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Abstract: In order to inhibit the diffusion of Ag, Ag@Ni core−shell structure particles were prepared by the electroless 
plating, and then the NiCrAlY−Mo−Ag@Ni coatings were prepared by atmospheric plasma spraying. The effects of 
core−shell structure design on the mechanical and tribological properties of the coatings over multiple thermal cycles 
were researched in detail. The results show that the core−shell structure design of Ag could enhance the interfacial 
bonding strength between Ag and NiCrAlY by the Ni-coated layer, and then improve the hardness of the coating 
obviously. The Ni-coated layer inhibits the diffusion and dissipation of Ag effectively in the friction process at high 
temperatures. The friction coefficient and wear rate of the NiCrAlY−Mo−Ag@Ni coating tested at 800 °C are only 
about 0.25 and 1×10−5 mm3/(N·m), respectively, which are obviously lower than those of the NiCrAlY−Mo−Ag coating. 
Meanwhile, the core−shell structure design of Ag endows the coating with excellent self-lubricating and wear resistance 
over multiple thermal cycles. 
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1 Introduction 
 

With the rapid development of high-tech 
industries, higher requirements have been placed on 
the operation stability and reliability of the key 
moving components over a wide temperature range. 
The design of the solid self-lubricating materials 
operated over a wide temperature range has 
attracted considerable attention in the field of 
tribology [1−4]. Due to the low shear strength, the 
soft metals (Ag, Au, Pb, Cu, etc.) have been widely 
used as lubricants doping in the solid self- 
lubricating materials to improve the tribological 
properties over a wide temperature range [5−7]. 

At the end of the 20th century, DELLA- 
CORTE [8] and SLINEY et al [9] developed the 

adaptive Ni-based high temperature solid- 
lubricating composite coatings (PS family). With 
addition of Ag and BaF2/CaF2 eutectic, the      
PS family coatings have excellent tribological 
properties over a wide temperature range, in which 
PS200 and PS304 have been widely used for 
moving parts in aviation and aerospace engineering. 
The formation of the continuous Ag films on worn 
surface could provide lubrication at low and moderate 
temperatures, while the softened BaF2/CaF2 eutectic 
could provide lubrication at high temperatures. 
Moreover, for the materials with Ag and Tm 
(Tm=Mo, V, Ta, Nb) addition, AgTmxOy generated 
by high temperature tribochemical reaction could 
also provide lubricating at high temperatures [10,11]. 
Soft metals, such as Ag, have been widely used in 
the self-lubricating materials over a wide temperature 
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range. However, reports indicated that soft metals 
(Ag, Cu, Au, etc.) have a large diffusion coefficient 
at high temperatures and dissipate quickly during 
the friction process [11−13]. For instance, 
MULLIGAN et al [12] investigated the diffusion of 
Ag in the Cr−Ag films deposited by magnetron 
sputtering. They concluded that the diffusion of Ag 
is related to the temperatures of film deposition and 
friction test. Moreover, MURATORE et al [13] 
reported the diffusion mechanisms of Ag in the 
YSZ−Ag−Mo nanocomposite coatings. Ag was 
constantly consumed under the synergetic effects of 
heat and load during high-temperature friction test. 
And then, it was difficult to maintain the formation 
of lubricating film on the worn surface of the 
coating after being tested at high temperatures. 
More seriously, the depletion of Ag led to an 
increase of defects in the materials, such as pores, 
and then resulted in a sharp decrease of the 
mechanical properties. 

To solve the rapid dissipation of Ag, 
MURATORE et al [13] fabricated the YSZ−Ag− 
Mo/TiN adaptive composite coatings. The TiN 
barrier layer could limit the dissipation of Ag at 
high temperatures by only allowing Ag diffusion 
through the pores in the TiN barrier layer. The 
addition of TiN barrier layers could improve the 
multicycle lubrication life of the composite  
coatings. In addition, the core−shell structure has 
been widely used on drug release [14,15]. For the 
solid lubrication materials, the core−shell structure 
design of the solid lubricants could improve     
the mechanical and tribological properties  
markedly [16−18]. Therefore, it could be deduced 
that the core−shell structure design of Ag could also 
improve the service life of the self-lubrication 
materials operated over a wide temperature range 
by limiting the diffusion and dissipation of Ag at 
high temperatures. However, there are few studies 
on the core−shell structure design of solid 
lubricants to improve the service life and 
tribological properties at elevated temperatures. 

In this work, Ag@Ni core−shell structure 
particles were prepared to improve the service life 
and tribological properties of the Ni-based 
composite coatings. The microstructure evolution, 
mechanical and tribological properties of the 
composite coatings over multiple thermal cycles 
were studied in detail. The effects of Ag@Ni core− 
shell structure particles on the wear mechanisms 

and service life of the Ni-based composite coatings 
were revealed. 
 
2 Experimental 
 
2.1 Fabrication of Ni-based composite coatings 

The Ag@Ni (Ag 40 wt.% and Ni 60 wt.%) 
core−shell structure particles were prepared by the 
electroless plating [19,20], in which nickel sulfate, 
sodium hypophosphite, sodium citrate, and Ag 
particles were used as raw materials. The sizes   
of agglomerates for Ag@Ni core−shell structure 
particles were 40−70 μm. The NiCrAlY powders 
(main composition: Ni Bal., Cr 21.85 wt.%, Al 
9.56 wt.%, and Y 0.95 wt.%) were provided by 
Oerlikon Metco. Ag and Mo powders were obtained 
from Zhong Hang Zhong Mai Metal Material, 
China. And the sizes of NiCrAlY, Ag and Mo 
powders were 30−50, 40−60 and 40−60 μm, 
respectively. The feedstock powders were mixed in 
a three-dimensional mixing apparatus (M10, 
Grinder, China). Before spraying, the substrates 
were sandblasted and ultrasonically cleaned with 
alcohol. A thin NiCrAlY adhesion layer was 
prepared on the Inconel 718 alloys (d25 mm, 8 mm 
in thickness, main composition: Ni 51.2 wt.%, Cr 
19.7 wt.%, Mo 3.2 wt.%, Al 0.4 wt.%, Nb 5.4 wt.%, 
Ti 1.3 wt.% and Fe 18.8 wt.%) to enhance the 
bonding strength, and then the NiCrAlY−Mo− 
Ag@Ni and NiCrAlY−Mo−Ag (for comparison) 
coatings were prepared by the atmospheric plasma 
spraying (APS−3000A). The proportion of Ag@Ni 
was determined by Ag content. The compositions of 
the composite coatings and the spraying parameters 
are shown in Table 1 and Table 2, respectively. 

 
Table 1 Compositions of powders for composite coatings 

Sample 
Composition/wt.% 

NiCrAlY Mo Ag Ag@Ni 
NM−Ag 80 10 10 0 

NM−Ag@Ni 65 10 0 25 
 
Table 2 Plasma spraying parameters of composite 
coatings 

Parameter Value 
Current/A 550 
Voltage/V 55 

Ar flow rate/(L·min−1) 40 
H2 flow rate/(L·min−1) 6 

Power feed rate/(g·min−1) 45 
Spraying distance/mm 100 
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2.2 Mechanical properties tests 
The microhardness of the composite coatings 

was measured using a Vickers hardness tester 
(HV−1000A) with a load of 200 g and a dwelling 
time of 10 s. Ten points were selected randomly 
from each sample to obtain the average hardness 
values. The bonding strength of the composite 
coatings was measured by the ASTM C633 
standard test. 
 
2.3 Tribological properties tests 

Before the tribological properties tests, the 
composite coatings were polished to a roughness of 
about 40 nm and then cleaned by using ultra- 
sonication with acetone and alcohol. The tribological 
properties tests of the composite coatings were 
performed on a high-temperature ball-on-disk 
tribometer (HT−1000). The Si3N4 ball (d6 mm; 
hardness HV 1700) was used as the counterpart. 
The tribological properties tests of the composite 
coatings were implemented with a sliding speed of 
0.3 m/s, a load of 5 N, and a test time of 60 min. 
The wear track radius was set to be 5 mm. The test 
temperatures were set to be RT (room temperature), 
400, 600, and 800 °C. Each test was repeated three 
times. The multicycle friction tests of the composite 
coatings were implemented with the same 
parameters as a friction test at 800 ℃. The wear 
volume was obtained by the Micro XAM 3D 
non-contact surface mapping profiler, and the wear 
rates (W, mm3/(N·m)) of the composite coatings 
were calculated according to W=V/(PL), where V is 
the wear volume (mm3), P is the applied load (N), 
and L is the sliding distance (m). 
 
2.4 Characterization of Ni-based composite 

coatings 
The phase structure of the composite coatings 

was characterized by X-ray diffraction (XRD, 
Smart-Lab, Rigaku Corporation) with a scanning 
step of 10 (°)/min from 30° to 90° at 40 kV. The 
morphologies of the powders and the composite 
coatings were observed by scanning electron 
microscopy (SEM, TESCAN-MIRA3). The 
morphologies of the worn surfaces and the 
elemental compositions were analyzed by SEM 
coupled with an EDS detector. The phase 
compositions of the worn surfaces were detected by 
Raman spectrometry (Renishaw-inVia, UK). 

 
3 Results and discussion 
 
3.1 Microstructure and mechanical properties 

Figure 1(a) displays the schematic diagram of 
the synthesis procedure of the Ag@Ni core−shell 
structure particles. Firstly, the Ag particles were 
activated under acidic conditions for 30 min to 
obtain greater surface activity. Then, the activated 
Ag powders were added to the alkaline electroless 
plating solution, which contained nickel sulfate, 
sodium hypophosphite, sodium citrate, and 
ammonia water for electroless plating in a 75 ℃ 
water bath for 2 h. The structure and morphology of 
the synthesized Ag@Ni particles are shown in 
Figs. 1(b) and (c), respectively. The XRD and  
SEM results demonstrate that Ag@Ni core−shell 
structure particles have great encapsulation and 
phase stability. 

As shown in Table 3, the microhardness of the 
NM−Ag coating is about HV 251, while that of the 
NM−Ag@Ni coating is about HV 300. Compared 
with the NM−Ag coating, the coating with Ag@Ni 
addition possesses a much higher hardness, which 
means that the coated Ni layer enhances the 
interfacial bonding strength between Ag and 
NiCrAlY. Meanwhile, due to the same adhesion 
layer, the composite coatings have a similar binding 
strength. 

The XRD patterns of the composite coating  
are shown in Fig. 2. The results show that the 
composite coatings consist of the Ni3Al (γ′ phase), 
Ag, and Mo phases, indicating that the feedstock 
powders are sprayed without experiencing any 
oxidation or decomposition under the experimental 
spraying parameters. Cross-sectional morphologies 
of the composite coatings are shown in Fig. 3. The 
composite coatings present a dense layered 
structure, which could be resulted from the 
flattening behavior of the thermally sprayed 
metallic materials. Moreover, Ag@Ni, Ag and Mo 
particles are distributed in the coatings uniformly. 

 
3.2 Tribological behaviors 
3.2.1 Tribological properties from RT to 800 °C 

The average friction coefficients and the  
wear rates of the composite coatings are given    
in Fig. 4(a). The friction coefficients constantly 
decrease with increasing the temperature, while the 



Nai-ru HE, et al/Trans. Nonferrous Met. Soc. China 34(2024) 618−628 621 

 

 
Fig. 1 Preparation and characterization of Ag@Ni particles: (a) Schematic diagram of electroless plating preparation;  
(b) XRD pattern; (c) SEM image and EDS mappings  
 
Table 3 Mechanical properties of composite coatings 

Sample 
Bonding 
strength/ 

MPa 

Microhardness (HV) 

Original After 5 thermal 
cycles test 

NM−Ag 43±2.2 251.0±14.5 234.9±9.1 

NM−Ag@Ni 44±2.6 300.0±19.3 298.5±16.1 

 

 
Fig. 2 XRD patterns of composite coatings 

wear rates increase sharply at 400 °C and then 
decrease with further increasing the temperature. At 
RT, the friction coefficient of the NM−Ag@Ni 
coating is slightly higher than that of the NM−Ag 
coating, which means that the coated Ni layer 
hinders the formation of Ag lubricating film on the 
worn surface. Meanwhile, the wear rate of the 
NM−Ag@Ni coating is higher than that of the 
NM−Ag coating. With increasing the testing 
temperature, the shear strength of Ag decreases, 
which leads to the decrease of the friction 
coefficients. At 400 and 600 °C, the NM−Ag and 
NM−Ag@Ni coatings have similar friction 
coefficients and wear rates. The lowest friction 
coefficients and wear rates of the composite 
coatings were all obtained at 800 °C. And the 
friction coefficient of the NM−Ag@Ni coating is 
lower than that of the NM−Ag coating tested     
at 800 °C, meanwhile the wear rate of the 
NM−Ag@Ni coating is significantly lower than that 
of the NM−Ag coating. To further analyze the 
effects of the core−shell structure design of Ag on 
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Fig. 3 Cross-sectional morphologies (a, b) and EDS analysis results (a1, b1) of composite coatings: (a, a1) NM−Ag;   
(b, b1) NM−Ag@Ni  
 

 
Fig. 4 Average friction coefficients and wear rates of composite coatings (a), and friction curves of composite coatings 
tested at RT and 800 ℃ (b) 
 
the friction process, the friction curves of the 
composite coatings are given in Fig. 4(b). At RT, 
the friction coefficients of the NM−Ag and 
NM−Ag@Ni coatings stabilize at 0.75 and 0.78, 
respectively, after a long running-in period of about 
12 min. It is worth noting that the friction curve of 

NM−Ag shows greater volatility at 800 ℃, and  
the average friction coefficient is about 0.36. In 
contrast, a stable friction curve and a lower friction 
coefficient of about 0.25 of the NM−Ag@Ni 
coating is obtained. 

To analyze the effects of the core−shell 
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structure design of Ag on the wear mechanisms of 
the composite coatings, the worn surface 
morphologies at the RT and 800 ℃ are shown in 
Fig. 5. At 400 and 600 ℃, the composite coatings 
possess similar friction coefficients and wear rates, 
and the wear mechanisms were researched [11,13]. 
Therefore, the wear mechanisms of the composite 
coatings tested in the medium temperature range are 
not discussed in this work. As shown in Figs. 5(a) 
and (b), the worn surfaces of the composite coatings 
are all covered with evident delamination. Although 
a small amount of Ag addition cannot form a 
continuous lubricating film on the worn surface and 
the coating possesses a lower hardness, the friction 
coefficient and wear rate of the NM−Ag coating are 
all lower than those of the NM−Ag@Ni coating at 
RT. The core−shell structure design of Ag makes it 
difficult for Ag to lubricate effectively at RT. In 
addition, surface fatigue spalling of NiCrAlY 
occurs on the composite coating surface under the 
action of cyclic stress caused by the counterpart. 
When the test temperature reaches 800 °C, an oxide 
layer can be found on the worn surfaces of the 
NM−Ag coating. The EDS mappings in Fig. 6(a) 
indicate an obvious oxidation phenomenon without 
element enrichment on the worn surface. Moreover, 
Ag content on the worn surface increases to 
18.1 wt.% compared with the original coating. 

The Raman spectra of the worn surfaces of the 
composite coatings after being tested at 800 ℃ are 
exhibited in Fig. 7. As shown in Fig. 7(a), Ag2MoO4, 
Ag2Mo4O13, and NiMoO4 were detected from the 
worn surface of the NM−Ag coating. Researchers 
in Refs. [21,22] found that lots of double-metal- 
oxides, such as Ag2MoO4, Ag2Mo4O13, and NiMoO4, 
have a low melting temperature and a layered 
structure with easily breakable bonds, which endow 
the materials with a low friction coefficient and 

wear rate at high temperatures. For the NM− 
Ag@Ni coating, the EDS mappings of the worn 
surface in Fig. 6(b) show an obvious Ni and Ag 
enrichment in the tribo-layer on the worn surface. 
Similarly, the large amount of O indicates the 
oxidation of the coating surface. Different from the 
phase composition of the NM−Ag coating, NiO, 
which has an excellent self-lubricating property, 
was also detected from the Raman spectrum of the 
NM−Ag@Ni coating. The synergistic lubrication of 
NiO and the double-metal-oxides demonstrates 
better lubrication and wear resistance of the 
NM−Ag@Ni coating compared with the NM−Ag 
coating. 
3.2.2 Tribological properties over multiple thermal 

cycles 
To investigate the effects of the core−shell 

structure design of Ag on the lubrication life of the 
coating over the wide temperature range, the 
multicycle friction tests at 800 °C were conducted. 
The friction curves of the composite coatings over 
multiple thermal cycles are given in Fig. 8. The 
friction coefficients of the NM−Ag coating 
fluctuate significantly in the sliding process, and the 
average friction coefficients of the NM−Ag coating 
are all higher than 0.25 in 5 cycles test. For the 
NM−Ag@Ni coating, the friction curves are very 
stable, and the average friction coefficients are only 
about 0.2 in 5 cycles test. The wear rates of the 
composite coatings after being tested at 800 ℃ over 
multiple thermal cycles are shown in Fig. 9. It can 
be realized that the wear rates of the NM−Ag 
coating increase sharply with increasing the testing 
cycles. Significantly, with the testing cycles 
increasing, there is no apparent change of the wear 
rate of the NM−Ag@Ni coating. After 5 thermal 
cycles test, the wear rate of the NM−Ag@Ni 
coating is only about 1.5×10−5 mm3/(N·m), which is  

 

 
Fig. 5 Worn surface morphologies of composite coatings: (a) NM−Ag at RT; (b) NM−Ag@Ni at RT; (c) NM−Ag at 
800 ℃; (d) NM−Ag@Ni at 800 ℃ 
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Fig. 6 Element mappings of worn surfaces of composite coatings at 800 ℃: (a) NM−Ag; (b) NM−Ag@Ni 
  

 

Fig. 7 Raman spectra of worn surfaces of composite 
coatings at 800 ℃ 
 
markedly lower than that of the NM−Ag coating 
(10.5×10−5 mm3/(N·m)). The ratio of WNM−Ag (wear 
rate of NM−Ag coating) to WNM−Ag@Ni (wear rate of 

NM−Ag@Ni coating) is calculated and given in 
Fig. 9. The ratios of the wear rates remain at 2.7 in 
Cycles 1 and 2, while the ratios increase sharply in 
the subsequent thermal cycles. Compared to the 
traditional Ag addition, Ag@Ni addition could 
improve the wear-resistant life of the coating 
significantly. 

Figure 10 presents the worn surface 
morphologies of the composite coatings after being 
tested at 800 °C over multiple thermal cycles. In the 
first four cycles, the NM−Ag coating has similar 
worn surface morphologies. According to the wear 
mechanisms mentioned above, oxidative wear 
occupied in the friction process of the NM−Ag 
coating. It can be seen from Fig. 10(d) that a 
tribo-film is formed on the worn surface of the 
NM−Ag coating after 5 thermal cycles test. 
Furthermore, there is always a tribo-layer on the worn 
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Fig. 8 Friction curves of composite coatings at 800 ℃ 
over multiple thermal cycles: (a) NM−Ag; (b) NM− 
Ag@Ni 
 
surface of the NM−Ag@Ni coating in the cycle  
test. In order to research the evolution of the  
phase composition on the worn surface, the Raman 
scattering was carried out and given in Fig. 11. As  

 

 
Fig. 9 Wear rates and ratio of WNM−Ag to WNM−Ag@Ni of 
composite coatings at 800 ℃ over multiple thermal 
cycles 
 
shown in Fig. 11(a), Raman spectrum of the 
tribo-film on the NM−Ag coating after 5 thermal 
cycles test shows obvious NiMoO4 and Ag2MoO4 
peaks, as well as a weak MoO3 peak. However, as 
shown in Fig. 11(b), an evident peak of Ag2MoO4 
and a weak peak of NiO appear in the spectrum of 
the tribo-layer of the NM−Ag@Ni coating after 5 
cycles test. Compared with the phase composition 
shown in Fig. 7, it is difficult to form silver 
molybdate continuingly on the worn surface of the 
NM−Ag coating with increasing the testing cycles. 
Instead of Ag2MoO4, NiMoO4 is formed by high 
temperature tribo-chemical reaction of NiO and 
MoO3. By the core−shell structure design of     
Ag, Ag2MoO4 is formed continuously on the worn 

 

 
Fig. 10 Worn surface morphologies of NM−Ag (a−d) and NM−Ag@Ni (e−h) coatings at Cycles 2−5, respectively 
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Fig. 11 Raman spectra of worn surfaces of composite 
coatings after 5 cycles test: (a) NM−Ag; (b) NM− 
Ag@Ni 
 
surface in the process of high temperature test, 
which could also correspond to the stable friction 
curves, low friction coefficients and wear rates of 
the NM−Ag@Ni coating in the cycle test. 

To analyze the chemical composition of the 
composite coatings after multicycle friction tests at 
800 ℃, the mass fractions of Ag on the surfaces of 
the composite coatings after multicycle friction 
tests are shown in Fig. 12. For the NM−Ag coating, 
with increasing the testing cycles, the mass 
fractions of Ag both inside and outside of the worn 
track increase firstly, and then decrease sharply  
due to the combination of multicycle stress and  
heat [20,22]. The rapid dissipation of Ag could be 
responsible for the domained NiMoO4 on the worn 
surface. For the NM−Ag@Ni coating, it is worth 
noting that the mass fractions of Ag are stable both 
inside and outside of the worn track. Meanwhile, 
the mass fraction of Ag of the coating after 5 
thermal cycles test is similar to that of the original 
coating. Although the Ag content decreases 
significantly after the cycles test, Ag content on the  

 

 
Fig. 12 Mass fractions of Ag on worn surfaces of 
composite coatings at 800 ℃ over multiple thermal 
cycles: (a) NM−Ag; (b) NM−Ag@Ni 
 
surface of the NM−Ag coating is higher than that of 
the NM−Ag@Ni coating and the original coating. 
For this reason, Ag contents on the cross-section of 
the composite coatings are given in Fig. 13. Ag 
content in the NM−Ag coating shows a pronounced 
downtrend, and Ag content in the stress-affected 
area of the coating after 5 cycles test is only about 
2.3 wt.%, which is obviously lower than that of the 
original coating. The Vickers hardness tested on the 
cross-section of the composite coatings is also listed 
in Table 3. The average hardness of the NM−Ag 
coating after 5 cycles test is significantly lower than 
that of the original coating. The loss of Ag results in 
the generation of internal defects (cracks and pores) 
in the NM−Ag coating, therefore decreasing the 
mechanical properties. Compared with that in the 
NM−Ag coating, the Ag content in the NM− 
Ag@Ni coating maintains a stable level, and the 
hardness remains at HV 298.5 after 5 cycles test, 
which are close to those of the original coating. 
That is to say, the core−shell structure design of Ag 
could limit the diffusion effectively and maintain 



Nai-ru HE, et al/Trans. Nonferrous Met. Soc. China 34(2024) 618−628 627 

the mechanical properties of the coating in the 
friction test at high temperatures over multiple 
thermal cycles. 

 

 
Fig. 13 Mass fractions of Ag on cross-section of 
composite coatings at 800 ℃ over multiple thermal 
cycles: (a) NM−Ag; (b) NM−Ag@Ni 
 
4 Conclusions 
 

(1) The coated Ni layer could improve the 
microhardness of the composite coating by 
enhancing the interfacial bonding strength between 
Ag and NiCrAlY. However, the core−shell structure 
design of Ag makes it difficult for Ag to effectively 
lubricate at low temperatures. 

(2) At 800 ℃, a stable friction curve with a 
lower average friction coefficient of about 0.25 is 
obtained from the NM−Ag@Ni coating. Meanwhile, 
the wear rate of the NM−Ag@Ni coating is only 
about 1×10−5 mm3/(N·m), which is significantly 
lower than that of the NM−Ag coating. 

(3) In the cycles test at 800 ℃, the 
NM−Ag@Ni coating always shows stable friction 
curves and wear rates, while the wear rates of the 
NM−Ag coating increase sharply due to the rapid 
dissipation of Ag. 

(4) The core−shell structure design inhibits the 
diffusion and dissipation of Ag significantly during 
the friction test at high temperatures. After 5 cycles 
test, the defects caused by Ag diffusion in the 
NM−Ag coating decrease the microhardness 
obviously, while the NM−Ag@Ni coating retains a 
similar hardness to that of the original coating. 
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摘  要：为了抑制 Ag 的扩散，采用化学镀方法制备 Ag@Ni 核壳结构粉体，并利用大气等离子喷涂技术制备

NiCrAlY−Mo−Ag@Ni 涂层，详细研究核壳结构设计对涂层在高温循环工况下的力学及摩擦学性能的影响。研究

结果表明：Ag 的核壳结构设计可以提高镍基涂层中 Ag 与 NiCrAlY 的界面结合强度，进而显著提高复合涂层的

硬度。Ni 覆层有效地抑制了 Ag 在高温摩擦过程中的扩散与耗散。800 ℃时 NiCrAlY−Mo−Ag@Ni 涂层的摩擦因

数仅为 0.25，磨损率仅为 1×10−5 mm3/(N·m)，显著低于 NiCrAlY−Mo−Ag 涂层。同时，Ag 的核壳结构设计使得涂

层在高温多循环工况下始终保持良好的自润滑性和耐磨性。 

关键词：核壳结构；Ag@Ni；Ni 基复合涂层；摩擦学性能；高温热循环 
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