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WC-Co reinforced C276 alloy composite coatings are fabricated on Q235 steel by laser melting deposition. The
microstructure, hardness, wear performance, and electrochemical corrosion behavior of composite coating are studied.
The results show that WC-Co particles are mostly uniformly distributed in the coating and provide favorable conditions
for heterogeneous nucleation. The microstructure of C276/WC-Co composite coatings is composed of γ-Ni solid solution
dendrites and MoNi solid solution eutectics. The WC-Co particles can effectively improve the hardness and wear resistance
of C276 alloy. The average hardness of the composite coating containing 10-wt% WC-Co (447 HV0.2) are 1.26 times
higher than that of the C276 alloy (356 HV0.2). The wear rate of composite coating containing 10-wt% WC-Co (6.95×
10−3 mg/m) is just 3.5% of that of C276 coating (196.23×10−3 mg/m). However, comparing with Hastelloy C276，the
corrosion resistance of C276/WC-Co composite coating decreases.

Keywords: WC-Co, wear resistance, corrosion resistance, laser melting deposition
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1. Introduction
Hastelloy C276 has been extensively used in the oil,

oceanic, and chemical industries due to its excellent strength
and corrosion resistance.[1–4] However, low hardness and
weak wear resistance have been a problem that limits the appli-
cation of this material in harsh environments where the wear
and the corrosion co-exist. For example, the impeller of ag-
itator used in the petrochemical industry suffers the impact,
corrosion, and abrasion of substances such as liquid and pow-
der during the long-term mixing process, which leads to the
deformation and defects of the impeller and affects the mix-
ing performance. Therefore, it is necessary to improve the
hardness and wear performance of Hastelloy C276, in order to
extend the service life of components and reduce costs. Ex-
tensive studies have been conducted to improve the properties
of Hastelloy C276. For example, Hashim et al.[5] and Yil-
bas and Ali[6] enhanced the hardness and wear resistance of
Hastelloy C276 through laser surface treatment. Mulligan et
al.[7] deposited C276 alloy coating with hardness four times
higher than that of bulk C276 alloy prepared by plasma en-
hanced magnetron sputtering.

In addition to the above technology, ceramic particles can

be added to the metal material to form a metal matrix com-
posite (MMC) to improve hardness and wear resistance.[8–10]

The WC-Co is one of the widely used hard particles due to its
high hardness and excellent mechanical properties.[11–13] Up
to now, many researchers have paid much attention to WC-Co
reinforced composite coatings. Krishna et al.[14] had a con-
clusion that the wear rate of Al7075-6-wt% WC-Co cermet
based composite is lower than that of the unreinforced Al7075
alloy in all applied conditions. Hao et al.[15] studied the wear
mechanism of the NiCoCrAlYTa/WC-Co composite coatings,
indicating that the hardness of the friction pair plays an essen-
tial role in its tribological properties. Gu and Shen[16] reported
that high WC-Co content can cause WC reinforced particles to
agglomerate obviously in copper matrix composites. Guo et
al.[17] reached the same conclusion that the excellent wear re-
sistance of the NiCrBSi/WC-Co composite coatings is related
to the synergy among the compact structure, higher hardness,
and adhesive strength rather than higher proportion of WC-Co.

Laser melting deposition (LMD) is an important branch
of metal additive manufacturing.[18] In the LMD process, the
metal powder fed coaxially is melted by a high-energy laser,
rapidly solidified and deposited layer by layer. Due to its
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good net-forming ability, LMD is widely used to manufacture
the nickel-based alloys and composite materials with excellent
properties.[19–21]

Therefore, the primary purpose of this paper is to fabri-
cate the WC-Co reinforced C276 composite coating without
visible defects by laser melting deposition to improve hard-
ness and wear resistance.

Besides, the microstructure and electrochemical corro-
sion behavior of C276/WC-Co composite coatings are investi-
gated.

2. Materials and methods
2.1. Materials

The substrate is Q235 steel with dimensions of 200 mm
× 50 mm× 10 mm, its surface is cleaned by the laser cleaning
machine. The particle sizes of Hastelloy C276 powder are in
a range between 60 µm and 140 µm, and its chemical compo-
sitions are shown in Table 1. The spherical WC-Co particles
(chemical compositions are shown in Table 2) with a size of
about 45 µm–100 µm are added into C276 powder, separately,
in the proportion of 0, 10, 15, 20 wt%, and then uniformly and
mechanically stirred for 60 min at a speed of 1200 r/min in a
VC-5 high-efficiency mixer. The morphology of C276 powder
and WC-Co powder are shown in Fig. 1.

(a) C276

40 μm

(b) WC-Co

40 μm

Fig. 1. Morphology of powders (a) C276 and (b) WC-Co.

Table 1. Chemical compositions of Hastelloy C276 powder (in unit wt%).

Cr Fe V Si Mn Mo W C Ni

15.5 3.0 0.5 0.5 1.2 16.0 4.5 0.12 Bal.

Table 2. Chemical compositions of WC-Co powder (in unit wt%).

Co C Fe O W

11.9 5.3635 0.0028 0.10 Bal.

2.2. Experimental process

The LMD system consists of fiber laser RFL-C1000
(Raycus, laser wavelength 1060 nm, rated output power 1 kW,
spot diameter 2 mm), robot (MOTOMAN-MH24, Yaskawa),
powder feeder (RC-PGF-D2, Raycham), and chiller (Doluyo).
The distance between the coaxial powder feeding nozzle and
the substrate was 30 mm. The experiment was conducted in
an argon atmosphere (argon was used to feed the powder and
prevent the composites from being oxidized). After a large

number of process parameter experiments, the flow rate of ar-
gon gas was determined to be 5 L/min, and the powder feeding
speed was 6.4 g/min. The laser power was 700 W, and the laser
scanning speed was 10 mm/s. The 0-, 10-, 15-, and 20-wt%
WC-Co composite C276 coatings were manufactured by the
above process parameters, and the overlap ratio between two
adjacent melt racks was 50%. A schematic diagram of the
LMD process and scanning strategy are shown in Fig. 2.

shield gas

heat affected zone substrate

molten pool

laser beam

powder

deposition layer

argon chamber 

(a) (b)

Fig. 2. Schematic diagram of (a) LMD process and (b) scanning strategy.

2.3. Properties testing

The composite coatings were cut perpendicular to the
laser scanning direction in order to prepare metallographic
samples, which were followed by grinding and polishing, and
then the samples were etched in an etching solution of HCL:
HNO3 = 3:1. The microstructure and elements distribution
were analyzed by metallographic microscope CX40M (Sdp-
top), scanning electron microscope (SEM) (ZEISS Sigma 300,
equipped with x-ray energy spectrometer (EDS), accelerating
voltage 15 kV). The phases of the composites were analyzed
by D/max-2500 x-ray diffraction (XRD) (Cu target, 40 kV,
140 mA).

Hardness values of specimens were measured by a digital
hardness tester HV-1000 with a load of 1.96 N and a dwelling
time of 10 s. The distance between two adjacent hardness
points was 100 µm. Sliding friction coefficient was measured
by a test block-ring wear tester M-2000. The material of the
grinding ring was GCr15 (hardness 60±2 HRC and outer di-
ameter 50 mm). The size of each specimens was 12 mm ×
10 mm × 10 mm. The wear specimens experienced dry slid-
ing friction tests under a load of 200 N. The rotating speed
of the grinding ring was 200 r/min and the wear time was
60 min. Surface morphology of worn specimens was scanned
by a phase-shift MicroXAM-3D interferometer.

The electrochemical tests included Tafel potentiodynamic
polarization and electrochemical impedance spectroscopy
(EIS). All the electrochemical corrosion experiments were
conducted in 3.5-wt% NaCl solution on the CHI604 electro-
chemical workstation with a conventional three-electrode bat-
tery at room temperature. In the electrochemical measurement
system, a platinum sheet was used as a counter electrode, a
saturated calomel electrode (SCE) acted as a reference elec-
trode, and the surface of the samples with an exposed area of
0.3 cm2 served as a working electrode. Before Tafel and EIS
tests, the working electrode was immersed in 3.5-wt% NaCl
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solution for 1 h to reach a stable value of the open-circuit volt-
age (OCP). The EIS was performed in a frequency range of
10−2 kHz–105 kHz with an amplitude of 10 mV. Potentiody-
namic polarization was tested in a potential range from −2 V
to 2 V at a scanning rate of 0.01 V/s.

3. Results and discussion
3.1. Microstructure and phase composition
3.1.1. Cross-sectional morphology of composite coat-

ings

The cross-sectional morphologies of composite coatings
with different proportions (0, 10, 15, 20 wt%) of WC-Co parti-
cles are shown in Fig. 3. The average thickness of the compos-
ite coatings with two layers are approximately 1.34, 1.29, 1.51,
and 1.23 mm, respectively. In the LMD process, the substrate
is melted by a high-energy laser to form a molten pool. The
effect of Marangoni convection, gravity, and buoyancy result
in a strong fluid flow in the molten pool,[22] causing Fe ele-
ments in the substrate to diffuses into the coatings (Fig. 3(a)),
which indicates a good metallurgical bonding between coat-
ings and substrates. The composite coatings with 0-wt% and
10-wt% WC-Co particles are observed without visible defects.
As shown in Figs. 3(b)–3(d), the white WC-Co particles are
mostly uniformly distributed in the composite coatings. When
WC-Co is added to 15 wt%, defects, big pores (approximately
200 µm) and local cracks appear in the composite coatings.
The defects in Fig. 2(c) may be the origin of cracks. The lon-
gitudinal cracks perpendicular to the laser scanning direction
are found in the composite coating containing 20-wt% WC-
Co. The crack generally originates from the interface between
the coating and the substrate, and extends through the WC-
Co along the temperature gradient, and then passes through
the whole composite coatings (Fig. 3(d)). In addition, spalling
caused by WC-Co particles is found in the composite coating
containing 15-wt% and 20-wt% WC-Co.

When the WC-Co content is high, the interaction between
adjacent hard particles where WC-Co aggregates is prone to
cause structural segregation, resulting in increased structure
stress and cracks.[23] Generally, laser energy is more easily
absorbed by WC-Co particles than by C276 alloy. Thus, more
WC-Co particles will cause a higher temperature gradient and
more significant thermal stress with C276 matrix due to the
difference in thermal expansion coefficient, which is easy to
form cracks.[24] As is well known, LMD is a non-equilibrium
solidification process with rapid heating and rapid cooling,
which means that the life of the molten pool is very short.
As a result, Un-melting WC-Co particles and precipitates hin-
der the molten pool from flowing, thereby increasing the re-
sistance of the gas to the surface, which is easy to create pores
and defects.[25] With the increase of WC-Co particles, the in-
fluence of these factors on the composites becomes more crit-

ical. Therefore, it can be concluded that the addition of exces-
sive WC-Co particles will lead the pores and cracks to increase
in the composite coatings, which accords well with the result
reported previously.[17]

Pores, defects, and even cracks are present in the com-
posite coatings containing 15-wt% and 20-wt% WC-Co parti-
cles, which is inconsistent with the purpose of improving the
wear resistance of the material and extending the service life
of components. Therefore, the follow-up research of compos-
ite coatings with 15-wt% and 20-wt% WC-Co particles will
not be conducted in the following.

substrate

(a) 0 wt% WC-Co

200 μm

interface

(b) 10 wt% WC-Co

substrate 200 μm

interface

WC-Co

(c) 15 wt% WC-Co

substrate 200 μm

interface
defect

pore
spalling

crack

(d) 20 wt% WC-Co

substrate 200 μm

interface

spalling

crack

Fig. 3. Cross-sectional morphology of C276/WC-Co composite coating with
WC-Co content of (a) 0 wt%, (b) 10 wt%, (c) 15 wt%, and (d) 20 wt%.

3.1.2. Phase composition of composite coatings

The XRD patterns of C276/WC-Co composites are
shown in Fig. 4. It can be seen that the main phases of C276
alloy are composed of face-centred-cubic (fcc) γ-Ni solution,
MoNi,[26,27] while C276/WC-Co composite coating contain
new phases, such as α-Co, WC, W2C, and M6C (Co3W3C,
Fe3W3C, Ni3Mo3C).[25]

In order to further study the phase composition of com-
posites with 0-wt% and 10-wt% WC-Co particles, the XRD
spectra in a range of 2θ = 42◦–45◦ are amplified (shown in
Fig. 4(b)). With the addition of WC-Co particles, the cen-
ter of the diffraction peaks is shifted. It can be observed that
when adding 0-wt% and 10-wt% WC-Co particles, the spec-
tral peaks appear at 43.633◦ and 43.489◦, respectively. On
the one hand, the W and Co alloy atoms decomposed by WC-
Co are dissolved into the γ-Ni dendrites in the LMD process,
which causes the diffraction peak to shift towards a lower an-
gle due to the atomic radius of the W and Co atoms being
larger than that of Ni atom.[28] On the other hand, the residual
tensile stress in the composite causes the lattice to anisotropi-
cally concentrate and distorte, which also leads the diffraction
peak to shift towards a lower angle.[29] Therefore, the position
of the diffraction peak in the XRD pattern of the composite is
shifted leftwards.
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Fig. 4. XRD patterns of C276/WC-Co composite coatings with WC-Co content of (a) 2θ = 20◦–100◦ and (b) 2θ = 42◦–45◦.

3.1.3. Morphology at interface of WC-Co and C276

As can be seen in Fig. 5, Ni, Cr, and Mo in the C276
matrix diffuse into WC-Co particles, C, W, and Co in WC-
Co diffuse into the matrix, indicating that the WC-Co parti-
cles partially melt and have a good metallurgical bond with
C276 matrix. Furthermore, according to the EDS results of
points 1 and 2 (Table 3), there are Mo-rich and W-rich precipi-
tates at the interface of WC-Co and C276 matrix. As shown in
Fig. 5(c), dendrites grow outwards on the surface of WC-Co.
Based on the EDS results at point 2 and point 3, the chemical
compositions of dendrite are similar to Mo-rich and W-rich

precipitates. When rapid cooling and non-equilibrium solidi-
fication start in the LMD process, the partially-melted WC-Co
can provide the nuclei for heterogeneous nucleation and the
growth of dendrites at the interface between WC-Co and C276
matrix is related to the melting degree of WC -Co particles.

Table 3. EDS results of element content at different points in Fig. 5 (in
unit wt%).

C Cr Fe K Co K Ni K Mo L W M

Point 1 10.76 9.12 3.22 1.01 18.79 24.15 32.95
Point 2 10.7 8.89 1.17 1.64 19.55 19.7 38.36
Point 3 11.45 8.78 1.09 1.69 20.19 19.61 37.19
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Fig. 5. (a)–(c) Microstructures and (d)–(f) SEM line scanon edge of WC-Co particles (line scan from bottom to top, with black line referring to
scanning position).
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Figure 6 shows the microstructures in the middle of com-
posite coatings with different content values of WC-Co, which
are mainly composed of parallel dendrites and interdendritic
eutectics. The central microstructure of composites is mainly
coarse Ni-rich primary dendrites (Fig. 6(a)). According to the
EDS analysis in Table 4, the primary Ni-rich dendrites (A and
C) are γ-Ni solid solutions in which elements Cr, Mo, W, Fe,
Co are dissolved. In addition, it can be observed that the eu-
tectic region is rich in W, Mo and depleted in Ni, Fe, Co com-
pared with the dendrite region. The remaining liquid becomes
rich in Mo and W due to the rejection of these elements into
the liquid phase during the solidification, giving rise to eu-
tectic phase frozen with higher contents of Mo and W. This
phase is confirmed by EDS and XRD, with MoNi serving as
a solid solution.[27] Comparing with C276 alloy without WC-
Co particles, more content of W is dissolved in the dendrite
and eutectic regions.

A

B

C

D

dendrites

eutectics

dendrites

eutectics

eutectics

eutectics

(a) 0 wt% WC-Co

4 μm

(b) 10 wt% WC-Co

(c) 0 wt% WC-Co (d) 10 wt% WC-Co

4 μm

2 μm 2 μm

Fig. 6. Microstructures in the middle of C276/WC-Co composite coatings
with WC-Co content of [(a) and (c)] 0 wt% and [(b) and (d)] 10 wt%.

Table 4. EDS analysis of element content at different points in Fig. 6
(in unit wt%).

Ni Cr Mo W Fe C Co

A 64.54 19.79 10.03 1.66 3.89 – –
B 52.62 12.97 11.95 8.87 4.64 8.12 0.83
C 39.94 16.47 33.16 8.07 2.36 – –
D 30.85 13.32 25.4 14.55 2.59 12.92 0.36

3.2. Hardness

Figure 7 shows the hardness curves of C276/WC-Co
composite coatings along the depth direction of coatings. The
undissolved WC-Co particle area in the coatings is avoided
during the hardness test. The average hardness of the compos-
ite coating containing 10-wt% WC-Co (447 HV0.2) is 1.26
times higher than that of the C276 alloy (356 HV0.2). En-
hancement of hardness can be achieved by solid solution hard-
ening, precipitation, dispersion, and microstructure refinement
as well as by work hardening.[30] When WC-Co is decom-
posed in the molten pool, W and Co elements are solid-solved
into the γ-Ni dendrites and eutectic region, which plays a role

in the solid solution strengthening of composite coatings. Be-
sides, the precipitates rich in Mo and W (as shown in Fig. 4)
and WC-Co particles can block the movement of dislocations,
resulting in the improvement of the hardness of the composite
coatings.
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Fig. 7. (a) Microhardness plots of C276/WC-Co composite coatings with
different WC-Co content values and (b) average microhardness.

3.3. Wear resistance

The variations of friction coefficient of C276/WC-Co
composite coatings with sliding distance under dry sliding test
condition at room temperature are shown in Fig. 8(a). As the
sliding cycles of wear increases, the friction coefficient tends
to be stable. The average friction coefficient of C276 alloy is
0.66 in the stable stage. However, the friction coefficient of
the composite coating with 10-wt% WC-Co particles first de-
creases and then tend to stabilize. In the initial stage of wear,
the C276 matrix is first worn, and the friction coefficient has
a maximum value of 0.59 at this time. As the wear process
progresses, the C276 matrix and WC-Co particles are worn to-
gether. The friction coefficient decreases to a minimum value
of 0.51, and then increases to 0.55 in the stable stage. It can
be seen that the friction coefficient of the composite coating
with 10-wt% WC-Co is lower than that of C276 coating at all
stages. As is well known, the friction coefficient is inversely
proportional to the corresponding hardness.[31] The hardness
of the composite coating with 10-wt% WC-Co is higher than
that of pure C276 coating. As mentioned above, the precipi-
tates rich in Mo and W and WC-Co particles to improve the
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hardness of composite coatings, which also results in the im-
provement of their wear resistance. Figure 8(b) shows that
the wear mass loss and wear rate of sample decrease as the
WC-Co increases. The wear mass losses of composites with
0-wt% and 10-wt% WC-Co are 0.2437 and 0.0131, respec-
tively. The wear rate of composite coating containing 10-wt%
WC-Co (6.95× 10−3 mg/m) is just 3.5% of that of C276 al-
loy (196.23× 10−3 mg/m). This result shows that the wear
property of composite is significantly improved.
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Fig. 8. (a) Friction coefficient of C276/WC-Co composite coatings with
different WC-Co content values and (b) wear mass loss and wear rate
versus WC-Co content.

In order to further study the wear mechanism of
C276/WC-Co composite coatings, the surface morphology of
the sample after dry sliding wear and the schematic diagram of
the wear process are shown in Figs. 9 and 10, respectively. The
wear degree of the composite coating with 10-%wt WC-Co is
significantly lower than that of the C276 coating without WC-
Co. It can be observed that the wear surface of the C276 alloy
has many visible plowing grooves and spalling pits as well as
severe plastic deformation (Fig. 9(a)), suggesting that adhe-
sive wear and abrasive wear occur in the wear process.[15,32]

At the beginning of dry sliding wear, the surface of the coating
directly contact the grinding ring, and cold-welding points are

generated at the contact points. With the proceeding of the dry
sliding wear process, welding points are cut and fall off the
coating to become abrasive debris, which leads the spalling
pits to appear on the coating surface. At this time, the friction
interface changes from the friction between the wear ring and
the coating to the friction among the wear ring, the coating
and debris. In the wear process, the abrasive wear occurs and
plowing grooves appear on the coating surface.

plowing groove

spalling pit

plowing groove

(a) 0 wt% WC-Co

30 μm

(b) 10 wt% WC-Co

Fig. 9. Morphologies of samples with WC-Co content of (a) 0 wt% and (b)
10 wt% after dry sliding wear.

Figure 9(b) shows that the plowing grooves appear on
the surface of the sample, indicating that abrasive wear dom-
inates the composite coating containing 10-wt% WC-Co. Af-
ter adding WC-Co, the plowing grooves on the surface of the
coating becomes shallow. The C276 matrix coated on the sur-
face of the WC-Co particles is preferentially worn until the
WC-Co particles are exposed (Fig. 10(b)). The WC-Co par-
ticles are hard to pull out from the C276 matrix due to the
excellent bonding between the two. And the high hardness
WC-Co particles increase the resistance of the friction pair,
which can protect the C276 matrix from being cut from wear
ring in the dry sliding wear process to restrain abrasive wear
(Fig. 10(c)).[33] Besides, the higher hardness of the compos-
ite coating containing 10-wt% WC-Co than that of the C276
coating is also a reason for improving the wear resistance.

The wear tracks on the sample surface after dry sliding
wear are shown in Fig. 11. The wear degree can be char-
acterized by the depth and width of the wear. Obviously, it
can be seen from the three-dimensional morphology that the
C276 coating is severely worn, and its wear depth and width
are 388 µm and 8.14 mm, respectively. Comparing with the
C276 coating without WC-Co, the wear depth (113 µm) of the
composite coating containing 10-wt% WC-Co is significantly
shallower, and the wear width (2.17 mm) is narrower, indi-
cating that only slight wear occurs. This result indicates that
the addition of WC-Co particles can significantly improve the
wear resistance of Hastelloy C276.

WC Co C276 WC Co debris C276 debris

(a) (b) (c)

Fig. 10. Schematic diagram of wear process.

016802-6



Chin. Phys. B Vol. 30, No. 1 (2021) 016802

0 2 4 6 8 10
-200

-100

0

100

200

300

W
o
rn

 d
e
p
th

 (
m
m

)

Worn width (mm)

 0 wt% WC Co
 10 wt% WC Co

-4.0

-2.0

2.0

4.0
1.0

0

-1.0

-100.0

100.0
200.0

0

0

z (mm)

y (mm)

x (mm)

(a) (b) (c)

-4.0

-2.0

2.0

4.0

1.0

0

-1.0

-100.0
-50.0

100.0

0

0

z (mm)

y (mm)

x (mm)

Fig. 11. Three-dimensional surface profile of worn tracks of samples with WC-Co content of (a) 0 wt%, (b) 10 wt%, (c) depth and width curves of worn
tracks, after dry sliding wear.

3.4. Electrochemical corrosion behavior of composite
coatings

Figure 12 shows the potentiodynamic polarization curves
of C276/WC-Co composite coatings with different WC-Co
content values in a 3.5-wt% NaCl solution. Table 5 shows
the relevant parameters obtained from the polarization curve,
such as corrosion current density (icorr), corrosion potential
(Ecorr), and polarization resistance (Rp), passive current den-
sity (ip). Typically, the corrosion potential represents the ther-
modynamic trend of the corrosion process.

Table 5. Electrochemical parameters obtained from polarization curves
of samples with different WC-Co content values.

Samples icorr (µA/cm2) Ecorr (VSCE) Rp (kΩ/cm2) ip (µA/cm2)

C276 3.657 –0.746 11.861 12.303

10-wt% composite 8.852 –0.964 4.918 14.125
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Fig. 12. Potentiodynamic polarization curves of C276/WC-Co composite
coatings with different WC-Co content values in 3.5-wt% NaCl solution.

Obviously, the corrosion potential of composite coating
containing 10-wt% WC-Co is lower than that of C276 coat-
ing, indicating that it is easier for corrosion reactions to hap-
pen. The corrosion current density (icorr) of composite coat-
ing containing 10-wt% WC-Co (8.852 µA/cm2) is higher than
that of C276 coating (3.657 µA/cm2), which means that the
corrosion rate of 10-wt% composite coating is faster. The po-
larization resistance of composite coating containing 10-wt%
WC-Co (4.918 kΩ/cm2) is only 41% that of C276 coating
(11.861 kΩ/cm2). It can be observed from potentiodynamic

polarization curves that the composite coatings contain 0-wt%
and 10-wt% WC-Co have obvious passivation zones (∆E,1
and ∆E,2), demonstrating that both samples have evident pas-
sivation behaviors. Generally, the lower passive current den-
sity (ip) means the difficult passivation of the alloy.[34] Com-
pared with the C276 coating without WC-Co, the composite
coating containing 10-wt% WC-Co is prone to electrochemi-
cal corrosion due to the higher ip value.

Figure 13 shows the EIS results of C276/WC-Co compos-
ite coatings with different WC-Co content values in 3.5-wt%
NaCl solution. Equivalent circuits of composite coatings con-
taining 0-wt% and 10-wt% WC-Co for fitting the EIS data are
R(Q(R(CR))) and R(Q(RW))(CR), respectively. In the equiv-
alent circuit, Rs is the solution resistance, CPE1 is the con-
stant phase element, Rct is the charge transfer resistance, Rf

refers to the film resistance of the passive film, Rw represents
the Warburg impedance caused by semi-infinite diffusion, Cdl

and Cf correspond to the double-layer capacitance and the ca-
pacitance of the passive film, respectively. The χ2 values of
composite coatings containing 0-wt% and 10-wt% WC-Co are
2.65×10−3 and 2.65×10−4, respectively, indicating a good fit
between the equivalent circuit and experimental results. The
fitting results of EIS data are summarized in Table 6. The Rct

and Rf value of composite coating containing 10-wt% WC-Co
are only 26% and 3% that of C276 coating, respectively. This
reveals the fact that the corrosion resistance of composite coat-
ing containing 10-wt% WC-Co is reduced compared with that
of C276 coating. As is well known, the larger the capacitor
arc radius, the impedance modulus values |Z|, and the maxi-
mum phase angle, the better the electrochemical corrosion re-
sistance of the material is. As can be seen in Figs. 13(b)–13(d),
the capacitor arc radius, the impedance modulus and the max-
imum phase angle of composite coatings containing 10-wt%
WC-Co are all smaller, which is consistent with the results of
potentioldynamic polarization, so the corrosion resistance of
the composite coating with 10-wt% WC-Co decreases. This
phenomenon is because of the increasing content of carbides
after adding WC-Co, which leads the number of galvanic cells
to increase in the coating, and thus quickening the electro-
chemical corrosion rate.

016802-7



Chin. Phys. B Vol. 30, No. 1 (2021) 016802

WC Co

0 2 4 6 8 10 12 14 16 18
0

1

2

3

4

5

6

7

↩
Z
′′
 (

k
W
Sc

m
2
)

0

10

20

30

40

50

60

70

-
P
h
a
se

 (
O
)

10-2 10-1 100 101 102 103 104 105
101

102

103

104

105

L
o
g
|Z

| 
(W
Sc

m
2
)

Log frequency (Hz)

10-2 10-1 100 101 102 103 104 105

Log frequency (Hz)

 0 wt% WC Co
 fitting result
 10 wt% WC Co
 fitting result

(a)

(c)

(b)

(d)

0 wt%

WC Co

Rs

Rf

Rct

Cdl

CPE1

Rs

Rct

CPE1

W

Cf

RfRw

0 wt% WC Co

10 wt% WC Co

10 wt% 

 0 wt% WC Co
 fitting result
 10 wt% WC Co
 fitting result

 0 wt% WC Co
 fitting result
 10 wt% WC Co
 fitting result

Z′ (kWScm2)

Fig. 13. EIS results of C276/WC-Co composite coatings with different WC-Co content values: (a) equivalent circuit, (b) Nyquist diagram, [(c)
and (d)] Bode diagram.

Table 6. Fitting results of EIS data for samples with different WC-Co content values.

Samples Rs (Ω/cm2)
CPE1 n1

Rct Rf (Ω/cm2)
RW Cdl Cf

(10−6 S·sn·cm−2) (kΩ/cm2) (10−3 S·s5·cm−2) (µF·cm−2) (nF· cm−2)

0-wt% WC-Co 43.88 79.59 0.799 16.10 1131 – 1.049 –
10-wt% WC-Co 9.546 90.91 0.806 4.18 30.8 9.95 – 19.1

4. Conclusions

The C276/WC-Co composite coatings with different WC-
Co content values are fabricated by LMD. The microstructure,
hardness, wear performance, and electrochemical corrosion
behavior are measured and analyzed. The main conclusions
can be drawn below.

(i) The composite coatings with 0-wt% and 10-wt% WC-
Co particles are observed to have no obvious defects. The lon-
gitudinal cracks caused by structural segregation and thermal
stress are found respectively in the composite coatings con-
taining 15-wt% and 20-wt% WC-Co particles.

(ii) The main phases of C276 alloy are composed of fcc
γ-Ni solution and MoNi, while C276/WC-Co composite coat-
ings contain new phases, such as α-Co, WC, W2C, and M6C.

(iii) The WC-Co particles are uniformly distributed in the
composite coatings. The growth of dendrites at the interface
between WC-Co and C276 matrix is related to the melting de-
gree of WC-Co particles. After adding WC-Co, nano-eutectics
are finer and more clearly distributed between the dendrites.

(iv) The C276/WC-Co composite coating shows higher
hardness and better resistance wear than C276 coating, which
can be attributed to the increase of the number of hard particles
as well as the protective effect of WC-Co.

Comparing with C276 coating, the electrochemical cor-
rosion resistance of the C276/WC-Co composite coating de-
creases due to the increasing of carbide content.

References
[1] Kesavan J, Senthilkumar V and Dinesh S 2020 Mater. Today Proc. 27

2441
[2] Kong Y, Wang L and Yin Z 2018 Mater. Res. Express 6 2
[3] Subramanian R, Natarajan B, Kaliyaperumal B and Chinnasamy R

2019 Mater. Res. Express 6 6
[4] Zhang C, Zhang L W, Shen W F, Xu Q H and Cui Y 2017 J. Alloys

Compd. 728 1269
[5] Hashim M, Sarath Raghavendra Babu K E, Duraiselvam M and Natu

H 2013 Mater. Des. 46 546
[6] Yilbas B S and Ali H 2016 Opt. Lasers Eng. 78 140
[7] Mulligan C P, Wei R H, Yang G, Zheng P Y, Deng R P and Gall D 2015

Surf. Coatings Technol. 270 299
[8] Mishra T K, Kumar A and Sinha S K 2020 Mater. Today Proc. 26 2
[9] Zhang Z H, Wang X, Zhang Q Q, Liang Y H, Ren L Q and Li X J 2019

Opt. Laser Technol. 119 105622

016802-8

https://doi.org/10.1016/j.matpr.2019.09.214
https://doi.org/10.1016/j.matpr.2019.09.214
https://doi.org/10.1088/2053-1591/aaf2b6
https://doi.org/10.1088/2053-1591/ab093a
http://dx.doi.org/10.1016/j.jallcom.2017.09.107
http://dx.doi.org/10.1016/j.jallcom.2017.09.107
http://dx.doi.org/10.1016/j.matdes.2012.10.024
http://dx.doi.org/10.1016/j.optlaseng.2015.10.015
http://dx.doi.org/10.1016/j.surfcoat.2015.02.030
http://dx.doi.org/10.1016/j.surfcoat.2015.02.030
https://doi.org/10.1016/j.matpr.2020.02.294
http://dx.doi.org/10.1016/j.optlastec.2019.105622
http://dx.doi.org/10.1016/j.optlastec.2019.105622


Chin. Phys. B Vol. 30, No. 1 (2021) 016802

[10] Lakshmikanthan A, Bontha S, Krishna M, Koppad P G and Ramprabhu
T 2019 J. Alloys Compd. 786 570

[11] Nie H B and Zhang T Q 2019 Tungsten 1 198
[12] Wang H B, Hou C, Liu X, Liu X M and Song X Y 2018 Int. J. Refract.

Metals Hard Mater. 71 122
[13] Li F K, Yan Y Q, Li S Q, Wei D B, Wang S Y, Ding F, Duan B Z, Wang

Z Z and Zhang P Z 2019 Surf. Coat. Technol. 374 1100
[14] Krishna U G, Ranganatha P, Rajesh G L, Auradi V, Kumar S M and

Vasudeva B 2019 Mater. Today Proc. 16 343
[15] Hao E K, Zhao X Q, An Y L, Deng W, Ren Y, Zhou H D and Chen J

M 2019 Int. J. Refract. Met. Hard Mater. 84 104978
[16] Gu D D and Shen Y F 2006 Mater. Lett. 60 3664
[17] Guo H J, Li B, Lu C, Zhou Q and Jia J H 2019 J. Alloys Compd. 789

966
[18] Liu D, Zhang S Q, Li A and Wang H M 2009 J. Alloys Compd. 485 156
[19] Yuan K B, Guo W G, Li P H, Wang J J, Su Y, Lin X and Li Y P 2018

Mater. Sci. Eng. A 721 215
[20] Gu D D, Meiners W, Wissenbach K and Poprawe R 2012 Int. Mater.

Rev. 57 133
[21] Song H Y, Lei J B, Xie J C, Wu S K, Wang L T and Shou W 2019 J.

Alloys Compd. 805 551
[22] Nerz J E, Kushner B A and Rotolico A J 1992 J. Therm. Spray Technol.

1 147

[23] Zhang L, Chen X M, Liu W, Jiang Z P, Zhao P and Liu D Y 2019 Laser
& Optoelectron. Prog. 56 111401 (in Chinese)

[24] Xia M J, Gu D D, Ma C L, Zhang H M, Dai D H, Chen H Y, Li C P,
Zhou Z J, Chen G F and Kelbassa I 2019 J. Alloys Compd. 777 693

[25] Erfanmanesh M, Shojarazavi R, Abdollahpour H, Mohammadiansem-
nani H, Barekat M and Hashemi S H 2019 Int. J. Refract. Met. Hard
Mater. 81 137

[26] Lu S P and Kwon O 2002 Surf. Coatings Technol. 153 40
[27] Ahmad M, Akhter J I, Iqbal M, Akhtar M J, Ahmed E, Shaikh M A and

Saeed K 2005 J. Nucl. Mater. 336 120
[28] Jia Q B and Gu D D 2014 J. Alloys Compd. 585 713
[29] Xu Y, Zhang T, Li L A, Li H D, Lu X Y and Jin Z S 2009 Chin. J.

Mater. Res. 23 264
[30] Ahmad M, Akhter J I, Akhtar M, Iqbal M, Ahmed E and Choudhry M

A 2005 J. Alloys Compd. 390 88
[31] Lu J Z, Cao J D, Lu H F, Zhang L Y and Luo K Y 2019 Surf. Coatings

Technol. 369 228
[32] Pereira J C, Zambrano J, Licausi M, Tobar M J and Amigo V 2015

Wear 330 280
[33] Weng Z K, Wang A H, Wu X H, Wang Y Y and Yang Z X 2016 Surf.

Coatings Technol. 304 283
[34] Dai N W, Zhang L C, Zhang J X, Zhang X, Ni Q Z, Chen Y, Wu M L

and Yang C 2016 Corros. Sci. 111 703

016802-9

http://dx.doi.org/10.1016/j.jallcom.2019.01.382
http://dx.doi.org/10.1007/s42864-019-00025-6
http://dx.doi.org/10.1016/j.ijrmhm.2017.11.013
http://dx.doi.org/10.1016/j.ijrmhm.2017.11.013
http://dx.doi.org/10.1016/j.surfcoat.2019.05.014
https://doi.org/10.1016/j.matpr.2019.05.100
http://dx.doi.org/10.1016/j.ijrmhm.2019.104978
http://dx.doi.org/10.1016/j.matlet.2006.03.103
http://dx.doi.org/10.1016/j.jallcom.2019.02.290
http://dx.doi.org/10.1016/j.jallcom.2019.02.290
http://dx.doi.org/10.1016/j.jallcom.2009.05.112
https://doi.org/10.1016/j.msea.2018.02.014
https://doi.org/10.1016/j.msea.2018.02.014
http://dx.doi.org/10.1179/1743280411Y.0000000014
http://dx.doi.org/10.1179/1743280411Y.0000000014
http://dx.doi.org/10.1016/j.jallcom.2019.07.102
http://dx.doi.org/10.1016/j.jallcom.2019.07.102
http://dx.doi.org/10.1007/BF02659015
http://dx.doi.org/10.1007/BF02659015
https://doi.org/10.3788/LOP56.111401
https://doi.org/10.3788/LOP56.111401
http://dx.doi.org/10.1016/j.jallcom.2018.11.056
http://dx.doi.org/10.1016/j.ijrmhm.2019.02.025
http://dx.doi.org/10.1016/j.ijrmhm.2019.02.025
http://dx.doi.org/10.1016/S0257-8972(01)01555-9
http://dx.doi.org/10.1016/j.jnucmat.2004.09.010
http://dx.doi.org/10.1016/j.jallcom.2013.09.171
http://www.cjmr.org/CN/abstract/abstract8915.shtml
http://www.cjmr.org/CN/abstract/abstract8915.shtml
http://dx.doi.org/10.1016/j.jallcom.2004.08.031
http://dx.doi.org/10.1016/j.surfcoat.2019.04.063
http://dx.doi.org/10.1016/j.surfcoat.2019.04.063
https://doi.org/10.1016/j.wear.2015.01.048
https://doi.org/10.1016/j.wear.2015.01.048
http://dx.doi.org/10.1016/j.surfcoat.2016.06.081
http://dx.doi.org/10.1016/j.surfcoat.2016.06.081
http://dx.doi.org/10.1016/j.corsci.2016.06.009

	1. Introduction
	2. Materials and methods
	2.1. Materials
	2.2. Experimental process
	2.3. Properties testing

	3. Results and discussion
	3.1. Microstructure and phase composition 
	3.1.1. Cross-sectional morphology of composite coatings
	3.1.2. Phase composition of composite coatings
	3.1.3. Morphology at interface of WC-Co and C276

	3.2. Hardness 
	3.3. Wear resistance
	3.4. Electrochemical corrosion behavior of composite coatings

	4. Conclusions
	References

