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ARTICLE INFO ABSTRACT
Keywords: Aero engine blade structure is prone to severe fretting wear under centrifugal forces and vibration loads,
GHA4169 dovetail joint resulting in greatly reduced engine service life, which is a typical fretting damage problem. In this paper, without

Hybrid laser shock peening
Surface integrity
Fretting wear

Absorbing layer Nanosecond Laser Shock Peening (wAN-LSP) and without Absorbing layer Nanosecond super-
imposed Femtosecond hybrid Laser Shock Peening (NF-LSP) are utilized to strengthen the surface of GH4169
dovetail joint specimens, which is a common material for engine blades, to explore its strengthening mechanism
and fretting wear evolution law. The findings indicate that the surface roughness of the wAN-LSP specimen rises
from 0.28 pm to 1.16 pm. The thermal effects of wAN-LSP lead to the formation of a molten layer roughly 10.97
pm thick on the surface, accompanied by numerous pits, ablation holes, and micro-cracks. In contrast, NF-LSP
treatment effectively eliminates the surface oxidation defects made by the thermal effects of wAN-LSP, lead-
ing to a slight decrease in surface roughness. Both wAN-LSP and NF-LSP treatments enhance the surface hardness
of the specimens, creating a plastic deformation layer roughly 400 pm deep, but the near surface hardness of NF-
LSP treated specimen is further improved compared to that of the wAN-LSP specimen. The wear mechanism
observed in the GH4169 dovetail joint specimens following wAN-LSP and NF-LSP treatment are identified as
abrasive wear and oxidation wear. Initially, as the number of cycles raises, the wear volume of GH4169 specimen
treated with wAN-LSP is higher than that of untreated specimen, but subsequently, it becomes lesser than that of
the untreated specimen. This phenomenon results from the interplay between the molten layer and hardened
layer. In the initial stage of wear, despite the surface strengthening of the wAN-LSP specimen, the presence of
molten layer significantly diminishes the fretting wear resistance of the material. As wear progresses, the molten
layer is removed, revealing the benefits of surface strengthening. Throughout the wear process, the wear volume
of NF-LSP specimen remains consistently lower than that of other two specimens. In comparison to the wAN-LSP
treatment, NF-LSP treatment can enhance the surface condition of the material, leading to improve resistance of
fretting wear across various wear stages.

1. Introduction the stable operation state and service life of engine blade affect the
operation performance, safety, reliability and economic cost of aircraft

Aeroengine is the source of aircraft power and one of the most [1-4]. The blades have been used in extreme environments such as cy-
important components of aircraft. As the key component of aero-engine, clic alternating loads for a long time. Once defects and damages occur in
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the service process, serious safety accidents will occur, which seriously
limit the operation and maintenance of aeroengines [5,6]. GH4169 su-
peralloy is the main manufacturing material of Aeroengine Blades at
present. Fretting wear often occurs under centrifugal force and vibration
load during service, leading to blade failure [7-9]. In order to enhance
the fretting wear performance of material and prolong the service life of
Aeroengine Blades, surface deformation strengthening technique is a
choice.

Currently, the prevalent surface deformation strengthening tech-
nologies include surface mechanical rolling, ultrasonic nano rolling,
shot peening and laser shock peening(LSP), etc. [10-13]. Laser shock
peening surface deformation technology irradiates the surface layer of
metal materials by high-energy laser beams, leading to alterations in the
surface microstructure of metal materials [14-16]. Compared with other
surface deformation strengthening technologies, laser shock peening has
the following advantages, including good surface quality, high control
accuracy, the ability to process thin-walled and complex shaped work-
pieces and form deep hardened layers and CRS fields [17-19]. The laser
energy of traditional LSP technology can reach the Joule level, while the
laser energy of without absorbing layer nanosecond laser shock peening
technology is usually between tens and hundreds of mJ. And compared
with the traditional LSP technology, wAN-LSP has no absorption layer in
the processing process, only a constraint layer [20,21]. The processing
laser energy of Femto-Second Laser Shock Peening (FS-LSP) technology
is usually at the micro focus level, with pulse durations reaching as short
as 1071% 5. In comparison to wAN-LSP technology, FS-LSP technology
has obvious advantages in machining geometric parts with strange and
complex shapes because this technology has no absorbing layer and
constraint layer [22,23].

Zhao et al. [24] conducted traditional LSP and wAN-LSP treatment
on GH4169 superalloy respectively to research the effect on the micro-
structure and mechanical properties of GH4169 superalloy. The research
revealed that LSP treatment resulted in an increase in the tensile
strength of the GH4169 superalloy, while wAN-LSP treatment led to a
reduction in tensile strength for the reason of the creation of an oxide
layer and microcracks above the specimen’s surface. However, once the
oxide layer was removed, the ductility and strength of GH4169 super-
alloy strengthened by wAN-LSP showed significant improvement, sur-
passing that of the alloy treated with LSP alone. Dhakal et al. [25]
treated 7075-T6 aluminum alloy with wAN-LSP with power densities of
4 GW/cm? and 6 GW/cm? The researchers thoroughly analyzed the
alterations in the specimen’s microstructure post wWAN-LSP treatment
and observed a significant 25 % increase in microhardness. Additionally,
a work hardening layer measuring over 1000 pm in depth was formed,
with the maximum residual compressive stress at 100 pm reaching
227 MPa. Nataraj et al. [26] treated SS 304 stainless steel with
9 GW/cm? WAN-LSP, as a result, the hardness level of the SS 304
stainless steel rose by 61 %, leading to the creation of a residual
compressive stress layer that extended more than 200 pm deep, and the
highest residual compressive stress reached 230 MPa. Zhao et al. [27]
conducted LSP treatment on GH4169 superalloy and carried out a fret-
ting wear test at high temperature. They observed a notable enhance-
ment in the wear performance of GH4169 post-LSP treatment, evidenced
by a 12.7 % decrease in friction coefficient and a 67.0 % reduction in
wear rate. This improvement can be the cause of the creation of a
gradient microstructure caused by LSP treatment. Consequently, the
mechanism of wear transformed from adhesive wear to abrasive wear.
Praveenkumar et al. [28] conducted 9 GW/cm? wAN-LSP treatment on
ALSI 304 alloy with one and five scanning times and carried out fretting
wear tests under different loads (5 N, 10 N, 20 N). It was found that the
wear performance of the alloy was sensibly enhanced after wAN-LSP
treatment. Yang et al. [29] used FS-LSP technology to treat ALSI 9310
gear steel with different laser energy and spot spacing, and found that
FS-LSP treatment led to a significantly enhancement in surface micro-
hardness ranging from 9.4 % to 17.4 %, a significant increase in surface
residual compressive stress by 30.5-103.1 %, and the development of a

Tribology International 209 (2025) 110740

hardened layer measuring 150-300 pm in depth. Sano et al. [30]
strengthened 2024 aluminum alloy with FS-LSP of different energies and
found that FS-LSP would not produce a molten layer of the material,
while would produce hardened layers of different depths.

Numerous scholars have conducted extensive studies on the wear
properties and surface integrity of metal specimens following wAN-LSP
and FS-LSP technology treatment. The findings indicate that wAN-LSP
and FS-LSP technology can enhance material hardness, bring in resid-
ual compressive stress, and significantly decrease friction when
enhancing wear resistance. But there remain additional problems to be
further explored. At present, researchers at home and abroad generally
use sliding wear tests to assess the friction and wear properties of LSP
treated specimens, with minimal focus on fretting wear tests. Many re-
searchers primarily focus on measuring wear amount changes,
neglecting the impact of alterations in surface integrity on wear
behavior. There is a lack of detailed explanation of the factors that
enhance the wear resistance and the research on the evolution law of
fretting wear of materials after LSP treatment. It is not enough for the
research on the interaction effect of hybrid laser strengthening and the
improvement effect on the abrasion resistance of materials. Investi-
gating the fretting wear evolution of GH4169 dovetail joint specimens
after wAN-LSP and wAN-LSP superimposed FS-LSP treatment is mean-
ingful. It is essential for enhancing aero-engine turbine blade longevity
through improved understanding of wear resistance enhancement
mechanisms.

2. Methods and materials
2.1. Material

Table 1 lists the chemical composition of GH4169 nickel base su-
peralloy material used in the test. The material is forged and processed,
followed by solid solution and aging heat treatment, and finally pro-
cessed into the required test specimens by machining. The microstruc-
ture of GH4169 nickel base superalloy is observed through scanning
electron microscope after metallographic corrosion, as shown in Fig. 1
(a), annealing twins and numerous & phases can be seen. In addition, the
surface of GH4169 superalloy front and back LSP treatment is tested by
XRD. According to Fig. 1(b), no new diffraction peaks appear on the
material after WAN-LSP and NF-LSP treatment, indicating that wAN-LSP
and CS-LSP treatment will not cause significant phase transformation of
GHA4169 superalloy. However, the diffraction peak shifts, which may be
due to the introduction of a large number of dislocations by laser shock
peening.

2.2. LSP processing

The laser processing equipment of Xi’an Tianruida company
(YSM2000-C30A) is utilized to strengthen the material. The pulse width
of wAN-LSP treatment is nanosecond, the value is 10 ns, and the laser
power density is 3.98 GW/cm2, the wavelength is 532 nm, the spot
diameter is 0.4 mm. Other specific parameters are shown in Fig. 2. There
is a water layer as a constraint layer, but no absorption layer. The NF-
LSP treatment method is to perform wAN-LSP treatment on the sur-
face of GH4169 specimen before FS-LSP treatment. The pulse width of
FS-LSP treatment is femtosecond, the value is 290 fs, and the laser power
density is 27.45 TW/cm2, the wavelength is 1030 nm, the spot diameter
was 40 pm. Other specific parameters are also shown in Fig. 2. There is
no binding layer and absorption layer. The spot is LSP processed along
the “Z” path on the surface of the specimen to be processed, and the

Table 1
Chemical composition of GH4169 nickel base superalloy (wt%).

Si C Al Ti Nb Mo Cr Fe Ni

0.03 0.06 0.16 0.54 0.74 0.42 15.12 18.17 Bal.
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Fig. 1. Microstructure of GH4169 superalloy and XRD of GH4169 before and after different LSP treatments: (a) Microstructure and (b) XRD.
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Fig. 2. Diagram of wAN-LSP and NF-LSP processing mode and processing parameters.

processing path is X-Y path.

2.3. Fretting wear test

The equipment is a self-developed tangential fretting wear test ma-
chine. Fig. 3 displays the schematic diagram of the equipment. The main
components of the testing machine include lead screw, force sensor,

Force transducer Weight
Display

Dissipate\d energy I

Control system

ement sensor

Voice coil
motor

<——> Displacement

Fig. 3. Schematic diagram of fretting wear testing machine.

frame, voice coil motor, displacement sensor, guide rail, display and
control system, as well as the upper clamp and lower clamp for fixing the
specimen. The test in this paper adopts the ball plane contact mode. The
size of the flat specimen is 10 x 10 x 6 mm, which is processed from
GH4169 dovetail joint specimens. Al,O3 balls are used for the grinding
pair and their diameter is 8 mm. The test parameters are listed in
Table 2.

2.4. Morphology characterization

VHX-6000 super depth of field microscope (OM, Keyence, Japan) is
utilized to watch the surface morphology of the specimen. White light
interferometer (WLI, SuperView W1, Chotest, China) is utilized to
observe the three-dimensional morphology of the specimen surface and
measure its surface roughness. By field emission scanning electron mi-
croscope (SEM, Mira 3 XH, Tescan, Czech), the microstructure of the
specimen is observed. The microhardness of the specimen section front
and back LSP treatment is determined by the microhardness tester
(KELITI-000ZB, Kerite, China). The test parameters used are load 200 g,
pressure holding time 15s. The phase composition of the GH4169

Table 2
Fretting wear test parameters.

Test parameters Numerical values

Specimen Untreated WAN-LSP NF-LSP
Fretting cycle (x10%) 15101520

Normal load (N) 10

Displacement amplitude (pm) 100

Frequency (Hz) 10

Temperature (°C) RT
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surface before and after LSP strengthening treatment is texted by X-ray
diffraction (XRD, Empyrean, Panalytical, Netherlands). The test pa-
rameters are shown as follows: the scanning angle range is 20-100 °, the
step size is 0.02 °, and the Cu target is utilized as the X-ray source. To
analyze the microstructural changes of specimen front and back wAN-
LSP treatment, electron backscatter diffraction (EBSD, Bruker e-
Flash®S, Bruker, UK) is used to test the specimens, the Grain Average
Misorientation (GAM) and inverse pole figure (IPFY) of plastic defor-
mation layer were obtained.

3. Results
3.1. Surface morphology

Fig. 4 shows the three-dimensional surface morphology, OM and
SEM morphology of GH4169 dovetail joint specimens before and after
different LSP treatments. Since wAN-LSP treatment lacks absorption
layer, the surface morphology has altered significantly by reason of the
laser thermal effect. From the analysis of three-dimensional surface

4.154 pm (5
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morphology and OM morphology, wAN-LSP treatment makes the sur-
face of the specimen rough, forming regular pits, and the surface
roughness is found to have increased from 0.35 pm to 1.68 pm.
Compared with wAN-LSP specimen, the surface of NF-LSP treated
specimen is relatively flat and the roughness is reduced. Under the SEM
morphology, there are obvious traces of wire cutting on the untreated
specimen surface. The wAN-LSP treated specimen surface exhibits
numerous molten layers, ablation holes and microcracks, resulting in a
growth in surface roughness of GH4169 dovetail joint specimen. In
Table 3, according to the statistics of surface chemical elements at point
A and point B, the surface of wWAN-LSP specimen is oxidized, the

Table 3

Content of chemical elements at point A - C (wt%).
Element (¢] Ni Fe Cr Nb Mo
Point A 6.07 69.29 10.06 9.28 3.38 1.92
Point B 26.87 19.82 10.64 24.3 15.78 2.6
Point C 7.19 47.48 19.86 16.54 5.58 3.35

Wire-cut mark

20 pm

Point A
[ ]

Fig. 4. Surface morphology of specimens: (a) Untreated, (b) wAN-LSP and (c) NF-LSP.
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oxidation degree is unevenly distributed. The oxygen content of the
smoother places is low, while the oxygen content of the molten layer was
high. The NF-LSP specimen surface has no molten layer, ablation holes
and microcracks, only regular periodic ripple structure, and the oxygen
content in point C is also low. This indicates that the NF-LSP treatment
can remove the surface oxidation defects produced by wAN-LSP.

3.2. Hardness and cross-sectional morphology

Fig. 5 shows the cross-section profile and cross-section hardness of
specimens front and back different LSP treatments. Apparently, the
cross-section of untreated specimens is relatively flat. After wAN-LSP
treatment, the cross-section profile of GH4169 dovetail joint speci-
mens have changed significantly, and the height difference of specimen
cross-section has reached 8.14 pm. After NF-LSP treatment, the height
difference of specimen cross-section is 6.21 pm, indicating that NF-LSP
treatment can reduce the pit depth generated by wAN-LSP treatment.
This results in an enhancement of surface quality and reduction of
roughness. From Fig. 5(b) it can be apparently seen that a hardened
layer roughly 400 pm deep is created on material surface of specimens
following wAN-LSP and NF-LSP treatment. As the increase of depth, the
microhardness gradually decreases until it is close to the matrix hard-
ness, and in the hardened layer, the hardness value changes in a stepped
distribution. The hardness in the hardened layer of NF-LSP specimen is
slightly higher than wWAN-LSP specimen, this phenomenon is more
obvious at the depth of 100 pm, indicating that NF-LSP treatment can
further enhance the surface microhardness without significantly
increasing the depth of the hardened layer [31]. Because the laser wave
induced by femtosecond laser can further produce plastic deformation
and dislocation on the material surface, it will decay quickly inside the
material and cannot affect the deeper part of the material [32].

Fig. 6 shows the SEM morphology of cross-sectional of GH4169
dovetail joint specimens after different LSP treatments. A molten layer
approximately 10.97 pm thick appears on the surface of wAN-LSP
specimen. Distinct boundary between the molten layer and the matrix,
and there are holes and microcracks in the molten layer. This indicates
that the thermal effect produced by wAN-LSP will only promote the
appearance of the surface molten layer, holes and microcracks, but will
not have more impact on the matrix [33]. The results of EDS show that
numerous oxygen elements are found in the molten layer, indicating that
this molten layer is consists of numerous oxides. The NF-LSP specimen
section has a wavy shape, no molten layer and low oxygen content,
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which further indicates that NF-LSP can remove the surface defects
caused by surface oxidation after NF-LSP treatment.

3.3. Microstructure of cross-section

In order to analyze the geometric dislocation density and deforma-
tion layer depth in GH4169 dovetail joint specimens after LSP treatment,
the wAN-LSP specimen is selected for EBSD test, and the GAM diagram
and IPF diagram about 1200 pm along the section depth direction are
obtained. Based on Fig. 7, the GAM map shows noticeable difference in
orientation at the specimen surface, suggesting the occurrence of plastic
deformation in this area [34-36]. Fig. 7(c, d) shows the statistical results
of the kernel average misorientation (KAM) at the depth of 1000-1200
pm and 0-100 pm respectively. The value of KAM can represent dislo-
cation density. The results show that the average KAM value at the
0-100 pm strengthened area is higher than that at the 1000-1200 pm
un-strengthened area. wAN-LSP treatment introduces massive disloca-
tions within the surface layer of GH4169 superalloy, leading to the
development of a plastic deformation layer. The hardness of the material
increases in proportion to the rising dislocation density [37]. Approxi-
mately 400 pm of plastic deformation layer is produced on the GH4169
superalloy surface by wAN-LSP treatment. The IPF diagram can reflect
the change of grain size of GH4169 superalloy. Fig. 7(b) illustrates the
existence of a plastic deformation layer above the GH4169 superalloy
surface after wAN-LSP treatment, shows that the grain size of GH4169
superalloy has no significant change. Fig. 7(e, f) shows the grain size
distribution statistics at the depth of 1000-1200 pm and 0-100 pm
respectively. It can be seen that the grain size after strengthening has
little difference from that of the un-strengthened region, this indicates
that wAN-LSP treatment will not have a significant impact on the grain
size of GH4169.

3.4. Fretting wear behavior

Fig. 8 shows the F-D-N and COF curves of different specimens after
fretting wear test under different cycles. Under different cycles, the
shapes of F-D-N curves both wAN-LSP and NF-LSP display a parallelo-
gram shape, suggesting that the fretting mechanism is complete slip.
This indicates that the number of fretting wear cycles and wAN-LSP and
NF-LSP treatments does not affect the fretting mechanism of GH4169
dovetail joint specimens. The change trend of friction coefficient of
GH4169 dovetail joint specimens after untreated and wAN-LSP, NF-LSP

Depth (um)

(b)

Fig. 5. Cross-section profile and Cross-section hardness of specimens before and after LSP treatment: (a) Cross-section profile and (b) Cross-section hardness.
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Oxide layer

5

No oxygen enrichment

Fig. 6. Cross-section SEM morphology of specimens after LSP treatment: (a) wAN-LSP and (b) NF-LSP.

treatment is basically the same, and the change rule of friction coeffi-
cient curve is: at the beginning of wear, the friction coefficient rose
rapidly. However, it eventually levels off as the fretting wear cycles
increase, the cycle number and different LSP treatments have little effect
on the coefficient of friction of GH4169 dovetail joint specimens for
fretting wear.

Fig. 9 shows the three-dimensional morphology, cross-sectional
profile and maximum wear depth of wear scar after fretting wear tests
of three specimens under different cycles. The wear scar cross-sections of
untreated, wAN-LSP and NF-LSP specimens under different cycles are all
"U" shaped, indicating that GH4169 dovetail joint specimens will not
change the fretting wear mechanism with the change of cycles and LSP
treatment. The depth and width of wear scar of the three specimens
gradually increase in the wake of the number of cycles increases. At
1 x 10* cycles and 5 x 10* cycles, the wear depth of the untreated and
the wAN-LSP specimen is similar, but the width of the wAN-LSP spec-
imen is marginally greater than that of the untreated specimen, which is
more obvious when the number of cycles is 5 x 10%. The findings
illustrate that the wear of GH4169 dovetail joint specimens after wAN-
LSP treatment is more severe when the number of cycles is 1 x 10* and
5 x 10% As the number of cycles increased to 1 x 10° 1.5 x 10° and
2 x 10°, the wear depth of the untreated specimen and wAN-LSP spec-
imen exceeded 11 pm, and the wear depth of wAN-LSP specimen is less
than that of untreated specimen. However, the wear depth of NF-LSP
specimen has a smaller wear depth compared to both the untreated
and wAN-LSP specimens at varying cycles.

Fig. 10 shows the statistical results of the wear area and volume of
three specimens behind fretting wear tests with different cycles. As the
raise of wear cycles, both the wear area and wear volume of untreated,
WAN-LSP and NF-LSP treated specimens also increase. However, there
are some differences in these two aspects when the cycle times are
different. As the increase of fretting wear cycle times, when the wear is
in stage I before point A in Fig. 10, the wear area and volume of wAN-
LSP specimen are higher than those of untreated specimen. When the
wear is in stage II after point A in Fig. 10, the wear area and volume of
WAN-LSP specimen exceed those of the untreated specimen. However, in
the same stage, the wear area and wear volume of NF-LSP specimen are
found to be lower than those of untreated and wAN-LSP specimen. This
difference may be attributed to the ablation layer and hardening layer

formed on wAN-LSP treated specimen surface, along with the removal of
oxidation defects and the subsequent enhancement of microhardness on
the NF-LSP treated specimen surface.

4. Discussion
4.1. Wear scar analysis

Fig. 11 displays the OM morphology of wear scar. From morphology
results, there are numerous debris and furrows on the scar surface along
the fretting direction. In the wake of the rises of fretting wear cycles, the
wear scar size of the three specimens increases gradually. When the
number of cyclesis 1 x 10* and 5 x 10%, the wear scar size of the wAN-
LSP specimen is similar to that of the untreated specimen, while the NF-
LSP specimen is smaller than two other kinds of specimens. When the
number of cycles raises to 1 x 10°, 1.5 x 10° and 2 x 10°, the wear scar
size of the specimen following wAN-LSP treatment is lesser than that of
the untreated specimen, while the wear scar size of the NF-LSP specimen
is still lesser than that of the untreated specimen and wAN-LSP spec-
imen, which is conforming to the above alteration rule of wear area and
wear volume.

Fig. 12 shows EDS results and SEM morphology of wear scar of un-
treated GH4169 dovetail joint specimens after fretting wear tests with
different cycles. During ball-plane contact in fretting wear, the highest
stress at the contact center causes wear and debris formation. As the
raise of the number of cycles, cracks form on the larger debris, breaking
them into smaller pieces. The fine debris will be discharged with the
fretting direction. The debris will lead to furrow formation in the process
of discharge, and finally the debris will be gathered at the margin of the
wear scar. Debris generation, cracks, debris fragmentation and debris
discharge, which is a cycle process [38]. According to the EDS results,
under different fretting wear cycles, oxidation is evident on the wear
scar’s surface in varying degrees, with oxygen enrichment indicating
oxidative wear. Alongside, the wear surface shows numerous debris and
furrows, with cracks forming on the debris, a common characteristic of
abrasive wear [39]. These findings suggest that oxidation wear and
abrasive wear are the principal fretting wear mechanism of untreated
GH4169 dovetail joint specimens.

Fig. 13 shows EDS results and SEM morphology of wear scar of
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at 0-100 pm; (e) grain size distribution at 1000-1200 pm; (f) grain size distribution at 0-100 pm.

GH4169 dovetail joint specimens after fretting wear test with different
cycles after wAN-LSP treatment. The wear scar surface is oxidized to
varying degrees, and there are furrows and numerous debris under all
cycles. As the number of wear cycles reaches 1 x 10 and 5 x 10%, the
oxygen content in the central area of the wear scar is low, while the
edges show an abundance of oxygen. In addition to furrows and debris

on the surface of the wear scar, microcracks and holes are also appeared
on the substrate, resulting from the molten layer created by wAN-LSP
treatment. At this time, fretting wear occurs within this molten layer.
After 1 x 10° cycles, the oxygen content in the central area of the wear
scar increases, the holes and molten layer from wAN-LSP treatment on
the surface of the wear scar disappear, leaving only minor furrows and
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Fig. 8. F-D-N and COF curves of specimens: (a) F-D-N curves of untreated, (b) F-D-N curves of wAN-LSP, (c) F-D-N curves of NF-LSP and (d) COF.

debris. By 1.5 x 10° cycles, the content of oxygen in the central
increased further, and the wear debris increases. Cracks are observed on
the wear debris. After 2 x 10° cycles, a significant buildup of oxygen is
evident throughout both the central and edge areas of the wear scar. It is
found that as holes and molten layers disappeared on the wear scar,
numerous wear debris are generated and there were numerous cracks on
the wear debris. The alternation of wear scar morphology may be related
to the melted layer and hardened layer is formed by wAN-LSP treatment
[39]. The findings illustrate that the mechanism of fretting wear of
wWAN-LSP treated GH4169 dovetail joint specimens has not changed, and
it is still dominated by oxidation wear and abrasive wear.

Fig. 14 shows EDS results and SEM morphology of wear scar of
GH4169 dovetail joint specimens after fretting wear test with different
cycles after NF-LSP treatment. Uneven oxidation and oxidative wear
occur in the wear process which is reason for oxygen enriched on the
surface of the wear scar. At low cycle times, furrows and some wear
debris appear on the surface, and microcracks are generated on the wear
debris. Since no oxidation defects such as a molten layer were created on
the surface of specimens following NF-LSP treatment, fretting wear
occurred in the hardened layer at this time. When the number of cycles
rises, numerous cracks begin to appear on the wear debris until it fell off.
The peeled wear debris act as a solid lubricant to slow down the wear
and improve wear resistance [40,41]. The mechanism of fretting wear of
NF-LSP treated specimens is still dominated by oxidation wear and

abrasive wear.

4.2. Fretting wear mechanism

The mechanism of fretting wear of GH4169 dovetail joint specimens
is shown in Fig. 15. Molten layer, microcracks and holes are formed on
the GH4169 dovetail joint specimens after wWAN-LSP treatment. In Fig. 6
(a) it is observed that the thickness of molten layer reaches 10.97 pm,
and the oxidation defects formed on the GH4169 dovetail joint speci-
mens after NF-LSP treatment are removed, and the surface state is
improved. The wear depth is less than the thickness of the molten layer
when the fretting wear cycles reaches 1 x 10* and 5 x 10%, and there
are phase microcracks and holes on the wear scar’s surface, suggesting
that the molten layer of wAN-LSP specimen is worn before 5 x 10* cy-
cles. Due to the existence of microcracks and holes in the molten layer,
the wear will be more intense, the material removal degree will be
greater, and the wear will be more serious. Therefore, the wear volume
of GH4169 after wAN-LSP treatment is slightly larger than that of un-
treated specimen. However, the degree of wear of NF-LSP specimen at
this stage is slowed down due to its better surface state, and the wear
volume is less than that of wAN-LSP specimen and untreated specimen.
When the number of cycles rises further and the wear depth exceeds 11
pm, the molten layer of wAN-LSP specimen is removed by wear. As
shown in Fig. 5(b), both wAN-LSP and NF-LSP treatments are created a
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profile of wAN-LSP, (d) cross-sectional profile of NF-LSP and (e) Maximum wear depth.

hardened layer approximately 400 pm deep on the GH4169 surface,
which has the effect of resisting fretting wear [42,43]. The introduction
of residual compressive stress is also one of the important contributions
of laser shock peening. The plastic deformation of the contact area in the
wear process will promote the increase of adhesion, and make the ma-
terial surface and sub-surface form fatigue cracks. The residual
compressive stress can offset the tensile stress in the wear process,
inhibit the formation and propagation of micro cracks caused by fric-
tion, and reduce the wear damage [44,45]. Both the residual compres-
sive stress and the hardened layer originate from the dislocation
structure caused by laser shock peening. Consequently, as the raise of
the number of cycles, the hardened layer begins to take effect, resulting
in lower wear depth and volume for GH4169 specimens treated with

WAN-LSP and NF-LSP compared to untreated specimens. However,
because NF-LSP treatment further enhances the microhardness of the
surface layer, even if the molten layer of wAN-LSP specimen is removed
by wear, the wear depth and wear amount of NF-LSP specimen are still
less than wAN-LSP specimen, and NF-LSP specimen has better resistance
to fretting wear. The authors have previously studied the wear perfor-
mance difference between high-energy laser shock peening with
absorber layer (HE-LSP) and wAN-LSP. It was found that the wear
resistance of GH4169 superalloy was improved by HE- LSP treatment
more than wAN-LSP treatment [39]. However, because the laser energy
of HE-LSP is too large, it is easy to cause deformation for the processing
of thin-wall and other workpieces, so the scope of application is limited.
Some scholars have also studied the performance difference of
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Fig. 10. wear results of specimens before and after LSP treatment: (a) wear area and (b) wear volume.
nanosecond laser shock peening with an absorption layer (LSP) and degree caused by wAN-LSP and remove its surface ablation defects.
WAN-LSP. After LSP treatment, there is no surface molten layer, and the In conclusion, oxidation wear and abrasive wear are the primarily
surface state is better than wAN-LSP. However, the microhardness of mechanism of fretting wear of GH4169 dovetail joint specimens before
LSP treated specimen is generally less than wAN-LSP, and the refine- and after wAN-LSP and NF-LSP treatment, and wAN-LSP and NF-LSP
ment degree of LSP on the material is not as good as wWAN-LSP [46-48]. treatment will not affect this mechanism. As wear progresses, the wear
Therefore, it is worth studying to maintain the plastic deformation volume of GH4169 dovetail joint specimens after wAN-LSP treatment
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surpassed that of untreated specimen at first, and then lesser than that.
This is attributed to the impact of molten layer and hardened layer
respectively. However, the wear volume of GH4169 dovetail joint
specimens after NF-LSP treatment is always lesser than that of other two
specimens. This is reason for the combined effects of enhancement in
surface quality and further improving the hardness in hardened layer.
The use of wWAN-LSP treatment is proven to enhance the material sur-
face’s resistance to fretting wear. Nonetheless, this treatment can
sometimes lead to the creation of a slight molten layer (approximately
10 pm) on the surface of the strengthened layer. This molten layer exists
in the form of ablative holes and microcracks, resulting in the materials
have weak resistance of fretting wear at the initial stage of wear, which
requires a certain running in period in actual engineering service. After
the thin molten layer on the surface is removed, the parts will show
excellent fretting wear resistance. Therefore, how to remove the surface
molten layer caused by without absorbing layer nanosecond laser shock
peening has become a key problem. Without absorbing layer nano-
second superimposed femtosecond hybrid laser shock peening can
effectively improve this problem and make the surface of parts obtain
more excellent fretting wear resistance.
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5. Conclusion

In this paper, GH4169 dovetail joint specimens are treated with
WAN-LSP and NF-LSP. The effects of molten layer and hardened layer on
fretting wear evolution are analyzed by fretting wear tests under
different cycles. The fretting wear evolution of GH4169 after wAN-LSP
and NF-LSP treatment is revealed. The conclusions are as follows.

1) Both wAN-LSP and NF-LSP treatments change the surface state and
created a plastic deformation layer. The thermal effect of wAN-LSP
treatment creates a molten layer, as well as a high number of abla-
tion holes and microcracks on the specimen surface. However, NF-
LSP treatment completely eradicates these effects.

2) The fretting wear mechanism of GH4169 superalloy is not altered by
the treatment of WAN-LSP and NF-LSP and the change of cycle times.
The fretting mechanism is all gross slip and the mechanism of fretting
wear is primarily the abrasive wear and oxidative wear.

3) The existence of molten layer and hardened layer leads to different
wear properties of GH4169 specimen treated by wAN-LSP in the
early and late stages of wear. After NF-LSP treatment, the wear
properties of GH4169 specimen are always better than other
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and (e) 2 x 10° cycles.
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specimens, which is the reason for the combined action of the material previously published or written by another person except
enhancement in surface quality and the further increase of the where due reference is made in the thesis itself.
hardness.
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