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Abstract: To improve the wear resistance of brake disks, the Ni60A coating was prepared on 20CrNiMo steel using laser cladding by

optical fiber-based laser system. The microstructure, composition uniformity, hardness, dry-sliding wear performance, and friction and

wear mechanism of the Ni-based alloy coating were investigated. The results show that the coating consists of y-Ni, M,,C,, Ni-Cr-Fe,
Ni,B, [Fe, Ni], FeNi;, NiC, FeNi, and other phases. The average microhardness HV, , of Ni-based alloy coating is 4600 MPa, which is
2.63 times higher than that of the 20CrNiMo steel substrate. Compared with the substrate, the coating exhibits lower average friction

coefficients under working condition of high load and high temperature, and the wear resistance significantly improves. When the
load is 150 N, the wear resistance of the coating increases by 15.3 and 22.0 times at room temperature and 400 °C, respectively. With

the increase of temperature and load, the wear mechanism of the coating changes from abrasive and adhesive wear to oxidative and

abrasive wear.
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Brake disks are the most important load-bearing com-
ponents of a brake system. To ensure the safety of rail trains,
the major daily task of the maintenance staff is to check and
repair cracks on the disk surface resulting from friction and
wear. The methods for repairing cracks are mainly sanding
and polishing, which reduce the thickness of brake disks. A
brake disk must be scrapped when the thickness reduction is
above 2 mm. The assembly and disassembly processes are
complicated, and the axle is prone to damage during these
processes. The maintenance costs of brake disks are very
high"?l, Because cracks usually appear on the disk surfaces,
laser cladding, as an additive manufacturing technique, has
become a hot research topic recently.

In order to improve the friction and wear properties of the
brake disc strengthened by laser cladding, the primary task is
to improve the quality of the coating and its adhesion with the
substrate. Li et al™ carried out the nonlinear fitting between
the process parameters and the morphology of the single
channel coating by neural network, which reduces the defects
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such as cracks and pores in the coating, and improves the
wear resistance of the coating!*”, Narayanan et al’ revealed
that the rise in circumstance temperature contributes to the
reduction of cracking susceptibility in the laser cladding
coating. The suitable circumstance temperature is ~600 °C, at
which a relatively high wear resistance can be maintained on
the premise that the residual stress is effectively released. It is
observed that laser cladding causes a triaxial compressive
residual stress field in the coating and near the interface, and a
tensile stress field in the parent material. Wear effect on
residual stress redistribution is located at the surface of the
specimen!”. Luo et al'® studied the effect of Mo and Ni on the
columnar crystal in the interface layer between the coating
and substrate, and revealed the influence of columnar crystal
on the properties of the coating. In addition, controlling the
solidification rate of materials in the laser cladding process
improves the quality of coating, and the related methods are
shown as follows: preheating the workpiece” and forced-
cooling the workpiece by liquid nitrogen!”, laser remelting of
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the coating, and applying external energy fields"”

(magnetization, ultrasonication, and specific energy fields)
with laser cladding to stir the molten pool. For cladding
materials, researches show that the rare-earth elements can
refine the grains and reduce the porosity, cracks, and other
defects in a laser-clad Ni60A coating, which significantly
decreases the coefficient of friction of the coating and
improves the wear resistance of the substrate!™'¥, It is found
that a laser-clad composite coating made from a mixture of
Ni60A powder and ceramic particles (such as WC and B,C)
can also improve the wear resistance of the substrate!*""!,

In summary, Ni-based alloys as a cladding material have
been broadly employed in the surface strengthening of
metallic components. However, there are few studies on the
wear resistance of the coating at high temperature and the use
of laser cladding for brake disk reparation. Therefore, this
research reported the effect of Ni60A alloy coating fabricated
by laser cladding on the strengthening of 20CrNiMo steel,
which is a common material for brake disks of high-speed rail
trains. The dry-sliding wear performance of the substrate was
compared with that of the coating under various loads and
temperatures, laying the theory and application foundations
for repairing brake disks to extend service life.

1 Experiment

The substrate for laser cladding was commercial 20CrNiMo
steel and it was cut into cylindrical plate with a diameter of
100 mm and a length of 15 mm. The composition is shown in
Table 1. The cladding powder was Ni60A alloy with a particle
size of 45~90 pum. The composition and particle morphology
are shown in Table 2 and Fig.1, respectively.

Laser cladding was performed by a disk-type optical fiber
laser generator (TruDisk 6002) with a rated power of 6 kW,
fiber diameter of 0.2 mm, and wavelength of 1064 nm. A
powder feeder (GTV) was used to deliver the powder with Ar
gas (99.9% purity) at a flow rate of 10 L/min during the
cladding process. A 6-axis robot (KUKA) with a movement
precision of 0.05 mm was used. Four-way uniaxial powder
feeding was achieved by integrating a laser cladding nozzle,
an optical fiber laser generator, a protective gas tube, and a
powder feeder. According to the previous experimental results,
laser-clad multitrack coatings were deposited with the laser
power of 2000 W, scan rate of 350 mm/min, spot size of 3 mm,
overlap ratio of 30%, and powder feeding rate of 9.4 g/min.

Wear tests of the as-prepared specimens were performed on
a microchip-controlled high-temperature friction and wear
testing machine (MMU-5GA) with an attached sensor to

Table1 Composition of 20CrNiMo steel (wt%)

C Si Mn Cr Ni Mo Fe
0.17~0.23 0.15~0.3 0.7~0.9 0.4~0.6 0.4~0.7 0.15~0.25 Bal.

Table 2 Composition of Ni60A powder (wt%)

C B Si Cr Fe Ni
0.5~1.0 3~4.5 3.5~5.5 15~20 <5.0 Bal.

500um

Fig.1 Morphology of Ni60A alloy powder

determine the coefficient of friction. After laser cladding,
specimens with a diameter of 4.6 mm and a thickness of 12.7
mm were obtained via wire cutting. The friction pair for wear
testing was a GCrl5 steel disc with the diameter of 54 mm
and thickness of 8 mm. Before testing, the surfaces of the
specimens and friction pair were sanded and polished with
400#~1000# sandpaper, washed in an ultrasonic cleaner, and
then air-dried. The mass of the specimens before and after the
wear test was measured using an electronic scale with the
precision of 0.1 mg. The wear test was performed under the
dry-sliding condition at temperatures of 25, 200, and 400 °C
with the loads of 100 and 150 N, rotation speed of 50 r/min,
and duration of 20 min.

The average friction coefficient can be calculated by Eq.(1)
as follows:

1=M/(RF) @)
where 4 is the friction coefficient, M is the friction torque, R is
the radius of the specimen sliding on the friction pair, and F is

the applied load.
The wear mass loss can be calculated by Eq.(2) as follows:
AM=m-m, 2)

where AM is the mass loss after the wear test; m, and m, are
the specimen mass before and after wear test, respectively.

The microstructures of the clad layers before and after the
wear test were characterized using a field-emission scanning
electron microscope (FESEM, FEI Nova Nano 450). The
elemental composition at various locations of the specimens
with different processing parameters was analyzed using an
energy-dispersive X-ray spectroscope (EDS). Phase analysis
of the clad layer was performed using an X-ray diffraction
instrument (XRD, D/MAX2500PC). The microhardness of the
specimens was acquired using a hardness tester (FM-
ARS900).

2 Results and Discussion

2.1 Microstructure and microhardness

Table 3 and Fig. 2 show the mechanical properties and
microstructure of the 20CrNiMo steel substrate, respectively.
The microstructure mainly consists of ferrite and pearlite.

Fig.3 and 4 show the microstructures and XRD patterns of
the Ni60A alloy clad layer, respectively. The 20CrNiMo steel
mainly consists of Fe, Ni-Cr-Fe, and Fe-Cr phases. The clad
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Table 3 Mechanical properties of 20CrNiMo steel

Yield Tensile ) Hardness,
Elongation/%
strength/MPa  strength/MPa HV,,/MPa
961 1231 10.5 1750

Fig.2 Microstructure of 20CrNiMo steel substrate

layer consists of y-Ni, M,;C,, Ni-Cr-Fe, Ni,B, [Fe, Ni], FeNi,,
NiC, and FeNi phases. The EDS results indicate that the
interface between the substrate and the clad layer is mainly the
solid solution y-(Ni, Fe), as shown in the Fig.3a, because both
Ni and y-Fe have face centered cubic (fcc) crystal lattice. Ni
atoms in the molten pool tend to nucleate on the surface of y-
Fe, forming a solid solution phase and gradually becoming a

Ni-rich solid solution of y-(Ni, Fe), which indicates a good
metallurgical bonding between the substrate and the clad
layer. Also, the newly formed y-(Ni, Fe) in the region near the
interface contains a large amount of carbides, and the multi-
component eutectics formed by reactions between C and Cr,
Fe, and Ni are uniformly distributed at the grain boundaries.
In the middle region of the clad layer, as shown in Fig.3b, a
strong directionality of the temperature gradient and a large
number of dendrites emerge. The eutectic structures solidified
from the residual liquid between the dendrites mainly consist
of M,,C, (M=Fe, Ni, Cr) and Cr;Ni,Si. In the surface region of
the clad layer, as shown in Fig.3c, the number of equiaxed grains
increases which appear along with the dendrites and eutectics.

Fig.5 shows the elemental distributions at the interface of
Ni60A alloy clad layer, and an increasing concentration of Fe
atoms from the coating towards the substrate can be observed.
The clad layer contains a large number of Ni, Cr, and Si,
whereas the concentrations of these atoms decrease at the
interface and disappear in the substrate. Therefore, both the
clad layer and the transition interface have no defect, such as
cracks and pores, possessing a lower dilution rate. These
observations suggest that the processing parameters of laser
cladding are proper.

Fig. 6 presents the microhardness distribution in the clad
layer and substrate. The average hardness HV,; of the
substrate is 1750 MPa, and that of the coating is 4600 MPa
with the highest value of 4780 MPa. Thus, the Ni60A alloy
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Fig.3 Morphologies of interface (a), middle zone (b), and top surface (c) of Ni60A alloy coating; EDS spectra of point A (d), B (e), C (f) in

Fig.3a, point D (g), E (h) in Fig.3b, point F (i) and G (j) in Fig.3c
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Fig.4 XRD patterns of Ni60A alloy coating and substrate
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Fig.5 Microstructure (a) and element distribution (b) of specimen

with Ni60A alloy coating

clad layer actually provides abundant carbides, and the multi-
component eutectics distributed uniformly in the y-(Ni, Fe)
solid solution substrate significantly improve the surface
hardness.
2.2 Friction and wear properties

Fig. 7 shows the wear mass loss of coated and uncoated
specimens. The 20CrNiMo steel substrate (uncoated speci-
men) shows a favorable wear resistance at 400 °C, but an evi-
dent wear mass loss at room temperature. The wear resistance
is notably enhanced due to the existence of Ni60A alloy
coating. When the load is 150 N, the wear mass loss at room
temperature of uncoated specimen is 29 mg, whereas that of
the coated specimen is 1.9 mg, decreasing by nearly 15.3
times. Under the condition of temperature of 400 °C and load
of 150 N, the wear mass loss of the uncoated specimen is 2.2
mg, whereas that of coated specimen is 0.1 mg, decreasing by
22.0 times. The 20CrNiMo steel has excellent wear resistance
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Fig.7 Wear mass loss of coated and uncoated specimens under

different loads

properties at high temperature, and Ni60A coating can further
improve the related properties!'".

The 20CrNiMo steel has good heat resistance and exhibits
better wear resistance at high temperatures than it does at
room temperature. The average friction coefficient of the
coated and uncoated specimens is shown in Fig. 8, which
becomes smaller at higher temperatures because the elevated
temperature and applied load lead to the softening of micro-
bumps on the surface and plastic deformation, respectively.
The average friction coefficient of the coated specimen
changes slower with the temperature or load, indicating a
better heat and oxidation resistance. Thus, the coated speci-
men exhibits a better and more stable wear performance.

2.3 Friction and wear behavior

Fig.9 and Table 4 show the wear morphologies of uncoated
specimen and related EDS point analyses, respectively. Under
the condition of temperature of 25 °C and load of 100 N, the
specimen shows obvious peeling and adhesive wear (Fig.9a).
With increasing the temperature during the wear test, the
abrasion debris is oxidized and adhered to the substrate,
causing a higher oxygen concentration in the adhesive region
(P1). The low oxygen concentration in the non-adhesive
region (P2) suggests that this region is less affected by
oxidation. At this point, the wear mechanism is mainly peeling
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Fig.8 Average friction coefficient of coated and uncoated specimens
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and adhesive wear. Under the condition of temperature of 25 °C
and load of 150 N (Fig.9b), the aggressive wear and plastic
deformation can be observed on the surface, and the region of
adhesive wear expands with aggravated oxidation (P3), indi-
cating that the wear mechanism changes to severe adhesive
wear and slight oxidative wear. Under the condition of
temperature of 200 °C and load of 100 N, (Fig.9c), the ditches
and peeling and adhesive wear can be observed on the surface.
When the load increases to 150 N (Fig.9d), more deep ditches
emerge. Element contents of P4 and P5 suggest that the
oxygen concentration and the oxidized area in the peeling and
adhesive regions increase with increasing the temperature, and
the wear mechanism is a combination of adhesive wear and
abrasive wear. Under the condition of temperature of 400 °C
(Fig.9¢ and 9f), shallower and wider ditches can be observed,
and the surface exhibits slight adhesive wear. Analyses of P6,

Adhesion

300-um

Adhesion

Adhesion

Adhesion ‘-Abrasive particles
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Spalling Ploughing grooves §
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Fig.9 Worn surface morphologies of uncoated specimen under different conditions: (a) 100 N, 25 °C; (b) 150 N, 25 °C; (c¢) 100 N, 200 °C;

(d) 150 N, 200 °C; (e) 100 N, 400 °C; (f) 150 N, 400 °C

P7, and P8 indicate that oxidation becomes more aggravated,
and the wear mechanism is oxidative and abrasive wear.

Fig. 10 presents the wear morphologies of the coated speci-
men. Under the condition of temperature of 25 °C and load of
100 N (Fig.10a), the ditches are obvious on the wear surface,
suggesting that the wear mechanism is abrasive wear. Pl
shows no oxygen in the wear surface, and the Ni60A alloy
clad layer has better oxidation resistance. Under the condition
of temperature of 25 °C and load of 150 N (Fig. 10b), the di-
tches and slight plastic deformation can be observed. Analyses
of P2 and P3 suggest that the abrasion debris is more
vulnerable to oxidation than the substrate, which causes a
higher oxygen concentration in the adhesive region. The wear
mechanism is mainly abrasive and slight adhesive wear.
Under the condition of temperature of 200 °C (Fig. 10c and

10d), the number of ditches on the wear surface increases with
the load, and the wear mechanism changes to abrasive wear.
Considering the analyses of P4, P5, and P6, the Ni60A alloy
clad layer is more prone to oxidation after peeling or damage,
which adversely affects the wear resistance. When the tempe-
rature is 400 °C (Fig.10e and 10f), the surface of Ni60A alloy
clad layer softens and undergoes plastic deformation under the
combined effect of temperature and pressure. The ditches
become fuzzy, and the surface is smoother, suggesting that the
coefficient of friction is lower. The wear mechanism is oxida-
tive and abrasive wear, resulting in a better wear performance.

In summary, peeling and adhesive wear significantly affects
the wear resistance of 20CrNiMo steel, while abrasive and
oxidative wear shows a relatively mild effect. With the
existence of Ni60A alloy coating via laser cladding to repair
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Table 4 EDS analyses results of points P1~P8 in Fig.9 (wt%)

Point C o Fe Mn Cr
Pl 0.39 12 86.78 0.82 -
P2 0.37 2.77 95.67 1.19 -
P3 0.25 17.65 82.10 - -
P4 0.14 6.12 93.74 - -
P5 0.53 15.25 84.22 - -
P6 - 23 75.61 - 1.39
P7 - 8.17 89.95 - 1.99
P8 0.22 23.26 76.53 - -
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Adhesion
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Abrasive particles
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the surface of the steel (especially at elevated temperatures),
oxides or oxidized scales form on the surface. As the hard
phases, such as carbides and multiphase eutectics, disperse in
the clad layer, the microstructure of wear surface changes to a
composite structure consisting of a soft y-(Ni, Fe) solid solu-
tion and uniformly distributed hardening phases. This com-
posite structure is beneficial to the wear resistance®™. Also, the
softening of the surface at high temperatures leads to the
plastic deformation under different loads, resulting in a
smoother surface and a lower coefficient of friction, thereby
improving the wear resistance.

b
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Fig.10  Worn surface morphologies of coated specimen under different conditions: (a) 100 N, 25 °C; (b) 150 N, 25 °C; (c) 100 N, 200 °C; (d) 150

N, 200 °C; () 100 N, 400 °C; (f) 150 N, 400 °C

Table 5 EDS analyses results of points P1~P8 in Fig.10 (wt%)

Point C (0] Si Cr Fe Ni
Pl - - 2.52 17.22 28.29 51.35
P2 1.11 10.37 2.63 15.07 31.61 39.20
P3 - 1.33 2.17 22.83 26.95 46.72
P4 - 16.87 0.83 7.93 60.03 14.35
P5 0.8 - 1.73 27.35 32.53 37.59
P6 2.27 5.93 3.03 10.42 40.17 38.18
P7 0.7 - 2.48 17.74 29.90 48.18
P8 - 12.08 1.81 11.07 31.51 38.20

3 Conclusions

1) The Ni60A alloy clad layer mainly consists of y-(Ni, Fe)
solid solution, abundant carbides which are uniformly
distributed, and multiphase eutectics. The coated specimen
has a higher hardness HV,, of 4600 MPa than the substrate
(1750 MPa), indicating a significant increase in the hardness
due to the Ni60A alloy clad layer.

2) The coated specimen exhibits notably less wear mass
loss and a lower average coefficient of friction than the
substrate.

3) With increasing the temperatures and loads, the wear
mechanism of 20CrNiMo steel changes from peeling and
adhesive wear to abrasive wear, whereas for the coated
specimen, the wear mechanism changes from abrasive and
adhesive wear to abrasive and oxidative wear.

4) At high temperatures, the Ni60A alloy clad layer exhibits
a favorable wear performance because of the oxidation of the
wear surface. Thus, the oxides or oxidized scales form,
improving the surface hardness. The soft phase on the wear
surface causes plastic deformation, resulting in a smooth
surface and a low coefficient of friction.
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