The brazing metal for the divertor 

joints will be picked by material experts as well as the brazing method.  It is recommended to 

produce more complex assemblies with conventional methods and also the thickness of the braze 

material is precisely controlled to provide maximum strength of the joint.
20

  

Generally, three types of brazed joints are used: butt, scarf, and shear. Some type of lap joint is 

used for brazed sections. Figure 16 illustrates the brazed joints used in general: 
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Figure 16: Various types of brazed joints 

E. PAUL DEGARMO, J.T. BLACK, RONALD A. KOSHER “Materials and processes in manufacturing” 8th edition, 

Chapter 37 

 Brazed lap joints have the maximum strength among those types. If the joints are made 

carefully, a lap of 1 to 1.25 times the thickness of the metal can produce the strength as great as 

the parent metals. 

Figure 17 illustrates the examples of good and bad joint design for brazing: 
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Figure 17: Examples of good and bad joint design for brazing 

E. PAUL DEGARMO, J.T. BLACK, RONALD A. KOSHER “Materials and processes in manufacturing” 8th edition, 

Chapter 37 
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Chapter 3: The background of this analysis 

1. An introduction to ANSYS 

In the first step I started training ANSYS. ANSYS consists of two versions: APDL and 

Workbench (WB). ANSYS APDL which is the ANSYS Parametric Design Language is able to 

perform 2D and 3D analyses for structural and thermal. It also contains other applications such as 

electromagnetic analysis. In ANSYS APDL the analyses can be setup and performed under 

Graphical User Interface (GUI) or by input file. In GUI method, the user should click on the 

needed application such as force or pressure as well as the location that they should be applied in 

a model. On the other hand, in an input file all the steps of the analyses are coded in an input file 

using the ANSYS command language and then the file is run. ANSYS automatically performs all 

the steps till the solution is done for post processing.  Using Input files has a couple of benefits: 

1. It requires less time to setup an analysis. 

2. Making any change in the analysis is easy. For instance, if we want to test a 

structure with different pressures, we just have to change to value of pressure and 

run it. 

3. If there is any mistake in the setup, it can be easily tracked and fixed. 

In ANSYS WB the only option is GUI therefore everything has to be picked graphically. 

Setting up an analysis in ANSYS has similar procedures in both APDL and WB. In general, each 

set up contains pre-processing, solution and post- processing. 

1.1. Pre-processing 

1.1.1. Material properties 

This section is the beginning of the set up. Depending on the type of analysis, various 

material properties should be provided. For instance, for structural analysis, Young Modulus, 
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Poisson ratio and Coefficient of Thermal Expansion (CTE) are needed.  The initial data for 

plasticity such as Yield Strength and Tangent Modulus have to be provided if plastic deformation 

is a concern.  

1.1.2. Element type 

Since the model will be recreated out of small elements after the meshing, picking the 

proper element type is important. There are several element types for 2D and 3D analyses that 

each have benefits and are suitable for a certain analysis. The details of each element are 

described in ANSYS help in details and the reader should refer to the help for further studies. For 

my case, I used Plane 182 for 2D and Solid 187 for 3D. These two element types are suitable for 

plasticity and produce accurate results. The shape of the elements can be rectangular, hexahedral, 

or tetrahedral. Figure 18 illustrates the shapes of tetrahedral and hexahedral elements: 

 
Figure 18: Hexahedral (left) and tetrahedral (right) element shapes 

http://www.energy.kth.se/proj/projects/STRUFLO/FEelements.htmlModeling the configuration 

ANSYS APDL has good 2D modeling tools.  It is easy to create a 2D model using its 

tools such as line or fillet. For the 2D model, I first specified the corners of the model by defining 

their coordinates and creating the points called “key-points”. Then I connected those key-points 

to create lines. Using the lines I created the areas.  ANSYS has limited ability in creating 3D 
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models and it only can create simple geometries such as cylinder or cube. The geometry of the 

divertor joints is more complicated and in this case, the geometry is modeled in a CAD drawing 

program. I used ProENGINEER to draw the models. The parts are then assembled in the 

assembly section of ProENGINEER. The assembly file is saved under “igs” format to be 

imported in ANSYS for analysis. 

1.1.3. Meshing  

In a finite element analysis meshing is the most significant part of the setup. Proper 

meshing guarantees the accuracy of the results. Basically, when geometry is meshed in ANSYS, 

it is recreated out of nodes. The small nodes are connected to each other to create the elements 

and the element type I mentioned above is assigned to the created elements. Depending on the 

general shape of the model, ANSYS makes tetrahedral or hexahedral elements. If a part is just 

four-sided, it makes hexahedral elements during meshing otherwise, it makes tetrahedral 

elements. Hexahedral elements produce more accurate results. The mesh size has to be 

adequately small to create sufficient number of nodes. This is important because inadequate 

number of nodes and elements can produce results that are misleading.   

Mesh dependency is an issue that should be considered prior to finalizing the results. In 

this case, the results change as the mesh size changes. According to ANSYS experts if this 

change is below 5%, it can be neglected otherwise, it should be taken care of. Mesh dependency 

mostly is an issue in non-linear analysis such as plasticity and creep. To check whether the results 

are mesh dependent or not a mesh size is picked to run the analysis. Then the mesh size is halved 

to run another case. The other governing conditions on the analysis should be consistent. For 

example, the pressure or temperature on the geometry should not change. The results of the two 

cases are then compared and the difference is measured. In many cases, if the results are still 

mesh dependent, by removing the sources of singularity (stress concentration), refining the mesh 

or making the mesh size finer the problem is solved. 
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1.1.4. Solution 

After setting up the mesh, the loads should be applied. All the boundary conditions or the 

loads and body forces are applied in this section. By issuing the solve command, the analysis 

starts to run. If there is any error or problem, the analysis stops and shows the error message 

corresponding to the problem. Depending on the size of the model and number of load steps, the 

analysis might be solved quickly or it may take a long time. 

1.2. Post-processing 

After finishing the solution by ANSYS, the results should be post-processed. This is 

another important section of an analysis since they should be compared with the design criterion 

that is desired. Both in APDL and WB, the results can be plotted using contours. For instance, if 

we plot the principal plastic strain, ANSYS plots the model in different colors. Each color then 

has a range that is illustrated on the screen. With this method, we can easily detect the stress 

distribution on the model.  Figure 19 illustrates an example of a post-processed model in ANSYS.   

 
Figure 19: The principal plastic strain on a model with its color contour 
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A plot like figure 19 enables us to see how a certain value (in this principal plastic strain) is 

distributed to see if the model fails or not. For my case, I had to measure the plastic strain and 

compare to the uniform elongation of the material (εu). The maximum plastic strain should not 

exceed 50% of the uniform elongation of the material. 

There is also another section in ANSYS which is Time History Post-processing. In this 

section, a certain node or element can be picked to study its behavior (i.e. principal plastic strain) 

over time. The results can be plotted with time. 

In ANSYS, the behavior of a certain part can be followed using an option called path. A path 

is created by defining the beginning and end point of it. The created path will be used to measure 

a value on it. Path will be used to illustrate the results in Chapter 5. 

ANSYS WB requires the same procedure for a setup. WB has more powerful meshing tools 

thus it is more convenient to run 3D complicated modules in it. Also, when a 3D assembly is 

imported in WB, the program detects the connections between each part automatically which is 

useful to get the converged solution. Sometimes due to some numerical errors or artifacts, the 

numerical results may not converge. In this case, ANSYS cannot produce any results but 

detecting the connections between the parts automatically solves convergence problem most of 

the times. 

2. The UCLA Results revisited 

2.1. Problem definition 

Prior to analyzing the divertor plate concept discussed in section 3.2 at UCSD, it was 

analyzed using ANSYS at UCLA.  They performed a series of thermo-mechanical analyses on 

the joints. UCLA did separate analyses on each of the sub-assemblies mentioned in section 2.5 to 

measure the residual stresses caused by the fabrication processes; then they ran steady state and 
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cyclic thermo-structural loading on the joints to study the behavior of them.
22

 For the cyclic 

thermo-structural loading they used the following steps which are illustrated in figure 20: 

 
Figure 20: Cyclic pressure and heat loading profile performed at UCLA 

S. SHARAFAT, A.T. AOYAMA, N. M. GHONIEM, J.P. BLANCHARD, and S. MALANG 

“Thermo-Mechanical Analysis of a Tungsten-Tantalum-Steel Divertor Transition Joint,” 

Proceedings of the 23
rd

 IEEE/NPSS Symposium on Fusion Engineering, 2009. 

1. Initial stresses are applied at 20 °C using the data obtained in joining analyses (time = 0) 

2.  Pressure loads (10 MPa) are applied along the inner faces of the divertor transition joint 

(Δt = 10 minutes) 

3.  Assembly temperature is uniformly raised to 800°C over the time span of 30 minutes. 

4. The temperature is held at 800 °C for 30 minutes. 

5. The assembly temperature is uniformly cooled back to 20°C over the time span of 30 

minutes. 

6. The temperature is held at 20 °C for 30 minutes. 

7. Additional thermal cycles are applied by repeating 3-6. 

8. After all thermal cycles are completed and the assembly is at room temperature, the 

pressure load is removed.
22
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2.2. UCLA’s Results 

After running ANSYS, they concluded the residual stress concentrates at the interface of 

the dissimilar materials. The important conclusion of UCLA’s joining analysis was the maximum 

stress in Ta which was beyond the yielding point of it. The ultimate tensile strength for Ta, W and 

ODS at room temperature were 398 MPa, 1406 MPa, and 1250 MPa. But the maximum stress on 

Ta was 734 MPa which was due to the plastic deformation during the fabrication process.  Figure 

21 illustrates their von Misses results after assembly at room temperature: 

 
 

Figure 21: Residual von Misses stress results after assembly at room temperature performed by UCLA 

S. SHARAFAT, A.T. AOYAMA, N. M. GHONIEM, J.P. BLANCHARD, and S. MALANG “Thermo-Mechanical 

Analysis of a Tungsten-Tantalum-Steel Divertor Transition Joint,” Proceedings of the 23rd IEEE/NPSS Symposium on 

Fusion Engineering, 2009 

 In the next step, UCLA performed cyclic loading on the whole transition section to study 

the stress behavior of materials. They ran 10 cyclic thermo-structural loads. Figure 22 illustrates 

the cyclic loading results on 4 different nodes: 
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Figure 22: Von Misses stress contours after 10 load steps performed by UCLA 

S. SHARAFAT, A.T. AOYAMA, N. M. GHONIEM, J.P. BLANCHARD, and S. MALANG “Thermo-Mechanical 

Analysis of a Tungsten-Tantalum-Steel Divertor Transition Joint,” Proceedings of the 23rd IEEE/NPSS Symposium on 

Fusion Engineering, 2009 

In the end, UCLA concluded that ODS and W material approach their yield strengths 

however Ta exceeds its ultimate and tensile strength and even heat treatment will not solve the 

problem. Therefore, they concluded the transition joints will fail.
22 

3. Analysis of the transition pieces at UCSD 

After UCLA indicated that the configuration of the joints will fail, it was proposed to start a 

new set of analyses to be performed. This time it was decided to be done at UCSD.  Since UCLA 

conclude that ODS, Ta, and W will exceed their yielding point, we decided to perform 

elastic/plastic analysis to study the amount of plastic deformation. The criterion for plastic 

deformation was mentioned in Chapter 1.  

In addition to plasticity, we decided to add the ODS and W ribs at the two ends of the 

transition section to make the model closer to reality. Moreover, we decided to perform 3D 

analysis at the end since a 3D model is the closest to the configuration will be seated in the 

Tokamak. For more details regarding UCLA’s analysis, please refer to reference 23. Figure 23 

illustrates the differences between UCLA and my model used for analysis: 
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Figure 23: A comparison of the models used at UCLA (top) and UCSD (bottom) 

Including the ribs to the ends is essential because the coolant pressure is applied to them. 

I included fabrication steps as well as cyclic loading. The results will be discussed in Chapter 5. 
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Chapter 4: Modeling Steps 

1. Material properties, plasticity, and element types in ANSYS 

As discussed in Chapter 3, there are three dissimilar materials in the joints. Having a reliable 

source of materials properties is significant in getting precise results. Material properties are 

generally temperature dependent in ANSYS. In both ANSYS versions, up to 6 temperature 

dependent points can be provided for analysis. The analysis was started with the UCLA’s 

material properties and then some modifications were made to improve the initial data. For 

instance, other sources were also used to have more temperature dependent points than two. 

UCLA also used pure Ta but after several cyclic loading analyses it was decided to use Ta2.5W 

which is an alloy of Ta and W with relatively higher yielding point than pure Ta, thus Ta will 

encounter less plastic deformation.
24

 Tables 1, 2, and 3 illustrate the initial material properties 

from UCLA: 

Table 1: ODS Steel material properties 

A. AOYOMA “Thermo-mechanical stress analysis of tungsten-tantalum-steel flow Divertor transition joint” 2008, 

Unpublished paper 

ODS Steel 

 20 °C 800 °C 

Young’s Modulus (E) 217.3 GPa 138.2 GPa 

Poisson Ratio (ν) 0.29 0.29 

Yield Stress (σy) 1300 MPa 323 MPa 

Tangent Modulus (Eτ) 463 MPa 8.22 GPa 

Linear Thermal Expansion 

Coefficient (γ) 

12.68 ppm/°C 12.68 ppm/°C 

Density (ρ) 7592 kg/m
3
 7592 kg/m

3
 

 

Table 2: Pure Tantalum material properties 

A. AOYOMA “Thermo-mechanical stress analysis of tungsten-tantalum-steel flow Divertor transition joint” 2008, 

Unpublished paper 

Tantalum 

 20 °C 800 °C 

Young’s Modulus (E) 185 GPa 174 GPa 

Poisson Ratio (ν) 0.29 0.29 

Yield Stress (σy) 500 MPa 180 MPa 

Tangent Modulus (Eτ) 525.4 MPa 525.4 MPa 

Linear Thermal Expansion 

Coefficient (γ) 

6.3 ppm/°C 6.3 ppm/°C 

Density (ρ) 16600 kg/m
3
 16600 kg/m

3
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Table 3: Tungsten material properties 

A. AOYOMA “Thermo-mechanical stress analysis of tungsten-tantalum-steel flow Divertor transition joint” 2008, 

Unpublished paper 

Tantalum 

 20 °C 800 °C 

Young’s Modulus (E) 410 GPa 375 GPa 

Poisson Ratio (ν) 0.29 0.29 

Yield Stress (σy) 3.50 GPa 860 MPa 

Tangent Modulus (Eτ) 1.53 GPa 2.20 GPa 

Linear Thermal Expansion 

Coefficient (γ) 

4.5 ppm/°C 4.5 ppm/°C 

Density (ρ) 19300 kg/m
3
 19300 kg/m

3
 

The elastic results are generally assumed to be isotropic in ANSYS meaning that Young’s 

Modulus and Poisson Ratio are independent of direction.
24

 Figure 24 illustrates the difference of 

isotropic as well as anisotropic materials: 

 
Figure 24: The schematic of isotropic and anisotropic materials 

http://www.feppd.org/ICBDent/campus/biomechanics_in_dentistry/ldv_data/mech/basic_bon

e.htm 

There are several methods for providing the initial properties for plasticity as well. For 

instance, plasticity can be modeled using Bilinear Kinematic Hardening, Anisotropic, or Bilinear 

Isotropic Hardening. Prior to using any of the plastic models in ANSYS, the user should read 
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about them in the ANSYS help to pick the appropriate model. For this project, Bilinear Isotropic 

Hardening (BISO) was used.
25

  

In this model, ANSYS uses von Mises yield criteria assuming an isotropic work hardening 

was done. This option is also preferred for large strain analyses. It is bilinear because it consists 

of two lines for each temperature point. For each temperature point Yield stress and Tangent 

Modulus have to be provided which Tangent Modulus is generally 0.1 times Young Modulus.  

The yield stress in the stress strain curve is the point that the materials initially start to go into 

plastic strain. The new yielding stress after the first one depends on the type of hardening and the 

loading history.
26

 Figure 25 below is a plot of BISO plastic model: 

 
Figure 25: Stress vs. strain curve for BISO plastic model 

http://download.autodesk.com/us/algor/userguides/index.html?url=files/GUID-3BDBFBCD-6870-4428-BBB1-

461FDAAF796-416.htm,topicNumber=d28e70938 

 After modifying and improving, the following material properties were used: 

Table 4: Elastic properties of ODS Steel 

ODS Steel (12YWT) 

Temperature (°C) Young Modulus 

(GPa) 

Poisson Ratio CTE  10
-6

/°C 

20 216.99 0.29 10.57 

300 200.8 0.29 11.19 

400 195.7 0.29 11.64 

500 187.8 0.29 12.06 

600 176.7 0.29 12.36 

700 159.62 0.3 12.49 
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Table 5: BISO plastic properties of ODS Steel 

ODS Steel (12YWT) 

Temperature (°C) Yield Strength (MPa) Tangent Modulus (GPa) 

20 1200 21.7 

200 1100 20.7 

400 980 19.5 

500 920 18.7 

600 780 17.6 

700 430 15.9 

 

Table 6: Elastic properties of Ta2.5W 

ODS Steel (12YWT) 

Temperature (°C) Young Modulus 

(GPa) 

Poisson Ratio CTE  10
-6

/°C 

20 185 0.29 6.3 

800 174 0.29 6.3 

 

Table 7: BISO plastic properties of Ta2.5W 

ODS Steel (12YWT) 

Temperature (°C) Yield Strength (MPa) Tangent Modulus (GPa) 

20 700 18.5 

176 610.4 18.28 

332 520.8 18.06 

488 431.2 17.84 

644 341.6 17.62 

800 252 17.4 

 

Table 8: Elastic properties of Tunsgsten 

ODS Steel (12YWT) 

Temperature (°C) Young Modulus 

(GPa) 

Poisson Ratio CTE  10
-6

/°C 

20 408 0.29 4.5 

800 375 0.29 4.5 

 

Table 9: BISO plastic properties of Tungsten 

ODS Steel (12YWT) 

Temperature (°C) Yield Strength (MPa) Tangent Modulus (GPa) 

0 1384.617 41 

100 1266.319 40.46 

300 1048.057 40 

500 853.48 38.7 

600 764.789 38.2 

800 604.034 37.5 

 

For all the analyses, Treference=1050 °C. 
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 Depending on the type of the geometry, applicable element type has to be picked. For 

instance, for 2D analyses, 2D element type has to be picked that can handle the desired analysis 

such as plasticity or elasticity. The element behavior also has to be picked carefully and according 

to the conditions of the analysis. Generally, there are several element behaviors such as 

Axisymmetric or Plane Strain. For 2D analyses, PLANE 182 was used with Generalized Plane 

Strain element behavior. Each of the elements of this type consists of four nodes that later on 

when the model is meshed using an element size, many nodes will be created. This element type 

is able to handle elasticity as well as plasticity which is core of this project. In Generalized Plane 

Strain, the model is allowed to strain in the third direction which is in depth of the 2D model. 

Thus, it is a more efficient way to model certain 3D deformation using 2D options.
25

 This element 

behavior then was a good option for the transition joints since only a cross section of that was 

modeled in 2D. For more information regarding the element types and their behaviors please refer 

to ANSYS Help.   

2. 2D Modeling 

 As it was discussed in chapter 3 section 1, 2D modeling can be done in ANSYS APDL 

easily. Generally, in a design project, finite element analysis first starts from 2D modeling and 

then 3D analysis is done for comparison. Following the same procedure, the 2D model was first 

analyzed. It was first tried to replicate the joints model made at UCLA with some minor 

changes.
22

 Figure 26 below illustrates a comparison of UCLA and UCSD 2D models of the 

Divertor joints: 
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Figure 26: UCLA (top) and UCSD (bottom) initial 2D model of the divertor joints with bonding methods 

Later on, the gap between Steel and Ta was added to the model as well as the ribs from 

Steel and W side: 

 
Figure 27: 2D model with bonding and the ribs from ODS and Tungsten sides 

D. NAVAEI, X.R. WANG, M.S. TILLACK, S. MALANG, and the ARIES Team “Elastic-Plastic analysis of the 

transition joint for a high performance Divertor target plate” 

 

By adding the ribs, it can be claimed that 2D model is a cross section of the divertor 

joints. It can be observed in the above figure that due to symmetry only half of the divetor joints 
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were modeled. Using symmetry makes the computational analyses faster since less number of 

nodes is involved while the results are still reliable. 

Proper boundary conditions are another issue that has to be decided carefully. The 

loading conditions have to physically be proper, otherwise the results will not be reliable. Figure 

28 illustrates the loading conditions on the divertor joints: 

 
Figure 28: Divertor plate configuration with constraints (Uy=0 at right, and symmetry at the 

bottom), pressure (inner red arrows), body temperature 
D. NAVAEI, X.R. WANG, M.S. TILLACK, S. MALANG, and the ARIES Team “Elastic-Plastic analysis of the 

transition joint for a high performance Divertor target plate” 
 

3. Cyclic loading 

In the case of the divertor joints, cold shutdown and warm shutdown are considered as cyclic 

loadings. Since the joint will be in high temperature conditions that vary with time, it is important 

to study the behavior of the joints under consecutive load steps with different temperatures. In all 

the loading conditions, the coolant pressure will be constant. To understand warm shutdown 

better, it can be assumed the power plant has been built and is ready to start so it begins operating 

at room temperature (T=20 °C) and jumps to 700 °C as the operating temperature. The 

temperature changes between 600 °C and 700 °C for many cycles.
1
 

For cold shutdown similar assumption can be made except the second temperature is 20 °C 

again. Therefore, the temperature varies between 20 °C and 700 °C. Cold shutdown operating 

cycle does not have any practical meaning because with this loading cycle, it looks like the power 

Body Temperature= 20 °C 

P=10 MPa (Coolant Pressure) 
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plant is shutdown and starts again unless the power plant has to be shut down due to maintenance 

or in case of any emergency issue. Once the power plant starts operating, the joints’ temperature 

never get to 20 °C so cold shutdown does not occur. But cold shutdown is the worst case that can 

happen on the joints so once the joints survive cold shutdown, they can almost survive anything 

else. Figure 29 illustrates the temperature profile of cold and warm shutdown: 

 
Figure 29: Temperature profile of cold shutdown (blue) and warm shutdown (red) with load step 

D. NAVAEI, X.R. WANG, M.S. TILLACK, S. MALANG, and the ARIES Team “Elastic-Plastic analysis of the 

transition joint for a high performance Divertor target plate” 

4. Suitable mesh method 

For 2D analyses, free mesh method was used since it is more suitable for complicated 

geometries such as the transition joints. In free mesh, after assigning the element size manually, 

ANSYS will mesh the geometry using triangular and rectangular element type according to the 

geometry. Rectangular element type cannot be used for the geometries with more than four sides. 

The rectangular element type produces more precise results thus ANSYS attempts to mesh the 

model using this method as much as possible and meshes the rest using triangular element shape. 
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The 2D original design was meshed by free method (chapter 5). In order to use rectangular 

element type, the complicated model can be divided into smaller four sided areas to be able to 

apply rectangular mesh. This method was applied when the design was modified to a simpler 

design. The results of the modified design will be discussed in chapter 6. For 3D analyses, 

automatic (patch conforming/sweeping) mesh method in WB was used that uses similar approach 

to 3D complicated models. Thus the models is tried to be meshed using hexahedral element types 

and the rest are meshed using tetrahedral element shapes (figure 18). In 3D models mesh 

refinement was used for the transition areas as well. In mesh refinement, the areas of two 

different materials that are facing each other are re-meshed with finer elements in order to make 

the loads transition from one material to another smoother. 

5. Mesh dependency check 

 As it was discussed in section 3.1, part of finite element analysis is meshing. The 

meshing process has to be performed carefully since the accuracy of the results is dependent to 

the mesh size. To understand and study this phenomenon better, a 3D sample joint was made. 

This sample was run under different mesh sizes to study the mesh dependency of the results 

(plastic strain). Figure 30 illustrates the sample joint modeled and assembled in ProENGINEER: 

 
Figure 30: Sample joint made to study the mesh dependency 
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The tables below show the results as well as the results’ difference in percent: 

Table 10: Mesh dependency check for ODS and Ta 

Material Mesh Size (mm) εpl (m/m) Error (%) 

ODS 
0.2 8.57E-04 

6.41E+00 
0.1 9.16E-04 

Ta 
0.2 2.70E-03 

5.63E-01 
0.1 2.72E-03 

 

Table 11: Mesh dependency check for Ta and W 

Material Mesh Size (mm) εpl (m/m) Error (%) 

Ta 
0.2 2.14E-02 

4.24E-01 
0.1 2.15E-02 

W 
0.2 7.64E-03 

7.17E-01 
0.1 7.70E-03 

 

According to ANSYS manual, the mesh size should be adequately small in order to produce 

accurate results. 

6. 3D convergence 

When running non-linear 3D cases in ANSYS, there may be the convergence issue. After a 

few iterations, ANSYS stops with an error message saying that solution did not converge at a 

certain sub-step. There are a couple of reasons for that: 

1. The mesh shape may not be suitable for the geometry. Mesh quality check commands 

should be issued in ANSYS for studying this problem. 

2. When a model consists of several parts that are assembled, after applying all the loads 

and displacements, penetration may occur.
25

  Figure 31 illustrates the concept of 

penetration: 
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Figure 31: The schematic of penetration of the top body (blue) to the bottom (purple) after applying loads 

http://www.ansys.com/staticassets/ANSYS/staticassets/resourcelibrary/confpaper/2008-Int-ANSYS-Conf-guidelines-

contact-convergence.pdf 

Generally, the penetration issue can be solved by defining contact and target at the areas 

the two parts facing each other. When defining contact and target, the loads are transferred to the 

parts and also penetration is prevented. There are several types of contact methods such as spot 

weld, bond, or friction. When running a 3D case in APDL, the contact and target surfaces should 

be defined manually. On the other hand, when an assembly is imported in WB, ANSYS itself 

detects all the contact surfaces and assigns contact and target to them symmetrically. Symmetrical 

means contact and target surfaces are under similar conditions.
28

 Figure 32 illustrates the 

assumption of contact and target in WB: 

 
Figure 32: Assumption of symmetrical target and contact surfaces (red and blue arrows) between parts A & B 

Introduction to ANSYS Mechanical, General Post-processing 

http://www.ansys.com/staticassets/ANSYS/staticassets/resourcelibrary/confpaper/2008-Int-ANSYS-Conf-guidelines-contact-convergence.pdf
http://www.ansys.com/staticassets/ANSYS/staticassets/resourcelibrary/confpaper/2008-Int-ANSYS-Conf-guidelines-contact-convergence.pdf


45 
 

 
 

The default type of connection in WB is bonded meaning the parts are welded together 

completely and this is the correct type of connection for the divertor joints. ANSYS WB also 

performs several modifications automatically in a 3D analysis to obtain converged solution, 

therefore running 3D cases with complicated geometries in WB is recommended.  

There might be other issues when encountering convergence problem. For instance, when 

running non-linear cases, computational errors may cause convergence problems but most of 

them are treated by ANSYS automatically. The output file made by ANSYS should be carefully 

studied to find the source of the problem. ANSYS Help has a “Troubleshooting” section that 

explains the reasons behind some of the error messages. 

For running intense 3D cases, the machine should be able to provide enough memory and 

disk space to solve the non-linear analyses. A super computer was recently bought for intensive 

3D cases. This enables the 3D analyses to be performed with finer mesh sizes for more precise 

results. Even with such computer, the computational time may be costly since each run takes a 

few days to produce results. 
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Chapter 5: Results of the original design 

1. 2D check points 

Usually, the maximum plastic strain was observed to occur on the tip of the Ta ring. (For load 

conditions and the joints ring please refer to Chapter 4 Modeling Steps).  Almost always tungsten 

exhibited no plastic strain. Due to its shape and physical properties, Ta mostly had the highest 

plastic strain both in non-cyclic loading, and as indicated in the next section, in cyclic loading as 

well. The maximum plastic strain is on the tip of Ta ring. The Ta ring seats on the ODS ring and 

the tip is seated almost in the middle of ODS ring. Its 45º geometry and the local thermal stress 

can be considered the main reasons for high local plastic strain there. Also, ODS steel exhibited 

plastic strain but in a lower range. Depending on the thickness of the ODS steel rib, the maximum 

plastic strain could be shifted from the corner of the ODS steel rib and manifold to the lower tip 

of the ODS steel ring. In the 2D analyses, the ODS steel rib was 8 mm thick. Although the 

divertor will undergo cyclic loading, non-cyclic loading helped to find the locations with the 

highest strain so the geometry could be modified if needed. Figure 33 illustrates the maximum 

plastic strain results at 20 ˚C for ODS and Ta using generalized plane strain element behavior.
1 

 
Figure 33: Maximum plastic strain in the ODS (left) and Ta (right) at T= 20 °C 

D. NAVAEI, X.R. WANG, M.S. TILLACK, S. MALANG, and the ARIES Team “Elastic-Plastic analysis of the 

transition joint for a high performance Divertor target plate” 
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2. Fabrication analysis 

Separate thermal analyses were performed on subassemblies 1 and 2.  For subassembly 1, Ta 

and ODS rings are first bonded using explosion welding and then the ODS ring and manifold are 

bonded using diffusion welding.  Diffusion welding starts at 1050 °C (load step 1) as the stress-

free temperature for one load step and is cooled down to 20 °C.  In load step 4, it is ramped up to 

700 °C again for tempering the steel weld, and in load step 6 it ramps down to 20 °C until load 

step 8. Figure 34 illustrates the thermal load profile of subassembly 1: 

 
Figure 34: Thermal load profile in subassembly 1 

D. NAVAEI, X.R. WANG, M.S. TILLACK, S. MALANG, and the ARIES Team “Elastic-Plastic analysis of the 

transition joint for a high performance Divertor target plate” 

 Each of the mentioned load steps can cause plastic strains except load steps 1 and 2 where 

the temperature is identical to the stress free temperature.  Figure 35 illustrates the principal 

strains: 
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Figure 35: Principal plastic strain in subassembly 1 

D. NAVAEI, X.R. WANG, M.S. TILLACK, S. MALANG, and the ARIES Team “Elastic-Plastic analysis of the 

transition joint for a high performance Divertor target plate” 

 The ODS steel has zero plastic strain while the Ta ring experiences plasticity in a very small 

region at its tip. The Ta sees zero plastic strain during the first two load steps since the 

temperature is the same as the stress free temperature.
1
 Figure 36 illustrates the configuration of 

subassembly 2: 

 
Figure 36:  Principal plastic strain in subassembly 2 which the value is zero 

D. NAVAEI, X.R. WANG, M.S. TILLACK, S. MALANG, and the ARIES Team “Elastic-Plastic analysis of the 

transition joint for a high performance Divertor target plate” 

 

3. 2D Cyclic Loading 

The significance of cyclic loading is its temperature variation. For instance, when the 

temperature in the divertor plate is changed from 20°C to 700°C, the system encounters thermal 

Ta W 
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strain due to the different materials’ CTEs and that is probably the main reason for ratcheting in 

the Ta ring.
1 

Based on the thermal loading profile of figure 28 in Chapter 4 section 3, warm and cold shutdown 

operating cycles were run. Figure 37 and 38 illustrate the warm and cold shutdown operating 

cycles after 100 cycles respectively: 

 
Figure 37: Results of the warm shutdown operating cycle after 100 load steps 

D. NAVAEI, X.R. WANG, M.S. TILLACK, S. MALANG, and the ARIES Team “Elastic-Plastic analysis of the 

transition joint for a high performance Divertor target plate” 

 

 
Figure 38: Results of the cold shutdown operating cycle after 100 load steps 

D. NAVAEI, X.R. WANG, M.S. TILLACK, S. MALANG, and the ARIES Team “Elastic-Plastic analysis of the 

transition joint for a high performance Divertor target plate” 

Top: Pure Ta 

Middle: ODS 

Bottom: W 

Top: Pure Ta 

Middle: ODS 

Bottom: W 
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 It can be observed in figure 37 that pure Ta has the most ratcheting in cold shutdown 

meaning that plastic strain resulting from thermal strain is accumulated after each load step. This 

phenomenon may lead the joints to fail from Ta section. To alleviate this issue, two alloys of Ta 

were considered: Ta111 and Ta2.5W. Ta111 is composed of Ta-8W-2Hf which Hf exhibits 

radioactivity properties so it is not suitable for divertor joints. Ta2.5W is composed of 97.5Ta and 

2.5W which its yield strength is higher than pure Ta (For material properties please refer to 

Chapter 4 Modeling Steps section 1.
1
 Since cold shutdown was the most critical operating cycle, 

it was run again using Ta2.5W. Figure 39 illustrates the results of that analysis for 100 load steps: 

 
Figure 39: Results of cold shutdown operating cycle after 100 load steps with Ta2.5W 

D. NAVAEI, X.R. WANG, M.S. TILLACK, S. MALANG, and the ARIES Team “Elastic-Plastic analysis of the 

transition joint for a high performance Divertor target plate” 

 Although Ta2.5W did not eliminate ratcheting completely, but it almost halved the 

amount of plastic strain.  After observing the results of Ta2.5W it was decided to use this Ta alloy 

for the design. In order to eliminate ratcheting which mostly occurs at the tip of Ta ring, the 

design also has to be modified but it was concluded the design will survive the cyclic loading 

Top: Ta2.5W 

Middle: ODS 

Bottom: W 
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regardless of the ratcheting phenomenon in Ta ring. The design modification efforts will be 

discussed in Chapter 6. 

4. 3D analysis 

 Usually, the ultimate part of finite element analysis is performing a 3D analysis. 3D 

analyses are costly in terms of time and the disk space they require.  For initial 3D analysis, the 

parts were modeled in ProENGINEER and imported in ANSYS APDL. Using symmetry 

properties, only a quarter of the configuration was modeled and analyzed. This saved time and 

disk space. Figure 40 illustrates the 3D configuration with materials and mesh: 

 
Figure 40: 3D configuration as well as the mesh and the materials 

D. NAVAEI, X.R. WANG, M.S. TILLACK, S. MALANG, and the ARIES Team “Elastic-Plastic analysis of the 

transition joint for a high performance Divertor target plate” 

 As mentioned in Chapter 3, the mesh size should be adequately small to produce precise 

results. Figure 41 and 42 illustrate the 3D plastic strain in the whole model and ODS steel 

respectively: 
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Figure 41: Plastic strain results in 3D model 

D. NAVAEI, X.R. WANG, M.S. TILLACK, S. MALANG, and the ARIES Team “Elastic-Plastic analysis of the 

transition joint for a high performance Divertor target plate” 

 

 
Figure 42: Plastic strain results in ODS steel 

D. NAVAEI, X.R. WANG, M.S. TILLACK, S. MALANG, and the ARIES Team “Elastic-Plastic analysis of the 

transition joint for a high performance Divertor target plate” 

 With the purchase of a stronger computer, 3D analysis with smaller mesh size was 

possible. In the past, when the mesh size was smaller than a certain size, the computer could not 

allocate enough memory for the heavy ANSYS file. Also, for the rest of 3D analyses, ANSYS 

Workbench (WB) was used due to more powerful meshing tools as well as better 3D convergence 

(For further explanations please refer to Chapter 3 section 1). 
1 
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The above results are for 3mm mesh size but 3D analyses with 0.4, 0.2, and 0.1 mm mesh sizes 

were run in WB. Figure 43 illustrates full 3D geometry modeled in ProEngineer: 

 
Figure 43: Full 3D geometry of the Divertor joints 

 The principal plastic strain results revealed that the stress concentration on Ta and ODS 

rings increases as the mesh size gets finer. The main source of stress concentration is on the sharp 

edge of ODS and Ta rings. Figures 44, 45, and 46 illustrate the principal plastic strain results on 

Ta2.5W ring for 0.4mm, 0.2mm, and 0.1mm mesh sizes respectively. The operating temperature 

is T= 20 °C and P= 10 MPa. 
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Figure 44: Principal plastic strain on Ta2.5W ring at 0.4 mm mesh size 

The model with 0.4 mm mesh sized contained 1,396,387 elements. 

 
Figure 45: Principal plastic strain on Ta2.5W ring at 0.2 mm mesh size 

 The model with 0.4 mm mesh sized contained 5,287,914 elements. It can be observed 

that the result of Ta ring changes significantly with the change of mesh size. 
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Figure 46: Principal plastic strain of Ta ring for 0.1 mm mesh size. 

 The model with 0.1 mm mesh sized contained 21,898,137 elements.  It can be observed 

that the principal plastic strain has increased again with finer mesh size. The main reason behind 

this behavior is the sharp corners of Ta and ODS rings. The stress and as a result strain 

concentration increase. This type of sharp corners has to be avoided to remove the singularity 

points. Figure 47 illustrates the configuration causes the singularities: 
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Figure 47: The parts of the model that cause singularity 

 It was decided to modify this part of the design and it will be discussed in chapter 6 in 

details. On the other hand, the bulk of ODS, Ta, and W do not change that much. For instance, 

the principal plastic strain in the bulk of ODS manifold does not change with change of mesh 

size. The bulk of a material can be plotted using path option in ANSYS. Figure 48 illustrates the 

path plotted in ODS in 0.2 mm mesh size. The principal plastic strain does not change for similar 

path in 0.4 and 0.1 mm mesh sizes: 

The sharp 

corners cause 

singularities 
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Figure 48: Principal plastic strain for 0.2 mm mesh size 

 Using the above calculations, it was decided to just change the design of the rings and the 

way ODS and Ta are connected. 

5. Discrepancy 

 Usually, the majority of the analyses are run in 2D models because a 2D model produces 

the results faster. A 2D model consists of less number of nodes but a 3D analysis is done as a 

confirmation of the 2D results. In a 3D analysis for confirmation, only one point is run to obtain 

the results faster. Since 2D and 3D analyses are under consistent conditions, the results can be 

compared. Once a particular point analysis was matched in 2D and 3D, all the 2D results can be 

confirmed. This was not the case in the divertor joint analyses though. The discrepancy in 

between 2D and 3D results were observed in the point checks. The main reason may be the 

complicated structure of the divertor joints. It consists of two rings and three main bodies made 

out of dissimilar materials and a 2D section only captures a limited part of it. Figure 49 illustrates 

3D and 2D divertor models: 
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Figure 49: 3D and 2D divertor joint models 

D. NAVAEI, X.R. WANG, M.S. TILLACK, S. MALANG, and the ARIES Team “Elastic-Plastic analysis of the 

transition joint for a high performance Divertor target plate” 

It can be observed in figure 49 that the 2D model consists of all the materials and pieces 

but it is only a cross section. The 2D model does not represent the behavior of the bulk of the 

material and the 3D model is closer to reality. The existence of sharp corners of Ta and ODS 

rings is a reason of singularity that with increase of number of nodes the local value of plastic 

strain will increase substantially and a 3D model obviously has more number of nodes than 2D. 

Consistent 2D and 3D results may not be a general rule and it cannot be reached in all the 

design procedures. It is more appropriate to judge the validity of the results with the initial setup 
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such as correct model and loading profile. Once they are realistic, the produced results are 

reliable. 

After studying the results, it was concluded the problem is local around the Ta and ODS 

rings and some design modifications should be done.  The detailed attempts to modify the design 

will be discussed in Chapter 6. 
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Chapter 6: The modified Divertor joints design 

1. Configuration 

After several 2D and 3D analyses on the original design, it was concluded that some 

modifications is needed in order to improve the design of the divertor joints. The main problem 

was with sharp corners of ODS steel and Ta rings that would cause stress and strain 

concentration. In ANSYS lectures, such designs are called idealized geometries and are 

recommended to be avoided by filleting the sharp corners. Figure 50 illustrates what is a called an 

idealized geometry: 

 
Figure 50: The so called idealized geometry by ANSYS 

Introduction to ANSYS Mechanical, General Post-processing 

Similar configuration existed at the ODS steel and Ta rings.  In such situations as figure 

50, the stresses will increase with the refinement of mesh so the results are mesh dependent.  As 

was discussed in Chapter 5, the 3D results of three different mesh sizes were changing with the 

change of mesh sizes.  
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In order to avoid the rings with sharp corners, some modifications were proposed for that 

particular section. Figure 51 compares the original and the modified design: 

 
Figure 51: A comparison of the modified design (left) and the original design (right) 

 The modified design is also simpler in terms of manufacturing but there were fabrication 

concerns that had to be addressed. 

2. Fabrication alternatives 

 In the original design, diffusion welding as well as explosive welding were used for 

ODS/ODS and ODS/Ta bonding. Explosive welding is among the best methods of bonding due to 
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the strength of the joints but it only can be done on flat plains. Applying explosive welding was 

the main reason of using ODS and Ta rings thus by avoiding explosive welding the rings it was 

possible to remove the rings.  To solve this problem, several studies were conducted on the 

materials and the fabrication techniques. The properties of the materials as well as the fabrication 

methods were discussed in Chapter 2. A few bonding methods were considered for ODS/Ta 

bonding: 

2.1. TIG welding 

 TIG welding is a not a good method for ODS/Ta: 

 TIG is better for refractory metals. ODS is not a refractory metal. 

 TIG welding will produce relatively low strength joints in ODS.
14

   

 TIG welding is not among the recommended joining techniques for Ta 

2.2. Diffusion welding 

 Diffusion welding is not a good option for ODS/Ta: 

 Diffusion welding is not recommended as a suitable joining technique for Ta.
9
  

 In diffusion welding, the difference in the thermal expansion of members is 

important. The difference in thermal expansion coefficients in between ODS and Ta 

is quite high. 
17

  

2.3. Brazing 

 Brazing is a good option for ODS/Ta: 

 It can be manufactured quite fast. 

 It is recommended both for ODS and Ta. 

 A certain clearance is needed for the brazing metal and the melted brazing metal fills that 

gap. Depending on the braze metal, there are some standard gaps.  To further confirm the validity 
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of such fabrication, the situation of the joints were explained to a couple of fabrication and 

welding companies via email. Dr. Girish Kelkar from WJM Technologies responded to the 

inquiry with some suggestions. He suggested to use either brazing or diffusion bonding. He also 

gave some details of how to braze ODS and Ta and the whole configuration. With the studies and 

comments of Dr. Kelkar, it was decided to go with brazing. Dr. Kelkar also replaced the OD and 

ID of ODS and Ta: 

 

 

 

 

 

 

 

 

Figure 52: The proposed joining ODS/Ta configuration (top) and Dr. Kelkar’s suggestion (bottom) 

In any joint, the high expansion material should be on OD according to him. When some 

initial results of the proposed design were discussed with the group, they approved this model 

with brazing but they suggested to model the brazing section as well. It was argued the difference 

of the CTE of ODS and Ta is quite high and the CTE of any brazing metal is much lower than 

ODS and Ta. Therefore, it is essential to include the brazing layer to measure the stress and strain 

there. It was also suggested to have the brazing temperature considerably higher than the 

maximum service temperature for strength reasons. The brazing temperature should be less than 

1100 °C to avoid large grains in ODS steel.  

Picking the right brazing material is significant for strength reasons.  There are some 

standard brazing materials such as Nickel or Copper but any material for fusion power plants 

   
 

  

  

ODS W Ta 
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should be picked cautiously.  There were two main problems when finding a suitable brazing 

material: radioactivity and neutron irradiation concerns as well as enough temperature dependent 

properties for a certain brazing material. Due to the mentioned reasons, it was decided to pick 

Copper (Cu) as the brazing material and let the material experts find a suitable brazing material 

later. Copper becomes brittle under neutron irradiation. According to experts, the thickness of the 

gap should be less than 50 µm or 0.05 mm but this gap can be changed to make the joints 

stronger. The thickness of the brazing section was chosen as 80 µm or 0.08 mm for the analyses. 

Figure 53 illustrates the brazing section in between ODS and Ta: 

 
Figure 53: 2D model with brazing section in between ODS and Ta 

 

ODS Ta 
Copper 
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Figure 54: The modified design with the coolant flow direction 

3. The initial 2D results and 2D cyclic loading 

3.1. 2D point check 

Before adding the brazing section to the model, an initial 2D analysis was done to the plastic 

strain as well as mesh dependency. The temperature of the analysis was at 20 °C. Figure 55 

illustrates the equivalent plastic strain of the new design: 

ODS Steel W Ta2.5W 
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Figure 55: Equivalent plastic strain of the new design without the brazing section 

Table 12: Mesh dependency test 

Equivalent Plastic Strain (m/m) 

Mesh Size (mm) ODS Steel Diff. (%) Ta2.5W Diff. (%) 

0.2 0 0 0.001861 2.4180548 

0.1 0 0.001906 

0.1 0 1.89E-02 0.001906 0.4197272 

0.05 1.89E-04 0.001914 

 

3.2. 2D fabrication and cyclic loading 

Both cold and warm shutdown operating cycles were performed on the new design.  To study 

the new design better, 3D cyclic loading was performed as well and the results will be discussed 

in section 3.3. In the new design sharp corners that cause singularities is avoided to eliminate 
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ratcheting.  In order to study the behavior of the joints during fabrication, the fabrication steps as 

well as cold shutdown were run. In this analysis, the fabrication started from stress free 

temperature T= 1050 °C. The joint were cooled down to room temperature and were heated up to 

T=750 °C for tempering. The joints were cooled down to room temperature after the tempering 

process to start the normal operating cycles. No coolant pressure was applied during the 

fabrication process as well room temperature (T=20 °C) loading steps. Figure 56 illustrates the 

temperature profile of fabrication and cold shutdown cyclic loading: 

 
Figure 56: Fabrication steps as well as cold shutdown operating cycles 

Figure 57 illustrates the results of the above plot: 
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Figure 57: Fabrication and cold shutdown principal plastic strain results 

The results of 2D cyclic loading prove the elimination of ratcheting. Figure 58 illustrate 

the warm shutdown operating cycle: 

 
Figure 58: Warm shutdown operating cycle for 82 load steps 

From top to bottom: 

Copper 

Ta2.5W 

ODS 

From top to bottom: 

Copper 

Ta2.5W 

ODS 
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In this modified design ratcheting has been eliminated in cold shutdown. Further 2D cyclic 

loading plots are available in Appendix. 

3.3. 3D results 

An analysis in 3D was performed at T=20 °C. Figure 59 illustrates the principal plastic strain 

results of 3D at T=20 °C: 

 
Figure 59: Principal plastic strain of whole joints at T=20 °C, the maximum is in Copper in between ODS and Ta 
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Figure 60: Principal plastic strain of Copper 

It can be observed that discrepancy still exists in between 2D and 3D results. As 

mentioned in Chapter 5 section 5.5, comparing 2D and 3D divertor joint models may not be a 

good idea. Also, all the measured principal plastic strain results in 2D and 3D are way below the 

uniform elongation and the measure 2D results were less than 3D. The plots of plastic strain 

results of each component are available in appendix. 

It was suggested performing warm and cold shutdown analyses on the 3D model to study 

the behavior of the modified design better. Figure 60 illustrates the warm shutdown operating 

cycle for the first 6 load steps: 
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Figure 61: Warm shutdown operating cycle 

Please refer to Chapter 4 section 3 for the thermal loading profile of warm shutdown. 

According to figure 32 in Chapter 4, 6 load steps means the joints started from 20 °C and reached 

to 700 °C and 600 °C once but they already have reached to steady state in terms of principal 

plastic strain results. Further plots are available in Appendix. 

Cold shutdown 3D operating cycle was run for 6 load steps as well. This type of analysis 

is considered as the worst case scenario on the joints. The 3D analysis was started from room 

temperature and with 10 MPa coolant pressure. The fabrication processes were not included in 

this analysis and the coolant pressure was applied all the time while in the real cold shutdown 

case (if any) the coolant pressure is turned off at room temperature load steps. Applying the 

coolant pressure at room temperature causes the most primary stresses as well as thermal stress. If 

the joints survive such loading condition in terms plastic deformation, they will survive the actual 
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operating (warm shutdown) cycles as well. Figure 61 illustrates the results of 3D cold shutdown 

for 6 load steps: 

 
Figure 62: Cold shutdown operating cycle 

In the above plots for 3D warm and cold shutdowns, the maximum principal plastic strain at 

each step or sub-step were measured and plotted. These results exhibit the maximum plastic strain 

sensed by the components of the divertor joints. 

4. Creep 

Creep generally occurs at high pressure and temperatures and the Divertor joints are under 

such conditions. There are no Norton creep data available for Tungsten and Tantalum even 

though the creep point at Tantalum and Tungsten much higher than the operating temperature of 

the joints. ODS steel may creep at T= 700 °C but there are no Norton creep data available for 

ODS steel. The closest data set to ODS steel is EROUFER 97 data that was used to do a rough 

calculation of the creep rate of ODS
33
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T= 550 °C 

σ = 260 MPa 

n= 18,   k= 3x10
-157

 

sk n /1108439.8)10260(103 6186157
             

Equation 1 

Depending on the stress that is plugged in the equation, the results vary significantly. The 

above calculation is only an approximation and does not represent the actual creep behavior of 

the divertor joint. But this approximation shows that the creep rate low and maybe we should not 

be worry about the creep at this step of analyses. 

 

 

 

 

 

 

 

 

 

 



 
 

74 
 

Chapter 7: Conclusions and Recommendations 
The main challenge in the divertor transition joint arises due to differences in CTE, which 

cause thermal stress and strain that potentially could lead to failure.  In our analyses, materials 

were studied and their behavior was observed using ANSYS.  To fully explore this design 

concept, 2D steady, 2D cyclic and 3D analyses were performed.  This study was performed to 

understand the validity of the design and to optimize it.
1
 

The project conducted at UCLA exhibited the primary stresses of the joints will exceed 

the yield strength of the materials. Using that analysis as the starting point, plasticity was added to 

the analysis to measure the principal plastic strain on the joints which should not exceed 50% of 

the uniform elongation (εu). Due to high temperature and pressure during the operating cycle, 

plastic deformation is expected and any analysis without considering plasticity does not illustrate 

the real behavior of the joints under the mentioned condition. 

After several 2D and 3D analyses it was concluded the divertor joint should be modified. 

The main problem was observed at the Ta and ODS rings especially Ta ring. To address this 

issue, other Ta alloys with better properties were tried.  The alloys were T-111 and Ta2.5W 

which both have higher yield strength compared to pure Ta and as a result, they will go under less 

plastic deformation. T-111 has radioactivity problems thus it is not suitable for fusion 

environment but Ta2.5W is suitable for the Divertor joint.  Replacing pure Ta by Ta2.5W reduced 

the amount of plastic deformation in Ta rings. The joints will go under warm and cold shutdown 

operating cycles in which cold shutdown is the worst loading condition on the joints due to its 

drastic temperature change. However, the behavior of the materials exhibit less plastic 

deformation under warm shutdown. Ratcheting phenomenon was lowered in cold shutdown by 

using Ta2.5W but it was not sufficient to eliminate ratcheting completely.  There is not any 

concern regarding Tungsten in cold and warm shutdown. 
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Further 3D analyses with fine mesh sizes it was observed that Ta and ODS rings have the 

most plastic strain respectively. Therefore, it was decided to make some modifications on the 

original design of the joints.  To modify the design better, fabrication methods such as brazing or 

explosive welding were studied thoroughly. Knowing the advantages and disadvantages of them, 

it was proposed to remove Ta and ODS rings and braze Ta and ODS bodies. It was suggested to 

model the brazing section of the modified design due to the big CTE mismatch of ODS, Ta, and 

the brazing metal. 

In addition to 2D cyclic loading, 3D warm and cold shutdowns were run on the modified 

design.  The results exhibited that both warm and cold shutdown will reach to steady state and do 

not ratchet. The ultimate results also are below the design criteria and survive the cyclic thermal 

loadings. 

For similar analyses in the future, fracture mechanics and fatigue analysis should be 

included as well. In fracture mechanics, crack propagation is the riskiest issue because even if 

there is small crack in any of the materials, high pressure and temperature might cause further 

propagation till the material ruptures. 

The other concern with the joints is creep. Using EUROFER 97 Norton creep, the creep 

rate of ODS steel was roughly estimated but further investigation is needed regarding finding a 

reliable source of Norton creep data for ODS steel and running creep analysis. 

Materials’ properties as initial data must be provided to ANSYS and the accuracy of them 

affects the accuracy of the results. For instance, the yield strength of 12YWT ODS steel does not 

change linearly with temperature and linear interpolation to produce more temperature dependent 

points might lead to unreliable results. It is better to come up with a library of materials properties 
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containing all the plasma facing materials with accurate plastic and elastic properties for several 

temperature points. 

Usually, 3D analysis is performed as a confirmation of 2D results but running all the 

analyses in 3D model will probably produce more precise results. A 3D model is the closest to 

reality.  For future similar projects, 3D analyses should be considered more. 
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Appendix 
ANSYS APDL input file was used for 2D cyclic loading analyses. The code picks the 

element type and puts the material properties. Then the geometry is meshed using the given mesh 

size and each set of material properties is assigned to the right section of the geometry. In the 

loading section, the loads and boundary conditions is applied and the problem is solved. For 

cyclic loading, “Do” loop is used to apply the cyclic loads as many as needed. The post 

processing is done using graphical user interface (GUI) but it can be done using the commands as 

well. 

/Batch 

/units,mks 

/clear 

/prep7 

 

 

 

     !* Material Properties *! 

et,1,plane182 

KEYOPT,1,1,0 

KEYOPT,1,3,5 

KEYOPT,1,6,0 

KEYOPT,1,10,0  

 

 

!**************************************Elastic and Plastic 

Properties*****************************!   

 

mpde,all,1,4 

tbde,all,1,4 

lsclear,all 

 

!******************************************ODS 

Steel**********************************************! 

MPTEMP,,,,,,,,   

mptemp,1,20 

mptemp,2,300 

mptemp,3,400 

mptemp,4,500 

mptemp,5,600 

mptemp,6,700 
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MPDATA,EX,matid,,216.99e9 

MPDATA,EX,matid,,200.8e9 

MPDATA,EX,matid,,195.7e9 

MPDATA,EX,matid,,187.8e9 

MPDATA,EX,matid,,176.7e9 

MPDATA,EX,matid,,159.62e9 

 

MPDATA,PRXY,matid,,0.29  

MPDATA,PRXY,matid,,0.29 

MPDATA,PRXY,matid,,0.29 

MPDATA,PRXY,matid,,0.29 

MPDATA,PRXY,matid,,0.29 

MPDATA,PRXY,matid,,0.3 

 

UIMP,1,REFT,,,1050 

MPDATA,ALPX,matid,,10.57e-6  

MPDATA,ALPX,matid,,11.19e-6 

MPDATA,ALPX,matid,,11.64e-6 

MPDATA,ALPX,matid,,12.06e-6 

MPDATA,ALPX,matid,,12.36e-6 

MPDATA,ALPX,matid,,12.49e-6 

 

 

TBDE,BISO,1,,,  0.0 

TB,BISO,1,6,2,   

TBTEMP,20    

TBDATA,1,1200e6,21.7e9,,,,   

TBTEMP,200    

TBDATA,1,1100e6,20.7e9,,,, 

TBTEMP,400    

TBDATA,1,980e6,19.5e9,,,, 

TBTEMP,500    

TBDATA,1,920e6,18.7e9,,,, 

TBTEMP,600    

TBDATA,1,780e6,17.6e9,,,, 

TBTEMP,700   

TBDATA,1,430E+006,15.9e9,,,,  

 

!**************************************************Ta*************************

*******************! 

MPTEMP,,,,,,,,   

mptemp,1,20 

MPDATA,EX,2,,185e9 

MPDATA,PRXY,2,,0.29  

UIMP,2,REFT,,,1050 

MPDATA,ALPX,2,,6.3e-6  

 

mptemp,2,800 
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MPDATA,EX,2,,174e9 

MPDATA,PRXY,2,,0.29 

UIMP,2,REFT,,,1050 

MPDATA,ALPX,2,,6.3e-6    

 

 

TBDE,BISO,2,,,   

TB,BISO,2,6,2,   

TBTEMP,20    

TBDATA,,700e6,18.5e9,,,,    

TBTEMP,176    

TBDATA,,610.4e6,18.28e9,,,, 

TBTEMP,332    

TBDATA,,520.8e6,18.06e9,,,, 

TBTEMP,488    

TBDATA,,431.2e6,17.84e9,,,, 

TBTEMP,644    

TBDATA,,341.6e6,17.62e9,,,, 

TBTEMP,800   

TBDATA,,252e6,17.4e9,,,,   

 

!**************************************************Tungsten********************

*******************! 

MPTEMP,,,,,,,,   

mptemp,1,20 

MPDATA,EX,3,,408e9 

MPDATA,PRXY,3,,0.29  

UIMP,3,REFT,,,1050 

MPDATA,ALPX,3,,4.5e-6  

 

mptemp,2,800 

MPDATA,EX,3,,375e9 

MPDATA,PRXY,3,,0.29 

UIMP,3,REFT,,,1050 

MPDATA,ALPX,3,,4.5e-6  

 

TBDE,BISO,3,,,   

TB,BISO,3,6,2,   

TBTEMP,0    

TBDATA,,1384.617e6,41e9,,,, 

tbtemp,100 

TBDATA,,1266.319e6,40.46e9,,,, 

tbtemp,300 

TBDATA,,1048.057e6,40e9,,,, 

tbtemp,500 

TBDATA,,853.48e6,38.7e9,,,, 

tbtemp,600 

TBDATA,,764.789e6,38.2e9,,,, 

tbtemp,800 
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TBDATA,,604.034e6,37.5e9,,,, 

 

!TBTEMP,20 

!TBDATA,,3.5E+009,41e9,,,,   

!TBTEMP,800   

!TBDATA,,8.6E+008,37.5e9,,,,  

 

!**************************************************Copper*********************

*******************!  

MPTEMP,,,,,,,,   

MPTEMP,1,20  

MPTEMP,2,800 

MPDATA,EX,4,,129.80e9    

MPDATA,EX,4,,129.80e9    

MPDATA,PRXY,4,,0.34  

MPDATA,PRXY,4,,0.34  

TB,BISO,4,5,2,   

TBTEMP,20    

TBDATA,,210.74e6,12.98e9,,,, 

TBTEMP,100   

TBDATA,,205e6,12.98e9,,,,    

TBTEMP,300   

TBDATA,,140e6,12.98e9,,,,    

TBTEMP,500   

TBDATA,,35e6,12.98e9,,,, 

TBTEMP,600   

TBDATA,,10e6,12.98e9,,,, 

MPTEMP,,,,,,,,   

MPTEMP,1,20  

MPTEMP,2,100 

MPTEMP,3,300 

MPTEMP,4,400 

MPTEMP,5,500 

MPTEMP,6,600 

UIMP,4,REFT,,,1050   

MPDATA,ALPX,4,,15.40e-6    

MPDATA,ALPX,4,,15.94e-6   

MPDATA,ALPX,4,,17.49e-6   

MPDATA,ALPX,4,,18.30e-6   

MPDATA,ALPX,4,,19.10e-6   

MPDATA,ALPX,4,,20e-6   

 

!*************************************Meshing*********************************

******************! 

 

aclear,all 

lsel,all 

LESIZE,9,0.02e-3, , , ,1 , , ,1 

LESIZE,51,0.02e-3, , , ,1 , , ,1 
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LESIZE,22,0.02e-3, , , ,1 , , ,1 

LESIZE,23,0.02e-3, , , ,1 , , ,1 

LESIZE,60,0.02e-3, , , ,1 , , ,1 

LESIZE,61,0.02e-3, , , ,1 , , ,1 

LESIZE,17,0.02e-3, , , ,1 , , ,1 

LESIZE,62,0.02e-3, , , ,1 , , ,1 

LESIZE,18,0.02e-3, , , ,1 , , ,1 

LESIZE,57,0.02e-3, , , ,1 , , ,1 

 

LESIZE,53,0.2e-3, , , ,1 , , ,1 

LESIZE,21,0.2e-3, , , ,1 , , ,1 

LESIZE,58,0.2e-3, , , ,1 , , ,1 

LESIZE,59,0.2e-3, , , ,1 , , ,1 

LESIZE,13,0.2e-3, , , ,1 , , ,1 

LESIZE,14,0.2e-3, , , ,1 , , ,1 

amesh,all   

 

LESIZE,all,0.2e-3, , , ,1 , , ,1  

amesh,all   

 

 

 

 

!*************************************Applying the 

forces****************************************! 

 

/solve 

 

 

sfl,40,PRES,10e6 

sfl,9,PRES,10e6 

sfl,12,PRES,10e6 

sfl,30,PRES,10e6 

sfl,31,PRES,10e6 

sfl,42,PRES,10e6 

sfl,38,PRES,10e6 

sfl,34,PRES,10e6 

sfl,32,PRES,10e6 

sfl,26,PRES,10e6 

sfl,48,PRES,10e6 

 

dl,39,3,uy,0   

dl,2,3,uy,0   

dl,7,16,symm 

dl,1,19,symm 

 

 

bfa,all,temp,20 

solve 
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bfa,all,temp,20 

solve 

 

 

*do,x,1,20 

bfa,all,temp,700 

solve 

 

bfa,all,temp,700 

solve 

 

bfa,all,temp,20 

solve 

 

bfa,all,temp,20 

solve 

 

*enddo 

 

 
Figure 63: Equivalent plastic strain with 0.4mm mesh size (original design) 
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Figure 64: Equivalent plastic strain with 0.2mm mesh size (original design) 

 
Figure 65: Equivalent plastic strain with 0.1mm mesh size (original design) 



84 
 

 
 

  

 
Figure 66: The maximum locations of principal plastic strains in 3D warm and cold shutdown 

 

Below the entire CAD designed components of the modified transition joints will be illustrated: 
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Figure 67: ODS manifold (top) with dimension in different views (bottom) 
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Figure 68: Ta body (top) with dimensions in different views (bottom) 
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Figure 69: Tungsten manifold (top) with dimensions in different views (bottom) 
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Figure 70: Brazing metal (top) with dimensions in different views (bottom)
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