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T216-GB8 
 
Task Title : SMALL SCALE TESTING OF FW/BS MODULES 
 
 
INTRODUCTION 
 
 
The goal of the end of this task is to fabricate a mock-up for 
testing the different joints. In the present design, beryllium 
is joined onto Dispersion Strengthening Cu alloy (DS-Cu) 
that is joined onto Stainless Steel 316LN (SS). The two 
joints, i.e. SS/DS-Cu and DS-Cu/Be, are performed with the 
help of Isostatic Pressing diffusion Bonding. The DS-Cu/Be 
bonding is performed at 820°C under 140 MPa and the 
interlayer is titanium. 
 
 
2000 ACTIVITIES 
 
 
CHARACTERISATION OF THE Be/DS-Cu JOINT 
 
Several Be/DS-Cu joints have been performed following the 
reference HIP bonding process [1 to 3] in order to perform 
some mechanical shear tests. We recall that it has been 
pointed out that the interpretation of this kind of tests and 
the extrapolation of the results to real configurations are 
questionable [4]. The results of the shear tests are: 
 
- at RT, about 100 MPa, 
- at 250°C, about 70 MPa. 
 
THE BONDING OF STAINLESS STEEL 316LN 
ONTO DS-Cu 
 
The mock-up is made of stainless steel (about 100mm x 
100mm, thickness of 30mm) + DS-Cu (about 100mm x 
100mm, thickness of 10mm) + Be (about 100mm x 100mm, 
thickness of 10mm). Moreover, several SS-tubes are 
implemented at the SS/DS-Cu interface. The SS/DS-Cu 
joint + SS-tubes bonding are performed during the same 
HIP cycle. The HIP bonding has been performed following 
the ITER reference cycle: HIP at 1040°C under 120MPa 
during 2 hours. 
 
THE BONDING OF Be/DS-Cu 
 
The Be/DS-Cu joint has been performed with the HIP cycle: 
820°C under 140 PMa during 2 hours followed by a plateau 
at about 300°c during the cooling down. The Ti interlayer 
was about 50 µm thick. 
 
 
CONCLUSIONS  
 
 
The mock-up fabrication technology for SS/DS-Cu/Be is 
now valid and a mock-up has been completely achieved. 
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TW0-LASER/CUT 
 
Task Title : VV INTERSECTOR MAINTENANCE 
 FURTHER DEVELOPMENT OF HIGH POWER Nd YAG 
 Improvement of YAG laser back-plate cutting using powder injection 
 
 
INTRODUCTION 
 
 
This survey, as a part of a research and development 
program is involved in the maintenance operation of fusion 
reactors. It consists in cutting defect part of reactor plasma 
chamber with a YAG laser. The chamber is composed of 
double plates of 60 mm thick each separated by 200 mm. 
The quality of the cuts has to be compatible with an ulterior 
welding operation, in order to replace the defect parts. 
 
The aim of this new task is to improve the 60 mm thickness 
cutting by using two continuous wave YAG lasers. Indeed, 
in order to have more power on the plate, two 4 kW lasers 
are used. The beam transport is realized by two fibers, 
coming from two lasers, combined in a twin output fiber 
connector. 
 
The main goals of this new contract are the following : 
 
- To improve the cut surface (in order to realized a further 

welding operation without machining the cut surface), 
 
- To evaluate a new technique of cutting, including the 

use of powder injection inside the processes gas in order 
to improve the cutting capability, 

 
- To show the cutting feasibility in the over head position. 
 
- To show the efficiency of the CFC protection on the 

back of the 60 mm plate (distance between CFC and 
back plate ≈ 10 to 20 mm). 

 
For this first progress report, the works consisted in setting 
the experimental vessel (cutting tests under neutral 
atmosphere), in modifying the existing cutting head and in 
carrying out the preliminary cutting tests. 
The first cutting tests were carried out without powder in 
order to cut under neutral atmosphere. The second part 
consisted in realizing first trials with different types of 
powder. 
 
 
2000 ACTIVITIES 
 
 
EXPERIMENTAL CHAMBER 
 
A stainless steel chamber with a volume of 0.5 m3 is used. It 
includes, the displacement tables with a speed between 3 to 
400 mm/min, 3 windows (∅ 200 mm), 2 cameras (one 
inside and one outside the chamber) with a video tape 
recorder and a powder feeder. 

CUTTING HEAD 
 
The cutting head has two lenses of 25 mm diameter and a 
gas assist nozzle. One of the two lenses, ensures the 
collimating of the beam while the second one focuses the 
beam onto the workpiece. The focal length of the 
collimating lens is 50 mm and the focusing lens is 150 mm. 
 
CUTTING TESTS WITH CORINDON POWDERS 
ASSISTANCE 
 
The goal of this cutting tests is to investigate this kind of 
new cutting technique in order to improve the cut surface 
aspect (roughness) and also to increase the cutting speed 
(increase of the velocity energy of the gas). 
 
The main point of these trials is to determine an 
approximation of parameters set, as, the nature of powders, 
the quantity of powders and the relative position between 
the powder and the coaxial nozzles. 
 
With corindon powders (mean diameter of 100 to 160 µm), 
the main results of these series of trials are the following : 
 
- There is no significant improvement of the cut surface 

aspect.  
 
- Whatever the cutting conditions are, an asymmetry 

appears between the cut surface aspect of the right and 
left side of the same cutting plate.  

 
- Very long slags clung at the bottom edge of the plate on 

each side of the kerf.  
 
- The oxidisation of the cut surface is visible but 

superficially. 
 
- The cutting seems easier.  
 
ADJUNCTION OF STAINLESS STEEL (316L) 
POWDER 
 
With the help of Stainless steel powders (316L, mean 
diameter of 50 to 125 µm), the main results on these series 
of trials are the followings : 
 
- There is significant improvement of the cut surface 

aspect.  
 
- There is no asymmetry between the cut surface aspect of 

the right and left side of the cut plate.  
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- The slags are shorter at the bottom edge of the plate on 
each side of the kerf. It is mainly due to the decrease of 
the pressure from 4 bar to 1.5-2 bar.  

 
- The oxidisation of the cut surface is visible but 

superficial.  
 
- The cutting seems easier.  

- The quantity of powder is around 100 to 160 g per 
minute. 

 
These encouraging results incite us to carry on these cutting 
trials with other types of metallic powders as high fusion 
temperature type or heavy particles like molybdenum and 
tungsten. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Examples of Cutting with N2 gas assistance and Stainless steel (316L) powders (laser power : 2x3 kW) 
 
 
CONCLUSION 
 
 
The first stage of this study consisted in modifying the 
existing cutting head and vessel. 
 
The first cutting trials with metallic powder (316L) indicate 
a significant improvement of the cut surface. 
 
Next, the following trails will be implemented at a power of 
2x3 kW (twin spots) in order to optimize the nature of 
metallic powder, the powder nozzle position and the 
powder flow rate. 
 
Then, two lasers of 4 kW will be used in order to have 
2x4 kW on the samples. After a new optimization of the 
cutting process, the cutting test will be carried out in the 
over head position with and without powder. 
 
The shield plate made of CFC will be evaluated as thermal 
protection at the back of the sample. 
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With powder 
(16 g/min) 

Without 
powder 

- Material : Stainless steel 316L 
- Plate thickness : 60 mm 
- Power : 2x3 kW 
- Gas : N2 
- Pressure : 3 bar 
- Cutting speed : 30 mm/min 
- Kind of powder : 316L 
- Powder flow : 16 g/min 
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TW0-LASER/HYD 
 
Task Title : YAG LASER PROCESS FOR CUTTING AND WELDING OF THE 

HYDRAULIC MODULE BLANKET 
 CW YAG Laser process for cutting and welding of the hydraulic 

connections 
 
 
INTRODUCTION 
 
 
The work carried out on cutting and welding tests during the 
task 216 [1] has allowed us to validate experimentally some 
basic aspects of the assembly/disassembly of the blanket 
modules onto/from the back-plate. A miniaturized laser tool 
has been carried out during the previous task. The use of a 
pulsed YAG laser has highlighted the limits and problems 
due to the use of such lasers (reliability and no industrial 
technology). 
 
This new survey consists in improving the cutting and the 
welding processes by the use of a continuous wave High 
power YAG laser. 
 
The major improvements to be implemented are the 
following: 
 
CUTTING PROCESS 
 
- The achievement of a fine kerf in order to reduce the 

quantity of secondary wastes (mainly the sedimented 
drosses). 

 
- The improvement of the cut surface roughness (decrease 

of the roughness) in order to facilitate subsequent 
welding operations (the tube cut by laser has to be 
welded to a new one). 

 
WELDING PROCESS 
 
- The achievement of a smoother weld bead with reduce 

spattering,  
 
- To reduce the fumes inside the tubes.  
 
The aim of this work carried out during this first step (July 
to October) consisted in designing and performing the 
optical and mechanical modifications of the existing tool. 
 
 
2000 ACTIVITIES 
 
 
All the tool modifications are related to the new diameter of 
the pipe to be cut and welded. The table 1 shows the 
characteristics of the new pipes compared to the pipes used 
during the first study [1]. 

Table 1 : Pipes characteristics 
 

 
New tubes to 

cut  
and weld 

Tubes used 
during 

the first study 

Material Z2CND17-13 (316L) 

Internal diameter (mm) 77,5 55 

External diameter (mm) 85 61 

Tube thickness (mm) 3.75 3 

 
MODIFICATION OF THE EXISTING LASER TOOL 
FOR CONTINUOUS PROCESS 
 
New optical configuration : During the first study [1], the 
optical configuration of the orbital tool was the following : 
 
- The optical fiber had a core diameter of 1 mm (material 

: fused silica glass). 
 
- The collimating lens had a focal length of 50 mm for a 

16 mm diameter. 
 
- The focusing lens had a focal length of 50 mm for a 

16 mm diameter. 
 
- The lenses were made of fused silica glass. 
 
- The folding mirror, made of copper coated with gold, 

had a diameter of 14 mm and a thickness of 3 mm (the 
reflectivity is about 98 %). 

 
For this new survey, the optical configuration of the orbital 
tool is the following : 
 
- The optical fiber has a core diameter of 0.6 mm 

(material : fused silica glass). 

- The collimating lens has a focal length of 30 mm for a 
16 mm diameter (a couple of standard lenses of 50 mm 
and 75 mm focal lengths can be also used). 

- The focusing lens has a focal length of 25 mm for a 
15 mm diameter (same lens for cutting and welding). 

- The lenses were made of fused silica glass. 

- The theoretical spot diameter in the focused beam area 
must be around 0.5 mm. 

- The folding mirror, made of glass with a dielectric 
coating, has a diameter of 14 mm and a thickness of 
3 mm (its reflectivity is better than 99,3 %). 
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In this optical configuration, there is a separation between 
the collimating lenses and the focusing lens. 
 
The optical fiber, the two collimating lenses and the folding 
mirror are located in the head axis. 
 
The two focusing heads (one for the cutting process and the 
other one for the welding process) are located between the 
external head part and the internal tube part. 
 
All the trials will be carried out with a 4 kW C.W. YAG 
laser from HAAS company. 
 
Cutting process head tip : In order to improve the cutting 
process (low roughness) a small standard coaxial nozzle can 
be set on the head tip (figure 1). The pressure in the nozzle 
area can reach 4 bar. 
 
Welding process head tip : For the welding operation, a 
special head tip is used (figure 2). This device includes the 
focusing lens and two types of gaseous protection. 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1 : View of the head tip set 
with a coaxial nozzle for cutting 

 
The first protection is the coaxial gas, the same than the one 
used for the cutting process (low pressure). This protection 
avoids the damages due to some possible dust inside the 
optical head. The second one is a cross jet, which avoids 
solid projections that could damage the focusing lens. In 
this case, the maximum pressure is 4 bar. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2 : View of the head tip with a the nozzle for welding 
 

The main modification concerns the orbital head driving 
gear. In the first device, the speed reducer used two spur 
gears. The problem met was the head vibrations during the 
rotation due to the step by step motor. In order to have more 
regular head rotation, the transmission is carried out by a 
driving belt. The new speed reducer has a ratio of 1/1 
instead of 1/3. With this equipment a 800 mm/min cutting 
or welding speeds can be achieved instead of 250 mm/min 
with the first speed reducer. 
 
 
CONCLUSION 
 
 
During this step, the work has concerned the modifications 
of the orbital tool in order to use a continuous YAG laser 
instead of the pulsed YAG laser. The design and the 
mechanical realisation of two special head tips have been 
carried out. One of them is for the cutting process and the 
other one is for the welding process. Other modifications 
concerned the head driving gear in order to improve the 
head rotation. 
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TW0-LASER/REWELD 
 
Task Title : VV INTERSECTOR MAINTENANCE 
 FURTHER DEVELOPMENT OF HIGH POWER Nd YAG 
 Laser rewelding after cutting 
 
 
INTRODUCTION 
 
 
The global construction of the ITER Vacuum Vessel will 
need the assembly on-site of pre- assembled inter-sectors. 
Thus, on site welding of thickness up to 60 mm is required. 
This welding was already demonstrated with conventional 
TIG welding. In order to increase the efficiency of this 
joining, we have tested the possibility of robotised high 
power Nd:Yag laser welding. This evaluation was separate 
in two tasks, whose one task is the multiple pass laser 
welding of a 20 mm thick root pass. 
 
 
2000 ACTIVITIES 
 
 
The welding of the 20 mm thick root pass , considering a 60 
mm thick piece, induces some constraints on the groove 
geometry as well as the beam shape. The final aim of the 
application is to achieved the whole welding of 60 mm in a 
minimum of passes. The optimisation of the number of 
passes on the first 20 mm will be obtained using of a short 
focal length (result already demonstrated  on standard steel 
welding, 10 mm with 7 kW and a 150 mm focal length). 
But such a configuration leads to an important aperture of 
the beam and therefore, to an important aperture of the 
groove in order to be able to reach the bottom of a 60 mm 
thickness sheet. The following pictures show a comparison 
of the aperture between two beams, obtained through 200 m 
focal length, and through 500 mm focal length, and a 
comparison of the total volume to fill. 

The solution to limit this number of passes by minimising 
the volume to be filled is to use a long focal length, giving a 
narrow beam. With this configuration, we can limit the 
aperture to the top of  the groove to  6 mm. In this case, we 
can reduce to 10 the number of filling passes; (with the 
current configuration using 7 kW on piece, and a maximum 
filler wire speed around 10 m/mn). 
 
Using standard HAAS optics, the spot size on the focal 
plane with a 500 mm focal length optic reaches 1.5 mm. 
With 4 kW on such a surface, the power density is very low 
and it was not possible to realise a “key-hole” welding. 
However, due to the major interest of a limited number of 
filling passes,  we have all the same chosen this secondary 
solution to evaluate the welding of the root pass.  
 
The groove geometry is shown on figure 2. The initial 
symmetric geometry has been modified in an asymmetric 
one, in order to get a solution where it will not necessary  to 
have a machined edge on the pre assembled inter-sectors. 
Only the joining part between the two sectors will have to 
be machined. 
 
Experiments, made on this groove geometry have given 
excellent results. It is possible to achieve a 5 mm thick root 
pass, at a welding speed of 1 m/mn, which is very important 
parameter regarding the problem of thermal deformation 
during welding and the problem of its position (on top). 
Experiments were made with various filler wire speeds. 
This parameter has an influence on the thickness of the first 
passes. The wire speed is limited to around 10 m/mn, due to 
the requirement of  full penetration. 
 
 

 

 

 

 

Groove geometry for welding with a 200 mm 
focal length optic: 

Top aperture: 15 mm. 
Groove surface: 540 mm². 
Volume (at a welding speed of 5 mm/s):2700mm3/s. 
Deposition per seconds (filler wire 10 m/mn): 130 mm3 
Total number of passes: 20 

Groove geometry for welding with a 500 mm 
focal length optic: 

Top aperture: 6 mm. 
Groove surface: 270 mm². 
Volume (at a welding speed of 5 mm/s):1350mm3/s. 
Deposition per seconds (filler wire 10 m/mn): 130 mm3 

Total number of passes: 10 

 
Figure 1 : Influence of the beam shape on the groove geometry 
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Symmetric groove- machining of the two edges Asymmetric groove- machining of only one edge 

 
Figure 2 : Groove geometry used for the study 

 

  

Root pass, 1m/mn, 7 kW, wire speed:  6 m/mn Root pass, 1m/mn, 7 kW, wire speed: 8 m/mn 
 

Figure 3 : Metallurgical cut of the root seam, with various wire speed 
 

 
 

Figure 4 : Metallurgical  cut of the root pass 
and 3 filling passes on 20 mm thickness 

 
In addition to the welding experiments, instrumentation was 
installed in order to get an on-line process control. The aim 
is to be able to determine if the full penetration is always 
guaranteed for the root pass. On the final application, it will 
be difficult to have a control of the rear face of the welded 
joint.  

An on-axes visualisation system was installed on the 
focusing head, which leads to get pictures during 
interaction. The picture shown on figure 5 displays the 
interaction during welding. The black hole, circled by a 
luminous area, is significant of a level of laser transmission, 
and a guarantee of full penetration. This result will be 
usable for on line monitoring during welding. 
 

 
 

Figure 5 : Viewing of the interaction, during welding 
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CONCLUSIONS 
 
 
The experiments have shown that it was possible to weld a 
root pass, at the bottom of a very narrow gap, with a long 
focal lens and a big laser focus spot. This interesting result 
was extended to the welding on an asymmetric joint, giving 
the possibility to minimise the groove preparation. 
 
This result were obtain without gap between the parts. On 
final application, it will probably appear a variable gap , 
due to the size of the pieces to weld. Welding with a gap is 
already demonstrated by the study realised by the VTT 
laboratory, in Lapeerenta. The uses of a seam tracking 
camera, driving the process (filler wire speed) as a function 
of the gap, will be an interesting study to achieve a whole 
assembly by laser. 
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TW0-LASER/WELD 
 
Task Title : VV INTERSECTOR JOINING 
 FURTHER DEVELOPMENT OF HIGH POWER Nd YAG 
 Laser welding with multipass filler wire 
 
 
INTRODUCTION 
 
 
The global construction of the ITER Vacuum Vessel will 
need the assembly on site of pre assembled inter sector. For 
this aim, on site welding of thickness up to 60 mm is 
necessary. This welding has been demonstrated with 
conventional TIG welding. In order to increase the joining 
efficiency, robot high power Nd YAG laser welding have 
been tested. This task concerns the multiple passes laser 
welding and filling of a groove on a 40 mm thickness. 
 
 
2000 ACTIVITIES 
 
 
The aim of this study is the evaluation of the feasibility of 
position welding two part of a 60 mm thickness. We do not 
consider the welding of the root pass, evaluate to 20 mm. 
This root pass will be welded by another process, (Electron 
Beam or laser welding, this solutions is evaluated in the 
project TWOLASER/REWELD). Only the feeling of the 40 
upper millimetre is here consider. 
 
For the realisation of this operation, considering the aimed 
final application (joining on site two vacuum vessel inter 
sector), we decide to realise this study with an 
anthropomorphic robot (RX 170 from STAÜBLIE) and two 
laser Nd YAG (3 and 4 kW from HAAS laser). 
 

 
 

Figure 1 : Welding head (focusing head (1), 
filler wire (2), cross jet (3), gas shield (4), 

mechanical adaptation for twin fibber (5) and robot (6)) 
 
First part of the study was dedicated to the determination 
and optimisation of the gas shield protection. The multiple 
passes welding needs re melting pass n-1 when pass n is 
realised. So the surface of pass n-1 has to be as oxide clean 
as possible. 

The optimum gas shield we have determine, by measure of 
the level of O2 inside the groove is : 
 
- A nozzle bigger than the upper aperture of the groove. 
- An inclination angle of about 40 mm. 
- A gas flow (Argon between 30 and 40 l/mn). 
 
With this protection parameter, filling experiment began in 
2G position, with a defocused beam (diameter 5 mm). In 
this condition, filling is much more a cladding process than 
a welding process. The main problem encounter in this 
configuration is the high reflection level which as two 
negatives effect : 
 
- Reduction of the process efficiency. 
- Excessive heating of the filler wire nozzle. 
 
The filling parameters used in these conditions are : 
 
- Welding speed: 5 mm/s.  
- Filler wire speed: 8 m/mn.  
- Laser power: 7 kW, defocused beam.  
 

 
 

Figure 2 : Result of filling with 9 filling passes, 
defocused beam 

 
An increase of the welding efficiency is get with the uses of 
a less defocused beam. A spot size of 2 or 3 mm increases 
significantly the welding process. The increase of the power 
density gives a better absorption, which allows an increase 
of the filler wire speed (from 8 to 10 m/mn). Decreases of 
the reflection also reduce the excessive heating of the filler 
wire nozzle. 
 
With this new condition, the filling of 40 mm is now 
realisable en a maximum of 7 passes. The optimisation of 
the power density is quite sensitive. If this power density 
increase to much (decrease of the spot diameter around 
1 mm), the process is similar to a welding process, with the 
problem of important interaction with the pass n-1 during 
realisation of pass n, and potential generation of pore, the 
increase of power density increasing the penetration. 
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Figure 3 : Result of filling with 7 passes 
(6 passes and a cosmetic one), beam diameter 3 mm 

 
An important point to consider s that the realisation of this 
filling passes, made with a large spot and a long focal 
length, is completely compatible with the realisation of the 
root pass. The same process is available to the realisation of 
the whole 60 mm. 
 
 
CONCLUSIONS 
 
 
This series of experiment have demonstrate the feasibility 
of the welding of 60 mm stainless still parts by Nd YAG 
laser, handle by a robotic system. The level of deposition, 
around 60 g/mn, but with a welding speed to 2 or 3 time 
faster than the welding by conventional TIG welding gives 
a real interest to this process. The demonstration of the 
feasibility, made in 1G and 2G position has now to be 
extended to all the intermediate position between the 1g and 
the on top (vertical up or vertical down) in order to be able 
to realise the assembly of the vacuum vessel. 
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TW0-T301/01 
 
Task Title : ULTRASONIC INSPECTION FOR VESSEL INTER-SECTOR WELD 
 COMPLETION OF ULTRASONIC INSPECTION PROCESS 

DEVELOPMENT 
 Optimisation of the ultrasonic inspection method :  
 Effect of the wave polarity and frequency on the signal to noise ratio 
 
 
INTRODUCTION 
 
 
The objective of the task is to work out an ultrasonic testing 
method that can be applied on the inter-sector welds during 
the assembly of the ITER vacuum vessel. This method will 
assure detection and sizing of weld defects. 
 
In 1998, the stage 1 concerned the development of a 
ultrasonic method based on phased array techniques. In 
1999, the stage 2 was dedicated to the validation of this 
phased array ultrasonic method on realistic welds 
containing various artificial reflectors (emerging and 
embedded notches, and hemispherical bottomed holes) [1]. 
 
In 2000, new experiments have been performed to optimise 
the phased array ultrasonic method [2]. These experiments 
have been carried out with the same mock up, using 
standard contact ultrasonic transducers, in order to 
investigate the influence of the wave polarity (transverse 
wave or longitudinal wave) and the frequency on the signal-
to-noise ratio due to the weld structure. 
 

2000 ACTIVITIES 
 
 
In 2000, the stage 3 aims at validating and improving the 
ultrasonic method on realistic welds and various flaws. The 
mock-ups used for these experiments had already been 
inspected with phased array techniques during the stage 2. 
These mock-ups come from a specimen of 35 mm thick 
containing realistic narrow welds made by electron beam, 
which had been cut into two similar parts. Four notches 
have been machined into each specimen along the weld 
side: two embedded notches, two surface breaking notches. 
The notches height varies from 2 mm to 15 mm, they all are 
20 mm length. The size of the ligament separating the 
notches from the surface varies from 2 mm to 10 mm. Two 
hemispherical bottomed holes were machined 
perpendicularly to the weld, their diameters are 3 mm and 
5 mm. 
 
Acquisitions have been performed with three conventional 
contact transducers : two 45° shear (or Transverse ) wave 
transducers, and a compression (Longitudinal) wave 
transducer. 
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Figure 1 : Inspections of the mock-up containing artificial flaws along the TIG weld 
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Figure 2 : Cscan images of the inspections for each direction and each transducer 
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Figure 3 : Bscan images of the 10 mm surface breaking notch inspected before 
and through the weld with the contact transducers 

 
Both T wave transducers radiation shapes are planar, and 
have the same dimensions (20x22 mm). Only the central 
frequency varies (1 and 2 MHz). The focal depth, 
corresponding to the near field/far field transition point is 
about 40 mm for the 1 MHz probe, and 77 mm for the 2 
MHz probe. 

The last transducer is a twin crystal transducer (separated 
transmission / reception probes, each of 24x42 mm 
dimensions). It generates 2 MHz 45° L waves. The focal 
depth, related to the intersection area of the transmitted and 
received beam, is approximately 60 mm. 
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FLAWS DETECTION AND CHARACTERIZATION 
 
The inspections have been carried out in two directions, in 
order to detect the artificial flaws before and through the 
weld, as illustrated in figure 1 below. Notches are denoted 
“N” and followed by their height in mm. For embedded 
notches, the ligament is also reported “L” in mm. The aim 
of these inspections was to estimate the signal-to-noise ratio 
before and through the weld, assuming that these standard 
transducers were not optimised for high performances in 
terms of defect detection and characterization. 
 
Figure 2 show the Cscan images obtained with the contact 
transducers, for each inspection direction. The left images 
correspond to flaws being detected before the weld. The 
position and width of the flaws along the weld are also 
reported in the same scale. 
 
The surface breaking notches N10 and N15 are clearly 
detected by the corner echo (interaction between the 
ultrasonic beam, the defect and the surface), in both 
inspection directions. Furthermore, many echoes due to the 
weld (irregular state of surface at the bottom and root of the 
weld, as well as structural echoes) are also detected, with 
the same level of amplitude as defect echoes, when the 
inspection is performed through the weld. 
 
Diffraction echoes may be used to size the defects. For 
surface breaking flaws, the height of the defect corresponds 
to the distance between the maximum echoes from the 
corner echo and the tip diffraction echo. For embedded 
notches, two diffraction echoes from top and bottom may be 
detected and give the actual size of the notch. However, 
diffraction echoes amplitudes are quite low compared to the 
corner echo, and may be lower than the structure echoes 
observed when the inspections are performed through the 
weld. 
 
Figure 3 below shows the “true” Bscan images (cross 
section inspection of the specimen, displayed in spatial 
coordinates) of the 10 mm height surface breaking notch 
inspected in both directions with the contact transducers. 
For all inspections, the corner echo allows to detect and 
locate the flaw at the backwall. The tip diffraction echo 
cannot be identified for each configuration, therefore this 
defect is not accurately sized. 
 
INFLUENCE OF WELD STRUCTURE 
 
For all inspections, the propagation through the weld lead to 
performances degradation compared to inspections 
performed before the weld. Two major effects are pointed 
out : the sensibility is decreased (about 10 dB loss), and the 
signal-to-noise ratio is reduced. 
 
For these transducers, these two effects vary significantly, 
as expressed below. The signal-to-noise ratio corresponds 
to the amplitude difference between the corner echo 
measured for the 10 mm height surface breaking notch and 
the level of noise estimated in a defect free area, in the 
weld. 

- T45° 1 MHz probe : 
 
* signal to noise ratio before / through the weld: 18 dB 

/ 9 dB, 
* sensibility loss through the weld : - 12 dB. 
 

- T45° 2 MHz probe :  
 
* signal to noise ratio before / through the weld: 19 dB 

/ 12 dB, 
* sensibility loss through the weld : - 11 dB. 
 

- L45° 2 MHz probe :  
 
* signal to noise ratio before / through the weld: 4 dB / 

2 dB, 
* sensibility loss through the weld : - 15 dB. 
 

It can be pointed out that the weakest inspection 
performances are obtained with the twin-crystal L45° waves 
transducer. Sensibility and signal-to-noise ratio 
measurements are lower, compared to those measured with 
the transverse waves transducers. These poor performances 
could be related to the twin-crystal configuration that 
produces a pseudo focused beam perpendicular to the 
incidence plane. Thus, the ultrasonic beam is sensitive to 
small irregularities in the weld structure or geometry. 
 
 
CONCLUSION 
 
 
Experiments have been performed on two planar mock-ups 
including welds obtained by electron beam and various 
defects positioned along the weld. These mock-ups have 
been inspected by three conventional contact transducers, 
two 45° transverse waves transducers, at 1 and 2 MHz, and 
a twin crystal probe generating 45 longitudinal wave. The 
objective of these studies was to investigate the influence of 
the frequency and polarity of the transducer on the structure 
echoes observed in the weld, in order to optimise the phased 
array inspection technique. 
 
It has been pointed out, from experiments carried out with 
both transverse waves transducers, that the frequency did 
not drastically modify the signal-to-noise ratio. The twin 
crystal compression wave didn’t provide better 
performances in terms of improved signal-to-noise ratio. 
 
On the whole, the inspections results obtained with these 
transducers show limited performances, compared to the 
inspection results with the phased array transducer. The 
lateral resolution and the sensibility of these contact 
transducer are not optimised for small defects detection and 
sizing, which is a consequence of the planar shape of the 
radiation area and small aperture. 
 
Therefore, it has been shown that a focusing probe should 
be used to optimise the detection and characterization of 
defects, which should be achieved using tip diffraction 
measurement.  
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A 2 MHz probe could be used, since experiments 
performed with the 1 MHz transducer do not give improved 
signal to noise ratio. It has also been pointed out that 
longitudinal waves did not allow performances 
improvement with a twin crystal configuration. 
 
To optimise the coverage of the whole thickness of the 
specimen, a phased array probe can be used. A contact 
linear array probe of a large aperture (in the incidence 
plane) should be used to focus the ultrasonic beam, in order 
to accurately detect and size the defects. This linear array 
shouldn’t be focused in the perpendicular plane. With such 
a focusing configuration, the array probe should be 
optimised to discriminate echoes reflected by planar defects 
along the wedge, from echoes arising from the weld. 
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TW0-T420/06 
 
Task Title : FABRICATION OF A FIRST WALL PANEL WITH HIP’ed 

BERYLLIUM ARMOR 
 
 
INTRODUCTION 
 
 
In order to demonstrate the applicability of the Hot Isostatic 
Pressing (HIP) technologies for manufacturing advanced 
ITER internal components, a separate Primary First Wall 
Panel (PFWP) made from a combination of copper alloy (as 
heat sink material) and stainless steel (as structural material) 
was manufactured last year. 
 
This module will be further covered with beryllium tiles. In 
2000, the exact design, including the dimensions of 
beryllium tiles, was defined in accordance with the team 
leader. The dimensions of the PFWP are 900 mm long, 250 
mm wide and 70 mm thick. 
 
This task is devoted to the definition of the fabrication route 
of this new PFWP design. Small mock-ups were produced 
to validate the manufacturing process of the coolant 
channels inserted between the structure and the heat sink, 
the concept of the water boxes, the procedures of assembly 
and cleaning of the PFWP. 
 
To validate the HIP cycle proposed in [1] a specific tooling 
was defined by TCS company to equip their HIP furnace. 
We finally carried out a numerical simulation of the HIP 
cycle of the assembly in order to consider the necessary 
over thickness of the parts. 
 
 
2000 ACTIVITIES 
 
 
MATERIAL DESCRIPTION 
 
The structural material and the copper alloy which are used 
for the fabrication of the primary first wall are respectively 
an austenitic stainless steel and CuCrZr. The stainless steel 
is provided by Tecphy. Whereas CuCrZr is provided by 
KME under the standard reference Elbrodur type G. 
 
MOCK-UPS FOR VALIDATION 
 
To validate the fabrication concept, two little mock-ups 
were manufactured. These mock-ups allowed us to test the 
manufacturing route retained for the most critical parts of 
the PFWP, namely the coolant channels and the water 
boxes. 
 
Coolant channels mock-up 
 
In the original proposal, the coolant channels and structural 
part of the primary first wall were to be carried out by 
powder metallurgy.  

This manufacturing method is particularly adapted and 
interesting for manufacturing complex parts. However, this 
manufacturing method is perhaps not the most economic 
one for this study. 
 
For this reason, the coolant channels of the PFW were 
carried out by drilling. To validate this manufacturing 
process, we machined two holes 900 mm length in a 
stainless steel block. 
 
Mock-up at a reduce scale 
 
Mock-up at a reduced scale is composed by the assembly of 
a stainless steel block, stainless steel tubes, and CuCrZr 
plates.  
 
Tubes are inserted in the machined grooves of the stainless 
steel block and the CuCrZr plates. 
 
This little mock-up enabled us to validate the manufacturing 
of the water boxes, the machining of the cylindrical groove, 
bending and the setting up of cooling channels. Various 
parts of the mock-up are represented on Figure 1. 
 

 
 

Figure 1 : The various parts of the validation mock-up 
 
To facilitate the machining of the coolant channels in the 
stainless steel block, separations are inserted to form the 
water boxes. 
 
These plates are TIG welded to the main block (Figure 2). 
 
After that, the water boxes are closed by small stainless 
steels plates. 
 
These plates are set up to get a diffusion bonding between 
the main block and the top of the water boxes. 
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a) Separation in the water box b) Water box closed with little plates 

 
Figure 2 : Water boxes 

 
HIP CYCLE 
 
The HIP cycle has been optimised in [1] : 
 
- from 20°C/0.2 MPa to 1400°C/140 MPa in 3 hours, 
- 1040°C/140 MPa step during 2 hours, 
- cooling rate greater than 50°C/min. 
 
In the framework of this task, it has been asked to TCS 
company to develop and to equip their HIP furnace with a 
specific tooling (Figure 3) which allows to canalise a cold 
gas around the parts, which makes possible to increase the 
quenching rate. To validate this tooling, a HIP cycle was 
achieved in 2000 with a mock-up having a thermal load 
equivalent to that of the PFWP. This part, was constituted 
from a 304L SS block and a CuCrZr plate (Figure 4). This 
mock-up was equipped with 6 thermocouples located in 
holes of 35 mm long, to record temperatures on the bottom, 
medium and top of the part. The data were compared to 
results of a numerical simulation of the HIP cycle [2]. 
Hardness on the CuCrZr plate has been measured and 
compared to calibrated samples prepared in a laboratory 
furnace [2]. 
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Figure 3 : TCS modifications of the large vessel 

for higher cooling rate 

TC-7TC-1TC-10 

250 

940 

20

70 SS block 

CuCrZr plate  
 

Figure 4 : Trial 304L/CuCrZr 
 
The temperature measured during the HIP cycle are 
displayed in Figure 5. 
 
The cooling rate measured between 1040°C and 500°C are 
about 22°C/min a the top and 35°C/min at the bottom of the 
part. 
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Figure 5 : Temperature during the HIP 
cooling as measured with the thermocouples 

 
 
CONCLUSIONS 
 
 
In order to demonstrate the availability of the Hot Isostatic 
Pressing (HIP) technologies for manufacturing an advanced 
internal components, a separate First Wall Panel, two little 
mock-ups have been manufactured. 
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The main points of this study are the following : 
 
- The structural part of the primary first wall is machined 

from a forged ingot 316LN stainless steel supplied by 
Tecphy. 

 
- The coolant channels of the PFW are carried out by 

drilling. 
 
- The little mock-up enabled us to validate the 

manufacturing route of the water boxes, the machining 
of the cylindrical grooves, bending and the setting up of 
cooling channels. 

 
- During the assembly of the little mock-up, we validated 

the cleaning and the assembly procedures. 
 
- To define the cycle we took into account the mechanical 

properties of 316/316 junction, and the influence of the 
quenching onto mechanical properties of CuCrZr. 

 
- To validate the HIP cycle we manufactured a special 

tooling in a HIP furnace and we applied one cycle on a 
validation part. 
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TW0-T420/08 
 
Task Title : DEVELOPMENT OF HIP FABRICATION TECHNIQUE 
 Faisability of using HIP for the manufacturing 

of Primary First Wall Panel (PFWP) 
 
 
INTRODUCTION 
 
 
The International Thermonuclear Experimental Reactor 
(ITER) is the multinational project for the next step fusion 
demonstration plant. The blanket-shield system is the 
innermost part of the reactor, directly exposed to the 
plasma. One of its functions is to extract the surface heat 
flux from the plasma and the volumetric heating caused by 
the interaction of the fusion neutrons with the blanket 
materials. 
 
The aim of this work is devoted to the definition of the 
fabrication route of a PFW panel. In this concept, the PFW 
uses only an austenitic stainless steel. In the first part, small 
mock-ups were produced to validate the manufacturing 
feasibility of a serpentine SS tube expended within a proper 
matrix to obtain the minimum achievable pitch between the 
SS tubes. In the second part, mock-ups have been made of a 
serpentine embedded into SS powder in order to minimize 
the pitch between the SS tubes and between the SS tubes 
and the front face. 
 
 
2000 ACTIVITIES 
 
 
THE PRIMARY FIRST WALL 
 
In this concept, the primary first wall is entirely carried out 
from Stainless Steel (SS). This part is made of a serpentine 
316L tube embedded in a 316LN structure. The forged 
ingot and the powder which are used for the realization of 
the primary first wall are respectively : a 316LN stainless 
steel provided by Tecphy and a 316LN stainless steel 
powder provided by Anval. A drawing of the serpentine of 
the mock-up is given on the Figure 1. 
 

 
 

Figure 1 : View of the serpentine of the mock-up 
 
HIP CYCLE 
 
All the mock-ups produced within the framework of this 
study were manufactured with the following HIP cycle: 
 
- from 20°C (resp. 50 MPa) to 1040°C (resp. 50 MPa) in 

2 hours, 
- from 50 MPa (resp. 1040°C) to 140 Mpa (resp. 1040°C) 

in 1 hour, 
- 1040°C and 140 MPa step during 2 hours, 
- cooling in 2 hours. 
 
METALLOGRAPHICAL STUDY OF SS/SS JOINTS 
 
Two types of joints were studied: solid/solid joint, and 
solid/powder joint (fig.2a). The various observations carried 
out show that the quality of the joints is satisfactory. Few 
inclusions are present at interfaces, showing that the 
cleaning procedure is efficient. One can also notice that the 
grain growth is not stopped by the interface. However, 
metallography carried out on the longitudinal section of a 
tube after expansion (fig.2b) shows a significant increase of 
the defects probably created during the spinning of these 
tubes. These microscopic cracks should accentuate the 
phenomenon of corrosion in service. 
 

  
a) joint  b) metallography of the tube 

Figure 2 : Metallography of the mock-up 

100 µm 

powder tube plate 
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FABRICATION ROUTE 
 
In order to select the best fabrication route for the 
manufacturing of a PFW panel two ways are being 
considered : HIP forming technique and powder HIP 
technique. However to perform this study some preliminary 
tests have been achieved [3 ]. 
 
Solid hip forming technique 
 
In order to validate the solid-solid forming route, we 
manufactured two mock-ups. The first one is representative 
of the cross-section of the PFWP (fig.3a), whereas the 
second represents the curved part of the serpentine (fig.3b). 
In order to validate the industrial process, those mock-ups 
have been realised with a clearance of 2 mm between tubes 
and plates. This clearance is due to the forming of the 
serpentine. 
 
 

clearance (2 mm) 
mm) 

 

SS solid

 

a) straight mock-up b) curved mock-up 

 
Figure 3 : Validation mock-ups 
for solid HIP forming technique 

 
After the HIP cycle, one can note on Figure 4a, a collapse 
of the less thick part of this mock-up which is due to a bad 
dimensioning of the plates. 
 
One can also note in the corners some remaining voids not 
filled by the deformation of the tube during the HIP cycle. 
 
Moreover, one of the four tubes constituting the mock-up 
failed (fig.5), preventing diffusion bonding of the various 
parts between them. 
 
During bending, the tubes undergo a thinning of about 30 or 
40% and this phenomenon is emphasized during the HIP 
cycle. 
 

 
 

Figure 4 : Straight mock-up after the HIP cycle 

 

 
 

Figure 5 : Curved mock-up after the HIP cycle 
 
Powder hip forming technique 
 
In a similar way, two validation mock-ups have been 
achieved before launching the manufacture PFW. The first 
one allows to increase the thermal exchange surface close to 
the surface (fig. 6a), whereas the second is a similarity of 
the PFW on a reduced scale(fig. 6b). 
 
 

SS powder 

SS solid 

 

 

serpentine  
a) Straight mock-up b) PFW 

on a reduced scale 

 
Figure 6 : Validation mock-ups 
for powder forming technique 

 
Solid/powder mock-up 
 
On figure 7, one can notice that the tubes present a flat 
surface in contact with the thick plate. The powder did not 
fill properly the gaps between the tubes and the plate as 
expected. This is certainly due to a too small clearance 
between the tubes. 
 
No holes are observed. However to keep this concept for 
the PFWP, we will need to perform a numerical simulation 
with a thermal loading of 1 MW/m² to estimate the level of 
the stresses developed in the sharp angle area. 
 
On figure 8, tubes exhibit an ovoid shape after HIP and the 
deformation of the mock-up is relatively symmetrical. 
 
The residual thickness between two continuous coils of the 
serpentine is around 2 mm (a on Figure 8) and the inner 
space is around 16 mm (b on Figure 8), when it was 18 mm 
before the HIP cycle. This shows a displacement of the coils 
of the serpentine during compaction. 

CRACK 
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Figure 7 : Mock-up solid/powder 
 
CONCLUSION 
 
 
Two manufacturing routes based on the HIP process have 
been studied to realize the PFW. The main conclusion are 
the following : 
 
- The manufacturing of the PFW from various solids parts 

welded by diffusion bonding doesn't seem to be the most 
suitable solution. A too important distortion of the tubes 
can lead to a rupture of the mock-up. Moreover it 
accentuates spinning microscopic cracks. Manufacturing 
mock-up by this method is also very expensive. 

 
- The solid/powder forming route appears easier. The 

price of the parts is less expensive and tubes are less 
mechanically loaded. Two different routes are proposed. 
The first one consists in arranging in a container of low 
thickness, a serpentine, powder and possibly a metallic 
insert to control distortions in the central part of the 
mock-up. The second consists in using a thicker 
container that previously, in order to get serpentine 
expansion onto the container. This allows to increase the 
surface of exchange in a zone near the tube/plate 
interface. 
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Figure 8 : Mock-up with serpentine 
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TW0-T427/03 
 
Task Title : DEVELOPMENT AND CHARACTERIZATION OF ONE-STEP 

SS/SS AND CuCrZr/SS HIP JOINTS INCLUDING MOCK-UP 
FABRICATION 

 
 
INTRODUCTION 
 
 
The aim of this task is to investigate the possibility of 
manufacturing a 316LN/316LN/CuCrZr junction by 
diffusion bonding using a single HIP test. The current HIP 
cycle proposed by EFDA to join 316LN to CuCrZr has a 
dwell temperature of 980°C. This temperature is certainly 
too low to bond 316LN to 316LN. Thus, the first part has 
been divided in two directions : first, to analyse the 
influence of a high temperature cycle (up to 1050°C) on the 
mechanical properties of CuCrZr bulk material ; second, to 
perform some 316/316 junctions at low temperatures (down 
to 1000°C). This will allow to propose a HIP cycle to 
perform the three materials bond in good conditions. In the 
second part, such a junction has been manufactured. Its 
mechanical properties have been analysed. The influence of 
a heat treatment corresponding to the junction with 
Beryllium is also investigated. The last part of the task was 
dedicated to the elaboration of two mock-ups with the same 
geometry, one with CuCrZr and one with Glidcop CuAl25 
as copper alloy, using the proposed HIP cycle. 
 
 
2000 ACTIVITIES 
 
 
INFLUENCE OF HIP CYCLE 
ON THE CuCrZr PROPERTIES 
 
Several solutionning temperatures and cooling rates have 
been applied to CucrZr samples. Tensile specimens have 
then ben performed at room temperature (see figure 1 for 
the yield stress). 
 

 
 

Figure 1 : Influence of cooling rate and solutionning 
temperature on the CuCrZr yield stress 

To avoid a strong decrease of the mechanical properties, a 
cooling rate greater than 70°C/mn is necessary. Moreover, a 
HIP cycle at 1040°C gives better tensile properties after 
ageing than at a lower temperature, at least concerning 
tensile properties at room temperature. 
 
However, such a cycle leads to large grains that may 
influence the fatigue properties. If the grain size appears to 
be a critical point, the effect of the high temperature HIP 
cycle should be studied for CuCrZr alloys from several 
suppliers. 
 
INFLUENCE OF THE HIP CYCLE 
ON THE SS/SS JOINT 
 
Two SS/SS junctions have been elaborated at 1000°C and 
1020°C and tested under tensile and impact loading. 
Comparison with previous results obtained at 1050°C 
shows a decrease of impact toughness between 1050°C and 
1020°C (figure 2). 
 

 
 

Figure 2 : HIP temperature influence 
on impact toughness properties of SS/SS joints 

 
PROPOSED CuCrZr/SS/SS HIP CYCLE 
 
The results described in the above two paragraphs lead to 
the following HIP cycle for SS/SS/CuCrZr joining in one 
step : 
 

1040°C/2h + in vessel fast cooling rate 
 
Since a high cooling rate is necessary, a special tool has 
been manufactured to increase the TCS vessel capabilities. 
 
The tensile tests presented in the following chapter showed 
that a reasonably high cooling rate can be achieved in the 
TCS vessel with this tool. 
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CuCrZr/SS/SS BLOCKS ELABORATED WITH THE 
PROPOSED HIP CYCLE 
 
Two blocks have then been elaborated with the above 
cycle. Block T427/3-3 contains SS/SS/CuCrZr pile-up. It 
has then been submitted to a 460°C/2h classical heat 
treatment. By contrast, block T427/3-4, with a CuCrZr/SS 
pile-up, has been submitted to a 580°C/2h "over-ageing 
treatment" corresponding to a possible bonding with Be. 
The tensile results at 20°C, 200°C and 300°C on the 
CuCrZr are displayed in figure 3. First, a decrease of the 
total elongation is noticed at increasing testing temperature. 
Second, the overageing treatment leads to lower stresses but 
higher elongation whatever the testing temperature. 
 

 
Figure 3 : Tensile properties of CuCrZr 
for the 2 blocks elaborated at 1040°C 

 
The SS/SS and SS/CuCrZr joints have also been tested 
under tensile and impact loadings at room temperature, 
200°C and 300°C. Rupture never occurred through the 
joint. 
 
MOCK-UPS ELABORATION 
 
In this last part, two mock-ups with the same geometry 
have been manufactured, one in Glidcop CuAl25 (DS-15F) 
and one in CuCrZr (PH/S-6F). They consist on 5 stainless 
steel tubes inserted between two copper alloy plates. One of 
these plate is bonded to a stainless steel block. The mock-
ups are presented in figure 4 during degassing. They have 
been sent to VTT for ultrasonic examination. They should 
be tested under high heat flux during year 2001. 
 

 

Figure 4 : DS-15F and PH/S-6F mock-ups 
under vacuum before sealing 

CONCLUSIONS 
 
 
The influence of the cooling rate as well as high 
temperature solutionning treatments on CuCrZr tensile 
properties has been addressed. A cooling rate greater than 
70°C/mn is found necessary to keep good tensile properties. 
Solutionning at temperatures up to 1050°C improve the 
tensile properties at 20°C. It is also confirmed that joining 
SS to SS at temperature below 1030°C leads to bad impact 
properties. Thus, a HIP cycle at 1040°C is proposed to join 
SS/SS/CuCrZr in one step. However, the CuCrZr grain size 
is then large and the consequences on the fatigue properties 
should be addressed in the future. 
 
Two mock-ups, DS-15F with Glidcop and PH/S-6F with 
CuCrZr have been manufactured and sent to VTT for 
ultrasonic examination before being tested under heat flux 
in 2001. 
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TW0-T508/04 
 
Task Title : DEVELOPMENT OF Be/CuCrZr HIPping TECHNIQUE 
 
 
INTRODUCTION 
 
 
In the frame of the ITER project, beryllium is still a 
candidate for Plasma Facing Components. Up to now, most 
of the studies were focused on the joining of Be onto 
Dispersion Strengthening Cu alloy (DS-Cu) by Hot Isostatic 
Pressing Diffusion Bonding (HIPDB) and/or brazing. 
 
The work of this year was focused on the development of 
HIP joining techniques for Be onto Glidcop and onto 
CuCrZr alloy: in this last case the specific heat treatment 
behaviour of that alloy was taken into account for the design 
of the HIP cycles. Various HIP cycles and interlayers, or 
not, have been tried : 
 
- CuCrZr/Be: at low without interlayer and at very low 

temperature with an interlayer. 
 
- Glidcop/Be: at medium with titanium foil and high 

temperature with a different interlayer. 
 
 
2000 ACTIVITIES 
 
 
HIP CYCLES FOR GLIDCOP/Be 
 
The goal of this study was to propose a high temperature 
HIP cycle for the joining of Be onto Glidcop that can be 
used to join at the same time the Glidcop onto stainless 
steel.  
 
The second goal was to achieve several Glidcop/Be joints to 
be mechanically tested at room temperature and at 250°C. 
 
1) At high temperature 
 
The HIP cycle temperature is 920°C for the joining of 
stainless steel onto beryllium. This temperature is 60°C 
higher than the Be-Cu eutectic: the goal is then to avoid the 
eutectic formation during the HIP cycle.  
 
We use a tantalum foil for its ductile properties and high 
temperature resistance: there are several high temperature 
intermetallics in the tantalum-beryllium binary phase 
diagram that could lead to the formation of a diffusion 
barrier. The results were not reliable enough as some of the 
joints presented some Be-Cu eutectic structure at the 
interface. 
 
2) At medium temperature 
 
About 8 Glidcop/be joint were achieved with the reference 
HIP cycle with Ti interlayer. 

 
These samples were mechanically tested at room 
temperature (RT) and at 250°C by a shear test. The ultimate 
shear strengths were : 
 
- at RT, between 40 and 80 MPa depending on the HIP 

cycle, 
 
- at 250°C, between 50 and 70 MPa depending on the 

HIP cycle. 
 
HIP CYCLES FOR CuCrZr/Be 
 
1) Heat-treatment behaviour of CuCrZr 
 
After the homogenisation heat treatment above 1000°C, the 
CuCrZr alloy should not be heat treated above 500°C in 
order to preserve the mechanical properties. The HIP 
process should then take into account this temperature limit. 
 
2) HIP cycles at low temperature 
 
Four different HIP cycles were designed with a maximum 
temperature of 480°C: only the way the pressure was 
applied and/or released, was changed between the different 
HIP cycles. 
 
It has been demonstrated that it is possible to join copper 
alloy to beryllium at a temperature below 500°C (i.e. 
preserving the properties of the CuCrZr alloy) without 
interlayer: the HIP process is then easier as it is a direct 
bonding. Figure 1 gives a typical interface structure: the 
maximum Cu-Be interdiffusion zones or intermetallics 
thickness is about 2µm. The reaction zone is not regular 
along the interface. 
 

 
 

Figure 1 : Typical Cu/Be interface structure after HIP 
diffusion bonding at 480°C with no interlayer 
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The best results for the ultimate shear strengths are between 
30 MPa and 40MPa, at RT and at 250°C. These results will 
be duplicated soon. 
 
3) HIP cycles at very low temperature 
 
The HIP cycle temperature was about 200°C. Adhesion was 
not achieved due certainly to a too low temperature for the 
interlayer used and also, to the way the interlayer was 
applied: further experiments must be planned with the 
interlayer materials deposited on one of the two materials to 
join and with a higher HIP cycle temperature. 
 
FABRICATION OF 4 MOCK-UPS 
 
Four different mock-ups have been fabricated: there are 
made of stainless steel/copper alloy/beryllium. Two are 
made with Glidcop and the other two with CuCrZr. The 
stainless steel/copper alloy HIP cycles for Glidcop and 
CuCrZr are the reference ones. The beryllium was either 
HIP diffusion bonded or will be brazed. 
 
 
CONCLUSIONS 
 
 
The main conclusions are the following 
 
- for high temperature HIP cycles: the HIP temperature 

was about 920°C well above the Be-Cu eutectic 
temperature. One joint was obtained but the 3 others 
presented defects such as de-bonding and large Be-Cu 
eutectic phase. At present, this kind of HIP cycle is not 
enough reliable to be recommended, 

 
- for medium temperature HIP cycles with Ti 

interlayers: the bonding has been obtained for all 
samples, 

 
- for low temperature HIP cycles: 4 different HIP 

cycles were performed. It has been demonstrated that 
HIP cycle at temperature of about 480°C can lead to 
sound joints without interlayer: there is a reaction 
between copper and beryllium, 

 
- for very low temperature HIP cycle: at present, the 

bonding was not correctly achieved. There are some 
adhesion areas between the interlayer and the copper 
alloy. Other tests will be launched at higher temperature. 
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TW0-T508/05 
 
Task Title : DEVELOPMENT OF Be/CuCrZr BRAZING TECHNIQUES 
 
 
INTRODUCTION 
 
 
In the frame of the ITER project, beryllium is still a 
candidate for Plasma Facing Components. Up to now, most 
of the studies were focused on the joining of Be onto 
Dispersion Strengthening Cu alloy (DS-Cu) by Hot Isostatic 
Pressing Diffusion Bonding (HIPDB) and/or brazing. The 
work of this year was focused on the assessment of different 
brazing alloys by furnace heating. 
 
The trials were performed with : 
 
- a commercial brazing alloy: STEMET 1108, this is a 

copper base alloy with Sn, In, Ni, Mn, Cr and P, 
- various developed brazing alloys based on valence 

elements. 
 
It was not possible to perform the brazing with induction as 
no apparatus were available for the joining of beryllium. 
Thus, only furnace brazing tests were achieved. 
 
 
2000 ACTIVITIES 
 
 
After the homogenisation heat treatment above 1000°C, the 
CuCrZr alloy should not be heat treated above 500°C in 
order to preserve the mechanical properties. The brazing 
process should then be fast if the brazing temperature is 
above this temperature. 
 
STEMET 1108 
 
This brazing alloy has the following composition (Cu-12Sn-
9In-2Ni-0.4Mn-0.4Cr-0.5P): it is a foil with a about 50µm 
thickness. The brazing temperature was 780°C.The brazing 
tests have been performed in a furnace under high vacuum 
onto CuCrZr and stainless steel (cf Figure 1). 
 

 
 

Figure 1 : Cu alloy and 316LN Stainless Steel 
brazed onto beryllium 

The structure of the interface is given in figure 2. Moreover, 
the adhesion properties are quite satisfactory. 
 

 
 

Figure 2 : Metallographic view of the joint 
(with the Be on top) 

 
DEVELOPMENT OF BRAZING ALLOYS BASE ON 
VALENCE ELEMENTS 
 
Due to unavailability of induction brazing apparatus for 
beryllium, the development has been focused on 
compositions that can be used in a furnace brazing and with 
a melting temperature below 500°C (i.e. preserving the 
CuCrZr properties). The composition is a mixture of 
valence element of the Sn family. The alloys were either 
mono-phased or bi-phased (cf figure 3). 
 
The brazing tests were performed onto copper as the 
brazing alloy reactivity is much higher with copper than 
between beryllium. Figure 3 gives a typical view of the 
microstructure of the joint after brazing: even the interface 
is made of intermetallics, there is no cracks or porosity. In 
the core of the brazing alloy, porosity has been observed 
due to a non-optimised brazing alloy fabrication and/or 
brazing process parameters.  
 

 
 

Figure 3 : Typical view of a bi-phased brazing alloy 

____ 320µm 

2 µm 
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Figure 4 : Typical view of the interface structure 
 
 
CONCLUSIONS 
 
 
The main conclusions are the following : 
 
- it is possible to use the STEMET 1108 brazing alloy in a 

furnace. The properties of the CuCrZr after such brazing 
cycle should be evaluated, 

 
- the brazing alloys developed with valence elements lead 

to good potential adhesion properties but the brazing 
cycle must be optimised for a better homogeneity of the 
interface structure. 

 
These two ways must be evaluated with induction brazing: 
in that case it may need to change the composition of the 
developed alloys to increase the melting and the brazing 
temperature. 
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TW0-T519/01 
 
Task Title : LOW TEMPERATURE WATER RADIOLYSIS 
 
 
INTRODUCTION 
 
 
The objective of the work is to determine experimentally 
the water radiolytic decomposition as a function of dose 
rate with high energy ions which have a LET greater than 
the fast neutrons of a fusion reactor. These experiments 
which are more severe than the ITER operation conditions 
will help to assess the radiolytic decomposition of water in 
presence of hydrogen at high LET and dose rate. 
 
For that the concentration of hydrogen peroxide will be 
measured as a function of dose rate. This will allow to 
check if the concentration of the radiolytic products 
remains in a steady state or if a continuous decomposition 
of water is observed. The experimental results will then be 
compared to a computer simulation using the code 
CHEMSIMUL. 
 
 
2000 ACTIVITIES 
 
 
EXPERIMENTAL 
 
Irradiation 
 
The irradiations were carried out with the GANIL cyclotron 
at CAEN. The variation of the LET inside the irradiation 
cell is small so the radiolytic yield for each energy can be 
considered as constant throughout the cell. The LET and 
the range of the carbon ions in the water were calculated 
with the program TRIM [1]. 
 
The duration of each irradiation is 0.5 second. In some 
experiments the irradiations were repeated after few 
minutes on the same solution to check is a steady state is 
really obtained. 
 
Preparation of the solution 
 
The solutions were prepared using ultrapure water 
(Millipore Alpha Q) with a resistiviy of 18.2 MΩ cm and a 
total organic carbon content less than 10 ppb. 
 
The solutions are saturated with very pure H2 99,9995 % 
under atmospheric pressure. 
 
The irradiation cells are flushed with H2 to eliminate the air 
and then filled with the solution just before irradiation. 
 
After irradiation the concentration of H2O2 is measured by 
chemiluminescence [2] [3] which is a much more sensitive 
method thant the spectrophotometric method used 
previously [4 ] [5] [6]. The limit of detection is less than 1 
ppb. (3 x 10-8 M). 

Results 
 
The experimental results for a LET of 26 keV/µm, are 
given in figure 1. 
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Figure 1 : Hydrogen peroxide formation 
as a function of the dose. TEL = 26.7 keV/µm 

Solution saturaded with H2 t = 25°C 
 

 
The experiments which have the lowest dose rate of about 
1.1 Mrad s-1

 show that the concentration of hydrogen 
peroxide does not increase with the irradiation time but  
remains in a steady state with [H2O2]= 62 ± 10 µ mole per 
liter. 
 
When the dose rate increases by 50 % from 1.1 to 
1.6 Mrad s-1

 the formation of H2O2 increases with the dose 
and for this dose rate we are clearly above the threshold 
which must be around 1.4 ± 0.3  Mrad s-1. 
 
Some experiment were also performed for a LET of 
41keVµm and for dose rates of 1.81 and 2.75 Mrad s-1.  
 
For these very high dose rates the formation of hydrogen 
peroxide increases with the dose and no steady state are 
observed. 
 
All these experiments were performed in pure water 
saturated with hydrogen and it can be expected that the 
presence of corrosion products like copper will increase the 
production of hydrogen peroxide [6] and shift the position 
of the threshold to lower dose rate. 
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COMPUTER SIMULATIONS 
 
The computer simulations of the experiments with carbon 
ions were performed with the program CHEMSIMUL [7] 
to calculate the position of threshold. The results are given 
in figure 2. The transition from the steady state where the 
concentration of hydrogen peroxide does not increase with 
the dose and the state where continuous decomposition of 
water is observed, takes place for a dose rate of 
1155 krad s-1 in good agreement withe the experimental 
results (figure 1). 
 
The figure 2 shows also the experimental data and the 
corresponding simulations for the previous experiments in 
the Task T 330 [5]. The agreement between the 
experimental and calculated concentrations of H2O2 is fair 
for a large range of dose rate and it can be anticipated that 
the actual threshold is close to the calculated threshold at 
1155 krad s-1. 
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Figure 2 : Formation of H2O2 as a function 

of the dose rate and determination of the threshold 
LET = 26.7 keV/µm, (m) Experiments – this work, (s) 

Computer simulation, (o) Experiments T330, 
 

Threshold range from the experiments 
 
 
 
CONCLUSIONS 
 
1) In the steady state regime, the concentration of H2O2 at 
the steady state increases smoothly with the dose rate. 
2) Above the threshold which is between 1.1 and 1.6 
Mrad s-1 for a LET of 26 keV/µm a strong increase of H2O2 
is observed. There is no steady state and the amount of 
H2O2 increases with the dose. 
3) There is a good agreement between the computer 
simulations and the experiments for the position of the 
threshold  and the concentration of the hydrogen peroxide 
as a function of the dose rate. 
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V63 
 
Task Title : DETAILED INVESTIGATION OF CuAl25 (IG1) - ITS JOINTS WITH 

316LN STAINLESS STEEL AND JOINTS TESTING PROCEDURE 
 
 
INTRODUCTION 
 
 
The main objectives of this task are to develop experiments 
and analyses to characterise the toughness of dissimilar 
joints manufactured by solid–state diffusion bonding under 
Hot Isostatic Pressing (HIP). 
 
In 1999, the investigated joints were composed of forged 
316LN stainless steel and DS-copper. Two grades of 
glidcop have been looked at. IG1 which is the reference 
one, and IG2 which has been developed by OMG to 
improve the mechanical properties. 
 
No improvement has been measured in terms of tensile 
properties and fracture toughness. Moreover it seems that 
the lack of hardening of these ODS materials observed at 
300°C is related to a recovery process leading to an 
annihilation of the dislocation loops around the oxides 
nanoparticles. 
 
Two HIP cycles have been investigated at 920°C and 
1040°C. The influence of these cycles on the glidcop 
properties has been exhibited.  
 
The fracture toughness of the joints have been determined 
on CT15 and CT20 bimaterial specimens in which the joint 
lies within the crack plane. J-R curves have been measured 
at room temperature and at 200°C using standard 
ASTM1737-96. 
 
In 2000, the work has been extended to a joint between an 
already densified 316LN powder and the IG1 glidcop. 
Tensile properties and fracture toughness tests have been 
conducted and analysed. 
 
 
2000 ACTIVITIES 
 
 
PROCESS ROUTE 
 
The stainless steel used is a powder HIPed 316 block 
provided by Bodycote Powdermet. This densified material 
has been bonded onto the glidcop IG1 plate under the 
following HIP conditions: 
 

940°C – 3h/2h/3h – 140 MPa 
 
Diffusion of iron and chromium from the steel to the copper 
lead to the formation of (Fe,Cr,Cu) precipitates over a layer 
of 30-50µm. 

TENSILE PROPERTIES 
 
Tensile tests at room temperature and at 200°C under 
vacuum have been performed on IG1 after having seen the 
HIP thermal cycle and on bimaterial samples.  
 
The cross-rolled copper alloy is always loaded in the short 
transverse direction. For the bimetaterial specimens, 
although the deformation is not homogeneous all along the 
specimen, we define a “global deformation” as the ratio of 
the displacement of the grip over the gauge length  (here 
20mm).  
 
The results are displayed on table 1. Note that rupture 
always occurred under a strength similar to the UTS of the 
bulk glidcop. 
 
At room temperature failure is located in the glidcop 
material far from the interface whereas at 200°C rupture 
occurred partly along the interface and partly in the glidcop. 
Previous results obtained on forged 316LN/Cu-IG1 joints 
hipped at different temperature are also reported in table 1 
for comparison. 
 

Table 1 : Tensile properties of glicop 
and 316SS/glidcop joints 

 

specimen 
HIP cycle 

temperature 
Test 

temperature 
σy 0.2 

(MPa) 
UTS 

(MPa) 
TE 
(%) 

RT 300 370 20 
920 

200 225 260 14 

RT 317 367 22 
940* 

200 - - - 

RT 280 350 25 

Cu-IG1 

1040 
200 226 250 15 

RT 307 360 9-16 
920 

200 250 280 7 

RT 280 360 17 
940* 

200 210 270 9 

RT 240 355 21 

316/ 
Cu-IG1 

1040 
200 188 260 6 

 
* results obtained in 2000 
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FRACTURE TOUGHNESS 
 
To measure an eventual influence of the HIP cycle on the 
fracture toughness of the glidcop, “sandwich” CT15-SL 
specimens have been machined with the crack located in 
the middle of the glidcop (figure 1). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1 : “Sandwich” CT15-SL specimen 
 
In order to measure the fracture toughness of the 
316PM/glidcop bond, bimaterial CT15-SL specimens have 
been manufactured with the joint lying in the crack plane. 
For both kinds of specimens, the testing procedure was the 
same: the initial crack was machined by electro discharge 
technique, then fatigue precracking was carried out at room 
temperature. The specimens were then side grooved before 
being tested under the loading-partial unloading J-∆a 
technique. The results are displayed in table 2, in which are 
also reported the values obtained on the joints elaborated in 
1999. 
 

Table 2 : Fracture toughness of glidcop 
and 316/DS-Cu joints 

 
Type of 

specimen 
HIP cycle Test temperature Jq (kJ/m²) 

RT 30-42 
920 

200 12.3 

RT 67-94 
940* 

200 25-30 

RT 50-56 

Cu-IG1 

1040 
200 19-26 

RT 4-8-9 
920 

200 5.5-5-5 

RT 10-15 
940* 

200 7-10-8 

RT 15-15-15-19 

316/Cu-IG1 

1040 
200 

18-21-23-24-
34 

* results obtained in 2000 
 
The fracture toughness of the copper alloy seems to be very 
sensitive to the temperature of the HIP cycle. 

Nevertheless only 2 tests have been conducted for each 
condition, and the apparent difference may be related to a 
great scatter in the mechanical properties of the glidcop 
plates which had already been highlighted in the previous 
reports.  
 
In particular, it has been already established that the 
presence of clusters of large alumina particles aligned along 
the rolled direction embrittled the material. 
 
The examinations of the fracture surfaces of both glidcop 
940°C-hip CT specimens (see fig. 2) have not revealed the 
presence of such clusters which may explain the large 
values of Jq obtained on these specimens. 
 
The fracture toughness measured on the bimaterial 
specimens are similar to the values obtained previously.  
 
The fatigue precrack is always located on the glidcop side 
propagating at 100-150µm from the interface. The crack 
itself is also located in the glidcop.  
 
At room temperature the crack grows along the clusters of 
alumina oriented by the lamination process. 
 
The rupture is ductile characterised by the presence of 
dimples (fig 3). At 200°C the rupture mode is mixed: 
ductile/intergranular. 
 

 
 

Figure 2 : Fracture surface CT15 glidcop - RT 
 

 
 

Figure 3 : Fracture surface bimaterial CT15 - RT 
 

 

Cu 

SS 

SS 
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CONCLUSION 
 
 
The tests performed within this task had never led to a 
debonding phenomenon of the copper-steel joints proving a 
good quality of the junction process. 
 
Bimaterial CT15 specimens have been used to estimate the 
fracture toughness of these joints. The values obtained are 
lower than the values obtained on SENB specimens [1], 
indicating that this parameter is not a material parameter 
but depends on the geometry of the specimens and is 
related to the constrained effect. Nevertheless it may be 
used to get a qualitative classification of the joints. 
 
The improved properties of the joints performed at 1040°C 
are the consequences of the evolution of the glidcop 
properties rather than of the joint quality itself. 
 
The properties of the joint elaborated with a densified 316 
stainless steel powder are similar to the properties of the 
joint obtained with a forged 316LN material. 
 
The great scatter observed in the measurements of the 
ductility and fracture toughness of the joints is partly  
related to an heterogeneity of the glidcop itself. The 
presence of clusters of large (>1µm) alumina particles 
modifies greatly the local properties of the plate. 
 
The rather low fracture toughness of the glidcop at high 
temperature is related to its lack of strain hardening. TEM 
examinations on deformed samples have explained this 
behaviour by recovery and dislocations climbing 
phenomena around the nano strengthening particles. This is 
inherent to the copper matrix, and thus no significative 
improvement can be expected for this ODS material. 
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UT-SM&C-BIM 
 
Task Title : DISSIMILAR DIFFUSION-BONDED JOINTS MECHANICAL 

TESTING 
 
 
INTRODUCTION 
 
 
The objective of this task is to improve the mechanical 
testing instrumentation of dissimilar diffusion bonded 
joints. The knowledge of the displacement fields in vicinity 
of the joint will allow to improve predictive life assessment 
models. In 1999 different techniques to measure 
displacement fields on specimen during mechanical tests 
have been presented [1]. 
 
There were two kinds of techniques : (i) interferometric 
techniques (Moiré and Speckle) with laser and (ii) 
technique in white light (Numerical image correlation). We 
have chosen the latter technique for several reasons : 
 
- simplicity, 
 
- white light does not require lasers, this point is 

important because when lasers are used vibrations may 
disturb the measurements. 

 
In 2000, the investments required have been achieved. The 
program has been developed within the framework of 
Labview software. Preliminary tests have been carried out 
on mono-material samples. In the last part first tests on bi-
material specimens have been performed and analysis. 
 
 
2000 ACTIVITIES 
 
 
NUMERICAL IMAGE CORRELATION IN WHITE 
LIGHT 
 
The techniques of correlation have been essentially 
developed since the middle of 80’s. It is based on the signal 
treatment methods. Lasers are not necessary, the random 
aspect of the surface of the specimen is sufficient or a paint 
spray (black and white) is applied on the specimen 
(figure 1). 
 
The displacement fields are obtained by correlation 
between 2 images recorded at 2 different states. The 
gradient of the displacements field gives the strain field. 
 
Principle 
 
During a mechanical test, several images of the surface of 
the specimen are recorded with a CCD camera. The 
displacements field between 2 states is determined as 
follows : 
 
a) A zone of interest (where the calculation is realized) is 

determined on the surface of the specimen. 

b) This zone of interest is split into several subsets area of 
Y x Y pixels. Then the displacement of each subset area 
is calculated using a correlation technique. 

 

 
 

Figure 1 : Example of random aspect realised 
with paint spray of black and white on a specimen 

 
Experimental device 
 
A 12 Bits camera with a real number of grey levels of about 
3500 for 4096 theoretically has been chosen. 
 
Its resolution is 1024 x 1280 pixels. With this camera we 
can capture an image in about few 1/100 s. The 
numerisation frequency is of about 12.5 MHz, and we can 
record up to 4 images by second. 
 
This camera is presented on figure 2. With the chosen 
objective, the minimum observed area is around 7x8 mm2. 
 

 
 

Figure 2 : The CCD Camera 
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Algorithm of the correlation technique 
 

 
 

Figure 3 : Algorithm of correlation 
 

First, the reference image for the reference state is 
selectioned. On this image, the zone of interest, the size of 
the subset area, the step between subsets area are defined. 
 
Then, either we realized a calculation for small 
displacements (inferior of half of the size of the subset area 
between the initial image and the other images), or a 
calculation for large displacements (a displacement inferior 
to the half of the size of the subset area between two 
consecutive images). A displacement superior to the half of 
the size of the subset area gives a false result. Thus for large 
displacements the calculation is performed between an 
image at the state n (I1) and the image at the state n-1(Io) 
taken as the reference image. 
 
As the displacement of each subset area at the state n-1 is 
known, we can sampling the subset area with the initial co-
ordinates on the reference image (RI) more the 
displacement of this subset area at the state n-1. Of course 
between the states n-1 and n, the displacement of each 
subset area must be inferior to the half of the size of the 
subset area. Once the type of calculation is chosen, the 
calculation of correlation starts. The displacements for each 
subset area are calculated between two images.  

At the end of this stage, the calculation continues for a new 
image up to the last image to correlate. At the end results 
are recorded. 
 
Validations 
 
Different tests to validate the developments performed in 
the LabView software of this technique of correlation have 
been done. 
 
The average accuracy of displacement is about 0.05 pixel, a 
displacement of about 0.005 pixel is detected with this 
method. The quality of the pattern of the specimen surface 
is important, it limits the minimum size of the subsets area 
and thus the spatial resolution. Tests have been performed 
on eurofer flat tensile specimens. The images have been 
recorded during the test. To measure the Young modulus 
precisely the displacement was stopped when capturing the 
images. 
 
Then the images were captured without stopping the test. 
The calculation of correlation has been realised for a size of 
subset area of 32 x 32 pixels and the step between each 
subset area was about 16 pixels. 
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The Young modulus measured with this technique was 
about 203GPa, to be compared to a theoretical modulus of 
about 207GPa. With the correlation method, we can follow 
the strains in the specimen during necking, εxx is in 
contraction in the striction and εyy reaches 40%. 
 
On the map we can observe one point for which the 
calculation of correlation is obviously false, the reason for 
this is a locally bad contrast of the pattern of the specimen. 
 

  
  

εxx εyy 
 

Figure 4 : Strain fields 
 
Application to bi-material specimens  
 
The main goal driving the development of this method was 
to measure heterogeneous displacements field and strains 
field on bi-material specimen. 
 
We have performed some tensile tests on bi-material 
specimens. We can observe the bi-material effect near the 
joint with the heterogeneous displacements fields and 
strains fields. The spatial resolution is not sufficient to 
observe the area affected by the diffusion. 
 
To improve the spatial resolution 2 solutions will be 
investigated : use of an objective with higher magnification, 
and increase the spatial resolution of the fields by 
decreasing the size of the subset area. This point will be 
possible by applying specific signal treatment methods. 
 
 
CONCLUSION 
 
 
The main interest of this correlation technique is its 
simplicity. The surface preparation of the specimen is quite 
instantaneous : either the random aspect of the specimen is 
sufficient to correlate the images or a black and white spray 
of paint must be deposited. Images of the surface of the 
specimen are recorded during the mechanical test. 
 
The maximum error of this method is about 0.05 pixel, a 
displacement about 0.005 pixel can be detected. Moreover a 
large displacements algorithm allows to follow large strain 
with a good accuracy. 

To improve the spatial resolution, some developments are 
still necessary. This is required to determine the varied 
properties of the materials around an heterogeneous joint. 
 
In 2001 this technique will be applied on 2 junctions : 
CuCrZr/316LN and Eurofer/316LN.  
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