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Abstract

Carbon steel is widely used in infrastructure, manufacturing, and structures due to its cost-
effectiveness and robust mechanical properties. However, the susceptibility of steel structures to
corrosion in various working environments has been a longstanding concern. In this study, we
explored the potential of titanium-aluminum (Ti-Al) coating as a surface treatment to enhance the
corrosion resistance of low-carbon steel. The coating was applied using the arc spraying technique,
where two materials were melted by an arc and then distributed onto the substrate using compressed
air. To evaluate the corrosion resistance of the coated samples, we conducted immersion tests
following the ASTM G31 standard for durations of 625 and 1000 hours. Additionally,
electrochemical technique was employed to assess the anti-corrosion performance of both the Ti-Al
coating and the substrate. Surface characterization was carried out using scanning electron
microscopy equipped with energy-dispersive X-ray spectroscopy (SEM-EDX), as well as
measurements of hardness and roughness. The SEM-EDX analysis revealed uniform distribution of
titanium and aluminum across the surface and within the coating. Moreover, the coating significantly
altered the surface roughness. Electrochemical corrosion testing indicated that the Ti-Al coating
exhibited lower corrosion current and corrosion potential, suggesting its potential to enhance the
corrosion resistance of the substrate. The SEM-EDX revealed cracks on the coating surface and the
oxidation level of the coating surface varied with immersion time. The hardness of the coating was
found to be relatively lower than that of the substrate, while the surface roughness was higher.
Overall, the findings suggest that Ti-Al coating holds promise for enhancing the corrosion resistance
of steel structures, as evidenced by its low corrosion current density and corrosion potential in
corrosive environments.

Introduction

Steel, one of the most commonly construction materials utilized in various industries, is chosen for
its outstanding mechanical properties, high strength, welding properties, as well as cost-effectiveness.
However, the corrosion of steel equipment and structures in corrosive environments presents a critical
challenge, leading to a notable degradation in their performance and lifespan, necessitating prompt
resolution [1]. The application of coatings represents a promising avenue for mitigating corrosion and
extending the operation lifespan of steel components. The thermal spray technique demonstrates
efficacy as a surface protection method, capable of fabricating protective coatings [2-4]. Arc spraying
constitutes a thermal technique wherein an electric arc is generated between two consumable
electrodes while compressed gas serves to atomize and propel the molten electrode materials onto the
substrate. The arc spraying method is extensively employed owing to several benefits, including
energy efficiency and cost-effectiveness [5-8]. This technique offers an economically viable means
to generate protective coatings on steel surfaces.



Protective coatings, such as aluminum alloy coating or zinc alloy coatings, are considered to be the
most useful approach for protecting steel structures against corrosive environments[9]. Generally,
sacrificial metallic coatings provide three mechanisms to protect steel substrates: the isolation effect
of the coating itself, the sacrificial anode function of cathodic protection, and the isolation effect of
corrosion products of the coating [10, 11]. Various corrosion tests have been conducted to examine
the corrosion resistance of thermally sprayed aluminum. Han et.al [12] explored the corrosion
performance and effect of the thickness of an aluminum coating using the thermally sprayed method.
They found that the scarification of the aluminum coating occurred during the corrosion and found
that thicker coatings represented better corrosion behavior during the test. Other researchers [1, 9, 12]
showed that thermally sprayed aluminum coatings could protect low-carbon steel from corrosion in
chloride-containing atmospheres through salt spray tests and field tests.

The distinctive properties of titanium, including its high strength-to-weight ratio and good corrosion
resistance, have made this material a favorable option for several applications. Zhao et.al [13]
investigated the effects of arc spray process parameters on the corrosion behavior of titanium
coatings. They found that the corrosion resistance of the coating is sensitive to the spray process, and
corrosion current density decreased due to the optimization of process parameters. The reaction with
oxidation during the spraying process results in the formation of oxides, which subsequently diminish
the cohesive strength and corrosion resistance of the coatings.

While the corrosion resistance of aluminum coating has been extensively investigated in published
literature, few studies have examined the surface characteristics and corrosion resistance of titanium-
aluminum alloy coatings. In this study, a 3%Ti-Al coating was sprayed using the wire arc spraying
technique. The surface characteristics, microstructure, chemical composition, microhardness, and
corrosion resistance of the 3%Ti-Al coating were studied in detail and compared with carbon steel.

Experimental

Preparation. HA350 structural steel plates (Size: 40mm x 40mm x8mm) were selected as the
substrate. HA350 is a Hot Rolled (H) Aluminium Killed (A) structural steel with a guaranteed
minimum upper Yyield stress of 350 MPa [14]. The chemical composition of the substrate is shown in
Table 1 [15]. Before spraying, the samples were blasted to the cleanliness of SA3. Using titanium-
aluminum wire with 3% titanium, the coating was applied by Metallisation arc 150/S500 equipment
with a nozzle air pressure of 5 bar using 2 mm wire and 450 amps.

Table 1 Chemical composition of HA350 structural steel
Chemical Analysis Mn Si C Fe

HA 350 (weight %) 1.10 0.02 0.18 98.59

Surface characterizations. The specimen’s cross-section was ground and polished using
metallographic sandpaper (5-20 pum), followed by a final polishing step using a 1 um diamond
solution. The microstructure and chemical composition of coatings were examined using scanning
electron microscopy coupled with energy-dispersive X-ray spectroscopy (SEM-EDX).

Immersion corrosion test. According to the SNZ TS 3404 [16], the highest corrosion rate in New
Zealand is around 80um/year. Accordingly, this investigation adopts 3.5 wt% NacCl solution as the
most common corrosive agent having a pH range of 6.8 to 7.2. It was used to for immersion test for
duration of 625h and 1000h according to ASTM G-31 standard and ASTM G-44 [17, 18]. The
evolution and comparison of the Ti-Al coating were recorded by digital camera, and corrosion
products were analyzed by SEM and EDX.

Microhardness. The microhardness of the coating was assessed using a Vickers hardness tester (LM
—800AT, LECO, Michigan, USA) under a load of 100N and a holding time of 10s. Ten indentations



averaged the final value. The coatings after immersion corrosion were also subjected to
microhardness test to investigate the effects of corrosion.

Electrochemical corrosion test. An electrochemical workstation (CHIG60E, Chenhua, Shanghai,
CN) was used to explore corrosion resistance details. The flat test cell (K0235, Lastek, Australia) was
employed, leaving a geometrical surface area of 1cm?2 exposed to a 3.5 wt% NaCl solution. There was
a three-electrode system including a saturated potassium chloride electrode as a reference electrode,
platinum as the counter electrode, and the sample as the working electrode. The measurement range
of the Tafel polarization curve was -0.5V to +0.5V based on the open circuit potential (OCP), and the
scan rate was 0.33mV/s.

Results and Discussion

Characterization. Figure 1(a) depicts SEM images and the chemical composition of the Ti-Al
coating. The coating surface exhibited roughness, with the presence of pinholes and pores. The
content of Ti in the coating was approximately 3wt%, which corresponds to the composition of the
coating wire. Figure 1(b) indicates that the thickness of the coating is around 200 um, and the coating
bonds well with the substrate, showing no pores or cracks. It can be observed from Figures 1(c) and
1(d) that the Ti and Al elements were evenly distributed throughout the coating.
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Fig. 1 SEM images of the (a) coated surface, and (b) cross-section; (c) Al and (d) Ti elements.

Figure 2 presents SEM images and the chemical composition of the sample’s surface after
sandblasting treatment. The surface, blasted to cleanliness of SA3, exhibited lower roughness
compared to the untreated surface. Fe and Mn elements were observed to be distributed in the
substrate. The results of Energy Dispersive X-ray Spectroscopy (EDX) indicated that the content of
Fe and Mn was consistent with the information provided by the manufacturer.



= E TR o N
P ()
Mn Fe 'f"

o

o - s
| Sandblasting 100 99.00 %

e R, i

Fig. 2 SEM images of (a) sandblasting surface, and (b) cross-section, (c) Fe and (d) Mn elements.

Immersion corrosion test. Figures 3 and 4 depict the photographs before and after immersing the
uncoated and sandblasted, and Ti-Al coated samples in a 3.5 wt% NaCl solution for 625 hours and
1000 hours. Brown corrosion products are visible on the surface of the sandblasted samples.
Comparing the 625-hour and 1000-hour immersion test durations, it is evident that the samples
exposed for 1000 hours have darker brown corrosion products and sandblasted samples had high mass
loss. Upon observation of the substrate after immersion in the saltwater solution, significant
adherence of corrosion products to the surface is noted. During the ultrasonic cleaning process, part
of the brown layer formed on the surface of sandblasting samples was easily removed, whereas some
brown spots were retained on the surfaces as shown in Figure 3.

The Ti-Al coatings showed that white corrosion products developed on the coating surface following
immersion in salt water for 625 hours. Despite cleaning, these corrosion products remained.
Compared with the 625-hour sample, the specimen immersed for 1000 hours exhibited a brighter
surface, with maintained surface roughness, indicating that the surface will not be etched due to
corrosion. The weight of the Ti-Al coating increased after corrosion, attributed to the deposition of
white corrosion products on the surface of the coating, which cannot be easily removed.
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Fig. 3 Photographs of the uncoated and sandblasted sample as blasted and after 3.5 wt% NaCl for 625
hours and 1000 hours



Fig. 4 Photographs of Ti-Al coated sample as coated and after 3.5 wt% NaCl for 625 hours and 1000
hours

SEM and EDX analyses revealed the microstructures and chemical composition of the samples on
their surfaces. Figure 5 provides details of the sandblasted layer after the immersion test. Compared
with the uncorroded sample, there are few spark spots on the surface of the sandblasted sample, and
with longer immersion times, the number of spark points also increased. High-magnification images
show the details of spark spots, with some fragments adhering to the surface. EDX results indicate
that the main components of these fragments are Fe, O, Cl, and Mn. The sandblasted sample after
1000 hours showed a higher oxidation level than that of after 625 hours. Localized corrosion initiation
by the breakdown of the passive film and metastable growth of small pits on the verge of stability is
the main corrosion category observed in sandblasted samples. Subsequently, pitting on a boldly
exposed surface grew significantly after this stage [19, 20].
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Fig. 5 SEM images of sandblasted surface and corrosion for 625 hours (a, ¢) and 1000 hours (b,d).

Figure 6 illustrates the morphologies of corrosion products of immersed samples after 625 hours and
1000 hours. After corrosion of the Ti-Al coating, partial cracks appeared on the surface of the coating,
which filled the surface after 1000 hours of corrosion, forming loose corrosion products. Figures 6
(b) and (d) show island-shaped fragments formed by the rupture of the oxide layer. EDX results
indicate that the oxidation of the coating increased as the immersion time extended, with a relatively
decreased aluminum content. Compared to the original coating images before the immersion tests,
aluminum was heavily corroded after these tests. The CI- ions in the solution are the main factor
causing corrosion [21]. These ions hinder the possible formation of the oxide film on the coating
surface and, in turn, damage the formed passive layers [22], resulting in local corrosion. The layer
contains 2.08% of Ti, 40.14% of Al, and 57.16% of O atoms, respectively, indicating the porous area
after corroding aluminum, with oxygen atoms penetrating to form corrosion products with high
oxygen content [23]. EDX analysis on the surface of the Ti-Al coating showed no Fe element present,



indicating that the coating inhibited substrate corrosion, which is corroborated by the subsequent
electrochemical corrosion section.
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Fig. 6 SEM images of Ti-Al coating and corrosion details for 625 hours (a, ¢) and 1000 hours (b, d)

Microhardness. The cross-sectional hardness of the Ti-Al coating and sandblasted surfaces was
measured immediately after coating and blasting, yielding averages of 90 HV100 and 183 HV100,
respectively. Previous studies have assessed the cross-sectional hardness of Ti-Al arc-sprayed
coatings. For instance, Hansol [19] reported a hardness of 138 HV0.025 for twin wire arc-sprayed Ti-
Al coatings. Hardness values can vary depending on the coating composition and applied conditions,
influenced by different microstructures. Nonetheless, the hardness values measured in this study are
considered reasonable.

Following immersion in salt water for 625 hours, the average cross-sectional hardness of the Ti-Al
coating increased to 104 HV100, further rising to 112 HV100 after extending the immersion time to
1000 hours. This increase in hardness is attributed to the solid strengthening phenomenon resulting
from the presence of Ti [19], as supported by EDX results. Additionally, prolonged immersion in salt
water promotes the development of an Al-Ti system within the coating, causing Ti dissolution within
the Al matrix in a supersaturated state [19]. This phenomenon contributes to increasing the hardness
of the coating. In contrast, the cross-sectional hardness of the sandblasted surface remained
unchanged after the immersion test. This stability can be attributed to the removal of corrosion
products during cleaning procedures.

Electrochemical behavior of Ti-Al coating. Tafel polarization curves of Ti-Al coating and
sandblasting in 3.5wt% NaCl solution are shown in Figure 7. Table 2 lists the electrochemical
behavior of the coating, including the corrosion potential (Ecorrosion), COrrosion current density
(Icorrosion) @nd corrosion rate. The corrosion potential values of sandblasted and Ti-Al coated samples
were -0.6V and -1.1V respectively. In general, the coatings have a more negative corrosion potential,
i.e. the corrosion of the coating will occur before the substrate to protect the substrate as a sacrificial
anode. Further, the corrosion current of Ti-Al coated samples (4.7pA/cm?) is much lower than that of
sandblasted surface (17.2puA/cm?). The term “Icorrosion” indicates the rate at which corrosion progresses
during the corrosion process, with higher values suggesting a faster rate of corrosion progression [23].
As a protective coating of steel, arc-sprayed Ti-Al coating not only exhibits good cathodic protection
through the sacrificial anode effect, but also has a low corrosion rate, which is beneficial for long-
term corrosion protection.
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Fig. 7 Potentiodynamic polarization curve of Ti-Al coating and sandblasted surface

Table 2 Results of potentiodynamic polarization test in 3.5 wt% NaCl solution

Ecorrosion (V) Icorrosion (uA/CmZ) COH‘OSion Rate (mm/y)
Ti-Al coating -1.1 4.7 0.08
Sandblasted surface -0.6 17.2 0.22

Conclusion

This study prepared arc-sprayed Ti-Al coating and sandblasted surfaces (normal surface treatment to
SA3), followed by microstructure analysis, basic mechanical performance evaluation and corrosion
resistance assessment. To evaluate the corrosion resistance in saltwater environments, the coated and
sandblasted samples were subjected to a 1000-hour immersion test in 3.5 wt% NaCl solution. The
results indicated that the Ti-Al coating has an excellent corrosion resistance. Even after soaking in
salt water for a long time, the coating still maintained its durability without peeling or substrate
exposure, and the hardness of the coating increased after the immersion test. The electrochemical
corrosion test results also provided that Ti-Al coating has lower corrosion rate (0.08mm/y) in
corrosive environment, which can extend duration of protection for a given thickness. Hence, the Ti-
Al coating may be considered as promising for applications in structural systems.
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