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Commercial pure titanium and low carbon steel were explosive welded. The interfacial structures were
examined using a combined microstructural analysis and nanoindentation tests. The interface has a wavy
morphology with an isolated mixing zone where a mixing of elemental titanium (Ti) and iron (Fe) occurs.
Constituents in the mixing zone vary even under the same explosive welding conditions; for example, some
are dominated by Fe2Ti intermetallics, whereas some consists of Fe2Ti and FeTi intermetallics. The
nanoindentation tests and fracture observation confirm the brittle nature of the Fe-Ti intermetallics that
formed in the mixing zone. The FeTi phase (� 20.3 GPa) showed higher hardness than the Fe2Ti phase
(� 14.2 GPa). Simple approaches to estimate the cooling rate at the Ti/steel interface are proposed, and the
calculated rate is 2.1 3 107 K/s. Such a high cooling rate combined with the chemical compositions results
in the formation of the nanoscaled Fe2Ti structure in the mixing zone.

Keywords explosive welding, intermetallics, microstructure,
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1. Introduction

Developments in advanced technologies are required for
new materials to achieve superior properties, such as corrosion
and wear resistance for industrial application (Ref 1-3).
Titanium-to-steel joining has a high economic and technical
interest for many industries. Because of the formation of brittle
Fe-Ti intermetallics and thermal-stress mismatching, these
metals are difficult to join through fusion welding (Ref 4, 5)
and some solid-state joining methods (Ref 6-8). Explosive
welding is a common technique to bond virtually any
combination of metals (Ref 9-12). Upon detonating the
explosive, a fly plate is accelerated across a stand-off distance
and collides with the base plate. At the collision point, the
pressure (up to 10 GPa) normally exceeds the material yield
strength, which results in the materials behaving like a fluid and
forming a mixing zone (Ref 13-16). Process parameters,
including the collision angle (b) and collision point velocity
(Vc), are critical factors that affect the bonding quality (Ref 17).
Similar combinations [Fe/Fe (Ref 18), Ti/Ti (Ref 19)] and
dissimilar combinations (Al/Fe (Ref 20), Ti/Fe (Ref 21), Ti/Al

(Ref 22), Ni/Fe (Ref 23), Cu/Fe (Ref 24), Al/Mg (Ref 25)) have
been explosive cladded.

Because of the severe rapid collision during explosive
welding, the formation of structures at the interface, especially
in the mixing zone, is far from equilibrium. Nishida et al. (Ref
26) observed Ti2Ni, TiNi, icosahedral quasicrystals and an
amorphous phase in the Ti/Ni mixing zone. These products
were concluded to be the trace of melting and subsequent rapid
solidification of thin layers along the contact surface of both the
parent materials. Fan et al. (Ref 27) demonstrated that a loss of
crystalline structure at the bonding interface was driven by
lattice collapse during the high-strain-rate impact process and
then followed by inter-diffusion reactions at temperatures
below the melting point. Song et al. (Ref 28) identified the
formation of FeTi and metastable Fe9.64Ti0.36 phases in the Ti/
steel mixing zone. Bataev et al. observed the formation of
metallic glasses at the interface of austenitic stainless steel and
niobium (Ref 29), and the precipitation of decagonal qua-
sicrystals and metastable Ni2Al9 crystals at the interface of the
explosion-welded Al/Ni plate (Ref 30). Scanning electron
microscopy (SEM) and transmission electron microscopy
(TEM) were used to characterize the microstructures at the
explosive interface. No investigation, however, revealed the
mechanical properties of the individual structure at the
interface. Compared with conventional mechanical tests,
nanoindentation has demonstrated to be a powerful tool for
mechanical characterization at a small scale (Ref 31, 32). Our
previous study investigated the Ti/steel bimetallic plate quan-
titatively via nanoindentation tests (Ref 33). The Fe-Ti
intermetallics that formed at the Ti/steel interface presented
high hardness. These resultant complex microstructures (espe-
cially the brittle intermetallics) most probably determine the
overall mechanical properties of the cladded structures (Ref 34-
36). Although the phenomenon of interfacial structure has been
reported widely (Ref 26-29, 33), only a few studies have been
devoted to probe the formation mechanism of these brittle
structures at the interfaces of explosion-welded materials.

Recently, Bataev et al. (Ref 37) investigated
metastable phases at the explosion-welded alloy interface.
Heating and cooling rates at the interfaces between the
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explosion-welded materials were proposed, and the solidifica-
tion conditions of these phases were analyzed via the cooling
rates. These results provided insight into the investigation of the
interfacial structures of the explosion-welded alloys.

A combination of two factors, namely, the material compo-
sition and its temperature histories, determines the formation of
complex structures (metastable phases, nanosized grains and
quasicrystals). Our previous work (Ref 33) has simulated the
temperature field distributions at the interfacial regions during
explosive welding. In this work, the formation mechanism of
the interfacial structures at the interfaces of the explosion-
welded Ti/steel bimetallic plate was investigated via thorough
analysis of the temperature history (especially the cooling rate),
microstructure (SEM and TEM) and mechanical properties
(nanoindentation and tensile tests). The results could provide a
better understanding of the structure–property relationship in
the explosion-welded Ti/steel bimetallic structure.

2. Experimental Procedure

A commercial pure Ti plate (Grade 1, thickness � 2 mm)
was explosive welded to a low-carbon-steel plate (S235,
thickness � 14 mm) in a parallel stand-off configuration, as
shown in Fig. 1. The low-carbon-steel substrate was used as a
load-bearing component, whereas the thin commercial pure Ti
layer was used to protect the steel in a corrosive environment.
The chemical compositions of the base metals are listed in
Table 1. The Ti plate consists mainly of an a-Ti structure with
an ultimate strength of 460 MPa. The steel plate consists
mainly of pearlite and ferrite structures, with an ultimate
strength of 360 MPa. The explosive material was an ammo-
nium-nitrate-fuel–oil mixture with a density of 0.92 g/cm3. The
explosive detonation velocity was 2850 m/s, and the impact
angle was 15�. The stand-off distance was 20 mm, and the
explosive thickness was 20 mm. Specimens for microstructure
analysis were prepared from the central part of the joint in a
plane parallel to the detonation direction and normal to the
explosive interface. Mechanical polishing using grinding
papers down to 1200 gird was carried out followed by diamond
polishing using 9, 3 and 1 lm diamond slurries. The deforma-
tion zone in the surface from previous steps was removed using
a 0.04-lm colloidal-silica suspension. A JOEL 7001F SEM
with EBSD detector was used to characterize the microstructure

at the explosive interface. TEM observations were carried out
using a JEOL 2100 microscopy at 200 kV. The TEM samples
were prepared using a FEI Quanta 200 3D dual beam focused
ion beam (FIB). X-ray diffraction (XRD) patterns were
collected on the cross sections and the fracture surfaces (after
tensile tests) using a Rigaku-binary diffractometer (Rigaku
SmartLab) with a Cu target. Patterns were collected with a step
size of 0.05�. Nanoindentation was conducted using a
Berkovich indenter (Hysitron Triboindenter TL-950) with a
load-control mode. A maximum load of 3 mN with a constant
loading rate of 400 lN/s was set. Fused quartz with a known
Young�s modulus (69.6 GPa) and hardness (9.25 GPa) was
calibrated for the tip area function. An array with 80 indents
(8 9 10) was set on the sample. The measured hardness of each
phase was averaged from at least three indentations. Specimens
for the standard flat tensile tests were extracted from the central
part of the bimetallic plate with the longitudinal axis parallel to
the explosive welding direction, as shown in Fig. 2. Tensile
tests were carried out at room temperature at a crosshead speed
of 1 mm/min, and the fracture morphology was observed by
SEM.

3. Results

3.1 Microstructures

Figure 3(a) shows the typical wavy structure at the Ti/steel
interface. The wavelength and amplitude are � 800 lm and
180 lm, respectively. During explosive welding, the circular
movement and intense stirring in the vortexes lead to Ti and Fe
materials mixing, as shown in Fig. 3(b) and (c). The mechan-
ical energy during rapid pressurization converts to heat
accumulation, which melts the Ti and Fe materials and forms
a mixing zone (indicated by red arrows in Fig. 3a). Figure 3(d)
shows the concentration profiles of the elemental Fe and Ti
across the mixing zone, which suggest a sharp transition near
the interface of each base metal and a relevant uniform
distribution (Fe � 76.3 at.%, Ti � 23.7 at.%) in the mixing
zone. Generally, a wavy interface is preferred because it
increases the bond area and produces a greater depth of shock
hardening, which provides stronger bonding. The interface
contributes to isolating the trapped jetting, which leads to the
formation of an isolated mixing zone in front of each wave.

To characterize the phases that may form in the mixing zone,
EBSD analysis was conducted for a selected mixing zone
(Fig. 4a). Figure 4(b) is the inverse pole figure (IPF) of region
b, where the Fe base metal and partial mixing zone are
involved. With the corresponding phase map (Fig. 4c), the
mixing zone is dominated by Fe2Ti intermetallics. A layer with
much finer Fe grains (< 1 lm) formed between the Fe base
metal and the mixing zone, as indicated by white arrows.
According to our previous study (Ref 33), the fine Fe grains are
most probably recrystallization structures. The extreme tem-
peratures, which normally reach the melting point of the base
metals, and pressures in the regions nearest the mixing zone,
promote dynamic recrystallization in the severely deformed
grains (Ref 33, 38).

The grain size of these Fe2Ti intermetallics varies (Fig. 4d
and e), that is, region d shows finer Fe2Ti grains (1-2 lm),
whereas region e shows much coarser grains (� 10 lm).
During explosive welding, the temperature of the materials that

Fig. 1 Schematic of explosive welding
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surround the collision point could reach the melting point.
Region d close to the Fe and Ti base metals experiences a
higher cooling rate than region e (in the center of the mixing
zone), which could suppress grain growth to some extent. The
Fe2Ti grain size presented here is much coarser than that
observed in our previous work (Ref 33) for the CP-Ti/Q345
bimetallic plate. The cracks in this selected mixing zone imply
the brittle nature of these Fe2Ti intermetallics.

To determine the microstructure distributions in the mixing
zone, TEM lamella were prepared by FIB, shown in Fig. 5(a)
and (b). Figure 5(c) and (d) presents the TEM bright-field
contrast images and corresponding diffraction patterns. FeTi
intermetallics with a maximum grain size of � 200 nm are
distributed among the Fe2Ti matrix grains in Fig. 5(c). Some
nanoscaled Fe2Ti grains (identified by TEM-EDS analysis) are
visible, as indicated by red arrows in Fig. 5(e). Nanoscaled
FeTi intermetallics are visible here, whereas they are not
present in the EBSD phase map in 4c, most likely because of
the lower-resolution EBSD method. Some researchers have
reported amorphous phases that formed at the Ti/steel interface
(Ref 39, 40). However, these phases are not observed here. Fe-
Ti alloys do not have high glass-formation abilities. Even near
eutectic compositions, Fe-Ti amorphous phases are rarely
obtained under rapid cooling experiments (Ref 41, 42). Minor
additions of alloying elements in titanium and steel could
enhance the glass-formation abilities and promote glass forma-
tion (Ref 43). The alloy content in the base metals (low carbon
steel and commercial pure titanium in Table 1) is relatively low,
which may be responsible for the absence of amorphous phases
in the mixing zone.

The XRD pattern on the Ti/steel cross sections confirms the
presence of Fe2Ti and FeTi intermetallic phases, as shown in
Fig. 6(a). After tensile tests, the Ti side and steel side are

separated. Figure 6(b) is obtained on the fracture surfaces (at
the Ti side) after the tensile tests, which also identifies similar
phase constituents.

3.2 Nanoindentation

A grid with 80 points, as outlined by a dashed white
rectangle in Fig. 7(a), was subjected to nanoindentation tests.
Figure 7(b) shows the corresponding hardness contour profiles.
Most of the mixing zone presents a uniform hardness contour
(9-13 GPa), whereas the region near the Fe base metal shows
higher hardness (indicated by a red contour in Fig. 7b), from 17
to 22 GPa. With the EDS analysis, this region consists mainly
of FeTi intermetallics (Fe � 57.2 at.%, Ti � 42.8 at.%),
whereas the remaining region consists of Fe2Ti intermetallics
(Fe � 23.3 at.%, Ti � 76.7 at.%). Figure 7(c) and (d) displays
representative Berkovich impressions (marked by a yellow
rectangle in Fig. 7a) and an EBSD phase map, respectively.
FeTi and a-Fe have similar crystalline parameters, which make
it difficult to distinguish them under a EBSD detector.
Therefore, only the crystal lattice of the a-Fe phase is input
for EBSD analysis. The region with higher hardness is dark
gray, whereas the other region is light gray. As shown in
Fig. 7(c), the FeTi (� 20.3 GPa) and Fe2Ti (� 14.2 GPa) have
smaller indents than the Fe base metal (� 2.2 GPa). The force–
displacement (P–h) curves for these typical phases are plotted
in Fig. 6(e). The maximal indenter displacement with a peak
load of 3 mN is 81.7 and 97.8 nm in the FeTi and Fe2Ti phases,
respectively.

In practice, particularly when large workpieces are joined,
collision parameters may change during welding because of the
gap variability or inhomogeneity of the explosives. Thus,
within the same explosion-welded plate, different structures

Fig. 2 Illustration of tensile sample used to examine the mechanical properties of the Ti/steel bimetallic plate. (a) Location of fabricated tensile
sample; (b) dimensions of tensile sample; (c) schematic of tensile tests

Table 1 Chemical compositions of applied materials (wt.%)

C Si Mn Ti Cu Fe V O N H

Ti (grade 1) 0.10 ... ... Bal. ... 0.25 ... 0.20 0.03 0.015
Steel (S235) 0.12 0.30 0.50 ... ... Bal. ... ... ... ...
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may be observed. Even in the same wave structure, the
interfacial structures do not show uniform distribution along the
interface. The above factors could be responsible for the
different intermetallic constituents and grain sizes in Fig. 4 and
7.

3.3 Fracture Analysis

Figure 8(a) shows the force–displacement curve of the Ti/
steel bimetallic joint in the tensile tests. The ultimate tensile
strength is 432 MPa. Because the base metals (Ti and steel)
have a significant difference in strength and ductility, the 2-
mm-thick Ti plate fails first, and then the explosive interface
separates. With an increase in displacement, the steel plate
(thickness � 14 mm) fails. If we consider the ultimate stress
and cross section of each plate, the fracture force of the Ti plate
is � 18400 N (460 MPa 9 20 mm 9 2 mm), whereas that of
the steel plate is � 100800 N (360 MPa 9 20 mm 9 14 mm).
Because the fracture force of the Ti plate is much lower than
that of the steel plate, the influence of the fracture of the Ti plate
is negligible during the tensile tests. Therefore, the force–
displacement curve looks smooth without any indication of
intermediate failure in the individual component.

After the tensile tests, the Ti side was selected for
fractography analysis, as indicated by the inset. The Ti base
metal is dominated by dimple morphology, as shown in
Fig. 8(b). However, a cleavage morphology is observed at the
explosive interface (Fig. 8c). EDS analysis (Fe � 72.5 at.%,

Ti � 27.5 at.%) identifies blocky breaking that is composed
mainly of Fe2Ti intermetallics. The fracture morphology
determines the brittle nature of the Fe2Ti phase, which is
consistent with the nanoindentation results.

4. Discussion

During explosive welding, material heating in some volume
that surrounds the collision point occurs because of a significant
increase in pressure and plastic flow in this area, as shown in
Fig. 9(a) and (b) (Ref 37). The velocity of the collision point,
Vc, governs the time available for bonding. These two
schematic diagrams describe the flat interface with a continuous
mixing zone that formed in a similar materials combination. Ti/
steel explosive interface is featured by a wave morphology with
an isolated mixing zone. The characteristic deformation during
explosive welding is shown in Fig. 9(c), where the mixing
zone, severely deformed zone and slightly deformed zone are
identified with different effective plastic strains (Ref 33). The
region with 100% strain consists of the mixing zone and severe
deformation zone. For the Ti/steel dissimilar joint, the defor-
mation region is asymmetrical.

As the collision point moves forward, material in the high-
pressure zone starts cooling because of heat transfer to the
adjacent region. It is assumed that deformation during explo-
sive welding is adiabatic, and by the time the cooling begins,

Fig. 3 Backscattered electron image (BSE) on cross section of Ti/steel explosion-bonded joint. (a) Typical wave morphology with mixing zone
formed in front of each wave; (b) and (c) chemical composition distributions of elemental Ti and Fe in one wave, respectively; (d) EDS line
scanning across the mixing zone
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the deformation process has ended. In (Ref 44, 45), the
solidification time (ts) of the molten metal must be lower than
the time needed for a positive pressure (tp) at the interface. The
expressions that are proposed to estimate tp and ts are obtained
from (Ref 44, 45):

tp ¼ 0:5þ0:66
qfly � V 2

c

Gfly

� �� �
� dfly
Vc

ts ¼
Q2

4p � cfly � kfly � qfly � T2
mfly

ðEq 1Þ

Q ¼ 6:8 � 10�2 � V 2
c � qfly � dfly �

dbase
dfly þ dbase

� sin2 b
2

� �
ðEq 2Þ

where, qfly, Gfly, Vc, dfly, cfly, kfly and Tmfly are the density, shear
modulus, collision point velocity, thickness, specific heat,
thermal conductivity and melting point of the fly plate,
respectively; Q is the heat released at the interface; dbase is
the thickness of the base plate and b is the collision angle.

qfly is 4.5 kg/m3, Gfly is 55 GPa, Vc is 2850 m/s, dfly is
2 mm, dbase is 14 mm, kfly is 15 Wm�1 k�1, cfly is
523 J kg�1 K�1, Tmfly is 1670 �C and b is 15�.

The calculated tp and ts for the Ti/steel joint are 0.81 and
0.09 ls, respectively. The above criterion is reliable for joints
that are welded by ammonium-nitrate-fuel–oil explosion. The
above expressions are developed for similar materials welding,
where the formation of intermetallic phases usually does not
occur. Because intermetallics are formed at the Ti/steel
interface, one may suggest a consideration of the physical
properties of these phases to obtain a more accurate solidifi-
cation time. However, information on the physical properties of
these intermetallics (FeTi and Fe2Ti) is limited. Furthermore,
the mixing zone is not fully homogeneous. Therefore, an
accurate analysis of the solidification time when considering the
intermetallics in the mixing zone cannot be made. Results in
Ref 46, 47 suggest that these two equations are suitable for
dissimilar materials welding when the interfacial mixing zone is
thin. If the interfacial mixing zone is thick, Eq 2 will be invalid.
In this study, the Fe-Ti intermetallics that formed at the Ti/steel
interface are isolated (mixing zone in Fig. 3). The ts (90 ns) that
is calculated here is similar to that reported in Ref 19, which
proves the applicability of Eq 2 in a Ti/steel dissimilar joint.
Therefore, Eq 2 can be adapted to estimate the solidification
time (ts). These two expressions indicate that an increase in fly-

Fig. 4 EBSD results of mixing zone. (a) BSE image that indicates regions selected for EBSD analysis; (b), (d) and (e) EBSD IPFs in region b,
d and e, respectively; (c) EBSD phase map in region b
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plate thickness increases the solidification time ts. Kuz�min
et al. (Ref 47) proposed a critical thickness of the fly plate in
explosive welding materials with greatly different properties
(such as aluminum and steel).

Around the collision point, conditions of a perfect thermal
contact are established immediately between the liquid (mixing
zone) and the solid (Ti and steel base metals). In the mixing
zone, possible phase transformations occur, that is,
L fi Fe2Ti, � 1427 �C; L + Fe2Ti fi FeTi, � 1317 �C
(Ref 48). Subsequent cooling occurs by heat transfer from the
interfacial area to the severely deformed zone. Based on the
time calculated by Eq 1 and 2, the averaged cooling rate
reaches 2.1 9 107 K/s. This value is consistent with those in
Ref 37. Such a high cooling rate results in material quenching
in the mixing zone. Heat transfer leads to recrystallization in the
deformed grains (fine Fe grains in Fig. 4b). Several research
works have reported the amorphous (Ref 27), quasi-crystal (Ref
49) and nanoscaled structures (Ref 33) that formed in the
mixing zone. The formation of these structures is determined by
two factors-material compositions and temperature history,
which explains the different phases observed at the Ti/steel

interface. Another consequence of a high cooling rate is the
significant heterogeneity of the compositions across the volume
of the mixing zone (shown in Fig. 7d). Although element
mixing occurs in the liquid state, the time for the liquid-phase
existence is insufficient to complete diffusion and homogenize
the compositions.

In the dissimilar welding of metals with a high affinity to
form intermetallic phases (such as Ti/Fe, Al/Fe combina-
tions), the welding quality is influenced by the properties of
the welded metals, and the physical properties of the new
phases that formed at the interface. Crossland et al. (Ref 16)
proved that these new phases will not affect the properties of
the explosion-welded joints significantly if they do not form
a continuous layer at the interface, but rather, form a separate
‘‘island.’’ During explosive welding, the fly plate collides
toward the base plate at an extremely high velocity. The
residual stress at the bonding interface may be high.
However, few researchers have focused on this aspect.
Therefore, our future research will characterize the residual
stress distribution at the explosive interface with different
methods (Ref 50).

Fig. 5 TEM bright-field images of mixing zone. (a) and (b) TEM lamella preparation by FIB; bright-field images of (c) FeTi and (e) Fe2Ti
intermetallics phases, respectively; electron-diffraction patterns showing (d) FeTi and (f) Fe2Ti intermetallic phases, respectively. Size of selected
area aperture was � 200 nm

Fig. 6 XRD pattern at the Ti/steel interface. (a) On cross sections before tensile tests; (b) on the fracture surfaces of Ti side after tensile tests
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5. Conclusions

The microstructure and mechanical properties of explosion-
welded Ti/steel bimetallic plate were investigated. The explo-
sive interface was characterized by a typical wave structure
with a mixing zone that was isolated in each wave. The mixing
zone was dominated by Fe-Ti intermetallics. FeTi (� 20.3 GPa)
and Fe2Ti (� 14.2 GPa) showed higher hardness than the Fe
base metal (� 2.2 GPa). The resultant Ti/steel bimetallic joint
had an ultimate strength of 432 MPa. A cleavage morphology
was observed at the explosive interface. Simple approaches
were applied to estimate the cooling rate at Ti/steel interface,
and the calculated value was 2.1 9 107 K/s. Such a high

cooling rate with the chemical compositions resulted in the
formation of a nanoscaled Fe2Ti structure in the mixing zone.
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