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Abstract: A vacuum brazing technique was used to braze reactor grade niobium and 316L stainless steel with oxygen-free copper as
filler materials. Microstructure and mechanical properties of both samples and transition joints at different temperatures were investi-
gated. Results demonstrate that brittle intermetallic layer forms and diffusion phenomenon is observed. In spite of the existence of brit-
tle intermetallic, the brazing joints” application in superconducting radio frequency (SRF) cavities is not affected. Mechanical tests in-
cluding tensile tests and shear tests were conducted both at room temperature (300 K) and liquid nitrogen temperature (77 K). The ten-
sile strengths at liquid nitrogen temperature are higher than at room temperature, while the shear strengths are reduced due to the for-
mation of brittle intermetallic. The transition joints always have higher mechanical strengths than samples when the thickness of the
brazing seam is strictly controlled. Leak tests were also performed on the transition joints. The joints’ leak rates are all lower than
1.1x10? Pa-L/s, indicating that the vacuum brazing technology is applicable to high vacuum vessels used at cryogenic temperatures,

such as stainless steel helium vessel for SRF cavities.
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Superconducting radio frequency (SRF) cavities made of
high-purity niobium feature small surface dissipation and
large beam apertures. They are widely used by modern accel-
erators to produce high energy particles for physical re-
search’?. During the operation of SRF cavities, liquid helium
with temperature of 2 K or 4 K flows through the space be-
tween helium jackets and cavities to cool the SRF cavities,
and keeps the niobium material in superconducting state®.
Currently, titanium is used to make helium jackets since its
thermal expansion coefficient is similar to that of niobium™.
However, titanium has the disadvantages of manufacturing dif-
ficulties and high cost, so many laboratories have tried to re-
place it with austenitic 316L stainless steel®”. SRF cavities
and their helium vessels usually operate at liquid helium tem-
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perature and undergo vacuum heat treatment at 873 or 1073 K
before installation”. Therefore, the effectiveness of joints’
hermetic seal needs to be ensured between 2 K and 1073 K.
There is few successful fusion welding techniques, in-
cluding electron beam welding, reported for joining niobium
and stainless steel, because fusion welding produces interme-
tallic compounds (such as Nb,Fe,) in the welding seam and re-
sults in vacuum leak™. In addition, these compounds cannot
withstand heavy thermal load when cooled to cryogenic tem-
peratures and turn fractured”™. Some laboratories have used ex-
plosive bonding to prepare composite material, such as niobi-
um/stainless steel plates!™'"), or titanium/stainless steel/titani-
um plates™, in order to fabricate transition joints. No vacuum
leak has been detected on this type of joints even after a num-
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ber of wide-range thermal cycles. Saito has developed hot iso-
static pressing (HIP) to connect niobium/stainless steel and
successfully applied it to the SRF cavities!"”. Some other labo-
ratories have used vacuum brazing to connect niobium and
stainless steel with oxygen free copper as fillers. The brazing
joints’ reliability has been verified by accelerator operation
experiences* ¥,
brazed joints shows that they all have Fe element at the Nb/Cu
interface, which signifies the formation of Nb,Fe, intermetallic

The microstructure study of the previous

compounds. But the operation experiences suggest that the in-
termetallic compounds do not affect their performance™.
Meanwhile, some researchers explored a way to minimize the
formation of intermetallic compounds by minimizing the braz-
ing holding time, and believed that such procedures can im-
prove the bonding quality™.

In the past, the microstructure of the brazing interface
and transition joints are only roughly reported from the view
of engineering applications. In this research, we systematical-
ly studied the microstructure, mechanical properties, and braz-
ing holding time of the brazing samples. We also studied the
vacuum leak rate, ultimate shear strength of transition joints
made by vacuum brazing. The morphology and elemental dis-
tribution of the brazing interface were investigated by scan-
ning electron microscope (SEM) and energy dispersive X-ray
spectrometer (EDS). The mechanical properties of the brazing
samples and joints were characterized by tensile tests and shear
tests with an MTS-SANS CMT5000 universal testing machine
at a strain rate of 2 mm/min. Leak rates were tested with a Agi-
lent VSPDO03 helium mass spectrometer leak detector.

1 Experiment

1.1 Materials and preparation

Three kinds of raw materials were involved in the vacu-
um brazing, including reactor-grade niobium (RRR=30), 316L
stainless steel, and TU1 oxygen-free copper as fillers. Beside
the commercial 316L stainless steel, the chemical composi-
tions of the two materials are shown in Table 1. Wire-shaped
fillers were adopted for brazing samples, while ring-shaped
fillers were adopted for real joints, which have bigger filler ar-
ea. The brazing temperature is 1100 °C, with vacuum better
than 5x10 Pa at brazing temperature. Before the brazing, nio-
bium was soaked in a solution of HF, HNO,, and H,SO, (in
the ratio of 1:1:2.5) for 20 s to remove surface oxides.

1.2 Sample preparation

The dimension of niobium and stainless steel pieces used
to study the microstructure of the brazing joint was 15 mmx15
mmx3 mm. A piece of brazing wire with 0.8 mm in diameter
was placed between the two base materials. After brazing,

samples were mechanically polished with sand paper (600” to
3000 grits), then followed by a standard chemical-mechanical
polishing with 0.3 um alumina slurry. SEM was used to ana-
lyze the evolution of the structure near the interface; and EDS
spectrum was used to measure the element diffusion behavior
of the interface.
1.3 Mechanical testing

GB/T 11363-2008 and GB/T 1329-2008 were adopted
for testing strength of brazing samples at 300 and 77 K
(Fig.1a). The layout of brazing samples was butt joint brazing.
Since the sample provided a reference for the brazing of the
transition joint, we did not strictly control the brazing gap.
Therefore, the brazing seam thickness of samples was 100~
200 pm and the thickness of samples was 3 mm. The initial
shear test samples were prepared in accordance with GB/T
11363-2008. But, the niobium base metal was broken during
the test so that we cannot get the strength of joints. Then, the
test was carried out in accordance with the standards GB/T
6396-2008 (Fig. 1b). The ultimate shear strength of transition
joints was measured with its scheme shown in Fig. lc. The
schematic diagram of the brazing of the transition joints is
shown in Fig.1d. A plug was inserted in the niobium tube in
order to ensure the uniform thickness of transition joints.

2 Results and Discussion

2.1 Microstructure of brazing joints

Fig.2a shows the morphology of the interface of Nb/Cu/
316L SS at brazing temperature of 1100 °C for holding time of
90 s. A good alloy bonding forms between the copper brazing
and the two base materials, and there are no defects such as
cracks and pores. In order to determine the composition and
the element distribution in the interface region, EDS line scan
was performed on the joint surface, whose path is shown by
the straight line in Fig. 2a. Moreover, it can be seen from
Fig.2a that the joint is divided into three areas. The diffusion
layer A where Fe and Cu coexist consists of many gray areas
and a small part of white strips. This phenomenon is con-
firmed by interdiffusion of Fe and Cu in EDS line, as shown
in Fig.2b. Layer B is the zone of oxygen-free copper brazing.
Layer C is the diffusion layer where Nb/Cu and Fe coexist.
We can learn from Fig.2b and Fig.3c that the Fe element dif-
fuses to the Nb/Cu interface, all the way passes through the
copper, and forms an intermetallic compound layer. The com-
position of the diffusion layer C was measured with an EDS
point scan at point D, as shown in Fig.2a. The results in Fig.2d
reveal that Fe:Nb ratio is close to 2:1. According to the Fe-Nb
binary phase diagram ", the most likely component of the in-
termetallic compounds is Fe,Nb. The intermetallic compound
is expected to harm the mechanical property of the transition

Table 1 Chemical composition of niobium and TU1 oxygen free copper (wt%)
. Ta C Fe N w Mo Ni H Nb
Niobium
0.0762 0.0026 0.0003 0.0006 0.0021 0.001 0.0002 0.0002 Bal.
TU1 oxygen (0] Sb Fe Ni Pb Zn S P CutAg
free copper 0.002 0.002 0.004 0.002 0.003 0.003 0.004 0.004 Bal.
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joints, so the formation of this compound should be avoided
during brazing.

The rugged Nb/Cu interface in Fig.2a indicates that the
holding time is too short, resulting in insufficient time for the
elements to diffuse. Fig.2c shows the morphology of the braz-
ing surfaces after annealing at 600 °C for 10 h. It can be found
that the Nb/Cu interface is flat, indicating that there is sufficient
time for the elements to diffuse. In addition, the samples in this
research were subjected to heat treatment which meets the heat
treatment requirements of SRF cavities, that is, heat treatment
can remove hydrogen and release stress before serving.

2.2 Element distribution across the interface under dif-

ferent holding time

In order to investigate the development of intermetallic
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A d
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Schematic diagram of tensile test samples (a), shear test samples (b), ultimate shear tests samples (¢), and braze joint configuration (d)

compounds under different holding time, we kept the brazing
temperature at 1100 °C and studied the element distribution
and strength of the interface under different holding time. The
EDS line scan results of four holding states, namely 15, 30, 45
and 60 s, are shown in Fig.4. It can be seen that elements are
diffused at the Nb/Cu interface and Fe/Cu interface during the
brazing process, which is a prerequisite for successful brazing
of the transition joints. It can be seen from the phase diagrams
of Fe-Cu and Nb-Cu that the mutual solubility of Fe and Cu is
better than that of Nb and Cu, and the solid solubility of Cu in
Nb is only 1.2at% at 1083 °C"". Thus, it can be seen from
Fig.4 that the diffusion distance of Fe/Cu interface is bigger
than that of Nb/Cu interface at four states. We also found that
Fe diffuses to interface of Nb/Cu in all states, forming interme-
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Fig.2 SEM morphologies of brazing surface at 1100 °C for 90 s (a) and 600 °C for 10 h (¢); EDS line scan results across interface marked as

straight line in Fig.2a (b) ; EDS results of spot D marked in Fig.2a (d)



Wang Ruoxu et al. / Rare Metal Materials and Engineering, 2021, 50(4):1166-1172

1169

50 um
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Fig.4 EDS line scan results across interface at 1100 °C for different holding time: (a) 15s, (b) 30s, (¢) 45s, and (d) 60 s

tallic compounds at interface, thereby reducing the plasticity
and strength of the brazing joint. In particular, the formation
of intermetallic compounds is bad for its reliability in low tem-
perature environments. Unfortunately, the formation of inter-
metallic compounds still exists at 15 s holding time, which is

the shortest holding time that we can control by many times of

experiment.
2.3 Brazing joint strength

Fig. 5 shows the average tensile strength and average
shear strength of the brazed joint under different holding time.
The tensile strength test and shear strength test were conduct-
ed on three samples in one state. It can be seen from Fig.5a
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that the holding time has little effect on tensile strength at 300
K, and tensile strength is in the range of 85~93 MPa, which is
consistent with the results in Ref.[16]. Since the base material
and brazing filler metals cannot sufficiently diffuse in a short
holding time of 15 s, the tensile strength is the minimal. This
phenomenon is more obvious at 77 K. At 77 K, the tensile
strength is 175 and 247 MPa at holding time of 15 and 30 s,
respectively. We can also find that the change in tensile
strength is small when the holding time continues to increase.

At 300 K, when the holding time becomes longer, the
shear strength increases. It can be seen from Fig.5b that the
base material and the brazing filler metal are not sufficiently
diffused to cause the minimum shear strength when the hold-
ing time is 15 s. When the holding time is longer than 60 s, the
change of shear strength is small. The shear strength at 77 K is
less than that at 300 K, but is still greater than 100 MPa,
which meets the engineering requirements®*”,

In short, when the holding time is greater than 60 s, the
shear strength and tensile strength are hardly influenced by the
holding time. These results provide a reference for the selec-
tion of the holding time of the transition joint when the braz-
ing area of the transition joint is large and the holding time is
required to be bigger than 120 s.

2.4 Brazing and leak detection of transition joints

The thermal expansion coefficient of stainless steel is
close to 2.6 times larger than that of niobium at the brazing
temperature, which brings challenges to the uniform thickness
of the weld (20~50 um)™. Assuming that the niobium tube ex-
pands freely and is thin-walled structure, the outer diameter of
the niobium tube is R, and the expansion coefficient is ay;
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Fig.5 Tensile strength (a) and shear strength (b) of samples

the inner diameter of the stainless steel flange is r;,, and the
expansion coefficient is a;,; the brazing temperature is AT.
There is a certain gap between the inner diameter of the stain-
less steel flange and the outer diameter of the niobium tube,
and this gap is the assembly tolerance Gy, and then 7y, =
Gyg + Ry, At the brazing temperature, the expansion of the
outer diameter of the niobium tube is ay, Ry, AT™, the expan-
sion of the inner diameter of the stainless steel flange is
05,6716, AT, and then the difference between the expansion of
stainless steel and niobium AG,; is as follows:

AG,, = 30730 AT - 0y R AT QY
Substituting 7y, = Gy + Ry, into Eq.(1):

AG,, = 034 ATG s + (a6 = ) R AT 2)
Assuming a4 = 2.60,,, then:

AG,, = (2.6Gy; + 1.6Ry,) o, AT (3)

Because the diameter of the niobium tube is much larger
than the gap (R, = G3p), thus:
AG,, = 1.6ay,ATRy, @

The cleaning tube of half-wave resonator (HWR) cavity
has the minimum dimensions, whose outer diameter is 46
mm®'". The brazing temperature of oxygen-free copper braz-
ing is 1100 °C and the coefficient of expansion of niobium is
7.88x10° K'PU, Therefore, the gap is 319 pm which means
that the gap of transition joint at the brazing temperature is
319 um. For larger niobium tubes, this means greater gaps.
This clearance can be ensured by inserting a stainless steel
plug into the niobium. The role of plug is to force the niobium
pipe to yield and follow the expansion of the plug during the
brazing process. The schematic configuration is shown in
Fig.1d. Fig.6 shows two brazed transition joints both with 90 s
holding time. The inner diameter of niobium tube is 60 mm. It
can be seen from Fig. 6 that the copper brazing on the front
and back of the transition joints is complete, indicating that
the filler filled up the entire seam. After withstanding ten cold
shocks of liquid nitrogen, the joints still show leakage rate be-
low 1.1x107° Pa-L/s both at room temperature and liquid nitro-
gen temperature.
2.5 Ultimate shear strength

In our tests, we selected three types of transition joints:
CF80 (niobium tube inner diameter 80 mm), CF100 (niobium
tube inner diameter 94 mm), and CF150 (niobium tube inner
diameter 105 mm). Fig.7 shows the average shear strength of
different types of transition joints. Each type was tested three
times. It can be seen that the average shear strength is 230
MPa at 300 K and 178 MPa at 77 K. The reason for that lower
shear strength at 77 K may be the formation of intermetallic
compounds. It is also found from Fig.7 that the consistency of
the three types of transition joints is good, indicating good fea-
sibility to prepare transition joints with oxygen-free copper as
brazing fillers. In addition, the shear strengths of the transition
joints are greater than the samples. The difference is more ob-
vious at 77 K, and such enhancement results from the strictly
controlled thickness of the brazing seam. 20~50 um is careful-
ly maintained when brazing the transition joints.
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Fig.6 Transition joints after brazing
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Fig.7 Ultimate shear strength of transition joints

3 Conclusions

1) Niobium-316L stainless steel transition joints can be
successfully prepared by vacuum brazing with oxygen-free
copper as fillers. Elemental diffusion is observed on both sides
of the welding seam while no visible defects such as cracks
and pores are seen. The EDS line scan results reveal that the
presence of Fe at the Nb/Cu interface leads to the formation of
intermetallic compounds, possibly Fe,Nb.

2) When the holding time is longer than 60 s, increasing
holding time cannot significantly affect the tensile strength
and shear strength, which provides a good reference for the
brazing process of transition joints. Due to the presence of in-
termetallic compounds, the shear strengths at 77 K are all low-
er than at 300 K.

3) According to the brazing experience of samples, differ-
ent types of transition joints can be successfully prepared. Af-
ter 10 cold shocks of liquid nitrogen, the leak rates are better
than 1.1x10” Pa-L/s. During the brazing process, the thickness
of the weld is strictly controlled in order to obtain transition
joints with good strengths. In the future, we will try to fabri-

cate the transition joint on the SRF cavities.
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