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A new technology named extreme high-speed laser melting deposition is presented

in this paper. The deposition speed of this technology is as high as 30 m/min, which

can promote the deposition efficiency from 0.09 to 0.54 m2/h. In addition, surface of

EHLMD layer is smoother which can save part of the machining process after deposition

and promotes the production efficiency by 6 times. AISI 431 martensitic stainless steel

layers were fabricated on 27SiMn substrate by conventional laser melting deposition

and extreme high speed laser melting deposition. The macroscopic morphology,

microstructure, microhardness, and electrochemical corrosion resistance of the two

kinds of layers were characterized. The results show that the microstructures of two

kinds of layers comprise of martensite dendrite, retained austenite, and continuous

inter-dendritic eutectic phases. Although results of the XRD test indicate that there are

more retained austenite in the EHLMD layer, the microhardnesses of the two kinds of

layers are basically the same, in the range of 600 to 720 HV. Corrosion resistance of the

EHLMD layer is better than that of the LMD layer because of the higher Cr content and

more uniform alloying elements distribution. Therefore, EHLMD can be considered as an

effective alternative to electroplating and applied for production and repair of shaft parts

in the manufacturing field.

Keywords: laser melting deposition, extreme high-speed, martensitic stainless steel, microstructure,

electrochemical corrosion resistance

INTRODUCTION

As the functional electroplating coating, hard chromium has been widely used for equipment
manufacturing to extend the service life of the component, such as automotive, hydraulic
components, industrial roll and heavy-duty machine tools, etc. However, it is well-known that
hexavalent chromium is hazardous to the environment (Li et al., 2017). Nowadays, chromium (VI)
has been restricted in the EU directive EC 1907/2006. It can be utilized only with authorization
or a special permit (Schopphoven et al., 2017). As a result, it is necessary to find an alternative to
electroplating technology. Previous work shows that thermal spraying and laser melting deposition
(LMD) seemed to be useful for large components (Sienicki et al., 2019). Whereas, the bonding
strength of thermal spraying is not high enough and there are many holes in the layer. Layer of
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LMD has compact structure, and the bonding strength
with substrate is better than electroplating and thermal
spraying. Many scholars have made in-depth research on the
microstructure and properties of titanium-based (Paydas et al.,
2015), nickel-based (Zhong et al., 2019), WC reinforced nickel-
based (Wang et al., 2019), aluminum-based (Dai et al., 2018)
alloys, and stainless steel layers (Wang et al., 2010, 2017) prepared
by LMD.

However, due to the low production efficiency of LMD, the
large-scale application of this technology is limited in industrial
field (Zhong et al., 2016). A new high production efficiency
technology named extreme high-speed laser melting deposition
(EHLMD) has been proposed (Dworak et al., 2018). This
technology uses a special powder nozzle to produce a very small
powder focus. The laser beam as well as the powder is focused on
diameters below 1mm and placed slightly above the substrate.
A larger amount of laser energy is functioned on the powder
particles, such that the particle temperatures exceeds the melting
point before being guided into the melt pool. The remaining
transmitted optical energy is used to produce a shallow melt pool
on the substrate to generate a metallurgical bond (Schopphoven
et al., 2016) (Schematic diagram is shown in Figure 1). This
technology reduces the melting time of the particles, and thus
the deposition speed can be enhanced significantly. The speed of
the EHLMD is 25–200 m/min, and the deposition efficiency is
0.5–1.3 m2/h, which is 5–10 times higher than the LMD.

Hydraulic support cylinder is the main bearing part of

the hydraulic support, which will be damaged in the special
environment of coal mining by corrosion and wear. Preparation
of chromium-enriched martensitic stainless steel layer on the

cylinder surface can be used for protection and repair (Yang

et al., 2013; Guo et al., 2018). Many researches have been
done on martensitic stainless steel layer. Hemmati et al.
(2011a) conducted microstructural characterization of AISI 431
martensitic stainless steel laser deposited layers and Liu et al.
(2016) researched the influence of heat treatment on AISI 431
layer properties. However, most of the researches in this area is
based on LMD, there is few published literature on extreme high-
speed laser deposited martensitic stainless steel. Therefore, it is
very meaningful to investigate the differences in microstructure

FIGURE 1 | Schematic diagram of principle of (A) LMD and (B) EHLMD.

and properties between LMD and EHLMD. In this research,
AISI431 stainless steel layers were deposited on 27SiMn substrate
which is used as the material of hydraulic support cylinder. The
microstructure evolution and corrosion resistance were analyzed
for layers prepared by LMD and EHLMD techniques. The results
provide a theoretical foundation for the production and repair of
shaft parts in the manufacturing field.

EXPERIMENTAL PROCEDURES

Equipment and Materials
LMD system consisted of a 4 KW disc laser, a conventional lathe
and robot. EHLMD system consisted of a 3 KW diode laser, a
conventional lathe with CNC controller. The AISI431 stainless
steel powder used in both LMD and EHLMD has the same
chemical composition, but the range of particle size is different
(the powder diameter of LMD and EHLMD is 50–150 and 15–
53µm, respectively). The chemical composition of powder and
27SiMn substrate are given in Table 1. The layers were fabricated
on the substrate with a dimension of844× 300mm by LMD and
EHLMD. Prior to deposition, substrate surface was ground and
then purged with alcohol to remove contaminants, and powders
was dried for 1 h at 140◦C.

Experiments
To study the microstructure and microhardness of layers
fabricated by the two methods, single- and double-track
specimens were built up on the surface of substrate. The
processing parameters of the two methods were shown in
Table 2. The specimens were sectioned in the transverse
directions. All specimens were ground and polished depending
on the standard procedures, and then etched for 20 s in a
solution consisting of 3 g FeCl3, 15ml HCl, and 100ml H2O
(Ran et al., 2018). The microstructures of the specimens
were studied using RX50M optical microscopy (OM) and
ZEISS Gemini scanning electron microscopy (SEM). Energy
dispersive spectrometer (EDS) elemental mapping was employed
to analyze the distribution and content of alloying elements. The
microhardness was measured at a load of 4.9N and a dwell time
of 15 s.
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Single layers with an overlap of several tracks were deposited
on a substrate and then ground. Subsequently, single layers
were cut by wire cutting machining from the substrate and
the rectangle specimens with the dimensions of 10 × 10 ×

5mm were obtained. These specimens were used to do X-ray
diffraction (XRD) phase analysis and electrochemical corrosion
test. Electrochemical measurements in 3.5% NaCl solutions
were carried out on an electrochemical workstation at 25◦C.
The conventional three-electrode cell was used, the specimens
as research electrode, the Ag/AgCl electrode as reference
electrode, and the platinum electrode as auxiliary electrode. The
polarization curves were measured from−1.0 to−0.1 V.

RESULTS AND DISCUSSION

Deposition Efficiency and Macroscopic
Feature
For the laser melting deposition on the cylinder surface, the
efficiency is related to the deposition speed and feed rate of the

TABLE 1 | Chemical compositions of the AISI431 powder and 27SiMn substrate.

Element (wt%) C Cr Ni Co Mo Si Mn P Fe

AISI431 0.2 16.55 3.15 0.38 0.34 0.76 0.12 0.02 Bal

Substrate 0.3 0.27 0.21 — — 1.23 1.16 0.03 Bal

TABLE 2 | Processing parameter for LMD and EHLMD experiments.

Method Laser

power

(W)

Deposition

speed

(mm/s)

Powder

mass

flow

(g/min)

Feed

rate

(mm/r)

Shielding

gas flow

(L/min)

Beam

diameter

(mm)

Type of

beam

LMD 2,200 10 17 2.5 10 3 CW

EHLMD 1,850 500 30 0.3 10 1 CW

component and can be described by the following function:

eff = 3, 600∗
πd

1000
∗

x

1000
∗

v

πd
=

9

2500
vx (1)

in which eff (m2/h) is the area of laser melting deposition for
an hour, d (mm) is diameter of cylinder substrate, v (mm/s) is
deposition speed and x (mm/r) is the feed rate (which is the
distance that the laser beam moves along the axis when the
cylinder substrate rotates a circle). According to Table 2, it can
be calculated that the efficiency of LMD is 0.09 m2/h, and the
efficiency of EHLMD is 6 times higher than that of LMD, reaching
0.54 m2/h.

Figure 2 shows the surface morphology of LMD single layer,
EHLMD single layer, and polished EHLMD layer which is
obtained by remelting the EHLMD single layer surface with a
low power laser beam and without powder injection. It is obvious
that the surface roughness of EHLMD single layer is significantly
better than that of the LMD layer due to high overlapping
rate and the precise coordination of powder and laser beam.
Laser melting deposition (LMD) layer should be ground to meet
the standard of surface roughness. Considering the production
efficiency and cost, the LMD layer should be turned by lathe
before being processed by grinder. After the processing, the
thickness of LMD layer was reduced by 0.7mm. Owing to the
smoother surface, the EHLMD layer surface can achieve the same
level by grinding directly, and the layer thickness was reduced by
only 0.1mm. For some components with lower surface roughness
standard and no sliding friction, the polished layer can be directly
used after laser remelting, thus eliminating the grinding process.

Microstructures of LMD and EHLMD
The microstructures of the single-track LMD layer and EHLMD
layer are presented in Figure 3. Figure 3A shows themorphology
of the LMD layer, the thickness, the melting depth and the
width is 760, 729, and 3,490µm, respectively. The dilution rate

FIGURE 2 | The surface of (A) LMD single layer; (B) EHLMD single layer and polished layer.
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FIGURE 3 | Microstructure of single-track layers. (A) Morphology of the LMD layer; (B) morphology of the EHLMD layer; (C) bottom of the LMD layer; (D) bottom of

the EHLMD layer; (E) middle of the LMD layer; (F) middle of the EHLMD layer; (G) top of the LMD layer; (H) top of the EHLMD layer.

is 48.9%, and the range of the heat affected zone is about 615µm.
The LMD layer is mainly composed of cellular, dendrite and
equiaxed crystal. Figures 3C,E,G shows the microstructure of
the bottom, middle, and top of the LMD layer, respectively.

At the bottom of the layer, it can be seen that cellular crystals
epitaxially grow from the partially melted zone of the base
metal. During the solidification, the temperature gradient at
the bottom of the melting pool is large and the composition
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FIGURE 4 | Microstructure of multi-track layers. (A) Overlapping area of double-track LMD layer; (B) double-track EHLMD layer; (C) overlapping area of double-track

EHLMD layer; (D) four-track EHLMD layer.

undercooling at the front of the solid-liquid interface is small,
forming hexagonal cellular crystals. In the middle of the pool,
a larger composition undercooling zone is formed due to the
decrease of the temperature gradient. Thus, the microstructure in
this area is mainly composed of dendrites growing in the opposite
direction of the heat flow direction. At the top of the molten pool,
the temperature gradient is the smallest and the composition
undercooling area is the largest, forming equiaxed crystals.

Figure 3B shows the morphology of the single-track EHLMD
layer, the thickness, the melting depth and the width is 167,
87, and 242µm, respectively. The dilution rate is 34.3%, and
the range of the heat affected zone is about 60µm. The
microstructure of EHLMD layer is mainly composed of a
large number of cellular crystals with obvious orientation and
dendrites with small secondary-arm spacing. At the beginning
of the solidification process, extremely high deposition speed
results in a larger temperature gradient than LMD, and there
is few composition undercooling near the solid-liquid interface,
which promotes the growth of planar crystals (as showed in
Figure 3D). As the solidification progresses, similar to that of
LMD, cellular crystals appear and grow. However, because the
temperature gradient in the EHLMD melting pool is larger than
LMD, the composition undercooling is relatively smaller, so the
microstructure of most EHLMD layer is made up of cellular
crystals (shown in Figures 3F,H).

Figure 4 shows the microstructures of double-track LMD
layer and EHLMD layer. It is observed that subsequent layers
could re-melt part of the preceding layer in both layers.

According to the overlap areas of both samples shown in
Figures 4A,C. Dendrites grow perpendicularly to the curved
outline of molten pool. The microstructure in the interlayer heat
affected zone has the same characteristic and dimension as that
inside the single-track layer, and there is no coarsening caused
by reheating.

Figures 4B,D show the double-track and four-track EHLMD
layers. Due to the high overlap rate, part of the energy of laser
beam is absorbed by the preceding track when the subsequent
track is carried out, so the melting depth of subsequent track
are obviously smaller than the preceding track, the dilution rate
of subsequent track is <5%, and the layer thickness is directly
increased to 252µm. As the number of tracks increased, the
thickness of layer gradually increased until the fourth track, the
layer thickness remained stable with the thickness of 292 µm.

Figure 5 shows the microstructure of the bottom and middle
parts of two kinds of layer. It can be seen that the LMD layer
(Figures 5A,B) is composed of dendrites with width ranging 4–
9µm and a large number of continuous inter-dendritic eutectic
phases. According to the previous investigations (Fang et al.,
2017), the matrix is identified as a typical martensitic structure,
whereas the eutectic phases were clearly identified as M23C6

and M7C3 carbides. Similar to LMD layer, the EHLMD layer
(Figures 5C,D) is composed of cellular crystals with width
ranging 1.0–1.5µm and a large number of continuous inter-
dendritic eutectic phases.

Studying the solute distribution by EDS mapping
(Figure 6), the results show that there are different distribution
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FIGURE 5 | SEM of LMD and EHLMD layer. (A) Bottom of LMD layer; (B) middle of LMD layer. (C) Bottom of EHLMD layer; (D) middle of EHLMD layer.

FIGURE 6 | EDS spectral mapping of (A) LMD layer; (B) EHLMD layer.
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FIGURE 7 | XRD patterns of (A) LMD layer; (B) EHLMD layer.

FIGURE 8 | Microhardness distribution of two kinds of deposition layers.

characteristics in LMD and EHLMD layers. There is detectable
element segregation in LMD layer, whereas the segregation is not
observed in EHLMD layer. According to the previous analysis
(Hemmati et al., 2011b), the higher cooling rate of EHLMD
obviously refines the grain size and decreases the spacing of
secondary diameter arms, so the concentration of solute and
the tendency of forming element segregation are lower, and the
element distribution in EHLMD layer is more uniform than that
in LMD layer.

Phase and Microhardness
XRD tests were performed on the surface of the two kinds
of layers after grinding to confirm the phase composition and
content. The results shown in Figure 7 reveal that the main
phases of two kinds of layers are α-(Fe, Cr) and γ-Fe. The retained
austenite are obtained under rapid cooling. In LMD and EHLMD
layers, α-(Fe,Cr) content is 88.5 and 79.75%, while γ-Fe content
is 11.5 and 20.25%, respectively.

The reason why retained austenite content in EHLMD layer
is more than LMD layer is that the EHLMD cooling rate is
faster, which leads to the decrease of grain size. According to the
model proposed by Jiang et al. (1995), the Ms (martensite start

temperature) is relate to the grain size of austenite matrix and
can be described as the following function:

Ms = Msc ∗ exp

(

−

B

D

)

(2)

in whichMsc is the martensite start temperature calculated based
on alloy composition, B is a constant related to material and
not very sensitive to compositional changes, D is the value of
austenite grain size. In a coarse grain austenitic structure, the
martensite start temperature (Msc) primarily depends on the
chemical composition but in a fine grain austenitic structure,
the extra barrier caused by increased yield strength of material
as given by the Hall—Petch relationship requires greater driving
force which results in a lower Ms temperature (Liu et al., 2016).
Only the continuous cooling, the undercooled austenite will
continue to be transformed into martensite, so the martensite
content of EHLMD is less than LMD at room temperature.

The microhardness of layers fabricated by the two methods is
indicated in Figure 8. The microhardness of the layers fabricated
by the two methods are comparable, within the 600–720 HV
range, which is mainly due to the finer grains of EHLMD
layer that the resulting fine grain strengthening makes up for
the microhardness reduction caused by less martensite. In the
process of LMD and EHLMD, the substrate in HAZ undergoes
rapid heating and cooling. The peak temperature of HAZ near
the fusion line is the highest, the microstructure is mainly
martensite, and the microhardness is significantly higher than
that of the substrate. With the increase of the distance from
the fusion line, the peak temperature decreases gradually and
the martensite content decreases. The microstructure of HAZ is
mainly composed of massive ferrite, pearlite and a small amount
of bainite, the microhardness decreases gradually until it is the
same as the microhardness of the substrate (Shi et al., 2017).
Compared with LMD, the HAZ of EHLMD is smaller because
of its lower linear energy. However, the microhardness of LMD
and EHLMD in the HAZ has the same trend.

Electrochemical Corrosion Resistance
Figure 9 shows the polarization curves of EHLMD layer,
LMD layer and substrate. Usually corrosion current density
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FIGURE 9 | Polarization curves of LMD, EHLMD, and substrate.

TABLE 3 | Chemical composition of different areas of the two kinds of layers.

Element (wt%) Cr Ni Mo Si Mn Fe

LMD1 12.79 1.48 0.3 0.71 0.58 Bal

LMD2 13.06 1.59 0.35 0.75 0.53 Bal

EHLMD 15.62 1.83 0.64 1.23 0.22 Bal

and self-corrosion potential are considered to be important
parameters to evaluate the corrosion resistance of materials, in
which the corrosion current density determines the corrosion
rate of the material, the lower the current density, the
slower the corrosion rate of the material. The corrosion
potential, which is the potential value of the curve when
the corrosion current is minimum, reflects the corrosion
trend of the material, the larger the value is, the less likely
the material is to be corroded (Sanchez-Tovar et al., 2013;
Feng et al., 2019). According to Figure 9, the corrosion
current of LMD layer is lower than that of EHLMD layer,
indicating that the corrosion speed of LMD layer is slower.
However, the corrosion potential of EHLMD layer is
highest, which indicates that EHLMD is least susceptible to
corrosion in solution.

Table 3 shows the chemical composition of the middle part
of the LMD (shown in Figures 5A,B) and EHLMD (shown in
Figure 5D) layers obtained by EDS test, Cr and Ni content of
EHLMD is higher than the LMD because of the lower dilution
rate of EHLMD. The corrosion potential can be significantly
improved with increasing content of Cr and Ni that EHLMD
layer corrosion resistance is superior to the LMD layer. In
addition, due to the slow cooling rate of LMD, it is more likely
for C and Cr to form carbide at the grain boundary at high
temperature, which weakens the beneficial effect of Cr element on
corrosion resistance. Because of faster cooling speed, the EHLMD
layer has finer grains and more uniform alloying elements

distribution. Therefore, electrochemical corrosion resistance of
EHLMD layer is higher than that of LMD layer.

CONCLUSIONS

Cr-enriched stainless steel layers formed by LMD and EHLMD
have been compared. Initially, single-, double- track and single
layers have been deposited with different methods. Then,
microhardness and phase analysis have been conducted. After
that, the microstructure produced by two kinds of methods
have been compared. Finally, in order to identify the corrosion
resistance of the two cladding layers, polarization curves
have been characterized. Based on the above research, main
conclusions could be achieved as follows.

1. The efficiency of LMD is 0.09m2/h, while that of EHLMD
is 0.54m2/h, which promotes the production efficiency by
6 times. Considering that the subsequent processing of
EHLMD is simpler, the actual production efficiency could be
further improved.

2. Both the LMD and EHLMD layers are composed of
martensite and retained austenite. The retained austenite
content of EHLMD layer is higher than that of LMD, but the
microhardnesses of the two layers are basically the same, in the
ranging from 600 to 720 HV.

3. The dilution rate and the heat affected zone range of the
EHLMD are obviously smaller than that of the LMD. For
EHLMD, the sum depth of the melting pool and heat affected
zone is 80µm, while for LMD, the sum depth of the melting
pool and heat affected zone is 1,344µm. The influence depth
of LMD on substrate is 16 times than that of EHLMD.

4. Because of higher Cr content caused by the lower dilution rate,
the corrosion resistance of EHLMD layer is higher than that
of LMD.
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