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Abstract: The composite coating NiCr-Ag was successfully prepared on the pure Ti substrate by laser cladding to improve the space 

tribological properties of pure Ti, with hard phase NiCr as the reinforcing agent and Ag as the primary lubricating fillers. The 

composition and microstructure of the fabricated composite coating were investigated by X-ray diffraction (XRD), scanning electron 

microscopy-energy dispersive spectrometry (SEM-EDS), and high-resolution transmission electron microscopy (HRTEM). 

Furthermore, the space tribological properties were evaluated by the space tribological test system with a ball-on-disc tribometer 

against AISI-52100 ball counterpart under simulated space environment including atomic oxygen (AO), ultraviolet irradiation (UV), 

and high vacuum (VC), in comparison with atmospheric environment (AR). The results show that the composite coating has better 

tribological properties in atmospheric environment than in simulation space environment. Vacuum (without any moisture or 

hydrocarbons) and intense radiation in the space environment will induce severe oxidation on the surface of the coating, which 

weakens the enhancement of the coating and deteriorates the lubrication effect. The wear mechanism is abrasive wear in the 

atmospheric environment. Adhesion wear and plastic deformation are the predominant wear mechanism in the space environment as 

peeling pits and transferred Ni, Cr, and Ti can be found on the worn surface and the surface of the counterpart, respectively. 
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In recent decades, with the rapid development of space 

science and manned space flight, especially the development 

of large space stations, the demand for various space 

equipment which has characteristics of slow running speed, 

large size, compact structure and high reliability becomes 

more and more urgent. The typical large-scale space activities 

include solar energy windsurfing system, optical earth 

observation system, large optical observation system, and 

two-dimensional pointing system, whose operating area is low 

earth orbit (LEO) with distance from the ground of 200~1000 

km

[1-3]

. LEO space environment is very complex and harsh, 

where the large space activity system will be affected by 

various environmental factors such as high vacuum, 

ultraviolet radiation, atomic oxygen corrosion, thermal cycling 

and microgravity when the aerospace equipment runs at 

LEO

[4,5]

. Whether these space machines can operate normally 

and achieve their desired life depends on the friction and wear 

properties of the mechanical components in the spacecraft. 

Moreover, NASA studies show that a considerable proportion 

of failures of space mechanical motion components are 

associated with space lubrication. With the rapid development 

of aerospace technology, the general requirements for space 

mechanical tribology system can be summarized as low 

friction wear, low friction noise and long life. Thus, the 

tribological properties of the spatial mechanical friction pairs 

will inevitably exert a significant influence on the 

implementation of the entire space program, and have become 

the research focus in the field of international space friction 

materials and technology

[6-8]

.  

Titanium alloys have been used in a wide range of 

applications in aerospace, chemical, food, automotive, 

biomedical, and medical industries due to their high 

strength-to-weight ratio, excellent corrosion resistance, low 

density, high strength at elevated temperatures, and biological 

compatibility

[9-11]

. The demand for titanium alloys in the 

aerospace industry has steadily increased in consideration of 
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the above advantages of titanium alloys. Still unaddressed, 

however, the problem of poor tribological properties of 

titanium alloy restricts its working conditions and service life, 

especially in the environment of vacuum, which has been 

verified by previous experiments and practice applications

[12]

. 

Ti and Ti-alloy exhibit low surface hardness, poor wear 

resistance and higher friction coefficient under vacuum 

condition

[13]

. Yetim

[14]

 proved that the friction coefficient of 

CP-Ti in the vacuum environment is not only very high but 

also extremely unstable due to the absence of lubricating film 

and moisture which can reduce the possibility of micro- 

welding occurrence on the worn surface.

 

Besides, other 

researchers found that friction velocity and load have an 

important effect on the vacuum tribological properties of 

titanium alloy and cause changes in structural and phase, which 

may cause severe deformation and adhesion wear. Therefore, it 

is essential to use a surface treatment technology to improve the 

vacuum tribological properties of titanium alloys

[15]

. 

Laser cladding is an advanced surface modification 

technology with advantages of high energy density, fast 

cooling rate (10

5

~10

6

 °C/s), high processing speed with low 

dilution rate, fine solidification microstructure, and light 

segregation. What’s more, the dense coating prepared by laser 

cladding contributes to reduce the diffusion of atomic oxygen 

in LEO environment. Laser cladding can achieve precise 

machining in micro scale with pretty heat affected zone and 

little thermal deformation, which is very suitable for 

processing precision parts operated in spacecraft

[16-18]

. 

The main purpose of current work is to prepare NiCr-Ag 

protective composite coating on the surface of pure Ti 

substrate by laser cladding, in order to improve the space 

tribological properties of pure Ti. The tribological properties 

of coatings in different space environments were systema- 

tically investigated, including atmospheric environment (AR), 

atomic oxygen (AO), ultraviolet irradiation (UV), and vacuum 

(VC). Furthermore, it is expected that the research result of 

the present work can provide technical and theoretical support 

for the engineering application of laser cladding nickel based 

alloy in aerospace industrial. 

1  Experiment 

1.1  Materials 

Commercial pure Ti (TA2) (Fe<0.30 wt%, C<0.10 wt%, 

N<0.05 wt%, O<0.25 wt%, balance Ti) was machined into 

cylindrical specimens by wire-electronic discharging (31 mm 

in diameter, 10 mm in thickness) and used as substrate. Before 

laser cladding, pure Ti surface was washed with acetone, and 

sandblasted to further clean the working surface and got a 

rough surface to increase the surface absorption of laser. The 

principal raw material of the composite coating NiCr-Ag was 

80 wt% NiCr (grit size 26~100 µm, purity>99%), and 20 wt% 

Ag (grit size 1.0~5.0 µm, purity 99.5%), and all the raw 

materials were in the form of powders. A high energy ball mill 

equipment (Fritsch Pulverisette P-4, made in Germany) was 

employed to make sure that all the powders were dispersed 

uniformly, with a rotary speed of 400 r/min for 10 h and the 

ball-to-powder mass ratio was fixed at 5:1. A mold whose 

inner diameter was 32 mm and interior can go up and down 

was used to pre-place powders. The substrate material (TA2) 

was placed in the middle of the mold. The height of the 

substrate was adjusted so a 1 mm deep groove formed between 

the substrate surface and the upper edge of the mold. The 

powders were prepositioned in the grooves, and compacted with 

a polished, smooth copper plate, thus forming a “puff cake” 

with 1 mm thickness at the grooves. The as-milled feedstock 

powders with a thickness of approximately 1 mm were 

pre-placed on the pure Ti substrate before laser cladding. 

1.2  Preparation and characterization of composite 

coatings 

The preparation of the composite coating was carried out by 

a 10 kW transverse flow continuous wave CO

2

 laser 

processing system (DL-HL-10000B, China), which was 

connected to a computer for numerical controlling. The laser 

process parameters are as follows: the power of the laser beam 

was 2 kW, which was sufficient enough to get complete 

coatings; beam diameter was 3 mm with a focal length of 88 

mm; the speed of traverse beam was 800 mm/min with 

overlapped tracks of 50%. Semi-open argon protection device 

with a pressure of 0.2 MPa was used as protective gas for 

preventing the coating from oxidation. 

The as-obtained composite coatings were cooled to room 

temperature in the open air. Samples for tribological test (Φ24 

mm×8 mm) and cross-sectional samples for structure charac- 

terization were prepared by wire cutting technology. The 

as-obtained samples were polished with SiC abrasive 

sandpaper (80#, 120#, 400#, 600#, 800#, 1000#, 1500# and 

2000#) and then polished with 1.0 µm Al

2

O

3

 paste to eliminate 

surface scratches. Samples used for structural and composi- 

tional characterization require further processing in Koll’s 

metallographic etching solution (4 vol%HF+2 vol%HNO

3

+94 

vol%H

2

O) at room temperature for more than 4 min. The 

component and crystal structure of composite coating were 

characterized by a Philips D/max 2400 X-ray diffractometer 

(XRD, 40 kV, 100 mA, Cu-Kα radiation, 2θ=20°~70°). The 

observation of the microstructure of the cross-section of 

composite coating was performed by SEM-EDS (JEOL 

JSM-5600LV, Japan). A Tecnai-G2-F30 transmission electron 

microscope (TEM) operated at 300 kV was used to obtain 

HRTEM images. The micro-hardness profile along the depth 

direction of the composite coating (load: 1.96 N; dwell time: 5 s) 

was determined by a MH-5 Vickers micro-hardness tester. 

1.3  Evaluation of space tribological properties of the 

composite coatings 

The space tribological properties of the composite coating 

under ground simulated low earth orbit space environment 

were investigated by the ground simulated space tribology test 
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system developed by Lanzhou Institute of Chemical Physics, 

Chinese Academy of Sciences. The tribological properties of 

pure Ti under four environmental conditions were tested: 

atmospheric environment (AR), atomic oxygen (AO), 

ultraviolet irradiation (UV), and vacuum (VC). The 

atmospheric environment conditions were relative humidity 

45% and temperature 25 °C. All ground simulated LEO space 

environment experiments were carried out under a vacuum of 

10

-4

 Pa. Individually, atomic oxygen irradiation experiments 

were conducted in a ground-based AO simulation system with 

impingement kinetic energy of 5.5 eV, and the average flux 

atomic oxygen density was 5×10

15

 atom/(cm

2

·s), identical with 

the direct impact energy of AO to material surfaces that 

happened in LEO

[19,20]

, and the samples were irradiated for 

240 min. UV irradiance was conducted under ultraviolet 

irradiation conditions: the pressure in the test chamber was 

high vacuum, about 10

-4

 Pa, and the UV wavelength range 

was 115~400 nm. A typical UV energy flux at the sample 

position was determined to be 6 suns with an impingement 

kinetic energy of 5.5 eV, and the exposure period was 

controlled for 240 min, equivalent to 24 sun hours

[21]

. The 

space tribological properties of the composite coating were 

directly determined by a space tribological test system with 

ball-on-disc tester after atomic oxygen and ultraviolet 

radiation. Commercially available AISI52100 steel balls with 

a diameter of 3.175 mm and a hardness of 7000 MPa were 

used as the counterpart. The running-in process occurred 

under a load of 5 N with the diameter of rotation of 12 mm 

and a liner velocity of 0.1884 m/s. The friction coefficient was 

recorded automatically by a computer that was connected to 

the test rig and a dual-mode three-dimensional (3D) surface 

profiler (AEP, USA) was used to calculate the wear volume. 

The wear rate is calculated by Eq.(1) 

K=V/F

n

d                                      (1) 

where V is wear volume (mm

3

), F

n

 is load (N), d is friction 

distance (m), and W is wear rate (mm

3

/(N·m))

[22]

. In order to 

ensure the reproducibility of the measurements and the 

accuracy of the results, each friction test was repeated at least 

three times under the same conditions. The morphology of the 

worn surfaces and the wear scar of the counterpart were 

analyzed by SEM. Moreover, EDS, which was connected to 

SEM, was used to analyze the element distribution of the 

counterpart AISI52100 steel balls. 

2  Results and Discussion 

2.1 Composition and microstructure of as-prepared 

composite coatings 

Fig.1 shows the XRD pattern of the laser-processed com- 

posite coating. It can be seen that the main component of the 

composite coating is Cr

3

Ni

2

 and NiTi. Besides, Cr

2

Ti, TiCrN

2

, 

Cr

2

Ti, TiAg and Ag can also be found in the composite 

coating with high contents. The original NiCr materials no 

longer exist and they are replaced by a series of intermetallic 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1  XRD pattern of the laser-processed composite coating 

 

compounds produced by laser in-situ reactions. What’s more, 

intense diffusion of material occurs between the coating and 

the substrate due to the high energy of the laser beam, and a 

large amount of Ti diffuses into the coating to in-situ react 

with the Ni, Cr and Ag in the composite coating, resulting in 

the formation of intermetallic compounds, such as NiTi, Cr

2

Ti, 

TiCrN

2

, Cr

2

Ti and TiAg. Much more attention must be paid to 

TiCrN

2

. A large amount of gas nitrogen permeates into the 

molten pool during the laser cladding process, and TiCrN

2

 is 

generated by chemical reaction among Ti, Cr and N

2

 in the 

molten pool. In addition to TiAg, there is a large amount of Ag 

which improves the tribological properties of the coating at 

room temperature. 

Fig.2a is the cross-sectional SEM image of the composite 

coating. A dense composite coating is obtained by laser 

cladding, which is finely metallurgically bonded with the 

substrate with nonporous and non-cracks coatings. The 

thickness of the composite coating is about 1.0 mm, and the 

bond line between the coating and the substrate is distinct 

while the appearance of white circular Ag particles is obvious. 

Element distribution of coating is characterized, as shown in 

Fig.2b~2e, Ni and Cr are uniformly distributed throughout the 

coating, indicating that most of them exist in the form of 

intermetallic compounds. It can be identified in Fig.2d that a 

part of Ag is dispersed in the whole coating and diffused into 

the substrate during laser cladding, while the remaining Ag is 

aggregated in the coating, which is marked as Ag particles in 

Fig.2a. The element mapping result coincides with the XRD 

result that there is only intermetallic compounds TiAg contain 

Ag except simple substance Ag. It is really dramatic that 

multitudinous Ag diffuses into the substrate during laser 

cladding

[23]

. 

Fig.3a shows the cross-sectional magnified SEM micrographs 

of near-top composite coating. The sub-cooling degree is large 

enough to nucleate the intermetallic compound in the molten 

pool simultaneously over a wide range, resulting in the 

formation of tiny nanoparticles (the size is less than 860 nm) 

with high nucleation rate. What’s more, because the cooling 
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Fig.2  Cross-sectional SEM image (a) and EDS element mappings (b~e) of the composite coating 

 

rate during melt quenching reaches 10

6 

K/s, it will inhibit the 

formation and growth of larger crystals

[24]

. Nanoparticles are 

dense and uniformly distributed in regions close to the surface 

of the coating, while nanoparticles are randomly distributed in 

regions far from the surface. The temperature gradient 

increases gradually with decreasing the sub-cooling sharply as 

the distance to the substrate decreases. As a result, the 

crystallization rate slows down and large columnar crystals 

appear. It is also noticed that a large number of secondary 

crystals are formed around columnar crystals, forming a series 

of dendritic crystals. The interface of the composite coating is 

shown in Fig.3b. Neither nanoparticles nor columnar crystals 

and dendritic crystals appear. They are all replaced by cellular 

crystals with larger size. This is because the closer the position 

to the interface, the lower the cooling rate of the molten pool, 

and the grain can get enough growth time to become cellular 

crystals with greater grain size. Without that it can be 

observed that the metallurgical bonding zone between the 

cladding layer and the matrix is flat and clear, showing that 

the crystalline structure of “white band” forms under the 

condition of quench cooling. 

In order to study the composition and microstructure of 

coatings in more detail, transmission electron microscopy 

(TEM) was used to character the laser cladding composite 

coating. The bright-field image in Fig.4a indicates that the 

composite coating consists of bright primary phase (area A) 

and black spherical nanoparticles (area B) with a size around 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.3  Cross-sectional magnified SEM images of composite coating: 

(a) top of the coating and (b) interface of the coating 

 

50 nm, which are randomly distributed throughout the coating.  

Subsequently, the corresponding selected area electron 

diffraction (SAED) results in Fig.4b show that the bright 
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primary phases are intermetallic compounds NiTi, which are 

formed by laser in-situ reaction with crystal plane (300), (100), 

and (210). Furthermore, in Fig.4c, high resolution transmis- 

sion electron microscopy (HRTEM) image of area B shows 

that its interplanar spacing is approximately 0.236 nm, which 

is accordant with interplanar spacing of Ag (111) plane. 

What’s more, the size of Ag is nanometer scale, approximately 

50 nm. The formation of these nanoparticles depends on the 

characteristics of rapid cooling specific to laser cladding. In 

comparison, it can be found that the compounds represented 

by TEM appear in the XRD results. 

2.2  Microhardness 

Fig.5 shows microhardness distribution on the cross-section 

of the laser cladding composite coating. The average micro- 

hardness of the coating is probably 8600 MPa which is 4.5 

times larger than that of the substrate (the microhardness of Ti 

is about 1900 MPa). Although the microhardness of the 

coating varies slightly, the microhardness of the coating in the 

range of 400~850 µm is higher than near the surface. The hard 

reinforcement phases Cr

2

Ti, TiCrN

2

 and Cr

2

Ti generated by 

laser in-situ reaction are the main reasons for the great 

increase of coating hardness. The regular structure induced by 

the quenching action of laser cladding as well as fine grain 

strengthening effect of nanoparticles will also improve the 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4  TEM bright field image of laser cladding composite coating (a); 

SAED pattern of area A in Fig.4a (b), and HRTEM image of 

area B in Fig.4a (c) 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.5  Microhardness distribution on the cross-section of the laser 

cladding composite coating 

 

microhardness of the coating. The thermal convection in the 

molten pool during laser cladding is not sufficient to achieve 

complete dispersion of the hard particles. Compared with Ag 

which has a larger thermal expansion coefficient, the hard 

phase with smaller thermal expansion coefficient has a 

tendency to sink into the bottom of the molten pool during the 

process of solidification, so the hardness near the interface is 

relatively high. Moreover, although the microhardness of the 

coating decreases drastically at the interface, the microhard- 

ness of the interface near the coating side is still higher than 

that of the substrate. On the one hand, some Ti diffuses into 

the molten pool of the coating in the process of laser cladding, 

resulting in a sharp decrease in hardness of the coating

[17]

. On 

the other hand, it is possible that the surface of the substrate is 

annealed by the pre-melting of the powders during the 

cladding process, and the β-phase transformation occurs in the 

heat affected zone of the substrate by laser quenching. So the 

microhardness of the interface near the coating is higher. 

2.3  Space tribological properties of the laser cladding 

composite coating 

Fig.6a is friction coefficient of the composite coating in the 

environment of atmospheric environment (AR), atomic 

oxygen (AO), ultraviolet irradiation (UV), and vacuum (VC). 

The composite coating has the smallest friction coefficient in 

the atmospheric environment, with a value of 0.408, and 

friction coefficient in the atomic oxygen is 0.530 which is the 

largest one among all the tests. Besides, in ground simulated 

space environment, the friction coefficients under ultraviolet 

irradiation (UV) and vacuum (VC) are 0.482 and 0.515, 

respectively. The results of our previous research show that the 

friction coefficients of TA2 substrate in atmospheric 

environment (AR), atomic oxygen (AO), ultraviolet irradiation 

(UV), and vacuum (VC) are 0.44, 0.67, 0.69 and 0.69, respec- 

tively

[25]

. Obviously, the friction coefficient of the coating 

prepared by laser cladding is much smaller than that of the 

substrate under the same test condition. The lubricity of the 

coating is greatly improved compared to that of the substrate. 
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Fig.6  Friction coefficient (a) and wear rate (b) of the composite 

coating in different environments 

 

But the friction coefficient of the coating under atomic oxygen, 

ultraviolet irradiation and vacuum conditions is much larger 

than in atmospheric environment. Equally, the wear rate of 

coatings shows the same variation trend. As shown in Fig.6b, 

the wear rate under atmospheric environment is the minimum 

one among all the research conditions, about 2.14×10

-6

 

mm

3

/(N⋅m), while the wear rates in the environment of AO, 

UV and VC are 7.65×10

-6

, 7.39×10

-6

 and 7.82×10

-6

 

mm

3

/(N⋅m), respectively. Although the wear rate in the ground 

simulated space environment is much larger than in the 

atmospheric environment, it is at least 20 times lower than the 

tribological performance of the titanium alloy (TA2) substrate 

in the ground simulated space environment (the wear rate of 

the TA2 alloy in ground simulated space environment has 

been characterized under the same test conditions in previous 

work

[25]

). The reasons for this phenomenon can be explained 

as follows: Ag is a low temperature solid lubricating material 

which can play a lubrication role at atmospheric environ- 

ment

[26-28]

. For good measure, small molecules such as H

2

O 

adhered to the surface of a coating, together with other surface 

contaminants like hydrocarbons or hydrophilic oxides, play a 

role of lubricating medium and bring about “hydro- 

lubrication”, resulting in a smaller friction coefficient

[29]

. But 

in the vacuum conditions, there are no small molecular 

substances such as H

2

O or hydrocarbons. Strictly speaking, 

the worn surface is absolutely clean without lubricating 

medium on worn surface. In this case, hydro-lubrication does 

not occur and the friction coefficient becomes larger. So the 

coating exhibits low friction coefficient and good wear 

resistance in AR. Three kinds of ground simulated spatial 

friction test conditions have the same degree of vacuum, so we 

can conclude that the vacuum in the space environment has a 

great influence on the space tribological properties of the 

coating. It is generally known that AO has high activity with 

the collision kinetic energy of 5.0 eV in the ground simulated 

space environment, which is equivalent to thousands of 

degrees Celsius. So the composite coating is subjected to 

severe oxidation and erosion caused by high temperature 

oxidation and high speed collisions of AO

[30]

. As a result, Ag 

will be oxidized and replaced by AgO or Ag

2

O without 

lubrication effects. The composite coating loses lubrication 

and the friction coefficient increases

[31, 32]

. Otherwise, in space 

environment (such as AO and UV), the oxide film on the 

coating surface is removed rapidly during the friction process, 

and the regeneration is so difficult that the surface of the 

friction pair is in exposed state with fresh surface contact. 

What’s even worse, it is prone to “sticky” or even “cold 

welding” between clean surface with the increase of adhesion 

and shearing force, making the friction pair unable to move 

relatively

[33]

. While in the vacuum environment (VC) which is 

a completely clean environment, there is no moisture and 

other small molecules which may cause “hydro-lubrication” 

failure. As a result, the space tribological properties of the 

coating in the space environment (including AO, UV and VC) 

decrease palpably. 

Wear morphologies of the composite coating in different 

environments were characterized by SEM, as shown in Fig.7. 

Fig.7a shows the worn surface in atmospheric environment. 

The image reveals that a great number of wear debris appears 

on the worn surface, resulting in irregular worn surface. The 

emergence of grooves cannot be found, indicating that there is 

no three-body wear caused by wear debris. This further 

confirms that the coating has a lower wear rate in atmospheric 

environment. According to the conjecture, the perfect 

mechanical properties (such as high microhardness) of the 

coating are one of the main reasons for the avoidance of three 

body wear. Meanwhile, the lubrication effect of Ag is also 

conducive to reduce the damage of wear debris on worn 

surface. It illustrates that the predominant wear mechanism is 

abrasive wear. 

Fig.7b and 7c are the images of the worn surface under 

atomic oxygen (AO) and ultraviolet irradiation (UV), it can be 

seen that the worn surface morphologies of both coatings are 

similar. It is speculated that the fierce oxidation of atomic 

oxygen (AO) and the effect of ultraviolet radiation (UV) lead 

to serious oxidation of worn surface, resulting in intermittent 

oxide film whose main components are NiO, TiO

2

, Cr

2

O

3

, 

AgO and Ag

2

O. Quite apart from that, a large number of 

peeling pits due to adhesive wear are found in the coating. 

Oxidation of the coating in harsh space environment gives rise 

0.2

0.3

0.4

0.5

0.6

 

 

VCUVAO

F
r
i
c
t
i
o
n

 
C

o
e
f
f
i
c
i
e
n

t

 

AR

a

0

2

4

6

8

10

12

 

 

W
e
a
r
 
R

a
t
e
/
�

1
0

-
6

 
m

m

3

·
(
N
·
m

)

-
1

Different Environments

 

AR

AO UV VC

b



                            Guo Chun et al. / Rare Metal Materials and Engineering, 2020, 49(4): 1191-1199                           1197 

 

to such phenomenon. On the one side, the oxidation rate 

depends on whether the coating still has a protective effect as 

AO is transported through the oxide layer via diffusion- 

mechanism and gas-flow process. The internal stress will 

appear between the oxide layers because of the mismatch in 

ratio between sliver oxide (including AgO and Ag

2

O) and Ag, 

which induces serious peeling pits and deformation of oxide 

layer. Furthermore, the source of the internal stress is not only 

one, internal stress caused by oxidation itself may also further 

exacerbate deformation and peeling pits

[34]

. The decline in 

mechanical properties (such as hardness) also brings severe 

plastic deformation, and the surface of the coating is easy to 

be abraded as the coating is oxidized. On the other side, the 

wettability between the oxidized coating and the substrate 

deteriorates and the bonding strength becomes weak, resulting 

in a greater wear on the wear surface. During the wear process, 

the wear debris will adhered to dual surface instead of throwing 

away the worn surface, increasing the wear rate and also leaving 

peeling pits on the worn surface. It indicates that adhesion wear 

and plastic deformation are the main wear mechanism. 

  The worn surface of the coating under vacuum (VC) 

environment is shown in Fig.7d. The peeling pit on the worn 

surface is larger than that in the environment of AO and UV. 

Compared with metal oxides, metal elements and metal alloys 

have better wettability with counterpart. As a result, much 

more debris will stick to the counterpart, giving rise to 

enormous peeling pits on the worn surface. This agrees with 

the change of wear rate of the composite coating under 

different environments. Adhesive wear is the primary wear 

mechanism. 

Fig.8 is the worn morphologies of counterpart AISI52100 

steel balls and corresponding map distribution of Fe, Ni, Cr 

and Ti under different environments. There are a handful of Ni, 

Cr, and Ti elements on the counterpart surface, so it is 

believed that there is no significant element transfer on the 

counterpart in atmospheric environment (AR), indicating that 

scarcely no adhesive wear occurs. Except atmospheric 

environment, the three elements (Ni, Cr and Ti) also undergo 

obvious transfer in other ground simulated space environ- 

ments (such as AO, UV, and VC). Moreover, the Fe element 

does not appear on the counterpart wear mark when tested 

under ground simulated space environment as the transfer 

films on the counterpart are thick enough to shield Fe. Simul- 

taneously, the surface element distribution of counterpart in 

three kinds of friction test environments (AO, UV, and VC) is 

compared. It can be seen that the content of Ni, Cr and Ti   

in the surface of the counterpart when it is in vacuum 

environment is much higher than in environment of atomic 

oxygen (AO) and ultraviolet irradiation (UV). This shows that 

when there is only a vacuum environment without atomic 

oxygen or ultraviolet radiation, the adhesion between the 

coating and the counterpart is enhanced during the wear 

process, and these results coincide with the result shown     

in Fig.7. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.7  Wear morphologies of composite coatings in different environments: (a) atmospheric environment (AR), (b) atomic oxygen (AO), 

(c) ultraviolet irradiation (UV), and (d) vacuum (VC) 
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Fig.8  Worn morphologies of counterpart AISI52100 steel balls and corresponding map distribution of Fe, Ni, Cr and Ti under environment of 

AR (a), AO (b), UV (c), and VC (d) 

 

3  Conclusions 

1) A compact NiCr-Ag composite coating which has good 

metallurgical bond with the substrate without pores and cracks 

is prepared by laser cladding. In addition to primary 

component Ag, the composite coating also consists of Cr

3

Ni

2

, 

NiTi, Cr

2

Ti, TiCrN

2

, Cr

2

Ti, and TiAg, which are formed by 

laser in-situ reaction between the coating and the Ti alloy 

substrate. 

2) The average microhardness of the coating is approxi- 

mately 8600 MPa which is 4.5 times larger than that of the 

substrate. A large number of hard reinforcement phases Cr

2

Ti, 

TiCrN

2

 and Cr

2

Ti generated by laser in-situ reaction are 

homogeneously distributed and the regular structure induced 

by the quenching action of laser cladding as well as fine grain 

strengthening effect of nanoparticles bears the primary 

responsibility for improvement of microhardness. 

3) The tribological properties of the composite coating 

under atmospheric environment are much better than in the 

ground simulated space environment (including atomic 

oxygen, ultraviolet irradiation, and vacuum), which suggests 

that the tribological properties of the coatings are very 

sensitive to the space environment. Moreover, the coating 

undergoes the most severe wear in the vacuum environment, 

due to the fact that the average wear (and friction) in high 

vacuum environment is actually higher. But the tribological 

performance of the composite coating in the ground simulated 

space environment is greatly improved compared with 

titanium alloy substrate. 

4) The wear mechanism is abrasive wear under atmospheric 

environment, indicated by randomly distributed debris. 

Adhesion wear and plastic deformation are the main wear 

mechanism under ground simulated space environment (AO, 

UV, and VC) as peeling pits and transferred Ni, Cr, and Ti on 

the counterpart can be found on the worn surface and the 

surface of the counterpart, respectively. 
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