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Abstract: The coupling bionic surface is generally prepared by laser melting on the surface of
a gray iron brake hub, which can allow the brake hub to achieve excellent wear resistance and
fatigue resistance. The designs of most previous experiments have been based on independent units
that were uniform in their distribution patterns. Although some progress has been made in the
optimization of cell features, there is still room for further improvement with respect to bionics and
experimental optimization methods. Here, experiments on units with non-uniform distributions
of different distances were used to rearrange and combine the bionic elements. This paper is that
the original uniform distribution laser melting strengthening model was designed as a non-uniform
distribution model, and the heat preservation and tempering strengthening effect of continuous
multiple melting strengthening on the microstructure of the melting zone is discussed. The mechanism
of crack initiation and the mode of crack propagation were analyzed. The relationship between the
internal stress in the melting zone and the crack initiation resistance was also discussed. In this paper,
the mechanism of different spacing distribution on the surface of gray cast iron by laser remelting is
put forward innovatively and verified by experiments, which provides a solid theoretical basis for
the follow-up industrial application.
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1. Introduction

Results have shown that the base metal on the brake drum surface of gray cast iron may be melted
rapidly by laser technology. This can change the structure of the brake drum base metal, refine the grain,
and greatly improve hardness, strength, and toughness [1–3]. By imitating the biological characteristics
of organisms that exist in nature that show excellent wear and fatigue resistance [4,5], a bionic functional
surface similar to the surface of such organisms can be fabricated by applying a laser to the inner wall of
a gray cast iron brake drum [6,7]. The structure of the base metal of the brake drum can be irradiated by
a laser [8,9], causing it to melt rapidly and then solidify again instantaneously [10]. The new structure
obtained has a strength and toughness far beyond that of the gray cast iron base metal [11,12]. The locus
of the melted structure is distributed on the inner surface of the brake drum with a certain shape [13,14].
Thus, the hard unit and the base metal are combined to form a soft/hard interphase bionic surface
composed of different structures and shapes. Previous test results showed that the hard element
embedded in the matrix has a “dike” and “nail pile” effect [15,16]. This hard element can effectively
prevent the growth of cracks in the brake drum, reduce the growth rate of surface cracks in the gray
cast iron, and improve the service life of the brake drum.
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The experiments conducted in this study attempted to address human needs by learning and
applying the mechanisms and laws of the biological world that have been discovered by the application
of the bionics principle [17,18]. The phenomenon of biological coupling is an inherent property of living
things that has increased the vitality of organisms throughout their evolutionary history. The researchers
in this study found that the ability of natural organisms to adapt to their environment did not simply
involve changes in a single factor; instead, this adaptability resulted from the synergy of two or more
different parts or the coupling of different factors. Some examples of this adaptability include the
self-cleaning function of the leaves of plants such as the lotus leaf and reed and the anti-sticking
property exhibited by the wings of insects such as the night moth [19,20]. These functionalities are
all realized by the coupling of various factors such as the non-smooth shape of a surface or the
micro/nanocomposite structure of low-energy materials. For example, the non-smooth hard scales on
the backs of lizards, rock lizards, and scorpions are coupled with multiple layers of flexible connective
tissue that lie just under the skin, which allows these species to have excellent resistance to erosion
in desert environments. The excellent wear resistance of conch and other seashells depends on the
coupling of non-smooth composite morphology, multilayer structures, and special materials [21,22].

Similarity science points out that the principles of certain biological structures and functions can
be used to construct technical systems and make the characteristics of these technical systems like
those of biological systems. The systems formed have functions that are like those of the original
system. The surface structures of organisms with excellent wear resistance and fatigue resistance
share many similar characteristics [23]. First, they all have alternating structures made up of hard
and soft elements. The distribution of hard elements can take various forms. The relatively high
degree of hardness of the hard elements comes from the difference in structure or material between
the hard and soft elements. The coupling of morphology, structure, and material gives such surfaces
excellent wear resistance and fatigue resistance. The properties of a surface comprising soft phases
and hard phases can be brought fully into play in biology [24]. The hard phase structure can play a
supporting role by, for example, preventing crack initiation and propagation; in addition, this structure
can improve the wear resistance of materials. According to the principle of biological coupling,
the bionic coupling wear-resistant and thermal fatigue-resistant model is a type of hard element with
certain shapes distributed on the soft base metal. This hard element derives different microstructural
or constituent materials from the soft base metal, and the two constitute a structure with soft and
hard intersections [25]. Coupling bionic wear-resistance and anti-fatigue properties has been proposed
as a way to theoretically solve the problem of part failure caused by fatigue and wear on the surface of
materials and engineering application problems such as surface adhesion and drag reduction.

Much research and achievements in applications of bionic coupling wear-resistance and fatigue
resistance have been made using laser treatment [26]. Laser technology also has a lot of applications
in the surface strengthening of alloy parts. Qiuyue Su et al. studied the influence of nano layer
depth etched by femtosecond and nanosecond laser on the precision of resistance modulation [27].
This method is applied to wear-resistant parts under various working conditions. The hard phases are
processed on their parent bodies by laser melting or cladding. These hard phases and the parent bodies
form different types of soft and hard interphase structures on the surface of the parts, replacing the
original surface and greatly improving their thermal fatigue resistance, wear-resistant performance,
and the service life of the parts. According to the principle of biological coupling, different functions can
be obtained by different coupling and factor combinations, and different functional requirements can
be obtained by changing the parameters of each coupling element to form corresponding models [28].
All these studies are based on the experimental optimization design of various bionic coupling models,
which are composed of coupling elements that include various shapes, structures, and materials.
After the effects of different coupling bionic treatments on the thermal fatigue resistance and wear
resistance of materials are determined, they can be applied to each wear-resistant component to
improve the service life of components [29].
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The application of coupled biomimetic theory has achieved many breakthroughs in terms of wear
resistance and fatigue resistance. However, in the process of biomimetic model design, research has
primarily been based on a single type of spacing [30]. Although the performance achieved by the biomimetic
model depends on the characteristic parameters of the coupling element, the spacing distribution of the
unit always maintains an average distribution [31]. In nature, the non-uniform distribution of various
bio-coupling elements on the surface of organisms can further improve the performance of organisms
by enhancing their ability to cope with more complex biological environments. In the process of
braking, the surface of the brake drum is constantly subjected to tension and compression stress in
the process of brake pad wear [32]. At the same time, because of the large amount of heat generated
in the process of friction, the interior of the brake drum is constantly subjected to the internal stress
transformations caused by the alternation of cold and hot temperatures. Therefore, the fatigue failure
and crack growth mode of the brake drum represent locally concentrated non-uniform sudden changes
in growth. This study designed a coupling bionic model of the surface of a non-uniform gray cast iron
brake drum to further enhance the reliability of the wear-resistance and anti-fatigue characteristics
of the bionic brake drum. In this paper, based on the above research, the uniform distribution of the
bionic surface was designed as a non-uniform distribution. The microstructure and internal stress
of laser melting changed from discontinuous processing to continuous processing of the local area.
Therefore, the wear resistance and fatigue resistance of the non-uniform distribution bionic surface
also change correspondingly. This paper hopes to further optimize the wear resistance and fatigue
resistance of the gray iron coupling bionic surface and provide a more practical model. The model that
we designed used a different combination of multiple units rather than a single unit to enhance the
wear-resistance and anti-fatigue properties [33].

2. Experimental

2.1. Experiment Materials

The cast iron used in the experiment was cut from the brake drum of a heavy truck provided by the
First Automotive Work shop Group in China. The cast iron brand of the brake drum production was HT250,
and the structure of cast iron material is shown in Figure 1. The graphite type contained a small amount
of type B flake graphite (see Figure 1a); the matrix structure was pearlite (more than 90%) + a small
amount of ferrite (see Figure 1b,c); and the main chemical composition is shown in Table 1.
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Figure 1. Microstructure of cast iron material. (a) Graphite structure with cast iron. (b) Matrix structure
of matched cast iron. (c) Pearlite structure amplification with cast iron.

Table 1. Chemical compositions of nodular cast iron.

Element C Si Mn P S Cu Cr Fe

Content 3.41 1.61 0.96 0.02 0.01 0.315 0.180 Bal.

The wear pair selected for this test was a pair of brake pads commonly used in the brake drum of
heavy trucks—semi-metallic brake pads—as shown in Figure 2
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2.2. Experimental Method

In this experiment, a brake hub manufactured by the FAW casting company was studied where
the brake hub was destroyed, and the sample was prepared. Striped biomimetic samples were used
in the experiments as previous research has shown that striped biomimetic samples have better
performance/price ratios. The coupling bionic specimen with a non-uniform distribution described in
this paper is shown in Figure 3. This was designed as a model with either a two, three, or four parallel
offset distribution of a biomimetic unit. Each model in this paper was defined as P2, P3, and P4, and the
average distribution of a single cell was defined as P1. To ensure the robustness of the tests, the total
number of units on the same sample and the distribution/area ratio between the unit and the parent
remained unchanged. Each unit–body combination was arranged in strips with a spacing of 2.4 mm,
3.6 mm, and 4.8 mm. After the design was complete, the laser melting method was used to complete
the processing. Thermal fatigue tests were conducted on different unit combinations, and the wear
tests were conducted under different thermal fatigue times. The thermal fatigue wear characteristics of
different coupled bionic models were studied. Finally, the corresponding model was adjusted based
on the wear and fatigue of the brake hub occurring during actual use, and the adjusted and optimized
model was retested to verify that the adjustment improved the model.

2.3. Sample Preparation

Using a DK77 electric spark cutting machine produced by Donghua CNC company in China,
the fragments of the grey cast iron brake hub were processed into 100 × 20 × 10 mm3 and
40 × 20 × 10 mm3 rectangular samples, and a 3 mm round hole was drilled on the upper part of
40 rectangular samples, as shown in Figure 3. The surfaces of the samples were polished with 80#,
360#, 600#, and 1000# sandpaper to remove machining traces.

The bionic sample processing was carried out by the system of controlling the laser source’s moving
track with a six degree of freedom manipulator (Figure 4). The main part of the system was the Nd:
YAG pulse laser generator (XL-500WF, Rofin, Munich, Germany). A pulse beam with a wavelength of
1064 nm and a maximum output power of 300 W was emitted through the YAG crystal. The laser energy
transmitted by the optical fiber was dispersed with a Gaussian distribution on the sample surface.
The entire experimental laser setup was comprised of a cooling system, a two-dimensional rotating table,
a six degree of freedom manipulator, and a servo control system. By adjusting the position coordinates
of the manipulator in the z-axis direction, precise control of the defocusing amount of the laser spot
can be realized, and the spot with the required size can meet the needs of the unit machining. The first
mock exam was carried out to adjust the output laser parameters through the laser control cabinet,
and ensure that the laser output energy was in accordance with the test requirements and that the size,
shape, and organizational structure of the bionic cells in each model laser processing were the same.
The laser parameters are shown in Table 2.
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Table 2. Laser parameters.

Sample Electric Current
(A)

Pulse Duration
(ms)

Frequency
(Hz)

Defocus Amount
(mm)

Laser Energy Density
(J/mm2)

No.1 120 7 15 155 144.7

2.4. Thermal Fatigue Test

The equipment used in the thermal fatigue test was a self-made self-restrained thermal fatigue
test machine, as shown in Figure 5. The heating temperature was 700 ◦C, and the cooling medium was
running tap water. The heating time was 160 s, and the cooling time was 20 s. The melted sample
and the untreated sample were placed in the thermal fatigue test machine for the thermal fatigue test.
The samples were removed after the test, the number of cold and hot cycles was recorded, and finally
the length and number of cracks were measured.Metals 2020, 10, x FOR PEER REVIEW 7 of 20 
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2.5. Wear Tests

Due to the obvious directionality of the friction between the brake drum and the brake pad,
in order to better simulate the friction conditions during the actual operation of the drum brake,
the matching wear test was carried out on the self-made linear reciprocating wear test machine, and the
structural diagram of the test machine is shown in Figure 6. The wear testing machine is composed of
a controller, a counter, a servo motor, a linkage driving mechanism, and a wear testing area. The rotation
of the servo motor drives the connecting rod to create reciprocating motion. The rotation speed of the
servo motor controls the relative motion speed between the friction pairs. The slideway is coated with
lubricating oil to ensure smooth reciprocating motion and maintain the level. The slider is equipped
with a metal bracket to adjust the load by adding different weights to the bracket. The size specifications
of the friction pairs used in this test were as follows: bionic sample was 120 × 30 × 10 mm3 rectangular,
the ground cast iron sample was 100 × 20 × 10 mm3 rectangular, and the edge was chamfered by
1 mm. The brake pad sample was placed under the wear test area and kept stationary, and the cast
iron sample was placed in the fixture on the sliding block. The bionic friction surface processed on
the sample was opposite to the brake pad. After loading, it makes contact with the brake pad and
follows the guide rod for reciprocating motion. In the experiment, by adjusting the weight on the
metal plate and adjusting the speed of the motor with the controller, the sliding friction process under
different loads and different friction speeds was created. All the experiments were sliding dry friction
experiments conducted at room temperature. The test load was 100 N, and the motor speed was
70 r/min. The stroke of the connecting rod was 0.07 m, and the wear time was set to 40 h for each
rotation of the motor. After the wear experiment, the matching cast iron samples were cleaned with
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an ultrasonic cleaning instrument, and the wear debris on the surface of the brake pad samples was
cleaned and removed. All samples were weighed by an electronic balance with an accuracy of 0.001 g.
Each experiment was repeated three times, and the average weight loss of the three experiments was
taken as the final experimental result.Metals 2020, 10, x FOR PEER REVIEW 8 of 20 
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2.6. Microstructure Observation and Wear Morphology Observation

A DK77 Electrical discharge machining was used to cut the laser-melted sample along its
cross-section. Processing traces and oil stains on the cross-section were polished with different
sandpaper grades. The samples were etched with a 4% nitric acid/alcohol solution to prepare
them for metallographic observation. The morphology of biomimetic cells was observed under an
optical microscope, and a cell without cracks and pores was selected for microstructure observation.
A JEOL JSM-5600lv (SEM, Zeiss, Evo18, Oberkochen, Germany) scanning electron microscope (SEM)
was used to observe the cross-section structure of the bionic unit bodies. In addition, after the unit body
sample and brake pad samples were worn, their surfaces were also observed under SEM and their
wear morphology was recorded. In this process, the samples did not require polishing and corrosion.

To characterize the wear performance, in addition to measuring the mass change before and
after wear, the wear morphology of different biomimetic unit models and different brake pads were
compared and analyzed using three-dimensional laser confocal microscopy (LEXT-OLS 3000 Olympus).

3. Results and Discussion

3.1. Structural Analysis of Non-Uniform Models of Bionic Unit of Grey Cast Iron

According to the discussion on the formation process of the unit [29,30] in the literature, the ambient
temperature around the unit formation is relatively low. After remelting, a grain boundary structure
with higher dislocation density is formed. This process of remelting and rapid cooling can be compared
to a self-quenching process. As the entire process is continuous, the processing of the unit will increase
the temperature of the surrounding material environment. For a unit that has been processed, it is
equivalent to the process of heat preservation and tempering after the self-quenching process. These two
processes occur one after another, which means that the unit created by laser melting and solidification
has increased dislocation density and hardness and enhanced ductility and toughness. However,
the distribution mode of the cell changes the interaction degree of the adjacent cell forming process.
Figure 7 depicts cross-sectional morphology photos of four different biomimetic cell combinations,
and Figure 8 shows thee SEM photos of the cell microstructure of different cell combinations.
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It can be seen from Figure 7 that there were some differences in cell size among the four
different combinations. The maximum depth of P4 was 1.089 mm, and the minimum depth of P1
was 0.878 mm. The matrix structure of the base metal was pearlite with a small amount of ferrite.
During laser treatment, the heat is transferred from the surface to the interior of the base metal.
The lower the ambient temperature of the base metal, the more quickly the heat input from the laser is
transferred to the surrounding area, and the more heat is transferred out. The input heat can quickly
diffuse to the surrounding area, and the degree of heat accumulation in the molten pool becomes weak.
Subsequently, the superheated temperature of the liquid metal in the molten pool decreases, so that
the laser processing area on the sample surface reaches the melting point temperature of the gray
cast iron, and the melting area becomes smaller. The heat transfer in each direction of the heating area
of the four distribution modes is different. The heat transfer on the surface occurs through radiation
and natural convection. As more units are processed continuously, the unit melts more slowly until
it eventually solidifies. The distribution mode of the unit changes the surrounding environment of
the base metal, which has an impact on the shape, size, and other characteristics of the unit body.
The increase in the number of unit body combinations increases the depth of the unit body embedded
in the base metal, and the thickness of the unit body increases.



Metals 2020, 10, 1257 9 of 18

The change in the unit distribution had no effect on the structure of the unit, which was composed
of deformed ledeburite and a small amount of residual austenite. The deformed ledeburite had the
structure of martensite distributed on the cementite substrate. Normally, the pearlite is distributed
on the cementite substrate, but the unit body was formed under the condition of rapid cooling.
At high temperatures, the carbon dissolve in the ferrite too late to precipitate, and the supersaturated
solid solution becomes martensite in ferrite. According to the X-ray (D/Max, 2500PC, Tokyo, Japan)
diffraction analysis and SEM photos of the units with different distribution modes shown in Figure 9,
it can be seen that the higher the ambient temperature of the base metal during the laser processing,
the lower the initial austenite volume, and the higher the amount of eutectic carbide in the unit body;
meanwhile, the dendrite spacing of the carbide becomes denser and finer. As shown in Figure 7,
the dendrite spacing of P4 was relatively large, while that of P1 was the densest and finest.
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The transverse and longitudinal microhardness distribution of the unit is shown in Figure 10b.
The points are taken from the surface to the depth along the horizontal line at 25 um under the
matrix and symmetrical center line of the unit, respectively. The measurement results are shown
in Figure 10a,c. The microhardness of the surface of the two kinds of units was greater than that
of the matrix. Due to the uniform structure on the same horizontal line, the hardness of a single
unit showed little change, but there was an obvious hardness difference between the units arranged
in different ways. The microhardness range of P1 was 765–820 HV, P2 was 675–725 HV, P3 was
590–640 HV, and P4 was 570–620 HV. The main reason for this hardness difference was the uneven
heat transfer in the different arrangements, which resulted in different cooling rates across the entire
molten pool. The top of the molten pool can radiate heat, and its cooling speed is faster. More
carbide, martensite, and a small amount of austenite were formed during cooling. The temperature
at the bottom of the molten pool was close to the melting point, and there was a large temperature
gradient between the molten pool and the substrate. The cooling speed was slow. The austenite
dendrite formed first, and then the austenite dendrite transformed into martensite. Therefore, in the
depth direction, there were some differences in the microhardness of the unit, and the microhardness
decreased gradually along the depth direction.
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3.2. Thermal Fatigue Resistance Analysis of Non-Uniform Model of Biomimetic Unit

Under the action of cyclic thermal stress and thermal strain, the surface defects tend to produce
stress concentration, thus becoming the location of crack nucleation. Due to the large amount of flake
graphite in gray cast iron, each flake graphite can approximately form a micro notch in the matrix.
In the process of the thermal cycle, because of thermal expansion and contraction, the internal stress
is concentrated at the tip of the graphite, leading to crack initiation. As shown in Figure 11, after 20
thermal cycles, microcracks initiated at the tip of the two graphite samples and propagated along
the interface, with poor bonding properties and grain boundaries. The contact area between the crack
and the air was large, allowing for easy oxidation. The formation of loose oxide further promoted
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the crack growth. Energy Dispersive Spectrometer analysis showed that the oxide from the iron
distributed into the cracks. The results showed that the stress concentration effect and oxidation
corrosion promoted crack initiation and propagation.
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The biomimetic unit embedded in the base metal acted as a crack-arresting unit that blocked
crack growth. The local structural transformation of the base metal and the change in the temperature
difference between the laser irradiation zone and the base metal generate certain types of stress
that are conducive to improving surface wear resistance and fatigue resistance. At the same time,
the existence of residual stress can reduce the sensitivity of the crack tip to stress as well as offset part
of the driving force of the crack. The residual stress values of different models were different when
they were processed; consequently, different models were used to measure residual stress. As the
penetration depth of x-ray to the metal was about 20 µm, the stress value measured by the test should
be the plane stress value of 20 µm deep on the surface of the unit. During the measurement, three points
were selected along the laser scanning direction along the laser scanning direction in the middle of the
melting unit, which were marked as A1, A2 and A3, and three points were selected as B1, B2, and B3 in
the phase transition region of the unit. The D ϕ-sin2 ϕ curve of each measuring point is shown in
Figure 12. Residual stress and its average values were calculated by the stress measuring instrument’s
own software according to the slope of the regression line of D ϕ to sin2 ϕ. Residual tensile stress in
the melting area of the biomimetic coupling unit in the laser scanning direction was approximately
202.8 MPa, and the residual compressive stress in the phase transformation area of the biomimetic
coupling unit in the laser scanning direction was approximately 103.4 MPa. The molten metal in
the molten pool shrank because of solidification through movement of the light beam. The melting
layer and its surrounding transformation zone were combined metallurgically, which resulted in the
contraction of the melting zone and the surrounding transformation zone, increasing the formation
of residual tensile stress in the melting zone. Figure 13 shows the surface stress values of the unit in
the four different distance distribution models. Surface stress values of the unit were lower as the
number of biomimetic units in the model increased, which reflects the function of heat preservation
and tempering in the processing of the unit.
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When the microcrack growth is no longer dependent on the surface conditions of the material,
the crack initiation phase ends, and the crack growth resistance depends on the overall properties
of the material. We found that during the thermal cycle, due to the interaction between the surface
layer and the thermal medium, the oxygen in the air reacts with the matrix to oxidize the surface layer.
Additionally, a large amount of pearlite decomposes into ferrite and graphite, which reduces the
hardness and strength of the material. As shown in Figure 14, due to the decomposition of cementite,
the pearlite content was reduced, allowing the crack to expand into the matrix more easily. In the gray
cast iron, the presence of graphite in the matrix was an excellent bridge for crack growth. Figure 15
shows the crack growth morphology in the macro state under the micro state. It can be seen from
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the figure that rapid crack growth was achieved by bridging the graphite in the matrix. Therefore,
different types of graphite lead to different growth levels of macro thermal fatigue cracking.
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Figure 16 shows the statistical curve of the thermal fatigue crack length and cycles of bionic units
arranged in different ways from 0 to 600 times. It can be found that the fatigue resistance of the bionic
model was better with the increase in the amount of bionic cell arrangement, which occurs because
the bionic cell embedded in the substrate surface hinders the crack growth. With the increase in the
number of thermal cycles and the continuous decarburization of the unit, the carbide and martensite
phases in the unit were greatly reduced, the hardness of the unit was reduced, and the blocking effect
was reduced. Therefore, in terms of the number of cracks, when the number of cycles reached 600,
the number of cracks in P4 was 80, while that of P1 was 96. However, when P4 was 600 times,
the maximum crack length was 2.8 mm, while that of P1 was 6.9 mm. This is due to the accumulation
of energy at the crack tip because of the continuous thermal cycling, which allows the crack to break
through the potential barrier of the unit. When breaking through the cell barrier, the crack deflects
along the cell edge, which means that the crack propagation is interrupted. Therefore, with the increase
in the number of elements in the arrangement mode, the maximum length of the crack was effectively
shortened in the thermal cycle test of the sample, and the surface crack mode changed from a large,
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long crack to a fine, small crack (although the difference in the number of cracks was not particularly
significant).
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3.3. Thermal Fatigue Resistance Analysis of Non-Uniform Models of Biomimetic Units

Figure 14 depicts the bionic unit structure after 600 fatigue tests. From Figure 14b, many dispersed
point graphite points can be seen. This shows that in the process of thermal fatigue, the cyclic thermal
process causes the martensite phase to decompose and the carbon element to precipitate. In the
biomimetic unit, tiny point like and strip like cementite could also be seen, and were distributed in
the basic phase composed of ferrite. Figure 17 shows the weight loss results of the bionic samples
with different distribution combinations and the semi-metallic brake pads after 150, 300, 450, and 600
thermal cycles. It can be seen from the results that with the increase in fatigue time, the wear amount
of the bionic samples also increased. Compared with the blank sample, the wear loss of the bionic
sample was much less important. Thus, in the early stages of fatigue, the bionic unit in the bionic
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sample effectively resists wear. With the increase in the fatigue time, the structure of the unit and the
matrix change to varying degrees. The number of non-equilibrium phases with higher hardness in the
unit decreases, which makes the hardness of the unit decrease.
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There are different numbers of microcracks on the surface of the fatigue specimen. During the
wear process, the edge of these microcracks is easier to peel off, which increases the wear amount of
the specimen. Therefore, the number of microcracks in the sample surface has a great influence on
the wear resistance of the sample. According to the results of wear loss, the samples with different
unit distributions have different wear surfaces. P1 had the largest wear loss weight, and it also had
the largest wear loss compared to the worn brake pads. This is because during the process of wear,
with the increase in fatigue times, the unit is gradually impacted by the parent crack, which causes it
to crack, and a large number of microcracks are produced on the surface. Moreover, with the increase
in wear on the surrounding parent metal, the unit embedded in the parent metal will gradually be
exposed to the friction surface. In this case, the microcracks on the surface of the unit will cause the
unit to wear off and increase the amount of wear. The wear of P4 was most similar to that of P1. This is
because the principle of the same unit area was adopted in the design of the bionic surface, so the
surface of the base metal with a relatively large area on the P4 surface was exposed. In the process of
wear, the area loses the protection of the unit body, so it also experiences relatively significant wear loss.
P3 had the lowest amount of wear of all of the samples due to many factors. When the unit had the P3
distribution combination, the heat preservation and tempering process of the unit produced during the
processing process increased the toughness of the unit. At the same time, the combined distribution of
the units can protect each other during the wear process, which effectively blocks the development
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of cracks, reduces the micro cracks on the surface of the unit, and prevents excessive wear of the brake
pads on the unit.

Figure 18 shows the surface wear morphology of different unit combinations after 600 thermal
fatigue cycles. With the increase in fatigue times, different degrees of wear appeared on the surface of
the unit, caused by the micro cracks peeling off the surface of the unit. With the increase in the number
of units in each combination of units, the degree of wear was lighter, because the combined units
protect each other, resulting in the relatively uniform wear that occurred between the units. Due to the
wear and loss of support and protection of the matrix structure around P1, the brake pads caused more
damage to P1 during the wear process, and the surface peeling was more serious.
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Figure 18. Surface wear morphology of different unit combinations after 600 thermal fatigue cycles.

4. Conclusions

In order to improve the wear resistance and thermal fatigue resistance of gray cast iron surface. As a
result of previous studies, this paper makes some innovations and improvements. In order to improve
the performance of the whole surface, the original average distribution hardening model was designed
as a non-uniform distribution hardening model. The results showed that the structure, hardness,
and grain size of the melting zone can be strengthened by the model of non-uniform strengthening,
and the wear resistance and fatigue resistance of the whole gray cast iron surface can be improved.
The specific innovative conclusions of this paper are as follows:

1. In the process of continuous laser remelting strengthening on the surface of gray cast iron,
the adjacent melting zones will affect each other, resulting in heat preservation and a
tempering effect, so that the area of the melting zone increases, but the grain size also
increases accordingly. The hardness decreased from 765–820 HV (Hardness of Vickers) to
570–620 HV.

2. The mechanism of crack initiation in the early stage of thermal fatigue of gray iron was analyzed
by EDS, and the phase transformation law of the microstructure in the melting zone was
determined at the later stage of thermal fatigue.

3. The maximum residual tensile stress was 204 mpa in the melting zone and 103.4 mpa in the phase
transformation zone
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4. The thermal fatigue test showed that the greater the number of distribution strips in the
melting zone, the longer the crack initiation time near the remelting zone, and the slower the
propagation speed.

5. According to the wear test results of different blocks, it can be determined that the P3 model was
the best, and the wear resistance of P1 was increased by 21.3%. The wear resistance test results
were P3 > P2 > P4 > P1.
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