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Abstract: The International Thermonuclear Experiment Reactor (ITER) Thermal shield (TS) serves as
a cryogenic heat exchanger to maintain the thermal stability of the ITER superconducting magnet
coil, which is critical to the control of the plasma during the operation of the ITER device. The TS is
composed of long-length 316L stainless steel (SS) and copper as brazed joints. In this case, a feasible
fabrication design for the CCS TS is presented, accomplished by three kinds of joining processes
(vacuum brazing, friction stir weld, and TIG weld). In the reliable fabrication design, the brazing
quality of the as-brazed long-distance 316L SS and copper joints plays a critical role in the thermal
conductivity performance of the ITER thermal shield. Therefore, a high-quality vacuum brazing
process of long-length SS/Cu joints applied in a low-temperature superconductor magnet system
was first studied. The macro metallography analysis demonstrates the braze ratio of the samples is
100%, and no crack or defect is observed in the samples. The microstructural characterization reveals
the brazing seams are composed of silver-based Ag-rich eutectic. The micro-shear test indicates that
the shear strength of the 316L tube and copper joint is 205 MPa, with the fracture position located
on the copper side; this zone will be the most vulnerable zone of the joints. In addition, the SEM
results illustrated that the shear fracture morphology displayed a ductile fracture feature. The test
results demonstrated that the highly precise depth drilling employed in this paper ensured a good
control of the brazing clearance, resulting in a 100% braze ratio for the long-length SS/Cu joints.
Therefore, it can be concluded that the brazing process can be applied in the ITER TS for the good
thermal conductivity performance of long-length SS/Cu-brazing joints.

Keywords: ITER; superconducting coil; braze ratio; long-length SS/Cu joints

1. Introduction

The International Thermonuclear Experiment Reactor (ITER) is the largest super-
conducting tokamak in the world to demonstrate the feasibility of power generation by
nuclear fusion technology [1]. The ITER device, which is now under construction in the
south of France, requires very large superconducting magnets for the confinement and
control of the burning plasma [2,3]. This is to avoid damage to the first wall caused by
the high-temperature plasma with a temperature of hundreds of millions of degrees. A
superconduction magnet system is used to constrain the ultra-high temperature deuterium
and tritium plasma in the ITER device. Therefore, the superconducting magnet system is
an important component of the ITER machine as shown in Figure 1. The magnet system
for ITER consists of 18 toroidal field (TF) coils, a central solenoid (CS), 6 poloidal field
(PF) coils and 18 correction coils (CCs). In the ITER magnetic system, both the CS and
TF coils operate at a high field and use a Nb3Sn-type superconductor. The PF coils and
CCs use an NbTi superconductor. All coils are cooled with supercritical helium in the
range of 4.4–4.7 K for the different magnet fields. The conductor, not illustrated here, is a
cable-in-conduit conductor with a circular multistage cable consisting of about 1000 strands
cabled around a small central cooling spiral tube. The operating currents are 40–45 kA for
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the CS and PF coils and 68 kA for the TF coils. The upper and lower CCs use a reduced-size
conductor with about 300 strands and without the central cooling channel. The selection of
the conductor operating temperature is linked to the choice of operating fields, the choice
of superconductor technology and the design of the cryo-plant.
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Figure 1. The ITER machine.

As a critical component of the superconducting magnet system, the 18 correction coils
(CC) are used to compensate for field errors arising from the misalignment of the coils
and winding deviations from the nominal shape as a result of fabrication tolerances, joints,
leads, busbars and assembly tolerances [3]. In order to maintain the suitable operation of
the ITER machine, the temperature of the CC superconducting coils shall be kept lower
than the current sharing temperatures of 6–8 K to stay superconductive. Unfortunately,
there was thermal disturbance, electromagnetic heat and eddy current heat generated by
AC loss, etc. In addition, each magnet support that contacts the superconducting coils as
a source of heat is approximately 16 kW during the normal and abnormal operation of
the ITER tokamak, as shown in Figure 2, in order to intercept the heat from the magnet
support to the superconducting coils. The thermal shield (TS), composed of brazed copper
and 316L tubes, was located between the magnet support and the superconducting coils.
Helium with a temperature of 12 K and pressure of 0.5 MPa was injected into the 316L SS
tubes of TS, cutting off the heat from the magnet supports.
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The fabrication design of the TS is presented in Figure 2. Three steps of joint processes
were employed in this fabrication design as per the quality requirements of ITER. First and
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foremost, the SS/Cu pipes were bonded by vacuum brazing. After that, the FSW of copper
plates was adopted for the joining of copper plate and the as-brazed SS/Cu assembly.
Lastly, the TIG SS tubes were connected via TIG welding. The details of the joining process
were developed as follows:

(a) Surface preparation:

For a better wettability of AgCu28wt% with SS, nickel plating with a thickness of
3–10 µm was carried out on the surface of the SS tube. After that, the plated SS was
ultrasonically cleaned with anhydrous ethanol and dried with compressed inert gas.

(b) High-precision drilling of the copper block:

The high-precision drilling was adopted for the deep hole with a length of up to
400 mm. After that, the wings were fabricated at each side of the copper block and butt
welded with the 3 mm copper plate later via FSW welding. After that, the Ni-plated SS
tubes were inserted into the copper block with a strictly controlled brazing clearance of
0–0.02 mm. Lastly, the filler materials AgCu28wt% with a diameter of 1 mm were inserted
into the as-drilled tiny hole for uniform packing in the longitude direction of the SS tube.

(c) Three kinds of jointing activities:

Step 1, the SS/Cu assemblies were put in a vacuum-brazing furnace. Step 2, as
illustrated in Figure 2, the following welding parameters of FSW were used: the welding
speed of 100 mm/min, the rotational speed of 500 rpm and the welding pressure of 1000 N.
Step 3, the automatic tungsten inert gas protection (TIG) welding was employed to join the
316L tubes (Figure 2). The selected TIG welding parameters were 95–105 A and 12–15◦/s
for current and welding speed, respectively.

The brazing quality of the as-brazed 316 L tube and Cu block joint plays a critical role
in the thermal conductivity performance of the TS. Unfortunately, the joining of copper to
stainless steel is challenging because of the differences in melting point, thermal expansion
coefficient, wettability and thermal conductivity between stainless steel and copper [4,5].
Many studies on the connection of copper and stainless steel have been carried out to obtain
defect-free joints by laser welding, tungsten/metal gas-suspended arc welding, diffusion
bonding and vacuum brazing [6–21]. Li Xiangbin et al. performed vacuum brazing on
100 mm SS and CuCrZr pipe with foil-shaped BAg-6 filler at 690 ◦C and a pressure of
8 × 10−3 Pa, and the shear strength of the as-brazed joint was higher than 90 MPa [15].
Cheng Jiming et al. have assessed the feasibility of the explosive welding process of the
SS plate to the CuCrZr plate. The maximal shear strength of the SS/CuCrZr joint was
higher than 240 MPa [11]. A hot isostatic pressing was carried out by S.H. Goods et al.
to join the SS tube to the CuCrZr base in the ITER first wall at 1040 ◦C and 103 MPa for
2 h. The tensile strength of the joints was higher than 230 MPa [16]. In particular, Abhay
Kumar et al. [13] studied the brazing process, mechanical properties and microstructure of
the SS and copper joints of nickel-plated stainless steel. The results revealed that a joint
with a shear strength of 170 MPa could be obtained in an overlap joint style with a short
distance of 17 mm. Nevertheless, copper/stainless steel components in the ITER TS are
cylinder-shaped, with a length of up to 400 mm, and compared with shorter length overlap
joints such as 17 or 100 mm, the machining accuracy of a deeper copper block inner hole
and the straightness of longer steel pipe turned out to have worse results. Therefore, it is
hard to control the brazing clearance of the SS/Cu assemblies strictly and uniformly along
the whole 400 mm length, which increases the difficulty of long-distance SS/Cu brazing
joints significantly.

In summary, satisfactory brazing joints of copper-stainless steel can be obtained by
using a silver-based filler metal and by the adoption of vacuum brazing. Unfortunately,
previous studies have predominantly ignored the brazing process and have opted for long-
brazing joints with overlap lengths of more than 100 mm. This work aims to find a feasible
way of achieving long-distance vacuum brazing joints with a high-brazing ratio and thermal
conductivities. The findings of this paper can improve and ensure the cooling efficiency
and reliability of the cooling components adopted in the fusion device. Furthermore, it has
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the advantages of a high-braze ratio and production efficiency due to the adoption of three
different joining methods. It can thus be especially suitable for fabricating the extremely
heat-loaded components in the fusion reactor and extended to the brazing activities of
copper, stainless steel and nickel alloy in aerospace, nuclear power and other applications.

2. Experimental Procedure

In this study, 316L austenitic stainless steel tubes and T2 copper blocks were used as
base metals. The 316L tubes had a length of 1000 mm, an outer diameter of 17.10 mm and a
thickness of 2.25 mm. The measured chemical composition of the 316L alloy was 0.64 Si,
14 Ni, 1.8 Mn, 2.92 Mo, 0.024 C, 0.001 S, 0.02 P (all in wt.%) and the balance was Fe. The
as-received oxygen-free electronic copper with a thickness of 25 and 3 mm had measured
chemical compositions of 99.96 Cu, 0.02 Ag, 0.02 S, 0.01 P, 0.02 Bi, 0.05 Fe and 0.01 Pb (all in
wt.%). Silver-copper eutectic-filler alloy (72 Ag/28 Cu, wt.%) in the form of a wire with a
diameter of 1 mm was used as the filler material.

The fabrication joining process was conducted as follows for the achievement of a
perfect brazing clearance (0–0.04 mm) before brazing: firstly, the SS pipes were selected by
a gauge with two deep holes which were similar to a go/no-go gauge for better precision of
the outer diameter and straightness. Secondly, the surface of the plated SS was ultrasonically
cleaned with alcohol and blown dry with dry N2 gas. After that, the surface of the 316L
stainless steel tube was coated with a Ni layer of about 3–10 µm in thickness by using the
ML-80 semi-gloss for the electroless nickel plating process. Subsequently, a high-precision
depth drill was adopted for the inner hole with a diameter from 17.11 to 17.15 mm and a
length of 400 mm. Lastly, the SS pipes were injected into the block manually, making a very
tight brazing clearance between the SS pipes and the copper block.

Figure 2 characterized the preparation of long-length SS/Cu and 316 L tube joints. The
brazing clearance of the SS/Cu joint was strictly controlled at 0–0.04 mm. Subsequently,
the brazing was carried out at 8 × 10−3 Pa and 800 ◦C for 30 min. After that, the as-brazed
assemblies were cooled to 580 ◦C in a furnace. Finally, in order to avoid the deterioration
of as-brazed joints, as-brazed joints were rapidly chilled at the rate of 10–20 ◦C/min to
200 ◦C by introducing and circulating cooling argon gas. The details of the vacuum-brazing
process were shown in Figure 3.
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The microstructures of the brazed joints were observed via an optical microscope
(ZEISS AXIO) and scanning electron microscopy (ZEISS EVO18 Special Edition) equipped
with an energy-dispersive spectrometer (EDS). The samples were ground progressively
with 200#, 400#, 800# and 1000# SiC sandpaper, and then polished with a diamond paste.
A mixture of FeCl3:HCl:H2O = 5:20:100 was employed for etching the as-brazed joints
before the optical microscope test (OM). A Vickers microhardness test was conducted via
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an HXD-1000TM hardness tester with a test load of 100 N and a holding time of 10 s for
each point. The shear strength of the joints was sampled as shown in Figure 4. After
that, the shear strength of the two as-brazed samples was examined by a bespoke micro-
tensile test machine with a maximum tensile force of 1000 N at 0.2 mm/s cross-head speed.
Subsequently, in order to have a better understanding of the fracture behavior during the
shear strength test, the characteristics of the shear fracture surfaces were analyzed with the
naked eye and SEM.
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3. Results and Discussion

The macromorphology of the brazed joint is presented in Figure 5. It suggests that
the as-brazed SS/Cu interface is smooth, without any porosity, cracks or dis-bonded areas.
Figure 6 evaluates a high-resolution image of the Cu/SS steel-brazed joint by OM. The
OM observation on the cross-section of the SS/Cu brazed joint reveals that the thickness
of the interface is about 130–150 µm. Of note, the brazing joint is composed of a brazing
seam center area with a thickness of approximately 10 µm, an interface area of the brazing
seam layer with a thickness of about 20 µm and a diffused portion layer with a thickness
of 100 µm. For the diffused portion layer, the primary crystal of Cu grows close to the Ni
layer, due to the good wettability of Cu on the Ni layer. During the brazing activities, the
molten filler materials infiltrated into the grain boundaries of the coarsened copper grains
with a distance of 40–100 µm. This phenomenon is consistent with what was reported in
the literature [13]. During the cooling process after brazing, the copper grew along the Ni
layer that was formed by the nickel plating and the molten filler automatically flowing to
the Cu grain boundary, resulting in the Ag-rich phase mainly distributed near the copper
side after brazing.
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Optical micrographs and back scattered images of the brazed joint are characterized
in Figure 7a,b, respectively. The microstructure of the 316L side is equiaxial austenite
and the copper side is a Cu phase with a small amount of silver penetrating into the
copper grain boundaries. Figure 7c–f presents SEM images of the entire joint interface.
The microstructure of the SS side of the brazed joint is equiaxial austenite. However, the
microstructure of the copper side of the brazed joint is a Ag-rich phase (Ag-Cu) penetrating
into the coarsened copper grain boundaries. The results indicate that a good metallurgical
combination was achieved between the copper block and the SS tube. Additionally, a braze
ratio of 100% is revealed in Figure 7a–f as no defects such as pores, voids or cracks can be
observed. This demonstrates that the high-precision deep-hole drilling technology adopted
in this paper ensured the best control of the brazing clearance, resulting a good wettability
and fluidity of the SS pipes and the copper during brazing.
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To further assess the detail of the joints, Figure 8 presents the EDS maps of the brazed
joint. It was determined by the EDS that the brazing seam was composed of a Cu and
Ag-rich phase. Furthermore, Ni atoms were present at the brazing seam, which means that
the Ni layer was partially melted into the braze seam during the brazing thermal cycle. It is
worth noting that the brazing temperature was 830 ◦C, which is lower than the melting
point of Ni (1453 ◦C). This suggests that the molten liquid was a mixture of Ni, Cu and
Ag. Additionally, it was revealed in Figure 7 that Fe and Cr atoms also diffused into the
Cu base metal over a long distance during brazing. It is interesting to note that Fe and
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Cr atoms barely existed in the brazing seam. This was mainly due to the low solubility
of Fe and Cr in Cu. On the other hand, there is no doubt that the solubility of the Fe and
Cr in Ni was very high. Hence, it can be hypothesized that the Fe and Cr mainly dissolve
into Ni, leading to the long-range diffusion of the Fe and Cr along with the Ni-Cu-Ag melt.
The above results prove that the interdiffusion of Cu, Ni, Fe and Ag elements between
substrates and filler metal is sufficient for good metallurgical bonding in the brazed joint.
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The EDS analysis of seven points of the brazing seam with different colors is shown in
Figure 9. Point 1 is the Ag-Cu solid solution, in which the Cu content (4.23 wt.%) is lower
than the composition (8.8 wt.%) of eutectic Ag-Cu (that is, the molten filler material). This
implies that the Cu in the eutectic Ag-Cu may have diffused into the base material or other
areas during cooling. In addition, the Cr and Fe dissolving into the Ni layer is proved by
the composition of the dark area (points 2, 3 and 7). Furthermore, the solid solution formed
by the Ni and Cu is also detected in the gray areas of point 5, point 6 and point 4. Of note,
points 4, 5 and 6 have a lower content of Fe and Cr than point 7, point 3 and point 2, which
suggests that the time for solidification in the gray area is later than that in the dark area,
since the melt points of the Fe and Cr are much higher than that of the Cu and Ag.

Metals 2023, 13, x FOR PEER REVIEW 8 of 12 
 

 

  
Figure 8. EDS maps of the as brazed Cu/SS joint. (a) the Cu; (b) the Ni; (c) the Ag; (d) the Cr; (e) the 
Fe; (f) the interface of the joint. 

The EDS analysis of seven points of the brazing seam with different colors is shown 
in Figure 9. Point 1 is the Ag-Cu solid solution, in which the Cu content (4.23 wt.%) is 
lower than the composition (8.8 wt.%) of eutectic Ag-Cu (that is, the molten filler 
material). This implies that the Cu in the eutectic Ag-Cu may have diffused into the base 
material or other areas during cooling. In addition, the Cr and Fe dissolving into the Ni 
layer is proved by the composition of the dark area (points 2, 3 and 7). Furthermore, the 
solid solution formed by the Ni and Cu is also detected in the gray areas of point 5, point 
6 and point 4. Of note, points 4, 5 and 6 have a lower content of Fe and Cr than point 7, 
point 3 and point 2, which suggests that the time for solidification in the gray area is later 
than that in the dark area, since the melt points of the Fe and Cr are much higher than that 
of the Cu and Ag. 

  
Figure 9. EDS points analysis of interface of the as brazed joint. 

Generally speaking, as shown in Figure 10, it can be speculated that the hardness of 
the as-brazed SS/Cu joints reveals a downtrend from the SS to the copper side. The softest 
area is the base material on the copper side; 7# with a value of 76 HV. In contrast, the SS 
base material, point 2#, presents a peak hardness value of 193 HV. Point 1# shows a 
hardness value of 173 HV, which is slightly lower than point 2#. Turning to point 3#, the 
interface of the SS side, the hardness value indicated a sharp decrease to 116HV. Then at 

Figure 9. EDS points analysis of interface of the as brazed joint.



Metals 2023, 13, 1349 8 of 11

Generally speaking, as shown in Figure 10, it can be speculated that the hardness
of the as-brazed SS/Cu joints reveals a downtrend from the SS to the copper side. The
softest area is the base material on the copper side; 7# with a value of 76 HV. In contrast,
the SS base material, point 2#, presents a peak hardness value of 193 HV. Point 1# shows a
hardness value of 173 HV, which is slightly lower than point 2#. Turning to point 3#, the
interface of the SS side, the hardness value indicated a sharp decrease to 116HV. Then at
point 4#, the hardness value of the interface area of the brazing seam layer leveled off at
around 104 HV. Apart from the above, the hardness of the interface area on the copper side
(5#), the copper-base metal Ag-rich eutectic penetrating area (6#) and copper base metal
area without Ag-rich eutectic penetration (7#) are 107 HV,86 HV and 76 HV, respectively.
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In general, the change in the trend of the microhardness curve in the cross-section
of the joint is consistent with the microstructure, grain size and the degree of completely
dynamic recrystallization [20]. It is clear that the difference in the base material of the SS
compared with copper results in the hardness of points 1# to 3# being higher than that
of points 4# to 6#. Due to the influence of the brazing thermal cycle, the grains of the
copper-base material are seriously coarsened, which is the main reason for the reduction of
hardness on the copper-base metal side.

However, it can be concluded that the penetration of Ag-rich eutectic in the grain
boundary significantly improves the hardness of copper when comparing the hardness of
points 5#, 6# and 7#. It is important to point out that the interface area of the brazing seam
layer (4#) indicates a lower hardness than the interface of the SS (3#) and copper side (5#),
proving that it is the weakest area of the as-brazed Cu-SS joints.

It is worth pointing out that because the thickness of the brazed seam is just 10–20 µm,
the microhardness test cannot be carried out precisely on this area, which makes it impos-
sible to estimate the hardness of the brazing seam. However, there is no doubt that the
narrower the thickness of the brazing seam, the higher the tensile strength of the brazed
joint, which proves that the brazing procedure is quite suitable for the long-overlap length
SS/Cu pipe joint.

The shear strength test specimens, shear stress-displacement curve and SEM analysis
of the fracture of the samples are illustrated in Figures 11 and 12, respectively. As shown in
Figure 11, the shear test of two samples revealed that the shear strength of the brazed joints
is 202 MPa and 208 MPa, respectively. It can be found that the shear fracture presents a
white color to the naked eye. It seems that the whole copper near the braze weld is torn
off. At a closer look, the crack propagated along the copper side of the whole brazed joint.
This demonstrates that the overall process conforms to the test results of the hardness test
as shown in Figure 10. From the perspective of the microhardness distribution across the
interface of the as-brazed SS/Cu joint, the coarse grain of the copper indicated the lowest
hardness value. Therefore, this zone is the most vulnerable zone of all of the joints and is
the crack initiation point and the weakest area of the whole joint.
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Figure 12. SEM of the fractured surface.

From the perspective of fracture position, since the fracture position is located at the
base material (copper side), it demonstrates the good metallurgical bonding of the SS and
copper. To have a better configuration of the shear strength, a fracture morphology by SEM
was carried out and the results were shown in Figure 12.

For the specimens bearing shear stress, the tearing is mainly due to the shear loading.
The shear stress of the joints increases cumulatively up until the crack is initiated, and
the crack mouth becomes progressively larger with the increase of the shear load. In
addition, the fracture morphology is typical shear fracture morphology, which indicates
that the as-brazed SS/Cu joints are ductile in nature. Obviously, the shear strength, fracture
location of the brazing joints and metallurgical reaction indicate that the brazed joint is
very desirable. In addition, the fracture position of the as-brazed SS/cu joints is consistent
with the hardness test result, as shown in Figure 10.

4. Conclusions

This paper presents a feasible fabrication design for the CCS TS, which is accomplished
by three kinds of jointing processes. A key point was to achieve the remarkable thermal
conductivity performance of the ITER thermal shield. Successfully fabricated and studied
were the high shear strength, superior brazing rate and excellent reliability of the 400 mm
length of the SS/Cu joint. The following test results reveal the outstanding performances
of the as-brazed SS/Cu joints:

1. The high, precise-depth drill of copper block employed in this paper ensured a
favorable control of the brazing clearance for the SS/Cu joint, contributing to a 100%
braze ratio for the long-length SS/Cu joints.

2. The hardness of the as-brazed SS/Cu joints reveals a downtrend from the SS to the
copper side, and the copper-base material represents the lowest hardness value by
the coarse grain induced by the brazing thermal cycle. Ag-rich eutectic to the copper
grain boundary improves the hardness of copper significantly.
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3. The brazed seam consisted of the Ag-rich phase and the Cu-rich phase; the Ag-rich
phase penetrates into the grain boundaries of copper during vacuum brazing.

4. The shear test reveals that the average shear strength of the SS/Cu joint is 205 MPa
and the fracture morphology is typical shear fracture morphology which indicates
good plastic toughness. The crack is generated, propagated and fractured at the
copper side with coarse grain, which is consistent with the result of the hardness test.
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