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A diffusion brazing process, for joining of tungsten (W) to steel using liquid phase forming interlayer,
was developed for divertor application. Ti-Ni liquid forming interlayer was designed to overcome the
large differences in physical properties between W and steel, and to eliminate the need for a high bonding
pressure to achieve intimate contact between the bonded surfaces. The diffusion brazing experiment was
conducted at 1050 °C for 1 h under 0.2 MPa uniaxial pressure of contact. Metallographic analysis revealed

that a good bonding was obtained at both the W/Ni and Ni/steel interfaces, and the reaction products
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were identified in the diffusion zone. A hard reaction layer containing TiC with a high hardness value of
about 20.3 GPa was found at the Ni/steel interface. Joint tensile strength at different testing temperatures
was evaluated and all the fracture occurred in the brittle carbide layer.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

The targeted development of helium cooled high performance
divertors for fusion DEMO reactors requires the selection and join-
ing of tungsten (W) or W alloys and ferritic-martensitic high
chromium steels in present design concepts [1]. The method for
realizing such kind of connection is restricted by a lot of prob-
lems related to the large differences in the physical properties
of both materials. For instance, fusion welding technique is inap-
plicable for joining of them, due to the large differences of their
melting points. Furthermore, W and steel have significant differ-
ences in their coefficients of thermal expansion (CTE), which causes
high thermally induced residual stress in W-steel joints after
welding and/or subsequent exposing to mechanical and thermal
load.

Until now several joining techniques including brazing [2-4]
and solid state diffusion bonding [5-9] have been developed for
the joining of W and steel. Brazing has been successfully used for
joining W to steel [10]. Although brazing alloys are metallurgi-
cally compatible with parent materials, the brazing temperature
is usually much higher than the recrystallisation temperature of
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the materials (e.g., EUROFER97 [11]) to be joined. Thereafter, the
upper working temperature of the assembly is also compromised
by the presence of the lower-melting-point filler metal [12]. Dif-
fusion bonding seems to be a suitable way to join W with steel
due to its tolerable bonding temperature and the joint could be
used at high temperatures. However, diffusion bonding tends to
be limited as a production process because it is not tolerant of
joints of variable width due to high loads have to be applied,
moreover, its reliability is highly sensitive to surface cleanliness.
To solve this problem, a liquid phase forming interlayer inserted
between substrates is necessary to required to overcome the dif-
ferences in their properties, and to eliminate the need for a high
bonding pressure to achieve intimate contact between the bonded
surfaces.

Previous studies have shown that nickel (Ni) can be used as the
bonding interlayer for diffusion bonding of W to steel because its
relative ductility can reduce the level of thermal stresses caused by
the mismatch in CTE [6,7]. According to the Ti-Ni phase diagram
(Fig. 1) [13], a low melting point liquid-phase can be formed above
942 °Cbetween Ti and Ni. The aim of the present work is to propose
a new way to join W to steel using Ti/Ni/Ti combination as inter-
layer through diffusion brazing. A liquid is formed at the bonding
temperature resulting from the eutectic reaction between the core
(Ni) and the outer (Ti) layer. When the Ti layer is very thin com-
pared with the Ni layer in the joint, the liquid phase would occur
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Fig. 1. Ti-Ni binary phase diagram.

at the interface at first, would decrease with time and finally dis-
appear, since the liquid wets the surfaces of the base materials (W
and steel) and interdiffuses with the core material (Ni) to trans-
form into a more refractory solid material through re-solidification
process.

2. Experimental procedure

The base materials used in this study are a high-Cr ferritic
steel (Fe-17Cr-0.1 C in wt%, China TISCO) produced by mechanical
alloying methods and commercially available W (99.95 wt% purity,
Xiamen Tungsten) obtained by powder metallurgy and forging
along the radial direction. The samples were cut into size of
@25 mm x 13 mm. Diffusion brazing bonds were made between W
and steel using Ti-Ni liquid forming interlayer. The commercial Ti
foil (99.9 wt% purity, 20 wm thick) and Ni sheet (99.95 wt% purity,
400 pm thick) were chosen as eutectic formers. The surfaces of
the materials to be joined were polished to a 1000 grit finish

(a) P
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+—Ni sheet ||‘

and ultrasonically cleaned in acetone. The bonding process was
performed in a chamber under a vacuum pressure of 103 Pa. A
sandwich-like bonding couple of W/Ti/Ni/Ti/steel (Fig. 2a)was
mounted in the bonding chamber and a uniaxial pressure of about
0.2 MPa was applied to maintain the alignment and initial contact
of sample during the thermal cycle. The bonding temperature of
1050°C was selected based on the lowest eutectic reaction in order
to achieve a bond with minimum microstructural changes in the
base metals. A bonding time of 60 min was investigated with a
fast heating rate of 20 °C/min. After the bonding process, the joint
was cooled to 650°C at a rate of 5°C/min and held for 120 min
and followed by furnace cooling to room temperature (RT) in
vacuum.

After diffusion brazing, the bonded sample was sectioned into
small specimens consisting of tensile test specimens and also
specimens for microstructure and hardness investigations. The sec-
tioning outline is presented in Fig. 2b, the microstructure and the
chemical composition along the bond seams were analyzed using
field-emission scanning electron microscope (SEM) and electron
probe microanalysis (EPMA). The local hardness distribution across
the bonding interface was examined by a nanohardness tester
(VNHT) with a load of 5mN. To determine the tensile properties
of bonded specimens, transverse tensile test specimens were man-
ufactured with a gauge length of 13 mm shown in Fig. 2c. The
coupons were machined in such a way that the weld was pos-
itioned at the center of gauge length. Tensile tests were conducted
by a tensile testing machine (Instron-3369) at a temperature range
from RT to 650°C with a strain rate of 0.001s~!. Fracture sur-
faces were observed in secondary electron mode of SEM combined
with energy dispersive spectroscopy (EDS). The different phases
on the fracture surface created during the bonding process were
identified by means of X-ray diffraction (XRD) with Cu Kalpha
radiation.

3. Results and discussion

The diffusion brazing of W and steel was successfully done
using Ti/Ni/Ti liquid forming interlayer. The representative inter-
facial microstructure of the W/steel joint is given in Fig. 3. Both
W/Ni and Ni/steel interfaces are free from discontinuities or pores.
However, few transverse micro-cracks can be observed at the W/Ni
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Fig. 2. (a) Schematic description of the sample preparation. (b) Sectioning outline on the top view of diffusion brazed sample, M: specimens for microstructure and hardness
investigations, T: tensile test specimens, (c) schematic drawing for tensile testing (all dimensions are in mm).
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Fig. 3. (a) Representative interfacial microstructure of W/steel bonded joint and high magnification details of (b) W/Ni and (c) Ni/steel interfaces.

interface. This is believed to be due to the residual stress induced by
the CTE mismatch and the different atomic sizes of W and Ti [8,14].
As shown in Fig. 3b and c, it can be seen that several reaction lay-
ers were observed at both interfaces. To investigate the elemental
composition and its distance in the layers, elemental concentra-
tion profiles were measured across the bonded interfaces by means
of EPMA. Fig. 4a shows such kind of mutual diffusion area at the
interface of W/Ni with a thickness of ~40 wm. A similar area with
a thickness of ~36 wm can be seen at the interface of Ni/steel in
Fig. 4b.

At the W/Ni interface, a thin diffusion zone (Reaction layer I) has
been found close to the W base metal and the composition changes
gradually for W, Ti and Ni. Besides the formation of the reaction
layer I, intermetallic TiNi and TiNi3 layers were also formed during
the diffusion brazing process. The formation of Ti-Ni intermetallic
compounds is consistent with the Ti-Ni phase diagram, as shown in
Fig. 1. These results demonstrated that the inserted active Ti foil had
been molten and consumed during the formation of the reaction
layer I and the intermetallic compound layers, leading to the pres-
ence of the interfacial structure of W/reaction layer I/TiNi/TiNi3 /Ni.
As for the Ni-steel interface, similar to that observed for W/Ni inter-
face, intermetallic TiNi and TiNi3 layers were also noted. However,
a significant change has been observed at the Ni-steel interface. A
dark thinreaction layer (Reaction layer II) containing large amounts
of carbon (C) atoms was appeared between TiNi and steel. Accord-
ing to the XRD investigation on the fractured surfaces of a tensile
specimen both at the W side and steel side, the reaction layer II as
shown in Fig. 5 consist of TiC, TiFe, TiFe,, TiCr, and TiNi. The exist-
ence of the reaction products TiC, TiFe, TiFe, and TiCr, has been
observed by the present authors for diffusion bonding of Ti or Ti
alloys to steel [15-17].

The alteration of microstructures and the change of the ele-
ment composition at the bond interfaces usually can influence the
mechanical properties of materials around those regions signifi-
cantly. Based on the microstructure investigations, the hardness of
the substrates (W and steel), interlayer (Ni) and reaction zones at
W/Ni and Ni/steel interfaces were measured by means of nanoin-
dentation. The results are presented in Fig. 6. In the figure, the hard
region was found in the reaction layer II, which was a mixture of
TiC, TiFe, TiFe,, TiCr, and TiNi. The maximum hardness value was
about 20.3 GPa, which was much higher than the hardness of Ti-Ni
compounds layers. This can be justified by the formation of the hard
carbide in the reaction layer II. Likewise, the reaction layer I shows
a hardness value (~7.4 GPa) higher than W (~6.3 GPa), which can
be explained by the migration of Ti and Ni into W. This observed
region-dependent hardness is ascribed to the intermetallic
compound formation and solid solution strengthening effect
which is related to reaction or interdiffusion process. Consid-
ering the whole bonded specimen, the reaction layer II that
contains titanium carbide could be considered as the hardest region
and therefore should be the weakest region against the tensile
loading.

Tensile tests with miniaturized specimen of the bonded sample
were carried out at room temperature and elevated temperatures.
The experimental result is shown in Fig. 7. After testing, it was
evident that all tensile test specimens were broken between Ni
interlayer and steel. The fracture surfaces of the specimen tested
at RT are shown in Fig. 8. The surface morphologies on the W side
(Fig. 8a) and steel side (Fig. 8b) did not differ from each other. The
fracture surfaces of the specimens tested at 500 °C and 650 °C were
similar to that of the specimen tested at RT. The fracture surface is
characterized by the appearance of the faceted grains, suggesting



70 Q. Cai et al. / Fusion Engineering and Design 91 (2015) 67-72

Composition (at.%)

0 10 20 30 40 50 60
Distance (upm)
(b)
1 1
100 - ——Ti 1
—+—Ni :
80 ——Fe
e\° —v—Cr
5 e0f —C
=
2
Z 4a0r
)
=9
£
S 20f
or I I
1 L 1 L 1 L 1 L 1 L 1 L 1

0 10 20 30 40 50 60

Distance (pm)

Fig.4. EPMA analysis of element concentration across the: (a) W/Ni and (b) Ni/steel
interfaces.

that the bonded specimen failed in a brittle mode. It is interest-
ing to note that the fracture surface is divided into two regions, A
and B. Fig. 8c and d are the higher magnification view of region
A and B, respectively. The average composition of the tiny grain
phases (region A) identified by EDS on W side is Ti (~40.8 at%), C
(~16.3 at%), Fe (~32.6 at%) and Cr (~7.6 at%) with a small amount
of Ni (bal.), suggesting the existence of Ti-Fe—Cr base intermetallic
phases and TiC. While the region B is comprised of Ti (~50.2 at%),
Ni (~27.5 at%), C (~21.3 at%) with very low quantities of Fe and Cr,
TiC+TiNi phase mixture can be expected in this region. Further-
more, it was found that the fracture surfaces (magnified image of
region B in Fig. 8d) were covered with grooves that possessed river
structures on their slopes. This made clear that the bonded speci-
mens were not fractured exactly along the bonded interface and the
material in this fracture region was brittle. The XRD investigations
result in Fig. 5 revealed that the tensile specimens were broken in
the brittle reaction layer II that contains TiC.

The quality of the joint will need to be improved by further
design of the liquid forming interlayer due to the formation of
brittle intermetallic phases with metal carbides at the bonded
interfaces. However, it is expected that the diffusion brazing have
a potential to be used to produce a W/steel joint for divertor appli-
cation, which has the advantage of lower bonding temperature,
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Fig. 5. XRD pattern of the fractured surfaces of (a) W side and (b) steel side for a
tensile specimen tested at RT.
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at W/Ni and Ni/steel interfaces.
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Fig. 7. Tensile strength of the W/steel joint as a function of testing temperature.

lower bonding pressure and less surface finish requirement than
solid-state diffusion bonding.

4. Conclusions

Due to the technological interest for fusion applications, using
Ti-Ni liquid phase forming interlayer for diffusion brazing of W
to steel has been developed. The interfacial microstructure and
mechanical properties of the bonded specimen were examined. The
obtained main results are as follows:Liquid phase bonding of W to
steel was successfully achieved by using Ti/Ni/Ti combination as
interlayer at a relatively low pressure of about 0.2 MPa.The forma-
tion of Ti-Ni intermetallics and Ti diffusion caused the Ti foil to
molten and consume during joining process.A hard reaction layer
consisting of TiC, TiFe, TiFe,, TiCr, and TiNi was identified at the
Ni/steel interface. With a hardness of about 20.3 GPa, this region
was the hardest part in the whole bonded sample and therefore
can be considered as the weakest part especially against the tensile
loading.The joint strength of more than 150 MPa was retained up
to 650°C. The surface fracture analyses on the tensile specimens
tested at RT revealed a brittle fracture in the reaction layer that
contains TiC.

Fig. 8. SEM micrographs of the fracture surfaces on (a) W side and (b) steel side of diffusion brazed specimen, tensile tested at RT. The fracture surface on steel side is divided
into two regions A and B, (c) and (d) are the higher magnification view of region A and B, respectively.



72 Q. Cai et al. / Fusion Engineering and Design 91 (2015) 67-72

Acknowledgment

The authors gratefully acknowledge the financial support from
the National 863 Plan Project of China (Grant no. 2009AA034300),
the “Chang Jiang Scholars Program” of the Ministry of Education of
China (Grant no. T2011119) and the Fundamental Research Funds
for the Central Universities of Central South University (Grant no.
2014zzts025).

References

[1] P.Norajitra, R. Giniyatulin, T.Ihli, G. Janeschitz, W. Krauss, R. Kruessmann, et al.,
Fusion Eng. Des. 82 (2007) 2740-2744.

[2] B.A. Kalin, V.T. Fedotov, O.N. Sevrjukov, A.N. Kalashnikov, A.N. Suchkov, A.
Moeslang, et al., . Nucl. Mater. 367-370 (2007) 1218-1222.

[3] Y.Z. Ma, Q.S. Cai, W.S. Liu, S.H. Liu, Mater. Sci. Forum 789 (2014) 384-390.

[4] N. Oono, S. Noh, N. Iwata, T. Nagasaka, R. Kasada, A. Kimura, J. Nucl. Mater. 417
(2011) 253-256.

[5] W.S. Liu, Q.S. Cai, Y.Z. Ma, Y.Y. Wang, H.Y. Liu, D.X. Li, Mater. Charact. 86 (2013)
212-220.
[6] Z.H.Zhong, H.]Jung, T. Hinoki, A. Kohyama, ]. Mater. Process. Technol. 210 (2010)
1805-1810.
[7] Z.H. Zhong, T. Hinoki, A. Kohyama, Mater. Sci. Eng. A 518 (2009) 167-173.
[8] Z.H. Zhong, T. Hinoki, T. Nozawa, Y.H. Park, A. Kohyama, J. Alloys Compd. 489
(2010) 545-551.
[9] W.W. Basuki, J. Aktaa, J. Nucl. Mater. 429 (2012) 335-340.
[10] P. Norajitra, S. Antusch, R. Giniyatulin, V. Kuznetsov, I. Mazul, H.-]. Ritzhaupt-
Kleissla, et al., Fusion Eng. Des. 86 (2011) 1656-1659.
[11] W.W. Basuki, J. Aktaa, J. Nucl. Mater. 417 (2011) 524-527.
[12] P. Norajitra, R. Giniyatulin, T. Hirai, W. Krauss, V. Kuznetsov, I. Mazul, et al.,
Fusion Eng. Des. 84 (2009) 1429-1433.
[13] A.A. Nayeb-Hashmi, J.B. Clark, Binary Alloy Phase Diagrams, second ed., ASM
International, Materials Park, OH, 1991.
[14] O.Yilmaz, M. Aksoy, J. Mater. Process. Technol. 121 (2002) 136-142.
[15] B. Aleman, I. Gutierrez, J.J. Urcola, Mater. Sci. Technol. 9 (1993) 633-641.
[16] M. Ghosh, S. Chatterjee, Mater. Charact. 54 (2005) 327-337.
[17] B.Kurt, N. Orhan, E. Evin, E.A. Calik, Mater. Lett. 61 (2007) 1747-1750.


http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0090
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0090
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0090
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0090
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0090
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0090
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0090
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0090
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0090
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0090
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0090
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0090
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0090
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0090
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0090
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0090
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0090
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0090
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0090
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0090
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0090
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0090
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0095
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0095
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0095
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0095
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0095
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0095
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0095
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0095
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0095
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0095
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0095
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0095
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0095
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0095
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0095
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0095
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0095
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0095
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0095
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0095
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0095
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0095
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0095
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0095
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0100
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0100
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0100
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0100
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0100
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0100
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0100
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0100
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0100
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0100
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0100
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0100
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0100
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0100
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0100
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0100
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0105
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0105
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0105
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0105
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0105
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0105
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0105
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0105
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0105
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0105
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0105
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0105
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0105
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0105
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0105
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0105
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0105
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0105
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0105
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0105
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0110
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0110
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0110
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0110
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0110
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0110
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0110
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0110
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0110
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0110
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0110
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0110
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0110
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0110
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0110
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0110
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0110
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0110
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0110
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0115
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0115
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0115
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0115
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0115
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0115
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0115
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0115
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0115
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0115
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0115
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0115
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0115
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0115
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0115
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0115
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0115
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0120
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0120
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0120
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0120
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0120
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0120
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0120
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0120
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0120
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0120
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0120
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0120
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0120
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0120
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0120
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0125
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0125
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0125
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0125
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0125
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0125
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0125
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0125
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0125
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0125
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0125
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0125
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0125
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0125
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0125
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0125
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0125
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0125
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0130
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0130
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0130
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0130
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0130
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0130
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0130
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0130
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0130
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0130
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0130
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0130
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0135
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0135
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0135
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0135
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0135
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0135
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0135
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0135
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0135
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0135
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0135
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0135
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0135
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0135
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0135
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0135
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0135
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0135
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0135
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0135
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0135
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0135
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0135
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0140
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0140
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0140
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0140
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0140
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0140
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0140
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0140
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0140
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0140
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0140
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0140
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0145
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0145
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0145
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0145
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0145
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0145
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0145
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0145
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0145
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0145
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0145
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0145
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0145
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0145
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0145
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0145
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0145
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0145
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0145
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0145
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0145
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0145
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0150
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0150
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0150
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0150
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0150
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0150
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0150
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0150
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0150
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0150
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0150
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0150
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0150
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0150
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0150
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0150
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0150
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0150
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0155
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0155
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0155
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0155
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0155
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0155
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0155
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0155
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0155
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0155
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0155
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0155
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0155
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0160
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0160
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0160
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0160
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0160
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0160
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0160
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0160
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0160
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0160
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0160
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0160
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0160
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0160
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0165
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0165
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0165
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0165
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0165
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0165
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0165
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0165
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0165
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0165
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0165
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0170
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0170
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0170
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0170
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0170
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0170
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0170
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0170
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0170
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0170
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0170
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0170
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0170
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0170
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0170
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0170
http://refhub.elsevier.com/S0920-3796(14)00673-5/sbref0170

	Diffusion brazing of tungsten and steel using Ti–Ni liquid phase forming interlayer
	1 Introduction
	2 Experimental procedure
	3 Results and discussion
	4 Conclusions
	Acknowledgment
	References


