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Stellite 6 alloy was deposited onto the surface of 27SiMn steel using the laser cladding (LC) technique, which was
then followed by laser remelting (LR) and ultrasonic surface rolling (USR).The surface roughness, microstructure,
microhardness, surface residual stress, and wear resistance of LC, LR, and LR-USR samples were studied using
electron backscatter diffraction (EBSD), transmission electron microscopy (TEM), scanning electron microscopy
(SEM), X-ray stress analyzer, Vickers hardness tester, and material surface performance tester. The results
showed that compared with LC, LR-USR significantly refined the surface dendrites of the cladding layer, with the

average dendrite size decreasing from 16.37 pm to 6.92 pm. After USR, the samples converted from tensile re-
sidual stress (TRS) to compressive residual stress (CRS), and the high-density dislocations and strain generated in
the grains near the surface of the cladding layer. The wear depth volume of the LR-USR samples was the smallest,

showing typical abrasive wear.

1. Introduction

Traditional subtractive manufacturing processes are complex and
have low raw material utilization. Remanufacturing, as the ultimate
form of recycling, restores high-value waste products to a pristine state,
achieving significant energy savings and emission reduction benefits
[1,2]. Moreover, the significant factors contributing to product
component failure are wear and corrosion. Improper handling of failed
parts in conventional manufacturing leads to considerable resource
wastage and pollution [3]. However, with additive manufacturing
increasingly applied across various industries, green manufacturing
technologies emphasizing energy and material conservation are
emerging [4].

Laser cladding technology represents an effective additive
manufacturing method wherein materials with superior physical and
chemical properties are utilized. This technique involves melting metal
powder onto the surface of a workpiece through laser beam scanning,
thereby enhancing the performance of repaired surfaces [5,6]. Even
under the most challenging operating conditions, it provides effective
protection for the substrate against both corrosion and abrasive wear
[7-9], and facilitates the layer-by-layer construction of complex com-
ponents. However, components produced by laser cladding often fail to
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meet size and precision requirements and do not adequately address
surface defects, such as cracks induced by thermal and residual stresses
[10-12]. Therefore, exploring efficient post-processing techniques for
laser cladding is of paramount practical significance.

Praharaj et al. [13] employed Laser Surface Remelting (LSR) as a
post-processing to enhance the surface quality and tribological property
of components prepared by Laser Directed Energy Deposition. The re-
sults indicated that LSR not only improved surface quality but also
refined grain structure, thereby increasing hardness and wear resistance.
Zhao et al. [14,15] milled laser cladding layers and investigated the chip
morphology, mechanical property, and vibration. Zhang et al. [11,16]
utilized laser cladding for the repair of hydraulic columns, followed by
hard turning and rolling processes, analyzing the differences in plastic
deformation mechanisms between laser cladding heterogeneous layered
materials and bulk materials. The findings demonstrated that the rolling
techniques achieved surface strengthening of the cladding layer, trans-
forming tensile residual stresses into compressive residual stresses and
improving corrosion resistance. Ye et al. [17] combined hard turning
with ultrasonic surface rolling, introducing intense plastic deformation
to enhance the surface performance of LC layers. The results indicated
that USR treatment not only met precision requirements but also
enhanced surface properties of laser cladding layers, achieving grain
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refinement and work hardening effects. Wang et al. [18] subjected
specimens of Ti6Al4V alloy prepared by selective laser melting (SLM) to
three distinct post-processing techniques: heat treatment, ultrasonic
surface rolling process (USRP), and direct current assisted ultrasonic
surface rolling process (DC-USRP). The study revealed that DC-USRP
samples demonstrated the lowest wear rate, and ultrasonic surface
rolling increased hardness and transformed residual tensile stresses into
residual compressive stresses. Hao et al. [19] studied the mechanism of
the effect of USR on the mechanical properties of the Inconel 718
coating. After USRP, the microstructure of the coating surface was
refined, and the intense plastic deformation increased the dislocation
density and grain boundary density of the coating, increasing the surface
hardness by 30 %; the wear rate decreased by 51 %, significantly
improving the service life of H13 steel. Luo et al. [20] studied the effects
of USR on the microstructure and properties of the surface layer of
Ti6Al4V alloy. The results indicated that compared to the matrix, the
grain size of the USR strengthened layer decreased, and the texture type
changed. Grain refinement and dislocation strengthening led to an in-
crease in microhardness and residual stress. Qu et al. [21] investigated
the fretting friction and wear mechanisms of 20CrMoH steel under
different experimental conditions using ultrasonic surface rolling. The
results indicated that USR led to a significant increase in dislocations
and martensitic transformation, enhancing microhardness and wear
resistance, with the wear volume reduced by 92.05 % compared to the
substrate.

In current research, the predominant post-processing techniques
following laser cladding focus on achieving dimensional accuracy
through turning technology. However, these methods are not only
intricate but also contribute to significant resource wastage. In contrast,
laser remelting (LR) technology not only alleviates thermal and residual
stresses but also enhances surface roughness, thereby providing an
excellent foundation for subsequent ultrasonic surface rolling (USR)
techniques. Therefore, by subjecting the laser cladding layer to laser
remelting followed by ultrasonic surface rolling, the entire process
eliminates subtractive manufacturing. However, the surface quality of
the coated preparation remains uncertain, and the anticipated outcomes
of this approach are eagerly awaited.

This study focuses on hydraulic support column materials as sub-
strates and proposes a novel surface remanufacturing process. Con-
cerning the post-processing of laser cladding (LC), the methodology
involves initial laser remelting (LR) followed by ultrasonic surface
rolling (USR). Measurements encompass surface roughness, micro-
structure, microhardness, residual stress, and wear resistance across
various sample surfaces. Furthermore, the experiments provide theo-
retical guidance for engineering applications in LC repair of hydraulic
support columns and surface modification.

2. Experimental methods
2.1. Materials and sample preparation

For the @20 x 120 mm cylindrical rod substrate of 27SiMn steel
(0.24-0.32 wt% C, 1.1-1.4 wt% Si, <0.3 wt% Cr, <0.035 wt% S,
<0.035 wt% P, 1.1-1.4 wt% Mn), the surface was prepared by polishing
and cleaning, followed by LC remanufacturing. Fig. 1(a) illustrates the
LC process and powder morphology. The LC processing parameters were
as follows: laser power of 450 W, spot size of 2 mm, powder feed rate of
9 g/min, scanning speed of 6 mm/s, and overlap rate of 50 %. Stellite 6
powder (53 pm~100 pm, 0.9-1.4 wt% C, 0.7-1.55 wt% Si, 26-30 wt%
Cr, <0.5 wt% Mn, <1 wt% Mo, <3 wt% Ni, <3 wt% Fe, <0.5 wt% Mn,
balanced Co) was used. LR parameters were consistent with LC param-
eters. Fig. 2 depicts the schematic of the USR device, variable amplitude
rod, and rolling tool tip. Utilizing the cold plasticity of metallic mate-
rials, the ultrasonic generator converts ordinary AC electricity into ul-
trasonic frequency oscillations, the transducer converts ultrasonic
frequency oscillations into mechanical vibrations, and the variable
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Fig. 1. LC process diagram and Stellite 6 powder morphology.

amplitude rod amplifies the transducer's amplitude, allowing the tool tip
to impact the material surface at a frequency of 30KHz. Static force in
the normal direction and ultrasound vibrations are applied to the surface
of the material, resulting in significant compressive plastic deformation
due to impact and extrusion effects. This result in peak shaving and
valley filling on the sample surface, leading to an improved surface
roughness [22]. The operating parameters were as follow: vibration
frequency was 30 KHz, the load was 2000 N, feed speeds were 0.08 mm/
rev, number of repeated processing is 8, and amplitude was 10 pm.
Three samples were prepared: laser cladding (LC) layer on cylindrical
substrate, laser remelting (LR) after LC, and ultrasonic surface rolling
(USR) after LR (LR-USR).

2.2. Microstructure characterization

The three samples were separately wire-electrode cut along the
cross-section, polished with SiC sandpaper and diamond, cleaned in
alcohol using ultrasonication, and dried, followed by a 60-s immersion
in aqua regia. The microstructures of the LC, LR, and LR-USR sample
cross-sections were characterized using field emission scanning electron
microscopy (SEM; Zeiss, Germany) and energy dispersive spectroscopy
(EDS). Microhardness was measured using a Vickers hardness tester
(HV-1000) with a 5 N load applied for 10 s. Surface roughness was
measured by laser confocal microscope (OLS4000; Japan). Residual
stresses of the samples were analyzed using an X-ray stress analyzer
(HAOYUAN DST-17) with Cu Ka radiation, operating at 25 mA tube
current, 25 kV tube voltage, a 26 range of 150-170°, y angle range of
0-35°. The surfaces of the three types of processed samples were pol-
ished to different stress depths, preparing four samples of varying depths
for each process sample. After polishing the surface, etch them with
aqua regia for 10 s, measure the residual stress three times, and take the
average value. Electro-polishing was performed on the cross-sections of
the three samples of the cladding layer obtained through wire cutting,
followed by observation using Electron Backscatter Diffraction (EBSD).
The EBSD images were obtained using a Field Emission Scanning Elec-
tron Microscope (SEM, Zeiss Ultra 55) with a working voltage set at 20
kV and a tilt angle of 70°. Data was processed using HKL-Channel 5
software. The surface of LR-USR samples was observed using a Trans-
mission Electron Microscope (TEM, FEI Tecnai F20).
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2.3. Tribological test
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Fig. 2. Schematic diagram of ultrasonic surface rolling (USR).

three times, and the average results were taken. Prior to testing, samples
were ultrasonically cleaned in alcohol for 5 min. Three-dimensional

Using a material surface properties tester (MFT-4000), the grinding wear surfaces of each sample were captured using a laser confocal mi-
ball is a 5 mm SiC ball with a hardness >2000 HV. Linear reciprocating croscope (OLS4000; Japan). The wear morphology was observed by
wear tests were conducted on the surfaces of each prepared sample field mission scanning electron microscopy (SEM; Zeiss, Germany).

under conditions of 20 N load, 5 mm reciprocating distance, 200 mm/
min velocity, and 40 min loading time. The experiment was conducted
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Fig. 3. Surface morphology and roughness of (a) LC, (b) LR, and (c) LR-USR samples.
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3. Results and discussions

3.1. Surface roughness

Fig. 3 illustrates the surface morphology and roughness of LC, LR,
and LR-USR. Pronounced laser track marks are evident on the surfaces of
the LC and LR samples, resulting in uneven surfaces with grooves and
ridges (Fig. 3(al), (b1)). The roughness measurement of the LC sample
surface is approximately 4.15 pm (Fig. 3(a2)). Severe powder sticking is
observed on the LC sample surface, primarily due to uneven laser energy
distribution resulting in incomplete powder melting. After LR, the
average roughness decreases to 2.35 pm (Fig. 3(b2)), as a substantial
amount of unmelted powder further melts and flows into the coating,
smoothing the surface and reducing ridges and grooves. The LR-USR
surface exhibits the highest smoothness (Fig. 3(cl)), with an average

surface roughness reduced to 0.42 pm (Fig. 3(c2)). Laser scanning tracks
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disappear, and severe plastic deformation causes protrusions to fill into
the grooves, resulting in a smooth surface. These results indicate that,
without subtractive manufacturing, LC layer can achieve a surface with
Ra < 0.5 pm through subsequent processing. LR and USR can mitigate
machining traces on LC and improve coating surface quality. However,
achieving desired surface cleanliness requires parameter adjustments

across all processes, necessitating further experimental validation for
precise outcomes.

3.2. Microstructure

To study the changes in grain size, and strain of the LC, LR, and LR-
USR samples, EBSD data for the three samples were obtained near the
surface of the cladding layer. It can be clearly seen from Fig. 4(al)-(c1)
that there has been a change in dendrite size. Compared to LC and LR,
the dendrites in the LR-USR sample were significantly refined. The IPF

(a3)
40 LC 40 LR 40 LR-USR
Average dendrite size: 16.37 um Average dendrite size: 14.17 pm Avecrage dendrite size: 6.92 pm
2y Total dendrites: 408 =30 Total dendrites: 622 =30 Total dendrites: 1087
S Size< 5 pm: : 17.4% > Size< 5 pm: 20.8% > Size< 5 pm: 43.2%
g Size>40 um: : 10.1% g Size>40 pm: 5.3% 5 Size>40 um: 0.6%
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(c3) dendrite size distributions, (a4)-(c4) KAM maps.
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Fig. 4. EBSD characterization: a, b and c represent LC, LR and LR-USR samples, respectively. (al)-(c1) microstructure of different samples, (a2)-(c2) IPF images, (a3)-
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map of the LR sample shown in Fig. 4(b2) captured the interface be-
tween two adjacent layers of the cladding layer, where changes in grain
size and grain orientation occur at the boundary. As shown in Fig. 4(a3)-
(c3), the average dendrite size of the LR sample decreased from 16.37
pm to 14.17 pm. Due to the increased temperature gradient (G) in LR,
the molten metal undergoes rapid solidification, reducing the solidifi-
cation rate (R) and refining the dendritic structure [13]. The average
dendrite size of the LR-USR sample decreased to 6.92 pm, and the pro-
portion of LR-USR dendrites smaller than 5 pm increased from 17.4 % in
the LC to 43.2 %, while the proportion larger than 40 pm decreased to
0.6 %. The KAM maps are shown in Fig. 4(a4)-(c4). KAM (Kernel
Average Mismatch) during EBSD analysis can be used as a measure of
local misorientation. Previous studies have reported the use of KAM to
evaluate strain distribution and dislocation density distribution in mi-
crostructures [23,24]. Blue indicates a smaller local misorientations of
grains, while green indicates a larger local misorientations [25,26].
From Fig. 4(c4), it can be observed that the local misorientations in the
LR-USR coating is larger, primarily distributed in the interdendritic re-
gions, indicating USR may cause dislocations within the grains,
increasing the strain [20].

In order to study the impact of USR treatment on the surface
microstructure, the cross-section of the LR-USR sample was observed
using TEM (Fig. 5). In areas away from the top surface of the sample, a
large number of stacking faults were found, as shown in Fig. 5(c). For
Stellite 6 materials, stacking fault energy is relatively low, which makes
stacking faults more likely to occur [27-29]. However, the large plastic
deformation introduced by USR resulted in high-density dislocations
within deformed grains, which are formed by the entanglement of a
large number of dislocations [30,31], as shown in Fig. 5(a) and (b).
Closer to the coating surface, the dislocation density increases with the
increase in plastic deformation. Dense dislocations produce a high-
density strain energy, under high-density strain, the internal grains
undergo annihilation, accumulation, and rearrangement to form smaller
grains. [18,32].

Fig. 6 illustrates the grain morphology of LR-USR cladding layer from
the top surface through the interior to the interface with the substrate.
At the top of the cladding layer (Fig. 6(a)), equiaxed grains are present,
within the cladding layer (Fig. 6(b), (c)), typical columnar dendrites and
equiaxed grains are observed. In the interfacial region between the
cladding layer and substrate, non-dendritic microstructure areas are
identified (Fig. 6(f)). Under conditions of rapid solidification and high
cooling rates, the initial temperature gradient G within the cladding
layer is small and the undercooling is low, resulting in a low number of
nucleation. Nucleation occurs at partially melted particles, unmelted
particles, and impurities [17]. As temperature decreases, undercooling
increases, significantly accelerating nucleation rates, leading to prefer-
ential dendritic growth followed by equiaxed grain formation. Addi-
tionally, variations in dendrite size are observed. Significant changes in
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dendrite size occur at the interface between two cladding layers, where
the previous layer is in a semi-solid state upon the arrival of the later
layer. Upon heating, numerous grains near the grain boundaries migrate
swiftly, enveloping adjacent grain boundaries and facilitating their
expansion, as depicted in Fig. 6(d), which shows larger grains. The
initially larger grain size at the bottom of the cladding layer may be
attributed to the higher thermal conductivity of 27SiMn steel (K = 27
W/(m-K)) compared to that of Stellite 6 (K = 14.82 W/(m-K)) [33].
When laser energy interacts with the powder flow on the substrate
surface, causing melting of both, heat transfers from the interior of the
substrate to adjacent layers near the substrate, resulting in increased
grain size [34].

3.3. Hardness and residual stress

Fig. 7 shows the microhardness measured at different depths for LC,
LR, and LR-USR samples. The LR (~478 HV) shows an average micro-
hardness increase of 5 % compared to the LC (~455 HV) sample, which
is due to laser-assisted grain refinement leading to an increase in hard-
ness [35,36]. The average hardness of the LR-USR sample is 512 HV. Ata
distance of about 800 pm from the LR-USR sample surface, the micro-
hardness of USR (~560 HV) is significantly higher than that of LR
(~492 HV) and LC (~456 HV) samples, with an increase in hardness of
13.8 % and 22.8 %, respectively. This is due to the introduction of
intense plastic deformation, which generates a large number of dislo-
cations on the sample surface. To accommodate the large dislocation
strain, the original grains are disrupted, forming numerous dislocation
entanglements that create more grain boundaries and densification of
grains, leading to an increase in hardness [20,31].

Fig. 8 shows the variation of residual stress with depth in the sam-
ples. LC induced TRS on the outer surface, with a maximum value of
approximately 225 MPa. After LR, the TRS on the outer surface
increased to about 290 MPa. This may be due to the fact that, although
the laser power of LR is the same as that of LC, the laser absorption rate
of powder to solid is different, resulting in a higher cooling rate and
thermal gradient, which increases the TRS on the outer surface [37].
USR transformed the TRS into CRS, with a CRS depth >150 pm. The
maximum measured surface value was about —370 MPa because USR
introduced large strain to the surface, and the continuously increasing
strain rate caused high-density dislocations to move, forming dislocation
entanglements. At this point, the grains were refined, and stress was
stored within the grains, thus generating a larger CRS [18].

3.4. Friction and wear behavior
The average friction coefficient for LC, LR, LR-USR samples is shown

in Fig. 9(a). The friction coefficient of the LR-USR sample is lower than
that of LC and LR samples, with the friction coefficient decreasing from

Fig. 5. TEM image of LR-USR sample: (a) at a depth of 30 pm, (b) at a depth of 50 pm, (c) at a depth of 100 pm.
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Fig. 6. The grain morphology of LR-USR from (a) the top of the cladding layer, (b-e) the interior of the cladding layer, (f) the junction between the cladding layer and

the substrate.
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Fig. 7. Microhardness of LC, LR, LR-USR samples measured along different depths and Vickers hardness indentation image at different points and (e) is the overall

indentation morphology of LR-USR sample in depth direction.

0.423 to 0.405 after LR, and further decreasing to 0.380 after USR. This
is because the deformed surface from USR introduces higher CRS and
higher hardness, which hinders the delamination damage of the wear
surface by the friction ball [38].

Fig. 9(b) shows section curves of samples after the wear test. And the
Fig. 9(c)-(e) show the local 3D profile. The wear tracks on the LC sample
are deeper and wider. After subsequent LR and USR, the wear tracks
gradually become narrower and shallower, with the depth decreasing
from 10.1 pm to 7.7 pm and 6.1 pm, respectively. Since the friction wear
test is conducted on a cylindrical surface, the volume of wear loss cannot

be obtained by measurement, but the volume of wear depth can be
obtained (as shown in Fig. 9(a)). From the volume of wear depth, it can
be known that the LR-USR sample has the best wear resistance, with the
wear depth volume being approximately half that of the LC sample. The
results indicate that both LR and USR can improve the wear resistance of
the samples, with LR-USR further enhancing it.

To clarify the mechanisms by which the three different treatment
methods affect friction wear performance, SEM analysis was conducted
on the micro-morphology of the wear marks. As seen in Fig. 10(a)-(c),
the surface of Stellite 6 material after SiC wear is overall smooth and



J. Sun et al. Surface & Coatings Technology 495 (2025) 131560

400 [
_ 200 Il J Il
S l I T _
&
=7
2 |
3 | r| ¢
g AlBlclp] A B COD
T‘g AL
9
5
g I
200 Depth: A-0 pm I N |
B-50 um l
C-100 pm J
D-150 pum I
-400 |- J
1 : 1 : 1 : 1 " 1 " 1 : 1
LC LR LR-USR
Samples
Fig. 8. Residual stress of different samples.
@ )
L - Wear depth volume
0.018 —=— Average friction cocfficient
— 0.6 %
E 0.015+ &% A
- 5} [=]
£ 0.012r g \%
< 0.009 - & o
oy s 8
p ¥ B
g 0.006 - 102 :%
0.003 126 LR-USR
0 IR LR-USR 0 0 50 100 150 200 250 300 350 400 450
Samples Track width (pum)
LR LR-USR
()] (e

. 7: 6.1 pm
7: 10.1 pm 2:7.7 pm
16.826 um \ § 17923 ym 13.217 um
DSQ\\‘“ I
4 -
o |
KN
“@ 3.461 um “, 4.501 pm 0.191 pm
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profile of the samples after wear test, respectively.

even, without large-scale delamination, primarily exhibiting abrasive instances of delamination. This phenomenon occurs as material from the
wear, consistent with the findings in [39,40]. However, as seen in Fig. 10 surface of the cladding layer peels off, forming abrasive chips during
(a), the LC worn sample exhibits a greater number of grooves and sliding. These chips roll on the surface of the cladding layer and further
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Fig. 10. (a), (b) and (c) are the wear morphologies of samples LC, LR and LR-USR, respectively, and (d) is the EDS map at delamination.

act as abrasives, forming abrasive particles, which result in more
grooves and chips [41]. From Fig. 10(b), it can be seen that the LR
sample also has some grooves and abrasive particles remaining on the
worn surface, but the wear rate is reduced compared to the LC sample.
This is because the densification caused by laser remelting leads to
increased hardness, resulting in a decrease in the volume of the wear ball
embedded in the coating [42]. The wear mechanism is primarily abra-
sive wear, with a minor amount of spalling. Fig. 10(d) shows the dis-
tribution maps of the main elements from EDS at the delamination area.
Based on the distribution of elements, it can be inferred that the flaky
delamination on the wear surface is composed of oxides. Fig. 10(c)
shows the micro-morphology of the worn surface of the LR-USR sample.
Compared to the LC and LR samples, the LR-USR sample has a signifi-
cantly reduced number of grooves on the worn surface, narrower groove
widths, and a decrease in the depth of the micro convex embedded in the
coating surface. This is due to the refinement of grains and higher
hardness within the LR-USR sample, which enhances the wear resistance
of the coating. Additionally, USR has induced higher CRS on the coating
surface, inhibiting the formation of delamination [43]. The wear
mechanism of the LR-USR sample is characterized by typical abrasive
wear.

4. Conclusions

Explored in this study is the effects of LR followed by USR on the
microstructure, mechanical properties, and frictional wear behavior of
LC Stellite 6 alloy coatings. The following conclusions can be drawn:

1. LR-USR reduced the surface roughness of the LC sample to 0.42 pm.
LR-USR significantly refined the dendrites in the coating layer, with
the average size of the dendrites decreasing to 6.92 pm.

2. The internal strain within the grains of the LR-USR samples increased
significantly, and a high-density of dislocations was generated within
the grains near the coating surface.

3. At approximately 800 pm from the LR-USR surface, the microhard-
ness of the USR (~560 HV) was significantly higher than that of LR
(~492 HV) and LC (~456 HV), representing increases of 13.8 % and
22.8 %, respectively. USR transformed TRS into CRS.

4. The LR-USR samples exhibited the lowest friction coefficient, with a
wear depth volume about half that of the LC samples. The wear
mechanism of the LR-USR samples was characteristic of typical
abrasive wear.
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