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Abstract: In this study, the hot corrosion of TiAl, TiAINb, and Ti;AIND intermetallics with or without enamel coating
and sputtered TiAlCr coating in (Na, K),SO4 + NaCl melts at 750°C is investigated. The interfacial reaction between
enamel and those alloys during hot corrosion has also been evaluated. The results indicate that severe corrosion of bare al-
loys occurs due to the self catalysis chlorination and sulfidation of metallic components. TiAINb shows the best corrosion
resistance among the three examined alloys. The sputtered TiAICr coating fails to protect the substrate from hot corrosion
due to the rapid volatility of chromium chlorides other than the formation of protective Al,O; scale. The enamel coating
could protect Ti-base alloys from hot corrosion due to its thermal stability and matched thermal expansion coefficient with
the substrates. However, the interfacial reaction and selective oxidation of aluminum between enamel coating and Ti-
alloys substrate under a low oxygen partial pressure decreases the stability of enamel coating with increasing the activity

of aluminum of alloys.
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1. INTRODUCTION

The potential applications of Ti-based intermetallics due
to their low density and high specific strength are in aero-
space, chemical and petrochemical, metallurgical, and medi-
cal industries, where both excellent mechanical properties
and high temperature oxidation resistance are required [1-4].
However, the general TiAl alloys show poor oxidation resis-
tance above 800°C due to the similar oxygen affinity of Al
and Ti. The Al content should be more than a critical value
(~67 at.%) to form a protective scale Al,O; during oxidation
[5, 6]. With increasing Al content, however the formation of
brittle phases, such as TiAl, and TiAl;, will degrade the me-
chanical properties of TiAl alloys. Thus, it is important to
balance the oxidation resistance and mechanical properties of
Ti-based alloys by means of alloying and surface modifica-
tion. It has been confirmed that the additives of Nb and Cr
could markedly improve the oxidation resistance of TiAl
alloys without significant loss of mechanical properties [7-
14].

Nevertheless, the protective oxides scale on Ti-based
alloys would be destabilized due to the formation of an Al-
depleted sub-layer during long-term oxidation [14-18]. Many
coatings (Al,O;, SiO,, Si3N4, aluminides, and MCrAlY)
could provide good protection for titanium alloys against
oxidation and act as a barrier to reduce the ingress of oxygen
at elevated temperature. Recently, we have developed an
enamel coating for Ti-based alloys with enhanced resistance
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against oxidation and corrosion due to their high thermo-
chemical stability and matching thermal expansion coeffi-
cient with Ti-alloy substrate [19-22]. Moreover, the enamel
coatings prepared by vitrification are economically more
attractive than those coatings (such as TiAICr and MCrAlY)
produced by means of relatively expensive Physical Vapor
Deposition (PVD) process.

Moreover, the negative effect of CI” ion on the protec-
tiveness of metallic coatings from hot corrosion has been
argued [22-26]. The corrosion rate of the coatings containing
Cr sharply increases due to the formation of volatile chro-
mium chloride. Thus, the enamel coating may be a better
candidate than metallic coatings (including TiAlCr) for Ti-
based alloys against hot corrosion of salt melts containing CI°
ion, such as a coastal environment. In the present paper, the
hot corrosion behavior of enamel coatings and TiAICr coat-
ing on TiAl, TiAINb and Ti;AINbD alloys in (Na, K),SO, +
NaCl mixture melts was examined and compared. The com-
patibility variation of enamel coating with the substrate was
evaluated through the study on the interfacial reaction during
hot corrosion at elevated temperature.

2. EXPERIMENTAL
2.1. Substrate Materials

The examined alloys Ti-48Al, Ti—46.5A1-5Nb, and Ti-
24A1-17Nb-0.5Mo (at.%), which are briefly denoted as TiAl,
TiAINb, and Ti;AINb respectively hereinafter, were pre-
pared by melting the high-purity metals in an induction fur-
nace under an argon protective atmosphere, followed by so-
lidification in air in a cylindrical mould, and then the cast
alloys were homogenized at 1000°C for 1h. The ingots were
sliced into specimens in a dimension of 15x10x3.0 mm,
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peened, ground down to 600#-SiC paper, and then ultrasoni-
cally cleaned in acetone prior to coating deposition.

2.2. Coatings Preparation

The nominal enamel composition, as given in Table 1,
was designed and optimized by theoretical calculations using
empirical equations proposed to predict enamel properties
[27-28]. The enamel glaze was prepared by vitrifying the
raw mineral mixture in proportion in air for about 10h at
1450°C with subsequent water quench. Instead of the con-
ventional coarse enamel frit (20um) [29], an ultrafine enamel
frit with a mean size of Sum was achieved by mechanical
milling in order to decrease its sintering temperature [19]. In
addition, the properties (sinterability, adherence, wettability,
thermal stability) of the frit were further improved by intro-
ducing some additives, such as ZrO, (1-5wt.%), B,O; (4-
10wt.%), TiO, (1-3wt.%).

Table 1. Nominal Composition (wt.%) of Initial Enamel Frit
Si()2 A1203 Zr02 ZnO NazO K20 B203 Balance
58.1 5.8 5.1 9.0 34 7.0 4.6 7.0

The ultrafine enamel frit was suspended within ethanol
solution, and sprayed onto the sand-blasted substrates by
means of an air-spraying process. Subsequently, the enamel
frit layer was dried to remove ethanol completely at 100°C
for around one hour. Finally, the bulk enamel coating was
formed by vitrification in air at 900°C for 45min with a sub-
sequent air cooling.

The Ti-35.45A1-20.05Cr (at.%) coating was also depos-
ited on TiAINDb alloy by magnetron sputtering as a counter-
part for comparison. The parameters of sputtering are de-
scribed as follows, vacuum (6x107°Pa), sputtering power
(2KW), argon flow rate and pressure (2.03sccm, 0.24Pa),
and sputtering time (8h). According to EDS, the composition
of sputtered TiAlCr coating is Ti-41.3Al-18.2Cr (at.%),
which is slightly different from that of the initial target due
to the difference in sputterability of the each component
phase in the target material. The thickness of the two coat-
ings (TiAlCr and enamel) is around 30um.

2.3. Hot Corrosion Tests

Hot corrosion were carried out in 75 wt.% (Na, K),SO4 +
25 wt.% NaCl melts at 750°C up to 60 hours. The examined
specimens were completely immersed into the molten salts
in Al,O3 crucibles with lids at 750°C in air for hot corrosion.
The series, 30min, 5h, 10h, 15h, 25h, 40h, and 60h, were
adopted as hot corrosion exposure time intervals in furnace.
The specimens were removed from the furnace at regular
intervals, cooled in air, washed in boiling water to remove
the attached salts on the surfaces, dried in hot air, weighed
by a balance with a precision of 10”g. The corrosion kinetics
was characterized with respect to the mass changes of exam-
ined specimens. In order to evaluate the probable dissolution
of enamel into molten salts, the washing water was collected,
and the contents of Ti, Al, Cr, Nb, and Si in the aqueous so-
lutions were analyzed by chemical analysis.
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2.4. Microstructure Characterization

The corroded specimens were protected by an electroless
plating nickel film, mounted by epoxy, and characterized by
scanning electron microscopy equipped by energy dispersive
X-ray spectroscopy (SEM/EDS, FEG-SEM, Philips XL 305)
to analyze surface corrosion products, cross sectional micro-
structure and interfacial reactions.

3. RESULTS
3.1. As-Vitrified Enamel Coatings

As shown in Fig. (1), the ultrafine enamel coating shows
a compact structure and tightly mechanical bonding to the
substrates of titanium alloys comparing with the conven-
tional one [29]. The EDS results show that enamel coating
consists of gray vitreous enamel matrix and white particles
which are uniformly distributed in the matrix and enriched
by ZrO,, Al,05 and MgO.

3.2. Corrosion Kinetics

Fig. (2) shows corrosion kinetics of Ti-based intermetal-
lics with and without coatings in (Na, K),SO, + NaCl melts
in air at 750°C. In case of the bare alloys, the kinetics of TiAl
and Ti;AINb follow approximately linear law and TiAINb
shows the best corrosion resistance. The significant mass
loss for TiAl indicates the low adherence and spallation
characteristics of the corrosive products. The slightly de-
crease of weight of the bare TiAl specimen in the incubation
period may result from the competition between the mass
loss due to the volatility of chlorides and the mass gain by
forming oxides during corrosion. Interestingly, the TiAlCr
coating also shows rather poor corrosion resistance in the
melts, and the mass gain of Ti;AINb and TiAlCr after corro-
sion for 60h is comparable. Despite of possessing the excel-
lent oxidation resistance in air [7] and corrosion resistance in
(Na, K),SO4 melts [23], TiAICr coating shows poor corro-
sion resistance in (Na, K),SO4 + NaCl melts. This may be
due to the formation of volatile chromium chlorides prior to
forming protective oxide scale of Al,O;. The activity of alu-
minum is not enough to form a continous and compact Al,O3
scale on TiAICr due to the loss of chromium through chlori-
nation during corrosion. In comparison with the bare alloys,
the enamel coated alloys show much lower corrosion rate in
cases of TiAl and Ti;AINb. However, the mass gain of the
coated TiAIND is slightly more than that of the bare alloy.

3.3. Hot Corrosion of Bare Alloys

As shown in Fig. (3), thick corrosive scales form on the
bare alloys after corrosion for 60h in (Na, K),SO, + NaCl
melts at 750°C. The corrosive products on TiAl can be di-
vided into three layers which mainly consists of titania (gray
layer), alumina (dark layer), and Al-depletion region (white
gray layer) in order from outside to inside respectively. Also,
many Al,O; nodes (dark phase), even a thin band enriched
by ALO; (the black line in Fig. 3a), are formed and embed-
ded in the external TiO, layer, indicating competitive corro-
sion between Ti and Al. According to the kinetics (as shown
in Fig. 2a), the non-protective layered products may be brit-
tle and spalled due to the thermal cycle shock during corro-
sion.
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Fig. (1). The cross sectional microstructures of as-vitrified enamel coatings on (a) TiAl, (b) TiAINb, and (¢) Ti;AINb intermetallics.

As shown in Fig. (3b), a close view of the boxed region
in Fig. (3a) and EDS analysis reveal the forming process of
the corrosive scale on TiAl in the salt melts. The composi-
tion in the regions /~III, 4, and B in Fig. (3b) is given in Ta-
ble 2. The porous Al,O; intermediate layer / may not inhibit
the outwards diffusion of elements so that the high S content
could be detected in the A/-depletion layer inbetween the I/
(rich in titanium chlorides) and /I (rich in aluminum chlo-
rides) regions. The increase of aluminum content from /7 to
A, B regions indicates that the corrosion of aluminum is
faster than that of titanium.

As shown in Fig. (3c), a relatively thin and compact
ALO;+TiO; oxide scale forms on TiAINbD alloys after corro-
sion. The doping of Nb in the scale could hinder the inward
diffusion of corrosives (such as S with a content less than
lat.% in the scale). The increasing of Nb from outside to
inside of the scale and its enrichment at the interface could
improve the adhesion, protectiveness, and stabilization of the
scale.

The relatively thick corrosion products on Ti; AINb can be
divided into three layers (as shown in Fig. (3d)). The fraction
of ALLO3 in the outer dark phase (/) is much higher than that in
the other two layers (/I and III). In addition, the content of Nb
in the inner layer is relatively high in the inside layer (/I]). The
composition of each layer is given in Table 3 according to
EDS analysis. Although a high content of Nb could be de-
tected in the corrosive scale (layer / and II), the voids and
cracks form in the scale during corrosion, indicating poor ad-
hesion of corrosive products. The substrate of Ti;AINb could
not be protected by the previously formed scale.

3.4. Hot Corrosion of Coated Alloys

As shown in Figs. (4, 5), the interface stabilization of
enamel coating in (Na, K),SO, + NaCl melts is associated

with the activity of aluminum on the substrates. The inter-
face remains intact, and almost no clear interface reaction
layer can be detected between enamel and Ti;AINb after
corrosion as shown in Fig. (5). However, in case of the TiAl-
based alloys (TiAl and TiAINb), the interface reaction in-
creases with the aluminum activity on the substrates. For
example, the activity of aluminum in TiAl based alloys can
be enhanced by doping Nb [10-13]. Thus, Fig. (4) shows that
the thickness of reaction layer on TiAINb (7.41um) is thicker
than the case of TiAl (5.17um). EDS results show that the
two interface reaction layers in case of TiAl-based alloys can
be divided into three layers: a few oxides of Ti and Al doped
in SiO; (A layer), Al,Os-based mixture (B layer), and C
layer enriched by Ti with some diffusive voids. In case of
TiAINDb, Nb can also be detected in the reaction layers.

It is worth noting that the enamel coating remains stable
in the melts at 750°C regardless of the substrates. The
chemical analysis results of the washing water indicate that
no other enamel components could be detected except an
extremely low content of Si and B (less than 0.5g/L).

As shown in Fig. (4d), besides the intergranular corro-
sion, a layered corrosive scale forms on the sputtered TiAlCr
coating after corrosion. A is mainly composed of TiO,, and
B is enriched by AlLO;, followed by C layer of aluminum
depletion and enrichment of sulfides (15.3 at.% S) with a
few chlorine. Moreover, the interface corrosion between
coating and substrate can be observed.

4. DISCUSSIONS

A continuous and compact Al,O; scale is always ex-
pected to form on alloys during oxidation and corrosion as a
barrier to protect the substrate against further corrosion of
corrosives. In case of TiAl-based alloys, the higher activity
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Fig. (2). Corrosion kinetics of (a) TiAl, (b) TiAINb, and (c)
Ti;AINDb alloys with or without coatings in (Na, K),SO4+NaCl
melts at 750°C.

of aluminum is generally needed to obtain this protective
scale through the selective oxidation of aluminum due to the
similar oxygen appetency of Ti and Al [5, 6]. For example,
the addition of Nb and Cr is one of the effective avenues to
improve the formation of protective alumina by increasing
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the activity of aluminum and the adhesion of oxides scale [7-
14].

Nowadays, the TiAlCr coating has become one of the
most promising protective coatings for Ti-based alloys from
oxidation and hot corrosion. A continuous and compact
ALO; scale is always expected to form on TiAlCr during
oxidation in dry air and hot corrosion in sulfates melts due to
the increasing activity of aluminum owing to the addition of
Cr [7, 23]. However, it has been confirmed that the rapid
degradation of TiAICr coating would occur in the corrosive
environment containing chlorine [22]. This is due to the for-
mation of volatile chromium chlorides through a cyclic chlo-
rination of Cr during hot corrosion at elevated temperature.
Furthermore, it is observed that synergistic corrosion through
chlorination and sulfidation of metals (Ti-based alloys and
TiAICr coating) occur in the mixture melts of SO,* and CI
at 750°C in the present study.

As given in Table 4, the presumed thermochemical
equilibriums of alloying elements (Ti, Al, and Cr) with mol-
ten salts ions (SO,* group and CI ion), and corresponding
Gibbs energy changes and equilibrium constants can be cal-
culated from the thermochemical data [30], except Eq.(1)
due to the absence of data. In (Na, K),SO4 + NaCl melts,
because the dissolution and diffusion of oxygen are limited,
the chemical equilibrium of sulfates decomposition to O,,.
S,, and oxidative SO; might proceed [25] (as revealed by Eq.
1-2 in Table 4) although Eq. (2) is thermodynamically diffi-
cult to happen.

As confirmed, selective oxidation of Al may take place
under an extremely low oxygen partial pressure [31] to form
Al,O3 scale on TiAl and TiAIND in the salt melts. However,
the chlorination of metallic components (Ti, Al, and Cr) may
be more thermodynamically competitive, as shown in Eqgs.
(6), (11). As a result, Cl, would rapidly react with metals (Ti,
Al, and Cr) to form volatile chlorides, as shown in Egs. (7),
(9), and (12). Subsequently, the chlorides (TiCly, AICl;, and
CrCl3) may be oxidized (TiO,, Al,O;, and Cr,03) to form
chlorine gas (Eqgs. 8, 10, and 13). Accordingly, the degrada-
tion of the alloys will be accelerated by the cyclic chlorina-
tion through the self catalysis of Cl,. Similarly, the self ca-
talysis of S, also plays an important role in the rapid deple-
tion of Ti in alloys, as revealed in Eq. (3-5).

The corrosion kinetics of TiAl-based alloys depends on
the competition between mass gain (oxidation and sulfida-
tion) and mass loss due to the volatility of chlorides (chlori-
nation) during hot corrosion at high temperature. The chlori-
nation resulting in the volatility of AICI; increases with the
activity of aluminum in Ti-based alloys. As a result, no mass
gain for TiAl but mass loss for TiAINb in kinetics (as shown
in Fig. (2)) are observable at the initial stage of corrosion.
However, the mass gain increases with the oxidation of chlo-
rides (Egs. 8, 10, 13) and the sulfidation of metals (Egs. 3,
5).

As mentioned above, the addition of Nb increases both
the activity of aluminum and the adhesion of corrosive scale.
Thus, TiAINb shows the best corrosion resistance among the
examined bare alloys due to the formation of a dense and
adhesive scale enriched by Al,O3. Although the Al,O;-rich
corrosive products form on TiAl under an extremely low
oxygen partial pressure, the spallation of the scale leads to
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Fig. (3). Cross sectional microstructures of (a) TiAl, (¢) TiAINb, and (d) Ti;AIND bare alloys after hot corrosion for 60 hours in (Na, K),SO4

+ NaCl melts at 750°C; and (b) close-view of the boxed interface in (a).

the rapid corrosion damage of the TiAl alloy. In case of
Ti;AIND, the approximately linear law in the kinetics implies
the rapid corrosion although and the external corrosive scale
exhibits a good adhesion to the substrate due to the doping of
Nb. It is worth noting that the oxidation of Nb is difficult to
occur due to the low oxygen partial pressure in the salt melts
in spite of its high faction (17at.%) in the alloy.

Table2. EDS Analysis (at.%) of the Interface Between Scale

and TiAl After 60h Corrosion (Fig. 3b)

1 11 11 A B
Ti 15.77 37.17 61.38 54.11 53.23
Al 32.7 29.17 3.27 40.94 42.78

4.1 15.16 23.65 1.74 1.46
(6] 47.43 18.5 11.7 3.21 2.53

Table3. EDS Analysis (at.%) of Corrosion Products on Bare

Ti;AINb After 60h Corrosion (Fig. 3d)

o Ti Al Nb S Cl Na, K

1 342 18.73 7.49 3.13 10.73 1.62 24.1

1I 41.5 14.04 3.21 19.3 7.6 0.83 13.52

I | 19.09 16.83 2.84 22.89 9.55 097 | 27.83

Other than the excellent oxidation resistance of TiAlCr,
its hot corrosion resistance in salt melts containing Cl ion is
relatively poor. Not only the oxidation rate but also chlorina-
tion rate of aluminum increases with increasing its activity
by adding Cr in the TiAl alloys. Moreover, the selective oxi-
dation of aluminum is decreased due to chlorination of
chromium and the volatility of chromium chlorides. As a
result, the external scale on TiAICr is mainly composed of
the mixture of Al,O; and TiO,. The corrosion kinetics of
TiAICr follows two linear laws indicating the variation of
the corrosion mechanisms with increasing the exposure time.
At the initial corrosion stage, the oxidation (mass gain) and
chlorination (mass loss) of metallic elements in alloys are
comparable resulting in a relatively small mass gain. The
formation of corrosive products along the columnar inter-
granular boundary in the sputtered TiAlCr coating improves
the adhesion of the external corrosion scale. However, the
external scale could not significantly hinder the inward dif-
fusion of corrosives (O, CI, SO42' and others) and outward
volatility of chlorides due to its porous characteristics. Ac-
cordingly, although the formation of the scale enriched by
ALO; further improves the protectiveness of the external
corrosive scale from chlorination to a certain extent, the lin-
ear law in the corrosion kinetics implies that the synergistic
corrosion of oxidation, sulfidation and chlorination of
TiAICr is the main corrosion mechanisms in the present en-
vironment (as depicted by equations in Table 4).

Although the enamel coating remains highly stable ther-
mochemically in the salt melts according to the chemical
analysis, the corrosives (O, Cl and S) may diffuse into the
interface between enamel coating and Ti-based alloys
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Fig. (4). Cross sectional microstructures of enamel coated (a) TiAl and (¢) TiAINb, and (d) TiAlCr coated TiAIND alloys after hot corrosion
in (Na, K),SO4 + NaCl melts for 60h at 750°C; and (b) close-view of the boxed interface in (a).

Table4. Thermochemically Chemical Equilibrium Equations for Ti-Base Intermetallics in Molten (Na, K),SO,+NaCl Melts

No. Equilibrium Equation AG sk logKio23x
(kJ.mol ™)
1 (Na,K),S0,4(1)=Na,0(s)+K,O0(1)+SOs(g) / /
2 SOs(g)=1/2S,(g)+3/204(g) 228.1 -11.7
3 SO;(g)+TiAl(s)=TiS(s)+1/2AL,0;(s)+3/40(g) -567.8 29.0
4 TiS(s)+0,(g)=TiO(s)+1/2S,5(g) -571.7 29.2
5 3TiAl(s)+Sa(s)=2TiS(s)+TiAls(s) -413.0 21.1
6 Ti(s)+2NaCl(g)+3/20,(g)= Na,TiOs(s)+ Clx(g) -769.9 39.3
7 Ti(s)+2Cly(g)=TiCli(g) -639.9 327
8 TiCly(g)+0,(g)=TiO(s)+2Clx(g) -118.6 6.1
9 Al(1)+3/2Cl(g)=AIClx(g) -532.2 272
10 2AICI(g)+3/20,(g)=A1,05(s)+3Clx(g) -289.3 14.8
11 Cr(s)+2NaCl(g)+20,(g)=Na,CrO4(s)+Cly(g) -346.9 17.7
12 2Cr(s)+3/2Clx(g)=2CrCli(g) -653.5 334
13 2CrCli(g)+3/20,(g)=Cr,05(s)+3Clx(g) -217.0 11.1

through some voids in the coatings. The interfacial reaction
may occur. However, the oxidation may be the main interfa-
cial reaction because the readuction reaction of SiO, in
enamel by aluminum in alloys tends to happen under the low
partial pressure of oxygen at the interface. Thus, the interfa-
cial reaction must be associated with the activity of alumi-
num at the interface. For example, the thickness of the inter-
facial reaction layer increases in order on Ti;AINb, TiAl, and

TiAIND in terms of their activity of Al. Thus, the rapid selec-
tive oxidation of aluminum on TiAINb under the low oxygen
partial pressure at the interface may detach the enamel coat-
ing from the substrates due to the decrease of adhesion of
coating. It is in good agreement with our previous report on
the oxidation behavior of enamel coated TiAIND alloys in air
[20].
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Fig. (5). Cross sectional microstructure of enamel coated Ti;AINb
alloy after hot corrosion in (Na, K),SO4 + NaCl melts for 60h at
750°C.

5. CONCLUSIONS

In (Na, K),SO,4 + NaCl melts at 750°C, the rapid corrosion
damage of TiAl, TiAINb, TiAlCr, and Ti;AINDb bare alloys
results from the self catalysis of sulfidation and chlorination of
the metallic components. The mass loss at the initial corrosion
stage is associated with the volatility of chlorides through the
chlorination of metallic components. The TiAINb shows the
best corrosion resistance in the melts among the three exam-
ined alloys due to the formation of adhesive scale enriched by
AlLyOs. The rapid degradation of sputtered TiAlICr coating is
relevant to the chlorination of chromium and aluminum.

Enamel coating could protect Ti-base alloys from hot corro-
sion. In addition, the stability of enamel coatings on Ti-alloys
decreases with increasing the activity of aluminum on the alloys
during oxidation. This is due to the occurrence of reduction
reaction of SiO, in enamel coating by aluminum under a low
oxygen partial pressure at the interface of enamel/alloy.
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