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Laser-clad Inconel 625 coatings on Q245R structure steel:
microstructure, wear and corrosion resistance
Wanyuan Gui 1, Cheng Zhong 1, Junyi Gu 1, Yuhang Ding 1, Xiaoming Wang1, Tao Wu 1, Yongfeng Liang 2, Jingyan Qin3,
Yuhai Qu4✉ and Junpin Lin 2✉

In this work, ultra-low dilution rate Inconel 625 coatings with a thickness of ~534.4 μm were prepared by high-speed laser cladding
technique on the Q245R steel. The XRD and TEM results show that the Inconel 625 coatings are mainly composed of the Nb and
Mo-enriched laves phase with hexagonal close-packed (HCP) structure and the γ-Ni phase with face-centered-cubic (FCC) structure.
The cellular crystal, column crystal, and equiaxed dendritic crystal were observed in the bottom, middle, and top of the Inconel 625
coatings from SEM results, respectively. The wear resistance and corrosion resistance of Q245R steel are significantly improved by
high-speed laser cladding Inconel 625 coatings. In addition, the low dilution rate is beneficial for improving the wear and corrosion
resistance of high-speed laser cladding Inconel 625 coatings. These findings may provide a method to design the wear and
corrosion resistance of coatings on steel's surface.
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INTRODUCTION
Q245R structural steel, known as engineering metallic structural
materials, is currently widely applied in the boilers and pressure
vessel industry due to its unique properties, such as excellent
plasticity, toughness, and welding performance1. The surface of
boilers and pressure vessels or the area near the surface may be
damaged by wear, corrosion, and fatigue during long-term
service. The sustained damage will result in severe damage to
the surface of the Q245R structural steel until it can not be used
anymore2. Therefore, it is urgent to improve the wear resistance
and corrosion resistance of the Q245R structural steel surface.
There are two main approaches to enhance wear resistance and

corrosion resistance of metals substrate surface: alloy design and
surface coating3–6. Past research indicates that the improvement
in the wear and corrosion resistance of substrate surface relies on
surface coating rather than alloy design4,5. Several surface
modification techniques had been carried out to fabricate
protective coatings on the substrate surface, such as electroplat-
ing7, diffusion treatment8, thermal spray9, cold spray10, surfa-
cing11, and laser cladding technology12–15. Among numerous
surface modification techniques, laser cladding is the most
promising surface modification technique due to the fact that it
produces high-quality, compactness, and crack-free coatings
along with remarkable physical and chemical performance16–19.
However, traditional laser cladding is limited by powder feeding
mode and low cladding speed. The physical and chemical
performances of coating fabricated by traditional laser cladding
technique always degrade severely since an extensive amount of
heat input introduces amount additional elements in the substrate
into the cladding coating. In addition, most of the laser energy is
absorbed by the substrate because of the low cladding speed,
making thin components seriously deformed12. Compared with
the conventional laser cladding technique, the high-speed laser
cladding technique exhibits better coupling of a laser beam and
powder flow via redesigning the coaxial powder feeding

nozzle20,21 and thus the powder particles could be heated to
the melting point before guiding into the molten pool. Owing to
the limited transmitted laser energy, a micro-molten pool could be
formed on the substrate so that the coating with a low dilution
ratio and metallurgical bonding could be produced and an
excellent combination of physical performance and chemical
performance could be achieved in the coating prepared by high-
speed laser cladding technique.
Fabricating Inconel 625 coating on Q245R steel has great

potential for enhancing the surface wear resistance and corrosion
resistance of Q245R steel since the Inconel 625 has outstanding
mechanical properties and excellent corrosion resistance22–24. Here,
a high-speed laser deposition technique was used to successfully
deposit Inconel 625 coatings on Q245R steel with a dilution rate of
less than 2.6% at a cladding speed of 5m/min. The phase formation
and microstructure evolution of the cladding were characterized by
X-ray diffraction, field emission scanning electron microscopy,
electron backscattered diffraction, and transmission electron
microscopy. The wear resistance and hardness were measured by
friction and wear instrument and microhardness tester. The
polarization curves were tested by an electrochemical workstation.
The effects of dilution rate on wear resistance and corrosion
resistance were also presented.

RESULTS AND DISCUSSIONS
Phase structure and microstructural characteristics
To identify the phase composition of Q245R steel plate substrate
and Inconel 625 coating, XRD measurements were performed.
Figure 1 shows the XRD patterns of the Q245R steel substrate and
the Inconel 625 coating. Apparently, the diffraction pattern of the
Q245 steel substrate can be indexed as the α-Fe phase. Careful
indexations of the pattern of Inconel 625 coating indicate that the
coating mainly consists of the γ-Ni phase25–27.
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The formation of solidification microstructure in laser-based
additive manufacturing (AM) techniques is readily described by
following Eq. (1)28:

G
R
<
mω

D
1� k0
k0

(1)

Where G, R, ΔT, W0, K0, and D represent temperature gradient,
solidification growth rate, undercooling, the initial composition of
a component, average solute distribution coefficient of the
component, and liquid diffusivity, respectively. The effects of G
and R on the developed microstructures are summarized as
follows: the high growth rate results in a low-to-moderate G/R
ratio and pushes the microstructure towards a planar or cellular
structure in a single layer of AM fabricated specimens. While

columnar and equiaxed dendrites are commonly observed in
multi-layer AM fabricated specimens28,29.
Figure 2 displays the secondary electron images of the laser-

clad specimen. From Fig. 2a, it can be found that the Inconel 625
coatings with a thickness of about 534.4 μm exhibit a uniform
dense structure with small amounts of particulate matter
distributed on the surface of the Inconel 625 coatings. The high
growth rate results in a low-to-moderate G/R ratio and pushes the
microstructure towards a cellular structure that appears at the
bottom of the coating, as shown in Fig. 2b. From Fig. 2c and 2d, it
can be found that the columnar and the equiaxial dendrites
appear in the middle and top of the coating, respectively.
Compared to the bottom part of the coating, the rest parts of the
coating have a higher solidification rate (R) and moderate
temperature gradients due to the fact that the Inconel 625
coatings experience a repetitious remelt (overlapping: 80%). Thus,
the columnar dendrites are observed in the middle zone of the
coating. There are two reasons for promoting the formation of
equiaxed dendrites at the top of the coating. On the one hand, the
top zone of the coating was exposed to the air and thus the big
cooling rate (undercooling) of the top zone, which promotes the
formation of equiaxed dendrites. On the other hand, local
microsegregation lowers the melting point and may increase
the likelihood of additional nucleation ahead of the dendritic front
and inhibits the growth of columnar crystals28,29.
The grain morphology, grain boundary, grain distribution, and

grain boundary misorientation of Inconel 625 coatings were also
characterized by EBSD and the results are displayed in Fig. 3. From
the inverse pole figure of Inconel 625 coatings (Fig. 3a), most of
the grains show a relatively scattered with no preferred
orientation. The results also show that the internal orientations
inside individual grains are uniform, suggesting the absence of
any orientation gradient. Figure 3b is the corresponding EBSD
band contrast map in which the grain boundaries can be
distinguished by color (green line: angle 2°–15°, red line: angle
5–15°, black line: angle >15°). The results show that most grain
boundaries of the γ-phase have high misorientation angles,

Fig. 1 X-ray diffraction patterns of Q245 steel substrate (black) and
Inconel 625 coatings on Q245R steel (red).

Fig. 2 FESEM images of Inconel 625 coatings on Q245R steel. a Cross-sectional; b bottom zone; c middle zone; d top zone.
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indicating that there are few residual stresses accumulated in the
Inconel 625 coatings. The reason for the formation of stray grain is
attributed to be related to the constitutive supercooling30,31,
where the segregation of the solute atoms ahead of the
solidification front modifies the solidification temperature of the
alloy to increase the degree of undercooling without physical
changes in the temperature or the temperature gradient. Most of
the grain distribution was estimated to be <5 μm from the grain
distribution function figure (Fig. 3c). Figure 3d shows the columnar
statistical distribution of grain misorientation of the specimen.
71.46% of the grain boundaries are high angle grain boundaries
(>15°), while the rest (28.54%) grain boundaries are low angle
grain boundaries (<15°). It is worth noting that the grain
boundaries located around 2–5° account for 22.82%. The grain
boundaries located around 2–5° are commonly considered sub-
grain boundaries, which are caused by dislocation rearrange-
ment32,33. The large proportion of sub-grain boundaries indicates
that the dislocation rearrangement is serious during the SLM
process. The same result can also be found in the TEM study.
Further phase identification for Inconel 625 coating was

carried out by using TEM and the results are shown in Fig. 4.
Figure 4a shows the bright field image for an area with coexisting
phases. Figure 4b, and 4c display the selected area diffraction
patterns for phase A and phase B in Fig. 4a, respectively. As
shown in Fig. 4b and 4c, the phases A and B shows the
characteristics of the γ-Ni phase with FCC structure and laves

phase with HCP structure. The chemical composition of the laves
phase (phase B) was analyzed by EDS and the results are listed in
Table 1. From Table 1, it can be found that the laves phase is rich
in Nb and Mo. Figure 4d shows the bright field image for an area
with the interface between Inconel 625 coatings and Q245R steel
substrate. Figure 4e, and 4f display the selected area diffraction
patterns for phase C and phase D in Fig. 4d, respectively. As
shown in Fig. 4e and 4f, the phases C and D show the
characteristics of the α-Fe phase with BCC structure and γ-Ni
phase with FCC structure. Therefore, the top zone and the
bottom zone in Fig. 4d are the Q245R steel substrate and the
Inconel 625 coating. These results from TEM observations are in
agreement with the XRD results (Fig. 1). In addition, as shown in
Fig. 4d, dislocation tangles can be observed. The occurrence of
dislocation structures can be ascribed to the residual stress of the
coating formed during the high-speed laser cladding process,
which is consistent with the EBSD analysis.
Figure 5 shows the variations trends in average roughness of the

Inconel 625 coating surface (the S6 sample). There is a clear ravine-
like texture existing on the surface of the Inconel 625 coating. There
is a big height fluctuation (about 67.044–108.707 μm) in the
microscopic texture, which indicates the Q245R steel substrate
began to form the rough portions during the high-speed laser
cladding process. And the average roughness value (Ra) of Inconel
625 coating was about 20 μm.

Fig. 3 EBSD analysis for Inconel 625 coatings on Q245R steel (S6). a Inverse pole figure; b boundaries distribution; c grain distribution
corresponding to (a); d grain boundary misorientation corresponding to (a).
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Dilution rate
Dilution rate is an important factor affecting the properties of laser
cladding34. An accurate estimate of dilution rate in direct laser
fabrication is important in order to improve the surface quality
and obtain the excellent properties of the cladding layer. There
are two common methods for calculating dilution rate: one is
through the geometry of the molten pool, and the other is
through changing the composition of coating35,36. Due to the
geometry of the molten pool being seriously damaged after multi-
pass laser cladding with a high overlap rate (80%), calculating the
dilution rate through the geometry of molten pool is not
applicable anymore. Here, the dilution rate was evaluated through
the composition of coating variation, and the dilution rate (η) of
coatings were calculated according to the equation below36:

η ¼ ρc Xcþs�Xcð Þ
ρs Xs�XcþSð Þþρc Xcþs�Xcð Þ (2)

Where ρs and ρc represent the density of Q245R steel substrate
and Inconel 625 coatings respectively. And Xs, Xc, and Xc+s

represent the mass fraction of Fe element in Q245R steel

substrate, Inconel 625 powder, and Inconel 625 coatings,
respectively. A number of studies have been undertaken in this
work to explore the relationship between the laser power, powder
feeding rate, cladding speed, and the dilution rate of the coatings.
Our results indicated that powder feeding rate was the main
influential factor, cladding speed was next, and finally, the
laser power.
Compared with conventional laser cladding coating (with

1–2mm thickness, and dilution rate >15%)37, the high-speed
laser cladding coating has a smaller thickness (416–715 μm) and
lower dilution rate (0.28–2.6%), as shown in Table 2. Ultra-low
dilution rate Inconel 625 coatings (S6: 0.28) was prepared by using
the optimal parameters: laser power of 1520W, powder feeding
rate of 22.1 g/min, and cladding speed of 3 m/min. The lower
dilution rate is mean that only a very thin layer of the substrate
has to be melted in order to achieve metallurgical bonding with
coatings, as well as maintain the original properties of the coatings
materials.

Microhardness and wear resistance
Figure 6a shows the microhardness of the Inconel 625 coatings on
Q245R steel fabricated by high-speed laser cladding with different
dilution rates. Apparently, the microhardness of all specimens (S4,
S5, and S6) increases at the beginning and then tends to be stable.
These results suggest that the hardness of the coating (350 HV0.1)
is larger than that of the interface between coating and substrate
and the hardness of the interface is higher than that of the
substrate (150 HV0.1). In addition, it can be found that the dilution
rate has a significant influence on the hardness of the interface in
the specimens but has little influence on the hardness of the

Fig. 4 TEM image of Inconel 625 coatings on Q245R steel (S6). a Top view; b, c selected area diffraction patterns for phase A and B
corresponding to a; d bottom to top views; e, f selected area diffraction patterns for phase C and D corresponding to (d).

Table 1. EDS results of lavas phase.

Element Weight % Atomic % Correction Uncert. % k-Factor

N 4.85 24.24 0.16 0.28 3.536

Cr 5.19 6.98 0.09 0.99 1.268

Ni 2.63 3.14 0.07 0.99 1.453

Nb 81.57 61.43 0.64 0.99 3.714

Mo 5.74 4.18 0.17 0.98 4.047
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Fig. 5 3D topography of Inconel 625 coatings on Q245R steel substrate (S6).

Table 2. Multiple variations in processing parameters of Inconel 625 coatings.

Number of
specimens

Laser power (W) Powder feeding
rate (g/min)

Cladding speed
(m/min)

Thickness of
coating (μm)

Mass fraction
of Fe element

Dilution rate

S1 1400 18.7 3 540 1.14 0.43

S2 1400 20.4 4 486 1.31 0.62

S3 1400 22.1 5 416 1.03 0.30

S4 1520 18.7 4 472 2.43 1.86

S5 1520 20.4 5 421 2.11 1.51

S6 1520 22.1 3 715 1.01 0.28

S7 1600 18.7 5 437 3.09 2.60

S8 1600 20.4 3 736 1.32 0.63

S9 1600 22.1 4 561 1.12 0.40

Fig. 6 An examination of the hardness and wear resistance of specimens. a Cross-section hardness of Inconel 625 coatings on Q245R steel:
(S4, green), (S5, red), (S6, blue), respectively; b the friction coefficient curves of substrate: Q245R steel (black), and Inconel 625 coatings on
Q245R steel: (S4, green), (S5, red), (S6, blue), respectively.
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coating and the substrate. As mentioned before, the top zone of
coating (Fig. 2) is directly exposed to the air and the cooling rate
of the top zone is larger than in other zones, fine equiaxed
dendrites are formed at this zone, which results in the
enhancement of microhardness.
Friction and wear tests were carried out on the Q245R steel

substrate and Inconel 625 coatings surface, as shown in Fig. 6b.
With the change of time, the friction coefficient also jittered up
and down, and the friction coefficient of the cladding layer was
different at a different dilution rate (S4, S5, and S6). The Q245R
steel substrate exhibits a minimum friction coefficient and a
maximal bulk worn loss after 1200 s abrasion treatment. The
friction coefficient of Q245R steel substrate increases rapidly at the
beginning, then tends to be stable. Compared to the Q245R steel
substrate, the Inconel 625 coatings exhibit a larger friction
coefficient and a smaller bulk worn loss. From Table 3, it can be
found that the mass loss decreases with the decrease of dilution
rate, indicating the wear resistance increases with the decrease of
dilution rate. The reason for this phenomenon is that a few
additional elements in the substrate were introduced into the
cladding layer. During the high-speed laser cladding process, the
feeding powders were melted by a high-intensity laser beam
before injecting into the molten pool of substrate generating
strong metallurgical bonding between cladding layers and
substrate, and reducing the heat input to the substrate as well.
In addition, dynamic recrystallization (involving dislocation
tangles, and sub-grains) during the high-speed laser cladding
process also can enhance the wear resistance of Inconel 625
coatings38,39.

Corrosion properties
The corrosion resistance of Q245R steel substrate and Inconel 625
coatings were tested by an electrochemical method based on the
three electrodes system. As shown in Fig. 7, the open-circuit-
potential curve of Q245R steel substrate and Inconel 625 coatings
were given. Plots from open-circuit potential measurement
showed the Q245R steel exhibited the highest thermodynamic
tendency to corrode with −0.4751 V open-circuit-potential. The
open-circuit potentials of the Inconel 625 coated specimens were
displaced in a positive direction, i.e., were higher than that of
the Q245R steel substrate specimens. For the Inconel 625 coatings,
the values are −0.1433 V for S4, −0.0174 V for S5, and −0.1721 V
for S6, respectively (Table 4). Consequently, a great improvement
in the thermodynamic tendency to corrode is achieved by the
preparation of the Inconel 625 coatings on the surface of Q245R
steel.
As shown in Fig. 8, the polarization curve of Q245R steel

substrate and Inconel 625 coatings were given to evaluate their
corrosion resistance. For the Q245R steel substrate, the corre-
sponding self-corrosion potential is 0.4303 V, and the correspond-
ing self-corrosion current density is 5.414 × 10−7 A/cm2. For the
Inconel 625 coatings, the values are −0.2546 V and 4.008 × 10−8

A/cm2 for S4, −0.1905 V and 1.121 × 10−8 A/cm2 for S5, and
−0.2704 V and 1.1801 × 10−8 A/cm2 for S6, respectively (Table 5). It
is obvious that all Inconel 625 coatings possess a higher self-
corrosion potential and a lower self-corrosion current density,

suggesting that the Inconel 625 coatings have better corrosion
resistance under the experimental conditions. In addition, the
cathodic Tafel slope (βc) and anodic Tafel slope (βa) were also
given in Table 5. The slope of the cathode (βc) section of the
potentiodynamic polarization curve for the Inconel 625 coated
specimen is lower compared to the Q245R steel substrate (Table 5),
and the βc for Inconel 625 coatings: S4, S5 and S6 are similar.
Moreover, the anode segment slope (βa) of the linear sweep
voltammetry curves for the Inconel 625 coated specimen is higher
than the Q245R steel substrate (Table 5). From the polarization
curves of S4, S5, and S6, it can be found that the proper dilution

Table 3. Wear mass loss and bulk loss of Q245R, Inconel 625 coatings
on Q245R steel (S4, S5, S6) after 1200 s friction and wear test.

Specimens Density (g/cm3) Mass loss (g) Bulk loss (cm3)

Q245R steel 7.85 0.0043 5.48 × 10−4

S4 8.4 0.0036 4.23 × 10−4

S5 8.4 0.0033 3.93 × 10−4

S6 8.4 0.0028 3.33 × 10−4

Fig. 7 The open-circult-potential curve of Q245R steel substrate
(black) and Inconel 625 coatings on Q245R steel: S4 (green), S5 (red),
S6 (blue).

Table 4. The corresponding open-circuit-potential of Q245R steel
substrate and Inconel 625 coatings: S4, S5, S6.

Samples EOCP (V vs. SCE)

Q245R steel substrate −0.4751

S4 −0.1433

S5 −0.0174

S6 −0.1721

Fig. 8 The polarization curve of Q245R steel substrate (black) and
Inconel 625 coatings on Q245R steel: S4 (green), S5 (red), S6 (blue).
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rate benefit improves the corrosion resistance of Inconel 625
coating, and the dynamics tendency to corrode: S5 > S4 > S6 >
Q245R steel. Since some additional elements in the substrate were
introduced into the Inconel 625 coatings, the formation of a
corrosion-resistant phase in the coating. Therefore, controlling the
dilution rate of the cladding layer is a prerequisite for obtaining an
excellent corrosion-resistant Inconel 625 coating.
The value of the polarization resistance (Rp) of the Q245R steel

substrate, and Inconel 625 coatings: S4, S5, and S6 in an
aggressive chloride environment were collected in Table 6. The
polarization resistance (Rp) of the electrode (Q245R steel substrate,
and Inconel 625 coatings: S4, S5, and S6) is described by the Eq.
(3)40–43:

Rp ¼ βc βa
2:303 jcorrðβaþβcÞ (3)

The results suggest that all specimen surface covered with
Inconel 625 coatings has higher polarization resistance of the
electrode than that of Q245R steel substrate. The significant
increase in the Rp value for Inconel 625 coated specimen was
attributed to probably nickel and chromium oxides40. Therefore,
during the electrode process, the mass and charge exchange
between the electrode and the electrolyte solution slows down.
The corrosion rate (CR) of the Q245R steel substrate, and Inconel

625 coatings: S4, S5, and S6 were calculated in Table 6 based on

Table 5. The corresponding self-corrosion potential, corresponding
self-corrosion current density, βa, and βc, of Q245R steel substrate and
Inconel 625 coatings: S4, S5, S6.

Samples Ecorr (V
vs SCE)

jcorr (A/cm
2) βa (mV/

dec)
βc (mV/
dec)

Q245R steel
substrate

−0.4303 5.414 × 10−7 38.428 83.464

S4 −0.2546 4.008 × 10−8 46.201 45.547

S5 −0.1905 1.121 × 10−8 70.286 48.851

S6 −0.2704 1.1801 ×
10−8

49.428 48.346

Table 6. Polarization resistance (Rp) and corrosion rate (CR) of Q245R
steel substrate and Inconel 625 coatings: S4, S5, S6.

Samples Rp (mΩ/cm2) CR (mm/year)

Q245R steel substrate 21.10 0.628

S4 248.48 0.223

S5 1116.34 0.062

S6 899.29 0.066

Fig. 9 The electrochemical impedance spectroscopy of Q245R steel substrate (black) and Inconel 625 coatings on Q245R steel: S4
(green), S5 (red), S6 (blue). a Bode plots (frequency); b bode plots (phase angle); c nyquist plots; d equivalent electrical circuit curve
according to (a).
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the Eq. (4), which is recommended by ASTM G102-89 (2004)44:

CR ¼ K1
jcorr
ρ EW (4)

where jcorr= μA/cm2, k1= 3.27 × 10−3 mm g μA−1 cm−1 year−1,
ρ= 7.8 g/cm3 (Q245R steel), ρ= 8.4 g/cm3 (Inconel 625 coatings);
equivalent weight, EW= 27.93 (Q245R steel), EW= 24.82 (Inconel
625 coatings).
The surface corrosion rate of Q245R steel substrate is high, the

value of the corrosion rate was 0.628 mm/year. A drastic reduction
in the corrosion rate of the tested specimen surface covered with
Inconel 625 coatings. The results turned out that the CR of the
Inconel 625 coating (S6) is over ten times lower compared to that
of the Q245R steel substrate in an aggressive chloride environ-
ment (Table 6).
To further verify the above conclusions, the electrochemical

impedance spectroscopy (EIS) and equivalent electric circuit curve
are given in Fig. 9. From bode plots (Fig. 9a), the impedance of the
Inconel 625 coated specimens is bigger than that of Q245R steel
substrate at low frequencies (0.01 Hz). It means that a great
improvement in the dynamics tendency to corrode is achieved by
the preparation of the Inconel 625 coatings on the surface of
Q245R steel substrate40. In addition, the results show that the
impedance value of Inconel 625 coated specimens is independent

of its dilution rate, and a high dilution rate have a negative impact
on its impedance value. From the EIS curves of S4, S5, and S6, it
can be found that when the dilution rate is 1.51 (S5), the
impedance reaches the maximum. This phenomenon is caused by
increasing additional elements in the substrate introduced into
the Inconel 625 coatings deterioration of its corrosion resistance.
According to Bode-phase angle plots in Fig. 9b, more dispersed
points were obtained in all frequency ranges for Inconel 625
coated specimens. It means that a great improvement in the
dynamics tendency to corrode is achieved by the preparation of
the Inconel 625 coatings on the surface of the Q245R steel
substrate. It means that Inconel 625 coated specimens possess
better corrosion resistance than Q245R steel substrate40,42.
Nyquist plots in Fig. 9c show that low real and imaginary
impedance values for Q245R steel substrate exposed to NaCl
solution (3.5 wt%) are attributed to the chemical composition of
the water cut extracted45,46. Compared with the Q245R steel
substrate, all Inconel 625 coated specimens exhibit better
corrosion resistance tendency, due to their bigger real and
imaginary impedance values. Among the capacitive and charge
transfer resistance elements (CPE and Rct values listed in Table 7),
it is evident that impedance spectra of Q245R steel substrate
increased with Inconel 625 coated. The equivalent electrical circuit
curve shown in Fig. 9d is used to model the EIS spectra (Fig. 9c).
Electronic elements in Fig. 9d have the following meanings: Rs is
the electrolyte resistance between the working and reference
electrode; Rs is the polarization resistance and is inversely
proportional to the corrosion current density; Q is the constant
phase angle element (CPE) used to replace the interfacial
capacitance, where Y0 is a constant which may depend on the
electrode potential, and n is the frequency power: the capacitive
characteristic is more obvious if n is large, otherwise the resistive
property is more obvious when the n is small. Rct is the resistance
of materials. These results further confirmed that the lower CEP
and higher Rct will lead to better corrosion resistance for Inconel

Table 7. The icon means of equivalent electrical circuit curve in Fig.
9d.

Samples Rs (ohm
cm2)

CPE, Y0
(sec^n/cm2)

n (0 < n <
1)

Rct (ohm
cm2)

Q245R steel
substrate

12.11 2.037 × 10−4 0.8111 6271

S4 9.923 1.866 × 10−5 0.9106 5.686 × 105

S5 13.08 1.025 × 10−5 0.9066 4.004 × 106

S6 11.23 1.895 × 10−5 0.9033 5.638 × 105

Fig. 10 Microstructure and particle size distribution of Inconel 625 powder. a FESEM image; b locally magnified FESEM image of the a;
c, d particle size distribution.
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625 coated specimens than Q245R steel substrate, as shown in
Table 7, and the corrosion resistance: S5 > S4 > S6 > Q245R steel.
In this work, the phase composition, microstructure evolution,

microhardness, wear, and corrosion resistance behavior of high-
speed laser cladding Inconel 625 coating are analyzed. The main
collusion can be drawn as follows:

(1) The Inconel 625 coating was mainly composed of the γ-Ni
phase and the Nb/Mo-enriched laves phase. Cellular crystal,
columnar crystal, and equiaxed dendrites appear in the
bottom, middle, and top of the Inconel 625 coatings,
respectively.

(2) The average microhardness of Inconel 625 coatings was
recorded as 350 HV0.1, which is ~2.3 times higher than that
of Q245R steel substrate. The size relationship of the
hardness in the top of the coating, the hardness in
the middle of the coating, the hardness in the bottom of
the coating, and the hardness of the Q245R steel substrate is
as follows: the hardness in the top of coating > the hardness
in the middle of coating > the hardness in the bottom of
coating > the hardness of the Q245R steel substrate. The
differences between the hardness in the top of the coating,
the hardness in the middle of the coating, and the hardness
in the bottom can be ascribed to the significant difference in
microstructure in the different parts of the coating.

(3) The wear and corrosion resistance of the Inconel 625
coatings was better than the Q245R steel substrate.

METHODS
Materials preparation
Figure 10 shows the size, shape, and distribution of Inconel 625 powder.
Commercial-grade Inconel 625 powder (Höganäs, Sweden) with a nominal
size range of 24.1–98.1 μm was used to perform the subsequent high-
speed laser cladding process. The chemical composition of Inconel 625
powder was analyzed by an inductively coupled plasma optical emission
spectrometer (ICPE-9800, Shimadzu, Japan) and the results are given in
Table 8. The square-shaped Q245R structure steel with a length of 100mm,
a width of 100mm, and a thickness of 5 mm were used as the substrate.

Prior to high-speed laser cladding, the Inconel 625 powders were dried in
the oven for 1 h at 120 °C. Meanwhile, each substrate was ground using
400-grit SiC sandpaper, and then was ultrasonically cleaned by utilizing
deionized water and ethanol three times.

Coating deposition
High-speed laser cladding Inconel 625 coatings were fabricated by utilizing
fiber laser (ZKZM-4000, ZKZM, China) operated in continuous mode with
maximum laser power of 4000W. The powder was injected into a laser
molten pool with coaxial powder feeding driven by argon at a flow rate of
1.5 L/min. Figure 11 shows a schematic illustration of the high-speed laser
cladding process. As shown in Fig. 11, the experiment was carried out in a
protective chamber where the steam of argon as shielding gas was
continually supplied at a flow rate of 14.5 L/min to prevent oxidation of the
molten metal region. The overlapping of all Inconel 625 coatings
specimens is 80%.
To ensure better wear and corrosion resistance, proper process

parameters must be adopted, such as laser power, powder feeding rate,
and cladding speed, which have a significant influence on the thickness of
the Inconel 625 coatings layer, microstructural uniformity, dilution rate,
and mechanical properties. Here, multiple variations in laser power,
powder feeding rate, and cladding speed were carried out to obtain the
optimal processing parameters, as shown in Table 9.

Characterizations
The X-ray diffraction patterns of Q245R steel substrate and Inconel 625
coatings, Inconel 625 powder at different temperatures were collected by
using an X-ray diffraction station in Beijing Synchrotron Radiation Facility
(BSRF) with wavelength= 0.15401 nm. The scans were recorded between
20° and 120° with a step size of 0.02°. The microstructures of high-speed
laser-clad specimens were characterized by secondary electron and
electron backscattered diffraction (EBSD) techniques in a field emission
gun scanning electron microscope (FESEM, ZEISS SUPRA55). The collected
EBSD data was processed with Channel 5 analysis software. The
microstructures and phase structure were analyzed by means of
transmission electron microscopy (TEM, TecnaiG2F30 field emission
transmission electron microscope).
The three-dimensional (3D) surface morphology of the Inconel 625

coating specimen (S6) was characterized by a white-light interferometer
(State Key Laboratory of Tribology, Tsinghua University). The optical
interference method was used for quantitative measurement of the 3D
surface texture images, microscopic linear height, and average surface
roughness (Ra) of the Inconel 625 coating specimen.
The microhardness of coated specimens was performed using a Vickers

microhardness tester (Nano Indenter II) to measure the cross-sectional
hardness of the coatings. The selected test load was 0.3 kg and dwell time
was set to 15 s. The vertical profile from cladded region to the Q245R steel
substrate was acquired. A minimum of three adjacent indents were
performed and the average value was recorded. The linear friction and

Table 8. Chemical composition of Inconel 625 powder (wt.%).

Ni Cr Mo Cu Sd Sn Nb Fe Co Mn

63.35 21.87 9.5 0.324 0.023 0.05 3.64 0.753 0.066 0.39

Fig. 11 Schematic diagrams of Inconel 625 superalloy deposited on the Q245R structure steel by high-speed laser cladding.
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wear test of the Q245R steel substrate and Inconel 625 coatings specimens
in the length direction were carried out by using a Rtec MFT-5000 friction
and wear instrument. The reciprocating sliding mode was used in the
experiment. The coupling parts were Si3N4 ceramic balls with a load of
30 N, a single sliding length of 30mm, a sliding speed of 5mm/s, and a
sliding time of 20min.
The corrosion resistance of Q245R steel substrate and Inconel 625

coatings were tested by an electrochemical method based on a three
electrodes system (the three-electrode system electrolytic cell with Pt
sheet as counter electrode and Ag/AgCl electrode as reference electrode).
All the specimens were encapsulated by rosin in the PVC tube with a size
of 30mm. Only one side of the specimens were exposed to the outside
during the encapsulating process. The NaCl solution with a mass fraction of
3.5% was selected as the electrolyte. Before the electrochemical test, the
Q245R steel substrate and Inconel 625 coatings samples were soaked in
the electrolyte until the stable open-circuit potentials were reached. The
electrochemical impedance spectra (EIS) were measured in the scope of
105–0.01 Hz with the applied AC perturbation amplitude of 5 mV. The
ZSimpWin (Version 3.5) software was used to analyzed the EIS data. The
potentiodynamic polarization curves of Q245R steel substrate and Inconel
625 coatings samples were measured in the scope of −0.5 to 1.0 V (vs RHE)
using the scan rate of 0.5 mV/s.

DATA AVAILABILITY
The data that support the findings of this study are available from the corresponding
author upon reasonable request.
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