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Design of shielding blanket for ITER-FEAT applies the first wall which has the separable
structure from the shield block for the purpose of radio-active waste reduction in the maintenance
work and cost reduction in fabrication process. Also, it is required to have various types of slots
in both of the first wall and the shield block, to reduce the eddy current for reduction of
electro-magnetic force in disruption events. This report summarizes the demonstrative fabrication
of the ITER shielding blanket with separable first wall performed for the shielding blanket
fabrication technology development, under the task agreement of G 16 TT 108 FJ (T420-2) in ITER
Engineering Design Activity Extension Period. The objectives of the demonstrative fabrication
are:

« to demonstrate the comprehensive fabrication technique in a large scale component (e.g the
joining techniques for the beryllium armor/copper alloy and copper alloy/SS, and the slotting
method of the FW and shield block);

« to develop an improved fabrication method for the shielding blanket based on the ITER-FEAT
updated design.

In this work, the fabrication technique of full scale separable first wall shield blanket was
confirmed by fabricating full width Be armored first wall panel, full scale of 1/2 shield block with
poloidal cooling channels. ~ As the R&D for updated cooling channel configuration, the fabrication
techrique of the radial channel shield block was also demonstrated. Concluding to the all R&D
results, it was demonstrated successfully that the fabrication technigue and optimized conditions in
the - esults obtained under the task agreement of G 16 TT 95 FJ (T420-1) was applicable to the
prototype of the separable first wall blanket module. Additionally, basic echo data of ultra-sonic
test method (UT) was obtained to show the applicability of UT method for in tube access detection
of defect on the Cu alloy/SS tube interface.

Key words; ITER Shielding Blanket, Separable First Wall, Large Scale Fabrication, Joining
Technique, Be, DSCu, SS, Non-destructive Examination, UT
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1 Executive Summary

Design of shielding blanket for ITER-FEAT applies the first wall which has the separable
structure[1] from the shield block for the purpose of radio-active waste reduction in the
maintenance work and cost reduction in fabrication process. Also, it is required to have various
types of slots in both of the first wall and the shield block, to reduce the eddy current for reduction
of electro-magnetic force in disruption events[1]. Fabrication technology development has been
performed in the ITER EDA period to achieve the fabrication techniques for such unique structure
of the shielding blanket of ITER. Within the ITER R&D Tasks for blanket fabrication
development, T216+, T420-1 and T508-3, the basic fabrication techniques for the separable first
wall and shicld block have been developed. These included: the solid HIP technology for
DSCu/SS[2,3,4] and Be/DSCu[5,6], and the prototypical blanket module mockups for integrated
first wall structure[7,8,9,10] including the high heat flux testing of the first wall mockup[11] using
JEBIS in JAERI[11]. The present task is to demonstrate the fabrication technique for scparable
FW / blanket (option B) design using above mentioned techniques. With respect to the previous
fabrication tcchnology, development of technologies for the use of CuCrZr instead of DSCu for a
lower cost alternative. The basic heat treatment condition and HIP condition with SS are to be
investigated in this task.

The objectives of this task are:

e to demonstrate the comprehensive fabrication technique in a large scale component (e.g the
joining techniques for the beryllium armor/copper alloy and copper alloy/SS, and the slotting
method of the FW and shield block);

e to devclop an improved fabrication method for the shielding blanket based on the ITER-FEAT
updated design.

According to the objectives, the task was divided into two subtasks. Subtask 1 demonstrates the
final feasibility of the fabrication technique of separable first wall type shielding blanket. Subtask
2 develops the improved fabrication technique for the application of CuCrZr heat sink material.
This report presents the results of Subtask 1.

Subtask 1 was performed for the demonstration of manufacturing methods of FW and/or
shields (option B design). By subtask 1, major critical issues for the fabrication of real scale
shield blanket were clarified. The major critical issues clarified in this task are as follows.

(1) Joining technique of Be armor and Cu alloy heat sink, and Cu alloy heat sink and SS base panel
(2) Slit formation for FW panels
(3) Slit formation of a shield block
(4) Thick header plate welding technique and welding deformation of shield blocks
(5) Welding technique for one quarter shield blocks
(6) Fabricability of radial cooling channel shield block
(7) Non destructive examination method development for FW Cu alloy/SS cooling channel
The specific items in subtask 1 are as follows.
1) full width of Be armored FW model fabrication
2) 1/2 poloidal channel shield block fabrication including EB welding joining
3) 1/4 radial channel shield block fabrication
4) UT testing for basic defect sensing technique development
Item of "1) full width of Be armored FW model fabrication” covered issue (1) and (2). Item of "2)
1/2 poloidal channel shield block fabrication including EB welding joining" covered issues(3), (4)
and (5). Item "3) 1/4 radial channel shield block fabrication" covered issue (6). Item "4) UT
testing for basic defect sensing technique development” covered issue (7).

With respect to the full width of Be armored FW model fabrication, the fabrication

technique of real scale width mockup was demonstrated. Fabrication soundness was confirmed by

_1_
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various tests such as, PVD Cu interlayer thickness, HIP condition control, deformation by heat
treatment of HIP process final dimension inspection and destructive tests including surface
roughness measurcment of slit grooving surface, macroscopic observation, optical micro-graph
observation, SEM observation, EPMA analysis and 4 point bending test. The followings are the
conclusions.
1) Feasibility of Be HIP joining in the curvature around top and bottom of the FW panel was
obtained.
2) Soundness of interlayer plasma spray on full width FW surface of heat sink. was demonstrated.
3) Clearance between larger size of Be armor tiles and Cu alloy heat sink surface was well
controlled to obtain good joining.
4) Usage of larger size of Be armor tiles to minimize Be pre-HIP treatment cost was demonstrated.
5) Slit grooving and deformation due to stress release by grooving was not detected.
With respect to the 1/2 poloidal channel shield block fabrication including EB welding
joining, the major basic information necessary for fabrication ot the shield block for the option B
blanket module were clarified. Clarified issues are as follows
(1) Slit grooving technique by water jet method
- grooving speed, nozle diameter
- jet stopper material and shape of the stopper rods
(2) EB welding of two 1/4 shield block
- Optimized EB welder operation condition and minimum slit width
- Eftect of the EB welding over TIG welding of the toroidal header plugs
(3) TIG welding of header cap plates
- Shape of welding line
- Deformation after welding
All issues are common to the updated design of shicld block which features radial cooling channel.
With respect to the fabrication of 1/4 radial channel shield block, it was clarified that
basically, there is no additional critical issue to the fabrication technique of poloidal channel shield
block. All fabrication process were carried out successfully. Critical issues are already clarified
in the result of 1/2 poloidal channel shield block fabrication.
With respect to UT testing for basic defect sensing technique development, two types of
UT probes (10 MHz and 30 MHz) were tested by 0.3 mm x 2 mm to 0.9 mm x 2 mm artificial
defects. Test results were concluded as follows.
(1) Type 2 (30 MHz) is more sensitive than type 1(10 MHz).
(2) Side of bent part gives less effect of bending and for this reason high sensitivity is expected.
(3) Inside or outside of bent part gives lower sensitivity.
(4) Automatic defect sensing may normally require 6 dB safety factor. Incorporating this factor,
0.9 mm is the minimum defect size which can be guaranteed by detection inspection.
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2 Objectives

The R&D contained in this report has been divided into two sub-tasks:
1. Demonstration of a comprehensive fabrication method for the ITER-FEAT module design by
fabrication of a prototype
2. Development of the joining techniques for low cost alternative materials (e.g. investigation on
suitable manufacturing process parameter and assessment of mechanical properties for the use of
CuCrZr).

In order to demonstrate the manufacturing feasibility of the ITER-FEAT shielding blanket
module design, a representative size prototype will be fabricated using the solid HIP method.
Additionally, mechanical properties of the non-irradiated CuCrZr/SS and CuCrZr/CuCrZr HIP
bonded joints will be obtained to survey the treatment condition. This report summarizes the
result of Subtask 1:

Sub-Task 1 Prototype fabrication - Fabrication of prototype of separable FW blanket option
B design -

Explore and demonstrate manufacturing methods for producing FW and/or shields (option
B design). It will also provide information on achievable bonding quality and costs from different
manufacturing procedures.

Sub-Task 1: Prototype fabrication

1) Prototype

- According to the design progress, a shielding blanket prototype mock-up will be fabricated with
one first wall panel and including the penetration holes. The first wall with Be armour tiles will
be attached to the shield block. »
- The first wall will be manufactured with the deep slots for the minimization of the
electromagnetic loads.

- Cooling pipe routing and other necessary configurations on the rear side of the shield block are
featured according to the design progress.

- According to the design progress for the ITER FEAT, a mock-up of SS shield block with slots will
also be fabricated. A sketch of the FW and shield block prototypes is shown in Fig. 1.

- Hydraulic tests by using water will be performed and the data of pressure drop and flow
distribution will be collected.

Fabrication/Test Conditions
Size :~ 1600 mm x 1000 mm
HIP conditions :1050°C/150 MPa/2 hrs for DSCu/SStube/SS plate
(single step) and TBD for Be/DSCu (second step),

Number of mock-ups . one
FW configuration : poloidally flat with slotted surface, separable structure
Number of FW : one

Coolant flow test : room temperature, max. 800 /min of total flow rate

Thermo-mechanical tests will be performed on the FW prototype at a facility in Europe or other
countries. This will be decided based on availability of facilities in the future. The total credit of
this task will not change even if the heat load tests are performed.
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3 Task Report

3.1 Fabrication of Prototype

3.1.1 Design Target and Objectives of Prototype Fabrication

Task contents of prototype fabrication

Subtask 1 is subject to explore and demonstrate manufacturing methods for producing FW
and/or shields (option B design)[1]. It will also provide information on achievable bonding
quality and costs from different manufacturing procedures of different cooling channel of shield
blocks. Task specification for prototype fabrication is as follows.

a) According to the design progress, a shielding blanket prototype mock-up will be fabricated with
one first wall panel and including the penetration holes. The first wall with Be armour tiles will
be attached to the shield block.

b) The first wall will be manufactured with the deep slots for the minimization of the
electromagnetic loads.

¢) Cooling pipe routing and other necessary configurations on the rear side of the shield block are
featured according to the design progress.

d) According to the design progress for the ITER FEAT, a mock-up of SS shield block with slots
will also be fabricated. A sketch of the FW and shield block prototypes is shown in Fig. 1.1-1]1].
e) Hydraulic tests by using water will be performed and the data of pressure drop and flow

distribution will be collected.

Fabrication and test conditions are as follows.

Size : ~ 1600 mm x 1000 mm

HIP conditions 1050°C/150 MPa/2 hrs for DSCu/SStube/SS plate
(single step) and TBD for Be/DSCu (second step),

Number of mock-ups:  one

FW configuration: poloidally flat with slotted surface, separable
structure
Number of FW one
Coolant flow test : room temperature, max. 800 I/min of total flow rate

The possibility of thermo-mechanical tests of the Be armored FW prototype at a facility in Europe
or other countries were investigated, however, for scheduling reason, the plan of HHF test was
abandoned.

Design basis of shielding blanket

Figure 1.1-1 shows the schematic configuration of option B shield blanket with poloidal
cooling channels for shield block. The characteristic features of the shield blanket are as follows.
1) Be armor, Cu alloy heat sink and SS base panel
2) Separable first wall panel cooled by parallel cooling channel
3) Center shaft support of FW panel
4) Shield block consists of welded 4 SS blocks
5) Two options of shield block cooling channel directions, poloidal direction, and radial direction
Figure 1.1-2[1] shows the illustration of the FW panel with center shaft support. Figure 1.1-3
shows cross sectional view of one of 4 unit shield blocks for one shield block. In this case, the
cooling channels are poloidal direction. The coolant headers are on top and bottom of shield
blocks. Figure 1.1-4[1] shows the another option of shield block design which features radial
direction cooling channels with front headers. In this design, the main header in on the front plane
of the shield block and coolant flow is achieved by coaxial structure, as shown in Fig. 1.1-5[1].

Fabrication procedure and critical fabrication techniques
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Figure 1.1-6 and 1.1-7 show the proposed fabrication procedure for first wall panel[1].
Figure 1.1-8 and 1.1-9 show the procedure for poloidal channel shield block. Primary critical
issues of the fabrication are as follows.
(1) Joining technique of Be armor and Cu alloy heat sink, and Cu alloy heat sink and SS base panel.

(HIP conditions for Be/Cu alloy, Cu alloys/SS plate are already

(2) Slit formation for FW panels
(3) Joining of FW panel and support legs and welding deformation of FW panel
(4) Slit formation of a shield block
(5) Thick header plate welding technique and welding deformation of shield blocks
(6) Welding technique for one quarter shield blocks
(7) Attachment of center shaft FW panel to shield block by rear connection
Figure 1.1-10 shows the task execution schedule. The task of prototype fabrication is devided into
three essential parts, full width of Be armored FW model fabrication (section 1.2), 1/2 poloidal
channel shield block fabrication including EB welding joining (section 1.3) and 1/4 radial channel
shield block fabrication (section 1.4). Item of "full width of Be armored FW model fabrication"
covers task contents a) and b). Item of "1/2 poloidal channel shield block fabrication including
EB welding joining" covers task content c) and e). Item "1/4 radial channel shield block
fabrication" covers d).
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------------------------------

(SHEET 2)

Fig. 1.1-5 Cross sectional view of radial coolant channel with co-axial flow
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3.1.2 Be Armored FW Model Fabrication
3.1.2.1 Design of Be Armored FW Model

Figure 1.2.1-1 shows the design sketch of Be armored FW partial model, which is
dedicated to show feasibility of Be HIP joining technique in real scale width of FW panel (about
39 c¢m). Figure 1.2.1-2 shows the overall flow diagram of fabrication procedure. F igure
1.2.1-3 to 1.2.1-6 shows the detailed fabrication steps of each fabrication processes with important
control values. Fabrication technique of DSCu/SS first wall was well developed in task T420-1.
This task followed the optimized procedure and the condition in T420-1 for the basic part of the
FW mockup. With respect to the basic Be/DSCu HIP condition, task T508-3 was already
completed and justified the feasibility of two kinds of joining condition and interlayer
composition. One is the Al base interlayer with HIP temperature of 555 °C. The other is PVD
Cu interlayer with HIP temperature of 625 °C. Both cleared the representative high heat flux
tests conducted by OHBIS facility in Japan[5,6]. From fabrication cost point of view, the
technique using Cu interlayer is simpler and cont reductive than the technique using Al base
interlayer. Also, consideration of avoiding frequent disruption event, which gives the peaking of
high temperature to Be armor, higher HIP temperature was selected for demonstration of
fabrication technique. One can say demonstration of Cu interlayer technique can be extrapolated
to Al base technique because the major difference is only the material of PVD interlayer.
Critical points to be confirmed in this section are summarized as follows.
1) Feasibility of Be HIP joining in the curvature around top and bottom of the FW panel.
2) Soundness of interlayer plasma spray on full width FW surface of heat sink
3) Clearance control between larger size of Be armor tiles and Cu alloy heat sink surface to obtain
good joining
4) Usage of larger size of Be armor tiles to minimize Be pre-HIP treatment cost
5) Slit grooving and deformation due to stress release by grooving

3.1.2.2 Fabrication Process Control
Material
DSCu
As the heat sink material, DSCu GlidCop AL25 was used. The material of DSCu was
purchased from OMG. Table 1.2.2-1 sows the material data sheet.

Stainless steel

For the base plate of the FW, stainless steel SUS 316L was used. SUS 316L was
manufactured by NKK corporation. Table 1.2.2-2 shows chemical composition of the raw
material.

Be
For Be armor material, grade “S-65” was used. Material block was purchased from
Brush Wellman, Ltd. Table 1.2.2-3 shows the material data.

Fabrication process

Figure 1.2.2-1 to 1.2.2-14 show the photographs of the mockup during major
fabrication process. Figure 1.2.2-1 to 1.2.2-6 show the fabrication process of the first wall panel
basement fabricated by HIP joining of SS basement and Cu alloy heat sink by using established
fabrication technique in task T420-1. Figure 1.2.2-7 shows the basement coated by interlayer,
OFCu, by plasma spray method (PVD). Figure 1.2.2-8 shows preparation process of Be tiles
before assembly. Figure 1.2.2-9 shows the assembled set of Be pre-HIP processed Be tiles on
the Cu alloy heat sink after interlayer processing step. Figure 1.2.2-10 shows the mockup
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canned by TIG welding and baking for Be HIP process. Figure 1.2.2-11 shows Be armored FW
mockup immediately after HIP decanning before slitting process. Figure 1.2.2-12 shows slit
forming process by wire sew. Figure 1.2.2-13 shows the slit forming process by EDM and used
EDM celectrode element. Figure 1.2.2-14 shows the final product of Be armored FW mock up
after slitting and honing

3.1.2.3 Inspections and Destructive Examinations

In the course of the fabrication progress, important critical processes of fabrication was
inspected to control the soundness of fabrication. The critical points are PVD Cu interlayer
thickness, HIP condition control, deformation by heat treatment of HIP process final dimension
inspection and destructive tests as the post fabrication test.

a) PVD Cu thickness and Be HIP surface roughness

PVD Cu thickness was measured to confirm thickness is thick enough more than 10
micro-m as the target value. Measurement was done by the Carotest in toroidal direction and
poloidal direction. Measurement results are sown in Figs. 1.2.3-1 and 1.2.3-2 for poloidal and
toroidal direction, respectively. As can be seen from Fig. 1.2.3-1, interlayer thickness is thick
enough for sound HIP joining, however, thickness deviates around the rounded curvature. This
is due to the small angular of PVD spray to the surface of the DSCu. Deviation was 5 to
maximum 10 micro-m. This value is to be incorporated to the setting of interlayer spray
thickness. ~As can be seen from Fig. 1.2.3-2, PVD thickness distribution in toroidal direction has
small deviation.

HIP surface of Be is required to be less than 1.6 micro m roughness finish to obtain
sound HIP joining. Table 1.2.3-1 shows the measured value of surface roughness on 5 raw
material Be tiles which were joined by HIP. All measurement values satisfied the roughness
criteria of less than 1.6 micro m.

b) HIP temperature and pressure control

In the course of Be HIP process, the temperature and the pressure in the HIP furnace was
controlled to 620 + 10 C and 1500 + 10 kgf/cm®. Figure 1.2.3-3 shows the record of a
representative temperature of the mockup in HIP process (not the control history). As can be
seen from this figure, control was successfully achieved. Also the post-HIP heat treatment was
recorded to show the 430 C for 4 hours were given.

¢) Deformation measurement after slit grooving
Deformation by HIP

After HIP heat treatment, one of the major concern was the deformation by residual stress
relief by slitting because of the difference of thermal expansion rate of DSCu and Be. The
measurement was performed with laser location meter by the following procedure.
1) In the de-canning process, the bottom of the SS basement was machined to determine the
standard plane.
2) The dimension was measured after de-canning before slitting first, which gives the standard
dimension before residual stress relief.
3) Slitting without changing the standard SS basement.
4) Measurement of the Be armor surface shape.
The absolute deviation of the height of Be surface was less than 10 - 20 micro-m. This value is
nearly equal the surface roughness. The direct comparison of the height distribution before and
after slitting gives too large error to determine the real deformation only by the stress release by
slitting.  Thus, the comparison of the relative shapes along the measurement lines obtained by



JAERI-Tech 2002-063

the best fitting in each cases were used to identify the deformation. By this method, the
deformation was determined no larger than 0.1 mm.

Deformation after slit grooving
Table 1.2.3-2 summarizes measured deformation. The total width of the open slit edge
was enlarged in 0.2 mm. Be armor tiles became concaved shape in 0.058 mm.

d) Dimension inspection

Final dimension of major important location of the mockup was measured to show the
soundness of finish dimension. All dimensions are in the range of less than 2% even for the slit
width (2 mm). Incorporating the deformation of the mockup after Be HIP process, the
dimensional soundness was demonstrated very well.

¢) Destructive tests

Destructive tests consists of six kinds of tests, surface roughness measurement of slit
grooving surface, macroscopic observation, optical micro-graph observation, SEM observation,
EPMA analysis and 4 point bending test. Test piece of the destructive tests was cut along the
A-A line shown in Fig. 1.2.1-1.

Surface roughness measurement of slit grooving surface

Surface roughness of the Slit grooved surface was measured on the Be slit and penetration slit
from Be to SS base. Figure 1.2.3-4 shows the specific points of measurement. Measurement
were performed on the surface of Be, DSCu and SS of a penetration slit (poloidal direction), and
Be surface of toroidal and poloidal Be slits. Measured values are listed in Table 1.2.3-3. As
can be seen from the table, surface roughness is less than 3 micro-m, which value is not such large
that it will affect to the function of armor tile.

Macroscopic observation :

Figure 1.2.3-5 shows the location of macroscopic photograph. Each location was selected to
show representative part of Be/DSCu HIP joint of both sides of penetration slit and toroidal Be slit.
Figure 1.2.3-6 shows the photogarphs.

Optical micro-graph observation

Optical observation were performed to show the soundness of Be/DSCu HIP joints and slit bottom
finish. Figure 1.2.3-7 shows the location for the observation. Observation locations for slit
finish were selected to observe both of penetration slit and Be slit. In case of penetration slit,
observation point is in the SS part. While, in case of Be slit, slit bottom is in DSCu part near by
HIP joint. Figure 1.2.3-8 (a) shows the observation of 4 different locations of HIP joints. As
can be seen from this figure, sound joining is still preserved even after slit grooving process.
Also, bottom finish of both slits are well rounded and especially Be HIP joining kept soundness
for Be slit grooving which stops near by HIP joint. Figure 1.2.3-8 (b) shows the observation of
the slit bottom parts in 2 different locations. ~As can be seen from this figure, the soundness of
the slit grooving finish was confirmed.

SEM/EPMA observation

SEM observation and EPMA analysis were performed to verify the chemical species distribution
near HIP joint. Figure 1.2.3-9 shows the locations for the observation. Figure 1.2.3-10(a) and
(b) shows the SEM image and EPMA analysis for Be, O, Al, and Cu at locations 1, 2, 3 and 4.
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The distribution showed the typical chemical form for Be/DSCu joint with Cu interlayer.

Four point bending test

Figure 1.2.3-11 shows the location of the sampling of 4 point bending test pieces. Also, the
dimension of the test piece is shown in the same figure. The measured value of the 4 point
bending were compared with the typical values of Be/DSCu HIP joints by Cu interlayer, obtained
in the screening test of HIP condition. Table 1.2.3-4 shows the obtained bending strength. In
the table, typical 4 point bending strength were shown for room temperature, 200 C and 400 C.
Tests were performed in room temperature, however, the destructive surface didn't show brittle
fracture. The value of strength were almost the same. Thus, Be HIP joining showed soundness.

3.1.2.4 Section Conclusions

The fabrication technique of the Be armor HIP joining for real scale width mockup was
demonstrated in this work from the aspect of the following issues by PVD Cu interlayer thickness,
HIP condition control, deformation by heat treatment of HIP process final dimension inspection
and destructive tests including surface roughness measurement of slit grooving surface,
macroscopic observation, optical micro-graph observation, SEM observation, EPMA analysis and
4 point bending test.

1) Feasibility of Be HIP joining in the curvature around top and bottom of the-FW panel.

2) Soundness of interlayer plasma spray on full width FW surface of heat sink

3) Clearance control between larger size of Be armor tiles and Cu alloy heat sink surface to obtain
good joining

4) Usage of larger size of Be armor tiles to minimize Be pre-HIP treatment cost

5) Slit grooving and deformation due to stress release by grooving
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Table 1.2.2-1 Material data sheet of DSCu

LOT number 04910902
Heat number C-8973
Dimension plate 1.25 inch x 11 inch x 24 inch
Chemical composition
Copper 99.46 %
Aluminum 0.25 %
Iron 0.0013 %
Lead 0.0006 %
Boron 0.02 %
Mechanical properties
UTS 441 MPa
YS 353 MPa
Elongation 27 %
Apparent hardness 72
Conductivity 91 %IACS
Table 1.2.2-2 Material mill sheet of SUS 3161
Chemical composition | %
Iron Balance
C 0.006 %
Si 0.006 %
Mn 0.008 %
P 0.0003 %
S 0
Ni 12.26 %
Cr 17.37 %
Mo 2.09 %
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Table 1.2.2-3 Material data sheet of Be (S-65)
LOT number 5063
Dimension block 2.874” x 6.14174” x 6.9685”
Chemical composition
Beryllium assay 99.60 %
Beryllium oxide 0.5 %
Carbon content 0.020 %
Iron content 0.0600 %
Aluminum 0.02 %
Magnesium content < 0.0100 %
Silicon content 0.0200 %
Other metallic-Ea. < 0.0400 %
Mechanical properties
Ftu (Top Long.) 55.00 ksi
Fty (Top Long.) 39.40 ksi
Elongation (Top Long.) 4.40 %
Ftu (Top Trans.) 58.60 ksi
Fty (Top Trans.) 40.00 ksi
Elongation (Top Trans.) 6.40 %
Grain size 9.2 micro m
Theoretical density 100.3 %

Surface roughness data of Be tiles for HIP

Tile # Parallel to polishment direction | Perpendicular to polish direction
[micro m] [micro m]

#1-1 0.28 0.27 0.32 0.41

#1-2 0.28 0.40 0.36 0.53

#2-1 0.74 0.49 0.69 0.51

#2-2 0.33 0.40 0.39 0.54

#3 0.39 0.37 0.67 0.65
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Table 1.2.3-2 Deformation after slit grooving

Location Before slit grooving After slit grooving
Width A 299.13 299.33
Width B 299.10 299.08

X Y Z X Y Z
Height #1* 10.004 12.004 -0.001 9.999 12.005 0.000
Height #2 10.004 62.005 -0.008 10.014 62.016 -0.044
Height #3 10.007 111.997 -0.012 10.002 112.001 -0.070
Height #4 10.007 161.995 -0.012 10.005 162.002 -0.069
Height #5 10.007 212.006 -0.011 10.013 212.016 -0.046
Height #6* 10.006 261.995 -0.001 10.011 261.996 0.003
Height #7 90.002 262.004 0.006 90.014 262.007 0.025
Height #38 90.001 211.994 -0.010 90.014 212.008 -0.031
Height #9 90.002 161.996 -0.008 90.007 162.000 -0.051
Height #10 | 90.002 111.994 -0.008 90.007 112.006 -0.054
Height #11 90.000 61.995 -0.007 90.006 62.000 -0.039
Height #12* | 90.002 11.999 -0.002 90.010 12.016 0.003

*: Vartual plane was defined.

Table 1.2.3-3 Measured value of surface roughness on slit surface

Location # Be DSCu SS
1 1.6 2.1 2.6
2 1.7 2.1 2.2
3 1.6
4 3.1
5 2.5

Table 1.2.3-4 Observed values of 4 point bending strength of Be/DSCu HIP joint by Cu
interlayer.

room temperature 200 C 400 C

Results from screening | 231.2, 258.1 MPa 141.4, 145.3 MPa 131.3, 135.3 MPa

This work 211.2, 233.5,229.6 MPa_ | --- ---
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DSCu/SS FW base fabrication

DSCu/SS pre-HIP fabrication process
|
DSCw/SS HIP process
{
DSCuw/SS post-HIP fabrication process

Be armor joining and slitting

Be/DSCu pre-HIP fabrication process

[
Be/DSCu HIP process

I
Be/DSCu post-HIP fabrication process
]
Slit fabrication process

|
v

Fig. 1.2.1-2 Overall flow diagram of fabrication of Be armored first wall mockup
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Fig. 1.2.1-3  Fabrication procedure before HIP of DSCu/SS of Be armored first wall mockup
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Fig. 1.2.1-4 Fabrication procedure of HIP process of DSCu/SS of Be armored first wall
mockup
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machining

Header machining
eader plug welding

dimension
inspection

shipping

Be HIP process

Fig. 1.2.1-5 Fabrication procedure of post-HIP process of DSCu/SS of Be armored first wall
mockup
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Fig. 1.2.1-6 Fabrication procedure of Be HIP and final makeup of Be armored first wall

mockup
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Fig. 1.2.2-1

channels

Fig. 1.2.2-2 Assembly of SS backing plate, DSCu heat sink plate and SS cooling channel tubes
before HIP process
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Fig. 1.2.2-4 Set up of HIP furnace

Fig. 1.2.2-5 Pealing HIP cannning

Fig. 1.2.2-6 First wall panel basement (HIP bonded SS basement and Cu alloy heat sink)
prepared for feasibility study of Be armor joining technique on real scale width with Cu

interlayer

— 94—
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Fig. 1.2.2-8 Machining Be material block to form Be armor tiles
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(c)
Fig. 1.2.3-6(a), (b), (¢) Macroscopic photograph of Nol, 2 and 3 location
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Fig. 1.2.3-7 Locations for optical microscopic observation of Be/DSCu HIP joints and slit
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Location #1 Location #2

Fig. 1.2.3-8 (b) Optical microscopic photograph of penetration slit bottom (SS) and Be slit
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Location 3 Location4

Fig. 1.2.3-10 (a) SEM observation of Location 1,2 3 and 4
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Fig. 1.2.3-10 (b-2) SEM image and EPMA analysis result distribution images for Be, O and Al

and Cu at Location 2.
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Fig. 1.2.3-10 (b-3) SEM image and EPMA analysis result distribution images for Be, O and Al
and Cu at Location 3,
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Fig. 1.2.3-10 (b-4) SEM image and EPMA analysis result distribution images for Be, O and Al

and Cu at Location 4.
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3.1.3 1/2 Poloidal Channel Shield Block Fabrication
3.1.3.1 Design of 1/2 Poloidal Channel Shield Block Model

Based on the detailed design of poloidal channel shield block shown in Fig. 1.1-3, the
rough breakdown of the fabrication steps are summarized in Fig. 1.1-8. Further detailed
fabrication procedure study resulted that the major critical fabrication processes are cleared by
fabrication of 1/2 shield block Figure 1.3.1-1 shows the configuration of the 1/2 scale poloidal
channel shield block model.

3.1.3.2 Fabrication Procedure
The detailed procedure of the fabrication of the mockup in Fig. 1.3.1-1 was shown in Fig.
1.3.2-1 (1) to (15). The steps are listed as follows. ’
(1) Slit grooving by water jet method
(2) Coarse machining of outer surface
(3) Shaping of support leg hole by wire cut EDM
(4) Drilling of toroidal headers
(5) Drilling of poloidal channels
(6) Drilling of front access holes
(7) Machining outer surface and prepare EB welding of blocks
(8) TIG welding of FW-SB coolant connectors and plugs of toroidal header holes
(9) Machining of upper headers
(10) Machining of lower header
(11) EB welding of two 1/4 shield blocks
(12) Drilling of slit ends at EB welding ends
(13) Shaping and finish machining of header cap plates
(14) TIG welding of header cap plates
(15) TIG welding of plugs of toroidal header holes

Critical fabrication steps are (1), (11) and (14). Preliminary R&D were performed to ensure the
feasibility of these 3 critical fabrication steps.

3.1.3.3 Preliminary R&D for Fabrication
(a) Slit grooving by water jet method

With respect to "(1) Slit grooving by water jet method", the previous R&D demonstrated
that the water jet method is the inexpensive technique for non-penetrating slit grooving such as that
of shield block. In case of the water jet method, stopper of water jet is necessary. In the previous
R&D, 30 mm diameter stopping holes was used to set water jet protecting material for obtaining
sound slit of 200 mm depth.  Also, the progress speed of the jet was optimized. In this work, the
possibility of the 20 mm diameter stopping holes are researched by using real scale 1/4 shield
blocks. Points of research is the selection of water jet protecting material. The critenia of
selection is the deviation and roughness of the grooving surface near the bottom of the slit.

Table 1.3.3-1 summarizes the water jet condition. All condition was optimized by teh
previous R&D. Table 1.3.3-2 summarizes the materials used in this test. Table 1.3.3-3
summarizes the combination of the stopping materials in this test. The selection was done by the
measurement of slit width dimension and deviation height. The measurement of the deviation was
performed after cutting the grooved block into 2 pieces. In the tests, two different kinds of
shape of the stopping stick is also tested. One is the reversed rail-shaped stick and the other is the
L shape stick. Both shape is expected to relax the splash of the water jet and give the outlet path
for the water.

Figure 1.3.3-1 (1) to (7) shows the photographs of grooving surface and stopping materials
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corresponding to case (1) to (7). The observation showed that there are two types of slit shape
deviation, one is the widening of the slit width near by the bottom stopper hole (=L1), another is the
failure of the stopping hole (=L2). The measured values of L1 and L2 are listed in Table 1.3.3-4.
As can be seen from the table, case 7 was the best. By the observation of Fig. 1.3.3-1 (1) to (7),
simple stick stoppers caused the strong splash of the water jet. The splash seemed to made
deviation of the shape of the bottom part of slit.  Also, case (6), which tried the reversed rail shape,
made splash of the water jet inside the stopping hole and resulted the failure of the stopping hole
itself. Case (7), which applied two L shape sticks for the upper stopping material, seemed to have
given smooth path for water jet outlet and resulted relatively sound slit shape even at the bottom
part. As can be seen from the photograph in Fig. 1.3.3-1, case 7 gave the most sound slit surface.
Thus, stopping material and shape of the stopping stick was selected as in case 7.

(b) EB welding of two 1/4 shield block

Optimization of EB welder operation condition and minimum slit width

In the Electron Beam welding process for joining multiple 1/4 shield blocks, it is required that 120
mm of the welding thickness with sound bead and minimum deformation. The welding also
requires the EB injection through narrow slit from the plasma side, too. Thus, the selected
welding method is two path method. Front side EB is required to pass through narrow slit with
high convergence ability of the beam. On the other hand, the EB from rear side is required the
deep melting ability. Thus, high voltage type machine (Schteigerwald, 15SkW output) was selected
for front side EB and the low voltage type (MELCO 30kW) was selected for rear side EB. Table
1.3.3-5 summarizes the specification of the EB welder. Points to be optimized in the preliminary
R&D are convergence lens current for both EB welders and minimum slit width which avoids
failure of the slit surface for front EB welder. With respect to the tested slit width, 4 mm, 6 mm
and 8 mm are applied. Table 1.3.3-6 summarizes the welder conditions and convergence lens
currents applied in this tests. Figure 1.3.3-2 (a) and (b) show the test pieces used in the bead depth
test by the low voltage type welder and the slit width tests by high voltage welder. Figure 1.3.3-3
and 1.3.3-4 show the macroscopic photograph of the cross sectional view of the welding bead
generated by high voltage type welder tests and low voltage type welder, respectively. Surface
width and the penetration depth of the welding bead were measured to select the optimized
condition. Table 1.3.3-7 shows the measured results. As can be seen from Table 1.3.3-7, case 3
was the best condition for high voltage type welder and case 3 for low voltage type welder. Figure
1.3.3-5 shows the test result observation of the slit width optimization tests. In this figure, the
cases of 4mm and 6 mm width are shown. As can be seen from this figure, both of 4 and 6 mm
slit width was not sufficient because the melting failure was observed at the front part of the slit.
In case of the slit width of 8 mm, no remarkable melting was observed on slit surface as seen in Fig.
1.3.3-6. Thus, it was concluded that 8 mm width is necessary as the slit width between 1/4 shield
blocks.

Effect of the EB welding over TIG welding of the toroidal header plugs

Another issues to be confirmed is if EB welding over TIG welding of the toroidal header plugs
causes any failure of TIG welding line of the plugs, because the order of fabrication step for EB
welding to join shield blocks should always be after the plugging of the toroidal header is
completed. For clarifying this issue, trial welding tests which simulate EB welding over 24
diameter plug and 45 mm diameter plug welded to the SS plates by TIG welding were performed.
EB welding was performed exactly the same condition and manner as optimized and expected in
the real fabrication process by using both of the High Voltage Type and Low Voltage Type EB
welder from both side of 120 mm thickness plates which have the welded plugs of 24 mm and 45
mm diameters. Figure 1.3.3-7 (a) and (b) shows the test piece sketches for the tests of 45 mm and
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24 mm diameter plugs, respectively. Figure 1.3.3-8 shows the outer surface of both side of
welding line, front side by high voltage welder in top picture and rear side by low voltage welder in
bottom picture. Figure 1.3.3-9 shows the cross-sectional observation of the welded plugs (24 mm
diameter left, 45 mm diameter right) over welded by EB welding.  As can be seen from this figure,
there is no remarkable failure on both welding lines. This tests made confirmation of the EB
welding technique for joining 1/4 shield blocks.

() TIG welding of header cap plates

The thick ness of the header plug is selected to withstand high pressure of coolant water (15 MPa).
Thus, the TIG welding of the plug is one of the issues to be tested before fabrication. As the
preliminary confirmation test, the simulating header and header cap plate were welded by TIG
After welding, sampling of TP were performed. Figure 1.3.3-10 shows the location of the
sampling points. Typical picture of the TP is shown in Fig 1.3.3-11 by TP #1. There is a
tendency that the header cap plate sinks during TIG welding, because of its heavy weight.

3.1.3.4 Fabrication of 1/2 poloidal channel shield block
After obtaining sound results of preliminary R&D explained in the previous section, the fabrication
was carried out.  Figure 1.3.4-1 to 1.3.4-6 shows major important fabrication processes of the 1/2

poloidal shield block. The followings are the corresponding fabrication steps described in section
1.3.2.

Fig. 1.3.4-1 Slit grooving by water jet method step (1)
Fig. 1.3.4-2 Slit grooving finish at the bottom of the slit and jet stopping holes step (1)
Fig. 1.3.4-3  Set up of gun-drill for cooling channels step (5)
Fig. 1.3.4-4 Appearance of the cooling channels and toroidal headers step (5)
Fig. 1.3.4-5 Machining of the top and bottom headers step (10)
Fig. 1.3.4-6 Preparation of EB welding of two 1/4 shield blocks step (11)
Fig. 1.3.4-7 Appearance of the front part of the slit where the EB go through step (11)
Fig. 1.3.4-8 Appearance of the rear part of the slit where the EB go through step (11)
Fig. 1.3.4-9 Close up of the rear part of the slit where the EB go through step (11)
Fig. 1.3.4-10 Set up for TIG welding of top and bottom header plates step (14)
Fig. 1.3.4-11 Appearance after TIG welding of the top header plates step (14)

3.1.3.5 Section Conclusions

The work performed in this chapter clarified major basic information necessary for-fabrication of
the shield block for the option B blanket module. Obtained information are as follows
(1) Slit grooving technique by water jet method

- grooving speed, nozle diameter

- jet stopper material and shape of the stopper rods

(2) EB welding of two 1/4 shield block

- Optimized EB welder operation condition and minimum slit width

- Effect of the EB welding over TIG welding of the toroidal header plugs

(3) TIG welding of header cap plates

- Shape of welding line

- Deformation after welding

All issues are common to the updated design of shield block which features radial cooling channel.
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Table 1.3.3-1 Water jet condition

Parameter Set value

Water pressure 3000 kgf/cm®

Water nozzle diameter 0.33 mm

Abrasive nozzle 1.2 mm dia. x 70 mm
Abrasive material Garnet #80

Flow rate of abrasive material 0.4 kg/min

Stand off length 2 mm

Jet progress speed 1 mm/min

Jet angular (nozzle/TP) 85 degree

Table 1.3.3-2 Materials used in the tests

Part

Material

Specification

Test block SS SS304 (100 x 40 x 240)

Jet sopping material | Super-Hard Steel KD10 by Barloy Co.Ltd.

HRA91, HB>940

Alumina HS97, HRA85.6
High Cr Steel HS70, HRA77
High Carbon Steel HS50, HRA69

Table 1.3.3-3 Combinations of the jet stopping materials

Case # Combination of stopping materials and cross section position

1 Soft Steel/ Super-Hard Steel, 9 mm square - simple stick, top/bottom
2 Super-Hard Steel / Alumina, 9 mm square simple stick, top/bottom
3 Super-Hard Steel / High Cr Steel, 9 mm square simple stick, top/bottom
4 Super-Hard Steel / High Carbon Steel, 9 mm square simple stick, top/bottom
5 Super-Hard Steel / High Cr Steel / Super-Hard Steel, simple stick,

2 mm, 6 mm, 12 mm thick x 9 mm width top/mid/bottom
6 Super-Hard Steel / Super-Hard Steel, 9 mm square top/bottom

top = 5 mm width grooved

7 Super-Hard Steel / Super-Hard Steel, two top sticks / bottom

top = 2 mm width L shape, bottom square

Table 1.3.3-4 Measurement results of the slit form deviation near bottom of slits

Case # L1 [mm] L2 [mm]
1 2 9
2 1.5 13
3 1 6
4 2 8
5 2 6
6 4 7
7 0.5 3




JAERI-Tech 2002-063

Table 1.3.3-5 Major specifications of the EB welder
Front EB Rear EB
Type High voltage type | Low voltage type
Nominal output power 15 kW 30 kW
Maximum Acceleration Voltage 150 kV 70 kV
Max. Beam current 100 mA 429 mA

Table 1.3.3-6 Welder conditions in this tests

Case No Accel Voltage Beam current Welding speed | Convergence lens
current
High Voltage type (Front EB)
1 150 kV 100 mA 180 mm/min 2060 mA
2 150 kV 100 mA 180 mm/min 2100 mA
3 150 kV 100 mA 180 mm/min 2140 mA
4 150 kV 100 mA 180 mm/min 2180 mA
5 150 kV 100 mA 180 mm/min 2220 mA
Low Voltage type (Rear EB)
1 70 kV 350 mA 200 mm/min 800 mA
2 70 kV 350 mA 200 mm/min 820 mA
3 70 kV 350 mA 200 mm/min 825 mA
4 70 kV 350 mA 200 mm/min 830 mA
5 70 kV 350 mA 200 mm/min 840 mA
Table 1.3.3-7 Observed value of EB welding bead dimension
Casc No | Bead depth | Bead surface width
High Voltage type (Front EB)
1 53 mm 17 mm
2 54 mm 17 mm
3 55 mm 13 mm
4 54 mm 17 mm
5 50 mm 17 mm
Low Voltage type (Rear EB)
1 63 mm 20 mm
2 73 mm 20 mm
3 75 mm 18 mm
4 73 mm 21 mm
5 70 mm 21 mm
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Fig. 1.3.1-1 Configuration of the 1/2 poloidal channel shield block model
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Fig. 1.3.2-1 (1) Slit grooving by Fig. 1.3.2-1 (2) Coarse Machining
Water Jet method of Surface

Fig. 1.3.2-1 (3) Shaping of the Fig. 1.3.2-1 (4) Drilling of toroidal
support leg hole by Wire Cut (EDM) headers
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Machining of’

1 (10)

Fig. 1.3.2-
lower header

Fig. 1.3.2-1 (9) Machining of upper

header

Drilling of slit

1 (12)
ends and finish machining of headers

Fig. 1.3.2

Fig. 1.3.2-1(11) EB welding of two

1/4 blocks
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top stopper in case 1

Grooving surface of slit in case 1

bottom stopper in case 1

Fig. 1.3.3-1 (1) Observation of grooving surface and stopping material after test of case 1

top stopper in case 2

Grooving surface of slit in case 2 bottom stopper in case 2

Fig. 1.3.3-1 (2) Observation of grooving surface and stopping material after test of case 2

top stopper in case 3

Grooving surface of slit in case 3 bottom stopper in case 3

Fig. 1.3.3-1 (3) Observation of grooving surface and stopping material after test of case 3
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Grooving surface of slit in case 4 bottom stopper in case 4

Fig. 1.3.3-1 (4) Observation of grooving surface and stopping material after test of case 4

Grooving surface of slit in case 5 bottom stopper in case 5

Fig. 1.3.3-1 (5) Observation of grooving surface and stopping material after test of case 5

top stopper in case 6

A B

bottom stopper in case 6

Grooving surface of slit in case 6

Fig. 1.3.3-1 (6) Observation of grooving surface and stopping material after test of case 6
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top stopper in case 7

Grooving surface of slit in case 7 bottom stopper in case 7

Fig. 1.3.3-1 (7) Observation of grooving surface and stopping material after test of case 7
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Front (plasma) side Rear (VV) side

i

R

i

8 mm slit width, by high voltage type welder

Fig 1.3.3-6 Cross-sectional view of the welding bead obtained for 8 mm slit width by high
Voltage type welder
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Test piece sampling

Top view of upper (or locations

lowe%ier

’%0 : test piece shape
example by #3

Fig. 1.3.3-10 Test piece sampling location for confirmation test of TIG welding of Header cap
plate
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Fig. 1.3.3-11 Macroscopic photograph of the test piece showing TIG welding bead from TP #1
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Fig. 1.3.4-1 Slit grooving by water jet method

Fig 1.3.4-3 Set up to gun-drill equipment
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]

ig. 1.3.4-4  Appearance of the cooling channels and toroidal headers

Fig. 1.3.4-5 Machining of the top and bottom headers

Fig. 1.3.4-6 Preparation for EB welding of two 1/4 shield blocks
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Fig. 1.3.4-7 Appearance of the front part of the slit where the EB go through

Fig. 1.3.4-9 Close-up appearance of the rear part of the slit where the EB go through
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3.1.4 1/4 Radial Channel Shield Block Fabrication
3.1.4.1 Design of Be Armored FW Model

Figure 1.4.1-1 and 1.4.1-2 show the specific design sketches of the fabricated 1/4 radial
shield block.

3.1.4.2 Fabrication Procedure

Figure 1.4.2-1 shows the flow chart of the fabrication procedure for 1/4 radial channel
shield block. Almost all part of the fabrication follows the similar procedure to poloidal channel,
shield block fabrication. Coaxial tubes and flanges are additional to poloidal channel shield block
fabrication. All necessary information in critical fabrication steps are clarified in the fabrication
R&D of 1/2 poloidal channel shield block.

3.1.4.3 Fabrication

Figure 1.4.3-1 shows the forged block after rough machining of outer surface for drilling
of radial coolant channels. Figure 1.4.3-2 shows the drilling work to form radial coolant channels.
Figure 1.4.3-3 shows the result of machining of the front headers, poloidal headers and toroidal
coolant path. Figure 1.4.3-4 shows all prepared parts, shield block, coaxial tubes, coaxial flanges
and front header plates just before assembly and final welding. Figure 1.4.3-5 shows welded
coaxial cooling tubes in the front header. Figure 1.4.3-6 shows the welded plugs of the holes
which interconnect the cooling channels. Figure 1.4.3-7 the final picture after completing the
fabrication.

3.1.4.4 Section Conclusions

Basically, there is no additional critical issue to the fabrication technique of poloidal
channel shield block. All fabrication process were carried out successfully. Critical issues are
already clarified in the previous chapter.
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Fig. 1.4.1-1 Design sketch of 1/4 radial channel shield block (1)
Fig. 1.4.1-2  design sketch of 1/4 radial channel shield block (2)
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Fig. 1.4.2-1 Flow chart of fabrication procedure for 1/4 radial channel shield block mockup
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Fig. 1.4.3-5 Welded coaxial insert tube of cooling channels

Fig. 1.4.3-6 Welded plugs of poloidal header which interconnect different groups of cooling
channels
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3.1.5 Conclusions of Prototype Fabrication

In section 3.1.2, the fabrication technique of full scale width Be armored First Wall Pannel
is demonstrated. In section 3.1.3, the fabrication technique of the shield block is demonstrated by
using poloidal channel shield blocks. In section 3.1.4, the fabrication technique of the radial
channel shield block was demonstrated. With respect to totally full scale first wall panel, Task
T420-1 covers the fabrication technique demonstration without Be armor.  With respect to the Be
joining technique, full scale width demonstration is the critical point and the technique is applied
without critical point to full scale FW panel fabrication. In this task, insertion of the full scale FW
panel to the fabricated 1/2 shield block was also demonstrated successfully. Concluding to the all
R&D results, fabricability of the prototype of the option B separable first wall blanket module was
successfully demonstrated.
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3.2 Development of NDE Method for FW
3.2.1 Introduction

In the task report of T212, "development of fabrication methods for the Cu-alloy/stainless
steel bonding", estimation of detectable defect size was performed for DSCu/SS plate-plate HIP
joint. The estimation resulted that 5 MHz of ultra-sonic and 10 MHz of ultra-sonic may detect 1.8
mm and 1.4 mm in diameter, respectively from the thich outer surface of the DSCu part
incorporating the noise level of 20 dB.  After the above stated theoretical estimation, experimental
work for plate-plate NDE tests by using DSCu/SS HIP defect specimens were performed. The
test was concluded that, 10 MHz ultra-sonic beam of 1 mm diameter detected minimum of 0.4 mm
defect test specimen. Thus, the essential applicability of UT to detect defect between DSCu/SS
HIP joint. After the detailed fabrication procedure was researched, it was also clarified that the
NDE from inside the cooling channel of the FW panel of DSCu heat sink is important. The
development work in this chapter was performed from such background.

3.2.2 Test Procedure
Test items
Specific test items in this work are,
(1) Characteristics of reflection wave at the back side of simple SS tube
(2) Characteristics of reflection wave at the SS tube / DSCu boundary without defect
(3) Characteristics of reflection wave at the SS straight tube / DSCu boundary with artificial defect
(4) Characteristics of reflection wave at the SS bent tube / DSCu boundary with artificial defect

Defect specimen

Figure 2.2-1 shows the configuration of the test specimens used in the tests.  Defect size
of the specimen was selected from the previous test results stated in previous chapter. Figure
2.2-2 shows example of the test specimen photograph. In the photograph of the backside of
straight TP, one can see the defect machined by EDM. Three identical defects, which have same
dimension, were machined for one test piece. Configuration of the DSCu/SS tube test pieces are
summarized in Table 2.2-1.

As the preliminary reference measurements, half split simple SS tube (10/12 mm
inner/outer diameter) was used as the reference test piece.

Detectors

Applied detector was selected from the requirement that detector should be transported
inside 10 mm diameter bent tube (R36) and should poses the penetration depth of 1 mm (thickness
of the SS tube). Selected detectors are listed in Table 2.2-2. Picture of the detector is shown in
Fig. 2.2-3.

Location record
Figure 2.2-4 shows the locationing basement and the location data system. Location of
the sensor was logged by X-Y-Z location data.
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Test procedure

Detection tests were performed in water. The distance between the detector and the
specimen surface is also one of important measurement parameters. This value was changed to 4,
5, and 6 mm by using spacers. The followings are the test procedure.
(1) Set a spacer of 5 mm to TP in water shale.
(2) Set UT sensor
(3) Measure echo for three defects whose dimension is the same on the TP (three data are obtained)
(4) Change the spacer to 4 mm and repeat (2) and (3)
(5) Change the spacer to 5 mm and repeat (2) and (3)
(6) Change the TP which has different defect size
(7) Repeat (1) to (5)
(8) For First TP, use reference split SS tube, first for preliminary reference tests.  This data will be
used as the standard value for calculation of arbitrary relative echo from raw data.
(9) Then apply straight TP, and measure the echo from no defect part. This data will be the noise
level data, which should be distinguished from defect signal. '
(10) Then, perform measurements by defect of each TP.

3.2.3 Test Results
3.2.3.1 Reference Measurement

Reference data of echo from back side of simple SS tube was measured for obtaining the
baseline echo.  Figure 2.3.1-1 shows the test results as the function of spacer distance. In case of
type 1 (10 MHz) sensor, spacer dimension of 6 mm gives a few dB higher echo than other spacer
dimension (4 and 5 mm). This means spacer distance of 6 mm gives somewhat larger noise. In
case of type 2 (30 MHz), there is no effect of spacer distance. The value of echo obtained in this
reference measurement is used as the standard data for obtaining arbitrary echo height.

3.2.3.2 Characteristic Measurement at No Defect Part of DSCu/SS HIP Straight Test Pieces

Figure 2.3.2-1 shows the characteristics of the reflection wave from DSCu/SS boundary
without defect as the function of spacer distance. As can be seen from this figure, the normalized
echo was -3 to -5 dB by type 1 (10 MHz) and -12 to -17 dB by type 2 (30 MHz). The deviation of
the data is considered as the measurement error.

3.2.3.3 Characteristic Measurement of Defect of DSCu/SS HIP Straight Test Pieces

Figure 2.3.3-1 shows the typical echo wave. The figure shows comparison of wave
photograph of no defect and 0.9 mm defect by type 1 sensor (10 MHz). The marked point is the
wave peak of defect.

With respect to the test result of type 1 sensor (10 MHz), Fig. 2.3.3-2, 3 and 4 show the
results of spacer distance of 4, 5 and 6 mm, respectively, as the function of defect size. As can be
seen from those figures, the relative echo height becomes 6 dB larger from 0.3 mm to 0.6 mm
defect. As the defect become 0.9, the increase of echo height is 1 to 2 dB. The echo height
deviated by the difference of spacer distance, however, the deviation was small enough compared
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to the measurement deviation itself. No clear correlation was observed on the effect of the spacer
distance by the results.

Figure 2.3.3-5, 6 and 7 show the results of spacer distance of 4, 5 and 6 mm, respectively,
as the function of defect size by type 2 sensor (30 MHz). In case of type 2, the increase of the
echo wave is linear (5 to 6 dB for both of 0.3 to 0.6 mm and 0.6 to 0.9 mm) for defect size change
up to 0.9 mm.

All size of defect was detectable in this measurement runs. Type 2 sensor showed higher
sensitivity because width of the echo by type 2 (30 MHz) is smaller than type 1 (10MHz).
However, the echo wave of 0.6 mm defect was hard to be distinguished from the echo wave of the
inner surface echo. In case of 0.3 mm defect, it was very difficult to distinguish between them
without state-of art technique of veteran technicians.

3.2.3.4 Characteristic Measurement of Defect of DSCu/SS HIP Bent Tube Test Pieces
Inside Bent TP

In case of type 1 sensor (10 MHz), Fig. 2.3.4-1, 2 and 3 show the results of spacer distance
of 4, 5 and 6 mm, respectively, as the function of defect size. ~As can be seen from those figures,
the relative echo height becomes 4 to 8 dB larger from 0.3 mm to 0.6 mm defect. As the defect
become 0.9, the increase of echo height is 2 to 6 dB.  The echo height deviated by the difference
of spacer distance, however, the deviation was small enough compared to the measurement
deviation itself and, also, no clear correlation was observed on the effect of the spacer distance by
the results, as observed in straight TP measurements.  Figure 2.3.4-4, 5 and 6 show the results of
spacer distance of 4, 5 and 6 mm, respectively, as the function of defect size by type 2 sensor (30
MHz). In case of type 2, the increase of the echo wave was, 5 to 6 dB for 0.3 to 0.6 mm defect
size increase and 6 to 8 dB for 0.6 to 0.9 mm defect size increase. The sensitivity tendency was
the same as the straight TP.

Outside Bent TP

In case of type 1 sensor (10 MHz), Fig. 2.3.4-7, 8 and 9 show the results of spacer distance
of 4, 5 and 6 mm, respectively, as the function of defect size. As can be seen from those figures,
the relative echo height becomes 2 to 5 dB larger from 0.3 mm to 0.6 mm defect. As the defect
become 0.9, the increase of echo height is the same or a few dB larger, in case of 4 and 5 mm
spacer distance. However, in case of spacer distance of 6 mm, as the defect become 0.9, the echo
height decreased a few dB. The echo height deviated by the difference of spacer distance,
however, the deviation was small enough compared to the measurement deviation itself and, also,
no clear correlation was observed on the effect of the spacer distance by the results, as observed in
straight TP measurements. Figure 2.3.4-10, 11 and 12 show the results of spacer distance of 4, 5
and 6 mm, respectively, as the function of defect size by type 2 sensor (30 MHz). In case of type
2, the increase of the echo wave was, 5 to 6 dB for 0.3 to 0.6 mm defect size increase and 6 to 8 dB
for 0.6 to 0.9 mm defect size increase.

With respect to the sensitivity tendency, the angular of the sensor was most sensitive in
bent TP cases because the perpendicular injection of the ultra sonic gives the most effective echo.
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On the other hands, echo becomes smaller by angular.

Side TP

In case of type 1 sensor (10 MHz), Fig. 2.3.4-13, 14 and 15 show the results of spacer distance of 4,
5 and 6 mm, respectively, as the function of defect size. As can be seen from those figures, the
relative echo height becomes a few dB larger if the defect size becomes larger from 0.3 mm to 0.6
mm and, also, 0.6 to 0.9 mm in case of spacer distance of 4 and 5 mm. In case of spacer distance
of 6 mm, as the defect become larger from 0.6 to 0.9, the echo height was the same or smaller.
Figure 2.3.4-16, 17 and 18 show the results of spacer distance of 4, 5 and 6 mm, respectively, as the
function of defect size by type 2 sensor (30 MHz). In case of type 2, echo height was largest in
case of the defect size of 0.9 mm and echo of 0.6 mm was the same or smaller than that of 0.3 mm.
The sensitivity tendency was the same as the inside and outside bent TP.

3.2.3.5 Discussion of the Detection Ability

Table 2.3.5-1 shows the summary of the detection ability. The evaluation was made by
comparing each data with the echo of no defect boundary of DSCu/SS tube. The factor of the 6
dB was selected for the consideration of effective defect area ratio in the same wave area for larger
defect size in this work. In case of 0.3 mm defect, only side bent TP resulted excellent sensitivity
by type 2 (30 MHz). Defect of 0.3 mm in other position is technically difficult.

3.2.4 Conclusions
The followings are the conclusions of this work.
(1) Type 2 (30 MHz) is more sensitive than type 1(10 MHz).
(2) Side of bent part gives less effect of bending and for this reason high sensitivity is expected.
(3) Inside or outside of bent part gives lower sensitivity.
(4) Automatic defect sensing may normally require 6 dB safety factor. Incorporating this factor,
0.9 mm is the minimum defect size which can be guaranteed by detection inspection.



JAERI-Tech 2002-063

Table 2.2-1 DSCu/SS tube test piece configuration
Defect width Test piece shape
Straight Bent inside Bent outside Bent side
0.3mm 1 1 1 1
0.6mm 1 1 1 1
0.9mm 1 1 1 1

Table 2.2-2  Specification of detectors applied in this tests

Type 1 type 2
Frequency 10 MHz 30 MHz
Type of detector convergence type, non-contact | convergence type, non-contact

Biblater dimension

4 mm diameter

4 mm diameter

Detector dimension

7 mm dia. x 14 mm length

5.5 mm dia. x 10 mm length

Table 2.3.5-1 Summary of the detection ability

Sensor type Defect size straight Inside bent Outside bent Side bent
Type 1 (10|0.9 mm excellent excellent excellent excellent
MHz)

0.6 mm good fair good excellent

0.3 mm no no fair Fair
Type 2 (30]0.9 mm excellent excellent excellent excellent
MH?z)

0.6 mm excellent good good excellent

0.3 mm good fair fair excellent

excellent: All data are more than the echo of no defect DSCu/SS boundary.

good: Part of data are below the echo of no defect DSCu/SS boundary, however, detection is
enough possible practically.

fair: Half of data are below the echo of no defect DSCu/SS boundary, however, detection is

possible, at least.
no:

All data are below the echo of no defect DSCu/SS boundary
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Fig 2.2-4 Scanner basement and location data recorder
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Fig. 2.3.3-1 Typical wave photographs of type 1 detector (10 MHz) (comparison of no defect and
0.9 mm defect)
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-4 Conclusions

Subtask 1 demonstrated the final feasibility of the fabrication technique of separable first
wall type shielding blanket. ~Also, in subtask 1, NDE method for FW Cu alloy/SS tube interface
by UT was developed. Subtask 2 developed the improved fabrication technique for the
application of CuCrZr heat sink material.

By subtask 1, the fabrication technique of full scale width Be armored First Wall Pannel is
demonstrated. Also, the fabrication technique of the shield block is demonstrated by using
poloidal channel shicld blocks. As the R&D for updated cooling channel configuration, the
fabrication technique of the radial channel shield block was demonstrated. Concluding to the all
R&D results, fabricability of the prototype of the option B separable first wall blanket module was
successfully demonstrated.  Additionally, UT data was obtained to show the applicability of UT
method for in tube access detection of defect on the Cu alloy/SS tube interface.  As the result of
each fabrication and testing, the followings are concluded.

(1) Joining technique of Be armor and Cu alloy heat sink, and Cu alloy heat sink and SS base panel
was developed and demonstrated for the real scale width of FW panel.

(2) Slit formation for FW panels was demonstrated.

(3) Slit formation of a shield block was demonstrated.

(4) Thick header plate welding technique and welding deformation of shield blocks was optimized.

(5) Welding technique for one quarter shield blocks by EB welding was optimized.

(6) Fabricability of radial cooling channel shield block was demonstrated.

(7) Non destructive examination method development for FW Cu alloy/SS cooling channel was
performed and the basic detection data was clarified.
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