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Abstract
In this work, TA2/Q235 was used as an composite interlayer to prevent the formation of these brittle Ti–Fe intermetallics 
when joining TC4 Ti alloy to 304 stainless steel (SS). The TA2/Q235 composite interlayer was prepared by explosive weld-
ing. The laser was focused on the TC4–TA2 interface, which joined the TC4 and TA2 by fusion welding. At TC4–TA2 
interface, a weld zone was formed due to the mixing of molten TC4 and TA2. The laser was focused on the Q235–304 SS 
interface, a weld zone was formed due to the mixing of molten Q235 and 304 SS. Composite interlayer TA/Q235 was used 
to prevent the formation of Ti–Fe intermetallics during welding and improve microstructure and properties of the SS–Ti 
alloy joint. The joint fractured at the TA2/Q235 explosive welding interface with the maximum tensile strength of 548 MPa.
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1  Introduction

Recently, the dissimilar titanium (abbreviated as Ti) alloy to 
stainless steel (abbreviated as SS) has been highly demanded 
in aerospace and nuclear industries for welded joint [1]. 
However, the joining between Ti alloy and SS was faced 
with great difficulty due to poor metallurgical compatibility 
of Ti alloy and SS [2, 3]. Direct heat fusion welding of Ti 
alloy and SS can form various intermetallics, such as TiFe 
and TiFe2, etc. [4]. These brittle Ti–Fe intermetallics make 
conventional welded joints cracked spontaneously. All these 
brittle Ti–Fe intermetallics impair the mechanical properties 
of the SS–Ti alloy joints [5, 6]. Therefore, the traditional 
fusion welding has not been technically capable of joining Ti 
alloy with SS due to a metallurgical incompatibility between 
them [7]. Moreover, Ti alloy and SS have wide differences in 
their physical properties, especially the mismatch between 

their coefficient of thermal expansion with Ti alloy and SS, 
which leaves large residual stress in the joints after welding 
[8, 9]. Therefore, the weld was very brittle and easy to crack 
under residual stress.

The interlayers such as Cu [9], Ag [10], Ni [6], Al [11] 
and Mg [12] have been employed to restrain the formation 
of Ti–Fe intermetallics during butt welding. People seek 
to minimize the mixing of matrix materials to prevent the 
formation of these brittle phases, yet even low mixing can-
not avoid the formation of brittle Ti–Fe intermetallics. As 
interlayers form intermetallic phases with Ti and Fe, the 
strength of such welds depends on brittleness of TixMy and 
FexMy (M-metal of interlayer) in comparison with TixFey 
and of spatial distribution of intermetallics in the joints. By 
one pass welding, XiaoYan Gu et al. [13] studied pulsed 
laser welding of SUS 301L SS to TC4 Ti alloy via pure Nb 
interlayer. The joint was formed with one welding zone and 
a reaction layer separated by residual unmelted Nb inter-
layer. The unmelted Nb interlayer served as a diffusion bar-
rier between Ti and Fe to restrain the formation of Ti–Fe 
intermetallics. The mechanical performance of the joint was 
determined by the reaction layer at the Nb-SS interface with 
a tensile strength of 370 MPa. Yet Fe–Nb intermetallics were 
formed in the reaction layer, which decreased the mechani-
cal property of the joints. Oliveira et al. [14] joined NiTi to 
Ti alloy based on laser by using a Nb interlayer. The laser 
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was located at the Ti6Al4V side of the joint, and the Nb 
intermediate layer was introduced into the base material as 
the diffusion barrier. An eutectic reaction was responsible 
for joining at the NiTi-Nb interface. Furthermore, an eutec-
tic mixture was formed between NiTi and Nb. An average 
tensile stress of 300 MPa. In this way, Ti–Fe intermetallics 
can be completely prevented in the joint since the unmelted 
part of an interlayer served as a diffusion barrier between 
base materials. How to ensure the quality of joint, the pre-
vention of formation of the Ti–Fe intermetallics, as well as 
the reduction of the other intermetallics, we should solve 
the problems. However, the appropriate process parameters 
and the location of the laser beam spot must be selected to 
control the formation of the reaction layer in joint. There-
fore, this process is too cumbersome and not suitable for 
industrial production.

Moreover, solid-state welding can eliminate the problems 
in the direct fusion welding because the base metals remain 
in the solid state during joining and many successful exam-
ples have been reported [15–17]. Kundu et al. [15] have stud-
ied Ti–6Al–4V and micro-duplex stainless steel was diffusion 
bonded in vacuum. Effect of bonding temperature and time 
on the strength properties at room temperature were evalu-
ated. Shear strength of 397.5 MPa along with 6.5% elon-
gation was obtained for the diffusion couple processed at 
850 °C for 90 min. Fazel-Najafabadi et al. [16] achieved fric-
tion stir welding parameters were adjusted in order to achieve 
defect-free dissimilar lap joint of CP-Ti to 304 stainless steel. 
Joint shear strength was measured; a maximum failure load 
of 73% of that of CP-Ti was achieved. Mousavi and Sar-
tangi [17] have arrived at a suitable parametric window both 
analytically and experimentally for explosive welding of CP 
Ti–SS 304. They have concluded that at low loads forma-
tion of intermetallics could be totally avoided. However, the 
service conditions may make particular processes unsuit-
able. The diffusion process needs a long time to implement 
in general. Taking high temperature applications for example, 
brazing cannot be candidate. Furthermore, the required joint 
geometry can make friction welding and explosive welding 
difficult to apply [17]. In fact, the tensile strength of Ti alloy/
steel joints obtained by explosive welding was often high. 
However, this method was not suitable for complex geom-
etry and mass production. In fact, butt welding of Ti alloy to 
steel was convenient in technology. As a non-contact fusion 
joining technique with high efficiency and flexibility, laser 
welding has made great achievements in the joining of hard 
to weld materials and dissimilar metals. Laser welding is 
particularly suitable for welding of materials with high ther-
mal diffusivity and electrical conductivity, crack sensitivity, 
and different melting points [18, 19]. Therefore, laser was 
selected as the welding heat source of Ti alloy and SS.

Based on the noted analysis, two welding mechanisms 
(fusion welding and explosive welding) are combined of 

avoiding melting and liquid mixing of the Ti alloy and SS 
during welding. On this basis, a new process for two pass 
laser welding of Ti alloy and SS with TA2/Q235 composite 
interlayer was proposed in this paper. The TA2/Q235 com-
posite interlayer was prepared by explosive welding of TA2 
and Q235. During welding the laser beam was focused on 
the TC4–TA2 interface and Q235–304 SS interface, respec-
tively. In this way, a joint with two weld zones separated by 
unmelted TA2/Q235 composite interlayer was acquired and 
Ti–Fe intermetallics can be completely avoided in two weld 
zones. In another word, there is no formation of a Ti–Fe 
intermetallics during welding. The relation between joint 
microstructures, mechanical properties and fracture modes 
was discussed in detail.

2 � Experimental Procedures

2.1 � Base Materials

The base materials used in this experiment were TC4 Ti 
alloy and 304 stainless steel. Their chemical compositions 
and physical properties are given in Tables 1, 2 and 3. It can 
be seen that there are large differences in thermal conduc-
tivity and linear expansion coefficient between the two base 
materials, which would lead to large temperature gradient 
and thermal stress in the joint during welding process. The 
base materials were machined into 100 mm × 80 mm × 1 mm 
plates, and then cleaned with acetone before welding. Before 
welding, the specimens were mechanically and chemically 
cleaned. The gap between the edges of Ti alloy and SS was 
very important to adequate heat transfer and prevent porosity 
formation. The specimens are clamped each other tightly in 
order to get the minimum gap formation between the edges.

2.2 � Preparation of TA2/Q235 Composite Interlayer

According to the previous analysis, the composite interlayer 
was prepared by explosive welding. The interlayer materi-
als used in this experiment were TA2 commercially pure 
titanium and Q235 low carbon steel. Their chemical com-
positions are given in Tables 4 and 5. Figure 1a, b show 
the microstructure of TA2 and Q235, respectively. A sche-
matic diagram of the explosive welding procedure is shown 
in Fig. 2a. It is shown in Fig. 2b that the optical image of 
the explosive welding interface. It does not present mani-
fest flaws (micro-cracks and pores), and has a distinct wavy 
interface. The TA2/Q235 composite interlayer was machined 
into 80 mm × 4 mm × 1 mm plates, and composite interlayer 
used was 2 mm TA2 + 2 mm Q235 plate. Before welding, 
the TA2/Q235 composite interlayer is polished by sandpaper 
with less granularity to remove oxide film, dirt and other 
impurities. During grinding, the straightness and flatness of 
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the composite interlayer should be maintained, then ultra-
sonic cleaning is performed and dried.

2.3 � Welding Method

CW laser was used with average power of 1.20 kW, wave-
length of 1080 nm and beam spot diameter of 0.1 mm. A 
schematic diagram of the welding procedure is shown in 

Fig. 3a. In the first pass, TC4 was welded to TA2 sheet with 
the laser beam focused on the TC4–TA2 interface, as seen 
in Fig. 3b. In the second pass (immediately after the first 
one) Q235 sheet was welded to 304 SS with the laser beam 
focused on the Q235–304 SS interface, as seen in Fig. 3c. 
Two pass welding involving creation of a joint with two 
weld zones separated by remaining unmelted TA2 and Q235. 
The process parameters of the first pass were as follows: 
laser beam power of 456 W, defocusing distance of + 5 mm, 

Table 1   Main chemical 
compositions of 304 stainless 
steel (at%)

Si Mn P S Cr Ni N Fe

0.53 1.07 0.04 0.03 18.09 8.01 0.03 Bal

Table 2   Main chemical 
compositions of TC4 titanium 
alloy (at%)

Al V Fe C N H O Ti

6.06 4.03 0.15 0.02 0.02 0.006 0.17 Bal

Table 3   Physical properties of TC4 titanium alloy and 304 stainless 
steel

Mate-
rial

Melt-
ing 
point 
(°C)

Practical 
tensile 
strength 
(MPa)

Specific heat 
capacity 
(J kg−1 K−1)

Thermal 
conductivity 
(W m−1 K−1)

Linear 
expansion 
coefficient 
(10−6 K−1)

TC4 1650 1100 536 6.4 8.7
304 1454 685 500 16.3 17.2

Table 4   Main chemical compositions of TA2 (at%)

Fe C N H O Ti

0.3 0.1 0.05 0.015 0.25 Bal

Table 5   Main chemical compositions of Q235 (at%)

Si Mn P S N Fe

0.30 0.55 0.45 0.05 0.03 Bal

Fig. 1   Microstructures of inter-
layer materials: a TA2; b Q235

Fig. 2   The making process of 
composite interlayer: a sche-
matic diagram of the welding 
process; b optical image of the 
explosive welding interface
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welding speed of 700 mm/min. The process parameters of 
the second pass were as follows: laser beam power of 492 W, 
defocusing distance of + 5 mm, welding speed of 700 mm/
min. Argon gas with the purity of 99.99% was applied as a 
shielding gas with total flow of 20 L/min at top of the joint.

2.4 � Characterization Methods

The cross sections of joints were polished and etched in 
the reagent with 2 ml concentrated HNO3 and 6 ml con-
centrated HF. The microstructure of joints were studied by 
optical microscopy (Scope Axio ZEISS), scanning elec-
tron microscope SEM (S-3400) with fast energy dispersion 
spectrum EDS analyzer and selected area XRD (X’Pert3 
Powder) analysis. Vickers microhardness tests for the weld 
carried out with a 10 s load time and a 200 g load. Tensile 
strength of the joints was measured by using universal test-
ing machine (MTS Insight 10 kN) with cross head speed of 
2 mm/min. WRN-191K sheathed thermocouple (measuring 
range − 250 to 1350 °C) as the temperature sensor.

3 � Results and Discussion

3.1 � Macro‑characteristics

After welding, the macrostructure of the joint was exam-
ined. The cross-section of SS–Ti alloy joint is shown in 
Fig. 4. As a result, mixing of Ti and Fe was avoided, and 
brittle intermetallics compounds of Ti and Fe can not be 
produced. Metallurgical joining was realized through three 
kinds of metallurgical processes in the joint. The joint 
can fall into five parts: the first weld zone (WZ1) formed 
at the TC4–TA2 interface, unmelted TA2, second weld 
zone (WZ2) formed at the TA2–Q235 explosive welding 
interface, unmelted Q235 and the third weld zone (WZ3) 
formed at the Q235–304 SS interface. The WZ1 did not 
form Ti–Fe intermetallics due to the presence of unmelted 

TA2. Simultaneously, the WZ3 did not form Ti–Fe inter-
metallics due to the presence of unmelted Q235. In such 
a way, a joint with three weld zones separated by the 
unmelted TA2 and Q235 was acquired, and the formation 
of Ti–Fe intermetallics can be completely avoided during 
welding.

It should be noted that precise control of the laser spot 
position and welding parameters is crucial to obtain a sound 
joint. If the laser spot is draw near to the TA2/Q235 interface 
or welding heat input is too large, the TA2/Q235 interface 
is beginning to melt in the joint, thereby amount of brit-
tle Ti–Fe intermetallics is greatly increased in the joint and 
cannot be realized the effective combination between SS 
and Ti alloy.

3.2 � Thermal Cycling Test of TA2/Q235 Interface 
During Two Pass Welding

Based on the noted analysis, TA2/Q235 interface melting 
must be avoided during two pass laser welding. Therefore, 
two pass lasers will have a certain impact on the TA2/Q235 
interface. To better reflect the formation of the joint, the ther-
mal cycling test was performed on the TA2/Q235 interface. 

Fig. 3   The schematic diagram 
of the welding process: a sche-
matic diagram of the two pass 
laser; b first pass laser; c second 
pass laser

Fig. 4   The optical image of the cross section of the joint
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Due to the limitation of plate thickness and clamping device, 
the welding heat cycle is difficult to test through drilling in 
the middle or bottom of the test plate. To simplify the test and 
make the test more precise, this paper studied the heat cycle 
test from the side slot of the test plate. When the first laser 
welding, the structure was provided with opposite grooves 
on the Q235 side faces, and the interior of a sealing groove 
formed by the groove was provided with a thermocouple, as 
seen in Fig. 5a. When the second laser welding, the structure 
was provided with opposite grooves on the TA2 side faces, 

structure. The compositions of position A in WZ1 were stud-
ied using SEM-EDS. EDS analysis was applied to each zone 
in joint to measure the compositions of the reaction products 
and the results are listed in Table 6. Generally, Mo equiva-
lents are usually used to evaluate the effect of β stable ele-
ment on microstructure, and several scholars researched the 
influence of Mo on the phase composition of titanium and 
found the existence of martensite α′ when [Mo]eq is greater 
than some values [20, 21].

According to the computational formula [22]:

According to the computational formula [23]:

where CW was the average mass fraction (%) of an alloying 
element in weld zone; DA and DB are the fusion ratios of the 
two materials in the weld; CA and CB are the mass fraction 
of an alloying element in the materials (%). According to 
calculation, the fusion ratio of TC4 and TA2 in WZ1 was 
53:47. According to computational formula (2), the average 
mass fraction of the main elements in WZ1 can be obtained. 
According to computational formula (1), the Mo equivalent 
(Moeq) of WZ1 was 3.4. MA et al. [24] found martensite 
α′ phase in the weld of laser welded homogeneous TC4 Ti 
alloy (Mo equivalent of weld was 3). Therefore, the main 
microstructures of WZ1 were martensite α′. XRD analysis 
result also confirmed the presence of martensite α′ in WZ1 
(Fig. 6d). A large amount of α′ martensite was formed in the 
WZ1 due to the laser welding has faster heating and cooling 
rate. The α-to-β phase transition and the β-to-α′ phase tran-
sition occurred in the WZ1, resulting in the disappearance 
of the original α and β phases and the occurrence of a large 
amount of martensite α′.

3.3.2 � Microstructure Analysis of WZ2

The optical image of the WZ2 is shown in Fig. 7a. It does not 
present manifest flaws (micro-cracks and pores). Figure 7b 

(1)[Mo]eq = [Mo] + 0.2[Ta] + 0.28[Nb] + 0.4[W] + 0.67[V] + 1.25[Cr] + 1.25[Ni] + 1.7[Mn] + 1.7[Co] + 2.5[Fe]

(2)CW = DACA + DBCB

Fig. 5   Temperature measure-
ment test of TA2/Q235 interface 
during welding: a thermocouple 
distribution of first pass laser; 
b thermocouple distribution of 
second pass laser; b thermal 
cycle curve of two test points

as seen in Fig. 5b. The thermal cycle curve obtained from 
TA2/Q235 interface during welding is shown in Fig. 5c. It is 
suggested that the peak temperatures of TA2/Q235 interface 
(first laser welding and second laser welding) were 482 °C 
and 542 °C, respectively. By the experiment data we can see 
the the peak temperature of the TA2/Q235 explosive weld-
ing interface during the second welding was significantly 
higher than that of the first welding. This is mainly because 
the thermal conductivity of Q235 was significantly higher 
than that of TA2, and the heat input of the second welding 
was slightly higher than that of the first welding. According 
to the thermal cycling test of TA2/Q235 interface, the TA2/
Q235 interface is at a relatively high temperature during both 
welding. Through the heat conduction of unmelted TA2 and 
Q235, two laser welding was equivalent to two post-welding 
heat treatment of TA2/Q235 interface. This is helpful to 
reduce or eliminate the residual welding stress of the TA2/
Q235 interface due to explosive welding, and improve the 
strength of composite interlayer.

3.3 � Microstructure Analysis

3.3.1 � Microstructure Analysis of WZ1

The optical image of the WZ1 is shown in Fig. 6a, b, and no 
defects were observed in it. SEM image of the fusion weld 
is shown in Fig. 6c. The WZ1 mainly consists of acicular 
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exhibits SEM images in different areas of the WZ2 in Fig. 7a. 
It can be seen that the WZ2 consisted of a lamellar structure 
(marked as B and C). In order to identify the phase struc-
tures pointed by arrows in Fig. 3a, the EDS analysis was 
carried out, as shown in Table 6. Based on the EDS analysis 
results in Table 6 and Ti–Fe phase diagram [24], zone B was 
defined as β-Ti + TiFe eutectic and zone C was defined as 
β-Ti solid solution. The width of zone B and C was 6.3 μm 
and 4.9 μm, respectively. Thus, finer size dendritic structures 
were obtained in zone B, which would contribute to minimu-
mum brittlement of the WZ2 [26]. As the Ti–Fe binary phase 
diagram suggests [25], the maximum solubility of Fe atom in 
β-Ti atom was 18 at%. Also the single-phase supersaturated 
β-Ti structure might contribute to fracture resistance because 
the Fe was a β stabiliser of β-Ti solid solution and broadened 

the β-Ti phase zone. Therefore, the main microstructures of 
WZ2 were β-Ti solid solution and a small amount of TiFe 
phase. According to the study by Mousavi et al. [27], TiFe 
phase has the largest brittleness in the Ti–Fe series com-
pounds. However, the TiFe phase in the WZ2 presented as 
a eutectic mixture rather than a single compound layer. It 
was primarily because the presence of β-Ti solid solution in 
eutectic structure that reduced the brittleness of TiFe phase. 
The strength of eutectic structure tended to be stronger than 
that of single compounds layer. Eutectic structure reduced 
the brittleness of the WZ2 due to the presence of β-Ti solid 
solution. Therefore, it can relatively deform easily to reduce 
the residual stresses in the inner of joint.

Figure 8 present the SEM-EDS plane analysis results 
from WZ2. It can be seen from Fig. 8 that the content of Ti 

Fig. 6   Microstructures in the WZ1 of the joint: a optical image of WZ1; b optical image of fusion line in WZ1; c SEM image of WZ1; d XRD 
analysis results of WZ1

Table 6   The chemical 
composition of each phase (at%)

Region Composition (%) Potential phases

Ti Fe Al V Ni Cr Bal

A 97.7 2.3 α′ Martensite
B 67.3 32.7 β-Ti + TiFe
C 83.7 16.3 β-Ti solid solution
D 87.5 3.8 8.7 γ-Fe, α-Fe
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element in the WZ2 is significantly higher than that of Fe 
element. In order to confirm the elements Fe and Ti distri-
bution in the WZ2, the SEM-EDS line analysis were carried 
out, as shown in Fig. 9. The line analysis started from TA2 
side, passed through the WZ2 and ended in Q235 side. Based 
on the EDS line analysis in Fig. 9, Fe and Ti, as two main 
elements, were detected in the WZ2. Moreover, from the 
TA2 to the Q235, the content of Fe element increased gradu-
ally while the content of Ti decreases rapidly as a whole. 

The composition abruptly changes at the Q235 side while 
the transition was more gradual on the TA2 side of the TA2/
Q235 interface. This is due to the higher diffusivity of Fe 
into Ti than Ti into Fe [28]. When Fe diffuse into the TA2 
side of the WZ2, the will be dissolved into Ti to form a 
solid solution. This reaction layer adjacent to the TA2 has 
a gradual variation in Fe content, and faster diffusion of Fe 
creates a large amount of vacancies in its matrix, and thus 
promotes larger diffusional distance of Ti in the Q235 side 

Fig. 7   Microstructures in the 
WZ2 of the joint: a optical 
image of WZ2; b SEM image 
of WZ2

Fig. 8   EDS plane analysis 
results in the WZ2 of the joint: 
a Ti; b Fe

Fig. 9   EDS line analysis results in the WZ2 of the joint
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[29]. Fe also penetrates on to the TA2 side inside the alloy 
composition.

As mentioned earlier, the TA2/Q235 composite interlayer 
was prepared by explosive welding. The formation model 
of explosive welding interface (WZ2) is established based 
on the theory of explosion welding, as shown in Fig. 10. 
After the ignition of the explosion the TA2 cladding plate 
accelerates towards the base Q235 plate. A propagating jet 
forms between the two plates, as shown in Fig. 10a. The flyer 
plate (TA2 in this case) always undergoes higher deforma-
tion than the base material (Q235 in this case) [30]. It uses 
the impact force generated by explosive blasting to cause 
two surfaces that are in contact with each other to collide 
at high speed, thereby converting kinetic energy into heat 
energy, as shown in Fig. 10b. At higher temperatures, the 
thermal energy supplied to the diffusing atoms allowed the 
atoms to overcome the activation energy barrier and to move 
to new lattice sites more easily [31]. The interdiffusion of 
Ti and Fe elements occurred until eutectic composition was 
obtained, and liquid phase was formed through the eutectic 
reaction, as shown in Fig. 10c. Based on the EDS analysis 
results in Table 6 and Ti–Fe phase diagram[25], eutectic 
reaction L → β-Ti + TiFe occurred, and liquid phase was 
produced at TA2/Q235 interface. The dissolution of Ti and 
Fe into the eutectic liquid phase occurred under the high 
concentration gradient. Thus, the liquid phase generation 
and the element diffusion happened simultaneously. When 
the temperature was dropped, the β-Ti solid solution zone 
occurred near eutectic reaction zone, as shown in Fig. 10d. 
According to the knowledge of metallic physics, the wider 
the thickness of the reaction zone, the bigger the concentra-
tion gradient of Fe in the reaction zone [30]. Therefore, the 
transform from β-Ti solid solution to β-Ti + TiFe eutectic 

structure can be realised easily if there are enough Fe atoms 
in the β-Ti solid solution/eutectic structure interface, and 
the eutectic structure zone near the β-Ti solid solution was 
easier to reach saturation. Subsequently, the Fe and Ti near 
Q235 side because of high Ti content was not easy to form 
eutectic structure, which was propitious to the formation of 
β-Ti solid solution in Q235 side. The conclusion is drawn 
that the rate of Ti and Fe atoms diffusion was the critical 
factor to control the formation of WZ2.

3.3.3 � Thermodynamic Analysis of Reaction Layer in WZ2

A governing equation was established by Isaac et al. [32] 
for the widening of the eutectic reaction zone, which 
reflects the relationship between the thickness of the 
eutectic reaction zone and the holding time in transient 
liquid phase. The thickness of eutectic reaction zone was 
expressed in Eq. (3):

W denotes the thickness of the eutectic liquid zone; DL 
is diffusion rate of the diffusion element in the eutectic 
liquid; K is constant; t is the holding time. Since DL and 
K are constants at a given temperature. It is suggested 
that at a constant joining temperature, the thickness of 
eutectic liquid has linear relation with t1/2. The thickness 
of the eutectic liquid zone can be kept low by shorten-
ing the holding time. Because of the explosion welding 
has a faster heating and cooling rate, the holding time at 
high temperature was very short, and the liquid phase 
existed only in a smaller region of the explosion welding 
(TA2–Q235) interface, which readily forms a narrower 
eutectic reaction zone (zone B) at the explosion welding 
interface.

As the analysis suggests, Ti and Fe dissolution and dif-
fusion stage played a decisive role in the growth process 
of the reaction layer in WZ2. In the welding, the growth 
of the reaction layer was controlled by the diffusion of 
Ti and Fe atoms, in which the thickness of intermetallic 
layer is written in Eq. (4) :

In Eq.  (4), X denotes the thickness of intermetal-
lic layer, t is reaction time, n is time factor (0.5), K0 is 
constant, R is the gas constant (R = 8.314 J/(mol·K)), Q 
is the diffusion activation energy and T is the reaction 
temperature. Equation (4) suggests that both t and T can 
widen the intermetallic layer, and the contribution from 
T is considerably larger than that from t. Therefore, the 
thickness of Ti–Fe intermetallic layer increases with the 
increase of the reaction temperature at TA2–Q235 inter-
face. As these results suggest, formation and growth of 

(3)W = K(DLt)
1∕2

(4)X = K0exp(−Q∕RT)
√

t

Fig. 10   Physical model formation of the TA2/Q235 interface dur-
ing explosion welding (a) after the ignition of the explosion; (b) two 
surfaces that are in contact with each other to collide at high speed; 
(c) formation of eutectic liquid in the interface; (d) formation of β-Ti 
solid solution zone in the interface
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the coarse Ti–Fe intermetallics at TA2–Q235 interface 
can be constricted if the heat input in the welding process 
was small enough. As mentioned before, the explosion 
welding has a faster heating and cooling rate, the holding 
time at high temperature was very short. By reasonably 
controlling explosive welding parameters, the thickness 
of the Ti–Fe intermetallic layer can be kept comparatively 
low to obtain a small amount of Ti–Fe intermetallics, 
which contributes to the mechanical properties of the 
TA2/Q235 composite interlayer.

3.3.4 � Growth Kinetics Analysis of Reaction Layer in WZ2

As the previous analysis suggests, the main composition 
phase of the WZ2 was primarily the β-Ti solid solution and 
reaction product of Ti and Fe. According to the Ti–Fe binary 
phase diagram [24], β-Ti, TiFe and TiFe2 compounds can 
be formed between Ti and Fe. Yet only single β-Ti phase 
layer was detected in the WZ2 under the explosive welding. 
The analysis suggests that the formation of each intermetal-
lic compound was determined first by thermodynamic fac-
tors. By conducting thermodynamic analysis, the possibility 
of the formation of Ti–Fe intermetallics was studied. It is 
known from the classical physicochemical theory that the 
free energy of the growing gibbs free energy ∆G is a rela-
tive quantity, and the free energy of each substance can be 
evaluated by the standard free energy:

where T denotes the reaction temperature; ΔGΘ
T
 is the stand-

ard reaction Gibbs free energy at temperature T; ΔHΘ
T
 is the 

reaction enthalpy change at temperature T; ΔST is the reac-
tion entropy change at temperature T. It is the numerical 
value that can be found in the thermodynamic manual. By 
calculating the standard Gibbs free energy (G) of the reac-
tion, G can determine whether reaction can proceed sponta-
neously under constant temperature and constant pressure. 
When ΔGΘ

T
≥ 0 , the reaction cannot occur spontaneously; 

When ΔGΘ
T
< 0 , the reaction is spontaneous.

In line with the thermodynamic data of Ti–Fe binary 
compounds [33], the standard Gibbs free energy G of Ti–Fe 
intermetallics in the range of 400–1600 °C was calculated, as 
shown in Fig. 11. It is observed from the diagram that β-Ti, 
TiFe and TiFe2 reaction free energy can reach − 100 kJ/mol, 
more than 1000 °C. It is suggested that this reaction was very 
large in the driving force. During the cooling process, all three 
are very easy to generate. In particular, the Gibbs free energy 
of β-Ti phase can reach − 500 kJ/mol, which can be generated 
at extremely low degree of supercooling. It is observed from 
Fig. 11 that the Gibbs free energy of β-Ti was much higher 
than that of TiFe and TiFe2 at the same temperature, so β-Ti 
will be preferentially generated in the cooling crystallization 
process.

(5)ΔGΘ
T
= ΔHΘ

T
− TΔST

3.3.5 � Microstructure Analysis of WZ3

It is shown in Fig. 12a, b that the optical image of the WZ3. It 
does not present such defects as pores and macro-cracks. It is 
shown in Fig. 12c that the SEM image of the WZ3. It can be 
seen in Fig. 12 that WZ3 mainly consists of columnar crystal. 
According to calculation, the fusion ratio of Q235 and 304 SS 
in WZ3 was 45:55. According to computational formula (2), 
the average mass fraction of the main elements in WZ3 can 
be obtained.

According to the computational formula [34]:

According to computational formula (6) and (7), the Cr equiv-
alent (Creq) and Ni equivalent (Nieq) of the WZ3 were 21.15 and 
12.55 respectively, with Creq/Nieq of WZ3 was 1.69. Based on 
the carbon equivalence method and Calderon organization chart 
[35], the main microstructures of the WZ3 were γ-Fe austenite 
and a small amount of α-Fe ferrite, the ferrite content in the WZ3 
was approximately 10%. XRD analysis result also confirmed the 
presence of γ-Fe austenite and α-Fe in WZ3 (Fig. 12d).

3.4 � Microhardness Tests

As shown in Fig. 13, the microhardness distribution in the 
joint was non-uniform. TC4 Ti alloy has similar hardness 
to 304 SS. The average microhardness in WZ1 was 412 HV 
and was 135% of initial Ti alloy. That could be attributed 
to the presence of brittle martensite α′ which could make 
the WZ1 obtain higher hardness. The average microhardness 
in unmelted TA2 was 313 HV. The average microhardness 
in unmelted Q235 was 349 HV. The hardness of TA2 was 

(6)[Cr]eq = %C + %Mo + (1.5 × %Si) + (0.5 × %Nb)

(7)[Ni]eq = %Ni + (30 × %C) + (30%N) + (0.5 × %Mn)

Fig. 11   Temperature varying Gibbs free energy of β-Ti, TiFe and 
TiFe2
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slightly lower than those of Q235. The microhardness in WZ2 
was 422 HV and was 135% of TA2. That could be attributed 
to the presence of some Ti–Fe intermetallics which could 
make the WZ2 obtain higher hardness. The average micro-
hardness in WZ3 was 343 HV, close to the 304 SS.

3.5 � Tensile Tests and Fracture Analysis

As shown in Fig. 14a, the tensile strength of the SS–Ti 
alloy joint can reach to 548 MPa. To find the weakest part 
of the joint, the fracture location was analyzed as shown in 
Fig. 14b. The joint fractured in WZ2 of the TA2–Q235 inter-
face during tensile tests. Moreover, as shown in Fig. 14c, 
brittle fracture can be observed at TA2–Q235 interface. 
The XRD analyses of fracture surface as shown in Fig. 14d. 
It has also indicated the presence of β-Ti and TiFe phases 
at fracture surfaces. The WZ2 of the TA2–Q235 interface 
became the weak zone of the joint, which led to the failure 
in the tensile test.

Based on the previous analysis, the TA2/Q235 compos-
ite interlayer prepared by explosion welding can control the 
Ti–Fe intermetallics in a very narrow region to reduce the 
content of the Ti–Fe intermetallics in the WZ2. The brit-
tleness of eutectic structure to be lower than that of single 
Ti–Fe intermetallic layer. The formation of a narrower eutec-
tic reaction zone and the finer size of the eutectic structure 
and Ti–Fe intermetallics at TA2–Q235 interface were the 
major reasons for the increase of joint strength. By using 
explosion welding method, the thickness and size of Ti–Fe 
intermetallics at TA2–Q235 interface can be controlled, 

Fig. 12   Microstructures in the WZ3 of the joint: a optical image of WZ3; b optical image of fusion line in WZ3; c SEM image of WZ3; d XRD 
analysis results of WZ3

Fig. 13   Vickers microhardness measurements at semi-height of the 
joint (zero point situated in the center of the joint)
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Q235 explosive welding interface were controlled in a very 
small region. During welding, the unmelted TA2 and Q235 
was selected as a barrier to avoid mixing of the Ti alloy 
and SS, while ensuring joining at both interfaces (TC4–TA2 
and Q235–304 SS). For TC4/TA2/Q235/304 SS joint, all 
intermetallics formed by Ti or Fe have been avoided during 
welding. The maximum tensile strength of joint can reach 
to 548 MPa. In addition, due to the excellent plasticity of 
unmelted TA2 and Q235, the residual stress of the joint can 
be reduced.
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