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Abstract: Titanium-clad steel plates are widely used in chemical equipment and nuclear power
equipment due to their excellent corrosion resistance and high strength. However, the Ti-C and
Fe-Ti compounds generated easily at the titanium/steel interface deteriorate the bonding strength of
titanium and steel, especially in high-temperature service environments. In this study, pure Fe DT4
was chosen as an intermediate layer to control the formation of interfacial compounds. The plates
of titanium/DT4/steel were manufactured by hot rolling technology with a small hole vacuuming.
Then, titanium-clad steel plates were annealed at temperatures of 450 ◦C, 550 ◦C, and 650 ◦C to modify
microstructure and properties. The interfacial microstructure composition, mechanical properties of
titanium-clad steel plates, and the corrosion resistance property of titanium plates were studied in
the as-rolled state and under different annealing temperatures. The results showed that compounds
of TiC, FeTi, and Fe2Ti were generated at the interface of titanium-clad steel plates in the as-rolled
state. After the annealing treatment, the types and quantities of the interfacial compounds were
reduced, and these compounds were mainly TiC and FeTi at an annealing temperature of 450 ◦C. The
interfacial compound was only TiC at an annealing temperature of 550 ◦C. However, the compounds
of TiC and FeTi appeared at the interface at an annealing temperature of 650 ◦C. The variation of
interfacial compounds determined the hardness and the shear strength of the titanium-clad steel
plates. The more the interfacial compounds, the higher the hardness and the lower the shear strength.
Therefore, when the annealing temperature was 550 ◦C, the interfacial hardness was lowest and
the shear strength was highest. Meanwhile, the corrosion resistance of the titanium-clad plates
showed significant improvement, indicating that this temperature provides favorable conditions for
enhancing the corrosion performance of the plate.

Keywords: hot rolling technology with small hole vacuuming; titanium-clad steel plates; intermetallic
compounds (IMCs); microstructure; corrosion resistance

1. Introduction

Titanium-clad steel plates are widely used in various fields such as petrochemical,
marine engineering, and power plant desulfurization. As a result of the corrosion resistance
of titanium alloys and the high strength and good plasticity of low-carbon steel especially,
they can reduce the consumption of a single precious titanium alloy to save the cost [1–4].

Currently, there are three main methods to manufacture metal composite plates: explo-
sive bonding, rolling, and explosive + rolling. During the process of explosive bonding and
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explosive + rolling bonding, the stability of the explosive bonding is decreased with the plate
area increasing. If the plate area is too large, mismatch occurs and poor bonds appear at the
edges of the composite plate and the product yield rate is low. Additionally, the environmen-
tal pollution problems caused by explosions, such as shock waves, noise, and dust, become
increasingly serious as the number of explosives increases proportionally [5,6]. Hot rolling
technology does not have the above problem of explosive bonding, but the surface of the
billet is prone to oxidizing during the high-temperature heating process, which affects the
interface bonding of the metal composite plates. To solve the oxidation at high temperatures,
JFE corporation in Japan was the first to integrate vacuum electron beam welding with hot
rolling to form the relatively mature technology of vacuum rolling. Meanwhile, small hole
vacuuming can also be used to produce billets with the help of a mechanical pump to extract
the air inside the billets. Vacuum hot rolling can produce thin laminated metal composite
plates with a width exceeding 3000 mm. Compared with the vacuum electron beam rolling,
the hot rolling technology with small hole vacuuming is simpler and its production cost is
lower [7,8], thus it is used in small and medium-sized enterprises.

There are some differences in the physical and chemical properties between titanium
and steel. Therefore, even if hot rolling with small hole vacuuming is used to prepare
titanium-clad steel plates, there are still some problems. On the one hand, the deformation
of two substrates is inconsistent during the hot rolling process. On the other hand, inter-
metallic compounds (IMCs) such as TiC, FeTi, and Fe2Ti are easily formed at the interface
of titanium-clad steel plates. These brittle IMCs are prone to becoming stress concentration
points and crack propagation sources. This will deteriorate the interfacial bonding strength
of the titanium/steel [9–11].

Scholars have reported a lot about the IMCs’ formation in titanium-clad steel plates [12–14].
Jiang et al. [15], Chu et al. [16], and so on confirmed that IMCs such as FeTi, Fe2Ti, and
TiC generate at the interface of TA1 titanium and Q235 steel. To control the formation
of interfacial IMCs, Yan et al. [17] selected Ni as an intermediate layer to inhibit the
formation of TiC and TiFe compounds between titanium and stainless steel during hot
rolling. Moreover, Ni reacted with Ti to generate TiNi, TiNi3, and Ti2Ni compounds so that
the bonding strength of the titanium and stainless steel was improved. Li et al. [18] believed
that using Cu as an intermediate layer could suppress the mutual diffusion of elements
Fe and Ti, thereby reducing the generation of brittle IMCs at the interface. However,
the grain size of interfacial IMCs increased and the interfacial shear strength decreased
after the titanium-clad steel plates annealing. Chai et al. [19] found that intermediate
layers of Nb and Mo can effectively reduce the generation of TiC and Fe2Ti compounds,
but micropores appeared at the interface of the titanium-clad steel plates. The size and
quantity of these micropores were related to the shear strength of the titanium-clad steel.
The shear strength can reach a value of 290 MPa when using Nb as the intermediate
layer with the small size of the micropores. However, the shear strength decreased a
lot when using Mo as the intermediate layer with the large size micropores. Although
these intermediate layer materials mentioned above can improve the interfacial bonding
strength of titanium-clad steel, their cost is high. Several studies have shown that choosing
pure Fe as the intermediate layer can decrease production costs greatly. Yu et al. [20]
manufactured titanium-clad steel plates with pure iron DT4 as the intermediate layer in
vacuum hot rolling technology. The results showed that the interfacial shear strength
reached up to a maximum of 237.6 MPa with the rolling temperature of 850 ◦C. It seemed
that adding an intermediate layer can reduce the number of interfacial IMCs and improve
the bonding strength of titanium-clad steel plates; moreover, pure iron was considered the
most economical material among these intermediate layer materials.

After the vacuum hot rolling of titanium-clad steel plates, the plates were annealed to
eliminate the residual stress and improve their plasticity and toughness. The annealing
temperature and holding time had a significant impact on the properties of the titanium-
clad steel plates. Li et al. [21] reported that titanium and steel were rolling bonded using
interstitial free (IF) steel and vanadium (V) as interlayers, and then the as-rolled clad plates
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were subjected to different post-rolling annealing treatments. The shear strength and the
tensile strength of the annealed clad plates decreased with the increase in holding time
and annealing temperature. Reductions in the strength were mainly attributed to the
co-existence of the σ phase and vanadium carbides. Jiang et al. [22] annealed the titanium-
clad steel plates for about 60 min at temperatures of 650 ◦C, 750 ◦C, 850 ◦C, and 950 ◦C.
The microstructure of the samples underwent recovery and recrystallization during the
annealing process, and the shear strength decreased quickly once the temperature was over
850 ◦C. Wang et al. [23] used explosive + rolling technology to prepare the titanium-clad
steel plates with DT4 pure iron as the intermediate layer first and then the as-rolled plates
were annealed at temperatures from 550 ◦C to 1000 ◦C. He pointed out that the interfacial
shear strength reached its maximum with temperatures ranging from 550 ◦C to 650 ◦C. The
above research indicates that the interfacial bonding of clad plates is optimal when the
annealing temperature is no more than 650 ◦C.

Therefore, TA2 titanium and Q235B steel were hot rolled by using small hole vacu-
uming with DT4 pure iron as the intermediate layer in this paper. Then, the as-rolled clad
plates were annealed with a holding time of 2 h at temperatures of 450 ◦C, 550 ◦C, and
650 ◦C. The microstructure, shear strength, and corrosion resistance of the clad plates in
the as-rolled state and under different annealing temperatures was systematically studied.
The evolution mechanism of the IMCs at the interface of the clad plates was explored. The
relationship of the annealing temperature with the interfacial microstructure, the shear
strength, and the corrosion resistance of the clad plates was established.

2. Experimental Materials and Methods

TA2 titanium with a size of 11.5 mm × 1500 mm × 2200 mm and Q235B steel with a
size of 80 mm × 1600 mm × 2300 mm were selected as the clad metals. DT4 pure iron with a
thickness of 1 mm was used as the intermediate layer to control the formation of brittle IMCs
at the interface. Their chemical compositions and properties are listed in Tables 1 and 2.

Table 1. Chemical composition of the clad metals (wt. %).

Elements C Si Mn Fe N H Ti O Al S P

TA2 0.030 - - 0.300 0.009 0.002 Bal. 0.25 - - -
Q235B 0.2 0.2 0.2 Bal. - - - - 0.03 0.03

DT4 0.148 0.15 0.6 Bal. - - - - 0.023 0.003 0.017

Table 2. Physical and mechanical properties of the clad metals.

Materials Density
(g/cm3)

Thermal Conductivity
W/(m·K)

Coefficient of
Linear Expansion

(10−6·K−1)

Melting Points
(◦C)

Tensile
Strength

(MPa)

Elongation
after Fracture

A (%)

TA2 4.51 21.9 8.6 1668 441 20
Q235B 7.85 49.8 12 1468 487 30

Titanium-clad steel plates were manufactured by hot-rolling technology with small
hole vacuuming. Its rolling process is shown in Figure 1. Firstly, a symmetrical struc-
ture of Q235B steel/DT4 pure iron/TA2 titanium/Barrier agent/TA2 titanium/DT4 pure
iron/Q235B steel was equipped to improve the production efficiency and prevent the
deformation of the plates during rolling. Wherein, a barrier agent with a thickness of
approximately 0.3 mm~0.4 mm was coated on the interface of the two TA2 titanium to
prevent adhesion during hot rolling. The barrier agent was a mixture of magnesium oxide,
water glass, and polyvinyl alcohol. Secondly, assembled samples were sealed and were
joined around the plates by submerged arc welding. Then, samples were vacuumed with
a small hole and the vacuum degree reached up to a value of 5 Pa. Finally, the process of
multi-layer combined rolling was conducted. The billet was heated to 880 ◦C in a resistance
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furnace and held for 4 h, and then rolled 16 times at a temperature of 850 ± 10 ◦C. The
overall compression rate was up to the value of 90%, and the titanium-clad steel plates
with a thickness of 10 mm for steel and 1.2 mm for titanium were completed. The as-rolled
titanium-clad steel plates were annealed at temperatures of 450 ◦C, 550 ◦C, and 650 ◦C,
respectively, with the same holding time of 2 h.
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Figure 1. Manufacturing process flow of titanium-clad steel plates.

Titanium-clad steel plates were ground with sandpapers, polished with SiO2 sus-
pension, then corroded by using a solution including hydrofluoric acid, nitric acid, and
deionized water with a volume ratio of 2:1:50 for the titanium side and by using a 4% nitric
acid solution for the steel side. The interfaces of titanium-clad steel plates were observed by
using a ZEISS optical microscope (OM, Jena, Germany) and a JSM-6480 scanning electron
microscope (SEM, JEOL, Tokyo, Japan). The characteristic points and the element distri-
bution at the interface were analyzed by using energy dispersive spectroscopy (EDS, Carl
Zeiss, Jena, Germany) and mapping scanning. A titanium-clad steel plate was peeled off
along its interface, and the phase analysis on the surface of TA2 titanium and Q235B steel
was performed by using an X-ray diffractometer (XRD-6000, Shimadzu, Kyoto, Japan). The
process parameters were a scanning rate of 6◦/min, a step width of 0.02◦, and an angle of
10◦~90◦. The morphologies were observed using transmission electron microscopy (TEM,
JEM-2100F, JEOL, Tokyo, Japan). Samples were first sliced into discs with a thickness of
0.25 mm with a diamond saw. These discs were mechanically ground and then thinned by
using a double-jet electropolisher with an electrolyte of 90% perchloric acid and 10% ethyl
alcohol at −30 ◦C and 20 mA. Bright-field images and selected area electron diffraction
(SAED) patterns of interfacial compounds were obtained.

The tensile and shear tests on the titanium-clad steel plates were performed by
GB/T8547-2006 «Titanium-clad steel plates» and GB/T6369-2008 «Test Methods for Me-
chanical and Process Properties of Composite Steel Plates». The sizes of the samples are
shown in Figure 2. The tensile and shear tests were conducted on a CMT5205 electronic
universal testing machine, with a tensile and shear rate of 1 mm/min. The final results
were derived from the average of the four samples. The microhardness at the interface of
titanium-clad steel plates was tested by KB30s automatic Vickers hardness tester with a
load of 100 g.
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Figure 2. Schematic diagram of the tension-shear sample.

The corrosion resistance of the titanium-clad plate was tested by using the EG M283
electrochemical workstation with a three-electrode system. The titanium layer served as the
working electrode, the reference electrode was used as a saturated calomel electrode, and
the auxiliary electrode was used as a platinum electrode. The polarization curve and AC
impedance spectrum of the sample were tested in 10% H2SO4 solution. The parameters were
set as follows: EIS measurements were performed in the frequency range between 10 mHz
and 100 KHz, an AC sine wave amplitude of 10 mV, and for potentiodynamic polarization
measurements the scanning rate was 1 mV/s and potential range was −1.5~1.5 V.

3. Results and Discussion
3.1. Microstructure Analysis of Titanium-Clad Steel Plates

Figure 3 shows the morphology of as-rolled and annealed titanium-clad steel plates
with DT4 pure iron as the intermediate layer. From Figure 3a, it can be seen that the plates
included three zones of Q235B steel, a pure iron transition zone, and TA2 titanium. The
microstructure of the steel was mainly composed of striped ferrite and pearlite. The width
of the pure iron transition zone was about 120 µm. The microstructure of TA2 exhibited a
hot-rolled state. The interface between TA2 and DT4 was relatively straight and smooth.
Some black inclusions and some micropores appeared occasionally, but no microcrack and
non-fusion existed at the interface. This indicated that using pure iron as the intermediate
layer can achieve effective metallurgical bonding between TA2 and Q235B.
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After annealing at the temperatures of 450 ◦C, 550 ◦C, and 650 ◦C, shown in Figure 3b–d,
respectively, elements at both sides of the interface diffused more fully, thus the number of
micropores and black inclusions at the interface reduced, which was beneficial to improving
the bonding strength of the interface. Compared with the as-rolled titanium-clad steel plates,
the grain size and the width of the pure iron transition zone of the samples after annealing
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decreased slightly. Moreover, the width of the transition zone decreased gradually with the
increase in annealing temperatures.

To analyze the effect of different annealing temperatures on the diffusion behavior of
elements Fe, C, and Ti at the interface of the samples, SEM line scanning analysis on the
interfaces was performed, and the results are shown in Figure 4. For the as-rolled samples,
as shown in Figure 4a, the element Ti diffused from TA2 to the Ti/Fe interface and ended at
a distance of 0.6 µm along the pure iron transition zone. The element Fe diffused from the
pure iron transition zone towards the TA2 side, and the Fe content reached its minimum
at a distance of 0.3 µm along the Ti/Fe interface. The content of element C didn’t change
much at the Ti/Fe interface, which indicated that the addition of a pure iron layer hindered
the diffusion of element C from the Q235 steel side to the TA2 titanium alloy side.
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annealing temperatures: (a) as-rolled; (b) 450 ◦C; (c) 550 ◦C; (d) 650 ◦C.

After annealing, the elements Fe, Ti, and C on both sides of the Ti/Fe interface diffused
completely, and thus the peak content of these elements decreased. The curve on the
distribution of elements Ti and Fe did not vary much but the element C changed a lot under
annealing temperatures of 450 ◦C, 550 ◦C, and 650 ◦C. From Figure 4b,c, a large amount of
element C diffused towards the side of TA2. Element C gathered at a distance of 1µm away
from the interface of Ti/Fe. It can be inferred that TiC compounds are generated on the
TA2 side. With the increase in annealing temperature, elements Fe and Ti became saturated
and element C gathered at the interface near the TA2 side, as shown in Figure 4d.

Figure 5 shows the SEM surface analysis results of element distribution at the interface
of Ti/Fe under different annealing temperatures. Element C distribution on both sides
of Ti/Fe changed with the annealing temperature increasing. For the as-rolled sample,
element C was uniformly distributed in the TA2 and DT4, without aggregation at the
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interface of TA2/ DT4, as shown in Figure 5a. This phenomenon was attributed to the
fact that the addition of pure iron DT4 slowed the diffusion of element C from Q235 to
TA2 partly and reduced the generation of carbides at the Ti/Fe interface. After annealing
treatment, the content of element C distributing in the samples increased obviously but the
content of elements Ti and Fe decreased; meanwhile, element C diffused from Q235 steel
through the pure iron DT4 to the TA2 titanium and gathered at the interface near the side
of TA2 titanium. When the annealing temperature was 550 ◦C, element C gathered at the
interface to form a clear line, as shown in Figure 5b,c. From Figure 5d, when the annealing
temperature was increased to 650 ◦C, the carbon layer thickness at the interface increased.
It indicated that when the samples were annealed at temperatures of 450 ◦C~650 ◦C, it
was beneficial for element C to diffuse, which was prone to aggregate at the interface of
TA2/DT4 so that the diffusion of elements Ti and Fe was hindered and the contents of the
Fe-Ti compounds was reduced. However, the excessive diffusion of element C may lead
to the formation of amounts of carbides near the interface, thereby reducing the bonding
strength of TA2 and DT4.
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To analyze the interfacial phase composition of titanium-clad steel plates, XRD phase
analysis was performed on both sides of TA2 and DT4, as shown in Figure 6. From Figure 6,
TiC and FeTi compounds formed at the side of TA2, while TiC, FeTi, and Fe2Ti compounds
formed at the side of DT4 for the as-rolled sample. After annealing the samples, the phase
composition at the Ti/Fe interface changed with the increase in annealing temperatures.
When the temperature was 450 ◦C, TiC compounds formed at the side of TA2 and FeTi
compounds formed at the side of DT4. Once the temperature was increased to 550 ◦C, only
TiC compounds formed at the interface of Ti/Fe. However, when the temperature was
650 ◦C, TiC compounds were generated at the side of TA2 and FeTi compounds formed at
the side of DT4.

Figure 7 lists the TEM results of the interface between TA2 and DT4 in the as-rolled
state. The results confirmed that the compounds of FeTi, Fe2Ti, and TiC formed at the
interface. In the process of ply rolling with a small hole to pump vacuum, symmetrical
assembled slabs can solve the incompatibility of the plates’ deformation which resulted
from the large difference in yield strength and elongation between titanium and steel.
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However, no matter how to adjust the rolling process and post-treatment process, the brittle
IMCs of TiC, FeTi, and Fe2Ti formed inevitably due to the inter-diffusion of elements C, Ti,
and Fe at the interface. These brittle compounds will deteriorate the mechanical properties
of the samples. Adding a pure Fe interlayer can prolong the diffusing path of elements Fe,
Ti, and C thus reducing the formation of brittle IMCs at the interface.
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Figure 8 displays the schematic diagram of element diffusion at the interface under
different annealing temperatures. In the as-rolled state, TiC and Fe-Ti compounds formed
at the interface, but the distribution of these compounds were not uniform, as shown in
Figure 8a. With the increase in annealing temperature, the mutual diffusion rate among Fe,
Ti, and C elements improved, which promoted the bonding of the titanium and steel [24].
From a thermodynamic perspective, the order of standard Gibbs free energy of these
compounds is TiC < FeTi < Fe2Ti < 0 [25], which indicates that a TiC compound forms
optimally at the interface. Meanwhile, the diffusion coefficient of C element is relatively
high and the content of C element in TA2 is low, which resulted in a concentration difference
of C element on both sides of the interface. During the annealing process, C element diffused
rapidly from the steel side into the interface, and a small amount of Fe and Ti elements
diffused towards the interface. Therefore, when the annealing temperature was 450 ◦C, the
TiC compound formed preferentially at the location with a higher C element concentration
and the FeTi compound also formed locally at the interface, as shown in Figure 8b. When
the annealing temperature was 550 ◦C, the C element aggregated continuously with the
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annealing time prolonging and then a TiC compound layer formed at the interface. The
TiC compound layer acts as a barrier to hinder the diffusion of Fe element towards the
interface, thereby suppressing the formation of brittle Fe-Ti compounds, as shown in
Figure 8c. However, when the annealing temperature was 650 ◦C, Fe-Ti compounds began
to precipitate at the interface after depleting carbon due to carbon’s strong affinity with
titanium, as shown in Figure 8d.
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3.2. Microhardness Analysis of Titanium-Clad Steel Plates

Figure 9 shows the microhardness variation curves of samples in the as-rolled state and
after annealing treatment. It can be concluded that the microhardness of titanium-clad steel
reached up to the maximum at the interface whether in the as-rolled state or the annealing
state. In the as-rolled state, the microhardness at the interface reached a value of 370 HV as a
result of compounds of FeTi, Fe2Ti, and TiC. After annealing at temperatures of 450 ◦C~650 ◦C,
the microhardness decreased because the interfacial microstructure was refined. When
the annealing temperature increased from 450 ◦C to 550 ◦C, the interfacial microhardness
decreased from 280 HV to 230 HV. This was mainly attributed to compounds changing
from TiC and FeTi to TiC. When the annealing temperature was 650 ◦C, the microhardness
was 246 HV with the interfacial compound of FeTi and TiC.

Coatings 2024, 14, x FOR PEER REVIEW 10 of 16 
 

 

 
Figure 9. Microhardness variation curve of titanium-clad steel plates. 

3.3. Analysis of the Shear Strength of Titanium-Clad Steel Plates 
Figure 10 reflects the shear resistance of samples in an as-rolled state and under dif-

ferent annealing temperatures. The shear strength of the sample in the as-rolled state was 
184.5 MPa. After the annealing treatment, its shear strength increased first and then de-
creased a little. When the annealing temperature was 550 °C, its shear strength reached 
up to a maximum of 195.4 MPa. The interface bonding strength of the titanium-clad steel 
plates was related to the diffusion of elements and the types of compounds at the interface. 
During the as-rolled state, compounds of FeTi and Fe2Ti appeared at the interface of the 
samples, which decreased its shear strength. After annealing, element C reacted with ele-
ment Ti to form TiC, which hindered the mutual diffusion of elements Fe and Ti to some 
extent. Especially, only TiC appeared at the interface of the samples at an annealing tem-
perature of 550 °C, thus its shear strength reached up to the maximum. However, when 
the annealing temperature increased to 650 °C, element Ti started to react with element Fe 
to form compounds of FeTi at the interface of the samples; these brittle compounds de-
creased the shear strength of the samples. Therefore, the shear strength of the samples 
depended on the number and type of compounds at the interface; compounds of FeTi, 
Fe2Ti, and TiC coexisted at the interface, and the shear strength of the samples got worse. 

 
Figure 10. Effect of the annealing temperature on the shear strength of titanium-clad steel plates. 

Figure 9. Microhardness variation curve of titanium-clad steel plates.



Coatings 2024, 14, 1096 10 of 15

3.3. Analysis of the Shear Strength of Titanium-Clad Steel Plates

Figure 10 reflects the shear resistance of samples in an as-rolled state and under
different annealing temperatures. The shear strength of the sample in the as-rolled state
was 184.5 MPa. After the annealing treatment, its shear strength increased first and then
decreased a little. When the annealing temperature was 550 ◦C, its shear strength reached
up to a maximum of 195.4 MPa. The interface bonding strength of the titanium-clad steel
plates was related to the diffusion of elements and the types of compounds at the interface.
During the as-rolled state, compounds of FeTi and Fe2Ti appeared at the interface of the
samples, which decreased its shear strength. After annealing, element C reacted with
element Ti to form TiC, which hindered the mutual diffusion of elements Fe and Ti to
some extent. Especially, only TiC appeared at the interface of the samples at an annealing
temperature of 550 ◦C, thus its shear strength reached up to the maximum. However, when
the annealing temperature increased to 650 ◦C, element Ti started to react with element
Fe to form compounds of FeTi at the interface of the samples; these brittle compounds
decreased the shear strength of the samples. Therefore, the shear strength of the samples
depended on the number and type of compounds at the interface; compounds of FeTi,
Fe2Ti, and TiC coexisted at the interface, and the shear strength of the samples got worse.
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The samples fractured at the interface Ti/Fe during the shear test process. Figure 11
shows the shear fracture morphology of samples in an as-rolled state and under different
annealing temperatures. These fracture morphologies exhibited typical brittle fractures.
The size of the cleavage steps in the as-rolled state reached the maximum while the size of
the cleavage steps with an annealing temperature of 550 ◦C was up to the minimum. The
size of the cleavage steps was related to the shear strength of the samples. The smaller the
size of the cleavage steps, the better the shear strength of the samples. This was consistent
with the variation trend of the shear strength of the samples.
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3.4. Corrosion Resistance Analysis on TA2 Titanium Plates

The sample was peeled off and then electrochemical corrosion testing on the TA2
titanium plate in a 10 % H2SO4 solution was conducted. Figure 12 shows the polarization
curves of TA2 titanium alloy plates in the as-rolled state and under different annealing
temperatures. It can be seen from the curve that a passivation zone (0.25 V~1.75 V) appeared
for all the samples, and the current density changed a bit with the potential increase in
the passivation zone. This indicated that sample surfaces were in a passive state during
the corrosion process. The peak potential in the passivation zone was the breakdown
potential [26]. When the potential exceeded 1.75 V, the passivation film began to rupture,
then the sample underwent pitting corrosion, and finally the corrosion rate of the samples
increased sharply. In a comparison of the samples in as-rolled and annealing states, the
breakdown potential of the sample was approximately 1.5 V in the as-rolled state. After the
annealing treatment, the breakdown potential was approximately between 1.6 V and 1.75 V.
When the annealing temperature increased from 450 ◦C to 650 ◦C, the breakdown potential
first increased and then decreased slightly and it was up to the maximum with the annealing
temperature of 550 ◦C. This means that the passivation film of this sample maintained a
stable state for the longest time and had the best corrosion resistance performance.

The polarization curve was fitted by using Cview2 software and the fitted self-
corrosion potential and corrosion current density are listed in Table 3. The corrosion
current density reflects the actual corrosion rate of the samples and the lower the corrosion
current density, the smaller the corrosion rate [27–29]. From Table 3, the self-corrosion
potential of the samples obeyed the following relationship: 550 ◦C (0.573 V) > 450 ◦C
(−0.575 V) > 650 ◦C (−0.587 V) > as-rolled state (−0.654 V), while the corrosion current
density was 550 ◦C (3.614 × 10−5) < 450 ◦C (4.020 × 10−5) < 650 ◦C (4.264 × 10−5) < as-rolled
state (4.546 × 10−5). It demonstrated that the corrosion resistance property of the TA2
titanium alloy plate was optimal under an annealing temperature of 550 ◦C.
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Table 3. The fitting results of the polarization curve shown in Figure 10 used by Cview software.

Temperature (◦C) Ecorr (mV) Icorr (A·cm2)

As-rolled −0.654 4.546 × 10−5

450 −0.575 4.020 × 10−5

550 −0.573 3.614 × 10−5

650 −0.587 4.264 × 10−5

To investigate the stability of the passivation film, Electrochemical Impedance Spec-
troscopy (EIS) testing for the passivation film was performed. The sample was placed
in a 10 % H2SO4 solution and passivated at a constant potential of 0.2 V vs. SCE for 2 h
to ensure the preparation of a stable passivation film on the surface of the sample. EIS
results are shown in Figure 13. Figure 13a presents the Nyquist curve, which consists of a
high-frequency capacitor circuit and a low-frequency inductor circuit. The radius of the
capacitor circuit is used to characterize corrosion resistance [30–32]. The larger the radius
of the capacitor circuit, the more stable the passivation film and the better the corrosion
resistance of the samples. The order of the capacitive arc radius in the Figure 13a was
R550◦C > R450◦C > R650◦C > Ras-rolled. Thus, TA2 titanium-clad plate annealed at a temperature
of 550 ◦C had the largest capacitance arc radius and the best stability of the passivation film.

Figure 13b shows the relationship among Bode-|Z|, Bode-phase angle, and frequency.
In general, the higher the |Z| value, the better the corrosion resistance property in the
low-frequency range. When the annealing temperature was 550 ◦C, the |Z| value was the
highest and its corresponding corrosion resistance in the low-frequency range of the sample
was best. Moreover, the larger the phase angle in the Bode diagram, the more uniform the
current distribution and the lower the corrosion rate [33]. All phase angles were greater
than 45 ◦ in Figure 13, which indicated that the current distribution in the samples was
uniform and the corrosion performance was good. TA2 titanium-clad plate had the highest
phase angle and the best corrosion resistance property under an annealing temperature of
550 ◦C.
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Figure 13. Electrochemical Impedance Spectroscopy (EIS) of TA2 titanium alloy plate: (a) Nyquist
plots; (b) Bode plots; (c) Fitting circuit diagram.

Figure 13c presents the equivalent circuit, which is used to fit the impedance data
of passive film. In this model, Rs represents the solution resistance, Rct is the charge
transfer resistance of the passive film, Rc is the internal impedance of the TA2 titanium-
clad plate, and CPE is the constant phase angle element. Table 4 lists the electrochemical
fitting parameters based on the equivalent circuit displayed in Figure 13c. Both Rc and Rct
increased at first and then decreased with the increase in the annealing temperature. When
the annealing temperature was 550 ◦C, the maximums of Rc and Rct were 1770 Ω·cm2 and
2356 Ω·cm2, respectively, which suggested that the compactness and stability of the passive
film was optimal.

Table 4. Fitting parameters of EIS results obtained from a proposed equivalent mode.

Temperature
(◦C)

RS
(Ω·cm2)

CPE1 × 10−4

(Ω−1cm−2S−n) n1
Rc

(Ω·cm2)
CPE2 × 10−2

(Ω−1cm−2S−n) n2
Rct

(Ω·cm2) χ2 × 10−4

As-rolled 5.385 2.66 0.914 767.7 2.79 0.927 758.7 3.18
450 1.492 1.48 0.943 1535 1.74 0.807 2112 6.32
550 3.529 1.50 0.918 1770 4.30 0.986 2356 1.95
650 2.017 0.23 0.923 1047 1.89 0.781 1762 7.70

4. Conclusions

Titanium-clad steel plates were prepared by a hot rolling technology with a small hole
vacuuming and using pure Fe as the intermediate layer. Then, plates were annealed at
temperatures of 450 ◦C, 550 ◦C, and 650 ◦C. The interfacial microstructure composition and
mechanical properties of the titanium-clad steel plates, as well as the corrosion resistance of
the titanium-clad plates in the as-rolled state and under different annealing temperatures,
were studied. The main results are as follows:

(1) When choosing pure Fe as the intermediate layer, whether in the as-rolled state
or annealed at temperatures of 450 ◦C~650 ◦C, titanium-clad steel plates were excel-
lent. After annealing treatment, elements at the interface of titanium and steel diffused
more completely.
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(2) In the as-rolled state, the interfacial compounds of the samples consisted of TiC,
FeTi, and Fe2Ti. After annealing at a temperature of 450 ◦C, these interfacial compounds
changed into TiC and FeTi. However, when the annealing temperature was 550 ◦C, only the
compound TiC was generated at the interface. When the annealing temperature increased
to 650 ◦C, compounds TiC and FeTi appeared again at the interface.

(3) In the as-rolled state, the interface microhardness of Ti/Fe was the highest. When
the annealing temperature increased from 450 ◦C to 650 ◦C, its microhardness first de-
creased and then increased slightly, and it reached a minimum annealing temperature of
550 ◦C.

(4) Annealing treatment promoted the diffusion of elements at the interface of Ti/Fe.
As the annealing temperature was 550 ◦C, the compound TiC was generated at the interface
which hindered the formation of brittle phases between Fe and Ti. The varieties and
quantities of the interface compounds were few. The shear strength of the titanium-clad
steel plates rose to a maximum of 195.4 MPa, and the corrosion resistance of the titanium-
clad plate was optimal.
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