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Abstract Inconel 625 + WC composite coatings were
prepared on the surface of 2Crl3 steel by laser cladding.
The microstructure, microhardness and corrosion resis-
tance of the composite coatings with different WC contents
were investigated in detail. The results show that the phase
compositions of the composite coatings are mainly y-(Ni,
Fe) and various carbides. The content of WC has a sig-
nificant effect on the microstructure of the cladding layers.
When the WC content is 10 wt% and 15 wt%, the cladding
layer has developed columnar dendrites. However, the
20 wt% WC coating is mainly composed of cellular den-
drites and columnar dendrites. With the increase in WC
content, the average hardness of the composite coating
gradually increases. The average hardness of 20 wt% WC
coating is the highest (HV; 536.98), which is a factor of
2.64 greater than that of the 2Crl3 steel matrix. Electro-
chemical results show that all the composite coatings have
better corrosion resistance than 2Cr13 steel in 0.5 mol-L™"
HCI solution. The composite coating with 10 wt% WC has
the best corrosion resistance, its corrosion potential (Ecq)
is 0.78806 V higher than that of 2Cr13 steel, and the cor-
rosion current density (I.o) is only 0.86% that of 2Crl3
steel.
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1 Introduction

Turbine blades are the main components of the blast fur-
nace gas residual pressure recovery turbine (top pressure
recovery turbines, TRT). 2Crl3 stainless steel has been
widely used as the main material of TRT blades because of
its high fatigue strength and good comprehensive
mechanical properties [1]. Because of their long-term
operation in high-speed, dust-containing and corrosive
media environments, TRT blades will suffer severe ero-
sion, wear and corrosion, which greatly reduces the func-
tional accuracy of the original design, causing the blades to
fail prematurely [2, 3]. Owing to their high-precision
requirements, repairing the blades by traditional methods
such as built-up welding will cause blade deformation,
making it difficult to ensure their original sizes while also
being a time-consuming process [4]. To make TRT blades
safe and reliable for longer service time, adding a protec-
tive coating on the surface can be a cost-effective method.
However, due to their poor adhesion with the matrix,
coatings prepared by electroplating or spraying technology
may fall off during operation [5, 6]. As a new surface
modification technology, coatings obtained by laser clad-
ding have fine and compact structures and can metallur-
gically bond with the matrix, which can greatly improve
the wear resistance and corrosion resistance of the TRT
blades, thereby improving the service life of materials
[7-9]. The most typical powder for coating preparation by
laser cladding technology is Ni-based alloy powder which
has good self-deoxidization, good wettability and high-
temperature strength [10, 11]. Inconel 625 superalloy
cladding powder consists of an austenitic matrix phase with
fcc structure and secondary phases such as carbides,
intermetallic compounds (e.g., NisNb) and Laves [12—-14].
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It has excellent high-temperature chlorine corrosion resis-
tance [15—17], but its hardness is low (~ HV; 213), which
is not conducive for using as a single coating material in an
environment where wear occurs. To further improve the
wear resistance of the cladding layer, a certain amount of
hard ceramic powder (such as WC, TiC and SiC) is often
added to the Ni matrix powder [18]. Among the additives,
WC powder is a hard material with excellent wear resis-
tance and is widely used in surface engineering [19].
However, as a result of the large difference between the
melting points, linear expansion coefficients, elastic mod-
ulus and thermal conductivities of the ceramic material and
the metal matrix, large thermal stress is easily generated
during the cladding process, causing defects such as cracks
and holes in the cladding layer [20]. Hence, it is particu-
larly important to obtain a reasonable amount of WC
powder. Some of the studies have addressed the evolution
of WC-particle-reinforced Ni-based alloy coating proper-
ties with changes in WC content [19, 21].

To avoid the defects caused by the difference between
two thermal expansion coefficients, several studies have
been done to investigate the influences of the high-power
conditions on laser cladding WC-particle-reinforced Ni-
based alloy coatings. In this case, WC particles were
melted or reacted in the Ni matrix and inter-diffused with
the matrix elements to form and precipitate secondary
carbide phases during solidification, resulting in the sig-
nificant changes in the properties of the composite coating
[22, 23]. To further investigate the effects of the dissolution
of WC particles and the precipitation of secondary carbides
on the microstructure and properties of the coatings, in this
study, Inconel 625 4 WC composite coatings were pre-
pared on the 2Crl3 steel substrate by laser cladding tech-
nology. The effects of WC particle content on the
microstructure, phase composition, microhardness and
corrosion resistance of the composite coatings were studied
in detail. The results can provide a useful reference for
surface strengthening of TRT blades.

2 Experimental
2.1 Materials

2Cr13 martensitic stainless steel was used as the substrate
material, and the sample size was 100 mm x 100 mm x
10 mm. The substrate was firstly mechanically ground to
remove the surface oxide scale, then sanded with sandpaper
and cleaned with absolute ethanol to dislodge surface oil.
The cladding materials were WC + Inconel 625 mixed
powders in which the WC content was 10 wt%, 15 wt%
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and 20 wt%, respectively. The size of Inconel 625 powder
particles used in the experiment ranged from 53 to 125 pum
in diameter, and the chemical compositions are given in
Table 1. The WC used in the experiment was a high-purity
cobalt-coated tungsten carbide powder in which the content
of Co was 8.13 wt% and the particle diameter was
15-45 um. Different proportions of WC and Inconel 625
powder were mixed in a planetary ball mill (TJ-2L, China)
at 300 r-min~" for 2 h. The mixed powder was then placed
in a constant-temperature oven (200 °C) for 2 h before
conducting the laser cladding experiments.

2.2 Methods

Laser cladding was conducted using an IPG (Germany)
fiber laser with a wavelength of 1070 nm and the spot size
of 12 mm x 1 mm, while the position of the laser was
adjusted by a KUKA (Germany) six-axis linkage robot.
The mixed powders were synchronously fed into the
molten pool by the powder feeder, and the optimized
process parameters obtained in the previous stage were as
follows: laser power of 2400 W, powder feeding rate of
15 g-min~' and scanning speed of 5 mm-s~'. Argon gas
with flow rates of 10 and 5 L-min~" was used as shielding
and powder-carrying gas, respectively. The cladding
experiment entailed a single-pass and multi-layer super-
position method to obtain a certain thickness. After each
layer was melted, the oxide scale on the surface of the
cladding layer was cleaned using a wire brush, and a total
of four layers were coated. The schematic diagram of the
laser cladding process is shown in Fig. 1.

A molybdenum wire-cutting machine was used to cut
the cladding layered sample to a size of 10 mm x 10
mm x 10 mm. Cross sections perpendicular to the clad-
ding direction were selected for inlaying. After grinding
and polishing, an aqua regia solution (HNO5;/HCI = 1:3,
vol%) was used to corrode the samples for 15-20 s. The
qualities and morphologies of the cladding layers were
analyzed by using a Jiangnan MR3000 optical microscope
(OM) and a QUANTA FEG 450 field emission scanning
electron microscope (FESEM) equipped with an energy-
dispersive spectrometer (EDS). The phase compositions of
the cladding layers were analyzed by a D8 ADVANCE
X-ray diffractometer (XRD). Electron probe microanalysis
(EPMA) X-ray elemental maps were obtained using a 5

Table 1 Chemical compositions of Inconel 625 alloy powder (wt%)

C Cr Si Fe Mo Nb Ni

0.09 20.21 1.52 2.64 9.22 3.27 Bal.

Rare Met. (2021) 40(8):2281-2291
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Fig. 1 Schematic diagram of laser cladding process

WDS detector-equipped JXA-8530F PLUS electron
microprobe. The microhardness of the cladding layers from
the surface to the substrate was measured by an HVS-
1000Z microhardness tester under a load of 9.8 N and a
loading time of 10 s. To study the effects of WC addition
on the corrosion resistance of composite coatings, the
room-temperature electrochemical properties of three kinds
of coatings and matrix samples in 0.5 mol-L~' HCI solu-
tion prepared with deionized water were tested by using a
Princeton VersaSTAT 3F electrochemical workstation. A
three-electrode system was employed in the present study,
in which a platinum foil, a saturated calomel electrode
(SCE) and the specimen were used as auxiliary electrode,
reference electrode and working electrode, respectively.
The effective working area of the specimens was 1 cm?.
All the samples were immersed in the electrolyte solution
for 1 h to stabilize the open-circuit potential. The scanning
range of the potentiodynamic polarization curve was —1.2
to 1.2V, and the scanning rate was 0.5 mV-s~'. An
alternating current (AC) electrochemical impedance spec-
troscopy (EIS) test was performed at the open-circuit
potential with a voltage amplitude of 10 mV and a fre-
quency range of 1 x 1072 to 1 x 10* Hz.

3 Results and discussion
3.1 Microstructural characteristics

Figure 2 shows cross-sectional macroscopic morphologies
of the laser cladding WC + Inconel 625 composite coat-
ings. It can be seen that all the three coatings prepared by
the optimized process parameters have no obvious defects
such as cracks, pores or inclusions, the interfaces between
the coatings and the substrates are flat, and the thicknesses
of the coatings are approximately the same (1.0-1.2 mm).
When WC content is 10 wt% or 15 wt%, the coating is
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mainly composed of developed columnar dendrites. How-
ever, the coating structure exhibits obvious delamination
when the WC content is 20 wt%. Because each layer has
different corrosion resistance to aqua regia, the coating can
be divided into three layers with different brightness.

The detailed microstructures of the composite coatings
with different WC contents are shown in Fig. 3. It can be
seen from Fig. 3a, d, g that all the three coatings have a
white bright planar crystal ribbon at the bonding zone. This
ribbon is the transition region between the substrate and the
cladding layer, indicating that the coating forms good
metallurgical bonds with the substrate [24]. The planar
crystal thicknesses of the coatings with WC contents of
10 wt%, 15 wt% and 20 wt% are 14 pm (Fig. 3a), 6 pm
(Fig. 3d) and 8 um (Fig. 3g), respectively. For the com-
posite coatings with WC contents of 10 wt% and 15 wt%,
the microstructures are basically the same, and the struc-
tural features from the bonding zones to the top coatings
are mainly planar crystal, cellular and columnar crystals,
columnar dendrites and equiaxed crystals. As the solidifi-
cation progresses, the number of cellular crystals in the
coating gradually decreases, the number of columnar
crystals increases and becomes thinner, and fine uniform
equiaxed crystals appear in the region near the surface
layer of the coating. The columnar crystals of the coating
with 10 wt% WC content become slenderer and the sec-
ondary dendritic axis fines obviously at ~ 460 pum away
from the substrate (Fig. 2a, b). When WC content is
15 wt%, the microstructure of the coating is refined obvi-
ously at ~ 280 um away from the substrate. Compared
with that of the 10 wt% WC coating, the microstructure of
the 15 wt% WC coating is finer and has more compact and
stronger directivity columnar dendrites, with the primary
axis almost growing upward perpendicular to the fusion
line. However, the microstructure of the coating with a WC
content of 20 wt% changes significantly. The crystal
morphologies from the bonding zone to the top coating are
planar crystal, cellular crystals and columnar crystals, and
cellular dendrites and columnar dendrites; no equiaxed
crystals have appeared at the top of the coating. Moreover,
when WC content is 20 wt%, there is no transition inter-
face like that in the former two coatings. The structure
changes from columnar and cellular crystals to cellular
dendrites at ~ 280 um away from the substrate and from
cellular dendrites to columnar dendrites at ~ 720 pm
away from the substrate.

According to the theory of rapid solidification [25, 26],
the growth morphologies of the different regions of the
cladding layer are mainly determined by the temperature
gradient (G) and the solidification rate (R). When the laser
sweeps through the cladding layer, the liquid metal in
contact with the substrate forms a chilling solid-liquid
interface with a high G and a low R at the front edge.
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Fig. 3 OM images of composite coatings with WC contents of a—¢ 10 wt%, d—f 15 wt% and g-i 20 wt%

Therefore, the solidified structure at the bottom of the
molten pool will grow upward in a planar crystal. As the
distance from the fusion line increases, G gradually
decreases while the undercooling at the planar crystal
solid—liquid interface increases. At this time, numerous fine
crystal nuclei are generated, thereby producing cellular
crystals and columnar crystals. The redistribution of the
solute atoms in the liquid phase at the front of the solid—
liquid interface causes constitutional undercooling, and
protrusions will be formed on the sides of the cellular
crystals or columnar crystals. During the cladding process,
heat dissipation in the middle of the molten pool is mainly

@ Springer

carried out by the matrix, so the solidified structure tends to
grow along the direction of maximum heat dissipation (i.e.,
perpendicular to the planar crystal). When the solidification
reaches the surface of the molten pool, the upper part of the
cladding layer can radiate heat in multiple directions to the
surrounding environment (such as air). The melt is in a
deep undercooled state, and the nucleation rate of the
crystal is much higher than the growth rate. As a result,
non-directional equiaxed crystals (Fig. 3c, f) and columnar
dendrites (Fig. 3i) appear on the top of the coatings.

It should be noted that WC particles are not observed in
these three composite coatings. The absorption coefficient

Rare Met. (2021) 40(8):2281-2291
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of WC for a fiber laser is much higher than that for the
metal powder. During the experiment, some WC particles
are burning and the remaining particles melt and react with
the elements in the Ni alloy under the action of the high-
energy laser beam to precipitate new carbides or inter-
metallic compounds. The formation of such precipitates
can prevent the growth of y-Ni dendrites in the bonding
metal [21, 27]. For the upper and middle parts of the
cladding layer, the 15 wt% WC coating produces more
secondary carbides than the 10 wt% WC coating does, and
therefore, it has a stronger inhibition effect on y-Ni den-
drites, resulting in the finer microstructure. For the bottom
parts of the cladding layer, the actual content of WC in the
molten pool decreases because of the dilution of the sub-
strate, and the effect of WC is not obvious. Therefore, the
underlying structure of the cladding layer is relatively
coarse, and the structure transition interface appears like
that in Fig. 3b, e. In contrast, when WC content increases
to 20 wt%, increased absorption of the laser by WC min-
imizes the specific energy required to clad the coating with
the same thickness. Therefore, although the process con-
ditions for cladding the three coatings are the same, the
temperature of entire molten pool for 20 wt% WC coating
is higher and the temperature gradient in the liquid phase is
smaller. This promoted the growth trend of y-Ni dendrites
and thus coarsened the microstructure of 20 wt% WC
coating.

3.2 Phase analysis

Figure 4 shows surface XRD patterns of WC + Inconel
625 composite coatings. When WC content is 10 wt%, the
composite coating is mainly composed of y-(Ni, Fe),
M;3C¢ and NbC. When WC content is 15 wt%, the phase
of the coating is basically the same as that of 10 wt% WC,

1—y-(Ni,Fe) 2—M,C,
R 3NBC  4-MC
324 3 ) 1
4 Hil4 g 4 2
Ni-20 wt% WC
=
g ) 1
z 2 3 2
g 3 ) | ;e
= [Ni-15 wt% WC
1
2
2 H |
213 )
Ni-10 wt% WC
1 1 1
20 40 60 80 100

20/ ()

Fig. 4 XRD patterns of laser cladding coatings with different
contents of WC
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but the diffraction intensity of the (200) crystal plane
(20 = 50.76°) is obviously enhanced, which indicates that
the preferred orientation of the coating crystal grains
appears. As shown in Fig. 3e, f, the growth direction of
columnar crystals is more perpendicular to the direction of
the fusion line, that is, the solidification direction of the
molten pool. When WC content increases to 20 wt%, a few
new diffraction peaks of M¢C appear, and the content of
the y-(Ni, Fe) phase is significantly reduced. Diffraction
peaks of the same type of carbides are often overlapped, so
it is difficult to accurately determine the specific compo-
sition of carbides by XRD. Moreover, a single WC phase is
still not found in Fig. 4, indicating that WC has completely
melted during the laser cladding process and reacted with
the molten pool metal. According to the study by Fesharaki
et al. [28], after laser cladding of Inconel 625 powder on
Inconel 738 substrate, the phases of the cladding layer were
v-(Ni) + NbC + Laves. In comparison, it is found that,
because of the addition of cobalt-coated WC in this
experiment, some M,3C¢ and M¢C phases appear, and the
formation of the Laves phase is suppressed.

SEM images of the middle part of the composite coat-
ings with different WC contents are shown in Fig. 5. When
WC content is 10 wt% or 15 wt%, the middle part of the
coating is mainly dendritic (DR) and interdendritic (ID)
with a typical lamellar eutectic morphology. However,
when WC content is 20 wt%, two different microstructures
appear in the middle of the coating. Figure 5d—f shows the
microstructures of the coating from the top to the area near
the red dash boundary line in Fig. 5c (i.e., Layers 2 and 3),
in which the top of the coating is mostly developed
columnar dendrites, the directionality of dendrite growth is
weak, and intersects occur (Fig. 5d). Then, columnar
crystals and cellular crystal regions appear, a large amount
of white precipitates begin to precipitate from the grain
boundaries (Fig. 5e), and cross-distributed dendrites appear
below the boundary line (i.e., Layer 2) (Fig. 5f). As the
cladding layer solidifies from the substrate to the surface,
the dendrites after crystallization will release the latent heat
of crystallization downward, so that the dendrites below
have a negative temperature gradient perpendicular to the
primary crystal axis [20]. The secondary crystal axis can
continue to grow, and even the tertiary crystal axis may
appear, which obviously refines the solidification structure
of the coating.

Table 2 lists the chemical compositions of different
regions of the coatings corresponding to Fig. 5. Elements
such as C, Nb and Mo are mainly concentrated in grain
boundaries or in interdendritic regions of columnar and
cellular crystals (ID regions in Fig. 5a, b, e) and in den-
drites (DR regions in Fig. 5d, f). Combined with XRD
results in Fig. 4, this indicates that a large amount of car-
bides exist in these regions, and more v-(Ni, Fe) solid
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Fig. 5 SEM images of laser cladding coatings with WC contents of a 10 wt%, b 15 wt% and c—f 20 wt%

Table 2 EDS analysis results of composite coatings at different regions in Fig. 5 (wt%)

WC content/wt% Regions C Si Nb Mo Cr Fe Co Ni W

10 DR (Fig. 5a) 0.59 0.80 0.79 4.30 17.09 5.98 1.89 62.58 5.98
ID (Fig. 5a) 2.34 2.37 4.39 13.58 21.52 3.70 1.45 4191 8.75

15 DR (Fig. 5b) 0.81 0.80 0.67 3.81 16.84 13.86 1.91 56.21 5.10
ID (Fig. 5b) 1.95 0.81 1.67 7.27 21.57 11.42 2.08 45.33 7.89

20 DR (Fig. 5d) 222 1.43 2.57 6.93 15.97 5.81 2.18 50.19 12.69
ID (Fig. 5d) 0.90 1.07 1.38 3.76 16.46 7.10 2.71 58.27 8.35
DR (Fig. Se) 0.65 0.61 0.28 1.31 12.66 17.81 4.19 55.24 7.25
ID (Fig. 5e) 3.42 0.38 1.31 3.60 27.24 15.94 3.19 42.49 243
P (Fig. 5e) 228 1.54 2.68 8.57 12.70 6.22 1.36 23.42 41.22
DR (Fig. 5f) 2.10 1.39 1.85 5.00 12.87 15.22 3.10 33.41 25.05
ID (Fig. 5f) 0.52 0.50 0.23 1.39 13.80 24.66 4.30 48.56 6.05

solutions exist in the columnar crystal and the intracellular
or interdendritic crystal. In contrast, the white bulk material
deposited along the grain boundary in Fig. 5e contains a
large amount of W (41.22 wt%), and the contents of Nb
and Mo also increase with respect to that in the intra-
granular and grain boundaries.

To further confirm the phase variation in different
morphologies in WC coatings, EPMA elemental mapping
analysis was conducted for the 20 wt% WC coating
because it exhibits more phases and has a more complex
microstructure. The analysis area was selected near the
interface of Layers 2 and 3 in the 20 wt% WC coating to
identify the specific components of carbides, as shown in

@ Springer

Fig. 6. It is obvious that the phase having a morphology of
white strips or blocks with directional solidification char-
acteristics is enriched in W and Mo, which can be identi-
fied as MgC (more precisely (W, Mo)C) according to XRD
and EDS results. Nb is uniformly dispersed along grain
boundaries, as shown by the white irregular granular pre-
cipitates or eutectic structure in Fig. 6a, which can be
considered in the form of NbC. Cr is almost always enri-
ched at the grain boundaries and exists in the form of
Cr3Cg, which is consistent with the higher Cr content of
ID (Fig. 5e) in Table 2 and XRD results in Fig. 4. In
addition, the distributions of Ni, Fe and Co in the matrix
are very similar and these elements are in the form of a

Rare Met. (2021) 40(8):2281-2291
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solid solution state in the Ni matrix, which indicates that
the Co introduced from the Co-coated tungsten carbide
does not form a new phase during the cladding process.

3.3 Microhardness

Figure 7 shows the microhardness distribution curves of
composite coatings along the depth direction. It can be seen
that the portion of the bottom bonding region of the coating
(planar crystal and columnar crystal region) has a relatively
lower hardness compared to the surface layer and the

Rare Met. (2021) 40(8):2281-2291

middle portion because of the dilution of the substrate. In
addition, the heat-affected zone (HAZ) is greatly affected
by the laser heat input during the cladding process.
Martensite transformation occurs during rapid cooling, and
a quenched martensite structure is formed. Therefore, the
hardness of the HAZ is much higher than that of the sub-
strate. As WC content in the coating increases, the average
hardness of the coating also increases. The average hard-
ness values for the composite coatings with 10 wt%,
15 wt% and 20 wt% WC are HV; 382.84, HV; 427.82 and
HV, 536.98, respectively, which correspond to factors of
1.89, 2.12 and 2.64 times higher than the hardness of the
2Cr13 steel substrate (HV; 202). Normally, the hardness
and strength of metallic materials are generally positively
correlated. According to the Hall-Petch equation [29, 30],
as the grain refines (i.e., d decreases), the yield strength (a)
of the material will increase. Thus, the increase in hardness
of the 15 wt% WC coating compared to that of the 10 wt%
WC coating can be partly attributed to the refinement of the
microstructure of the cladding layer. When WC content is
20 wt%, Layers 2 and 3 consist mostly of dendritic eutectic
structures (y-(Ni, Fe) + carbides), while numerous white
bulk carbides are precipitated at the cellular grain bound-
aries of Layer 3. The microhardness of the 20 wt% WC
coating is greatly improved by the combined effect of fine
grain strengthening and precipitation strengthening.

@ Springer
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and 2Cr13 steel in 0.5 mol-L™" HCI solution

3.4 Electrochemical performance

Figure 8 shows electrochemical performance of the com-
posite coatings and 2Cr13 steel in 0.5 mol-L~' HCI solu-
tion. In the anodic dissolution zone of 2Crl3 steel
(potential interval of — 0.43 to — 0.25 V), the potential
density increases obviously with the increase in potential,
which is characterized by active dissolution. This is due to
the rapid dissolution of Fe, Cr and other elements, resulting
in the formation of cations, and the dissolution rate of the
anode is much higher than the formation rate of the passive
film on its surface. When the applied voltage is increased, a
very short passivation zone appears on the surface of 2Cr13
steel in the potential range of — 0.25 to — 0.11 V. Active
metal ions such as Fe and Cr ions are combined with O*~
in the HCI solution as a result of adsorption [31]. A thin
passivation film layer forms on the surface of 2Cr13 steel,
and this layer consists of oxides such as Fe;O4 and Cr,0s.
However, with the increase in applied voltage, the disso-
lution rate of the passive film on the surface of the sample
is much higher than the formation rate, which enhances the
anodic activity of the dissolution process on the surface of
the sample significantly and causes the passive film to lose
its protective effect very quickly. The serious corrosion on
the sample surface is strongly consistent with the results for
other stainless steels in a strong acid medium [32]. For
these three kinds of composite coatings, their polarization
degrees are all above that of 2Crl3 steel, indicating that
they have a positive self-corrosion potential. In the anodic
polarization region, there are three plateau potentials, but
the potential and interval of each plateau are different. For
the first plateau, the potential decreases rapidly after the
plateau appearing, which is the transition from activation to
passivation of the electrode reaction. However, the poten-
tial interval of the passivation region is very small, indi-
cating that the passivation film is dissolved quickly after its
formation. The appearance of the second plateau potential
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reveals that a new reaction may have occurred here. A new
passivation film is produced, but it is dissolved immedi-
ately after its appearance. After the third plateau, the cor-
rosion process enters a typical anode activation zone and a
pitting potential begins to appear. Among these three
coatings, the largest passivation potential of 0.55-0.93 V
occurs for the composite coating with WC content of
10 wt%, and its value drops to 0.70-0.94 V for the 15 wt%
WC coating.

The Ni-based powder contains large quantities of alloy
elements such as Cr (20.21 wt%), Mo (9.22 wt%) and the
matrix element Ni (> 60 wt%). According to the adsorp-
tion theory of passivation film formation [32, 33], the
combination of active metal ions with O*~ from the HCI
solution on the surface of the sample increases the corro-
sion potential of the metal and suppresses the corrosion
dissolution reaction of the metal and the solution. With an
increase in the applied voltage, passivation films with high
thermodynamic stabilities (such as Fe;O,4, NiO and Cr,03)
begin to form gradually. In general, the formation rate of
the passivation film is greater than dissolution rate, so the
corrosion current density increases slowly in the passiva-
tion interval, manifesting the protective effect of the pas-
sivation film. The chemical properties of Ni are stable,
which can reduce the anodic dissolution rate and improve
the corrosion resistance and passivation ability of the
coating [32, 34, 35]. However, when WC content reaches
20 wt%, no passivation zone appears. In addition, it can be
seen that the anodic polarization curves of the 15 wt% and
20 wt% composite coatings were all located below that of
the 10 wt% WC coating. The reduced corrosion resistance
of the coating can be attributed to the relatively lower Ni
content in the coating caused by the higher WC content.

Tafel fitting was performed on the parameters of the
polarization curve to obtain the self-corrosion potential
(Ecorr), the self-corrosion current density (icorr) and the
polarization resistance (R,). The fitting results are given in
Table 3. It can be seen from Fig. 8 and Table 3 that the
cathode polarization curves of the three composite coatings
and the substrate are substantially the same. Compared
with 2Cr13 steel, E., values of the 10 wt%, 15 wt% and
20 wt% composite coatings are 0.30864, — 0.12603 and
— 0.02047 V, respectively, and all of them exhibit a

Table 3 Fitting results of potential dynamic polarization curves in
0.5 mol-L™" HCI solution

Materials EcondV icord (A-cm™?) R,/Q

Ni-10 wt% WC coating 0.30864 27430 x 1075 4089.100
Ni-15 wt% WC coating  —0.12603  7.4685 x 107%  1327.400
Ni—20 wt% WC coating  —0.02047  1.9648 x 107>  1328.400
2Cr13 —0.47942  3.1813 x 107* 21.928
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positive shift, indicating that the corrosion resistances of all
the composite coatings are better than that of the 2Crl3
steel matrix. At the same time, the i, values of the three
composite coatings are significantly reduced compared to
that of 2Cr13 steel. i o value of the 10 wt% WC coating
(2.7430 x 107 A-cm™?) is only 0.86% that of 2Cr13 steel
(3.1813 x 107~* A-cm™?), and the polarization resistance
(Rp) is 186 times higher than that of 2Cr13 steel. Based on
the comprehensive analysis above, it can be concluded that
the 10 wt% WC composite coating has the best corrosion
resistance.

Figure 9 shows EIS spectra of the composite coatings
and 2Cr13 steel in 0.5 mol-L ™" HCI solution. It can be seen
from the Nyquist plots (Fig. 9a) that the impedance spec-
trum of 2Cr13 steel in a 0.5 mol-L ™" HCI solution consists
of a high-frequency capacitive reactance loop and a low-
frequency inductive loop, which is a typical impedance
spectrum of alloy steel in strongly acidic corrosive media
[36]. The high-frequency capacitive reactance loop is clo-
sely related to the electron transfer process on the surface
of the sample, while the low-frequency inductive loop is
mainly caused by the adsorption of corrosion products on
the surface of the sample. However, the three composite
coatings exhibit a capacitive reactance loop throughout the
impedance spectrum, indicating that the electrode reaction
is an interfacial reaction control process over the test fre-
quency range. The larger the radius of the loop is, the larger
the total impedance of the sample is, and the better the
corrosion resistance is [37, 38]. The 10 wt% WC com-
posite coating has a much larger capacitive reactance loop
than the other two composite coatings, indicating that
10 wt% WC composite coating has the best corrosion
resistance. The impedance (IZ1) of the low-frequency region
(0.01-1.00 Hz) reflects the impedance of the corrosion
reaction [39, 40]. It can be seen from the Bode curves
(Fig. 9b) that the impedance of the three composite coat-
ings in this frequency range is much higher than that of
2Cr13 steel. This demonstrates that the aggressive ions in
the HCI solution have greater difficulty in acting on the

substrate through the passivation film on the surface of the
composite coating, so the composite coating acts as an
effective protection barrier to the substrate in 0.5 mol-L™"
HCI solution. Generally, the ability of the composite
coating to inhibit electrode penetration is related to the
peak of the phase angle of the intermediate frequency
region [39]. The higher the peak value is, the better the
corrosion resistance is. It can be seen from Fig. 9c (Bode
curves) that the phase angles (0) of the three composite
coatings reach maxima in the range of 10-1000 Hz. The
10 wt% WC composite coating has the highest 0,,,, (close
to — 90°), which indicates that the passivation film on the
surface of the sample tends to be a pure capacitor insulation
layer, and the passivation film has strong protection ability
for the sample. According to the polarization curves
(Fig. 8) and EIS curves (Fig. 9), the corrosion resistances
of these three composite coatings are better than that of
2Cr13 steel. The highest corrosion resistance is achieved
by the composite coating with 10 wt% WC, and the cor-
rosion resistance of the composite coating with 20 wt%
WC is slightly greater than that of 15 wt% WC coating.

4 Conclusion

Inconel 625 + WC composite coatings without oxide
inclusions, cracks or other defects can be prepared on the
surface of 2Cr13 steel substrate under suitable laser clad-
ding process parameters, and they exhibit good metallur-
gical bonding with the substrate. WC content has little
effect on the phase composition of the composite coatings,
but it significantly affects the microstructure. The
microstructures of composite coatings with WC contents of
10 wt% and 15 wt% are similar and are mainly composed
of columnar dendrites. When WC content is 20 wt%, the
structures in middle and top of the coating are mostly
dendrites, and numerous blocky carbides are precipitated.
Moreover, the original WC particles cannot be observed in
all the three coatings. When WC content is 10 wt%, the

4 -
—-Ni-10 wt% WC| —=—Nji- 0
a ~NLISweWC| 4 P SNCiSweewe | B0t €
—3 —+-Ni-20 wt% WC ——Ni-20 wt% WC
L 2013 = ——2Crl3 60
: s
o 2 80} g 40
= § FNIQW% WE =2 o
=1 S40r 17 Rewc N 20}
N W 2.1 Ni-10 wt% WC
! s 0r ——Ni-15 wt% WC
0 0 20 40 60 ——Ni-20 wt% WC
, 2 (Qem?) | . ol— . ; . , . 0 Lo : —-2Cr13 ,
0 5 10 15 20 -2 -1 0 2 3 4 -2 -1 0 1 2 3 4
Z'1 (10° Q-cm™) lg(f/ Hz) lg(f/ Hz)

Fig. 9 EIS spectra of different samples in 0.5 mol-L ™' HCI solution: a Nyquist plots and b, ¢ Bode plots (Z, real part of impedance; Z”,

imaginary part of impedance)

Rare Met. (2021) 40(8):2281-2291

@ Springer



2290

Z.-H. Tian et al.

composite coating has the best corrosion resistance. And
when WC content is 20 wt%, the average hardness of the
composite coating is the highest.
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