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Corrosion behavior of pure Ti under continuous NaCl solution
spraying at 600 °C
Rui Li1, Li Liu1✉, Yu Cui2, Rui Liu 1 and Fuhui Wang1

The corrosion behavior of pure Ti under continuous NaCl solution spraying at 600 °C, compared with that under solid NaCl deposit
film in H2O+O2 environment, has been studied by mass gain curves, detailed microstructural investigation and phase-stability
diagram. The results indicate that the oxide scale consists of three repeated multi-layered subscales composed of Na2TiO3 and TiO2.
Continuous NaCl increases the volatilization of TiCl4 towards oxide/atmosphere interface as well as introduces pores and cracks.
Pores and cracks allow the oxidizing atmosphere to enter and rapidly spread and resulting in a repeat multi-layered oxide scale.
Relatively dense repeat TiO2 delayed active oxidation process, which will decrease the corrosion rate of the pure Ti under NaCl
spraying.
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INTRODUCTION
Compared with the inland areas, the marine environment is more
corrosive, which is mainly due to marine air containing abundant
salts and water vapor. The corrosion behavior of compressor
blades working in the marine environment had been accelerated
by the synergistic effect of solid NaCl deposits and water vapor at
300–600 °C1–4. Many authors have been dedicated to studying the
corrosion behavior of 1Cr11Ni2W2MoV5, pure Cr6, Fe-Cr alloys7,
and Ni-based alloys8,9 used in compressor blade materials under a
solid NaCl deposit film at 500–700 °C, whether water vapor is
present or not. The results show that these materials suffer active
oxidation. The oxide scale was very cracked and porous. Active
oxidation is a cyclic process, chlorine is proposed to be formed at
the sample surface and then penetrate the oxide scale to form
volatile transition metal chlorides at the scale/metal interface.
Because of the high vapor pressure of the metal chlorides they will
then diffuse outwards through the scale and decompose into a
porous metal oxide and chlorine closer to the scale surface. The
released chlorine is proposed to partly diffuse back to the scale/
metal interface and continue the oxidation process without self-
consumption acting like a corrosion catalyst, accelerating corro-
sion1. In addition, electrochemical reactions may occur during the
corrosion process10–14.
Ti-based alloys have been widely used in the compressor

components of aero-engine gas turbine materials for their
excellent physical and mechanical properties at elevated tem-
perature15–17. The oxidation of Ti alloys under solid deposit NaCl
film at 500–600 °C also have been investigated, Fan et al.18,19

studied the corrosion behavior of Ti60 alloy under precoated solid
NaCl deposit film (4 mg cm−2) in H2O and O2 (30.8 vol.% H2O, O2:
140mLmin−1) at 600 °C, the oxide scale was layered, the outer
layer consisted of Na4Ti5O12 and TiO2, while the inner layer with
lamellar structure included alloying elements oxides (Al2O3, SnO2,
ZrO2, and titanium oxide with low valence). Ciszak et al.20–22

studied the corrosion behavior of Ti alloys under precoated solid
NaCl deposit (3-4 mg cm−2) under dry and moist air (12 vol.% H2O,
air steam: 8 mLmin−1) at 560 °C, the degradation of these Ti alloys

in this environment mainly due to “active oxidation” mechan-
ism23–26.
In fact, the solid NaCl deposit environment is a type of

acceleration laboratory method with a thick NaCl deposit layer,
low oxygen, and low H2O steam. The experimental condition
closer to the actual service environment is a continuous NaCl
solution spraying simulation condition with ununiform NaCl
deposit, rich oxygen, and rich H2O steam. The corrosion behavior
of Fe-20Cr in NaCl solution spraying at 600 °C was investigated in
ref. 1. NaCl solution spraying destroyed the protective Cr2O3 scale,
forming a Na2CrO4 and FeCr2O4 inner layer and a defective
columnar crystal Fe2O3 outer layer. However, the corrosion
reactions of pure Ti in the continuous NaCl solution spraying
environment are not clear at present.
The aim of the present work is to better understand the

corrosion behavior of pure Ti under NaCl solution spray at 600 °C,
compared with that of under solid NaCl deposit in water vapor at
the same temperature. Detailed microstructural investigation of
the base corrosion products at different times in combination with
the phase stability diagram to explain the corrosion mechanism of
pure Ti.

RESULTS
Corrosion kinetics
Figure 1 shows the corrosion kinetics of a pure Ti during the testing
time of 20 h under three conditions at 600 °C, which are as follows:
mass gain without NaCl <mass gain with continuous NaCl solution
spraying <mass gain with solid NaCl deposit film in H2O+O2.
The mass gain increase follows parabolic curves after 20 h

corrosion for three conditions at 600 °C. The parabolic rate
constants, kp, for the period of parabolic growth are 9.48 ×
10−13 g2 cm−4 s−1, 1.71 × 10−11 g2 cm−4 s−1, and 5.52 × 10−10 g2

cm−4 s−1 obtained without NaCl, under continuous NaCl solution
spraying and under solid NaCl deposit film in H2O+O2
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environment, respectively, according to Eq. (1):

Δm
S

� �2

¼ 2kpt (1)

where Δm
S is the mass gain per unit surface area in g cm−2, t is time

in s, and kp is the parabolic rate constant in g2 cm−4 s−1.
The total mass gain of the pure Ti in continuous NaCl solution

spraying at 600 °C for 20 h is near 1.57 mg cm−2. The mass gain of
the pure Ti under the solid NaCl deposit film after 20 h in H2O+
O2 is near 8.92 mg cm−2, which is approximately 6 times more
than that exposed to continuous NaCl solution spraying. This
result shows that the corrosion mechanisms of pure Ti under
continuous NaCl solution spraying and solid NaCl deposit film in
H2O+O2 environment at 600 °C are different from each other.

Chemical compositions of corrosion products
The corrosion products of samples exposed to continuous NaCl
solution spraying at 600 °C for 5 and 20 h were detected by XRD
(see Fig. 2). Figure 2a shows GAXRD patterns of the inner layer
corrosion layer neared the based metal that consists mainly of
TiO2. Figure 2b shows XRD patterns of the outer layer corrosion
layer scratched from the samples, mixed oxides that consist

mainly of TiO2 and Na2TiO3 form on the alloy surface at all times,
and residual NaCl is also detected after 20 h.

Surface and cross-sectional morphologies
Figure 3 shows the surface morphologies of the pure Ti samples
after corrosion under continuous NaCl solution spraying at 600 °C
for 30 s, 2 min, 1 h, 5 h, 10 h, and 20 h. As shown in Fig. 3a, after
30 s, NaCl particles with the regular tetrahedral structure were
deposited on the sample surface, and at this time oxidation occurs
indistinctly. As shown in Fig. 3b, after 2 min, the oxidation particles
formed uniformly, and the NaCl particles change to be wrinkled.
After 1 h, the surface morphology in Fig. 3c shows that there are
two kinds of deposit NaCl particles: one is NaCl particles with
concave–convex folds on the surface, and the other is NaCl
particles with smooth surfaces and boundaries. Considering that
smooth NaCl particles are deposited on gully NaCl particles, it is
thought that the smooth NaCl particles are freshly deposited,
while the rugged NaCl particles should be already reacted with
oxides. Currently, the amount of deposited NaCl particles is more
than that at the initial time. In addition, the oxides are very
uniform, and small white particles are formed. The surface
morphologies of pure Ti after corrosion 5 h in Fig. 3d, e show
that NaCl particles with local reaction appeared. In order to
confirm the universality of this phenomenon, the same phenom-
enon was found on several samples at the same time node, as
shown in Fig. 3d, e. The common results are that: (1) the corrosion
products are no longer uniform, some of them are needle-like,
some of them are white raised, and there are fresh small NaCl
particles deposited; (2) the deposited NaCl particles with smooth
boundaries have local reaction zones, which should be formation
by NaCl reacting with Ti oxides. After 10 h (in Fig. 3f), the oxides
are needle-like structures and there are NaCl particles deposited.
After 20 h (in Fig. 3g), the needle-like oxides covered the sample
surface and look compact, NaCl mixed with needle-like oxides can
be observed in the local area. This is different from the surface
morphologies of samples after corrosion for 20 h under the solid
NaCl deposit film in H2O+O2, which is porous and defective3,4.
Considering that these morphologies have been reported in
detail, they are not shown repeatedly.
Figure 4 shows the cross-sectional morphologies of pure Ti

samples after corrosion under continuous NaCl solution spraying
at 600 °C for 5 h and 20 h. Figure 4a shows that the whole
corrosion scale on pure Ti is approximately 5 μm thick after
corrosion 5 h. The corrosion product seems to have two layers
structure. The inner layer next to the substrate is white, and the
thickness is very thin; the outer layer is slightly darker, and there

Fig. 1 Mass gain curves of Ti exposed to different environments
for 20 h at 600 °C. Continuous NaCl solution spraying ( ), solid
NaCl deposit film+H2O+O2 ( ), H2O+O2 ( ). Error bars
represent standard deviations.

Fig. 2 XRD patterns of the corrosion products of the Ti after corrosion with continuous NaCl solution spraying for 5 h and 20 h at 600 °C.
a the corrosion products of the inner layer, and b the corrosion products of the outer layer.
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are a lot of defects inside. Another interesting result is that there
are filamentous or lamellar-like corrosion products at the interface
between corrosion products and matrix, seeing enlarged results in
Fig. 4b. This kind of oxide has been also found in the studies of
both Ti60 alloy19 and Ti-6Al-2Sn-4Zr-2Mo-Si alloy22 under solid
NaCl deposit film in H2O+O2 environment, but it is found by TEM
and not so obvious as this. After 20 h, the thickness of the
corrosion scale layer is about 8 μm, and the corrosion scale layer is
a multilayer structure through continuous defects segmentation,
as shown in Fig. 4c. There are still large-scale defects in the
corrosion product scale. At the oxide/metal interface, there are
also filamentous corrosion products and a white corrosion product
layer, as shown in Fig. 4d. The corrosion products formed under

solid NaCl deposit film in H2O+O2 with total thicknesses of
approximately 65 μm3,4.

Cross-sectional microstructure by TEM
The cross-sectional TEM samples of corrosion for 5 h and 20 h
have been prepared by FIB. The cross-sectional microstructure and
compositions of the corrosion products were determined by TEM.
Supplementary Fig. 1a shows the surface morphology of the
sample after corrosion for 5 h in SEM backscattered electron (BSE).
NaCl particles show a darker color than corrosion oxides. some of
the NaCl particles in the center part formed corrosion products. In
order to study the information of corrosion products formed in the

Fig. 4 SEM cross-section morphologies and an enlarged picture of samples exposed to the continuous NaCl solution spraying for
different times at 600 °C. a b 5 h and c d 20 h.

Fig. 3 SEM surface morphologies of samples exposed to the continuous NaCl solution spraying for different times at 600 °C. a 30 s,
b 2min, c 1 h, d, e 5 h, f 10 h, and g 20 h.
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coexistence state with NaCl particle, FIB milled areas were along
the reaction zone of oxide and NaCl particle. Supplementary Fig.
1b shows a FIB-milled cross-section of the sample. Pt-layer is used
to protect the surface of the selected area of interest including the
NaCl particle.
Figure 5a shows the STEM bright-field image of FIB milled

sample. A large number of cracks, defects, and pores are in the
corrosion products, especially at the oxide/metal interface. Filiform
corrosion products are formed near the base metal, as shown in
Fig. 4a. In addition, the corrosion products formed near NaCl
particle are different from the oxides in other parts. From the
metal matrix to the NaCl particle (marked A to F region), the
structure and composition of corrosion products were carefully
analyzed by TEM. Figure 5b shows the enlarged image of the
selected area in Fig. 5a, which includes A–E region from the
adjacent substrate to the outer layer. The filiform corrosion
product closed to base metal (marked A region) looks like the
lamellar structure Ti2O oxides or TiO2 oxides formed in the inner
layer of corrosion products on Ti60 alloy18,19 or other Ti alloys20,22

under solid NaCl deposit film in H2O+O2 environment at about
600 °C. The results of the selected area electron diffraction pattern
(SAED) confirm that the main product in A region should be TiO2,
as shown in Fig. 5c. In Fig. 5b, the morphology of B region shows
no obvious crystal structure and is different from A region. By
selected area electron diffraction, the corrosion products in B
region were identified as Na2TiO3, shown in Fig. 5d. The outer
layer C region shows a strip structure, and the corrosion products
are identified as TiO2 in Fig. 5e. The D region in Fig. 5b shows no
longer a strip structure, and the corresponding corrosion products
are Na2TiO3 as shown in Fig. 5f. The E region in Fig. 5b
corresponding corrosion products are TiO2 as shown in Fig. 5g.
The marked F region is near to NaCl particle in Fig. 5a, which
shows different color and structure from other corrosion products.
Figure 6a shows the enlarged image of the F region in Fig. 5a, and
the next selected area electron diffraction analysis in Fig. 6b and
corresponding EDS results in Fig. 6c reveal that the corrosion
products in F region is Na2TiO3. The scale consisted of three

duplicated and multi-layered oxide subscales with a total
thickness of about 5 μm.
Supplementary Fig. 2 shows the surface morphology of the

sample after corrosion 20 h in SEM BSE mode. In order to study the
propagation stage of the NaCl-induced corrosion attack, FIB milled
areas were across the needle-like oxides, as shown in Supple-
mentary Fig. 2a. Supplementary Fig. 2b shows a FIB-milled cross-
section of the sample. There are obvious cracks in the corrosion
products, especially at the oxide/metal interface. These results are
similar to the results for corrosion 5 h.
Figure 7a shows the STEM bright-field image of FIB milled sample.

The oxide scale consisted of several delamination layers which are
often cracks, defects, and pores and have partly detached from each
other by layered small pores and columnar voids that parallel to the
oxide/metal interface. From the metal matrix to the NaCl particle
(marked G to I region), the structure and composition of corrosion
products were carefully analyzed by TEM. Figure 7b shows the
enlarged image of the selected area in Fig. 7a, which included the
area from the adjacent substrate to the outer layer. the general
microstructure of the inner filiform corrosion product close to the
base alloy (corresponding to the circled area G) looks like the lamellar
structure Ti2O oxides or TiO2 oxides formed after 5 h corrosion. The
oxides have very fine grains consisting mostly of TiO2 oxide as
confirmed by SAED of one of the oxide grains. An example of a result
identified as TiO2 in [0−1 1] orientation is shown in Fig. 7c. The outer
layer in Fig. 7b, the morphology of H region shows a strip structure
similar to E region. By SAED, the corrosion products in H region were
also identified as TiO2 in [−1 0 1] orientation, shown in Fig. 7d. The
outer layer I region shows a strip structure, and the corrosion
products are identified as Na2TiO3 in Fig. 7e.

Cross-sectional elemental distribution by EPMA
The elemental distribution of corrosion products in the cross-
section was studied by EPMA. Figure 8 shows the EPMA results of
corrosion products of pure Ti formed after corrosion for 5 and 20 h
in continuous NaCl solution spraying at 600 °C, which include
mainly the participating elements Ti, Na, O, and Cl. Figure 8a

Fig. 5 TEM results of Ti exposed to the continuous NaCl solution spraying for 5 h at 600 °C. a STEM cross-section morphology, b inner layer
TEM enlarged view, c SAED patterns of area A, d SAED patterns of area B, e SAED patterns of area C, f SAED patterns of area D, and g SAED
patterns of area E.

R. Li et al.

4

npj Materials Degradation (2022)    53 Published in partnership with CSCP and USTB



shows the EPMA after 5 h, which shows that Ti and O is present
throughout the oxides. Cl is mainly in the inner layer near the
based metal; Na is full in the outer layer. From the EPMA results of
20 h (Fig. 8b), Ti and O occur throughout both layers, Na is
distributed in the layer, and the distribution of Na is more
concentrated in the surface layer. Cl is still in the inner layer near
to based metal.

DISCUSSION
Previous studies on pure Ti3,4 have shown higher NaCl environ-
ment promotes the growth of Ti oxides and increases the active
oxidation rate under solid NaCl deposit film in H2O+O2 at 600 °C.
Nevertheless, the microstructure and the composition of the
corrosion scales growing on pure Ti in the presence of continuous
NaCl solution have not been investigated in detail and the
corrosion mechanism are still under debate. The present study
focuses on the influence of the continuous NaCl solution
environment on corrosion of pure Ti at 600 °C, compared with
that under a solid NaCl deposit+H2O+O2 environment. This
study includes a detailed TEM microstructural investigation of the
corrosion products at different times in combination with the
phase stability diagram.
The present study indicated that the presence of continuous

NaCl solution influenced and accelerated the corrosion process of
the oxide scale formed on pure Ti at 600 °C. The mass gain per unit
area was 4 times than that for H2O+O2, but less than for a solid
NaCl deposit film environment. Several studies reported this

detrimental effect of NaCl deposit on the oxidation resistance of
pure Ti and Ti-alloys3,4,18–22,27,28. It was related to the initial
reaction of native TiO2 with NaCl releasing Cl2, which initiates an
active oxidation mechanism and increases the corrosion rate in
presence of NaCl deposit.
The overall corrosion process and mechanism of pure Ti under

continuous NaCl solution spraying at 600 °C has been studied
based on the above experimental data. Under a continuous NaCl
solution spraying environment, only a small amount of NaCl was
deposited on the surface of the sample, sufficient O2 and H2O
from the environment reacted with Ti, see Fig. 3a, b, TiO2 formed
on the sample surface29–32. This result was consistent with
theoretical predominance diagrams of Na-Ti-O-Cl-H shown in
Fig. 8. It shows that the atmospheres with high O2 partial pressure
in the NaCl solution-spraying experiments explicitly favored the
formation of TiO2 instead of TiClx (s, g), that is, the oxides were
thermodynamically stable species.
And then NaCl was consumed and fresh NaCl particles were

deposited on the sample surface at the same time. The degree of
corrosion depended on the thermodynamic properties and
distribution of NaCl particles. As shown in Fig. 3d, e, the rapidity
of the corrosion attack, especially in the vicinity of NaCl particles
was a prominent feature of this study, NaCl particles began to
react with oxide. This was in accordance with Jonsson’s work33,
which studied the initial oxidation of Fe-2.25Cr-1Mo in the
presence of small amounts of KCl through ESEM at 400 °C. It
was concluded that the corrosion occurred around KCl particles,
the KCl particles completely react with oxide and KCl particles

Fig. 6 Outer layer TEM results of pure Ti after corrosion in continuous NaCl solution spraying for 5 h at 600 °C. a TEM image, b SAED
patterns of area F, and c the EDS spectra of area F.
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have been consumed. In this work, as shown in Fig. 3a, b,
corrosion reactions occurred around solid NaCl on the surface of
the sample at the initial time. With the deposition and
consumption of NaCl, as shown in Fig. 3c–g, the morphology of
NaCl does not present sharp edges but present rounded edges,
which may attest to their progressive gas releasing. NaCl reacts
with TiO2 in presence of O2 and H2O, leading to the formation of

Na-Ti oxides and HCl/Cl2. The chemical reactions between NaCl,
H2O, and TiO2 were as follows:

4NaClðsÞ þ 2TiO2ðsÞ þ O2ðgÞ $ 2Na2TiO3ðsÞ þ 2Cl2ðgÞ (2)

4NaClðsÞ þ 2TiO2ðsÞ þ 2H2OðgÞ $ 2Na2TiO3ðsÞ þ 4HClðgÞ (3)

4NaClðgÞ þ 2TiO2ðsÞ þ O2ðgÞ $ 2Na2TiO3ðsÞ þ 2Cl2ðgÞ (4)

4NaClðgÞ þ 2TiO2ðsÞ þ 2H2OðgÞ $ 2Na2TiO3ðsÞ þ 4HClðgÞ (5)

The cross-sectional morphologies showed that the oxide scale
contained layered small pores and columnar voids that parallel to
the oxide/metal interface. Cracks were found at the oxide/metal
interface that lead to oxide scale decohesion on the substrate. A
defected and delaminated oxide scale would increase the
corrosion rate by affecting the diffusion conditions through the
oxide scale34. The Cl2/HCl was released then diffused inward
through the destroyed oxide scale, reached the oxide/metal
interface, reacted with the Ti substrate to form TiCl4, and the Ti
depletion of the metallic substrate that occurs in the direction of
the lamella. Figure 9 shows an accumulation of chlorine at the
oxide/metal interface, where no Na was present. This also
demonstrated that TiCl4 has formed at the oxide/metal interface.
Fan et al.18,19 and Ciszak et al.21 also reported the presence of TiCl4
after corrosion of Ti alloys in a solid NaCl deposit environment.
TiCl4 appears to have the highest-pressure vapor and in

Fig. 7 TEM results of Ti exposed to the continuous NaCl solution spraying for 20 h at 600 °C. a STEM bright field image, b the TEM enlarged
view, c SAED patterns of area G, d SAED patterns of area H, and e SAED patterns of area I.

Fig. 8 The phase-stability diagram for Ti-Na-Cl-O-H at 600 °C
calculated using FACTSAGE 7.2.
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consequence, to be the most stable species of titanium chlorines
in these experimental conditions. Therefore, TiCl4 formed at the
oxide/metal interface, where there is high partial pressure of Cl2
and low partial pressure of O2.

TiðsÞ þ 2Cl2ðgÞ $ TiCl4ðgÞ (6)

TiðsÞ þ 4HClðgÞ $ TiCl4ðgÞ þ 2H2ðgÞ (7)

TiCl4 will outward diffuse toward the atmosphere/oxide inter-
face and will be oxidized when specific critical values of P(O2) will
be reached. Chloride oxidation reactions are presented in Eqs. (8)
and (9) below:

TiCl4ðgÞ þ O2ðgÞ $ TiO2ðsÞ þ 2Cl2ðgÞ (8)

TiCl4ðgÞ þ 2H2OðgÞ $ TiO2ðsÞ þ 4HClðgÞ (9)

TiO2 continues to react with NaCl, O2, and H2O introduced by
the environment according to Eqs. (4) and (5), releasing Cl2/HCl
that keep the mechanism of active oxidation up, these reactions
happen circularly forming a repeated multi-layered oxide scale
until the outer layer of Na2TiO3 was thick enough to prevent Cl
diffusion through.
The standard Gibbs free-energy change (ΔGo) of corrosion

reactions calculated at 600 °C were presented in Table 1. Although
the ΔGo values of the Eqs. (2) and (3) were positive, as long as the
partial pressure of the products (Cl2 and HCl) on the right side of
the formula was sufficiently low, chemical reactions (2) and (3)
could still occur1.
The formation of a repeated multi-layered oxide scale can also

be understood with the help of the phase-stability diagram of Na-
Ti-O-Cl-H calculated using FACTSAGE 7.2 at 600 °C (Fig. 8)35–39. The

change in P(O2)-P(HCl) combination corresponds to different
thermodynamic conditions at different locations on the oxide
scale. The phase-stability diagram suggests the phases which were
stable or likely to form in the oxide scale. Layered small pores and
columnar voids form a fresh reaction surface corresponding to
area A in Fig. 8 (atmosphere/oxide interface with high oxygen
partial pressure)34. Therefore, Na2TiO3 was the upper oxide layer
and TiO2 was the lower oxide layer. The bottom layer oxide
corresponds to area B in Fig. 8 (oxide/metal interface with lower
oxygen partial pressure). TiCl4 formed at the oxide/metal interface.
Depending on local P(O2) and P(HCl), when the P(O2) is high
enough TiCl4 will be oxidized to TiO2. The corrosion conditions
correspond to area A in Fig. 8 again, the inflow of the oxidizing
atmosphere (NaCl, H2O, and O2) subsequently resulted in fresh

Fig. 9 EPMA elemental maps of corrosion products of pure Ti in continuous NaCl solution spraying at 600 oC for different times. a 5 h and
b 20 h.

Table 1. The standard Gibbs free energy of the reactions at 600 °C.

Chemical reaction ΔGo (KJ mol−1)

Tiþ O2ðgÞ $ TiO2 −785.13

Tiþ 2H2OðgÞ $ TiO2 þ 2H2ðgÞ −385.82

4NaClðsÞ þ 2TiO2 þ O2ðgÞ $ 2Na2TiO3 þ 2Cl2ðgÞ 354.76

4NaClðsÞ þ 2TiO2 þ 2H2OðgÞ $ 2Na2TiO3 þ 4HClðgÞ 354.04

4NaClðgÞ þ 2TiO2 þ O2ðgÞ $ 2Na2TiO3 þ 2Cl2ðgÞ −36.81

4NaClðgÞ þ 2TiO2 þ 2H2OðgÞ $ 2Na2TiO3 þ 4HClðgÞ −37.53

Tiþ 2Cl2ðgÞ $ TiCl4ðgÞ −656.29

Tiþ 4HClðgÞ $ TiCl4ðgÞ þ 2H2ðgÞ −256.26

TiCl4ðgÞ þ O2ðgÞ $ TiO2 þ 2Cl2ðgÞ −128.84

TiCl4ðgÞ þ 2H2OðgÞ $ TiO2 þ 4HClðgÞ −129.56
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environmental conditions, these reactions will take place cyclically
and form a repeated multi-layered oxide scale.
From this investigation, an oxidation process is schematically

described in Fig. 10. The process started with the rapid deposition
of NaCl over the sample surface. At the initial stage, oxygen partial
pressure at the surface of the sample was higher, Ti oxides grew
preferentially. when enough NaCl arrived in the system, NaCl
reacted with TiO2, a thin layer of Na2TiO3 was formed around NaCl
particles. therefore, Na2TiO3 was the upper oxide layer and TiO2

was the lower oxide layer. The reaction between gaseous NaCl and
TiO2 releasing Cl2/HCl, Cl2/HCl will diffuse inward and react with Ti
forming volatile TiCl4. The as-released TiCl4 can be then partially
released into the atmosphere, TiCl4 will be oxidized into porous
TiO2 oxide (oxide scale with layered small pores and columnar
voids pores) at the atmosphere/oxide interface. The inflow of the
oxidizing atmosphere (NaCl, H2O, and O2) subsequently resulted in
fresh environmental conditions, allowing for a subscale (upper
subscale) to form upon the first Na2TiO3 and TiO2 oxide scale
(lower subscale), with subsequent growth of a repeat multi-
layered oxide scale.
The corrosion mechanism of pure Ti3,4 was studied under solid

NaCl deposit film in water vapor at 600 °C in detail. Under a solid
NaCl deposit film environment, a precoated solid NaCl film has
been formed and the NaCl layer was thick at the beginning of
corrosion, the partial pressure of O2 and H2O were relatively low at
the interface of oxides/salt. Sufficient NaCl destroyed the TiO2

scale to yield non-protective Na4Ti5O12 and other volatile chloride,
volatile chloride leading to the rapid establishment of an active
oxidation process23–26 and producing the porous structure of
oxides24.
Although the amount of deposition of NaCl in a continuous

NaCl solution spraying environment (4.44 mg cm−2) was slightly
more than that in precoated NaCl condition (approximately 4 mg
cm−2) after 20 h of corrosion, the corrosion rate of the former was

significantly lower than that of latter, which indicates that the
corrosion mechanism should have been changed by differences in
the environments. The corrosion products formed after 20 h
corrosion in continuous NaCl solution spraying were also different
from that under a solid NaCl deposit film environment. The reason
for this should be the amount of transient NaCl deposition is very
small, at a value of 0.0037mg cm−2, which is far less than the solid
NaCl deposition amount1. The reactive amounts of NaCl, H2O, and
O2 at the reaction interface of the oxides/salt under continuous
NaCl solution spraying were different from those in the solid NaCl
deposit film with H2O + O2. The NaCl deposit film formed by
continuous NaCl solution spraying resulted in a process of gradual
deposition, which also led to a gradual change in the corrosion
reaction.
According to the above analysis, the relatively dense repeat

delaminated TiO2 reduced the corrosion rate. Although this
compact Ti oxides scale could not inhibit active oxidation, it
helped slow the corrosion rate. Most importantly, the deposition
of solid NaCl in spraying was a gradual process, and the
establishment of an active oxidation process was hindered by
insufficient NaCl deposition. This high O2 partial pressure
environment also helped form a relatively compact Ti oxides
layer. Therefore, although the continuous amount of NaCl
deposited by the solution spray was more than that of the solid
NaCl deposit (4 mg cm−2), the mass gain of the pure Ti was less
than that of the solid NaCl deposit in H2O + O2 at 600 °C.
In summary, the corrosion rate of the pure Ti under the NaCl

solution spraying environment was significantly lower than that of
the solid NaCl deposit environment. The oxide scale of pure Ti
under the NaCl spraying environment is three repeat subscales
composed of Na2TiO3 and TiO2. NaCl spraying increase the
volatilization of TiCl4 towards the oxide/atmosphere interface as
well as introduces pores and cracks, forming a fresh reactive
surface and resulting in a duplicated and delaminated oxide scale.
Compared with a solid NaCl deposit film environment, in the

present work, NaCl is deposited gradually with time, transient NaCl
deposition is very small, the oxygen partial pressure is higher, and
relatively dense duplicated and delaminated TiO2 oxide scales
have been formed. Both of these decrease the corrosion rate of
the pure Ti under the NaCl solution spraying environment.

METHODS
Material preparation
The studied material was pure Ti courtesy of Alfa Aesar. Before the
corrosion experiments, samples were cut into 15mm× 10mm× 2mm
pieces. According to previous studies, if the surface of the sample was too
smooth, it was not conducive to NaCl deposition. Therefore, the samples
were mechanically grounded with 800# SiC paper18,19. The samples were
degreased and cleaned in acetone and ethanol solution using ultrasonic
agitation.

Corrosion experiments
Corrosion experiments were isothermally performed in a vertical silica tube
furnace (Ø= 35mm). The 3.5% NaCl solution in the container was
atomized into a NaCl spray by an ultrasonic mist device and then
delivered to the furnace chamber. The temperature of the NaCl spray at
the ultrasonic atomization nozzle was 70 °C, producing 30.8 vol.% water
vapor. Oxygen took continuous NaCl spray into the furnace, and the flow
rate was 310mLmin−1. During the 20 h experiment, salt was continuously
deposited on the sample surface at 600 °C.
The two kinds of comparison experiments were as follows: one was

performed without NaCl19 (the samples were placed into a furnace at a
fixed temperature 600 °C and H2O + O2 atmosphere, H2O 30.8 % and O2

310mLmin−1); the other experiment was a solid NaCl deposited under
H2O+O2

19 (a solid NaCl deposit film was precoated on the sample surface,
and then the samples were placed into a furnace with an H2O+O2

atmosphere, the amount of deposited NaCl was approximately 4 ± 0.2 mg
cm−2, H2O 30.8% and O2 310mLmin−1).

Fig. 10 Diagram of the corrosion mechanism of pure Ti in
continuous NaCl solution spraying environment at 600 oC.
a initial corrosion mechanism and b latter corrosion mechanism.
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The weight of samples was recorded before and after corrosion using a
five-decimal Sartorius balance. Each experiment was performed with more
than four samples at least three times to confirm its accuracy.

Characterization
According to Cao’s work, the total deposited NaCl amount has been
calculated by experimental results: there is the assumption that the deposition
rate of NaCl particles in solution is constant, and the maximum calculated
amount of NaCl deposited on the samples will be 4.44mg cm−2 after 20 h1.
After corrosion, the samples were analyzed. The surface morphologies of

the corrosion products were performed by an FEI INSPECT F50 scanning
electron microscopy (SEM). The phase composition of the corrosion
products was determined by X’Pert PRO X-ray diffraction (XRD) with Cu Kα
radiation (λ= 0.1541 nm). The measuring range is 20° < 2θ < 90°.
The samples were embedded in epoxy resin, grounded with 5000# SiC

paper, and finally polished with diamond paste for cross-sectional
observation by SEM. Cross-sectional characterization of the samples was
performed by an FEI INSPECT F50 SEM. The cross-sectional elemental
distribution of the corrosion products was analyzed by 1610-electron
probe microanalysis (EPMA).
The microstructure of selected features was investigated by the cross-

sections of TEM prepared using focused-ion beam (FIB) FEI Helios G4. The
instrument was operated in high vacuummode at 30 kV, with varying beam
currents (30 pA-15 nA) throughout the lift-out procedure. And the lamella
sample was fixed to the Cu-grid using the micromanipulator. Finally, the
lamella sample was thinned down to a thickness of around 100 nm. A cross-
section lamella sample was cut from the outer layer oxide to the substrate.
For further understanding of the corrosion of substrate, a fine characteriza-

tion was performed. TEM investigations of TEM lamellas obtained by FIB were
performed using JEM 2100F operated at 200 kV. The resolution of the
instrument is 0.19 nm. A systematic analysis of the microstructure and
crystalline structure of the different compounds and composition was
performed by low- and high-magnification TEM images, STEM-EDS, and SAED.

DATA AVAILABILITY
The data that support the findings of this study are available from the corresponding
author upon reasonable request.
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