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Abstract: The corrosion behavior of pure Ti under a solid NaCl deposit in a wet O, flow at 600 °C has
been studied. The results showed that the corrosion rate was greatly accelerated by solid NaCl, which
destroyed the compact and protective TiO, scale to yield non-protective N4Ti5O, and other products.
Detailed scanning electron microscopy (SEM) equipped with an energy dispersive spectrometer
(EDX), and X-ray diffraction (XRD) analysis showed that, during the corrosion process, the metal (Ti)
diffused outward rapidly and reacted with the wet O; to form a thick and porous corrosion products
scale. The electrochemical reaction was also observed during the whole corrosion process at 600 °C,
which further accelerated the corrosion rate. A possible mechanism has been proposed for pure Ti
covered with a solid NaCl deposit in wet O, at 600 °C, based on the experimental results.
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1. Introduction

It is widely known that compressor blades suffer more serious corrosion when serving in a marine
condition than in an inland condition. This is mainly because, in the marine environment, the working
compressor blades are surrounded by moist air, which contains abundant salt (especially NaCl) and
water vapor. Since compressor blades generally serve at 300-600 °C (intermediate temperature), NaCl
is in solid state and can form a solid deposit layer on the blades surface. As a result, compressor blades
would suffer serious corrosion in the simultaneous presence of a solid NaCl deposit layer and wet air.

Under this combined effect of NaCl and wet O, at 500-700 °C, the corrosion behavior of several
alloys, including Fe-Cr alloys [1], 1Cr11NiW2MoV steel [2], 304 stainless steel [3], and K38G alloy [4],
has been extensively studied. To better understand the corrosion mechanism of these alloys, further
studies have been conducted to study the corrosion behavior of pure Fe [5-7] and pure Cr [5,8,9],
which are the major alloy elements of the blade materials. The results demonstrate that the corrosion
rate of pure Fe and pure Cr is sensitive to the presence of a solid NaCl deposit layer because the solid
NaCl deposit could react with their oxide at 500-700 °C. This reaction destroys the protective oxide
scale formed on the metal surface, and the gathered Cl, or HClI reacts with substrate metal cyclically,
resulting in a fast corrosion. Additionally, electrochemical reactions have been observed during the
corrosion process and were involved in the whole corrosion process [5-7,9]. The interaction of chemical
reactions with electrochemical reactions accelerates the corrosion rate significantly.

Titanium alloys are considered appropriate materials for compressor blades because of their
superior strength /weight ratio, good creep resistance, and excellent mechanical properties [10,11].
Even some titanium alloys, e.g., Ti-1100 [12], IMI 834 [13], and Ti60 [14], have been used in the
compressor at 600 °C (which is the highest serving temperature for compressor blades in application).
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The corrosion behavior of titanium alloys under the combined effect of a solid NaCl deposit layer
and water vapor at 500-700 °C has been already studied [14-16]. Compared with the good corrosion
resistance at room temperature [17-20], titanium alloys, on the other hand, suffer a serious corrosion
at 600 °C [14-16]. Additionally, the element Ti, the main alloy element for titanium alloys, is sensitive
with solid NaCl at 600 °C, and its oxide (TiO,) forms the main corrosion products. Thus, in order to
reach a clear understanding on the corrosion mechanism of titanium alloys in the serving condition
of compressor blades and on the corrosion behavior of element Ti in the whole corrosion process of
titanium alloys, it is necessary to study the corrosion behavior of pure Ti under the combined effect of
a solid NaCl deposit layer and wet O, at 600 °C in details.

In this paper, the corrosion behavior of pure Ti underneath a solid NaCl deposit layer in
wet O, flow has been investigated at 600 °C using scanning electron microscopy (SEM) equipped
with an energy dispersive spectrometer (EDS), X-ray diffraction (XRD), and in situ electrochemical
measurement. Possible mechanisms have been discussed based on the experimental results.

2. Materials and Methods

The material used in this study was pure Ti, and the samples were cut into pieces of
10 mm x 15mm x 2mm. All the samples were mechanically ground to 800 grit (including the
edges rounded off) with SiC paper, cleaned in alcohol, and dried in the air. By repeatedly brushing
and drying a NaCl-saturated aqueous solution onto the preheated samples [1-4,8,14], a solid NaCl layer
was deposited on the sample surface. In this work, the amount of deposited NaCl was about 4 + 0.2 mg/cm?.

The corrosion tests were carried out in a thermo-balance [1-4,8,14]. Thermo-gravimetric analysis
(TGA) was applied to record the continuous mass gain during the corrosion experiment. The corrosion
atmosphere (wet O,) was obtained by bubbling pure O, into distilled water in a glass bubbler (in this
study, the flow rate of pure O, was about 140 mL/min when the inner diameter of the tube was about
3.2 cm). The volume fraction of water vapor was controlled by adjusting the temperature of distilled
water in the glass bubbler. In this study, the temperature of distilled water was about 60 °C, producing
a wet O, flow with 19.6 vol % water vapor. To prevent the water vapor from condensing inside the
thermo-balance, a counter flow of pure N, was passed through the thermo-balance. After the furnace
reached the desired temperature (600 °C), and the flows of wet O, and pure Nj stabilized, the sample
was quickly lowered into the constant temperature zone of the furnace tube.

In this work, the corrosion experiments were conducted under the following corrosion
environments: solid NaCl deposit layer in a wet O, flow at 600 °C (NWO600); solid NaCl deposit layer
in a dry O, flow at 600 °C (NO600); wet O, flow at 600 °C (WO600); and dry O, flow at 600 °C (O600).
The specific environmental parameters have been presented in Table 1.

Table 1. Experimental parameters.

Mass of NaCl Amount of Water Flow Rate of O,

Environment Temperature (°C)

(mg/cm?) Vapor (vol %) (mL/min)

NWO600 4.0 19.6 140 600
NO600 4.0 0 140 600
WO600 0 19.6 140 600

0600 0 0 140 600

After corrosion, the surface and the cross-sectional morphologies of the samples were collected
by SEM/EDX. The chemical composition of corrosion products was investigated by XRD.

A special three-electrode system was built for the in situ electrochemical measurements in this
particular environment (shown in Figure 1) [6]. To decrease the resistance of the solution and achieve
a uniform electric field, the reference electrodes consisted of four platinum wires with a diameter of
0.5 mm, and the counter electrode was a circular strip of platinum foil about 0.2 mm wide. All potential
values in this paper were reported versus this platinum reference electrode. The working electrode,
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pure Ti, was a rod with a length of 10 mm and a diameter of 5 mm. The three electrodes were in quartz
tubes, which acted as insulators. All the gaps were sealed by a high temperature inorganic glue [6,7,9].
To decrease the interference of the furnace electric current, the connection wire was covered with
a metal shielding layer. After deposited a solid NaCl layer, the three-electrode system was directly put
into the furnace at the desired temperature for in situ electrochemical measurements.

————» Slid NaCl Deposit Layer

Working Electrode
Reference Electrode (Pt)
Quartz Tube
— Counter Electrode (Pt)
Working Electrode b Quartz Tube
Reference Electrode (Pt)
Connection Wire (Ti)
Quartz Tube Connection Wire (Pt)
Counter Electrode (Pt) — Connection Wire (P1)
——> Metal Shiclding Layer

Figure 1. Schematic diagram of three-electrode cell: (a) the top view and (b) the cross-section view.

The PAR2273 Electrochemical Measurement System manufactured by EG & G was used for all
the electrochemical measurements, which also has the ability to compensate the resistance between
reference electrode and working electrode. In galvanic corrosion measurement, the ratio of anodic area
to cathodic area is 1:2. All the electrochemical measurements were repeated at least three times.

3. Results

3.1. Gravimetry

The mass gain curves of pure Ti under different conditions are shown in Figure 2. The results
indicate that, in the absence of the solid NaCl deposit (0600 and WO600), the mass gain of pure Ti is
very low during the testing time (20 h). Particularly, the mass gain in WO600 is a little larger than in
0600; thus, the water vapor slightly accelerates the corrosion rate of pure Ti without NaCl. In contrast,
the mass gain in NO600 and NWO600 increases by a factor of approximate 20, compared with the
exposure in 0600 and WO600. This demonstrates that pure Ti suffers much more serious corrosion
in the presence of solid NaCl at 600 °C. In other words, pure Ti is sensitive to the solid NaCl deposit.
Furthermore, the mass gain in NWOG600 is a little larger than in NO600, which indicates that water
vapor further accelerates the corrosion rate of pure Ti in the presence of a solid NaCl deposit.
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Figure 2. Corrosion kinetics curves of pure Ti under different corrosion environments at 600 °C: (I) dry
O, (black line), (IT) H,O + O, (green line), (II) NaCl + O, (red line), (IV) NaCl+ H,O + O, (purple line).
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3.2. Morphologies and Composition of the Corrosion Products

Figure 3 shows the surface and the cross-sectional morphologies of pure Ti after the samples were
exposed in O600 for 20 h. It indicates that a compact and even oxidation scale is formed on the sample
surface after 20 h exposure in pure O; at 600 °C, and its thickness is about 1 pm. Figure 4 shows the
surface and the cross-sectional morphologies of pure Ti after the samples were exposed in WO600 for
20 h. These morphologies (Figure 4a—c) present that the oxidation scale is compact and even. As shown
in Figure 4c, its thickness is about 1.5 pm, which is a little thicker than that of O600 (Figure 3c).
This means that pure Ti suffers more serious corrosion in the wet O; flow, which agrees with the results
of the mass gain in Figure 2. Furthermore, when pure Ti is exposed in the wet O,, the oxidation scale
is layered and can be divided into two layers: the inner layer and the outer layer. The inner layer
is compact, and its thickness is about 0.5 um. The outer layer is porous (containing hole marked in
Figure 4c), and its thickness is about 1 pum.

Ni Plating

5 um

Figure 3. Surface morphologies (a); high magnification image (b) and cross-sectional morphologies (c)
of pure Ti oxidized in dry O, at 600 °C for 20 h.

Ni Plating

Figure 4. Surface morphologies (a); high magnification image (b) and cross-sectional morphologies (c)
of pure Ti oxidized in wet O, at 600 °C for 20 h.

The surface and the cross-sectional morphologies of pure Ti after 20 h exposure in NO600 are
shown in Figure 5. It can be observed that the corrosion product scale contains the compact structure
products and the grid structure products. The compact structure products (marked in Figure 5a,b) are
very complete and uniform. The grid structure products (marked in Figure 5a,b) contain lots of through
holes (filled with Ni plating, as shown in Figure 5b) penetrating the corrosion scale. These through
holes are the fast diffusion path for corrosion medium. Underneath the corrosion scale, a loose layer,
containing some holes (close pores), is formed within the substrate due to the diffusion outward of Ti.
The thickness of the corrosion products scale is about 60 um, while that of the loose layer is about 12 pm.
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Hole ’, Hole

200 pm

Figure 5. Surface morphologies (a) and cross-sectional morphologies (b) of pure Ti under a solid NaCl
deposit layer in dry O, at 600 °C for 20 h.

Figure 6 shows the surface and the cross-sectional morphologies of pure Ti after 20 h exposure in
NWO600. The results indicate that the corrosion products scale also contains the compact structure
products and the grid structure products. Compared with that one formed in NO600 (Figure 5), the
compact structure products are relatively looser and lumpier in NWO600, and the grid structure
products contain more through holes. Additionally, a loose layer is formed under the corrosion scale,
and its thickness is about 15 um. Compared with exposure in NO600, this loose layer forming in
NWO600 is thicker and contains more and larger holes and cracks. Hence, there are more Ti diffusing
outward, and the corrosion is more serious in the simultaneous presence of a solid NaCl deposit and
water vapor, which is consistent with the results of mass gain in Figure 2.

Hole

70 oo 100 pm

Figure 6. Surface morphologies (a) and cross-sectional morphologies (b) of pure Ti under a solid NaCl
deposit layer in wet O, at 600 °C for 20 h.

Figure 7 shows the XRD patterns of the corrosion products. Figure 7a shows that only TiO; is
formed on the surface of pure Ti after 20 h exposure in O600 and WO600 (pure Ti identified in Figure 7a
is the substrate). The XRD patterns in Figure 7b show that, when pure Ti is exposed in the presence of
a solid NaCl deposit (NO600 and NWO600), a mixture of corrosion products (containing NasTisO1o
and TiO,) forms on the sample surface with some residual NaCl. In Figure 7b, it also appears that the
intensity of diffraction peaks of NasTi5Oy; is larger in NWO600 than in NO600. This means that the
water vapor enhances the formation of Na;Ti5O1; in the presence of a solid NaCl deposit.
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Figure 7. X-ray diffraction patterns of pure Ti oxidized in dry O, and wet O, up to 20 h at 600 °C (a)
and X-ray diffraction patterns of pure Ti under a solid NaCl deposit layer in dry O, and wet O, at

600 °C for 20 h (b).

3.3. Electrochemical Corrosion

Figure 8 shows the galvanic corrosion current (Ig) as a function of time for the Pt-Pt couple under
NWO600 and the Ti-Pt couple under NWO600. In Figure 8a, I of the Pt-Pt couple under NWO600
increases quickly to 7 x 1077 A/cm? in the early stage due to the increase of test temperature and then
decreases form the top to —2 x 1078 A/cm? with time varying from 0 to 5 h. I of the Ti-Pt couple
under NWO600 (Figure 8b) is also divided into a fast increase stage and then a decrease stage. I of the
Ti-Pt couple under NWO600 is about three orders of magnitude larger than that of the Pt-Pt couple
under NWO600, with the maximum value about 1.7 x 10~* A/cm?.
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Figure 8. Galvanic corrosion current of the Pt-Pt couple (a) and Ti—Pt couple (b) under a solid NaCl

deposit layer in wet O, at 600 °C.

The variation of open circuit potential (Eocp) with corrosion time for pure Ti under NWO600 is
presented in Figure 9 and show that Epocp increases quickly to —0.35 V vs. Pt in the early stage due to
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the increase of test temperature, and then it always declines with corrosion time to —0.6 V vs. Pt after
20 h exposure.
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Figure 9. Open circuit potential of the Ti-Pt couple under a solid NaCl deposit layer in wet O, at 600 °C.

4. Discussion

4.1. Electrochemical Reaction in the Corrosion Process of Pure Ti under a Solid NaCl Deposit

When pure Cr and pure Fe were exposed in a marine condition at 600 °C, the electrochemical
reactions, observed by Liu et al. [5] and Tang et al. [6,7,9], were involved in the whole corrosion
process; thus, the entire corrosion included electrochemical corrosion and chemical corrosion.
The electrochemical corrosion was weak but accelerated the corrosion rate greatly by interacting
synergistically with the chemical corrosion [6,7,9]. For pure Ti, the measured I of the Ti-Pt electrodes
under NWO600, which is 1.7 x 10~* A/cm? as shown in Figure 8¢, is significantly larger than that of
the Pt-Pt electrodes, which is near to zero as shown in Figure 8a. Since no electrochemical reaction
occurs on the Pt-Pt electrodes under NWO600 [5,6], its I is believed to be the background current
density of the whole electrochemical system. Additionally, the value of the measured I for the Ti-Pt
electrodes is close to the normal electrochemical reaction in the solution. Therefore, it is believed that
electrochemical reactions should occur with pure Ti, and electrochemical corrosion is considered to be
involved in the corrosion process of pure Ti under NWO600, which is similar with the results of pure
Cr [9] and pure Fe [6,7] exposed in the same condition. This means that the entire corrosion of pure Ti
under NWO600 includes the electrochemical corrosion reaction and the chemical oxidation reaction.

The percentage of the electrochemical corrosion to the total corrosion (ratio of electrochemical
corrosion rate to total corrosion rate) was calculated, because it provides useful insight into the
corrosion behavior of pure Ti in the presence of a solid NaCl deposit at 600 °C. The total corrosion rate
(consumption of Ti over the entire corrosion) can be calculated by mass gain measurements. The ratio
of atom Ti to atom O is assured for the oxidation product, since the oxidation product is approximately
TiO, (as shown in Figure 7b). Additionally, the corrosion product is mainly composed of oxygen,
involved in the corrosion process, and the metal, consumed by corrosion. Thus, the total corrosion
rate of the consumed metal (Ti) can be determined from the slope of the mass gain results (Figure 2)
according to the ratio of atoms. The electrochemical corrosion rates (consumption of Ti through the
electrochemical reaction) can be calculated from the corrosion current density (Icorr) which is obtained
by fitting the potentiodynamic polarization curves (Figure 10) in the cathodic active polarization
zones. The calculation method is described in detail in [9] and the obtained results are presented in
Table 2. When pure Ti is exposed in NWO600 respectively for 1 h, the percentage of the electrochemical
corrosion to the total corrosion is about 2.43%, while it is about 4.88% after 20 h of exposure.
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Figure 10. Potentiodynamic polarization plot of the pure Ti under a solid NaCl deposit layer in wet O,
at 600 °C for 1 h (a) and 20 h (b).

Table 2. Electrochemical corrosion potential (Ecorr), electrochemical corrosion rates (Icorr), and
percentage of electrochemical corrosion to total corrosion of pure Ti under a NaCl deposit in wet
0O, at 600 °C for 1 and 20 h.

Condition Corrosion Ecorr Tcorr Percentage of Electrochemical
Time (h) (V vs. PY) (A/cm?) Corrosion to Total Corrosion

NWO600 1 —0.388  5.04 x 107> 2.43%

NWO600 20 —0436  3.02x107° 4.88%

We could conclude from this that the electrochemical corrosion occurs during the whole corrosion
process in NWO600, but its ratio to total corrosion is very low (less than 5%).

4.2. Corrosion Behavior of Pure Ti under a Solid Deposit

The corrosion is slight when pure Ti is exposed in dry O, without NaCl at 600 °C (Figure 2) due
to an even, continuous and compact TiO, scale formed on the surface (Figure 3). This scale protects
the substrate from corrosion.

Ti + Oy, = TiO, 1)

When pure Ti is exposed in the presence of water vapor without NaCl, the oxidation rate is
amplified slightly (Figure 2), and a layered and thicker oxide scale is formed on the sample surface
(Figure 4c). Additionally, the results of XRD (Figure 7a) indicate that the corrosion product is only
TiO,. Thus, we can conclude that the composition and the crystal structure of the oxide scale are even,
and the difference between the two layers is just their compactness. At high temperature, H,O tends to
dissociate at the defects on TiO; /(110) planes into free H atoms and OH groups [21-23]. The generated
hydrogen atoms are more prone to diffuse into TiO, through the crystal channels in the c-axis direction,
along which the diffusion rate is at least one order of magnitude larger than that in the direction
perpendicular to c-axis [21,22]. This dissolution of hydrogen in TiO, can increase the concentration of
crystal defects by forming hydrogen defects, thereby increasing the diffusion outward of Ti ions [23].
This fast diffusion in the scale result in a larger corrosion rate and the hole formed in the oxide scale
(marked in Figure 4c), which leads to a thicker and more porous layer (Figure 4c).

When pure Ti is covered with a solid NaCl deposit layer, the corrosion rate is seriously accelerated
(Figure 2) since the corrosion product scale is non-protective and the protective TiO, scale cannot be
formed in the presence of a solid NaCl deposit (Figure 5a,b). The protective TiO, scale cannot form
due to the occurrence of a series of chemical reactions, which are the main actors during the whole
corrosion, and lead to an active corrosion. Firstly, the TiO; scale reacts with NaCl and O, [14], which
destroys the protective scale:

5TiO, + 4NaCl + O, = NayTi5O15 + 2Clp 2)
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Additionally, this destructive reaction can occur as following:
6TiOy + 4NaCl = NayTisOqp + TiCly (©)]

TiCly + O, = TiO, + 2Cl, 4)

The generated Cl;, in Reactions (2) or (4) diffuses inward quickly through the through holes in the
porous corrosion products scale (Figure 5b) and reacts with the substrate (Ti) [2,8,14].

Cl, + Ti = TiCl, ®)

2ClL + Ti = TiCly (6)

Due to high vapor pressure and high activity at 600 °C, TiCl, and TiCly diffuse outward quickly
and react with O, immediately [14] through the following reaction and Reaction (4) respectively.

TiCl, + O, = TiO, + Cl (7)

The standard Gibbs free energy changes (AG®) of these reactions at 600 °C are presented in
Table 3. AG® of these reactions are negative; thus, the reactions are thermodynamically spontaneous.
The generated Cl, in Reactions (4) and (7) can diffuse inward and react with substrate again. Thus, Cl,
reacts with the substrate cyclically, resulting in the diffusion outward of the metal (Ti) forming the hole
and the cracks in the loose layer as shown in Figure 5b and the fast corrosion. Additionally, TiO; is
mainly formed by the chemical sedimentation of the Reactions (4) and (7), and the gaseous species
(Cly, TiCly, and TiCly) are produced in the corrosion process; therefore, the produced TiO, is porous
and non-protective.

Table 3. Standard Gibbs free energy changes of reactions at 600 °C.

Reaction AG® kJ/mol
Ti + Oy — TiO, —785
4NaCl + 5Ti02 + 02 d Na4Ti5012 + 2C12 —194
4NaCl + 6TiOz d Na4Ti5012 + TiC14 —65
TiC14 + 02 g Ti02 + 2C12 —129
Ti + Cl, — TiCl —374
Ti + 2Cl, — TiCl —656
TICIZ + 02 - Ti02 + C12 —411
4NaCl + 5Ti02 + 2H20 d Na4Ti5012 +4HCl —195
TiCly + 2H,0 — TiO, + 4HCl ~130
Ti + 2HCl — TiCl, + H, —174
Ti + 4HCl — TiCly + 2H, —256
2TiCl, + 2H,0 + O, — 2TiO, + 4HCl —-905
2H2 + 02 - ZHQO —-399

In the presence of water vapor, the corrosion rate of pure Ti under a solid NaCl deposit is a little
larger than that without H,O (Figure 2). The corrosion mechanism is similar to that in NO600 and
discussed as following.

5TiO, + 4NaCl + 2H,0 = NayTisOq, + 4HCI (8)
TiCly + 2H,O = TiO, + 4HCl )
2HCl + Ti = TiCl, + Hp (10)

4HCl + Ti = TiCly + 2H, (11)
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2TiCl, + O, + 2H,0 = 2TiO, + 4HCI 12)
2H, + O, = 2H,0 (13)

TiCly in the Reaction (9) is produced through Reaction (3). These reactions are also
thermodynamically spontaneous due to the negative AG®, as presented in Table 3. Thus, NaCl
destroys the protective scale through Reactions (3) and (8), and HCI reacts with the substrate cyclically.
Due to the higher activity of HCI than that of Cl, the rates of Reactions (10) and (11) are larger than
Reactions (5) and (6). Additionally, the concentration of crystal defects is greater by forming hydrogen
defects due to the dissolution of H,O into TiO, as previously discussed. Thus, more Ti is consumed
and then diffused outward, resulting in larger corrosion rate (Figure 2) and looser corrosion products
scale (Figure 6). This higher consumption of Ti also results in a thicker loose layer with more holes and
cracks underneath the corrosion product scale as shown in Figure 6b.

TiCly, TiCl,, Clp, HCl, and H; act repeatedly in the reaction and have a very short lifetime. Thus,
it is difficult to exactly identify the chemical species.

On the other hand, the electrochemical corrosion occurs during the whole corrosion process when
pure Ti is exposed in NWO600, which has been discussed. For pure Ti, the anodic reaction is simple.

Ti = Ti** + 4e (14)

This anodic reaction could enhance the consumption of metal (Ti) in the corrosion process; thus,
the electrochemical reaction maybe further aggravate the corrosion in NWO600.

5. Conclusions

The corrosion rate of pure Ti under a solid NaCl deposit in a wet O; flow at 600 °C was greatly
amplified by the solid NaCl. The corrosion product scale is very porous and thick in the presence of
solid NaCl. We believe that solid NaCl reacts with Ti oxides to form Na4TisO1,, which decreases the
protective ability of the corrosion product scale, thereby aggravating the corrosion process. Meanwhile,
the electrochemical reaction, which is slight during the whole corrosion process, promotes metal
transfer into metal cations and aggravates the corrosion further.
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