
Zhu et al. Surface Science and Technology             (2023) 1:4  
https://doi.org/10.1007/s44251-023-00003-8

REVIEW Open Access

© The Author(s) 2023. Open Access  This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

Surface Science 
and Technology

Surface engineering design on alleviating 
fretting wear: a review
Min‑Hao Zhu1*, Xiao‑Qiang Fan1, Zhen‑bing Cai2, Jin‑Fang Peng1 and Qi Sun1 

Abstract 

This paper introduces the definition, classification, and running modes of fretting damage, as well as industrial 
phenomena of fretting damage cases. It is detail reviewed the progress of two‑types fretting map theory (running 
condition fretting map‑RCFM and material response fretting map‑MRFM), and outlines the protection strategy of fret‑
ting wear according to the fretting map theory, i.e. eliminating the mixed fretting regime and slip regime, increasing 
the strength of the contact surface, reducing the coefficient of friction, and selecting and matching of materials. 
Several surface engineering techniques (such as PVD, laser surface modification technology, bonded solid lubricant 
coating, thermal spraying coating, and micro‑arc oxidation coating) against fretting wear are reviewed, several mech‑
anisms to alleviating fretting wear are proposed as well as a collection of practical examples of surface engineering 
designs to anti‑fretting wear. Base on the review of previous studies, mechanisms of surface engineering technologies 
for alleviating fretting wear have been proposed. In addition, the content and process of surface engineering design 
are introduced in this paper. A quantitative evaluation method using polar coordinate diagram is applied to choose 
appropriate surface engineering technology. Finally, taking the locking pin of variable gauge train as an example, 
the process of surface engineering design is further expounded.

Keywords Fretting damage, Fretting wear, Fretting wear theory, Surface engineering technology, Surface 
engineering design

1 Introduction
1.1  Definition and classification of fretting
The recognition of fretting phenomenon has only been 
over a century, and it was first reported in 1911, when 
Enden et  al. observed brown oxidized wear debris at 
the fit between the fixture and the steel specimen of 
their fatigue testing machine [1]. At present, the widely 
accepted definition of fretting refers to the relative 
motion between contact surfaces with very small ampli-
tude (displacement amplitude is usually in the order 

of microns) under the action of alternating loads such 
as mechanical vibration, fatigue load, electromagnetic 
vibration, fluid induced vibration or thermal cycling [2–
4]. The contact surface is usually nominally "stationary". 
That is, fretting occurs in the mechanical parts of a "tight" 
fit (also known as a gap fit). Fretting damage originates 
from the micro-zone of the contact interface, which has 
strong concealment and is easy to be ignored or ignored, 
so it has great potential danger. In fact, fretting is com-
mon in engineering practice, involving a wide range of 
disciplines such as mechanics, materials, mechanics, 
physics, chemistry and even biomedical, electrical, etc. 
Therefore, its prevalence, complexity and research diffi-
culty are far more than the common sliding and rolling 
friction.

Fretting can lead to two forms of damage [3, 4]: (1) 
The wear induced by fretting can cause surface wear 
between contact surfaces, resulting in material loss and 
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component size changes, causing component seizure, 
loosening, power loss, vibration and noise increase or the 
formation of pollution sources. (2) The fatigue induced 
by fretting can accelerate the initiation and expansion of 
cracks, greatly reducing the fatigue life of the component, 
and the fretting fatigue life can even be as low as 1/5 ~ 1/3 
of the conventional fatigue. Fretting damage is often the 
culprit of some catastrophic accidents, known as the can-
cer of modern industry.

Fretting is often classified as three basic modes, as 
shown in Fig.  1. (1) Fretting wear: usually refers to the 
relative displacement of the contact surface caused by 
the external vibration of the contact pair, the contact pair 
itself only bears local contact load, or bears a fixed pre-
stress. (2) Fretting fatigue: refers to the relative displace-
ment of the contact surface caused by the deformation of 
the contact pair under external alternating fatigue stress. 
(3) Fretting corrosion: the occurrence of fretting in elec-
trolyte or other corrosive media (such as seawater, acid 
rain, corrosive atmosphere, etc.). Corrosion occurs in all 
fretting processes, but corrosion predominates at this 
time.

1.2  Running modes of fretting wear
In practical engineering problems, the relative motion of 
fretting is very complicated. To study fretting wear, it is 
necessary to decouple the complex relative motion and 
simplify it. According to the ball-on-flat contact mode, 
fretting wear can be divided into four basic modes [3, 
4]: tangential, radial, torsional and rotational fretting. At 
present, the vast majority of studies are still focused on 
tangential fretting wear. In 2000, the team of the author 
took the lead in making a breakthrough in radial fretting 
mode [5], and then gradually extended the fretting mode 
to all modes such as torsional fretting [6], rotational fret-
ting [7], dual motion fretting [8] and dual rotary fretting 
[9]. As can be seen from Fig. 2, the theoretical system of 

fretting wear includes four basic modes, as well as dual 
motion fretting such as bidirectional dual motion fretting 
(tangential + radial), dual rotary fretting (torsional + rota-
tional), torsional + radial fretting and impact fretting 
(impact + tangential).

1.3  Fretting damage examples in industry
Fretting damage is widely found in various fields of 
modern industry such as general machinery, aviation, 
aerospace, automobile, railway, ship, power, electronics, 
petrochemical, mining, nuclear reactors, weapon systems 
and artificial implants. Nine typical fretting damage phe-
nomena can be summarized according to the matching 
mode or operation characteristics of friction pairs in dif-
ferent industrial fields [10], as seen in Table 1.

1.4  Progress of fretting wear tester
The progress of fretting wear testing rig has promoted 
the study and disclosure of fretting wear mechanism. So 
far, researchers have developed different forms of fret-
ting wear test rig based on different fretting modes and 
actual working conditions. For example, Liu et al. [11] 
designed a temperature-adjustable fretting test rig as 
shown in the Fig.  3(a). Afterwards, an electric contact 
fretting wear test rig was used to measure the interface 
contact resistance by a four-probe contact method as 
shown in the Fig. 5(b), and insulating bolts were used in 
each part of the fixture to prevent current leakage and 
ensure the accuracy of the results [12]. Shen et al. [13] 
developed a special dual rotary fretting wear test rig, 
as shown in the Fig. 5(c). The dual rotary fretting wear 
can be achieved by adjusting the tilt angle between the 
rotary axis of the ball sample and the plane sample, 
and the minimum angular displacement amplitude can 
reach 0.01°. When the tilt angle is equal to 0° or 90°, the 
fretting is converted into a simple mode of pure tor-
sional fretting or pure rotational fretting, respectively. 

Fig. 1 Schematic diagram of common fretting modes: a Fretting wear; b Fretting fatigue; c Fretting corrosion
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Figure 5(d) shows the fretting fatigue test rig made by 
Wang et  al. [14]. During the test, the ball linear guide 
was slid in the wedge clamp to prevent the tired wire 
from bending, and fretting corrosion was achieved by 
dipping the wire contact zone into a plastic container 
containing deionized water or electrolyte solution. At 
present, most fretting corrosion tests only add solution 
soaking chamber and electrochemical measurement 
system to fretting wear or fatigue test rig [15].

Recently, the author’s group has developed a new 
fretting wear test system, which can realize the tests 
of all fretting modes as shown in Fig. 2, as well as the 
impact wear, reciprocating sliding wear and pin-on-
disc sliding tests on one device. Table 2 shows the func-
tions, parameters and technical indicators of the new 
test system.

Fig. 2 Schematic diagram of complicated fretting modes of fretting wear: Fn‑normal load; s‑Impact distance; D‑displacement amplitude; Ω‑angular 
displacement amplitude; α‑incline angle; FW‑fretting wear



Page 4 of 19Zhu et al. Surface Science and Technology             (2023) 1:4 

2  Progress on fretting map theory
2.1  Two‑types fretting map theory
In 1988, Vingsbo and Soderberg [16] studied the fret-
ting wear of three metal materials (low-carbon struc-
tural steel, austenitic stainless steel and pure niobium), 
and first proposed the concept of fretting map. The 
main contribution of Vingsbo and Soderberg is to pro-
pose the concept of fretting map on the basis of Mind-
lin’s contact theory and literature research, combined 
with its experimental results, and consider that the crit-
ical point between the sticking-slip mixed regime and 
the gross slip regime is at the lowest point of fatigue 
life. It can be seen that the fretting map proposed by 
Vingsbo and Soderberg has certain similarities with 
Mindlin’s contact theory, and there is no essential dif-
ference in fretting regime division, so it does not cor-
rectly reflect the running mechanism and damage law 
of fretting wear.

According to the test study of fretting wear under dif-
ferent normal loads, displacement amplitudes, frequen-
cies, materials, contact area geometry and sample sizes, 
Zhou et  al. proposed the Theory of Two-types Fretting 
Maps [17–21], which include running condition fret-
ting map (RCFM) and material response fretting map 
(MRFM). The RCFM consists of a partial slip regime 
(PSR), a mixed regime (MR) and a slip regime (SR) 
(Fig. 4(a)), and the division of the regime is determined 
by the variation characteristics of friction force- displace-
ment amplitude-cycles. The formation and size of the 
mixed regime are mainly related to the characteristics of 
friction pairs and the interface medium. The MRFM con-
sists of slight damage regime, cracking regime and wear 
regime corresponding to the RCFM (Fig. 4(b)). The divi-
sion of the regime is mainly determined by the damage 
type, and the distribution and size of the damage zone 
are closely related to the number of cycles.

Table 1 Summary of typical fretting damage phenomena

No Classification Fretting modes Practical example

1 Various detachable connections Bolt connection Dual‑motion FW Bolts of track fastener

Rivet joint Tangential FW
Radial FW

Aircraft skin rivets

Pin joint Tangential FW
Radial FW
Rotational FW

Taper pin;
Fitting pin

Buckle connection Tangential FW
Radial FW

Detachable buckle
Non‑removable buckle

2 Various interference fits Rotational FW
Tangential FW

Interference fit of train wheel shaft

3 Various tight fit Tongue‑and‑groove fit Dual‑motion FW Turbine blade

Spline fit Tangential FW
Radial FW

Spline shaft;
Splined hub

Tight fit
Clamp fit

Tangential FW
Radial FW

Wire clamp of catenary system;
Cable clamp

4 Various clearance fit Impact FW + 
Tangential FW
Radial FW

Steam generator tube/ anti‑vibration bar;
Control rod lifting device in nuclear reactor

5 Various rotary fit Pin shaft Rotational FW + 
Tangential FW
Radial FW

Pin shaft connected the blade to the ear 
of helicopter

Ball and socket joint Dual rotary FW Ball and socket joint of automobile suspension 
system

Ball valve Rotational FW + 
Radial FW

Ball valve in water supply system

Artificial joint Dual rotary FW + 
Radial FW

Artificial hip implant

6 Various elastic support structure Radial FW Fuel rod assembly elastic support;
Track elastic fastener

7 Various flexible structure Tangential FW Cable of cable‑stayed bridge;
Power system cable;

8 Various electrical contact component Tangential FW
Radial FW

Relay contact point;
Electrical socket contact point

9 Improperly protected parts during transportation Radial FW
Tangential FW

False Brinell indentation of bearing
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In the last two decades, the author’s group has extended 
the theory of Two-types Fretting Maps from tangential 
fretting wear to other fretting wear modes. The results 

show that the theory can reveal the running behavior 
and damage mechanism of fretting wear under different 
fretting modes, materials and environmental conditions. 

Fig. 3 Schematic diagram of fretting testing rigs. a Temperature adjustable fretting wear tester. b Electric contact fretting wear tester. c Dual rotary 
fretting wear tester. d Fretting fatigue testing rig

Table 2 Functions, parameters and technical indicators of the new test system

Technical parameters Existing level The new test system

Drive mode Hydraulic, electromagnetic excitation, high precision low speed 
motor

Linear or rotary voice 
coil (VCA) motor, piezo‑
electric (PZT) ceramic 
driver

Fretting modes Tangential, radial, torsional and rotational fretting Tangential, radial, tor‑
sional, rotational and all 
composed fretting

Normal load Constant loading or servo loading Servo loading

Displacement control accuracy 1 μm/ 0.1° 0.1 μm/ 0.1°

Minimum displacement amplitude 1 μm (Hydraulic driver) 0.1 μm (PZT driver)
1 μm (VCA driver)

Maximum frequency  ~ 200 Hz (Electromagnetic excitation)  > 200 Hz
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Figure 5 shows the RCFM and MRFM for the four basic 
fretting modes [10].

2.2  Protection strategy of fretting wear
The simplest way to prevent fretting damage is to elimi-
nate the vibration source, but this is not possible in 
industrial practice. Due to the complexity of fretting 
problems, specific problem analysis is required. Based on 
the theory of Two-types Fretting Map and a large num-
ber of experimental studies, the author proposes the fol-
lowing protection strategy for fretting wear, which can be 
used to guide engineering practice:

(1) Eliminating the mixed fretting regime and slip regime

According to the Two-types Fretting Map Theory, 
the wear and crack formation mainly occur in the SR 
and MR, while the damage in the PSR is slight. It can 
be considered to reduce the relative motion amplitude 
between the contact interfaces to make the fretting run 

in the partial slip state (i.e. in the PSR) as far as pos-
sible. There are three specific methods can be chosen:

A) Increasing the normal load can transform the fretting 
running regime from the SR and MFR to the PSR, 
but this may cause a sharp increase in local stress and 
increase the risk of local fatigue damage;

B) Reducing the tangential stiffness: in certain displace-
ment amplitude, the increase of the flexibility of con-
tact zone means that the enhancement of the elastic 
deformation ability of the contact zone. Thus, some 
or all of the fretting amplitude can be balanced by the 
elastic deformation of contact zone, resulting in the 
state of elastic coordination, namely running in the 
PSR (it is like wearing socks to keep your feet from 
getting worn out).

C) Changing the structure design: can sometimes 
receive unexpected fretting damage protection effect, 
because the pressure distribution, topological contact 
mode or contact stiffness of the contact surface may 

Fig. 4 Schematic diagram of two types of fretting maps. a Running condition fretting map. b Material response fretting map

Fig. 5 Schematic diagram of the RCFM and MRFM under various fretting modes
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be changed accordingly, thus changing the fretting 
running regimes.

(2) Increasing the strength of the contact surface

Through various surface engineering techniques, the 
surface strength of materials can be improved. A large 
number of studies have shown that most of the surface 
modification techniques are very effective for fretting 
protection in the PSR and MR, which greatly improves 
the resistance to fretting cracking. The lifetime of the 
surface treatment layer is closely related to its thickness 
and contact condition. For example, when the maxi-
mum contact stress depth is similar to the thickness of 
the surface modified layer or coating, cracks are prone 
to form in the interface zone and lead to early failure.

(3)  Reducing the coefficient of friction

The most common way is to take to reduce the fric-
tion coefficient through lubrication, however, for the 
semi-solid and liquid lubrication, due to the high con-
tact pressures, it is difficult to form effective hydro-
dynamic lubrication film. On the contrary, in the MR 
or the edge of PFR close to the MR, due to the exist-
ence of microcracks, fluid lubricants may be squeezed 
into the crack tip, thus promoting the crack propaga-
tion. Therefore, the lubrication plays a harmful role at 
here. The preparation of solid lubrication coating with 
surface treatments can reduce the friction coefficient 
of the material surface and obtain a good anti-fretting 
wear effect.

(4)  Selecting and matching of materials

Reasonable selection and matching of materials contact 
pairs play an important role in mitigating fretting dam-
age. Under the condition that the structural strength can 
be satisfied, the material with better flexibility and large 
deformation can effectively absorb the relative slip, so as 
to reduce the surface damage. Selecting materials with 
high hardness and fatigue strength can effectively reduce 
fretting wear and inhibit the initiation and propaga-
tion of cracks. In addition, after reasonable selection of 
materials, the use of a small amount of third body gener-
ated in the initial stage of fretting for self-lubrication can 
also achieve the purpose of reducing the further dam-
age of materials. Since one of the advantages of surface 
engineering is that a layer of special material can be con-
structed on the matrix material, surface engineering can 
be used to achieve reasonable material matching between 
contact pairs.

The above four aspects of alleviating measures for 
fretting wear, whether it is reducing tangential stiffness, 
increasing contact surface strength, reducing friction 
coefficient, or providing special matching materials, can 
be organically combined with modern surface engineer-
ing technologies. Therefore, the surface engineering 
research of anti-fretting damage has been widely paid 
attention to. The surface engineering design of friction 
pairs for anti-fretting damage can effectively protect the 
materials and engineering components.

3  Surface engineering technologies 
for anti‑fretting wear

Surface engineering technology refers to the process 
method of changing the surface morphology, composi-
tion, organization structure and stress state of materials 
to improve their properties such as wear resistance and 
fatigue resistance through surface coating, surface modi-
fication or composite treatment of multiple surface tech-
nologies. There are many types of surface engineering 
technologies, which can be roughly classified according 
to Fig. 6 [22].

A large number of studies and practices show that the 
application of surface engineering technology to resist 
fretting damage can greatly improve the wear resistance 
or anti-friction properties of materials, bring the char-
acteristics of matrix materials that cannot be compared, 
and obtain huge economic benefits. The anti-fretting 
damage research of surface engineering technology has a 
history of 40 or 50 years, and new technologies have been 
successfully applied constantly. It is shown that most of 
the techniques can effectively reduce fretting damage, 
but the internal mechanism is still lack of systematic and 
comprehensive understanding. In addition, the obtained 
results also have a large dispersion, in addition to the dif-
ference between different surface treatment methods, 
even if the same coating, different researchers of the pro-
cess, composition and performance, and test conditions 
were different. The anti-fretting wear properties of some 
different surface engineering techniques are reviewed as 
follows:

3.1  Physical vapor deposition
Physical vapor deposition (PVD) is a technique that 
uses physical methods to vaporize the surface of a mate-
rial source into gaseous atoms or molecules, or partially 
ionized into ions, under vacuum conditions, and depos-
its a thin film with some special function on the surface 
of the substrate by a low-pressure gas process. Ohmae 
et  al. [23, 24] have studied a variety of PVD coatings 
and pointed out that the ion plated boron carbide film 
has very good fretting damage resistance. Ion plated Au 
and Ag films as solid lubrication coatings show different 
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fretting characteristics, Au film has good durability, while 
Ag film has poor effect due to oxidation. Cr and Zn films 
with displacement amplitude in the range of 50-100 μm 
show good fretting wear resistance. Asgaribakhtiari et al. 
[25] showed that the partial relaxation of tensile resid-
ual stresses after deposition of Cr/CrN coating by PVD 
method was very beneficial for the improvement of fret-
ting fatigue life of the specimen in the high-cycle fatigue 
region. The CrTi/CrTiN multilayer ceramic film prepared 
by Quazi et al. [26] reduce the friction coefficient of the 
substrate steel from 0.43 to 0.36 and the maximum wear 
depth from 9.5  μm to 5.9  μm. In addition to ceramic 
coatings, solid lubricant films such as DLC film and 
 MoS2 film also exhibit the advantages of high hardness, 
low friction coefficient and high wear resistance [27–29]. 
Zhuang et  al. [30] pointed out that the fretting damage 
of DLC film under fluid lubrication is mainly attributed 
to abrasive wear, while  MoS2 films are fatigue wear and 
adhesive wear. Li et al. [31] compounded DLC film with 
TiAlN coating, and the composite coating can signifi-
cantly improve the fretting wear performance of the sub-
strate surface and change the fretting running regime to 
avoid the appearance of MR. according.

According to the review of literature, for PVD coat-
ings, the following principles need to be considered when 
applying fretting damage protection: 1) Good friction 
wear resistance and thermal stability under normal work-
ing conditions. 2) Excellent accident resistance, such as 
impact resistance and compression bending resistance. 
3) Good compatibility and adhesion with the substrate. 

4) PVD coating produces residual stress on the surface 
layer, but has little improvement on fretting fatigue life. 
Therefore, PVD coatings are one of the most important 
means of anti- fretting damage and have been used to 
improve the fretting properties of counter bodies.

3.2  Laser surface modification technologies
Laser surface modification technology uses the charac-
teristics of high brightness, high directionality, high mon-
ochromaticity and high coherence of laser light to modify 
or alloy the surface of metal materials by changing the 
organizational structure and chemical composition of the 
surface, thus achieving the purpose of improving the sur-
face properties of the material. There are many classifica-
tion and naming methods for laser surface modification 
technologies, usually by whether it changes the substrate 
composition, it is divided into two categories: change the 
substrate composition or no change the substrate com-
position. Laser surface modification techniques mainly 
include laser shock peening (LSP or laser impact process-
ing or laser shot peening), laser quenching (LQ or laser 
phase transformation hardening), laser surface alloying 
(LSA), laser nitriding (LN), laser melting (LM) and laser 
cladding (LC).

The LQ method has the advantages of low cost, mature 
process and environmental friendliness. The micro-struc-
ture of the material treated by LQ will be rapidly austeni-
tized and transformed into a martensitic structure, thus 
improving the strength and hardness of the substrate, 
and improving the resistance of fretting wear, especially 

Fig. 6 The classification of surface engineering technology
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the effect is more obvious when the load is high and the 
displacement is large [32]. LQ and LSA can improve the 
fretting wear resistance of 2Cr13 stainless steel by 1.81 
and 4.48 times [33]. Other results showed that the fric-
tion coefficient and fretting wear rate of laser-hardened 
AISI 4135 alloy were reduced by more than 20% and 50% 
[34], respectively.

LSP has the outstanding advantages of non-contact, 
no heat-affected zone, high controllability and significant 
peening effect. Park et al. [35] used a high-power diode 
laser to achieve surface hardening of die steel at 1000 
℃ and 1200 ℃, resulting in a more stable fretting fric-
tion coefficient profile and lower wear of the substrate. 
Telasang et al. [35] found a significant increase in surface 
micro-hardness of 170 VHN in the laser surface treated 
zone compared to the quenched and tempered base 
material, and a reduction in steady-state friction coeffi-
cient for all running conditions. After the laser action is 
over, the mechanical effect is manifested in the acquisi-
tion of higher residual compressive stresses on the mate-
rial surface due to the reaction of the material around the 
impact area. The residual compressive stress decreases 
the level of tensile stress in the alternating load, result-
ing in a decrease in the average stress level, thus increas-
ing the fatigue crack sprouting life. At the same time, the 
presence of residual compressive stress can cause the 
crack closure effect, which effectively reduces the driving 
force of fatigue crack propagation.

LC is a method to form a metallurgically bonded addi-
tive cladding layer on the surface of the base material 
by adding a cladding material to the surface of the base 
material and using a high energy density laser beam to 
melt with the thin layer on the surface of the base mate-
rial. The cladding layer has low dilution but strong bond-
ing force and metallurgical bonding with the substrate, 
which can significantly improve the wear resistance, cor-
rosion resistance, heat resistance, oxidation resistance 
or electrical properties of the substrate material surface, 
thus achieving the purpose of surface modification or 
repair, meeting the specific performance requirements of 
the material surface while saving a lot of material costs.

As outlined above, Table 3 displays the improvement of 
fretting wear resistance of various materials by different 
laser modification techniques.

3.3  Bonded solid lubricant coating
More than 95% of the lubricating materials in solid lubri-
cation coatings are bonded to the workpiece surface by 
various organic and inorganic adhesives, and then using 
coating process to coat on the surface of the friction 
parts. Bonded solid lubrication coating, as an economi-
cal, convenient and excellent anti-friction measure, has 
been widely used in industrial fields. Bonded solid lubri-
cant coating can show good resistance to fretting wear 
and fretting fatigue performance, significantly extend the 
service life of the coated workpiece, reduce resources and 

Table 3 Improvement of fretting wear resistance of materials by different laser surface modification techniques

Technology Technological parameters Thicknes
(μm)

Influence layer(μm) Hardness 
increase
(%)

Property 
Increment
(%)

Ref

No change the substrate composition LC Lader‑power: 225‑1500W
scanning speed:600–1800 mm/s

70 30 ‑ ‑ [36]

40–100 ‑ ‑ 66–76 [37]

LSA Lader‑power: 200‑3500w
spot diameter:0.5–4 mm
scanning speed: 6–100 mm/s

‑ 100 57 ‑ [38]

50–80 41 53–68 [39]

20–60 ‑ 8–28 72–82 [40]

150 50 3.6 33–42 [41]

LN Lader‑power: 3.5 kW
spot diameter: 0.5–5 mm
scanning speed:1–5 mm/s

8 mm ‑ ‑ 48 [42]

‑ 4–13 84 23 [43]

Change the substrate composition LQ Lader‑power: 1‑2kw
spot diameter:6–8 mm
scanning speed:8–80 mm/s

‑ ‑ 1.85 40–50 [44]

‑ ‑ ‑ 20–72 [45]

‑ ‑ 36 8 ‑71 [46]

‑ 750 54 55 [47]

‑ 800 ‑ 39–51 [48]

LM Lader‑power: 2kw
spot diameter:8 mm
scanning speed:16‑21 mm/s

‑ ‑ 1.6 75–87 [49]

‑ 1 mm 33% 67 [47]

LSP Lader‑power: 1–4 J
spot diameter:1.8 mm‑9 mm
scanning speed:1‑40 mm/s

‑ 520 43 15–75 [50]

‑ 300 36 26 [49]

‑ 1000–1400 1–1.8 ‑ [51]
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energy consumption, wide environmental adaptability 
and eco-friendly [52–54]. The most typical bonded solid 
lubricant coatings for industrial applications are bonded 
graphene, bonded PTFE and bonded  MoS2.

The fretting wear running behavior and damage mech-
anism of bonded solid lubrication coatings were system-
atically studied under different fretting modes by the 
author’s group [55–62]. Zhu and Xu et  al. [55–58] sug-
gested that the tangential fretting wear life of bonded 
MoS2 solid lubricated coatings could be improved by 
increasing the substrate hardness and surface roughness, 
increasing the coating thickness, changing the curing 
method, and reducing the relative humidity. Hiraoka [63] 
pointed out that the  MoS2 solid lubricated coatings have 
tens of times longer wear life in vacuum than in air, and 
the friction coefficient was only a quarter of that in air, 
suggesting that bonded solid lubricated coatings are also 
suitable for mitigating fretting damage problems in high 
vacuum environments.

Figure 7 shows the RCFM of the bonding  MoS2, graph-
ite and PTFE coatings under the condition of tangential 
and rotational fretting. It can be seen that the PSR was 
almost overlapping (Fig.  7(a)). Compared with the base 
42CrMo steel, the MR disappeared, because  MoS2 crys-
tal, graphite and PTFE have very good lubrication effect, 
and relative sliding is easy to occur, and the MR was 
inhibited. Under the mode of rotational fretting wear, for 
both coating and substrate materials, the MR of fretting 
wear disappeared. As seen in Fig. 8 (b), after the adhesive 
coating was applied, the SR moved towards the smaller 
angle displacement amplitude, which greatly reduced the 
range of the range of PSR. The torsional, rotational and 
dual rotary fretting behavior of bonded  MoS2 solid lubri-
cated coatings have explored [60–62], and the coatings 
not only effectively reduce the friction coefficient and 
improve the wear resistance compared to medium car-
bon steel, but also change the fretting running regimes of 

the substrate. Therefore, the main mechanism of bonded 
solid lubrication coatings for anti-fretting wear is to 
change the running regimes of fretting. The evolution of 
friction coefficient can divide the fretting wear process 
into three stages: In Stage I, at the beginning of the test, 
the friction coefficient was in a stable and low-level state, 
and its value did not exceed 0.1 for MoS2 coating; In 
Stage II, the friction coefficient increased gradually, but 
the speed was slow. When the friction coefficient reached 
0.25, the wear entered the third stage, and the friction 
coefficient at this stage rapidly increased to the value of 
the base material, indicating that the coating completely 
lost its protective effect on the substrate. As seen in 
Fig.  8(a), however, when D = 40  μm, the friction coeffi-
cient suddenly increased sharply after 5 ×  104 cycles, indi-
cating that the coating quickly failed.

With the advancement of technology and increasing 
application demands, bonded solid lubricant coatings are 
being upgraded and improved. The introduction of new 
fillers and the optimized design of the coating structure 
have led to better performance of the coatings. Yin et al. 
[64] Investigated the combined advantages of flake  MoS2 
over bulk  MoS2 as a solid lubricant filler, concluding that 
bonded flake  MoS2 solid lubricant coatings alleviated 
fretting wear due to the intrinsic shear characteristics of 
 MoS2, the repairing effect on the worn zone and the for-
mation of a uniform and dense transfer film. The syner-
gistic effect of two or more lubricant fillers led to further 
optimization of the coating mechanical properties and 
wear resistance.

3.4  Thermal spraying coating
Thermal spraying is a surface engineering process in 
which melted or heated materials are deposited onto 
a substrate. The feedstock is heated through electrical 
(plasma or arc) or chemical (combustion flame) means. 
This process can produce thick coatings over large area 

Fig. 7 The RCFM of the bonding  MoS2, graphite and PTFE coatings under the tangential fretting mode (a) and rotational fretting mode (b)
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at high deposition rates, compared to other coating pro-
cesses such as electroplating, PVD, and chemical vapor 
deposition (CVD). A wide range of coating materials can 
be used in thermal spraying, including metals, alloys, 
ceramics, plastics, and composites. These materials are 
fed into the thermal spray system in powder or wire form 
and are heated to a molten or semi-molten state before 
being accelerated towards the substrate as micrometer-
sized particles. Several variations of thermal spraying 
exist, including plasma spraying, detonation spraying, 
wire arc spraying, flame spraying, high velocity oxy-fuel 
coating spraying (HVOF), high velocity air fuel (HVAF), 
warm spraying, and cold spraying.

The application of thermal spraying technology to 
improve the fretting wear resistance in industrial field 
was a more mature means. Koiprasert [65] studied the 
protective effect of thermal spraying coating on the 

frittering wear of gas turbine engine. They used thermal 
spraying technology to deposit four kinds of coatings 
on the stainless-steel substrate, and the results showed 
that the thermal spraying coating had good anti-fret-
ting resistance. Fu et al. [66] discussed the fretting wear 
behaviors of plasma sprayed hydroxyapatite (HA) coat-
ing on Ti-6Al-4  V substrate. Armada et  al. [67] inves-
tigated the lubrication properties of thermal spraying 
polymer coatings with polyurea microcapsules filled with 
lubricant and observed self-healing behavior, indicating 
improved tribological properties.

Plasma spraying was a typical thermal spraying tech-
nology, and the prepared coatings have a typical lay-
ered structure. It was a hot research point at home and 
abroad to prepare CuNiIn coating by plasma spraying 
to improve the fretting wear performance of aeroengine 
blade tenon structure [68–71]. Fridrici et  al. [68] found 

Fig. 8 Friction coefficient curves of bonded solid lubrication coatings (Fn = 600N, N =  105): a  MoS2 coating; b PTFE coating; c 42CrMo steel base 
material
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through his research that the presence of the CuNiIn 
coating improved the resistance of the base material 
to fretting wear. Mary et  al. [69] utilized the microwear 
tester to investigate the wear behavior of CuNiIn coat-
ings at elevated temperatures. The results indicated that 
the friction coefficient remained constant regardless of 
temperature, and there was no alteration in surface deg-
radation. They then went on to investigated the effect of 
pressure and temperature on the fretting wear of Cu-Ni-
In plasma coatings in contact with Ti17 titanium alloy 
[70]. It was found that the pressure was the main cause 
of the form of damage, with temperature playing a sec-
ondary role. Niu et  al. [71] have discussed in depth the 
mechanism of CuNiIn coatings against fretting wear, and 
the coating damage mechanism was shown in Fig. 9. The 
unique layer structure of the coating greatly reduced the 
fretting wear of the base material. During fretting wear, 
the lamellar structure of CuNiIn coating effectively pre-
vented fatigue crack propagation, led the crack to deflect 
along the lamellar interface, and induced crack bifurca-
tion. In addition, pores can passivate the crack tip.

The wear properties of thermal spraying coatings can 
vary depending on the specific thermal spraying process 
used. Each process has its own unique characteristics 

that can affect the microstructure and properties of the 
resulting coating. Using HVOF deposition, material deg-
radation may occur, leading to coating brittleness and 
rapid expansion of surface and subsurface cracks, thereby 
affecting the wear mechanism and friction performance 
of the coating [72]. However, coatings prepared using 
HVAF spraying were less prone to material degradation. 
Due to the relatively low temperature of this method 
and the fact that the particles were almost unheated, the 
interlayer cohesion was weaker [73].

The process parameters can have a significant effect on 
the fretting wear properties of thermal spray coatings. 
For example, Xie et al. found that the feed rate of pow-
der had a greater influence on the fracture toughness, 
adhesion strength, and porosity of Cr3C2-25 NiCr coat-
ings [74]. As the powder feed rate decreased, the molten 
degree of spraying increased, leading to an increase in 
fracture toughness and adhesion strength and a decrease 
in porosity [75]. Torkashvand et  al. [76] also demon-
strated that the nozzle configuration affected the wear 
performance of thermally sprayed coatings. The excep-
tional wear resistance of the coatings can be ascribed 
to their compact microstructure and the formation of a 
hard tribo-film during wear testing [77].

Fig. 9 Schematic of the fretting wear damage mechanism in the CuNiIn coating [71]
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The performance of thermal spray coatings can vary 
with the composition of alloy elements. For example, 
MCrAlX coatings (M = Ni, Co or NiCo; X = Y, Hf, Ta, Si, 
Re and other active elements for oxygen reaction) have 
been gradually regarded as the protective layer of alloy 
or the bonding layer of thermal barrier coating (TBC) 
at high temperature. The physicochemical properties of 
MCrAlX coatings are dependent on the specific compo-
sition of their alloying elements [78].

3.5  Micro‑arc oxidation coating
Micro-arc oxidation (MAO) is a surface treatment pro-
cess that can be used to improve the corrosion and wear 
resistance of metals such as magnesium, aluminum and 
titanium alloys. The process involves the use of high 
voltage electrical discharges to generate micro-plasma 
arcs on the surface of the metal, which melts the exist-
ing oxide layer and allows for the formation of a dense 
and hard ceramic oxide coating. This coating has a 
lower porosity than conventional anodized films, which 
improves its corrosion and wear resistance. The process 
can be further optimized by adjusting the pulse electri-
cal parameters and electrolyte conditions to achieve the 
desired coating properties. The oxide film formed by 
MAO technology has a distinct three-layer structure: 
an outer loose layer, a middle dense layer, and an inner 
bonding layer. The dense layer accounts for 90% of the 
total film thickness and forms a micro-regional metal-
lurgical bond with the substrate. The MAO films have a 
strong adhesion to the substrate, controllable thickness, 
and other excellent properties, such as wear resistance, 
thermal shock resistance and electrical insulation. In 
addition, process parameters can also affect the structure 
of the oxide film layer of micro-arc oxidation coatings, 
resulting in different wear resistance effects.

Table  4 shows the effect of MAO technology on the 
anti-fretting wear performance of different materials 
after treatment. It was found that MAO technology can 
effectively improve the anti-fretting wear performance 
of materials, because MAO generates a ceramic coating 
with dense structure, improves the surface hardness of 
the material, and improves the tribological properties of 
the material.

The author’s group has studied the fretting wear run-
ning behavior and damage mechanisms of MAO coating 
[83] and the micropores of MAO coating sealed by grease 
(named as SMAO) [84] prepared on the substrate of Al-Si 
alloy. It was found that the MAO and SMAO coating 
could change the fretting regimes of the substrate. For 
the MAO coating, MR and SR shifted to lower displace-
ment amplitudes, then PSR narrowed; but for the SMAO 
coating, the MR was disappeared by the lubricant action 
of the grease, at same time, the PSR was narrowed and 
the SR was shifted to the direction of lower displacement 
amplitudes to gain a favour for alleviating fretting wear. 
The friction coefficient of the MAO coating in initial 
stage was higher than that of the substrate alloy owing to 
its coarse and porous surface. the friction coefficient of 
the SMAO was significantly lower than that of the MAO 
coating. The damage in PSR was very slight both for the 
MAO and SMAO coatings, the porous structure was 
still reserved after  104 cycles. In MFR and SR, a lamellate 
structure was formed due to the gross slip. Delamina-
tion was the main wear mechanism for the MAO coating 
in MR, and the wear mechanism of the coating was the 
combination of delamination and abrasive wear in SR. 
To compare with the MAO coating, better wear resist-
ance and longer service life for the SMAO coating under 
fretting condition were performed. The mechanisms 
of alleviating fretting wear for the SMAO coating were 
embodied in changing fretting running regimes, improv-
ing surface hardness and decreasing friction coefficients.

4  Mechanisms of surface engineering 
technologies for alleviating fretting wear

As mentioned above, various surface treatment methods 
have improved the resistance to fretting damage to vary-
ing degrees. References [85] summarized the anti-fretting 
effects of different surface treatment techniques and their 
differences. The specific measures to alleviate fretting 
damage largely depend on the specific working condi-
tions, but in principle, the anti-fretting damage measures 
of surface engineering technologies are nothing more 
than reducing the friction coefficient, increasing the 
surface hardness, changing the surface chemical proper-
ties, changing the surface roughness, reducing tangential 

Table 4 Effect of MAO technology on fretting wear properties for different materials

Alloy Coating Displacement Load Hardness Volume loss Ref

Ti6Al4V TiO2/Al2O3 3–40 μm 300N 120.43% ↓82% [79]

Zr alloy GO/ZrO2 100 μm 20N / ↓87.04–96.17% [80]

Ti6Al4V TiO2 60 μm 100N 194.12% / [81]

Al alloy Chameleon/MAO 3–100 μm 20N / 7.92 ×  10−4mm3 [82]

Al‑Si alloy Al2O3(MAO) 2–40 μm 50N 325.4% Wear:  AreaMAO/ 
 AreaSMAO = 1.47

[83]

Al2O3 + Grease(SMAO) [84]
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stiffness and introducing residual compressive stress, etc. 
However, according to the fretting map theory, the most 
fundamental and important method is to use surface 
engineering techniques to change the characteristics of 
the fretting running regimes, as shown in Fig. 10.

It is worth noting that in the field of surface engineer-
ing, the method of reducing tangential stiffness is easy to 
be ignored, but in fact, it has a better protective effect. 
This is like a person, barefoot shoes, easy to wear the 
foot, and wearing socks can be a good way to reduce the 
damage of the foot. The socks here act as an intermediate 
layer to reduce tangential stiffness and play a good pro-
tective role.

5  Practical engineering case for surface 
engineering design on alleviating fretting wear

In order to exert the application effect of surface engi-
neering technology more effectively, it is necessary to 
carry out systematic surface engineering design before 
determining the use of a certain technology, the normal 
process includes the following 5 steps (Fig. 11).

(1) The choice of surface engineering technology: First 
of all, we must consider the surface properties 
required and available, and also consider how to 
accurately control the surface properties, as well as 
the cost of the process.

(2) Surface layer material design: Select wear-resistant, 
anti-friction, anti-corrosion, anti-slip, vibration, 
high temperature resistance, oxidation resistance 

and other materials, as well as a variety of materials 
matching.

(3) Surface layer microstructure design: In order to 
obtain the required surface properties must be 
achieved through the microstructure of the surface 
layer, stress state, the multi-layer coating also need 
to consider the total thickness of the film layer, the 
number of layers, the material and thickness of each 
layer and the matching of each layer.

(4) Surface layer process design: The process method, 
process parameters and process procedures for 
forming the film layer, etc., should also consider the 
tooling design of auxiliary tools, fixtures, measuring 
tools, and so on.

(5) Technical and economic analysis: Estimate the nat-
ural life, service life, technical life, economic life, 
cost-effectiveness ratio of surface treatment and 
modified layer.

The surface engineering design method shown in 
Fig. 11 is preliminarily established on the basis of existing 
experience. It is difficult to accurately determine whether 
the surface system has the best economic feasibility and 
technical performance in advance, and a large number of 
tests are often needed to verify it.

5.1  Quantitative characterization method
In order to achieve the unity of economy and practical-
ity, different surface treatments have their best applica-
tion conditions. However, in order to achieve the optimal 

Fig. 10 Schematic of protection mechanisms of surface engineering technologies for relieving fretting damage
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selection of the coating, it is necessary to select from 
more coating performance parameters and fretting wear 
test results. Carton et  al. [16] proposed a polar coordi-
nate method. The method is reviewed as follows:

Step 1: the material parameters, mechanical proper-
ties, fretting running parameters and material response 
parameters of the coating and its substrate materials 
are classified respectively, as seen in Fig. 12, that is,

(1) Characteristic parameters of substrate or coat-
ing material: including elastic modulus (E), 
yield strength (σy) and fatigue strength (σD);

(2) Coating/substrate interface characteristic param-
eters: including residual stress (Pr), coating scratch 
test critical load (Lc) and bonding strength (σadh);

(3) Running conditions parameters of fretting: 
including loading rate (T), sum of widths of 
part of the slip regime and mixed regime in the 
RCFM (Δ) and friction coefficient (μ);

(4) Material response parameters: including coat-
ing wear life (ns), minimum number of cycles 
required for crack nucleation (nA), maximum 

crack length (ZF) and maximum wear depth 
(ZU) under a certain number of cycles.

Obviously, the parameters of fretting running and 
material response depend on external conditions and are 
highly dependent on the system.

Step 2: corresponding to the four types of parameters, 
the above parameters are described in a polar coordi-
nate diagram, and each type of parameters can be put 
into four sectors respectively, as shown in Fig. 12.
Step 3: according to the above criteria, the anti-fret-
ting wear performance of different surface coatings 
can be comprehensively compared by using the polar 
coordinate diagram, and the best coating suitable for 
the working condition can be obtained according to 
the comparison results.

5.2  Surface engineering design on a fitting pin
In order to further give readers a deeper understanding 
of the surface engineering design method, a recent prac-
tical case study by the author’s group presents as follow.

Fig. 11 Surface engineering design and its process
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Fitting pins, also called locking pins, are widely used in 
rail transportation, aerospace, petrochemical and other 
fields. Pins are usually used for positioning, but also for 
connecting or locking parts, and can be used as overload 
shearing elements in safety devices. The types are usu-
ally taper pins, female taper pins, cylindrical pins, female 
cylindrical pins, open end taper pins, pins with holes, 
cotter pins, etc. Due to the unique role of pins and the 
working environment, they are susceptible to fretting, 
which can cause irreversible damage to equipment or 
structures. Therefore, strengthening the surface of fitting 
pins to reduce the damage caused by fretting wear and 
using surface treatment process for mounting pins is a 
widespread and immediate solution and strategy.

The Fig. 13 shows the locking structure of the bogie of 
variable gauge train, which has the function of wheel-
track switch and mechanical locking, which contains 
locking pins and locking blocks. During the mechanical 
vibration, fretting damage will occur on the matching 
tooth surface of the locking pins. Generally, the lock-
ing pin is made of AISI 4135 steel. In order to increase 
the service life of the locking pin and improve the safety 
factor of the bogie of a variable gauge train, the surface 
coating and surface modification are used to change the 
microstructure and stress state so as to achieve the effect 
of alleviating the fretting damage [86].

He et  al. treated AISI 4135 steels with three eco-
nomical and reliable surface modification techniques 

Fig. 12 Schematic diagram of polar coordinate method for coating selection

Fig. 13 Schematic diagram of the bogie of a variable gauge train (a). Schematic diagram of locking structure and conditions of use (b) [86]
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(plasma nitriding, laser quenching and bonded 
 MoS2 coating) to investigate wear behavior, dynamic 
response, energy dissipation, and damage mechanisms 
in terms of both surface strength improvement and 
surface friction reduction [86]. The three surface treat-
ments can reduce the friction coefficient and wear of 
the fretting interface to varying degrees. As shown in 
Fig. 14, under the dry condition, the PN and PN +  MoS2 
coating presented the better anti-fretting wear perfor-
mance; however, under the condition of grease lubrica-
tion, PN displays the best resistance of fretting damage. 
The locking pin does improve the surface hardness and 
strength after the surface treatments to achieve the 
purpose of reducing the wear rate, thereby reducing the 
harm caused by fretting.

6  Summary
Surface engineering technology is very effective in reduc-
ing fretting damage, but there are many kinds of surface 
engineering technology, and the damage mechanism 
under the condition of fretting friction is also very dif-
ferent, coupled with the actual fretting phenomenon is 
complicated, which makes how to effectively use sur-
face engineering to reduce fretting damage become a 
more complicated system engineering. This requires: 
on the one hand, a systematic understanding of surface 
modification and coating fretting behavior and damage 
mechanism; on the other hand, it is necessary to face the 
continuous emergence of a large number of new technol-
ogies with an open mind, so as to achieve effective and 
economical program selection.

Fig. 14 Polar coordinate diagram method for coating selection (LQ‑ laser quenching; PN‑ plasma nitriding; bonded  MoS2 coating)
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The protection criteria and mechanisms of anti-fret-
ting wear introduced in this paper, as well as quantita-
tive methods, can effectively help the surface engineering 
design of anti-fretting wear, and finally realize the selec-
tion of appropriate surface treatment technology and 
materials, so as to effectively reduce the harm caused by 
fretting damage.
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