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ABSTRACT

Purpose of this paper is investigating if the effect of diffusion bonding parameters on the
microstructure and mechanical properties of the joints.

Design/methodology/approach: Titanium and X5CrNi18-10 stainless steel samples
were joined by diffusion bonding using copper foil as a filler metal at temperatures of
850, 875, 900, 925, 950 and 1000°C. From the stainless steel site of joint in all samples,
regardless of the temperature of the process, there were formed layers of FeTi phase, and
additionally layers of Fe,Ti at 925, 950 and 1000°C.

Findings: The structure of the joint from the titanium site was composed of the eutectoid
mixture aTi+CuTi, and layers of phases CuTi,, CuTi, and Cu,Tiz. Hardness of joints reached
higher value than for titanium and stainless steel, and it achieved value from 185 to 580 HV. The
hardest phase was FeTi. The maximum shear strength was achieved for joints performed
at 900°C.

Researches limitations/implications: The structural examinations have shown
significant changes in joints and relatively expansive diffusion zones on the borders of the
joined materials. Structures of joints depended on the temperature of the process.

Originality/value: The useful properties have led to a considerable interest in joining
titanium and titanium alloys to steel (especially stainless steel) for application in aerospace,
transportation, petrochemical and power generation industries.
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1. Introduction

Titanium is a lightweight metal with the highest
strength-to-weight ratio of any metal and an excellent
corrosion resistance. The two useful properties have led to
a considerable interest in joining titanium and titanium
alloys to steel (especially stainless steel) for application in
aerospace, transportation, petrochemical and power
generation industries [1-3]. Welding of titanium and
stainless steel is difficult due to the very low solubility of
iron in alpha titanium at room temperature. When the two
materials are joined by conventional fusion welding it
results in segregation of chemical elements and formation
of hard and brittle intermetallic phases near the interface
[4]. It has been shown that pure silver, silver base alloys,
titanium base alloys and copper base alloys can be used to
braze titanium to steel [5]. Brazing involves melting of the
filler material. Unfortunately titanium reacts easily with
most liquid filler materials and forms intermetallic phases
located as continuous brittle and hard layers on braze
boundaries [6]. It has been reported that also joints
produced by direct diffusion bonding between titanium and
stainless steel show the formation of iron, chromium and
titanium base reaction products, especially the formation of
FeTi, Fe,Ti, o, Fe,Ti4O and TiC in the diffusion interface
[7]. Therefore the most suitable way to achieve strong
joints of titanium to stainless steel seems to be diffusion
bonding using an appropriate filler metal. Nickel, copper,
aluminum and their alloys were used as an intermediate
materials [3,8-10]. Among these materials copper is the
most useful metal because it does not form any
intermetallic phases with iron (as does aluminum) and its
melting point is much lower with respect to nickel. Eroglu
et al. [11] reported that Cu-Ti base intermetallic phases
have higher plasticity than the Fe-Ti base intermetallics.
Furthermore, our previous work [12] demonstrated that the
Cu-Ti-Fe-based intermetallics show a good capacity for
plastic deformation and are capable of effectively stopping
microcrack propagation. The present investigation reports
diffusion bonding of titanium and X5CrNil8-10 stainless
steel using copper as an interlayer. The effect of diffusion
bonding parameters on the microstructure and mechanical
properties of the joints has been investigated.

2. Experimental procedure

The chemical compositions and room-temperature
mechanical properties of titanium, X5CrNil8-10 stainless
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steel and copper used as a intermediate metal are given in
Table 1.

Table 1.

Chemical compositions and mechanical properties of the

base materials
Material

Stainless steel
X5CrNil8-10

Chemical composition, wt. %
Fe: 77.99, C: 0.04, Cr: 18.09, Ni: 9.92,
Mn: 1.28, Si: 0.65
Ti: 99.02, O: 0.41, Al: 0.26, Fe: 0.12,

Titanium V:0.09, Cr: 0.05, C: 0.02, Mo: 0.02
Cu: 99.99, approximately 0.001 of: Fe, Ni,
Copper Zn, Sn, Pb, Sb, As, S
Mechanical properties
. Ultimate
Offset yield tensile Fracture
1 o
strength, MPa strength, MPa elongation, %
X5CrNil8-10 218 557 44
Titanium 348 548 16
Copper 68 219 45

Titanium and stainless steel were received in the form
of cylindrical rods having 12 mm diameter. From the base
materials there were machined cylindrical specimens of
10 mm diameter and 15 mm length. The joining surfaces of
the cylinders were prepared by conventional techniques
using several stages of grinding papers and polished on
1 pm diamond suspension. The copper foil of 0.1 mm
thickness was used as an intermediate metal. Both surfaces
of the foil were polished on diamond suspension. There
were cut circular profiles from the copper foil having 10 mm
diameter. As it was necessary to remove oxide layers, the
stainless steel cylinders and copper foils were etched in an
aqueous 5% solution of HNOs, while the titanium cylinders
in an aqueous 2% solution of HF. All specimens were then
cleaned ultrasonically in acetone and dried rapidly in air.
The joined titanium and stainless steel cylinders with
inserted copper interlayer were kept in contact in a steel
clamp. After that the samples together with the fixture were
placed into a vacuum furnace. The compressive stress of
5 MPa along the longitudinal direction was applied at room
temperature. The diffusion bonding was carried out at 850,
875, 900, 925, 950 and 1000°C for 60 minutes in 10° Pa
vacuum. After diffusion bonding, the specimens were cut
longitudinally, mounted in a cold setting resin,
mechanically prepared initially with a grade 1000 abrasive
paper and finally using Struers polishing machine and 1 pm
diamond suspension. Microstructural observations were
performed using a JEOL JMS-5400 scanning electron
microscope (SEM) and a Carl Zeiss NEOPHOT 2 optical
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microscope (OM). Before the samples were examined with
the optical microscope they had been etched. The titanium
side was etched in an aqueous solution of 88 ml H,O, 8 ml
HNOj; and 4 ml HF. The stainless steel side was etched by
a solution containing 3 g FeCl;, 10 ml HCI, and 90 ml
C,Hs0OH. A mixture containing 20 g CrO;, 75 ml H,O, and
5 ml HNO; was used for etching pure copper and
intermetallics ~ comprising  copper. The  chemical
compositions of the phases were determined in atomic
percent using an electron probe microanalyser Oxford
Instruments ISIS-300. The microhardness along the cross-
section of the diffusion bonded joints was performed by a
Hanemann microhardness tester mounted on the NEOPHOT
2 microscope under load of 0.981 N for a dwelling time of
15 seconds. The shear strength of the bonded joints was
evaluated at room temperature using an INSTRON screw
machine at a crosshead speed of 10 mm-s™. Three samples
were tested at each processing parameter.

3. Results and discussion

3.1. Microstructural characterization

In order to study the effect of bonding temperature on
the joint microstructure samples were bonded at 850, 875,
900, 925, 950 and 1000°C for 60 minutes. The micro-
structures of joints prepared at 875, 900 and 925°C are
presented in Fig. 1.

The results of the metallographical and structural
investigations of the joints demonstrated significant
diffusion changes and relatively wide diffusion zones on
the boundaries with joined metals. The structures of the
joints varied importantly depending on joining temperature
(Fig. 1). As was demonstrated previously [13], the phases

X5CrNil18-10% *%;\?f:'..é.m

Fig. 1. Optical micrograph of the joints prepared at 875 (a), 900 (b) and 925 °C, (c) for 60 min
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present in the structures were intermetallics: CuTi,, CuTi,
Cu,Ti;, FeTi, Fe,Ti and solid solutions based on
intermetallic phases or substrate metals (Fig. 2). The Fe,Ti
phase formed only when processing temperature was
higher than 900°C. Due to high migration of copper in the
temperature range of 850 to 1000°C the diffusion of
chemical species is easy through interlayer. Therefore
titanium can migrate to the stainless steel side and iron can
also migrate to the titanium side. Hence, the copper
interlayer of 0.1 mm thickness cannot prevent the
formation of brittle Fe-Ti base intermetallic phases
(Fig. 2b). The thickness of the reaction products increases
with increase in the bonding temperature. It is worth noting
that the migration of Cu (strong B-stabilizer element) and
Fe in the titanium substrate lower the eutectoid
transformation temperature of Ti and a-f phase aggregate
can form by the decomposition of BTi during cooling [3].

3.2. Hardness and shear testing

Microhardness measurements of titanium substrate,
interface zone and steel substrate were performed for all
processed samples. The maximum hardness values in the
range of 420 to 580 HV were achieved at the stainless
steel-copper interface due to the presence of the FeTi and
Fe,Ti intermetallic phases. At the titanium-copper interface
and in the middle of the joints hardness values are 302 £ 22
HV and 238 + 52 HV, respectively. A significantly higher
hardness of joints was observed at higher processing
temperature, which is due to the formation of hard Fe-Ti
base intermetallic phases and diffusion of iron, chromium
and nickel to Ti-Cu base intermetallic phases. The shear
strength of the diffusion bonded joints with the change in
bonding temperature is given in Table 2 and Fig. 3.
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Fig. 2. SEM microstructure of the titanium-copper (a) and stainless steel-copper (b) interfaces processed at 925°C for 60 min

Table 2.
Shear strength of the processed joints

Joining temperature, °C

850 875 900 925 950 1000

Shear strength (MPa) 196 +7 2383 258 +4 252 +3 217+4 134+4
300 900°C. This temperature encourage the mass transfer of the
alloying elements across the interface and the coalescence
250 - of the mating surfaces can be achieved. For joints
processed at 850, 875 and 900°C the fracture during the
& 201 shear test occurred along the reaction layers which
=) contained CuTi, and CuTi intermetallics. Beyond 900°C
%150_ diffusion bonding temperature, the width of Fe-Ti base
£ intermetallics noticeably increased and the shear strength
g of joints decreased with an increase in the joining
o 1007 temperature. The fracture during the shear test occurred
along the layers contained hard and brittle FeTi and Fe,Ti
50 | intermetallic phases. Ghosh et al. [14-16], Qin el al. [17]
and Kundu et al. [3,18] also indicated that the shear
0 . : . . . . . strength at higher joining temperature is governed by the

825 850 875 900 925 950 975 1000 1025
Tem perature (°C)

Fig. 3. Shear strength of the bonded joints processed at
850-1000°C

When the bonding temperature is 850°C, the shear
strength of the diffusion couple is low. It is probably
caused by the incomplete coalescence of the mating
surfaces. With an increase in the joining temperature, the
shear strength increases and reaches its maximum value at
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increased volume fraction of discontinuities resulting in
embrittlement of the transition joints

4. Conclusion

The diffusion bonding of the titanium and X5CrNil 8-
10 stainless steel using copper foil as a filler metal was
carried out at 850, 875, 900, 925, 950 and 1000°C for 60
minutes under the compressive stress in vacuum. The
investigations of the diffusion-bonded joints revealed the
following:
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1. The structural examinations show significant changes in
joints and relatively expansive diffusion zones on the
borders of the joined materials. Structures of joints
strongly depends on the temperature of the process.
The structure of the joints from the titanium site is
composed of the eutectoid mixture oTi+CuTi, and
layers of phases CuTi,, CuTi, and Cu4Ti;, From the
stainless steel site of joint in all samples, regardless of
the temperature of the process, there were formed layers
of FeTi phase, and additionally layers of Fe,Ti at 925,
950 and 1000°C.

2. The microhardness test across the joints indicates that
the hardness in the joints interfaces reaches higher
value than for titanium and stainless steel, and it
achieves value from 185 to 580 HV. The hardest is the
FeTi intermetallic phase.

3. The maximum shear strength is achieved for the
diffusion-bonded joints performed at 900°C due to the
better coalescence of mating surfaces than for joints
obtained at 850 and 875°C, and owning to the finer
width of the Fe-Ti base intermetallics than for joints
performed at temperatures beyond 900°C.

References

[1T C. Leyens, Titanium and Titanium Alloys:
Fundamentals and Applications, Wiley-VCH, 2003.

[2] G. Lutjering, J.C. Williams, Titanium, Springer, 2007.

[3] S. Kundu, M. Ghosh, A. Laik, K. Bhanumurthy,
G.B. Kale, S. Chatterjee, Diffusion bonding of
commercially pure titanium to 304 stainless steel
using copper interlayer, Materials Science and
Engineering A 407/1-2 (2005) 154-160.

[4] A. Fuji, K. Ameyama, T.H North, Improved
mechanical properties in dissimilar Ti-AISI 304L
joints, Journal of Materials Science 31 (1996) 819-
827.

[5] A. Elrefacy, W. Tillmann, Microstructure and
mechanical properties of brazed titanium/steel joints,
Journal of Materials Science 42/23 (2007) 9553-9558.

[6] A. Winiowski, Mechanical properties of joints of
stainless steel and titanium brazed with silver filler
metals, Metallic Materials 51 (2013) 19-24.

[71 B. Aleman, 1. Gutierrez, J.J. Urcola, Interface
microstructures in diffusion bonding of titanium alloys
to steel and low alloy steels, Materials Science and
Technology 9/8 (1993) 633-641.

Volume 67 ¢ Issue 1 « November 2014

[8] J.C. Yan, D.S. Zhao, C.W. Wang, L.V. Wang,
Y. Wang, S.Q. Yang, Vacuum hot roll bonding of
titanium alloy and stainless steel using nickel
interlayer, Materials Science and Technology 25/7
(2009) 914-918.

[91] A. Elrefacy, W. Tillmann, Solid state diffusion
bonding of titanium to steel using a copper base alloy
as interlayer, Journal of Materials Processing
Technology 209/5 (2009) 2746-2752.

[10] P. He, X. Yue, J.H. Zhang, Hot pressing diffusion
bonding of a titanium alloy to a stainless steel with an
aluminium alloy interlayer, Materials Science and
Engineering A 486/1-2 (2008) 171-176.

[11] M. Eroglu, T.I. Khan, N. Orhan, Diffusion bonding
between Ti-6Al-4V alloy and microduplex stainless
steel with copper interlayer, Materials Science and
Technology 18/1 (2002) 68-72.

[12] M. Konieczny, R. Mola, Fabrication, microstructure
and properties of laminated iron-intermetallic
composites, Steel Research International 79/11 (2008)
499-505.

[13] M. Konieczny, B. Szwed, R. Mola, K. Ksiazek, The
microstructure and properties of the connections
titanium and stainless steel made using a copper,
Proceedings of the SIM 2014: XLII Conference,
Krakow-Rytro, 2014 (in print).

[14] M. Ghosh, S. Chatterjee, Diffusion bonded transition
joints of titanium to stainless steel with improved
properties, Materials Science and Engineering A
358/1-2 (2003) 152-158.

[15] M. Ghosh, K. Bhanumurthy, G.B. Kale, J. Krishnan,
S. Catterjee, Diffusion bonding of titanium to 304
stainless steel, Journal of Nuclear Materials 322/2-3
(2003) 235-241.

[16] M. Ghosh, S. Chatterjee, B. Mishra, The effect of
intermetallics on the strength properties of diffusion
bonds formed between Ti-5.5A1-2.4V and 304
stainless steel, Materials Science and Engineering A
363/1-2 (2003) 268-274.

[17] B. Qin, G.M. Sheng, J.W. Huang, B. Zhou, S.Y. Qiu,
C. Li, Phase transformation diffusion bonding of
titanium alloy with stainless steel, Materials
Characterization 56/1 (2006) 32-38.

[18] S. Kundu, S. Chatterjee, D. Olson, B. Mishra,
Interface microstructure and strength properties of the
diffusion-bonded joints of titanium/Cu interlayer/
stainless  steel, Metallurgical and Materials
Transactions A 39 (2008) 2106-2114.

READING DIRECT: www.journalamme.org m



