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Abstract: Compressor blades made of TC4 that are serviced in marine environments suffer from
severe active corrosion under the synergetic effect of NaCl and H2O(g). A SiO2-Al2O3 glass composite
coating was applied on TC4 substrate for protection by first air spraying slurry and subsequent a
suitable sintering process. The corrosion behavior of the SiO2-Al2O3 glass composite coating and
uncoated alloy in marine environment under the simultaneous effect of NaCl(s) and H2O(g) at 650 ◦C
were investigated. The results indicated that the SiO2-Al2O3 glass composite coating presented
good corrosion behavior and provided protection for the alloy; the superior corrosion resistance is
mainly attributed to the favorable effect of the SiO2-Al2O3 glass composite coating on inhibiting
self-sustainable oxychlorination. The detrimental effect of Ti on self-sustainable oxychlorination
mechanism in marine environment are discussed.

Keywords: Ti-based alloy; glass composite coating; chlorination; high temperature corrosion;
marine environment

1. Introduction

Ti-based alloys have been widely used as appropriate materials for compressor blades
in aviation [1,2] and power industries [3–5] because of their low specific density, superior
creep resistance and high strength at elevated temperatures [6–8]. When serviced in marine
environments, however, compressor blades are always surrounded by moist air containing
specifically abundant salt (especially NaCl) and water vapor. The synergetic effect of NaCl
and H2O(g) has been reported to accelerate the corrosion of alloy substrate [9,10], including
titanium alloys, which suffer from severe active corrosion due to generation chlorides, such
as Cl2 or HCl as reaction products at 600–700 ◦C. These chlorides diffuse inward to the
substrate and react with substrate metal cyclically.

Surface coatings are preferred choice to enhance the corrosion resistance of titanium
alloys, such as metallic coating [11–14] and polyester composite coating [15–20]. TiN
and TiN/Ti multilayer coatings were found to be a good corrosion-resistant metallic
coating and can improve the corrosion resistance of Ti-based alloy significantly [21–24].
Wang et al. [25] also investigated the corrosion behavior of Ti2AlC MAX phase coatings
coated on 1Cr11Ni2W2MoV steel substrates in NaCl deposit in water vapor at 600 ◦C.
The dense and uniform corrosion scale composed of NaxTiyOz fine grains and amorphous
Al2O3 phases self-healed the generated defects during corrosion, thereby enhancing the
corrosion resistance of stainless steel.
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Compared with the metallic coating, the glass–ceramic coating attracts much attention
because it has a superior corrosion resistance against most corrosive media (salt [26], molten
aluminum [27], saline solution [28], etc.) owing to their inertness and compactness with
the underlying matrix. In addition, the preparation process and raw material of enamel
coatings are eco-friendly and cost-effective [29]. Some previous research is available on the
corrosion behavior of glass–ceramic coatings in most corrosive media [26–28]; however,
few investigations have been conducted on the corrosion mechanism of SiO2-Al2O3 glass
composite coating on Ti-based alloy in marine environment under the synergetic effect of
NaCl and H2O(g).

The relative mechanism with respect to the corrosion behavior of the glass-ceramic
coating in marine environment has not been fully understood yet, and an insight into it
needs to be developed. In the present study, a SiO2-Al2O3 glass composite coating coatings
on Ti-based alloy were prepared by air spraying slurry and then a suitable sintering
process. Their corrosion behavior under the synergetic effect of NaCl and H2O(g) in marine
environment at high temperature was carefully investigated. The degradation mechanism
of uncoated alloy was also discussed and clarified in detail.

2. Experimental
2.1. Coating Preparation

A commercial titanium alloy TC4 (Al: 5.5~6.8, V: 3.5~4.5, Fe ≤ 0.30, O ≤ 0.20, C ≤ 0.10,
N ≤ 0.05, H ≤ 0.015, Ti balanced, wt.%) was used as the substrate material. An electrical
discharge wire cutting machine was used to cut the coin-shape samples with dimensions
of Φ 20 × 1.5 mm. All the cut specimen were ground with a final 600# SiC paper and
then sandblasted humidly with alumina (300 mesh) with air-pressure set at 0.3 MPa. The
degreasing processes includes boiling in a NaOH aqueous solution (50 g/L) for 10 min and
ultrasonic cleaning in acetone and ethanol for 15 min, respectively.

The content of the aqueous solution of potassium silicate (ASPS) is 40 wt.%, with
the ratio of K2O to SiO2 to is approximate 1:3 (Sinopharm Chemical Reagent Co., Ltd.,
Shanghai, China). α-Al2O3 (Aladdin Chemical Reagent Co., Ltd., Shanghai, China) and
quartz (Sinopharm Chemical Reagent Co., Ltd., Shanghai, China) powders ranged from 1
to 10 µm in size. The detailed preparation process and parameters of the composite coating
can be referred in elsewhere [30]. The SiO2-Al2O3 glass composite coating was solidified
and gradually sintered based on the schedule: at room temperature for 5 h, at 70 ◦C for 10 h,
at 120 ◦C for 10 h, at 260 ◦C for 5 h, and at 850 ◦C for 1 h. This sintering schedule makes the
water in the coating dry slowly, which avoids the crack generation during sintering.

2.2. Corrosion Test Simulating Marine Environment

Corrosion test was carried out in a horizontal furnace at 650 ◦C. Before loading the
samples to the furnace, all test samples were preheated and sprayed with NaCl solution
uniformly at about 2.0–2.5 mg/cm−2. All the samples were hanging at a framework made
of a Ni-Cr wire in the furnace. To avoid an accelerated corrosion attack, the salt film
was sprayed on the surface area sufficiently far away from the hanging hole. Pure O2 as
carrying gas passed into a glass bubbler containing distilled water that can be heated by
the recycling water in a water bath to obtain O2+H2O(g) atmosphere. The flow rate of O2
was 40 mL/min. The temperature of water bath was set to 60 ◦C to generate about 20 vol.%
water vapor. The salt-deposited specimens were rapidly moved into the furnace with
the constant temperature (650 ◦C) once the gas flow kept stable. After corrosion for 20 h,
40 h, 60 h, 80 h, and 100 h the samples were removed from the furnace and cooled in air.
Subsequently, the corroded samples were washed in the boiling deionized water for 30 min
and then dried completely. An electronic balance (Sartorius BP211D with sensitivity of
0.01 mg) was used to measure the mass of each sample, followed by next cycle of corrosion
test. Three parallel samples were utilized for obtaining average mass change.
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2.3. Characterization

X-ray diffraction (XRD, XRD, 3003 TT, Seifert, Ahrensburg, Germany) with Cu-Kα

radiation (2θ: 10◦–90◦, step size: 0.015◦, time: 25 min) was utilized to detect the phase
constitution of the coatings and the oxide scales after corrosion test. A field-emission
scanning electron microscope (SEM, Hitachi SU 5000, Tokyo, Japan, accelerating voltage:
10 kV; working depth: 10 mm) equipped with energy dispersive X-ray spectrometer (EDS)
was used to observe the surface and cross-sectional morphologies and structures.

3. Results
3.1. Initial Microstructure

Figure 1 shows surface and cross-sections of the SiO2-Al2O3 glass composite coating
on TC4. It can be seen from Figure 1a that the surface of the SiO2-Al2O3 glass composite
coating was pretty smooth with no crystals dispersed. For the cross-sectional morphology,
the SiO2-Al2O3 glass composite coating exhibited an outer layer in thickness of 15 µm and
the underlying matrix.
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Figure 1. Surface (a) and cross-sectional (b) morphologies of the SiO2-Al2O3 glass composite coating.

3.2. Corrosion Kinetics

Figure 2 shows mass change curves of TC4 with and without coating corroded in
marine environment. The weight of bare samples dropped rapidly in the early corrosion
stage until to 20 h, followed by an unsteady mass increase afterwards. Finally, it experienced
a significant rise and subsequent sharp decrease, which was attributed to the exfoliation
of the corrosion products (see below). The SiO2-Al2O3 glass composite coating exhibited
a relatively slower mass decrease until corrosion for 100 h, which implied much better
corrosion resistance. After corrosion for 100 h, the weight change was 1.89 mg/cm2,
−2.11 mg/cm2 for uncoated alloy and SiO2-Al2O3 glass composite coating, respectively.
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3.3. Corrosion Products in Marine Environment

Figure 3 shows macrophotograph of TC4 with and without coating after corrosion in
marine environment for 100 h. It is observed that the uncoated sample exhibited serious
corrosion, multiple spallation occurred at surface. In contrast, the surface of the SiO2-Al2O3
glass composite coating exhibited smooth and complete surface, with some pores dispersed
at some locations.
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Figure 3. Macrophotograph of TC4 with and without coating after corrosion in marine environment
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XRD patterns of the uncoated sample corroded in marine environment for 100 h are
presented in Figure 4. The uncoated alloys were mainly composed of TiO2, Na2TiO3, and a
small amount of Al2O3.
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Figure 4. XRD patterns of uncoated alloy after corrosion in marine environment for 100 h at 650 ◦C.

Figure 5 shows surface and cross-sectional morphologies of the bare samples after
corrosion for 100 h. It can be observed from Figure 5a that a portion of surface was smooth
and completed, with large area of the oxide scale and some coarse oxide nodules covered.
Correspondingly, it can be seen from the cross-sectional morphology (Figure 5b) that the
oxide scale in the thickness of 50 µm was formed at surface. Although no spallation of the
scale was observed, a horizontal crack was formed in the scale. On the other hand, the
other portion of the surface exhibited multiple cracks and serious spallation (see Figure 5c).
Correspondingly, it can be seen from Figure 5d that a large part of the oxide scale occurred
spallation at surface.
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marine environment for 100 h at 650 ◦C.

Figure 6 presented XRD patterns of the SiO2-Al2O3 glass composite coating after
corrosion test. It can be observed that the samples were composed of Ti5Si3, Ti3Al, quartz,
cristobalite, and α-Al2O3. It should be noted that the quartz and α-Al2O3 are the inclusions.
However, both Ti5Si3 and Ti3Al were corrosion products, which replied that reactions
have occurred at the coating/alloy interface during sintering. It is intriguing to notice that
cristobalite was also detected, which is reported to form at high temperature [30].
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Figure 7 shows the surface morphology of the SiO2-Al2O3 glass composite coating
after corrosion for 100 h. It can be seen that the surface was divided into two parts: A
and B. The surface of area A was comparatively smooth while that of area B was much
rougher, with some spallation occurred. Both two areas were enlarged and displayed
in Figure 8. It can be observed from Figure 8a that the surface of area A exhibited large
number of cracks but no spallation. Correspondingly, it can be observed from cross-section
(Figure 8c) that some pores were dispersed in the coating. In contrast, multiple spallation
occurred at surface of area B (Figure 8b). Correspondingly, from the cross-section, the
coating was filled with pores and cracks, which penetrated through the entire coating until
to the coating/matrix interface (Figure 8d).
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4. Discussion

From the above-mentioned results of corrosion kinetic curves and corrosion products,
it is clearly concluded that the corrosion resistance of Ti-based alloy was not improved
significantly by the SiO2-Al2O3 glass composite coating. The discussion will begin with a
discussion about the effect of Ti on self-sustainable oxychlorination in bare substrate under
the simultaneous effect of NaCl(g) and H2O(g) in marine environment, then the benefi-
cial effect of the SiO2-Al2O3 glass composite coating on self-sustainable oxychlorination
inhibition is analyzed.

4.1. Effect of Ti on Self-Sustainable Oxychlorination in Marine Environment

The NaCl deposit and water vapor was shown to be extremely harmful for bare alloy.
The presence of pores, holes, cracks, and spallation in the oxide scale are complementary
evidences of the detrimental behavior of bare alloy in the presence of NaCl and water vapor.

Given that the melting point of NaCl(s) was 801 ◦C, so NaCl keeps solid state at the
test temperature of 650 ◦C. Based on the thermodynamic calculation, the standard Gibbs
free energy change for the following Equations (1) and (2) are positive [31], so the sodium
chloride cannot be oxidized at the given test temperature.

4NaCl(s)+O2(g)+2TiO2= 2Na2TiO3+2Cl2 ∆Gθ= 268.77 kJ/mol (1)

2NaCl(s)+H2O(g)+TiO2= Na2TiO3+2HCl ∆Gθ= 127.26 kJ/mol (2)

However, Na2TiO3 was evidently detected in bare Ti-based alloy based on XRD pattern
(Figure 4). Thus, the reaction producing Na2TiO3 should happen.

Though thermodynamic calculations of the standard Gibbs free energy change provide
positive values for reactions involving solid NaCl (Equations (1) and (2)), whereas negative
values are obtained with gaseous NaCl (Equations (3) and (4)) [31], as follows

4NaCl(g)+O2(g)+2TiO2= 2Na2TiO3+2Cl2 ∆Gθ= −68.94 kJ/mol (3)

2NaCl(g)+H2O(g)+TiO2= Na2TiO3+2HCl ∆Gθ= −196.75 kJ/mol (4)

Therefore, initiating reaction between NaCl, O2/H2O and TiO2 should involve gaseous
NaCl instead of solid NaCl. The NaCl(g) is from saturated vapor pressure established by
equilibrium between solid and gaseous states.

Once the reactions of Equations (3) and (4) happen, then it is supposed that the as-
released gaseous Cl2/HCl can be then partially released in the atmosphere, but some might
migrate down to the metal/oxide interface and react with metallic Ti to form gaseous
TiCl4 or TiCl4 plus H2 following the here below reactions with a high negative value of the
standard Gibbs free energy change [31].

Ti(s)+Cl2(g)= TiCl4(g) ∆Gθ= −645.89 kJ/mol (5)

Ti(s)+4HCl(g)= TiCl4(g) + 2H2(g) ∆Gθ= −243.18 kJ/mol (6)

The reaction of Cl2(g)/HCl(g) with titanium at the metal/oxide interface leads to a
continuous evaporation of TiCl4(g). The titanium chloride can then react with the inward
diffusional oxygen and lead to the formation of titanium dioxide and gaseous chlorine:

TiCl4(g)+O2(g)= TiO2(s) + 2Cl2(g) ∆Gθ= −121.53 kJ/mol (7)

In this way, gaseous Cl2 is produced again. Meanwhile, small amount of HCl(g)
can be converted by Cl2(g) in the presence of moisture via the Deacon equilibrium. The
re-generated Cl2(g) and/or HCl(g) migrate to the metal/oxide interface and sustain self-
sustainable oxychlorination cyclically, until Cl2(g) and/or or HCl(g) induced by NaCl and
H2O(g) is consumed out.
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4.2. Effect of SiO2-Al2O3 Glass Composite Coating on Self-Sustainable Oxychlorination Inhibition

The SiO2-Al2O3 glass composite coating experiences slighter corrosion in marine envi-
ronment compared with uncoated samples after exposure for the same period at the same
temperature, which indicates that the self-sustainable oxychlorination corrosion process
happened in bare alloy is inhibited or alleviated effectively. In the self-sustainable oxychlo-
rination corrosion process, as TiO2 is formed in the oxide scale during oxidation (Figure 5),
the reaction between TiO2 and NaCl produces Cl2 or HCl from Equations (3) and (4), which
tends to penetrate inward via the pores or cracks within the corrosion product and occur re-
action with the titanium to form TiCl4, which is volatile and can react with inward-diffused
oxygen to form TiO2 and Cl2/HCl. The reformed Cl2/HCl will trigger the self-sustainable
oxychlorination to occur circularly in the coating.

However, for SiO2-Al2O3 glass composite coating, a dense and inert coating was
formed at surface, which can restrain the invasion of corrosive medium effectively. How-
ever, it should be noted that the SiO2-Al2O3 glass composite coating appears some cracks
at surface or in the coating (Figure 8), and the weight keeps steady decline (Figure 2).
This is probably because during the process of cleaning salt, potassium ion in the coating
integrated into the boiling water, leading to the loss of potassium ion. On the other hand,
the exchange between potassium ion in the coating and sodium ion in the salt happen,
which trigger the appearance of crack and the mass drop.

5. Conclusions

A SiO2-Al2O3 glass composite coating was deposited on TC4 alloy by air spraying
slurry and subsequent a suitable sintering process. The coatings and uncoated alloy were
corroded in the simultaneous presence of solid NaCl and water vapor at 650 ◦C. Their
corrosion behavior, in terms of corrosion kinetics and microstructure degradation, were
investigated. The following conclusions can be drawn:

1. The bare TC4 exhibited serious corrosion due to self-sustainable oxychlorination process;
2. The SiO2-Al2O3 glass composite coating showed superior corrosion resistance in marine

environment because the self-sustainable oxychlorination reaction is inhibited effectively.
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