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A B S T R A C T   

The TiAlSiN/Cr multilayer coatings with different thicknesses of chromium (Cr) layers were designed and 
prepared by high power impulse magnetron sputtering (HiPIMS) and direct current magnetron sputtering 
(DCMS) for the improvement of their solid particle erosion and corrosion resistance. The structure-property 
relationship was investigated by the systematic characterization of the microstructure, hardness, Young's 
modulus, toughness, solid particle erosion resistance, and corrosion properties of those coatings. The results 
reveal that the TiAlSiN layers consisted of the TiN crystalline phase and amorphous phase. As the Cr layers 
thickness increased, the grain growth of the Cr layers was columnar with a strong Cr (110)-preferred orientation. 
Compared with the TiAlSiN coating, the TiAlSiN/Cr multilayer coatings showed significantly improved tough
ness and corrosion performance. The toughness, H/E ratio, erosion resistance at impact angle of 90°, and cor
rosion resistance of the TiAlSiN/Cr multilayer coatings firstly increased when the Cr layer thickness increased up 
to 21 nm, before decreasing with a further increase of Cr layer thickness. Our results show that the TiAlSiN/Cr 
multilayer coatings with the Cr layer thickness of 21 nm exhibit enhanced toughness, excellent erosion re
sistance, and corrosion resistance together with high hardness.   

1. Introduction 

Solid particle erosion (SPE) and corrosion are common in many 
industries such as in aerospace, petrochemical, oil refinery, and power 
generation due to flowing corrosive media that often contain solid 
particles [1,3,2]. For example, the compressor blades of gas turbine 
aero-engines are often subjected to SPE and corrosion, particularly in 
dusty and salty-fog environments [3–5]. Those SPE- and corrosion-in
duced damages lead to a decrease in engine performance and service 
life, posting serious safety concerns [4–8]. Moreover, there appears to 
be a synergistic relationship between the corrosion and erosion, which 
accelerates the damage of the blades [8,9]. The erosion- and corrosion- 
resistant coatings, particularly TiN-based coatings, such as TiN and 
TiAlN, have been considered to be the desirable solution for improving 
the erosion and corrosion resistance of compressor blades [10–13]. 
However, previous studies found the erosion resistance of these single- 
layer coatings is often insufficient due to the lack of toughness, espe
cially when being impacted at high angles by erodent particles [14,15]. 

To overcome this limitation, metal/ceramic multilayer structure 
coatings including Ti/TiN [16,17], Cr/CrN [18], TiAl/TiAlN [3], which 
exhibits both high hardness and high fracture toughness by combining 
advantages of the ceramic and metal components, have been proposed 
and attracted a lot of attention. Indeed, many studies have also shown 
that the metal/ceramic multilayer coatings have better erosion re
sistance than single-layer coatings [19–22]. Moreover, this multilayer 
structure can also be an effective method to enhance the corrosion re
sistance of the coatings. It has been found that the re-nucleation process 
occurring during the deposition of multilayer structure can significantly 
reduce pores found in coatings [23]. In addition, interfaces between 
layers can act as barriers for the corrosive medium to reach the sub
strate [24]. For example, Ti/TiN multilayer coatings have been studied 
as corrosion-resistant coatings for compressor blades and exhibit better 
corrosion resistance than TiN single layer [8]. 

The SPE and corrosion resistance of the metal/ceramic multilayer 
structure coatings can be further improved by the careful choices of 
metallic and ceramic materials. For the ceramic layers, TiAlSiN coatings 
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are particularly attractive due to their higher hardness, excellent tri
bological behavior, thermal stability, and corrosion resistance com
pared to TiN and TiAlN coatings [25–27]. K. Bobzin et al. [28,29] de
posited nanocomposite TiAlSiN coatings by the high-speed physical 
vapor deposition and pointed out that TiAlSiN coatings had a promising 
potential for the erosion protection of compressor blades. For the me
tallic layers, it has been found that the metallic chromium may be 
partially converted to Cr2O3 during the chemical attack, which prevents 
further corrosion attack and potentially improves the corrosion per
formance of the coatings [30]. Despite the advantages of those two 
coating materials, few studies on the SPE and corrosion properties of 
the TiAlSiN/Cr multilayer coating have been conducted. 

The novel high power impulse magnetron sputtering (HiPIMS) 
technology has been proven to be effective in preparing hard, dense, 
and growth defect (voids) free coatings, due to its high plasma density 
and ionization rate [31–34]. They have excellent erosion resistance and 
corrosion resistance [35,36]. The coatings prepared by DCMS tech
nology generally have lower hardness and elastic modulus than the 
coatings prepared by HiPIMS technology [37]. The purpose of the softer 
and lower elastic modulus metal layers is the accommodation of re
lative sliding (shear strains) of the hard layers (ceramic layers) below 
and above, thereby preventing the build-up of high-bending stress [38]. 
Therefore, in this work, we designed and prepared the TiAlSiN/Cr 
multilayer coatings with different thicknesses of Cr layers by high 
power impulse magnetron sputtering (HiPIMS) and direct current 
magnetron sputtering (DCMS). We studied the microstructures and 
mechanical properties of those TiAlSiN/Cr multilayer coatings and, 
particularly, investigated the effect of the thickness of the Cr interlayers 
on the solid particle erosion and corrosion properties. Our results show 
that the TiAlSiN/Cr multilayer coatings with high hardness, improved 
toughness, as well as excellent erosion resistance and corrosion re
sistance can be obtained by optimizing the thickness of Cr layers. 

2. Experimental 

2.1. Sample preparation 

The TiAlSiN/Cr multilayer coatings with different thicknesses of Cr 
layers were deposited onto M2 high-speed-steel substrate by a magne
tron sputtering deposition system. As shown in the schematic in Fig. 1, 
the TiAlSiN layers were prepared by HiPIMS method using the rec
tangular Ti0.64Al0.3Si0.06 targets and the Cr layers were deposited by the 
conventional DCMS method using the rectangular Cr (99.99% purity) 
targets. A detailed description of the system can be found in our earlier 
works [39,40]. Prior to deposition, all substrates were mechanically 
polished, ultrasonically cleaned, and etched by glow discharge for 

30 min at 1.5 Pa Ar pressure to remove surface contaminants and the 
surface oxidation layer. The vacuum chamber was evacuated to a base 
pressure of 3 × 10−3 Pa for the preparation of the coatings and the 
temperature of the samples was kept constant at 150 °C during the 
deposition. To improve the adhesion, Cr + CrN buffer layers were 
prepared by DCMS before the deposition of TiAlSiN coating and 
TiAlSiN/Cr multilayer coatings. For depositing Cr + CrN buffer layers 
and metallic Cr interlayers, the average target current, bias voltage, and 
operating pressure were kept constant at 1.5 A, 65 V, and 0.8 Pa, re
spectively. For depositing TiAlSiN layers, pulse width, pulse frequency, 
bias voltage, supply voltage, and operating pressure were maintained 
constant at 300 μs, 50 Hz, 300 V, 1000 V, and 0.8 Pa, respectively. The 
TiAlSiN/Cr multilayer coatings were prepared by rotating the substrate 
between each target. The processing parameters used in the synthesis of 
TiAlSiN/Cr multilayer coatings are listed in Table 1. The total deposi
tion time of single-layer TiAlSiN coating, designated as Sample S1, was 
120 min. For TiAlSiN/Cr multilayer coatings designated as S2 to S5, the 
deposition time was 20 min for each TiAlSiN layer, and varied as 5 s, 
10 s, 15 s, and 20 s for each Cr layer, corresponding to different sam
ples. The choice of deposition times was to ensure the same thickness 
for each TiAlSiN layer and a range of different thicknesses of each Cr 
layer. 

2.2. Characterization and evaluation of the coatings 

A field emission scanning electron microscope (SEM) Zeiss Supra 55 
was used to analyze the cross-sectional morphology and thickness of the 
coatings. The thickness of the Cr layer was determined by high mag
nification SEM cross-sectional images. The phase and crystalline 
structure of the coatings was identified by X-ray diffraction (XRD: D/ 
Max 2500) with CuKα radiation in grazing-incidence mode (2°). 
Nanoindentation tester (Nano-Indentor G200, Agilent) with a load 
precision of 50 nN was used to evaluate the hardness and Young's 
modulus by continuous stiffness method (CSM). The penetration depth 
did not exceed 10% of the coating thickness in order to minimize the 

Fig. 1. Schematic of the deposition apparatus.  

Table 1 
Processing parameters used in the preparation of TiAlSiN/Cr multilayer coat
ings.       

Samples Deposition time (s) 

Cr buffer layer CrN buffer layer Cr layer TiAlSiN layer  

S2  210  840  5  1200 
S3  210  840  10  1200 
S4  210  840  15  1200 
S5  210  840  20  1200 
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effect of the substrate on the hardness measurement. The indentation 
toughness was determined using a micro Vickers tester (Vickers- 
Indentor, Wolpert-401MVD) with an applied load of 50 g and the 
Vickers indents were investigated by the SEM (Zeiss Supra 55). Nine 
indentations were made on each sample to obtain a mean value. 

Sand erosion tests following the ASTM standard G76-13 [41] were 
performed at room temperature using angular alumina (Al2O3) powders 
with an average size of 50 μm. A silicon carbide nozzle with an inner 
diameter of 1.5 mm and a length of 50 mm was utilized in the tests. 
During testing, the distance from the specimen surface to nozzle end 
was kept at 15  ±  1 mm. The coatings were tested at two impact angles, 
30° and 90°, with an average particle feed rate of 2 g/min. A set of 
particle impact velocities, 30, 40, and 50 m/s, were used for the tests 
and measured by using the rotating double-disk method [42]. The 
erosion tests were terminated before the tested coating was perforated. 
After the tests, the average mass loss was evaluated by comparing the 
weight of samples before and after testing using a precision balance 
with an accuracy of 10−5 g. The erosion rates were then calculated by 
dividing the total mass loss by the total mass of the erodent particles. 
The corrosion behaviors of the coatings were investigated by a three- 
electrode electrochemical test in 3.5% NaCl solution at room tem
perature. The prepared sample was used as the working electrode, 
while a Pt mesh and a saturated calomel electrode (SCE) were used as 
the counter electrode and the reference electrode, respectively. 

3. Results and discussions 

3.1. Microstructure of the TiAlSiN/Cr coatings 

The cross-sectional morphologies of TiAlSiN/Cr multilayer coatings 
with different thicknesses of Cr layers were observed by SEM and the 
micrographs are shown in Fig. 2. A columnar Cr + CrN gradient buffer 
layer (about 900 nm in thickness) was visible between the coating and 
the substrate in all samples. For the single-layer TiAlSiN coating 
(Fig. 2a), a dense structure without columnar feature was observed, 
which is consistent with the nanocomposite (nc-TiAlN/a-Si3N4) struc
ture found in previous studies [40,43]. As shown in Fig. 2(b)–(f), the 
TiAlSiN/Cr multilayer structure can be clearly identified. The total 
thicknesses of the resulting coatings are measured to be 4.16, 4.21, 
4.29, 4.31, and 4.32 μm. For the multilayer coatings (Fig. 2(b)–(e)), the 
same thickness of each TiAlSiN layer is confirmed and measured to be 
550 nm. For the Cr layers, as the deposition time increases from 5 s to 
20 s, the thicknesses are measured to be 10, 21, 30, 41 nm, respectively. 
Moreover, from the enlarged SEM images (Fig. 2(f)), the Cr layers in S5 
were observed to demonstrate a columnar crystal structure. 

Fig. 3 presents the XRD patterns of the single-layer TiAlSiN coating 
and TiAlSiN/Cr multilayer coatings. The peaks of TiN, Cr, and substrate 
were identified and tagged. The single-layer TiAlSiN coating exhibited a 
preferred orientation of TiN (200), which, however, shows lower peaks 
in TiAlSiN/Cr multilayer coatings. This phenomenon may be due to the 
influence of Cr coverage. For the TiAlSiN/Cr multilayer coatings, the 
peaks for TiN (200) become stronger with the increase of the Cr layers 
thickness, which may be due to the changes in the residual stress of the 
multilayer coatings [44]. It is well known that the preferred orientation 
of the film grown by physical vapor deposition is decided by the con
ditions resulting in the lowest energy in a competition between the 
surface and strain energies [45]. The (200) plane has the lowest surface 
energy in the fcc lattice of NaCl-type crystal structure [46]. The surface 
energy shows a significant change with the different stress states [47]. 
And previous studies have found that as the thickness of the metal in
terlayer increases, the residual stress in the ceramic layer increases 
[48]. Compared with the TiAlSiN coating, the diffraction peak of TiN 
(200) of the TiAlSiN/Cr multilayer coatings shifts to higher 2θ angles, 
which may be due to the lower residual stress of the multilayer coating 

than that of the single-layer coating [49,50]. No visible peak of Si3N4 
and TiSi crystalline phases were observed, suggesting that the silicon 
atoms are likely to exist in the form of amorphous silicon nitride (a- 
Si3N4) or are incorporated in the FCC lattice, or both [39,51–54]. The 
peak of the HCP AlN phases are not observed neither, which may be due 
to the high Ti/Al ratios. This result suggests that Al atoms are probably 
incorporated in the FCC lattice of TiN phase [55]. For the TiAlSiN/Cr 
multilayer coatings, the peaks for Cr (110), (200) and (211) gradually 
become higher and sharper as the deposition time of the Cr layers in
creased from 5 s to 20 s, which is consistent with the increase of Cr 
content and coverage. In addition, with the increase of the Cr layers 
thickness, the peak of Cr (110) becomes more dominant comparing to 
the other two Cr peaks, indicating the stronger preferred orientation of 
(110) for thicker Cr layers. 

3.2. Mechanical properties of the TiAlSiN/Cr multilayer coatings 

Fig. 4 shows the hardness, Young's modulus, and H/E ratio of 
TiAlSiN coating and TiAlSiN/Cr multilayer coatings with different 
thicknesses of Cr layers. As expected, the single-layer TiAlSiN coating 
exhibited the maximum hardness (34.5  ±  0.8 GPa) and maximum 
Young's modulus 339  ±  7.2 GPa. With the incorporation of softer 
metallic Cr layers, the hardness decreases from 32.7  ±  1.0 GPa to 
23.4  ±  2.1 GPa, as the thickness of Cr layers increases from 10 nm to 
41 nm. Correspondingly, Young's modulus of coatings also follows a 
similar trend of decreasing from 319  ±  2.5 GPa to 248  ±  13 GPa 
with increasing Cr layer thickness. However, the H/E ratio of coatings 
firstly increased with the incorporation and increase of the Cr layer 
thickness and reached their maximum values of 0.105 for Cr layers 
thickness of 21 nm before decreasing. The H/E ratio is related to the 
elastic strain to failure [56,57], where a higher H/E value indicates a 
higher toughness [58–60]. The results suggest that, with the right 
thickness of the soft metallic Cr thickness, there is an optimal TiAlSiN/ 
Cr multilayer coatings with the maximal fracture toughness. 

To further investigate the toughness of the coatings, the Vickers 
indentation method was conducted on the prepared samples. The mi
crographs of the residual indents generated by Vickers indenter are 
shown in Fig. 5. First of all, it can be seen that no radical cracks were 
found for all coating surfaces. As shown in Fig. 5(a), wide edge cracks 
(arrow) were observed just outside the contact area of the indentation. 
This is due to the hard and brittle nature of the TiN-type phases in the 
TiAlSiN coating which is prone to cracking when the coating is de
flected under indentation [61]. Many fine cracks, which referred as 
continuous/discontinuous cracks elsewhere [62], were also found at 
near the center of the contact area of indent for the single-layer TiAlSiN 
coating. By contrast, only some fine edge cracks appear outside the 
indented areas in TiAlSiN/Cr multilayer coatings, with no fine cracks 
found within the contact area. The result here indicated that the 
TiAlSiN/Cr multilayer coatings exhibit better toughness than TiAlSiN 
coating. This improvement of toughness may come from interfaces 
between layers in the multilayer structure which can deflect the cracks 
and thus hinder the crack propagation across the thickness of the whole 
coatings [63,64]. In addition, the ductility of metallic chromium layers 
could also help absorb the strain energy during the indentation [21] 
and therefore reduce the TiN grain boundary sliding which facilitates 
fracture [65]. It is also worth noting that, among edge cracks were 
observed in Fig. 5(b), (d), and (e), those in Fig. 5(e) were appears wider. 
This change suggests that, with the further increase of the thickness of 
the Cr layers, the fracture toughness of the multilayer coating starts to 
decrease, possibly due to the low hardness of Cr layers and the mis
match of plastic deformation between layers [44]. Finally, we found the 
TiAlSiN/Cr multilayer coating with Cr layers thickness of 21 nm 
(Fig. 5c) showed minimal cracks after the indentation, which is con
sistent with the results of the H/E ratio measurements. Combining 
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similar results reported in Refs [44, 65] we believe that the H/E ratio is 
a good indicator of the fracture toughness of the coating. 

Fig. 6 presents the erosion rates of TiAlSiN coating and TiAlSiN/Cr 
multilayer coatings with different thicknesses of Cr layers. It is known 
that the maximum erosion rate appears at the impact angle of 15° - 40° 
for most ductile materials (such as metals), and 90° for most brittle 
materials (such as ceramics) [66,67]. Therefore, two impact angles, 30° 
and 90°, were chosen for the test. Different velocities of the impacting 
particles were tested as erosion damage strongly depends on the impact 
velocity [68,69]. We found that, when the impact angle was kept at 90°, 
the erosion rates of all coatings quickly increased with increasing im
pact velocity, similar to the exponential increases observed in previous 
studies [70,71]. This result is reasonable as the kinetic energy of impact 
particles and impacting force applied to the coatings increases with 
what square of the particle velocities [68]. When the performance of 
the coatings was compared at the same impact velocity at the impact 
angle of 90°, it was found that the coating with the Cr layers thickness 

of 21 nm showed the lowest erosion rate. This result shows an excellent 
agreement with the H/E ratio measurement and the observation of 
cracks under indentation, shown in Figs. 4 and 5. Indeed, the erosion 
damage process at a high impact angle is closely related to the tough
ness of the coatings [72–74]. By contrast, for the impact angle of 30°, 
the erosion rate of single-layer TiAlSiN coating is the smallest and that 
of TiAlSiN/Cr multilayer coatings increased with the increase of the Cr 
layers thickness. The different trends in those two impact angles are 
likely the results of two different mechanisms for the erosion damage: 
ductile-type damage is caused by cutting and brittle-type damage is 
caused by cracking. For semi-brittle materials (such as transition metal 
nitrides), cutting or plowing is the dominating erosion damage me
chanism for low-angle impacts [72–74] and hardness is the most im
portant factor in determining erosion resistance associated with cutting 
or plowing [15]. Therefore, coatings with higher hardness (Fig. 4) will 
result in a smaller penetration depth of high-speed solid particles, thus 
reducing the erosion rates caused by cutting at low impact angles [75]. 

Fig. 2. Cross-sectional morphologies of TiAlSiN coating (a) and TiAlSiN/Cr multilayer coatings with different thicknesses of Cr layers of 10 nm (b), 21 nm (c), 30 nm 
(d), 41 nm (e), and (f) is the enlarged image of the rectangular region in (e). 
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Considering the erosion rate of the TiAlSiN/Cr multilayer coating with 
the Cr layers thickness of 21 nm (Coating S3) was lowest at high-angle 
impact and only slightly higher than that of the single-layer TiAlSiN for 
low-angle impact, we believe it can perform best in comprehensive 
erosion resistance at different impact angles. Consistent with previous 
studies [73,74], our results showed that excellent erosion performance 
can be achieved by a good combination of high hardness and toughness 
in multilayer coatings consisting of hard and ductile layers. 

Finally, the corrosion behaviors of our prepared coatings were 
evaluated. Fig. 7 shows potentiodynamic polarization curves of the 
TiAlSiN coating and TiAlSiN/Cr multilayer coatings with different 
thicknesses of Cr layers exposed to 3.5 wt% NaCl solution. The corro
sion potential (Ecorr) and the corrosion current density (Icorr) of samples 
derived from polarization curves are summarized in Table 2. In general, 
a lower Icorr value indicates a better corrosion resistance [76]. The 
single-layer TiAlSiN coating exhibited a low corrosion potential 
(Ecorr = −0.799 V) and a corrosion current density 
(Icorr = 1.91 × 10−6 A/cm2). In comparison, TiAlSiN/Cr multilayer 
coatings exhibited higher positive corrosion potentials and lower cor
rosion current densities, indicating that TiAlSiN/Cr multilayer coatings 

have better corrosion resistance. This effect can be attributed to inter
faces inside multilayer coatings that could potentially block the micro- 
pores and interrupt the corrosive medium path to the substrate 
[24,77,78]. Another possible reason is the partial oxidation of Cr into 
such as Cr2O3, which can passivate the surface and prevent further 
corrosion attack [30,79]. Due to the TiAlSiN coating prepared by the 
HiPIMS method exhibits a dense morphology and few growth defects 
(voids) (Fig. 2), and during the chemical attack, Cr easily forms dense 
Cr2O3 layer on the coating surface [79]. Therefore, the formation of the 
Cr2O3 protective layer may be the dominant reason for the improve
ment of the corrosion performance of the multilayer coatings. When the 
thicknesses of the Cr layers increased from 10 nm to 21 nm, the cor
rosion current density of TiAlSiN/Cr multilayer coatings was further 
reduced. This change can be potentially explained by the findings that 
the thicker Cr layers have a higher probability of covering surface 
features more efficiently, thereby reducing the porosity of the coatings 
[80]. However, the corrosion current density increased, as the thick
nesses of the Cr layers increased from 21 nm to 41 nm. This may be 
because some voids are present and enlarged, as the thickness of Cr 
layers increases [81–83]. These results demonstrate that the TiAlSiN/Cr 
multilayer coatings have better corrosion resistance than the TiAlSiN 
coating and the coating with the Cr layers thickness of 21 nm exhibits 
superior corrosion resistance. 

4. Conclusions 

The TiAlSiN/Cr multilayer coatings with different thicknesses of Cr 
layers were prepared by HiPIMS and DCMS. The TiAlSiN layers were 
characterized as a mixture of nanocrystallites TiN and amorphous 
phase. Although the hardness of the TiAlSiN/Cr multilayer coatings 
decreases from the maximum of 34.5 GPa for the single-layer TiAlSiN 
coating as the thickness of Cr layers increased, the TiAlSiN/Cr multi
layer coatings showed a significantly improved toughness. As a result, 
while the TiAlSiN coating exhibited the best SPE resistance at the im
pact angle of 30°, the TiAlSiN/Cr multilayer coatings showed a sig
nificant improvement in the SPE resistance at impact angle of 90° as 
well as corrosion resistance. We further identified that the TiAlSiN/Cr 
multilayer coatings with the Cr layer thickness of 21 nm showed the 
optimal comprehensive properties with high hardness, excellent 
toughness, erosion, and corrosion properties. Our study provides a 
potential method in design and optimizing SPE and corrosion resistance 
by controlling the thickness of the ductile metallic layer in the pro
tective coatings with multilayer structure. 

Fig. 3. The X-ray diffractometry patterns of TiAlSiN coating (S1) and TiAlSiN/ 
Cr multilayer coatings with different thicknesses of Cr layers of 10 nm (S2), 
21 nm (S3), 30 nm (S4), and 41 nm (S5). 

Fig. 4. Hardness, Young's modulus, and H/E ratio of TiAlSiN coating (S1) and TiAlSiN/Cr multilayer coatings with different thicknesses of Cr layers of 10 nm (S2), 
21 nm (S3), 30 nm (S4), and 41 nm (S5). 
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Fig. 5. The surface morphology of the indentation generated by Vickers indenter of TiAlSiN coating (a) and TiAlSiN/Cr multilayer coatings with different thicknesses 
of Cr layers of 10 nm (b), 21 nm (c), 30 nm (d), and 41 nm (e). 

Fig. 6. Erosion rates of TiAlSiN coating (S1) and TiAlSiN/Cr multilayer coatings 
with different thicknesses of Cr layers of 10 nm (S2), 21 nm (S3), 30 nm (S4), 
and 41 nm (S5). 

Fig. 7. Potentiodynamic polarization curves of TiAlSiN coating (S1) and 
TiAlSiN/Cr multilayer coatings with different thicknesses of Cr layers of 10 nm 
(S2), 21 nm (S3), 30 nm (S4), and 41 nm (S5) in 3.5% NaCl solution. 
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