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Abstract
The TA2/15CrNi3MoV clad plates were fabricated by explosive welding and then were heat-treated in the
temperature range of 700-1000 ℃ for 30 min. Its microstructure and tensile strength were investigated and
the results elucidated that the heat treatment process accelerated the interdiffusion of constituent elements
(e.g., Fe, Ti and C) at the TA2/15CrNi3MoV interface, thus resulting in the formation of FeTi, Fe2Ti and TiC.
For the samples heat-treated at 700 ℃, a continuous TiC layer was generated at the TA2/15CrNi3MoV
interface, which hampered the formation of FeTi and Fe2Ti. However, for the samples heat-treated at 800 ℃,
the continuous TiC layer was broken up, resulting in a signi�cant increase in the Fe-Ti layer to 1.21 μm. This
resulted in a dramatic drop in tensile strength to 329.2 MPa. For samples heat-treated in the temperature
range of 900-1000 ℃, the thickness of the brittle Fe-Ti layer was increased dramatically, leading to a rapid
drop in tensile strength.

1 Introduction
Clad plates have been increasingly designed due to their potential ability to combine the advantages of base
and clad materials [1, 2]. For example, Ti/steel clad plates are not only having a high strength/density ratio
and superb corrosion resistance, but also have low fabrication costs, which is widely used in pipes, vessels
and marine equipment [3, 4]. However, due to the metallurgical incompatibility of titanium and steel, brittle
intermetallic compounds (IMCs) are easily generated at the titanium/steel bonding interface, making it
di�cult to manufacture titanium/steel clad plates by conventional fusion welding methods. [5, 6]. In
addition, owing to the mismatches in their mechanical properties (e.g., heat transfer and thermal expansion),
massive residual stresses are produced in the Ti/steel interface region and deteriorate the bonding interface
[7]. To avoid the residual stresses and brittle IMCs at the Ti/steel interface, rolling bonding [8], diffusion
bonding [9], and explosive welding [10, 11] were employed to address this problem. Among these solid-state
metal joining processes, explosive welding is a reliable technology to join titanium and steel due to its simple
process and high quality [11].

Explosive welding (EXW) offers an e�cient alternative to joining metallurgical incompatible materials [12,
13]. It produces a weld joint by highspeed collision of the �yer plate and the base plate caused by the vast
energy of detonation [14, 15], as shown in Fig. 1(a). The explosive welding interface plays a crucial role in
the mechanical properties of the clad plates. Previous papers [16] revealed that the explosively welded
interface undergoes fast heating (109 K/s) and cooling (107 K/s), resulting melted zone generated at the
explosively welded interface and hence a metallic bond is formed. The high rate of heating and cooling rate
during explosive welding reduces the interdiffusion of atoms and hence minimizes the formation of
intermetallic compounds at the explosively welded interface [17]. However, the explosive welding method is
not ideal for complex geometric shapes [13, 18, 19]. Consequently, explosive welding is often used in
combination with other welding methods, such as tungsten inert gas (TIG), laser beam welding (LBW) and
electron beam welding (EBW) [13, 18, 19]. Zhang et al. [18] achieved the dissimilar laser welding of Ti alloy
to steel by using the TA2/Q235 explosively welded clad plates. However, Wang et al. [19] reported that brittle
intermetallic components such as FeTi and Fe2Ti were formed at the TA10/Q345 explosively welded
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interface during the electron beam welding of Titanium alloy and mild steel using the explosively welded
TA10/Q345 transition joint.

During these various subsequent manufacturing processes, Ti/steel explosively welded interface may be
exposed under high temperatures. Therefore, it is essential to study the heat treatment processing on
Ti/steel explosive-bonded joint to reveal the temperature effects on the bonding interface. It was reported in
the previous literature that brittle intermetallic components such as Fe2Ti and FeTi were generated in the
bonding interface owing to the interdiffusion of constituent elements [13, 19, 20]. These intermetallic
compounds deteriorate the Ti/steel interface strength [21, 22]. Meanwhile, residual stresses are produced at
the interface due to the mismatch in their mechanical properties [17]. However, the effect of heat treatment
temperature on the explosively welded TA2/15CrNi3MoV clad plates is still unknown.

In this work, the in�uences of heat treatment temperature on the tensile strength and microstructure of the
explosively welded TA2/15CrNi3MoV interface were studied. The microstructure evolution of the explosively
welded TA2/15CrNi3MoV interface during the subsequent heat treatment process was systematically
investigated, and the in�uence of heat treatment temperature on the tensile strength of the explosively
welded TA2/15CrNi3MoV interface was carefully discussed.

2 Materials And Methods
In this investigation, the Ti/steel explosively welded clad plates were fabricated by commercial purity
titanium (TA2) plates and mild steel (15CrNi3MoV) using explosive welding method. The TA2 plate was
chosen as the �yer plate and the 15CrNi3MoV plate was chosen as the base plate during the explosive
welding process. The comical composition of TA2 plate and 15CrNi3MoV plate are presented in Table 1. The
dimensions of TA2 plate and 15CrNi3MoV plate were 370 mm × 70 mm × 75 mm and 370 mm ×70 mm × 8
mm, respectively. To relieve the internal stress of the explosively welded TA2/15CrNi3MoV clad plates,
annealing treatment was performed at 550 ℃ for 1.5 hours. After annealing treatment, the explosively
welded TA2/15CrNi3MoV interfaces were heat-treated in the furnace under argon atmosphere in the
temperature range between 700 ℃ and 1000 ℃ for 30 min. Then, the explosively welded Ti/steel clad
plates were cooled in the air. Samples for microstructures analysis and mechanical properties were
sectioned from the central part of the clad plates using electric discharge machining, as shown in Fig. 1(b).

Table 1
Chemical compositions of TA2 plate and 15CrNi3MoV plate (weight percent %).

Alloy C Ti Fe Si Mn S P Cr Ni Mo V

TA2 <0.01 Bal <0.01 - - - - - - - -

15CrNi3MoV 0.15 0.002 Bal 0.26 0.43 0.002 0.005 1.02 2.9 0.21 0.095

Ti/steel explosive welding interfaces were ground using emery papers and then polished using 50nm SiO2

solution to characterize the microstructure. Microstructures of the explosively welded TA2/15CrNi3MoV clad
plates were examined by a ZEISS, SUPRA55 scanning electron microscope (SEM) operated at 30KV,
equipped with electron backscattered diffraction (EBSD). A transmission electron microscope (TEM) was
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used to reveal the microstructure, and the samples for TEM observation were fabricated by focused ion
beam (FIB). The width of IMCs was measured at various locations of the wave peak interface by the SEM-
BSE examination. The IMCs, formed at the explosively welded TA2/15CrNi3MoV interface, were analyzed by
X-ray diffraction (XRD). A series of tensile tests were conducted on AGXplus at room temperature to evaluate
the bond strength of the explosively welded Ti/steel clad plates. Three samples were prepared from each
parameter, then tested at a speed of 1.5 mm/min. Tensile tests samples were machined by electric discharge
machining (EDM) with dimension schematized in Fig. 1(d). SEM/EDS was conducted to analyze the fracture
surfaces of the specimens after tensile tests.

3 Results And Discussion

3.1 Microstructure of as-annealed TA2/15CrNi3MoV
explosive welding interface
Fig .2 shows the SEM-BSE images of the as-annealed TA2/15CrNi3MoV explosive welding interface. It can
be clearly observed that there was a typical wave structure at the explosively welded TA2/15CrNi3MoV
interface, as shown in Fig. 2(a). Microstructures investigation also has shown vortex generated in the
TA2/15CrNi3MoV interface region. Fig. 2(b) shows a vortex structure at the interface, where brittle IMCs and
micro-cracks exist. The generation of IMCs at the explosively welded Ti/steel interface can be related to the
intense impact during the explosive welding process. The intense collision induced by explosive welding will
have led to rapid and severe plastic deformation in the interface region, promoting the heat generated at the
interface [23–25]. Previous study [16] reported that the explosively welded interface undergoes fast heating
and cooling, leading to the formation of melted zone at the interface. Zhang et al. [23] revealed that the
melted zone at explosively welded Ti/steel interface mainly consisted of FeTi. In addition, during the rapid
cooling process, the mismatch in mechanical properties (e.g., heat transfer and thermal expansion) between
the base plate and the �yer plate caused micro-cracks generated at the interface. Previous studies indicated
that the micro-cracks were restricted within the IMCs and did not expand into the base materials [17]. The
elemental distribution maps of the vortex region are indicated in Fig. 2(c-d). Fe-Ti intermetallic compounds
were detected in the vortex. The generation of Fe-Ti IMCs can be related to the heating generation and
accumulation caused by the severe plastic deformation during the explosive welding process.

To determine the phase composition at the wave peak region of the explosively welded TA2/15CrNi3MoV
interface, the phase structure of the various region of the interface was con�rmed by TEM. Fig. 3(a-b) shows
the fabrication procedure of the TEM lamella. It can be clearly observed that the TEM lamella was prepared
by FIB in the explosively welded TA2/15CrNi3MoV interface. Fig. 3(c) shows the HAADF images of the wave
peak interface region. At the interface region, two reaction layers existed, namely 2 and 3. Fig. 3(d-e) shows
high-resolution TEM (HRTEM) images of layer 2 and layer 3. Analysis of HRTEM images by fast Fourier
transform (FFT) showed that layers 2 and 3 were TiC and FeTi, respectively. The thickness of the FeTi and
TiC were about 0.095µm and 0.118µm, respectively. The formation of the FeTi and TiC was mainly induced
by explosive welding and annealed process, respectively [23, 26]. This will be analyzed in detail later in this
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paper. Thus, for the as-annealed sample, the phases from the 15CrNi3MoV side to the TA2 side were α-Fe,
TiC, FeTi and α-Ti, respectively.

Figure 4 shows the EBSD results of the wave peak region of the explosively welded TA2/15CrNi3MoV
interface. The image quality (IQ) maps and inverse pole �gure (IPF) images demonstrated two distinct grains
on the steel side: equiaxed grains and elongated grains. The elongated Fe grains were mainly distributed in
the steel side away from the explosive welding interface. In contrast, the equiaxed Fe grains were distributed
primarily in the steel side near the interface. The elongated Fe grains were mainly caused by the severe
plastic deformation during the explosive welding [27]. At the same time, heat generated and accumulated at
the Ti/steel interface due to the rapid and severe plastic deformation [16, 23]. This deformation heating
resulted in the recovery and recrystallization occurring at the explosive welding interface, and then the
equiaxed Fe grains were generated, as shown in Figure 4. In addition, the annealing treatment also facilitated
the recovery and recrystallization. Figure 4(c,f) shows the kernel average misorientation (KAM) maps of the
interface, which re�ects the dislocation density/local strains [3]. It can be found that a substantial number of
local strains were distributed at the elongated Fe grains, while few amounts of local strains were distributed
at the equiaxed Fe grains. The elongated grains experienced intense plastic deformation and contained a
great number of local strains. However, at the equiaxed Fe grains, the local strains were sharply decreased
due to the recovery and recrystallization.

3.2 Microstructure evolution of explosively welded
TA2/15CrNi3MoV interface after heat treatment
Figure 5 shows the Back-scattered SEM images of the explosively welded TA2/15CrNi3MoV interface after
different heat treatment processes. The microstructure of the TA2/15CrNi3MoV interface changed
signi�cantly with the elevation of the heating temperature. For the samples heat-treated at 700 ℃, a grey
layer was formed at the interface. This reaction layer, which can be determined by Akbari Mousavi’s [20]
research, was β-Ti. According to these previous researches [10, 20], β-Ti stabilizer elements (e.g., Fe, Cr and
Ni) diffused from the steel side to the titanium side during the heat treatment, resulting in a decrease in the
phase transformation temperature of α-Ti to β-Ti. Hence, the β-Ti layer was produced at the interface after
heat treatment. When the temperature of the heat treatment was increased to 800 ℃, continuous β-Ti layer
and Widmanstatten α-β structure were generated at the TA2 side, as shown in Figure 5(c). On the TA2 side
away from the explosively welded interface, the amount of β-Ti stabilizer was not enough to retain the β-Ti to
natural temperature and hence the Widmanstatten α-β structure were generated. Continuing to increase the
heat treatment temperature, the β-Ti layer at the interface became thicker. When samples were heat-treated
at 1000℃, the SEM-BSE images clearly indicated that the Ti/steel explosive welding interface region
consisted of several layers, as shown in Figure 5(h). The generation of these layers will be analyzed in detail
later in this paper.

Figure 6 shows SEM-BSE images of the explosively welded TA2/15CrNi3MoV interface at higher
magni�cation. For the samples heat-treated at 700 ℃, a continuous black reaction layer was generated at
the interface. According to the TEM (see Fig. 3) results and previous studies [26, 28], it can be determined
that this black layer was TiC. TiC was a diffusion barrier, which hampered the diffusion of Fe atoms from the
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steel side to the titanium side [28–30]. Hence, the Fe-Ti IMCs (i.e., Fe2Ti and FeTi) and β-Ti layer increased
slowly when the heat treatment temperature was lower than 700 ℃. When the heat treatment temperature
was 800 ℃, the TiC layer was broken and existed in a semi-continuous state. This indicated that the Fe
atoms diffusion barrier was disappeared, and then the Fe-Ti IMCs increased sharply to 1.2 µm, as shown in
Figure 6(c). For the samples heat-treated at the temperature of 1000 ℃, Fe-Ti IMCs were generated at the
interface, which contained �ne blocky TiC inside (see Figure 6(f)). At this condition, the explosively welded
Ti/steel interface region can be divided into several different layers. The chemical compositions of different
layers are presented in Table 2. Layer  was mainly contained Fe atoms (95.99 at%), which indicated that
this layer was α-Fe. Layer  in Figure 6 was composed of Fe (65.93 at%), Ti (30.87 at%) and C (3.20 at%) and
layer  was composed of Fe (43.44 at%), Ti (51.98 at%) and C (4.58 at%), both of which contains
tremendous of Ti and Fe atoms, indicating that Fe-Ti was existing on these layers and was the primary
phase. Layer  and layer  were mainly contained Ti atoms, while the Fe atoms in layer  (10.21 at%) were
more than layer  (4.18 at%). Combined with the SEM-BSE images of the interface, it can be predicted that
layer  and layer  was β-Ti and β-Ti + α-Ti, respectively. Hence, the explosively welded TA2/15CrNi3MoV
interface from the 15CrNi3MoV side to the TA2 side can be divided into �ve layers, namely a-Fe, Fe2Ti, FeTi,
β-Ti and α-Ti + β-Ti, as shown in Table 2.

Table 2
chemical composition of various phases in the 1000 ℃ heat-treated

specimens (at%)
position

Ti 0.36 30.87 51.98 87.45 93.56

Fe 95.99 65.93 43.44 10.21 4.18

C 3.65 3.20 4.58 2.34 2.26

Potential phase α-Fe Fe2Ti FeTi β-Ti β-Ti + α-Ti

To investigate the chemical distribution in the Ti/steel interface, the Fe, Ti and C element distribution graphs
across the interface were illustrated in Fig. 7. The line pro�les of the Fe, Ti and C element distribution graph
presents several platforms at the interface, proving the formation of IMCs. For the as-annealed sample, the
line pro�le of Fe and Ti elements possesses a signi�cant gradient, indicating that the diffusion of Fe and Ti
elements was limited. For samples heat-treated at the temperature of 700 ℃, C enrichment was observed at
the interface. This approved that the TiC layer was generated at the TA2/15CrNi3MoV interface. In contrast,
this phenomenon was not observed in the processing temperature range of 800-1000 ℃. This may be
attributed to the dissolve and broken-up of the TiC layer. It can be clearly observed that after the TiC layer
broken-up, the diffusion distance of Fe atoms in titanium increased signi�cantly [28–30]. For samples heat-
treated at 1000 ℃, the Fe and Ti element distribution presented two platforms, indicating that the Fe-Ti IMCs
generated at the interface.

The XRD patterns of the explosively welded TA2/15CrNi3MoV interface at different temperatures are shown
in Fig. 8. The change of diffraction peak intensity re�ects the change of corresponding phase content [3].
The as-annealed specimens show the typical diffraction peaks of α-Fe and α-Ti. After heat treatment, new
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IMCs (e.g., FeTi, Fe2Ti and TiC) were detected. For the samples heat-treated at 700 ℃, the diffraction peak
intensities of Fe-Ti IMCs were small. In contrast, it can be clearly observed that for samples heat-treated at
800 ℃ and 1000 ℃, the FeTi and Fe2Ti were the main IMCs at the explosively welded TA2/15CrNi3MoV
interface. In addition, it can be observed that the diffraction peak intensities of FeTi and Fe2Ti increased with
the temperature, indicating that the content of FeTi and Fe2Ti increased with temperature.

To determine the microstructure evolution of the explosively welded TA2/15CrNi3MoV interface after the
subsequent heat treatment process, standard free Gibbs energy (∆Gθ) changes with the temperature of the
IMCs (i.e., TiC, FeTi and Fe2Ti) should be considered [28, 31], as shown in Fig. 9. It can be observed that the

formation of TiC was the lowest value of ∆Gθ in the temperature range of 200 ℃-1400 ℃. This implied that
TiC is preferentially formed at the interface compared to the FeTi and Fe2Ti. After the continuous TiC layer
was generated, the formation of Fe-Ti IMCs (i.e., FeTi and Fe2Ti) was hindered due to the continuous TiC
layer hampered the diffusion of Ti and Fe atoms across the TA2/15CrNi3MoV interface [29, 30]. Hence, the
generation of IMCs (i.e., TiC, FeTi and Fe2Ti) in the Ti/steel interface can be divided into two stages.

For the as-annealed sample, there were two reaction layers (i.e., FeTi and TiC) generated at the
TA2/15CrNi3MoV interface (see Fig. 3(c)). During the explosive welding, the intense plastic deformation of
the welded materials caused substantial amounts of heat at the TA2/15CrNi3MoV interface. This leads to
the formation of local melting zones at the TA2/15CrNi3MoV interface region, where FeTi were observed
[23]. During the annealing process, the C element diffused from the steel side toward the Ti side and �nally
caused the formation of TiC [26]. Hence, the formation of FeTi and TiC at the TA2/15CrNi3MoV interface
was mainly induced by explosive welding and stress-relief annealing treatment process, respectively.

The continuous TiC layer hampered the diffusion of constituent elements (e.g., Ti and Fe) across the
bonding interface, which hindered the formation of Fe-Ti IMCs at the TA2/15CrNi3MoV interface [29, 30]. For
the TA2/15CrNi3MoV interface heat-treated at the temperature of 700 ℃, continuous TiC hampered the
formation of FeTi and Fe2Ti, as shown in Fig. 6(b). For the TA2/15CrNi3MoV interface heat-treated in the
temperature range of 800 ℃-1000 ℃, continuous TiC layer broken up, leading to the barrier of the formation
of FeTi and Fe2Ti at the interface disappeared, as shown in Fig. 6(c-f). Due to this reason, the thickness of
FeTi and Fe2Ti layer increased signi�cantly with the temperature in the temperature range of 800 ℃-1000
℃. According to previous studies, Fe-Ti IMCs were very hard and brittle, which deteriorated the combination
of the explosively welded TA2/15CrNi3MoV interface. Furthermore, the increase of the β-Ti layer also
con�rmed the accelerated diffusion of Fe atoms after the TiC layer broke up.

3.3 Mechanical properties and fracture analysis
The tensile strength of the explosively TA2/15CrNi3MoV interface at different conditions is presented in Fig.
10. It can be observed that the tensile strength decreased with the increase in temperature. The tensile
strength of the as-annealed samples was 385.3 MPa, which was the maximum tensile strength of the
explosively welded TA2/15CrNi3MoV interface. For the TA2/15CrNi3MoV interface heat-treated at 700 ℃,
the tensile strength slowly decreased to 329.2MPa, which was 14.56% lower than that of the as-annealed
samples. However, when the temperature of heat treatment was 800 ℃, the tensile strength sharply
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decreased to 247.3MPa, which was 35.82% lower than that of the as-annealed samples. It can be attributed
to the substantial number of IMCs (i.e., TiC, FeTi and Fe2Ti) was existed at the interface, which deteriorates
the combination of the TA2/15CrNi3MoV interface. During the tensile tests, the stress concentration
generated at the TA2/15CrNi3MoV interface due to the deformation mismatch between IMCs and base
materials, which eventually caused the explosively welded Ti/steel interface to fracture under a lower load
[21]. For samples heat-treated at 850 ℃ and 900 ℃, the tensile strength of the explosively welded
TA2/15CrNi3MoV interface sharply decreased to 232.6 MPa and 222.9MPa, respectively, due to the increase
of IMCs. When the temperature of the heat treatment was 1000 ℃, the thickness of the Fe-Ti IMCs at the
bonding interface increased to 4.23 µm, leading to the tensile strength of the explosively welded
TA2/15CrNi3MoV interface sharply decreased to 163.6 MPa.

Figure 11 shows the fracture surface of the explosively welded TA2/15CrNi3MoV clad plates. It can be
clearly observed that all the tensile test samples are fractured in the Ti/steel interface. For the as-annealed
samples, some bulk fragments were existed on the fracture surface, as shown in Figure 11(a). For specimen
heat-treated in the range of 700-1000 ℃, the failure mechanism of the explosively welded TA2/15CrNi3MoV
interface was the brittle fracture. Chemical compositions measured by EDS reveal that the fracture surfaces
were mainly contained FeTi and Fe2Ti.

4 Conclusions
Heat treatment of TA2/15CrNi3MoV explosive welding clad plates was performed in the temperature range
700-1000 ℃, for 30min. The microstructure morphology of the interface and tensile strength were
investigated, and some conclusions could be listed below:

(1) Heat treatment process accelerated the interdiffusion of constituent elements, which facilitated the
formation of FeTi, Fe2Ti and TiC. For the Ti/steel interface heat-treated at the temperature of 700 ℃, the
continuous TiC layer hampered the formation of Fe-Ti IMCs. For the explosively welded TA2/15CrNi3MoV
interface heat-treated in the temperature range of 800 ℃-1000 ℃, continuous TiC broken up and the
thickness of Fe-Ti IMCs increased sharply to 4.2 µm.

(2) The tensile strength of the explosively welded TA2/15CrNi3MoV interface decreased with higher heat
treatment temperatures. At the temperature of 700 ℃, the tensile strength slowly decreased to 329.2MPa. At
the temperature of 800 ℃, the tensile strength dropped sharply to 247.3 MPa due to the increase in number
of brittle Fe-Ti IMCs at the TA2/15CrNi3MoV interface.
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Figure 1

Process diagram of (a) explosive welding, (b) heat treatment processing, (c) microstructural characterization
and (d) mechanical properties tests.

Figure 2

Back-scattered SEM images of the as-annealed TA2/15CrNi3MoV explosive welding interface: (a) wave
morphology of the interface, (b) a vortex of the wave interface, (c) distribution of Ti and (d) distribution of
Fe.
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Figure 3

TEM results of as-annealed TA2/15CrNi3MoV explosive welding interface: (a) TEM sample cut from the
TA2/15CrNi3MoV explosive welding interface and (b) prepared by FIB, (c) HAADF images, (d-e) HRTEM and
FFT images at corresponding selected area.

Figure 4

EBSD analysis of the as-annealed Ti/steel interface: (a,d) IQ maps, (c,d) IPF maps, (e,f) KAM maps.
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Figure 5

Back-scattered SEM images of the TA2/15CrNi3MoV interfaces heat treated at different temperature: (a) as-
annealed, (b) 700 ℃, (c) 800 ℃, (d) 850 ℃, (e) 900 ℃, (f) 1000 ℃.

Figure 6

SEM-BSE images of the Ti/steel interface taken at higher magni�cation: (a) as-annealed, (b) 700 ℃, (c) 800
℃, (d) 850 ℃, (e) 900 ℃, (f) 1000 ℃.

Figure 7

Element distributions across 15CrNi3MoV to TA2: (a) as-annealed, (b) 700 ℃, (c) 800 ℃, (d) 850 ℃, (e) 900
℃, (f) 1000 ℃.

Figure 8

X-ray diffraction analyses of the explosive interface
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Figure 9

Standard free Gibbs energy change of TiC, FeTi and Fe2Ti as a function of temperature [28,31].

Figure 10

Results of the tensile strength and thickness of IMCs at different conditions.
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Figure 11

Fracture surface of TA2/15CrNi3MoV clad plates at different conditions: (a) as-annealed, (b) 700 ℃, (c) 800
℃, (d) 850 ℃, (e) 900 ℃, (f) 1000 ℃.


