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Abstract: In order to verify the wear resistance and erosion resistance of Ti-doped Ta2O5 coating (TTO), a series of TTO coatings were 
prepared by magnetron sputtering technology by controlling the power of Ti target. The growth structure, microstructure and tribological 
properties of TTO coatings with Ti target power were studied. After the erosion test, the variation of erosion damage behavior of TTO 
coatings with mechanical properties under different erosion conditions was further studied. The results show that the TTO coatings 
eliminates the roughness, voids and defects in the material due to the mobility of the adsorbed atoms during the growth process, and a flat 
and dense smooth surface is obtained. Tribological tests show that the TTO coatings is mainly characterized by plastic deformation and 
micro-crack wear mechanism. Higher Ti target power can improve the wear resistance of TTO coatings. The results of the erosion test 
show that the impact crater, furrow, micro-cutting, brittle spalling and crack formation are the main wear mechanisms of the TTO 
coatings samples under erosion. 
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As a clean, sustainable and widely distributed new type of 
renewable energy, solar energy is the main technology leading 
energy transformation to mitigate climate change [1-3]. Be-
cause photovoltaic power generation is scalable and easy to 
disperse, its potential is huge [4]. Photovoltaic power genera-
tion has increased significantly and has become the main 
source of electricity in clean energy [5]. Photovoltaic power 
generation has fundamentally increased the importance of re-
newable energy [6, 7]. Globally, photovoltaic power genera-
tion accounts for 6.3 % and 1.7 % of installed capacity and 
power generation, respectively [5]. At this stage, the most ad-
vanced technology for converting solar radiation into electri-
cal energy is photovoltaic (PV) solar panels and concentrating 
solar thermal (CSP) systems [8-10]. 

The desert area is rich in solar energy and rich and poor in 
land resources, which is the best choice for the construction of 
large-scale photovoltaic power stations [11]. The latest re-
search on climate change shows that the frequency of dust 

storms in desert areas has increased significantly. Dust storms 
can seriously affect the performance of solar energy collection 
systems, especially photovoltaic systems [12]. The transparent 
glass cover plate in the photovoltaic power generation system 
module is the top layer, which is designed to protect the pho-
tovoltaic cells from the impact of dust erosion. Debris and 
sand in desert areas can also cause erosion and wear on the 
surface of photovoltaic panels under the action of storms. Ero-
sion and wear of the photovoltaic panel surface caused by 
sand erosion and the cleaning process required to remove de-
posited particles may result in a decrease in optical transmit-
tance, or even permanent loss [13-15]. The damage caused by 
sand particles on the surface of the glass protective cover de-
pends on the intensity of the dust storm, which is essentially 
related to the wind speed, the size and shape of the incident 
particles and the duration of the dust storm [16-18]. The re-
duction or even failure of photoelectric conversion efficiency 
is a major problem in the desert environment. The accumula-



 

 

tion and erosion of dust particles on the surface of photovolta-
ic modules are the main factors for the overall performance 
degradation of photovoltaics [19-21]. In order to maintain the 
efficiency of the system, it is necessary to consider protecting 
the outer surface of the glass cover plate in the photovoltaic 
module, which is usually made of transparent glass [14]. 
Therefore, transparent glass is required to ensure high trans-
parency of the solar panel to solar radiation, while providing 
the necessary mechanical properties to protect the surface of 
the photovoltaic system from harsh environments [22]. 

In order to protect photovoltaic panels from sand erosion 
damage, the application of high-performance coatings seems 
to be an irreplaceable choice [23,24]. When eroded by irregu-
lar gravel, the coatings should be harder than the erosion agent 
in addition to having stronger adhesion and denser micro-
structure to improve the corrosion resistance [25]. There have 
been many studies on erosion resistance coatings. Naveed M 
et al. [26] studied the effect of Ti2AlC MAX phase coating 
annealed in vacuum environment on the high-speed particle 
erosion resistance of Ti6242 alloy surface. The ability to use 
the MAX phase coatings as an erosion protection medium for 
engine components exposed to similar erosion conditions was 
demonstrated. Dario F et al. [27] discussed the effect of ZrO2 

doping on the microstructure, optical and mechanical proper-
ties of multi-layer TiO2/SiO2 coatings. The overall goal is to 
synergistically enhance the optical and mechanical properties 
of multi-layer coatings. Wiesinger et al. [28] conducted artifi-
cial dust storm tests on four different anti-reflection (AR) 
coatings deposited on borosilicate glass and evaluated their 
corrosion resistance. Metals usually have good ductility and 
better resistance to plastic deformation. Ti has been widely 
used due to its high strength and low elastic modulus. The al-
loying of Ti and Ta with similar ion size can improve the pas-
sivation performance of the coatings [29]. However, the effect 
of Ti doping on the erosion resistance of T2O5 coatings has not 
been studied. In order to prepare TTO coatings with excellent 
erosion resistance, it is necessary to study the effects of dif-
ferent Ti contents on the microstructure and erosion resistance 
of T2O5 coatings. 

In this paper, TTO high transmittance coating was prepared 
by magnetron sputtering technology doped with Ti element. 
The microstructure, mechanical and tribological properties of 
TTO coatings were studied. The erosion wear resistance of 
TTO coatings was studied by a self-designed fully enclosed 
micro-particle erosion tester. In addition, the erosion re-
sistance and erosion damage evolution process of TTO coat-
ings was analyzed by changing the wind speed, particle flow 
rate and erosion angle. Finally, the erosion wear mechanism of 
TTO coatings under different erosion conditions was revealed 
by scanning electron microscope (SEM) and energy dispersive 
spectrometer (EDS). The study of the mechanical and erosion 
resistance properties of the TTO coatings enables us to predict 
the durability and efficiency of the glass cover applied to solar 

panels as a protective coatings. 

1 Experiment 

1.1 Deposition of TTO coatings 
The films were deposited using RF-DC magnetron 

co-sputtering with Ta2O5 and Ti targets with a size of ∅50×3 
mm and 99.9% purity by JGP045CA RF sputtering system. 
The back-bottom vacuum was pumped to below 5×10-4 Pa, the 
deposition pressure was 0.8 Pa, and a target-substrate distance 
of 120 mm. Because the photovoltaic power generation sys-
tem component is a transparent glass as a protective cover, the 
high-transparent glass is also selected as the substrate during 
the experiment. The substrates are highly transparent quartz 
glasses and silicon substrates (Si 100). Si wafer is selected as 
the substrate in order to obtain the coating cross section more 
conveniently and analyze the microstructure. The substrates 
were ultrasonically cleaned with acetone, anhydrous ethanol, 
and deionized water for 10 min with SCIENTZ-450 (Xinzhi 
Freeze-drying Equipment Co., Ltd.) equipment before deposi-
tion, dried with compressed air, and prepared for use. 
Pre-sputtering by glow discharge for 10 min to obtain a clean 
target surface before deposition of the film and the substrates 
were supported on a rotational (10 rpm) base. The Ti-Ta2O5 
thin films were deposited at different sputtering power. Table 
1 is the preparation parameters of the coatings.  

Table 1 Deposition parameters of the TTO coatings 

Samples 

Target power (W) Flow 
of Ar 
(sccm) 

Deposition 
pressure (Pa) Ti 

(DC) 
Ta2O5 

(RF) 

S1 30 120 

40 0.8 

S2 40 120 

S3 50 120 

S4 60 120 

1.2 Sand erosion experiment 
Analyze the actual installation environment of photovoltaic 

panels. According to ASTM-G76 standard [16, 25], the erosion 
resistance of TTO coatings in wind-sand environment was sim-
ulated. Through the self-designed fully enclosed micro particle 
erosion testing machine. The wind speed range of the device is 
0~25 m/s. The sample scaffold can be freely adjusted from 
0º~90º. Particle flow is controllable. The erosion test principle is 
shown in Fig. 1 (a). The erosion test uses quartz sand with a 
particle size range of 80-160µm. The shape of quartz sand is 
extremely irregular, with sharp edges and corners, as shown in 
Fig.1 (b). All tests are carried out at room temperature. Before 
and after the test, the samples need to be ultrasonically cleaned 
for five minutes to remove the residual gravel. The coatings 
samples S1 and S2 showed high light transmittance. Among 
them, the transmittance of the coatings samples S1 and S2 in the 
wavelength range of 220 nm ~ 850 nm fluctuates in the range of 



 

 

72 % ~ 88 %. The maximum transmittance of the coatings sam-
ples S1 and S2 was ~ 93.31 % and 90.93 %, respectively. The 
reflectivity of the coatings samples S1 and S2 in the wavelength 
range of 220nm-850nm is less than 25 %. The band gaps of S1 
and S2 are 3.98 eV and 3.76 eV, respectively. We have done the 
corresponding research in the literature [21]. Therefore, this pa-
per mainly studies the erosion test of S1 and S2 coating samples. 
The specific particle erosion test parameters of TTO coatings is 
shown in Table 2.  

Table 2 TTO coatings erosion test parameters 

Samples 
Wind 

speed(m/s) 
Angle(º) 

Granular 

flux(g/s) 
Time(s) 

S1、S2 15 90 0.75 

60 S1、S2 15 30 0.75 

S1、S2 15 90 1 

 
(a) Erosion test principle 

 
(b) Erosion particle morphology 

Fig. 1 Erosion test principle and erosion particles of the TTO coatings 

1.3 Morphology characterization of the coatings before 
and after erosion 

Microstructure and surface structure of TTO coatings before 
and after erosion test. The nanostructure of TTO coatings was 
obtained by high resolution transmission electron microscopy 
(TEM, JEM-F200(URP)) at an accelerated voltage of 200 kV. 
The state of TTO coatings before and after erosion test was 
characterized by scanning electron microscope (SEM, Zeiss 
Sigma 300), energy dispersive spectrometer (Smart EDS) and 
atomic force microscope (AFM, Bruker Dimension Icon). The 
nanoindentation (ZDT075-075) was used to apply a load of 25 
mN, and the indentation depth was not more than 10% of the 
film thickness, and the microhardness (H) and elastic modulus 
(E) of the film were obtained. The material high-frequency lin-
ear super-smooth testing machine (RTEC MFT-5000) was used. 
The GCr15 steel ball with a diameter of 5 mm was used. The 
load of the reciprocating friction test was 0.5 N, the reciprocat-

ing distance was 6 mm, the frequency was 20 Hz/s, and the test 
temperature was room temperature. The failure mechanism and 
wear traces of the TTO coatings was characterized by SEM. 

2 Results and Discussion 
2.1 Surface and cross-sectional morphology 

Fig.2 shows the cross-sectional morphology and surface 
morphology of the TTO coatings. The cross-sectional mor-
phology of the TTO coatings shows that the coating is grown 
in a single layer structure, and the TTO coatings is uniformly 
bonded to the surface of the substrate. The TTO coatings 
shows a very obvious columnar structure growth during the 
growth process. Observing the cross-section morphology of 
the S1 coatings sample in Fig.2 (a), it was found that a few 
microcracks appeared. However, with the increase of Ti target 
power, the cross-section morphology of S2-S4 coatings sam-
ples shows that the columnar structure is more closely packed, 
as shown in Fig. 2 (c-d) cross-section morphology. The oc-
currence of such phenomena is related to the diffusion energy 
of atoms. Studies have shown that substrate temperature, 
working pressure, sputtering power and other parameters will 
affect the diffusion energy during atomic deposition, which in 
turn affects the microstructure of the coating [30]. In this 
study of TTO coatings, the input power has a similar effect on 
the microstructure of the coating. In the deposition process of 
S1 coatings sample, the lower sputtering power leads to the 
diffusion energy is not enough to make the sputtering atoms 
migrate on the substrate surface, which leads to the phenome-
non of loose accumulation and micro cracks in the S1 coatings 
sample. On the contrary, in the S2-S4 coatings samples at 
higher sputtering power, the sputtering atoms obtain more en-
ergy and can quickly diffuse and grow in a columnar structure 
at the beginning of the deposition. Therefore, we can conclude 
that all TTO coatings samples have no obvious cracks or only 
defects, which indicates that the columnar structure is formed 
in a specific direction [31]. It can also be observed that the 
thickness of the coatings is uniform. The thicknesses of TTO 
coatings S1, S2, S3 and S4 samples were measured to be 
405.3 nm, 403.1 nm, 407.1 nm and 401.7 nm, respectively. 
The surface of the TTO coatings is smooth and dense, and 
there are no micro-cracks and large-area voids. Due to the 
bombardment of high-energy particles, the mobility of ad-
sorbed atoms during the growth of TTO coatings is improved, 
and the roughness, voids and defects in the material are elim-
inated, thereby obtaining a smoother coatings surface [32,33]. 



 

 

 

Fig. 2 Surface and cross-section morphology of TTO coatings 

Fig. 3 shows the typical TEM image of TTO coatings. The 
overall crystallinity and morphology of the TTO coatings were 
evaluated according to the TEM microscopic images. Analysis 
of Fig. 3 (a) shows that the TTO coatings is stacked by layered 
structures during the deposition process. Analysis of Fig.3 (b) 
and (c) high-resolution constituency map and electron diffrac-
tion map of the selected area. Fig.3 (c) diffraction pattern does 
not appear clear lattice fringes, indicating that the phase 
structure of TTO coatings is mainly amorphous phase. 

 
Fig. 3 TEM diffraction pattern of TTO coatings 

2.2 Tribological properties 
The friction and wear behaviors of TTO coatings samples 

on glass substrates were compared using a high-frequency 
linear super-slip tester. The SEM morphology of TTO coatings 
samples S1-S4 after tribological test is shown in Fig.4. The 
wear track width of the TTO coatings sample was measured at 
least four locations. The wear track width of the TTO coatings 
sample S1-S4 is about 106.1 ± 3nm. The TTO coatings sam-
ples S1-S4 have broken and cracks along the edge of the wear 
track, as shown in Fig.4 (a-d). In order to study the wear be-
havior of TTO coatings in detail, the wear track was analyzed 
by SEM, and the element mapping and quantitative analysis of 
the composition of S1 coating sample were carried out by 

EDS, as shown in Fig. 4 (a, I, II), (b, I, II), (c, I, II), (d, I, II) 
and (e, f, g, h). The wear track of S1-S4 coating samples 
shows that the surface of TTO coatings after friction and wear 
test is seriously damaged. 

 

Fig. 4 Friction and wear and wear trace morphology of TTO coatings 

Fig.4 (a, I, II) and (b, I, II) show that spalling and partial 
cracks appear in the friction contact area of TTO coatings 
samples S1 and S2. The spalling morphology is mainly gran-
ular structure, and some smaller particle debris particles are 
compacted to form a protective coating in the wear area. The 
friction layer is formed by material transfer and wear traces 
and cracks that pass through all layers [34]. Fig.4 (c, I, II) and 
(d, I, II) show that the spalling area of the friction contact area 
of the TTO coatings samples S3 and S4 increases. The spall-
ing morphology is mainly characterized by a mixed structure 
of small fragments and fine particles. The TTO coatings sam-
ples S3 and S4 have higher cohesion, thus improving the sur-
face plasticity. The friction layer observed by is formed by 
debris generated during sliding contact tests, which presses the 
wear area through reciprocating motion [35]. The TTO coat-
ings is mainly characterized by plastic deformation and mi-
cro-crack wear mechanism. Further analysis of Fig.4 (e-h) 
shows that the content of Ta and Ti atoms in the selected area 
of S1 and S2 friction layers of TTO coatings samples is higher 
than that of S3 and S4. Therefore, it is considered that the 
TTO coatings samples S1 and S2 have stronger wear re-
sistance. 
2.3 Erosion performance and mechanism analysis 

According to the erosion test parameters in Table 2, the 
simulated particle erosion test of TTO coatings was carried 
out. Fig.5 (a, b, c) and Fig.5 (c, d, e) are the erosion area 
damage domain diagrams of the surface of the TTO coatings 
S1 and S2 samples after the erosion test. Compared with the 
surface morphology of TTO coating in Fig.2, it was found that 
the surface of S1 and S2 coating samples was smooth and flat 
before erosion test. After the erosion test, the surface of the 
TTO coatings was broken, and the number of cracks and pits 



 

 

gradually increased with the extension of the erosion time. 
The plastic deformation of the surface morphology of the S1 
coatings sample is larger and the situation is more complicated. 
Fig.5 (g) shows that the erosion damage area of TTO coating 
sample S1 is larger than that of TTO coatings sample S2 under 
the same erosion parameters. It may be related to the hardness 
and elastic modulus of the coatings. H/E and H3/E2 are pa-
rameters reflecting the ability of materials to resist plastic de-
formation, which are usually used to evaluate the toughness 
and wear resistance of materials [36,37]. The variation of H/E 
and H3/E2 of TTO coatings samples S1 and S2 is shown in 
Fig. 6. The H/E and H3/E2 values of the S2 coatings samples 
were higher than those of the S1 coatings [21]. High hardness, 
toughness and resistance to plastic deformation can reduce the 
peak impact force and energy absorption of the coatings dur-
ing erosion [38]. 

We analyzed the micro-morphology of TTO coatings mate-
rial surface after erosion. The purpose is to study the variation 
of erosion resistance of TTO coatings under different erosion 
parameters. Fig.7 is the surface erosion morphology of TTO 
coatings after different erosion parameters test. The erosion 
morphology of the TTO coatings shows that a large number of 
impact pits can be observed in the damaged area of the coat-
ings. These erosion craters are caused by the continuous im-
pact of sharp particles [38]. Due to the low toughness of the 
TTO coatings, it cannot resist the high-energy impact of 
hard-corner particles and exhibits brittle spalling. Different 
surface erosion morphologies correspond to different damage 
forms of coatings materials during erosion process. Different 
damage forms can reflect the erosion wear law of TTO coat-
ings. 
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Fig.5 Relationship between surface area damage and erosion parame-

ters of TTO coatings 
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Fig.6 Variation of H/E and H3/E2 of TTO coatings samples S1-S4 

As shown in Fig.7 (I), the surface of the TTO coatings is 
dominated by peeling erosion pits at 90º erosion angle. 
Around the erosion pit is also accompanied by the generation 
of microcracks, as well as the accumulation of flaking debris 
and granular structures. Long strip cracks appear around the 
erosion pit, and these cracks extend. During the continuous 
impact of the particles, a large area of the TTO coatings was 
peeled off [39]. The erosion wear forms of TTO coatings is 
mainly stress fatigue fracture wear and brittle fracture wear. 

As shown in Fig. 7 (II), the micro-morphology of TTO 
coatings after erosion test changed significantly at 30º erosion 
angle. When the particle erosion angle is low, the damage area 
of TTO coatings increases. The surface damage form of TTO 
coatings after erosion test is mainly the cutting and scratching 
of particles on the coatings. 

As shown in Fig. 7 (III), when the particle flow rate is 1g/s, 
the micro-morphology of TTO coatings after erosion test is 
more complex and diverse. With the increase of particle flow 
rate, the impact times of TTO coatings increased significantly. 
The microstructure after erosion test shows that many cracks 
and deep erosion pits appear in the erosion area of TTO coat-
ings. Under the micro-cutting action of the corrosive medium, 
the TTO coatings continuously falls off, forming irregular 
spalling. Under the action of erosion particles, the spalling 
debris reattaches to the unpeeled coating [40]. 

 
(I) The damage morphology of TTO coatings when the erosion wind 

speed is 15m/s 



 

 

 
(II) The erosion damage morphology of the TTO coatings at an 

erosion angle of 30° 

 
(III) Erosion damage morphology of TTO coatings at particle flow 

rate of 1g/s 

Fig.7 Erosion morphology of TTO coatings under different erosion 

parameters 

Fig.8 shows the distribution of EDS elements on the surface 
of TTO coatings in some areas after erosion test. It can be 
seen from the diagram that there is no obvious element aggre-
gation on the surface of TTO coatings after erosion test. The 
contents of Ti, Ta and O are 4.3%, 74.38% and 21.31%, re-
spectively. The distribution of elements on the erosion surface 
of TTO coatings plays an important role in revealing the ero-
sion wear mechanism of the coatings, and has certain guiding 
significance for the design of anti-erosion materials. 

 

Fig. 8 EDS results of TTO coatings erosion center area 

The plasticity index (H3/E2) is a parameter to describe the 
plastic deformation resistance of the coating, and the H3/E2 ra-
tio is often used to simply describe the fracture toughness of 
the solid coatings. Finally, the plasticity indexes of various 
coatings under different working conditions are listed and an-
alyzed, as shown in Table 3. Cao and Li et al [41, 42] prepared 
TiN and AlCrN coatings on the surface of titanium alloy ac-
cording to the problem that aircraft engine blades are vulnera-
ble to sand-dust erosion damage, and evaluated the sand-dust 
erosion resistance of the samples on the erosion test platform. 
It is found that TiN and AlCrN coatings can improve the parti-
cle erosion resistance of titanium alloy substrate. The erosion 
wear characteristics of the coating surface mainly include mi-
cro-cutting marks, large particle plastic deformation and 
spalling pits. With the erosion test, the coatings has both plas-
tic material erosion wear mechanism and brittle material ero-
sion wear mechanism. Naveed et al. [43] studied the effect of 
Ti2AlC MAX phase coating on the erosion resistance of 
Ti6242 alloy. The heat treatment process of Ti6242 alloy 
transforms the spherical microstructure into a dual-phase mi-
crostructure, resulting in an increase in surface hardness. With 
the increase of hardness, the improvement of erosion behavior 
was observed. After comparative analysis, it is found that the 
erosion behavior can be predicted by estimating the value of 
H3/E2. Improving the plasticity index of the coatings can im-
prove the erosion resistance of the coatings. 
Table 3 H/E and H3/E2 of different types of erosion-resistant 

coatings 

Samples H/E H3/E2 

Ti-Ta2O5 0.0594 0.0307 

TiN 0.0592 0.0799 

AlCrN 0.0878 0.1790 

Ti2AlC 0.0583 0.0380 

3 Conclusions 
In this study, Ti-doped Ta2O5 coatings were prepared by 

magnetron sputtering technology by changing the Ti target 
power. The phase composition, microstructure and tribological 
properties of TTO coatings was studied, and the erosion re-
sistance of TTO coatings was evaluated by simulated gravel 
erosion test. 

1) By adjusting the microstructure of the TTO coatings, the 
change of the sputtering power of the Ti target makes the me-
chanical properties of the TTO coatings different. Finally, it 
has a key impact on the friction and wear characteristics and 
erosion resistance of the TTO coatings.  

2) With the introduction of Ti element, the wear resistance 
of single Ta2O5 coatings was improved. When the sputtering 
power of Ti target is 30W and 40W, the TTO coatings exhibits 
excellent mechanical and tribological properties. After the 



 

 

simulated particle erosion test, it was found that the TTO 
coatings sample S2 showed the best erosion resistance.  

3) Further analysis of the microstructure of the TTO coat-
ings after the erosion test found that the failure mechanism of 
the TTO coatings in the erosion environment is that the parti-
cle impact force causes a large number of cracks in the coat-
ings and the brittle spalling caused by the cross propagation of 
the cracks. 
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Ti 掺杂 Ta2O5 高透光涂层抗冲蚀性能及损伤演变研究 

 

叶博瑞 1，晁 瑞 2，3 
(1. 合肥工业大学机械工程学院，安徽 合 230009) 

(2. 河南科技大学机电工程学院，河南 洛阳 471000) 

(3.河南省机械设计及传动系统重点实验室，河南 洛阳 471000)  

 

摘  要：为了验证 Ti 掺杂 Ta2O5涂层(TTO)的耐磨特性和抗冲蚀性能，采用磁控溅射技术通过控制 Ti 靶功率制备了一系列 TTO 涂层。

主要研究了 TTO 涂层随 Ti 靶功率的生长结构、组织形貌、摩擦学特性。进一步研究了冲蚀试验后，TTO 涂层在不同冲蚀条件下，冲蚀

损伤行为随力学特性的变化规律。结果表明，TTO 涂层在生长过程中由于吸附原子的迁移率消除了材料中的粗糙度、空隙和缺陷， 获

得了平整致密的光滑表面。摩擦学试验表明，TTO 涂层主要表现为塑性变形和微裂纹的磨损机制。较高的 Ti 靶功率可以提升 TTO 涂层

的耐磨性。冲蚀试验结果表明，冲击坑、犁沟、微切削、脆性剥落和裂纹的形成为 TTO 涂层样品在冲蚀作用下的主要磨损机制。 

关键词：Ti-Ta2O5涂层；组织结构；摩擦学特性；冲蚀行为；损伤规律 
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