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For enhancing the thermal fatigue resistance of bionic compacted graphite cast iron (CGI) laser-
treated in water, the bionic units are treated twice with the laser to form an uneven bionic surface
imitating the alternately soft and hard structure of a plant leaf, which can resist the tearing wind. The
results show that this method, without changing the phase composition of the bionic unit, makes the
austenite-to-martensite transformation more complete and the content of residual austenite is
reduced, in addition, the microstructure coarsens and microhardness slightly turns lower. The twice
laser process in water can effectively enhance the thermal fatigue resistance of bionic CGI by
reducing the number of cracks in bionic units since the number of cross cracks on the bionic unit
surface is the key factor, which affects their resistance to thermal crack propagation.
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Introduction. With appearance of state-of-the-art high-speed trains, the braking
properties of a compacted graphite cast iron (CGI), which has been traditionally used in
brake disks, fail to meet the heavy-duty operation requirements. However, a quite lucrative
direction in the development of new brake materials is the bio-inspired improvement of
traditional materials based on the bionic unsmooth surface principle, which has been
introduced in the studies of slidinge resistance reduction by unsmoothed bionic surface [1]
and abrasive wear behavior of bamboo [2]. Zhou et al. [3, 4] proposed the laser bionic
treatment technique and used it to produce bionic units from the cast iron and 3Cr2W8V
die steel with the enhanced wear and thermal fatigue resistance characteristics, due to
formation of the alternate soft and hard bionic surfaces. These studies proved that the
properties of bionic units are critical for improving the bionic material properties. In wear
resistance tests, hardness of the bionic units is much higher than the substrate, while the
wear ratio between units and frictional pairs is much lower than that of the substrate, which
implies that the bionic units are equivalent to particle-reinforcement of a substrate material
[5] and, thus, improve its wear resistance [5]. Under thermal fatigue conditions, the bionic
units can prohibit initiation [6] and propagation [7] of thermal cracks in a substrate,
enhancing the thermal fatigue resistance of materials. With further development of this
approach, a laser bionic process in water medium has been reported in [8], which made it
possible to improve the bionic units and achieve and the wear resistance improvement of
bionic CGI by 60%.

Following the above approach, this study is devoted to enhancement of thermal
fatigue resistance of the bionic CGI by the twice laser treatment in water and possible brake
disk application of this material.

The brake disk thermomechanical loading conditions in operation can be reduced to
the following factors. During braking, a high friction force produces work, which is
converted into the heat energy to be absorbed by the brake disk, so that the temperature of
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the disk working surface increases rapidly and then drops [9]. The alternate heating and
cooling caused by frequent braking may lead to initiation and propagation of thermal
cracks, which may cause the brake disk fracture [10]. Therefore, when improving the wear
resistance of brake materials, the thermal fatigue resistance issues should not be neglected.
Study [8] has shown that the laser bionic process in water can only slightly improve the
thermal fatigue resistance of bionic CGI, insofar as the hardness of bionic units was
increased, but their plasticity was accordingly reduced, and numerous cracks at the surfaces
of bionic units appeared at the thermal fatigue test early stage. Therefore, the bionic units
upon their laser treatment in water have a better resistance to thermal crack initiation, but a
lower resistance to thermal crack propagation, as compared with the bionic units treated in
air. For the above reason, the present study focuses on the ways to ensure a better
performance of the bionic units by laser treatment in water.

In particular, the twice laser process is successfully applied to improve the performance
of bionic units treated in water. Noteworthy is that the twice laser process defined here is
different from the laser remelting process described elsewhere [8]. The “laser remelting
process” refers to application of laser energy to achieve a partial melting-solidification of
the solid metal surface, while the “twice laser process” refers to the laser energy application
to melting the finished bionic unit, thus making the unit remelted and solidified. This
process is also refered to as “laser overlap process” [11].

1. Experiment.

1.1. Materials. The test material was cut out from the brake disk of the high-speed
train. Its chemical composition is listed in Table 1, while its microstructure obtained via the
SEM technique using an ZEISS EVO 18 scanning electron microscope, contains vermicular
graphite (G), pearlite (P), and ferrite (F) as shown in Fig. 1.

Table 1
Chemical Composition of CGI

Element C Si Mn P S Re Mg Fe
Composition (wt.%) | 3.56 2.56 0.71 0.03 0.03 0.02 0.02 | Balance

Fig. 1. The material microstructure consisting of pearlite, ferrite, and vermicular graphite.

1.2. Preparation of Bionic Specimens. The size of specimens for thermal fatigue test
is 40X 20X 6 mm. The bionic units are treated by a Nd-YAG solid state laser of 1064 nm
wavelength and the maximum power 100 W. The specific parameters for the laser treatment
of bionic units are as follows: the single-pulse energy is 9.71 J, pulse duration is 10 ms,
frequency is 5 Hz, defocusing distance is 12 mm, and the scanning speed is 0.72 mm/s. As
is shown in Fig. 2a, the bionic units are parallel bands, imitating the alternately soft and
hard structure of a plant leaf, which can resist the tearing wind (as shown in Fig. 2b), while
the space between two units is 5.0+ 0.5 mm. The tests are conducted in air and in water. The
laser bionic process in water is carried out in a glass flume; the re-circulating water flow
provides generation of a permanent 2 mm-thick water film at the surface of the bionic units,
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Fig. 2. The photograph of the bionic specimen and its bionic prototype: (a) photograph of the bionic
specimen; (b) bionic prototype.

which ensures a higher microhardness and a larger unit area. of the laser-treated surfaces.
According the earlier research [8], an increase in water film thickness results in the unit
area reduction and a higher microhardness, while water film thickness of 2 mm provides a
suitable microhardness and unit area of the bionic unit.

Hereinafter, the specimens treated in air are referred to as “in-air” specimens, those
treated in water as “in-water” ones, while the specimens subjected to twice laser treatment
in water as “twice-treated” ones.

1.3. Thermal Fatigue Test. Thermal fatigue test s are carried out using a self-
restrained thermal fatigue testing machine. The specimens are heated by a high-temperature
electric resistance furnace and cooled by running water. The fixed-time gearing drive
moves the specimens up and down between the furnace and water pool. The temperature at
the heating period of 60 s is 600+ 5°C, and that of the cooling period of 5 s is 25+ 5°C. The
specimens are unloaded for observation after each 100 thermal cycles at the first step (from
100 to 400 thermal cycles), and then after each 200 thermal cycles at the last step (from 800
to 1600 thermal cycles). The roll scale is removed from the specimen surface by dipping it
into 3% dilute hydrochloric acid. An Olympus PMG3 metallographic microscope is used to
observe the specimen surface morphology and measure the number and length of thermal
fatigue cracks.

2. Results and Discussion.

2.1. Phase Composition and Microstructure of Bionic Units. The phase composition
of all specimens is analyzed by the X-ray diffraction (D/Max 2500 PC Rigaku, Japan), as is
shown in Fig. 3. The results indicate that the phase compositions of in-water, in-air, and
twice-treated specimens are similar: new phases of martensite, austenite (y-Fe) and Fe;C
appear, in addition to the original phases of ferrite (a-Fe) and graphite. The only distinction
of the twice-treated specimens is that the austenite peaks in them are smaller than in the
other ones.

The SEM micrographs of the bionic unit surfaces obtained with a TSM-5500 LV
scanning electron microscope) micrographs are shown in Fig. 4.

As compared with the in-air units, the microstructure of in-water units is more refined,
while twice-treated specimens occupy the intermediate position by the order of micro-
structure sizes.

The above phenomenon can be explained as follows: the laser energy melts the initial
material and turns the original phases into austenite. In the subsequent rapid cooling
process, the austenite is transformed into martensite and residual austenite, while cementite
formations appear around austenite [12]. Insofar as laser treatment in water provides a
better cooling of the above process, it refines the microstructure of bionic units. Furthermore,
when the bionic units are remelted by the laser energy, some zones of the bionic units are
heated above their melting point again. Therefore, the microstructure transformation, from
austenite to martensite, is more completed and the austenite content reduction occurs. In
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Fig. 4. Microstructure of the bionic units for in-air (a), in-water (b), and twice-treated (c) specimens.

addition, due to previous laser heat action, the cooling rate decreases, and a coarser
microstructure is formed.

2.2. Microhardness of Bionic Units. An 5104 Vickers microhardness tester (Buehler
Co. Ltd., USA) is used to measure the microhardness of three types of bionic units with the
load of 50 g. The average values of the bionic unit surface microhardness are obtained from
five masurements made in five points of each bionic unit located in the same bionic
specimen. The average microhardness values of the in-air, in-water, and twice-treated
bionic units are 670, 920, and 740 HV, respectively, which trend is inversly related to the
order of their microstructure sizes and suggests that microstructure size of the bionic
units controls their microhardness [8].

2.3. Thermal Fatigue Resistance of Bionic Specimens. The number of currently
available thermal cracks longer than 0.2 mm, as well as the length value of the longest
crack is obtained by measurement data processiing software via the metallographic
microscope every 200 thermal cycles during the period from 800 to 1600 thermal cycles.
The respective statistical results of the number of such cracks are plotted in Fig. 5a. It can
be seen that the number of thermal cracks increases with the thermal cycles for all three
types of specimens. The number of cracks in the in-water and twice-treated specimens at
the same loading cycles is nearly identical and always less than that for in-air specimens.
The longest crack length values (as shown in Fig. 5b) also exhibit an increase with the
number of thermal cycles, being arranged in the decreasing order as follows: in-water >
in-air > twice-treated specimen crack length.
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Fig. 5. The statistical results on the number of thermal cracks (a) and the length of the longest
cracks (b). [Here and in Figs. 7 and 10 the following designations are used: (M) in-air specimens;
(@) in-water specimens; (A) twice-treated specimens.]

Therefore, it can be concluded that the twice laser process can enhance the thermal
fatigue resistance of the bionic CGI in water.

2.4. Initial Cracks in the Bionic Units. The initial cracks were also observed at the
surfaces of the bionic units before the thermal fatigue tests, as shown in Fig. 6a—c. The
number of cracks obviously increases at the early period of the thermal fatigue test, as
shown in Fig. 6d-f.

Fig. 6. Cracks at the bionic unit surfaces: (a) laser-treated in air; (b) laser-treated in water; (c) laser-
treated by twice laser process; (d) laser-treated in air and undergoing 400 thermal cycles; (e) laser-
treated in water and undergoing 400 thermal cycles; (f) laser-treated by twice laser process and
undergoing 400 thermal cycles.

The statistical results on the number of cracks at the bionic units surface are plotted in
Fig. 7, taking the average measured values of four bionic units for each specimen. It can be
seen that the number of cracks before the thermal fatigue test is higher for the in-air
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specimen than for the other two types. During the first 100 thermal cycles, the number of
cracks in all specimens is sharply increased, while during the following 300 thermal cycles
the number of cracks in the twice-treated specimens remains almost unchanged, whereas
those of in-air and in-water specimens increase with the number of thermal cycles.
However, further evolution of the number of cracks exhibits a sharp drop after 300 thermal
cycles, which can be explained as follows: coalescence of cracks occurs with formation of a
netlike texture, as shown in Fig. 6e. Therefore, in the thermal fatigue tests, the decreasing
order for the number of cracks in the three types of specimens is: in-water > in-air >
twice-treated specimen, so the respective arrangement of the bionic units by ther thermal
fatigue resistance will be: twice-treated > in-air > in-water specimens. This implies that the
twice laser process can enhance the thermal fatigue resistance of the laser-treated in water
bionic units, insofar as the sources of cracks in the bionic units are microstructural defects,
while the initial driving force for propagation of microcracks is the internal stress generated
by the “organizational restructuring.” The matrix remelting occurs to form bionic units,
while remelting of bionic units improves their microstructure by healing the microstructural
defects and mitigating the internal stresses, so that the number of cracks is reduced and the
thermal fatigue resistance is improved.
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Fig. 7. Statistical results of cracks at the bionic unit surface.

2.5. Effect of Cracks in Bionic Units on Thermal Fatigue Resistance of Bionic CGL.
The statistical analysis of the number of thermal cracks at the specimen surfaces has
revealed that cracks in the bionic units affect the measurement results on the longest crack
length values. As shown in Fig. 8, when the thermal crack in the CGI substrate reaches the
bionic unit border, it either stops or changes its propagation direction. But if coalescence of
the thermal crack with the crack in the bionic unit occurs, their lengths will be added with
the respective jumplike increase in the recorded longest crack lenth value, as is shown in
Fig. 5. Thus, the number of cracks in the bionic units, which can provide a coalescence
with the thermal cracks, becomes the key factor for the thermal fatigue resistance of the
bionic CGI. A larger number of such cracks increases the probability of crack coalescence.
In view of this, cracks in the bionic units can be classified into two types: (i) a vertical
crack, which is oriented along the direction of the bionic unit and none of its two tips is
located at the bionic unit edge, and (ii) a cross crack, which has at least one tip located at
the bionic unit edge, as shown in Fig. 6.

It is clear that the bionic units can inhibit the thermal crack propagation if they contain
no cracks or have only vertical cracks at their surface, while presence of the cross cracks
increases the crack coalescence probability (Fig. 9), which should be assessed, in order to
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Fig. 8. Propagation of thermal crack in the CGI substrate, when the bionic unit border is reached.
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Fig. 9. Crack propagation patterns.
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Fig. 10. Crack coalescence probability (number of cracks per unit length in mm).

calculate the chance that the thermal cracks connect with the cross ones. The calculation
method is quite simple: the average number of the cross cracks in the bionic units is divided
by the bionic unit length. Therefore, the probability curves depicted in Fig. 10 have the
patterns, which are fully identical to those shown in Fig. 7.

Conclusions. Based on the performed comparative analysis, the following conclusions
can be drawn:

1. The twice laser bionic process can effectively enhance the thermal fatigue
resistance of the laser-treated in water bionic CGI by reducing the number of cracks in the
bionic units.
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2. The number of cross cracks at the bionic unit surface is the key factor, which

controls the unit resistance to thermal crack propagation.
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