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The ITER breeding blanket employs a ceramic breeder and Be neutron multiplier both in small
spherical pebble form. Radial-poloidal cooling panels are arranged in the blanket box to remove the
nuclear heating in these materials and to reinforce the blanket structure. At the first wall, Be armor is
bonded onto the stainless steel (SS) structure to provide a low Z plasma-compatible surface and to
protect the first wall/blanket structure from the direct contact with the plasma during off-normal
events. Thermo-mechanical analyses and investigation of fabrication procedure have been performed
for this breeding blanket.

To evaluate thermo-mechanical behavior of the pebble beds including the dependency of the
effective thermal conductivity on stress, analysis methods have been preliminary established by the
use of special calculation option of ABAQUS code, which are briefly summarized in this report. The
structural response of the breeding blanket module under internal pressure of 4 MPa (in case of in-
blanket LOCA) resulted in rather high stress in the blanket side (toroidal end) wall, thus addition of a
stiffening rib or increase of the wall thickness will be needed.

Two-dimensional elasto-plastic analyses have been performed for the Be/SS bonded interface
at the first wall taking a fabrication process based on HIP bonding and thermal cycle due to pulsed
plasma operation into account. The stress-strain hysteresis during these process and operation was
clarified, and a procedure to assess and/or confirm the bonding integrity was also proposed.

Fabrication sequence of the breeding blanket module was preliminarily developed based on the

procedure to fabricate part by part and to assemble them one by one.

Keywords: ITER, Breeding Blanket, Pebh!w Packed Bed, Thermo-mechanical Analysis, Be/SS BondeZ
Interface, Elasto-plastic Analysis, Fabrication Procedure
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1. Introduction

The ITER breeding blanket is designed to breed the necessary tritium for ITER
operation during the Enhanced Performance Phase by replacing the shielding
blanket of the Basic Performance Phase. Similar to the shielding blanket, it has to
remove the majority of the fusion power generated by the plasma and to protect the
vacuum vessel and the toroidal field coils from excessive nuclear heating and
radiation damage. It has to produce a net tritium breeding ratio > 0.8 to satisfy the
technical objectives of the Enhanced Performance Phase.

For compatibility with the ITER design and to satisfy the blanket functional
requirements, a water-cooled modular solid-breeder blanket with beryllium
neutron multiplier has been selected. Lithium zirconate is currently the reference
breeder material. Enriched lithium is used to enhance the tritium breeding
capability, to reduce the radial blanket thickness, to decrease the breeder material
volume, to lower the breeder thermal stresses, and to enhance the shielding
capability. Similar to the shielding blanket, the breeding blanket uses Type 316LN-
IG austenitic steel structural material.

The design of the ITER breeding blanket has incorporated pebble-beds of breeder and
neutron multiplier materials. The internal structure of the breeding blanket
exhibits toroidally repeated basic cells, each of which consists of two adjacent
poloidal-radial cooling panels, a bundle of breeder rods containing breeder pebbles
and placed between the adjacent cooling panels, and beryllium (Be) pebbles filled in
the space between the breeder rods and surrounding structures (cooling panels, the
first wall and the back shield plate). Beryllium armor tiles are bonded on the
stainless steel (SS) first wall structural material for providing low Z plasma-
compatible surface and protecting the first wall/blanket structure from the direct
contact with the plasma in case of off-normal events.

For examining the performance of this blanket, thermo-mechanical analyses have
been performed focusing on thermal and mechanical behavior of the pebble beds.
Detailed elasto-plastic thermo-mechanical analyses have also been conducted to
evaluate the stress and strain at the Be/SS bonded interface in the first wall. Finally,
the fabrication method has been investigated based on the procedure to fabricate
part by part and to assemble the fabricated parts one by one.
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2. Objectives

The objective of this work is to develop the breeding blanket module design.
Specific technical analyses will be performed in support of the design effort to check
the capability of the breeding blanket for satisfying the design objectives and the
operational requirements.

The following analyses and investigation have been performed here for assessing
the performance and developing the design details of the breeding blanket.

Thermo-Mechanical Analyses

Perform thermal and stress analyses for the blanket module number 19 (installed at
outboard midplane) to calculate the temperature distribution in the different
materials, and the resulting stresses due to the differential thermal expansion of the
blanket materials. Check the structural response of the blanket modules under
internal coolant pressure of 4 MPa. The main steps are the following:

- Develop two-dimensional geometrical model for the ITER breeding blanket
module for thermal and stress analyses.

- Utilize the developed model to calculate the temperature distribution in the
different materials. Study the sensitivity of the temperature distribution to the
changes in the thermal conductivity and the heat transfer coefficient between the
pebbles and the solid surfaces.

- Calculate the stresses due to the differential thermal expansion of the blanket
materials. Analyze the corresponding change in the thermal conductivity of the
pebble beds and the heat transfer coefficient between the pebbles and the solid
surfaces. Update the temperature distribution in the blanket material due to
these changes.

- Calculate the structural response of the blanket module under internal pressure
of 4 MPa.

Be/SS bonding requirements

Perform detail thermal and stress analyses for the first wall to define the Be/SS
bonding requirements. The main steps are the following:

- Develop elastic-plastic model for the first wall for thermal and stress analyses.
The model has to have adequate details to address the Be/SS interface issues and
good simulation for the boundary conditions.

- Utilize the developed model to calculate the interface stresses and strain histories
between the beryllium tiles and the first wall steel structure due to the fabrication
procedure, different procedures may be considered, and the typical loading
conditions.

__2_
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- Propose a procedure for assessing the bonding integrity and define the bonding
requirements based on the results from the previous step.

Blanket Module Fabrication

Perform fabrication assessment to establish the feasibility to fabricate the blanket
module. This work will include the following steps:

- Develop a fabrication procedure for the blanket module including the module
filling with the breeder and the multiplier pebbles.

- Develop an inspection procedure for the blanket module to check the compliance
with the design specifications.

- Suggest design improvements to reduce the fabrication cost of the blanket
module.
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3. Thermo-Mechanical Analyses of Breeding Blanket Module
3.1 Breeding Region

The poloidal segmentation of the breeding blanket, which should be the same as the
shielding blanket, is shown in Fig. 3.1 [1]. The breeding blanket is also segmented in
the toroidal direction. The resulting dimensions of each blanket module by the
segmentation are noted in the figure. An exploded view of one blanket module and
a detail of a basic cell in the module are illustrated in Figs. 3.2 and 3.3, respectively
[1]. As shown in these figures, the design of the ITER breeding blanket has
incorporated pebble-beds of breeder and neutron multiplier materials and poloidal-
radial cooling panels. The internal structure of the breeding blanket exhibits
toroidally repeated basic cells, each of which consists of two adjacent cooling panels,
a bundle of breeder rods placed between the adjacent cooling panels and Be pebbles
filled in the space between the breeder rods and surrounding structures (cooling
panels, the first wall and the back shield plate). Beryllium armor tiles are bonded on
the SS first wall structural material. Detail dimensions of a basic cell are indicated
in Fig. 3.4.

Thermo-mechanical analysis of the unit cell in #19 ITER breeding blanket module
has been conducted taking into account the spatially varying effective thermal
conductivity and heat transfer coefficient at the contacting wall of Be pebble bed
depending on stresses due to the differential thermal expansion of the blanket. The
#19 module is installed at outboard midplane where the neutron wall loading, thus
the heat loads due to the nuclear heating, becomes maximal. Since the detail
procedure and results of this analysis will be presented in another report [2], they are
briefly summarized here.

Special calculation option "modified Drucker-Prager/Cap plasticity model" of
ABAQUS code is used so as to deal with mechanical features of pebble bed such as
shear failure flow and hydrostatic plastic compression. The coupled temperature-
displacement procedure of ABAQUS code is also utilized so that the thermal
conductivity of the pebble beds is automatically calculated according to the stress.

Though mechanical properties data of the pebble bed necessary for conducting above
analysis are very limited or unavailable at present, some of them are estimated by
theoretical correlation [3] and from experimental results [4] while others are
audaciously assumed. The correlation between the thermal properties (effective
thermal conductivity and heat transfer coefficient at wall) and stress is also
estimated based on the experimental results [5] and additional thermo-mechanical
analyses.

Prior to the analysis of the breeding blanket, pre-analyses are performed to examine
the applicability of above method. For the uniaxial compressive experiment of the
pebble bed [4] shown in Fig. 3.5, the analysis results represent well the following
mechanical behavior of the pebble bed as shown in Fig. 3.6.

(1) Elastic compression (first loading)

(2) Hydrostatic plastic compression (first loading)
(3) Elastic expansion (first unloading)

(4) Shear failure (first unloading)

_4_
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(5) Elastic compression (second loading)
(6) Hydrostatic plastic compression (second loading)

Another pre-analysis was conducted to apply this method to a heat transfer
experiment [5]. Temperature distribution across the pebble bed measured in the
experiment and analysis result are shown in Fig. 3.7 and Fig. 3.8, respectively. The
analysis results also represent the slight convex curvature of the temperature
distribution observed in the experimental results. The convex curvature is due to
higher thermal conductivity in higher temperature, thus higher compressive stress,
region in the tested pebble bed.

After above qualitative validation of the analysis method by comparing the
experimental results, thermo-mechanical analyses of the basic cell of the ITER
breeding blanket have been performed. The analysis model is a half of horizontal
cross-section of the basic cell as shown in Fig. 3.9 taking thermally and mechanically
symmetrical conditions into account. Analyses results of temperature and stresses
distributions are shown in Figs. 3.10-3.12. Consequently, the breeder temperature
ranges from 317 °C to 554 °C which satisfy the specified design temperature range,
300-800 °C, while the maximum temperature of Be multiplier, 554 °C, slightly
exceeds the design temperature limit of 500 °C.

Through this analysis study, the method and procedure to calculate the thermo-
mechanical behavior of the pebble bed are preliminary established. However,
quantitative improvement is needed, especially by experimental measurement and
accumulation of mechanical properties data of pebble beds including Young's
modulus, Poisson's ratio and the data with regard to shear failure.
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3.2 Structural Response under Internal Pressure

The breeding blanket module consists of basic cells separated by SS cooling panels.
When the coolant in the cooling panel is discharged into the blanket in case of an
accidental case such as in-blanket LOCA, the cooling panel and the blanket box walls
are loaded with internal pressure, possibly of the same level as the coolant pressure,
4 MPa. The pressure load subjecting to the cooling panel can be supported by the
pressure load on the other side of the cooling panel and the packed pebbles in the
adjacent basic cell. Therefore, the mechanical integrity of the toroidal end wall of
the blanket box is examined against the internal pressure load of 4 MPa here.

3.2.1 Calculation model

Figure 3.13 shows the toroidal end wall to be analyzed. For the calculation model, a
rectangular plate fixed at all edges is assumed as shown in Fig. 3.14. The maximum

deflection (Wmax) and bending stress (Gmax) of the plate are obtained by the
following equations:

wmax = & P a4/(E h3)
Omax = B P aZ/h2

where P, a, E and h are pressure, short edge length, Young's modulus and plate

thickness, respectively. Coefficients, o and B, are to be decided depending on the
ratio of long/short edge lengths.

3.2.2 Calculation results

Figure 3.15 shows the maximum deflection of the toroidal end plate. With the
short edge length of 247 mm for the #19 blanket module, the maximum deflection
is 0.45 mm at the center of the plate. The maximum bending stress is 390 MPa in
the middle of the long edge as shown in Fig. 3.16 for the present short edge length
and the wall thickness of 247 mm and 18 mm, respectively. However, this
maximum stress exceeds the limit of 1.5 Sm for the primary bending stress of
SS316L(N)-IG structural material, i.e., 206 MPa at 200 °C [6]. The dependence of the
maximum bending stress on the plate thickness is shown in Fig. 3.17. In order to
reduce the maximum bending stress within the limit, the thickness of the toroidal
end wall needs to be increased to 26 mm, or stiffening rib structure should be added
inside the toroidal end wall.
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Fig.3.2 Exploded view of a box module [1]
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First Wall

Cooling Plate

Fig. 3.3 Detail of a basic cell [1]
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Fig. 3.5 Stress vs. strain during cyclic loading and unloading tests of aluminum
pebble packed bed [4]
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o]
Toroidal End Wall

Fig.3.13 Toroidal end wall of blanket module [1]

h=18mm

All edges are Fixed

Fig.3.14 Calculation model
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Fig.3.15 Maximum deflection of toroidal end wall under internal pressure
of 4 MPa

Plate Thickness t=18mm

600 /l
500

G /
&
S 400
9]
o /
E 300
E
£ 200
<
= 100 /
0 |
Q 100 200 300
Short edge length(mm)

Fig.3.16 Maximum stress in toroidal end wall under internal pressure of 4 MPa
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Fig.3.17 Dependence of maximum stress on plate thickness under internal
pressure of 4 MPa
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4. Thermo-mechanical Behavior of Be/SS Bonded Interface

In ITER breeding blanket design, beryllium (Be) armor is bonded on stainless steel
(SS) structure because of its plasma compatible low atomic number and in order to
protect the blanket structure from the off-normal thermal loads. The evaluation of
the bonding integrity is important to define the lifetime of the first wall. In this
section, Be/SS bonding requirements are discussed in terms of the stresses generated
at the bonded interface. Though the bonding techniques for Be/SS are being
developed [7], HIP is temporarily assumed for the bonding method of Be/SS with
the assumption of HIP temperature at 760 °C in order to evaluate the effect of
residual stress during the fabrication.

4.1 2-Dimensional Thermal and Stress Analyses

In order to estimate stress and strain ranges at Be/SS bonded interface during the
fabrication process and thermal cycles due to the pulsed plasma operation, 2-
dimensional thermal and stress analyses have been carried out. The stress analyses
were focused on the stress distribution around the bonded interface, especially at the
interface edge. As residual stress remains in the bonded surface after fabrication,
elasto-plastic analyses have been applied to consider the plastic behavior of the
materials both in fabrication and thermal cycling processes.

4.1.1 Analysis Models

The structure of the breeding blanket first wall (FW) is shown in Fig. 4.1 [1]. The
thickness of Be tile is 5 mm and that of SS wall is 13 mm including the coolant
channel. The analysis model consists of a half of Be tile and corresponding FW
cooling channel as shown in Fig. 4.2. The mesh pattern of the model is shown in
Fig. 4.3. Fine meshes are applied to the edge of the bonded interface to calculate
detail stress and strain distributions around the edge area.

Figure 4.4 shows the boundary conditions for the thermal and stress analyses. The
surface heat flux is 0.5 MW /m? and the volumetric heating is 6.5 MW/m® for Be tile
and 9.1-8.8 MW/m® for SS. The heat transfer coefficient is 27400 W/m’K and the
coolant temperature is 145 °C. The boundary conditions for the stress analysis are
that the rear surface of SS wall is fixed in the Y-direction as shown in Fig. 4.4 (b).
One of the side surfaces of the model has a coupled constraint in the X-direction and
the condition of the other side surface is free. The FW at the blanket edge can be
modeled by this boundary condition. The elements used in the analysis are
generalized plane strain elements.

Temperature response during the thermal cyclic operation is shown in Fig. 4.5. The
surface temperature of FW is 295 °C, and the interface temperature is 278 °C after
reaching thermal steady state. Figure 4.6 shows the deformation after cooling to
room temperature from 760 °C which is the stress free temperature at which Be and
SS are assumed to be bonded by HIP. Be tile is compressed by the shrinkage of SS
after being cooled to room temperature.

Material properties used in the analyses are shown in Figs. 4.7-4.10. Figures 4.7 and
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4.8 are stress-strain curves for Be and SS, respectively. The temperature dependence
of Young's modulus is shown in Fig. 4.9 and that of thermal expansion coefficient
in Fig. 4.10. Three steps are considered for the stress analysis.

(1) Residual stress after cooling to room temperature from 760 °C

(2) Stress due to plasma operation (burning)

(3) Stress after cooling to room temperature again from plasma operation condition

4.1.2 Analyses Result

Figure 4.11 shows the stress distribution in the Be along the bonded interface after
cooling to room temperature from 760 °C. Figure 4.12 shows the stress distribution
in the Be along the first wall edge perpendicular to the bonded interface. The
dominant stresses to cause crack around the bonded interface are stress

perpendicular to the interface (Gy), especially in tensile mode, and shearing stress
(txy) along the interface. The Oy in the Be near the interface is tensile, especially the
maximum tensile stress of 300 MPa appears at a little upper position from the

bonded interface as shown in Fig. 4.12. Shearing stress, Txy, in the Be is low
compared with the stress in the Y-direction.

Figure 4.13 shows the stress distribution in the Be along the bonded interface under

the surface heat flux of 0.5 MW/m?’. Tensile stress in the Y-direction (oy) along the
bonded interface is less than 50 MPa. Figure 4.14 shows the stress distribution of Be

along the first wall edge, and the stress in the Y-direction (0y) is compressive. This

means that the stresses under the surface heat flux of 0.5 MW /m’ are insignificant
for the failure (exfoliation) of the bonded interface.

Figure 4.15 shows the stress distribution in the Be along the bonded interface after
cooling to room temperature following the first plasma operation. Figure 4.16
shows the stress distribution in the Be along the first wall edge. Stress distributions

of oy and Ty are very similar to those after HIP treatment (Figs. 4.11 and 4.12). This
means that the influence of the residual stress on the bonding integrity is

significant. Therefore, the stress in the Y-direction, oy, at a little upper position
from the bonded interface is, again, dominant for the bonding integrity.

Figure 4.17 shows the stress-strain hysteresis of Be at the bonded interface edge.
In the beginning, stress is free at the HIP temperature of 760 °C. During the cooling

process after HIP bonding, the strain perpendicular to the bonded interface, ey, is
compressive while the corresponding stress, oy, is slightly compressive first then
changes to tensile. (See curve "S22" in Fig. 4.17.) At the end of cooling, the tensile
stress oy reaches 180 MPa. Then the thermal cycle due to plasma operation causes a
hysteresis of the stress oy (522). Another stress, Txy ("512" in Fig. 4.17), that would
contribute to the exfoliation of the bonded interface, also shows a hysteresis but

results in smaller stress and strain ranges than those of oy. Figure 4.18 shows the

hysteresis for 2 plasma operation cycles. The hysteresis for the second cycle is almost
coincident with that for the first cycle.

Figure 4.19 is the stress-strain hysteresis of SS at the bonded interface edge for 2
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operation cycles. The hysteresis of oy (522) and txy (512) are in smaller stress and
strain ranges than those of Be.

4.1.3 Effect of Castellation

Castellation of the FW surface, i.e., Be armor and even up to some-mm-depth into
the SS wall, would be required to reduce the thermal stress. The castellated FW is
analyzed with the model shown in Fig. 4.20. The pitch of the castellation is
assumed to be 29 mm. The depth of the castellation into SS is assumed to be 2 mm
from the Be/SS interface in this model. The boundary conditions are also shown in
Fig. 4.20, namely, one side of the SS wall is constrained in the X-direction because of
its continuation in this direction.

The deformation after cooling to room temperature following the HIP process is
shown in Fig. 4.21. Figures 4.22 and 4.23 show the stress-strain hysteresis of Be and
SS at the bonded interface edge, respectively. The hysteresis is very similar to that of
the results for the non-castellated first wall. This means that the castellation
through the Be armor and up to the depth of 2 mm in SS wall does not have
significant influence on the stress-strain distribution in the first wall, especially
around the bonded interface edge, or the castellation pitch would need to be much
smaller than 29 mm to reduce the stress.

4.2 Assessment Method for Be/SS Joint

There are some parameters proposed to assess the bonding integrity. One of the
widely used parameters is a set of the heat flux and the number of cycles in the
thermal fatigue tests. These parameters would be used for the confirmation of the
bonding integrity. But the most serious problem to use them is that the number of
tests and test pieces are limited.

Another parameters are mechanical properties generally used for evaluating fatigue
lifetime. Plastic strain range A€, or total strain range Ag,, represents the material
characteristic for the fatigue lifetime. But there is a difficulty to define the Ae, or

Aty Of a bonded specimen in basic material tests such as using simple tensile
specimen. The strain measured in a tensile test of a bonded specimen is not the
strain of the thin bonded layer but the added strains of bonded materials.

The stress range Ao, especially of the stress perpendicular to the interface, Ay, or the

shearing stress, ATxy, also seems to be one of the parameters to assess the bonding
integrity. Because these stresses are dominant to initiate a crack at the bonded
interface. It is easy to define these stresses in basic material tests.

Figure 4.24 shows the stress and strain ranges for the Be/SS FW under the
fabrication process and following pulsed plasma operation. From the stress-strain
hystereses, it could be assessed that the stress and strain ranges of Be at the bonded

interface edge are Aoy = 241 MPa and Aey = 0.00171, respectively. Those ranges of SS
are Aoy = 87 MPa and Aey = 0.00391, respectively, as shown in Fig. 4.19. The Be and
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SS themselves should be required to withstand against the stress or strain range.

These assessment parameters should be used properly by the position of failure. If
failure starts at the bonded interface, stress range would be a preferable assessment
parameter because of no definition of strain range available at the bonded interface.
On the other hand, if failure starts in the bonded material, strain range would be
preferable. Strain range is the commonly used parameter for assessment of the
fatigue lifetime of metal.

One of possible assessment steps can be considered as follows:

(1) Screening of the bonding procedure
Bonding procedure is screened with tensile tests and/or shearing tests at room
and elevated temperatures.

(2) Evaluation of the bonding integrity
Bonding lifetime is evaluated by fatigue tests and/or thermal fatigue tests. As the
practicable numbers of thermal cycles and specimens are limited, the relation
between stresses or stress ranges and the allowable number of cycles (fatigue
lifetime at elevated temperatures and/or thermal fatigue lifetime) should be
established. Then the bonding integrity at the first wall could be evaluated by
analyzing the structural responses of the first wall under the operation
conditions and comparing them with the established relation.

(3) Confirmation of the bonding procedure
Candidate bonding procedure should be confirmed by cyclic heat load test.
The change of material characteristic due to irradiation, heat treatment and
softening/hardening should be also included by using such affected specimens.
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5. Blanket Module Fabrication

The ITER breeding blanket module exhibits a toroidal repetition in which the space
between two adjacent cooling panels represents a basic cell as shown in Figs. 5.1 and
5.2 [1,7]. As shown in these figures and Fig. 5.3, a small bundle of poloidal breeder
rods is located in the basic cell. Each breeder rod is composed of a steel tube with the
breeder material in the form of a pebble bed inside. All the space between the
breeder rods and the surrounding structures (the first wall, cooling panels and the
shield plate) is filled with the neutron multiplier material also in the form of a
pebble bed. In this section, a fabrication procedure of the breeding blanket is
investigated.

5.1 Overall Fabrication Procedure

In the fabrication procedure, the parts of the breeding blanket such as the first wall,
the structure for the front access hole, the cooling panel, the breeder rod bundle, the
toroidal end wall and the shield plate are separately fabricated and assembled one by
one. The bonding of Be armor on the fist wall will follow this fabrication of the
blanket box structure with the internals except for Be neutron multiplier pebbles.
The insertion of the Be pebbles will be the final step of the fabrication. The overall
fabrication procedure is summarized in Fig. 5.4.

5.2 Fabrication of First Wall

For the fabrication of the first wall, a SS inner plate, a SS outer plate and SS
rectangular tubes shown in Fig. 5.5 are assembled and joined by Hot Isostatic
Pressing (HIP). The inner plate is prepared for sandwiching the rectangular tubes
together with the outer plate and also for preventing a excessive deformation
during the HIP process while maintaining the specified curvature of the first wall
surface. Especially for the latter purpose, a thick plate, e.g., 30-50 mm or even up to
100 mm, is used for the inner plate. The thick plate is bent to have approximate
toroidal curvature first and then machined for the specified curvature on the first
wall surface.

The outer plate is thinner, e.g., 3-5 mm, leaving a thickness for final machining.
The outer plate is divided in the toroidal direction to accommodate the toroidal
curvature of the blanket module. The number of the toroidal pieces would be 15 or
more to minimize the assembling gap between adjacent pieces as shown in Fig. 5.6.
Because the gaps in the assembly are likely to cause deformation during the HIP
process, thus to be minimized.

The rectangular tubes and the outer plate are bent to have the specified poloidal
curvature including the top and bottom corner regions and assembled to the inner
plate as shown in Fig. 5.7. The outer surface of the assembly is, then, sealed by
tungsten inert gas (TIG) welding and joined by HIP with the conditions of
temperature at 1050 °C, pressure of 150 MPa and holding time of 2 hours.

For the part where the front access hole is provided, an extruded boss structure as
shown in Fig. 5.8 needs to be prepared on the inner surface of the first wall
structure. This boss structure is used for the coolant connection to the structure of
the front access hole as shown in Fig. 5.8. (See section 5.7 for the connection method
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of the first wall and the front access hole structure.) Figures 5.9 and 5.10 show a
fabrication method of the boss structure. Namely, rectangular tubes are assembled
through the inner plate in the assembly to be HIP bonded. After the HIP bonding,
the hatched region in Fig. 5.10 is machined out.

5.3 Fabrication of Front Access Hole Structure

The front access hole structure is a thick circular tube with drilled coolant channels
as shown in Fig. 5.8. Both longitudinal ends are machined to provide coolant
collectors for connecting with the first wall and making the return flow of the
coolant. (See Fig. 5.17.)

5.4 Fabrication of Cooling Panel

The HIP bonding is also applied to fabricate the cooling panel in similar manner to
the first wall. However, thin plates are used to sandwich the rectangular plate for
the cooling panel instead of the thick inner plate for the first wall. The concept of
the cooling panel is shown in Fig. 5.11. Here, TIG or electron beam (EB) welding of
the rectangular tube at top and bottom corners before assembling for HIP is
considered. Because a bending radius larger than about 50 mm would be required
for the rectangular tube to avoid its excessive deformation during the bending. This
required radius would make the tube arrangement too sparse for efficient heat
removal. If the above-mentioned bending radius is allowed, the bending, not the
welding, of the tube will be adopted. If the tubes are not necessary to be placed side
by side, two thin plates sandwiching the tubes are machined to have grooves on one
surface each to mate the rectangular tubes.

5.5 Fabrication of Breeder Rod Bundle

A fabrication procedure of the breeder rod is shown in Fig. 5.12. A part of a circular
tube near the lower end is expanded to mate the tube support provided in the lower
rod end structure. This expanded part is provided for allowing the differential
movements and rotation between the tube and the support due to thermal
expansion of the tube. The expansion of the tube will be performed by an internal
high pressure process as shown in Fig. 5.13. The external surface of the expanded
part is coated to avoid the seizing of the tube with the support, e.g., by TiN or Ti2N.
After the bending of the partly expanded tube, a SS porous plug is attached inside
the lower end of the tube. This porous plug allows the flow of the helium purge gas
while it prevents the breeder pebbles from spilling out of the tube. Then the breeder
pebbles are filled in the tube with vibration, and the upper porous plug is attached.
Finally, an outer ring made of SS is welded to the upper end of the breeder tube
(rod) to mate the tube support provided in the upper rod end structure.

A fabrication procedure of the rod end structure is illustrated in Fig. 5.14. For both
of the upper and lower rod end structures, the same structure is used. It is fabricated
simply by machining and drilling of a SS block or thick plate and TIG welding of the
purge gas manifold.

The fabricated breeder rods and the rod end structures are assembled to form a
breeder rod bundle as shown in Fig. 5.15.
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5.6 Fabrication of Toroidal End Wall

The fabrication method and procedure for the toroidal end wall shown in Fig. 5.16
are basically the same as those for the cooling panel. Attention should also be paid
on the required coolant tube arrangement and applicable bending radius of the tube.

5.7 Assembly of Fabricated Parts

The above-fabricated parts are assembled, basically from the front to the back with
the following procedure:

(1) The front access structures are connected to the bosses from the first wall by TIG
welding at the coolant collector. (Fig. 5.17)

(2) The cooling panels are welded to the first wall by narrow gap TIG (NGTIG) or
laser welding. A cooling panel at one toroidal end is welded first and then one
after another to the other end (Fig. 5.18), or a cooling panel in the middle first
and one after another to the both ends.

(3) The breeder rod bundles are inserted into the first wall structure (with
top/bottom walls) by sliding along a key provided on the inner surface of the
top/bottom walls. (Fig. 5.19)

(4) The manifolds for the cooling panel coolant are welded by TIG welding. Purge
gas manifolds are also welded to the rod end structures by TIG welding. (Fig.
5.20) Concepts for the coolant manifold placement are illustrated in Figs. 5.21
and 5.22, either of which will be selected after detail examination of the space
available in the blanket. A fabricating process of the manifold is shown in Fig.
5.23.

(5) The toroidal end walls are welded to the first wall and top/bottom walls by TIG
or NGTIG welding. Then the shield plate is welded to top/bottom walls and the
toroidal end walls by TIG or NGTIG welding. A part of the cooling panel
extruded from its back through a slot in the shield plate is also welded to the
shield plate by TIG welding. (Fig.5.24) In the shield plate, some holes are left
open for filling Be neutron multiplier pebbles into the blanket.

(6) The Be armor is bonded on the first wall, possibly by HIP [8], and the slots of the
Be armor is machined. It should be noted that the HIP bonding of the Be armor
might affect the materials filled in the blanket, especially the breeder and the
multiplier pebbles. One of other possible steps of the Be armor bonding is just
after the fabrication of the first wall. However in this case, the bonded Be armor
would be affected by the welding of the toroidal end walls and even by the
welding of the cooling plates and the shielding plate. Careful attention should
also be paid not to damage the bonded Be armor tiles during the other fabrication
steps. The appropriate step of the Be armor bonding should be investigated in
more detail.

(7) Beryllium pebbles are filled, possibly with vibration, through the holes of the
shield plate.

(8) Finally, closure plugs of the holes are welded by TIG welding.

5.8 Inspection Procedure

For the inspection, the checking of the integrity of the pressure boundary is the most
important. For this purpose, all welds at pressure boundary are examined by
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penetrant and radiographic testings after each or a series of welding is performed.
As there would be some difficulties foreseen for the latter testing, e.g., at a closing
weld of the coolant manifolds, more detail investigation would be required. In
addition, pressure and helium leak tests are also performed to confirm the
soundness of the pressure boundary.

The HIP bonded interface is also examined by ultrasonic testing to confirm no
harmful defects at the bonded interface. A small ultrasonic testing probe to be
inserted into the first wall coolant tube can be developed. However, it should be
noted that extensive investigation will be needed to define the size of the harmful
defects at the HIP bonded interface.

For the pebble packing behavior, a computer tomography (CT) scanning technique
can be applied, especially for a detail examination of uniform packing and packing
fraction of the breeder pebbles in the breeder rod [9].

5.9 Design Improvements to Reduce Fabrication Cost

For reducing the fabrication cost of the breeding blanket, the design simplification is
essential. In this sense, the following items need to be investigated:

(1) Curvature of the blanket module

The 3-D (toroidal and poloidal) curvature, especially of the first wall, is extremely
difficult to fabricate and thus costly. The 3-D curvature requires special bending or
pressing jigs and numerical control (NC) machines for final machining, and more
partitioning of the parts to be fabricated or bonded, e.g., division between the first
wall and top/bottom walls. A 2-D (either toroidal or poloidal) curvature makes the
fabrication easier. A flat surface of the first wall is the most desirable in terms of
fabrication.

The internals of the breeding blanket, especially the breeder rods, could
accommodate the 3-D curvature since they consist of bent tubes and breeder pebbles
filled in the tubes. However, the poloidally oriented breeder rods would have some
difficulty to accommodate the poloidal curvature with precise placement of the
rods. Therefore, a poloidally flat shape for the module would contribute to reduce
the fabrication cost.

For HIP bonding of the first wall structure, the 3-D curved module requires larger
HIP facility than a flat-shaped module with the same first wall area. With the
increase of the dimension of the module shape, i.e., 1-D (flat), 2-D and 3-D, the total
depth of the module increases. Thus the module shape with higher dimension
requires a HIP facility with larger radius which is critical for the cost of HIP facility.
Therefore, a flat-shaped module is, again, the most desirable in terms of fabrication.

(2) Slotting of Be armor

Since the Be armor bonded on the first wall surface is a brittle material, careful
attention should be paid to prevent the armor and the joint with the SS structure
from being damaged by the slotting. From this viewpoint, the number of the slots
should be minimized. For the slotting of the Be armor, a mechanical cutting with a
disc saw, disc grinder or wire cutter, or an electro discharge machining could be
used. The electro discharge machining is extremely costly, especially for the 3-D



JAERI-Tech 98-051

curved surface, though the slotting accuracy would be excellent. The wire cutter
would not be used for the 3-D curved surface, either. Therefore, the use of the disc
saw or disc grinder can be considered. For longer lifetime of the cutting disc thus to
reduce the fabrication cost, a little wider slot width, e.g., 1.5-2.0 mm, than that of the
present design, 1 mm, would be desirable. Here again, a flat-shaped first wall is
desirable to reduce the slotting cost because it requires the simplest movement of
the cutting tool without a complicated numerical control.
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6. Conclusions

The design of the ITER breeding blanket has incorporated pebble-beds of breeder and
neutron multiplier materials and poloidal-radial cooling panels. The internal
structure of the breeding blanket exhibits toroidally repeated basic cells, each of
which consists of two adjacent cooling panels, a bundle of breeder rods placed
between the adjacent cooling panels and beryllium (Be) pebbles filled in the space
between the breeder rods and surrounding structures (cooling panels, the first wall
and the back shield plate). Beryllium armor tiles are bonded on the stainless steel
(SS) first wall structural material. For examining the performance and further
development of this blanket, thermo-mechanical analyses on the pebble bed
configuration in the blanket and Be/SS bonding at the first wall have been
performed. The fabrication procedure of this blanket has also been investigated.

Thermo-mechanical analysis of the unit cell in the ITER blanket has been
conducted taking into account the spatially varying effective thermal conductivity
and heat transfer coefficient at the contacting wall of Be pebble bed depending on
stresses due to the differential thermal expansion of the blanket. Special calculation
option of ABAQUS code is used so as to deal with mechanical features of pebble bed
such as shear failure flow and hydrostatic plastic compression. The coupled
temperature-displacement procedure of ABAQUS code is also utilized so that the
thermal conductivity of the pebble beds is automatically calculated according to the
stress. The calculated results qualitatively agreed with the pebble bed behavior
observed in experiments. As for quantitative improvement, further experimental
measurements and accumulation of mechanical property data of pebble beds
including Young's modulus, Poisson's ratio and the data with regard to shear
failure are needed.

The structural response of the breeding blanket module under internal pressure of 4
MPa has also been calculated for the toroidal end wall. Since the calculated stress is
rather high as 390 MPa in comparison with the specified limit of SS316L(N)-IG (206
MPa), a stiffening rib should be attached inside the toroidal end wall, or the
thickness of the toroidal end wall, presently 18 mm, needs to be increased to 26 mm.

With regard to the Be/SS bonding at the first wall, two-dimensional thermal and
stress analyses have been carried out in order to estimate stress and strain
distribution at Be/SS bonded interface in the fabrication process and following
thermal cycle process due to pulsed plasma operation. For the joining of Be/SS, HIP
method is assumed to be applied. Elasto-plastic analyses have been applied to
consider the plastic behavior of the materials. The stress analyses are focused on the
stress distribution along the bonded interface, especially at the interface edge. The
thermal cycle due to the pulsed plasma operation causes stress-strain hysteresis for
the stresses at the bonded interface. The maximum tensile stress perpendicular to
the bonded interface appears at the end of cooling process after the HIP bonding.

The fatigue lifetime for the Be/SS bonded interface would be related to the stress
range or the strain range at the bonded interface. The presently evaluated
maximum stress and strain ranges at the bonded interface are 241 MPa and 0.17 %,
respectively for SS, and 87 MPa and 0.39 %, respectively for Be. These assessment
parameters should be used properly according to the point of failure, i.e., at the
bonded interface or in the base materials near the interface. A procedure to assess
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and/or confirm the bonding integrity is finally proposed.

Fabrication procedure of the breeding blanket has been investigated. The breeding
blanket is basically fabricated parts by parts, i.e., first wall, front access hole
structures, cooling panels, breeder rod bundles, toroidal end walls and shield plate.
Since the first wall, cooling panels and toroidal end walls are all with built-in
rectangular coolant channels, they are fabricated by HIP with temperature at 1050 °C,
pressure at 150 MPa and holding time of 2 hours. After the fabrication of the first
wall, above parts are assembled one by one. The shield plate is finally welded to
close the blanket box structure. However, small openings are left in the shield plate
through which beryllium multiplier pebbles are filled into the blanket. After the
filling of Be pebbles, the plugs of the opening are welded.

The Be armor would be bonded to the first wall SS by HIP. To prevent the bonded
Be armor from being damaged and to reduce the handling of Be, the bonding of the
Be armor would be desirable to be the final step, e.g., after the plug welding
mentioned above. However, the HIP bonding of Be would affect the materials filled
in the blanket, especially the breeder and the Be multiplier pebbles. More careful
investigation is needed to decide the step of Be armor bonding. To reduce the
fabrication cost of the breeding blanket, the design improvement to have flat first
wall is most desired.
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4.44822 0.453592 1 0.101325 1.03323 1 760 14.6959
¥ M 1Pa-s(N.s/m»)=10P(#£7 X)(g/(cm-s)) 1.33322 x 107* | 1.35951 x 10~ | 1.31579 x 10 1 1.93368 x 10°?
M Im¥/s=10'St(R k — 27 X) (em?/s) 6.89476 x 107 | 7.03070 x 10~? | 6.80460 x 1072 51.7149 1
x| J(=10"erg) kgf-m kW-h cal Gt& ) Btu ft « 1bf eV 1 cal = 4.18605 J (it &3:)
r{
W 1 0101972 | 277778 x 107" |  0.238889 | 9.47813 x 10"* 0.737562 | 6.24150 x 10'® = 4.184J (MfE3)
¥
| 9.80665 1 2.72407 x 107 2.34270 9.20487 x 10°° 7.23301 6.12082x 10" =4.1855J (15°C)
% 36x10° | 3.67098 x 10° 1 859999 x 10° 3412.13 2.65522 x 10¢ | 2.24694 x 10 =4.1868 J (A ESE)
. 4.18605 0.426858 | 1.16279x 107 1 3.96759 x 10°? 3.08747 2.61272x 10 ; &
M +BF 1 PSULEM
R’ 1055.06 107,586 2.93072x 107 | 252.042 1 778.172 6.58515 x 102! — 75 kgf-m/s
1.35582 0.138255 | 3.76616x 1077 | 0323890 | 1.28506 x 10™* 1 8.46233 x 10'® — 735.499 W
1.60218 x 107'* | 1.63377 x 107%°| 4.45050 x 1072°| 3.82743 x 1072 | 1.51857 x 10" 22| 1.18171 x 10" 1
i Bq Ci % Gy rad ic C/kg R o Sv rem
o i 8 f
1 2.70270 x 107! i 1 100 K 1 3876 | 1 100
fiE Rt = &
3.7 x 10" 1 0.01 1 2.58 x 1074 0.01 1

(86 % 12 A 26 HI|RTE)
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