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Abstract: In order to improve the wear resistance of 27SiMn steel substrate, Fe-based alloy coatings
were prepared by laser cladding technology in the present study. In comparison to the conventional
gravity powder feeding (GF) process, high-speed powder feeding (HF) process was used to prepare
Fe-based alloy coating on 27SiMn steel substrate. The effect of diversified energy composition of
powder materials on the microstructure and properties of coatings were systematically studied.
X-ray diffractometer (XRD), optical microscope (OM) and scanning electron microscope (SEM) were
used to analyze the phase structure and microstructure of Fe-based alloy coatings, and the hardness
and tribological properties were measured by the microhardness tester and ball on disc wear tester,
respectively. The results show that the microstructure of conventional gravity feeding (GF) coatings
was composed of coarse columnar crystals. In comparison, owing to the diversification of energy
composition, the microstructure of the high-speed powder feeding (HF) coatings consists of uniform
and small grains. The total energy of the HF process was 75.5% of that of the GF process, proving that
high-efficiency cladding can be achieved at lower laser energy. The refinement of the microstructure
is beneficial to improve the hardness and wear resistance of the coating, and the hardness of the
HF coating increased by 9.4% and the wear loss decreased to 80.5%, compared with the GF coating.
The wear surface of the HF coating suffered less damage, and the wear mechanism was slightly
adhesive wear. In contrast, wear was more serious in the GF coating, and the wear mechanism was
transformed into severe adhesive wear.

Keywords: laser cladding; high-speed powder feeding; Fe-based alloy; microstructure; wear resistance

1. Introduction

Due to their high strength, good machining performance and low cost, steels are
widely used in industrial fields of petroleum, coal, train and automotive manufactur-
ing [1,2]. However, steels usually face a harsh working environment, which inevitably
causes defects, such as scratches, cracks and corrosion pits on the surface, resulting in
severe reduction of the equipment service life [3,4]. Therefore, the surface treatment of
steels is necessary to improve their service performance [5,6].

As a surface protection technology, laser cladding uses laser energy to melt metallic
powders on the surface of substrate to form a coating with metallurgical bonding [7–13].
However, owing to the formation of coatings completely relying on the input of laser
energy, defects—such as cracks, holes and excessive heat-affected zone caused by excessive
heat input or uneven energy density—often appear in the microstructure of coating [14–17].
For example, when repairing the defense-grade ultra-high strength steel by laser cladding,
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the formation of non-tempered martensite adversely affected the mechanical properties
of the part, and the subsequent heat treatment may also cause other harmful effects [18].
This greatly limits the application of laser cladding. Yan et al. [19] used laser cladding to
prepare IN625 coatings on nickel-based superalloys (GTD-111) and studied the effect of
powder feeding speed on the microstructure, defects and hardness of the coatings. The
results revealed that as the powder feeding speed increased from 200 mg/s to 500 mg/s (in
Table 1), the tendency to form equiaxed/coaxial regions in the coating zone decreased, and
the distance between the dendritic arms at the bottom of the coating also decreased from
1.12 µm to 1.02 µm. The increase in powder feeding speed actually reduced the heat input
of powder materials during laser cladding. Yi et al. [20] used synchronous powder-feeding
underwater laser cladding to prepare a modified 434 ferritic stainless-steel coating on A32
deck steel. As the powder feeding rate increased from 175 mg/s to 263 mg/s (in Table 2),
the coating structure was refined. Therefore, the powder feeding rate significantly affects
the coating structure during laser cladding process.

Table 1. Laser cladding parameters [19].

Track Pav (W) V (mm/s) F (mg/s)

MT1 150 5 300
MT2 200 5 300
MT3 250 5 300
MT4 300 5 300
MT5 200 4 300
MT6 200 6 300
MT7 200 7 300
MT8 200 5 200
MT9 200 5 400
MT10 200 5 500

Table 2. Laser cladding parameters [20].

Iron−
Based

Powder−Feeding Gas Flow
Rate (L/min) Laser Power (W) Powder−Feeding

Rate (mg/s)

A 8 1200 175
B 8 2000 175
C 16 2000 175
D 16 2000 263
E 20 2000 263
F 22 2000 263
G 24 2000 263
H 26 2000 263
I 30 2000 263

During the process of laser cladding, powder materials are normally injected through
a straight tube, where particles flow at a low speed. In order to motivate the effect of
the powder feeding rate, in terms of the amount of powder materials and the speed of
powder particles, the powder feeding system was modified in the present study, i.e., a
convergent-divergent Laval nozzle structure was used in replacing the cylindrical tube to
accelerate powder particles to a high speed during the laser cladding process. The influence
of high-speed powder feeding on the microstructure, phase composition, microhardness
and wear resistance of laser cladded coatings on the surface of 27SiMn steel substrate is
comprehensively discussed.

2. Experiment

27SiMn steel (100 × 50 × 10 mm) was used as the substrate, and its chemical com-
position is listed in Table 3. Prior to the laser cladding, the substrate was grinded and
ultrasonically cleaned with ethanol to remove stains from the surface. The gas atomized
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Fe-based alloy powder was used as source material for laser cladding, and the chemical
composition is shown in Table 4. The powder morphology in Figure 1a shows a spherical
shape, and the average particle size shown in Figure 1b is 100 µm, measured by a laser
particle size distribution analyzer (LS-809, Dandong Better Instruments Co., Ltd., Dandong,
China). Before the experiment, powders were dried in a vacuum furnace at 80 ◦C for 3 h.

Table 3. Chemical composition of 27SiMn steel (wt%).

C Si Mn P S Cr Ni Cu Mo Fe

0.24–0.32 1.1–1.4 1.1–1.4 ≤0.035 ≤0.035 ≤0.3 ≤0.3 ≤0.3 ≤0.15 bal

Table 4. Chemical composition of Fe-based alloy powder (wt%).

C Cr Ca Ni Mo Co Fe

0.15 18.79 1.85 13.92 3.41 3.13 bal
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Figure 1. (a) SEM morphology of Fe-based alloy powder; (b) the diameter distribution of Fe-based
powder alloy particle.

As shown in Figure 2a, the laser cladding equipment (Shaanxi Tianyuan-LCD, Shaanxi
Tianyuan Intelligent Remanufacturing Co., Ltd., Xi’an, China) was used to prepare the
coatings, and high-purity N2 and Ar was used as the working and shielding gas, respec-
tively. Fe-based alloy powder was feed through the coaxial gravity feeding (marked as GF)
with straight nozzle, and Table 5 lists the process parameters. As shown in Figure 2b, the
high-speed powder feeding (marked as HF) system (Xi’an University of Architecture and
Technology, Light Alloy Rapid Additive Manufacturing Technology R&D Center, Xi’an,
China) was mainly composed of a high-pressure chamber and convergent-divergent Laval
nozzles instead of straight ones. The working gas through the high-pressure chamber
was N2, and the gas preheating temperature and gas pressure was set at 300 ◦C and 8 bar,
respectively. During the laser cladding process, the deposition temperature was measured
in real time by infrared thermometer. The motion control system was a 6-axis vertical
articulated robot (Motoman-AR1440, Yaskawa Electric Corporation, Shanghai, China), with
a control accuracy of 0.01 mm. Table 6 lists the process parameters of the HF process.
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Table 5. Process parameters of GF.

Feeding
Rate (g/min)

Scanning
Velocity
(mm/s)

Work
Distance

(mm)

Working
Gas

Shielding
Gas

Laser Power
(kW)

25 5 15 N2 Ar 2.0

Table 6. Process parameters of HF.

Work Distance (mm) Scanning Speed
(mm/s) Feeding Rate (g/min) Laser Power (kW)

15 15 60 1.6

After laser cladding, samples were cut into a size of 5 × 5 × 3 mm, and polishing and
grinding were done for microstructure observation, by using a field emission scanning
electron microscope (SEM, Gemini SEM 300, Carl Zeiss AG, Jena, Germany) and Optical
microscope (OM, Sunny Optical Technology Co., Ltd., Yuyao, China). The phase compo-
sition of the coatings and powder was analyzed by X-ray diffractometer (D8 ADVANCE,
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Bruker, Billerica, MA, USA). The copper target (Cu-Kα, λ = 0.154056 nm) was used, and
the operating parameters are voltage 40 kV, current 40 mA, measuring range 10–80◦ and
scanning speed 5 ◦/min. The microhardness of coatings and substrate was measured by
Vicker’s hardness test, under 0.3 kg load for 20 s.

The MS-T3001 ball-disk friction and wear tester (Jinan Jingcheng Testing Technology
Co., Ltd., Jinan, China) was used to conduct friction and wear experiments on the 27SiMn
steel substrate and coatings, and the schematic diagram of the friction and wear process
is shown in Figure 3. Before experiment, grinding and polishing of the sample were
conducted, followed by cleaning with alcohol solution in ultrasonic cleaning machine
(GS50-200, Guangdong Good Ultrasound Co., Ltd., Meizhou, China) for 60 min. The
surface roughness was measured as 10 µm. The size of sample for wear is 10 × 10 × 5 mm.
The sample was clamped at the center by the baffle, and the grinding ball was located on
the surface of the coating or substrate. Through long-term rotation, the grinding ball will
form a ring-shaped wear trace on the surface of the coating or substrate. The results were
averaged based on three tests for each sample. GCr15 ball with a diameter of 6 mm was
used as the friction pair, and the wear radius 3 mm, the normal load 20 N, the disc rotating
speed 200 r/min and the time 30 min were used. Optical instrument (RTEC UP-Lambda,
Pomeas Technology Co., Ltd., Dongguan, China) was used to measure volumetric wear,
and the average volume wear of three samples were calculated.
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3. Results and discussion
3.1. Microstructure

Figure 4 shows the cross-sectional microstructure of coating/substrate interface under
different processes, and the heat-affected zone (HAZ) was labeled. The wave shape appears
at the interface between the coating and the substrate, which is caused by the gradual
decrease of the laser energy density distribution from the center to the periphery. Therefore,
the bottom boundary of the heat affected zone also presents a shallow wave shape [21].
After five measurements for each sample, the average thickness of the coating and HAZ
is obtained, and the thickness results are shown in Figure 5. It can also be seen that the
thickness of the HF coating (446 µm) is smaller, compared with the GF coating (615 µm).
During the process of HF, some larger particles rebounded during high-speed particle
impact, resulting in a lower coating thickness [22]. According to the thickness of HAZ in
Figure 4, it can be seen that HAZ of GF (502 µm) is greater than that of HF (317 µm). The
reason for this phenomenon is that the heat input of the GF process is 1.3 times that of the
HF process, resulting in more heat absorbed by the substrate [23].
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Figure 6a,c,e shows the cross-sectional microstructure of the bottom, middle and top
of the coating under the GF process. It can be seen that different regions correspond to
different morphologies. Since a high energy density laser beam is introduced in the GF
process, the purpose of rapid heating and rapid solidification can be achieved in the process
of preparing the coating, so the GF solidification structure grows from the bottom of the
molten pool to the top. Meanwhile, the solidification characteristics of the GF coatings
strongly depends on the value of G/R (G represents the temperature gradient; R represents
the solidification rate). According to Figure 7, it can be seen that different G/R values
correspond to different morphologies of solidified structures [20,24]. The value of G/R is
larger at the bottom of the molten pool, and the crystal growth rate at this time is much
greater than the nucleation rate, so the grains grow into coarse columnar crystals [25]. For
the top of the coating, due to the smaller G and the larger R, the growth rate of grains is
lower than the nucleation rate. Therefore, the grains mainly grow into small columnar
crystals, and they tend to grow in a certain direction [26]. Figure 6b,d,f shows the cross-
sectional microstructure of the bottom, middle and top of the HF coating. The HF coating
exhibits a completely different morphology from the GF coating, and no columnar crystals
were found, mainly composed of fine grains.
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In the HF process, the total energy of high-speed particles deposited on the substrate
material (or deposited coating) is composed of the particle’s own energy (including kinetic
energy and thermal energy) and the thermal energy generated by the laser. In the GF
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process, the powder is fed by gravity and the powder is not preheated, so the total energy
of the laser cladding process is only the thermal energy generated by the laser [27]. The
formula mentioned above is as follows:

E = Ek + Eth (1)

Ek =
1
2

mV2
P (2)

Eth = cp

(
Tp − Tre f

)
(3)

GF : E = Eth(laser) (4)

HF : E = Ek(powder) + Eth(powder) + Eth(laser) (5)

where E is the total energy; Ek is the kinetic energy; Eth is the thermal energy; Vp is the
impact velocity of the particles; cp is the initial temperature when the particles collide;
Tm is the melting point of the particles; and Tref is the reference temperature (usually room
temperature). The total energy of the GF and HF process correspond to Formula (4) and
(5) respectively. Table 7 shows the calculation results of the GF processes. It can be seen
that because only the laser energy is introduced in the GF process, the total energy of the
GF process is the heat generated by the laser. The difference from the GF process is that
the powder of the HF process has a certain amount of thermal energy and kinetic energy
before it comes into contact with the laser. As can be seen from Table 8, the total energy of
the HF process consists of the thermal energy provided by the laser, the thermal energy
of the powder undergoing preheating and the kinetic energy of the powder running at
a high speed. Numerical simulation was carried out by using fluid mechanics software
(ANSYS-Fluent), based on the mode of gas–solid dynamics [28]. The powder feeding
airflow was N2, the powder material was Fe-based alloy powder, the powder particle
size was 100 µm and the air inlet temperature and pressure were set to 573 K and 8 bar,
respectively. Figure 8 shows the calculated particle velocity distribution diagram. It is
noted that although the HF process introduces the kinetic energy of the particles, the kinetic
energy of the particles is extremely small compared to the thermal energy due to the low
weight of the powder particles. Therefore, the total energy of the HF process is almost all of
the thermal energy (Eth(powder)+Eth(laser)). During the HF process, laser thermal energy
accounts for 80.9% of the total energy, and powder thermal energy accounts for 19.1% of
the total energy. According to the data in Tables 7 and 8, it can be seen that the total energy
of the HF process is lower, which is 75.5% of the total energy of the GF process. Due to the
diversified energy input of the HF process, the powder with a certain amount of energy is
conducive to the formation of a finer microstructure during deposition. Meanwhile, due to
the reduction of laser energy, excessive heat-affected zone (HAZ) caused by excessive heat
input can be avoided.

Table 7. Energy calculation of the GF process.

cp (J/◦C) Tp (◦C) Tref (◦C) M (kg) Vp (m/s) Ek (J) Eth (J) E (J)

0.46 × 103 1950 20 - - - 8.87 × 105 8.87 × 105

Table 8. Energy calculation of the HF process.

cp (J/◦C) Tp (◦C) Tref (◦C) m (kg) Vp (m/s) Ek (J) Eth (J) E (J)

Energy of laser (Eth) 0.46 × 103 1480 300 - - - 5.42 × 105

6.70 × 105
Energy of
powder

Thermal energy (Eth)
Kinetic energy (Ek)

0.46 × 103

-
300

-
20
-

-
1 × 10−3

-
397

-
78

1.28 × 105

-
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Figure 8. (a) The velocity distribution diagram of powder particles in the Laval tube; (b) the velocity–
position curve of the powder particles in the Laval tube.

3.2. Phase Analysis

In order to explore the influence of diversified energy composition on the phases of
laser cladding coatings, phase and EDS analysis of the original powder, GF and HF coatings
were carried out, and the corresponding XRD patterns are shown in Figure 9. Based on
the XRD pattern, and the EDS data in Table 9, Ni-Cr-Co-Mo, Fe-Cr, γ-Fe and (Fe, Ni) are
the main phases in the HF coating, and the Fe-Cr and (Fe, Ni) are the main strengthening
phases of Fe-based alloy [29]. As can be seen from Figure 9b,c, the difference in the phase
of XRD pattern between the GF and the HF coating is that the GF coating generated a new
phase CaNi3C0.5. According to the EDS results reported in Table 9, Points 1 and 2 contain
higher Ni, C and Ca contents and lower Fe, Co and Cr contents comparing with points 3
and 4, as marked in Figure 6c,d. Due to the higher heat input and dilution effect of the
GF process, the excess carbon and calcium on the surface of the coating and the substrate
diffuse rapidly to form CaNi3C0.5 with Ni. Therefore, the elements in CaNi3C0.5 may not
all come from the coating, and some elements may come from the substrate. It is noted
that the phases in the HF coating are similar to those of the Fe-based powder, and this also
confirms that the lower heat input can maintain the original powder phase [30]. When
the process of coating preparation is changed, the peak shifts to a lower diffraction angle,
indicating that the residual stress in the sample is increased [31]. This residual stress is
usually caused by the rapid heating and rapid cooling during the laser cladding process.
As revealed in Figure 9d, the diffraction peaks of the Fe-Cr phase under the HF process
gradually broaden and the intensity decreases, which means that the Fe-Cr phase prepared
by the HF process in this case forms a fine crystal and microstructure [32,33].
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Figure 9. The XRD diffraction pattern of Fe-based powder and coatings: (a) Fe-based alloy powder; (b) HF coating;
(c) GF coating; (d) comparison of the peak position of Fe-Cr phase in original powder and coatings.

Table 9. Elemental concentrations (wt.%) of the selected areas in the GF and HF coatings from
EDS analysis.

Fe Cr Ni C Co Mo Ca O

Point 1 59.3 13.9 13.2 5.7 2.2 2.1 2.1 1.5
Point 2 57.7 11.5 16.7 7.1 3.1 - 1.9 2.0
Point 3 60.1 15.4 7.5 3.2 6.2 5.1 0.7 1.8
Point 4 63.2 14.7 6.8 2.1 6.5 4.3 0.1 2.3

3.3. Microhardness Analysis

Figure 10 shows the microhardness distribution curve of the HF and GF coatings
along the depth of the layer. It can be observed that the microhardness distribution of the
HF and GF coating presents three areas, which are the coating, the HAZ and the substrate.
The result shows that the average microhardness of 27SiMn steel substrate is 175 HV0.3.
The average microhardness of the HF coating is 604 HV0.3 and is 9.4% higher than that of
the GF coating (543 HV0.3). Because the substrate absorbs part of the heat generated by
the laser during the laser cladding, a transition zone (HAZ) is generated at the lower part
of the interface, and the microhardness of HAZ will gradually decrease and approach the
substrate. During the HF process, due to the impact of the high-speed running powder,
the microstructure of the coating changes from coarse columnar crystals to fine grains. In
addition, the HF process has a faster scanning speed, which increases the cooling rate of
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the coating during solidification. The fast cooling rate is beneficial to the formation of
uniform and fine microstructure during the cladding process, which also improves the
microhardness of the coating [34].
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Figure 10. Microhardness curves of the GF and HF coating.

3.4. Tribological Performance Analysis of Coating and Substrate

Based on certain experimental parameters, friction and wear tests were carried out on
the 27SiMn steel substrate, the GF coating and the HF coating. The relationship between
friction coefficient (COF) and time of the substrate, GF coating and HF coating is compared.
The curve of COF with time is shown in Figure 11. It can be seen that the COF curve of the
27SiMn steel substrate and the coatings can be divided into the initial wear stage and the
stable wear stage. In the initial wear stage, the friction coefficient of 27SiMn steel slowly
decreases from 0.75 to 0.45. According to Figure 12, it can be seen that the contact area
between the GCr15 grinding ball and the surface of the 27SiMn steel is relatively small.
Owing to the hardness of the GCr15 grinding ball being higher than that of the 27SiMn steel,
when the grinding ball acts on the substrate, the local stress is higher than the yield limit of
the substrate material, resulting in greater pressing depth and resistance f. The COF of the
27SiMn steel substrate at the initial wear stage gradually decreased from 0.75 to 0.45. Due
to the GCr15 grinding ball in the initial wear stage having a higher hardness and a smaller
contact area with the surface of the substrate, the local stress generated at this time is higher
than the yield limit of the substrate, which causes the grinding ball’s pressing depth and
resistance f to be larger. Meanwhile, owing to the friction pair needing to overcome the
adhesion force σf·S (σf is the shear stress of the 27SiMn steel substrate, and S is the area of
the bonding area) during the movement process, the COF of the 27SiMn steel substrate at
the initial wear stage is relatively large. Under the cyclic movement, the material in the
friction pair area gradually hardened, and the pressing depth of the GCr15 ball and the
area of the adhesion area gradually decreased, so the COF decreased and gradually entered
the stable wear stage.
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In comparison, the wear curves of the HF and GF coatings and the 27SiMn steel
substrate are quite different. In the initial stage of wear, the friction coefficients rapidly
increase from 0 to 0.27 and 0.30, respectively. The coating with higher hardness makes the
pressing depth of the grinding ball shallow, resulting in less resistance f to the grinding
ball during the friction stage. Through the cyclic wear of the grinding ball on the surface of
the substrate, the contact area between the grinding ball and the surface of the substrate
gradually becomes smooth, so the friction coefficient gradually increases. Finally, the COF
of the HF and GF coatings stabilized at around 0.23 and 0.37, respectively. Due to the
surface peeling and wear of the coating during the friction process, the COF will fluctuate,
but the friction curve of the HF coating is the most stable. The wear volume of the 27SiMn
steel substrate, the HF and GF coatings is shown in Figure 13. It can be noted that the
HF coating has the lowest wear volume. The wear volume of the HF coating and the GF
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coating are 21.9% and 27.2% of the 27SiMn steel substrate, respectively, indicating that
the wear resistance of the HF coating was better than that of the traditional GF coating.
In the study of Kalyanasundaram et al. [35], they deposited diamond on the aluminum
alloy substrate by electrodeposition technology. After conducting nanoindentation and
wear experiments, they found that as the microhardness increases, the friction coefficient
of the coating reduces from 0.60 to 0.32. Experience has proved that the microhardness of
the coating is the main factor that determines the wear resistance, and the increase of the
microhardness of the coating will increase the wear resistance.
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Figure 14 shows the wear morphology of the coating and substrate surface. It can be
seen from Figure 14a,b that there are obvious grooves and adhesive peeling on the surface
of 27SiMn steel, which indicates that abrasive wear and adhesive wear have occurred
during the wear process. Due to the harder grinding balls being pressed into the 27SiMn
steel to a certain depth, adhesion is formed on the surface of the substrate. The material
on the surface of the substrate peels off after undergoing plastic deformation, and the
smaller abrasive debris plow the surface and form furrows. With the cyclic movement of
the grinding ball, a large area of peeling occurs on the surface of the substrate, so the wear
loss of the 27SiMn steel substrate is relatively large.

Figure 14c,d shows the wear morphology of the GF coating. It can be seen that there is
obvious adhesion in the middle of the wear track, and a large number of cracks and lamellar
spalling appear on both sides of the wear track, which indicates that the wear mechanism of
the GF coating is severe adhesive wear. Figure 14e,f shows the wear morphology of the HF
coating. When the powder undergoes acceleration and preheating in the HF process, the
wear resistance of the prepared coating is improved, and no obvious cracks and large-area
peeling are found. Compared with the GF coating, the HF coating surface experiences less
damage, and the worn grooves are narrow and shallow. Therefore, the wear mechanism
of the HF coating is dominated by slight adhesive wear. From the previous tribological
analysis, it can be seen that the uniform and fine structure is beneficial to improve the wear
resistance of the coating, and effectively reduces the ploughing effect of the grinding ball
on the surface of the material [36–38].
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4. Conclusions

(1) In order to motivate the effect of powder feeding rate, in terms of the amount
of powder materials and the speed of powder particles, the powder feeding system was
modified in the present study, i.e., a convergent–divergent Laval nozzle structure was used
in replacing the cylindrical tube to accelerate powder particles to a high speed during laser
cladding process. The main findings are as follows:

(2) The microstructure of GF coatings is mainly composed of coarse columnar crystals,
in which the columnar crystals have obvious growth direction. Owing to the diversification
of energy composition in the HF process, the microstructure of HF coatings changes from
coarse columnar crystals to uniform and small grains. The total energy of the HF process is
75.5% of that of the GF process, which can achieve high-efficiency cladding at low energy.

(3) The hardness of the laser cladding coating prepared by the GF and HF process is
higher than that of the 27SiMn steel substrate. As the HF coating has a finer microstructure,
this will help improve the hardness of the coating. The maximum microhardness of the HF
coating is 604HV0.3, which is 9.4% higher than that of the GF coating.

(4) The HF coating prepared by laser cladding on the surface of the 27SiMn steel
substrate can effectively protect the substrate material, and the higher hardness makes the
HF coating have better wear resistance. Compared with the GF coating, the COF of the HF
coating is reduced to 0.23, the wear volume is reduced by 19.5% and the wear mechanism
is changed to slight adhesive wear.
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