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a  b  s  t  r  a  c  t

Severe  erosion  by  hard  particles  is  a crucial  problem  to engine  blades  when  aircraft  take  off  and  land
in  harsh  environments,  especially  for  the  developed  lightweight  titanium  alloy  components.  Here,  we
deposited  the  Ti/TiAlN  multilayer  coatings  with  various  cycles  on  Ti–6Al–4V  substrates  by  a  home-made
hybrid  multisource  cathodic  arc  system.  The  effects  of the  silica  sand  and glass  beads  on  erosion  behavior
of  the  coatings  were  focused.  Results  showed  that  the  Ti/TiAlN  multilayer  coatings  eroded  by  the  silica
sand  exhibited  the  predominant  “layer  by  layer”  failure  mechanism.  In  particular,  increasing  the  number
of cycles  led  to  the  dramatic  increase  in  erosion  rate  for Ti/TiAlN  multilayer  coatings,  due  to  the  deterio-
ration  of  their  mechanical  properties.  Different  from  the silica  sand  case,  however,  the  erosion  rate  of  the
coatings  treated  by glass  beads  indicated  faint  dependence  upon  the  number  of  cycles,  where  the  coating
Failure mechanism failure  was dominated  by the  “piece  by piece”  failure  mechanism.  Noted  that  the  Ti  layers  along  with
the  formed  interfaces  enhanced  the  erosion  resistance  of  the  coatings,  although  the  failure  mechanisms
were  differently  eroded  by silica  sand  and  glass  beads.  Meanwhile,  the  Ti  layers  and  interfaces  hindered
the  propagation  of  radial  cracks  and restrained  the  lateral  cracks  within  one  single  TiAlN  layer.

© 2021  Published  by Elsevier  Ltd on behalf  of The  editorial  office  of Journal  of  Materials  Science  &
Technology.
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1. Introduction

Solid particles including sand, volcano ashes, ice pellets, salt
crystals can be ingested into the engines with the compressed air
when the aircraft take off or land. This generally causes severe ero-
sion damage of the blades and vanes of aircraft engines, especially
the first-stage blades made of titanium alloys [1–3]. In addition,
such erosion leads to the geometry change and properties deterio-
ration of the components such as blades and vanes, together with
the high maintenance costs for systems. Depositing hard ceramic

coatings on the surface of the metallic materials is considered as the
most promising strategy, which enhances the erosion resistance
of components in terms of modified mechanical properties [4–8].
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ences, Ningbo, 315201, China.

E-mail addresses: aywang@nimte.ac.cn (A. Wang), kepl@nimte.ac.cn (P. Ke).

i
h
s
[

r
r
n
e
a

https://doi.org/10.1016/j.jmst.2021.01.001
1005-0302/© 2021 Published by Elsevier Ltd on behalf of The editorial office of Journal of
aking into account of the combined mechanical and tribologi-
al properties, the metal/ceramic multilayer coatings have drawn
uch attention as the protective coatings for engine parts recently.
oreover, those coatings possess a higher erosion resistance than

hat of the monolithic coatings, since the ductile metal layers can
bsorb impacting energy by inducing plastic deformation, while
he hard ceramic layers provide the resistance to wear [9,10]. Fur-
hermore, the formed interfaces can deflect and even suppress
he propagation of cracks, which slow down the development of
rosion. Alternatively, Ti/TiAlN multilayer coatings were mostly
nvestigated due to their comprehensive performances like high
ardness, superior load capacity and excellent crack resistance,
howing great potential as wear- and erosion-resistant coatings
11–14].

The architecture of the multilayer coatings, like the thickness
atio and the number of cycles, plays a vital role in their erosion

esistance. For example, Wieciński et al. [10] found that the thick-
ess ratio of the Cr/CrN multilayer coatings strongly affected their
rosion resistance, and the coating with optimal thickness ratio had
n extremely low volume loss, which was about 150 times lower
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Fig. 1. Structural diagram of Ti/TiAlN

than that of the uncoated samples. Lin et al. [15] investigated the
sand erosion properties of TiN/Zr/ZrN multilayer coatings with dif-
ferent cycles, results showed that the coatings with the 96 cycles
possessed the higher erosion resistance than that of the coatings
with fewer cycles. Whereas, Cao et al. [16] found that the ero-
sion resistance of multilayer coatings decreased with the number
of cycles against the sand particles.

The property of the erosion particle is another key factor for
the erosion resistance of the multilayer coatings. Borawski et al.
[17] studied the effect of the coating architecture on erosion per-
formance of the coatings. They suggested that the two-layer Ti/TiN
multilayer coating owned the best erosion performance against the
hard alumina particles, whereas coatings with 32 layers (16 each
of TiN and Ti) offered the best erosion performance against the soft
glass beads.

Till now, great efforts have been attempted to improve the ero-
sion resistance of metal/ceramics multilayer coatings. However, the
effect of the number of cycles on the erosion performance of multi-
layer coatings has not been fully understood yet. Besides, the effects
of the metal layers and the formed interfaces within the multilayer
coatings are still unclear, lacking direct evidence from the detailed
characterization and observation. In addition, if one keeps the mind
that the aircraft frequently operate in different environments, there
is still a paucity of data concerning the erosion resistance of mul-
tilayer coatings eroded by various kinds of particles in practical
application.

In this study, Ti/TiAlN multilayer coatings with different cycles
of 3, 6, 12, 24 and 72 were deposited on Ti–6Al–4V substrates by
a home-made hybrid multisource cathodic arc ion deposition sys-
tem. The effect of the silica sand and glass beads on erosion behavior
of the multilayer coatings was focused. Particularly, the failure
mechanism of coatings was discussed in terms of the structural
evolution dependence upon ductile metal layers and interfaces. The
results here can provide a fundamental understanding of enhanced
erosion resistance by multilayer coating architecture, and bring for-
ward an alternative strategy to fabricate the coating materials for
aircraft components used in harsh environments.

2. Experimental

2.1. Coating deposition

Titanium alloy of Ti–6Al–4V with a dimension of
15 × 15 × 3 mm3 was employed as substrates. All substrates
were grounded down to 5000 grit by SiC abrasive papers and
ultrasonically cleaned in ethanol for 20 min  before the deposition
process. The Ti/TiAlN multilayer coatings were fabricated by

a home-made hybrid multisource cathodic arc ion deposition
system [9]. The base pressure of the chamber was 3 × 10−3 Pa and
heated to 300 ◦C before the deposition process. Ti target with the
purity of 99.9 wt.% and TiAl target in an atomic ratio of 33:67 were
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ilayer coatings with different cycles.

pplied as cathodes to deposit the Ti/TiN layers and TiAlN layers,
espectively. Before deposition, the substrates were etched by an
r ion beam source for 30 min  at a pressure of 0.27 Pa with a DC
ulsed negative bias of 100 V. To enhance the coating adhesion
trength to substrates, the Ti ions bombardment was performed
or 8 min  with a substrate bias of −500 V. Subsequently, a TiN
nterlayer with a thickness of about 700 nm was  prepared with

 substrate bias of −60 V at the pressure of 1.6 Pa. Then the Ti
nd TiAlN layers were alternately deposited by controlling the
as supply of Ar/N2 and the arc power of targets. During the Ti
named as the bottom layer) and TiAlN (named as the top layer)
eposition, the substrate was supplied with the bias of −80 V. The
orking cathodic current for Ti and TiAl targets were both set

t 70 A, and the substrate holder rotated during the deposition
rocess for the uniformity. The total thickness was kept around
1 �m for all multilayer coatings, and the thickness ratio of one
iAlN layer to one Ti layer was 1:5. Namely, one Ti layer and one
iAlN layer were defined as one cycle and the number of cycles
as 3, 6, 12, 24 and 72, corresponding to the sample of Ti/TiAlN-3,

i/TiAlN-6, Ti/TiAlN-12, Ti/TiAlN-24 and Ti/TiAlN-72, respectively.
ig. 1 shows the structural diagram of the Ti/TiAlN-3, Ti/TiAlN-6
nd Ti/TiAlN-12 as examples. Detailed deposition parameters of
he coatings are presented in Table 1.

.2. Characterization techniques

Scanning electron microscopy (SEM, FEI Quanta FEG 250, USA)
as applied to observe the surface and cross-sectional morphology

f the as-deposited and the eroded Ti/TiAlN multilayer coatings, as
ell as the morphology of scratch tracks. The chemical composition

f the erodent was determined with the energy-dispersive X-ray
pectroscopy (EDS) at an accelerating voltage of 20 kV. The cross-
ectional eroded samples were cut by a low-speed saw (IsoMetTM,
uehler, USA), then polished by a broad ion beam system (BIB) using
eica EM TIC 3X at the voltage of 7 kV, fundamental of BIB technique
an be found in Ref. [18]. The crystal structure of the as-deposited
i/TiAlN multilayer coatings was  analyzed by X-ray diff ;raction
XRD, Bruker D8 Advance, Germany) with a diffractometer using
u K˛ radiation (wavelength 1.5406 Å). All measurements were
erformed using detector scanned in a 2� range of 30◦–90◦, and
he step size was  0.02◦ with a scanning rate of 5◦/min at 40 kV
nd 40 mA.  X-ray photoelectron spectroscopy (XPS, Axis Ultra DLD,
apan) was  utilized to characterize the chemical composition of the

ultilayer coatings, while their constituent bonds were identified
sing monochromatic Al K˛ irradiation at pass energy of 160 eV.
hree measurements were conducted in random areas. To avoid
he influence of the surface contamination, the analyzed spots were

leaned by Ar ions of 2 keV for 2 min  before measurement.

The hardness and elastic modulus of the as-deposited coatings
ere determined using nanoindentation (NanoIndentation G200,
TS, USA) with a Berkovich-diamond tip in continuous stiffness
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Table  1
Process parameters of the Ti/TiAlN multilayer coatings.

Ti/TiAlN-3 Ti/TiAlN-6 Ti/TiAlN-12 Ti/TiAlN-24 Ti/TiAlN-72

Temperature (◦C) 300

Targets current (A)
Ti layers– Ti: 70, TiAlN: 0

TiAlN layers– Ti: 0, TiAlN: 70
Bias  voltage (V) Ti and TiAlN layers: –80
Pressure (Pa) Ti layer– 2.7 (Ar), TiAlN layer– 6.7 (N2)
Deposition time for
each layer (min)

Ti: 10 Ti: 5 Ti: 2.5 Ti: 1.25 Ti: 0.4
TiAlN: 76 TiAlN: 38 TiAlN: 19 TiAlN: 9.5 TiAlN: 3.1
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Fig. 2. Schematic diag

measurement (CSM). The representative hardness of the coatings
was selected in the depth of 500 nm (less than 1/10 of the coatings’
thickness) to avoid the eff ;ect caused by the substrates [19]. Con-
sidering the influence of metallic macroparticles of the coatings on
the evaluation of hardness, samples were polished by ball-cratering
apparatus with a 2-cm-radius steel ball for a few seconds before the
tests. Twelve random indents were performed on each sample. The
values of hardness and elastic modulus were calculated following
the model of Oliver and Pharr [20]. A Poisson’s ratio of 0.25 was
assumed for all coatings [9].

The adhesion strength of the coatings to the substrates was
determined by scratch tests using CSM Revetest (Switzerland)
equipped with a diamond Rockwell conical indenter (an apex angle
of 120◦ and a curvature radius of 200 �m).  The indenter was loaded
continuously from 0 to 150 N at the speed of 1.5 mm/min  for 3 mm.
At least three tests for each sample were conducted to acquire solid
results.

2.3. Erosion test

The erosion tests were performed at room temperature by a
home-made test rig concerning the ASTM G76−13 standard. The
schematic diagram of the tester is shown in Fig. 2. The test rig
consists of three major parts: (1) the air supply system which can
provide compressed air with different pressure within the range
of 0.1–1 MPa  (0.2 MPa  was employed in this study). (2) the abra-
sive reservoir which stores erodent and ensures the total dosage
of erodent for each test was equal. (3) the blasting system includes
the acceleration nozzle (tungsten carbide,  ̊ 1.5 mm,  length: 20
mm) and sample fixture (impact angle: 90◦). The distance between
the sample and the nozzle was 20 mm.  The particles are dis-
persed in the reservoir by the compressed air flow and gain high
kinetic energy through the acceleration nozzle toward the speci-
men.
Angular silica sand (∼61 �m)  and spherical glass beads (∼106
�m) were used as erodent. Fig. 3 shows the morphology, chemical
composition, and size distribution (measured by laser particle size
analyzer, HELOS H3938, Germany). As the density of the silica sand
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f the erosion test rig.

as  lower than that of the glass beads, the feed rates of the silica
and and glass beads were 2 ± 0.5 g/min and 5 ± 1 g/min, respec-
ively. Since the hard particles with irregular sharp edges generally
aused more damage to a surface than soft spherical particles, the
otal doses of the silica sand and the glass beads were set at 10 g
nd 50 g, respectively.

The erosion rate was determined according to the Eq. (1). Mass
oss of the specimen was the mass change before and after the ero-
ion test, which was determined by an analytical balance with a
esolution of 0.01 mg  (Mettler Toledo, XS205 DU). Samples were
ltrasonically cleaned with ethanol for 15 min  to remove impu-
ities and residual erodent before and after the erosion tests, then
ried by high-pressure nitrogen. At least three tests for each sample
ere conducted to enhance the quality of statistics.

rosion rate (ER) = Mass loss of the specimen (mg)
Dosage of particles (g)

(1)

. Results and discussion

.1. Crystal structure and chemical composition

To investigate the phase structure of the as-deposited Ti/TiAlN
ultilayer coatings with different cycles, X-ray diffraction was con-

ucted. As shown in Fig. 4, the patterns of Ti/TiAlN multilayer
oatings revealed peaks corresponding to the (111), (200), (220),
311) planes for the TiAlN phase. Another set of diffraction peaks
ould be signed to the (100), (002), (101), and (102) four crystal
lanes of the pure Ti phase. Noted that increasing the number of
oating cycles, the intensity of the TiAlN (001) generally decreased,
hile the intensities of TiAlN (200), (220), (311) diffraction peaks

arely changed. During the deposition process, TiAlN usually pre-
erred to form (111) plane due to the high internal stress. But the
nduced Ti layers interrupted the continuous growth of the TiAlN,

educing the internal stress. Thus, the intensity of the TiAlN (111)
lane decreased with the increasing number of cycles, and the

ntensity of the (200) remined relatively high. The intensities of
he Ti phase with (100) and (101) peaks decreased slightly. Con-
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Fig. 3. (a, d) Morphology, (b, e) chemical composition and (c, f) size d

Table 2
Chemical composition of the Ti/TiAlN multilayer coatings. (at.%).

Sample Ti Al N

Ti/TiAlN-3 18.67 ± 0.17 31.29 ± 0.25 50.04 ± 0.32
Ti/TiAlN-6 17.85 ± 1.03 32.92 ± 0.74 49.23 ± 0.67

c
o
X
A
t
b
T
t
a
F
e
4
T
t
t
g
N
q

Ti/TiAlN-12 18.45 ± 0.51 32.30 ± 1.96 49.25 ± 1.47
Ti/TiAlN-24 17.33 ± 0.87 33.68 ± 2.07 48.99 ± 1.92
Ti/TiAlN-72 17.73 ± 0.91 32.63 ± 0.24 49.63 ± 0.67

sidering the N2 was used to deposit TiAlN layers while Ar gas was
introduced for deposition of the Ti layer, a trace amount of resid-
ual nitrogen in the chamber could exist after switching the N2 flow
to Ar flow. As a consequence, TiN1–x can be formed at the initial
stage of the Ti layer deposition process [21,22]. Such an increase of
formed TiN1–x phase with the increase of coating cycles would be
the reason for the decline of the total thickness in the pure Ti layer,
which finally led to the decrease of representative peaks of the Ti
phase.
Table 2 shows the chemical compositions of the multilayer
coatings determined by XPS. The results showed that the atomic
concentrations of the Ti (∼18 at.%), Al (∼32 at.%) and N (∼50 at.%)
were similar for each coating, which represented that the atomic
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istribution of the silica sand and the glass beads, respectively.

oncentration of top layers did not change with the number of cycle
f the multilayer coatings. Fig. 5 shows the Ti 2p, Al 2p, and N 1s
PS spectra from the surfaces of the Ti/TiAlN multilayer coatings.
ccording to Fig. 5(a)-(c), no significant changes can be found in

he Ti 2p, Al 2p, and N 1s XPS spectra with the increasing num-
er of cycles. This was  due to the surface of the coatings were all
iAlN layers, and the deposition conditions were the same. In order
o obtain the bond arrangements, the XPS spectra of Ti 2p, Al 2p,
nd N 1s of the Ti/TiAlN-6 were selected to analysis (Fig. 5(d)-(f)).
ig. 5(d) shows the Ti 2p peaks at 455.2 eV (Ti 2p3/2) and 461.2
V (Ti 2p1/2), which can be assigned to Ti N bond [23], peaks at
57.1 eV (Ti 2p3/2) and 463.1 eV (Ti 2p1/2) are characteristic of
i O bond [24]. Fig. 5e shows the Al peak at 74.3 eV corresponding
o Al N bond [25] and a very week signals at 74.7 eV corresponds
o Al O bond [25]. The source of O should be the trace residual oxy-
en in the chamber prior the deposition process. Fig. 5f shows the

 1s spectrum recorded from Ti/TiAlN-6, which is characterized by
uite a symmetrical peak centered around 396.9 eV. This binding

nergy is close to that reported by Marco (396.8 eV) for Ti-N bond
25]. A small peak can be observed at the bonding energy of 398.3
V, which can be Al-N bond [26].



J. Shuai et al. Journal of Materials Science & Technology 80 (2021) 179–190

e Ti/T

o
A
i
h
c
[
l
w
w
r
d
i
w
b

m
A
T
a
a
t
t
c
T
t
t
(
t
t
w
e
o
T
w
s
g
e

Fig. 4. XRD patterns of th

3.2. Mechanical properties

Mechanical properties of ceramic coatings play an important
role in erosion resistance of the coatings [27–30]. Fig. 6a shows
the hardness (H) and elastic modulus (E) of the Ti–6Al–4V sub-
strate and the Ti/TiAlN multilayer coatings determined by the
nanoindentation. The hardness and elastic modulus of the coated
samples were at least 2–3 times higher than those of the substrate
(4.7 ± 0.7 GPa and 142.7 ± 14.3 GPa, respectively). According to
our previous work [9], the hardness and elastic modulus of the
monolithic TiAlN coating with a similar thickness were ∼35 GPa
and ∼367 GPa, respectively. Ti/TiAlN multilayer coating with 3
cycles exhibited a similar hardness and a higher elastic modulus
of 33.9 ± 1.1 GPa 424.1.0 ± 22.6 GPa, respectively. With increas-
ing the coating cycle from 3 to 72, the elastic modulus of the
coatings gradually dipped 326.5 ± 2.2 GPa, whereas the hardness
decreased significantly to 19.1 ± 0.4 GPa. This could be under-
stood in terms of the lower hardness of the Ti layer than that of
the TiAlN layer. Increasing the coating cycle benefited the soft and
ductile Ti layer with well-distribution along the direction of coating
thickness, which lowered the total hardness of multilayer coatings
[7].

It is empirically known that the H/E ratio quantified the elastic
strain to failure [2,31], and the H3/E2 ratio represented resistance
to plastic deformation [31–34], which comprehensively control
the erosion phenomena of materials. As illustrated in Fig. 6(b),
the coated samples exhibited the higher value of H/E and H3/E2

(higher than 0.05 and 0.05 GPa, respectively) than those of the
uncoated sample (0.033 and 0.141 GPa, respectively). This gave the
clue that the coatings could improve the erosion resistance of tita-
nium alloy as expected. As the number of cycles increased, the H/E
ratio declined slightly from 0.079 to 0.059, but the H3/E2 ratio fell
significantly from 0.217 GPa to 0.065 GPa. Given the fact that the
Ti/TiAlN-3 exhibited the best mechanical properties (the highest
hardness, elastic modulus, H/E, and H3/E2) among other coatings,
the erosion resistance of the Ti/TiAlN-3 was expected to be the
best.
Fig. 7 shows the adhesion strength of the coatings and their
scratch tracks’ morphology. The adhesion strength (i.e. critical load)
was defined as the load corresponded to the complete and continu-
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iAlN multilayer coatings.

us delamination events with large area exposure of the substrate.
s shown in Fig. 7a, all coatings (expecting the Ti/TiAlN-72) exhib-

ted a good adhesion strength with a minimum critical load of
igher than 100 N. The good adhesion strength of these coatings
ould be explained by the presence of the Ti layers and interfaces
9]. As cycles were increased from 3 to 24, the value of the critical
oads gradually decreased from 122.0 ± 5.6 N to 101.0 ± 10.5 N,

hile dropped significantly to 64.7 ± 5.5 N for Ti/TiAlN-72, which
as  attributed to the decline of mechanical properties and crack

esistance [35,36]. In addition, the thickness of one single Ti layer
ecreased with the increasing number of cycles, thus, the absorb-

ng energy and hindrance effects of the titanium layers decreased,
eakening the crack resistance of the coatings, although the num-

er of the interfaces also increased.
Observing the morphology of the scratch track is also a powerful

ethod to qualitatively evaluate the toughness of coatings [37,38].
t loads of approximately 130 N and 120 N, the substrate of the
i/TiAlN-3 and Ti/TiAlN-6 started to be visible (Fig. 7(b)–(c)). Only

 few small debris can be seen at the edge of the track (Fig. 7(g)–(h))
nd no obvious chipping events can be found, revealing a good
oughness of the coating. As the number of cycles increased to 12,
he substrate exposed at about 110 N (Fig. 7(d)). Meanwhile, the
ohesive failure occurred at the edge of the scratch track (Fig. 7(i)).
his indicated the crack resistance of the Ti/TiAlN-12 was  lower
han that of the Ti/TiAlN-6. The load of the cohesive failure of
he Ti/TiAlN-24 (∼80 N, Fig. 7(e)) was lower than its critical load
∼100 N, Fig. 7(e)), where the severer chipping events emerged at
he edge of the tracks, suggesting the poorest crack resistance of
he Ti/TiAlN-24. However, adhesion strength dropped significantly
hen the number of cycles increased to 72 (Fig. 7(f)), and peel-off

vent occurred at the load of ∼40 N and existed along the direction
f the scratch track, representing the poorest crack resistance of the
i/TiAlN-72(Fig. 7(k)). According to our previous results, compared
ith the TiAlN monolithic coatings, Ti/TiAlN multilayer coatings

howed a higher crack resistance. Since the Ti layers served as the
lue bonding the brittle and hard TiAlN layers, which led to the
nhanced crack resistance of multilayer coating [9]. Besides, Ti lay-

rs could coordinate the deformation between the substrate and
he TiAlN layers and absorb energy by inducing plastic deforma-
ion. And the formed interfaces could hinder the propagation of
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Fig. 5. XPS spectra of Ti/TiAlN multilayer coatings: (a) Ti 2p (b) Al 2p (c

the cracks in the TiAlN layers. However, as the cycles increased,
the number of interfaces increased and the Ti layers distributed
more uniformly along the direction of coating thickness. As a con-
sequence, the decreased hardness lowered the scratch resistance of
the coatings. Besides, the decreased thickness in the single Ti layer
reduced the plastic deformation of the Ti layer. The large amount
of interfaces and excessively thin Ti layers led to the poor crack

resistance of the coatings. In this regard, the feature of the Ti layer
and interfaces played a key role in the evolution of crack resistance
of coatings, particularly the Ti layer was the predominated factor
comparing with the effect of interfaces.

o
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and XPS spectra fitting results of Ti/TiAlN-6: (d) Ti 2p (e) Al 2p (f) N 1s.

.3. Erosion resistance

Fig. 8 illustrates the erosion rates of pristine Ti–6Al–4V sub-
trates and the Ti/TiAlN multilayer coatings eroded by silica sand
nd glass beads. Regardless of the erosion particles, all coatings
resented the lower erosion rate than that of the pristine alloy
ubstrate due to the improvement of the mechanical properties

f coatings. Noted that, however, the significant substrate erosion
ontributed to the evaluation of erosion rate of coatings, because
he substrate mostly exposed in severe erosion tests. Fig. 8(a) shows
he erosion rates of the substrate and coatings eroded by silica sand.
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Fig. 6. (a) Hardness and elastic modulus and (b) H/E and H3/E2 ratios of the Ti–6Al–4V substrate and the Ti/TiAlN multilayer coatings.
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Fig. 7. (a) Adhesion strength, (b)–(f) scratch morphology of the Ti/TiAlN multilayer

The erosion rate of the substrate was 0.55 ± 0.013 mg/g, which was
approximately 19 times higher than that of the Ti/TiAlN-3 (0.029
± 0.005 mg/g). While increasing the coating cycle from 3 to 72,
the erosion rate of the coatings dramatically went up to 0.385 ±
0.002 mg/g. According to our experimental results, the erosion rate
of the TiAlN monolithic coating eroded by silica sand was 0.034 ±

0.013 mg/g, which was higher than that of the Ti/TiAlN-3. Differ-
ent from the strong erosion ability of the silica sand [39], both the
erosion rate of the substrate and coatings by glass beads decreased
one order of magnitude. As shown in Fig. 8b, the erosion rate of the

t
t
t
c

185
gs and (g)–(k) enlarged images of the framed area in Fig. 7(b)–(f), respectively.

ubstrate was only 0.028 ± 0.002 mg/g, which was about twice as
uch as that of the coatings. Meanwhile, the erosion rate of the

oatings (Ti/TiAlN-3 to Ti/TiAlN-24) kept almost constant (∼0.01
g/g), regardless of the increase in the number of cycles. When

he number of the cycles increased to 72, the erosion rate of the
i/TiAlN-72 went up slightly to 0.0173 ± 0.002 mg/g. Comparing

he erosion behavior with silica and glass beads, it could be said that
he hard silica sand with sharp edges as erosion particles showed
he stronger damage effect of the erosion resistance of protective
oatings than that with soft spherical glass beads.
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Fig. 8. Erosion rate of the Ti–6Al–4V substrate and the Ti/TiAl

3.4. Erosion behavior of the Ti/TiAlN multilayer coatings

To reveal the erosion mechanism of Ti/TiAlN multilayer coatings
related to various erodent particles, further structural evolution
including surface morphology and cross-sectional images were
observed.

3.4.1. Silica sand as erodent
Fig. 9 shows the damage evolution of the Ti/TiAlN-6 eroded by

the angular silica sand. As shown in Fig. 9(a), the as-deposited coat-
ing exhibited a compact microstructure, although some metallic
macroparticles and micro pits could be observed at the surface,
which was typical features of coatings prepared by cathodic arc
ion deposition [40–42]. The metallic macroparticles were mainly
attributed to the ejected liquid droplets from the target during arc
discharge, while the formation of the micro pits mainly raised from
the spallation of some large particles during the deposition pro-
cess [15,43,44]. At the initial stage (Fig. 9(b)) of the erosion, a large
amount of the macroparticles peeled off, because of the repeated
impacting and remained many micro pits at the surface of the coat-
ing. Ring cracks presented around micro pits (Fig. 9(c)) followed by
their propagation as the erosion lasting, which decreased the cohe-
sive strength of the coating. Thus, a small part of the coating spalled
off (Fig. 9(d)) and the dimension of the micro pits enlarged (Fig. 9(e))
accompanying the newly formed ring cracks. The above process
would be repeated if the erodent continuously impacted the sam-
ples, and many micro pits extended and coalesced into a larger
erosion scare. Finally, the coating was exhausted and the substrate
exposed (Fig. 9(f)), the coating would lose the protection benefits.
It should be noted that the multilayer coatings eroded by silica
sand exhibited the “layer by layer” failure mechanism (Fig. 9(c) and
(e)), which was  a typical damage feature of the multilayer coatings
[10,45].

Fig. 10(a) illustrates the cross-sectional morphology of the as-
deposited Ti/TiAlN-6, revealing the well-defined compositional
modulation consisted of alternate brighter Ti layers and darker
TiAlN layers. No cracks or defects could be found, except for a small
number of metallic macroparticles. As the silica sand impacted the
surface of the coating, the top layer of the TiAlN was removed
gradually (Fig. 10(b)). A few radial cracks were visible at the edge
of the eroded area. However, no radial or lateral cracks was pro-
duced at other layers of the coating. Fig. 10(c) shows the enlarged

image of the framed area in Fig. 10(b). Radial cracks initiated at
the surface of the coating and propagated toward the substrate,
yet they were hindered by the Ti layer. Then the newly exposed
TiAlN layer was  under impact by the erodent directly and removed

t
i
o
l

186
ltilayer coatings eroded by (a) silica sand and (b) glass beads.

radually (Fig. 10(e)). Because of the contribution of the Ti layers
o the radial cracks, the coating showed the nature of the “layer
y layer” failure mechanism (Fig. 10(d)). However, it should be
entioned that plastic deformation might occur at the substrate

Fig. 10). The reason was that a small part of the erodent’s kinetic
nergy was  transferred from coating to substrate, and the sub-
trate absorbed the energy by plastic deformation, especially when
he coating was partially eroded. Since the plastic deformation
ccurred at the substrate, radial cracks generated at the TiN inter-

ayer and propagated towards the surface of the coating, yet the
adial cracks were deflected at the interfaces of the Ti layer and
iAlN layer.

To conclude, the erosion damage of the Ti/TiAlN multilayer coat-
ngs treated by the angular silica sand commonly began at the
efects of the coatings (metallic macroparticles). Those sites were
he vulnerable regions of the mechanical properties, which would
asily become the initiation of the erosion damage. The spalla-
ion of the macroparticles remained micro pits at the surface of
he coatings, whose dimension could further extend under the
ontinuous erosion process. Those pits coalesced with each other,
eading to the failure of the coatings. The erosion damage evolu-
ion of Ti/TiAlN multilayer coatings exhibited the typical “layer
y layer” mechanism. The presented Ti layers and formed inter-
aces could deflect or even suppress the propagation of the radial
racks.

.4.2. Glass beads as erodent
Fig. 11 illustrates the erosion behavior of the Ti/TiAlN-6 eroded

y the spherical glass beads. A few short cracks were observed
ithin a macroparticle at the beginning (Fig. 11(a)). Metallic
acroparticles spalled off due to the propagation of the cracks

Fig. 11(b)), followed by the formation of the ring cracks around
he micro pits (Fig. 11(c)). Ring cracks further propagated under
he repeated erosion actions, which promoted the formation of
he squamous cracks around the pits (Fig. 11(d)). The poor adhe-
ion strength of the coating around the pits further triggered the
emoval of the coating and enlarged the dimension of the pit
Fig. 11(e)). Meanwhile, ring cracks were generated again and fur-
her propagated as long as the erosion process continued. As a
onsequence, many pits emerged with each other, leading to the
ailure of the coating and the exposure of the substrate (Fig. 11(f)).
nlike the damage evolution of the coatings under the erosion of
he silica sand, coatings under the erosion of the glass beads exhib-
ted the “piece by piece” failure mechanism. To the best knowledge
f the authors, this phenomenon was  firstly reported in this multi-

ayer coating subjects.
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Fig. 9. Erosion behavior of the Ti/TiAlN-6 eroded by silica sand. SEM image of (a) surface morphology of the as-deposited coating, (b) micro spalling, (c) ring cracks, (d)
propagated ring cracks, (e) layer by layer erosion and (f) erosion scares.
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Fig. 10. Cross-sectional morphology of the Ti/TiAlN-6 eroded by silica sand. SEM im
TiAlN  layer, (c) enlarged image of the framed area in (b), (d) layer by layer erosion, 

Fig. 12 shows the cross-sectional morphology of the Ti/TiAlN-
6 eroded by glass beads. The morphology of the cross-sections
showed the nature of the brittle fracture, delamination can be
observed near the interface of the coating and the substrate
(Fig. 12(a)). As illustrated in Fig. 12(b), the erosion scare can be
divided into three zones: (1) the eroded area, where the coat-
ing was exhausted and the substrate was exposed. (2) the radial
and lateral cracks zone consisted of many radial cracks and a few
lateral cracks, and (3) the lateral crack propagation zone. The lat-
eral cracks were induced by the delamination between the coating

and the substrate, as shown in Fig. 12. Fig. 12(c) was  the enlarged
image of the radial and lateral cracks zone, radial cracks were
generated at the surface of the coating and spread towards the

s
t
e

187
f (a) cross-sectional morphology of the as-deposited coating, (b) erosion at the top
sion at the second TiAlN layer and (f) plastic deformation at the substrate.

ubstrate, but they were deflected at the interfaces between the
i layers and TiAlN layers. Besides, the Ti layers deflected the prop-
gation of the lateral cracks, limiting the lateral cracks within a
ingle TiAlN layer (Fig. 12(d)). Meanwhile, the kinetic energy of
he erodent was  transferred to the substrate from the coating after
mpacting the samples since the glass beads were blunt without
harp edges. In addition, the titanium alloy absorbed the energy
y plastic deformation (Fig. 12(e)). Once the amount of the plastic
eformation exceeded the toughness of the coating, cracks even
elamination would occur at the interface of the coating and the

ubstrate (Fig. 12(a) and (b)). Cracks and delamination would fur-
her develop, and the coating was removed gradually with the
rosion lasting.
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Fig. 11. Erosion behavior of the Ti/TiAlN-6 eroded by glass beads. SEM image of (a) 

squamous cracks, (e) development of the pit and (f) erosion scares.

Overall, the failure of the Ti/TiAlN multilayer coatings eroded
by the glass beads started at the metallic macroparticles. Cracks
and delamination were generated due to the incoordinate defor-
mation between the substrate and the coating under the erodent
impacting. Cracks and delamination would further develop under
continuous erosion. The coatings failed finally under the joint
actions of the delamination and radial cracks. The failure of the
Ti/TiAlN multilayer coatings eroded by the glass beads showed the
feature of the “piece by piece” mechanism. The Ti layers and inter-
faces deflected the propagation of the radial cracks, limiting the
extension of the lateral cracks.

3.4.3. General discussion
The erodent affected the erosion resistance of the Ti/TiAlN mul-

tilayer coatings by making an influence on their erosion behavior
and failure mechanism.

In this study, the silica sand was hard and small (∼61 �m)  with
sharp edges, whereas the glass beads were soft and blunt although
they were larger (∼106 �m).  The pressure of the compressed air
was the same for all tests, i.e., the initial kinetic energy of all ero-
dent was the same. When the silica sand impacted the surface of
the Ti/TiAlN multilayer coatings, cracks formed at a TiAlN layer
due to the strong erosive effect of the silica sand on the coatings.
But the cracks were hindered by the adjacent Ti layers and the
formed interfaces, followed by the newly exposed TiAlN starting
to be eroded. Most of the kinetic energy was released by cracking
the exposed TiAlN layer rather than transferring it to the substrate.
Therefore, the coating exhibited the “layer by layer” failure mech-
anism when hit by the silica sand. According to the study by Deng
[4], the TiAlN monolithic coatings were removed from the substrate
in the form of small fragments due to repeated attacks by the ero-
sion particles. The coatings worn gradually with the erosion lasting,
and eventually leading to the substrate exposure. During this pro-
cedure, cracking and removal of the partial coating, all results in
redistribution of the contact pressures and overstressing around

the damaged areas that facilitate the further coating damage. After
reaching the critical size under repetitive impacts, the large chip
may  remove from the surface. In this study, The Ti/TiAlN-3 exhib-
ited a similar hardness of the TiAlN monolithic coatings, with the

r
T
c
a

188
 in the macroparticle, (b) ring cracks around the pit, (c) propagated ring cracks, (d)

nduced Ti layers, Ti/TiAlN-3 showed a higher crack resistance than
hat of the TiAlN monolithic coating, enhancing the erosion resis-
ance of the coatings. However, the erosion rate sharply increased
ith the number of cycles increasing because the thickness of the

iAlN layer, as well as the hardness and crack resistance, declined
s the number of cycles was  increased. This led to the decline of the
rosion resistance of the TiAlN layer and accelerating the process
f “layer by layer” erosion.

Compared to the silica sand, the glass beads were less erosive,
hose kinetic energy was transferred to the substrate by the coat-

ngs greatly. And the coatings absorbed the energy through plastic
eformation, resulting in lateral cracks and delamination between
he coating and the substrate. Combined with the formation of the
adial cracks at the edge of the pits leading to the coatings. The
rosion rates of the Ti/TiAlN multilayer coatings did not change
ignificantly with the variation of the number of cycles since the
elamination played the leading role in the failure of the coat-

ng, although the radial cracks were deflected by the Ti layers and
nterfaces.

. Conclusion

In this work, Ti/TiAlN multilayer coatings with the different
ycles were deposited on Ti–6Al–4V substrates by a home-made
ybrid multisource cathodic arc ion deposition system. The effects
f the silica sand and glass beads on erosion behavior of the coat-

ngs were investigated. Results showed that the Ti/TiAlN multilayer
oatings exhibited the “layer by layer” failure mechanism when
roded by the silica sand, and erosion rate dramatically increased
ith the increasing the number of cycles, owing to the deterioration

f the coatings’ mechanical properties. However, the erosion rate of
he coatings treated by glass beads was  independent of the number
f cycles, where the coating failure was dominated by the “piece by
iece” failure mechanism. The Ti layers and interfaces enhanced
he erosion resistance of coatings by hindering the propagation of

adial cracks and restraining the lateral cracks within one single
iAlN layer. The erosion resistance of coatings depends on their
omprehensive mechanical properties like high hardness, strong
dhesion strength and good crack resistance. Under the premise of
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Fig. 12. Cross-sectional morphology of the Ti/TiAlN-6 eroded by glass beads. SEM im
scare,  (c) enlarged image of the framed area in (b), (d) deflection of the lateral crack

high hardness, enhancing the adhesion strength and crack resis-
tance of the coatings is a promising route to obtain coatings with
excellent erosion resistance.

Acknowledgements

This work was financially supported by the National Science and
Technology Major Project (No. 2017-VII-0012-0108), CAS Interdis-
ciplinary Innovation Team (No. 292020000008), and K. C. Wong
Education Foundation (No. GJTD-2019-13).

References

[1] E. Bousser, L. Martinu, J.E. Klemberg-Sapieha, Surf. Coat. Technol. 257 (2014)
165–181.

[2] J. Lin, R. Wei, F. Ge, Y. Li, X. Zhang, F. Huang, M.  Lei, Surf. Coat. Technol. 336

(2018) 106–116.

[3] D. Eichner, A. Schlieter, C. Leyens, L. Shang, S. Shayestehaminzadeh, J.M.
Schneider, Wear 402-403 (2018) 187–195.

[4] J. Deng, F. Wu,  Y. Lian, Y. Xing, S. Li, Int. J. Refract. Met. Hard Mater. 35 (2012)
10–16.

[

[

189
f (a) unpolished cross-sectional erosion scare, (b) polished cross-sectional erosion
evelopment of the pit and (f) plastic deformation at the substrate.

[5] R. Wei, E. Langa, J. Arps, Q. Yang, L. Zhao, Plasma Process. Polym. 4 (2007)
S693–S699.

[6] Q. Yang, D.Y. Seo, L.R. Zhao, X.T. Zeng, Surf. Coat. Technol. 188 (2004) 168–173.
[7] H. Zhang, Z. Li, W.  He, B. Liao, G. He, X. Cao, Y. Li, Surf. Coat. Technol. 353

(2018) 210–220.
[8] Z. Wang, D. Zhang, P. Ke, X. Liu, A. Wang, J. Mater. Sci. Technol. 31 (2015)

37–42.
[9] J. Shuai, X. Zuo, Z. Wang, P. Guo, B. Xu, J. Zhou, A. Wang, P. Ke, Ceram. Int. 46

(5) (2020) 6672–6681.
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