Version of Record: https://www.sciencedirect.com/science/article/pii/S0920379621005329
Manuscript_a8cdb0943b06212f5f498cee24e4d432

Radiation Effects on Stress Evolution and Dimensional Stability of Large Fusion
Energy Structures

Arian Ghazari®*, Ruggero Forte®, Takuya Yamamoto®, Robert Odette®, Nasr Ghoniem?

“Department of Mechanical and Aerospace Engineering, University of California Los Angeles, Los Angeles, CA 90095, USA
”Dipartimenm di Ingegneria, Universita di Palermo, Viale delle Scienze, 90128 Palermo, Italy
¢Department of Mechanical Engineering, University of California Santa Barbara, Santa Barbara, CA 93106, USA

Abstract

We assess the effects of neutron irradiation on the deformation and stress evolution of large-scale fusion energy
structures. This is accomplished through non-linear finite element structural analysis of the coupled thermal and
mechanical fields at the Beginning-Of-Life (BOL), at 45 dpa, and at 90 dpa. Radiation effects include volumetric
swelling and the influence of radiation on the mechanical properties. The system studied here is a large section of
a full inboard module of an integrated structure comprising the First Wall and Blanket (FW/B) of a Dual Cooled
Lithium-Lead (DCLL) energy conversion unit in the Fusion Nuclear Science Facility (FNSF). The structural material
is the ferritic/martensitic steel F82H. We analyze several radiation effects phenomena that can lead to significant
impact on the mechanical design and lifetime of the structure. These include volumetric swelling effects on the
assembly and disassembly of modules and the impact of spatial gradients in neutron damage and helium generation
on deformation, stress evolution, and plastic strain accumulation. We show that the stress state is strongly influenced
by the accumulation of swelling strains, radiation hardening and softening, and by spatial gradients in displacement
damage and helium gas generation. Several key regions in the FW/B structure are identified where severe plastic
strains accumulate and may be potential sites for failure, especially during cyclic reactor operations. We finally show
that minimum gaps between Inboard (IB) blanket sectors must be present during assembly so as to avoid excessive
stress and strain in FW/B modules critical regions and raising chances of failure. A range of structural displacements
are shown, from as low as 4 mm at BOL for free side walls to as high as 46 mm at 90 dpa for fully constrained side
walls.

Keywords: Radiation Effects, First Wall, Blanket, Displacement Damage, F82H, Radiation Hardening and Swelling

*Corresponding author
Email address: aghazari@g.ucla.edu (Arian Ghazari)

Preprint submitted to Fusion Engineering & Design June 9, 2021

© 2021 published by Elsevier. This manuscript is made available under the Elsevier user license
https://www.elsevier.com/open-access/userlicense/1.0/


https://www.elsevier.com/open-access/userlicense/1.0/
https://www.sciencedirect.com/science/article/pii/S0920379621005329

Contents

1

2

Introduction 3
System Description 4
Heat Transfer and Temperature Distributions 5
3.1 Modeling . . . . .. e e e e e e 5
3.2 Temperature Distributions . . . . . . . . .. L e 6
Constitutive Equations 7
Solid Mechanics Modeling 11
5.1 Modeling Details & Boundary Conditions . . . . . . . . . . ... .. .. 11
5.2 Thermomechanical Stress and Deformationat BOL . . . . . . ... ... ... ... .. ....... 12
5.3 Reference Study of Uniform Irradiation Field . . . . . . ... ... . ... ... ... ... ..., 14
5.4 The influence of Spatial Gradients in the Irradiation Field . . . . . . . ... ... ... ... ..... 17
Summary & Conclusions 21



1. Introduction

Concrete steps in the realization of practical fusion energy are being taken, as demonstrated by the design and
construction of large-scale fusion devices. While the International Thermonuclear Experimental Reactor (ITER) is
under construction in France, design efforts are underway in various countries for the next steps. ITER is expected
to produce 500 megawatts (MW) of thermal output power for 6-8 minutes, with 50 MW of thermal power injected
into the tokamak (power gain Q=10, without electricity production). First plasma operation is scheduled in December
2025. The United States is pursuing a two-step facility approach in preparation for post-ITER fusion power produc-
tion. First, a conceptual design of a Fusion Nuclear Science Facility (FNSF) has been completed (Kessel et al., 2018)
and is now being updated. Furthermore, there is significant interest from the scientific community in the development
of a “Compact Fusion Pilot Plant (CFPP)” (Cho, 2020). The FNSF is envisioned as a device where the fusion nuclear
environment is experienced in its fully integrated form for the first time (Kessel et al., 2018).

An overview of the FNSF reactor is shown in Figure 1. On the right side of the figure, a top view of the doughnut-
shape tokamak is shown, and is composed of 16 sectors with details shown on the left side. The plasma (red) is
surrounded by the first wall/ blanket structure (blue) that acts as an essential heat exchanger to transfer fusion energy
to a thermal system outside the fusion core. The entire system is located inside a vacuum chamber, and is surrounded
by 16 strong toroidal magnets (green). At the top and bottom of the plasma region, energetic plasma particles (helium,
tritium, and deuterium ions) as well as photons strike plates that must transfer deposited energy into the thermal system
and added to what is transferred by the first wall/blanket (FW/B). The reactor is designed to have flexibility so as to
accommodate a variety of testing and operational conditions (Kessel et al., 2018). In FNSF, the plasma current is
7.9 MA, the toroidal magnetic field at the plasma center is 7.5 T, the ratio of magnetic-to-plasma pressure is = 2.4,
the effective charge is Z,;r=2.4, the total fusion power is P ,,,=518 MW with a Q=4. The neutron energy flux is
Nw=1.2 MW/m?, and the peak surface heating flux on the divertor is g;,=10 MW/m?.

Figure 1: An overview of the Fusion Nuclear Science Facility (FNSF) (Kessel et al., 2018).

Ferritic/martensitic steels have been proposed as fusion structures for the past few decades, mainly because of their
favorable response to neutron irradiation and their potential low-activation characteristics as compared to austenitic
steels (Gelles et al., 1986; Zinkle and Ghoniem, 2011). Nearly four decades ago, (Ghoniem and Conn, 1983) estimated
the effects of neutron irradiation on the lifetime of a ferritic/martensitic steel structural FW/B. They used available data
and simple design rules (such as limiting the volumetric swelling strain to 5%) to show that an operating design win-
dow exists for such structures. The lower temperature limit is dictated by the shift in the Ductile-to-Brittle-Transition
Temperature (DBTT), while the upper temperature limit is dictated by creep strain accumulation and potential rup-
ture. The structure lifetime in the intermediate temperature range is limited by volumetric swelling. This simple
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picture remained roughly the same during the past four decades, albeit lacking concrete and detailed justification.
Recently, the advent of High Performance Computing (HPC) has opened the door to more thorough investigations of
the thermomechanical response of large fusion structures, such as magnet systems (Zhai et al., 2018), FW/B(Huang
et al., 18 a,b) and the Divertor (Huang et al., 2020). However, in all these studies, the effects of neutron irradiation
were not considered, and thus, the simple picture of the operational design window presented by (Ghoniem and Conn,
1983) remained the same. The difficulties in improving on these early estimates of FW/B structural lifetime are two
fold. First, the effects of neutron irradiation on material properties under relevant fusion conditions are non-existent
because of the lack of prototypical irradiation facilities. And, second, the computational methods that allow for the
incorporation of constitutive equations into thermomechanics simulations are rudimentary.

The objective of this work is to investigate the effects of neutron irradiation on stress and plastic strain evolution
and dimensional stability of a large section of the FW/B module of the FNSF device. This will be accomplished
by making progress on the two fronts that hampered more realistic estimations of component lifetime. We plan to
utilize recently developed constitutive equations for the dependence of irradiation swelling on the neutron dose, op-
erational temperature and helium generation rate (Yamamoto and Odette, 2019). We will also assess the effects of
radiation hardening and softening (Yamamoto and Odette, 2020) on the stress state and dimensional stability of the
FW/B structure. The motivation of the study is to enable detailed understanding of the effects of neutron irradiation
on life-limiting properties of the FW/B structure, particularly volumetric swelling and radiation hardening or soft-
ening. Lifetime evaluations of the effects of irradiation require such detail, and will be pursued in a separate future
publication.

2. System Description

The design approach of FNSF is based on full-sector maintenance, where all components inside the vacuum vessel
are contained within 16 steel structural rings between Toroidal Field (TF) coils, as shown in Figure 1. The breeding
blanket is attached to these structural rings using sliding joints that allow for free expansion in the vertical direction.
The major design characteristics of Dual Coolant Lead-Lithium (DCLL) blanket include helium flow paths for cooling
the first wall and blanket structures, and LiPb liquid metal paths for cooling all blanket regions. The radial length of
the IB blanket is 50 cm, including a 3.8 cm thick First Wall (FW) with a 3 cm cooling channel, 1.8 cm Back Wall
(BW) as well as the breeding zone. An alternating toroidal coolant flow configuration is used for the FW to create
more uniform temperature. In addition, there are SiC Flow-Channel Inserts (FCI) placed in breeding zones, serving
as both electrical and thermal insulators between the structure walls and LiPb. The CAD model in Figure 2 for the IB
blanket represents one of a total of 16 blanket sectors at mid-plane, showing the breeding zones, SiC inserts, stiffening,
separation and back plates with poloidal cooling channels. There are 4 radial stiffening plates connecting the FW and
the BW to accommodate bending stresses. The separation or Intermediate Wall (IW) divides the blanket into two sets
of breeding zones (Figure 2b). The cooling pathways for IW was modified from the toroidal direction to a poloidal
direction, similar to the cooling pattern of the BW. Each breeding cell is about 19.6 cm in the radial direction. The
FW structure is curved with a radius of 3.5 m. Detailed descriptions of the system can be found in references (Kessel
et al., 2018; Huang et al., 18 a), as illustrated by the cross-section of the FNSF machine shown in Figure 2a.
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Figure 2: (a) Cross-sectional view of FNSF showing details of the FW/B system and how it fits inside the TF magnet system Kessel et al. (2018).
(b) FW/B structure showing significant dimensions and loading conditions

3. Heat Transfer and Temperature Distributions

3.1. Modeling

To determine the stress state and dimensional changes in this large section of the FW/B system, detailed tem-
perature distributions throughout the structure are needed. To accomplish this task, the incident power and cooling
mechanisms must be identified. The incident power resulting from fusion reactions within the plasma is two-fold:
(1) a surface heat flux of 0.25 MW/m? as the combined heat load of photons and plasma ions on the FW; and (2)
volumetric heat deposition due to the interaction between neutrons and various materials (both structures and coolant)
within the FW/B system. The volumetric power deposited in the FW structure, SiC inserts and the LiPb breeder was
determined through separate neutron transport calculations (Bohm et al., 2019; Huang et al., 18 a).

Temperature distributions can be obtained in one of two possible ways. Detailed coupled heat transfer and fluid
simulations can be used to calculate the energy exchange between the structure and the fluid (in this case, helium in
the FW and LiPb in the breeder channels). A second approach is to rely on experimentally validated heat transfer
correlations that give local heat transfer coefficients between the structure and the coolant, based only on bulk coolant
properties. It is shown that using heat transfer correlations is sufficient for the required accuracy, if one accounts
for differences between single-sided heating from the plasma and experimentally validated heat transfer coefficients,
where the heat flux to tubes is usually applied from all sides (Huang et al., 18 a). Because of the enormous reduction
in computational cost, we use common heat transfer correlations to determine temperature distributions everywhere
in the FW/B structure, thus avoiding coupled Computational Fluid Dynamics (CFD) with heat transfer.

‘We model the heat transfer process in toroidal and poloidal channels with a convective heat flux boundary condi-
tion applied on the walls of these channels, starting with an initial guess for the average bulk temperature of helium
between the inlet and outlet streams and the corresponding heat transfer coefficients. A Dittus-Boelter heat transfer
correlation is used to obtain the heat transfer coefficients for both toroidal and poloidal helium cooling channels, with
an inlet velocity of 30 m/s for the toroidal channels and a total mass flow rate of 86 kg/s for poloidal channels in the 16
blanket sectors (Huang et al., 18 a). Since we are modeling one of these 16 sectors, the mass flow rate considered in
poloidal channels for our study is 5.38 kg/s. In order to account for the heat transfer enhancements in toroidal channels
due to internal fins, the toroidal heat transfer coefficient is increased by 50%. A MATLAB script is developed with
2-way communication with the finite element model to narrow down the initial guesses for average bulk temperatures
in an iterative way. In this process, the temperature of the helium coolant at the toroidal channel inlet is assigned to be
350°C so as to avoid undesirable cooling of the structure below the DBTT for F82H (Huang et al., 18 a). The outlet
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temperatures of toroidal channels are calculated using an energy balance, considering all other applied heat sources.
The computed outlet temperature is used to update the average bulk temperature and is used as the inlet temperature
for poloidal channels. The same energy balance process is repeated to compute the outlet temperature of poloidal
channels to update the average bulk temperature for these channels.

Liquid metal correlations are used to compute the heat transfer coefficient for LiPb in the breeder zone (Huang
et al., 18 a). The calculated heat transfer coefficient is used as a layer conductance between the LiPb breeder and the
SiC inserts in a thermal contact pair created between these two regions. Also, the LiPb breeder is treated as a working
fluid carrying out heat from the system, moving with a velocity of 0.048 m/s (obtained from the inlet mass flow
rate). The inlet temperature of LiPb in the first row of the breeder in our model is chosen to be 450°C, considering
the 4 toroidal channels in our study as the very top layer in the IB blanket. Our current study is focused on the
last 4 channels in IB blanket with the highest coolant temperature. Then average output temperature of the first row
of breeder is used as the inlet temperature boundary condition for the second row. Temperature-dependent thermal
properties (e.g. thermal conductivity, specific heat, and density) for F82H, Helium and LiPb are used in the FEM
thermal model (Tavassoli et al., 2002; Tavassoli, 2002; Huang et al., 18 a).

3.2. Temperature Distributions

Results of heat transfer simulations are shown in Figure 3. The maximum temperature in the breeder zone reaches
to 460°C. The temperature of the F82H structure (Figure 3c) shows significant variation from a cool back end at
380°C to a maximum of 520°C on the first wall and 540°C on the first wall corners due to direct surface heating.
These results reveal that heat transfer enhancement in FW channels should be adopted as part of the manufacturing
process, as they are effective in providing enough cooling within the channels. Also, having LiPb as a moving working
fluid is essential in keeping the temperature of the breeding zone (Figure 3a) at levels that are low enough not to result
in excessive heating of the FW structure. The radial temperature distribution along the structure mid-plane is shown
in Figure 4. It can be seen that FW temperature decreases from 520°C to 380°C inside He channels and gets to
454°C where it meets breeding zone and reduces again to 390°C and 385°C in intermediate and back wall He cooling
channels. Figure 5 shows temperature distribution across SiC ceramic and its role in reducing heat flow from the
breeding zone to He cooling channels in order to improve system effectiveness. Temperature distribution obtained on
F82H structure (Figure 3c) is used in structural analysis to determine material properties as function of temperature
in addition to using it for applied thermal loading.
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Figure 3: Temperature distribution of (a) LiPb breeding zone, (b) Sic ceramic and (c) FW/Blanket structure.
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Figure 4: Temperature distribution along the radial direction (red line) shown in the structure’s mid-plane, starting from the first wall and passing
through He channels, stagnated LiPb, SiC ceramic FCI and the LiPb breeding zone.

Figure 5: Temperature distribution across the SiC ceramic FCI, showing its effectiveness in reducing heat flow from the breeding zone to He cooling
channels.

4. Constitutive Equations

Empirical constitutive models for structural materials are required for prediction of their thermomechanical re-
sponse. Such models must provide clear dependence on the main environmental conditions and salient parameters.
Therefore, all thermophysical properties of the low-activation structural material, F§2H, must be assessed and pre-
sented with dependencies on temperature (T), neutron irradiation dose in units of displacements per atom (dpa),
neutron-induced gas content (mainly helium) inside the structure, and the length of operational time. As the database
keeps on expanding, the voracity of thermomechanical response predictions will improve. For F82H, a significant
database already exists in several key publications (Jitsukawa et al., 2002; Tavassoli et al., 2002; Tavassoli, 2002; Tong
and Dai, 2009; Ghoniem et al., 2013; Nagasaka et al., 2015). More recent work by Yamamoto and Odette (2019);
Alam and Odette (2020); Yamamoto and Odette (2020) focused on radiation effects on the swelling, hardening, and
softening.

The basic properties required for modeling the elasto-plastic behavior of F82H in the present FW/B study are the
coeflicient of thermal expansion (@), Young’s modulus (E), the yield strength (o), the ultimate strength (o), strain-
to-necking (ey), and the magnitude of volumetric swelling strain (f, = A—\Y). Since we need to understand the effects
of temperature distribution, pressure loading, and neutron irradiation on the stress state of the FW/B, we would need
these properties to be available as functions of temperature (7) and displacement damage dose (®) measured in units
of dpa. In the particular case of volumetric swelling, an additional dependence on the amount of generated helium gas
inside the structure by neutron irradiation would also be required. Thus, an additional parameter, the helium-to-dpa
ratio r is introduced.
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Figure 6: (a) Illustration of the linear hardening model with temperature-dependent elastic modulus (E), and temperature and irradiation dose
dependent tangent modulus (E;), (b) tangent modulus at BOL (0 dpa, green curve), 45 dpa (blue curve) and 90 dpa (red curve) as function of
temperature.

‘We model the constitutive elasto-plastic behavior of F82H by employing a temperature and irradiation-dependent
linear hardening model, as shown in Figure 6a. In this model E, o, o, and gy are functions of T, ® (o, and o, are
function of T and ® but E and ey are only function of temperature due to limited experimental data). Temperature-
dependent properties are taken from the work of Jitsukawa et al. (2002), Tavassoli et al. (2002), Tong and Dai (2009)
and Nagasaka et al. (2015). However, a more recent data assessment by Yamamoto and Odette (2019) and Yamamoto
and Odette (2020) indicates that radiation hardening as a change in the yield strength (Ac) of F82H is dependent on
(T, @, r), and that it can be positive (hardening) or negative (softening).
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Figure 7: (a) Hardening model (Acy) prediction for F82H for fusion reactor conditions (He/dpa=10) adopted from Yamamoto and Odette (2020).
(b) Ratio of change in ultimate strength to change in yield strength due to neutron irradiation as a function of He concentration (Yamamoto and
Odette (2020).

Changes in the yield strength (Ac) as function of dpa at different temperatures are shown in Figure 7a. This has
been adapted from reference (Yamamoto and Odette, 2020), and used in subsequent computer simulations. It can be
seen that at high temperatures (above 400°C), F82H undergoes softening (-Acy) up to about 64 dpa (the area under the
red plane shown in Figure 7a), and then experiences hardening (+Ac ) at higher dpa. However, at lower temperatures
(below 400°C), neutron irradiation leads to hardening behavior (+Ac), even at low dose, as shown in Figure 7a. The
influence of neutron irradiation and helium concentration on o, has been studied by Yamamoto and Odette (2020),
as reproduced in Figure 7b. Figures 8a and 8b show o, and o, at the BOL (0 dpa), 45 dpa and 90 dpa as function of
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temperature. Comparing o, non-irradiated case (0 dpa) with the one at 45 dpa in Figure 8a indicates F82H hardening
[0y(45 dpa) > o,(0 dpa)] at temperatures below 392°C and softening [c,(45 dpa) < o,(0 dpa)] at temperatures
above it. However, at 90 dpa, F82H experiences hardening from about 300°C to 500°C with higher hardening rates at
lower temperatures.
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Figure 8: (a) oy and (b) o, at BOL (0 dpa, green curve), 45 dpa (blue curve) and 90 dpa (red curve) as function of temperature. (o, and o, are
computed from irradiation data (Figures 7a, 7b) and temperature dependent data provided by Tavassoli et al. (2002).

A simplified linear hardening model is developed here to describe the elasto-plastic behavior of F82H under fusion
neutron irradiation. In this model, the tangent modulus, E,(T, @), is obtained from fitted data of the ultimate and yield
strengths, Young’s modulus and strain-to-necking as following:

E(T,®) = — (1)
T ey -0y JE
Strain-to-necking (ey) data are adopted from experimental work of Tong and Dai (2009) and Nagasaka et al. (2015)
showing effects of temperature on gy as plotted in Figure 9. Experimental data showing effects of neutron irradiation
damage on gy is available up to 20 dpa (Tong and Dai (2009)) which is not sufficient for our study cases reaching to
45 dpa and 90 dpa. Therefore, we kept ey only function of temperature in our study till we get more experimental
data in this regard for future works.
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Figure 9: Strain-to-necking (ey) experimental data points (red dots) adopted from Tong and Dai (2009) and Nagasaka et al. (2015) and fitted curve
(blue curve) used in our simulations.
Figure 6a shows a schematic of the linear hardening model, while Figure 6b shows the calculated tangent modulus
as a function of temperature at the Beginning of Life (BOL), at 45 dpa, and at 90 dpa. It is noted from the figure
9



that the tangent modulus drops to nearly zero at low temperature as a result of neutron irradiation, indicating possible
onset of plastic instabilities. On the other hand, it is an increasing function of temperature above 300 °C, as shown in
Figure 6b. Note also that as the structure is irradiated further (for example from 45 to 90 dpa), the tangent modulus,
and hence the work hardening capacity of the structure, decreases. Stress-Strain curve for F82H at 375 °C and 500
°C is plotted in Figures 10a and 10b as discussed. It can be seen that at 375 °C irradiation causes more hardening at
higher dpa. However, at 500 °C material goes under softening at 45 dpa and hardening at 90 dpa.
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Figure 10: Stress-strain relationships according to the linear hardening model at BOL (0 dpa, green curve), 45 dpa (blue curve) and 90 dpa (red
curve) for (a) 375°C and (b) 500°C .

Neutron-induced void and bubble swelling (f,) is modeled as an inelastic isotropic strain. We will describe a
simplified bi-linear swelling model based on the analysis of (Yamamoto and Odette, 2019). The diagonal components
of the inelastic strain tensor (&™), which correspond to volumetric swelling (&°), are all set to be equal, where:

i = AVIV=g],+&,+85;=23e ()
1
en = ep=en=e=gf 3)

Thus, the total strain tensor is composed of an elastic component, (£°), an inelastic component (&™), and a thermal
strain component, (a(T — Ty)I = aATI), where « is the coefficient of thermal expansion, and I is the identity tensor.
The inelastic component is further decomposed into a volumetric swelling strain (&°%), and a plastic strain (gP). One
can then write:

a=86+ep+aATI+€I 4)
And the constitutive relationship between stress and strain as:
—C- & =C- p b
o=C:&=C:le—- (& +aATI+§I) 5)

where C is the elastic constants tensor. The material properties in Equation 5 are generally functions of the triplet
(O, T,r). However, not all the dependencies are available at the present time, and one has to make best estimates,
consistent with current data and discuss the trends. Neutron swelling data at 500 °C has been thoroughly analyzed
by Yamamoto and Odette (2019), and several suggested data fits were discussed. Because of these uncertainties, and
for simplicity of including the swelling strain into the structural model, we use here a bi-linear fit of the neutron
displacement damage dose as following where U is the Heaviside function;

()
fo=e(l -U@ - q)o))(ao) + U(D — Dg)(eo + s(P — D)) (6)
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Figure 11: Void swelling (f,) as a function of neutron displacement damage dose (¢) in dpa at (a) 350°C, (b) 500°C, and (c) 600°C considering
worst case (red curve), reference case (black curve which is used in our simulations) and best case (blue curve).

The rate of volumetric swelling past the incubation dose @ is given by:
s = 5o — 0.004r 7
Where s is the swelling rate in the absence of helium, and the incubation dose is given by:

DOy =(a+br){l -U@—-40)H{1 + (cTT—OTO)z} ®)
In these equations, the fitting parameters are: a=90, b=-2, c=3, Ty = 500°C, so = 0.15 (s, the swelling rate, has
a min of 0.075 for best case and maximum of 0.225 for worst case), ¢p = 0.5 (minimum swelling at @), and r=10
(helium-to-dpa ratio). The results of this model are shown in Figure 11 at various temperatures, where the volumetric
swelling of F82H is shown as a function of neutron displacement damage dose ®. The swelling rate for F82H is
very low below an incubation dose, and then accelerates at higher dose. There is considerable uncertainty in these
predictions because of the lack of dedicated prototypical fusion irradiation facilities. This uncertainty is reflected in
bounds for the swelling rate (minimum and maximum) that are consistent with current understanding (Yamamoto and
Odette, 2019). Future updates of the current property predictions may be necessary, as more radiation effects data
become available.

5. Solid Mechanics Modeling

5.1. Modeling Details & Boundary Conditions

Structural analysis is performed considering temperature and irradiation dependent material properties and the
linear hardening plasticity model (Figure 6a) described in previous sections. We apply pressure loads, thermal loads
due to the temperature distribution shown in Figure 3c, and include volumetric swelling effects shown in Figure
11. Pressure loading under normal operating condition is set to be 8 MPa in toroidal and poloidal cooling channels
and 1.6 MPa in LiPb breeding zone. Symmetry boundary conditions are applied to the blanket allowing normal
displacement on the top face considering free thermal expansion in the poloidal direction and no displacement in the
normal direction to the bottom face to prevent free body motion. Also, roller conditions are applied at the end of the
manifold, as shown in Figure 12a to prevent free body motion in the other two directions.

To examine the effects of radiation on the assembly/disassembly and maintenance of FW/B modules, we carry
out structural analyses for two limiting cases. First, free side walls are considered, allowing free displacement normal
to their plane due to thermal expansion and radiation induced swelling. This represent the case where IB blanket
sectors are assembled in a way that allows enough room between them to accumulate any kind of deformations during
service. Second, we consider the other limiting case of constrained side walls, where any displacement in the normal
direction to the side walls plane is prevented. This case shows the extent of deformation mode change due to module
constraints and the corresponding influence of the strain and stress distributions. Comparing the results obtained from
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these two case studies can help to identify a reasonable spacing between IB blanket sectors which will close up during
heat up and swelling without building up huge stresses during service and will allow their easy replacement at the
end of lifetime. This may have serious design implications on the tritium breeding ratio due to neutron streaming in
between module gaps.
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Figure 12: (a) Cross-section of the inboard blanket CAD model. (b) Irradiation damage dose (dpa/year) along the radial distance from the FW
(Davis et al., 2018).

Previous studies of radiation effects on FW/B structures were based on simple general limits of the magnitude of
accumulated swelling strain at the FW of a few percent. In this study, we examine for the first time the influence of
spatial gradients in radiation damage parameters (i.e. neutron dose and helium generation rate) on the deformation
and stress evolution of the FW/B structure. To understand the complex ways by which deformation and stresses are
distributed in spatially-varying radiation field, we will examine two cases. The first one is a reference case, where
the radiation damage parameters at the FW/B are assumed to be the same regardless of spatial position. The second
case is when radiation damage parameters are introduced in the structural model with their real space dependence.
Irradiation damage dose (dpa/year) is maximum at the FW and decreases as the radial distance from the first wall
increases as shown in Figure 12b. Space-dependent irradiation can affect the stress level and deformation mode and
magnitude due to the gradual change in material properties and volumetric swelling from region to region. To enable
consistent comparisons, we label seven distinct zones in the FW/B, as shown in Figure 12a and described in table 1.

Table 1: Distinct zones in the FW/B shown in Figure 12a

H Region \ Definition H

F Plasma-facing FW mid-plane
C Plasma-facing FW corners

T FW top and bottom corners
B

S

FW mid-plane facing LiPb breeder

Plasma-facing FW joints with radial stiffening ribs
FJ Front joints between BW/IW and side walls

RJ Rear joints between FW, BW & IW and side walls

5.2. Thermomechanical Stress and Deformation at BOL

Structural analysis at BOL does not include any irradiation effects, and is simply done by applying thermal and
pressure loading onto the FW/B structure. We performed BOL studies for the free and constrained side walls cases.

(i) Free side walls:
Allowing the side walls (Figure 12a) to freely expand under thermal and pressure loading introduces global
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(i)

mechanical displacements of the structure, as shown in Figure 13a. Note that the maximum displacement is = 4
mm, and occurs at the FW corners (region C). Having free thermal expansion of the side walls reduces the stress
level on structure, and results in negligible plastic strain of 0.004% at first wall region S and 0.02% at regions
C, as shown in Figure 15a. The Von-Mises stress reaches its maximum of 397 MPa at the FW regions S and C
(Figure 14a). Although the stress level and effective plastic strain in the overall structure is reasonable, the mag-
nitude of free expansion and deformation of the side walls may not be allowable in IB assemblies considering
the tight tolerances required for FW/B module assembly.

Constrained side walls:

When the side walls (Figure 12a) are constrained from displacement in the normal direction to allow precise
alignment of FW/B modules during initial assembly, one would be concerned about the accommodation of both
thermal and radiation-induced expansion of the large modules. This changes the displacement mode of the
FW to be more like a bending type compared to the general volumetric expansion when the side walls are not-
constrained. This can be seen by comparing Figure 13a to Figure 13b. Having this level of bending, requires
detailed fracture analysis of the FW, IW and BW to prevent potential crack opening and propagation under large
displacements. Another major concern is the mid-plane displacement of the FW (region F), which reaches a
maximum of 18.4 mm at BOL. Such large displacement into the plasma scrape-off layer may be an important
design concern that needs further analysis.

The Mises stress distribution shown in Figure 14b, indicates high stress concentrations in regions C, FJ, RJ,
and T reaching to a maximum of 518 MPa. Such high stress levels result in significant plastic strain up to 3%
in these regions (Figure 15b). This suggests that detailed cyclic plasticity analysis during startup/shutdown or
pulsed operation on these regions must be performed so as to estimate the accumulated plastic strain in strain-
based life-time predictions. Also, it can be seen from Figure 14b that the stress at the middle of FW front face
(region F) is lower than its back face (region B), even though the front face is at higher temperature. This is
due to combination of bending and thermal stresses at first wall. Both faces of the FW experience compres-
sive stresses due to constrained thermal expansion. However, the bending stress is tensile on the front face and
compressive on the back face of the FW. This increases the magnitude of stress on the back face (region B) and
lowers it on front face (region F). This trend is not observed in the free case (Figure 14a), where there is no
bending effects. Constraining the side walls and introducing the bending-type stress state reduces the stress at
the mid-plane of FW front face (region F) and increases the stress at the FW mid-plane back face (region B), as
it can be seen by comparing 14b to 14a.

Comparing free and constrained side wall studies it can be seen that constraining side walls introduces large
stress concentration at corners where FW, IW and BW join radial stiffening ribs and side walls specially at
regions C, FJ and RJ. Design optimizations can be performed to prescribe certain displacement on side walls to
allow enough bending deformation to balance the stress level from front to back face of FW. Even-though the
stress state is mostly compressive on both faces of FW the build up residual stress at regions with high plasticity
(regions C and FJ) will go under tensile stress during cool down and can cause crack initiation and propagation
in these regions. It is noted that during the heat-up phase of operation, regions RJ will be under high tensile
stresses, which can cause crack propagation and failure. On the other hand, regions C and FJ will be under high
compressive stresses that can lead to large plastic strain and tensile residual stresses upon cool-down. These
potential failure modes will be analyzed in a follow-up future publication.
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Figure 13: Displacement results at BOL under (a) free side walls (scale factor 15) and (b) constrained side walls (scale factor 5).
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Figure 14: Front and back view of stress distribution at BOL under (a) free side walls and (b) constrained side walls.
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Figure 15: Front and back view of effective plastic strain at BOL under (a) free side walls and (b) constrained side walls.

5.3. Reference Study of Uniform Irradiation Field

Let’s first consider here a reference case, where the irradiation field is assumed to be the same as that experienced
by the FW. Despite the conceptual nature of this reference case, understanding the dimensional stability and stress
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evolution under irradiation here will allow us to clearly determine the unique influence of spatial gradients in radiation
damage parameters. The following results of computer simulations are given for a neutron displacement damage dose
of 45 and 90 dpa, representing 3 and 6 years of continuous operation. The upper limit of 90 dpa is modest, since
one of the goals of structural material development is to make it radiation-resistant up to ~ 200 dpa. The influence
of spatially-varying temperature on the yield strength, ultimate strength, tangent modulus and volumetric swelling is
included. As can be seen in Figures 8a, 8b, 6b and 11 o, 0, E; and f, are functions of temperature at any chosen dpa.
The uniform irradiation simulations are performed on the two cases mentioned before to see the effects of boundary
conditions and constraints.

(i) Free side walls (45 and 90 dpa):
In this study, the side walls are free to deform under irradiation-induced volumetric swelling and thermal ex-
pansion. As the neutron dose increases, the magnitude of volumetric swelling also increases causing continuing
mechanical displacement and deformation of the entire FW/B structure. When we compare Figures 13a and 16,
it can be seen that maximum displacement at the FW/B corners reaches ~ 5 mm at 45 dpa and 9.5 mm at 90
dpa. Note that the maximum displacement at BOL was only 4 mm. Also, it can be seen that the global vol-
umetric growth mode observed at BOL for free side walls did not change as a result of a uniform irradiation field.

There are some interesting aspects of radiation hardening and softening, which are functions of the structure
temperature, when one considers the influence of prolonged neutron irradiation. Comparing Figure 14a to 17a,
it can be seen that the maximum Mises stress in the FW decreases from 397 MPa at BOL to 323 MPa at 45 dpa
due to softening caused by neutron irradiation at 500°C. This can be explained from Figure 8a, where o, at 45
dpa is smaller than o, at BOL (0 dpa) at temperatures above 392°C. The FW temperature is about 500°C, as
shown in Figure 3c, suggesting o, of 400 MPa at BOL which reduces to 312 MPa at 45 dpa (Figure 8a). Having
stresses above o, at 45 dpa shown in Figure 17a reflects the effect of the linear hardening plasticity model,
shown in Figure 10b. FW softening at 45 dpa is also noticeable when we compare the effective plastic strain at
BOL (Figure 15a) with that at 45 dpa (Figure 18a), showing a significant increase. This can be better understood
by comparing the stress-strain curves at 500°C (FW temperature) in Figure 10b, showing 45 dpa curve below
zero dpa at BOL.

Comparing the results of 90 and 45 dpa case studies, one can see that the effect of irradiation-induced swelling
is to increase the stress and effective plastic strain, as shown in figures 17 and 18. We note here that because
module expansion is not prevented, the accumulated plastic strain is low as a result of neutron irradiation. Also,
it is important to notice that at 500°C and 90 dpa, F82H undergoes hardening (Figure 10b) causing the structure
to show higher stresses at the FW, unlike at 45 dpa at 500°C which displayed a softening effect.
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Figure 16: Displacement results (scale factor 15) for uniform irradiation and swelling of free side walls at (a) 45 and (b) 90 dpa.
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Figure 17: Front and back view of the stress distribution for uniform irradiation and swelling of free side walls at (a) 45 and (b) 90 dpa.
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Figure 18: Front and back view of the effective plastic strain for uniform irradiation and swelling of free side walls at (a) 45 and (b) 90 dpa.

(i) Constrained side walls (45 and 90 dpa):

Similar to the BOL simulation results shown in section 5.2, constraining the side walls under uniform irradiation
(45 and 90 dpa) increases the deformation, stress and effective plastic strain, in addition to altering the deforma-
tion mode to a bending-type. The center point of the FW structure facing the plasma side (region F) displaces
by 46 mm into the plasma scrape-off region at 90 dpa, as can be seen in Figure 19b. Hardening and softening
effects due to irradiation are observed in this case study as well. The top face of the FW corners are at 375 °C
(Figure 3c) and oy, at this temperature is about 460 MPa (Figure 8a). However, the stress in these regions shown
in Figures 20a and 20b are much higher than o-,. This level of stress is due to radiation hardening at 375 °C at
both 45 and 90 dpa, as can be seen in Figures 10a and 8a. Irradiation-induced swelling together with irradiation
hardening result in stresses up to 555 MPa and 680 MPa at 45 and 90 dpa, respectively, at top faces of the FW
corners (region T), as shown in Figures 20a and 20b. We notice here in Figure 21b that the accumulated plastic
strain is very large at the FW/B corner regions C and FJ, reaching over 7% at 90 dpa. These levels of plastic
strain may not be tolerated by the limited ductility of the structure under irradiation, but this point needs further
investigation of failure modes.
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Figure 19: Displacements (scale factor 5) for uniform irradiation and swelling of constrained side walls at (a) 45 and (b) 90 dpa.
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Figure 20: Stress distributions for uniform irradiation and swelling of constrained side walls at (a) 45 and (b) 90 dpa.
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Figure 21: Effective Plastic Strain distributions for uniform irradiation and swelling of constrained side walls at (a) 45 and (b) 90 dpa.

5.4. The influence of Spatial Gradients in the Irradiation Field
We proceed in this section to analyze the behavior of the FW/B structure under more realistic irradiation con-
ditions, where the radiation field variables (dpa, helium generation rate) as well as temperature are all functions of
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the spatial location in the structure. Of concern is the steep gradients in the swelling and helium generation rates as
a result of neutron interaction with the structure. The neutron displacement damage rate is at its maximum of 14.8
dpa/year at the FW, declining precipitously to only 0.24 dpa/year at the back end of the module (Figure 12b). We
performed our structural analysis at 3 years (44.5 down to 0.7 dpa) and 6 years (88.9 down to 1.4 dpa).

(i) Free side walls (3 & 6 years of irradiation):

The influence of spatial gradients in irradiation-induced swelling and plasticity parameters on structural defor-
mation is shown in Figure 22, which display a different type of displacement mode. It can be seen that the FW
experiences larger expansion in the toroidal direction compared to the rest of the structure causing a “fanning
mode” of deformation. This is to be contrasted with what we observed before in the reference uniform irradia-
tion field case, where two other modes were observed: (1) uniform growth mode (unconstrained side walls); and
(2) bending mode (constrained side walls). Comparing the results with those shown in Figure 16, it can be seen
that changes in the displacement of the FW/B module from region C to the Roller at space-dependent 3 years
irradiation (Figure 22a) is greater than the reference case under uniform irradiation (Figure 16a). This difference
is even larger at 6 years (Figure 22b) as compared to the uniform 90 dpa case (Figure 16b). Having this type
of displacement gradient in the structure increases the stress levels and effective plastic strain, as it can be seen
by comparing Figures 17 and 23 for stress distributions, and Figures 18 and 24 for the effective plastic strain
distributions.

The extent of the fanning mode deformation under 6 years of space-dependent irradiation reveals that the free
side wall study at 6 years is similar to the constrained side wall studies where the back face of the FW (region
B) shows higher stresses than the front face (region F) due to bending effects, as describe in section 5.2ii. This
is shown in Figure 23b.
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Figure 22: Displacement results (scale factor 15) for space-dependent irradiation and swelling of free side walls at (a) 3 years (44.5 down to 0.7
dpa) and (b) 6 years (88.9 down to 1.4 dpa).
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Figure 23: Stress distributions for space-dependent irradiation and swelling of free side walls at (a) 3 years (44.5 down to 0.7 dpa) and (b) 6 years
(88.9 down to 1.4 dpa).
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Figure 24: Effective Plastic Strain results for space-dependent irradiation and swelling of free side walls at (a) 3 years (44.5 down to 0.7 dpa) and
(b) 6 years (88.9 down to 1.4 dpa).

(i) Constrained side walls (3 & 6 years of irradiation):

Similar to the previous constrained side wall case studies (sections 5.2ii and 5.3ii), we observe that constraining
the side walls changes the deformation mode to a bending-type and increases the stress at the corners of FW,
IW and BW (regions C, FJ and RJ). In addition, constraining the side walls increases the stress level at the back
face of the FW (region B) making it even higher than the front face of FW (region F) due to the influence of
bending stresses as described in section 5.2ii. Also, hardening and softening effects are observed in this study as
discussed in previous sections. Constraining the side walls increases the FW mid-plane (region F) displacement
from 3.1 mm to 21 mm for 3 years case study, and from 5.3 mm to 31 mm for 6 years case study, as can be seen
by comparing Figures 22 and 25.
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Figure 25: Displacement results (scale factor 5) for space-dependent irradiation and swelling of constrained side walls at (a) 3 years (44.5 down to
0.7 dpa) and (b) 6 years (88.9 down to 1.4 dpa).
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Figure 26: Stress results for space-dependent irradiation and swelling of constrained side walls at (a) 3 years (44.5 down to 0.7 dpa) and (b) 6 years
(88.9 down to 1.4 dpa).
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Figure 27: Effective Plastic Strain results for space-dependent irradiation and swelling of constrained side walls at (a) 3 years (44.5 down to 0.7
dpa) and (b) 6 years (88.9 down to 1.4 dpa).
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6. Summary & Conclusions

This study of the deformation and stress evolution of large-scale fusion energy structures is first-of-a-kind. Past
efforts to model stress evolution and global deformations in FW/B structures were limited by two main impediments:
(1) lack of computational methods that account for property changes as function of several radiation parameters si-
multaneously; and (2) the availability of a data-base upon which reasonable predictions can be made. We concentrated
here on exploring the various ways by which the large FW/B structure can deform as it ages in a fusion reactor. We
also explored the evolution of stresses and the accumulation of plastic strain as functions of neutron irradiation dose.
Follow-up studies will consider failure modes driven by plastic strain accumulation and by the evolving stress field
that can drive cracks through the FW/B structure. The following conclusions can be made:

1.

The maximum stress at BOL for free side walls occurs at the FW regions S and C (Figure 14a). Constraining
the side walls at BOL changes the stress state by reducing the stress magnitude at the mid-plane of the FW front
face (region F) and increasing the stress at the mid-plane of FW back face (region B). Also, stress concentrations
increase at the joints between the FW/IW/BW and radial stiffening ribs and side walls (regions C, FJ and RJ)
due to bending effects. The maximum plastic strain at BOL occurs for constrained side walls at regions C, FJ
and RJ (Figure 15b), where there are maximum stress concentrations.

. The reference case of uniform irradiation field for free side walls at 45 dpa shows softening of the FW front

face especially at region S, reducing the stress and increasing the plastic strain level at this region as it can be
seen by comparing Figure 14a with Figure 17a for stresses and Figure 15a with Figure 18a for plastic strain.
However, at 90 dpa, the FW front face shows hardening that leads to higher stresses (Figure 17b) and higher
plastic strain (Figure 18b) enhanced by irradiation-induced swelling. Similar to the BOL case, constraining the
side walls changes the stress state and the maximum stress shifts to areas shown by regions B, C, FJ and RJ
with the maximum plastic strain in regions C, FJ and RJ (Figure 21).

. Gradients in the irradiation field variables (dpa and helium generation) introduces larger displacement difference

between regions C and the reference roller (comparing Figure 16 with Figure 22), causing a fanning deforma-
tion mode. Extreme deformation is observed for free side walls at 6 years (Figure 22b), which increases the
stress at the back face of the FW (Figure 23b). The stress and plastic strain in the FW/B structure all increase
due to radiation gradient effects. Constraining the side walls increases the bending type deformation and dis-
placements, with the maximum displacement at the mid-plane of FW (region F) reaching to 31 mm (Figure
25b). The maximum stress occurs in regions B, C, FJ and RJ (Figure 26) and the maximum plastic strain in
regions C, FJ and RJ (Figure 27). Failure mode analysis should consider these regions separately.

If the side walls are constrained for reasons of closing neutron streaming gaps compressive regions show ex-
treme plastic strain accumulation (regions C and FJ). The build-up of residual stresses can cause crack propaga-
tion upon cool-down and during cyclic reactor operations. Regions B, F, S, C and FJ all experience compressive
stresses during heat-up, which may not be a concern in terms of crack opening. However, the regions that
undergo compressive plastic deformation (regions C and FJ) can see severe tensile residual stresses upon cool-
down, followed by crack propagation and failure. On the other hand, region RJ is under extreme tensile stress
during operation (heat-up) and can show failure during reactor operation time, if cracks propagate due to low
fracture toughness. This region requires sophisticated fracture mechanics analysis ensuring adequate safety
margins.

Some potential failure concerns can be alleviated by design optimization. This may include controlling the
cooling patterns of the structure to maintain a high yield strength in desired areas (region C) so as to prevent
extreme plastic strain accumulation and to allow reduction in the yield strength in other areas that are under
extreme tensile stresses (region RJ) so as to lower the stress magnitude and to introduce reasonable plastic
deformation preventing sever cracking.

Constraining the side walls (5.2ii, 5.3ii, and 5.4ii) brings noticeable stress concentrations to the joints between
the FW/IW/BW and the radial stiffening ribs and also with the side walls, specially in regions RJ, C and FJ.
This issue can be addressed by increasing the fillet radius in these regions to reduce the stress concentration. A
limitation may be the increased amount of structure that can impact the tritium breeding ratio.

Comparing the constrained and free cases, one can come up with a prescribed spacing between the IB blanket
sectors that would close up during heat up and would allow enough displacement to balance the stress distribu-
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tion on modules reducing stress concentrations and plastic strain in the structure, and at the same time would
make it easier to replace the module at the end of lifetime.

8. Three distinct dimensional stability modes have been revealed in the current study. These are: “self-similar
growth mode” for unconstrained modules; (2) “bending mode” for constrained modules; and (3) “fanning
mode” associated with radiation damage gradients.

9. The maximum structural displacements and their locations are summarized in Table 2.

Table 2: Maximum structural displacements (mm)

| BOL | 45dpa | 90 dpa | Region
Free Side Walls-Uniform
4 \ 4.8 \ 9.5 \ C
Constrained Side Walls-Uniform
18.4 \ 22.5 \ 46 \ F
Free Side Walls-Gradient
4 ] 45 | 71 | C
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