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Effect of brazing temperature on microstructure
and mechanical properties of dissimilar joints
of titanium/stainless steel joint brazed by Al interlayer

Wptyw temperatury spajania na mikrostrukture
oraz wtasciwosci mechaniczne potgczen
tytan/stal nierdzewna wykonanych przy uzyciu aluminium

Abstract

In present investigation diffusion brazed joints between
titanium (Grade 2) and stainless steel (X5CrNi18-10) using
100 pm thick aluminum foil as a filler metal were produced
at the temperature range from 550 to 700 °C for 60 min-
utes under 2 MPa bonding pressure in vacuum. The effect
of temperature on the microstructure was investigated us-
ing light optical microscopy and scanning electron micro-
scopy equipped with an energy dispersive X-ray system
(EDS) to determine chemical composition of joint. The FeAl;
and Fe,Als intermetallic layers were observed at the stain-
less steel-aluminum interfaces. At the aluminum-titanium
interfaces TiAl, TiAl,, TiAl; intermetallic layers were identi-
fied. The thickness of the reaction products increases with in-
crease in the joining temperature. The highest shear strength
(91 MPa) was achieved for samples prepared at 600 °C.

Keywords: diffusion brazing; titanium; stainless steel;
microstructure; mechanical properties

Streszczenie

Lutowanie dyfuzyjne zostato wykonane pomiedzy tyta-
nem (Grade 2) a stalg nierdzewna (X5CrNi18-10) z wyko-
rzystaniem foli aluminiowej o grubo$ci 100 pm. Lutowanie
zostato przeprowadzone w temperaturach od 550 do 700 °C
w czasie 60 minut pod dociskiem 2 MPa w prézni. Wptyw
temperatury na mikrostrukture potgczenia zostat przeba-
dany na mikroskopie optycznym oraz elektronowym mikro-
skopie skaningowym wyposazonym w mikroanalizator rent-
genowski (EDS). Na granicy stali nierdzewnej z aluminium
wydzielity sie warstwy faz FeAl; oraz Fe,Als. Struktura zatgcza
od strony tytanu sktadata sie oraz warstw faz miedzymetalicz-
nych TiAl, TiAl,, TiAl;. Grubo$¢ warstw reakcyjnych rosta wraz
ze wzrostem temperatury lutowania. Najwyzszg wytrzyma-
tos¢ (91 MPa) uzyskano podczas testéw $cinania technolo-
gicznego potgczen lutowanych w temperaturze 600 °C.

Stowa kluczowe: lutowanie dyfuzyjne; tytan; stal nierdzewna;
mikrostruktura; wtasciwosci mechaniczne

Introduction

In recent years, considerable interest has been given
to titanium and its alloys because of its unique properties
such as high strength, toughness, erosion resistance and
low thermal conductivity and density [1,2]. Nuclear, chemical,
aerospace and space industries strongly demand dissimilar
joints of titanium and titanium alloys to austenitic stainless
steel due to good corrosion resistance and satisfactory me-
chanical behavior [3]. This type of joints finds implementa-
tions in satellite cooling system, in the reprocessing plant
at Kalpakkam in electrolytic dissolver unit, as well as in sub-
assemblies of nuclear reactors and aircraft engines [4,5].
Traditional fusion welding of dissimilar materials results in
different problems like distortion of components, formation

of stress concentration sites, development of chemical he-
terogeneities and a number of intermetallic phases that are
formed in the weld pool. Since, titanium and its alloys are
chemically reactive, they are very difficult to weld, because
they can easily pick up nitrogen and oxygen from the atmo-
sphere [6]. Hence, diffusion brazing process is recommen-
ded for materials with extremely different physical and me-
chanical properties [7]. Existing literature reports that direct
joining between titanium and stainless steel results in for-
mation of numerous intermetallic phases due to the limited
solubility of iron in titanium and these intermetallics dete-
riorate the bond strength. In addition, high internal stresses
are formed because of a large difference of linear expansion
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and heat transmission coefficient between titanium and
stainless steel which lead to a bonding crack. Therefore in-
direct joining by adding interlayer metal is now largely used
[8]. The use of appropriate intermediate materials can also
inhibit diffusion of undesired elements [9]. Nickel, copper,
silver and their alloys were also used as intermediate ma-
terials [10+12]. In this respect aluminum can be considered
as a useful interlayer due to the lowering of brazing para-
meters for the diffusion brazing and aluminum has certain
erosion resistance and excellent plasticity [13]. Diffusion
brazing depends on three major parameters like temperatu-
re, holding time and pressure.

The present investigation reports the influence of the bra-
zing temperature on the microstructure, shear strength and
hardness of diffusion brazing joints of titanium and stain-
less steel with aluminum as an intermediate material.

Experimental procedure

The base materials used for a dissimilar joints were
commercially pure titanium (Grade 2) and stainless steel
(X5CrNi18-10), both received in the form of cylindrical rods
having 8 mm diameter and 2000 mm length, and aluminum
foil of 100 um thickness. The nominal chemical composition
at room temperature of these materials are given in table I.

Cylindrical specimens of 8 mm diameter and 10 mm
length were machined from the titanium and stainless
steel rods. The circular profile discs with 8 mm diameter
were excised from the aluminum foil. The mating surfaces
of the samples were kept in contact with steel clamp and in-
serted in a vacuum chamber. The bonding pressure of 2 MPa
along the longitudinal direction was applied at room tempe-
rature. Diffusion brazing was carried out in a vacuum furna-
ce Czylok PRC 77/1150 at the temperature range from 550
to 700 °Cfor60 minutes withavacuumof 10°Pa. The samples
were cooled with the furnace. The specimens for metallogra-
phic examination were cut out longitudinally and their surfa-
ces were prepared by conventional techniques, using sand-
papers of 180 to 1200 grit, alumina suspension with a grain
size of 0.5 pm and colloidal silica with a grain size of 0.05 um.
The titanium side and the joint were etched in an aqueous
solution of 95 ml H,0 and 5 ml HE. The samples were obse-
rved in a light microscope Nikon Eclipse MA200 to reveal
the structural changes due to diffusion. The polished surfa-
ces of the brazed couples were also examined in a scanning
electron microscope (SEM) JEOL JMS-5400 to obtain finer
structural details in the diffusion zone. The composition
of the reaction layers was determined in atomic percent
using Oxford Instruments ISIS energy dispersive X-ray spec-
trometer (EDS) attached to the SEM. The results of the EDS
analysis were compared with the binary phase diagrams
of basic components. The shear strength of the brazed joints
was evaluated at room temperature using a LabTest 5.20SP1
testing machine at a crosshead speed of 10 mm/min.
Five samples were tested for each processing parame-
ter. The Matsuzawa MMT microhardness tester was used
to examine the hardness along the cross-section of the jo-
ints under load of 0.196 N for a dwelling time of 10 seconds.

Results and discussion

The joints were successfully formed for all temperatures,
and certain amount of diffusion occurs between the interlay-
er and the two substrates. The light micrographs of the bra-
zed assemblies are shown in figure 1 From the micrographs,
it can be seen that the base materials have been well pressed
to the aluminum filler metal giving a consistent joint on both
sides. No cracks and voids were observed on the interface
between the brazed materials. The structures of the joints
varied importantly depending on joining temperature.
The wide of the diffusion zone on the boundaries with jo-
ined materials increase with an increase in brazing tempera-
ture. Since the diffusion bonding temperature is lower than
the beta phase transformation, the titanium site is charac-
terized by the a Ti structure. In addition, aluminum is an a
stabilizing element and it raises the B phase transformation
temperature of Ti [1].

The diffusion zone at the SS-Al interface is much larger
compared to the Ti-Al side. Appearance of particles have
been observed in aluminum interlayer in samples achie-
ved at the highest brazing temperature. In order to further
characterize the reaction layers of the joint, a SEM images
were performed on the reaction layers (Fig. 2). The presence
of thin layer consisted of 99.08 at. % Ti and 0.92 at. % Al
was observed between Ti-Al side at the 550 °C processing
temperature, it appears to be solid solution of aluminum
in titanium. At the temperature range of 600 to 650 °C ap-
peared reaction layer adjacent to the titanium side that
consisted of 68.62 at. % Al and 31.38 at. % Ti. According to
the Ti-Al binary phase diagram it is likely a TiAl, intermetallic
compound. The layer of regular particles containing 74.83
at. % Al and 25.17 at. % Ti and 49.26 at. % Al and 50.74 at.
% Ti have been found at the aluminum/titanium interface
when brazing temperature was 700 °C. This composition
corresponds to the TiAl; and TiAl intermetallic phase. Regar-
dless to the process temperature at the SS-Al side continu-
ously formed layer consisted of 74.39 at. % Al and 17.89 at.
% Fe with small amounts of Cr (5.45 at. %) and Ni (2.27 at.
%). According to the Fe-Al binary phase diagram it is likely
a FeAl; intermetallic compound with the addition of Cr
and Ni. At the temperature range of 600 to 650 °C alongside
with the FeAl; has formed another layer consisted of 72.94
at. % Al and 20.82 at. % Fe with small amounts of Cr (4.96
at. %) and Ni (1.28 at. %). It seems to be Fe,Als. When the
brazing temperature increased to 700 °C two reaction layers
were observed between the stainless steel and aluminum
interface.

The first reaction layer adjacent to the stainless steel
side consisted 71.06 at. % Al and 22.39 at. % Fe with small
amounts of Cr (6.55 at. %). Under the first layer, second layer
adjacent to aluminum has a composition of 79.43 at. % Al
and 16.27 at. % Fe with small additions of Cr (3.09 at. %)
and Ni (1.21 at. %). According to the chemical analy-
ses and the Fe-Al binary phase diagram, it can be assu-
med that the phases present in the form of layers at the
SS-Al interface are FeAl; with an amount of Cr and Ni ad-
mixtures and the second one is also FeAl; but enriched
with Al. Additionally, in this temperature the irregular shaped

Table I. Chemical compositions of the base materials (accordingly to certificates)
Tablica I. Sktady chemiczne materiatéw bazowych (wedtug certyfikatow)

Titanium

Material (Grade 2)

Aluminum
(Al'99,5)

Stainless steel
(X5CrNi 18-10)

Ti: 99.654, Fe: 0.171, C: 0.024,
N:0.008, 0: 0.142, H: 0.001

Chemical composition
(wt. %)

Fe: 71.495, C: 0.025, Mn: 1.460,
Si: 0.390, P 0.038, S: 0.012,
Cr: 18.150, Ni: 8.050, Mo: 0.380

Al: 99.53, Fe: 0.21, Si: 0.16,
Zn: 0.05, Cu: 0.03, Ti: 0.02
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a) ’ X5CrNi18-10 e b) X5CrNi18-10

c) X5CrNi18-10 d) ~ X5CrNi18-10

Fig. 1. Light micrograph of the joints prepared at a) 550 °C, b) 600 °C, c) 650 °C, d) 700 °C for 60 minutes
Rys. 1. Mikrografa $wietlna potgczen wykonanych w temperaturze: a) 550 °C, b) 600 °C, ¢) 650 °C, d) 700 °C przez 60 minut

X5CrNi18-10
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Fig. 2. SEM images of the joints processed at a) 550 °C, b) 600 °C, c) 650 °C, d) 700 °C for 60 minutes
Rys. 2. Zdjecia SEM potgczen przetwarzanych w temperaturze: a) 550 °C, b) 600 °C, c) 650 °C, d) 700 °C przez 60 minut
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particles containing 86.71 at. % Al and 8.72 at. % Cr with
amounts of Ti (1.89 at. %) and Fe (2.68 at. %) have been ob-
served in aluminum matrix. It appears to be AlI7Cr interme-
tallic phase.

Microhardness measurements of titanium substrate, in-
terface zone and steel substrate were performed for all pro-
cessed samples. The maximum hardness values in the range
of 506 to 807 HV were recorded at the stainless steel-
aluminum interface due to the formation of the FeAl; and
Fe,Als intermetallic phases. In the middle of the joints hard-
ness values were in the range of 28-44 HV. At the titanium-
aluminum side the hardness reach values in the range of 197
to 220 HV. An increase in the bonding temperature resulted
in an increase in the hardness of the joints what was due
to an increased formation of hard Fe-Al, Al-Cr and Ti-Al ba-
sed intermetallic phases.

The room temperature shear strength of the diffusion
brazed joints with change in brazing temperature are shown
in figure 3.

It can be seen that when the brazing temperature was 550
°C the shear strength of the diffusion couple was low and
reached a value of 54 MPa, due to the thin diffusion zone at
the stainless steel-aluminum interface. With the increase in
brazing temperature to 600 °C, the shear strength increases
and reach it maximum value of 91 MPa. At this processing
temperature the diffusion between the mating surface is
larger compared to that of lower temperature and the width
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Fig. 3. Shear strength for diffusion brazed joints processed for 60 min
Rys. 3. Wytrzymatos¢ na $cinanie dla potaczen lutowanych dyfuzyj-
nie przetwarzanych przez 60 min

of intermetallics formed at both the interfaces were smaller
compared to that of higher brazing temperatures. With a fur-
ther rise in brazing temperature, the width of intermetallic
layers formed at the boundaries of joined materials, incre-
ases significantly causing that the shear strength gradually
drops respectively 67 and 32 MPa for the samples achieved
at 650 and 700 °C. All samples were separated on the boun-
dary between stainless steel-aluminum side, where formed
Fe,Als and FeAl; intermetallic phases.

Conclusions

The investigation show that it is possible to join titanium with stainless steel by aluminum interlayer. Diffusion bra-
zing temperature is a critical factor controlling the microstructure of specimens. The diffusion zone on the boundaries
of joined materials becomes wider with the increase in temperature. The phases present in joints were intermetallics
and solid solutions based on intermetallic phases or substrate metals. The thicknesses of the intermetallic layers increases
with the increase in the brazing temperature. The aluminum interlayer of 100 um thickness effectively blocked the diffusion
of titanium to stainless steel side, thus prevented from formation of Fe-Ti intermetallic phases on the boundaries of joined
materials. Microhardness analysis show that the Ti-Al based intermetallic formation at Ti-Al interface has lower hardness
than the Fe-Al base intermetallic at stainless steel-aluminum interface. The hardness values of intermetallic layers increase
with the increase in brazing temperature due to diffusion of admixtures to intermetallic phases. The maximum shear strength
of 91 MPa was obtained for the diffusion brazed joints processed at 600 °C. The further increase in brazing temperature

increases the volume faction of intermetallic formed at the diffusion interfaces, hence joints strength gradually drops.
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