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Engines for marine are subjected to synergistic chloride corrosion and hot oxidation. Here, we fabricated the Ti-
Al-N multilayer coatings on TC4 substrate by multi-arc ion plating. The corrosion behavior of coating was
conducted under the stimulated environment with 20 cycles of salt spray (35 °C for 22 h) and hot corrosion (500
°C for 2 h). Result showed that the vast majority of corrosive products were accumulated with increasing
corrosion cycles, causing the substantial spallation and delamination of coating. However, the unique structures

composing of TiAIN columnar crystals and TiN-Ti-TiN equiaxial crystals still benefited the excellent protective

performance for coating.

1. Introduction

With the rapid development of light-weight aircrafts and heavy-duty
gas turbines, titanium alloys gain the increasingly attention as
compressor engine blades, due to the combined characteristics with high
specific strength, excellent oxidation resistance and mechanical prop-
erties at high temperatures [1-9]. However, these Ti-based mechanical
components are apt to be worn by the severe chloride corrosion and
stimulated erosion under harsh sandy-marine beyond of 300 °C, which
even could lead to the fatal disaster for systems [10]. A coating on the
material surface is one of the most feasible protocols as the ample pro-
tection, without deterioration of superior properties of substrate
simultaneously. To date, various protective coatings with high hardness
and good corrosion resistance have been attempted like high-entropy
alloy coatings[11,12] ceramic carbide and nitride coatings with spe-
cial designed microstructures for aerospace sectors [13,14]. Among
them, thanks to the high hardness and excellent oxidation resistance
[15,16], nitride-based hard coatings such as TiN, ZrN et al. are consid-
ered as one of the most promisingly protective candidates to enhance
both the mechanical and electrochemical properties of Ti-based sub-
strates, and thereafter greatly improve the life time of titanium

components [17-19]. Compared to binary phases, such as TiN, ternary
Ti-Al-N coatings have drawn much interests, because of the promising
combination with excellent corrosion resistance in NaCl solution and
oxidation resistance to 800 °C [20-22].

Current attempts to synthesize Ti-Al-N coatings by physical vapor
deposition (PVD) can be mainly categorized to magnetron sputtering
and cathodic vacuum arc techniques. It is worthwhile to note that almost
Ti-Al-N coatings deposited by these two approaches present the
columnar crystalline structure, together with the intrinsic defects of
pinholes, voids, micro-cracks and macro-particles [23], which make the
coatings more susceptible to be failure in a corrosive environment. In
particular, the corrosive chloride and oxygen media could easily pene-
trate into the coating along the columnar grain boundaries and react
directly with the substrate to produce a large number of corrosion
products, leading to the substantial failure of the coating or even the
substrate [24-26]. One way to solve these issues is to fabricate the
multilayer structure rather than single-layer for coatings, in which the
growth defects could be suppressed greatly and the corrosive media
penetrating to substrate was prevented [27-29]. For example, Li et al.
compared the NaCl-induced hot corrosion behavior of single-layer TiN
coating and multilayer TiN/Ti coating, where they found the multilayer
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coating performed the excellent corrosion resistance after the salt spray
and hot corrosion treatment, respectively [30]. Nevertheless, noted that
another significant problem is that the durability of coatings and sub-
strates both show the strong dependence upon the existence form of
corrosive medium. As an example, Cao et al. [31] studied the corrosion
behavior of Fe-20Cr under NaCl solution spray and solid NaCl deposit in
water vapor at 600 °C, where the former sprayed corrosive medium
caused seriously corrosion damage due to the amplified NaCl corrosion
by water vapor. In addition, a similar set of conditions were applied to
TiN coatings [32], in which the NaCl salt spray and the sprayed solid
NaCl particles were firstly conducted at constant temperature, respec-
tively, and then the coatings were subjected to hot corrosion treatment
for comparison. It was found that, after the salt spray test, the coatings
displayed a more severe hot corrosion with a large area of peeling than
those in sprayed solid NaCl particles. As a matter of fact, the coated
Ti-based compressors generally serve in the marine environment
continuously and cyclically, a typical alternating cycle of corrosions.
Specifically, when landing, the coatings undergo the corrosion arisen
from ocean atmosphere at room temperature; while operating, the
coated components easily suffer from the NaCl-induced hot corrosion.
These cycled working conditions for Ti-Al-N coatings scaled up the
corrosion damage to a large extent. Unfortunately, the prior knowledge
base from mono-cycled salt spray corrosion and hot corrosion is not
valuable to the authentic cycled corrosion performance for engine
components operating over marine areas. It is preliminarily required to
clarify the physical mechanism behind corrosions with periodically
alternating salt spray and hot corrosion processes.

In our previous studies, the Ti and TiN layers with various thickness
and periodic ratio were designed to improve adhesion-bonding and
load-bearing capacity for multi-layer nitride coatings [33,34]. More-
over, the Ti-Al-N layers were alternatively applied to the TiN coatings
for the promising purpose of higher oxidation resistance and superior
mechanical characteristics [35]. In this work, the same Ti-Al-N multi-
layer coatings were deposited on titanium alloy (namely Ti-6A1-4V)
substrates by a home-made cathodic multi-arc ion plating technology.
The corrosion behavior of coatings was conducted by alternating salt
spray corrosion at 35 °C for 22 h and hot corrosion at 500 °C for 2 h with
various cycles. The stimulated corrosion failure of coatings were dis-
cussed in terms of the structural evolution with synergistic salt spray and
hot corrosion. This work provides theoretical support for protective
coatings for use in the marine environment and offers a new approach to
coating evaluation.

2. Experiments and characterizations
2.1. Coating preparation

The multilayer Ti-Al-N coating was deposited on the Ti-6Al-4V (TC4)
alloy substrate using a home-made hybrid deposition system composed
of cathodic multi-arc sources and linear ion beam (LIS) source. Specif-
ically, TiAl target (Ti:Al = 67:33) and titanium target (purity of 99.99 %)
were applied to multi-arc source for generated metallic plasmas, while
LIS source was employed for pre-cleaning process before coating depo-
sition. All TC4 substrates with size of 30 mm (L) x 20 mm(W) x 3 mm
(thickness) were firstly sanded and polished to a mirror finish, which
were then ultrasonically cleaned in acetone and alcohol for 10 min,
respectively. After drying, the cleaned substrates were fixed in the
rotated sample holder and put into the deposition chamber. When the
chamber was evacuated less than the base pressure of 3 x 10~°> mTorr
and the chamber temperature reached to 300 °C, Ar gas with 33 sccm
flow rate was introduced to the LIS source with ion current of 0.2 A for
30 min as etching process, in order to remove the adsorbed contami-
nants from substrate surface and to improve the coating adhesion.
During coating deposition, the buffer-layer of Ti coating was firstly
deposited on substrate, and then the transition TiN layer was conducted
on Ti layer. Subsequently, two cycles of Ti-Al-N plus controlled TiN-Ti-
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TiN gradient layer were deposited as multilayer structure, where the
designed Ti-Al-N layer acted as the top layer finally. A DC pulsed
negative bias of 70 V, 70 V, and 80 V was used for the synthesis of Ti,
TiN, Ti-Al-N layer, respectively. Fig. 1 shows the schematic diagram of
hybrid deposition system for multilayer coatings. Namely, the Ti buffer
layer mainly favored the good bonding strength between coating and
TC4 substrate, the TiN transition layer benefited the good mechanical
properties of coating together with the strong load-bearing capacity,
while the TiAIN functional top-layer contributed the excellent corrosion
resistance of the composite coating. Meantime, the inserted TiN-Ti-TiN
structure not only acted as the stress absorbed layer to suppress the
crack and delamination of coating, but also could hinder the penetrating
defects caused during deposition process, further endowing the coating
excellent corrosion resistance. The detail deposition information could
be referred to our previous work [34].

2.2. Interval corrosion and oxidation test

Since the engine blades faces the corrosive salt atmosphere at harsh
marine situation when landing or parking, the simulated salt spray
experiment was specially conducted for the Ti-Al-N multilayer coatings.
Fig. 2 displays the schematic of stimulated corrosion and oxidation tests
alternatively for coatings. Namely, the coating was kept in the salt spray
box with a constant temperature at 35 °C and a NaCl concentration at
5 wt% for 22 h spray. Subsequently, hot corrosion tests were performed
in a tube furnace connected with atmospheric environment, in which the
placed coated samples were firstly heated at 500 °C for 2 h and sub-
stantially cooled in air to room temperature (RT). Afterwards, the salt
spray process and hot corrosion procedure were repeated alternatively.
In other words, one alternating cycle was assigned to the process treated
by a RT salt spray for 22 h and hot corrosion stage at 500 °C for 2 h.

2.3. Characterization methods

The crystalline structure and phase formation of the as-prepared
coatings and the corroded coatings were investigated by X-ray Diffrac-
tion (XRD, Bruker D8 Advance, Germany) with a Cu Ka radiation
(A = 0.154 nm). Surface morphology and cross-sectional microstruc-
tures with elemental mapping for coatings were characterized by
Scanning Electron Microscope (SEM, FEI Quanta FEG 250) equipped
with an Energy Dispersive Spectrometry (EDS, OXFORD X-Max)
analyzer. The low-speed saw (IsoMetTM, Buehler, USA) was used to
prepare the cross-sectional samples, which were then ultrasonically
cleaned with ethanol for 10 min and polished with Leica EM TIX 3X
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Fig. 1. Schematic diagram of the deposition system for multilayer Ti-Al-
N coatings.
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Fig. 2. Schematic of alternative salt spray and hot corrosion test for Ti-Al-N coating.

Wide Ion Beam System (BIB) at a milling voltage of 7 kV. Further
detailed microstructure evolution of the coatings were observed by
Transmission electron microscopy (TEM, Talos F200x with operating
voltage of 200 keV) in the high-angle annular-dark-field (HADDF) an-
alyses. Specimens for TEM test was fabricated by focused ion beam (FIB)
lift-out methods using a Zeiss Auriga dual-beam FIB/SEM. The adhesion
strength of the coating to the substrate was determined by scratch tests
using CSM Revetest (Switzerland) equipped with a diamond Rockwell
conical indenter (apex angle of 120° and curvature radius of 200 pym).
During the progressive scratch test, the indenter was loaded continu-
ously from 1N to 100 N and the scratch length, scratch speed was
3.00 mm, 1.00 mm/min, respectively. Each sample was employed at
least 3 tests to require accurate results.

3. Results and discussion
3.1. As-deposited Ti-Al-N multilayer coating

Fig. 3a shows the surface morphology and elemental distribution of
the as-deposited Ti-Al-N multilayer coating. It was evident that the co-
deposited macro-particles and small amount of hole defects could be
visible on the coating surface, which might deteriorate the corrosion
properties of coating substantially [35]. These defects were mainly
ascribed to the instability moving of trigged arc spots during cathodic
arc deposition, a well-known phenomenon generating the evaporation
of liquid metallic particles together with metallic plasma from cathodic
targets [36-38]. Despite of the rich Ti on the formed macro-particles,

noted that the element distribution was uniform by EDS results.
Fig. 3b illustrates the X-ray diffractograms in the 20 range from 20° to
90° for the deposited Ti-Al-N multilayer coating. The presented peaks
could be assigned to the crystal phases of Ti and TiN, with a dominant
(002) and (111) orientation, respectively, while the absence of
Al-related phases might be caused by the incorporation or solid-solution
of Al atoms in TiN lattice for Ti-Al-N coating [34,39].

Fig. 4 shows the cross-sectional morphology and microstructure of
the as-deposited coating by SEM and TEM measurements. As shown in
Fig. 4a, the coating presented a uniform thickness of about 13 um and a
clearly periodic multilayered structure. Combined with the element
distribution by EDS (Fig. 4b) along growth direction, the coating was
composed of the pronounced multilayers including the Ti-Al-N top-layer
and the dominated TiN-Ti-TiN sublayer alternatively. Another obser-
vation was that the buffer-layer of Ti was strongly bonded with TC4
substrate, indicating the high adhesion strength [34]. Within the
gradient TiN-Ti-TiN structure, the element distribution behaved the
same gradient characteristics, where the concentration of Ti and N in the
position A, B and C varied in range of 61.40 + 0.5, 69.22 + 0.7, 56.57
+ 1.0 at% and 38.60 + 0.4, 30.78 + 0.8, 43.43 + 1.1 at%, respectively.
The TEM characterization was wused further to address the
cross-sectional microstructure of as-deposited coating. As shown in
Fig. 4d, a dense multilayer structure with dominated columnar feature
was obtained for coatings. Furthermore, the selected area electron
diffraction (SAED) patterns shown in I and II demonstrated that these
columnar crystals could be assigned to the layer with (200)-oriented TiN
and (101)-oriented Ti phases, the other layer shows an isometric growth
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Fig. 3. (a) Surface morphology and corresponding EDS element mappings and (b) XRD diffractograms of the as-deposited Ti-Al-N multilayer coating.
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Fig. 4. (a) Cross-sectional SEM micrographs and (b) corresponding line-scanning results of Ti (red), Al (green), N (cyan) along the marked white arrow in a; (c) Point-
scanning TEM micrographs of the TiN-Ti-TiN sublayer; (d) Selected area electron diffraction patterns: (I) and (II) SAED of the Ti-Al-N layer and TiN-Ti-TiN layer.

of (200)-oriented TipN and a large number of Ti crystalline phases
similar to those previously reported in the literature [40]. Compared to
traditional mono-layer coating with coarse columnar structure, the
alternating multilayer structure composing of columnar crystals and
equiaxed crystals provide the strong ability to suppress the direct
penetration of corrosive media from coating into substrate, resulting in

Acoustic emission

—— Frictional force

20 40 60
F(N)

100

80

Fig. 5. The strong adhesion strength of the Ti-Al-N multilayered coatings on
TC4 substrates.

the excellent corrosion resistance [39].

Fig. 5 shows the adhesion strength of the multilayered coating ob-
tained by the scratch tester with a progressive load. Once the load force
reached to 70 N, a distinct increase was found from the acoustic signal.
Taking the combinational in-situ scratch morphology, the coating
obviously peeled off from the substrate with the exposure of pristine
substrate at 70 N. Therefore, it could be identified that the coating
displayed a high adhesion strength about 70 N on the TC4 substrate.

3.2. Ti-Al-N multilayer coatings after stimulated corrosion and oxidation
test

Fig. 6 presents XRD patterns of the deposited Ti-Al-N multilayer
coatings after different corrosion cycles test. The results showed that the
phases including NaCl, TiO, and Na4TisO12 appeared in the spectra after
one corrosion cycle, which was consistent with other reports [35,41,42].
In general, TiO, was generated from the coating oxidation during the hot
corrosion process, as elucidated from Egs. (1)-(2). Furthermore, TiOy
would subsequently react with oxygen and NaCl salt, which enabled the
formation of NayTiO3 and Na4TisO15 phases, like the reactions in Eqs.
(3)-(4). Beyond of these products, no other corrosion phases were
observed in the whole corrosion process. Further increasing the corro-
sion cycles to 10, the new dominated phases of TisN crystalline was
detected from the inner layer of multilayer coating, due to the promoted
loose structure by corrosion. However, after 20 corrosion cycles the XRD
results were still dominated by the main phases of the coating, TiN and
TioN. Despite the generated corrosion products during test, the coating
demonstrated the superior corrosion resistance in the harsh environ-
ment of alternated salt spray and hot corrosion with 20 cycles, which
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Fig. 6. XRD patterns of the Ti-Al-N multilayer coatings after different corro-
sion cycles.

could be attributed to the unique multilayer structure and intrinsic
corrosion resistance in Ti-Al-N coatings to a great extent [34].

2TiN(s) 4 20, (g)—>2Ti0,(s) + N, (g) (€))
Ti+ 0,(g)—2TiOx(s) ()
4NaCl(s) + 0,(g) + 2TiO, (s)—2Na, TiO3(s) 4 2CL (g) 3
4NaCl(s) + O,(g) + 5TiO, (s) - Na, TisOy (s) + 2CLy(g) &)

To further characterize the structural evolution related to corrosion
behavior, Fig. 7 shows the surface morphologies of Ti-Al-N multilayer
coating after different corrosion cycles. For 1st cycled sample, obvious
cracks together with the formed oxides were visible near the crystalline
salt (Fig. 7a), indicating corrosion damage to the coating. Since the

1t cycle

10t cycle
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corrosion media could quickly penetrate to the coating along the growth
defects and corrosion failure areas, quite a few new corrosion products,
cracks and small pieces of delaminated chips emerged in the original
peeling area after 10 cycled corrosion tests (Fig. 7b), which led to the
severe peeling and spallation of coating than those in 1st cycled case.
Further increasing the corrosion cycles to 20 caused the worst peeling
phenomena and spallation failure in the coating surface (Fig. 7c).
Moreover, some corrosion pits were obtained in the local peeling area on
the exposed coating surface, that could be arisen from accumulated
corrosion products in the coating.

Fig. 8 shows the surface morphology and related EDS elements dis-
tribution of the Ti-Al-N multilayer coating with various corrosion cycles.
For the 1st corrosion cycled sample, the evident microcracks were
observed near the macroparticles and the accumulated products
emerged in the coating surface, as shown in Fig. 8a. According to the
EDS mapping results, these corroded products were enriched with O and
Ti, implying the consistently formed TiO2 phases in Fig. 6. After the 10th
corrosion cycle test, the spallation area was appeared in the coating
surface, which could be the result of accelerated corrosion products and
the peeling off from coating during stimulated corrosions (Fig. 8b).
Similarly, the O and Ti were also enriched and Al composition was
deficiency in the damage area, as shown in the corresponding EDS
mapping. Once the corrosion cycles reached to 20 , the more larger
peeling areas were achieved in the coating surface (Fig. 8c). In addition,
the new peeling occurred in the previous peeling regions, due to the
delamination of outer layer for coating and substantially disabled pro-
tective effect. In this case, the corrosive media directly passed through
the coating inside, which finally resulted in the spallation of coating.
Combining with the results of EDS in Fig. 8, it could be concluded that
the corrosion damage was firstly formed at the growth defect of coating
surface, and the sprayed crystalline salt played the key role in acceler-
ating the corrosive failure of the coating under the synergistic effect of
alternated salt spray and hot corrosion processes.

In order to elucidate the elemental distribution during the corrosion
cycles, Fig. 9 displayed the selected surface morphologies for three
different tests, representatively, where the compositions of Ti, Al, N and

20 cycle

(©

Salt crystallizatioh'

spalling are

e

Fig. 7. Surface morphology of the Ti-Al-N multilayer coating after different corrosion cycles: (a) 1st cycle; (b) 10th cycle; (c) 20th cycle.
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Fig. 8. Surface morphology and related elements distribution of the Ti-Al-N multilayer coating with various corrosion cycles: (a) 1st cycle; (b) 10th cycle; (c)

20th cycle.

10t cycle

Fig. 9. The representative SEM morphology with different corrosion cycles: (a) 1st cycle, (b) 10th cycle, (c) 20th cycle.

O in the detected regions of coating were listed in Table 1. For all peeling
and spallation regions, the oxygen content increased gradually with

Table 1
Chemical composition of the points in Fig. 8 (Areas 1, 3, 5 represent the non-
peeling, and Areas 2, 4, 6 display the spallation region).

Point position Elemental content (at%)

o N Al Ti
Area 1 6.60 + 1.0 37.01 £0.8 3470 £ 1.1 21.37 £1.2
Area 2 17.67 £ 1.1 28.35+0.5 3191 +£0.4 22.70+£0.8
Area 3 11.18 £ 0.7 33.28 £ 0.6 3391 +1.2 21.39 £ 0.9
Area 4 23.26 £ 0.9 24.85+0.3 28.57 £ 0.7 23.07 £ 0.4
Area 5 18.56 + 0.6 28.45+0.3 3214+ 1.1 20.31 £0.7
Area 6 31.06 £ 0.5 19.11 £ 0.8 25.80 £ 1.5 23.38+1.3

increase of corrosion cycles, indicating the more and more serious
corrosion damage. On the other side, the downward tendency was
visible for N content, especially evident in the peeling areas of position
2, 4 and 6. The reason might be attributed to the reaction between TiN
and O, where the N, was generated and overflowed subsequently [30,
32,39], as indicated in Eq. (1). Similar decreasing trend in content of Al
element was illustrated in the peeling areas of 2, 4 and 6, which was
correlated to the peeling of the outermost Ti-Al-N coating. Different with
the peeling regions, however, noted that both the content of Al and Ti in
unpeeling areas (position 1, 3, 5) almost remained constant regardless of
the corrosion cycles. In general, the increase in oxygen content replied
the formation and accumulation of corrosive oxides, while the release of
Ny gas occurred from the reaction of TiN and O. These was the domi-
nated reason for the peeling damage of the coating. Beyond of the



D. Zhou et al.

peeling effect, moreover, the N element content in the peeling area
decreased dramatically compared with that in the unpeeling region,
which could be ascribed to the accelerated corrosion reaction of the
corrosively galvanic cell formed by the soft-hard multilayer interfaces.

Fig. 10 shows the cross-sectional microstructure of the coating after
different corrosion cycles test. It was clear that, under the 1st corrosion
cycle, all the coating was strongly adhered to the substrate with the
dense multilayered interfaces, despite of the slight corrosion appeared in
the outmost surface (Fig. 10a). However, once the corrosion cycles
reached to 10 (Fig. 10b), the corrosion media easily penetrated into the
coating interfaces along the inherent defects including macro-particles
and pinholes[35]. As a result, the serious isolation between interfaces
and the delamination with cracks were obtained in the coating. Inter-
estingly, noted that the peeling failure only occurred along the interface
within multilayered structure rather than perpendicular to the growth
direction of coating, indicating the maintained corrosion resistance of
coated substrate. Further increasing the corrosion cycles to 20 led to the
worst stratification within the periodic multilayered structure and small
part of spallation of the coating, which was assigned to the slight de-
creases of protective capability (Fig. 10c).

Moreover, the EDS mapping images of selected region in Fig. 10c
illustrated that a significant oxide layer appears at the surface of the
coating and at the multilayer interface, but there is no enrichment of
corrosion media within the TiAIN layer, as shown in Fig. 10d. It could be
thus deduced that the corrosive galvanic cell was generated between the
multilayer interfaces of the coating. Furthermore, the EDS mapping re-
sults also show that no obvious enrichment of corrosion medium was
found within the inside Ti-Al-N layer closer to the substrate. In this case,
the achievement of excellent salt-coupled hot corrosion resistance
remained in the multilayered Ti-Al-N coatings were mainly attributed to
the two factors. One is the outward TiAIN layer displayed the quite high
stability after harsh alternated salt spray and hot corrosion cycles.
Another reason could be benefited from the strong adhesion among
coatings layers and coating/TC4 substrate [34].

To complement the microstructural evolution of the coating with
various corrosion cycles tests, Fig. 11 shows the TEM cross-sectional
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morphologies of the non-peeling area in coating after 20 corrosion cy-
cles. Obviously, the coating maintained a dense multi-layered TiAIN
structure in outmost layer without any peeling or laminar delamination
(Fig. 11a), where the thickness of inserted TiN-Ti-TiN gradient layer was
about 559.65 nm. In addition, an oxide layer enriched with Ti, Al, O and
Na was formed in the coating surface, while the infiltration of corrosive
media composed of O, Na and Cl was absent from the inside of coating
(Fig. 11b). This identified the excellent salt spray coupled hot corrosion
resistance of the coating. Based on the HAADF image of representative
area c in Fig. 11a, the thickness of generated oxide layer was about
45.19 nm on the outmost TiAIN layer, even presenting a loose structure
with a large amount of hole defects. Combined with the XRD and above-
mentioned reaction analysis, these defects could mainly be ascribed to
the formation of gaseous corrosive products during synergistic salt-hot
corrosion process. According to the HRTEM image shown in Fig. 11d,
the encountered corrosion products of oxide layer were composed of
NayTisO;2 and TiO,. Moreover, Fig. 11d identified that the lattice
fringes with an interplanar spacing of 1.974 A and 1.868 A was assigned
to the (311) plane of NasTisO;2 and the (200) plane of TiO,,
respectively.

For comparison, Fig. 12 illustrates the TEM cross-sectional charac-
terization of the peeling area after 20 corrosion cycles. Distinct differ-
ence could be found in the region of peeling surface, where the formed
oxide layer next to the TiN-Ti-TiN sublayer was mainly composed of Na,
Ti, and O, as shown in Fig. 12a and Fig. 12b. In addition, the HAADF
image in Fig. 12c indicated that the oxide layer with thickness of
152.1 nm presented the loose and porous structure with massive cracks.
During the substantial increase of corrosion cycles, these porous struc-
tures of the oxide layer would significantly deteriorate the protective
capability of next Ti-Al-N layer, causing the slight peeling off of oxide
products from the coatings. Nevertheless, the important observation was
that the corrosive galvanic cell was promoted within the coating inter-
face due to the accelerated corrosion reaction. This in turn benefited the
increase in thickness of oxide layer was around 152.1 nm, almost more
than three times thicker than that in the unpeeled area (45.19 nm), as
shown in Fig. 12c. And the HRTEM bright-field image revealed the
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Fig. 10. The cross-section morphology of Ti-Al-N multilayer coating after different corrosion cycles: (a) 1st cycle, (b) 10th cycle, (c) 20th cycle, (d) Corresponding

EDS mapping of the selected area d.
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Fig. 11. Cross-sectional morphologies of non-peeling area in coating after twenty corrosion cycles: (a) STEM image and (b) corresponding EDS mapping, (c¢) HAADF
image of the area c in (a), (d) HRTEM bright-field image of the corrosion area d in (c).

Fig. 12. Cross-sectional views of peeling area after twenty corrosion cycles. (a) STEM image of the peeling area; (b) Corresponding EDS mapping of area b; (¢)-(d)
HAADF image of area ¢ and HRTEM bright-field image of the selected corrosion area.

lattice fringes with an interplanar spacing of 3.120 A (region I), 2.820 A
(region II) and 1.653 A (region III), which was corresponded to the (232)
plane of TiO,, (013) plane of Na,;TiO3, and (80—1) plane of NasTisOq2,
respectively. As a summary, the loose and porous structure dominated
by titanate corrosion products was most likely consisting of Na;TiO3 and

NayTisO12, which accelerated the sub-layers adhesion and the peeling
failure of coating.

Lastly, to clarify the versatility of the multilayer Ti-Al-N coatings
with various salt-coupled hot corrosion cycles, Fig. 13 illustrates the
schematic diagram of the corrosive damage mechanism in terms of the
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Fig. 13. Schematic diagram of the corrosion mechanism for Ti-Al-N multilayer coating in salt spray (22 h) coupled hot corrosion (2 h) for different cycles alternately.

structural evolution. For the initial stage of the synergistic corrosion test
(Fig. 13a), the damage of coating occurred firstly in the defective regions
with co-deposited macro-particles and pinholes during the growth of
coating. During the salt spray process, NaCl solution passed through the
coating along the corrosion channels yielded by these defects, compa-
nying with the formation of large number of crystal salts in the defect
area. With the following hot corrosion process, the oxygen element
could easily accumulate around the crystalline salts, and thereafter
reacted with TiN to generate TiOy phases and gaseous Ng, or alterna-
tively reacted with Ti to produce TiO phases (Egs. (1)-(2)). Next, part of
TiO2 products reacting with the NaCl and O led to the appearance of
NayTisO12 and Cly (Eq. (3)), meanwhile the Cl; consumed TiN to form
TiCly and Ng (Eq. (4)). This process could continuously accelerate the
corrosion failure of the coating. In particular, noted that the gaseous
formation including Ny and Cl; was another key factor to stimulate the
corrosion damage with serious accumulation of the porous corrosion
products.

As the corrosion cycle increased to 10 (Fig. 13b), NasTiO3 as corro-
sion product was also promoted despite of NasTisO;12. The reaction
could be identified in Eq. (5). Due to the vast accumulation of corrosion
products in Na, Ti,O,, the bonding strength within multilayer in coating
was reduced dramatically, which finally induced the localized peeling
off. Meanwhile, the existence of TizN phases in the TiN-Ti-TiN sublayer
would also gradually reacted with the corrosive medium that entered
the interfaces, and favored the more production of TiO5 further (Eq. (6)).

Table 2
Standard Gibbs free energy changes of reactions with respect to Ti-Al-N multi-
layer coating at 500 °C [32,38,43].

Eq.  Chemical reaction AG°773 K
(kJ mol )

(1)  2TiN(s) + 202(8) — 2TiOx(s) + N2(g) -420.39

(2) 2Ti (s) + O2(g) — TiOx(s) -654.17

(3)  4NaCl(s) + O2(g) + 5TiOx(s) - NasTisO12(s) + -161.67
2CLx(g)

(4)  2TiN(s) + 4Cly(g) — 2TiCly(g) + Na(g) -372.84

(5)  4NaCl(s) + Ox(g) + 2TiO4(s) — 2Na,TiO3(s) + -62.94
2CLx(g)

(6)  2TioN (s) + 402(g) — 4TiOo(s) + Na(g) -99.37

Moreover, for all these discussions, the negative Gibbs free energy of the
above-formulated reactions (Table 2) enabled the possibility in hot
corrosion environment with the thermodynamic aspect. In parallel,
another important issue was that the corrosive medium entered easily to
the interior of the coating along both the growth defect and peeling
zone, generating a corrosive galvanic cell at the multi-layer interfaces.
Thereafter, the tremendous corrosion products were evolved and
continuously deteriorated the bonding performance between interfaces
which interpreted the aggravation of corrosive failure and spallation of
the coating.

An even more critical phenomena shown in Fig. 13c was that, with
the increase of corrosion cycles to 20, the vast majority of corrosion
products were accumulated in the outmost surface and intrinsic inter-
face of the coating. In addition, salt and oxygen become more and more
enriched during the synergistic corrosion test, the corrosive reactions
were intensively stimulated. All these conductors led to the continuous
interfacial damage and large area spallation of the coating along the
interface. More surprising expected results were that the coating spall-
ation would be intensified, and the crystalline salts adhered to the
outmost layer were flaked off. This resulted in the continuous damage of
coating with loose structure, which in turn provided the further pene-
tration of corrosion medium through these delamination regions, a fact
leading support to the explanation for the accelerated failure of the
multilayer Ti-Al-N coating.

4. Conclusion

The Ti-Al-N multilayer coating composed of TiN-Ti-TiN gradient
layer and outmost TiAIN layer was fabricated on the titanium alloy
(TC4) substrate by a home-made cathodic multi-arc ion plating tech-
nology. The dependence of corrosion behavior of Ti-Al-N multilayered
coating was focused as a function of the conducted synergistic corrosion
test, where the periodical corrosion cycle process including one stage of
salt spray corrosion at room temperature and another stage of hot
corrosion at 500 °C were controlled with namely 1, 10 and 20 cycles,
respectively. The corrosion failure was discussed in terms of the
microstructural evolution and the correlated reactions with formed
corrosion products were proposed for the understanding of accelerated
corrosion mechanism. The results indicated that the corrosion phases
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including NaCl, TiO5 and Na4TisO15 emerged firstly after one corrosion
cycle, and the extra TiN, TioN crystalline phases were detected sub-
stantially with the increase of corrosion cycles up to 20. The formation of
N3 and Cl; gaseous were proposed to play key role in the accelerated
corrosion damage, where the vast majority of accumulated porous
products were achieved with increasing the salt-coupled hot corrosion
cycles. Another observation of the corrosion products could be identified
by the Ti oxides and the related titanate composites, including
NayTis012 and NayTiO3. Due to the generation of corrosion products in
early stage, the further peeling off was triggered by the galvanic
corrosion cell occurred in the multilayer interfaces, which enabled the
easy penetration of corrosive chloride media to the intrinsic layer of
coating. Finally, the spallation and delamination of the localized region
were induced for the deterioration of the multilayer Ti-Al-N coatings.
Neverthless, the most important result was that even the coatings suf-
fered from the stimulated corrosion damage, the remained manifest of
the excellent salt-coupled hot corrosion resistance was surprisingly ob-
tained in the Ti-Al-N multilayer coatings, which was probability
attributed to the excellent salt-hot corrosion resistance of the TiAIN
layer and the benefits of strong bonded strength between coating and
substrate, as well as the specially alternated periodic structures
composing of TiAIN columnar crystals and TiN-Ti-TiN equiaxial crystals.
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