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Abstract

The IFMIF is an accelerator-based intense neutron source for testing candidate materials for fusion reactors. Intense
neutrons are emitted inside the Li flow through a backwall. The backwall made of 316L stainless steel or RAFM is
attached to the target assembly with a lip seal welded by a YAG laser. Since the backwall is operating under a severe
neutron irradiation of 50 dpa/year and a maximum nuclear heating rate of 25 W/cm?>, thermo-structural design is one
of critical issues in a target design. Thermal stress was calculated using the ABAQUS code. As a permissible stress, yield
strength at 300 °C was used. In the case of the 316 stainless steel backwall, the maximum thermal stress was more than the
permissible stress (164 MPa). On the other hand, in case of the F82H backwall, a maximum thermal stress was below the
permissible stress (455 MPa). Therefore, F82H is recommended as the backwall material.

© 2007 Elsevier B.V. All rights reserved.

1. Introduction

International Fusion Materials Irradiation Faci-
lity (IFMIF) is an accelerator-based D-Li neutron
source to produce intense high energy neutrons
(2 MW/m?) up to 200 dpa in a sufficient irradiation
volume (500 cm®) for testing candidate materials
and components used in ITER and the fusion
DEMO reactor [1]. To realize such a condition, a
40 MeV deuteron beam with a current of 250 mA
and a total power of 10 MW is injected into a liquid
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Li flow with a speed of 20 m/s. At the end of 2002, a
3 year Key Element technology Phase (KEP) to
reduce the key technology risk factors was com-
pleted [2]. Following the KEP, a transition phase
is being performed prior to Engineering Validation
and Engineering Design Activities (EVEDA) [3].
The major function of the Li target assembly is to
provide a stable Li jet with a wave amplitude less
than 1 mm up to a speed of 20 m/s. Intense neutrons
are emitted inside the Li flow through a thin back-
wall attached to the target assembly. Since the back-
wall is operating under a severe neutron irradiation
of 50 dpa/year and a maximum nuclear heating rate
of 25 W/cm?, thermo-structural design is one of crit-
ical issues in a target design. In a previous study [4],
thermal stress analysis of the 316 stainless steel
backwall was done to evaluate effects of constraint
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condition and thermal transfer coefficient on the
thermal stress. This paper describes the latest efforts
to optimise the backwall thermo-structural design.

2. Lithium target system and backwall

Design requirements of the Li target system are:
heat removal of 10 MW from the deuterium beams,
production of a stable Li jet for production of
intense neutron irradiation damage more than
20 dpa/year in the high flux test module, control
of the impurity levels (7, 'Be, C, O, N), assurance
of safety with respect to the Li hazard and tritium
release from the Li loop and achievement of system
availability of more than 95% during plant lifetime
[5]. Major specifications of the IFMIF Li target
are summarized in Table 1. The Li target system
consists of two main components: the target assem-
bly and the Li loop. A three-dimensional view of the
target assembly is shown in Fig. 1. The target
assembly and/or backwall must be replaceable by
a remote handling system with a setting accuracy
of 0.5 mm necessitated by the small gap (2 mm)
between the backwall and the test cell assembly.

The backwall is operating under a severe condi-
tion of neutron irradiation damage (about 50 dpa/
year) and is designed for replacement every 11
months. The target assembly is a stainless steel alloy
except for the backwall made of 316L stainless

Table 1
Major specifications of IFMIF target system

Ttems Parameters

Deuterium beam energy/ 40 MeV/125 mA (nominal) x 2
current accelerators

Averaged heat flux 1 GW/m?

Beam deposition area on 0.2 m" x 0.05 m"

Li jet
Jet width/thickness 0.26 m/0.025 m
Jet Velocity 15 (range 10-20) m/s

Curvature of backwall 0.25m
Inlet temperature of Li 250 °C (nominal) to 300 °C
Vacuum pressure 1073 Pa at Li free surface

Materials
Backwall 316L stainless steel or RAF steel
Other components 316L stainless steel
Erosion/corrosion
thickness
Nozzle and <1 um /year
backwall
Pipings, etc. <50 um /30 years
Replacement Every 11 month for backwall

No replacement for 30 years (other
components)

Target Nozzle

Fig. 1. Three-dimensional view of target assembly and backwall.

steel or a Reduced-Activation Ferritic/Martensitic
(RAFM) steel such as F82H. Two design options
for backwall replacement are under investigation.
The first is called the ‘Cut and reweld’ option shown
in Fig. 1. The backwall is connected to the target
assembly by a welded lip seal and a mechanical
clamp at the circumference. For replacement of
the backwall itself, the overall target assembly with
the backwall is removed using a remote handling
system to the hot cell area where a YAG laser device
will be used for cutting the lip seals of the flanges.
The second option is to replace the backwall of
the target assembly by a remote handling device
[6]. In this case, a ‘bayonet’ type mechanical attach-
ment of the backwall to the target assembly is envis-
aged. In this paper, the ‘Cut and reweld’ option is
considered.

3. Thermo-structural analysis and design
consideration

3.1. Calculation model and conditions

Deformation and thermal stress of the backwall
due to nuclear heating by neutron irradiation was
estimated by using the ABAQUS code under linear
analysis. In this study, creep and irradiation swell-
ing were not considered in the deformation calcula-
tion although these need to be evaluated in a future
study. Fig. 2 shows the calculation models of the
backwall and volumetric neutron heating distribu-
tion. Its shape is nearly a disc with a diameter of
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Fig. 2. Backwall models and calculation conditions for the thermal stress analysis: (a) backwall model, (b) nuclear heating rate and (c)

ABAQUS 1/4 model.

0.715 m. Its Li flow side has a concave face with a
radius of 0.25 m. The analysis was performed for
a 1/4 section (O0m <Y, 0m<Z) of the backwall
because of its symmetry. The maximum value of
the nuclear heating rate was 25 W/cm? at beam
center (Y=0m, Z=0m). In a previous study,
two cases for the boundary condition were consid-
ered at the lip seal of the backwall. One is constraint
for all degrees of freedom, and the other is that only
in the X direction. Since the former constraint is not
acceptable due to high thermal stress, the latter
constraint was used in this analysis. Temperatures
of the target assembly and liquid Li were both
300 °C, and the convection heat transfer coefficient
between Li and the backwall was 34 kW/m? K,
estimated as the minimum value from experimental
results [7]. Emissivity of the backwall was 0.3. The
temperature of the vertical test assembly (VTA)
was assumed to be 50 °C because the effect of
VTA temperature between 50 °C to 150 °C on the
backwall temperature was found to be negligible.
In this analysis, the high-speed Li flow pressure
(0.04 MPa) on the backwall is not neglected because
induced mechanical stress is less than a few % of the
permissible thermal stress.

Contact heat transfer coefficients between the
backwall and the target assembly were 15.8, 79 and
158 W/m? K depending on the contact pressure of

the clamping mechanism, which was assumed to be
0.1, 0.5 and 1 MPa, respectively. To evaluate the
effects of the backwall thickness on the thermal stress
and deformation, the minimum thickness of the
backwall was selected to be 1.8 mm (reference
value), 3 mm and 5 mm. In the backwall, an inelastic
deformation of the backwall is not allowed to realize
a stable high-speed Li flow and, therefore, a permis-
sible stress of the backwall is defined by yield
strength. To prevent deterioration of the high-speed
Li flow, the deformation of the backwall needs to be
as small as possible. Permissible deformation value
will be defined by a future study on Li flow stability.

3.2. Results and discussion

3.2.1. Thickness and contact heat
transfer coefficient

In the previous analysis of the 316L stainless steel
(Fe plus Cr: 16-18%, Ni: 12-15%, Mo: 2-3%, Mn:
<2%, Si: <1%, C: <0.03%, in wt%) backwall with a
minimum thickness of 1.8 mm and a contact heat
transfer coefficient of 158 W/m? K between the target
assembly body and the backwall, the maximum ther-
mal stress and deformation at the center of the back-
wall were about 260 MPa and 0.3 mm, respectively
[4]. The temperature at the center of the backwall
was about 300 °C, close to the Li temperature. The
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Fig. 3. Effect of the 316L backwall minimum thickness on
thermal stress.

calculated thermal stress was beyond the permissible
value of 164 MPa at 300 °C for 316L stainless steel.
Although the permissible deformation value is not
yet defined, to mitigate the thermal stress and defor-
mation, the effects of the minimum thickness of the
backwall and the contact heat transfer coefficient
on the thermal stress was evaluated as shown in
Fig. 3. Increasing the minimum thickness of the
backwall, the thermal stresses decrease and are close
to constant values. However, in a range of 15.8—
158 W/m? K, which corresponds to a contact pres-
sure of 0.1-1 MPa, the induced thermal stresses are
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still above the permissible value, even in the 5 mm
case. Considering realistic design conditions on the
contact heat transfer coefficient and the minimum
backwall thickness, 316L stainless steel is not recom-
mended for the backwall application in the IFMIF.

3.2.2. Backwall material

Considering the advantages of reduced radioac-
tivity and higher mechanical strength than 316L
stainless steel, a Reduced-Activation Ferritic/
Martensitic (RAFM) steel such as F82H (Fe plus
Cr: 8%, W: 2%, V: 0.14%, Ta: 0.04%, C: 0.1%) was
selected as a candidate material. Using the reference
configuration with a minimum thickness of 1.8 mm,
a thermal stress analyses was done. Figs. 4 and 5
show contour of the temperature and the von Mises
stress of the F82H backwall, respectively. High ther-
mal stresses are observed at the center and corner of
the backwall. Fig. 6 shows the von Mises stress and
the deformation as a function of the contact heat
transfer coefficient between the backwall and the tar-
get assembly. For a comparison, results of the 3161
backwall are also shown. Lower thermal stress and
lower deformation of the F82H than of the 316L is
caused by higher thermal conductivity and lower
thermal expansion coefficient of the F82H than of
the 316L. According to the IEA data base [8], the
yield strength of F82H is 455 MPa at 300 °C. Even
in the case of reference condition (15.8 W/m?> K),
the von Mises stress is below the permissible value.
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Fig. 4. Contour of temperature of the backwall (F82H, #,;, = 1.8 mm, /& =15.8 W/m? K).
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Fig. 5. Contour of the von Mises stress of the backwall (F82H, #,,;, = 1.8 mm, 4 = 15.8 W/m? K).
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Fig. 6. Effect of the contact heat transfer coefficient on the von
Mises stress and deformation of the 316L and F82H backwalls
with a minimum thickness of 1.8 mm.

The deformation of the F82H backwall is 0.3—
1.1 mm in the range of the contact heat transfer coef-
ficient (15.8-158 W/m? K). On the other hand, the
von Mises stress of the 316L is above the permissible
value, 164 MPa. The deformation of the 316L back-
wall is 0.3-2.4 mm. Therefore, from the viewpoint of
thermo-structural design, F82H is recommended as
a backwall material.

4. Future data needs

To apply F82H to the backwall, one of design
issues is lip seal welding between the F82H and

the 316L stainless steel target assembly because
welding these two steels is difficult. To address this
issue, use of an interlayer between the target assem-
bly lip and the backwall lip is being considered. In
the reference configuration of the ‘Cut and reweld’
backwall, neutron irradiation at the lip seal location
at full performance of the IFMIF is estimated to be
0.1-1 dpa/year, although neutron irradiation at a
center of the backwall is 50 dpa/year. In this condi-
tion, the He generation rate is about 1-10 appm.
Rewelding characteristics of the irradiated lip seal
needs to be evaluated. To mitigate the deformation
of the backwall, optimization of the backwall con-
figuration is under investigation. Moreover, further
study on a constraint condition of the backwall is
under way.

In a next phase of the IFMIF project (EVEDA),
engineering design and validation on the replaceable
backwall will be performed.

5. Summary

Thermo-structural analyses of the ‘Cut and
reweld’ type replaceable backwall made of 316L
stainless steel and F82H have been done using the
ABAQUS code. In the case of the 316 stainless steel
backwall, the von Mises stress was higher than a
permissible value of 140 MPa. However, for a
F82H backwall, the von Mises stress was less than
a permissible value of 455 MPa. Therefore, F§2H
is recommended as the backwall material.
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