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A B S T R A C T   

Severe damage to the blade tip usually occurs when the turbine blade tip scratches against the abradable coating. 
Therefore, blade tip strengthening is a hot research topic. To improve the wear resistance of turbine blade tips, 
NiAlTa coatings were prepared on K417G superalloy by electro spark deposition. The microstructure and phase 
composition of the coating were analyzed by scanning electron microscope and X-ray diffraction. Microhardness 
tester and scratch method were used to test the microhardness and bonding strength of the coating. Using ZrO2 
balls as friction pair, the tribological behavior and wear mechanism of the coating were investigated by a self- 
developed tribometer at 25 ◦C and 800 ◦C. The NiAlTa coating mainly consists of the β phase NiAl and the 
laves phase NiTaAl. The laves phase NiTaAl encapsulates the NiAl phase, and this plant-like “cell wall” structure 
endows the coating with excellent mechanical properties, wear resistance, and cutting performance. Compared 
with the substrate, NiAlTa coating has higher microhardness (~797.18 HV0.2) and lower wear rate (~10− 6 

mm3⋅N− 1⋅m− 1). The wear process of NiAlTa coatings is dominated by plastic deformation, with little evidence of 
material loss from the brittle fracture. The competition between the anti-wear lubricating effect of the “glaze” 
layer and the plowing effect of oxides and ZrO2 debris affects the tribological behavior of the coating. The cutting 
performance of the NiAlTa coating can be attributed to the two-body or three-body abrasive wear caused by the 
oxides and ZrO2 debris embedded in the “glaze” layer.   

1. Introduction 

The efficiency of an aeroengine is highly dependent on the clearance 
between the rotating blades and the stationary case. If the clearance is 
extremely large, then the compressed air will escape from the top of the 
blade, reducing the efficiency of the aeroengine [1]. The seal between 
the blades and the case in the high-pressure turbine is particularly 
crucial in preventing such losses. The sealing method of cutting the 
abradable sealing coating applied to the surface of the case to form a 
specific track is gradually being used. 

The turbine blade tip is difficult to study due to its ultra-high linear 
velocity (> 400 m/s), the instantaneous ultra-high temperature 
(>1000 ◦C) generated during the rub-impact process, and its complex 
interaction with the environment (such as salt spray, sand, and dust). 
Designing testers for harsh conditions (e.g., high temperature/high- 
speed rubbing machine) is also a great challenge. Therefore, few 
studies have been reported on the design and evaluation of protective 
coatings for turbine blade tips [2,3]. In addition, as the turbine inlet 

temperature and pressure continue to rise, the abradable sealing coating 
applied to the casing surface gradually develops into a high-hardness 
ceramic sealing coating (such as 8 % Y2O3 stabilized ZrO2, YSZ), 
which exacerbates the occurrence of blade tip wear, oxidation, and 
cracking [4]. This phenomenon seriously affects the air path sealing 
performance of aeroengines. Therefore, the design and evaluation of 
protective coatings for turbine blade tips are urgent and necessary tasks.. 

In sliding two-body abrasive wear, abrasion of one body is caused by 
hard protrusions or particles attached to the other body, which are not 
free to roll. This leads generally to a higher rate of wear than if the 
particles are permitted to roll, as in three-body abrasion. Therefore, to 
ensure effective cutting and protect the blade tips from wear, the initial 
blade tip protective coatings are designed based on the two-body 
abrasive wear concept. Currently, the reported blade tip protective 
coatings are mainly composed of a ductile metal matrix and hard 
ceramic particles, such as NiCoCrAlY/cBN [5], NiCoCrAlY/Al2O3 +

ZrO2 [2], and NiCrAlYSi+NiAl/cBN [6] systems prepared by typical 
composite electrodeposition (Tribomet process), direct laser deposition, 
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low-pressure plasma spraying, aluminizing, and other techniques. 
However, the NiCoCrAlY system can no longer meet the current oper-
ating environment of high-temperature turbines because of problems 
such as the low high-temperature strength of the metal matrix (the creep 
rate of MCrAlY increases exponentially with the temperature, which is 
conducive to melt wear) and severe adhesive wear [2,7]. Furthermore, 
the selection of hard ceramic particles and their bonding with the metal 
matrix are particularly prominent issues. During service, the hard 
ceramic particles embedded in the metal matrix often fail by dislodging, 
oxidizing, or even fracturing and cannot achieve repeated cutting and 
wear prevention throughout the life cycle of turbine engines [2,8]. In 
addition, the preparation techniques of blade tip protective coatings 
have been gradually developed and applied and progressively evolved in 
the direction of improving the bonding strength of coatings and avoiding 
blade damage. 

On this basis, we abandon the concept of two-body abrasive wear 
and propose a “coating + preparation technology” blade tip protective 
coating system. The new coating is a laves phase NiTaAl reinforced NiAl 
coating. The NiAl coating, as the first generation of blade protection 
coating, has excellent environmental resistance (such as oxidation 
resistance and wear resistance). Meanwhile, the modulus of elasticity 
and coefficient of thermal expansion of NiAl are similar to those of 
nickel-based superalloys. Therefore, NiAl does not cause excessive 
thermal stress when assembled with nickel-based superalloys [9]. 
However, single NiAl coating is insufficient to bear 1200 ◦C, and the 
limited slip system, the large slip vector, and the restricted cross-slip 
make the effective coordination of the local deformation in the low- 
temperature deformation and exhibition of high low-temperature brit-
tleness difficult for the NiAl phase [10]. The above problems can be 
solved by the technical means commonly used by researchers, such as 
alloying and grain refinement. The laves phase NiTaAl has been shown 
to have excellent high temperature and wear resistance [11], so the 
selected alloying element is the high melting point Ta element. Rapid 
solidification techniques (e.g., laser cladding and electro spark deposi-
tion) can be used to obtain coatings with metallurgical bonding strength 
and significant grain refinement and simultaneously improve the 
strength and toughness of alloys. However, considering the unique 
characteristics of the blade tip (such as high crack sensitivity and thin- 
walled structure), the laser cladding technique with a high heat input 
is abandoned. Therefore, the electro spark deposition technique is 
adopted as the preparation technology. 

Electro spark deposition (ESD) is a surface modification technique 
that uses the spark discharge principle. In protective gases or special 
fluids (such as argon, kerosene), the workpiece is used as the negative 
electrode and the rod-shaped conductive material as the positive elec-
trode. The high energy electrical energy stored by the power supply 
causes a high frequency pulse spark discharge or arc discharge between 
the conductive material and the metal workpiece. In a very short time of 
10− 6–10− 5 s, a current density of 105–106 A/cm2 can be generated at the 
tiny part of the contact, producing an instantaneous high temperature of 
8000–25,000 K. The high-density energy makes the workpiece and the 
electrode material melt at the same time, and the molten material is 
transferred to the surface of the workpiece under the joint action of 
electric field force, centrifugal force, and contact force, etc. ESD has an 
ultra-high temperature gradient (107–109 K/m), an ultra-fast cooling 
rate (105–106 K/s), and a low heat input, which is suitable for thin- 
walled structures (such as the blade tip) [12]. Laser processing is one 
of the most popular surface modification techniques, but the large heat- 
affected zone (> 100 μm) makes surface modification of thin-walled 
parts difficult. Besides, the microfissure is more likely to occur due to 
the complexity of processing control, it will put highly stressed airfoil in 
risk [12]. Therefore, the laser processing is not suitable for blade tips. 
ESD has the unique technical advantages of simple equipment, easy 
operation, small substrate deformation, and high coating bonding 
strength, making it an important technical tool in the field of surface 
engineering and remanufacturing engineering. 

In this work, a preliminary evaluation of the proposed “coating and 
its preparation technology” system was conducted. The coating obtained 
by this novel system consists of the nano sized phase NiAl and the 
continuously distributed mesh laves reinforced phase NiTaAl. The high- 
temperature tribological performance of the coating under the operating 
environment of the turbine blade tip was studied and evaluated. The 
laves phase NiTaAl encapsulates the NiAl phase, and this plant-like “cell 
wall” structure endows the coating with excellent mechanical proper-
ties, wear resistance, and cutting performance. In this paper, the concept 
of two-body abrasive wear is abandoned. The rough surface of the ESD 
coating is used as the cutting unit instead of hard ceramic particles to 
effectively cut the ceramic-base sealing coating. 

2. Material and methods 

2.1. Preparation of coatings 

The base material was K417G nickel-based superalloy (Institute of 
Metal Research, Chinese Academy of Sciences, CHINA), and its chemical 
composition was listed in Table 1. Several samples were removed from 
the K417G alloy using wire-cut electrical discharge machining (WEDM). 
The samples were successively ground with 400#, 800#, 1000#, and 
1200# SiC sandpapers. An Al2O3 polishing paste with a particle size of 
2.5 μm was used for polishing to a specified roughness (Ra ≈ 0.6 μm, and 
this roughness value is near those of real bare blades.). Finally, the 
samples were placed in ethanol for ultrasonic cleaning for 20 min and 
blow-dried ready for use. 

NiAlTa coatings were prepared as follows:  

(1) Ingredients: Ni, Al, and Ta metal raw materials (Hefei City 
Shushan District Weng Hou Metal Materials Trading Company, 
CHINA) with a nominal purity of 99.999 % were selected. After 
being polished off the surface oxide, the Ni, Al, and Ta raw ma-
terials were weighed according to a certain mass ratio (as shown 
in Table 1). The target mass of the alloy ingot is 70 g. Given that 
the boiling point of Al (2467 ◦C) is lower than the melting point of 
Ta (2996 ◦C), the Al raw material must be compensated. In this 
paper, the actual mass of Al is 1.05 times the theoretical mass.  

(2) Preparation of NiAlTa alloy ingots by arc melting: The weighed 
raw materials were placed in a non-consumable arc melting 
furnace (Institute of Metal Research, Chinese Academy of Sci-
ences, CHINA) in order of melting point from low to high. After 
vacuuming the furnace body (2.5 × 10− 3 Pa), the furnace was 
filled with inert gas (Ar) to 0.05 Pa. Smelting was carried out 
under the protection of inert gas. In this case, the melting current 
was 232 A, and the melting time was 60 s. After cooling the 
samples, they were turned over using crucible tongs and 
continued to be melted, and the NiAlTa alloy ingots were ob-
tained by repeated melting six times. 

(3) Preparation of bar electrodes by wire cutting: Several bar elec-
trodes with a diameter of 4 mm and a length of 30 mm were 
removed from the alloy ingot by WEDM. One end of the electrode 
rods was ground into a hemisphere, and they were ground and 
polished. They were ultrasonically cleaned in ethanol for 20 min 
and blow-dried for later use.  

(4) Preparation of coatings using electro spark deposition: The pre- 
treated K417G substrate was connected to the negative elec-
trode and the electrode rod was connected to the positive elec-
trode. The NiAlTa coatings were prepared by 3H-ES6 type electro 
spark deposition equipment (Institute of Metal Research, Chinese 
Academy of Sciences, CHINA), and the specific preparation pa-
rameters were shown in Table 2. Fig. 1a showed a schematic 
diagram of the electro spark deposition principle. The thickness 
of the coatings was maintained at 50–70 μm. 
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2.2. Adhesion strength test 

The adhesion strength between the coating and the substrate was one 
of the important indicators of the comprehensive performance of the 
coating. The adhesion strength was measured by the scratch method. 
Scratch tests were performed according to ASTM C1624–05 standard. 
MTF-5000 multi-functional friction and wear tester equipped with HRC- 
3 Rockwell indenter (RTEC, USA) was used. The test parameters were as 
follows: loading speed 50 N/min, maximum load 100 N, scratching 
speed 2 mm/min and scratching length 4 mm. The loading mode was 
continuous and linear loading. The parameters such as friction force and 
acoustic signal were recorded during the experiment. After the experi-
ment, the scratch morphology was observed by an optical microscope, 
and the critical loads of the main failure events during the scratching 
process were obtained. The critical load was the average value of three 
scratch tests. 

2.3. Wear test 

The tribotests were conducted on a self-developed high-temperature 
tribometer (Institute of Metal Research, Chinese Academy of Sciences, 
CHINA) with a rotation mode of ball-on-disc configuration. The exper-
imental principle was shown in Fig. 1b. The lower specimen discs were 
K417G substrate and NiAlTa coating (Φ40 mm × 5 mm). ZrO2 balls 
(Grade G5, Institute of Metal Research, Chinese Academy of Sciences, 
CHINA) of 4 mm diameter (1215 HV0.5) were used as the upper sample. 
ZrO2 balls were selected as a counterpart sample because of the 
following reasons. One, ZrO2 is used as a gas path sealing material in 
aeroengines. Therefore, NiA1Ta coating interacts with ZrO2 in practical 
applications. ZrO2 balls were also used to guide the structural design of 
the blade tip protective coating by observing the wear behavior of the 
NiA1Ta coating with ZrO2. A new friction pair was used in the tribotest 
at each temperature. 

The tribotests were carried out at 25 ◦C and 800 ◦C. When the cor-
responding test temperature was reached, it was maintained for 5 min to 

ensure that both upper/lower specimens reach a stable temperature. The 
test parameters were listed in Table 3. The experimental parameters 
selected are based on extensive literature research to make the experi-
ments comparable and repeatable. During the test, the shear force (Fx) 
and normal load (Fz) were monitored in real-time, and Fx/Fz was used as 
the friction coefficient. Other relevant data were also collected and 
analyzed. Each test was repeated three times to ensure the reproduc-
ibility of the results. Microhardness and wear tests were carried out as 
per ASTM E384 and G99 standards. 

2.4. Material characterization 

A TESCAN MIRA3 field emission scanning electron microscope 
(TESCAN, CZECH), a VHX-6000 ultra-depth three-dimensional micro-
scope (KEENSCH, JAPAN), and an Ultim MaxN silicon drift energy 
spectrometer (OXFORD, UK) were used to analyze the original surface, 
worn surface, and elemental composition of the substrate and the 
coating. A D/Max-2500PC X-ray diffractometer (RIKEN, JAPAN) was 
used to determine the phase composition of both the deposited coatings 
and the oxidation products of the coatings (Cu Kα, 5◦/min, 20◦–90◦). 
The chemical composition of the worn and unworn surfaces was char-
acterized by Raman spectroscopy (Labram HR Evolution Instrument, 
HORIBA, JAPAN). The laser wavelength was 532 nm. 

A 2300A-R contact profiler (Harbin Gauge & Cutting Tools Group 
Co., LTD., CHINA) and an ultra-depth three-dimensional microscope 
were used to analyze the 2D profiles and worn surfaces of the K417G 
substrate, the NiAlTa coating, and the ZrO2 balls. According to Eqs. (1) 
and (2), the wear volumes of the K417G substrate, the NiAlTa coating, 
and the ZrO2 balls were calculated as follows: 

V = 2πSr (1)  

where V is the wear volume of the NiAlTa coating, mm3; S is the average 
cross-sectional area of the wear track, mm2; and r is the radius of the 

Table 1 
Chemical composition of K417G substrate and NiAlTa coating (wt%).   

Ni Co Cr Al Mo Ti C B Zr V Ta 

K417G substrate Bal. 10.0 9.0  5.25 3.0 4.4 0.17 0.018 0.07 0.75 – 
NiAlTa coating 46.85 – –  21.25 – – – – – – 31.89  

Table 2 
Parameters of electro spark deposition.  

Parameters Value 

Working voltage(V)  65 
Pulse frequency(Hz)  305 
The output power(W)  1500 
Electrode rotation speed(r/min)  1300 
Guard gas flow(L/min)  15 
Tilt angle(◦)  60  

Fig. 1. Schematic diagram of the electro spark deposition principle (a) and the friction and wear principle (b).  

Table 3 
High-temperature friction and wear tests parameters.  

Parameters Value 

Ball ZrO2 

Disk K417G alloy、NiAlTa coating 
Temperature(◦C) 25、800 
Heat rate(◦C/min) 10 
Load(N) 20 
Rotation speed(rpm) 60 
Time(s) 3600 
Radius(mm) 15  
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wear track, mm. 

V =

∫ d

̅̅̅̅̅̅̅̅̅̅
4d2 − D2

4

√ π
(
d2 − y2)dy (2)  

where V is the wear volume of the ZrO2 ball, mm3; d is the radius of the 
ZrO2 ball, mm; and D is the diameter of the wear track, mm. The wear 
rate was calculated by substituting the obtained wear volumes into Eq. 
(3): 

Wr =
V
PS

(3)  

where Wr is the wear rate, mm3⋅N− 1⋅m− 1; V is the wear volume, mm3; P 
is the load, N; and S is the sliding distance, m. 

3. Results 

3.1. Microstructure and phase composition of electrodes and deposited 
coatings 

Fig. 2 shows the X-ray diffraction (XRD) patterns of the electrode and 
the deposited coating. The XRD results show that the electrode is mainly 
composed of the β-NiAl phase and the laves phase NiTaAl. In addition to 
these two phases, a small amount of AlTa phase can also be found in the 
deposited coating. The excess Ta element, which was captured by the Al 
element, generated the AlTa phase [13]. The diffraction peak of the 
β-NiAl phase shows a shift to the left side compared with the standard 
diffraction peak due to the dissolution of other atoms with larger atomic 
radii, such as Ta, in the lattice of the β-NiAl phase. 

Fig. 3 shows the microstructure of the electrode (a) and the deposited 
coating (b) and the corresponding energy dispersive spectroscopy (EDS) 
analysis results. Combined with EDS and XRD results (Fig. 2), the dark 
and light phases in Fig. 3a and b are the β-NiAl and NiTaAl phases, 
respectively. The microstructure of the electrode shows that the primary 
phase β-NiAl is surrounded by NiAl-NiTaAl eutectic (Fig. 3a) [11]. Un-
like the microstructure of the electrode, the NiAlTa coating has a fine 
and uniform “cell-like” structure (Fig. 3b). The “cells” composed of the 
β-NiAl phase show a regular shape and a uniform size (approximately 
550 nm). The continuous distribution of the laves phase NiTaAl forms 
the “cell wall” of the β-NiAl phase. The NiAl phase is encapsulated by the 
laves phase NiTaAl, which is similar to the plant “cell wall” structure. 
This structure can provide the coating with excellent high-temperature 
strength and mechanical properties. In addition, the NiAl-NiTaAl 

eutectic structure can be found in the coating. 

3.2. Microhardness and bond strength of the coatings 

Fig. 4a shows the microhardness distribution of the electrode and 
coating-substrate cross-section. Fig. 4a reveals that the average micro-
hardness of the coating (797.18 HV0.2) is approximately twice that of the 
substrate (391.63 HV0.2), which is sufficient to expect for the coating to 
have better wear resistance and cutting performance than the substrate. 
Compared with those of the substrate and the coating, the microhard-
ness distribution of the electrode is extremely heterogeneous (617.14 
HV0.2), which is directly related to the microstructure or phase distri-
bution. The microhardness of the coating is significantly higher than 
that of the electrode in the case of the same phase composition, which is 
related to factors such as the ultra-fine microstructure and the redistri-
bution of phases. 

Fig. 4b shows the scratch morphology of NiAlTa coating and the 
corresponding friction force and acoustic emission signals. It can be 
found from Fig. 4b that the coating is mainly deformed by plasticity in 
the whole scratch experiment. When the load is 47.56 N, the coating 
starts to be damaged. Significant plastic deformation of the coating oc-
curs. When the load is increased to 85.20 N, the bright white substrate is 
almost completely exposed, which indicates that the NiAlTa coating has 
completely failed. This load is better than the critical load required for 
general engineering applications (~30 N), which indicates that the 
NiAlTa coating has excellent adhesion strength to the K417G substrate. 

3.3. Tribological behavior 

Fig. 5a shows the real-time friction coefficients of the K417G sub-
strate and the NiAlTa coating sliding with ZrO2 balls. The figure in-
dicates that the friction coefficients of the K417G substrate and the 
NiAlTa coating show a decreasing trend with the increasing tempera-
ture, and the change is more significant for the K417G substrate. At 
25 ◦C, the friction coefficient of the K417G substrate is higher than that 
of the NiAlTa coating. However, the friction coefficient of the NiAlTa 
coating is significantly higher than that of the K417G substrate at 
800 ◦C. Unlike the K417G substrate, the friction coefficient of the NiAlTa 
coating fluctuates greatly in the latter stage and eventually tends to 
stabilize at a certain value (0.45–0.50). This trend may be related to the 
destruction of the transfer film by hard particles. 

The wear rates and average friction coefficients of the K417G sub-
strate and the NiAlTa coating sliding with ZrO2 balls as a function of 
temperature are shown in Fig. 5b. At 800 ◦C, the wear volume of the 
NiAlTa coating is extremely small to measure and therefore not shown in 
Fig. 5b. Fig. 5c shows the 2D profiles of the K417G substrate and the 
NiAlTa coating at different temperatures. Consistent with the variation 
of the average friction coefficient, the wear rates of the K417G substrate 
and the NiAlTa coating gradually decrease with the increasing temper-
ature (Fig. 5b). The wear rate of the K417G substrate (~10− 5 

mm3⋅N− 1⋅m− 1) is significantly higher than that of the NiAlTa coating 
(~10− 6 mm3⋅N− 1⋅m− 1, 25 ◦C). Notably, the wear profile of the NiAlTa 
coating differs from the typical “U” or “V” profile at 800 ◦C (Fig. 5c), and 
the wear volume at this point is extremely small to measure. In addition, 
the wear width of the K417G substrate gradually decreases (from 1310 
μm to 730 μm) with the increase in temperature, but the wear depth 
gradually increases (from 24 μm to 32 μm). Unlike the K417G substrate, 
the variation trend of the wear width and depth with the temperature for 
the NiAlTa coating is opposite that of the K417G substrate (Fig. 5c). The 
wear depth of the NiAlTa coating at different temperatures is much 
smaller than that of the substrate. The above experimental results reveal 
that the NiAlTa coating has superior wear resistance over the K417G 
substrate. 

Fig. 5d shows the wear rate of counterpart ZrO2 balls as a function of 
temperature. ZrO2 balls ground against the K417G substrate and NiAlTa 
coating are noted as K417G-ZrO2 and NiAlTa-ZrO2, respectively. Fig. 2. XRD patterns of the electrode and deposited coating.  
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Unpolished NiAlTa coating is used in practical applications, so the wear 
rate of ZrO2 balls sliding with the unpolished NiAlTa coating is as pro-
vided in Fig. 5c and labeled as unpolished NiAlTa-ZrO2. The figure 
shows that the wear rate of K417G-ZrO2 decreases from ~10− 5 

mm3⋅N− 1⋅m− 1 to ~10− 6 mm3⋅N− 1⋅m− 1 as the temperature increases. In 
contrast to the wear rate trend of K417G-ZrO2, the wear rate of NiAlTa- 
ZrO2 increases from ~10− 6 mm3⋅N− 1⋅m− 1 to ~10− 4 mm3⋅N− 1⋅m− 1 with 
the increase of temperature. The wear rate of unpolished NiAlTa-ZrO2 is 
greater than that of polished NiAlTa-ZrO2 at different temperatures. At 
800 ◦C, the wear rate increases significantly to ~10− 3 mm3⋅N− 1⋅m− 1. In 

addition, the wear rates of both polished and unpolished NiAlTa-ZrO2 
are lower than those of K417G-ZrO2 at 25 ◦C. In principle, the protective 
coating for blade tips should be designed to have good wear resistance 
and cutting performance. In this experiment, the wear rate of ZrO2 re-
flects the cutting performance of the coating. Therefore, the above 
experimental results indicate that the NiAlTa coating has good wear 
resistance at both 25 ◦C and 800 ◦C. At 25 ◦C, the cutting performance of 
the NiAlTa coating is slightly inferior to that of the K417G substrate. 
However, the cutting performance of the NiAlTa coating is significantly 
better than that of the K417G substrate at 800 ◦C. The cutting 

Fig. 3. Microstructure and corresponding EDS analysis results of the electrode (a) and the NiAlTa coating (b).  

Fig. 4. Microhardness distribution of electrode and coating-substrate cross-section (a), the scratch morphology of NiAlTa coating and the corresponding friction 
force and acoustic emission signals (b). 
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performance of the unpolished coating is optimal. 
Fig. 5e shows the schematic map about the difference of the models 

for friction and wear between K417G substrate and NiAlTa coating. 
From Fig. 5e, it can be seen that the tribological behavior of the substrate 
and coating at different temperatures is significantly different. This will 
be discussed in the next section. 

To understand the tribological behavior of the K417G substrate and 
the polished or unpolished NiAlTa coating at 25 ◦C and 800 ◦C, the 
morphology of the worn surface was observed by scanning electron 
microscopy, and the results are shown in Fig. 6. 

After the tribotest at 25 ◦C (Fig. 6a–b), the worn surface of the K417G 
substrate was rough, with obvious material bulge and accumulation 
(adhesions). The adhesions were produced by the repeated crushing and 
smearing of debris, and many micro grooves were distributed on the 
surface. Under the action of cyclic stress, spalling occurred on the sur-
face of certain adhesions due to repeated adhesions and shear de-
formations. The worn surface of the NiAlTa coating was smooth and flat, 
except for few adhesions and micro-spalling pits, which are mainly 

dominated by micro grooves (Fig. 6b enlarged view). 
After the tribotest at 800 ◦C (Fig. 6c–d), the worn surface of the 

K417G substrate was covered with a continuous flat and smooth black 
film, that is, the “glaze” layer. The surface of the “glaze” layer had many 
grooves and spalling pits. The local magnification reveals extremely fine 
and spherical-shaped debris inside the hole. This feature is typical of the 
oxidation wear of coatings at high temperatures [7,14]. These extremely 
fine debris fragments have been reported to be a sign of “glaze” layer 
formation [7,14,15]. The support of the substrate to the “glaze” layer 
decreases significantly with the increase in temperature, while the 
“glaze” layer begins to flake under the cyclic stress of the ceramic ball 
and the plowing action of hard particles. 

Numerous milky white adhesions can be found on the worn surface 
of the NiAlTa coating. Milky white adhesions were distributed in a 
discontinuous black “glaze” layer. EDS analysis shows that the adhesion 
was mainly composed of Zr, Ni, Al, O, and other elements. The fine metal 
oxide and ZrO2 debris were mixed, compacted, and sintered under the 
combined effect of high temperature and cyclic stress, forming a special 

Fig. 5. Real-time friction coefficients of coating and substrate (a), average friction coefficients and wear rates of coating and substrate (b), 2D profiles of coating and 
substrate (c), and wear rates of ZrO2 balls (d), the schematic map about the difference of the models for friction and wear between K417G substrate and NiAlTa 
coating (e). 
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“glaze” layer + ZrO2 structure. The local magnification reveals that the 
area not covered by the “glaze” layer was full of micro grooves from the 
three-body abrasive wear caused by the hard oxide particles. In addition, 
the milky white adhesions embedded in the “glaze” layer were flaking 
off. 

Fig. 6e–f shows the worn surface of the unpolished NiAlTa coating at 

25 ◦C and 800 ◦C. At 25 ◦C, only a few scratches could be observed on 
the worn surface of the NiAlTa coating. Compared with the polished 
coating, the number of adhesions on the worn surface of the unpolished 
coating was significantly reduced. At 800 ◦C, numerous milky white 
ZrO2 debris were embedded on the coating surface. The size and number 
of the embedded ZrO2 in the unpolished coating are larger than those in 

Fig. 6. Worn surfaces of K417G substrate and NiAlTa coating at 25 ◦C and 800 ◦C. (a) K417G at 25 ◦C; (b) NiAlTa at 25 ◦C; (c) K417G at 800 ◦C; (d) NiAlTa at 800 ◦C; 
(e) Unpolished NiAlTa at 25 ◦C; (f) Unpolished NiAlTa at 800 ◦C. The inset of the figure is an enlarged view of the local area. 
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the polished coating (Fig. 6d). A thermal mismatch occurred between 
the metal phase and the oxide ceramic interface with the increase in 
temperature, and the interfacial bond between them weakened. Some 
cracks along the boundary between the metal and the ceramic were 
found at the edge of ZrO2. 

To better understand the tribological behavior of the K417G sub-
strate and the NiAlTa coating, the worn surfaces of the ZrO2 balls sliding 
with the K417G substrate and the NiAlTa coating at 25 ◦C and 800 ◦C are 
shown in Fig. 7. The figure shows that severe material transfer from the 
K417G substrate to the surface of ZrO2 ceramic balls occurred at both 
room and high temperatures, forming a continuous layered transfer film 
on the surface of the ceramic balls (Fig. 7a and c). The transfer film 
showed discontinuous features and was covered with many micro 
grooves. At 25 ◦C, the NiAlTa coating transferred to the surface of the 
ZrO2 ceramic balls. Many debris could be observed on the worn surface. 
When the temperature increased to 800 ◦C, the material transfer phe-
nomenon was significantly suppressed. At this time, numerous cutting 
marks and debris could be observed on the surface of the ZrO2 ceramic 
ball. The worn surface of the ZrO2 ball sliding with the unpolished 
coating is very similar to that of the polished coating. At 800 ◦C, the 
surface of the ZrO2 ceramic balls was covered with many grooves. The 

debris in Fig. 7d is nearly completely removed, indicating that the un-
polished NiAlTa coating results in a good cutting of ZrO2 ceramic balls. 

4. Discussion 

4.1. Effects of microstructure and phase composition on mechanical 
properties and tribological behavior of coatings 

The ESD technique has ultra-high temperature gradient and cooling 
rate. These inherent properties can inhibit the coarsening of the coating 
microstructure and solute separation, allowing the good homogeniza-
tion of the coating [12]. The unidirectional rapid solidification near one 
dimension allows the primary phase β-NiAl to assume a nanostructure 
(Fig. 3b) while allowing the dissolved elements to obtain a supersatu-
rated solid solution (i.e., β-NiAl(Ta)) before they are separated. This 
finding is confirmed by the shift of the diffraction peak of the β-NiAl 
phase to the left as shown in Fig. 2. Subsequently, the excess Ta reacts 
with Ni and Al to form continuous “mesh-like” laves phase NiTaAl at the 
grain boundary of nanophase β-NiAl or the eutectic cell boundary 
(Fig. 3b). 

The phase composition and microstructure of the coating affect the 

Fig. 7. The worn surface of ZrO2 balls sliding with the K417G substrate and NiAlTa coating at 25 ◦C and 800 ◦C. (a) K417G at 25 ◦C; (b) NiAlTa at 25 ◦C; (c) K417G at 
800 ◦C; (d) NiAlTa at 800 ◦C; (e) Unpolished NiAlTa at 25 ◦C; (f) Unpolished NiAlTa at 800 ◦C. The inset of the figure is an enlarged view of the local area. 
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mechanical properties of the coating and thus affect the tribological 
behavior of the coating. The β-NiAl phase is characterized by the coex-
istence of metallic and covalent bonds and is a Hume–Rothery electronic 
compound between metal and ceramic [16]. The β-NiAl phase itself has 
a high hardness. The laves phase NiTaAl is a topologically closed-packed 
phase with an extremely small interatomic spacing and a high space 
occupancy [2,11,17]. Thus, the laves phase usually also has a high 
hardness. The combination of the β-NiAl phase and laves phase NiTaAl 
results in an ultra-hard coating, which also leads to a smaller wear rate 
compared to the substrate (Figs. 4, 5b and c). Meanwhile, the β-NiAl and 
NiTaAl phases are characterized by strong interatomic bonding with 
mainly covalent bonds, endowing them with excellent anti-adhesive 
wear properties and low friction coefficients (Figs. 5a, 6b, and d). It is 
well known that the room temperature brittleness of β-NiAl phase is 
large, which is usually considered unfavorable in friction and wear. 
However, in this study, the wear process of the NiAlTa coating was 
mainly plastic deformation under the condition of compressive stress, 
and nearly no evidence of material loss through brittle fracture could be 
found (Fig. 6b and d–f). This result is unexpected and indicates that the 
NiAlTa coating is suitable for compressive stress conditions. In addition, 
the skeleton structure formed by the eutectic lamellae and fine grains in 
the fast-setting alloy can effectively inhibit the generation and extension 
of cracks [18,19]. 

In high-temperature deformation, the plasticity of NiAl alloys in-
creases abruptly (>20 %) once the ductile-brittle transition temperature 
(350 ◦C–400 ◦C) is exceeded or approached [19]. At 800 ◦C, the content 
and distribution of laves phase NiTaAl are the main factors affecting the 
high-temperature strength and tribological behavior of the coating at 
high temperatures. Fig. 3b shows that a large amount of laves phase 
NiTaAl encapsulates the NiAl phase, which is similar to a plant “cell 
wall” structure that allows the NiTaAl phase to function as a stress 
transfer and load support during the high-temperature wear process, 
thus delaying the increase of the real contact area between the ceramic 
ball and the coating. This finding is confirmed by the minimal wear rate 
at high temperatures (Fig. 5b). In addition, at 800 ◦C, the combination of 
NiAl phase with good high-temperature toughness and NiTaAl phase 
with high-temperature strength can not only effectively coordinate the 
local deformation but also provide good load support capability, which 
significantly reduces the wear rate of the coating (Fig. 5b and Fig. 5c). 

4.2. Analysis of wear mechanisms of the substrate and the coating at 
25 ◦C and 800 ◦C 

At 25 ◦C, the ZrO2 ceramic balls are pressed into the substrate under 
load, causing a significant plastic deformation of the substrate surface. 
Subsequently, under the action of friction force, the hard phase ZrO2 
ceramic ball plows the soft phase substrate, and serious material bulge 
and accumulation occur (Fig. 6a). Meanwhile, serious material transfer 
also occurs between the friction pairs (Figs. 7a–d). The characteristics of 
the torn adhesive joints on the worn surface of the K417G substrate 
indicate that a significant adhesion-shear phenomenon occurs during 
the sliding process (Fig. 6a), which results in relatively high friction 
coefficient and wear rate (Fig. 5a and b). This phenomenon is mainly 
attributed to the adhesive wear caused by the FCC phase (γ-Ni phase) 
with many slip systems and a high crystal structure symmetry in the 
K417G substrate [20,21]. However, the NiAlTa coating with high 
hardness resists most of the plastic deformation and reduces the contact 
area between the ceramic ball and the alloy, thus reducing the wear rate 
of the coating (Fig. 5b). Therefore, the wear process of NiAlTa coatings is 
still dominated by a small amount of plastic deformation. 

The microhardness measurement of the worn surface shows 
(Table 4) that the K417G substrate and the NiAlTa coating undergo 
significant work hardening during the wear process, and the hardness of 
the adhesions on the worn surface is much greater than that on the 
substrate. These high hardness adhesions cause some damage to the 
ceramic balls during the wear process (Figs. 5d, 7a, and b). The work 

hardening results indicate the downward trend of the real-time friction 
coefficient curves of the substrate and the coating show in the latter 
stage (Fig. 5a). In addition, the presence of work hardening reduces the 
wear rate of both the coating and the substrate. 

The friction coefficient and wear rate of the K417G substrate and the 
NiAlTa coating change significantly with the increase in temperature 
(Fig. 5a). This change is related to the changes in the microstructure and 
mechanical properties of the coating and the substrate at high temper-
atures but more directly related to oxidation. On the one hand, oxidation 
causes the loss of strengthening elements in the coating and the sub-
strate, leading to a decrease in surface bearing capacity. On the other 
hand, the oxidation products and their contents on the worn surface will 
inevitably have an important influence on the wear mechanism of the 
coating. Therefore, the phase composition and evolution of the worn and 
unworn surfaces of the K417G substrate and the NiAlTa coating must be 
analyzed at different temperatures. 

Fig. 8 shows the X-ray patterns and Raman spectra of the worn and 
unworn surfaces of the K417G substrate and the NiAlTa coating at 
800 ◦C. At 800 ◦C, the K417G substrate generates a thin mixed oxide 
layer by static oxidation, mainly containing MoO3 [22], Cr2O3 [23], 
Al2O3 [24], and NiCr2O4 (Fig. 8a and d). During the wear process, NiO 
[25] and NiAl2O4 [26] are generated on the worn surface under the 
combined effect of cyclic stress and high temperature (Fig. 8d). The 
highest intensity of the scattering peak of NiAl2O4 within the worn 
surface indicates that the worn surface is mainly composed of the 
NiAl2O4 spinel. The temperature of the worn surface of the K417G 
substrate can be roughly estimated from the model for estimating the 
frictional heat [27]: 

Tc = Tb +ΔTf (4)  

ΔTf =
μv

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
πFnσ0.2

√

8λ
(5)  

where Tc is the friction surface temperature, Tb is the experimental 
temperature (800 ◦C), △Tf is the maximum instantaneous flash tem-
perature, μ is the friction coefficient (0.211), v is the sliding speed 
(0.094 m/s), Fn is the normal load (15 N), σ0.2 is the yield strength 
(~825 MPa), and λ is the thermal conductivity (~13.2 W/(m⋅◦C)). The 
worn surface temperature of the K417G substrate is approximately 
837.03 ◦C. This temperature is near the formation temperature of the 
NiAl2O4 spinel (~850 ◦C) [28]. Therefore, the frictional chemical re-
actions initiated by the instantaneous heat and stress generated during 
the friction process eventually lead to the formation of a large amount of 
spinel, that is, NiO + Al2O3 = NiAl2O4. 

The phase evolutions of polished or unpolished NiAlTa coatings at 
800 ◦C are nearly the same (Fig. 8b–c and e–f), and only the intensity of 
the diffraction peak changes. Taking the polished coatings as an example 
(Fig. 8b and e), the oxidation products of the coatings are mainly 
dominated by NiTa2O6 [29], AlTaO4, and Al2O3. Under the dual action 
of friction heat and ambient temperature, the internal oxidation of the 
worn surface is serious, and the new NiAl2O4 spinel appears. In addition, 
many scattering peaks of ZrO2 are detected on the worn surface [30]. 

Table 4 
Microhardness data from worn samples.  

Materials Vickers hardness(25 ◦C) 

K417G substrate 
Bulk material (unworn) 391.63 HV0.2 

Wear scar 586.16 HV0.2 

Wear debris 732.39 HV0.2  

NiAlTa coating 
Bulk material (unworn) 797.18 HV0.2 

Wear scar 894.08 HV0.2 

Wear debris 1009.78 HV0.2  
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Compared with those on the polished NiAlTa coating, the oxidation 
product types on the worn and unworn surfaces of the unpolished 
NiAlTa coating do not change, but more Al2O3 is produced on the sur-
face of the unpolished NiAlTa coating than that on polished NiAlTa 
coating (Fig. 8f). 

At 800 ◦C, under the combined effect of friction and high tempera-
ture, the debris on the surface of the K417G substrate and the NiAlTa 
coating gradually form a lubricating “glaze” layer through crushing, 
oxidation, compaction, and sintering (Fig. 6c and d) [7,14,15]. Mean-
while, the lubricant layer is partially transferred to the ceramic ball 
surface (Fig. 7c and d). The “glaze” layer has the advantages of high 
mechanical strength, good chemical and thermal stability, high service 
temperature, and wear resistance [31]. Therefore, the presence of the 
“glaze” layer changes the interfacial contact between the friction pairs, 
reducing the interfacial friction coefficients and the wear rates of the 
coatings (Fig. 5a and b). 

As shown in Fig. 6c, a typical high hardness “glaze” layer is observed 
on the surface of the K417G substrate, consisting mainly of oxides such 
as Cr2O3, Al2O3, NiO, NiCr2O4, and NiAl2O4 (Table 4, Fig. 8a, and d). 
However, the “glaze” layer shows a discontinuous distribution and many 
spalling pits. These phenomena can be attributed to the gradual decrease 
of the bearing capacity of the K417G substrate surface with the loss of 
oxidized elements. The “glaze” layer is destroyed under the action of 
plowing and cyclic stress of hard particles (such as Al2O3 and ZrO2). The 
damage to the “glaze” layer leads directly to the deepening of wear scars 
(Fig. 5c). In addition, the spalling of the “glaze” layer does not reduce 
the wear rate of the K417G substrate significantly at 800 ◦C compared 
with that at room temperature (Fig. 5d). 

Initially, the presence of the “glaze” layer enables the NiAlTa coating 
to exhibit excellent high-temperature self-lubricating properties 
(Fig. 5a). However, as the wear proceeds, the plowing action of oxide 

particles with low ionic potential (such as Al2O3, φ = 6) gradually be-
comes dominant (Fig. 5a). This finding is also confirmed by the large 
number of micro grooves shown in Fig. 6d. According to Erdemir 
[32,33], the anions in oxides with low ionic potential (φ = Z/r, Z is the 
cation charge and r is the cation radius) are poorly shielded from the 
surrounding cations. The constant interaction of cations forms strong 
covalent or ionic bonds, making them very hard and difficult to shear. 
Therefore, hard oxides with a low ionic potential induce three-body 
abrasive wear and increase the mechanical shear component, which 
directly lead to the increase and fluctuation of the friction coefficient. In 
addition, many ZrO2 (φ = 5) debris are embedded in the “glaze” layer of 
the NiAlTa coating (Fig. 6d), and the embedded ZrO2 debris induce a 
high wear rate of two-body abrasive wear, which increases the fluctu-
ation of the friction coefficient. This phenomenon also aggravates the 
occurrence of cutting behavior. 

Unlike other studies [34,35], Al2O3 failed to play a good role in 
lubrication and wear reduction in this study because of the following 
reasons. On the one hand, the small gap in ionic potential between ox-
ides led to a high friction coefficient when oxides with low ionic po-
tential (such as Al2O3, φ = 6) were paired with the counterpart ZrO2 (φ 
= 5) [32,33]. On the other hand, during the friction process, the hard 
oxide films that formed on the coating surface broke and formed three- 
body abrasive particles, further increasing the friction coefficient and its 
fluctuation. 

4.3. Analysis of the cutting performance of the coating on ZrO2 

According to the analysis in Fig. 5d, the cutting performance of the 
NiAlTa coating is poor at 25 ◦C, and it is difficult to effectively cut ZrO2 
balls. However, the cutting performance of the coating increases 
significantly with the temperature, and the cutting performance of the 

Fig. 8. Raman spectra of worn and unworn surfaces of K417G substrate and NiAlTa coating at 800 ◦C.  
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unpolished coating is good. Obviously, the difference in cutting per-
formance is related to the oxidation products, the structure of the fric-
tion layer, and the microstructure or strength change of the coating at 
high temperatures. 

At 25 ◦C, effectively cutting the hard ZrO2 balls is difficult for the soft 
phase coating, and shearing occurs mainly in the coating. The exfoliated 
metal debris undergoes significant work hardening during the recipro-
cating sliding process (the results in Table 4 show that the hardness of 
the adhesions (1009.78 HV0.2) is near that of the ceramic ball (1215 
HV0.2)), which causes the hardened adhesions to partially plow the 
ceramic ball. However, the adhesions with high hardness are few and 
thin (Fig. 6b), so the cutting effect of the NiAlTa coating on the ZrO2 ball 
at room temperature is insignificant. 

At 800 ◦C, Figs. 8e–f shows a large amount of low ionic potential 
oxides (such as Al2O3, φ = 6) inside the worn surface when the cutting 
performance of the NiAlTa coating reaches a high level. The three-body 
abrasive wear caused by these oxides with low ionic potential is 
considered to be the cause of the cutting performance of the NiAlTa 
coating at high temperatures. Subsequently, the two-body abrasive wear 
induced by the ZrO2 debris embedded in the “glaze” layer aggravates the 
plowing. In addition, compared with the deposited coating (Fig. 2), the 
diffraction peaks of the β-NiAl phase shift to the left side by 3◦

(Figs. 8b–c). The crystal plane spacing decreases, indicating the pre-
cipitation of solute Ta elements in the β-NiAl(Ta) solid solution at high 
temperatures. Meanwhile, the relative peak intensities of the diffraction 
peaks of laves phase NiTaAl are significantly high (Figs. 8b–c), indi-
cating that the precipitated Ta elements react with Ni and Al elements to 
produce more high-temperature resistant phase NiTaAl. In addition, the 
Al4Ni3 phase is formed in the NiAlTa coating. The strength loss of the 
ZrO2 ceramic balls at high temperature is serious, while the increase of 
the NiTaAl content and the generation of the Al4Ni3 phase suppress the 
high-temperature strength loss of the coating to some extent. At this 
time, the hard phase NiAlTa coating plows the soft phase ZrO2, while the 
high temperature strength provides good mechanical support for the 
cutting of the low ionic potential oxide or ZrO2 debris. Therefore, the 
cutting effect of the NiAlTa coating on ZrO2 balls at high temperatures is 
remarkable. This finding is confirmed by the smooth worn surface 
(covered with grooves) of the ZrO2 ceramic balls (Fig. 7d and f). 

The excellent cutting performance of the unpolished coating can be 
attributed to the following reasons: the mechanical shearing of the ZrO2 
ceramic balls by the microconvex body with high stress, and the highly 
intense oxidation of the rough coating, which generates more oxidation 
products with low ionic potential and intensifies the occurrence of three- 
body abrasive wear. Subsequently, the occurrence of intensified ZrO2 
debris-induced two-body abrasive wear is triggered. 

5. Conclusions 

In this paper, the high-temperature tribological behavior of the 
“NiAlTa coating + ESD” system was evaluated. The experimental results 
showed that this system was a promising candidate for a blade tip pro-
tective coating system under high temperature condition. Next, in 
addition to the optimization of the preparation process parameters, the 
high speed rubbing behavior of the coating (> 300 m/s) will be inves-
tigated and evaluated using a test machine simulating the actual 
working conditions of the aeroengine.  

(1) The NiAlTa coating mainly consists of the nano scale β phase NiAl 
and the continuously distributed mesh structure laves phase 
NiTaAl. Laves phase NiTaAl surrounded by NiAl phase endows 
the coating with excellent mechanical properties, wear resis-
tance, and cutting performance.  

(2) Compared with the K417G substrate, NiAlTa coating has higher 
microhardness (~797.18 HV0.2) and lower wear rate (~10− 6 

mm3⋅N− 1⋅m− 1). Scratch test shows that NiAlTa coating has 
excellent bonding strength with substrate.  

(3) The competition between the wear-reducing lubricating effect of 
the “glaze” layer and the plowing effect of oxides and ZrO2 debris 
affects the friction coefficient and the wear rate of the coating. 
The wear process of NiAlTa coatings is dominated by plastic 
deformation.  

(4) The cutting performance is related to the oxidation products, the 
structure of the friction layer, and the microstructure or strength 
change of the coating. The two- or three-body abrasive wear 
caused by oxides and ZrO2 debris is the main factor of the cutting 
performance. 
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