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Abstract In the present study, impulse pressuring diffu-
sion bonding technology (IPDB) was utilized between
commercially pure titanium and 304 stainless steel (SS)
using pure nickel (Ni) as interlayer metal. The interfacial
microstructures of the bonded joints were investigated by
scanning electron microscopy (SEM) and energy dispersive
spectroscope (EDS) analyses. It is found that with the aid
of the Ni interlayer, the interdiffusion and reaction between
Ti and SS can be effectively restricted and robust joints can
be obtained. Intermetallic compounds (IMCs) including
Ti,Ni, TiNi, and TiNi; are detected at the Ti/Ni interface;
however, only Ni-Fe solid solution is found at the Ni/SS
interface. The maximum tensile strength of 358 MPa is
obtained by IPDB for 90 s and the fracture takes place
along the Ti,Ni and TiNi phase upon tensile loading. The
existence of cleavage pattern on the fracture surface indi-
cates the brittle nature of the joints.
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1 Introduction

In resent years, the transition joints between titanium (Ti)
and stainless steel (SS) are widely used in aerospace,
vessels, nuclear industry, etc. [1, 2]. Titanium and its alloys
are characterized by the extraordinary combination of
excellent mechanical properties and corrosion resistance.
However, the widespread usage of Ti or Ti alloys is limited
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primarily because of its expensive cost. As a result, it is
frequently required to join Ti to other more commonly used
structural materials, such as stainless steel, to exploit the
individual properties of both variants but concurrently
minimize the cost of the components. Previous experiments
proved that fusion welding was not applicable in joining Ti
to SS due to the formation of brittle intermetallics com-
pounds (IMCs) and chemical segregation and accumulation
of residual stress at the joint [3-5]. As a consequence,
solid-state joining techniques, such as diffusion bonding
and brazing, are generally preferred for the dissimilar
joining of Ti to stainless steel, as most of the problems
encountered in fusion welding can be effectively avoided,
attributing to the absence of melting and re-solidification of
both substrates [3, 5, 6].

Previously, diffusion bonding was sufficiently demon-
strated to be a feasible approach to join Ti to stainless steel.
Literatures report that the joints produced by direct diffu-
sion bonding of Ti and SS reveal poor performance due to
the formation of various brittle IMCs, such as o, Fe,Ti,
FeTi, Cr,Ti, A, Fe,Ti 0O, and TiC, in the diffusion bonded
joints owing to the poor metallurgical compatibility
between Ti and SS [3, 5-7]. It is reported that the maxi-
mum tensile strength of only 242.4 MPa, which is rather
low compared with that of the base metal, can be obtained
at 850 °C for 90 min by the direct diffusion bonding of Ti
and SS [8]. Therefore, it is of great interest to further
improve the properties of diffusion bonding joints between
Ti and SS.

Previous attempts showed that the use of suitable
interlayer materials could minimize the formation of brittle
IMCs between Ti and SS, and enhance the bonding
strength observably [3, 7, 9, 10]. Looking up the phase
diagram data, Ni is found to be a desirable intermediate
material for the diffusion bonding between Ti and SS. The
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Ni—Fe binary phase diagram shows that Ni/SS interface is
free of any IMCs; however, Ti-Ni binary phase diagram
shows that there are some IMCs forming in the Ti/Ni
interface. Although Ti-Ni IMCs would remain at the
interface when Ni is used as interlayer, it was experimen-
tally demonstrated by He et al. [11] that the Ti—Ni IMCs
exhibit better plasticity than the Ti—Fe IMCs. Accordingly,
Ni can be considered to be a preferred interlayer to alle-
viate the detrimental effect of Ti-Fe IMCs on the
mechanical performance of diffusion bonded Ti/SS joints.

In spite of the success of diffusion bonding, it is
worthwhile to mention that the diffusion bonding con-
suming 60-180 min is generally required to complete the
bonding process [3, 12, 13]. Furthermore, owing to the
reactive nature of Ti, sophisticated vacuum condition
which is expensive to maintain is mandatory for the
bonding. In this regard, it is of great interest to further
optimize the bonding circle to shorten the bonding time for
the purpose of both productive efficiency and cost saving.
Additionally, it is reported that the excessive growth of the
interfacial IMCs would significantly deteriorate the joint
strength [12]. Thus thermodynamically, a reduction in
bonding time which retards the growth of interfacial IMCs
would in turn potentially contributes to the bonding
strength.

Impulse diffusion bonding (IPDB), firstly developed by
the Ukraine Barton Welding Institute, is a novel and well
established diffusion bonding technology to achieve suc-
cessful bonding within a dramatically reduced duration
[14]. Moreover, it can restrict and break the oxide film
effectively. So, the bonding strength can be possibly
improved using this technique. Hence, the IPDB technol-
ogy was employed in the diffusion bonding between Ti and
SS with a pure Ni interlayer in this study in an attempt to
obtain diffusion bonded Ti/SS joint with improved strength
in a shortened processing time. Detailed microstructural
characterization and mechanical assessment were carried
out to manifest the feasibility of this technology.

2 Experimental
2.1 Preparation of specimens

Commercial pure Ti and 304 SS used in this experiment
were machined to small cylindrical samples by wire-
electrode cutting technique with the dimension of
®12 mm x 35 mm. Both surfaces of cylindrical samples
were grinded by metallographic sandpaper and the mating
surfaces were further polished by polishing powder of
Al,O3. About 200 um thick pure nickel foil was used as an
intermediate material in this experiment as well. The foil
was cut into circle with the same size as the cross section of
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cylindrical samples, and both surfaces of the foil were
grinded by fine SiC sandpaper. Before diffusion bonding,
mating surfaces of the samples and both surfaces of the
nickel foil were cleaned with acetone in order to eliminate
surface contamination.

2.2 Impulse pressuring diffusion bonding process

Diffusion bonding test was conducted on the Gleeble
1500D thermal-simulation experiment machine. The IPDB
technology was adopted and bonding pressure was
8-20 MPa along the longitudinal direction of the sample.
The experiment was carried out between commercial pure
Ti and 304 SS at 850 °C for 60—150 s in vacuum. During
the bonding process, the heating rate was 5 °C-s™', and
after bonding, all of the samples were cooled in vacuum.

2.3 Microscopic observation and performance testing

Selected samples were cut along the longitudinal direction
and polished by conventional polishing technology. An
analysis of detailed microstructure of the interfaces was
performed by scanning electron microscope (SEM, TE-
SCAN VEGA 1I) using back-scattered mode (SEM-BSE).
Quantitative chemical analyses of the interfaces were
conducted by energy dispersive spectroscope (EDS). The
mechanical performance tests of the bonded joints with a
gauge diameter of 6 mm and a gauge length of 30 mm
were carried out in a tensile testing machine (Instron 1342)
at a crosshead speed of 0.5 mm-min_l, at room tempera-
ture. Fracture morphology observations were assessed by
SEM to analyze the fracture failure form and fracture
location.

3 Results and discussion
3.1 Microstructure observation

The SEM-BSE images of the joints with impulse pressur-
ing diffusion bonded at 850 °C for 60, 90, 120, and 150 s
under the bonding pressure of 8-20 MPa are presented in
Fig. 1. It is observed that the joints bonded for different
time are similar to each other. Each interface of the joint is
planar in characteristic and many residual Ni foils are
observed. Accordingly, the Ni foil with 200 pm in thick-
ness is able to restrict the interdiffusion and reaction
between Ti and SS completely. Some reaction layers come
up on the Ti/Ni interface; however, only Ni-Fe solid
solution is found at the Ni/SS interface. Figure 2 shows the
microstructure and linear EDS results of the Ni/SS inter-
face of the bonded joints for 120 s. Gradual changes of the
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Fig. 1 SEM-BSE images of impulse pressuring diffusion bonded joints between Ti and SS with Ni interlayer bonded for a 60 s, b 90 s, ¢ 120 s,

and d 150 s
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Fig. 2 SEM image a and linear EDS result b of Ni/SS interface of
joint for 120 s

Table 1 EDS results of marked areas (Fig. 3a) in joint bonded for
60 s (at%)

Phases 1 2 3 4 5
Ti 94.4 90.1 67.9 51.0 -
Ni 5.6 9.9 22.1 49.0 100

Possible phase o+ BTi B Ti Ti,Ni TiNi Ni

Table 2 EDS results of marked areas (Fig. 3b) in joint bonded for
90 s (at%)

Phases 1 2 3 4 5 6
Ti 93.6 89.8 71.1 549 302 -
Ni 6.4 102 289 451 69.8 100

Possible phase o+ BTi BTi TipNi TiNi TiNiz Ni

element content near the interface demonstrate that solid
solution forms, which indicates that a good metallurgical
bonding forms on the interface of Ni interlayer and SS
substrate. Further study of Ti/Ni interface at higher mag-
nification and EDS results of the marked areas in the joints
are presented in Fig. 3 and Tables 1, 2, 3 and 4, respec-
tively. The micrographs exhibit some different regions on
Ti/Ni interface. In the Ti side, Area 1 shows the feather-
like structures of Widmanstatten o + B Ti. Ni is a B-sta-
bilizing element, so the diffusion of Ni toward Ti lowers

Rare Met. (2016) 35(4):331-336

Table 3 EDS results of marked areas (Fig. 3c) in joint bonded for
120 s (at%)

Phases 1 2 3 4 5 6
Ti 94.5 88.9 653 492 289 -
Ni 5.5 1.1 347 50.8  72.1 100

Possible phase o+ BTi PTi TipNi TiNi TiNi3 Ni

Table 4 EDS results of marked areas (Fig. 3d) in joint bonded for
150 s (at%)

Phases 1 2 3 4 5 6
Ti 95.7 91,5 654 504 27.1 -
Ni 4.3 8.5 34.6 496 729 100

Possible phase o+ BTi PTi TipNi TiNi  TiNi3; Ni

the eutectoid transformation temperature of Ti, leading to
the formation of B Ti phase at 850 °C under the phase
transformation point (~882 °C) of pure Ti. Therefore,
Widmanstatten o + B Ti structure appears from the
decomposition of B Ti during cooling [12]. It is found that
Area 2, which is adjacent to the interface, is still filled with
B Ti, attributing to the higher Ni content.

Several distinct reaction layers are observed in the
middle of the interface, and the corresponding EDS results
of these areas demonstrate that some IMCs form. For 60 s
(Fig. 3a), Area 3 consists of Ti (~67.9 at%) and Ni (bal.).
Then, the intermetallic compound of Ti,Ni is proved to
form according to the Ti/Ni binary-phase diagram. Simi-
larly, Area 4 consists of Ti (~51.0 at%) and Ni (bal.), and
the composition of the two elements indicates the forma-
tion of TiNi intermetallic compound. For Area 5, no ele-
ment other than Ni is detected, so this is the remnant Ni
interlayer. Likewise, for 90 s (Fig. 3b), 120 s (Fig. 3c) and
150 s (Fig. 3d), intermetallic compounds from Areas 3 and
4 are also Ti,Ni and TiNi, respectively. The difference lies
in the area between TiNi layer and remnant Ni interlayer. It
can be seen that one more layer forms. For 90 s, the area
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Fig. 3 SEM images of Ni/Ti interface of impulse diffusion bonded Ti/Ni/SS joints processed for a 60 s, b 90 s, ¢ 120 s, and d 150 s

contains Ti (~30.2 at%) and Ni (bal.). According to the
Ti/Ni binary phase diagram, this is the intermetallic com-
pound of TiNi;. Owing to the insufficient bonding time, the
TiNij layer does not occur for 60 s.

The thicknesses of all Ti/Ni interfacial reaction products
are shown in Table 5. It reveals that the thickness of the
layers increases gradually with the increase of bonding
time. Among the intermetallic compound layers, the
thickness of Ti,Ni changes inconspicuously, while the
thickness of TiNi is on the contrary.

3.2 Mechanical properties

The tensile strength of the IPDB joints at room temperature
with the change of bonding time is given in Fig. 4. The
lowest tensile strength value of ~330 MPa is got for 60 s,
precisely because of the inadequate bonding time. Opti-
mized tensile strength value of ~358 MPa is obtained for
the joints bonded for 90 s. In that case, with the increase of
bonding time, the strength value begins to increase and
finally remains stable due to the increase of thickness of the
IMCs. In general, it is not evident for the changes of the
strength data, owing to the inconspicuous variation of the
microstructures.

3.3 Fracture morphology observation

The fracture surface morphologies of the IPDB joints
bonded for different time are shown in Fig. 5. It can be
seen that all of the three images are much alike in char-
acteristic. The fracture morphologies are composed of
stream like cleavage patterns, which indicates that the
brittle fracture takes place upon tensile loading. Figure 6
shows the XRD patterns from the fracture surface of the
joints. IMCs of Ti,Ni and TiNi are detected on the fracture
surface. In other words, fracture occurs along the Ti,Ni and
TiNi phases in a brittle manner. Just because of the for-
mation of these brittle IMCs, the tensile strength of the
joints is affected seriously.
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Table 5 Thickness versus bonding time of Ti/Ni interfacial reaction
products (pm)

Products 60 s 90 s 120 s 150 s
Ti,Ni ~1.0 ~1.0 ~1.0 ~1.2
TiNi ~1.5 ~1.8 ~2.4 ~3.0
TiNiz - ~1.0 ~1.5 ~2.1
Total ~25 ~3.8 ~4.9 ~6.3
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Fig. 4 Bonding strength versus bonding time of impulse pressuring
diffusion bonded commercially pure titanium-stainless steel joint with
nickel interlayer

3.4 Discussion

The primary purpose of the current investigation is to
achieve successful Ti/SS dissimilar diffusion bonding in a
significantly reduced duration. It is well known that for
diffusion bonding, the most important parameters, i.e.,
bonding temperature, pressure, and holding time, are not
independent with each other. At a given temperature, the
holding time required to complete the bonding is a function
of the applied pressure. A higher pressure would prefer-
entially result in a reduced time required.
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Fig. 6 XRD patterns of fracture surface of joints bonded for a 90 s, b 120 s, and ¢ 150 s

In one of the preliminary study, the impulse pressuring
diffusion bonding is validated to be a feasible approach to
join TA17 alloy to stainless steel within the duration of
only 180 s, which is dramatically shorter than the con-
ventional ones (60-180 min) [3, 12-15]. The reduction in
bonding time is ascribed to the higher pressure applied
which promotes the intimate contact of the faying surfaces.
Integrated joints are obtained and the relative deformation
of the substrate is acceptable despite the much higher
pressure applied. The limited macroscopic deformation of
the joint can be attributed to the short loading cycle that the
substrate experiences. However, owing to the presence of
Ti—Fe IMCs at the interface, the joint strength is rather low
compared with the base metal. In the present study, a Ni
interlayer is intended to eliminate the Ti-Fe IMCs. In
addition, the application of Ni with relative low flow stress
might further reduce the pressuring required to achieve
intimate contact of the mating surfaces. It is experimentally
verified that the Ni interlayer can effectively eradicate the
formation of Ti—Fe IMCs and the improved strength can be
achieved.

In addition, it is found that the impulse pressuring dif-
fusion bonded joint exhibits higher tensile strength than the
counterparts bonded by conventional diffusion bonding
technique. It was previously reported that the maximum
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tensile strength of diffusion bonded commercially pure Ti
and 304SS with Ni interlayer was 311 MPa which
is ~40 MPa lower than that of the present study [3]. The
improvement in bonding strength can be attributed to the
retardation of the excessive growth of the IMCs formed at
the Ti/Ni interface. However, it should be mentioned that
although the bonding strength can be improved in certain
extent by alleviating the effect of IMCs via impulse pres-
suring diffusion bonding, the bonding strength is still
limited by the brittle IMCs. For further improving the
bonding characteristics, completely eliminating the brittle
interfacial metallic compounds may be required.

4 Conclusion

Impulse pressuring diffusion bonding between commercial
pure Ti and 304 SS using 200 pum thick pure Ni foil as an
interlayer was conducted at 850 °C for 60, 90, 120, and
150 s under the bonding pressure of 8-20 MPa in vacuum.
Successful bonding of Ti to SS can be achieved within a
greatly shortened duration of 90 s by IPDB in combination
with Ni interlayer. Thus, the formed joints are composed of
Ti—Ni IMCs at the Ti-Ni interface and the remnant Ni
interlayer, and Ni-Fe solid solution at the Ni/SS interface.
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Cleavage patterns are found in the fracture surfaces, indi-
cating that the joints are brittle in nature.
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