JAERI-Research

DSCu/SS JOINING TECHNIQUES DEVELOPMENT AND TESTING

Satoshi SATO, Toshihisa HATANO, Kazuyuki FURUYA,
Toshimasa KURODA, Mikio ENOEDA and Hideyuki TAKATSU

BEEFHHRREFM
Japan Atomic Energy Research Institute




AL FE- ML, BEETHAFERAFAEH L L TOLHIRREETT,

ATFopahdil, ARETHHEFHIEEHEMEERE (73191195 KRN
BEHA) T, BELALLES ., B, IOEMIMNEARFDLERERL
Y — (F319-1195 WIEFREEBamsr 0 £ R 7 BRI CHSICE 2 ENENE B
T THBEDET,

This report is issued irregularly.
Inquiries about availability of the reports should be addressed to Resecarch Infermation
Division, Department of Intellectual Resources, Japan Atomic Tnergy Research Institute,

Tokui-mura, Naka-gun, Tharaki-ken, 319-1195, Japan.

© Japan Atomic Energy Research Institute, 1998

wmEFRET H #8771 ze 7
EF il WL B & B R




JAERI-Research 97-092

DSCu/SS Joining Techniques Development and Testing

Satoshi SATO, Toshihisa HATANO, Kazuyuki FURUYA,
Toshimasa KURODA, Mikio ENOEDA and Hideyuki TAKATSU

Department of Fusion Engineering Research
Naka Fusion Research Establishment
Japan Atomic Energy Research Institute
Naka-machi, Naka-gun, Ibaraki-ken

(Received December 2, 1997)

Joining techniques of alumina dispersion strengthened copper alloy (DSCu) and type 316L
stainless steel (SS) has been investigated aiming at applying to the fabrication of the ITER first
wall/blanket. As the joining method, Hot Isostatic Pressing (HIP) of solid plates and/or blocks
has been pursued. By a screening fest including HIP temperatures of 980-1050 <, it was
concluded that the HIP temperature of 1050 C would be optimum for the simultaneous HIPping
of DSCu/DSCu, DSCu/SS and SS/SS.

With DSCu/SS joint specimens HIPped at 1050 °C, tensile, impact, fatigue, crack propagation,
and fracture toughness tests were performed as well as mechanical test of structural model with
one SS circular tube embedded. Typically, the properties of the joints were almost the same as
those of DSCu or SS base metal with the same heat treatment of the HIP process, thus good joints
were obtained, though parts of properties were decreased at elevated test temperature. Typical
results of the mechanical test of structural mode indicated that a crack initiated at the inner surface
of the SS tube under cyclic operation, and the lifetime of the first wall structure could be evaluated
by existing SS fatigue data.

Two HIPped first wall panel mock-ups were successfully fabricated with built-in coolant tubes:
one was 300 mm long and the other 800 mm long. The former was thermo-mechanically tested

with high heat fluxes corresponding to the ITER operation conditions. The mock-up showed

This work is conducted as an ITER Technology R&D and this report corresponds to the 1995
ITER R&D Task (Task No. G16TT65 95-12-15 FJ, ID No. T212, Title : Cu/SS and Cu/Be
Joining Techniques Development and Testing).
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g00d heat removal performance during the high heat flux tests. In addition, there were no cracks
and delaminations found at HIPped interfaces by microscopic observation after all tests.

Ultrasonic testing have been tried as a non-destructive examination method, and detectable defect
size at SS/SS, DSCw/DSCu and DSCu/SS joint interfaces were estimated.

Keywords : ITER, Blanket, First Wall, HIP, Joint, DSCu, High Heat Flux Test,
Ultrasonic Testing
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1. Introduction

A shielding blanket integrated with the first wall will be installed during the Basic Performance
Phase of ITER. To remove heat loads from the plasma efficiently and, at the same time, to
maintain mechanical integrity against huge electromagnetic and thermal loads, the first wall has a
structure of AL O, dispersion strengthened Cu (DSCu) heat sink with built-in coolant tubes of type
316LN stainless steel (SS) and is bonded to a massive SS shield block.

To fabricate the shielding blanket, a Hot Isostatic Pressing (HIP) method has been proposed,
especially for the joining of DSCu/DSCu, DSCu/SS and SS/SS at the first wall and the first wall to
the shield block [1]. HIP is a non-melting welding method which will realize sufficient
~ mechanical integrity of the joints under the anticipated high neutron and stress fields including the
elimination of IASCC concern, high dimensional accuracy, low residual stress during joining
process and the joining of three-dimensionally complex structure in comparison with other joining
methods, e.g., conventional fusion welding and brazing. ~Simultaneous HIP bonding of above
joints has been pursued so as to minimize thermal effects on the materials, i.e., grain coarsening

and degradation of mechanical properties, and also to minimize fabrication steps.

The objective of this study is to develop, characterize and test copper alloy to stainless steel
bonding techniques. The objectives can be subdivided into three main areas of investigation,;
1) The investigation, development, optimization, and characterization of Cu alloy to stainless steel
bonding techniques. Hot Isostatic Pressing (HIP) of solid plates and/or blocks are considered in
this study.
2) The confirmation of the bonding techniques by destructive/non-destructive examination methods.
These methods will include mechanical testing of bond structure (including tensile tests and low
cycle fatigue tests at room and elevated temperatures), examination of the bonding interface
structure (microscopic examination) to demonstrate grain boundary configuration, and ultrasonic
examination.
3) The demonstration of the fabrication of prototypical size first wall with integral coolant channels.
The materials to be used are alumina dispersion strengthened copper (DSCu), Glidcop A1-25®
and annealed type 316LN stainless steel or relevant materials.

2. Screening Tests for HIP Conditions [2, 3]

To avoid or reduce high temperature effects on the microstructure of SS structural material, i.e.
grain coarsening and degradation of mechanical properties, and also to simplify manufacturing
procedure, thus to reduce manufacturing cost, a simultaneous HIP bonding of DSCu/DSCu,
DSCu/SS and SS/SS has been pursued. Optimal conditions for this HIP bonding has been
examined using Glidcop Al-15% and Al-25® as DSCu and type 316L stainless steel as SS [4, 5.
Taking into account the optimal HIP temperatures for SS/SS bonding known as about 1050-1100

0y -



JAERI-Research  97-092

1. Introduction
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bonding techniques. Hot Isostatic Pressing (HIP) of solid plates and/or blocks are considered in
this study.
2) The confirmation of the bonding techniques by destructive/non-destructive examination methods.
These methods will include mechanical testing of bond structure (including tensile tests and low
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3) The demonstration of the fabrication of prototypical size first wall with integral coolant channels.
The materials to be used are alumina dispersion strengthened copper (DSCu), Glidcop Al-25 ®

and annealed type 316LN stainless steel or relevant materials.

2. Screening Tests for HIP Conditions [2, 3]

To avoid or reduce high temperature effects on the microstructure of SS structural material, i.e.
grain coarsening and degradation of mechanical properties, and also to simplify manufacturing
procedure, thus to reduce manufacturing cost, a simultaneous HIP bonding of DSCu/DSCu,
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C [6-8} and DSCu melting point of 1083 °C, test specimens of HIPped SS316L/DSCu joints at
980-1050 °C were fabricated. HIP pressure and holding time were 150 MPa and 2-4 hours,
respectively, based on the previous experiences of S5/SS HIP bonding [6-8].

By microscopic and SEM observations, no defects were observed at the HIPped interfaces of
all specimens. Figures 2.1 and 2.2 show microscopic images of the SS316L/Al-25 joints at
HIPped interfaces. Diffusion and precipitation of SS elements, i.e. Fe and Cr clarified by EPMA,
were observed into DSCu up to about 100 pm from the interface. The precipitation increased as
the HIP temperature increased.  An intermediate layer of < 5-10 im thickness was formed at the

interface, of which composition need to be clarified in detail by further investigation.

Ultimate tensile strength, yield strength, total elongation and reduction of area are shown in
Figs. 2.3 - 2.6, respectively, for the HIP bonded $S3161/Al-25 joints fabricated at 980, 1030 and
1050 <C.  Circles, squares and triangles in these figures denote the results for the joints fabricated
at 980, 1030 and 1050 <C, respectively. Remarkable differences were not observed among the
tensile properties of these joints, though large elongation and reduction of area of one test piece out
of two pieces of the joints fabricated at 1050 “C were observed in the case of room temperature

tests, as shown in Figs. 3.5 and 3.6.

Results of hardness measurement is shown in Fig. 2.7 for the HIP bonded SS316L/Al-25
joints fabricated at 980, 1030 and 1050 <C.  Significant differences were not observed among the

hardness of these joints.

Results of the fatigue tests at room temperature are shown in Fig. 2.8, where the data are
plotted in the form of total strain range versus number of cycles to failure for the HIP bonded
SS316L/Al-25 joints fabricated at 980, 1030 and 1050 C. Fatigue strengths of the HIP bonded
SS316L/AI-25 joints fabricated at 1050 °C showed slight higher fatigue lifetime compared with
those at 980 and 1030 <C.

Results of Charpy impact tests are shown in Figs. 2.9 - 2.11 for the HIP bonded
$S8316L/SS316L, SS316L/Al-15 and SS316L/Al-25 joints, respectively. The impact values
increased as the HIP temperature increased. The fracture was observed at DSCu base metal in
case of $S316L/Al-15 joint HIPped at 1050 <C. The other joint specimens fractured at HIPped

interface.

Based on above results, it was concluded that HIP temperature of 1050 °C was an optimal
condition for the simultaneous HIP bonding of DSCu/DSCu, SS/DSCu and SS/S8S, and to be
applied for the mock-ups fabrication.
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3. Mechanical Properties of HIPped Joints
3.1Baseline Properties
3.1.1 Experimental procedure

Test blocks for the $$316L/DSCu HIP joint were fabricated by bonding flat plates of SS316L.
and DSCu (Al-15 and Al-25) under the HIP condition of temperature at 1050 OC, pressure at 150
MPa and holding time of 2 hours. Rolled directions of both of SS316L and DSCu plates were
parallel to the joint interface to be consistent with the fabrication of the first wall structure. Test
specimens were made by cutting out of the test blocks with the joint interface at their center. The
following mechanical tests were performed:

- Tensile tests at room temperature (RT)-450 °C,

- Strain controlled fatigue tests with total strain ranges of 0.5-1.2 % with triangular wave form,
with strain rate of 0.1%/s, and at RT-400 °C,

- Charpy impact tests at RT,

- Crack propagation tests by ASTM E647 at RT,

- Fracture toughness tests by ASTM E813 at RT.

3.1.2 Test results
3.1.2.1 Tensile tests

Ultimate tensile strength, yield strength, total elongation and reduction of area are shown iIn
Figs. 3.1.1 - 3.1.4, respectively, for the HIP bonded $S3161/Al-15 [9] and SS316L/AL-25 joints,
and the base metals of Al-15 [8] and Al-25 with the same heat treatment of the HIP process.
Circles, squares, triangles and lozenges in these figures denote the results of $§316L/Al-15 joints,
SS316L/Al1-25 joints, Al-15 base metal and Al-25 base metal, respectively. As shown in Figs.
3.1.1 and 3.1.2, ultimate tensile strengths and yield strengths of the HIP bonded SS316L/DSCu
joints were nearly equal to those of DSCu base metal. Total elongation and reduction of area of
the HIP bonded SS316L/DSCu joints were slightly lower than those of the base metal of DSCu,
though very small elongation and reduction of area were observed at test temperatures over 300 °C,

as shown in Figs. 3.1.3 and 3.1.4.

3.1.2.2 Fatigue tests
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The results of fatigue tests at room temperature and elevated temperatures are shown in Figs.
3.1.5 and 3. 1.6, respectively, where the data are plotted in the form of the total strain range versus
the number of cycles to failure. Most of the data of the HIP bonded SS316L/DSCu joints
showed slight degradation compared with those of the DSCu base metals.

3.1.2.3 Impact tests

The results of Charpy impact tests are summarized in Table 3.1.1.  Both of impact values of
the HIP bonded SS316L/Al-15 [7] and SS316L/Al-25 joints were low compared with those of the
base metals of Al-15 and Al-25. The impact values of SS316L/Al-15 joints were 27 - 60 % of
those of Al-15 base metal [7], and those of Al-25/SS316L joints were 33 - 40 % of those of Al-25

base metal.
3.1.2.4 Crack propagation tests [10]

Crack propagation tests were performed to examine crack behavior of DSCu (Al-25)/SS3161.
HIPped interface. Two types of test specimens as shown in Fig. 3.1.7 were prepared. One had
a notch along the HIPped interface and the other, in DSCu, normal to the interface.  Stress ratio
and frequency at the tests were 0.1 and 10 cycles per second, respectively.

The crack in the former test specimen propagated along the interface perpendicular to the
loading direction during the testing while the crack in the latter specimen propagated in the DSCu
also perpendicular to the loading direction, but stopped at the interface, then exfoliated the interface.
Thus the crack did not propagated into SS316L in the latter specimen.  Evolution of crack length
are shown in Fig. 3.1.8. The relationships between AK and da/dN are shown in Fig. 3.1.9.
The crack along the interface (the former specimen) propagated faster than the crack in DSCu (the

latter specimen).
3.1.2.5 Fracture toughness tests

Fracture toughness (J) tests were performed with DSCu(Al-25)/SS316L HIPped joint and
DSCu base metal with the same heat treatment as HIP process. Test specimen used are shown in
Fig. 3.1.10. Stress ratio and cross head velocity were -1.0 and 1 mm/min., respectively. The J
values were evaluated by J-R curve method (power law curve fitting procedure) defined in ASTM-
E813 and using Young's medulus and Poisson’s ratio of DSCu, i.e. 12000 kgf/mm? and 0.3,

respectively.

The results of fracture toughness tests are shown in Figs. 3.1.11 and 3.1.12.  According to
the ASTM-ES13, there are a number of criteria for validating the data including the following:
— 4 ——
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- One point must kie between the 0.15 mm exclusion line and a parallel line with an offset of 0.5

mm from the blunting line.

- One point must lie between a line parallel to the blunting line at an offset of 1.0 mm and the 1.5-
mm exclusion line.

- At least four points must remain between the minimum crack extension (the intersection of the
0.15 mm exclusion line and the power law regression line) and the maximum crack extension

(the intersection of 1.5 mm exclusion line and the power law regression line) and the [ ..

Though the data obtained in this test did not fully satisfy above criteria as shown in Figs.
3.1.11 and 3.1.12, some guideline on the J values could be obtained. The Jq values evaluated

with these data were 17.6 kJ/m2 and 69.5 kJ/m?2 for the HIPped joint and the DSCu base metal.

3.2 Mechanical Test of Structural Model {11]
3.2.1 Fatigue test

Test specimens reflecting the first wall structure, i.e. with one SS cooling tube embedded in
DSCu heat sink, as shown in Fig. 3.2.1 were fabricated by HIP.  Glidcop Al-25% and type 316L
stainless steels were used as DSCu and SS, respectively. Dimensions of the SS tube were 10
mm in inner diameter and 1 mm in thickness, HIP conditions were 1050 C, 150 MPa and

holding time of two hours.

Tension-compression fatigue tests using these specimens were performed. Test conditions

were as follows:

- Temperature : room temperature
- Atmosphere : air

- Loading : strain-controlled
- Wave form : triangular

- Strain velocity 0.1 %/sec

- Strainratio  :-1

- Total strain range : 1.0, 0.7, 0.5, 0.3 and 0.2 %

Results of fatigue test are summarized in Table 3.2.1. Changes of stress range during the
test are shown in Figs. 3.2.2-3.2.6. Stress ranges were calculated with a nominal cross section
(A) of the test specimen given by:

A=(D;-D)xt=(20.0-102)x6.0=>588 mm?

D - tube inner diameter
D, :width of test specimen
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t : thickness of test specimen.
The number of cycles to failure was defined as that at the imposed load decreased down to
three fourth of the maximum load. Total, elastic and plastic strain ranges as a function of the
number of cycles to failure are shown in Table 3.2.1 and Fig. 3.2.7. The fraction of elastic strain

range increased as total strain range increased.

Appearances of test specimens after fatigue test are shown in Figs. 3.2.8 and 3.2.9. For test
specimens of 1.0 and 0.7 % strain range (Fig. 3.2.8), the tests were stopped when the failure was
observed, i.e. the imposed load reduced to three fourth of the maximum load.  On the other hand,
tests were continued for specimens of 0.5, 0.3 and 0.2 % strain ranges untif the specimens were
fully ruptured. In all cases, a crack was initiated at the inner surface of SS tube at the angle of 90°
or 270° to the loading direction. Then in some cases, a crack was generated in DSCu at the
HIPped interface even without the initial crack propagating through the SS tube. The crack in
DSCu propagated in the direction perpendicular to the loading direction. Exfoliation of the

HIPped interface was also observed following the crack initiation in DSCu.

3.2.2 Elasto-plastic analysis

Elasto-plastic structure analyses were performed to evaluate the failure behavior of the test
specimen.  The analysis model was 2-D model incorporating one fourth of the test specimen with

plane stress condition. The analysis code used was ABAQUS.

Results of elasto-plastic analysis are shown in Fig. 3.2.10 together with fatigue test results of
above structural model, SS316 with the same heat treatment of the HIP process, and
DSCu/SS316L HIPped joints of round bar specimen.  Analysis results indicate local strain ranges
at the inner surface of SS cooling tube and in DSCu at HIPped interface based on the same
nominal strain range of the structural model test. The maximum local strain in the analysis was
obtained at the SS tube inner surface, which is consistent with the location of crack initiation in the
test. The numbers of cycles to failure or the total strain ranges for failure of the analysis results
are larger than those obtained from the $S316 test with round bar specimens. Itis possibly due
to non-uniform stress (strain) distribution in the structural model while the stress (strain)
distribution is uniform in the round bar specimen. Therefore, by keeping stresses (strains) in the
design analysis lower than the data of round specimen test, probably with some safety factors, the

component structural integrity can be maintained.

4. Fabrication of DSCu/SS Panels with Built-in Cooling Channels

Based on the results of the screening test described in Chapter 2, first wall mock-ups with
_— 6 —
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Results of elasto-plastic analysis are shown in Fig. 3.2.10 together with fatigue test results of
above structural model, $S316 with the same heat treatment of the HIP process, and
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at the inner surface of SS cooling tube and in DSCu at HIPped interface based on the same
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component structural integrity can be maintained.

4. Fabrication of DSCu/SS Panels with Built-in Cooling Channels

Based on the results of the screening test described in Chapter 2, first wall mock-ups with

AGA
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built-in rectangular cooling channels were fabricated with the selected HIP conditions, i.e. 1050 C,
150 MPa and holding time of 2 hours [4]. Glidcop Al-15® and type 316L stainless steel were
used as DSCu and SS, respectively, for trial and mock-ups fabrication shown below.

4.1 Trial Fabrication

Prior to the mock-ups fabrication, trial fabrication on a configuration of the bonding assembly
was conducted. Two specimens were fabricated; one was with thin (0.5 mm thick) SS lner
inserted between DSCu plate and SS rectangular tubes, and another without the SS liner. The
purpose of the SS liner insertion was to avoid DSCu intrusion into gaps between SS tubes and a
formation of sharp edge that might cause a crack initiation. An appearance of the former
specimen and close-up views of coolant channel cross-sections of both specimens are shown in
Fig. 4.1. Micro-photographs of sections between coolant channels with and without SS liner are
shown in Fig. 4.2. Though both of specimens were successfully joined resulted from
metallurgical observations, DSCu intrusion into gaps between coolant channels was observed in
case of the specimen without SS liner. Therefore, the insertion of SS liner was effective to
prevent DSCu from intruding into the gaps, and it was concluded to adopt the SS liner insertion
for the next first wall mock-ups fabrication, It should be also noted that the effect of the DSCu
intrusion on the component integrity, e.g. crack initiation and propagation, should be investigated
in more detail because the elimination of the SS liner will contribute to reduce the complication in

fabrication and thus fabrication cost.
4.2 - Fabrication of First Wall Mock-ups

Based on above results, 300 mm long and 800 mm long mock-ups ‘of HIPped first wall were
fabricated with built-in rectangular coolant tubes. Figures 4.3 shows the former mock-up. The
first wall panel section is about 110 mm wide and 25 mm thick with DSCu thickness of 5 mm.
Eight cooling tubes are embedded, of which dimensions are internally 6 x 10 mm and thickness of
1.5mm. The 0.5 mm thick SS liner is inserted between DSCu and the coolant tube. A DSCu
plate, SS liner, SS coolant tubes, and bottom and edge SS plates were HIPped simultaneously
under conditions of 1050 °C, 150 MPa and holding time of 2 hours. Then coolant manifolds and
supply/return pipes were welded. The latter (8300 mm long) mock-up shown in Fig. 4,4 was
fabricated similarly but with 12 built-in coolant tubes and the mock-up width of about 160 mm.

Maximum undulation in the former and the latter mock-ups after the HIP process were less
than 0.2 mm and 2.5 mm, respectively. Then the latter mock-up was pressed to reform the
undulation down to 0.5 mm. When both mock-ups were HIPped, they were made a little wider
and longer than above-mentioned final dimensions.  After the HIPi)ing, edge parts of each mock-
up were cut and microscopically observed. There were no harmful voids found at their HIPped
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interfaces by microscopic observation. After the edge parts were removed, both of mock-ups
were finally machined, and inlet/outlet coolant headers were welded by TIG welding.

4.3 Conclusions

Conclusions obtained through the fabrication of the first wall mock-ups are summarized as
follows:
(1) Simultaneous HIP bonding of DSCu/SS and SS/SS was successfully conducted for fabricating
first wall panel mock-ups with built-in coolant tubes.
(2) Insertion of thin SS liner between DSCu and SS rectangular cooling tubes was effective to
prevent DSCu from intruding into gaps between coolant tubes, which might cause crack initiation.
(3) The maximum undulations of the 300 long and 800 mm long first wall panel after HIPping
were 0.2 mm and 2.5 mm, respectively, of which the latter panel was decreased down to 0.5 mm
by pressing after HIPping.
(4) The same technology can be applied to the fabrication of medium scale mock-up.

5. High Heat Flux Tests of DSCu/SS Panel
5.1 Tested First Wall Mock-up and Pre-analysis

The fabricated 300 mm long first wall mock-up shown in Fig. 4.3 was tested with high heat
fluxes at PBEF (Particle Beam Engincering Facility) in JAERI [12-14].  The heat flux tests were
composed of short term thermal fatigue test with TTER normal operation condition and thermal
shock test with disruption conditions. Heat flux loading time for the thermal fatigue test was
decided to be one second so as to perform the test efficiently in a shorter time. With this short
heat flux loading time, higher heat fluxes than ITER nominal conditions were to be selected so that
temperatures and strains at the HIPped interface could simulate those for ITER operation condition.

Thermo-mechanical analyses were performed to determine the test conditions. Analysis
model was a 2-dimensional model of one half of the mock-up taking symmetric condition into
account as shown in Fig. 5.1. Analysis code used was ABAQUS [15]. Calculated
temperatures of DSCu and HIPped interface with one second heat flux loading time are shown in
Fig. 5.2 as a function of heat flux. Coolant temperature in the calculation was 30 C, which was
the same as in the test.  Volumetric heating was not considered also to be consistent with the test
condition. A steady state temperature at the HIPped interface with heat flux of 0.5 MW/mZ, i.e.
TITER normal operation condition, but with coolant temperature of 30 C and without volumetric
heating is 110 °C.  Therefore from Fig. 5.2, it can be concluded that a test with the heat flux of
about 2.0 MW/m2 will simulate the temperature at the HIPped interface during ITER normal
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interfaces by microscopic observation. After the edge parts were removed, both of mock-ups
were finally machined, and inlet/outlet coolant headers were welded by TIG welding.

4.3 Conclusions

Conclusions obtained through the fabrication of the first wall mock-ups are summarized as
follows:
(1) Simultaneous HIP bonding of DSCu/SS and SS/SS was successfully conducted for fabricating
first wall panel mock-ups with built-in coolant tubes.
(2) Insertion of thin SS liner between DSCu and SS rectangular cooling tubes was effective to
prevent DSCu from intruding into gaps between coolant tubes, which might cause crack initiation.
(3) The maximum undulations of the 300 long and 800 mm long first wall panel after HIPping
were 0.2 mm and 2.5 mm, respectively, of which the latter panel was decreased down to 0.5 mm
by pressing after HIPping.
(4) The same technology can be applied to the fabrication of medium scale mock-up.

5. High Heat Flux Tests of DSCu/SS Panel
5.1 Tested First Wall Mock-up and Pre-analysis

The fabricated 300 mm long first wall mock-up shown in Fig. 4.3 was tested with high heat
fluxes at PBEF (Particle Beam Engineering Facility) in JAERI [12-14]. The heat flux tests were
composed of short term thermal fatigue test with TTER normal operation condition and thermal
shock test with disruption conditions. Heat flux loading time for the thermal fatigue test was
decided to be one second so as to perform the test efficiently in a shorter time. With this short
heat flux loading time, higher heat fluxes than ITER nominal conditions were to be selected so that
temperatures and strains at the HIPped interface could simulate those for ITER operation condition.

Thermo-mechanical analyses were performed to determine the test conditions. Analysis
model was a 2-dimensional model of one half of the mock-up taking symmetric condition into
account as shown in Fig. 5.1. Analysis code used was ABAQUS [15]. Calculated
temperatures of DSCu and HIPped interface with one second heat flux loading time are shown in
Fig. 5.2 as a function of heat flux. Coolant temperature in the calculation was 30 C, which was
the same as in the test.  Volumetric heating was not considered also to be consistent with the test
condition. A steady state temperature at the HIPped interface with heat flux of 0.5 MW/m?2, i.e.
ITER normal operation condition, but with coolant temperature of 30 C and without volumetric
heating is 110 °C.  Therefore from Fig. 5.2, it can be concluded that a test with the heat flux of
about 2.0 MW/mZ will simulate the temperature at the HIPped interface during ITER normal
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operation, Calculated strains at the HIPped interface with the same calculation conditions as

above are shown in Fig. 5.3.
As strains at the HIPped interface with ITER normal operation condition are 4.2 x 10-3 (g,) and
3.6 x 10-3 (e,), heat fluxes of 5.0 - 6.0 MW/m2 can simulate these strains as indicated in the

figure,
5.2 Test Conditions

Test conditions selected based on above analyses results are summarized in Table 5.1.  Four
tests were performed in series. The first two tests are thermal fatigue tests simulating the
temperature (No. 1) and the strain (No. 2) at HiPped interface during ITER normal operation.
The last two (Nos. 3 and 4) are thermal shock tests corresponding to disruption conditions, i.e. the
radial disruption ( 20 MJ/m2 x 25 msec ) and the vertical displacement event ( 60 MI/m2 x 300

msec ), respectively.

Table 5.1 High heat flux testing conditions

No. heat flux heat flux loading number
(MW/m2) time (sec) of cycles
1 20-2.5 1.0 1000
2 50-6.0 1.0 1000
3 40.0 0.075 2
4 100.0 0.3 1

8.3 Test Results

Typical temperature responses in the thermal fatigue test (No. 1) under heat flux of 2.0
MW/m2 are shown in Fig. 5.4. Temperature of DSCu were measured by means of a
thermocouple at 2 mm deep from the DSCu surface. Temperature responses indicated in Fig. 5.5
are those at 50th and 1000th cycles. Both responses agree well, thus no degradation of thermal
performance is observed between 50th and 1000th cycles. In addition, their responses also agree

well with the analysis result as shown in the figure.

Temperature responses at the HIPped interface during the second test {(No. 2) are shown in
Fig. 5.5. In the figure, the analysis result with heat flux of 5.0 MW/m?2 is also shown. The
response at S0th cycle agrees well with the analysis results. Temperatures at 1000th cycle are
approximately 20 % higher than those at 50th cycle. This is because the heat flux at the 1000th
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cycle was unintentionally increased up to about 6.0 MW/m2, while the heat flux at the 50th cycle
was kept at 5.0 MW/m2. Taking this heat flux increase into account, it can be said that the
temperature response at the 1000th cycle agree well with an expected analysis results without any

degradation in heat removal performance.

Therefore, it can be concluded from these fatigue test results that the thermo-mechanical
integrity of the DSCu/SS HIPped mock-up was confirmed at least up to 2000 thermal cycles.

Temperatures during the third test also agreed well with analysis result. Maximum
temperature of DSCu surface was about 360 C in this case. No change was observed in its

physical appearance after the test.

In the last test simulating a severe disruption condition with the heat flux of 100 MW/mz,
ejection of small particles from the heated DSCu surface was observed. An appearance of the
first wall panel after this test is shown in Fig. 5.6. There are three representative concentric circle

patterns, i.e. hoarse, wavy and glossy from the center, on DSCu surface along with the beam

power proﬁle.

5.4 Post-mortem Analysis

After all above tests, the first wall panel was cut, and the HIPped interface and the heated
surface of DSCu were microscopically observed. Cutting line of the mock-up is shown in Fig.
5.6. A cross section of the cut first wall panel is shown in Fig. 5.7. Close observations of the
region indicated by a square in Fig. 5.7 were performed. Figure 5.8 indicates a SEM observation
at the HIPped interfaces of DSCu/SS liner, SS liner/SS tube, and SS tube/SS tube. Since no
cracks were observed at their interfaces, the integrity of the HIPped joints were confirmed.

A microscopic observation of the DSCu surface at the beam center is shown in Fig. 5.9.
Melting zone of thickness about 1.5 mm is observed. There are many fine cracks propagating
from the surface into the melting zone. A number of cylindrical voids of about 100 um in
diameter also appeared in the melting zone, which might be due to residual gas release in the DSCu.
A SEM observation of DSCu surface at the beam center is shown in Fig. 5.10. Segregations in
the size of 10 um, fine cracks and a dendritic structure are observed. - From composite image
shown in Fig. 5.11 and EPMA analysis, it was found that these segregations consisted of ALO,
probably from those contained in DSCu.
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Further investigation on the effects of Be armor on the first wall thermo-mechanical
performance is also needed because it is the material to which the heat flux from plasma is directly

subjected.

6. HIP Joint Performance and Applicability of Ultrasonic Testing
6.1 Introduction

Reliability of a structure strongly depends on the size of defect existing in the structure, as well
as the design condition, external force, and the environment. There is a possibility that HIP
joints in the first wall structure have interfacial voids. To assure the reliability of the HIP joints,
therefore, it is quite important to clarify the minimum defect size that can be detected by NDT.

In this study, HIP joints were made by using type 316L stainless stecl (S5316L) and Glidcop
Al-25® (DSCu) as base materials. In addition to metallurgical observations and tensile tests of the
joints, the maximum echo amplitude from the joint interface and the maximum noise echo
amplitude from base metal were investigated. Based on these results and calculations, the

minimum detectable defect sizes were estimated for the joints of above material combinations.

6.2 Manufacturing of HIP Joints

In a HIP trial, a couple of 26 mm thick blocks were joined. Three types of material
combinations, i.e. $S316L/SS316L, DSCu/DSCu, and $S316L/DSCu were selected. In the
HIP procedure, there are three main factors that affect the quality of the joint, i.e. the temperature,
the atmospheric pressure, and the roughness of surface to be bonded. ~Among these factors, the
temperature and the pressure are accurately and automatically controlled during the bonding
process. On the other hand, generally, it is difficult to make the surface roughness uniform in
whole area to be bonded, especially when a large components are assembled. From the
viewpoint of the joint quality, finely polished surface is desirable. However, considering the
manufacturing cost and the aberration in practice, allowing rough surface preparation (up to 25 Um
in Rz) would be requested.  From this standpoint, test blocks of three different surface roughness
levels, 2 pim, 10 pum and 40 pm in Rz, were prepared for each material combination mentioned

above. Table 6.1 shows the surface roughness of test blocks measured prior to the bonding.

6.3 Sampling of Test Specimens

Figure 6.1 shows sampling locations of specimens from the bonded block. The design
thickness indicated in the figure expresses the actual beam path distance of UT based on the
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Further investigation on the effects of Be armor on the first wall thermo-mechanical
performance is also. needed because it is the material to which the heat flux from plasma is directly

subjected.

6. HIP Joint Performance and Applicability of Ultrasonic Testing
6.1 Introduction

Reliability of a structure strongly depends on the size of defect existing in the structure, as well

“as the design condition, external force, and the environment. There is a possibility that HIP

joints in the first wall structure have interfacial voids. To assure the reliability of the HIP joints,
therefore, it is quite important to clarify the minimum defect size that can be detected by NDT.

In this study, HIP joints were made by using type 316L stainless steel (SS316L) and Glidcop
Al-25% (DSCu) as base materials. In addition to metallurgical observations and tensile tests of the
joints, the maximum echo amplitude from the joint interface and the maximum noise echo
amplitude from base metal were investigated. Based on these results and calculations, the
minimum detectable defect sizes were estimated for the joints of above material combinations.

6.2 Manufacturing of HIP Joints

In a HIP trial, a couple of 26 mm thick blocks were joined. Three types of material
combinations, i.e. $§3161./58316L, DSCu/DSCu, and SS316L/DSCu were selected, In the
HIP procedure, there are three main factors that affect the quality of the joint, i.e. the temperature,
the atmospheric pressure, and the roughness of surface to be bonded. ~Among these factors, the
temperature and the pressure are accurately and automatically controlled during the bonding
process. On the other hand, generally, it is difficult to make the surface roughness uniform in
whole area to be bonded, especially when a large components are assembled. From the
viewpoint of the joint quality, finely polished surface is desirable. However, considering the
manufacturing cost and the aberration in practice, allowing rough surface preparation (up to 25 pm
in Rz) would be requested.  From this standpoint, test blocks of three different surface roughness
levels, 2 pm, 10 pm and 40 pm in Rz, were prepared for each material combination mentioned

above. Table 6.1 shows the surface roughness of test blocks measured prior to the bonding.

6.3 Sampling of Test Specimens

_ Figure 6.1 shows sampling locations of specimens from the bonded block. The design
thickness indicated in the figure expresses the actual beam path distance of UT based on the
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present design of the first wall. Tensile test specimens of base metal were collected in the
direction parallel to the joint surface, due to insufficient thickness of available base material at that
time (30 mm).

6.4 Cross Sectional Observation of Joints
6.4.1 SS316L/SS316L joints

Figure 6.2 shows macrostructures of the cross sections of §$S316L/SS316L joints. Slight
grain growth due to dynamic recrystallization was observed in the joint of roughest surface
preparation. However, for all surface roughness conditions, defects were not observed at joint
interfaces. Moreover, as shown in Fig. 6.3, even a fine defect was not seen, either, from the

observation of the microstructure.
6.4.2 DSCu/DSCu joints

Macrostructures and microstructures of the cross sections of DSCu/DSCu joints are shown in
Figs. 6.4 and 6.5, respectively. From these observations, joint interface lines were clearly
identified in all joints because of the existence of grain boundaries. However, a defect was not

observed in the joints for all surface roughness conditions.
6.4.3 SS316L/DSCu joints

Macrostructures and microstructures of the cross sections of SS316L/DSCu joints are shown
in Figs. 6.6 and 6.7, respectively. In all joint interfaces, a transition zone was not formed, and a

defect was not observed.
6.5 Tensile Test Results

Figure 6.8 shows the relationship between the proof stress of joints and surface roughness
conditions, for three types of material combinations. Results of the base metal are also shown in
the figure. From these results, it was confirmed that change of the surface roughness from 2 to
40 um in Rz did not affect the proof stress of HIP joint for all material combinations. Proof
stresses of HIP joints were slightly lower than that of base metal. . The reason of this is
considered to be the difference of sampling direction of test pieces between HIP joint and base
metal. On SS316L/DSCu combination, necking and fracture occurred at DSCu base metal, and
therefore, proof stress of the joint met the value of DSCu base metal. The tensile strength of the
HIP joints and base metals (Fig. 6.9) showed the same tendency as the proof stress.
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Figs. 6.10 and 6.11 show the influence of the surface roughness on the elongation and the
reduction of area (RA) of the HIP joints, respectively. In the combination of DSCu/DSCu and
DSCu/SS316L, the elongation and RA of the joints did not change at different surface roughness
conditions. However, in comparison with base metal, those joints showed a decline especially in
RA. As for SS316L/SS316L joints, both of the elongation and RA slightly decreased at the
surface roughness of 40 pm.

6.6 Ultrasonic Testing
6.6.1 Automatic ultrasonic testing

Figure 6.12 shows an example of a top view result of SS316L/S $316L joints by UT. All
joints were examined at 1 mm scanning pitch with an automatic UT system of immersion type.
Applied frequency was 5 MHz and 10 MHz. In the figure, colors express the echo amplitude
from the joint interface. Eighty-percent-color-echo level was adjusted to be 48 dB higher level
than that from wide plane. A quite high sensitivity was adopted for this test because a flaw echo
was not obtained when normal sensitivity was applied.  Therefore, the difference of the

sensitivity among colors were very small, and defects were not detected by UT.

6.6.2 Estimation of detectable defect size

To estimate the detectable defect size by UT, a noise echo from the base metal that disturb the
distinction of the defect echo has to be taken into account. Based on the results of above tests,
Figs. 6.13 and 6.14 show the estimation of detectable defect size in SS316L/SS316L joints by UT
at the frequency of 5 MHz and 10 MHz, respectively. In the figure, solid line shows the result of
the calculation on the relationship between the echo amplitude and the diameter of circular defects.
Horizontal broken and dash-dotted lines show the maximum echo amplitude from the joint
interface and the maximum noise echo amplitude from base metal. The minimum detectable

defect size is expressed by the cross point of higher horizontal line and the calculation curve.

From these figures, detectable defect size is expected to be 0.9 mm in diameter at 5 MHz, and
1.8 mm at 10 MHz. In case that there are a number of small defects within a ultrasonic beam size,
the area of small defects should be summed up and dealt as a single circular defect of the same area.
Based on above idea, the minimum detectable sizes of the defects are expected to be 0.35 mm for
DSCu/DSCu joints (Figs. 6.15 and 6.16), and 1.4 mm for DSCu/SS316L joints (Figs. 6.17 and -
6.18).

6.7 Summary
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The results of this study are summarized as follows;

(1) HIP joints were made with different surface roughness levels for the material combinations
of $S316L/SS316L, $S316L/DSCu and DSCu/DSCu.

(2) At joint interfaces of all HIP joints, a defect was not observed by cross sectional
observation of macro and microstructure.

(3) Proof stress and tensile strength of HIP joints was not influenced by the difference of
surface roughness in the range from 2 to 40 m in Rz.

(4) SS316L/SS316L joint showed a slight decrease of the elongation and RA under the surface
roughness condition of 40 pm in Rz.

(5) Defects were not detected by UT in all HIP joints made in this study.

(6) From the results of the estimation by using calculations, the minimum detectable defects are
expected to be 0.9 mm, 0.35 mm, and 1.4 mm in diameter on SS316L/SS316L,
DSCu/DSCu, and SS3161./DSCu joints, respectively.

The following further investigations are necessary to confirm above estimations and

optimization of inspection conditions:

(1) Confirmation of the minimum detectable defect size through experiments,
(2) Determination of the inspection condition for the structure of actual size and geometry.

7. Summary

Joining techniques of alumina dispersion strengthened copper alloy (DSCu) and type 316L
stainless steel (SS) has been investigated aiming at applying to the fabrication of the ITER first
wall/blanket. As the joining method, Hot Isostatic Pressing (HIP) of solid plates and/or blocks
has been pursued. For applying this method, a simultaneous HIPping of three types of joints
included in the first wall/blanket structure, DSCu/DSCu, DSCu/SS and SS/SS, has been
considered in order to avoid or reduce high temperature effects on the SS structural material, e.g.
grain coarsening and degradation of mechanical properties, and also to simplify manufacturing
procedure, thus to reduce manufacturing cost. Starting from the optimization study of the HIP
condition, characterization, especially by mechanical tests, of the HIPped joints, the fabrication of
first wall mock-ups, high heat flux tests of the mock-ups, and examination of applicable non-

destructive testing method have been performed.

From a screening test for HIP temperatures of 980-1050 <C, it was concluded that the HIP
temperature of 1050 <C would be optimum for the simultanecous HIPping because the DSCu/SS
joint specimen made at 1050 °C showed higher impact values and fatigue properties than DSCu/SS
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The results of this study are summarized as follows;

(1) HIP joints were made with different surface roughness levels for the material combinations
of §§316L/SS8316L, $§316L/DSCu and DSCu/DSCu.

(2) At joint interfaces of all HIP joints, a defect was not observed by cross sectional
observation of macro and microstructure.

(3) Proof stress and tensile strength of HIP joints was not influenced by the difference of
surface roughness in the range from 2 to 40 pm in Rz.

(4) SS316L/SS316L joint showed a slight decrease of the elongation and RA under the surface
roughness condition of 40 pm in Rz.

(5) Defects were not detected by UT in all HIP joints made in this study.

(6) From the results of the estimation by using calculations, the minimum detectable defects are
expected to be 0.9 mm, 0.35 mm, and 1.4 mm in diameter on SS316L/5S316L,
DSCu/DSCu, and $S316L/DSCu joints, respectively.

The following further investigations are necessary to confirm above estimations and

optimization of inspection conditions:

(1) Confirmation of the minimum detectable defect size through experiments,
(2) Determination of the inspection condition for the structure of actual size and geometry.

7. Summary

Joining techniques of alumina dispersion strengthened copper alloy (DSCu) and type 316L
stainless steel (SS) has been investigated aiming at applying to the fabrication of the ITER first
wall/blanket. As the joining method, Hot Isostatic Pressing (HIP) of solid plates and/or blocks
has been pursued. For applying this method, a simultaneous HIPping of three types of joints
included in the first wall/blanket structure, DSCu/DSCu, DSCu/SS and SS/SS, bhas been
considered in order to avoid or reduce high temperature effects on the SS structural material, e.g.
grain coarsening and degradation of mechanical properties, and also to simplify manufacturing
procedure, thus to reduce manufacturing cost.  Starting from the optimization study of the HIP
condition, characterization, especially by mechanical tests, of the HIPped joints, the fabrication of
first wall mock-ups, high heat flux tests of the mock-ups, and examination of applicable non-

destructive testing method have been performed.

From a screening test for HIP temperatures of 980-1050 <C, it was concluded that the HIP
temperature of 1050 °C would be optimum for the simultaneous HIPping because the DSCu/SS
joint specimen made at 1050 °C showed higher impact values and fatigue properties than DSCu/SS
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specimens made at other temperature conditions. DSCu/SS joint specimens for further

mechanical tests and mock-ups were fabricated at this HIP temperature.

The following baseline mechanical properties of the DSCu/SS joints were obtained as a
function test temperature:

- tensile

- impact

- fatigue

- crack propagation

- fracture toughness.
Typically, the properties of the joints were almost the same as those of DSCu or S5 base metal
with the same heat treatment of the HIP process, thus good joints were obtained. However,
reduction of area in tensile test and fatigue lifetime of the joints were decreased at elevated test
femperature, e.g. over 300 <C.  The behavior of the joints under elevated temperatures needs to be

investigated in more detail as well as operation temperatures at the DSCu/SS joints,

Mechanical test of first wall structural model including one SS circular tube embedded in
DSCu were also performed. Typical results of this test indicated that a crack initiated at the inner
surface of the SS tube under cyclic operation, and the lifetime of the first wall structure could be
evaluated by existing SS fatigue data.

Two HIPped first wall panel mock-ups were successfully fabricated with built-in coolant
tubes: one was 300 mm long and the other 800 mm long. The former was thermo-mechanically
tested with high heat fluxes corresponding to the ITER normal operation (short term thermal
fatigue tests) and disruption conditions (thermal shock tests). During the tests, temperature
responses in DSCu and at HIPped interface were agreed well with analysis results, thus no
degradation in heat removal performance. In addition, there were no cracks and delaminations

found at HIPped interfaces in microscopic observation after all above tests.

As for non-destructive testing method, ultrasonic testing were investigated. Based on the
results of trial testing of HIPped specimens of SS/S8S, DSCu/DSCu and DSCu/SS, detectable

defect size at their joint interfaces were estimated.
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specimens made at other temperature conditions. DSCu/SS joint specimens for further

mechanical tests and mock-ups were fabricated at this HIP temperature.

The following baseline mechanical properties of the DSCu/SS joints were obtained as a
function test temperature:

- tensile

- impact

- fatigue

- crack propagation

- fracture toughness.
Typically, the properties of the joints were almost the same as those of DSCu or SS base metal
with the same heat treatment of the HIP process, thus good joints were obtained. However,
reduction of area in tensile test and fatigue lifetime of the joints were decreased at elevated test
temperature, e.g. over 300 C.  The behavior of the joints under elevated temperatures needs to be

investigated in more detail as well as operation temperatures at the DSCu/SS joints.

Mechanical test of first wall structural model including one SS circular tube embedded in
DSCu were also performed. Typical results of this test indicated that a crack initiated at the inner
surface of the SS tube under cyclic operation, and the lifetime of the first wall structure could be
evaluated by existing SS fatigue data.

Two HIPped first wall panel mock-ups were successfully fabricated with built-in coolant
tubes: one was 300 mm long and the other 800 mm long. The former was thermo-mechanically
tested with high heat fluxes corresponding to the ITER normal operation (short term thermal
fatigue tests) and disruption conditions (thermal shock tests). During the tests, temperature
responses in DSCu and at HIPped .interface were agreed well with analysis results, thus no
degradation in heat removal performance. In addition, there were no cracks and delaminations

found at HIPped interfaces in microscopic observation after all above tests.

As for non-destructive testing method, ultrasonic testing were investigated. Based on the
results of trial testing of HIPped specimens of SS/SS, DSCu/DSCu and DSCu/SS, detectable

defect size at their joint interfaces were estimated.
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Fig. 3.2.8 The HIPped structural model
after fatigue test (1)
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Fig. 3.2.9 The HIPped structural model
after fatigue test (2)
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Table 3.1.1 The result of Charpy impact tests

Test Pieace Impact Value (J/cm?)

Al-15 Base Metal 167

167
Al-25 Base Metal 38

39
38

553161/ Al-15 Joint 46 o

54.6
100
52

8S316L/Al-25 Joint | 13 o

15
13
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Fig. 5.3 Strain Analytical Result



JAERI-Research 97-092

NE\EON JO XNjJ lesy Jopun

sosuodsol aanielodwa) [eoldAL ¥°C "SI

(s) oury

109
UOIBMOeD

UI000T —+—

—_——

ad1d Jurood

0¢

(0) 4

0%

08

00l

0clL

(D,) dInjeradwa],




JAERI-Rescarch  97-092

L0/ MIALQ'S JO X1y Jeay 1apun
sasuodsar arnjeradwa) teoidA] ¢ 31

- 9PAd y1000118 ——
91940 Y106 1B —0—
I uollenajed - - - - -

(098) owil],
S 14 € Z L
; — T L T
| - - 9[dNoD-owIANy) adid 8u1j000
‘ i “
1]

0S

001

0Sl1

00¢

(Do) dmieradwo]




Cutting line

IAERI-Research 97-092

Fig. 5.6 Surface after high heat flux testing
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Fig. 5.7 Cross section under heat flux center
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$S316L/SS316L (Rz: 41 um)

$S316L/SS316L (Rz: 1.3 pm)

Fig. 6.2 Macrostructure of joint (S§316L/5S316L)
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SS316L/8SS316L Rz : 1.3 um)

Fig. 6.3 Microstructure of joint (§S3161./SS316L)
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DSCu/DSCu Rz : 1.5 pm)

| Fig. 6.5 Microstructure of joint (DSCu/DSCu)
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DSCu/SS316L (Rz : 1.5 pm)

Fig. 6.6 Macrostructure of joint (DSCu/SS316L)
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Fig. 6.7 Microstructure of joint (DSCu/SS316L)




350
300
250
200
150
100

Proof stress, MPa

()]
o

Tensile strength, MPa

L 3. D '+ TR - O & & B = » TR |

o OO OO o o o
o o o O o o O o

JAERI-Research  97-092

U SR P SCu. Base metal_(¥1ih heat treatnent)
A= i 1 —£
| ;
| SUS316L, Base metal | {with heat treatment)
........ c .- .-
{
1
]
j - [C—SsUsT1eL/sus3T5L
LAc-DSCu/DSCu
L3 --DSCu/SUS316L —
0 10 20 30 40 50 60
Surface roughness,Rz: um
Fig. 6.8 Relationship between surface roughness and proof stress

| | |
........%.........svs.alfa:t;%a.ss.msr.ﬂ-(.w.lt.h.ne.as,t:e.a.rree.n.tz..
: ° '
; .
DSCu. Base metal‘ {with heat treatment) )
e R e e _;E‘,:ﬁ,
: | | |
FO—30Us316L/SUS316L
Hc--DSCu/DSCu
HF--DSCu/SUS3TEL
0 10 20 30 40 50 60
Surface roughness, Rz: um
Fig. 6.9 Relationship between surface roughness and tensile stength



Elongation, %

Reduction of area, %

JAERI-Research 97-092

100 j ‘
| 1 FE—SUS3T6L/5US316L
‘ ‘ s -=D3Cu/DSCu
80 | | |_[E--DSCu/SUS316L [
a ‘B ; SUS316L, Base metal :(with heat treatment)
Q o ‘ : )
................... ‘-..-...-m—%.......-...-----_
] |
60
|
40 | |
: DSCu,jBase metal (with heat treatment)
20 1 O S S e
e
] l | |
0 10 20 30 40 50 60
Surface roughness,Rz: um
Fig. 6.10  Relationship between surface roughness and elongation
100 : ,
i I
| | .
30 SUS316L Base metat! (with heat treatment)
60
40
] , :
20 & g : ; A= SUS316L/SUs3 15
_ ' : HAe+-D8Cu/DSCy
: : : HO--DSCu/SUS 3L I
0 1
0 10 20 30 40 50 60

Surface roughness, Rz: um

Fig. 6.11  Relationship between surface roughness and reduction of area



JAERI-Research 97-092

[ZHIW 6] (TOTESS/TIO1ESS) 1nsas 11 jo opdwexy 77179 51

qp ¥ + oueld opm : 1ATISUSS w7y w11 2y
19T€SSHI9TESS  T191ESS/191ESS

wrl [y 2y
T9IESS/I9TLSS




JAER1-Research  97-092

o

|
-10 — =
-20 _—
-30 /

B /Maximum noise echo amp!itude on base metal

s 1 o it M M W e miemn 4 MM w A w mm % R 5 R e Wmm v w wt A

——n —-

' i

Echo amplitude, dB
(Reference:wide plane)

-40 1 f i i

_eg |00 g idn scho” anblitude o jofit interface
i ;

-60 // { [—Calculation

-70 {f } SUS316L,/SUS316L (5MHz)
v/ | ;

-80 0.9

0 2 4 6 8

Diameter of circular defect, mm

Fig. 6.13  Estimationof detectable defect size (SS316L/SS316L, 5 Mhz)

0
=€ 1 ‘ | !
X1mu
== _ / on baseimetal
d; o 20 ...... 7(‘:.-._.._._._.-_._._?-_.....% .........
3= % '“';7““ Irer Ro" amp]itude on jo ['r"r'?""
— = t
;: g _40 / Iaxmum echo ampiltuge on Join |nterrace
0, D [
=2 -30 / l ;
o w -§0 [ [—Calculation
23 ] |
L‘a’g -70 H : SUS316L,SUS316L (10MHz)
80 1% ! j
0 2 4 ) 8

Diameter of circular defect, mm

Fig. 6.14  Estimationof detectable defect size (SS316L/SS316L, 10 Mhz)




0 //
T ® / —Calculation
. =-20 ;
E “1‘3—30 / i
= =-40
g. @ 50 / Maximum echo amplitude on joint interface
= g- .......... A S S IR EARRAREAEAR
@ ! Maximum norse echo; amplitude on base metal
o ‘—_60 T b gl gy aly S WY NP PR TR RN T
5 2 | | '
W @-70 | DSCu,/DSCu (SMHz) [
€ 4 L | \ ;
0. 35
0_ 1 2 3 4 5 6
Diameter of circular defect, mm
Fig. 6.15  Estimationof detectable defect size (DSCu/DSCu, 5 Mhz)
0 /,—
=
_5 -20 //
@
= 2L -30
— = —4Q /Max1mum noise echo amplltude on base metal
= 8 /ﬁf ax'i'm'u'm"éc'ﬁd'amphtuae on’ Joint |nferface
% 5 ~-50 / I 1
[
% s 60 [ i —| —~Calculation
[V,
W @ -70 ; DSCu,/DSCu (10MHz)
g "
~80 Lot ' '
0 1 2 3 4 5
Diameter of circular defect, mm
Fig. 6.16 Estimationof detectable defect size (DSCu/DSCu, 10 Mhz)

JAERI-Research  97-092




JAERI-Research 97-092

m g _10 //
e = 20 ‘ ’,/f”” Maximum echo amplitude
- :j e ;7ffff .................. an. foint..inferface ..
- -— " !
R 30 ‘\\\ q// ! |
— = 40 pT \/—T' _____ X (UM Ao1se echo ampiitude |
2 2 g | '. on base metal (DSCu)
< : |
o o -60 | | —— Calculation
£ : [
& g 10 . DSCu,/SUS316L (5MHz)
[ J
<~ -80 T8
0 1 2 3 4 5 )
Diameter of circular defect, mm
Fig. 6.17 Estimationof detectable defect size (DSCu/SS316L, 5 Mhz}
0 - ,
!
-10 i —faximum echo amplitude

on iointlinterface

— vt  my w e o —

on base metal (DSCu)

[—¢Calculation}] |

Echo amp!itude, dB
(Reference:wide plane)

~-10 DSCu,~SUS316L (10MHz)
-80 \/ \ |
0 po b 2 3 4
Diameter of circular defect, mm
Fig. 6.18 Estimationof detectable defect size (DSCu/SS316L, 10 Mhz)



JAERI-Research 97-092

Table 6.1 gy rface roughness

Joint No. Material Surface roughness Rz, £ m
Each value Mean
1 SUS316L 42 4]
SUS316L 40
SUS316L. 2 SUS316L 11.6 114
SUS316L SUS316L 11.2
3 SUS316L 1.2 1.3
SUS316L 1.4
1 DSCu 44 43
DSCu 42
DSCu/ 2 DSCu 11.8 11.9
DSCu DSCu 12.0
3 DSCu 1.4 1.5
DSCu 1.6
1 DSCu 42 41
SUS316L 40
DSCu” 2 DSCu 12.2 11.7
SUS316L SUS316L 11.2
3 DSCu 1.4 1.5
SUS316L 1.6




