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Abstract: The corrosion resistance and corrosion mechanism of TA1/304 composite plates after heat treatment at different

temperatures were studied by simulating electrochemical experiments in artificial seawater (3.5wt% NaCl solution). The interfacial

diffusion and microstructure evolution were studied. The results show that the diffusion range of interfacial elements and the thickness

of the diffusion layer change with the heating temperatures. Because of its special structure and composition, the TA1/304 composite

plate shows excellent corrosion resistance in Cl -containing corrosive media, and its corrosion resistance is significantly better than

that of ordinary steel plates. Meanwhile, it is found that the heat treatment process of the composite plate has a significant impact on

its corrosion resistance. After annealing at 600 ° C, the corrosion resistance of the composite plate is improved, and corrosion

properties of rolled surface is much greater than that of the cross-section. This research achievement provides important theoretical

basis and technical support for the further application of TA1/304 composite plates in fields with strict corrosion resistance

requirements, such as chemical engineering and marine engineering.

Key words: titanium/steel composite plate; heat treatment temperature; metallographic microstructure; electrochemical corrosion;

diffusion behavior

1 Introduction

Corrosion-induced material degradation causes substantial
annual economic losses, particularly for marine construction
steels!" . 304 stainless steel, as the most widely used stainless
steel, is versatile with good heat resistance, low-temperature
strength, mechanical properties, hot workability, and no heat-
treatment hardening. Although it exhibits good resistance to
atmospheric corrosion, it is prone to localized corrosion in CI -
containing marine environments. Compared to traditional
stainless steel, titanium and its alloys are increasingly adopted
in marine settings due to low density, high specific strength,
excellent corrosion resistance, heat resistance, non-magnetism,
good biocompatibility® ™, and particularly superior corrosion
resistance. Titanium/steel composite plates, which integrate
the merits of both metals, are key corrosion-resistant structural
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materials for marine engineering, rail transportation,
petrochemicals, and healthcare', thus becoming indispensable
in modern chemical and pressure vessel industries.

However, research on hot rolling of TA1/304 composite
plates remains restricted. Titanium/steel composite plates are
primarily prepared via diffusion, explosion, and rolling methods.
The latter dominates due to controllable processes, high effici-
ency, and industrial scalability” . Notably, significant differ-
ences in physical properties and metallurgical incompatibility
between titanium and steel hinder the formation of adequate
hot-rolled bonding structures. During rolling, residual stresses
and brittle intermetallic compounds (IMCs) form at the
interface, causing microstructural inhomogeneity and inter-
facial degradation, ultimately reducing titanium-steel bonding

strength!”. Our team has achieved high-bonding-strength
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titanium-steel composites via experimental treatments. Wang
et al"” prepared titanium/steel composite plates via hot rolling
at 700—-950 °C with 30% reduction. Bonding strength first
increases and then decreases with the increase in temperature,
peaking at 311 MPa at 850 °C, where the cladding is less
contaminated by the base material, yielding good bonding and
expanding practical applications. Thus, improving bonding
strength, reducing costs, and manufacturing fine-corrosion-
resistant titanium/steel composites remain research hotspots.
As a key corrosion-resistant structural material, titanium/
steel composite plates expose their titanium surfaces to

I For instance, in

diverse corrosive media during service
seawater heat exchangers, acetic acid distillation towers, and
petrochemical vessels, the titanium layer of such composites
is directly in contact with the corrosive environments.
However, research on their corrosion behavior remains
restricted, particularly regarding the effect of microstructure
on the corrosion performance of pure titanium and titanium/
steel composites, which remains controversial. Garbacz et al™”
concluded that the corrosion resistance of Ti nanocrystals in
0.9wt% NaCl solution is slightly worse than that of coarse-
crystalline Ti, and the passivation film on the surface of
coarse-crystalline Ti is more homogeneous compared to that
of nanocrystalline Ti. Hoseini et al'’ showed that the
corrosion behavior of pure titanium is directly related to the
microstructural characteristics. However, Luo et al® found
that pure titanium after iso-channel corner extrusion has
smaller grain size, more grain boundaries, and increased
dislocation density than pristine pure titanium specimens. In
Ringer ’ s simulated body fluid and simulated oral saliva
environments, pure titanium extruded by equal channel corner
extrusion has a smaller self-corrosion current density, a larger
polarization resistance, a larger impedance radius, and better
corrosion resistance than pristine pure titanium. The influence
of microstructure on the corrosion behavior of titanium and
titanium alloys has been reported in several cases. Cvijovi¢-
Alagi¢ et al™ studied the electrochemical behavior of Ti-
13Nb-13Zr and Ti-6Al-4VELI alloys with martensitic
microstructures and concluded that Ti-6Al-4VELI alloy with a
fully martensitic microstructure has better corrosion resistance
than Ti-13Nb-13Zr alloy.

Due to the excellent corrosion resistance of titanium, it is
difficult for corrosive media to enter the inner steel plate.
However, in the practical application of offshore engineering,
the surface titanium layer is often thin, which is prone to
scratch and abrasion, exposing the substrate steel, and leading
to more serious corrosion. Mudali et al™” pointed out that the
explosion welding process significantly affects the corrosion
resistance of the titanium-stainless steel composite interface,
and corrosion at the bonding interface in nitric acid solution is
very obvious. In the study of corrosion behavior for titanium/
steel composite plates, attention should be paid to not only the
corrosion-resistant titanium layer, but also the corrosion
behavior of the composite interface. Liu et al"” studied the
corrosion behavior of TA2/A36 composite plate in the marine
environment, and the results showed that there is an

accelerated corrosion effect at the composite interface, while
deep accelerated corrosion cracks are observed. Lu et al”
used explosion welding to connect TA1 and 304 stainless steel
to obtain the composite plate, which has good corrosion
resistance between different raw materials. Li et al"® found
that the corrosion behavior of titanium-steel composite plate is
coordinated by various corrosion behavior in the near
interface area and the far interface area. Under the combined
action of different corrosion behavior, the corrosion rate at the
interface of titanium-steel composite plate is faster than that at
the far interface area. Pu et al"” found that the interface
hardness of hot-rolled titanium-steel composite plates is the
lowest, and the shear strength is the highest at an annealing
temperature of 550 ° C. At the same time, the corrosion
resistance of the titanium plates also shows a significant
improvement, indicating that this temperature provides
favorable conditions for enhancing the corrosion resistance of
the plates. The presence of IMCs and the complex
microstructure in the composite interface have a significant
effect on the corrosion resistance of composite plate, so it is
very important to study the interface structure and corrosion
behavior of TA1/304 composite plate.

2 Experiment

The experimental material was hot rolled TA1/304
composite plate, which combined the excellent corrosion
resistance of titanium and the mechanical properties of steel.
The base material was 304 stainless steel, and the compound
material was TAIL The hot rolling temperature was 850 °C,
and the thickness of titanium plate and stainless steel was
2 and 3 mm, respectively. The flowchart of experimental
process is shown in Fig.1.

The titanium-steel combined surface was polished with a
flat grinder and an angle grinder to remove the oxidized layer
and stains, which helped to increase the surface roughness and
enhance the bonding strength. The TA1/304 bilayer structure
was then prepared to form the billet, followed by gas tungsten
arc welding with Cu70Ni30 filler wire to achieve the joining
of the two components. The assembled TA1/304 composite
plate was placed into an argon gas heating furnace. The
heating temperature was 850 °C and the holding time was 90
min. Then, the plate was subjected to the rolling process. The
upper roll was corrugated and in contact with the 304 plate,
and the lower roll was a regular flat one in contact with the
TA1 plate. The profile of the corrugated roll was a sinusoidal
curve with an amplitude of 0.7 mm, consisting of 75
corrugations, and the diameter of the roll was 150 mm, which
was the same as the diameter of the lower flat roll. The rolled
composite plates (Origin) were subjected to annealing heat
treatment at 550, 600, and 650 °C for 1 h.

The specimens used for characterization were polished with
sandpaper and then sequentially polished with diamond polishing
solution and 0.3 pm silica. After polishing, the specimens
were ultrasonically cleaned in alcohol for 3 min and dried
with cold air. The microstructure and morphology of the
matrix and cross-section interface of the TA1/304 composite
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Fig.1 Flowchart of the experimental process

plates were observed by a 3D profilometer and optical micros-
cope (OM). The elemental distribution of the specimen cross-
section was analyzed by energy disperse spectroscope (EDS).
To evaluate the difference in corrosion resistance of TA1/
304 composite plate, dynamic polarization curve tests and
electrochemical impedance spectroscopy (EIS) tests were
performed. The rough-machined specimens of the composite
plates were cut, as shown in Fig.2. RD and ND mean rolling
direction and normal direction, respectively. The surface layer
was fixed with A/B adhesive, and the internal guide wires
were relocated out. The simulation solution was a 3.5wt% NaCl
solution, and all subsequent corrosion tests were performed in
the same solution. Electrochemical corrosion measurements
were conducted at room temperature using a CHI660D
electrochemical workstation, with three parallel tests for each
specimen to ensure reproducibility. A classic three-electrode
system was used, with a TA1/304 composite plate as the
working electrode, a platinum electrode as the auxiliary

Rolled surface Cross-section

Fig.2 Schematic diagrams of specimens used for corrosion tests

electrode, and a saturated calomel electrode as the reference
electrode. The specimens were held in a jig and immersed in
NaCl solution. The open-circuit potential was measured before
the test, and the alternating current (AC) impedance was
tested after the potential was stabilized. The electrochemical
impedance spectrum was tested at a frequency of 10°~10° Hz
with an amplitude of 0.01 V, and then the dynamic
polarization curve was tested. The initial scanning potential
was set to —1.0 V, the final potential was 0.5 V, the scanning
speed was 10 mV/s, and the sensitivity was 1x10™.

3 Results and Discussion

3.1 Microstructure

Fig.3 shows original microstructure of the as-received TA1

Fig.3 Microstructures of TAl plate before rolling: (a) as-received,
(b) preheated at 850 °C for 1.5 h
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cladding in the TA1/304 composite plate, as well as the
microstructure of TA1 after preheating at 850 °C before hot
rolling. Fig.4a shows that the grains of as-received TA1 plate
before rolling are uniformly distributed and equiaxed, and the
average grain size is about 70 pm. After preheating at 850 °C
for 1.5 h (Fig. 3b), the average grain size is obviously
increased to about 150 pm.

The microstructure morphologies of TA1/304 compoisite
plates after different annealing heat treatments are shown in
Fig. 4. Fig. 4a shows that the grains without heat treatment
have great deformation and are obviously refined and
elongated along RD. The equiaxed grains are violently
deformed, and typical fibrous microstructures are extensively
observed. Most of the original grain boundaries disappear.
Fig.4b—4c show that after annealing at 550 °C, the fibrous
grains gradually disappear and are replaced by a lamellar and
fine equiaxed microstructure. After annealing at 650 °C, the
grain boundaries are distinct, and the grains are completely
spheroidized.

Fig. 5 shows the microstructures of cross-section of the
Origin and annealed TA1/304 composite plates. As shown in
Fig.5a—5b, after rolling, the microstructure near the TA1 side
of the bonding interface is obviously drawn into the interfacial
region. And the grain size near the interface is smaller,
showing obvious fibrous deformation as a result of the high

rolling force and severe shear stress during the hot rolling
process. The direction of metal flow is consistent with RD, but
the flow effect gradually diminishes with the increase in
temperature. This is because the higher temperature promotes
grain growth and nucleation, and the microstructure is more
uniform. The recrystallization occurs in the TA1 side during
the heat treatment process, and fibrous grains gradually
become equiaxed. With the increase in annealing temperature,
the degree of grain elongation on the TA1 side decreases, and
after annealing at 650 °C, the grains show an equiaxed mor-
phology™”
the steel side, the deformation is not obvious, and the crystal
structure is relatively stable, which is probably due to the
small deformation of the steel side in the hot rolling process.
3.2 Hardness

Fig.6 shows the interfacial hardness distribution of the TA1/
304 composite plate, where 0 represents the center of the
interface, the left side of the interface is 304 stainless steel,
and the right side is the TA1 side. The microhardness curves at
the peaks and valleys of the bonding interfaces show roughly
similar trends, and at the interface between the TA1 and steel
sides, the hardness of the steel and TA1 decreases sharply
after annealing. This is because stress can promote recrystalli-
zation nucleation and inhibit the growth of recrystallized
grains, thus refining the grains and increasing the hardness,

. There is an extensive austenitic microstructure on

Fig.5 Cross-section microstructures of TA1/304 composite plates at different states: (a—b) Origin; (c—d) 550 °C; (e—f) 600 °C; (g-h) 650 °C
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Fig.6 Hardness variations along two paths on the cross-section of specimens after different annealing heat treatments: (a) schematic diagram of

hardness measurement points; (b) hardness along Path 1; (c) hardness along Path 2

while annealing alleviates the residual stress and work
hardening effect. As the annealing temperature increases, the
hardness of the Ti side and the steel side decrease slightly.
This is attributed to grain growth in both steel and TA1 sides
during the high temperature annealing process.

3.3 Interface element diffusion

EDS line scanning was performed to reveal the diffusion
behavior of the elements, as shown in Fig. 7. The results
indicate the interface diffusion of the major elements in
different interfaces with no obvious diffusion platforms,
which suggests the formation of significant solid solution
diffusion layers with different thicknesses. The diffusion
distance of the elements increases with the increase in
annealing temperature. The element diffusion distance of plate
without annealing is 2.34 pum. After annealing at 550 and
600 °C, the diffusion distance increases to 2.76 and 3.97 pm,
respectively. However, it decreases to 2.79 pum when the
annealing temperature is 650 °C, which may be related to the
structural transformation of titanium and the aggregation of
elements. It is also worth noting that the elemental diffusion
distance of the blue labeled site Fe on the TA1 side in Fig.7
increases more significantly than that on steel side. This is
because the larger atomic gap in Ti makes it easier for Fe to
diffuse into Ti. In addition to Fe and Ti, the results of the
elemental distributions of Cr and Ni are locally amplified. It is
found that the diffusion distance of Cr varies slightly, which is
1.5— 2.0 pm. The diffusion distance of Ni in plate after rolling
is 1.0 um, and the diffusion distances of Ni in plate after
annealing at 550, 600, and 650 °C are 2.2, 1.5, and 0.8 um,
respectively. The diffusion of Ni to the TA1 side is significant
at 550 and 600 ° C. This suggests that the extent of Ni
diffusion during heat treatment may be correlated with the
electrochemical corrosion properties of the interface, and
further X-ray diffraction (XRD) test of the bonding interface
was subsequently conducted.

3.4 Electrochemical testing

The polarization curves of the specimens are shown in
Fig. 8. It can be seen that the specimens all show a certain
degree of passivation in the corrosion solution. According to
the relevant corrosion theory, the lower the corrosion current,
the stronger the corrosion resistance of the material surface;

the higher the self-corrosion potential, the stronger the
corrosion resistance of the material surface. The self-corrosion
potential and self-corrosion current were determined using the
Tafel extrapolation method. The results are shown in Table 1
and Table 2. For the rolled surface, the Tafel curves after heat
treatment are shifted downward, and the higher the positive
value of the corrosion potential, the smaller the tendency to
corrosion. It can be seen that the general trend of polarization
curves at different temperatures is consistent, and there are
obvious passivation regions in plates after annealing at 600
and 650 °C. As the heat treatment temperature increases, the
current density gradually increases, indicating that the actual
corrosion resistance of the TAl surface is weakened.
However, when the heating temperature is 650 °C, there is a
wide range of stable passivation regions in the corresponding
polarization curves. Therefore, the stability of the passivation
film on the TAl surface of the TA1/304 composite plate
prepared by this process is weakened by annealing, but the
corrosion resistance is stable. Compared with the cladding,
resistance of the cross-section of TA1/304
composite plate is slightly reduced, yet it still exhibits

corrosion

superior corrosion resistance. This is because interfacial
bonding and alloying element diffusion occur on both sides of
the interface, leading to the precipitation of new Fe-containing
phases on the composite plate side. Therefore, the composite
plate in the corrosive environment cannot be well protected by
the material surface passivation film, resulting in a reduction
in corrosion resistance of the composite plate. As can be seen
from Fig.8b, only the specimen annealed at 600 °C exhibits a
passivation zone, with the best and most stable corrosion
resistance.

The system reached a steady state after the open circuit
potential test was completed. AC impedance tests were
conducted on the composite plates by applying an AC
sinusoidal excitation signal. The Nyquist plots of the TA1/304
composite plates in 3.5wt% NaCl solution are shown in Fig.9,
in which Z parameter is represented by Z. The real part and
the imaginary part of the impedance in the results are denoted
by Z, and Z,

im?

respectively. It can be seen in Fig.9a that the
higher the annealing temperature, the larger the capacitive arc
radius at different heat treatment temperatures. This is because
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Fig.7 SEM images (a—d) and corresponding EDS line scanning results (e—h) of plates at different states: (a, e) Origin; (b, f) 550 °C; (c, g) 600 °C;

(d, h) 650 °C

after annealing at 600 and 650 °C, a passivation zone exists,
which can greatly improve the corrosion resistance. However,
the rolled specimen exhibits a nearly 45° straight line and a
complete impedance arc. This is because there is a dense
passivation film on the surface of TA1 at room temperature,
which is very stable in nature and can inhibit metal dissolution
all other
specimens exhibit a tail consisting of an approximate

corrosion. Except for the rolled specimens,
semicircle and a segment in the low-frequency region. The
larger the diameter of the semicircle, the higher the real part of
the impedance, indicating better corrosion resistance of the
material. As can be seen from Fig.9b, the semicircle radius of
the TA1 surface after annealing at 650 °C is large, and the

impedance is large, which coincides with the polarization
curve. And there is a dense passivation film on the surface,
which is stable in nature. AC impedance curves of cross-
section of TA1/304 composite plate in seawater are shown in
Fig. 9b. Compared with the radius of the Nyquist plot in
Fig.9a, the capacitive arc diameters of the two surfaces differ
noticeably. The TA1 surface exhibits a larger capacitive arc
diameter, while the cross-section of the TA1/304 composite
plate shows a relatively smaller one. This indicates that the
passive film formed on the TA1 surface is more stable than
that on the cross-section of the TA1/304 composite plate.

In order to more deeply analyze the corrosion resistance of
the composite plate, the ZSimpWin software was used to fit
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Fig.8 Polarization curves of rolled surface (a) and cross-section (b)

of different specimens

the above impedance spectra, and the fitted equivalent circuit
is shown in Fig. 9a. R_is the solution resistance, R, is the
membrane layer resistance, O, is the membrane layer
capacitance, R, is the charge transfer resistance, and Q, is the
double electric layer capacitance. Membrane resistance R,
usually reflects the ability of corrosive solution to penetrate
into the substrate surface. The higher value of R, indicates that

Table 1 Polarization curve test results of rolled surface of

different specimens

Specimen Potential/V’ Corrosion current, I/x107° A
Origin -0.346 0.160
550 °C -0.408 0.229
600 °C -0.397 0.221
650 °C -0.431 0.251

Table 2 Polarization curve test results of cross-section of different

specimens
Specimen Potential/V’ Corrosion current, I/x107° A
Origin -0.400 0.715
550 °C -0.370 0.579
600 °C -0.320 0.437
650 °C -0.430 0.871

the membrane layer on the surface of the substrate has a good
protection. R, usually represents the difficulty of electrochem-
ical reaction. The higher value of R, indicates that the charge
transfer at the interface and in the solution is more difficult,
and the passivation film has a better barrier property. EIS
parameters obtained by fitting are shown in Table 3 and
Table 4.

The experiments were conducted in 3.5wt% NaCl solution,
and a constant potential of 0.5 V was applied to the working
electrode through the electrochemical workstation and
maintained for 400 s. The data of corresponding current (/)
versus time (f) were recorded, and the constant potential

polarization curves were plotted, as shown in Fig. 10. The
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Fig.9 Nyquist plots of TA1/304 composite plates after different heat treatments: (a, c, e) rolled surface; (b, d, f) cross-section
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Table 3 EIS parameters of rolled surface of different specimens obtained by fitting

Specimen R/Q-cm’ R/Qem®  Y,/x107 S-s"-em” n, R/Q-cm’ Y,/x10™ S-s"-em™ n, e
Origin 10.32 3.104x10* 3.076 0.8228 2.047x10* 1.939 0.5642 7.944x107
550 °C 11.64 5.514x10° 8.929 0.7983 7.879x10° 6.110 0.6995 4.202x107°
600 °C 9.962 2.936x10° 8.488 0.7869 1.447x10° 5.793 0.6317 4.842x107
650 °C 11.59 3.362x10* 3.553 0.9035 1.733x10° 1.818 0.6474 6.041x107

Table 4 EIS parameters of cross-section of different specimens obtained by fitting

Specimen R/Q-cm’ R /Q-cm’ Y,/x107 S-s"-cm™ n, R/x10*Q-em’  Y,/x107 S-s"-cm™ n, 7/x10™
Origin 6.657 4.080x10? 3.490 0.8536 1.913 2.221 0.8000 6.369
550 °C 8.555 5.505x10° 2.940 0.8017 4.019 2.203 0.6301 2.709
600 °C 14.14 9.598x10° 3.825 0.8000 8.108 2.736 0.6777 5.897
650 °C 12.71 3.660x10? 3.923 0.7898 1.055 1.011 0.6884 4.067

curves exhibit the same trend. In the initial stage, with the
prolongation of the polarization time, the current increases
rapidly, indicating that rapid corrosion occurs on the electrode
surface. Subsequently, the current gradually levels off and
enters a relatively stable reaction stage, which reflects the
difficulty of electrochemical reaction. The results show that
the composite plate has different degrees of corrosion
tendency after annealing at different temperatures. The
specimen annealed at 650 ° C exhibits the fastest current
increase and reaches the stable stage first, indicating the
poorest corrosion resistance. But the current of the specimen
annealed at 600 ° C increases slowly, indicating the best
corrosion resistance. This characteristic has an important
effect on metal corrosion resistance. Further analysis reveals
that different heat-treated specimens influence the polarization
curves via microstructure evolution, which provides a
theoretical basis and experimental support for optimizing
corrosion resistance.

Fig.11 shows 3D morphologies and cross-section profiles of
specimens during corrosion. It can be seen that the height of
the TA1 and 304 steel surfaces has distinct characteristics,
and that of TA1 reaches 60 um.

As the microstructure of the material is closely related to its
corrosion resistance, and the microstructure of the bonding
interface of the rolled composite plate is mainly dependent on
its chemical composition and the transient high-temperature
and high-pressure effect in the rolling process. Therefore,
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Fig.11 3D morphologies and cross-section profiles of different

specimens during corrosion

XRD tests were conducted on the steel side of the bonding
interface of the composite plate after annealing at different
temperatures. Fig. 12 shows that in addition to the austenite
diffraction peak, Ti, Ti,O, FeNi, and Cr,Ni , are also detected
at the bonding interface of the rolled composite plate without
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Fig.12 XRD patterns of the steel side of bonding interface of

different specimens
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heat treatment, while CrFeC,,; is detected after annealing at
different temperatures. Cr-containing compounds are gener-
ally brittle and easy to form a passivation film to improve
corrosion resistance. Meanwhile, the corrosion resistance of
Ni-containing compounds differs as a result of varying Ni
content. When the Ni content is low, the compounds are prone
to electrochemical corrosion (such as uniform corrosion and
pitting). When the Ni content is high, its corrosion resistance
will be improved. Due to the insufficient diffusion of element
Ni on the steel side of the bonding interface of the rolled
composite plate during this process, its Ni content remains
relatively high, resulting in corrosion performance inferior to
that of the composite plate after heat treatment. And with the
change of heat treatment temperature, the generation of
CrFeC, ,; may affect the corrosion properties of the composite
plate. Of course, corrosion properties are synergistically
affected by a number of factors, such as bonding interface
compounds and microstructure, and it is not possible to make
a representative and accurate analysis of Cr-containing and Ni-
containing compounds.

The effect of annealing temperature on the structure and
properties of corrugated interface of TA1/304 composite
plates is shown in Fig.13. On the TA1 surface, the corrosion
performance is mainly influenced by the microstructure. The
variation of hardness is influenced by grain size, and in the
passivation environment, the refined grains accelerate the
passivation kinetics of the metal. The numerous grain
boundaries and triple joints also provide good adhesion to the
passivated film layer through the pinning principle, making
the passivation film less prone to rupture and dissolution.
However, if the grain grown on the TA1 surface is too large, it
is not conducive to the formation and extension of the
passivation film. Therefore, excessive grain growth on the
TA1 surface is not conducive to the formation and extension
of the passivation film. Thus, the Origin specimens exhibit the
best corrosion resistance on the rolled surface.

In the cross-section, the corrosion behavior is subject to the
synergistic effect of bonding interfacial compounds and micro-
structure. During the annealing treatment of the composite
plate, the dislocation density at the bonding interface decreases,
defects are reduced, and the microstructure becomes more
uniform. This slows down the erosion of the bonding interface

~— Corrosion resistance of rolled surface

—— Corrosion resistance of cross-section
— Diffusion distance

Performance

Temperature/°C

Fig.13 Effect

microstructure of TA1/304 composite plate

of annealing temperature on properties and

of the composite plate by CI" and improves the corrosion
resistance of the bonding interface. In a passivation environ-
ment, a relatively homogeneous microstructure reduces the
density of defects in the passivate film and decreases the
geometry of the defects, significantly enhancing the stability
of the passivate film and the corrosion resistance. However,
different types of Cr-containing and Ni-containing com-
pounds are generated at the bonding interface, and the
presence of these compounds may have a very unfavorable
effect on the corrosion resistance of the material. So, the
rolled surface of specimens annealed at 600 °C has the best
corrosion resistance.

4 Conclusions

1) After heat treatment, the grain distribution at TA1 side of
the composite plate is uniform, and the fibrous microstructure
at steel side gradually becomes equiaxed, thus enabling the
element distribution and corrosion properties of the composite
plate to change regularly.

2) Heat treatment promotes the diffusion of elements at the
interface of TA1/304 composite plate, which results in the
formation of different combinations at the interface. At
600 °C, the diffusion distance of interface elements reaches
3.97 pm.

3) The electrochemical corrosion test results show that the
rolled surface and cross-section of the composite plate will
show passivation characteristics in artificial seawater, but only
for the plates treated at specific heat treatment temperature.
The self-corrosion current on the surface of TA1 is low, and
the surface passivation film is more complete. When the heat
treatment temperature is below 650 ° C, the lower the heat
treatment temperature, the smaller the radius of capacitive arc,
and the higher the current density. And at the cross-section of
composite plate, when the heat treatment temperature is below
600 °C, the higher the heating temperature, the larger the
capacitive arc radius and the lower the current density. And
the corrosion resistance of rolled surface is better than that of
the cross-section. So, the rolled surface of specimen annealed
at 600 °C exhibits best corrosion resistance, which fully meets
the corrosion resistance requirements of the composite plate in
practical applications.

4) The interface microstructure analysis shows that the
diffusion of alloying elements at the bonding interface of the
TA1/304 composite plate and the formation of CrFeC,,, in the
bonding area near the TA1 side are the main reasons for the
decrease in corrosion resistance of the TA1/304 composite
plate.
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AL TR FE X TA1/304 B SRR IR0 FE T i sERYS2 MR

ZREEAN, ARG, XNTARS, BOMGER ', REERR, JRaRE
(1 KJFEE T RS MU CREZERG, IL7E KR 030024)
Q. it &R E EMEIBUEEAR SR& A E M LM, L KJE 030024)
Q. BB EAR S ER LA EE S, I KE 030024)
(4. FrERRER A FIE, FrEm BISLIR 843000)

M OE: S TAL304 EEWAENTHEK (3.5wt% NaCUAHD AL SRS, ATAL T 12 A B AN R IR A0 B 1A i S ik
REAVEVRILER, 00T 7 SR BAT A ON S5 MRS . S5 R, FH TR A4 10 B AN 5= 1 8 B B I 2 A T4 4k i
FARIRINGS MR L5y, TA1/304 EAAE S CURIRE A 50 h SR DU A0 O JE e v e, ELFCIT s e e e ) 00 T AN AR . [, AT
TR A BRI HAE B T 20 L B o P e AT 38 i, 20d 600 CIRKHALEL S, AT RS B3, FLAL B 2 I RO
Tl R R T AT . i TR R Y TAL/304 52 G ACTEAL L o 93 R S5 o T T ol P S 7™ A 1) SR i — A2 SRR 77 s (1 3 i
MRAE AR
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