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To meet the wear resistance requirements of lightweight aluminum alloys in aerospace applications, this study
proposes an in-situ surface modification method: fabricating a bilayer wear-resistant coating on Al 6061 via high-
speed wire electrical discharge machining (HS-WEDM) using an emulsion-based SiC nanofluid dielectric (E-SiC-
NFD). This work focuses on the regulatory role of pulse duration-related effects on the in-situ formation, me-
chanical properties and oil-free tribological performance of the bilayer coating. The core findings and contri-
butions of this work are as follows: (1) A heterogeneous bilayer coating consisting of a soft self-lubricating
covering layer and a hard load-bearing recast layer is in-situ fabricated in one step, and the core Pinning-Locking
interfacial strengthening mechanism between the two layers is systematically elucidated; (2) The regulatory law
of pulse duration-related effects on the microstructure, thickness, microhardness and tribological properties of
the bilayer coating is revealed, and the optimal process window for comprehensive performance is determined at
the pulse duration of 6 ps; (3) The decoupling mechanism of friction reduction and wear resistance is clarified,
which demonstrates that the lowest coefficient of friction (COF) and the longest wear life are governed by two
independent competing mechanisms: the COF is dominated by the formation of graphite-like self-lubricating
phases, while the wear life is determined by the mechanical strength of the coating and interlayer interfacial
integrity. At the optimal pulse duration of 6 ps, the coating achieves the longest wear life of 66 min with a stable
COF of 0.189; extending the pulse duration to 12 ps obtains the lowest COF of 0.143, but the wear life is
significantly shortened to 27 min. This work realizes the integration of precision forming and in-situ surface
strengthening of aluminum alloys, and provides an efficient, low-cost integrated process for the wear-resistant
modification of lightweight aluminum alloys.

In-situ surface modification
Oil-free tribology
Wear resistance

1. Introduction

Aluminum alloys are ideal lightweight structural materials for
automotive and aerospace applications, owing to their low density
(~2.7 g/cms), high specific strength, and excellent corrosion resistance
[1,2]. However, their inherent poor tribological properties, character-
ized by low surface hardness and low seizure load, severely limit long-
term service performance in moving components under harsh working
conditions. Accordingly, surface modification is an indispensable pro-
cedure to meet the stringent wear resistance requirements of industrial
applications [1,3].

Conventional surface modification technologies, including thermal

spraying [4], laser cladding [5], electroplating [6], physical vapor
deposition (PVD) [7], and micro-arc oxidation [8], have been widely
employed to enhance the wear resistance of aluminum alloys. Never-
theless, these techniques face inherent technical and economic limita-
tions in industrial implementation: thermal spraying requires
specialized equipment and strict environmental controls, electroplating
generates toxic effluents with severe environmental hazards, PVD relies
on costly high-vacuum systems, and micro-arc oxidation suffers from
excessive energy consumption. More importantly, these conventional
technologies generally require multiple independent sequential pro-
cedures, and exhibit poor adaptability to batch fabrication of aluminum
alloy components with complex cavities and thin-walled structures.
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These barriers drive an urgent demand for a cost-effective, integrated
machining-modification method for aluminum alloys.

As a non-contact precision machining technology, high-speed wire
electrical discharge machining (HS-WEDM) exhibits unique advantages
including no macroscopic cutting force, negligible tool wear, and
exceptional adaptability to complex geometric components, and has
become one of the core mainstream processes for manufacturing high-
precision aluminum alloy parts [9-11]. However, the non-equilibrium
thermodynamic process of instantaneous high-temperature melting
and rapid solidification during HS-WEDM inevitably introduces inherent
defects such as micro-cracks and softened layers on the machined sur-
face, which significantly deteriorate the service performance and fatigue
life of the components [12,13]. In this context, powder-mixed electrical
discharge machining (PMEDM) has emerged as a promising surface
modification strategy [14,15]. By introducing micro/nano-scale pow-
ders into the dielectric fluid, the transient high-temperature plasma
during discharge triggers in-situ metallurgical reactions on the work-
piece surface, enabling one-step fabrication of a functional modified
layer without additional pre-treatment or post-processing [16-21].
Among various powder additives, silicon carbide (SiC) has been exten-
sively investigated in PMEDM due to its ultra-high hardness, excellent
wear resistance, and high-temperature stability [22]. For instance,
Mughal et al. [23] reported that SiC powder addition significantly
enhanced the surface microhardness of Ti6Al4V alloy from 320 HV to
727 HV via PMEDM. Nevertheless, most existing studies on SiC powder-
mixed EDM have predominantly focused on mitigating defects of a
single monolithic recast layer and improving its hardness, with very
limited optimization of the friction reduction performance of the
machined surface, failing to achieve synergistic optimization of low
friction and high wear resistance [24,25].

Nanofluids have emerged as an innovative dielectric for EDM,
exhibiting superior thermal conductivity, electric field responsiveness,
and sedimentation stability compared to conventional powder-mixed
dielectric fluids [26-30]. In previous work [31], the authors first re-
ported that an emulsion-based SiC nanofluid dielectric (E-SiC-NFD) can
be applied for HS-WEDM surface modification of Al 6061 alloy, and that
a bilayer heterogeneous coating can be in-situ formed on the alloy sur-
face, which exhibits significantly better tribological performance than
the monolayer recast layer fabricated by conventional processes. How-
ever, the in-situ formation mechanism of this bilayer coating, the reg-
ulatory effect of key process parameters on coating structure and
tribological performance, as well as the underlying structure-
performance correlation, remain unclear, which restricts the optimiza-
tion and industrial application of this technology.

Against this background, this work systematically conducts an in-
depth investigation of in-situ surface modification of Al 6061 alloy via
E-SiC-NFD-assisted HS-WEDM, with a focus on the regulatory mecha-
nism of pulse duration-related effects on the microstructure, mechanical
properties, and oil-free tribological performance of the bilayer coating.
The core contributions of this work are as follows: (1) A heterogeneous
bilayer coating with a soft self-lubricating covering layer and a hard
load-bearing recast layer is in-situ fabricated on Al 6061 via E-SiC-NFD-
assisted HS-WEDM, and the Pinning-Locking interfacial strengthening
mechanism that dominates the interlayer bonding performance is sys-
tematically elucidated; (2) The non-monotonic evolution law of the
coating's microstructure, mechanical properties and tribological per-
formance regulated by pulse duration-related effects is revealed, and the
optimal process window for the comprehensive performance of the
bilayer coating is determined; (3) The decoupling mechanism of friction
reduction and wear resistance of the bilayer coating is clarified, which
demonstrates that the lowest COF and the longest wear life are governed
by distinct competing mechanisms, providing a flexible design principle
for the performance tailoring of solid lubricating wear-resistant
coatings.
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2. Preparation of emulsion-based SiC nanofluid

The emulsion-based SiC nanofluid dielectric (E-SiC-NFD, 3 g/L) was
prepared via a two-step method following the protocol reported in
Ref. [32]. SiC nanoparticles (average particle size of 50 nm, purity
>99.9%, bulk density of 3160 kg/m® were supplied by Shanghai
Chaowei Nanotechnology Co., Ltd. (Shanghai, China); sodium dodecyl
benzene sulfonate (SDBS, analytical grade (AR), purity >99.0%) was
obtained from Shanghai Aladdin Biochemical Technology Co., Ltd.
(Shanghai, China); and JR3A special emulsion cream for HS-WEDM was
purchased from Jiarun Wire Cutting Fluid Manufacturer (Zhuji, Zhe-
jiang, China). Transmission electron microscopy (TEM, Fig. 1(a)) of the
as-received SiC nanoparticles revealed that the primary particles are
nearly spherical, and that slight agglomeration can be effectively elim-
inated via dispersion with SDBS.

During preparation, SiC nanoparticles and SDBS were uniformly
dispersed into an oil-in-water (O/W) emulsion (Fig. 1(b)), which was
formulated by mixing JR3A commercial emulsion cream with distilled
water at a mass ratio of 1:50. This ratio was adjusted from the 1:100
ratio used in Ref. [32], which was optimized for high-precision multi-cut
HS-WEDM to ensure machining accuracy and surface quality. In this
work, however, the adopted 1:50 ratio was optimized via systematic
preliminary experiments to meet the requirements of in-situ surface
modification, achieving two synergistic objectives: (1) providing a suf-
ficient carbon source for the in-situ formation of graphite-like self-
lubricating phases during discharge, and (2) avoiding discharge insta-
bility caused by reduced dielectric breakdown strength, which would
result from excessively high oil content. The as-prepared nanofluid
exhibited good colloidal stability (physical image shown in Fig. 1(c)),
and consisted of SiC nanoparticles, mineral oil droplets, and SDBS; its
microscopic composition is schematically illustrated in Fig. 1(d). The
zeta potential (—36 mV) and electrophoretic mobility (4.39 x 1078
m?V~L.s71) of the nanofluid were measured via the moving boundary
method, confirming excellent colloidal stability derived from the syn-
ergistic effect between the SiC nanoparticles and the SDBS surfactant.

3. Experimental design and methods
3.1. Machined materials

Al 6061 alloy was selected as the substrate material due to its high
specific strength, low density and good corrosion resistance. Its inher-
ently poor tribological performance is the main limitation for engi-
neering applications, which motivates this surface modification work.
The alloy was supplied by Hongnian Metal Materials Co., Ltd., China,
and its chemical composition is given in Table 1.

As a baseline reference, the Al 6061 substrate exhibits a micro-
hardness of ~95 HV under the same indentation conditions as the coated
samples. Under identical dry sliding conditions, its average friction co-
efficient is 0.621, as reported in our previous study [31]. These inherent
properties of the uncoated substrate provide a reliable benchmark for
evaluating the tribological performance of the prepared bilayer coating.

3.2. Experimental setup of HS-WEDM

Machining experiments were performed on a DKN280BZ HS-WEDM
system (Sichuan Shengyang CNC Machinery Co., Ltd., Zigong, China).
For consistent definition and subsequent comparative analysis, two
types of specimens were classified in this work as follows: (1) Bilayer
coating specimen: The primary research object of this study, an in-situ
bilayer composite coating fabricated via emulsion-based SiC nanofluid
dielectric (E-SiC-NFD)-assisted HS-WEDM, consisting of an upper soft
self-lubricating covering layer and a lower hard load-bearing recast
layer; (2) Inner recast layer specimen (control group): The control
sample fabricated with exactly the same HS-WEDM processing param-
eters as the corresponding bilayer coating experimental group. Only the
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Fig. 1. Characteristics of emulsion-based SiC nanofluids: (a) TEM image of SiC
diagram of composition and microstructure.

nanoparticles; (b) Preparation process flow; (c) Physical photograph; (d) Schematic

Table 1

Chemical composition of the Al 6061 alloy (wt%).
Elements Mg Mn Si Cu Zn Fe Cr Ti Al
wit% 0.8-1.2 0.15 0.4-0.8 0.15-0.4 0.25 0.7 0.04-0.35 0.15 Bal.

upper soft covering layer was completely removed from the machined
surface via non-destructive toothpaste slurry scrubbing, with the hard
recast layer formed during HS-WEDM retained exclusively.

3.3. Experimental design

Pulse duration is the core controllable process parameter in HS-
WEDM, as its variation simultaneously triggers a series of coupled
physical and chemical changes in the discharge gap, including single-
pulse discharge energy, electrophoretic migration time window,
molten pool thermal behavior, dielectric flow field state, and local
concentration distribution of nanoparticles. These coupled changes are

Table 2

uniformly defined as pulse duration-related effects in this work, which
dominate the electrophoretic migration of charged species and the in-
situ formation of the bilayer coating. Hence, pulse duration was
selected as the single variable in this experiment, with all other process
parameters kept constant. The detailed experimental design is shown in
Table 2.

3.4. Characterization and testing methods

3.4.1. Microstructure, elemental distribution and coating thickness
Microstructure, surface and cross-sectional morphologies were
observed using a scanning electron microscope (SEM, TESCAN VEGA

Experimental design of HS-WEDM process parameters with varied pulse duration.

Samples number Processing dielectric Pulse Duration (ps) Pulse interval (ps) Power tube (number) Pulse voltage (V) Wire speed (m/s)
Main cut Emulsion 6 7 3 100 15

S1 Trim cut E-SiC-NFD 2 12 1 50 3

S2 4 12 1 50 3

S3 6 12 1 50 3

S4 10 12 1 50 3

S5 12 12 1 50 3
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3SBU, Czech Republic) equipped with an energy-dispersive X-ray spec-
trometer (EDS). Elemental mapping and line scan analyses were per-
formed to characterize the distribution of Al, C, O, and Si across the
coating cross-section.

The thicknesses of the bilayer coating and the inner recast layer (for
the sample fabricated at 6 ps pulse duration) were measured from cross-
sectional SEM images using Image J software. For each process param-
eter, measurements were taken at no fewer than 10 random positions on
each of 3 parallel samples, and the results were reported as mean +
standard deviation (SD).

3.4.2. Thickness measurement of the soft covering layer

The thickness of the outer soft covering layer was measured using a
TT230PLUS digital coating thickness gauge (Beijing Time Hengyu
Technology Co., Ltd., China) based on the eddy current method. For
each sample, 15 random test points were selected across the entire
machined surface, and 3 parallel samples were tested for each pulse
duration parameter. The final thickness was presented as mean + SD.

3.4.3. Phase composition and chemical structure

Phase composition was identified by X-ray diffraction (XRD, Bruker
D8 Advance, Germany) with Cu Ka radiation (A = 0.15406 nm) at 40 kV
and 40 mA. Data were collected over a 26 range of 10°-90° at a scanning
speed of 5°/min. To identify the phase constituents of the soft covering
layer, powder scraped from the coating surface was also tested.

Chemical structure and self-lubricating phases were analyzed using a
Raman spectrometer (DXR3, Thermo Fisher Scientific, USA) with a 532
nm laser, over a wavenumber range of 100-4000 cm ",

3.4.4. Microhardness and interfacial bonding strength

Vickers microhardness was measured using an HV-1000 micro-
hardness tester under a static load of 50 g (0.49 N) with a dwell time of
10 s. A low indentation load was chosen specifically to avoid substrate
influence. The indentation depth was recorded for each measurement to
confirm that the hardness values reflected the intrinsic mechanical
properties of individual layers, rather than the underlying substrate. For
each layer of the coating, 5 random indentations were made on each
sample, with 3 parallel samples tested per parameter, and the results
were reported as mean + SD.

Interfacial bonding strength was evaluated using a scratch tester
(Anton Paar RST>, Switzerland) equipped with a Rockwell diamond
indenter (radius 200 pm). Progressive load tests were performed from 1
N to 20 N at a loading rate of 20 N/min over a 5 mm scan length. Critical
loads for crack initiation (Lcl) and complete delamination (Lc2) were
determined from the scratch morphology and synchronous friction force
signal. For each sample, 3 parallel scratch tests were conducted, and the
critical load values were presented as mean =+ SD.

The control coating was fabricated with pure emulsion under the
same process parameters as the optimal 6 ps bilayer coating sample,
with only the dielectric changed, to ensure the single variable of the
control experiment.

3.4.5. Tribological testing and definition of wear life

Tribological tests were carried out on an MFT-EC4000 reciprocating
ball-on-flat tribometer under dry sliding conditions. A silicon nitride
(SiaN4) ball (diameter 6 mm) was used as the counterpart. Test param-
eters: normal load 5 N, reciprocating frequency 1 Hz, stroke length 5
mm. The coefficient of friction (COF) was recorded continuously and
plotted against sliding time.

In this work, wear life is defined as the sliding duration at which the
coefficient of friction (COF) first exceeds 0.4. This threshold is estab-
lished based on systematic pre-experimental observations: when the
bilayer coating remains structurally intact, the steady-state COF main-
tains a stable range of 0.2-0.35; once the coating is fully worn through
and direct contact with the Al alloy matrix occurs, the COF exhibits an
irreversible sharp increase to 0.5-0.7. The value of 0.4 corresponds
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exactly to the critical transition point between intact service and com-
plete coating failure.

The validity of this criterion is quantitatively verified via multi-scale
characterization (Fig. 2). Cross-sectional profiling of the wear scar
(Fig. 2(a)) shows that the maximum wear depth reaches ~22 pm at the
failure threshold, which exceeds the total thickness of the pristine
bilayer coating (20.8 pm, Fig. 2(c)), confirming that the entire protective
bilayer is fully worn through at this point.

Wear morphology and profiles were analyzed using SEM, a 3D op-
tical microscope (LY-WN-YH1000), and a SJ410 surface profilometer.
All tribological tests were repeated at least three times to ensure sta-
tistical reliability. Data are presented as mean + SD. One-way analysis of
variance (ANOVA) was performed, with statistical significance accepted
at p < 0.05.

4. Experimental results and discussion
4.1. Microstructure and composition of the bilayer coating

Microstructure, elemental distribution, phase composition, and basic
mechanical properties of the bilayer coating in-situ synthesized on Al
6061 via E-SiC-NFD-assisted HS-WEDM were systematically character-
ized to verify its heterogeneous architecture and provide fundamental
support for subsequent property analysis and mechanism clarification.

4.1.1. Surface and cross-sectional morphology

Surface and cross-sectional morphologies of the bilayer coating and
inner recast layer (as defined in Section 3.2) were characterized by SEM
and EDS, as presented in Fig. 3. The as-prepared surface with an intact
bilayer coating exhibits a uniform grayish-black appearance without
noticeable macroscopic defects (Fig. 3(a)), and displays a typical
honeycomb-like micro-morphology derived from electrical discharge
melting and rapid solidification (Fig. 3(b)). After selective removal of
the upper soft covering layer using toothpaste slurry scrubbing, the
underlying subsurface shows a smooth gray appearance with no
observable mechanical damage (Fig. 3(d)), verifying the non-destructive
nature of the adopted exfoliation method.

High-magnification SEM observations reveal that the exposed recast
layer possesses characteristic microstructural features induced by spark
discharge, including numerous discharge craters and solidified splashes
(Fig. 3(e)). The electro-eroded particles are uniformly embedded in the
inner recast layer without severe agglomeration. EDS point analysis
(Table 3, position 0#) confirms significant enrichment of Si and C
originating from SiC nanoparticles in the E-SiC-NFD dielectric. These in-
situ embedded hard ceramic particles effectively impede grain boundary
migration and dislocation motion during rapid solidification, thereby
exerting a pronounced dispersion-strengthening effect on the recast
layer.

Cross-sectional SEM characterization (Fig. 3(c, f)) clearly reveals a
distinct heterogeneous bilayer architecture on Sample S3, fabricated at a
pulse duration of 6 ps (the optimal process window): the upper soft
covering layer with an average thickness of approximately 20.25 pm and
a lower dense hard recast layer with an average thickness of approxi-
mately 10.7 pm. No obvious cracks, pores, or interfacial delamination
were observed at the coating/substrate interface, confirming the for-
mation of a robust metallurgical bonding between the recast layer and
the Al 6061 substrate.

Overall, morphological results confirm that the E-SiC-NFD-assisted
HS-WEDM process enables the one-step in-situ fabrication of a well-
defined heterogeneous bilayer coating on the Al alloy surface, which
is fundamentally different from the single homogeneous recast layer
produced by conventional powder-mixed EDM. This unique bilayer
structure provides the essential structural basis for the synergistic
combination of low friction and high wear resistance.
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Table 3
Tribological properties and one-way ANOVA results of bilayer coatings fabri-
cated at different pulse durations.

Pulse Duration Mean Steady-State Coefficient of Friction Wear Life
(us) (COF) (min)
2 0.186 + 0.0093" 41 + 2.46°
4 0.185 + 0.0092% 45 + 2.70¢
6 0.189 =+ 0.0095% 66 + 3.96¢
10 0.165 + 0.0083" 34 + 2.04°
12 0.143 + 0.0072° 27 + 1.62¢
Notes

(1) All data are expressed as mean + standard deviation (SD) from three inde-
pendent replicates (n = 3).

(2) Values with different superscript letters in the same column are significantly
different (one-way ANOVA followed by LSD post-hoc test, p < 0.05); values with
the same letter indicate no statistically significant difference.

(3) One-way ANOVA results: pulse duration has a highly significant effect on the
steady-state COF (F = 15.12, dfl = 4, df2 = 10, p < 0.001) and wear life (F =
127.90, dfl = 4, df2 = 10, p < 0.001).

4.1.2. Elemental distribution and composition analysis

EDS mapping and line scan analyses were performed across the
coating cross-section to verify the bilayer structure and reveal elemental
distribution characteristics, as displayed in Fig. 4. For the intact bilayer
coating (Fig. 4a), EDS mapping shows a pronounced elemental gradient
along the depth direction. Al, as the substrate element, shows a strong
signal in the Al 6061 matrix and decreases sharply toward the coating
surface, clearly defining the matrix/coating interface. C is highly
concentrated in the outer covering layer, mainly derived from thermal
decomposition of the emulsion and intrinsic carbon in SiC nanoparticles.
O is uniformly distributed across the entire coating, originating from
oxidation of molten Al under transient high-temperature discharge
conditions. The Si content in the covering layer is significantly higher
than that in the substrate, confirming successful incorporation of SiC
nanoparticles during discharge. S is weakly distributed in the outer re-
gion, corresponding to residual SDBS surfactant from the nanofluid
dielectric.

Quantitative EDS line scan results (Fig. 4(c)) further validate the
elemental gradient and layered structure dimensions in the maximum
thickness region of Sample S3 (fabricated at a pulse duration of 6 ps,
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consistent with the test region in Section 4.1.1): the 0-28.5 pm region
corresponds to the soft covering layer with strong C and Si characteristic
signals; the 28.5-38.1 pm region corresponds to the compact recast layer
(9.6 pm) with a sharply rising Al signal; the region below 38 pm is the Al
6061 alloy substrate. The 6 pm deviation between the EDS (28.5 pm,
maximum thickness region) and SEM (22.5 pm, full-section average)
thickness results arises from differences in test regions and intrinsic
characterization principles. SEM defines the coating boundary via
physical morphology, while EDS uses elemental gradients, with slight
carbon interdiffusion widening the C signal range.

For the inner recast layer (Fig. 4b, d), distinct signals of C and O are
detected in the 12-22.3 pm region, corresponding to a recast layer
thickness of approximately 10.3 pm, which matches well with that in the
intact bilayer coating.

Collectively, EDS results confirm that charged species (SiC nano-
particles, oil droplets, anionic groups) in the dielectric migrate and
accumulate under the electric field, participate in discharge-induced
melting and metallurgical reactions, and ultimately contribute to the
in-situ formation of the bilayer coating.

4.1.3. Phase composition and chemical structure analysis

Phase composition and chemical structure of the coatings were
analyzed by XRD and Raman spectroscopy, as illustrated in Fig. 5. The Al
6061 substrate only shows characteristic diffraction peaks of o-Al
(Fig. 5a). After removing the soft covering layer, the recast layer exhibits
new diffraction peaks corresponding to Alz0s, verifying the formation of
a ceramic-reinforced sublayer. For the intact bilayer coating, additional
diffraction peaks assigned to p-SiC are detected, confirming successful
incorporation of SiC nanoparticles.

To identify the phase constituents of the soft covering layer, powder
scraped from the coating surface was tested by XRD (Fig. 5b). A broad
diffraction hump centered at ~26° ascribed to the (002) plane of
graphite-like carbon (GLC) is observed, indicating the formation of
amorphous or weakly graphitized carbon phases. Weak peaks of Al>Os,

B-SiC, and SiO: are also detected, suggesting that hard inclusions are
embedded in the soft carbon matrix to enhance load-bearing capacity
via dispersion strengthening.

Raman spectra (Fig. 5¢) provide direct evidence for self-lubricating
phases. The bilayer coating shows prominent D (~1350 cm™!) and G
(~1580 cm™1) bands characteristic of spz-hybridized GLC, which ac-
count for the low friction behavior. Characteristic peaks of -CH- and -OH
groups are also observed, indicating that the covering layer is a polar-
rich organic-inorganic composite system. In contrast, the inner recast
layer shows weak carbon-related signals and is dominated by inorganic
ceramic phases.

These results validate the heterogeneous phase gradient: the hard
Al0s-rich recast layer provides mechanical support and load-bearing
capability, while the carbon-rich outer layer delivers enhanced self-
lubricating performance. No brittle intermetallic phases are detected,
which is beneficial to the structural integrity and mechanical stability of
the coating.

4.1.4. Basic mechanical properties

To elucidate the structure-property correlation of the bilayer coating
and reveal the mechanical origin of its excellent tribological perfor-
mance, the layer-dependent microhardness and coating-substrate
interfacial bonding strength were systematically evaluated in this
section.

4.1.4.1. Microhardness and layer-dependent mechanical behavior.

Microhardness measurements were performed on individual layers, and
the corresponding indentation morphologies are shown in Fig. 6. The
maximum indentation depth is 16.21 pm (Fig. 6(b)), which is less than
3/4 of the average thickness of the soft covering layer (22.5 pm), con-
firming that the measured hardness reflects the intrinsic mechanical
property of the covering layer without substrate interference. No chip-
ping or cracks are observed at the indentation edge, demonstrating
favorable plasticity and toughness of the soft covering layer, which
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Fig. 6. Micro-indentation morphologies and corresponding microhardness values: (a) Soft covering layer of the bilayer coating; (b) 3D profile of the indentation in

(a); (c) Hard inner recast layer.

favors the formation of a stable lubricating tribofilm during sliding.

In contrast, the inner recast layer exhibits a high hardness of
approximately 245 HV (Fig. 6(c), with a regular Vickers indentation and
no obvious cracks. The high hardness of the recast layer arises from: (i)
dispersion strengthening induced by uniformly embedded Si/C-rich
hard particles; (ii) a dense metallurgical structure formed during
discharge remelting and rapid solidification. The high-hardness recast

layer provides robust load-bearing capacity and resistance to plastic
deformation.

The more than 15-fold hardness difference between the soft covering
layer and hard recast layer validates the rationality of the “soft lubri-
cating outer layer + hard load-bearing inner layer” bilayer design,
which serves as the mechanical foundation for the decoupling of friction
reduction and wear resistance.
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4.1.4.2. Interfacial bonding strength. Interfacial bonding strength was
evaluated by progressive-load scratch testing. The critical load for
complete delamination (Lc2) of the bilayer coating fabricated via E-SiC-
NFD-assisted HS-WEDM reaches 11.43 N, which is approximately 36%
higher than that of the coating fabricated using pure emulsion (8.41 N).
Scratch morphology observations reveal that the pure emulsion coating
exhibits typical brittle interfacial failure with severe spalling at critical
loads. In comparison, the E-SiC-NFD-fabricated bilayer coating only
shows slight plastic deformation at Lcl and no large-area spalling even
at Lc2, presenting a progressive plastic deformation failure mode.

The enhanced interfacial bonding strength is attributed to two syn-
ergistic effects: (i) robust metallurgical bonding between the particle-
reinforced recast layer and the Al alloy substrate; (ii) the stress-
buffering effect of the upper soft covering layer, which suppresses
catastrophic brittle fracture of the coating under high contact loads.

4.2. Evolution of soft covering layer thickness and microhardness with
pulse duration

The deposition behavior and mechanical properties of the in-situ
formed soft covering layer are fundamentally dominated by pulse
duration-related effects. Specifically, variations in pulse duration
simultaneously adjust two core components of the effects: the single-
pulse discharge energy, and the effective time window for electropho-
retic migration of charged species in the E-SiC-NFD dielectric. These two
factors co-determine the thickness and microhardness of the soft
covering layer, and their evolution with varying pulse duration is sys-
tematically investigated in this section. All data are presented as mean
+ standard deviation from triplicate independent measurements.

As shown in Fig. 8(a), the thickness of the soft covering layer in-
creases monotonically from 16.5 pm (2 ps) to 22.16 pm (12 ps) with
extended pulse duration, with a gradually decelerated growth rate. This
trend arises from two coupled effects: (i) longer pulse duration widens
the time window for charged species to migrate and accumulate on the
workpiece surface, supplying more precursors for coating deposition;
(ii) elevated discharge energy intensifies substrate melting and vapor-
ization, generating more molten products for surface redeposition. The
slowed growth rate above 6 ps is attributed to saturated electrophoretic
accumulation, and enhanced ejection of deposited materials by high-
energy discharge. Notably, the average thickness of the 6 ps optimal
sample measured by the eddy current method (20.25 pm) is slightly
lower than the cross-sectional SEM-measured average thickness (22.5
pm), which arises from the intrinsic difference between bulk eddy cur-
rent thickness testing and local cross-sectional SEM measurement.

The microhardness of the soft covering layer exhibits a distinct non-
monotonic trend with increasing pulse duration, peaking at 15.78 HV at
the moderate pulse duration of 6 ps. This evolution is essentially regu-
lated by the particle embedding behavior, which is controlled by pulse
duration-related effects. At 6 ps, the discharge energy and migration
time matched by the effects maximize the uniform embedding and stable
retention of hard electro-eroded particles, delivering the strongest
dispersion strengthening effect. In contrast, excessive pulse durations
(10-12 ps) induce severe melt pool turbulence and intense discharge
explosive force, causing massive ejection of embedded particles, weak-
ening the strengthening effect and reducing the microhardness of the
soft covering layer.

4.3. Oil-free tribological performance and wear mechanism of the bilayer
coatings

Dry sliding tribological tests were carried out under a 5 N normal
load against a 6 mm-diameter SisNa ball, as described in Section 3.4.5.
This section systematically investigates the effects of pulse duration on
the coefficient of friction (COF), wear life, and wear mechanism of the
in-situ fabricated bilayer coatings. Combined with microstructural and
mechanical characteristics in Sections 4.1 and 4.2, the
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structure-performance relationship and the decoupling mechanism be-
tween friction reduction and wear resistance are clarified. All tests were
performed in triplicate, and data are presented as mean + standard
deviation.

4.3.1. Friction coefficient and wear life

Fig. 9(a) presents the time-dependent coefficient of friction (COF)
curves of the bilayer coatings fabricated at different pulse durations. All
samples exhibit three typical friction stages: a short running-in period, a
long steady-state friction stage, and a sharp rise in COF corresponding to
coating failure. Consistent with the definition in Section 3.4.5, the wear
life in this work is defined as the total sliding duration when the COF
first exceeds the critical failure threshold of 0.4.

Compared with the Al 6061 substrate (COF = 0.621 [31]), all as-
fabricated bilayer coatings achieved a 68.9%-77.0% reduction in
steady-state COF (Fig. 9(b)). The steady-state COF showed a two-stage
evolution trend with increasing pulse duration. For pulse durations
ranging from 2 ps to 6 ps, the steady-state COF remained stable in the
range of 0.185-0.189, with no statistically significant difference be-
tween groups (one-way ANOVA, p > 0.05, consistent with the identical
superscript letters in Table 4). In contrast, when the pulse duration
exceeded 6 ps, the steady-state COF decreased significantly (p < 0.05),
reaching a minimum value of 0.143 at a pulse duration of 12 ps.

The wear life of the coatings showed a distinct non-monotonic trend
with increasing pulse duration (Fig. 9(c)), peaking at 66 min for the 6 ps
sample, and decreasing continuously to 27 min at 12 ps. This evolution
trend is highly consistent with the microhardness change of the soft
covering layer (Section 4.2), confirming that the dispersion strength-
ening effect and load-bearing capacity of the coating are the dominant
factors governing wear life.

Detailed tribological properties and statistical analysis results of the
coatings are summarized in Table 3. One-way analysis of variance
(ANOVA) confirms that pulse duration has a highly significant effect on
both steady-state COF (F = 15.12, p < 0.001) and wear life (F = 127.90,
p < 0.001). Post hoc least significant difference (LSD) multiple com-
parisons further verify that the coating fabricated at 6 ps exhibits a
significantly longer wear life than all other groups (p < 0.05), while the
12 ps sample yields a significantly lower steady-state COF than all other
groups (p < 0.05).

A critical original finding of this work is that the minimum steady-
state COF and maximum wear life do not occur at the same process
parameter, as they are governed by two independent competing mech-
anisms, both of which are regulated by pulse duration-related effects.
Specifically, the COF is dominated by the formation of graphite-like self-
lubricating carbon phases, which is enhanced by the elevated single-
pulse discharge energy from extended pulse duration; while the wear
life is fundamentally determined by the mechanical strength of the
coating and interlayer interfacial integrity, which is maximized under
the moderate pulse duration-related effects at 6 ps. An excessively long
pulse duration (12 ps) promotes the formation of lubricating phases, but
degrades the embedding efficiency of hard particles and the structural
stability of the coating, leading to premature failure. This decoupling
mechanism provides a flexible design principle for tailoring the coating
performance to match specific service requirements.

4.3.2. Wear mechanism under oil-free dry sliding

Worn surface morphologies (Fig. 10) reveal that the wear mechanism
is controlled by the embedding state of electro-eroded particles, which is
essentially dominated by pulse duration-related effects. ImageJ quanti-
fication shows particle area fractions of 13.2%, 17.12%, and 13.15% at
2, 6, and 12 ps, respectively, consistent with hardness and wear life
trends.

The 2 ps sample (S1) exhibits slight ploughing and minimal debris,
corresponding to mild abrasive wear due to insufficient dispersion
strengthening. The 6 ps sample (S3) shows uniform, shallow plastic
ploughing without spalling or cracking. The high content of well-bonded
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Table 4
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EDS point scan results of electro-eroded particles on coatings prepared at different pulse durations (wt%).

Sample No. Pulse duration (ps) Chemical composition(wt%)
C o) Al Si S Mo K Mg
S3 (Fig. 3e, 0#) 6 35.68 28.13 30.72 1.64 0.01 1.87 0.74 0.31
S1(1#) 2 51.45 34.09 11.99 1.16 0.78 0.11 0.29 0.13
S3(2#) 6 33.66 33.42 28.70 2.19 1.19 0.32 0.30 0.22
S5(3#) 12 42.17 32.31 20.54 2.33 1.33 0.42 0.74 0.16
hard particles effectively supports the load and suppresses severe wear, . .
SiC + 202—S8i02 + CO2 1)

consistent with the longest wear life. The 12 ps sample (S5) displays
severe plastic deformation, massive debris accumulation, and interfacial
cracks around coarse particles. These poorly bonded particles are easily
extruded, causing severe three-body abrasive wear and fatigue spalling,
which drastically shortens wear life despite the low COF. EDS analysis
(Table 4) shows that Si content increases from 1.16 wt% (2 ps) to 2.33 wt
% (12 ps), confirming that pulse duration governs the migration and
incorporation of SiC nanoparticles, thereby dominating the coating's
tribological behavior.

In summary, pulse duration tailors the tribological performance by
regulating particle embedding and lubricating phase formation. A
moderate pulse duration of 6 ps achieves the optimal balance between
strengthening and lubrication, leading to the best comprehensive wear
resistance.

4.4. Formation mechanism and property evolution framework of the
bilayer coating

Based on the systematic characterization of microstructure, me-
chanical properties, and tribological performance in Sections 4.1-4.3,
this section establishes the in-situ formation mechanism of the bilayer
coating during E-SiC-NFD-assisted HS-WEDM,, elucidates the Pinning-
Locking interfacial strengthening mechanism, and proposes a unified
mechanistic framework to clarify the regulatory effect of pulse duration
on the coating's structure and tribological performance.

4.4.1. In-situ autogenesis process of the bilayer coating

The heterogeneous bilayer structure is formed in situ during the
pulsed discharge cycles of HS-WEDM, without any additional post-
treatment. As shown in Fig. 11, the formation process is divided into
four sequential stages, each of which is supported by our experimental
characterization results:

(1) Electrophoretic migration and accumulation stage (Fig. 11
(a)): Under the applied pulse voltage, negatively charged SiC nano-
particles, oil droplets, and anionic groups in the E-SiC-NFD dielectric
migrate toward the positive workpiece anode, and accumulate on the
machined surface. This process is verified by the zeta potential test result
(—36 mV) of the nanofluid, which confirms the excellent surface charge
characteristics and migration capacity of the charged species.

(2) Dielectric breakdown and discharge channel formation
stage (Fig. 11(b)): The accumulated charged species form a conductive
adsorption layer on the workpiece surface, which shortens the effective
inter-electrode gap and distorts the local electric field, significantly
reducing the breakdown voltage and facilitating dielectric breakdown. A
high-temperature discharge channel (8000-15,000 °C) is instanta-
neously formed, which melts the Al alloy substrate surface to generate a
micro-molten pool, and provides sufficient thermodynamic conditions
for the in-situ oxidation and pyrolysis reactions of dielectric components
in the subsequent stage.

(3) In-situ reaction and deposition stage (Fig. 11(c)): The instan-
taneous high temperature of the discharge triggers synchronous melting,
oxidation, and pyrolysis reactions in the discharge gap and molten pool.
The oxidation reaction of SiC nanoparticles during discharge is as
follows:

This reaction generates SiOz, a hard ceramic phase that enhances the
hardness and wear resistance of the recast layer, and CO.. Meanwhile,
part of SiC undergoes incomplete thermal decomposition under oxygen-
deficient conditions in the micro-molten pool, generating free graphite-
like sp?-hybridized carbon, which is the core self-lubricating phase of
the coating and supplements the carbon source for the formation of the
carbonaceous lubricating film. In addition, the Al substrate melts and
oxidizes to form Al.Os ceramic phase, and the mineral oil in the emul-
sion pyrolyzes to form abundant graphite-like carbon phases. During
this process, the molten reaction products and unreacted SiC nano-
particles redeposit on the machined surface to form the soft covering
layer, while the residual molten pool on the substrate surface rapidly
solidifies to form the dense recast layer.

(4) Cooling and solidification stage (Fig. 11(d)): During the pulse
interval, the high-thermal-conductivity nanofluid achieves rapid cooling
of the machined surface, completing the non-equilibrium solidification
of the bilayer coating, and resetting the inter-electrode conditions for
the next discharge cycle.

4.4.2. Bilayer coating structure model and pinning-locking interfacial
strengthening mechanism

Based on the multi-scale structural and mechanical characterization
results in the preceding sections, a heterogeneous bilayer structure
model is constructed (as shown in Fig. 12), and the core Pinning-Locking
interfacial strengthening mechanism is systematically elucidated.

4.4.2.1. Bilayer coating structure model. The cross-sectional SEM image
in Fig. 12(a) directly validates the intact bilayer architecture: the as-
fabricated bilayer coating consists of two functional layers with
completely differentiated composition and properties: an upper soft self-
lubricating covering layer and a lower hard load-bearing recast layer,
where the recast layer forms a robust metallurgical bonding with the Al
6061 alloy matrix:

Hard load-bearing recast layer. The bottom layer adjacent to the Al
6061 matrix is a dense recast layer, which forms defect-free metallur-
gical bonding with the alloy matrix. XRD results (Section 4.1.3, Fig. 5
(a)) confirm that the recast layer is dominated by hard Al.Os ceramic
reinforcement phase, with numerous containing electro-eroded particles
uniformly embedded inside (Fig. 12(c)). The surface of the recast layer
features abundant micron-scale discharge craters and microcracks
(marked in Fig. 12(a)), which are inherent defects induced by the
extremely rapid heating-cooling thermal cycles at discharge spots dur-
ing the HS-WEDM process. These surface micro-defects not only provide
physical sites for the deposition and filling of the upper covering layer,
but also the embedded SiC hard phase gives the recast layer a high
microhardness of ~245 HV (Section 4.1.4, Fig. 6(c)), which provides
stable load-bearing capacity for the entire coating system during
friction.

Soft self-lubricating covering layer. The top layer is a soft covering
layer, which is tightly adhered to the surface of the recast layer. XRD and
Raman spectroscopy results (Section 4.1.3, Fig. 5(b, c)) confirm that the
covering layer is a carbon-based composite matrix dominated by sp?-
hybridized graphite-like carbon (GLC) self-lubricating phase, with -SiC,
Al:03 and SiO: hard particles uniformly dispersed inside. This phase



C. Guo et al.

composition gives the covering layer an ultra-low microhardness of
~15.78 HV (Section 4.1.4, Fig. 6(a)), which is only 1/15 of the recast
layer hardness, showing excellent softness and ductility. As shown in
Fig. 12(b), the excellent plastic deformability of the GLC matrix enables
it to fully penetrate and fill the micron-scale discharge craters, micro-
cracks and micropores on the recast layer surface, which lays a direct
structural foundation for the formation of the Pinning-Locking effect.

4.4.2.2. Core synergistic pinning-locking interfacial strengthening mecha-
nism. The superior interfacial bonding performance and structural sta-
bility between the soft covering layer and the hard recast layer are
dominated by the following two synergistic sub-effects, which are fully
supported by the indentation and scratch test results in Section 4.1.4,
and collectively enhance the service reliability of the bilayer coating
under oil-free friction:

Pinning Strengthening Effect: The soft GLC-based material of the
covering layer fully fills and embeds into the microcracks and micro-
pores on the recast layer surface (marked in Fig. 12(a)). During friction
and external loading, the embedded soft material acts as “pinning nails”,
which effectively inhibits the initiation and propagation of cracks within
the hard brittle recast layer, reduces the brittle cracking tendency of the
coating, and significantly improves the structural integrity and damage
resistance of the recast layer. This effect is directly verified by the me-
chanical test results in Section 4.1.4: the indentation on the recast layer
shows a standard Vickers morphology without radial cracks (Fig. 6(c)),
confirming the suppressed brittle cracking tendency; meanwhile, the
complete and smooth wear track morphology in the OM image of Fig. 12
(a) shows no large-area brittle spalling of the coating after long-term
friction, which further validates the pinning strengthening effect.

Locking Anchoring Effect: This effect is realized by the synergistic
action of mechanical interlocking and chemical bonding, which signif-
icantly improves the interlayer interfacial bonding strength: (i) Me-
chanical interlocking anchoring: The micron-scale discharge craters
on the recast layer surface provide abundant 3D interlocking sites for the
deposition of the soft covering layer, forming a stable physical anchoring
structure between the two layers, which prevents the relative sliding of
the covering layer under shear force during friction. (ii) Chemical
bonding enhancement: Raman spectroscopy in Section 4.1.3 and FTIR
analysis from our previous study [31] confirms that the soft covering
layer contains abundant strong polar hydroxyl groups, which can form
stable chemical bonding with the metal oxide phases (Al-0s) in the
recast layer (verified by XRD in Section 4.1.3), further strengthening the
interlayer bonding at the atomic scale.

This effect is quantitatively validated by the progressive-load scratch
test results in Section 4.1.4 (Fig. 7): the critical delamination load (Lc2)
of the bilayer coating reaches 11.43 N, which is approximately 36%
higher than that of the single-layer coating fabricated with pure emul-
sion. Meanwhile, the coating presents a progressive plastic deformation
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failure mode without large-area brittle spalling even at the critical load,
which directly confirms the significant enhancement of interfacial
bonding strength via the Locking Anchoring effect.

The synergistic Pinning-Locking effect fundamentally solves the key
contradiction between the low friction of the soft lubricating layer and
the high load-bearing of the hard recast layer, and realizes the stable
service of the bilayer coating under long-term oil-free dry sliding
conditions.

4.4.3. Property evolution mechanism regulated by pulse duration-related
effects

We propose a unified mechanistic framework to clarify the non-
monotonic, non-synchronized evolution of the coating's mechanical
and tribological properties (Fig. 13). In this framework, pulse duration-
related effects, rather than the single pulse duration parameter, act as
the core regulatory switch for coating structure and performance. Var-
iations in pulse duration simultaneously trigger coupled physical and
chemical changes in the discharge gap, which collectively form the pulse
duration-related effects. These effects include four core components: (1)
Variation in single-pulse discharge energy, which determines molten
pool temperature, lifetime, and the pyrolysis/oxidation degree of
dielectric components; (2) Variation in effective electrophoretic migra-
tion time, which dominates the accumulation of charged SiC nano-
particles and oil droplets on the workpiece surface; (3) Variation in
workpiece heat accumulation and material removal behavior, which
affects recast layer solidification and covering layer redeposition; (4)
Variation in dielectric flow field state and local particle concentration in
the discharge gap, which affects the uniformity of particle embedding
and coating formation.

These coupled effects simultaneously govern two competing pro-
cesses in the discharge zone: dispersion strengthening from particle
embedding, and friction reduction from self-lubricating phase forma-
tion. The non-synchronized evolution of COF and wear life essentially
arises from the differing sensitivity of these two processes to pulse
duration-related effects.

At a moderate pulse duration of 6 ps, the effects achieve an optimal
balance between discharge energy and migration time. This balance
promotes uniform embedding and stable retention of hard electro-
eroded particles in the soft covering layer, reaching a maximum parti-
cle area fraction of 17.12%. The dispersion strengthening effect is thus
maximized, endowing the covering layer with a peak microhardness of
15.78 HV and optimal load-bearing capacity. Meanwhile, the stable
discharge conditions under this moderate pulse duration support the
formation of an intact covering layer and robust interlayer bonding,
resulting in the maximum wear life of 66 min.

At an excessive pulse duration of 12 ps, amplified pulse duration-
related effects increase single-pulse discharge energy. The extended
molten pool lifetime promotes emulsion pyrolysis, generating more
graphite-like self-lubricating carbon phases. This reduces interfacial

LAl

E-SiC-NFD

Scratch track morphologies at different critical loads(Lcl. Lc2)

| Emulsion

Fig. 7. Scratch track morphologies of coatings prepared using pure emulsion and E-SiC-NFD dielectric under critical loads Lc1 and Lc2.
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shear stress during sliding, achieving the minimum COF of 0.143.
However, the amplified effects also induce severe molten pool turbu-
lence and intense discharge explosive force, causing massive ejection of
embedded hard particles (particle area fraction reduced to 13.15%).
This weakens the dispersion strengthening effect and degrades the
coating's mechanical strength. Meanwhile, the severe thermomechan-
ical cycling introduces interfacial micro-defects, leading to premature
coating failure and a significantly shortened wear life of 27 min.

This framework coherently explains the core finding of this work: the
lowest COF and longest wear life do not coincide, as they are governed
by two competing mechanisms regulated by pulse duration-related ef-
fects. COF is dominated by the formation of self-lubricating carbon
phases, while wear life is fundamentally determined by particle-induced
dispersion strengthening and interlayer interfacial integrity.

It should be noted that this decoupling mechanism has the most
significant performance in the in-situ autogenous coating system pre-
pared by EDM, because the formation of lubricating phases and the

11

dispersion strengthening of the coating are simultaneously regulated by
the pulse duration-related effects of discharge parameters, showing a
clear competitive relationship under different energy inputs. This
mechanism framework can also be extended to other composite coating
systems where the lubricating phase content and matrix mechanical
strength are regulated by the same process parameter.

5. Conclusions

A bilayer wear-resistant coating was in-situ fabricated on an Al 6061
alloy substrate via HS-WEDM with the E-SiC-NFD, which resolves the
critical bottleneck of conventional aluminum alloy surface modification
technologies that cannot synergistically achieve low friction and high
wear resistance. The core conclusions of this study are summarized as
follows:

(1) A heterogeneous bilayer structure, consisting of a soft carbon-rich
self-lubricating covering layer and a hard Al-Os-rich load-bearing recast
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Fig. 10. Multi-scale morphologies of worn surfaces: (al-c1) SEM images; (a2-c2) Optical micrographs at 500x magnification; (a3-c3) Optical micrographs at 100x

magnification for samples S1, S3, and S5.

layer, is spontaneously formed in-situ during the HS-WEDM pulsed
discharge cycle without any secondary post-treatment. The soft covering
layer fully fills the micro-defects on the recast layer surface, and the
interlayer interfacial bonding strength is significantly enhanced via the
synergistic Pinning-Locking effect, which endows the coating with
excellent structural stability and damage resistance.

(2) Pulse duration-related effects serve as the core governing factor
for the deposition behavior, microstructure and mechanical properties
of the bilayer coating. The thickness of the soft covering layer increases
monotonically with extended pulse duration, while its microhardness
exhibits a distinct non-monotonic trend, peaking at 15.78 HV at a
moderate pulse duration of 6 ps. The regulatory law of pulse duration-
related effects on the coating's structure and properties provides a
clear process window for the industrial application of this technology.

(3) A key original finding of this work is that the minimum steady-
state COF and maximum wear life do not coincide, as they are gov-
erned by two independent competing mechanisms. The COF is primarily
determined by the formation of graphite-like self-lubricating carbon
phases, which is optimized at a pulse duration of 12 ps (minimum COF of
0.143); in contrast, the wear life is fundamentally dominated by the
particle-induced dispersion strengthening and interlayer interfacial
integrity, which are maximized at 6 ps (longest wear life of 66 min). This
decoupling mechanism provides a flexible design principle for tailoring
the coating performance to match specific oil-free service requirements.
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(4) The E-SiC-NFD-assisted HS-WEDM technology developed in this
work achieves one-step integration of precision forming and in-situ
surface strengthening of aluminum alloys. The as-fabricated bilayer
coating delivers a steady-state COF as low as 0.143 and a wear life up to
66 min under oil-free dry sliding conditions, providing a novel, low-cost
and high-efficiency technical pathway for the wear-resistant modifica-
tion of lightweight aluminum alloys used in aerospace, automotive and
other harsh oil-free working conditions.
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Fig. 11. Schematic of single-pulse discharge and in-situ coating formation during E-SiC-NFD-assisted HS-WEDM: (a) Migration and accumulation of charged species;
(b) Dielectric breakdown and micro molten pool formation; (c) In-situ reaction and deposition of the covering layer; (d) Cooling and solidification of the

bilayer coating.
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