UDK 546.82:542.943:620.193.2
Original scientific article/Izvirni znanstveni ¢lanek

SIMULATION OF HIGH-TEMPERATURE CORROSION BEHAVIOR
OF Ti6Al14V ALLOY IN MARINE ENVIRONMENTS

SIMULACIJA POTEKA VISOKO TEMPERATURNE KOROZIJE
ZLITINE TIPA Ti6Al4V V MORSKEM OKOLJU

Rongtao Zhu'2, Liang Zhang!*, Yuan Bo!, Wei Chen!, Shilu Chen!, Shan Chil,
Chunjiang Guo!, Zhiwen Xie?

nstitute of Intelligent Manufacturing Technology, Shenzhen Polytechnic University, Shenzhen 518055, China
2School of Mechanical Engineering and Automation, University of Science and Technology Liaoning, Anshan 114051, China

Prejem rokopisa — received: 2024-04-27; sprejem za objavo — accepted for publication: 2024-12-02
doi:10.17222/mit.2024.1172

High-temperature oxidation and corrosion behavior of Ti6Al4V alloy at 650 °C for 1000 h were investigated using a salt mix-
ture (25 w/% NaCl and 75 w/% Na,SO,) as the thermal corrosion medium. The mass increase due to the alloy’s oxidation and
thermal corrosion were analyzed quantitatively. The surface morphology and cross-sectional structure of the alloy after oxida-
tion and thermal corrosion were scrutinized and analyzed via X-ray diffraction (XRD), scanning electron microscopy (SEM),
and energy dispersive spectroscopy (EDS). Results show that Ti6Al4V alloy exhibits a certain antioxidant property in a
high-temperature oxidation environment at 650 °C, but this antioxidant property is gradually weakened with the prolongation of
the oxidization time. The synergistic effect of oxygen and hot salt further accelerates the corrosion degradation of the oxide
layer of Ti6AI4V alloy in the high-temperature hot-salt environment at 650 °C.
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Avtorji v ¢lanku opisujejo visoko-temperaturno oksidacijo in korozijsko obnaSanje zlitine Ti6Al4V pri njenem zadrZevanju na
650 °C za 1000 ur v slani meSanici termalno-korozijskega medija s sestavo 25 w/% NaCl in 75 w/% Na,SO4. Masa zlitine je
naraScala zaradi njene korozije. Avtorji so njeno nara$canje zasledovali in analizirali kvantitativno. Povrsinsko morfologijo
zlitine in njeno mikrostrukturo v preseku so po izvedenih preizkusih analizirali z rentgensko difrakcijo (XRD), vrsticno
elektronsko mikroskopijo (SEM) in energijsko disperzijsko spektroskopijo (EDS). Rezultati analiz so pokazali, da ima
preiskovana zlitina Ti6Al4V dolocene antioksidantske visoko-temperaturne lastnosti pri 650 °C v izbranem korozijskem okolju.
Vendar pa s podaljSevanjem casa oksidacije ta odpornost proti koroziji slabi. Sinergijski u¢inek kisika in vroce soli pospesuje
korozijsko degradacijo oksidnega filma na zlitini Ti6Al4V v izbranem, istocasno agresivno slanem in visoko-temperaturnem
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okolju.

Kljucne besede: zlitina TiIA6AI4V, visoko-temperaturna oksidacija, vro¢i slani test, morsko okolje

1 INTRODUCTION

As a critical component of an aircraft, the thrust-to-
weight ratio of aero engines is a key parameter for evalu-
ating engine performance.! Therefore, titanium alloys,
with their high specific strength and excellent corrosion
resistance, are considered as top candidate materials for
aerospace engines.>* However, many components of
aero engines operate in harsh service environments char-
acterized by high temperatures, high pressures, high
stresses, and high corrosiveness. Components made of ti-
tanium alloys are inevitably exposed to high-temperature
oxidizing environments during service, resulting in se-
vere oxidative corrosion damage. In extremely harsh
high-temperature marine environments, titanium-alloy
components form eutectic salt mixtures with low melting
points on their surfaces, leading to molten salt corrosion
making the material no longer suitable for service re-
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quirements.>® Currently, Ti6Al4V, as a typical titanium
alloy with an (a+f) two-phase structure, is widely used
due to its lightweight, high strength, non-magnetic prop-
erties, and excellent biocompatibility.>-!" Consequently, a
comprehensive investigation into the corrosion damage
behavior and degradation mechanism of Ti6Al4V alloy
under high-temperature marine environments holds sig-
nificant theoretical value and practical engineering im-
plications.

In recent years, numerous researchers have conducted
investigations into the corrosion damage behavior of tita-
nium alloys within high-temperature and hot-salt envi-
ronments.'>"1 Casadebaigt et al.'? reported that Ti6Al4V
alloy forms an oxide layer with TiO, and AlOs as the
main components at 500-600 °C and has good antioxi-
dant properties. Guleryuz et al.'* reported the antioxidant
properties of Ti6Al4V alloy at temperatures above
600 °C. With the increase in the temperature, the pores
of the oxide layer, which is mainly composed of TiO,
and Al,Os, gradually increased, and even rupture and
spalling occurred on the surface. Subsequently, to ex-
plore the effects of a marine environment on TiAl alloys,
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Li et al.'* investigated the corrosion resistance of
Ti6Al4V alloy that decreased with the increasing grain
size in a high-concentration NaCl solution (15 w/%). The
better quality of the protective film on the surface of the
fine grains hindered further dissolution of the alloy. Zhao
et al.! reported that the oxidation of titanium alloys in a
molten-salt corrosion environment (25 w/% NaCl +
75 w/% Na,SOy) was significantly accelerated. The cor-
roded surface was loose and porous and there was poor
adhesion between the oxide layer and the substrate. M.
Mitoraj-Krélikowska et al.'® reported the corrosion dam-
age of Ti-Al alloys within hot-salt environments. It was
revealed that sodium chloride in aerosols over the oceans
reacts with sulfur oxides produced by the combustion of
aero-engine fuels to form sodium sulfate deposits on the
surfaces of aero-engine hot-end components, leading to
severe thermal corrosion and a significant reduction in
the service life of the material. Obviously, the oxidation
and degradation reactions of titanium alloys exposed to a
marine environment are also affected by hot-salt corro-
sion.

In this study, high-temperature oxidation and high-
temperature hot-salt corrosion tests were designed to
simulate the service environment of Ti6Al4V alloy in the
ocean. The oxidative degradation mechanisms of
Ti6Al4V alloys from two environments were compared
in detail by analyzing the material and morphological
changes of the oxide layer at different stages of the two
sets of tests. The effects of volatile chlorides and
non-protective corrosion products, generated by NaCl
and Na,SO,, on the oxidative corrosion were discussed
in detail.

2 MATERIALS AND METHODS
2.1 Preparation of the materials

The experimental material in this study was a stan-
dard (a+p)-type alloy, known as Ti6Al4V(Shenzhen Si
Rui Additive Liability Co., LTD). The alloy underwent
preparation to form square block samples measuring
(15 x 15 x 5) mm via wire-cutting. Surface treatment in-
volved sanding with 180 mesh, 320 mesh, and 600 mesh
SiC sandpaper, followed by ultrasonic cleaning in anhy-
drous ethanol at 50 °C for 20 min to eliminate surface
contaminants. Subsequently, the samples were dried and
stored for subsequent use. A detailed composition of the
Ti6Al4V alloy is presented in Table 1.

Table 1: Chemical composition of the original sample (w/%)

Al \Y Fe C o N Ti
5.5-6.8/3.545] =03 | 0.1 | 0.2 | =0.05 | Bal

2.2 Experimental design

A high-temperature oxidation test and hot-salt test
were carried out in a muffle furnace. The high-tempera-
ture oxidation test involves placing the sample in a cruci-
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ble (Al,0;) and subsequently placing the crucible with
the specimen in a muffle furnace for oxidation. The
high-temperature thermal salt test is based on the
high-temperature oxidation test, in which the surface of
the sample is coated with a mixed salt solution of
(25 w/% NaCl + 75 w/% Na,SO,). To ensure the unifor-
mity of the salt film on the surface of the samples, the
salt addition treatment was carried out several times to
ensure that the salt content of the samples was
3-5 mg/cm?. The temperature and heating rate for the
above tests were 650 °C and 10 °C/min, respectively.
The duration of the test was 1000 h. The muffle furnace
was air-cooled every 20 h and after cooling to room tem-
perature, the crucible with the samples was weighed for
mass change using an electronic balance with an accu-
racy of 10 g. To avoid mass deviation caused by resid-
ual salt, Sample M2 was washed with boiling deionized
water for 20 min before weighing. To reduce the experi-
mental variation error, both Sample M1 and M2 were
measured using three sets of parallel samples, and the
average mass was used as the final result. The specific
experimental design is shown in Table 2.

Table 2: Details of experimental design for Ti6Al4V alloy

Sample Test type Time
MO Original sample -
M1 High-temperature oxidation test 1000 h
M2 High-temperature hot-salt test 1000 h

2.3 Test and analysis

X-ray diffraction (XRD, X’ Pert Powder, PANalytical
B.V., Almelo, Netherlands) was used to characterize the
surface phase compositions of the samples after the
above tests, with a radiation source of Cu-Ka, a scanning
range of 10-90°, and a scanning time of 2 min. The sur-
face and cross-section images of Samples M1 and M2 af-
ter corrosion were characterized using scanning electron
microscopy (SEM, Zeiss 2 IGMA HD, Carl Zeiss, Jena,
Germany). This was combined with an energy dispersive
spectrometer (EDS) to further determine the local ele-
mental composition and specific distribution on the sur-
face and cross-section of the test samples.

3 RESULTS
3.1 Corrosion kinetic curve

Figure 1 shows the weight gain curves of Samples
M1 and M2 after exposure to oxidizing and hot-salt envi-
ronments for 1000 h. Sample M1 shows a continuous
and stable mass-growth trend in the pre-test period. Its
slope of the oxidation kinetic curve gradually slows
down with the increase in the oxidation time, reaching
4.32 mg/cm? at 700 h, indicating that Ti6Al4V has a
good antioxidant property in the pre-test period of the
oxidation test. However, as the oxidation test continues,
the oxidation weight gain curve undergoes a significant
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decrease and then it rises again, reaching 5.03 mg/cm? at
1000 h, indicating that the oxidized layer appears to be
peeling off and the matrix is further oxidized. In contrast,
Sample M2 exhibits a more pronounced initial mass
change during hot-salt corrosion. After 80 h of the
hot-salt test, the mass rapidly increases by 4.59 mg/cm?,
indicating an accelerated growth rate of the oxide layer
in the hot-salt corrosion environment. Subsequently, the
curves exhibit fluctuating patterns, suggesting an accel-
erated rate of oxide-layer degradation and failure in the
hot-salt environment, leading to shedding and regenera-
tion of the oxide layer on the alloy surface during the
pre-test period. After 1000 h of hot-salt corrosion, the
weight gain of Sample M2 is significantly lower than
that of Sample M1, measuring 3.12 mg/cm?.

3.2 Surface macroscopic morphology

Figure 2 shows the surface macroscopic morphology
of Samples M1 and M2 at various time points. As shown
in Figures 2a to 2c, the surface of Sample M1 in the pre-
and mid-term periods before the oxidation test shows an
obvious earthy yellow color, consistent with the typical
characteristics of a TiO, oxide layer. The surface mor-
phology is intact, without significant oxidative corro-
sion.!? Figure 2d shows the macroscopic morphology of
the surface of Sample M1 after oxidation for 1000 h. It is
observed that the integrity of the surface oxide layer is
damaged, and cracking, or even detachment, occurs. In
contrast, numerous minute depressions are observed in
the oxide layer on the surface of Sample M2 following
the 100-h hot-salt test (Figure 2e). Progressing through
the test, Figure 2f shows that the oxide layer of Sample
M2 begins to deteriorate after 200 h, leading to the oxide
layer separation from the substrate. Subsequently, as
shown in Figure 2g, after 400 h of the hot-salt test, Sam-
ple M2 exhibits a worsening corrosion trend, with the
separation gap further widening. The bonding strength

M1-Oxidation curves
M2-Hot salt curves

Mass variation (mg/ecm?)
£
T

400
Time/h

Figure 1: Corrosion kinetics of Samples M1 and M2

600 800 1000
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Figure 2: Surface macroscopic morphology of Samples M1 and M2 at
various times: a) M1 100 h, b) M1 200 h, ¢) M1 400 h, d) M1 1000 h,
e) M2 100 h, f) M2 200 h, g) M2 400 h, h) M2 1000 h

between the oxide layer and the substrate significantly
decreases, accompanied by the formation of numerous
corrosion pits on the surface. Finally, as shown in Fig-
ure 2h, following 1000 h of corrosion, the surface oxide
layer exhibits extensive cracking and detachment, result-
ing in the degradation of the internal matrix due to corro-
sion.

3.3 XRD phase composition

Figure 3 presents the surface XRD physical phase
analysis of Samples M1 and M2 after oxidation at
650 °C and a 1000-h hot-salt test. As shown in Fig-
ure 3a, the primary products resulting from the oxidation
of Sample M1 at 650 °C are TiO, and Al,Os. Other ox-
ides, such as V,0s, do not exhibit distinct diffraction
peaks, which can be attributed to the low V content in
the alloy. In contrast, as shown in Figure 3b, Sample M2
displays non-protective corrosion products, including
Na,TiO; and NaAlO,, alongside the oxides observed in
M1 under the hot-salt conditions at 650 °C. This obser-
vation suggests that the hot-salt environment triggers the
formation of non-protective corrosion products, contrib-
uting to accelerated degradation and potential failure of
the oxide layer.?!

3.4 Surface micro-morphology and composition

Figure 4 shows the surface SEM morphology and
corresponding EDS patterns of Samples M1 and M2 af-
ter 100 h of testing. As shown in Figure 4a, the surface
of Sample M1 remains intact and dense after undergoing
a 100-h oxidation test, with visible scratches resulting
from polishing on the surface of the oxide layer. The sur-
face morphology, as shown in Figure 4b at a higher
magnification, primarily appears in the form of long fi-
bers, consistent with the microstructural morphology of
Ti element under oxidation conditions.!” Furthermore,
the EDS energy spectrum shown in Figure 4¢ confirms
that the surface products mainly consist of TiO,. In con-
trast, Sample M2, as shown in Figure 4d, exhibits a
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Figure 3: XRD analysis of Samples M1 and M2 at different times: a) Sample M1, b) Sample M2

large number of micro-holes on its surface after 100 h of
hot-salt corrosion, indicating potential corrosion degra-
dation of the surface oxide layer. Figure 4e shows a lo-
cally enlarged image where the holes on the surface are
even more apparent after hot-salt corrosion, resulting in a
thinner and less dense oxide layer. Moreover, a clus-
ter-like morphology replaces the long fiber morphology
after hot-salt corrosion, indicating an aggravated degra-
dation of the surface due to the corrosive effect of the
hot-salt environment.

Figure 5 shows the surface SEM morphology and
corresponding EDS patterns of Samples M1 and M2 af-

ter 400 h of testing. As shown in Figure 5a, the surface
of Sample M1 remains relatively intact after 400 h of ox-
idation testing. However, the surface oxide scales are
thickened, and the original wear scratches induced by
sandpaper are no longer visible. Granular structures are
observed on the surface in addition to the long fibers, as
shown in Figure 5b. The EDS energy spectrum shown in
Figure Sc indicates that the oxide layer predominantly
consists of TiO, and ALO; at this stage. This finding
suggests that the Ti element in Ti6Al4V indicates a pref-
erential reaction with O,, while the Al element in the al-
loy only reacts with O, as the oxidation time increases'.
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Figure 4: Surface SEM morphology and corresponding EDS patterns of Samples M1 and M2 after 100 h of testing: a)—c) Sample M1, d)-f) Sam-

ple M2
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Figure 5: Surface SEM morphology and corresponding EDS patterns of Samples M1 and M2 after 400 h of testing: a)—c) Sample M1, d)-f) Sam-
ple M2

In contrast, the micro-pores on the surface of Sample M2 Figure 6 shows the surface SEM morphology and
in Figure 5d undergo further corrosion after 400 h of  corresponding EDS patterns of Samples M1 and M2 af-
hot-salt corrosion, causing the pores to interconnect and  ter 1000 h of testing. As shown in Figure 6a, crack
form large-area corrosion pits on the surface. Figure Se  forming and shedding are observed on the surface of
shows a locally magnified image that reveals an increase ~ Sample M1 after 1000 h of oxidation testing. This proves
in the number of corrosion holes on the surface, with the  that with the increase in the oxidation time, there is a

vertical depth of the holes further deepening. tendency for a gradual destruction of the Ti6Al4V sur-
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Figure 6: Surface SEM morphology and corresponding EDS patterns of Samples M1 and M2 after 1000 h of testing: a)—c) Sample M1, d)—f)
Sample M2

Materiali in tehnologije / Materials and technology 59 (2025) 1, 83-92 87



R. ZHU et al.: SIMULATION OF HIGH-TEMPERATURE CORROSION BEHAVIOR OF Ti6Al4V ALLOY ...

face oxide layer, which eventually leads to the failure of
the oxide layer. Combined with Figure 6b and 6c, it be-
comes apparent that upon the removal of the oxide layer,
the substrate is once again exposed to high temperatures,
initiating renewed oxidation reactions with oxygen and
resulting in the formation of a new oxide layer on the
surface. As shown in Figure 6d, after 1000 hours of
hot-salt testing, Samples M2 and M1 show the same ox-
ide layer peeling. The corrosion shedding of Sample M2
is more serious, and a large corrosion pit is formed on
the surface of the un-shedded oxide layer, exposing the
substrate that is unprotected by an oxide layer to a hot
salt environment. In comparison to high-temperature oxi-
dation conditions, hot-salt corrosion significantly accel-
erates the degradation of the surface substrate and leads
to the formation of corrosion pits on the exposed surface,
resembling those observed in the early stages of hot-salt
experiments. This indicates that the surface structural
damage and corrosion degradation rate of the Ti6Al4V

Cross section

Cross section
Oxide Laye

Micro-crack

N

10pm

Cross section

' pm—— 5 ¢ P

\Cracking and spalling

)

alloy oxidation products are exacerbated in the hot-salt
environment.

3.5 Cross-section micro-morphology and element dis-
tribution

Figure 7 shows the cross-sectional SEM morphology
and corresponding EDS patterns of Sample M1 after the
oxidation test. As shown in Figure 7a, a clear bilayer
structure with good bonding between the interfaces is
observed in Sample M1 after 100 h of oxidation testing.
The oxidized layer exhibits excellent densification and
integrity without transverse or longitudinal crack forma-
tion, and its thickness is about 23 pum. Combined with
the EDS pattern from Figure 7b, it shows that the main
product of the oxide layer is TiO,. A small amount of
AL Os is detected on the surface of the oxide layer, while
an obvious upward diffusion of the underlying Al ele-
ment occurs. As shown in Figure 7c, tiny transverse

,‘\I—ricl‘h_\cr

Figure 7: Cross-sectional SEM morphology and corresponding EDS patterns of Sample M1 after oxidation testing: a), b) 100 h, c), d) 400 h,

e), f) 1000 h
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cracks formed inside the oxide layer after 400 h of oxi-
dation testing, but the thickness of the oxide layer did
not change significantly, proving that the oxide layer ef-
fectively prevented oxygen from further eroding the sub-
strate. Combined with Figure 7d, it shows that Ti and Al
elements are mainly detected on the surface at this point,
and Al elements show obvious diffusion enrichment in
the outermost part of the surface layer. As shown in Fig-
ure 7e, cracking occurs between the oxide layer and the
substrate after 1000 h of oxidation testing, and longitudi-
nal cracks appear throughout the oxide layer, resulting in

_ross section

. Cross iecﬂiﬂl’- N

Cracking and spalling
Oxide Layer

Severe rupture

the detachment of a part of the oxide layer. It is further
demonstrated that the Ti6AI4V alloy gradually degrades
the oxide layer and loses its protective effect as the oxi-
dation time increases.

Figure 8 shows the cross-sectional SEM morphology
and corresponding EDS patterns of Sample M2 after the
hot-salt test. As shown in Figure 8a, a large number of
corrosion holes are observed on the surface of Sample
M2 after 100 h of hot-salt testing, showing a tendency of
extending downward. Combined with the cross-sectional
SEM image from Figure 8b, it is shown that O, diffuses

Figure 8: Cross-sectional SEM morphology and corresponding EDS patterns of Sample M2 after the hot-salt test: a), b) 100 h, c¢) d) 400 h,

e), f) 1000 h
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downward along the corrosion holes, and the substrate is
subjected to an extensive oxidative attack. As shown in
Figure 8c, the thickness of the oxide layer after 400 h of
hot-salt corrosion is as high as 221 um, which is far more
than the thickness of oxidative erosion. At the same time,
a large number of transverse cracks form on the surface
oxide layer, leading to the interlayer separation of cracks
combining with each other as the cracks expand further.
Combined with the EDS pattern from Figure 8d and the
XRD analysis from Figure 3, it shows that mixed salt
leads to the emergence and growth of non-protective cor-
rosion products, which are the reason for further thicken-
ing of the oxide layer and a looser structure. As shown in
Figure 8e, the shedding of the oxide layer after 1000 h
of hot salt corrosion occurs at a deeper vertical scale than
that of the oxidation test. Moreover, once shedding oc-
curs, it initiates a cycle of further shedding due to the
persistent interlayer separation within the oxide layer.
This further demonstrates that the surface structure dam-
age and the corrosion degradation rate of some of the ox-
idation products of Ti6Al4V alloys are exacerbated in a
hot-salt environment.

4 DISCUSSION

Figure 9 shows the corrosion and degradation mech-
anism of Ti6Al4V alloy during an oxidation test at
650 °C. As shown in Figure 9a, Sample M1 underwent
an oxidation reaction on the surface of the alloy during
the initial stage of the test. The standard Gibbs free ener-
gies of the elements in Ti6Al4V reacting with 1 mol O,
to form the corresponding oxides are: AGO AlLO;
(=902 KJ/mol) < AGO TiO, (=759 KJ/mol) < AGO V,0s
(=144 KJ/mol), respectively. Therefore, thermodynami-
cally, Al,Os is formed more preferentially than TiO, and
V,0s, but the formation of oxides is not only determined
by thermodynamics, but also the kinetics of oxide-
growth needs to be considered. Since TiO, has much
higher growth kinetics than Al,Os, the growth rate of
TiO; is higher than that of Al,Os.!"®!° Therefore, accord-
ing to Equation (1), O, reacts preferentially with Ti to
produce TiO,, but the continuous oxidation reaction con-
tinuously consumes Ti in the surface layer of the alloy,
leading to a depletion of Ti at the junction of the TiO,

0, O,

| |

Initial oxidation
Ti+0,=TiO,

Ti poor
Al enrichment

Ti6A4V

Stage I

0, O, 0, 0, 0, O,
e ¥7 9. 4%

Micro-crack

Ti6A4V

oxidized layer and the matrix. This causes the aggrega-
tion of Al at this place, forming an aluminum-rich layer.

Ti + O, = TiO, (1)

As shown in Figure 9b, as the oxidation test pro-
ceeds, the TiO, oxide layer exhibits high growth stress
because it is a brittle product. As the oxidation test pro-
ceeds, the oxide layer develops tiny cracks, resulting in a
less dense structure. As a result, the Al element diffuses
upwards and is enriched on the surface of the sample
through the TiO, layer. When it is in contact with exter-
nal oxygen, a continuous and dense Al,O; layer is rap-
idly formed on the outside of the TiO, oxide layer as
shown by Equation (2).2° Meanwhile, according to Equa-
tion (3), element V reacts with O, to form a small
amount of V,0s. With the continuous formation of oxi-
dation products, the thickness of the oxide layer is gradu-
ally increased, and the downward diffusion rate of O, is
gradually slowed down, resulting in a slowdown of the
matrix oxidation rate. This is the reason why the slope of
the oxidation weight-gain curve in Figure 1 decreases
gradually with time.

4Al + 30, = 2AL,0, 2)
4V + 50, = 2V,0, 3)

As shown in Figure 9c, as the oxidation test contin-
ued, thermal fatigue cracks formed at the junction of the
oxide layer and the substrate due to thermal stresses aris-
ing from the differing coefficients of thermal expansion
of TiO,, Al,O3; and the Ti6Al4V alloy, which were
8.2 x 109/ K, 8.1 x 10% K and 10 x 109/ K, respec-
tively.?! The cracks continued to extend with the oxida-
tion time and eventually led to the interlayer separation
and localized detachment.

Figure 10 shows the corrosion process and degrada-
tion mechanism of Ti6Al4V alloy during a hot-salt test at
650 °C. As shown in Figure 10a, Sample M2 acceler-
ated the oxidation reaction at the initial stage of the test
due to the corrosive effect of the salt film, and a compos-
ite oxide layer (TiO,, ALLOs;, V,0s) was formed rapidly
on the alloy surface in accordance with Equations
(1)—(3). The corrosive effect of the salt film ocurred be-
cause the salt mixture (25 w/% NaCl + 75 w/% Na,SO,)
was molten at 650 °C and it was capable of eutectic reac-
tions, producing sulfide and Cl,.2>-* as follows:

1 Al diffusion
Al+0,=ALO,
Concomitant reaction
4V+50,=2V,0,

Crack and spalling

Ti6A4V

Stage I1

Stage III}

Figure 9: Corrosion damage mechanism diagram of high-temperature oxidation test: a) Stage I, b) Stage II, c) Stage III
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Na,S0, = Na,0 + SO, @)
250, = 250, + O, (5)

250, = S, + 30, ()

2NaCl + O, + SO, = Na,S0, + Cl, )
4NaCl + 40, + S, = 2Na,SO0, + 2Cl, (8)

The Cl, generated with the above reaction diffuses
downward at the interface between the molten salt film
and the oxide layer, generating the corresponding chlo-
rides with Ti, Al, and V.» The specific reactions are as
follows:

Ti + 2Cl, = TiCl, 9)
2Al + 3Cl, = 2AICI, (10)
2V + 3Cl, = 2VCl, (11)

Due to its high volatility in high-temperature environ-
ments, chloride leads to the formation of numerous cor-
rosion holes within the oxide layer. As a result, the over-
all integrity of the oxide layer is compromised, which
explains the rapid increase and subsequent decrease in
the oxidized weight gain curve of Sample M2 as shown
in Figure 1.

As shown in Figure 10b, as the hot-salt test pro-
ceeds, a large number of holes form cracks due to the ag-
gregation effect. These provide a channel for inward dif-
fusion of the molten salt and O,, allowing O, to come
into contact with chloride and generate the correspond-
ing oxidation products in accordance with Equations
(12)—(15).2¢

4TiCl, + O, = TiO, + 3TiCl, (12)

TiCl, + O, = TiO, + 2Cl, (13)
4AICL, + 30, = 2ALO; + 6Cl, (14)
4VCl, + 50, = 2V,0; + 6Cl, (15)

It is evident that Cl, serves as a crucial carrier in the
aforementioned reaction, thereby expediting the forma-
tion of the oxide layer to a thickness significantly greater
than that observed in simultaneous oxidation tests. At the
same time, as the composite oxide layer exhibits high
growth stress, the stress in the oxide layer is uneven and
cracks form. Combined with the mismatch of thermal ex-

Initial oxidation
Ti+ 0,=TioO,
Al+0,=ALO,

4V+50,=2V,0

Na,50,=Na,0 +50,
250,=1250,+ 0,
280, =8, + 30,
2NaCl+ O, + 80O, =Na,50,+ Cl,
4NaCl + 40, + S, = 2Na, S0, + 2Cl,

Cracks

Ti6Al4V

Ti+ 2Cl, = TiCI,
2A1+ 3CL, = 2AICL,
2V +3Cl, = 2VCl,

Ti6A4V

pansion coefficients, this leads to the generation of
interlayer separation. In addition, NaCl exacerbates the
degradation rate of Al,Os and TiO,, generating non-pro-
tective corrosion products such as NaAlO, and Na,TiO;
in accordance with Equations (16)—(19).2” These corro-
sion products further intensify segregation within the ox-
ide layer, consequently altering its internal structure.

4NaCl + 2AL0; + O, = 4NaAlO, + Cl,  (16)
6NaCl + Al,O, = 2AICI, + 3Na,0 (17)
4NaCl + 2TiO, + O, = 2Na,TiO; + 2CL,  (18)
4NaCl + TiO, = TiCl, + 2Na,0 (19)

As shown in Figure 10c, the longitudinal cracks con-
tinued to expand and extend as the hot-salt test pro-
gressed. The thermal stresses generated within the oxide
layer, due to brittle stresses and differences in coeffi-
cients of thermal expansion, resulted in significant dam-
age to the surface integrity and large-scale detachment of
the oxide layer. The substrate, corroded by the hot-salt
environment and covered with a thick oxide layer, only
shedded its external oxide layer. After the oxide layer
was detached, the remaining oxide layer striggled to re-
sist the corrosion of molten salt and oxygen, causing the
substrate to repeat the above reaction process.

In this study, it was determined that the Ti6Al4V al-
loy does not exhibit long-term resistance to oxidation
and hot-salt corrosion at 650 °C. To improve the service
capability of the Ti6Al4V alloy under high temperature
and in hot-salt environments, future research will focus
on utilizing laser cladding to apply coatings on the sur-
face of the Ti6Al4V alloy. This process aims to improve
surface densification, reduce the rate of oxygen infiltra-
tion, and mitigate the corrosion and erosion caused by
molten salt.

5 CONCLUSIONS

In this study, the high-temperature damage behavior
and degradation mechanism of the Ti6Al4V alloy kept
for a long period in a marine environment were re-
searched systematically using a high-temperature oxida-

4TiCl, + 0, = TiO, + 3TiCl,
TiCl, + 0, = TiO, + 2Cl,

4AICL + 30, = 2AL0, + 6C1,

4VCl, +50,=2V,0, +6CL, /

4NaCl+2AL0+ O, 4NaAlO,+Cl,
6NaCl+ ALO, = 2AICL + 3Na,0

4NaCl+2Ti0+0,= 2Na, TiO,+2Cl,
4NaCl+ TiO, = TiCl, + 2Na,0

Ti6Al4V

Stage ITI|

Figure 10: Corrosion damage mechanism diagram of high-temperature hot-salt test: a) Stage I, b) Stage II, c) Stage III
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tion test and high-temperature hot-salt corrosion test.
The main conclusions are as follows:

(1) The Ti6Al4V alloy showed favorable antioxidant
properties during short-term high-temperature oxidation
tests, and the generated oxidation products were mainly
TiO, and Al,O;. However, during the long-term oxida-
tion test, the brittle and thermal stresses in the oxide
layer led to gradual cracking of the oxide layer. As the
cracks continued to extend, the oxide layer eventually
fell off.

(2)The Ti6Al4V alloy was exposed to both oxygen
and molten salt corrosion during the high-temperature
hot-salt test, which accelerated the degradation rate of
the oxide layer. The Cl, generated by the eutectic reac-
tion of mixed salts maintained its own cyclic reaction,
and the formation of volatile chlorides and non-protec-
tive corrosion products (NaAlO,, Na,TiOs) further de-
stroyed the structural density of the oxide layer, leading
to severe delamination.
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