JMEPEG (2019) 28:1745-1752
https://doi.org/10.1007/s11665-019-3871-7

©ASM International
1059-9495/$19.00

for Brazing of Tungsten/316L Steel

Meng Wang, Yuanting Chen, Xianfen Li, Peng Hua, Linfeng Gao, Wei Zhou, and Yucheng Wu

(Submitted September 10, 2017, in revised form November 27, 2018; published online January 25, 2019)

Brazing is an effective technique for joining tungsten and steel. However, the high residual stresses are
produced due to the different coefficients of thermal expansions between tungsten and steel. Compared with
the direct brazing with BNi-2 foil filler, BNi-2/Cu/ BNi-2 multiple interlayer was used as filler to minimize
the residual stresses between tungsten and 316L steel. The brazing experiments were conducted at 1050 °C
for 25 min using Cu foils with different thickness. The results show that tungsten and 316L steel have been
successfully joined by brazing. The intermetallic compound of NiW formed at the W/BNi-2 interface, which
was detrimental to the strength of the joint. The microhardness of different diffusion zones is higher than
that of the substrates owing to the formation of intermetallic compound and solid solution. All specimens of
shear testing fractured at the W/BNi-2 interface close to W substrate, and the average strength of joints was
197, 275 and 268 MPa with multiple interlayer thickness of 0.2 , 0.1 and 0.05 mm copper foil, respectively,
while the average strength of joints was 143 MPa with BNi-2 foil filler. The significant increase in the joint
shear strength can be ascribed to the Cu foil in the multiple interlayer because of with excellent plasticity
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1. Introduction

Divertor works in a complicated environment with high heat
flux, high particle flux and heavy neutron irradiation (Ref 1).
Appropriate plasma facing material (PFM) is important to
enhance the lifetime of the component itself (Ref 2). Due to the
advantages of low activation, high Z material, high thermal
conductivity, high sputtering resistance and low deuterium/
tritium retention (Ref 3, 4), tungsten is considered as one of the
most promising divertor materials. However, tungsten is
difficult to machine due to its brittle nature at room temper-
ature. For a divertor, tungsten and steel usually used as first
wall material and structural material, respectively. The joining
of these two materials is essential to a divertor (Ref 5). Due to
their huge differences in physical properties of these two
materials, such as different melting points (Tm: 3407 °C for
tungsten and 1300-1500 °C for steels) and large mismatch of
coefficients of thermal expansion (CTE: 4.5 x 107¢ k! for
tungsten and 10-18 x 10°¢ k' for steels), large residual
stresses appear along the bonding interfaces. Therefore, tradi-
tional fusion welding is inapplicable to join tungsten and steels.
It has been reported that brazing and solid-state diffusion
bonding have been an ideal method to join tungsten and steels.
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In solid-state diffusion bonding process (Ref 6-8), the
interlayer is widely used to reduce the residual stresses.
Compared with the direct diffusion bonding (Ref 9), the
property of the joints is significantly improved by inserting
interlayer. For instance, Zhong et al. (Ref 6, 10) used Ti and Ni
as the interlayer to bond tungsten and steels. The brazing joint
(Ref 11-13) was successfully obtained by using the nickel-
based filler with excellent wettability and mobility, however,
the investigation of the interlayer was insufficient. In this work,
a copper interlayer with characteristics of low yield strength
and low elastic modulus (Ref 14) was inserted between nickel-
based fillers to reduce the residual stress in the joints. The
interface microstructure, microhardness and mechanical prop-
erties of brazing joints with BNi-2/Cu/BNi-2 multiple interlayer
were analyzed.

2. Experimental Procedures

The pure tungsten (99.95 wt.%) and 316L steel (Fe-17Cr-
13Ni-3Mo-2Mn, wt.%) used in this work were cut by wire-
electrode cutting to a dimension of 10 mm" x 10 mm" x 5
mm”. Meanwhile, commercial copper interlayer (99.9 wt.%
purity) with different thickness (0.05, 0.1, 0.2 mm) and a
0.03 mm thick BNi-2 filler (Ni-6Cr-5Si-3.5Fe-3.5B, wt.%.
solidus temperature 971 °C, liquidus temperature 999 °C) were
cut to a size of 10 mm x 10 mm. Before the brazing process,
the surfaces of these specimens were ground with SiC emery
paper and polished with diamond suspension. To remove
the oil contamination, the samples were cleaned in an ultra-
sonic acetone bath for 15 min. As shown in Fig. 1, the 316L/W
joint was brazed in a molybdenum wire vacuum furnace by
using BNi-2 interlayer and BNi-2/Cu/ BNi-2 multiple inter-
layer, respectively. Since the brazing temperature was generally
50 °C higher than the filler’s liquidus temperature, the brazing
was carried out at 1050 °C. The thermal cycle of the brazing
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process was as follows: firstly heated to 800 °C with heating
rate of 10 °C/min, then increased to the target brazing
temperature with heating rate of 10 °C/1.5 min, held at the
brazing temperature for 25 min under vacuum (< 10 >Pa),
and finally cooled to room temperature within the furnace.

The cross sections of brazing bonded joints were cut and
prepared for metallographic examination. The microstructure
observation was carried out under field-emission scanning
electron microscope (SEM). The chemical composition and
phase analysis of the joints was analyzed with energy-
dispersive x-ray spectrometry (EDS) and XRD. The mechanical
property of bonded joints was evaluated by shear test
(specimens size: 4 mm" x 3 mm" x 3 mm’, presented in
Fig. 2) on CMT5150 Universal tester with a constant displace-
ment rate of 0.5 mm/min. The average strength of five
specimens test results was recorded and the fractured surfaces
were examined. Microhardness was tested across the bonding
interface by VTD401 microhardness tester with a holding time
of 15 s and a load of 100 g.

3. Results and Discussion

3.1 Microstructural Investigation of the Joints

The brazing between W and 316L was successfully carried
out. No cracks and unbounded regions were observed along the
joint bonding interfaces. The micrographs and EDS line scan
results of the different joints are presented in Fig. 3 and 4,
respectively. It reveals that each joint is composed of several
layers.

3.1.1 The Analysis of the 316L/W Joint with BNi-2/Cu/
BNi-2 Multiple Interlayer. Figure 3(a) shows back-scattered
electron image of 316L/Cuw/W with BNi-2/Cu/ BNi-2 multiple
interlayer. The microstructure of 316L/BNi-2/Cu interface and Cu/
BNi-2/W interface are shown in Fig. 3(b) and (c), respectively.

(a) (b)
. 316L
BNj-) —N u
w W

Fig. 1 A schematic description of joint models: (a) 316L/W, (b)
316L/Cu/W

Fig. 2 A schematic description of shear test configuration
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As for the 316L/BNi-2/Cu interface, 316L/filler diffusion
layer (D1), filler (D2), filler/Cu diffusion layers (D3) are
produced. As for the Cu/BNi-2/W interface, it includes Cu/filler
diffusion layer (D4), filler (D5), fillert/W diffusion layer (D6).
Apparently, these diffusion layers are produced during the
brazing process due to the interdiffusion effect. As a result of
the elements diffusion from the filler to the 316L steel during
brazing, the intergranular infiltration occurs in the 316L near
the D1 region.

The elemental composition at Point A consist of 62.17 at.%
Ni, 5.68 at.% Cr, 3.56 at.% Fe, 1.54 at.% W, 11.07 at.% Si,
15.98 at.% Cu, which is similar to Point C. This confirmed the
formation of Nickel-based solid solution in this region. The
elemental composition at Point B consist of 31.18 at.% Cer,
66.17 at.% B, 0.26 at.% Si, 0.53 at.% Cu, 0.38 at.% Fe,
1.48 at.% Ni. It should be noted that the boron (B) content
may be not exactly detected by EDS because boron is light
element. It is also observed that the Cr profile shows steep
fluctuation in D2 zones (as shown in Fig. 4a), which may be
attributed to the formation of Cr-B intermetallic compounds
(CiB, CrsB;, Cr,B) (Ref 15). At Point D, we detected
approximately 11.4 at.% Cr, 33.9 at.% Ni and 54.7 at.% W.
According to the W-Ni binary diagram, (shown in Fig. 5) the
composition at Point D is located at the area between NiW and
NiW, intermetallic compound. The presence of NiW and
Ni(W) phase is confirmed by XRD, as shown in Fig. 6.
Additionally, a small amount of Cr elements has been dissolved
in NiW intermetallic compound.

Although the same fillers are used in this work, it is
interesting to find that the thickness of the filler (D2) becomes
thicker than that of filler (D5). The different thickness of fillers
can be explained as follows: (1) copper can improve the
wettability of BNi-2 filler (Ref 16). Fe and Ni/Cu/Ni exhibit
good compatibility, while Ni and W are not compatible well. (2)
The melting point of tungsten (3040 °C) is much higher than
the brazing temperature (1050 °C), hence the tungsten atom is
relatively difficult to be activated.

3.1.2 The Analysis of the 316L/W Joint with BNi-2
Filler. Figure 7(a) shows back-scattered electron image of
316L/BNi-2/W. The high magnification image of 316L/BNi-2/
W interface and the EDS line scan results are shown in
Fig. 7(b) and (c), respectively.

As for the 316L/W bonded joint, there are three diffusion
layers formed during brazing process: 316L/filler diffusion
layer (Al), filler (A2), filler/W diffusion layer (A3). The
chemical composition at Point E consist of 70.22 at.% Ni,
593 at.% Cr, 4.94 at.% Fe, 8.47 at.% W, 10.43 at.% Si,
confirming the formation of Nickel-based solid solution. At
Point F, chemical composition of 10.2 at.% Cr, 36.6 at.% Ni
and 53.2 at.% W also indicated the formation of intermetallic
compound between NiW and NiW2. This is confirmed by XRD
analysis, as shown in Fig. 8.

Two types of compound appearing ‘white’ are observed: a
continuous layer approaching W substrate and several discon-
tinuous areas distributed in the filler (A2). This can be related to
the growth process of intermetallic compound. Because plenty
of vacancies and dislocations on the W substrate surface
can provide the nucleation sites, the intermetallic compound
grows along the W surface. When the intermetallic
compound continues to grow, the direction of growth becomes
horizontal.

According to the NiW binary phase diagram (Ref 17), three
types of intermetallic compound (NigW, NiW, NiW,) are stable.
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Fig. 3 Back-scattered electron micrographs of the joint with copper interlayer (0.2 mm thickness). (a) General view; (b) High magnification of

the 316/Cu interface; (c) High magnification of the Cu/W interface
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Fig. 4 EDS line scan results of the joint with copper interlayer
(0.2 mm thickness) (a) EDS line scan results of 316L/BNi-2/Cu
interface; (b) EDS line scan results of Cu/BNi-2/W interface

However, NiW, and Ni4W are not identified in the present
work. For the growth of intermetallic compounds, many
investigations are carried out (Ref 18-21). Some researchers
(Ref 1, 18-21) state that the growth rate of compound is related
to the interdiffusion coefficient. In other words, if the
interdiffusion coefficient for one intermetallic compound is
much smaller than for other compounds, the intermetallic
compound cannot grow up. The NiW is also observed by Walsh
and Donachie (Ref 22) at 1273 K for 100 h and at 1311 K for
112-600 h. These imply that the interdiffusion coefficient is
much smaller for NigW and NiW, than for NiW. According to
Ref. (Ref 20), however, NigW, NiW and NiW, are formed by
annealing at 7=1073-1273 K, 7T=1073-1363 K and
T=1073-1313 K, respectively. In summary, the opinions
between researchers are inconsistent due to different experi-
mental parameters. Meanwhile, the mentioned-above joining
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Fig. 6 XRD pattern of the fracture surface on W side for 316L/Cu/
W (0.2 mm thickness copper interlayer)
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Fig. 7 Back-scatter electron micrographs and elemental intensity profiles of the joint without copper interlayer (a) general view; (b) High
magnification detail of the 316L/W interface; (c) elemental intensity profiles of 316L/W
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experiments are all conducted by solid diffusion bonding. For
brazing, the growth of intermetallic compound is not investi-
gated in depth (Ref 11-13). In the present work, the NiW may
form due to the change of the interdiffusion coefficient.
Compared with pure Ni foil used as a interlayer in solid
diffusion bonding, BNi-2 filler in our work contains nickel
element, boron, silicon. These elements may influence the
interdiffusion coefficient. To understand the growth of inter-
metallic compounds, more work about interdiffusion coefficient
should be done in the future.

3.2 Microhardness Across the Interfaces

Microhardness is tested on the polished cross section of the
brazed joint for the 316L/Cu/W and 316L/W, respectively. The
substantial variation indicates the changes in microhardness
across profiles of the 316L/Cu/W and 316L/W, as displayed in
Fig. 9 and 10, respectively.

In D1 and Al regions, the microhardness increases due to
formation of Ni-Fe solid solution. In spite of the formation of
Cu-Ni solid solution in D3 and D4 regions, the hardness of Cu-
Ni solid solution is lower than of the Fe-Ni solid solution. The
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Fig. 8 XRD pattern of the fracture surface on W side for 316L/W
joint

600

500

400

300

200

Microhardness (HV)

100 - Lo AN
| 316L :p1: D2 :D3: Cu:D4:.D5:D6. W

0 " 1 " 1 " L./ 1 " .l . 1

0 50 100 150 350 400 450
Distance (nm)

Fig. 9 Microhardness distribution 316L/Cu/W joint (0.2 mm
thickness copper interlayer)
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highest microhardness within the joint (600 HV) is located in
the area next to W for 316L/Cu/W joint, indicating the
formation of intermetallic compound. This is also verified by
EDS and XRD results. The hardness value of the 316L near the
joint interface is higher than that of the initial 316L (< 200
HV) due to the penetration of BNi-2 filler into the grain
boundary.

3.3 Shear Strength and Fracture Surface Analysis

The specimens for shear testing cut from the bonded joints
are tested in CMT5150 Universal tester and five testing results
are obtained for each specimen. The results shown in Fig. 11
indicate that the strengths of joint with copper interlayer are
higher than that of the joint without a copper interlayer. It is
advised that that soft copper interlayer can absorb some
residual stresses along the joints during brazing (Ref 22).
Zhang et al. (Ref 23) simulated the effect of interlayer with
different thickness on the residual stress between Al,O; and
SS304 stainless steel, which showed that the residual stress of
the joint decreased rapidly with the increase in the thickness of
the interlayer at first and then the residual stress slowly
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Fig. 10 Microhardness distribution 316L/W joint
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Fig. 11 Shear strength of the joints with different thickness of
copper interlayer
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Fig. 12 Stress—strain curves of shear testing on 316L/Cu/W joints
with different thickness of copper interlayer

decreased when the thickness of the interlayer reached a certain
extent. Park (Ref 24, 25) simulated the strain energy distribu-
tion in ceramic-to-metal joints with multi-interlayer and
different interlayer order, which confirmed that the increase in
joint strength was due to the reduction of strain energy. In our
work, it can be deduced that approximate 0.1 mm thickness
copper interlayer might decrease the joint residual stress and the
strain energy efficiently. Additionally, the diffusion of Cu into
Ni-based filler can improve the wettability and mobility of BNi-
2 filler (Ref 16). Considering these changes of brazing filler, the
amount of solid solution and the width of diffusion zone, and
the change of residual stress and strain energy, the shear
strength of joints with Cu interlayer are increased in our work.
From the point of welding structure mechanics, when the
copper interlayer thickness is appropriate, the amount of Cu-
based solid solution and the rest of softer Cu are proper to
improve the joint strength. When the copper interlayer is too
thick, the amount of the rest softer Cu increases in the joint,
which will decrease the joint strength; if the copper interlayer is
too thin, most of the area in the joint is fulfilled with Cu-based
solid solution, which will limit the plastic deformation ability of
joint. In our experiments, the shear strength of the joint with
0.2 mm copper interlayer is lower than that of 0.1 mm and
0.05 mm thickness, which show that the appropriate thickness
of Cu interlayer is approximately 0.1 mm. Zhu (Ref 26) and
Erskine (Ref 27) also indicated that the shear strength increased
firstly and then decreased with the increase in the interlayer
thickness. As shown in Fig. 12 in our work, the toughness of
the joint is greatly improved by the addition of copper
interlayer and 0.1 mm thickness copper interlayer is the
optimal.

The microstructures of the typical fracture surface of the
316L/Cu/W joint and 316L/W joint are shown in Fig. 13 and
14, respectively. The fracture surface of the 316L/W joint is
characterized by the appearance of the faceted grains (region G)
and river patterns (region H). The average composition of
region G is 99.92 at.% W, 0.08 at.% Ni, which suggests Region
G is located on the substrate W adjacent to the brazing seam.
While Region H is composed of 59.56 at.% W, 40.44 at.% Ni,
the NiW can be expected in this region by XRD. For the
fracture surface of 316L/Cu/W joint, in addition to faceted
grains (region I) and river patterns (region J), dimples (region

Journal of Materials Engineering and Performance
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Fig. 13 Fracture surfaces of the 316L/Cu/W joint (0.2 mm
thickness copper interlayer)
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Fig. 14 Fracture surfaces of the 316L/W joint

K) are visible on the fracture surface. The average element
content of Region I and Region J is similar to the element
content in Region G and Region H, respectively, suggesting
that Region I is in W near the brazing seam and Region J is
NiW. Region K is composed of 80.22 at.% Ni, 5.93 at.% Cr,
13.85 at.% W, and Nickel-based solid solution can be expected
in this region. On the base of the above discussion, it can be
concluded that the fracture mode of 316L/W is brittle fracture,
while the fracture mode of 316L/Cu/W is a mixed mode of
brittle fracture and dimple fracture.

Besides the effect of brittle metallic compound, the induced
residual stresses play an important role in the joining of
dissimilar materials, which strongly affects the strength of
joints. During the cooling process, the contraction of 316L steel
is larger than that of the W owing to different CTE, which
causes residual stresses located adjacent to W (the low CTE
material). In addition, the brittle nature of tungsten also may
result in fracture at the W substrate.

4. Conclusion

The effect of copper interlayer on the microstructure and
mechanical property of 316L/W brazed joints are investigated.
The following conclusions are summarized.
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1. The bonding between tungsten and 316L steel can be
successfully achieved by brazing without microcracks
and unbounded regions at the interfaces. No intermetallic
compound is formed at 316L/BNi-2 interface and BNi-2/
Cu interface due to the good compatibility between Fe
and Ni, Ni and Cu; NiW analyzed by XRD is observed
at W/BNi-2 interface.

2. The substantial changes of microhardness are attributed
to the formation of solid solution and intermetallic com-
pound. The maximum microhardness is located at the
interface next to W for W/Cu/316L joint and W/316L
joint, respectively.

3. The average shear strength of the brazed joints increased
due to adding the Cu foil interlayer, and the shear strength
value is also affected by the thickness of Cu foil interlayer;
the appropriate thickness of Cu foil interlayer is approxi-
mately 0.1 mm to reach the maximum joint shear strength.
All shear testing specimens fractured in W near to the W/
BNi-2 interface. The fracture mode of 316L/W is brittle
fracture, while the fracture mode of 316L/Cu/W is a mixed
mode of brittle fracture and dimple fracture.
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