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Abstract. Surface protection by the application of explosive welding is one of the meaningful methods used in
many chemical devices like reactor condensers, heat exchangers, steam turbines and other processing apparatus.
Due to the wide range of explosively welded applications, the problem of the useful lifetime of the products
obtained by this method becomes important and should be well understood. Process of explosive welding is
related to enormous pressure and high detonation velocity, which causes intense energy release in a short time,
which favors to produce solid wavy bond featured with high metallurgical quality. Due to strain hardening in the
bond zone, signiﬁcant changes in microstructures and mechanical properties were observed. In this paper, 316L
stainless steel explosively welded with commercially pure titanium was investigated to show the correlations and
changes between microstructures and mechanical properties before and after annealing. Application of postweld heat treatment contributes to stress relieving and improves the mechanical properties, which is closely
related to microstructure recrystallization and hardness decrease adjacent to joint.
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1 Introduction
The problem of the surface protection is one of the most
important subjects in the production of modern engineering structures, due to increasing demands in the area of
efﬁciency, strength, reliability and fatigue life of required
applications. Often surface protection is realized by
coatings, but due to different chemical composition and
structure of the connected materials, sometimes joining
process is impossible to carry out by conventional welding
or bonding methods [1–3]. This problem can be solved by
using an explosive welding method which is one of the most
effective technical engineering processes among joining
methods because is used to join a wide variety of similar or
different metals like steel and titanium [4]. The main
advantage of this process is a possibility to optimize the
performance of the composite for high temperature,
cryogenic, high strength, thermal or electrical conductivity, enhanced mechanical properties, corrosion resistance,
or any other applications [5]. Joining by explosion belongs
to a group of pressure welding and it is often used method
due to many beneﬁts like: possibility to join different
materials with each other in one process; minimum
* e-mail: marcin.wachowski@wat.edu.pl

diffusion rate of bonded metals, the simplicity of process,
possibility to join large size of connected elements and a
wide range of base and cladding material thickness [6].
Carrying out of the explosive welding is not a
complicated method what can signiﬁcantly reduce the
cost of the bimetallic production. Because of the numerous
advantages, explosive welding method is used to produce
pipes, tubes, chemical process vessels and many applications in shipbuilding and cryogenic industry but major
areas using of this method are applications in power plants
like heat exchanger tube sheets, pressure vessels and steam
condensers [6–8]. Due to many applications of items
produced by explosive welding, focusing on the metallographic and mechanical aspect of materials after the
welding is important. Previous investigations revealed
signiﬁcant changes in microstructures explosively welded
plates [9]. Due to changes in mechanical and chemical
properties near the interface, applied of the heat treatment
is necessary, hence microstructures and mechanical
properties of bimetal in state after the cladding and state
after the annealing are investigated in detail. Experimental
work in this paper is focused on the study of inﬂuence the
post-heat treatment on microstructure and mechanical
properties of explosively welded austenitic stainless steel
316L with commercially pure titanium, which is used to
produce the sieve trays of heat exchangers (Fig. 1). For
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Table 1. Chemical composition of titanium.
Fe

O

0.04

0.04

N
[% weight]
0.01

C

Ti

0.02

Rest

Table 2. Chemical composition of 316L.

Fig. 1. Heat exchanger with sieve tray.

Fig. 2. Scheme of the explosive welding system.

analysis microstructures, methods of light and scanning
electron microscopy were used, supplemented by microhardness and three-points bending tests.

2 Experimental
For this study, investigated 316L stainless steel plate
explosively welded with commercially pure titanium was
provided by EXPLOMET company. The scheme of the
explosive welding system is shown in Figure 2. Type of
explosive used during the process was ANFO (ammonium
nitrade fuel oil). Thickness of the explosive layer was
50 mm while initial position angle between plates was 0°.
Impact angle was 9° and impact velocity was 460 m/s.

C

Cr

Mn

Mo

0.03

16.67

[% weight]
1.24
2.10

Ni

Fe

10.08
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Detonation velocity was equal to 2700 m/s. Before joining
surfaces of the joined materials were polished and cleaned
by acetone. Bimetal has dimensions 500  700 mm wherein
316L sheet with a thickness of 10 mm was used as a base
material, while pure titanium sheet with a thickness of
6 mm was used as a ﬂyer plate. Chemical compositions of
welded plates are shown in Tables 1 and 2, respectively. To
investigate the inﬂuence of the heat treatment on the
bimetal, applied post-heat treatment was performed in
temperature 600 °C for 90 min with cooling in a furnace to
300 °C and then in still air to environmental conditions.
To show the differences in the microstructures of the
material before and after the heat treatment, metallographic investigations were carried out. Samples for
microstructures observations were cut from bimetal in a
parallel direction relative to joining direction. To reveal the
titanium microstructures, samples were ground, polished
using 0.6 mm Al2O3 powder and etched in lactic and nitric
acid with hydroﬂuoric acid and in distilled water solution
according to P. Tamilchelvan investigations [3]. According
to R. Kacar research, stainless steel microstructures were
revealed using the nital and following oxalic acid solutions
in distilled water [10]. Metallographic observations of
parent and ﬂyer plates and the interface was carried out
using the digital light microscope Keyence VHX-600. To
examining the chemical composition zone adjacent to
interface, scanning electron microscope (SEM) Hitachi
SU-70 with energy-dispersive X-ray spectroscopy (EDS)
and back-scattered electron (BSE) detector was used.
Microhardness measurements were performed across the
joint boundary using Vickers microhardness tester with
100 g load and interval of 50 mm both in steel and titanium
side. To deﬁne the mechanical properties of bimetal in the
state before and after heat treatment, three points bending
tests with cyclic loads were carried out according to ASTM
A263-94a standard [11].

3 Results
Depending on impact velocity reached during the welding
process, the interface can reveal wavy or smooth
morphology. In the case of studied bimetal, velocity
reached 2300 m/s what caused a smooth morphology,
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Fig. 3. Microstructure of stainless steel near the bond in
specimen without the heat treatment.

Fig. 5. Microstructure of titanium near the bond in specimen
after the heat treatment.

Fig. 4. Microstructure of stainless steel near the bond in
specimen after the heat treatment.

Fig. 6. Microstructure of titanium near the bond in specimen
after the heat treatment.

showed at metallographic studies results in Figures 3–6.
The microstructure of bond in bimetal without annealing is
shown in Figure 3 and revealed equiaxed grains of stainless
steel with many slip bands and deformation twins occurred
on distance about 300 mm from the bond, while further
microstructure revealed typical grains of austenite. It was
also observed that the grains adjacent to joint were
strongly deformed and elongated in the direction of the
explosion, parallel to the interface. This is consistent with
an earlier study [12,13]. Presence of slip bands, elongated
grains and twins is correlated with high plastic deformations caused by the high-velocity collision, which took place
in the bonding interface during the explosion. Based on the
microscopy analysis of heat-treated specimens it may be
concluded that bond in the sample after the heat treatment
exhibited signiﬁcant changes of steel relative to the
material before the heat treatment. The microstructure
of stainless steel after the heat treatment is shown in

Figure 4. After annealing grains near the joint has no
deformations twins and slip bands, due to tempered
character of heat treatment.
The microstructure of titanium adjacent to interface in
bimetal without post-annealing (Fig. 5) demonstrated
considerable grains deformation and presence of adiabatic
shear bands (ASBs) occurred due to high velocity of
process, which generate huge pressure in bonding area.
Process of adiabatic shear band formation is correlated
with high strain rate occurred in adiabatic conditions due
to very short time of joining which lead to adiabatic
temperature rise, forming and developing of ASB [14]. That
phenomenon is characterized by highly localized large
deformation. Deformation area with ASBs of titanium in
bimetal without heat treatment has a length about 300 mm.
In greater distance material revealed dynamic recrystallization, but enlarged grains have many deformation twins
and slip bands. Changes for the titanium after annealing
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Fig. 7. SEM observation and EDS analysis of transition zone.

Table 3. Chemical composition of transition joint.
Ti

Cr

45.68

10.11

Fe

Ni

39.16

5.04

[% weight]

were more pronounced than in steel what is shown in
Figure 6. In this case, the heat treatment contributes to
grains recrystallization near to interface and removing
ASBs. Fine recrystallized grains have an average size of
about 18.4 mm. In greater distance microstructure was
recrystallized too, and the average grains size in this area
was 50.2 mm.
Observation the boundary of welded metals revealed
transitions zone adjacent to interface, what is shown in
Figures 3 and 4 as a black linear structure. The transition
area was observed both in bimetal before and after the heat
treatment. It is a diffusion zone produced during joining the
base and ﬂyer material by the explosion, which is
accompanied by huge pressure and temperature of the
process. Due to hard conditions of welding, materials
surfaces are melted and formed as a cracked, hard structure
adjacent to joint. Back-scattered electron image of the
interface in higher magniﬁcations shown in Figure 7
exhibited differences in the chemical composition of melted
area and native materials, what was conﬁrmed by EDS
analysis and submitted in Table 3. Based on chemical
composition analyze results it may be concluded that the
transition zone revealed a mixture of titanium and
elements present in stainless steel (C, Fe, Cr, Ni).
Moreover, SEM observations have shown the presence of
the cracks in melted area. Cracked interface zone can have
a negative inﬂuence on the durability of the bimetal, due to
high microhardness about 1080 HV0,1.

Fig. 8. Microhardness proﬁle of explosively welded bimetal is
state before and after the heat treatment.

The microhardness proﬁle is shown in Figure 8.
Depending on the microstructure, the microhardness test
revealed signiﬁcant growth of values in the deformation
area both in steel and titanium, due to high strengthening
on the interface. It was also observed that the maximum
values of microhardness at joined materials without heat
treatment was in the zone adjacent to joint and reached
376 HV0,1 in steel and 268 HV0,1 in titanium. Measurements exhibited that heat treatment caused relief of
residual stresses and reduction of microhardness in the
bond zone, hence maximum values in both material after
annealing reached 341 HV0,1 at steel side and 143 HV0,1 in
titanium. Reduction of microhardness after the annealing
was more pronounced at the titanium than in steel. In
distance greater than 300 mm microhardness values both in
Ti and steel were lower than near the boundary, what can
be explained by a less inﬂuence of the explosion welding
process in areas away from the interface.
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Fig. 9. Three-points bending test results graph.

In order to relate the microstructure observations with
mechanical properties, three points bending tests were
performed. Research results revealed decrease of fatigue
strength after applied the heat treatment what is shown in
Figure 9.

4 Conclusions
Current results have revealed the signiﬁcant inﬂuence of
applied post-heat treatment on microstructure and
mechanical properties of explosively welded 316L/cp-Ti
bimetal used to production the sieve trays of heat
exchangers. Changes observed in microstructure and
microhardness measured after the heat treatment, conﬁrmed that the application of the post-heat treatment is
necessary to stress relief and normalize microstructure by
grains recrystallization. Although, the effect such as
residual stress relaxation and softening of the material
are very favorable, the same heat treatment slightly
reduces the fatigue strength of the joint.
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