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a  b  s  t  r  a  c  t

The  brazing  processes,  using  Ta and  Cu  interlayer  respectively,  were  carried  out to  study  the  joining  of
W and  steel  with  Ni–based  amorphous  foil filler.  The  W/Ta/steel  and  W/Cu/steel  joints  were  conducted
in  vacuum  at 1050 ◦C for 1  h.  The interfacial  microstructure  and  mechanical  properties  of joints  were
investigated  by scanning  electron  microscopy  (SEM),  energy  dispersive  spectrometer  (EDS)  and  tensile
strength  measurement.  The  results  show  that  a  reliable  bonding  between  W  and  steel  could  be  obtained
eywords:
ungsten
teel
razing

nterlayer
esidual stress

by  using  both  Ta and  Cu  interlayer.  The  fracture  sources  of W/steel  brazing  joints  were  predominantly  in
the  tungsten  substrate  near  the  brazing  seam,  which  agrees  reasonable  well  with  the  calculation  result
of  finite  element  method  (FEM).  The  average  tensile  strength  of  W/Ta/steel  and W/Cu/steel  joints  were
257.8  MPa  and  276.7  MPa  respectively.  Comparing  with  hard  interlayer  Ta, soft  interlayer  Cu could  reduce
residual  tress  in W  substrate  and improve  the  mechanical  property  more  effectively.

© 2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

The divertor components of fusion reactors facing plasma
irectly suffer high surface corrosion and thermal load from
igh–energy particles, which requires the usage of high tem-
erature resistant and low–activation materials [1,2]. Favorable
aterials are tungsten and ferritic/martensitic steel. According

o the design, the joining of W to reduced activation fer-
itic/martensitic steel is required for using as a component [3].
owever, the physical and chemical properties have significant
ifferences between W and steel, especially in elasticity mod-
lus and coefficient of thermal expansion (�W = 4.5 × 10−6K−1,
steel = 12 ∼ 14 × 10−6 K−1). For this reason, the direct bonding of

 and steel will cause a high thermal stress generated in the bond-
ng interface during cooling, and lead to the poor joint strength
ven failure in manufacturing and service [4]. W.  W.  Basuki et al.
5] investigated the direct bonding of tungsten and EUROFER97.
he result showed that the bonding seam was not able to endure
he thermal loading and failed during PBHT (post bonding heat
reatment).

Numerous studies proposed that adding insert materials could
ccommodate the physical and chemical incompatibility between
Please cite this article in press as: W.  Liu, et al., Investigation of tun
(2016), http://dx.doi.org/10.1016/j.fusengdes.2016.11.004

issimilar materials, and reduce the residual stress generated
uring the cooling process [6–8]. Therefore, Ta and Cu were
hosen in this study to investigate the joining of W and steel.

∗ Corresponding author.
E-mail addresses: zhuzipm@csu.edu.cn, yunzhum@163.com (Y. Ma).

ttp://dx.doi.org/10.1016/j.fusengdes.2016.11.004
920-3796/© 2016 Elsevier B.V. All rights reserved.
As hard interlayer material Ta, its thermal expansion coefficient
(�Ta = 6.5 × 10−6 K−1) can accommodate the mismatch between W
and steel. The soft metal Cu has lower elastic modulus and yield
strength, which could relieve the residual thermal stress [9].

The objective of present work is to fabricate brazing joint of
W and steel using Ni–based filler. Ni–based amorphous foil filler
is widely used in the brazing of W and steel since its excellent
wettability and mobility, strength, resistance to oxidation and low
melting temperature [10,11]. Ta and Cu slices were chosen as resid-
ual stress compensation immediate layers respectively. W/steel
brazed joints using Ta and Cu interlayer were studied both experi-
mentally and theoretically, and compare the influence of different
interlayer material on residual stress of the W/steel joint.

2. Experimental procedure

A commercial available pure W (99.95% purity) and a
high–Cr ferritic stainless steel (Fe–17Cr–0.1C, wt.%) were used
as base materials in this study. And samples were cut into
the size of �20 mm × 13 mm.  The filler metal used for braz-
ing was a 20–�m–thick sheet of the Ni–based amorphous alloy
(Ni–7Cr–5Si–3B, wt.%). A 0.5 mm thick Ta (99.9% purity) and Cu
(99.9% purity) were chosen as intermediate material for relieving
residual thermal stresses. The prepared materials, assembled in the
structure of W/Ta/steel and W/Cu/steel as shown in Fig. 1, were
gsten/steel brazing using Ta and Cu interlayer, Fusion Eng. Des.

mounted in a graphite mold. The brazing of the assemblies was
performed at 1050 ◦C for 1 h in vacuum (<10−3 Pa) in a hot pressing
furnace (HI–MULTI–10000), and cooled down to 650 ◦C at a rate of
5 ◦C/min. The joining process curve is shown in Fig. 2.

dx.doi.org/10.1016/j.fusengdes.2016.11.004
dx.doi.org/10.1016/j.fusengdes.2016.11.004
http://www.sciencedirect.com/science/journal/09203796
http://www.elsevier.com/locate/fusengdes
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mailto:yunzhum@163.com
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and W/Cu/steel joints respectively. Both joints were successfully
bonded using Ta and Cu interlayer. The W/Ta/steel joint and the

F
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(

Fig. 1. Schematic diagram of assembly structure of the W/steel brazed joint.

The cross–sections of the welding joint were prepared for met-
llographic examination by standard polishing techniques. The
icrostructures were observed with scanning electron microscope

SEM) and electron probe microanalysis (EPMA) to investigate the
iffusion zone structure. The tensile strength of the diffusion joint
as evaluated with sub–size specimens at room temperature in

 tensile testing machine (Instron–3369) at a crosshead speed
f 1 mm/min. The original diffusion seam is at the center of the
auge section of the tensile samples. Tensile fracture surfaces were
Please cite this article in press as: W.  Liu, et al., Investigation of tun
(2016), http://dx.doi.org/10.1016/j.fusengdes.2016.11.004

bserved in secondary electron mode of SEM using EDS to reveal
he nature.

ig. 3. SEM images of the W/Ta/steel joint.
a)  General view
b) High magnification detail of the W/Ta interface
I:  W/filler diffusion layer II: filler layer III: filler/Ta diffusion layer)
c) High magnification detail of the Ta/steel interface
I: Ta/filler diffusion layer II: filler layer III: filler/steel diffusion layer)
Fig. 2. The process curve of W/steel brazing.

3. Results and discussion

3.1. Microstructure characterization

Figs. 3 and 4 show scanning electron micrographs of W/Ta/steel
gsten/steel brazing using Ta and Cu interlayer, Fusion Eng. Des.

high magnification detail of the W/Ta, Ta/steel interfaces are shown
in Fig. 3 (a), Fig. 3 (b) and Fig. 3 (c) separately. It can be observed

dx.doi.org/10.1016/j.fusengdes.2016.11.004
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Fig. 4. SEM images of the W/Cu/steel joint.
(a) General view
(b) High magnification detail of the W/Cu interface
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that the brazing joint failed in a typical brittle mode. It can be seen
from the EDS analysis that the percentage content of W atomic on
fracture surface is close to 100%. It means that the typical fracture of
I:  W/filler diffusion layer II: filler layer III: filler/Cu diffusion layer)
c) High magnification detail of the Cu/steel interface
I: Cu/filler diffusion layer II: filler layer III: filler/steel diffusion layer)

hat a certain amount of interdiffusion has occurred between the Ta
nterlayer and two substrates. The W/Ta interface includes W/filler
iffusion layer, filler layer and filler/Ta diffusion layer. The Ta/steel

nterface consists of Ta/filler layer, filler layer and filler/steel layer.
ll interfaces were smooth and compact, and only a few cracks exist
ear to W/filler and filler/Ta interfaces (Fig. 3 (b)). This may  due to
he different atomic size of W,  Ni and Ta, and the enhanced inter-
ction at interfaces [12]. As for the W/Cu/steel joint and the high
agnification detail of the W/Cu, Cu/steel interfaces shown in Fig. 4

a), Fig. 4 (b) and Fig. 4 (c), the W/Cu interface includes W/filler diffu-
ion layer, filler layer and filler/Cu diffusion layer. And the Cu/steel
nterface consists of Cu/filler layer, filler layer and filler/steel diffu-
ion layer. The joint appeared to be sound, without cracks, pores or
reaks existing in all interface areas. The corrugated deformation
attern occurred in these diffusion interfaces, which would benefit
he joint strength [13]. Chen et al. [14] reported that the roughness
f contact surfaces contribute to a sound bonded joint.

.2. Mechanical properties

The reality and strength of the W/steel brazed joint are essential
o its practical application. Tensile tests with miniaturized speci-

en  of the bonded sample were carried out at room temperature.
Please cite this article in press as: W.  Liu, et al., Investigation of tun
(2016), http://dx.doi.org/10.1016/j.fusengdes.2016.11.004

he experimental result is shown in Fig. 5. It indicates that a higher
echanical strength of the W/steel joint was obtained by using

oft interlayer Cu (276.7 MPa), while the average strength of the
/Ta/steel joint was 257.8 MPa.
From the macroscopic view, both W/Ta/steel and W/Cu/steel
tensile samples were broken at welding seam. The microstructure
of the typical fracture surface and the EDS analysis on the W side
of the W/Cu/steel joint are shown in Fig. 6. The rupture surface is
characterized by the appearance of faceted grains, which indicated
gsten/steel brazing using Ta and Cu interlayer, Fusion Eng. Des.

Fig. 5. Tensile strength of W/Ta/steel and W/Cu/steel joints.

dx.doi.org/10.1016/j.fusengdes.2016.11.004
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Fig. 6. The fracture appearance an

he W/Cu/steel joint took place predominantly in W substrate adja-
ent to W/filler interface where the residual stress concentrated. It
s consistent with the report studied by Conzone et al. [15] that
Please cite this article in press as: W.  Liu, et al., Investigation of tun
(2016), http://dx.doi.org/10.1016/j.fusengdes.2016.11.004

he pre–induced residual stresses located adjacent to the joining
nterface in low CTE material.

able 1
hysical and mechanical properties employed in FEM.

Material T ( ◦C) E (MPa) � 

Wa 20 397938 0.275 

200  397270 0.28 

400  394480 0.283 

600  389508 0.286 

700  386210 0.289 

900  377970 0.292 

1050  370370 0.3 

Steela 20 217260 0.31 

200  207327 0.31 

400  197123 0.31 

600  177589 0.31 

700  161024 0.31 

900  155800 0.31 

1050  130000 0.31 

Nib 20 208000 0.31 

227  197000 0.31 

327  190000 0.31 

527  174000 0.31 

627  166000 0.31 

727  158000 0.31 

827  150000 0.31 

1100  142000 0.31 

Cuc 20 130000 0.35 

200  106000 0.35 

400  70735 0.35 

600  20151 0.35 

800  7000 0.35 

1050  0.35 

Tac 20 182000 0.31 

200  181600 0.31 

400  181300 0.31 

600  180000 0.31 

800  177000 0.31 

1000  175000 0.31 

1200  173000 0.31 

a Date from [4,15] and the TMA  experiment.
b Date from [16].
c Date from [17] and the TMA  experiment.
 analysis of the W/Cu/steel joint.

Most of the W/Ta/steel tensile samples show the similar frac-
ture characteristic as the W/Cu/steel joint (Fig. 6). The rest few
of fracture appearance for the W/Ta/steel joint is shown in Fig. 7.
gsten/steel brazing using Ta and Cu interlayer, Fusion Eng. Des.

Some phases on the fracture surface were identified as containing
W, Ni and Cr by EDS. The fracture surface consists of three regions.
Region A owes a lighter color and smooth cover. The percentage of

CTE (10−6/◦C−1) �s (MPa) Etan (MPa)

4.65 1360.5 39000
4.71 1154.17 39737
4.86 947.86 39448
5.0 764.79 38951
5.07 681.67 38621
5.22 531.74 37797
5.31 433.09 37037

10.4 500 21726
11.2 453 20733
11.9 402 19712
12.5 194 17759
12.6 100 16102
12.8 21 15580
12.9 15 13000

15.45 148 20800
140 19700

16.1 138 19000
16.65 100 17400

69 16600
17.75 59 15800

45 15000
19.85 20 14200

17.2 350 13000
18.5 150 10600
20.0 80 7073
20.1 10 2015
20.2 5 700
20.3

6.5 400 18200
6.6 360 18160
6.7 330 18130
7.0 260 18000
7.4 180 17700
7.8 120 17500
8.0 90 17300

dx.doi.org/10.1016/j.fusengdes.2016.11.004
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Fig. 7. The fracture appearance an

 atomic here is almost 100%, which suggested that region A is in
ubstrate W adjacent to the welding seam. The average composi-
ion of region B, covered with grooves that possessed river structure
nd tearing trace, identified by EDS is W (∼87.74 at%), Ni (∼12.26
t%). The cover of region C is flat and in dark color. It contains a lit-
le tearing trace. Region C is comprised of W (69.23 at%), Ni (24.56
t%) and Cr (6.21 at%). So, the mixed phase between W and Ni was
ikely to exist in region B and C. From analysis above, the fracture
f the W/Ta/steel joint occurred in a mixed type, and belonged to
he brittle mode. Most of fracture surface lie in W substrate near
o the bonding interface, while others locate in W/Ni–based filler
iffusion zone. It can be speculated that the crack was  generated

n W substrate near to the interface firstly, and then extended to
/filler diffusion zone.
Owing to the large difference in thermal shrinkage between W

nd steel, the thermal stress was induced during quickly cooling
rom brazing temperature to RT. The thermal stress concentrated
Please cite this article in press as: W.  Liu, et al., Investigation of tun
(2016), http://dx.doi.org/10.1016/j.fusengdes.2016.11.004

n the bonding joint can significantly affect the mechanical property
nd failure feature of the joint. Therefore, it is essential to do the
urther research on residual stress distribution of the W/steel joint.

Fig. 8. (a) The simplified schematic diagram of the model geomet
S analysis of the W/Ta/steel joint.

3.3. Residual stress distribution

The residual stress of W/Ta/steel and W/Cu/steel joints was
investigated by FEM calculations. The model consists of Cu (0.5 mm
thick) and Ta slice (0.5 mm thick) respectively as interlayer to join
W and steel. Because of the axial symmetry with respect to the
Y–direction of the divertor modules (Fig. 8 (a)), a symmetrical
stress distribution was considered, which allowed reduction to a
2D model for reducing the computational time. The division of the
finite element mesh is shown in Fig. 8 (b). Based on thermomechan-
ical analysis (TMA) experiments and some references [4,16–18], the
material properties employed are shown in Table 1.

Fig. 9 (a), (b) shows the maximum value of axial (�r) and radial
(�Y) residual stress for W/Ta/steel and W/Cu/steel joints. It can be
seen from Fig. 9 (a), whether axial or radial tensile stress, the maxi-
mum  of Ta interlayer is higher than Cu interlayer. Similarly in Fig. 9
(b), axial and radial compressive stress of Ta and Cu indicate the
gsten/steel brazing using Ta and Cu interlayer, Fusion Eng. Des.

same rule. It means that comparing with hard interlayer Ta, soft
interlayer Cu has an advantage in relaxing thermal stress by plastic
deformation [19]. This is consistent well with the previous experi-
mental result that the W/Cu/steel brazed joint obtained the higher

ry. (b) The mesh configuration used in the FEM calculation.

dx.doi.org/10.1016/j.fusengdes.2016.11.004
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Fig. 9. The maximum value of residual stress for W/Ta/steel a

trength than the W/Ta/steel joint. Ai Pingxian et al. [20] chose Cu
nd Mo  to study the effect of soft or hard interlayer on the joining
trength of ceramic/steel joint. They found that the relaxation of the
esidual stress by the creep or yield mechanism will be up to about
0% or more. So, relieving interfacial stress by using soft interlayer

s much more effective than by accommodating the thermal expan-
ion mismatch using hard interlayer. And a better strength of the
oint was obtained by using soft interlayer Cu.

Fig. 10 shows the contour plots of the von Mises stress (�r)
istribution and magnified view near the interface of W/Ta/steel
nd W/Cu/steel joints. It can be seen that for both W/Ta/steel and

/Cu/steel joints, residual stress mainly concentrated in W sub-
trate adjacent to the W/filler interface. Only tiny area in Ni–based
ller near to the edge of W/filler interface showed the peak value of
r. Therefore, it can be concluded that the residual stress has greater

mpact on W than steel. The FEM analysis proved that residual stress
n the W substrate was intensive and maximum in the vicinity of the

/filler interface. The residual stress here might induce the frac-
ure in W adjacent to the interface, which was in accord with the
ensile experimental result and fracture analysis above. As shown
n the FEM analysis, the maximum residual compressive stress of
he W/Cu/steel joint was 610.49 MPa, while the W/Ta/steel joint
as 895.33 MPa. It indicates that, comparing with hard interlayer

a, the residual stress appeared in W substrate was  more effec-
ively reduces by using the Cu interlayer when cooling from the
Please cite this article in press as: W.  Liu, et al., Investigation of tun
(2016), http://dx.doi.org/10.1016/j.fusengdes.2016.11.004

razing temperature to RT, and achieved more superior joint prop-
rties. This may  ascribe to the ability of plastic deformation for Cu
nterlayer.
/Cu/steel joints. (a) �r ,–max and �Y,–max (b) �r ,+max and �Y,+max.

In conclusion, the inserting of interlayer metal has relative little
influence on the integral residual stress distribution of the W/steel
joint, but has more obvious effect on the value of residual stress.
Soft interlayer Cu could reduce residual radial stress in W substrate
observably, thus enhancing the joint properties. While hard inter-
layer Ta contributed relative less to relieving residual thermal stress
of the W/steel joint.

4. Conclusions

The brazing process of W and steel, using Ni–based amorphous
foil as filler metal, has been investigated with respect to the diver-
tor application. The soft metal Cu and the hard metal Ta were used
as interlayer respectively to relax the residual thermal stress and
improve the mechanical property of the W/steel joint. Microstruc-
ture, tensile strength and fracture appearance of W/Ta/steel and
W/Cu/steel joints were studied. A set of FEM calculations were
performed in order to characterize the residual thermal stress dis-
tribution of the brazed joint.

Conclusions are as follows:

1) Whether soft interlayer Cu or hard interlayer Ta was success-
ful for brazing of W and steel substrate. The reliable brazed
W/steel joint was obtained and all of interfaces were smooth
gsten/steel brazing using Ta and Cu interlayer, Fusion Eng. Des.

and compact.
2) The strength of W/Cu/steel joint was  276.7 MPa, which is higher

than the joint using hard interlayer Ta (257.8 MPa). The rupture
surface analysis reveals that W/Cu/steel and W/Ta/steel joints

dx.doi.org/10.1016/j.fusengdes.2016.11.004
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Fig. 10. Von Mises stress (�r) distribution (left) and magnified view

both fractured in W substrate near the welding seam, and failed
in a typical brittle mode.

) The calculation through FEM described the residual stress dis-
tribution of the W/steel joint. The calculation results show that
the residual radial stress mostly concentrated in the W substrate
adjacent to the welding seam, which is in agreement with pre-
vious fracture behavior analysis of the W/steel joint. The FEM
simulation also suggests that, comparing with hard interlayer
Ta, soft interlayer Cu could reduce residual radial stress in W
substrate more effectively, thus improving the mechanical prop-
erty.
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