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Abstract: Aiming its analysis at the poor hardness and wear-resistance of E690 high-strength steel,
and the high hardness and good wear-resistance of AlCrN-coated, combined with the laser impact
micro-modeling which can store oil lubrication, this paper carries out research on the synergis-
tic wear reduction mechanism of laser impact micro-modeling AlCrN coated on the surface of
E690 high-strength steel. Multi-arc ion plating technology is used to prepare the AlCrN coating on the
laser-impact micro-modeling specimen; the micro-modeling AlCrN-coated specimen is subjected to a
reciprocating friction test, and the hardness and residual stress of the coated surface are measured
by equipment such as a residual stress meter and a microhardness tester. The microstructure and
physical elements of the surface wear before and after the preparation of the coating are analyzed by
scanning electron microscope (SEM), confocal three-dimensional morphometer and XRD diffractome-
ter, respectively. The results show that the prepared AlCrN-coated materials were well-bonded to the
substrate. Compared with the micro-molding-only specimens, the average friction coefficient and
wear amount of the micro-molded AlCrN-coated specimens with different micro-molding densities
and depths decreased compared with the micro-molded specimens; among them, the average friction
coefficient of the specimens with a micro-molding density of 19.6% and a depth of 7.82 µm was 0.0936,
which was the lowest. Additionally, the AlCrN coating enhances the stability of the friction process
of the specimen and reduces the amount of wear of the specimen. Under the premise of ensuring
the anti-wear and stability properties of the material, the best integrated friction performance was
achieved at a micro-molding density of 19.6% and a depth of 24.72 µm. A synergistic wear reduction
and lubrication model of micro-molding and AlCrN-coating was established.

Keywords: laser shock; micro-modeling; E690 high-strength steel; aluminum chromium nitride
coating; wear property

1. Introduction

The pile leg rack and pinion lifting mechanism made of E690 high-strength steel is
prone to failures (such as pitting corrosion, adhesion, wear, and plastic micro-deformation)
of the tooth surface under extreme working conditions, which substantially threatens the
safety of offshore platforms [1,2]. Laser impact micro-modeling technology (which does not
compromise the surface integrity of the processed material) is applicable under high-pressure,
heavy-load conditions and improves the tribological properties of the friction sub-surface.
This is a new technology for extending the service life of the friction sub-surface [3–5]. It
has found wide application in various fields, such as plain bearings [6], piston cylinder
liners [7,8], and tool cutting. Multi-arc ion plating, a new coating preparation process,
is widely used on the surface of mechanical parts to enhance their wear resistance and
corrosion resistance [9]. AlCrN coatings exhibit high-temperature oxidation resistance and
abrasive wear resistance, rendering them important for applications in tool cutting, mold
forming, and critical gear protection [10,11]. Previous studies have combined laser surface
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micro-texturing with coating technology, but they have mainly focused on the effects of laser
micro-texturing manufacturing and coating loaded on surfaces to assess friction properties
under low-pressure as well as light-load conditions [12,13]. As an extension of laser micro-
structuring and strengthening technology, research on the tribological properties of laser
impact micro-structuring and coating composite treatment has recently emerged to address
molding guidelines for materials used in offshore equipment, in addition to the wear-
resistant properties of materials under high-pressure and heavy loads, as well as cyclic
loading conditions.

In this paper, on the basis of the group’s previous experiments [14], AlCrN coating has
the given advantages of high hardness, good wear resistance, and high interfacial bonding
strength, which can make up for the defects of E690 high strength steel with low hardness
and bad abrasion resistance, and, combined with the laser impact micro-modeling, can
realize oil storage lubrication. This paper carries out the research on the mechanism of laser
impact micro-modeling and AlCrN-coated synergistic abrasion reduction. Firstly, laser
impact micro-modeling is carried out on the surface of E690 high-strength steel specimen;
after that, AlCrN-coated with layered structure is prepared on the surface of the micro-
modeling specimen; finally, a multifunctional friction and wear tester is used to carry out
reciprocating friction test on micro-modeled, AlCrN-coated specimen to study the mech-
anism of laser impact micro-modeling and AlCrN-coated synergistic abrasion reduction.
The research work in this paper provides a theoretical basis for improving the tribological
performance of E690 high strength steel under a heavy load environment and extending its
service life, which has important theoretical significance and engineering value.

2. Materials and Methods
2.1. Laser Impact Micro-Modeling

The specimen material of E690 high-strength steel, specifically, its material chemical
composition and mechanical properties, are shown in Table 1. A sample of 30 mm × 25 mm
× 5 mm specimen was shaped through wire-cutting material processing, according to
ASTM E3 standards. In turn, 240–1200# sandpaper was used on the surface of the specimen
for sanding and polishing; the use of diamond polishing agent ensures that the specimen is
polished to a mirror surface, in addition to ultrasonic cleaning and blow-drying.

Table 1. Chemical composites of E690 high-strength steel (mass fraction/%) and its mechanical capacity.

C Si Mn P S Cr Ni Mo V σb/MPa σs/MPa

≤0.18 ≤0.50 ≤1.6 ≤0.02 ≤0.01 ≤1.5 ≤3.5 ≤0.7 ≤0.08 835 ≥690

To investigate the effects of various micro-modeling densities on the friction properties,
an yttrium aluminum garnet solid-state pulsed laser system (YS100-R200A, Tyrida, Xi’an,
China) was used to perform laser impact micro-modeling on the surface of E690 high-
strength steel; the laser shock wavelength was 1064 nm and the pulse width was 20 ns.
The laser impact parameters were as follows: the spot diameter was 2 mm and the impact
energy was 7 J. A single impact was applied; the micro-pit densities were set as 0%,
12.6%, 19.6%, 34.9%, and 50.3%. Subsequently, the AlCrN coating was prepared by using
multi-arc ion plating technology to obtain various distribution densities of micro-pits. To
investigate the effect of various pit depths on the friction performance, the specimens were
subjected to various numbers of impacts (1× to 4×) at each location based on the optimal
micro-pit density determined from tribological performance tests of AlCrN coatings with
varying micro-pit densities. This enabled the generation of micro-pit distributions with
varying depths.

2.2. Coating Preparation

The experiments were carried out by using multi-arc ion coating equipment
(NANOARC-SP1010, Wuxi Naarc New Material Technology, Wuxi, China). The E690
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high-strength steel specimens were fixed on a turntable rotating at a frequency of 20 Hz.
The substrate was pre-treated before deposition, and the surface of the specimens was
cleaned by argon ion glow for 15 min. A 99.9% pure chromium (Cr) target and aluminum
(Al) target were used. Nitrogen gas (N2) with a purity of 99.99% was introduced into
the chamber as a reactive gas to obtain the AlCrN coating. Table 2 shows the detailed
deposition parameters for this experiment. The deposition rate and coating thickness were
determined by the arc current as well as the deposition time. Figure 1 shows the combined
preparation process of laser impact micro-molding treatment and coating deposition on
E690 high-strength steel substrates. Of these, LSP stands for laser shock peening technology.

Table 2. Deposition parameters.

Pretreatment Value AlCrN Coating Deposition Value

Argon pressure (Pa) 4.0 × 10−3 Nitrogen pressure (Pa) 0.8
Pulse bias (V) −600 Pulse bias (V) −150

Heating temperature (◦C) 80 Arc current (A) 100
Time (min) 15 Duty cycle (%) 15

Time (min) 150
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Figure 1. Preparation of an AlCrN coating on a laser impact micro-modeling surface.

2.3. Friction Wear Test

A multifunctional friction and wear tester (MRT-5000, Rtec, San Jose, CA, USA) was
used for conducting friction tests as well as wear tests. The main parameters were as
follows: resolution of 1 µm; speed range of 0.001–10 mm/s; and loading force resolution of
5 mN for 1–100 N, and 250 mN for 100–5000 N. The linear reciprocating module was used
to simulate the working conditions of the wear pins in this test. High-carbon chromium-
bearing steel GCr15 (with a diameter of ϕ10 mm and a hardness of 900 HV) was selected
as the material for the wear pins.

The test was conducted under oil-poor lubrication conditions, and the lubricant was
30# mechanical oil. According with ASTM G133 standard, a constant load of 100 N, a
constant speed of 0.2 m/s, a frequency of 5 Hz, a time of 600 s, and a temperature of 25 ◦C
were used.

2.4. Analysis and Testing

The surface, cross-section and surface morphology of the AlCrN-coated specimens
after the friction and wear experiments were observed by scanning electron microscopy
(Quanta 650F, FEI Corporation, Hillsboro, OR, USA) (SEM) with an operating voltage
of 10 kV. A confocal microscope (usurf, NanoFocus, Oberhausen, Germany) was used
to observe the surface three-dimensional morphology of the AlCrN-coated specimens
after the friction wear experiments and to extract the geometric feature data. The crystal
structure and phase structure of the AlCrN coating were detected with an X-ray (Ultima IV,
Rigaku Corporation, Tokyo, Japan) diffractometer, with a scanning range from 5◦ to 90◦. A
microhardness tester (TMVS-1 type, Beijing Times Peak Technology, Beijing, China) was
used for the hardness test according to the ASTM E92 standard, with an interval of 0.3 mm
between each measurement point; a total of six points were measured, the loading force
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was 200 g, and the retention time was 15 s in order to obtain the average microhardness
value of the sample surface. An X-ray stress analyzer (Xstress 3000 G2R, STRESSTECH
OY, Jyväskylä, Finland) was used to detect the residual stresses on the surface of the E690
high-strength steel matrix and the AlCrN-coated material, and the tilting method was
chosen as the test method; five measurement points were selected on the surface of the
specimen for the test, and the measurement of each point was repeated three times to
take the average value. The basic parameters of the residual stresses test were as follows:
collimation tube diameter, 1 mm; target material, Cr; Bragg angle, 156.4◦; tube voltage,
30 kV; tube current, 6.7 mA; exposure time, 14 s; and iron, ferrite (211) crystal type. A
scratch tester (WS-2005, Lanzhou Zhongke Kaihua, Lanzhou, China) was used to detect the
adhesion between the AlCrN coating and the substrate; the average of three measurements
was reported as the engineering bond strength of the interfacial bond.

3. Results
3.1. Analysis of AlCrN Coating Properties
3.1.1. Surface Topography

Figure 2 shows the surface morphology of an AlCrN coating prepared on a micro-
modeling specimen. The surface exhibited a uniform matte black color and good adhesion
with the substrate, with a smooth coating surface, high film densities, and micro-pit arrays
that were clearly visible.
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Figure 2. Morphology of specimens with various micro-modeling densities after surface coating:
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Figure 3 shows the SEM morphology of the AlCrN-coated surface and regional surface
sweeps. Figure 3c shows an enlarged view of the red-boxed area in Figure 3a. The AlCrN
coating surface was smooth, with no obvious defects such as pinholes and bubble flaking,
and no uncoated areas (Figure 3a–c). The elemental distribution on the coating surface was
obtained by energy-dispersive X-ray spectroscopy (EDS) elemental energy spectrum face-
sweeping of the AlCrN coating’s surface (Figure 3d–h). The coating on the specimen surface
was continuous and complete, with a uniform distribution of elements, and there were
no additional impurities or obvious defects. Figure 4 shows the EDS elemental detection
analysis of Figure 3c. According to the EDS analysis results, the chemical elements of the
coating mainly contain the elements of Al, Cr, N, C, O and Fe, and the atomic fractions
of Al, Cr and N are 26.8%, 13.3%, and 48.29%, respectively. In addition to the elements of
Al, Cr, and N, there are also the elements of C, Fe, and O in the AlCrN-coating, and the
elements of C and Fe are the result of the measurement of the X-ray penetrating the coating
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to reach the substrate of the E690 high-tensile steel. The C and Fe elements are measured
due to X-ray penetration of the coating into the E690 high-tensile steel substrate, while the
oxygen element is the result of the oxidation reaction of the coating’s surface in contact
with the air.
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3.1.2. Phase Analysis

Figure 5 shows a typical X-ray diffraction pattern of the AlCrN coating. The diffraction
peaks of the E690 high-strength steel matrix were relatively sharp; in particular, the (110)
diffraction peak exhibited the largest peak-to-height ratio in the spectrum, indicating a
highly crystalline matrix with a (110) crystal plane. Thus, the material was an iron-based
solid solution with a body-centered cubic structure [15]. The diffraction peak (111) exhibited
the highest intensity in the AlCrN coating, whereas the diffraction peak (220) had a lower
intensity. During vapor deposition, the effects of the bias pressure and magnetic field
lead to high energy as well as strong bombardment of aluminum and chromium ions.
Additionally, the higher atomic density of the (111) facet in the face-centered cubic structure
renders this crystal plane more susceptible to ion sputtering effects. As a result, grains tend
to grow with a preferred orientation, whereas grains with other orientations are selectively
sputtered. The main physical phase of the AlCrN coating is the solid solution fcc-(Cr,Al) N
phase [16]. The aforementioned crystalline and amorphous phases were hard phases that
improved the coating’s wear resistance and can extend the material’s service life.
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Figure 5. X-ray diffraction analysis of the AlCrN-coated surface. FCC: face-centered cubic.

3.1.3. Microhardness and Residual Stress

Figure 6 shows the surface hardness and residual stress of a micro-pit in the radial
direction. The surface hardness after laser impact was improved compared with the base
sample; the overall hardness trend was a gradual decrease along the radial direction from
the spot center. The average hardness value of the E690 high-strength steel base sample
was 373.3 HV. With an increasing number of impacts (one to four), the hardness value
at the center of the spot was increased by 8.0%, 11.28%, 15.64%, and 16.53% compared
with the base sample, respectively, with the rate of increase gradually decreasing. Thus,
after one to three impacts, the surface grains of the material were gradually refined, with
a substantial increase in the number of grain boundaries and improved resistance to
external deformation [14]. After four impacts, the surface grains were refined to the
nanometer scale, forming a nanocrystalline structure, and the surface organization became
more uniform, resulting in saturation of hardness at the macroscopic level. The average
hardness composite of the E690 high-strength steel substrate after applying the AlCrN
coating was 508.9 HV, which is 36.32% higher than that of the base sample, improving the
wear resistance.
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residual stresses.

Figure 6b shows the residual stress on the surface of the AlCrN coating. The average
residual stress of the E690 high-strength steel matrix was −114.1 MPa, whereas the average
residual stress on the surface of the AlCrN coating was −169.5 MPa. The residual stresses
of the matrix and coating were uniformly distributed, with no obvious areas of stress
concentration; furthermore, the difference between the stress values of the matrix and
the coating was relatively small. These facts correspond to improved bonding strength
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between the coating and substrate, which can facilitate stress transfer and reduce the risk
of coating failure.

3.1.4. Bonding Strength of the Coating to the Substrate

Figure 7 shows the engineering bond-strength test of the AlCrN coating bonded to
the substrate. As the dynamic normal load increased, the depth and width of the scratches
on the surface of the coating increased, and tiny fragments were evident at the end of the
scratches. A small portion of the coating peeled away from the substrate. At this point,
the instrument emitted a strong sharp acoustic signal and the slope of the corresponding
friction curve abruptly changed; this indicated the critical load, which represents the
engineering bond strength of the coating [17]. The engineering bond strength of the coating
to the substrate was approximately 35 N.
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Figure 8a,b show cross-sectional SEM images of the bonding region of the AlCrN
coating with the E690 high-strength steel matrix and a corresponding EDS line sweep. Al,
Cr, and N in the coating formed a step transition distribution at the bonding interface,
indicating that these three atoms diffused in a manner that facilitated formation of a
metallurgical bond at the bonding interface. The dense structure did not exhibit coarse
columnar grains or pores, and the coating had a good bonding force with the substrate.

Figure 8c shows an EDS line scan of a cross-section of the AlCrN coating and substrate.
The coating was mainly divided into the substrate, composite layer, and working layer.
Among them, in the composite layer, combined with the EDS line-scan analysis of the
AlCrN-coated cross-section, it was learned that the different contents of Al, Cr, and Fe lead
to the emergence of different delaminations of the 1.35 µm regional layer, which are the
Al-rich coating, with the widest thickness, closest to the side of the outermost Al layer; the
Cr-rich transition layer, with the smallest thickness, in the middle; and the bonded Cr- and
Fe-containing layer close to the side of the Fe matrix, respectively. The coating element
combined with the substrate consisted mainly of Cr; the thickness of this over-coating was
ca. 0.25 µm, enhancing the bonding performance of the coating because of the similarity
in atomic radii between chromium and iron. The second and third layers of the coating
were composite layers of Cr, Al, N, and other elements; the infiltration of aluminum and
nitrogen elements can correspond to the formation of compounds with chromium elements
in a manner that enhances their stability. The most superficial layer of the coating was
dominated by the distribution of aluminum; its thickness was ca. 1.73 µm. The Al2O3
oxide layer can be generated by the aluminum element in friction wear [18]; since Al2O3
is a ceramic material with high hardness, the generation of Al2O3 on the surface of the
coating increases the hardness and abrasion resistance of the coating, which makes the
coating more resistant to surface abrasion and scratches; this enhances the friction and
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wear performance. In summary, the coating and substrate formed a diffusion interface,
improving the interfacial bond strength.
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coating cross-section.

3.2. Tribological Performance of Micro-Molded AlCrN-Coated Specimens
3.2.1. Analysis of Various Densities

The following friction test parameters were selected: normal load of 100 N, recipro-
cating frequency of 4 Hz, and test time of 600 s. Figure 9 shows the friction coefficients at
various densities. During the initial stage of reciprocating friction, the friction coefficients
of the micro-molded AlCrN-coated specimens exhibited a decreasing trend before reaching
stability. This can be attributed to the large surface roughness of the specimens and the
point contacts at the friction sub-contacts. Comparing the friction coefficient curves with
the geometric area formed by the horizontal and vertical coordinates, the overall friction
coefficient of the uncoated base sample was higher, and the friction process fluctuated
greatly. Compared with the uncoated base samples, the micro-molded specimens with
densities of 12.6%, 19.6%, and 34.9% exhibited lower and less-fluctuating friction coeffi-
cients. The friction coefficients fluctuated substantially only in the initial stage, when the
micro-molding density was 34.9%, and then quickly stabilized. Because of the reduced
distance between the micro-pits, when the micro-molding density was 50.3%, the effective
contact area of the upper and lower specimens became smaller due to the reduction of
the pit spacing; the raised edges of the pits led to part of the contact being changed to a
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point contact, which aggravated the friction and increased the fluctuation of the friction
coefficient. At the same time, with the increase of micro-molding density, the processing
cost increases, so the higher micro-molding density is not beneficial to the friction and
wear performance.
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Figure 9. Friction coefficients of micro-molded AlCrN-coated specimens with various densities.

Figure 10 shows the average friction coefficient and wear extent of various densities of
micro-molded specimens and micro-molded AlCrN-coated specimens; among them, LPT
stands for laser shock texturing. The friction coefficient and wear extent of the specimens af-
ter various process treatments were minimized. The coating reduced the average coefficient
of friction of the micro-molded specimens with various distribution densities by 4.3%, 1.3%,
0.6%, 11.4%, and 7.7% (compared with the uncoated micro-molded specimens) (Figure 10a).
The coated specimens with 34.9% micro-molding density exhibited the most substantial
improvement in friction performance, and the coated specimens with 19.6% micro-molding
density exhibited the best friction performance. The coating reduced the average wear
of micro-molded specimens with various distribution densities by 37.8%, 36.9%, 34.9%,
43.5%, and 41.5% (compared with the uncoated micro-molded specimens) (Figure 10b),
with the most substantial reduction in the average wear of coated specimens, with 34.9%
micro-molding density. The coated specimens with 19.6% micro-molding density had the
least extent of average wear.
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In summary, the change of micro-molding density was the main contributor to the
friction coefficient, and the AlCrN coating had a good effect on wear reduction as well
as lubrication, with the average friction coefficient decreasing by 5.1% and the average
wear decreasing by 38.9%. The micro-molded AlCrN-coated specimens with 19.6% micro-
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molding density had the best friction performance and the smallest extent of wear among
the tested samples.

3.2.2. Analysis of Various Depths

In accordance with the friction test results in Section 3.2.1, specimens with a micro-
molding density of 19.6% and depths of micro-molding coatings of 7.82, 14.52, 24.72, and
31.39 µm were selected for friction tests. The parameters of the friction test were as follows:
normal load of 100 N, reciprocating motion frequency of 4 Hz, and duration of 600 s.
Figure 11 shows the friction coefficients of the specimens. The slope of the curve was larger
during the friction period and the friction coefficient then increased rapidly. The specimen
with a micro-pit depth of 24.72 µm quickly entered the stabilization stage after a brief
friction period, exhibiting minimal fluctuation and good stability.
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Figure 12 shows the average coefficients of friction and wear. Observing Figure 12a,
it can be seen that when the surface of the micro-molded specimen is not prepared with
coating, the COF of the micro-molding specimen was at its lowest when the depth of
the micro-molding pit was 7.82 micrometers, and with the increase of the depth of the
micro-molding pit, the COF of the micro-molded specimen was sharply increased. After
the coating was prepared on the surface of the micro-molded specimens, when the depth of
micro-molding was in the range of 7.82–24.72 micrometers, the COF of the micro-molded
AlCrN-coated specimens remained basically unchanged with the increase of the depth of
micro-molding pits; the coating significantly improved the friction and wear resistance of
the micro-molded specimens. The AlCrN coating reduced the average friction coefficients
of the specimens with various depths by 4.3%, 0.64%, 5.75%, 8.55%, and 2.68% (compared
with the uncoated micro-molded specimens), with the most obvious improvement in
friction performance at a depth of 24.72 µm. The friction coefficients of the specimens
were basically the same when the micro-pit depth was 7.82–24.72 µm (i.e., one to three
laser impacts), and the friction coefficients of the specimens increased dramatically when
the micro-pit depth was 31.39 µm (i.e., four laser impacts). Combined with the friction
wear curves of the specimens at different depths in Figure 11, it can be seen that, in the
above range of micro-molding depths, the fluctuation of the friction wear curves of the
specimens decreases and the stability improves with the increase of the depth. That is,
when the micro-molding depth is 24.72 µm, the micro-molded AlCrN-coated specimen
rapidly enters into a stable stage after a short break-in period, and its fluctuation is the
smallest and its stability is good. Observing Figure 12a, it can be seen that the coating
reduced the average wear of the specimens with various depths by 37.8%, 34.9%, 32.2%,
36.1%, and 34.96% (compared with the uncoated micro-molded specimens), with the most
pronounced reduction in the average wear for the coated specimens. The wear extents of
the coated specimens with various micro-molding depths were much lower than those of
the uncoated specimens, the least being a micro-molding depth of 24.72 µm.
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To summarize, the AlCrN coating improved the edge bumping effect of micro-pits
caused by laser impact, reduced friction, and improved lubrication, while the average
coefficient of friction of micro-molded AlCrN-coated specimens with different depths was
reduced by 4.38%, and the average amount of wear was reduced by 35.19%. According to
the above analysis, when the micro-molding density is fixed at 19.6%, the friction process
of the micro-molded AlCrN-coated specimens with a micro-molding depth of 24.72 µm
is the most stable, and the coefficient of friction and the amount of abrasion are relatively
low, which, combined with the results of the previous experiments [14], indicates that the
increased depth can accommodate more abrasive particles and debris as well as enhance
the oil storage capacity, which results in an increase in the friction life of the specimens.
Therefore, to summarize, when the micro-molding density of AlCrN-coated specimens is
19.6%, the coated specimens with 24.72 µm micro-molding depth have the best friction
performance and the least amount of wear; their coefficient of friction decreases by 8.55%
and the amount of wear decreases by 36.1%.

3.3. Wear Surface Morphology Analysis of Micro-Molded AlCrN-Coated Specimens
3.3.1. Analysis of Various Densities

Figure 13 shows the SEM morphology of the wear surface, and Figure 14 shows
the three-dimensional morphology of the wear surface. The surface of the non-molded
specimens’ coating was substantially worn, exhibiting deep furrows and scattered fine
abrasive grains, along with a substantial accumulation of attachments and micro-bumps
along the wear track (Figures 13a and 14a). Moreover, the normal load caused some
abrasive particles to become embedded in the wear surface, resulting in micro-cutting and
stress concentration on the coating surface during the friction test. This led to the formation
of micro-cracks on the surface of the coating and extensive detachment along the wear
direction, ultimately causing coating failure.

Comparative observation of Figures 13b and 14b shows that, compared with the
specimen without modeling coating, the surface of the micro-modeled AlCrN-coated
specimen with a distribution density of 12.6% has a lower oil storage capacity due to the
lower density of the pits, such that the lubricant is consumed very quickly in the friction
process, the micro-pits are quickly smoothed out, the degree of abrasion is more serious,
the wear material shed in the friction pin is gathered to form abrasive wear, and the AlCrN
coating partially spalls along the direction of wear because of the low hardness of the
friction pin. Due to the low hardness of the friction pins, the abrasive wear is formed by
the aggregation of abrasive particles, and the AlCrN coating is partially peeled off along
the direction of wear.
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The surface of the micro-molded AlCrN-coated specimen with a distribution density
of 19.6% exhibited minimal wear damage, with only a few shallow scratches, compared
with the corresponding specimen with a distribution density of 12.6% (Figures 13c and 14c).
Thus, the combination of micro-molding with a distribution density of 19.6% and an AlCrN
coating improved the furrow effect. Additionally, the micro-molding craters stored abrasive
particles during the friction process, which substantially reduced the wear of the coating
surface. Compared with the corresponding specimen with a distribution density of 19.6%,
the edge of the micro-pit of the micro-molded AlCrN-coated specimen with a distribution
density of 34.9% experienced stress concentration, leading to formation of abrasive particles
from surface plastic deformation (Figures 13d and 14d). Some of these abrasive particles
dispersed into the friction sub-surface along with the flow of lubricating oil, aggravating
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the wear. The edges of the micro-pits of the corresponding specimen with a distribution
density of 50.3% were still clearly visible (Figures 13e and 14e). The fluctuation of the
surface contour and the edge effect of the raised micro-pits produced stress concentration
in the surface coating, and there was flaking of the coating on the adjacent planes of the
micro-pits. Upon complete wearing of the micro-pits, previously stored wear debris will
be released and participate in the sliding wear of the steel substrate, resulting in deep
wear marks.

In summary, the observation of the wear surface morphology indicates that the micro-
molding–AlCrN-coating composite process had a substantial effect on reducing wear and
improving the lubrication of E690 high-strength steel. The coated specimen with a micro-
molding density of 19.6% exhibited the best friction performance among the tested samples,
which is consistent with the findings in Section 3.2.1.

3.3.2. Analysis of Various Depths

At a micro-molding density of 19.6%, various depths of micro-molded AlCrN speci-
mens were chosen to carry out friction wear tests. Figure 15 shows the morphology, as per
SEM, of the wear surface, and Figure 16 shows the three-dimensional morphology. When
the depth of micro-molding was 7.82–14.52 µm (i.e., 1× to 2× laser impacts), the coating
was not completely destroyed during the abrasion test (Figures 15a,b and 16a,b). Only a
small number of scratches and abrasive particles were evident, and the coating did not
exhibit adhesive wear phenomena. Thus, the coated specimen demonstrated good abrasion
resistance. When the depth of the micro-molding was 24.72–31.39 µm (i.e., 3× to 4× laser
impacts), the edges of the micro-molding were still clearly visible (Figures 15c,d and 16c,d).
Additionally, the coating in the inner part of the micro-molding remained undamaged, and
some of the abrasive particles had been collected, resulting in the good abrasion resistance
of the coated specimen.
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In summary, the AlCrN coating on the surface of the micro-molded specimens was
prepared in a manner that improved the wear resistance of the specimens. From the analysis
of the surface wear morphology and considering the cost, the optimal process parameters
for laser impact micro-molding lubrication are 19.6% micro-molding density and 24.72 µm
pit depth, which is consistent with the results of Section 3.2.2.
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3.4. Wear-Reducing Lubrication Modeling of Micro-Molding AlCrN Coatings

Figure 17a–d show the friction test process of a single-coated non-molded specimen,
and Figure 18e–h show the friction test process of a micro-molded AlCrN-coated specimen.
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Figure 18. Diagram of the micro-modeling and AlCrN coating’s synergistic wear reduction and
lubrication process: (a) the initial stage of frictional wear; (b) the friction-wear stabilization stage;
(c) the late stabilization stage phase; (d) the friction abrasion failure stage.

During the initial stage of frictional wear, the specimen’s surface was subjected to
extrusion of the friction pins under load and the lubricant was adsorbed on the surface
of both specimens, achieving friction-reducing lubrication through treatment of their
respective surfaces (Figures 17a and 18a).

During the friction-wear stabilization stage, for the single-coated non-molded speci-
men, the lubricant was quickly extruded by the friction pin, resulting in extrusion defor-
mation and cracking of the coating surface (Figure 17b). In contrast, the micro-molded
AlCrN-coated specimen relied on the high abrasion resistance of the micro-moldings and its
oil storage function, maintaining good friction reduction and lubrication ability (Figure 18b).
With increasing friction-test time, the flaking material on the surface of the single-coated
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non-molded specimen formed abrasive particles, which increased the friction and ag-
gravated the damage to the coating surface (Figure 17c). However, in the micro-molded
AlCrN-coated specimen, the lubricating oil in the micro-moldings was gradually consumed.
Furthermore, a small number of abrasive particles were evident in the surface coating,
along the sliding direction of the flaking and cracking, which fell into the micro-moldings,
and the debris did not have a substantial influence on the coating (Figure 18c).

During the friction abrasion failure stage, the coating of the non-molded specimen
was partially destroyed along the sliding direction, and the presence of a large number
of abrasive particles as well as other debris exacerbated the destruction of the coating,
leading to the failure of the specimen (Figure 17d). However, abrasive debris generated
by the micro-molded AlCrN-coated specimen was collected by the micro-moldings, and
geometric destruction of the micro-moldings was not obvious (Figure 18d).

By comparing Figures 17a–d and 18a–d, it can be seen that the AlCrN coating exhibited
high hardness, high wear-resistance, and a low coefficient of friction, which reduced friction
and frictional heat generation. The array of micro-moldings provided a sufficient quantity
of lubricant between the friction surfaces, yet also collected the abrasive particles and debris
that were evident during wear, which were thereby kept from generating abrasive wear. In
summary, preparing AlCrN coatings on laser-impact micro-molded surfaces improved the
anti-wear performance of the tested metal surfaces.

4. Conclusions

(1) The AlCrN coating prepared on a E690 high-strength steel surface by multi-arc ion
plating was continuous and dense, with a uniform distribution of elements, no other
impurities, and no obvious defects. Cross-sections exhibited a gradient layered
structure, and an engineering bonding strength of 35 N; the interface between the
coating and substrate exhibited good adhesion.

(2) Compared with the micro-molding-only specimens, the micro-molded AlCrN-coated
specimens exhibited decreases in the average friction coefficient and wear rate. The
average friction coefficient of the various micro-molding densities was decreased
by 4.38%, and the average wear rate was decreased by 35.19%. The specimens with
a micro-molding density of 19.6% exhibited the lowest average friction coefficient,
at 0.0936. When the micro-molding density was 19.6%, the micro-molded AlCrN-
coated specimens exhibited a 5.1% reduction in the average friction coefficient and
a 38.9% reduction in the average wear rate compared with the micro-molding-only
specimens. Moreover, the AlCrN coating improved the stability of the friction process
of the specimen. The best overall friction performance was achieved when the micro-
molding density was 19.6% and the specimens underwent a single-point impact 3×,
with the coefficient of friction reduced by 8.55% and the amount of wear reduced
by 36.1%.

(3) A synergistic wear-reduction lubrication model of micro-molding and AlCrN-coating
was established to illustrate the interaction and wear reduction mechanism of the
coatings under heavy loads as well as for oil lubrication. Compared with the model
with only an AlCrN coating, the coating provided sufficient wear resistance for the
specimen and the micro-moldings improved the oil storage capacity. Additionally,
the coated specimens collected abrasive particles and debris in the micro-moldings,
enhancing wear resistance and improving friction performance, thereby extending
the wear life of the specimens.
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