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Coatings are utilized to enhance the surface properties of materials. This study aimed to modify the TiN coating
with a novel sandwich-zigzag intermediate layer and delve into the intricate damage mechanisms under harsh
corrosion-erosion coupling environments. Due to the infiltration of NaCl into the coating and the subsequent
formation of TiO,, the sandwich-zigzag TiN coatings exhibited a reduction in mechanical behavior and erosion
resistance when exposed to salt spray at 550 °C for 50 h. Moreover, the erosion rates of the as-corroded TiN
coatings displayed an opposite trend compared to that of the as-deposited coatings, showing that the erosion rate
was highest at the erosion angle of 30°. Nevertheless, the presence of the zigzag-TiN intermediate layer benefited

the coating by preventing stress accumulation and heterogeneous interface. This ultimately improved the erosion
resistance of the coatings by more than 2 times at universal erosion angle compared to that of the substrates
under the synergistic effects of corrosion and erosion.

1. Introduction

With the swift development of aircraft, titanium alloys, as the
promising light weight material, have been widely used for compressor
engine blades due to their high specific strength, corrosion resistance
and heat stability [1,2]. Nevertheless, titanium alloys are susceptible to
erosion damage in solid particle sandy environments, resulting in
increased fuel consumption and reduced lifetime of aero engines [3,4].
This erosion primarily affects the surface of compressor blades. To
address this issue, hard surface coatings such as TiN-based coatings have
been universally adopted to protect titanium alloys and augment their
corrosion resistance, effectively preventing erosion damage [5].

In particular, multilayer coating is considered the most promising
candidate for suppressing the erosion damage due to its high hardness.
Additionally, the presence of alternating soft/hard layers and high-
density interfaces in nano-multilayer coatings contributes to erosion
resistance by blocking dislocation movement and inhibiting crack
propagation. Examples of such coatings include Ti/TiN [6],

Ti/TiN/TiAIN [7], CrN/CrCN [8], CrAl/CrAIN [9], TiAIN/TiAl [10], etc.
In practical applications, aircrafts are exposed to various working con-
ditions, including aggressive marine environments, which involve the
corrosion-erosion coupling behavior of nitride coatings [11]. For
instance, when flying at low altitudes in offshore areas, small floating
sodium chloride particles, along with humid air, can cause severe
corrosion of the nitriding coating on compressor blades. It is noteworthy
that corrosion is more likely to occur at heterogeneous interfaces [12] of
the multilayer coatings. Li et al. [13] demonstrated that the Ti metal
layer was prone to corrosion because of a potential difference between
the Ti and TiAIN layer micro cells formed at the interface. Zhang et al.
[14] investigated the corrosion behavior of multilayer TiAIN/Ti coatings
with solid NaCl, wherein the volume expansion was caused by the
oxidation of Ti in the sublayers, resulting in the formation of TiO in the
composite multilayer coating. Therefore, although numerous efforts
have been devoted to designing multilayer coatings by varying the
composition and structure of each layer, achieving long-life nitride
coatings under harsh corrosion-erosion coupling environments have
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been a longstanding and critical challenge.

Grain boundary orientation design plays a significant role in the
structural of coatings. Daniel et al. [15] used tilted brittle interfaces for
multiple crack deflection toughening. The changing in the zigzag
microstructure allows easy modulating of electrical and mechanical
properties [16,17]. Gaydaychuk et al. [18] investigated a 2 pm Mo
interlayer deposited by GLAD technique increases microcrystalline
diamond film adhesion to HSS substrate compared to normally depos-
ited Mo interlayer of the same thickness. In our previous research [19],
we focused on the concept of grain boundary orientation and the
spring-like effect to design a TiN coating with a zigzag structure,
abbreviated as TiN-zigzag coating. And importantly, the middle layer
exhibited a designed zigzag structure, toughening by a sandwich ar-
chitecture is attributed to the effects of interfaces on dissipating crack
energy and deflecting cracks, which is adapted to absorb and balance
external impact stress. The erosion resistance of this TiN-zigzag coatings
was significantly improved compared to the traditional TiN coatings at a
90° erosion angle. Moreover, this multilayer structure could prevent the
presence of heterogeneous elements and interfaces. However, with the
information available to us at present, there have been limited reports
on the failure mechanism of nitride coatings, especially for TiN-zigzag
coating, when exposed to corrosion-erosion coupling environments.
The damage mechanism of the nitride multilayer coatings under the
single factor of erosion does not fully explain the erosion behavior
observed after hot corrosion. Because the erosion mechanism of nitride
multilayer coating subjected to salt spray may be different.

In this study, we utilized a home-made hybrid multisource direct
current magnetron sputtering (DCMS) and cathodic arc ion deposition
system to manipulate a TiN coating with a sandwich-zigzag structure.
The middle layer of the coating was specifically designed to absorb and
balance external impact stress without introducing a heterogeneous
interface. We investigated the effect of salt spray at 550 °C on the
erosion behavior of the sandwich-zigzag TiN coatings. Additionally, we
revealed the failure mechanism of the coating by examining the struc-
tural evolution dependent on corrosion behaviors. This work presents a
strategy for fabricating high-performance anti-erosion and anti-
corrosion TiN coatings.

2. Experimental details
2.1. Coating deposition
TiN coatings were prepared using a home-made hybrid multisource

DCMS and cathodic arc ion deposition system. Ti-6Al-4V (TC4) sub-
strates with dimensions of 30 x 10 x 3 mm? were used. The substrates
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were mechanically polished to 3000 grit with SiC abrasive paper, and
ultrasonically cleaned in acetone and ethanol for 15 min each, followed
by a hot air-drying process prior to deposition. The chamber pressure
was pumped to less than 2.7 x 10~2 Pa and heated to 450 °C prior to
deposition. The substrates were mounted on a rotating holder at a dis-
tance of 15 cm from the Ti target. Firstly, the Ar mass flow controller
(purity of 99.99 %) was opened to achieve a pressure of 0.23 Pa. The
substrates were etched with an Ar ion beam source for 30 min at a power
of 180 W to remove contaminations on the surface, while a 100 V
negative bias was applied to the substrates. Secondly, in order to
improve the adhesion between the TiN coating and the substrate, the Ti
interlayer was deposited [20] for 8 min under a negative bias of 70 V and
a pressure of 6 Pa using a cathodic arc ion technique with a Ti target
(®126 mm). Thirdly, the TiN layer was successively deposited in Ny
atmosphere with a negative bias of 80 V. Fourth, the sandwich-zigzag
structure TiN coating was prepared by a direct DCMS technique,
where the direction of the substrate was tilted angle at 45° and 135°
with respect to the target normal, as illustrated in Fig. 1.

A rectangular Ti target with dimensions of 400 x 100 x 7 mm® and a
purity of 99.9 % was applied as the sputtering source. During the
deposition process, high purity Ar (99.99 %) and N3 (99.99 %) at a flow
rate of 1:1 were introduced into the chamber with a working pressure of
0.4 Pa. The DC sputtering current of the Ti target was 3 A, and a negative
DC bias voltage of 300 V was applied to the substrates. Finally, the TiN
coating was deposited by repeating step 3. The thickness of the coatings
was controlled at approximately 8.8 pm. Detailed deposition parameters
are given in Table 1. Throughout this paper, the sandwich zigzag TiN
coating with structure has been referred to as as-deposited TiN.

2.2. Characterization techniques

The surface and cross-sectional morphologies of the coatings were
observed by field emission scanning electron microscopy (SEM, S4800,
Hitachi, Japan) at an accelerating voltage of 8 kV and 15 kV, respec-
tively. Cross-sectional samples were cut with a low-speed saw (Iso-
MetTM, Buehler, USA) and frozen in liquid nitrogen until brittle
fracture. Energy dispersive X-ray spectroscopy (EDS) at an accelerating
voltage of 20 kV was used to determine the chemical composition. The
chemical bonds of the coatings were analyzed using X-ray photoelectron
spectroscopy (XPS, Axis Ultra DLD) performed on a Kratos spectrometer,
which utilized monochromatic Al Ka radiation (photon energy, hv =
1486.7 eV) as the X-ray source. The crystallographic structure of the
coatings was characterized by X-ray diffraction (XRD, Bruker D8
Advance diffractometer, Germany) at angles between 20° and 90° with a
diffractometer using Cu Ka radiation (wavelength 1.5406 A) operating

Fig. 1. Schematic diagram of the TiN coating with zigzag structure.
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Table 1
The parameters of cleaning and deposition process.
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Procedure Current (A) Ar flow (mL/min) N, flow (mL/min) Chamber pressure (Pa) Negative bias (V) Angle substrates
Ion beam Ti DC Ti cathodes

Ion etching 0.2 - - 40.0 - 0.23 100 rotation

Ti - 0 70 200.0 - 6.0 70 rotation

TiN - 0 70 - 550.0 6.7 80 rotation

zigzag TiN - 3 0 20.0 20.0 0.4 300 45°-135°-45°

TiN - - 70 - 550.0 6.7 80 rotation

at 40 kV and 40 mA. Following with a focused ion beam (FIB, Helios-G4-
CX, America) process, the microstructures of the coatings after salt spray
at 550 °C were studied by transmission electron microscope (TEM, Talos
F200x, America).

The continuous load-controlled nanoindenter (MTS NANO200,
America) with a Berkovich-diamond tip in continuous stiffness mea-
surement (CSM) was employed to measure the mechanical properties of
the coatings including hardness (H) and Elastic Modulus (E), and the
applied maximum loads were set at 110 mN for samples, the loading and
unloading time both are 15 s. A Poisson’s ratio of 0.18 was assumed for
coatings. The representative hardness of the coatings was chosen at a
depth of 500 nm (less than 1/10 of the total coating thickness) to avoid
the influence of the substrates [21]. Considering the influence of the
metallic macroparticles of the coatings on the hardness evaluation, the
samples were polished for a few seconds before the tests using a
ball-cratering apparatus with a steel ball of 2 cm radius. Six random
indentations were performed on each sample.

The adhesion strength of the coatings to the substrates was deter-
mined by scratch tests (CSM Revetest, Switzerland), with a diamond
Rockwell conical indenter with an approxi mated apex angle of 120° and
a curvature radius 200 pm. During the progressive scratch test, the
indenter was continuously loaded from 1 to 80 N with a scratch length of
3 mm and a scratch speed of 1 mm/min. For each sample, at least 3 tests
were performed to ensure repeatability and accuracy.

2.3. Erosion test

The erosion tests were carried out at room temperature (RT) using a
home-made test rig in accordance with the ASTM G76-13 standard. The
solid particle erosion (SPE) resistance of the coatings and the uncoated
TC4 was evaluated, by calculating the weight loss of the samples before
and after the erosion tests, according to the following formula [22-24]

Mass loss of the specimen (mg)
Total mass of particles (g)

Erosion rate (ER) = @

Specifically, the tests were conducted at three incident angles of 30°,
60° and 90°, respectively. Here, angular silica with an average size of 61
pm was used as the erosion medium, the schematic diagram of the test
rig was shown in Ref. [25]. During the erosion tests, the distance be-
tween sample surface to the nozzle, compressed air pressure, erosion
time, and total mass of erosion particles were kept at 20 mm, 0.2 MPa,
600 s and 10.0 + 0.5 g, respectively. The weight of the samples was
measured on an analytical scales balance with a resolution of 0.01 mg
(Mettler Toledo, XS205 DU). Samples were ultrasonically cleaned with
ethanol for 15 min before and after the erosion tests to remove impu-
rities and residual erodent, and then dried with high-pressure nitrogen.
At least three tests were performed on each sample. After the erosion
test, the three-dimensional (3D) profile of the erosion tracks was
investigated by a scanning white light interference microscope (3D
Universal Profilometer, Rtec).

2.4. Salt spray test

Salt spray tests were carried out at 550 °C with flowing water vapor.
The apparatus consisted mainly of a water vapor generation system and

a heating system, as illustrated in Ref. [26]. Prior to testing, saturated
NaCl solution was sprayed onto the surfaces of the sandwich zigzag TiN
coatings with a spray bottle as step 1, and then dried in a box furnace, as
step 2. The mass of the deposited solid NaCl was controlled at 1 + 0.1
mg/cm?. When the tube furnace was heated to a predetermined tem-
perature, the flowing water vapor generated produced by the steam
generator was introduced into the tube furnace at a fixed rate of 1.2
ml/min. In order to achieve the reaction atmosphere of pure water
vapor, the sample covered with NaCl salts were moved to the center of
the furnace chamber after the water vapor flowing for 1 h. At 10 h in-
tervals, the samples were cooled down in air to room temperature, as in
step 3. Five cycles of step 3 were then carried out to obtain the 50 h
corrosion test, each test being repeated more than 3 times. Here, the
sandwich-zigzag structure TiN coating with salt spray treatment at
550 °C was referred to as-corroded TiN. The detailed test procedures for
the two samples are shown schematically in Fig. 2.

3. Results and discussion
3.1. Characterization of the as-deposited TiN

3.1.1. Morphological and microstructural characterization

Fig. 3a presents the cross-sectional morphologies of the as-deposited
TiN. The total thickness of the coatings was controlled at 8.8 pm. The
coatings consisted of a Ti interlayer and a TiN layer. For each sample, the
interface was clearly visible, suggesting its higher adhesion strength.
The substrate surface was parallel to the sputter source when the sub-
strate tilting angle was 0°, most of the energetic particles of the sput-
tering flux impacted the substrate at a normal direction (inserted image
in Fig. 3a). In contrast, at an oblique direction (45° and 135°), the
deposited coatings evolved into inclined columnar crystals with a zigzag
structure. Figs. 3 (a-1), (a-2) and (a-3) presents the cross-sectional
morphologies of the zigzag TiN layer at 10.0K magnification, 40.0K
magnification, and the surface morphologies of the zigzag TiN layer,
respectively. Fig. 3b presents the surface morphologies of the as-
deposited TiN coatings. The sample exhibited a compact microstruc-
ture, although some metallic macroparticles and micro pits could be
observed on the surface, exhibiting typical features of coatings prepared
by cathodic arc ion deposition [27,28]. The metallic macroparticles
were mainly attributed to the ejected liquid droplets from the Ti target
during arc discharge, while the formation of the pits was mainly due to
the spallation of some large particles during the deposition process.

Fig. 3c shows the XRD pattern and corresponding phase constituent
analysis of the coatings. The peaks observed at 36.7°, 42.7°, 61.7°, 74.1°
and 77.9° correspond to the (111), (200), (220), (311), and (222) planes
of TiN [29,30], respectively. Therefore, the as-deposited TiN coatings
exhibited a typical face-centered cubic (FCC) crystal structure. The
diffraction peaks were sharp and intense, without any impurity peaks,
indicating the highly crystalline nature and high purity of the coatings.
The texture in TiN coating can be commonly explained from thermo-
dynamic and kinetic perspectives. Thermodynamically, the preferred
orientation of the cubic TiN phase (PDF#87-0633) with (111) orienta-
tion was due to its lowest strain energy compared to other orientations
(Fig. 3c) [31]. The measurement of crystallite size was carried out using
Scherrer’s equation as given below [32,33]:

44574


astm:G76

L. Wang et al.

Ceramics International 50 (2024) 44572-44584

Fig. 2. Schematic illustration of the salt spray treatment process.

Fig. 3. The feature of the as-deposited TiN: (a) Cross-sectional morphologies (BSE mode), (a-1) Cross-sectional morphologies (10 K), (a-2) Cross-sectional mor-
phologies (40 K), (a-3) Surface morphologies of zigzag TiN layer, (b) Surface morphologies, (c) XRD pattern, and (d) Chemical composition.

0.9 %A

-7 " 2
Bz * CosO 2)

D: Crystallite size, A: wavelength of Cu-Ka radiation = 1.54 10\, Bhk:
FWHM of the diffraction peak. Here pni; has been evaluated using the
following relation. Binstrumental indicates the instrumental broadening
factor.

(ﬂhkl)z = (ﬂinstmmental)z - (ﬁexpen‘mental)z (3)

The crystallite size of every single plane and average crystallite size
have been depicted in Table 2. Additionally, the atomic ratio of N to Ti in
the as-deposited TiN was determined to be approximately 44.3:55.7,
close to the stoichiometric ratio of 1:1, as shown in the EDS result
(Fig. 3d).

Table 2

Crystallite size and inter planner spacing of the as-deposited TiN (nm).
Crystal plane (111) (200) (220) (311) (222)
Crystal size 21.51 21.26 14.71 16.24 24.63
Inter planner spacing 0.245 0.211 0.150 0.128 0.122

3.1.2. Mechanical properties

The good mechanical properties of ceramic coatings are beneficial
for its erosion resistance. As displayed in Fig. 4a, the penetration depths
were approximately 500 nm, which is 10 % lower than the coating
thicknesses. The load-depth curve demonstrated excellent repeatability
in 6 measurements, with smooth curves and no observed pop-in or pop-
out cases. The area under the loading unloading curve represents the
total loss of energy during the deformation of the coating. The section of
the load-displacement the left curve represents the elastic loading and
the right represents the elastic unloading [34,35]. This indicated that
the coatings have good crack resistance and adhesion to the substrates
during indentation. Table 3 presents the Hardness (H), H/E ratio, and
H3/E2 ratio of the as-deposited TiN. The as-deposited TiN had a hardness
of 26.23 + 1.0 GPa, H/E ratio of 0.064, and H3/E? ratio of 0.108 GPa. It
is known empirically that the H/E ratio is associated with fracture
toughness, while the H3/E2 ratio is related to plastic deformation
resistance [36]. Notably, the H3/F? ratio is considered a key factor that
comprehensively influences the erosion performance of materials [37].

The adhesion strength of as-deposited TiN was evaluated using the
scratch test, which acoustic emission spectra (AE), friction force (Ft),
loading force (Fn), and scratch track morphology were obtained in
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Fig. 4. As-deposited TiN (a) Displacement-loading curves, (b) Hardness, H/E and H3/E?, and (¢) The adhesion strength and scratch morphologies.

Table 3
Mechanical properties of the as-deposited TiN and as-corroded TiN.
Samples Hardness Elastic modulus H/E H3/E?
(GPa) (GPa) (GPa)
As-deposited 26.23 £ 1.0 409.50 + 7.89 0.064 0.108
TiN
As-corroded 2530+ 1.8 409.45 + 24.8 0.062  0.097
TiN

Fig. 4c. As the loads increased beyond the critical loads (Lc), which
indicate the mass delamination in the coating, the width and depth of
the scratch track progressively increased. L¢; represents the load at
which crack initiation occurs or the crack initiation resistance [38], Lca
corresponds to flake off and chipping, and L¢3 indicates the complete
failure of the coating, exposing the substrate. In this study, the Ly was
measured with a value of 27 N. The corresponding enlarged image
shown in Fig. 41 reveals that the shedding areas of as-deposited TiN
coatings contained numerous cracks spreading outward, suggesting that
the cracks originated from the scratch edge [39].When the load
approached 57.7 N, the substrate of the sample was completely exposed
and large area peeled off at the edge of the scratch track. As-deposited
TiN coating exhibited typical adhesive failure features, accompanied
by cohesive failure at the edge of the peeling area. The failure of the
coating is attributed to semi-circular cracks within the scratch track (see
Fig. 4II). These tensile cracks are parallel to the stylus and their density
increases until substrate is exposed.

3.2. Erosion resistance of as-deposited TiN coatings

Fig. 5 illustrates the erosion rates of pristine TC4 substrates and the
as-deposited TiN eroded by silica sand. The erosion pressure applied in
the experiment was 0.2 MPa, and the impact angles tested were 30°, 60°,

Fig. 5. Erosion rate of the TC4 substrate and the as-deposited TiN eroded by
silica sand at 30°, 60° and 90°.

and 90°. Regardless of the erosion angles, all coatings exhibited a lower
erosion rate compared to the pristine alloy substrate. This can be
ascribed to the improved mechanical properties of the coatings. The
erosion rate of the substrate was measured to be 0.253 + 0.017 mg/g,
which was approximately 19 times higher than that of the as-deposited
TiN (0.012 + 0.004 mg/g) under the erodent impact angle of 30°. As the
impact angles increased from 30° to 60°, the erosion rate of the sample
significantly increased to 0.018 + 0.01 mg/g, which was approximately
14 times lower than that of the substrate (0.274 + 0.029 mg/g). When
the impact angles reached 90°, the erosion rate of the substrate (0.404
+ 0.029 mg/g) was 14 times higher than that of the as-deposited TiN
(0.029 + 0.006 mg/g). Therefore, it can be inferred that the erosion of
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ceramic coatings is more severe at vertical impact angles, and the dif-
ference in erosion rates between the substrate and coatings gradually
decreases as the impact angle increases. Importantly, the coatings still
provide adequate protection.

To assess the erosion damage mechanism on the coating, we utilized
SEM to examine the erosion surface. In Fig. 6, SEM micrographs of the
eroded surface are presented at impact angles of 30°, 60°, and 90° for the
as-deposited TiN. At impact angles of 30° and 60°, the erosion scars were
barely noticeable. However, upon closer inspection, several large cav-
ities could be observed on the surface of as-deposited TiN (Fig. 6 a, b, a-
1, b-1). It appeared that the erosion particles did not directly cause
damage, but rather removed material by striking the droplet structure
formed during the coating preparation process [40,41]. In Fig. 6a and b,
there were more erosion craters around the erode center at 60°
compared to 30°. Furthermore, the high-magnification SEM image
revealed that the craters at 60° were larger in size than those at 30°
(Fig. 6 a-1, b-1), indicating a higher erosion rate at a 60° erosion angle.
At a 90° erosion angle in Fig. 6 c-1, numerous ploughing grooves and
micro-cuttings were observed. These features were formed when sharp
sand particles with higher hardness erode ductile substrates, resulting in
the removal of the substrate material. The morphology of these features
was consistent with that of eroded ductile material [42]. During
high-angle impact erosion test, brittle erosion mechanisms such as
Hertzian fracture starts occurring due to the higher kinetic energy of the
particles being transferred to the surface. The surface of the as-deposited
TiN exhibited significant shedding when impacted by erosion particles,
primarily concentrated in the central position.

The 3D morphologies of the erosion crater are shown in Fig. 6 a-2, b-
2 and c-2. The as-deposited TiN that was eroded at 90° had the deepest
crater, reaching a depth of 28 pm. Since the coating thickness was 8.8
pm, the substrate was exposed during the erosion test. However, at
erosion angle of 60° and 30°, the crater depths were approximately 6 pm
and 5 pm, respectively. In addition to craters, pits were also observed on
the surface of the as-deposited TiN at all erosion angles. These obser-
vations indicate a predominant brittle failure characteristic, in accor-
dance with deformation wear theory.

Ceramics International 50 (2024) 44572-44584
3.3. Erosion resistance of as-corroded TiN coatings

To investigate the protective capability of the as-deposited TiN
against corrosion-erosion coupling damage, the mass loss rate of the as-
corroded TiN was calculated and presented in Fig. 7. It is evident that the
erosion rate of coating decreases as the erosion angle increases, reaching
its lowest value at an impact angle of 90°. The mass loss rate of the as-
corroded TiN was found to be 0.177 + 0.018 mg/g at an impact angle
of 30°, which was about two times lower than that of TC4 (0.528 +
0.062 mg/g) under the same conditions. At an impact angle of 60°, the
mass loss rate of the as-corroded TiN was 0.154 + 0.027 mg/g, which
was less than half of that observed for the TC4 substrate (0.462 + 0.029
mg/g). When the impact angle increased to 90°, the erosion rate (0.442
=+ 0.108 mg/g) of the substrate after salt spray at 550 °C was five times
higher than that of the as-corroded TiN (0.073 + 0.029 mg/g). These
results indicate that the as-corroded TiN behaves better erosion resis-
tance than the TC4 substrate. Nevertheless, the erosion behavior of the

Fig. 7. Erosion rate of the Ti-6Al-4V substrate and the as-corroded TiN eroded
by silica sand at 30°, 60° and 90°.

Fig. 6. Surface and 3D morphologies of TiN coatings after erosion at different angles: 30° (a) and (a-2), 60° (b) and (b-2), and 90° (c) and (c-2). Images (a-1), (b-1),

and (c-1) are the enlarged views of (a), (b), and (c), respectively.
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coatings subjected to salt spray at 550 °C is opposite to that of the
coatings that have not been salt sprayed. The main reason is sodium
chloride entered the inner part of the coating along the defects such as
grain boundary and micro-holes, leading to cohesion failure and easy
spalling, caused serious failures at low angles.

The 3D surface topographies provide more detailed information
about the coatings after sand erosion at different erosion angles. Fig. 8
displays the erosion pits at three erosion angles, which are typical fea-
tures of sand erosion in brittle materials [43]. The as-corroded TiN
coating eroded at 30° exhibited the deepest crater with a depth of 50 pm.
At erosion angles of 60° and 90°, the as-corroded TiN coating had depths
of 45 pm and 42 pm, respectively. Since the coating thickness was 8.8
pm, it can be concluded that the substrate was exposed after the erosion
test. Therefore, these erosion results directly evidenced the phenomenon
of an increasing erosion rate with decreasing angle, which contradicts
the appearance of the as-deposited TiN coating. The difference in the
erosion pit shape was that, with an increase in the erosion angle, the
diameter, depth, and density of the erosion pit also decreased. A more
detailed description of the erosion damage mechanism was provided in
the next section.

The morphologies of the corroded TiN after the erosion test at
erosion angles of 30°, 60°, and 90° are presented in Fig. 9 a, b, c. The
corroded TiN coating was severely damaged at all angles, with the
exposed substrate visible in the central area of complete erosion zone.
Cracks were also observed at the edge of the erosion area, referred to as
the partial erosion zone. Fig. 9 a, b, and ¢ show the morphologies of the
complete erosion zone, suggesting significant damage to the central
eroded area of the coatings (indicated by yellow dotted lines) and
exposure of the substrate. Fig. 9L, III, V show partial enlarged drawings
of the partial erosion zone, where layer peelings could be detected.
Additionally, the coating surface was covered with inclined cracks,
likely resulting from the stretching of the coating due to high-velocity
impact. Ring cracks can be found around partial erosion zone (Fig. 9
a-1,b-1,c-1) followed by their propagation as the erosion lasting,
weakening the cohesive strength of the coating. Thus, a part of the
coating spalled off and the dimension of the erosion zone enlarged
accompanied by newly formed ring cracks. The above process would
repeat if the erodent continuously impacted the samples. Finally, the
coating was exhausted and the substrate was exposed. The damage in
the erosion edge area was less severe, and the oxide layers could be
clearly observed in Fig. 9II, IV, VI. This is attributed to the decrease in
particle concentration along the radial [44].

The erosion of the treated sandwich-zigzag TiN coatings (as-
corroded TiN) was found more severe when compared to the as-
deposited TiN coatings without salt spray corrosion. In order to under-
stand the mechanism behind the erosion failure of sandwich-zigzag TiN
coatings after salt spray, various factors that can affect their erosion
performance have been analyzed and discussed. These factors include
changes in microstructure, chemical corrosion, and mechanical prop-
erties, provided that the chemical composition of TiN coatings remains

Ceramics International 50 (2024) 44572-44584
unchanged during erosion at room temperature.

3.3.1. Morphology, microstructure, phase and mechanical characterization
of the as-corroded TiN

Fig. 10a and b shows the surface morphology and corresponding EDS
of the as-corroded TiN. The corroded coatings, which were exposed to
solid NaCl deposits in water vapor, consisted of oxides that were clearly
visible on the coating surface (see Fig. 10). The EDS analyses (Fig. 10b)
showed that the composition of the corroded coating was 50.5 at.% O
and 30.2 at.% Ti. The coating surface exhibited spallation of the
corrosion scale and noticeable holes.

The XRD analysis was performed to further confirm the corrosion
products. As shown in Fig. 10c, the peaks corresponding to the TiN
phases in the coatings remained relatively unchanged. The visible peaks
were identified as the (111), (200), (220), (311), and (222) planes of the
TiN phase (PDF#01-087-0633). Additionally, a significant presence of
TiO4 oxides (PDF#01-076-0138) was observed in the coatings. Raman
spectroscopy was performed on the corroded TiN samples to study the
corrosion products, as depicted in Fig. 10d. The main peaks of TiO, were
found at 143 ecm™!, 393 em™!, 445 cm™!, 512 em ™}, and 613 em™ L.
Furthermore, the TiN peak at 204 cm ! was also observed, and the peaks
in the range of 100-300 cm ™! were attributed to the transverse acoustic
modes of the cubic TiN crystal. This finding is consistent with previous
reports [45-47], suggesting that the coatings underwent a corrosion
chemical reaction, resulting in the predominance of TiO; as the product
composition (Egs. (4) and (5)) [48-50].

2TiN(5) + 202(g) - 2Ti02<5) + Ng(g) (€))

Ti(s) =+ 202(8)*2Ti02(5) (5)

To further investigate the corrosion behavior of the coating, the
oxidation behavior and electronic structure of TiN coating before and
after the salt spray corrosion test at 550 °C were studied using XPS.
Considering the possible contamination of the coating surface, all the
samples were etched using Ar ions for 40 s prior to XPS test. Fig. 11 (a)
shows the XPS survey scan spectra of the sample after calibration of C1s
standard peak (284.8eV), which mainly includes Nals, O1s, Ti2s, Ti2p,
Ti3s, Ti3p, and Auger peaks of Na and Ti elements [51]. On the surface
of as-corroded TiN coating, it was found that the binding energy at 530
eV and 495.4 eV showed a significant increase of O1s characteristic peak
and Na auger peak, and a small amount of residual Cl. This clearly in-
dicates that oxidation reactions occur on the coating surface during the
salt spray corrosion process at 550 °C, leading to the formation of oxides.
Furthermore, it was observed from the binding energy of 396.1 eV that
the disappearance of nitrogen indicates the disruption of TiN bonds on
the as-corroded coating surface. The N element forms nitrogen oxides
and volatilizes, while the titanium element reacts with oxygen to form
oxide products.

We investigated the chemical bond states and products as-corroded
TiN coatings through the fine spectra of Ti 2p and Na 1s. After

Fig. 8. 3D surface topographies after erosion of as-corroded TiN at different erosion angle of (a) 30°, (b) 60°, and (c) 90°.
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Fig. 9. Morphologies of the as-corroded TiN eroded by silica sand at (a) 30°, (b) 60°, and (c) 90°.

Fig. 10. As-corroded TiN (a) Surface morphologies, (b) Chemical composition, and (c) XRD patterns (d) Raman shift.
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Fig. 11. XPS spectra for (a) survey scan, (b) HR-XPS spectra of Ti2p, and (c) HR-XPS spectra of Nals of as-deposited TiN coating and as-corroded TiN coating.

deconvolution of the Ti 2p core level spectra (Fig. 11b), all the peaks
could be decomposed into three distinct [52]. For the as-deposited TiN
surfaces, the binding energies at 454.7 eV and 460.6 eV correspond to
the TiN phase. The peak at 455.9 eV and 462.2 eV were corresponded to
the O-Ti-N bond due to the adsorption of oxygen on the surface, while
the peak at 457.8 eV and 463.6 eV originated from the Ti** and Ti**
oxides, respectively. However, in contrast to as-deposited TiN coatings,
the Ti 2p'/? and Ti 2p®/2 orbitals shifted towards higher binding energies
after corrosion, resulting in the formation of a substantial amount of
oxidation products predominantly composed of TiO; and TiyO3 [53].
Fig. 11 (c) displays the fine spectrum of Na 1s, the characteristic peaks of
as-deposited TiN coatings were mainly composed of a large number of Ti
LMM Auger peaks, nevertheless as-corroded TiN coating of the charac-
teristic peaks with a pronounced Na-Cl were detected at 1071.5eV
binding energy [54-56]. This indicates that after salt spray test, a large
amount of NaCl remains on the surface of the as-corroded TiN coating.

The TEM observation was conducted on the as-corroded TiN, as
depicted in Fig. 12. The surface of the coating displayed an oxide layer
with a thickness of ~730 nm, containing a few pores. Furthermore, EDS
analysis was employed to investigate the elemental distribution of the
sample. Fig. 12b-f presents the element distribution at the marked area
in Fig. 12a. The element distribution diagram revealed that the oxide
layer was mainly composed of Na, Ti, Cl and O. It was also evident that
the Na and Cl within the coating originated from NaCl, which infiltrated
through defects and grain boundaries during the salt spray test [57].
HRTEM analysis was performed on the corrosion layer, as shown
Fig. 12g, illustrating both the TiN coating and oxide layer. The enlarged
image in Fig. 12h indicated a lattice fringe spacing of 0.323 nm, corre-
sponding to TiO,. The selected area electron diffraction (SAED) pattern
in Fig. 12i demonstrated that the dominant diffraction pattern corre-
sponded to the corrosion product of TiO, (d = 3.25 A) with a nanoscale

grain size. The results demonstrate that the corrosion medium was more
likely to penetrate deeper into the coating through grain boundary in the
long-term hot corrosion process. Oz entering into the coating reacted
with TiN to form TiOs.

The adhesion properties of as-corroded TiN are assessed using the
scratch tests. Fig. 13 presents SEM images of the scratch tracks. The L¢a,
which measures the distance from the starting position to where the
peeling off of the coating begins, was approximately 6 N, as shown in the
corresponding enlarged image in Fig. 131. Some debris can be observed
at the edge of the track, along with noticeable chipping events, indi-
cating poor toughness of the coating. As the load approached 51 N, a
large peeled off area occurred at the edge of the scratch track, exposing
the substrates completely. The failure of the coating can be attributed to
furrows within the scratch track (see Fig. 13II). These furrows, which
were parallel to the stylus, became more compact until the substrate was
revealed. This suggested that the crack resistance of the sandwich-zigzag
TiN coatings after salt spray at 550 °C were lower than that of as-
corroded TiN coatings.

Table 3 presents the H, H/E and H3/E2 of the as-corroded TiN. The H
of the as-corroded TiN was measured to be 25.30 4 1.8 GPa, which was
0.93 GPa lower than the hardness of the as-deposited TiN. Additionally,
the H/E ratio of the corroded TiN decreased by 0.062, and the H3/E2
ratio decreased significantly from 0.108 GPa to 0.097 GPa. These results
indicate that the resistance to plastic deformation of the sandwich-
zigzag TiN coatings was significantly reduced after exposure to salt
spray at 550 °C.

3.3.2. The accelerated erosion failure mechanism after salt sprayed
According to the aforementioned results, the average solid particle

erosion rates of as-corroded TiN were higher than those of the as-

deposited TiN when subjected to the same impact angles of 30°, 60°
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Fig. 12. TEM results of as-corroded TiN (a) Low-magnification STEM image, and the corresponding EDS mapping images of N (b), Ti (c), O (d), Na (e) and Cl (f), (g)
HRTEM micrograph images, (h) Fast Fourier transform images, and (i) corresponding SAED image.

Fig. 13. As-corroded TiN (a) Displacement-loading curves, (b) Hardness, H/E and H3/g> and (c) The adhesion strength and scratch morphologies.
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and 90°. The damage mechanism observed in samples undergoing solid-
particle erosion at a low-impact angle is repeated ploughing by the solid
particles [58,59]. To mitigate this damage to the protective coating, it is
necessary to have a coating with high hardness and bonding strength.
The scratch test can effectively simulate the behavior of small-angle
erosion damage and is similar to the behavior of a single solid particle
eroding the coating surface at 0° [60]. By decomposing the energy of the
erosion particles into normal stress (perpendicular to the sample sur-
face) and shear stress (parallel to the sample surface), the scratch test
can provide a qualitative description of the coating’s resistance to sand
erosion at low impact angles. The adhesion of as-corroded TiN (Fig. 13)
was lower compared to the as-deposited TiN, making it more susceptible
to failure under shear stress (Fig. 4c). Additionally, the as-corroded TiN
was more likely to result in a larger damage area compared to the
as-deposited TiN (Figs. 13I and 4I). Furthermore, the hardness of the
as-corroded TiN was lower than that of the as-deposited TiN (Table 3).
Consequently, the sandwich-zigzag TiN coatings exhibited better
erosion resistance, but its erosion performance decreased due to lower
mechanical properties after salt spray at 550 °C across all erosion angles.

The mass loss rate of the as-corroded TiN was 14 times higher than
that of the as-deposited TiN at an impact angle of 30°, 6 times higher at
an impact angle of 60°, and 2 times higher at an impact angle of 90°. The
erosion rate of the coating decreased as the erosion angle increased,
reaching its minimum value at an impact angle of 90°. This erosion
pattern was opposite to that of the as-deposited TiN due to the formation
of oxides and the variation in mechanical properties. Cross-sectional
SEM micrograph and elemental maps of the as-corroded TiN coating
demonstrated the presence of Na and Cl throughout the coating
(Fig. 14). Sodium chloride enters the inner part of the coating along the
defects such as grain boundary and micro-holes, leading to cohesion
failure and easy spalling (Fig. 13). Additionally, the oxides are easily
peeled off from the sandwich-zigzag TiN coatings due to poor adhesion.
Therefore, at low impact angles, the erosion rate was larger compared to
high impact angles, which was consistent with the eroded area.

The erosion mechanism of the coatings is illustrated in Fig. 15.
During the 30° erosion test, the impact force of particles can be divided
into parallel force and vertical force. The parallel force applied to the
coating surface results in a parallel tensile stress, leading to lateral
expansion of cracks in sandwich-zigzag TiN coating [61]. As a result,
more oxide layers were detached from the TiN coating surface. How-
ever, the influence of parallel force from high-angle impact force is
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relatively limited. Therefore, during the 90° erosion test, the predomi-
nantly vertical impact force of particles causes vertical compressive
stress on the coating. This leads to slow spreading of cracks from the
edges of the micro pits towards the periphery. The micro-cracks in the
sandwich-zigzag TiN coatings were caused by vertical compressive
stress and propagated (Fig. 15). Eventually, the vertical cracks con-
nected with lateral cracks, leading to material removal [62]. The infil-
tration of NaCl into the coating reduced the erosion performance of
coating, particularly at low angles, where it caused the flaking off of a
large area owing to the low hardness, toughness, and adhesion of
coating. Through analysis of the corrosion/erosion coating, a deeper
comprehension can be attained regarding the impact of corrosion in the
design of erosion-resistant multilayer coatings for diverse environments.

4. Conclusions

In summary, sandwich-zigzag TiN coatings were fabricated on the
TC4 alloy through the combination of DCMS and cathodic arc ion
technology. The erosion resistance of the coatings was evaluated using a
home-made erosion tester before and after exposure to salt spray at
550 °C. The sandwich-zigzag TiN coatings primarily composed of cubic
TiN phase. However, after salt spraying at 550 °C, the coatings mainly
consisted of cubic TiN phase and rutile TiO, phase, associated with the
NacCl infiltration into the coating along the grain boundary and defects,
leading to a reduction in the adhesion strength, fracture toughness, and
hardness of the coatings. This facilitates the propagation of cracks and
peel off easily of coatings, ultimately leading to a reduction in erosion
resistance. In the absence of salt spray, the erosion rate was most severe
at an impact angle of 90°. However, for coatings exposed to salt spray at
550 °C, the erosion rate reached most severe at impact angles of 30°. The
failure mechanism of sandwich-zigzag TiN coatings following exposure
to salt spray at 550 °C, with a specific emphasis on the reduced erosion
resistance at impact angles of 30°, 60°, and 90°, unveiled the sandwich-
zigzag TiN coatings primarily exhibited brittle failure characteristics, in
accordance with deformation wear theory. However, an exception from
this behavior was observed after salt spray at 550 °C.
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Fig. 15. Failure mechanism of sandwich-zigzag TiN coatings after salt spray.
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