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Abstract

Diffusion bonding was accomplished between Ti-6Al-4V alloy and AlSI 304 austenitic stainless steel utilizing copper
as an interlayer in the holding time variety of 45-105 min for 925 °C under 14 MPa load in a vacuum. After bonding,
the microstructural study including metallographic examination and energy dispersive spectroscopy, microhardness
survey, lap shear strength test, and ram tensile test were accomplished. From the results, holding time is a major influ-
ence to develop the microstructural characteristics and improve the joints quality. The occasion of various intermetallic
compounds, for example, CuTi, Cu;Ti,, FeTi, Fe,Ti, Cr,Ti has been expected from the ternary phase diagrams of Fe-Cu-Ti
and Fe-Cr-Ti. These reaction items were insisted on the X-ray diffraction method. The highest bond strength of 268 MPa
was attained for the pair bonded at 90 min holding time. This is a direct result of the better combination of the mating
surface. With the expansion in holding time to 105 min, the quality was reduced caused by the expanded volume frac-

tion of discontinuities.
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1 Introduction

Titanium is a lightweight metal with the best strength-
to-weight ratio of any metal and has exceptional erosion
protection. Since titanium alloys are expensive, production
processes aim at eliminating material wastage as much as
possible. Above 890 °C, titanium undergoes an allotropic
transformation to a body-centered cubic‘f’ phase, which
remains stable up to the melting point. Some alloying
elements raise the alpha-to-beta transition temperature
(a-stabilizers) while others lower the transition tempera-
ture (B-stabilizers). Aluminium, gallium, germanium, car-
bon, oxygen, and nitrogen are alpha stabilizers. Alumin-
ium is the most widely alloyed alpha stabilizing element as
it increases tensile strength, creeps strength and Young’s
modulus value. When the aluminium content is increased
above 6% intermetallic compounds are formed. Beta
stabilizing elements that come under an isomorphous

group, are vanadium, molybdenum, tantalum, and nio-
bium and the eutectoid forming group is manganese,
iron, chromium, cobalt, nickel, copper and silicon. These
two important properties have created interest in joining
titanium and its alloys to stainless steel for application in
aerospace, petrochemical and power generation indus-
tries [1, 2]. Welding of stainless steel and titanium is very
tough in view of the plain low dissolvability of iron in a
titanium at room temperature. When the two materials are
joined by normal fusion welding, it leads to the segrega-
tion of chemical components and development of tough
and fragile intermetallic phases near the interface. It has
been found that pure copper base alloys can be used to
bond titanium to steel [3]. Also, titanium reacts easily and
shapes intermetallic phases arranged as constant brittle
and hard layers on interface limits. Direct DB between
titanium and stainless steel show the improvement of
chromium, iron and titanium base response products,
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especially the course of action of FeTi, Fe,Ti, o, Fe,Ti,O and
TiC in the diffusion interface [4]. Therefore, the most suit-
able method to obtain strong joints of titanium to stainless
steel appears to be the use of an appropriate intermediate
material. Among these materials, copper is the most pref-
erable metal since it doesn't form any detrimental interme-
tallic phases with iron and its melting point is much lower
compared to steel.

Thirunavukarasu et al. studied diffusion-bonded
Ti-6Al-4V and 304 SS using pure Ni of 200 um thickness
as an interlayer in a vacuum, varying the holding time from
30 to 120 min in steps of 15 min using 4 MPa load and
750 °C as bonding temperature. From this examination,
they reached the uppermost tensile strength of ~382 MPa
along with ductility of ~3.7% for the joint took care of at
an hour. Kundu et al. pointed out that copper interlayer
cannot block the diffusion of Fe, Cr, and Ni to Ti side and
Ti to 304SS side. Eroglu et al. expressed that Cu-Ti base
intermetallic phases have higher plasticity than the Fe-Ti
base intermetallics and affirmed that the Cu-Ti-Fe based
intermetallics provide a good volume for plastic defor-
mation and are set up to sufficiently halting microcrack
propagation.

The present study is focused on DB of titanium and
stainless steel using copper as an interlayer. The impact of
holding time on the microstructure and mechanical prop-
erties of the joints has been explored.

2 Experimental procedure

The chemical compositions and mechanical proper-
ties of Ti-6AI-4V and AISI 304 are given in Tables 1 and
2. Titanium and stainless steel were received in the form
of rolled plates having 5 mm thickness. From the base
material square specimens of dimension 50X 50 mm
were extracted. The joining surfaces of the specimens
were surface prepared by standard techniques using few
steps of grinding papers and polished on 1 um diamond
suspension. The copper foil of 150 um thickness was used
as an intermediate metal [5, 6]. There were cut square
profiles from the copper foil having 50 mm thickness. All
specimens were then cleaned in (CH5),CO (acetone) and
dried rapidly in air. The joined titanium and stainless steel
specimens with implanted copper interlayer were kept in
contact with a steel die. Thereafter, the samples together
with the device were put into a vacuum furnace.

Table 2 Mechanical properties of base metals

Alloy 0.2% yield Tensile Elongation in
strength (MPa) strength 50 mm gauge
(MPa) length (%)
Ti-6Al-4V 880 950 14
AlSI 304 215 505 30

The compressive stress of 14 MPa along the longitudinal
path was applied at room temperature. The holding times
were 45, 60, 75, 90 and 105 min for 925 °Cin 107> torr vac-
uum. Bonding was carried out using a high-temperature
DB machine, (shown in Fig. 1). After DB, the specimens
were cut using wire-cut EDM, mechanically arranged at
first with a grade 2500 abrasive paper [7] and 1 pm dia-
mond paste. Microstructural observations Ti-6Al-4V
alloy side was etched using Keller’s reagent (85 ml H,0,
10 ml HF, 5 ml HNO;) and 304 ASS side was etched using
20 ml HNO3, 60 ml HCl. The chemical compositions of the
phases were found in atomic percent using SEM with EDS
investigation. The transverse microhardness profile of the
DB joints was performed by Vickers microhardness tester
under a load of 0.5 kg for a dwell time of 15 s. The lap shear
strength (LSS) and bonding strength (BS) of the bonded
joints were assessed at room temperature. The measure-
ments of the lap shear and ram tensile test samples are
shown in Figs. 2 and 3.

3 Results and discussion
3.1 Tensile properties

From Fig. 4, itis found that the room temperature (RT) ten-
sile properties (both LSS and BS) of the DB joints increases
constantly during the time break from 45 to 90 min and
drops at 105 min [8, 9], for a bonding temperature of
925 °C and bonding pressure of 14 MPa. With the increase
of holding time from 45 to 90 min, the blending of mat-
ing surfaces enhances the room temperature properties of
the DB joints, and additionally, offer some beneficial effect.
Also, with a further increase in the holding time, over
90 min, the reaction zone interaction at Ti/Cu interface
overcompensates for the reduction in the strength tran-
scendently due to the development of intermetallics of a
greater width which causes a sharp drop in the properties

Table 1 Chemical composition

Material Al C Cr Fe Mn Ni (0] P S Si Ti \Y
(wt%) of the base metals

Ti-6Al-4V 6 - - 0.25 - - 0.2 - - - Bal 4

AlSI 304 - 0.08 20 Bal 2 10 - 0.045 0.03 1 - -
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Fig. 1 High-temperature diffu-
sion bonding setup
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Fig.2 Lap shear tensile test
specimen details

All dimensions are in mm

Fig. 3 Ram tensile test speci-
men details

All dimensions are in mm

as it can't be overcome by the increase in combination
of faying surfaces. Besides, this might be the conceivable
reason for the tensile property conduct of the DB joints in
achieving the optimal strength at 90 min. The strengths of
the DB joints are predominantly reliant on the Ti/Cu inter-
faces [10] than Cu/SS interfaces, as the Cu/SS interface

displays complete solid-solution and the intermetallics
at Ti/Cu interface exceptionally inclined to break because
of embrittlement. Hence, an attempt has been made to
draw the explanations for the strengths of the joints. It
was found that Cu,Ti, and CuTi phases were developed
along with the Ti/Cu interface during the time range of
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45-90 min. Therefore, it can be inferred that the devel-
opments of Cu;Ti, and CuTi phases simultaneously con-
tribute to the increase in the bond strength for the time

Fig. 6 Base metal micrographs a Ti-6Al-4V and b AlSI 304
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interval of 45-90 min. For the bonds handled for 105 min
the lowest value of strength was achieved in light of the
large volume of intermetallic formation at the interface.

3.2 Microhardness

Figure 5 shows that both Ti and SS had a hardness of ~350
and ~ 250 HV, though Cu’s hardness was ~75 HV [11].
Regardless of the selected bonding-time interval, hardness
value improved from Cu to SS along the Cu/SS interface,
and the observed hardness was ~ 140 HV. Hardness value
at first increased to a maximum value and then dropped
toward Cu along with the Ti/Cu interface. The hardness of
Cu/Ti interface was ~ 440 HV for 90 min, while ~350 HV for
45 min. It was observed that the increase in the bonding
time does not have an important effect on the hardness of
Ti, SS, and Cu. It was additionally observed that the Cu/SS
interfaces hardness increases toward Cu with the increas-
ing bonding time, which is fundamental because of the
diffusivity of atoms from the Cu matrix into SS.

3.3 Microstructure

Figure 6a reveals the occurrence of columnar grains along
the rolling direction. Because Ti-6Al-4V is a binary phase
alloy, shown in Fig. 6a reveals an equiaxed a (light color)
phase with an intergranular 3 (dark color) phase. In Fig. 6b
there are austenitic grains in the stainless steel micro-
graph. Figure 7 expressions that the interfacial microstruc-
ture of the DB samples at several holding time.

3.3.1 Regionl|

A strong region within the austenitic stainless steel was
observed. In this region, the microstructure comprises
a huge number of annealing twins. The development
of the region | is basically identified with changes in
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Fig.7 Interfacial Microstructure of the DB samples a 45 min, b 60 min, ¢ 75 min, d 90 min and e 105 min

composition. Considering that titanium is successful in
making carbide and nickel is effective in forming austen-
ite, the formation of this austenitic region appears to be
solid. Outside of the five regions, there was no important
change in the microstructures of the austenitic stainless
steel and titanium alloy. However, some growth in the
grain sizes of both sides was seen as the holding time
increased.

3.3.2 Regionll

This region is nearest to the austenitic stainless steel
and shaped because of the interaction between copper
and iron. So, this region consists of Fe—Cu intermetal-
lics. In addition, lesser amounts of Cr,Ti intermetallics
were formed due to the higher chromium content in this
region.
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3.3.3 Regionllil

The material composition of interlayer and base materials
blended together is considered as Region lll. The micro-
structure of the hot-rolled copper contains numerous
small grains. Parallel straight lines stretching out crosswise
over a significant number of the grains are called anneal-
ing twins.

3.3.4 RegionlV

This region is essentially made out of titanium and copper.
The primary phase in this region is 3-Ti since a higher cop-
per content would settle B-Ti at the holding time. Inside
this region, compositional studies showed a decrease in
the copper content and an increase in titanium content
as the holding time increased. Furthermore, as indicated
by the Ti-Cu phase diagram, the development of CuTi,
intermetallic phase would likewise be normal inside this
region, and the content of this intermetallic compound
would increase as the holding time decreases.

3.3.5 RegionV

This region created because of eutectoid transformation
and consists of a and B-Ti. A liberal amount of Fe, Cr, Ni,
and V around there results in a eutectoid transformation
of the Ti alloy and, along these lines, the Widmanstatten
morphology is established, in which bright 3-Ti phase is
injected in the shaded a-Ti matrix.

3.4 SEM with EDS analysis

Figure 8 illustrates the concentration profiles of elements
over the steel to titanium by the method of the copper
interlayer. Clearly, diffusion happens between the ASS to
a titanium substrate [12, 13]. The diffusion distance from
steel to titanium is higher and in a little region of the ele-
ment scattering curve, there is a level which specifies that
intermetallic compounds are framed around there. Again,
a significant part of the diffusion area indicates titanium
with just a little content of additional elements. Ti is a
faster diffusing species, and faster diffusion of Ti creates a
large number of vacancies in its matrix, and thus promotes
larger diffusional distance of Fe, Cr, and Ni in the Ti side.
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The line profiles of the chemical species exhibit a num-
ber of concentration steps. Adjacent to the stainless steel
side, Cr enrichment was observed for the bonded couples
processed in the temperature of 925 °C. Adequate diffu-
sion of Ti in the stainless steel side decreases the activity
of Cr and diffusion takes place down the activity gradient
rather than the concentration gradient. This implies that
solid solutions are shaped around this region, which is for
the most useful components for bonding.

In Fig. 9a it can be seen that the cleavage fracture [14,
15] along with the reaction layers which contain CuTi, and
CuTi intermetallics. The brittleness of these intermetallics
has a determined effect on the LSS of the joints which are
clearly confirmed. The fracture morphology associating
to this fracture region indicated essentially river patterns,
as seen in Fig. 9b. Tearing in the shear direction is also
observed in the fracture surface [16]. Based on the EDS
chemical analysis of the fracture surface, generally, frac-
ture occurred in the CuTi phase.

3.5 X-ray diffraction analysis

XRD tests were performed on the fracture surfaces after
accomplishing the shear test, as it is furnished in Fig. 10.
The intermetallic compounds in the diffusion zone have
been detected in the XRD technique. It is found that inter-
metallic phases of Cu, aTi, BTi, o, CusTi,, and CuTi were
perceived from titanium and steel sides. It is significant
that the diffusion of elements at the interfacial regions
is the key parameters controlling the execution of the
joint. At low holding time, 45 min, thermal excitation of
atoms at the interface was lacking due to which thorough
mixing of the mating surfaces was absent. Increasing the
time to 90 min was adequate to build up the diffusion at
the interface and the mixture of the mating surfaces was
accomplished.

4 Conclusions

(@) The copper interlayer cannot obstruct the diffusion of
Fe, Cr,and Ni to Ti side and Ti, Aland V to 304 SS side.
The best bond strength of 268 MPa and LSS 180 MPa
has been reached for the diffusion joint treated at
90 min due to a better combination of the mating
surface.
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Fig. 8 Microstructural characteristics of DB joint processed for 90 min using 14 MPa pressing load at 925 °C a SEM micrograph and b-j EDS

results

(b) Due to the close-packed FCC structure of these mate-
rials, the AISI 304/Cu interface is free from intermetal-
lic compounds and a thin diffusion layer was uncov-
ered for all the holding times applied during tests.

(c) Most vital structural changes occurred at the interface
of Cu/Ti-6Al-4V as a result of the open crystallogra-

(d)

phy of Ti matrix. An improvement in holding time
caused a change in microstructure.

The shear test result shows that the fracture of the
bonded joints occurred at the titanium and steel side
is attributed to the establishment of Cu;Ti, and CuTi
intermetallics in the titanium and steel side.
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Fig. 9 The fracture surface of the specimens bonded at 90 min a Ti side and b SS side
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Fig. 10 XRD pattern of fracture surfaces of a Ti side and b SS side joint bonded at 90 min
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