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Abstract 

A thermo-mechanics model that relies on creating the material property definition framework 

(MPDF) and multiphysics coupling of the heat transfer and the solid mechanics modules is 

developed to determine the structural integrity of the recently designed dual cooled lead lithium 

(DCLL) inboard blanket (IB) for the Fusion Nuclear Science Facility under steady state loads. The 

MPDF is called to supply fusion relevant neutron irradiation and temperature induced changes in 

material properties during multiphysics finite element runs, and PbLi temperature profiles are used 

to approximate Magnetohydrodynamics effect and the nuclear volumetric heating on the PbLi. 

Neutron irradiation and temperature induced reduction of the yield and ultimate strengths of F82H 

steel at the first wall (FW) are quantified for one year. A blanket in an assembly with gaps between 

blanket sectors and another blanket in an assembly with no gaps between blanket sectors, both 

exposed to radiation damage that lasted for one year are analyzed. Analysis using the elastic ITER 

structural design criteria for in-vessel components (ITER SDC-IC) design rules and a linear 

isotropic-hardening-type elastoplastic material model are used where most appropriate. The IB 

blanket with gaps between blanket sectors will withstand the steady state combined thermal and 

coolant loads for one year operational period but will fail if no gaps are allowed between blanket 

sectors. It is recommended that a gap of about 7.62 mm should be provided between IB blanket 

sectors during assembly which would close up during service, stop neutron streaming, reduce 

stresses and reduce bending of the FW into the scrape-off layer. 
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1. Introduction 

The Fusion Nuclear Science Facility (FNSF) is being explored to provide an integrated 

platform for generation of relevant power plant fusion database on all components and thereby 

bridging the research gap between the International Thermonuclear Experimental Reactor (ITER) 

and DEMO [1]. The FNSF is a deuterium-tritium tokamak-based facility with a 518 MW fusion 

power and power gain Q = 4 that is designed for a plant operational lifetime of 23.5 years (∼8.5 

FPY) [2]. The plasma major radius is 4.8 m and minor radius is 1.2 m. The fusion core outer major 

and minor radius are about 13 m and 6.5 m respectively. A horizontal maintenance approach for 

the fusion core as in Figure 1(a) is chosen such that the tokamak is composed of 16 sectors where 

single full sectors could then be removed through the vacuum vessel ports[1, 3]. Figure 1(b) shows 

the cross-section of the FNSF and identifies the various components in and near the fusion core.  

The first wall (FW) and blanket structure (blue) surrounds the plasma (red), absorbs the 

neutron energy and also a surface heat flux from the plasma. The blanket is designed to breed 

tritium to ensure there is sufficient tritium for nuclear fusion [4] and provide shielding for outer 

components from neutron damage [5].  The DCLL has been described as the most attractive 

blanket concept whose technology is within reach in the near term [1, 7, 10]. The DCLL IB 

breeding blanket with integrated helium manifold is supported at the base by the structural ring 

structure and vertical sliding joint that seats between the manifold and the structural ring.  

The inboard blanket sector shown in Figure 2(a) has 321 FW helium cooled channels and it 

is about 7 m tall. It has 5 PbLi breeder channels in the front row and another 5 PbLi breeder 

channels at the back rows. The front row is demarcated from the back row by a separation plate of 

the blanket structure. The stiffening plates separate the 5 breeder channels in each row. Both the 
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stiffening plates and separation plates also provide reinforcement for the blanket structural frame. 

The SiC flow channel inserts (FCI) which has low thermal (kFCI=2 W/mK) and electrical 

conductivities (σFCI=5 S/m) properties is fit inside the PbLi flow channels to thermally and 

electrically insulates the PbLi from the steel. 

The helium gas cools the FW and the blanket steel structures. The PbLi liquid metal performs 

the function of tritium breeder and coolant, flowing within the SiC inserts, and in the small gap 

between the SiC and steel conduit wall. The blanket structure must accommodate the helium 

operating pressure of 8 MPa and PbLi inlet pressure of ~ 2 MPa. The cooling helium fluid is fed 

at 350oC through the helium inlet manifold to the blanket FW channels and through the grid plates 

(radial grid plates, separation plates and back plates), cooling the FW and steel structures.  It then 

combines at the top, flows vertically down through the helium return manifold and exits the blanket 

at 475oC. The liquid PbLi flows up in the poloidal direction through the front rows of SiC flow 

channel inserts (FCI) and returns flowing downward through the back rows (see Figure 2(b)).  

Reduced activated ferritic martensitic (RAFM) steel is the primary structural material 

candidate for fusion blanket structure due to its high temperature strength and low activation 

property[11, 12], and F82H type RAFM steel is considered as a prominent structural material for 

FNSF blanket [13-15]. However, the steel suffers from a Ductile-to-Brittle Transition Temperature 

(DBTT) at 350oC and creep above 550oC which dictates the operating temperature window of the 

blanket. Progress is being made towards developing a database for temperature, irradiation 

dependent, and transmutation helium induced changes in material properties for the F82H steel 

[16-18] and has led to recent material correlations for fusion relevant conditions[19-21]. Also, a 

constitutive equation was formulated in [15, 21] which relates void swelling to neutron damage, 

operational temperature and helium generation rate. 

The objective of this work is to study the structural performance and integrity of a recently 

designed FNSF IB blanket under steady state fusion relevant conditions and suggest the best 
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assembly of the blanket sectors. A multiphysics model is built for this purpose that couples heat 

transfer and solid mechanics equations and allows boundary conditions that approximate CFD and 

MHD effects. A robust material definition framework that accommodates and simulates fusion 

relevant induced changes in material properties is developed and integrated into the multiphysics 

model. Linear elastic and elastoplastic stress strain relations are used in appropriate assembly 

scenarios and situations where the FW/blanket suffers insignificant/significant irradiation 

softening/hardening.  

In the next section, we report the problem setup, Multiphysics models coupling, boundary 

conditions and the material property definition framework (MPDF) that simulates fusion relevant 

induced material changes are discussed. The correlations of temperature and irradiation to the 

material properties of F82H steel that are implemented as MPDF are described in Section 3. 

Section 4 reveals the temperature distributions produced from the heat transfer analysis and 

highlights the temperature and irradiation induced softening of the FW. The results of analysis of 

the blanket section that allows free side wall expansion and the determination of factor of safety 

(FOS) after one year of service using ITER-SDC-IC design rules are discussed in Section 5. 

Section 6 is devoted to elastoplastic analysis of the IB blanket assembled with no gaps between 

blanket sectors and irradiation exposure that lasted for one year. We assess the effect of irradiation 

induced hardening/softening on stress and strain state of the blanket. 
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(a) (b) 

Figure 1. The FNSF power core showing in-vessel components (a)The top view showing how a 

sector is removed through the port (b) The cross-sectional view of the FNSF 

 

 

(a) (b) 

Figure 2. Inboard blanket (a) 3-dimensional view (b) internal details and flow schemes 
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2. Problem Setup 

Finite element analysis of the detailed full IB blanket sector with comparatively small features 

requires a great amount of computational resources. Therefore, a blanket sector piece that has four 

FW helium cooling channels and contains all the necessary geometrical features, materials and 

cooling fluids shown in Figure 3(a) is cut out at top and bottom of the full IB blanket sector in 

Figure 2(a). These top and bottom blankets are analyzed to determine the structural integrity of 

the full IB blanket sector. Mesh refinement and convergence studies are performed to determine 

the number of elements required for the analysis. Finite element discretization of the model as 

shown in Figure 3(b) produced 1,217,896 unstructured tetrahedral domain elements and 457,645 

triangular boundary elements. Quadratic serendipity shape functions are used to calculate the 

displacements while linear shape functions are used to calculate the temperatures.     

A thermomechanical model that relies on the multiphysics coupling of the heat transfer 

equations and the solid mechanics equations is developed for analyzing the blanket model remove 

this line. The multiphysics coupling is developed within COMSOL Multiphysics 5.5 environment 

where the temperature from the heat transfer module is utilized as the thermal loads for the solid 

mechanics module. 

 

(a) 
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(b) 

Figure 3. IB blanket sector piece with four FW helium cooling channels showing (a) material 

assignment (b) finite element mesh  

2.1 Boundary conditions 

2.1.1 Heat transfer 

The peak surface heat flux of 0.25 MW/m2 is applied at the inboard blanket FW and the peak 

volumetric heating obtained from neutronics analysis [3, 22] that is found to decrease along the 

radial direction x  (measured in m ) from the front wall (x = 0) to the back wall described using 

eqns (1) - (2) are mapped on the blanket model. The vol-F82HQ   (measured in 3W/m  ) is the 

volumetric heating deposited in the F82H steel blanket structure while vol-SiCQ   (measured in 

3W/m  ) is the volumetric heating deposited in the SiC inserts. Instead of mapping the peak 

volumetric heating deposited in the PbLi, the correlations provided for PbLi temperature in Figure 

4 are mapped on the PbLi model. The temperature profile of the PbLi are obtained from a 

separately solved coupled MHD and heat transfer blanket modeling The PbLi temperature profile 

approximates MHD effect and the volumetric heating on the PbLi. This self-consistent solution 

with temperature profile in the top, middle and bottom sections was determined by iterating 

between ANSYS and an MHD heat transfer code [23, 24] and found to be consistent with those 
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produced in [25]. Convective heat transfer coefficients of the Helium flowing through the channels 

are calculated by using Dittus-Boelter correlations [15, 26]. 

6 8.333x

vol-F82HQ  9.2 10 e−=   (1) 

6 8.13x

vol-SiCQ  8.5 10 e−=    (2) 

 

Figure 4. PbLi temperature profile in IB blanket sections  

 

2.1.2 Solid mechanics 

Free body motion is prevented by setting the displacement in a direction normal to the back 

of the manifold to zero (roller) and applying symmetry boundary conditions that allows 

displacement in a direction normal to the top surface but no displacement normal to the bottom 

surface. Helium gas pressure of 8 MPa is applied to FW channels, back wall (BW) and grids in the 

stiffening and separation plates, and PbLi pressure of 1.6 MPa is applied in the FCI channels and 

the steel structure interfacing walls. Two different blanket sector assembly scenarios are considered: 

A blanket sector assembly with side walls lower restraint limit that allows free side walls expansion 

and the upper restraint limit demonstrated with constrained walls. These are discussed in Section 
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5 and Section 6. 

2.2 Material property definition framework 

Spatial dependent material properties implementation, and temperature and irradiation 

dependent material property definition in structural analysis is uncommon because it is very 

complex to develop, requires nonlinear solver, can produce unstable solutions, and can require 

large amount of material data. A unique contribution of this work is the implementation of 

constitutive equations that correlate changes in neutron damage and operational temperature to 

material properties changes as material property definition framework (MPDF). Additionally, 

radiation damage is described as a phenomenon that changes across a 1-dimensional radial space. 

This framework is used to simulate fusion relevant induced changes in material properties within 

the multiphysics model. 

During the multiphysics finite element runs, the MPDF is called to supply irradiation and 

temperature dependent material properties, a capability that is accomplished by exploiting the 

robust definition node in COMSOL Multiphysics where material features could be defined as 

expressions. Most code segments of the MPDF are implemented using analytic functions with 

temperature and radiation fluence as the arguments since feeding material correlations in [19] and 

[21] into MPDF would be straightforward. These correlations are also provided here-in for 

completeness. Interpolation functions could be used as substitutes for analytic functions in MPDF 

where raw experimental data such as those provided in [17] are preferred. 

The yield strength and ultimate strength of the material selected for blanket structural frame 

are expressed in terms of temperature and radiation damage. Logical operators are used for creating 

expressions for change in material properties such as those required in the definition of the 

radiation softening and hardening. Spatial gradients in radiation fluence and bubble swelling are 

introduced by using spatial radial variable as arguments for radiation damage expression-like-

variable.    
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3. Material Properties of F82H 

The primary structural material selection for the FNSF IB blanket is F82H steel. F82H is a 

type of Reduced Activated Ferritic Martensitic (RAFM) steels whose main compositions are 

derived from the 9Cr1Mo steel and manufactured by replacing high activation elements such as 

Mo and Nb with low activation elements such as W, V and Ta.  The ITER materials design limit 

data document (Appendix A, ITER SDC-IC) [27] contains brief information, physical properties, 

structural and thermal material properties data that could be required for studying thermo-

mechanics of fusion plant in-vessel components but the document is written mostly for austenitic 

stainless steels and deals with low temperatures and low neutron doses. The document does not 

include material data for F82H steel [19] but the accurate thermo-mechanics of the IB blanket 

requires temperature and irradiation dependent thermal and structural properties of F82H steel. 

The correlations of temperature and irradiation to the material properties are provided here-in, and 

temperature dependent material properties are provided for use when enough neutron damage data 

are not available to cover the operating/design ranges. 

3.1 Thermal properties of F82H steel 

The correlations of the temperature T  (unit in oC)  to the specific heat capacity 
pC  (unit in 

J/Kg K ), thermal conductivity k  (unit in W/m K ), and thermal expansion coefficient   (unit 

in 1/ K  ) are developed for F82H steel and presented in eqns (3) - (5). These correlations are 

developed from material testing data in [16, 17]. Similar correlations have been provided in [19] 

using the same material testing data. The recent and advanced correlation tools are exploited to 

develop a better fit to the raw material data. The thermal conductivity is presented in Figure 5 and 

it does not change much with temperature, but the thermal expansion coefficient increases with 

temperature.  
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( ) ( ) ( )

( )

4 3 2

p

8 5C  1.1932 273 2.7446 273 + 0.022969 273

7.8498 273 1390.2

10 10T T T

T

− −= + −

− + +

 + +
 

(3) 

( ) ( ) ( )9 3 6 2
8 273 1 273 0.0118 273 28.38410 10k T T T− −− + − + +  += +   (4) 

( ) ( )12 9 62
1 273 5 0 27310 91 10T T − − −= − + + + +  (5) 

 

 

Figure 5. The temperature dependent thermal conductivity of F82H steel 

3.2 Structural properties of F82H steel 

The temperature dependent correlations are developed for the modulus of elasticity E  (unit 

in GPa ), Poisson ratio  ,  yield strength 
yS  (unit in MPa ), ultimate tensile strength 

uS  (unit 

in MPa ),  and uniform elongation 
u  (unit in %) of unirradiated F82H steel and presented in 

eqns (6) - (10) based on the data provided in the report of IEA round-robin tests [15, 17]. These 

correlations are consistent with the ones provided in [19] and are useful for determining the 

structural integrity of fusion components at the beginning of life (BOL). 

7 3 2E  2  0.0001  0.0778   218.7610 T T T− += − − +   (6) 

210 7 53  2  1  1   0.289710 10 10T T T − − −= − + +  (7) 
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( ) 3 2 6 3
558.76 0.81574 2.7621 10 3.476 10

y
S T T T T

− −
= − +  −   (8) 

( ) 3 2 6 3
666.44 0.84514 2.1019 10 2.617 10

u
S T T T T

− −
= − +  −   (9) 

5 22  2  2.08  7.206210 10N T T − −= −  +  (10) 

The determination of the structural integrity of the blanket during service requires both 

temperature and irradiation dependent properties. We exploit the recent correlations provided for 

temperature and irradiation dependent mechanical properties of Ferritic martensitic steels [21]. 

Since the yield strengths at radiation fluences less than 40 dpa, are not affected by Helium 

concentration up to fusion relevant 10 appm He/dpa ratio, these correlations are simplified to work 

well for radiation fluences that are less than 40 dpa and are presented in eqn (11) - (14). At 

temperature sT T  , neutron irradiation hardening of the steel occurs which causes the yield 

strength of the steel to increase. The strengthening or irradiation hardening yIHS  of F82H steel 

is expressed in terms of the temperature T  (unit in oC) and neutron damage   (unit in dpa) in 

eqn (11).   

( ) ( )

1/2

0

, 1951.4 4.9666T 1 expyIHS T





  −
 = − −  

  

  
(11) 

Above hardening-softening transition temperature 400o

sT C=  , there is irradiation softening 

yISS  of the F82H steel which it is given by eqn (12). 

( ) ( ), 26.18 0.08yISS T T  = −   (12) 

The hardening or softening yIS  of the steel due to irradiation is used to calculate the yield strength 

,y irrS  and ultimate strength ,u irrS  of the irradiated F82H steel in eqns (13) and (14). The attention 

of the reader is drawn to the ratio of change in ultimate strength to change in yield strength [15] 

that is expressed in terms of the of Helium concentration (HC, unit in appm) in eqn (14).  
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( ) ( ) ( ),  , , y irr y yIS ST T S T = +    (13) 

( ) ( ) ( ) ( )5

,  1  0.82, , 5 0 4 ,8u irr u yIS T HC T HC TS S −+  = +   (14) 

The radiation exposure required for 80% of initial saturation hardening 6.5dpao =  are required 

to determine the change in the strengths due to neutron irradiation. The analyses in later sections 

employ fusion relevant 10 appm He/dpa ratio. 

The 3-dimensional plots of the temperature and irradiation dependent yield strength and 

ultimate strength produced using eqns (8), (9) and (11) - (14) are presented in Figure 6(a) and 

Figure 6(b). The yield strength decreases monotonically with increase in temperature when the 

steel is unirradiated. The irradiated structural material behavior follows hardening that decreases 

with increase in temperature, transitions to softening at 400oC which later increases with 

temperature. At lower temperature (below 360oC) and lower neutron irradiation, there is sharp 

increase in the yield strength with increase in neutron irradiation and later transitions to slight 

increase as the neutron dose approaches 20 dpa. The transition to slight increase in yield strength 

due to saturation in the irradiation induced microstructural defects is expected to continue up to 40 

dpa. 
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(a) 

 

(b) 

Figure 6. F82H temperature and irradiation dependent structural properties (a) yield strength (b) 

ultimate strength 
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Beyond 40 dpa, Helium concentration would cause additional hardening due to microstructural 

changes such as precipitate hardening. At high irradiation, the strain hardening capacity (the ratio 

of the ultimate strength to yield strength) at lower temperature approaches 1 and is smaller than 

strain hardening capacity at higher temperature. 

3.3 Radiation damage dose & bubble swelling 

The results of the neutronics analysis [2, 15] that was performed on the FNSF design and 

presented in Figure 7(a), shows that the irradiation damage dose (dpa/yr) on the inboard blanket 

is found to decrease along the radial direction from the front wall to the back wall. The irradiation 

damage during service is calculated from this damage dosage and mapped on the IB blanket 

structure to allow us to include the effects of spatial gradients in radiation damage on the structural 

integrity of the blanket structure. 

A simplified irradiation dependent linear model for bubble swelling 
vf  (unit in %) in eqn 

(15), that works well for radiation fluence less than 50 dpa, is used to capture the variation of 

neutron-induced bubble swelling with respect to irradiation damage at all temperatures in this work. 

The neutron-induced void and bubble swelling effects are modeled as an inelastic isotropic strain 

kk

s  according to eqn (16). The definition of the bubble swelling introduces a spatial gradient in 

material degradation and affects the stress state and deformation of blanket. 
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Figure 7. Radiation damage rate on IB blanket [15] 

 0.0078vf =   
(15) 

v
11 22 33  

3
s s s f

  = ==   (16) 

4 Blanket Temperatures and Irradiation Softening at First Wall 

The temperature accompanied by irradiation is an important part for determining the damage 

criteria or structural integrity of the blanket structure. The temperature distributions that are 

produced from the heat transfer analysis are combined with the one full power year irradiation 

damage data from the neutronics analysis and supplied to the MPDF to determine if some regions 

of the F82H steel blanket structural frame have undergone irradiation softening or hardening. We 

present the combined irradiation damage and temperature induced reduction in the yield and 

ultimate strengths of F82H steel at the FW after one year. 

4.1 Blanket and first wall temperatures 

At the bottom blanket in Figure 8(a), the temperature of PbLi entering the front SiC insert is 

lower than the temperature of the PbLi leaving the back insert. At the top blanket in Figure 8(b), 

the temperature of the PbLi in the front insert decreases further away from the front wall while the 
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temperature of the PbLi in back insert of the top blanket is uniformly distributed due to strong fluid 

mixing at the top of the IB blanket sector. The highest PbLi temperatures are 544oC near the FW 

of the top blanket, and 549oC at the back insert of the bottom blanket.  

The temperature on the blanket structure increases from 350oC from the bottom of the IB 

blanket in Figure 9(a) to 526oC at the top of the IB blanket in Figure 9(b). Higher heat is 

transferred through the FW of the blanket bottom because the FW is cooled by the cooler incoming 

Helium gas. The temperature of the inner supporting structures (radial grid plates, separation plates 

and back plates) of the blanket increases in the vertical direction from the bottom to the top of the 

blanket and the hotter return helium gas is responsible for the sharp temperature rise in the return 

manifold of the bottom blanket. 

 

   

(a) (b)  

Figure 8. Temperature contour plots on the blanket sector piece at (a) bottom (b) top 
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(a) (b)  

Figure 9. Temperature contour plots on the frame of blanket sector piece at (a) bottom (b) top 

4.2 Irradiation softening at first wall  

The yield and ultimate strengths of the F82H steel at the FW at BOL and after one year is 

presented in Table 1. The irradiation softening is responsible for reduction of yield strengths at the 

FW after one year. Neutron damage of 15 dpa at 487oC caused the yield strength of the FW at the 

bottom blanket to reduce from 415 MPA (at BOL) to 366 MPa. The ultimate strength of the F82H 

steel at the FW of the bottom blanket is reduced from 451 MPa by 41 MPa. There is also yield 

strength reduction of the F82H steel at the FW of the top blanket from 388 MPa (at BOL) to 327 

MPa due to neutron damage of 15 dpa at 526oC. The ultimate strength of the F82H steel at the FW 

of the top blanket is reduced from 423 MPa by 51 MPa. Therefore, the combined irradiation 

damage and temperature will reduce the yield and ultimate strengths of F82H steel at the FW on 

average by about 55 MPa and 46 MPa after one year. 

Table 1. Yield and ultimate strengths of the FW at BOL and after one year 

 BOL One year 

FW of blanket Sy (MPa) Su (MPa) Sy (MPa) Su (MPa) 

Bottom 415 451 366 410 

Top 388 423 327 372 

5. Elastic ITER-SDC-IC Analysis of IB Blanket with Free Side Walls 

Component classifications using existing codes for the construction of nuclear power plants 

do not necessarily apply to the fusion in-vessel components since these codes do not address the 

effects of irradiation on the in-vessel components. ITER SDC-IC was developed from RCC-MR 

code, ASME and European harmonized standards and it contains rules for design of in-vessel 

components used in a nuclear fusion plant. The ITER SDC-IC design rules are used to analyze 
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monotonic damage in the blanket [28]. 

The multiphysics model developed earlier is used to analyze the IB blanket that is assembled 

with gaps between blanket sectors and exposed to radiation damage that lasted for one year. Free 

side walls expansion is allowed on the top and bottom blankets to simulate blanket assembly with 

gaps between IB blanket sectors, and elastic stress-strain relationship is assumed. Spatial gradients 

of radiation fluence are accounted for by mapping the neutron irradiation damage in Figure 7 that 

varies from 15 dpa at the FW to 0.25 dpa at the BW on the IB blanket structure. Heat transfer and 

solid mechanics boundary conditions that are discussed earlier are applied and temperature 

dependent material properties used. The temperature, displacements and stresses are calculated, 

and stress intensities evaluated are compared to the allowable to obtain FOS.   

5.1 Stresses and displacements 

The temperature variation across the blanket structure produces thermal stresses due to uneven 

thermal expansion of the blanket, and the fluid pressure loads produce additional mechanical 

stresses. The maximum stress on the bottom blanket is 354 MPa and the stress contour striations 

on the FW of the bottom blanket in Figure 10(a) are present due to high stress concentrations at 

the cooling channels corners. Figure 10(b) shows the stress contour plot on the top blanket with 

high stresses where the FW is attached to the stiffeners and the maximum stress of 372MPa is at 

the FW corners. 

The deformation of the IB blanket in Figure 11 is predominantly governed by thermal 

expansion due to volumetric and surface heating of the blanket. The displacements contour plots 

in Figure 11(a) and Figure 11(b) show that the highest displacements at the bottom and top of the 

blanket structure are 3.81 mm and 4.63 mm and are located at corners of the plasma FW.  If a gap 

of 7.62mm which is twice the maximum displacement (3.81 mm) at the bottom of the blanket 

sector is allowed between neighboring blanket sector at the beginning of life, the gap will close up 

during service and prevent neutron streaming. But if the gap that is twice the highest displacement 
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at the top is provided between neighboring blanket sectors at the beginning of life, there will still 

be gap at the bottom of the blanket sector during service thereby allowing neutron to stream 

through the FW. 

   

(a) (b)  

Figure 10. Stress contour plots (on deformed configuration 10 ) obtained from applied free side 

walls on blanket sector piece at the (a) bottom (b) top  

   

(a) (b)  

Figure 11. Displacement contour plots (on deformed configuration 10 ) obtained from applied 

free side walls on blanket sector piece at the (a) bottom (b) top 

5.2 Factor of Safety based on ITER-SDC-IC 

The IB blanket structural integrity for ductile damage modes such as necking and plastic 

instability, and non-ductile damage modes such as plastic flow localization and ductility 

exhaustion induced local fracture is evaluated by carrying out two different additional analyses on 
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the blanket model. Mechanical loads consisting of the fluid pressure are only applied to the blanket 

model in the first analysis to calculate the primary stress (P) while secondary stress is calculated 

from the second analysis of the blanket which accounts for the effect of thermal loads only. Elastic 

ITER-SDC-IC design rules are used to evaluate the FOS for protection against Monotonic-type 

damage under SDC-IC criteria level A (normal operating service conditions) according to Table 2. 

Table 2. ITER-SDC-IC design rules for Monotonic-type damage 

Damage limits Factor of safety/design rules 

Necking and plastic instability 
( ),

1
eff mii

NPi

m b

K S T t
FOS

P P


= 

+
 

Immediate plastic flow localization 
( ),

1
e

Pfl

m m

S T t
FOS

P Q


= 

+
 

Ductility exhaustion 
( )3, ,

1
d

De

m b

S T t r
FOS

P P Q


= 

+ +
 

3 mS  criteria 
( )3 ,

1
m

PQ

S T t
FOS

P Q


= 

+
 

In the table above, a bar denotes effective stress. 
mP  is the general primary membrane stress, 

bP  

is primary bending stress, Q  is the secondary stress, mQ  is the  secondary membrane stress and 

effK   is bending shape factor (1.5 for solid rectangular cross section). The general primary 

membrane stress instead of the local primary membrane stress is used for the calculation of the 

FOS because there is no gross structural discontinuity in the blanket model that could produce 

additional membrane stress above the general primary membrane stress. The allowable primary 

membrane stress 
mS , the allowable primary plus secondary membrane stress intensity 

eS  and the 
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allowable total stress intensity 
dS   in the table are evaluated as function of temperature and 

neutron damage in eqns (17) - (19). 

( )
( ) ( ) ( ) ( )

( ) ( )

,min ,min , ,min

,min ,

2 2 2 1
,0 , ,0 , , , ,0 ,

3 3 3 3
, min

1 1
,0 , ,

2.7 2.7

y y m y irr m m u
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In the above equations, RT  is the room temperature, 
mT  is thickness-averaged temperature and 

m  thickness-average neutron damage.  Also, u  is the minimum uniform elongation, 1r  and 

3r  are elastic follow up factors. For level A criteria, 1 4r =  could be used as conservative value 

but could be explicitly derived according to IC2161. The elastic-follow-up factor 3r =     for 

0.002u   or 3 4r =  for 0.002u  . TF is the triaxiality factor. tr  is the minimum true strain at 

rupture. The Criterion excluding peak stress commonly used to evaluate the FOS for protection 

against damage due to ductility exhaustion is employed [3, 29-31] and the second term for 

calculating the total allowable stress intensity is neglected in this analysis because there are no 

enough data for evaluating the minimum true strain to rupture. 

The stress intensities are evaluated on the supporting line segments that are drawn on critical 

areas (areas with high total, membrane or bending stresses) of the top and bottom IB blanket and 

compared with the allowable stress intensities that are evaluated for one year of blanket operation. 

The results presented in Figure 12 show that the FOS for all damage limits considered are greater 
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than 1 which indicates that the blanket design can withstand all steady state loads for one year 

operation. The blanket design generally has the lowest margin of safety for plastic flow localization, 

and highest margin of safety for necking and plastic instability. 

 

(a) 

  

(b) (c) 

Figure 12. ITER-SDC-IC criteria for damage on IB blanket showing (a) location of supporting 

line segments (b) FOS plots on bottom piece (c) FOS plots on top piece 
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6. Elastoplastic Analysis of Blanket with Constrained Side Walls  

The multiphysics model is used to determine the structural integrity of the IB blanket that is 

assembled with no gaps between blanket sectors and exposed to radiation damage that lasted for 

one year. The top and bottom blankets are constrained on the blanket side walls to simulate blanket 

assembly with no gaps between IB blanket sectors.  

Linear isotropic-hardening-type elastoplastic model (with small strains assumption) is used 

instead of the linear elastic stress-strain relation to prevent spurious high stresses that can be 

produced from large strains. The tangent modulus is described in terms of the temperature and 

radiation dependent material properties as in eqn (20). However, the slope of the tangent modulus 

does not terminate at the ultimate strength and this present study does not include implementation 

of damage model that could capture fracture behavior. Therefore the blanket will fail at the regions 

where the stresses are greater than the ultimate strength and damage models [32, 33] that could 

capture onset and progressive fracture of the blanket can be pursued in future publications.  
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S S
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

−
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−

  
(20) 

The current analysis makes use of the temperature-only dependent uniform elongation in the 

determination of the tangent modulus because temperature and radiation dependent correlations 

for uniform elongation requires additional experimental data that are not currently available [15, 

34]. However, it is noted that the calculated uniform elongation values can reduce significantly 

with the inclusion of radiation effects.  

6.1 Stresses and displacements 

The stress contour plots on the blanket in Figure 13 show high stresses at the plasma facing 

FW with stiffening ribs, the separation plate, and the back plate. The stresses on sidewalls of the 

bottom blanket in Figure 13(a) are lower than the stresses on the top blanket in Figure 13(b) but 

the stresses on FW of the bottom blanket are higher than the stresses on the top blanket. The 
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maximum stresses on the bottom and top blankets are 582 MPa and 596MPa respectively. The 

stress concentrations at the Helium cooling channel corners that appears as stress contour striations 

on the FW of the bottom blanket in Figure 10(a) are reduced significantly in Figure 13(a). The 

reduction of the stress contour striations can occur due to change of the deformation mode of the 

FW from expansion-type to bending-type deformation.  

Some regions of the blanket frame with temperature higher than 400oC such as the FW 

undergoes irradiation softening. The ultimate strengths of the F82H steel at the FW of the bottom 

and top blankets are reduced to 410 MPa and 372 MPa by neutron irradiation and temperature but 

stresses on the FW with stiffeners are greater than the ultimate strength. Also, stresses are found 

to be greater than the temperature and irradiation dependent ultimate strengths that are evaluated 

on some blanket regions even when they undergo irradiation hardening. The blanket will fail at the 

FW with stiffeners, at the separation plate and at the back plate. 

The stress state across the blanket with constrained side walls are generally greater than the 

stress state across the blanket with free side walls. These higher stresses are present due to the side 

walls constraint that prevents free side wall expansion in the former. Therefore, blanket sector 

assembly with gaps between blanket IB blanket sector is desirable but this gap should close during 

service to be able to stop neutron streaming while reducing bending of the FW into the scrape-off 

layer. A gap of about 7.62 mm gap should be provided between IB blanket sectors during assembly 

since the maximum displacement on the sidewall of the blanket with free side walls that will close 

up during service is 3.81mm. 

The displacements on the bottom blanket in Figure 14(a) are lower than the displacements on 

the top blanket in Figure 14(b) and the maximum displacements on the bottom and top blankets 

are 11.60 mm and 14.40 mm. The deformation of the blanket follows a bending-type deformation 

mode at the FW with maximum deformation at the middle.  
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(a) (b)  

Figure 13. Von-Mises stress contour plots (on deformed configuration 10 ) obtained from applied 

constrained side walls on blanket sector piece at the (a) bottom (b) top 

  

 

(a) (b)  

Figure 14. Displacement contour plots (on deformed configuration 10 ) obtained from applied 

constrained side walls on blanket sector piece at the (a) bottom (b) top  

6.2 Plastic strains 

The effective plastic strain contour plots in Figure 15 show regions of the blanket that have 

undergone plastic deformation due to stresses that are greater than yield strengths. The plastic 

strains on the bottom blanket in Figure 15 (a) are generally lower than the plastic strains on the 



27 

 

top blanket in Figure 15 (b) but the maximum plastic strains on the bottom and top blankets are 

2.85 % and 2.77 %. The plastic strain contour plots show that the plastic strains are significantly 

higher at the separation plate and the back plate than other regions of the blanket thereby providing 

an indication of where the blanket may fail.  

  
 

(a) (b)  

Figure 15. Plastic strain contour plots (on deformed configuration 10 ) obtained from applied 

constrained side walls on blanket sector piece at the (a) bottom (b) top  

7. Conclusion  

Heat transfer and solid mechanics physics are coupled and a material property definition 

framework (MPDF) that simulates fusion relevant induced changes in material properties is 

created within the multiphysics model. The model is used for steady state thermo-mechanics of 

the DCLL IB blanket sector that was designed for use in FNSF. A blanket piece that has 4 FW 

helium cooling channels is cut from the top and bottom of the full blanket sector and subjected to 

mechanical loads due to coolant fluids pressures, and thermal stress that are produced from thermal 

expansion. The spatial gradient of the radiation damage and temperature across the radial distance 

of the blanket makes the problem nontrivial because it causes material properties, and damage 

phenomenon such as swelling to change across material points in the model. The MPDF is 

developed and integrated into the multiphysics model to simulate the radiation and temperature 

induced material properties changes. Temperature dependent material properties are provided for 
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use in the analysis when enough neutron damage data are not available to cover the 

operating/design ranges.  

The combined irradiation damage and temperature will reduce the yield and ultimate strengths 

of F82H steel at the FW on average by about 55 MPa and 46 MPa after one year. The first analysis 

is performed to determine the structural integrity of the blanket assuming gaps between blanket 

sectors (free side walls) and exposure to radiation damage that lasted for one year. The maximum 

stress produced is 372MPa and the blanket deform dominantly by expansion with the highest 

displacements at the bottom and top of the blanket structure being 3.81 mm and 4.63 mm and are 

located at corners of the plasma FW. The FOS calculated using ITER-SDC-IC design rules shows 

that the IB Blanket with free side walls would sustain the steady state operational loads for one 

year. 

Blanket assembly with no gaps between blanket sectors is desirable because it prevents direct 

neutron streaming to the outer components. The second analysis is performed to determine the 

structural integrity of the blanket assuming no gaps between blanket sectors (constrained side walls) 

and exposure to radiation damage that lasted for one year. The current analysis makes use of the 

temperature-only dependent uniform elongation in the determination of the tangent modulus 

because temperature and radiation dependent correlations for uniform elongation requires 

additional experimental data that are not currently available. The maximum stress on the blanket 

is 596 MPa and the IB blanket could fail at the FW because of the irradiation softening, large 

deformation, and high stresses at the FW. The deformation of the blanket follows a bending-type 

deformation mode at the FW that causes maximum deformation of 14.4 mm at the middle of the 

FW of the top piece IB blanket sector. The maximum plastic strain of the IB blanket sector with 

no gaps between sectors assembly is 2.85 %. The blanket would fail at the FW with stiffeners, 

separation plate and back plate due to large stresses that are greater than the ultimate strengths. 

During assembly, a gap of about 7.62 mm should be provided between blanket sectors which 
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would close up during service, stop neutron streaming, reduce stresses and reduce bending of the 

FW into the scrape-off layer. 
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