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Abstract: Dissimilar joints (DSJs) of ferrous and non-ferrous metals have huge technological importance in the frontiers of new
designs in new machineries and improved design of conventional systems. This investigation was undertaken to improve mechanical
properties of joints of two dissimilar metals: one is Ti-based and the other is Fe-based. DSJs were processed using bonding pressure
from 1 to 9 MPa in step of 2 MPa at 750 °C for 60 min. Properties of the DSJs of these two metals using different mechanisms and
methods were compared with the present research for verification. Experimental results from the diffusion bonding mechanism for
joining the dissimilar metals validated the improvement in properties. Superior mechanical properties of dissimilar-metals joints were
achieved mainly due to the third non-ferrous metallic foil, Ni of ~ 200-um thickness, which avoided the formation of brittle
Fe—Ti-based intermetallics in the diffusion zone. DSJs processed are able to achieve maximum strength of ~560 MPa along with
substantial ductility of ~11.9%, which is the best ever reported in the literatures so far. Work hardening effect was detected in the
DSJs when the bonding was processed at 5 MPa and above. Bulging ratio of the non-ferrous metal (Ti-based) was much higher than
that of the ferrous metal (SS) of the DSJs processed. SEM analysis was carried out to know the details of reaction zone, while XRD
was carried out to support the SEM results. Reasons for change in mechanical, physical, and fracture properties of the DSJs with the

process parameter variations were clarified.
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1 Introduction

Among the manufacturing technologies known to
the human race, joining is acknowledged as a key
technology with innovativeness in design, flexibility and
productivity in processing, and easiness in maintaining
or repairing. Although the concept of additive
manufacturing (as opposed to subtractive manufacturing
techniques, such as traditional machining) is gaining its
momentum of application in creating new products every
day from the start of the 21st century, engineers and
scientists deemed the notion to produce ‘‘joint-free”
products with competitive functions and cheaper price is
favorably unrealistic in most cases. Hence, to reap the
benefits of different materials properties, the design of
hybrid structures demands the presence of joints of
dissimilar materials. Several industries such as
aeronautics, automotive, clothing, marine application,
mechanical tooling, medical implants, nuclear, power
generation, sports goods, satellites and space-vehicles

achieved the improved product performance due to the
joints of dissimilar materials in multi-material hybrid
structures [1].

Fusion welding is one of the most widely used
methods for the joining of metals. Fusion welding of the
dissimilar-metal combinations is quite difficult. These
difficulties  include problems associated  with
metallurgical incompatibility, e.g., the formation of
brittle phases, the segregation of high- and low-melting
phases due to chemical mismatch, and possibly large
residual stresses from the physical mismatch. In addition
to fusion welding, several other types of joining
techniques are also available, and may often be
associated with less difficulty for producing dissimilar-
metal joints. Survey on the processes used for producing
dissimilar-metal joints showed clearly that diffusion
bonding (DB) is the most frequently investigated process
in the joining of dissimilar metals [2].

Dissimilar joints (DSJs) of ferrous and non-ferrous
metals are much more interesting in the view point of
application and much more challenging in the view point
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of research. Many researchers undertook the
experimental investigations to realize the DSJs of ferrous
and  non-ferrous using  different  techniques.
SHANMUGARAJAN and PADMANABHAM [3]
carried out investigations on laser welding (LW) on the
titanium (Ti) and stainless steel (SS) combination. They
observed that both autogenous welds of Ti/SS and the
welds using V as interlayer have exhibited extensive
cracking; however, DSJs with Ta as interlayer could
achieve the maximum strength of ~40 MPa. HE et al [4]
studied the effect of processing parameters on the
diffusion bonded DSJs of Ti-alloy and SS directly and
with a Ni interlayer. The maximum shear strengths of the
joints achieved were ~72 MPa and ~148 MPa for direct
bonding and indirect bonding using Ni interlayer,
respectively. The optimum parameters for DB were
temperature of 850—880 °C, specific stress of 10—
15 MPa, and bonding time of 10—20 min. They showed
improvement in the performance of the joints by ~100%
by using Ni interlayer. EROGLU et al [5] used DB
technique to join Ti—6Al-4V alloy to microduplex SS
using a pure Cu interlayer (~20 pm). The maximum
shear strength of ~107 MPa was achieved for the joints
processed under 0.2 MPa at 900 °C for 5 min. In their
study, it was observed that FeTi intermetallic is more
deleterious than CuTi,. They proposed that a high
heating rate and a short holding time must be used in the
DB of Ti—6Al-4V to microduplex SS when pure Cu
interlayers were used.

ELREFAEY and TILLMANN [6] evaluated
vacuum brazed cp-Ti and low-carbon steel joints using
Cu-based alloy and two Ag-based braze alloys. The
maximum strength of ~113 MPa was achieved for the
specimen brazed at 750 °C using Ag—27.25Cu—12.5In—
1.25Ti filler alloy. OZDEMIR and BILGIN [7]
investigated properties of diffusion bonded Ti—6Al-4V
to AISI 304 stainless steel with Cu interlayer. Bonding
was carried out at temperatures of 830, 850, and 870 °C
for holding time of 50, 70, and 90 min, respectively,
under 1-MPa load in argon atmosphere. The joints
processed under 1-MPa load at 870 °C for 90 min of
holding time gave the maximum strength of ~118 MPa.
BALASUBRAMANIAN [8] achieved bonding strength
of ~149 MPa for the DSJs of Ti—6Al-4V and 304 SS
with adequate ductility using Ag as an interlayer through
DB technique. The optimal strength was achieved for the
joints processed under 5 MPa (bonding pressure), at
800 °C (bonding temperature) for 60 min (bonding time).
BALASUBRAMANIAN [9] fabricated DSJs of
Ti—6Al-4V and AISI 304 SS with Ag as interlayer. He
claimed that successful bonding of the dissimilar metals
was possible in the temperature range of 750—800 °C.
Above 825 °C, bonding is not successful for this
combination of dissimilar materials with Ag interlayer.

The maximum lap shear strength of ~158 MPa was
achieved under a bonding pressure of 5 MPa at 800 °C
for 90 min. HE et al [10] investigated hot pressing and
diffusion welding (HP—DW) of titanium alloy (TC4) to
stainless steel (1Cr18Ni9Ti) with an Al-alloy (LF6)
interlayer. The optimal tensile strength of ~183 MPa was
achieved for the joints processed at 450 °C. Tensile
samples failed at the SS/LF6 interface irrespective of the
processing temperature chosen. The effect of LF6/TC4
interface on the properties of bonded joint is less than
that of SS/LF6 interface.

THIRUNAVUKARASU et al [11] achieved the
maximum strength of ~206 MPa for the diffusion bonded
joints (DSJs) of Ti6Al4V/Ni/SS processed using 3 MPa
at 750 °C for 60 min. They demonstrated that failure of
the joints was initiated and propagated apparently at the
TiA/Ni interface. ZAKIPOUR et al [12] made joints of
dissimilar alloys 316L SS and Ti—6Al—4V using transient
liquid phase (TLP) bonding mechanism. The effect of Cu
interlayer with different thicknesses on the properties of
the joints was studied. The maximum shear strength of
~220 MPa was attained for the bond made at 900 °C
using ~50-um thick Cu interlayer. The decrease in shear
strength of the bonds occurred due to the increase in
width of joint zone and formation of Fe,Ti brittle
intermetallics at the interface. SHIUE et al [13]
advocated using (Ni)/Cr barrier layers in brazing
Ti—6A1-4V and 17-4PH SS. They achieved the
maximum strength of ~233 MPa. VIGRAMAN et al [14]
studied the microstructure and tensile properties of DBJs
between Ti—6Al-4V and AISI 304L using the pressures
of 4 MPa and 8 MPa in the temperature range of
875-950 °C for 60 min. They achieved the maximum
strength of ~242 MPa for joints processed using 4 MPa
at 900 °C for 60 min and annealed for 2 h at 750 °C.
KATO et al [15] were one group of the leading groups
worked in synthesizing joints of dissimilar metals of
ferrous and non-ferrous types in the early periods using
diffusion welding (DW) technique. They joined Ti and
SS rods by DW under phase transformation in air. Ti/SS
assemblies were heated to above the transformation
temperature of Ti and cooled below that temperature one,
two, or three times by alternately applying and breaking
an electric current. Ti/SS joints were bonded using
bonding pressure of 15.8 MPa in thermal cycle range of
677-1000 °C with the maximum of 3 cycles. The
welding process was finished within few minutes. In
Ti/SS welds, a joint interface was observed inside the
specimen, but there was no gross void at the interface.
The maximum tensile strength of ~260 MPa was
achieved by the Ti/SS joints in their study. KURT
et al [16] carried out investigation on the effects of
bonding temperatures on the properties of diffusion
bonds between Ti—6Al-4V alloy and AISI 316L SS.
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Intermetallic phases such as FeTi and Fe,Ti were
observed at the interfaces. The highest shear strength of
~270 MPa was obtained for diffusion bonds processed
under a pressure of 5 MPa at 885 °C for 30 min. GHOSH
and CHATTERIJEE [17] studied direct DB of Ti—6Al-4V
to 304L SS in vacuum in the temperature range of
850—-950 °C using 3 MPa uniaxial load for 30—90 min.
XRD and SEM-EDS analysis indicated the presence of
Fe—Ti-based intermetallic phases at different locations in
the reaction zone. The maximum strength of ~295 MPa
was obtained for the joint processed at 850 °C for 60 min.
FENG et al [18] made DSJs of TiAl and steel using
Ag—Cu-Ti filler metal. The joints achieved the best
strength of ~298 MPa when brazed at 8§70 °C for 15 min.

SHENG et al [19] carried out solid-state DB of
Ti-alloy to austenitic stainless steel without interlayer.
The test results showed that the ultimate tensile strength
of the joint reached its maximum value (~307 MPa)
when processed under the bonding pressure of 5 MPa at
the cyclic bonding temperature of 7,,,,=890 °C and
Tmin=800 °C for bonding time of 120 s. TOMASHCHUK
et al [20] studied the electron beam welds between
Ti-alloy and AISI 316L SS with a Cu foil. Beam shift
toward the Ti-alloy side resulted in large amount of
brittle Fe,Ti phase whereas beam shift toward the steel
side inhibited the formation of brittle intermetallics
at interface. The maximum tensile strength of
~350 MPa was achieved by the DSJs.
THIRUNAVUKARASU et al [21] studied the DSJs of
Ti—6Al1—4V (TiA) and 304 stainless steel (SS) using pure
nickel (Ni) as an intermediate material. The maximum
tensile strength of ~382 MPa was observed for the joints
processed using 4 MPa at 750 °C for 60 min. It was
reported that the extent of diffusion zone at Ni/SS
interface was greater than that of TiA/Ni interface.

DEY et al [22] attempted friction welding (FW) of
Ti to 304L SS. FW parameters were optimized to
produce joints that are stronger. They welded joints with
100 MPa friction pressure and achieved the maximum
strength of ~400 MPa. They pointed out the application
of the joint in nuclear industry where the dissolution of
spent fuel was carried out in a vessel (made of Ti) and
the dissolved solution was transported through the 304L
SS pipes. LEE and JUNG [23] investigated the
microstructures and mechanical properties of the friction
welded Ti/SS. Joints processed with high upset pressure
of ~400 MPa and friction time of ~0.5 s yielded the
maximum strength of ~420 MPa. They proposed that
higher mechanical properties were acquired under higher
upset pressure condition due to higher compressive force
between bonded materials, smaller grain size and
narrower thickness of reaction layer. KUMAR and
BALASUBRAMANIAN [24] friction  welded
Ti—6A1-4V and SS 304L. They reported sound welding

zone of the dissimilar metals but the joints were not
successful during drop test due to the crack formation
and the brittle intermetallic compound in the weld zone.
They introduced Cu interlayer which improved the
strength of the friction-welded dissimilar-metals joints in
the order of ~523 MPa.

In this work, chemistry of interfacial reaction zones
and physics along with mechanical properties of
dissimilar metal joints of 304 stainless steel (ferrous) and
Ti—6Al-4V  (non-ferrous) using Ni (non-ferrous
diffusion-aid metal layer) were focused. DSJs were
synthesized using diffusion bonding (DB) technique. DB
is a high-temperature solid-state welding process that
permanently joins mating surfaces by simultaneous
application of pressure and heat. It does not involve
macroscopic deformation, melting, or relative motion of
the parts welded. A solid filler metal (diffusion aid) may
be inserted between the faying surfaces [25]. DB has
demonstrated its uniqueness by finding application in the
processes and products of front line areas of science and
technology. DB is actually gaining its momentum of
applicability from the days of conception due to the
inappropriateness of other joining techniques. The main
factors which influence DB process are bonding pressure,
temperature, and time [26]. Literatures are plenty to
know the details of influence of bonding temperature or
bonding time on the DBJs of dissimilar metals, but the
knowledge of influence of bonding pressure on the
properties of DBJs is scanty. This research was dedicated
to know the evolution of interfacial microstructure and
mechanical properties of DSJs of ferrous metal (304 SS)
and non-ferrous metal (Ti—6Al-4V) using a non-ferrous
diffusion-aid (Ni) metallic layer of ~200-um thickness
due to variation in the bonding pressure parameter.

2 Experimental

2.1 Parent metals and third metal preparation
Ti—6Al-4V (mass fraction, %) (TA), 99.5% Ni
(mass fraction) ((200£10) um), and Fe—18Cr—8Ni (mass
fraction, %) (SS) were used in this investigation.
Room-temperature mechanical properties of the base
metals (TA and SS) were presented in Table 1. Parent
metals were of cylindrical shape with diameter of
~15 mm. DB experiments were carried out on samples of
two different sizes. Interfacial analysis, microhardness
evaluation, and diffraction study were carried out on
sample with 7 mm in length (referred: optical sample),
whereas the tensile testing was carried out with 30 mm
long sample (referred: tensile sample). Before bonding,
mating surfaces of base metals and foil were ground
using series of SiC emery papers (from 40 to 1600 grit)
to improve the quality of surface roughness followed by
final polishing using 1-um diamond paste to get scratch-
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free surface and followed by cleaning with C,HsOH. Ni
was thinned down from 260 to (200£10) pm. Surface
roughness of the faying surfaces was measured using
Mitutoyo surface roughness tester (SJ—301). Surface
roughness (R,) of mating surfaces was measured to be
~0.02 um. Parent metals and
ultrasonically cleaned in acetone for 120 s. Ni was then
sandwiched between TA and SS.

interlayer were

Table 1 Room-temperature mechanical properties of base

metals
002/ Ultngate Frac@e Microhardness
Alloy MPa tensile elongation/ (HV)
strength/MPa %
TA 886.3£9 978.0£11 20+0.2 400
SS  699+10 782.5+9 44+0.3 300

2.2 Diffusion welding machine and DSJs preparation

TA/200-um-Ni/SS assemblies were kept on fixed
supporting pedestal of the indigenously-made welding
fixture (Fig. 1). The bonding pressure was applied along
the longitudinal direction of the sample. Uniaxial
compressive load was applied from top by means of
hand-driven screw-type shaft. The joining operation was
carried out using pre-decided bonding pressure (bonding
pressures ranging from 1 to 9 MPa in step of 2 MPa).
Welding fixture with the assemblies was inserted into a
vacuum chamber (Fig. 2) equipped with two stages of
vacuum pump. Initially, vacuum was created using
single-stage rotary vacuum-pump and the oil-vapor
diffusion-pump was used to improve the fineness
of the vacuum. After attaining the required vacuum
((6-8) x 107 Pa), temperature was increased from room
temperature (30 °C) to 750 °C (bonding temperature) at
the rate of 0.24 K/s. DB experiments were conducted in
electrical resistance heating, using nichrome wire,
split-type cylindrical furnace with constant temperature
zone of 50 mm (diameter), and controlling the
temperature within +4 °C with the capability of operating
even at 1000 °C. Temperatures at the interfaces of the
DB sample were monitored using chromel—alumel
thermocouple kept ~2.5 mm away from the joint
interface. The TA/200-um-Ni/SS assemblies were held
for 60 min (bonding time interval) in vacuum at 750 °C
(bonding temperature). After 60 min of holding at 750 °C,
the assemblies (TA/200-um-Ni/SS) were converted to
TA/200-um-Ni/SS DSJs. After the experiment was
completed, diffusion-bonded samples were furnace-
cooled to 150 °C at a cooling rate of 0.09 K/s in vacuum.
To avoid the overheating while operating, the DB
chamber and the oil-vapor diffusion-pump chamber were
continuously cooled using a water-circulation system.
The images of the diffusion welded optical sample and
tensile sample are given in Fig. 3.

Fig. 1 Details of indigenously designed and manufactured
welding fixture (1—Threaded shaft for applying pressure; 2—
Pressure sensor (Max: 500 kg load); 3 — Thermocouple
(Chromel—alumel); 4—Heating element (Nichrome material);
5—Fixed pedestal (Molybdenum material) for supporting to-be
welded samples; 6—Frame (304 SS material))

Fig. 2 Vacuum chamber surrounded by copper tubes for water
circulation provision

2.3 Characterization of DSJs
2.3.1 Interfacial microstructure and diffractometric study
of DSJs
The optical sample (Fig. 3) of DSJs was sectioned
transversely to the bond interface, then ground followed
by diamond polishing. Polished surfaces (Fig. 4) of
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optical samples of DSJs were examined by a scanning
electron microscope (JSM—5510, JEOL) in back-
scattered electron (SEM—BSE) mode to obtain finer
structural details of the diffusion zone at the interfaces.
Chemical composition (in mole fraction, %) of the
reaction layers was determined by energy dispersive
spectroscopy (SEM—EDS, Thermo Electron Corporation,
Noran System Six C10018) using SiLi detector.
Intermetallics were predicted using the above chemical
analysis and Ni—Ti phase diagram. The existence of
these intermetallics was confirmed by X-ray diffraction
(XRD) study on the fracture surfaces of the DSJs. XRD
analysis (Philips PW 1830) was carried out using Co as
target at an operating voltage of 35 kV with sample
current of 25 mA. Scanning range (26) from 30° to 110°
with a step size of 0.01°(26) was used.

Fig. 3 Typical diffusion bonded optical sample and tensile
sample of dissimilar metal joints of TA and SS

Fig. 4 Typical polished (unetched) optical sample of DSJs of
TA and SS

2.3.2 Mechanical properties of DSJs

Both ferrous and non-ferrous metals which were
diffusion bonded underwent some changes in shape.
Whenever a force is applied to a solid object, a stress is

produced within the object. The physical -effect/
manifestation of this stress is that the object experiences
some amount of deformation, a strain. Hence, it was
decided to calculate the bulging ratio of the DSIJs.
Bulging ratio agg [15] of the DSJs is defined as follows:

OCBR:(dl_d())/d()x 100% (1)

where d; and d, are the diameters of the ferrous/non-
ferrous metals at the joint interface after and before
welding experiment, respectively.

Mechanical properties (at room temperature) of
transition joints were evaluated by tensile and hardness
tests. The tensile strength and the respective ductility
were evaluated on Instron 4204 at a crosshead speed of
8.33x10* mm/s. Cylinder-shaped tensile specimens
(Fig. 5) were machined as per ASTM specification
E8M—-11 with gauge diameter and length of 4 and
20 mm, respectively [27]. Metallic foil was almost kept
at the centre of gauge length of the tensile sample. The
average of the three samples tested at each bonding
pressure was reported here.

Fig. 5 Typical tensile specimens machined out of tensile sample
of DSJs of TA and SS

Microhardness measurements were carried out on
the polished surface of optical samples (Fig. 4) at
different points across the base-metal/interlayer/base-
metal using the microhardness tester (Leica VMHT) and
Vickers diamond indenter with a load of 0.25 N for
dwelling time of 20 s. To measure microhardness across
the interfaces of the DSJs, the whole area of the polished
surface (Fig. 4) was divided from one-end of the
base-metal to the other end of the base-metal by
successive planes separated by 10-um interval, then five
successive indentations were made on a particular
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section at different locations, the average value was
reported here for concise representation of the data.
Microindendation on a section was carried out in
different zones so that the interaction between the
successive indentations was minimized to the utmost
possible extent.
2.3.3 Fracture surface and fracture path of DSJs

DSJs were fractured under tensile loading. Fracture
surfaces of tensile fractured DSJs were observed in
secondary electron mode of SEM (JSM-5510, JEOL)
using energy dispersive spectroscopy (Thermo Electron
Corporation, Noran System Six C10018) to reveal the
distinguishable features and to understand the nature of
the failure of DSJs during tensile testing. To observe the
fracture path, the authors prepared conductive mounts
(using copper filler) of the TA and SS sides of the
tensile-tested DSJs. SEM—BSE observations were also
made on the conductive mounts prepared to ascertain the
particular site of fracture path in order to know the most
likely locations apparently through which the failure was
initiated and propagated during tensile testing.

3 Results and discussion

3.1 Interfacial microstructure of DSJs

The understanding of influence of bonding pressure
on the mechanical properties of DSJs is incomplete and
erroneous from the point of view of physical metallurgy
of the DSJs of dissimilar-metals using metallic-layer
because the scientific investigation was primarily
interested in correlating the microstructure with
mechanical properties for broadening the spectrum of
applications of the joints from very simple engineering
problems to the cutting-edge technologies. The
requirement for low order magnification SEM-BSE
images (Fig. 6) was: firstly (qualitative), it could
facilitate the comparison of the profiles at both the
interfaces (TA/Ni and Ni/SS) in a DSJ (processed at a
particular bonding pressure) and between DSJs
(processed at different bonding pressures); secondly
(quantitative), the extent of diffusivity could be
measured by measuring the distance between the
interfaces (TA/Ni and Ni/SS); and thirdly (qualitative),
the quality of the bond could be ascertained with the
details of discontinuity and voids at the interfaces. The
absence of discontinuity and voids at both interfaces was
revealed, which established the superior contact of the
mating surfaces with process parameters. Hence, DSJs
were efficacious. The profile of the interfaces (both
TA/Ni and Ni/SS) was planar in nature regardless of the
selected bonding pressure, which demonstrated that the
interfacial interactions were in steady state. The lower
magnification SEM—BSE images (Fig. 6) did not provide
the inherent latent details of the interfacial reactions;

hence, SEM-BSE images at higher order magnification
at TA/Ni interface (Fig. 7) and Ni/SS interface (Fig. 8)
were required for better understanding. The SEM-BSE
images (Fig. 8) of Ni/SS interface of the DSJs revealed
solid solution behavior. Layer wise intermetallics were
observed at the TA/Ni interface (Fig. 7) of the DSJs.

Fig. 6 SEM-BSE images of DSJs processed at 1 MPa (a) and
9 MPa (b)

It was observed from Fig. 7 that the TA/Ni
interfaces of the DSJs processed using 3, 5, and 7 MPa
had only one light shaded reaction layer consisting of Ti
(~27%, mole fraction) and Ni (~70%, mole fraction).
Hence, the Ni—Ti phase diagram indicated the realization
of Ni;Ti intermetallic [28,29]. The TA/Ni interface of the
DSJs processed using 1 and 9 MPa had two successive
reaction layers. The deep shaded reaction layer observed
adjacent to the TA matrix consisted of Ti (~50%, mole
fraction) and Ni (~45%, mole fraction). Hence, the Ni—Ti
phase diagram indicated the possibility of realization of
NiTi intermetallic [28,29]. The reaction layer adjacent to
the Ni matrix was light shaded Ni;Ti intermetallic. In
general, for all DSJs the width of Ni;Ti intermetallic was
wider compared to that of the NiTi intermetallic in the
reaction zone [11,21]. The similar Ni-Ti-based reaction
products were also observed in Refs. [30,31]. Sensible
reasons for the presence of the layer-wise Ni—Ti-based
intermetallics at the TA/Ni interface and the
solid—solution behavior at the Ni/SS interface could be
comfortably explained using Hume-Rothery rules and
the principle of electronegativity [11,21]. At the interface,
the atoms from both the sides diffuse in the opposite
direction, but there is an effective diffusion of atoms at
each interface which is more predominant than that in the
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Fig. 7 SEM—BSE images of TA/Ni interface of DSJs processed at 1 MPa (a), 3 MPa (b), 5 MPa (¢), 7 MPa (d), and 9 MPa (e)

15kU XZ,B888 18mm

Fig. 8 SEM—BSE images of Ni/SS interface of DSJs processed at 1 MPa (a) and 9 MPa (b)

other direction. At the TA/Ni interface, Ni atoms could
diffuse further deeply into TA matrix as compared to the
diffusing capability of Ti atoms into Ni matrix; whereas
net flux of Ni atoms past the interface in one direction
was faster than the flux of atoms in SS in the opposite
direction. Hence, the effect proposed by Kirkendall was
observed at Ni/SS interface for all the DSJs [11,21].

With increase in the bonding pressure from 1 to
5 MPa, reaction zone width at the TA/Ni interface (Fig. 7)

decreased. Decrease in the reaction zone width is due to
the decrease in the net-activity of atoms at the interfaces.
Most of our engineering materials are polycrystalline so
that the grain boundary diffusion is far more important
than surface diffusion. Deformation forces the
dislocations that exist in a polycrystalline metal to move
up, and pile up at the grain boundaries, and new
dislocations to be generated. Consequently, the increase
in pressure hinders the grain boundary diffusion which
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affects the surface diffusion phenomenon; and hence, the
interfacial activity was affected [32—34]. Diffusion along
the free surfaces is a dominant diffusion path. A free
surface is associated with more open structures and
experiments showed that the jump frequency for atoms
diffusing along this defect is higher than that for
diffusion in lattice and grain boundaries. With the
increase in bonding pressure from 5 to 9 MPa, the
effective free surface for contact of the mating surfaces
was increased, thus the atomic mobility increased across
the interface; hence, the reaction zone width at TA/Ni
interface increased.

3.2 XRD analysis of DSJs

The XRD patterns (Fig. 9(a)) showed representative
peaks of «-Ti, f-Ti, NiTi, NizTi and Ni. XRD pattern
(Fig. 9(b)) of the fractured surfaces along SS side
showed representative peak of »~Fe, Ni and Ni3Ti. The
presence of NiTi intermetallic observed through XRD on
TA side of the DSJs processed using 5 MPa was not
proven through SEM—BSE studies presumably due to its
low volume fraction. The presence of other phases
except NiTi observed through XRD, on both TA and SS
sides, was well identified through respective SEM—BSE
studies. From the XRD analysis, it was observed
that there exists quite significant evidence that the DSJs

(a) (=
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1 1
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Fig. 9 XRD patterns of fracture surfaces of TA side (a) and SS
side (b) of DSJs processed using different bonding pressures

were most likely fractured along TA/Ni interface.
THIRUNAVUKARASU et al [11,21] showed that DSJs
failed at the TA/Ni interface.

3.3 Surface property of DSJs

It was observed that the hardness of the non-ferrous
metal side (TA) (Fig. 10) of the DSJs was HV ~400
irrespective of the bonding pressure adopted during
experiments. The hardness of the ferrous metal side (SS)
witnessed to be HV ~300 for the DSJs processed below 5
MPa, whereas the surface hardness of SS side was HV
~400 for the DSJs processed at 5 MPa and above.

In the same way, the hardness of the interlayer zone
(Ni) of the DSJs was found to be HV ~175 for the
DSJs processed below 5 MPa, whereas HV ~200 for the
joints processed at 5 MPa and above. It was observed
that the increase in the bonding pressure had a significant
influence on increasing the surface property (hardness)
of SS side and Ni zone, but such phenomenon was not
observed on TA side.

800
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Fig. 10 Microhardness profile along interfaces of DSJs
processed using various bonding pressures

The increase in the hardness of the Ni and SS with
the increase in pressure could be attributed to the effect
of work hardening. When material is deformed, the work
hardening occurs, resulting in the increase of the
hardness of the material. In general, the rate of work
hardening is lower for HCP metals than that for cubic
metals. TA is HCP metal whereas Ni and SS are cubic
metals. The hardness values of Ni and SS were increased
significantly with the increase in the bonding pressure
from 3 to 5 MPa and above, while the hardness of TA
(HCP metal) does not change with the increase of the
bonding pressure [35,36].

Along Ni/SS interface, hardness increased from Ni
to SS and the observed hardness was HV ~220 for the
DSIJs processed using bonding pressure below 5 MPa,
whereas HV ~330 for 5 MPa and above. Along the
TA/Ni diffusion zone, the hardness increased initially till
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it reached the maximum value and then dropped towards
Ni. The hardness values of NiTi intermetallic and Ni;Ti
intermetallic were HV ~550 and HV ~750, respectively.
The hardness at NiTi/Ni;Ti interface was HV ~650. It
was also noticed that the fracture was expected to occur
apparently near the TA/Ni interface because the hardness
of TA/Ni interface (HV ~750) was much greater than that
of Ni/SS interface (HV ~330), thus the TA/Ni interface
was more brittle as compared to the Ni/SS interface.
SAM et al [37] demonstrated that DSJs failed through
the TA/Ni-alloy interface.

3.4 Bulging property of DSJs

The bulging ratio (Fig. 11) of non-ferrous metal
(TA) of the DSJs was much higher than that of the
ferrous metal (SS) of the respective DSJs. The reason for
the significant differences in the bulging ratios of TA side
and SS side needs to be addressed. Here, the bulging
(lateral deformation) of the metals welded was of
inelastic-type (precisely, plastic deformation); however,
the plastic deformation of materials can be correlated
with the elastic properties of the respective materials.
There are three elastic moduli which derive from the
spatial tri-dimensionality of the world. The three elastic
moduli represent linear, planar, and volume effects on
material. Apart from these elastic moduli, there is
another property called Poisson ratio («) defined as the
ratio of the transverse to the axial strain. These elastic
moduli are generally anisotropic in the case of single
crystal but the assumption of isotropic is valid for
polycrystalline materials in which the individual
crystallites are arranged completely random [38—40].
Although change in volume is related with the bulk
modulus (K) of the material it can be related with the
other elastic moduli using the following relationships
(Egs. (2) and (3)) [40]:

E=3K(1-2) ()
E=2G(1+u) (3)

Using Eqgs. (2) and (3), it could be perceived that the
elastic modulus (£) of materials could be able to explain
the potential causes for significant differences in the
bulging ratios of TA side and SS side of the DSJs. The
elastic moduli of Ti-alloy (Ti—6Al-4V) and austenitic
stainless steels (304 SS) are ~110—130 GPa [41] and
~190-206 GPa [42], respectively. As the elastic modulus
of Ti—6A1-4V is much lower as compared to the elastic
modulus of 304 SS, the non-ferrous metal (TA) side of
the DSJs underwent an excess amount of bulging as
compared to ferrous metal (SS) side of the respective
DSJs. Hence, it could be stated that the bulging ratio
(apr) of the material is inversely proportional to its
elastic modulus (E) (Eq. (4)).

g 1/ E )

Bulging ratio of TA/%
Bulging ratio of SS/%

1 2 3 4 5 6 7 8 9
Bonding pressure/MPa
Fig. 11 Variation of bulging ratios of TA and SS of DSJs with

respect to bonding pressure applied

It was also observed from the bulging ratio graph
(Fig. 11) that the slope of the bulging ratio increased
with the bonding pressure applied. Mathematically, the
slope of the bulging ratio was in increasing order
(Eq. (5)) with the bonding pressure utilized. Hence, the
lower-range has less slope than the middle-range, and the
middle-range has less slope than the higher-range of
bonding pressure (p).

D o0BR (5)

3.5 Tensile properties of DSJs

With the increase in the bonding pressure from 1 to
5 MPa, both tensile strength and ductility of the DSJs
increased steeply. With the increase in bonding pressure
from 1 to 5 MPa, the coalescence of the mating surfaces
of the DSJs was improved. Hence, the improvement in
the tensile properties of the DSJs was favored. The DSJs
did not show much increase in its tensile strength beyond
the bonding pressure of 5 MPa, although the ductility of
the DSJs dropped infinitesimally. DSJs processed using
5 MPa achieved the maximum strength of ~560 MPa
along with substantial ductility of ~11.9%. From the
tensile properties of the DSJs (Fig. 12), it was
ascertained that bonding pressure less than 5 MPa has
significant influence on the tensile properties of the DSJs,
whereas the application of bonding pressure beyond
5 MPa does not contribute much to improving the
strength property of joints of dissimilar metals. Hence, it
could be said comfortably that bonding pressure of
5 MPa is the optimal level of the input parameter to
maximize the strength behavior of the joints of ferrous
and non-ferrous metals. Increase in the bonding pressure
improved the interfacial contact area between the mating
surfaces of the diffusion bonds; work
hardening effect [43] on the assemblies of the DSJs was
observed for the joints processed at 5 MPa and above
bonding pressures. The maximum strength (~560 MPa)

however,
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achieved in this study is the best performance of DSJs of
Ti—6Al-4V and SS till date reported using different
joining mechanisms (EBW, FSW, LW and TLP) in
Refs. [3—24]. Hence, diffusion welding proved itself to
have the time-tested technique for achieving improved
properties of the DSJs of ferrous and non-ferrous metals
using a third metal layer of non-ferrous type.
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Fig. 12 Tensile properties of DSJs processed using various
bonding pressures

3.6 Fracture surface analyses of DSJs

The fracture characteristics of TA side (Fig. 13(a))
and SS side (Fig. 13(b)) of DSJ processed using 1 MPa
did not show any sign of neither dimpled-rupture
(ductile) mode of failure nor the faceted river-pattern
rupture (brittle) mode of failure. Most of the appearances
in the fractograph of TA side (Fig. 13(a)) were visually
featureless. Similarly, the appearances of SS side

(Fig. 13(b)) were also featureless; additionally, cracks
(white arrow marks in Fig. 13(b)) were visibly running
throughout the fracture surface. It was wished to
correlate the fractural observations of DSJs processed
using 1 MPa with mechanical properties of the same. It
was noted that the DSJs processed using 1 MPa were
able to achieve strength of ~42.5 MPa. Poor strength of
the DSJs processed using 1 MPa and featureless fracture
surfaces indicated that the coalescence of the mating
surfaces was incomplete due to the insufficient bonding
pressure to create perfect interfacial bonding of the
mating surfaces.

Both fracture geographies of TA side (Fig. 13(c))
and SS side (Fig. 13(d)) of DSJ processed using 9 MPa
revealed two distinct regions. Hence, it could be
comfortably claimed that the DSJs processed using
9 MPa had undergone mixed mode of failure. Firstly, the
zones identified as white-circles (Figs. 13(c) and (d))
were faceted river-pattern rupture (brittle) mode of
failure; secondly, the zones identified using black-
rectangles (Figs. 13(c) and (d)) were dimpled-rupture
(ductile) mode of failure of transgranular type. In
general, it was learnt that the lowest bonding pressure
(1 MPa) yielded featureless fractographs due to
insufficient bonding; the increase in the bonding pressure
to 9 MPa yielded the mixed mode fractural features.

3.7 Fracture path of DSJs

The fracture paths of the metallic mount sample
prepared using tensile fractured DSJ processed at 7 MPa
are shown in Fig. 14. The TA side (Fig. 14(a)) of the
fractured joint did not show trace of Ni layer attached

Fig. 13 Fracture surfaces of DSJs processed under different conditions: (a) 1 MPa, TA side; (b) 1 MPa, SS side; (c) 9 MPa, TA side;

(d) 9 MPa, SS side
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Fig. 14 Fracture paths of DSJs processed at 7 MPa: (a) TA side;
(b) SS side

with, whereas the SS side (Fig. 14(b)) of the fractured
joint revealed ample Ni interlayer. Hence, the SEM
micrographs of the metallic mounts (Fig. 14) suggested
that the TA/Ni/SS DSJs favored the fracture along the
TA/Ni interface with the intermetallics (Ni;Ti and NiTi)
completely cleaved along the TA matrix.

In this study, the Ni/SS interface exhibited a perfect
solid solution behavior irrespective of the bonding
pressure selected. Hence, it could be claimed that the
strength of the DSJs principally depend on the TA/Ni
interface. And it was also noticed that the DSJ fractured
at the TA/Ni interface, because the TA/Ni interface had
higher hardness of HV ~750 as compared to the Ni/SS
interface with the highest hardness value of HV ~330.
Thus, the TA/Ni interface is more brittle as compared to
the Ni/SS interface. It was noted that the hardness
difference at TA/Ni interface (HV 550) was higher than
that at Ni/SS interface (HV 200). Hence, the fracture
propagated along the TA/Ni interface primarily due to
the higher hardness difference as compared to the Ni/SS
interface. This observation had attested the statement
made by SIMOES et al [44] that DSJs fractures at the
interfaces with high hardness differences. The fracture
path observation was quite consistent with the findings
of the reported literatures [11,21,37] as well.

4 Conclusions
1) Bulging ratio of non-ferrous metal (TA) was

much higher than that of the ferrous metal (SS) of the
dissimilar joints (DSJs) processed. The significant

difference in the bulging ratio of the base-metals (TA &
SS) diffusion-bonded is explained using elastic modulus
(£).

2) Work hardening effect was detected in the DSJs
when the bonding was processed at 5 MPa and above
bonding pressures.

3) DSJs processed at 5 MPa achieved maximum
strength of ~560 MPa along with substantial ductility of
~11.9%. Tensile properties did not vary much when DSJs
processed beyond 5 MPa. Considering the bulging ratio
of the DSJs, 5 MPa was considered as the optimal
welding pressure for achieving the best performance of
the DSJs.

4) Using non-ferrous metallic-layer (Ni), deleterious
Fe—Ti-based intermetallics in the diffusion zone was
avoided. Hence, improved properties of the DSJs of
ferrous—non-ferrous metals were achieved by using an
appropriate non-ferrous metallic layer.

5) Diffusion welding has proved that it is the best
available technique for achieving improved properties of
dissimilar joints (DSJs) of ferrous and non-ferrous
metals.

6) The fracture surfaces of DSJs processed at 1 MPa
showed the featureless characteristic along with some
cracks due to the insufficient bonding pressure to create
perfect interfacial bonding of the mating surfaces. With
the increase in bonding pressure to 9 MPa, mixed mode
fractural features were prevalent.

7) Fracture path examination and surface property
evaluation revealed that DSJs of TA/Ni/SS fractured
along TA/Ni interface due to the higher hardness
difference compared to the Ni/SS interface. Hence,
TA/Ni interface is more brittle in nature than the Ni/SS
interface.
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