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A prototype (~900H x 1700W x 350T mm) of the ITER shielding blanket module has
been fabricated following the previous successful fabrication of a small-scale (~5001'I x 400W x

150T mm) and mid-scale (~800H x 500W x 350T mm) mock-ups. This prototype incorporates
most of key design features essential to the fabrication of the ITER shielding blanket module
such as 1) the first wall heat sink made of Al203 dispersion strengthened Cu (DSCu) with
built-in SS316L coolant tubes bonded to a massive SS316LN shield block, 2) toroidally curved
first wall with a radius of 5106 mm while straight in poloidal direction, 3) coolant channels
oriented in poloidal direction in the first wall and in toroidal direction in the shield block, 4) the
first wall coolant channel routing to avoid the interference with the front access holes, 5)
coolant channels drilled through the forged SS316LN-IG shield block, and 6) four front access
holes of 30 mm in diameter penetrated through the first wall and the shield block.

For the joining method, especially for the first wall/side wall parts and the shield block,
the solid HIP (Hot Isostatic Pressing) process was applied. It is difficult to apply conventional
joining methods such as field welding, brazing, explosion bonding and mechanical one-axial

diffusion bonding to a wide area bonding because sufficient mechanical strengths can not be

This work is conducted as an ITER Technology R&D and this report corresponds to the 1996
ITER R&D Task (Task No. G16TT77 96-05-15 FJ, ID No. T216, Title : Blanket System
Fabrication and Testing under Normal and Abnormal Conditions, Subtask 4J1, Fabrication of
Primary Wall Prototype Modules).

* Office of ITER Project Promotion
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obtained and excessive deformations occurs. In order to solve these fabrication issues, HIP
bonding was applied. The first wall stainless steel (SS) coolant tubes of 10 mm in inner
diameter and 1 mm in thickness were sandwiched by semi-circular grooved DSCu plates at the
first wall and the front region of the side wall, and by semi-circular grooved SS plates at the
back region of the side wall. After assembling of these first wall/side wall parts with the shield
block, they were simultaneously bonded by single step HIP in order to minimize thermal effects
on the mechanical properties and to reduce the number of fabrication steps. Based on the results
of study for optimization of the simultaneous HIP bonding conditions, the HIP conditions were
1050 °C, 150 MPa and holding time of 2 hours. Before this assembly for the HIP process, a
deep drilling was performed for the coolant channels of the shield block from both sides of the
block, then the shield block was bent by 10000-ton press machine to provide the specified
curvature. During the bending, iced water was inserted into the drilled holes to prevent
excessive deformation of the holes. Iced water was applied as the inserted material in this study
because it was easy to remove the inserted material from the drilled holes and chemical reaction
could be prevented during removal of the inserted materials. After the HIP process, the first
wall surface was finally machined. The back part of the module was also machined to provide
coolant manifolds, then cover plates of the manifolds were welded by TIG welding.

A series of measurements and inspections was performed in the course of fabrication to
make sure the dimensional accuracy and integrity of pressure boundaries. A destructive
inspection was also performed with a cut specimen from the edge of the fabricated module to
examine the bondability of HIPed interfaces. As a result of this fabrication experience,
sufficient bonding by the single step solid HIP process has been demonstrated, and sufficient
technical data base on the fabrication of the ITER shielding blanket module has been obtained.

Keywords : ITER, Shielding Blanket, Prototype Mockup, Solid HIP, First Wall, DSCu.
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1. Introduction

The shielding blanket installed in the International Thermonuclear Experimental Reactor
(ITER) during the Basic Performance Phase (BPP) has a modular structure with typical
dimensions of ~ 0.9 m height, ~ 1.6 m width and ~ 0.4 m depth [1]. The shielding blanket
module is composed of integrated first wall and shielding block. The first wall has poloidally
oriented built-in coolant tubes to maintain heat removal capability and structural integrity against
surface heat flux (~ 0.5 MW/m?), neutron wall load (~ 1.2 MW/m?) and huge electromagnetic
force (~ 1 MN). It is composed of austenitic stainless steel (SS316LN) circular tubes and
Alp0O3 dispersion strengthened copper alloy (DSCu) heat sink layer surrounding the circular
tubes.  Also, DSCu surrounds the SS tube at the front region of the top/bottom walls, and
SS surrounds the SS tube at the back region. The shielding block is made of SS316LN with
drilled coolant channels.

For the fabrication of multi-layered structure composed of first wall/top wall/bottom wall,
Hot Isostatic Pressing (HIP) bonding is utilized for the joining of three combinations of
SS316L/SS316L, DSCu/DSCu and SS316L/DSCu.  Also, the first wall/top wall/bottom wall
and the shielding block are bonded by HIP including the bonding of the lid of the coolant
header [2, 3]. HIP, being a promising technology to fabricate blanket structure integrated
with first wall, coolant channels of which are embedded within the wall so as to keep both
mechanical stiffness and coolant capability [4 - 10], has been selected as a reference
fabrication method for the ITER shielding blanket/first wall [1]. Simultaneous HIP bonding
of these joints in a single solid HIP process has been pursued in this study in order to minimize
thermal effects on the material properties and to reduce fabrication steps. To investigate and
demonstrate the fabricability of the integrated first wall/shielding blanket based on proposed

fabrication method, a prototype mockup has been fabricated following the previous successful

fabrication of small-scale (~S00H x 400W x 150T mm) and mid-scale (~800H x 500W x 350T
mm) mockups [2, 3, 8, 10].
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2. Design and Specifications
2.1 Key Design Features

The design of the #8 primary first wall module prototype mock-up has been developed
[11, 12] based on the ITER Detailed Design Report (DDR) [1].  The design of the #8 primary
first wall module prototype mock-up has the following key design features;

(a) Shielding blanket composed of a massive shield block, made of a forged block of
SS316LN-IG, integrated with the first wall, made of sixty-seven SS316L cooling pipes
sandwiched by two DSCu plates

(b) Curved module in the toroidal direction with a curvature of 5106 mm at the first wall
surface (without beryllium armor) and straight in the poloidal direction

(¢) Cooling channel arrangement in the poloidal direction for the first wall and in the toroidal
direction for the shield block, as shown in the reference drawing, both of which are connected
in series with a pair of coolant inlet and outlet headers at the back

(d) Constant pitch of the first wall cooling pipes along the poloidal direction except around
the front access penetration hole area, see (f), and the space in-between the cooling pipes filled
with the DSCu heat sink material

(e) Constant pitch of the cooling passages in the shield block, which are provided by deep
drilling through the SS316L forged block

(f) Four front access penetration holes provided through the first wall and the shield block as
representatives of the nine penetration holes shown in the reference drawing. First wall
cooling channels are detoured around the penetration holes, while shield block cooling passages
are kept straight without interference of the penetration holes.

(g) Two support legs, 90 mm wide and 50 mm high, provided on the rear surface edges of
the mock-up, running in the poloidal direction almost from the top to the bottom, for possible

attaching the mock-up to the prototype back plate in the assembly test

This prototype mock-up incorporates most of the key design features essential to the
fabrication technology development of the ITER shield blanket. The missing issues in the
present prototype mock-up fabrication, relative to the ITER Engineering Design Activity (EDA)
Final Design Report (FDR) design, are the beryllium armor fabrication and internal shield block
cooling passages arrangement (detour) to accommodate front access penetration holes.
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2.2 Outline of the Prototype Mock-up

A cut-away-view of the prototype mock-up is shown in Fig. 2.1. Itis composed of the
first wall without beryllium plasma facing armor, the shield block, coolant headers for the first
wall and the shield block, and a coolant feeder/return pipes with representative outer
dimensions shown in Table 2.1. This mock-up is slightly reduced in size, 70 mm in height and
35 mm in thickness, from the reference drawing, due to the limitation of the HIP facility

available in Japan.

Table 2.1 Typical dimensions of the #8 primary first wall module prototype mock-up.

Item Dimensions

Height (poloidal) 930 mm

Width (toroidal) 1574 mm (at the first wall)
Thickness (radial) 345 mm

Radius of Curvature 5106 mm (at the first wall)

The first wall has sixty-seven SS316L cooling pipes, 10-mm-inner-diameter and 1-mm-
thick each, sandwiched by two DSCu plates, 11-mm-thick (plasma side) and 9-mm-thick
(shield block side) and 20-mm-thick in total. These DSCu plates have semi-circular grooves on
one side to fit with the cooling pipes. Each first wall cooling pipe runs from the bottom header,
located at the rear bottom of the mock-up, goes up along the first wall in the poloidal direction
and then returns back to the top header located at the rear top. The space in-between the cooling
pipes are filled with DSCu on the first wall, while the space in-between the first wall cooling
pipes on the top and bottom surfaces of the mock-up is filled with SS316LN-IG plates instead
of DSCu. The pitch of the first wall cooling pipes is constant along the poloidal direction except
around the two front access holes among four, where two first wall cooling pipes on both sides

of the penetration holes each are detoured to avoid interference.

The shield block is made of a massive forged block of SS316LN-IG with sixty-six
internal cooling passages drilled into the block. The layout of the cocling passages is also
decided based on the reference drawing with slight modifications around the front access
penetration holes, where cooling passages are shifted aside so as not to interfere the penetration
holes. Internal cooling passages are composed of five rows from the first wall to the back, and
sixty-six passages in total. At the drilling and bending stages, this block has a slightly larger
size for final machining. This block is finally machined to give the nominal outer dimensions

and to provide cooling headers on the top and bottom surfaces, which are then sealed by the
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closure plates (lids) made of SS316LN plates. The mock-up is equipped on its back with a pair
of coolant feeder and return pipes TIG welded to the rear surface of the mock-up.

The mock-up to be fabricated in this R&D has a dummy part at its edge for the destructive
examination. This part simulates the key elements of the mock-up, and is composed of two first
wall cooling pipes embedded within the DSCu plates and a SS316LN-IG block. The first wall
cooling pipes are arranged in a similar fashion to the real part. This dummy part is to be cut off
from the real part and to be destructively examined in terms of HIP bonded interface quality,

deformation of the cooling channels and any change of the metallurgical quality.

2.3 Specifications

(1) Mock-up size: #8 module with slightly reduced dimensions by 70 mm in height and 35

mm in thickness (see Fig. 2.1)

(2) Typical dimensions
- Height: 930 mm
- Width
first wall surface: 1574.0 mm
back surface: 1467.6 mm
- Thickness: 395 mm (including 50-mm high leg)
- Curvature: see Fig. 2.2, Section A-A
Poloidal direction: straight
Toroidal direction
first wall surface: 5106 mm
back surface: 4761 mm
- Front access hole layout: see Fig. 2.2
number: 4 holes (symmetric position)
diameter : 30 mm
position: 473 mm left/right and 215 mm upper/lower from the center
first wall cooling path layout: see Figs. 2.5 and 2.6
- Attachment: see Fig. 2.1, Section A-A
method: welding to the back plate
support leg
length: 480 mm (poloidal direction)
width: 90 mm
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height: 50 mm

location: 75 mm from the mock-up edges

- Header layout: see Figs. 2.3 - 2.5

(3) Cooling path layout
- First wall: circular tubes (see Fig. 2.2, Section A-A)
outer diameter: 12 mm
thickness : 1 mm
pitch: 22 mm (except around the front access hole)
number: 67
- Shield block: 5 rows (see Fig. 2.4)
1st row
diameter: 24 mm
pitch
upper/lower section: 39 mm
center section: 40 mm
around the front access hole: 80 mm
number: 20
2nd row
diameter: 24 mm
pitch
upper/lower section: 48 mm
center section: 49 mm (except for 2 holes at just center)
2 holes at just center: 50 mm
around the front access hole: 98 mm
number: 16
3rd row
diameter: 40 mm
pitch
upper/lower section: 60 mm
center section: 64 mm
around the front access hole: 128 mm
number: 12
4th row
diameter: 40 mm

pitch
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upper/lower section: 70 mm
center section: 80 mm (except for 2 holes at just center)
2 holes at just center: 160 mm
around the front access hole: 110 mm
number: 10
5th row
diameter: 40 mm
pitch
upper/lower section: 90 mm
center section: 90 mm
around the front access hole: 180 mm
number: 8
interval
1st wall end/1st row center: 27 mm
1st row center/2nd row center: 46 mm
2nd row center/3rd row center: 53 mm
3rd row center/4th row center: 76 mm
4th row center/5th row center: 55 mm

5th row center/back surface: 68 mm

(4) Materials
Materials used in the present fabrication are summarized in Table 2.2. Basically, the same
materials specified in the FDR design are used, though SS316L pipes instead of SS316LN-IG

ones are used because of the availability at this stage.

Table 2.2 Materials used in the present fabrication.

Part Material

First wall DSCu GlidCop Al-25 IGO0
(cross-rolled plate)

First wall cooling pipe SS316L (pipe)

Shield block SS316LN-IG (forged)

Top/bottom plates SS316LN-IG (rolled plate)

Other closure plates SS316LN (rolled plate)

Support legs SS316LN (rolled plate)
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2.4 Fabrication procedures

(1) Fabrication route

Fabrication route of the #8 primary first wall module prototype mock-up has been decided
based on the successful experiences of the trial fabrication of small and medium scale shield
blanket mock-ups integrated with the first wall and on promising results obtained so far in
thermo-mechanical performance tests [2, 3, 7-10, 13-24].  Fabrication processes are grouped
into three steps, a) fabrication of the first wall elements, b) fabrication of the shield block, and
c) assembly with HIP process and final machining. Flow charts of the fabrication steps of the
first wall panel and the shield block are schematically shown in Figs. 2.7 - 2.8 and 2.9 - 2.10,

respectively, and are described in Tables 2.3 and 2.4, respectively.

Table 2.3  Fabrication steps of the first wall panel.

Step | Fabrication Process Remarks

1 (a) | Preparation of DSCu plates

1 (b) | Preparation of SS316L pipes

2 (a) | Machining of DSCu plates for Semi-circular grooves
cooling channel grooves on one side each

3 (a) | Bending of DSCu plates Cold working

3 (b) | Bending of SS316L pipes Cold working

4 Assembly of DSCu plates and
SS316L pipes

Table 2.4 Fabrication steps of the shield block.

Step | Fabrication Process Remarks

1 Preparation of forged SS316L block

2 Drilling of internal cooling passages From both ends

3 Insertion of ice into cooling passages For suppression of

excessive deformation
Bending of shield block Cold working
Solution annealing 1010-1054 «C, 9.75 hr

Machining of cooling header on the

top/bottom surfaces

7 Welding of closure plates TIG-welding
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In the final step c), all of the first wall elements and the shield block are assembled into
one assembly unit, and canned by thin SS plates for the HIP treatment. After evacuating the
internal of the canned assembly, it is HIP treated in the HIP furnace, and then the can liners are
removed by machining and coolant feed/return pipes are welded. Detailed conditions on the
HIP process are described in (2). Flow charts of the assembly process and HIP canning

process are schematically shown in Figs. 2.11 and 2.12, respectively.

(2) HIP conditions

For the fabrication of a shielding blanket integrated with the first wall, JAHT has pursued
to apply one-step solid HIP joining from the following views, a) solid HIP bonding is a non-
melting welding method with a potential capability of minimizing welding deformation and
residual stress, realizing higher mechanical strength of the joints, almost close to the base
metals in case of identical materials joints, and relaxing IASCC concern under the anticipated
high neutron and stress fields, all of which are relative to fusion welding, b) solid HIP
bonding can provide better dimensional accuracy during fabrication process and more stable
metallurgical microstructures, relative to powder HIP joining, and (c) one-step HIP joining has
advantages in terms of minimizing grain coarsening effects during fabrication heat cycles and
reducing fabrication steps and cost, relative to multi-step HIP joining. The concept of one-step

HIP joining is schematically shown in Fig. 2.13.

Based on the selection studies of the optimum HIP conditions applicable to the
combinations of SS316/SS316, SS316/DSCu and DSCu/ DSCu, and a series of related studies,
in particular, on the mechanical strength evaluations of the HIP joints[9, 10, 13, 20, 22, 23],
the HIP conditions shown in Table 2.5 are to be applied on the present fabrication, namely, at
the temperature of 1050 °C and the pressure of 150 MPa in 2 hr. These conditions have been
applied to the small scale primary first wall panels and small and medium scale shield blanket
mock-ups integrated with the first wall, and satisfactory quality of the HIP joints has been
confirmed both by destructive examinations of the fabricated mock-ups [2-8, 24] and by both

of thermo-mechanical performance tests and low cycle mechanical fatigue test [16-21, 24].

Fine surface finish of the HIP interface by precise machining and careful surface
preparation prior to the HIP treatment are very important factors to realize high quality HIP
joints. For this, all of the HIP interface surfaces are machined to realize fine surface finish of

around 2 um, and then wiped by acetone to remove oxide and hydrocarbons from the surfaces.

Furthermore, special attention is paid on the DSCu plates, which are degassed, prior to the
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assembling, in a vacuum furnace to outgass any moisture or air trapped on the surfaces. Prior

to the HIP treatment the internal of the canned HIP assembly is evacuated down to 10-5 Torr by
baking the assembly at the temperature of 500 °C for 30.5 hr.

Time evaluations of the temperature and pressure to be applied during the HIP treatment
are schematically shown in Fig. 2.14. At first, the temperature of the work, monitored by
thermocouples attached, is raised up to 900 °C and are kept for around four hours to realize
uniform temperature distribution within the work as much as possible. At the same time, the
pressure applied is raised gradually, and finally reaches the nominal conditions of 1,050 °C and
150 MPa. After keeping these conditions for two hours, the temperature and the pressure are

lowered down gradually, as shown in Fig. 2.14.

Table 2.5 HIP conditions applied to the prototype mock-up fabrication for joining
SS316/SS316, S§316/DSCu and DSCu/DSCu in one-step HIP cycle.

Item Unit Specifications

Temperature C 1,050

Pressure MPa 150

Holding Time hr 2

Surface Finish um "2 (mean)

Surface Treatment - Cleaning by acetone

Internal Vacuum Torr 10-5 after 500 °C, 30.5 hr
baking*

* DSCu plates are pre-baked in a vacuum furnace at 800 °C, 2 hr.
(3) Inspections

As a course of quality assurance, a series of inspections are applied in each fabrication
step. They are categorized into a) visual inspection and dimensional check, including first wall
thickness measurement by ultrasonic testing, b) pressure boundary integrity tests such as
pressure test and He leak test, and c) tests on integrity of the welding lines such as penetrant

test and radiographic test. Inspection items and specifications are summarized in Table 2.6.

Pressure test is to be performed by applying water pressure of 60 kg/cm2 for 30 min to
all of the cooling lines, and any leakage or excessive deformation is checked. Helium leak test

is to be performed by evacuating the cooling channel of the first wall and the cooling passages

of the shield with the allowable He leak rate of less than 1.0 x 10-7 Torr I/sec. Non-
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destructive inspections are to be applied for the detectable area of the HIP bonded joints by
Ultra-sonic Test (UT) from the surface, and existence of defects are checked with the detectable
limit of around 1 mm. The dummy part of the prototype mock-up is to be cut off after the HIP
process and be destructively examined in terms of HIP bonded interface quality, deformation of

the cooling channels and any change of the metallurgical quality.

Table 2.6 Inspection items and specifications.

No. | Inspection Item Specifications
1 Visual inspection No harmful flaws and defects
Dimensional test Specified in each step
3 Pressure test No leakage and deformation at 60
kg/em? for 30 min
4 | He leak test Less than 1.0 x 10-7 Toll.I/s by hood
method
Penetrant test No indication
Radiographic test No indication
Ultrasonic test No detectable flaw at HIP interface
DSCu layer thickness from cooling pipe to
FW surface within 5 +/- 0.5 mm
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Fig. 2.7 Flow diagram of the first wall fabrication route.
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Fig. 2.8 Fiow diagram of the top and bottom wall fabrication route.



JAERI-Tech 2000-042

(1) SS316LN-1G forged block

@ Drilling

4
\]/\ Upper jig

i/

EE; Forged block

lower jig

(3 Bending
(room temperature)

Fig. 2.9 Flow diagram of the shield block fabrication route.
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(DSCu+SS316 tubes)
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Fig. 2.11 Assembly of the shield block and the first wall parts before HIPping.
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3. Preparatory tests

Prior to the fabrication of the prototype primary first wall module mock-up, preparatory
tests were performed on the bending technology to examine the applicability of the candidate
fabrication methods. In the following the results of the preparatory tests with their implication

to the selection of the fabrication methods is described.

In order to examine the deformation of the internal cooling passages of a massive block
during the cold press bending process, preparatory tests were performed by using a one-tenth

model with internal holes.

The block made of SS316L with a dimension of 180 mm x 40 mm x 100 mm and three
longitudinal holes of 3.2-mm-diameter, was prepared and bent by a cold press machine with a
pair of pressing jigs, as shown in Fig. 3.1. Three points bendings were performed by the
combination of upper and lower jigs. Two kinds of upper jigs with a dimension of 45 and 200
mm radius, were used. Also, the bendings of a block with insertion materials were performed
to prevent excessive deformation of the holes. In this trial, iced water was inserted into the
holes. The bendings were performed at -60 “C. The load/deformation curve obtained by the test
using the upper jig with 200 mm radius, is shown in Fig. 3.2. From the curves, it was found
that it needed 52 and 57.4 ton for the 45 and 200 mm radius upper jigs to get the specified
deformation, respectively, and the cold bending by about 6,000-ton pressing machine was
required for the prototype. After the bendings, this block was cut into two pieces and
deformation of the holes was measured. Appearance of one of the cut pieces are shown in Fig.
3.3. It is shown that the deformation was suppressed well by the iced water. AsMeasured
deformation rates Ry, of each of the hole caused by cold press bending, defined by Ry = (Dj-
Do)x100/Dg where Dg and Dj are the hole diameters in the load direction before and after the
cold pressing, respectively, are plotted along the longitudinal direction. As shown in Fig. 3.4,
measured deformation rates were below 3 and 6 % for the 45 and 200 mm radius upper jigs,
respectively. From these trials, it was decided to apply the iced water for the insertion material
into the internal cooling passages of the shield block in the cold press bending process and the

upper jig with 200 mm radius.
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Upper jig : 45 mm radius

Upper jig : 200 mm radius

Fig. 3.3 A cut-away cross sectional view of the test

block after cold pressing.
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4. Fabrication of Prototype Mock-up

4.1 Fabrication Results

(1) Shield Block

SS316LN forged block delivered was pre-machined, and then sent to the drilling process.
Internal cooling passages were drilled by a drilling mill under the conditions listed in Table 4.1.
Drilling was started with an end mill machining for precise positioning of the hole locations,
followed by four steps deep drillings. Final appearance just after the end mill machining
process is shown in Fig. 4.1. Each of the deep drilling processes can be seen in Figs. 4.2 and
4.3, and a final appearance just after the drilling process is presented in Fig. 4.4. After four
steps of deep drillings, diameter and arrangement of the cooling passages at the edge of the
block were measured by calipers. Cooling passages with 40 and 24 mm diameter were within
40.0 - 40.3 and 24.1 - 24.2 mm, respectively, and they could satisfy the specified tolerances
(0.3 and *0.2 mm for cooling passages with 40 and 24 mm diameter, respectively).
Difference from the specified pitches of the cooling passages were within +0.3 mm for the
intervals less than 128 mm, and *0.5 mm for the intervals more than 128 mm, and they also

could satisfy the specified tolerances.

Table 4.1 Conditions for deep drilling

Item 24-mm-diameter hole

0-300 mm 300-550 mm 550-870 mm 870 mm-
Length of drill 450 mm 700 mm 1050 mm 1200 mm
Rotation speed of drill 110 rpm 110 rpm 110 rpm 35 rpm
Traveling speed 10 mm / min 10 mm / min 10 mm / min 3 mm / min
(machining speed)
Cutting length by 1 step  |3.5 mm 3.5 mm 3.5 mm 0.5 mm
Item 40-mm-diameter hole

0-300 mm 300-550 mm 550-870 mm 870 mm-
Length of drill 450 mm 700 mm 1050 mm 1200 mm
Rotation speed of drill 90 rpm 90 rpm 90 rpm 35 rpm
Traveling speed 9 mm / min 9 mm / min 9 mm / min 3 mm / min
(machining speed)
Cutting length by 1 step  [3.5 mm 3.5 mm 3.5 mm 0.5 mm
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After deep drilling process, the forged block was bent by 10,000 ton press machine to
proVide the specified curvature. During the bending, iced water was inserted into the drilled
holes to prevent excessive deformation of the holes. After water was inserted into the drilled
holes in the room temperature, the forged block with the water was frozen to -90 °C by the
liquid nitrogen.  During the freezing process, temperatures of the block were measured by the
thermo-couples (Fig. 4.5) and the block was controlled to be kept -90 C.  After the freezing
process, the forged block was cold pressed by 10,000-ton-capacity pressing machine, as
shown in Fig. 4.6.  After checking rough dimensions of the bent block, as shown in Fig. 4.7,
it was then solution annealed at the temperature range of 1,010 to 1,054 °C for less than 9.75 hr,
as shown in Fig. 4.8.  After the bending process, diameter of the 1st raw cooling passages at
the edge of the block were measured by cylinder gauge in order to evaluate the deformation due

to the bending process. Measured deformations Ry, of each of the hole caused by cold press
bending, defined by Ry = D;j-Dg where Dg and D; are the hole diameters in the load direction

before and after the cold pressing, respectively, are plotted along the longitudinal direction.
Plugs were installed at the inlet of the cooling passages in some passages, and deformation
were compared for the cases with/without the plugs. Maximum deformations are 0.29 and
0.61 mm in the cases with and without plugs, respectively, as shown in Fig. 4.9. So it was

found that deformation could be reduced by a factor of more than two by the plugs.

After the bending process, the edge of the block were cut away, and the length of the
block was reduced from 1800 mm to 1574 mm. After the cutting away process, diameter of
the cooling passages at the edge of the block were measured by cylinder gauge. Cooling
passages with 40 and 24 mm diameter were within 40.0 - 40.8 and 24.1 - 24.8 mm,
respectively, and they could satisty the specified tolerances (+1.0 and *1.5 mm for cooling

passages with 40 and 24 mm diameter, respectively).

(2) Assembly and HIP Treatment

Parts of the first wall element (first wall, top wall and bottom wall) were machined and
bent, and all of the first wall elements were assembled with the shield block into one assembly,
as shown in Figs. 4.10 and 4.11. This assembly was canned by TIG seam-welding of 3-mm-
thick SS304 plates as shown in Fig. 4.12, and HIPped together (single step HIP) under the
HIP conditions shown in Fig. 2.14. The prototype installed in the HIP facility is shown in Fig.
4.13. A lot of thermo-couples were attached to the mock-up, and the temperatures at the
mockup surface and inside the first wall cooling channels were monitored during the HIP

process. The measured temperatures were within 1050 = 7 °C, so the HIP process was
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successfully performed. After the HIPing, the mock-up was finally machined, and coolant
manifold cover plates and supply/return pipes were welded. The final appearance of the

fabricated proto-type mock-up is shown in Fig. 4.14.

4.2 Inspections

Through the fabrication, a series of inspections, summarized in Table 2.6, were

performed by a non-destructive manner. The results were shown in Table 4.2.

After completing all of the non-destructive inspections, the dummy part fabricated
together with the main part was cut away, and the quality of the HIP bonded interface and
deformation of the internal cooling passages due to HIP process were examined by a

destructive manner.

Typical micro-scopic images at the HIP bonded interfaces are shown in Fig. 4.15 for the
DSCu semi-circular grooved plate /SS tube /DSCu semi-circular grooved plate, and SS semi-
circular grooved plate /SS tube /SS semi-circular grooved plate bondings. No harmful defeats
were observed, and sound bondings were confirmed. Detailed results are listed in Appendix.

Results of the dimensional measurement for this piece are summarized in Table 4.3.
Measured locations are shown in Fig. 4.16. Deformations of the outer diameter of the coolant
tube were less than 0.5 and 0.8 mm for the straight and corner parts, respectively, except for
the tube-1 at the location-D near the evacuating nozzle, and it was found that the dimensional
accuracy was well maintained at almost all locations in proto-type mock-up during HIP process.
Deformations more than 1 mm were observed for the outer diameter of the cooling tube near the
nozzle used for vacuum exhausting before HIPping. At this location, the DSCu intruded into
the void of the nozzle. From this results, it can be concluded that the dummy part including one
coolant tube will be required to be attached on the main module with the final configuration in

order to remove the edge part including the deformed coolant tube.
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Table 4.2 Results of non-destructive inspections.

Inspection item Specifications Results
Visual inspection No harmful flaws No harmful flaws
and defects and defects on the
surfaces confirmed
Dimensional test Within specified range All of the dimensions

measured within the

specified ranges

Pressure test

No leakage/deform. at 60

No leakage and any

excessive deformation

kg/cm? for 30 min
observed
He leak test Less than 1.0 x 10-7| Not detectable

Toll.l/s

(below 6.2 x 10-10
Toll.l/s

Penetrant test

No indication

No indication

observed

Radiographic test

No indication

No indication

observed

Ultrasonic test

DSCu layer thickness
over cooling pipe
within 5 +/- 0.5 mm

Within the specified range
confirmed
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Fig. 4.4 Drilling the shield block - final appearance
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Fig.4.5 Time histories of the temperature during the freezing process.
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Fig. 4.6 Shield block before and during cold pressing



This is a blank page.




JAERI-Tech 2000-042

Fig. 4.7 Shield block after cold pressing

-
oo

Fig. 4.8 Shield block after heat treatment
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5. Summary

A detailed design of a prototype for the ITER shielding blanket module was developed
based on the ITER Detailed Design Report (DDR) [1]. This prototype incorporates most of
key design features essential to the fabrication of the ITER shielding blanket module such as:
1) the first wall heat sink made of AlpO3 dispersion strengthened Cu (DSCu) with built-in
SS316L coolant tubes bonded to a massive SS316LN shield block, 2) toroidally curved first
wall with a radius of 5106 mm while straight in poloidal direction, 3) coolant channels oriented
in poloidal direction in the first wall and in toroidal direction in the shield block, 4) the first wall
coolant channel routing to avoid the interference with the front access holes, 5) coolant channels
drilled through the forged SS316LN-IG shield block, and 6) four front access holes of 30 mm
in diameter penetrating through the first wall and the shield block. The issues which have not
been covered in the present prototype fabrication are the bonding of Be armor tiles onto the first
wall surface and the coolant channel routing inside the shield block to accommodate the front

access holes. The size of the prototype was approximately 930 mm x 1700 mm x 350 mm.

A prototype mockup was successfully fabricated. A fabrication route was decided based
on the single step solid HIP of DSCu/DSCu, DSCu/SS316L and SS316L/SS316L reflecting
the results of joining techniques development and testing. The HIP conditions applied were the
temperature of 1050 °C, the pressure of 150 MPa and the holding time of 2 hours. Through this
study, the following results were obtained.

(1) A full-scale prototype mockup of the ITER shielding blanket composed of the first wall with
built-in circular tubes and the shield block was successfully fabricated by single step solid HIP
bonding method.

(2) No harmful defeats were observed at the HIP bonded interfaces from the results of
metallurgical examination for the dummy piece. Also, dimensional accuracy was almost well
maintained during the HIP process.

(3) No decrease of pressure was observed at the pressure-resistant test. So it can be concluded
that the soundness of HIP bonded parts and pressure boundary was confirmed in the fabricated
prototype mockup.

(4) It could be demonstrated that an ITER shielding blanket could be fabricated by simultaneous
HIP bonding of DSCu/DSCu, DSCu/SS and SS/SS in a single step solid HIP process under
the temperature condition of 1050 C.

(5) It could be also demonstrated that joints of the first wall/the shield block as well as those of
the DSCu/DSCu, DSCu/SS and SS/SS in the first wall, could be simultaneously HIP bonded.
(6) The fabrication of the shielding block by drilling and bending was also demonstrated. Also,
it was found that the bending process of the shielding block was successfully performed by the



JAERI-Tech 2000-042

insertion and freezing of water into the drilled holes.

(7) Engineering data on fabrication including the procedure and conditions were obtained. As a
whole, the feasibility of the fabrication technologies of an ITER shielding blanket was
demonstrated.

(8) Though some discrepancy was observed in the depth of first wall coolant channels, more

precise depth can be obtained by the optimization of the bending jigs.
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Appendix

Detailed results of the micro-scopic images at the HIP bonded interfaces
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(1) Cross-section B

(2) Cross-section C

Fig. A-2.1 Appearance of the test pieces
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Fig. A-2.2 Appearance of the test pieces
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Fig. A-2.3 Appearance of the test pieces
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Fig. A-3.1 Cross-sectional view of the test pieces
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Cross-section D

(2) Cross-section E

Fig. A-3.2 Cross-sectional view of the test pieces
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(2) Cross-section G

Fig. A-3.3 Cross-sectional view of the test pieces
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Fig. A-5 Obervation location of micro-scopic images at cross-section H-H
of dummy block shown in Fig. A-1
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Etching for DSCu side

Etching for SS side

Fig. A-6.1 Micro-scopic images at the DSCu/SS HIP bonded interface in the location @D of the
cross-section B shown in Figs. A-1 and A-4
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Etching for DSCu side

Etching for SS side

Fig. A-6.2 Micro-scopic images at the DSCu/DSCu/SS HIP bonded interface in the location @
of the cross-section B shown in Figs. A-1 and A-4
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Etching for DSCu side

Etching for SS side

Fig. A-6.3.1 Micro-scopic images at the DSCu/SS HIP bonded interface in the location @-1
of the cross-section B shown in Figs. A-1 and A-4
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Etching for DSCu side

Etching for SS side

Fig. A-6.3.2 Micro-scopicimages at the DSCu/SS HIP bonded interface in the location ®-2
of the cross-section B shown in Figs. A-1 and A-4
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Fig. A-6.5 Micro-scopic images at the DSCu/DSCu HIP bonded interface in the location G of
the cross-section B shown in Figs. A-1 and A-4
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Etching for DSCu side

Etching for SS side

Fig. A-6.6 Micro-scopic images at the DSCu/SS HIP bonded interface in the location @ of the
cross-section C shown in Figs. A-1 and A-4



JAERI-Tech 2000-042

Etching for DSCu side

Etching for SS side

Fig. A-6.7 Micro-scopicimages at the DSCu/DSCu/SS HIP bonded interface in the location @
of the cross-section C shown in Figs. A-1 and A-4
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Etching for DSCu side

Etching for SS side

Fig. A-6.8.1 Micro-scopic images at the DSCu/SS HIP bonded interface in the location @-1
of the cross-section C shown in Figs. A-1 and A-4
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Etching for DSCu side

o

Etching for SS side

Fig. A-6.8.2 Micro-scopic images at the DSCu/SS HIP bonded interface in the location @-2
of the cross-section C shown in Figs. A-1 and A-4
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Etching for DSCu side

Etching for SS side

Fig. A-6.9 Micro-scopicimages at the DSCu/DSCu/SS HIP bonded interface in the location @
of the cross-section C shown in Figs. A-1 and A-4
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Fig. A-6.10 Micro-scopic images at the DSCu/DSCu HIP bonded interface in the location ®
of the cross-section C shownin Figs. A-1 and A-4
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Fig. A-6.12 Micro-scopic images at the SS/SS HIP bonded interface In the location @ shown
in Figs. A-6.11 of the location ® of the cross-section C shown in Figs. A-1 and A-4
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Etching for DSCu side

Etching for SS side

Fig. A-6.13 Micro-scopic images at the DSCu/SS HIP bonded interface in the location a
of the cross-section D shown in Figs. A-1 and A-4
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Etching for DSCu side

Fig. A-6.14 Micro-scopic images at the DSCu/DSCu/SS HIP bonded interface in the
location @ of the cross-section D shown in Figs. A-1 and A-4



JAERI-Tech 2000-042

Etching for DSCu side

Etching for SS side

Fig. A-6.15.1 Micro-scopic images at the DSCu/SS HIP bonded interface in the location G
1 of the cross-section D shown in Figs. A-1 and A-4
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Etching for DSCu side

Etching for SS side

Fig. A-6.15.2 Micro-scopic images at the DSCu/SS HIP bonded interface in the location ®-2
of the cross-section D shown in Figs. A-1 and A-4
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Etching for DSCu side

Etching for SS side

Fig. A-6.16 Micro-scopic images at the DSCu/DSCu/SS HIP bonded interface in the locatior
@ of the cross-section D shown in Figs. A-1 and A-4
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Fig. A-6.17 Micro-scopic images at the DSCu/DSCu HIP bonded interface in the iocation &)
of the cross-section D shown in Figs. A-1 and A-4
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Eitching for DSCu side

Etching for SS side

Fig. A-6.18 Micro-scopic images at the DSCu/SS HIP bonded interface in the location D of
the cross-section E shown in Figs. A-1 and A-4
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Etching for DSCu side

Etching for SS side

Fig. A-6.19 Micro-scopic images at the DSCu/DSCu/SS HIP bonded interface in the location
®) of the cross-section E shown in Figs. A-1 and A-4
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Etching for DSCu side

Etching for SS side

Fig. A-6.20.1 Micro-scopic images at the DSCu/SS HIP bonded interface in the location 3)-1
of the cross-section E shown in Figs. A-1 and A-4
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Etching for DSCu side

Etching for SS side

Fig. A-6.20.2 Micro-scopic images at the DSCu/SS HIP bonded interface in the location ®-2
of the cross-section E shown in Figs. A-1 and A-4
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Etching for SS side

Fig. A-6.21 Micro-scopic images at the DSCu/DSCu/SS HIP bonded interface in the location
@ of the cross-section E shown in Figs. A-1 and A-4



JAERI-Tech 2000-042

Fig. A-6.22 Micro-scopic images at the DSCu/DSCu HIP bonded interface in the location ® of
the cross-section E shown in Figs. A-1 and A-4
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Etching for DSCu side

Etching for SS side

Fig. A-6.23 Micro-scopic images at the DSCu/SS HIP bonded interface in the location @
of the cross-section F shown in Figs. A-1 and A-4
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Etching for DSCu side

Etching for SS side

Fig. A-6.24 Micro-scopic images at the DSCu/DSCu/SS HIP bonded interface in the location
@ of the cross-section F shown in Figs. A-1 and A-4
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Fig. A-6.25.1 Micro-scopic images at the DSCu/SS HIP bonded interface in the location ®-
of the cross-section F shown in Figs. A-1 and A-4
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Etching for SS side

Fig. A-6.25.2 Micro-scopic images at the DSCu/SS HIP bonded interface in the location ®-2
of the cross-section F shown in Figs. A-1 and A-4
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Etching for SS side

Fig. A-6.26 Micro-scopic images at the DSCu/DSCu/SS HIP bonded interface in the location
@ of the cross-section F shown in Figs. A-1 and A-4

—100—



JAERI-Tech 2000-042

Fig. A-6.27 Micro-scopic images at the DSCu/DSCu HIP bonded interface in the location
® of the cross-section F shown in Figs. A-1 and A-4

—101—
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e .

Fig. A-6.28 Micro-scopic images at the SS/SS HIP bonded interface in the location @ of the
cross-section G shown in Figs. A-1 and A-4

Fig. A-6.29 Micro-scopic images at the SS/SS/SS HIP bonded interface in the location @ of
the cross-section G shown in Figs. A-1 and A-4

—102—
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Fig. A-6.31 Micro-scopic images at the SS/SS HIP bonded interface in the location ®-1 of
the cross-section G shown in Figs. A-1 and A-4

Fig. A-6.32 Micro-scopic images at the SS/SS HIP bonded interface in the location 3®-2 of
the cross-section G shown in Figs. A-1 and A-4
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Etching for DSCu side

Etching for SS side

Fig. A-7.1 Micro-scopic images at the DSCu/SS HIP bonded interface in the location ® of the
cross-section H shown in Figs. A-1 and A-5
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Etching for DSCu side

Etching for SS side

Fig. A-7.2 Micro-scopic images at the DSCu/SS HIP bonded interface in the location ® ¢
the cross-section H shown in Figs. A-1 and A-5
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Etching for DSCu side

Etching for SS side

Fig. A-7.3 Micro-scopic images at the DSCu/SS HIP bonded interface in the location (0 of
the cross-section H shown in Figs. A-1 and A-5
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Etching for DSCu side

Etching for SS side

Fig. A-7.4 Micro-scopic images at the DSCu/SS HIP bonded interface in the location @ of
the cross-section H shown in Figs. A-1 and A-5
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Etching for DSCu side

Etching for SS side

Fig. A-7.5 Micro-scopic images at the DSCu/SS HIP bonded interface in the location @ of
the cross-section H shown in Figs. A-1 and A-5
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Etching for DSCu side

Etching for SS side

Fig. A-7.6 Micro-scopic images at the DSCu/SS HIP bonded interface in the location @ «
the cross-section H shown in Figs. A-1 and A-5
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Etching for DSCu side

Etching for SS side

Fig. A-7.7 Micro-scopic images at the DSCu/SS HIP bonded interface in the location @ of
the cross-section H shown in Figs. A-1 and A-5
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Etching for DSCu side

Etching for SS side

Fig. A-7.8 Micro-scopic images at the DSCu/SS HIP bonded interface in the location @ of
the cross-section H shown in Figs. A-1 and A-5
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Etching for DSCu side

Etching for SS side

Fig. A-7.9 Micro-scopic images at the DSCu/SS HIP bonded interface in the location d® of
the cross-section H shown in Figs. A-1 and A-5
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Etching for DSCu side

Etching for SS side

Fig. A-7.10 Micro-scopic images at the DSCu/SS HIP bonded interface in the location @ of
the cross-section H shown in Figs. A-1 and A-5
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Etching for DSCu side

Etching for SS side

Fig. A-7.11 Micro-scopic images at the DSCu/SS HIP bonded interface in the location @9 of
the cross-section H shown in Figs. A-1 and A-5
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Etching for DSCu side

Etching for SS side

Fig. A-7.12 Micro-scopic images at the DSCu/SS HIP bonded interface in the location @ of
the cross-section H shown in Figs. A-1 and A-5
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Etching for DSCu side

Etching for SS side

Fig. A-7.13 Micro-scopic images at the SS/DSCu/SS HIP bonded interface in the location @
of the cross-section H shown in Figs. A-1 and A-5
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Etching for DSCu side

Etching for SS side

Fig. A-7.14 Micro-scopic images at the SS/DSCu/SS HIP bonded interface in the location G
of the cross-section H shown in Figs. A-1 and A-5
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Etching for DSCu side

Etching for SS side

Fig. A-7.15 Micro-scopic images at the SS/DSCu/SS HIP bonded interface in the location @
of the cross-section H shown in Figs. A-1 and A-5
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Fig. A-7.16 Micro-scopic images at the SS/SS HIP bonded interface in the location ® of the
cross-section H shown in Figs. A-1 and A-5

Fig. A-7.17 Micro-scopic images at the SS/SS HIP bonded interface in the location @ of the
cross-section H shown in Figs. A-1 and A-5
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Fig. A-7.18 Micro-scopic images at the SS/SS HIP bonded interface in the location ® of the
cross-section H shown in Figs. A-1 and A-5
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