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WC-10Co-4Cr cemented carbide coating has the advantages of superior wear property and corrosion resistance. WC-
10Co-4Cr coatings were prepared on 304 stainless steel substrates by different thermal spray technologies including
atmospheric plasma spraying (APS), detonation spraying (DS), high velocity oxy-fuel spraying (HVOFS), and high
velocity air-fuel spraying (HVAFS), respectively. The microstructure, tribological properties and corrosion resistances
of WC-10Co-4Cr coatings were systematically investigated and compared. The results showed that the Vickers hardness
of cemented coatings prepared by APS, DS, HVOF, and HVAF, which were all higher than those of 304 stainless steel,
were 771.4 HV, 954.2 HV, 1166.2 HV, and 1162.2 HV, respectively. The volume wear rate of 304 stainless steel was
about (36.82+0.80)x10°> mm?3N-m. The volume wear rates of APS, DS, HVOF, and HVAF coatings, which were all
lower than that of 304 stainless steel, were about (7.93+0.30)x10° (1.51+0.20)x10%, (1.17+0.10)x10°5, and
(1.10+0.10)x10"> mm3/N-m, respectively. In addition, the average friction coefficients of 304 stainless steel substrate,
APS coating, DS one, HVOF one and HVAF one were about (0.68+0.03), (0.56+0.02), (0.48+0.01), (0.44+0.01) and
(0.4340.01), respectively. Spalling, microcracks perpendicular to the friction direction, and grooves parallel to the
friction direction can be found in the wear marks of WC-10Co-4Cr coatings. Abrasive wear and fatigue wear are the
main wear mechanisms of the cemented coatings. During the wear test, the carbide particles in DS, HVOF and HVAF
coatings gradually became the main body bearing the friction load. Then the wear resistance of the latter three coatings
was all superior to that of APS. Moreover, HVOF and HVAF coatings have better wear performances. For corrosion
resistance from high to low were HVAF coating, DS one, HVOF one and APS one, respectively. The HVAF coating
demonstrated the highest corrosion potential (-0.37+0.01 Vsce), smallest corrosion current density (1.75+0.02 pA/cm?),
and largest corrosion resistance (20438.5 Q) here. The APS coating had the poorest corrosion resistance among these

four coatings.
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1. INTRODUCTION

WC-10Co-4Cr cemented carbide coating has obvious
advantages including wear resistance, fatigue resistance,
high temperature resistance, corrosion resistance and so on.
It can be widely used as a protective coating on the surface
of aircraft landing gear, hydraulic cylinder, valve, water
pump mold and so on [1]. WC-10Co-4Cr cemented carbide
coatings are usually prepared by atmospheric plasma spraying
(APS), detonation spraying (DS), high velocity oxy-fuel
spraying (HVOFS) and high velocity air-fuel spraying
(HVAFS). APS, which possesses some advantages
including high temperature, high energy and high
efficiency, is one of the most commonly used coating
preparation technologies currently [2]. HVOF, which is
widely used to prepare dense coatings with high interlayer
bonding strength, has special characteristics including low-
temperature and high-speed flame flow [3]. HVAF
technology can effectively reduce the degree of oxidation
and decarburization of WC coatings during the spraying
process due to its relatively low temperature and high
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spraying speed [4]. DS technology utilizes the enormous
energy generated by oxygen and gas ignition explosions to
heat and accelerate particles. And then coatings prepared
by DS have high density and bonding strength owing to
extremely high flight speed and sufficient melting degree
of feedstock during spraying [5]. WC-10Co-4Cr coating
was prepared on the surface of stainless-steel friction pairs
using APS technology by Yuan et al. [6]. Phase structure,
corrosion friction characteristics, and electrochemical
characteristics of the ceramic coating were investigated. As
reported by Yuan et al. [7], two types (nanoscale and
microscale) of grain size WC-10Co-4Cr coatings were
prepared by APS from nano-aggregated powder and micro-
aggregated one. And the influences of grain size on the
microstructure and friction properties of APS coatings
were systematically analyzed. WC-10Co-4Cr protective
coating was prepared on the surface of 304 stainless steel
substrate by using HVOF as reported in the work of Huang
et al. [8]. And they found out that good friction and
corrosion performances of the HVOF coatings were
attributed to the synergistic effects between the WC phase
for bearing load and the metal bonding phase for producing
passivation. Yang et al. [9] prepared WC10Co4Cr coatings
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using hydrogen fuel and kerosene liquid fuel HVOF
spraying equipment under 9 different process conditions.
The effect of fuel type on the microstructure, residual
stress, and mechanical properties of HVOF coatings were
investigated in their work. And they found that the friction
and wear resistance of HVOF WC-10Co-4Cr coating was
superior to that of Cri2MoV cold working die steel. Murthy
et al. [10] prepared WC-10Co-4Cr coatings and CrsCo-
20(NiCr) coatings by HVOF and DS, respectively. The
wear resistance of DS coatings was slightly better than that
of HVOF ones due to the higher residual compressive
stress of the former. Moreover, the wear resistance of WC-
10Co-4Cr coating was higher than that of CrsC,-20(NiCr)
one. In another work of Murthy et al. [11], WC-10Co-4Cr
coatings were prepared by using HVOF and DS,
respectively. And they found that density, microhardness,
and residual compressive stress of DS coatings were all
higher than those of HVOF ones. As a result, the corrosion
resistance of DS coatings was better than that of HVOF
ones. Thakare et al. [12] reported the synergistic effect
between wear and corrosion of DS WC-10Co-4Cr coatings
in alkaline environments. As reported by Samodurovaet al.
[13], a WC-10Co-4Cr coating with submicron carbide
grains and a porosity of less than 0.5 % was prepared on
the surface of Al-Cu-Mg alloy by using DS. WC-10Co-4Cr
coatings were prepared on 304 stainless steel from three
different particle size raw materials by using HVAF in the
work of Huang et al. [14]. And they found out that the
erosion wears of the coatings were mainly caused by micro
cutting and fatigue peeling at 30° and 90° erosion angles,
respectively. As reported by Chen et al. [15], WC-10Co-
4Cr coatings were prepared by using HVOF and HVAF
techniques, respectively. And they found that the rolling
force of next-generation lithium battery rollers can be
improved by HVAF coatings as their microhardness,
bonding strength and wear resistance were all higher than
those of HVOF ones. Wu et al. [16] found that the
comprehensive performance of WC-10Co-4Cr coatings
prepared by HVOF and supersonic plasma spraying (SPS)
were similar. WC-10Co-4Cr coatings exhibited mainly
abrasive wear after wear test at 560 r/min for 10 hours,
while mainly abrasive wear and contact fatigue occurred
after wear test at 1120 r/min for 10 hours. Picas et al. [17]
reported that in-flight particle characteristics had a
significant effect on the porosity, hardness and corrosion
resistance. The highest corrosion resistance was obtained
with those parameters that allowed a sufficient melting of
the agglomerates while minimizing the decarburization of
the WC particles. Recently, ultrasonic vibration-assisted
cored wire arc additive manufacturing has been used to
improve microstructure and wear performance of WC-
reinforced 316L composite coatings [18]. Laser shock
peening was used to optimize the microstructure and
surface integrity of ceramic-reinforced metal-matrix
composite coatings [19]. The particle floating and transfer
behavior during cored wire arc additive manufacturing
provided valuable insight into the evolution of
reinforcement distribution and defect formation [20].
However, there are few reports on comparative
analysis of the microstructures, tribological properties, and
corrosion performances of WC-10Co-4Cr coatings
prepared by different thermal spraying technologies. As a

result, WC-10Co-4Cr coatings were prepared on 304
stainless steels by using APS, DS, HVOF, and HVAF,
respectively. The microstructures, phase constitutions,
wear behavior, and corrosion resistance of these four
coatings were systematically analyzed and compared.

2. EXPERIMENTAL PROCESS
2.1. Coating preparation methods

The particle size, flow rate, apparent density, specific
heat capacity, and thermal conductivity of WC-10Co-4Cr
powder (Praxair Surface Technology Co. Ltd., USA) were
(18~45) um, 12.8 (s-50g?), 5.7 (g-cm3), 502 (J-kg?t-K?),
75 (W-m*-K1), respectively. WC-10Co-4Cr powder was
treated in a drying oven at 100 °C for 30 min to improve
flowability. The surface of 304 stainless steel substrates
(with a size of 140 x 30 x 6 mm) was cleaned by acetone
first, and then they were grit blasted by 120# Al.Os;
particles (with sandblasting parameters of 0.4 MPa
pressure and 80-100 mm distance) to get a coarse and
fresh surface.

An APS machine (DH-1080, Shanghai Dahao spraying
machinery equipment Co., Ltd., China) was selected to
prepare NiCrAlY bond coat and ceramic top coat. The
APS parameters, including spray power, spray distance,
powder feed rate, Ar gas flow rate and H gas flow rate for
preparing NiCrAlY bond coat were 26 kW, 120 mm,
0.167 (dm*s™') and 0.0222 (dm?3-s™), respectively. Those
parameters for preparing WC-10Co-4Cr top coat were
33kw, 120mm, 0.833g's?, 0.222dm*s!' and
0.0278 dm*-s™', respectively.

A DS machine (Dnieper-3, National Academy of
Science, Ukraine) was selected to prepare WC-10Co-4Cr
top coat and NiCrAlY board one. The DS parameters,
including oxygen flow rate, acetylene flow rate, working
frequency, powder feed rate, spray angle and spray
distance, were 0.417 dm*s?!, 0278 dm?*s’!, 4s7!,
1.33 gs™!, 90° and 170 mm, respectively.

The parameters including oxygen flow rate, kerosene
flow rate, combustion pressure, powder feed rate, carrier
gas flow rate, spray distance and gun moving speed for
preparing WC-10Co-4Cr coating using a HVOFS machine
(JST5000, Suzhou Jishengte Machinery Equipment Co.,
Ltd., China) were 0.417 dm*-s', 0.250 dm*-s™!, 0.65 MPa,
2.00g-s", 0.0833 dm*s', 350 mm and 500 mm-s?,
respectively.

WC-10Co-4Cr coating was prepared by a HVAFS
machine (Mzh, Unique Coat, USA). The system is
equipped with an M3TM spray gun, with air, propane and
N, as combustion aid, fuel, and carrier gas, respectively.
The HVAF parameters including air pressure, propane
pressure, powder feed rate, carrier gas flow rate, spray
angle, and spray distance were 1.08 MPa, 1.14 MPa, 2.00
g's1,0.0167 dm*-s™!, 90°, and 360 mm, respectively.

2.2. Friction and wear test

The microhardness was measured using a Vickers
hardness tester (Buehler 5410, Buehler Ltd., USA) with a
load of 100 g (0.98 N) and a loading time of 15 seconds.
The average value was taken from the hardness data
measured from 5 points. The friction experiments of WC-



10Co-4Cr coating were investigated on a ball-on-disk
high-temperature friction and wear tester (GF-1, Lanzhou
Zhongke Kaihua Technology Development Co., Ltd.,
China) in accordance with ASTM D6279-2003(2013).
Friction parameters including load, speed, dwell time, and
sliding distance were 60 N, 10 r's?, 30 min and 5 mm,
respectively. SisNg4 balls with a diameter of 6 mm were
selected as the counterbodies here. The friction coefficient
was recorded by a computer during the wear test.
Moreover, the reported friction coefficient was the
arithmetic mean value from three experiments under same
conditions. Cross-sectional morphologies of the wear
marks were analyzed, and the wear volume loss of thermal
sprayed coatings was calculated by a material surface wear
mark measuring instrument (MT-500, Lanzhou Zhongke
Kaihua Technology Development Co., Ltd., China). The
running distance of the probe was 3 mm. The wear volume
loss was then calculated from the measured cross-sectional
area of the wear track and the sliding trajectory. Finally,
the specific wear rate was obtained by dividing the wear
volume by the applied load and the total sliding distance.

2.3. Electrochemical corrosion test

The electrochemical corrosion behaviors of the WC-
10Co-4Cr coatings and 304 stainless steel at room
temperature were investigated by the polarization method
in 3.5mass % NaCl solution using an electrochemical
workstation (CHI660E, Shanghai Chenhua Instrument Co.,
Ltd., China). The specimens were polished to a mirror
surface, and sealed by epoxy resin to expose an area of
1cm x 1cm for the corrosion test. During the corrosion
test, a conventional three-electrode cell was used, with a
coating sample, saturated calomel electrode (SCE), and
platinum foil as working, reference, and auxiliary electrode,
respectively. The potential was scanned at a sweep rate of
1 mV-s! from -700 to 1500 mV relative to open-circuit
potential (OCP). The electrochemical test was repeated
three times to ensure the accuracy of data.

2.4. Microstructure and phase analysis

Particle size distribution of WC-10Co-4Cr powder was
measured by a laser particle size analyzer (LA-950, Horiba
Ltd., Japan). The morphologies of feedstock, thermal
sprayed coatings, wear debris, worn surfaces of coatings
and SisNs ceramic balls, electrochemical corrosion
surfaces of WC-10Co-4Cr coatings and 304 stainless steels
were characterized by a scanning electron microscope
(TescanMira4, Tescan Orsay Holding, Czech Republic).
An energy dispersive spectrometer (AztecLiveOneXplore
30, Oxford, UK) was used to measure the element map
distribution of a cross-section of a single powder. The
phase constituents of WC-10Co-4Cr powder and thermal
sprayed coating were analyzed by the X-ray diffractometer
(Bruker D8 Advance, Bruker, Germany) with Cu Ka ray
(A=1.54056 A). The voltage, current, scanning speed,
scanning range and step size were 40 kV, 40 mA, 2(°-min’
1), 0°-100° and 0.02°, respectively.

3. RESULTS AND DISCUSSION
3.1. Microstructural characterization

Most of WC-10Co-4Cr powders are spherical as
shown in Fig.1la. White and dark gray phases are
observed in the cross-section of a single powder particle,
which is agglomerated from numerous fine primary
particles, as shown in Fig. 1 b. It can be seen that W is
mainly distributed in the white area (see Fig. 1 c), while Co
and Cr are mainly distributed in the dark gray area (see
Fig. 1 d and Fig. 1 e). It can be concluded that the white
area is mainly composed of WC ceramic phase, while Co-
Cr bonding phase is mainly distributed in the dark gray
area. In addition, the average particle size of WC-10Co-
4Cr powder is 30 um. And the main particle size
distribution of feedstock is ranging from 18 to 45 um,

Fig.1. Cross-section of WC-10Co-4Cr powder: a—panorama;
b—high magnification image of single powder particle;
c—W; d-Co; e—Cr distribution map

The thicknesses of the NiCrAlY bond coat and WC-
10Co-4Cr top coat prepared by APS (see Fig.2a) are
(90 £ 10) um and (265 = 10) um, respectively. A typical
lamellar structure of thermal sprayed coating can be found
both in bond coat (see Fig. 2 b) and top one (see Fig. 2 c).
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Fig. 2. Cross-section images of WC-10Co-4Cr coating: a—panorama
of APS coating; b—image from APS interface region; c—
image from APS local region of top surface; d —panorama of
DS coating; e—image from DS interface region; f—image
from DS local region of top surface, g—panorama of HVOFS
coating; h—image from HVOFS interface region; i—image
from HVOFS local region of top surface; j—panorama of
HVAFS coating; k—image from HVAFS interface region; |-
image from HVAFS local region of top surface

The interface between the top layer and transition layer
is obviously characterized by mechanical bonding, and
some unmelted particles and micropores can be observed
in the top coat. As shown in Fig. 2 d, the thickness of APS
NiCrAlY bond coat and DS WC-10Co-4Cr top coat are
(248 + 10) wm and (134 + 10) um, respectively. Dense and
mechanical bonding of the interface between topcoat and
bond one can be found as shown in local magnification
area (see Fig.2e). It should be noted that the particle
structure of the original feedstock and many micropores
retain in the DS top coating as shown in Fig.2f. The
thickness of HVOF WC-10Co-4Cr coating without bond
coating is (353 £ 10) um as shown in Fig. 2 g. Dark Al;O3
particles, embedded into the surface of the substrate during
sand blasting, can be observed in the 304 stainless steel
near the bonding interface (see Fig.2h). Dense and
granular structures with a few micropores are shown in
HVOF coatings (see Fig. 2 i). The microstructure of HVAF
hard alloy coating is similar to that of HVOF one as shown
in Fig. 2 j, k, and 1. The thickness of HVAF WC-10Co-4Cr
coating without bond coating is (252 + 10) um as shown in
Fig. 2 j. Dark phase of Al,O3 powders were inserted in the
surface of 304 stainless steel (see Fig. 2 k), and dense
granular structure with a few micropores was formed in
HVAF coatings (see Fig.21). A large amount of WC-
10Co0-4Cr powders were fully melted during high
temperature plasma spraying. And then these powders
spread and deformed into a clear layered structure after
high-speed collision with the matrix or transition layer.
Deposition temperatures DS, HVOF and HVAF are
relatively low compared to APS. The granular structure of
initial feedstock was well preserved in DS, HVOF and
HVAF coatings. It is worth noting that the hardness and
tribological performances of DS, HVOF, and HVAF
coatings will be improved due to the high retention of the
WC hard phase in these three samples.

3.2. Phase constitution analysis

XRD patterns of WC-10Co-4Cr powder and coatings
prepared by different thermal spray technologies are shown
in Fig. 3. The XRD pattern of the original WC-10Co-4Cr
powder exhibits prominent diffraction peaks corresponding
to the WC phase, accompanied by weak peaks of the W,C,
Co3WsC, and Co-Cr bonding phases. The APS coating was
dominated by the W,C phase, indicating severe
decomposition and decarburization of WC during spraying.
Owing to the extremely high particle temperature in the
APS process, WC particles are more likely to undergo
thermal decomposition and oxidation-assisted
decarburization during flight and deposition, resulting in
the formation of W,C. Similar phase evolution has also
been reported by Yuan et al. [21].

Several formation mechanisms of the W,C phase in
thermal sprayed coatings, such as thermal decomposition
of WC to generate W,C and loss of carbon caused by the
solid reaction of WC with oxygen, have been proposed by
Guilemany et al. [22]. In addition, the dissolution of WC
particles in the Co-Cr-based binder during APS and DS
was a potential additional mechanism for W,C formation.
Both oxidation decarburization of WC-10Co-4Cr coating
and thermal decomposition degree of WC increased with



particle temperature during thermal spraying [23, 24]. It
should be noted that almost no differences in phase
constituents can be found between XRD peaks of HVOF
and HVAF coatings with that of the initial powder. A little
possibility of hard phase decomposition and generation of
new phases existed during HVOF and HVAF spraying due
to no significant melting of powder in low temperature
flame. The formation of HVOF and HVAF dense coatings
mainly relied on high kinetic energy impact, plastic
deformation, flattening, and rapid consolidation of semi-
molten or partially softened particles. Additionally,
Co3WsC phase can be found in XRD patterns of initial
powder, DS, HVOF and HVAF coatings (see Fig. 3). Due
to its high hardness and brittleness, CosWsC phase can
work synergistically with WC one to enhance the wear
resistance of WC-10Co-4Cr coating.
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Fig. 3. XRD patterns of WC-10Co-4Cr powder and coatings
prepared by thermal spraying

Rapid decarburization of WC occurred owing to the
highest temperature of APS among these four thermal
spray technologies. The diffraction peaks of APS coating
were dominated by the W,C phase. The diffraction peaks
of the DS coating were dominated by W,C and WC phases
due to a certain proportion of decomposition of WC during
fabrication. The decomposition degree of the WC phase
from high to low was APS, DS, HVOF, and HVAF
sequentially.

3.3. Tribological properties of these four coatings

The average values of Vickers hardness of WC-
10Co-4Cr coatings from high to low are prepared by
HVOF (1166.2 HV), HVAF (1162.2 HV), DS (954.2 HV)
and APS (771.4 HV) are shown in Table 1. The lower
hardness of APS coating was caused by formation of many
micropores and unmelted particles along with massive
decomposition of WC phase during atmospheric plasma
spraying. Vickers hardnesses of HVOF and HVAF
coatings were significantly higher than those of APS and
DS ones owing to most of the WC hard phases of
feedstock being retained in the first two coatings.
Decomposition of a portion of WC hard phase occurred
during detonation spraying, and as a result, the hardness of
the DS coating was between those of the APS coating and
HVOF, HVAF ones. The average friction coefficient and
volumetric wear rate of 304 stainless steel substrate and
WC-10Co-4Cr coating can be found as shown in Fig. 4.

Table 1. Vickers hardness of WC-10Co-4Cr coating

Sample Point 1 Point 2 Point3 | Point4
APS coating 767.9 788.2 773.9 793.0
DS coating 930.8 912.1 944.5 984.7
HVOF coating 1157.1 1169.3 1174.4 1169.0
HVAF coating 1166.8 1146.5 1186.9 1125.7
substrate 317.4 316.7 319.8 300.8

Wear rate of 304 stainless steel is approximately
(36.82+0.80)x10° mm?*N-m. The volume wear rates of
APS, DS, HVOF, and HVAF coatings, which are much
lower than that of 304 stainless steel, are about
(7.93£0.30)x10°5, (1.51+0.20)x105, (1.17+0.10)x10° and
(1.10+0.10)x10° mm?3/N-m, respectively. The average
friction coefficients of 304 stainless steel, APS coating, DS
coating, HVOF coating and HVAF coating,decreased in
the order listed, being (0.68+£0.03), (0.56+0.02),
(0.48+0.01), (0.44+0.01) and (0.43£0.01), respectively. As
reported by Hou et al. [24], the wear resistance of thermal
sprayed WC coatings was not only related to their
hardness, but also closely related to their fracture
toughness and interlayer cohesion. The hardness of APS
coating was much lower than those of DS, HVOF and
HVAF coatings. Additionally, the APS coating was
characterized by low density and weak interlayer cohesion,
both of which were directly attributed to the abundant
micropores, and cracks present at the interlayer bonding
interface. As a result, wear resistance of APS coating was
the lowest among these four types of thermal sprayed
coatings. On the contrary, the wear resistance of HVOF
coating and HVAF coating is relatively superior.
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Fig. 4. Average friction coefficient and wear rate of WC-10Co-
4Cr coatings and 304 stainless steel substrate

The width of the wear profile of APS coating after
wear test for 30 minutes is approximately 1521.4 pm, as
shown in Fig.5a. Microcracks perpendicular to the
movement direction of the counterbody can be found in
local magnified images, as shown in Fig.5b and c,
respectively. The width of the wear profile of the DS
coating is about 1349.7 um, as shown in Fig.5d.
Microcracks, spalling and grooves can be found in local
magnified images of the worn surface of the DS coating, as
shown in Fig.5e and f, respectively. The width of the
wear profile of the HVOF coating is around 1286.9 pm, as
shown in Fig. 5 g. Spalling and grooves can be found in
local magnified images of the worn surface of HVOF
coating, as shown in Fig. 5 h and i, respectively.
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Fig. 5. SEM morphologies of worn surfaces of WC-10Co-4Cr
coating after wear test for 30 min: a—panorama; b, c—
high magnification images of APS coating; d —panorama;
e, f—high magnification images of DS coating; g-
panorama; h, i—high magnification images of HVOF
coating; j—panorama; k, |—high magnification images of
HVAF coating

The width of wear marks on the HVAF coating in
Fig. 5] is approximately 1168.5 um. Moreover, the worn
surface of the HVAF coating is relatively smooth. No
obvious spalling and grooves can be found in local
magnification areas, both in Fig.5k and 1. Wear
morphologies indicated that abrasive wear and fatigue
wear the main wear mechanisms of WC-10Co-4Cr
coatings owing to the carbide ceramic hard phase in these
thermal-sprayed coatings. In addition, the relatively soft
Co-Cr bhinder phase was preferentially removed during
sliding. And then the hard phase of carbide particles in DS,
HVOF and HVAF coatings gradually became the main
body that bears frictional loads during the reciprocating
motion of SisN4 counterbodies. As a result, the wear rate of
WC-10Co-4Cr coatings can be effectively reduced.

A wear mark with a diameter of approximately
15759 um was formed on the surface of SisNas dual
counterbodies (see Fig. 6 a) after the friction test on APS
coating at room temperature for 30 min.
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Fig. 6. SEM images of wear scars of SisNa balls after wear test by
WC-10Co-4Cr coatings prepared by: a— APS; b—-DS;
¢—HVOF; d-HVAF

After friction test on DS, HVOF and HVAF coatings
for 30 min, the diameter of wear marks on SizN4
counterbodies (see Fig. 6 b, ¢ and d decreased to 1401.5,
1285.1 and 1030.6 um, respectively. It should be noted that
the variation trend of the diameter of wear marks on the
surface of SisN4 counterbodies was consistent with that of
the width of wear marks on thermal sprayed coatings (see
Fig. 5).

Most of the wear debris collected from APS, DS,
HVOF and HVAF coatings after wear test at room
temperature for 30 min are fine particles with fewer flake-
like ones, as shown in Fig. 7. Due to the brittleness of the
cemented carbide itself, the wear mechanisms of coatings
are mainly abrasive wear and fatigue wear. A large amount
of fine particle debris formed owing to friction films on the
worn surfaces of WC-10Co-4Cr coatings were prone to
cracking and spalling during wear test.



Fig. 7. SEM images (SE) of wear debris collected from WC-
10Co-4Cr coatings prepared by: a— APS; b—DS;
¢c—HVOF; d-HVAF

3.4. Corrosion properties of these four coatings

The potentiodynamic polarization curves of WC-
10Co-4Cr coatings fabricated by different thermal spray
technologies in a 3.5wt.% NaCl solution are shown in
Fig. 8. And corresponding electrochemical parameters,
including corrosion potential (Ecor), corrosion current
density (lcor), Corrosion resistance (R) are summarized in
Table 2.

Table 2. The electrochemical parameters estimated from
polarization data for the WC-10Co-4Cr coatings in
3.5 wt.% NaCl

Ba, V per| Bc, V per

ICOrr,

Sample " jocade | decade | Eeom VSce uA/cm? R.Q
APS 3631 | 6.310 |-0.50+0.02|19.9+0.06| 1367.7
coating

DS

oonting | 4894 | 5778 |-052:0.02|3.12+008 130513
HVAF | 6051 | 6.106 |-0.37+0.01|1.75+0.02 |20438.5
coating

HVOF | ) 420 | 5242 |-0.34£001]7.74+0.04 | 5810.9
coating

lcorr is @ key indicator of corrosion rate, smaller values
correspond to lower rates. R reflects the coating’s barrier to
corrosive media, with higher values signifying stronger
protection. The values of Ecor and lcorr Were obtained by
fitting the polarization curves using electrochemical
analysis software. Therefore, slight visual differences in
the curves can’t directly reflect the actual values of the
fitted electrochemical parameters. The APS coating
exhibited the poorest corrosion resistance, with the lowest
Ecorr ('0501002 VSCE), the hlghest Icorr
(19.97+0.06 pA/cm?) and minimal R (1367.7 Q) as shown
in Table2. Compared to APS coating, the DS one
exhibited better corrosion resistance with similar Ecor (-
0.52+0.02 Vsce), lower leorr (3.12+0.03 pA/cm?) and higher
R (13051.3Q). Compared to DS coating, the HVOF
coating has a higher lcor of (7.7440.04) pA/cm? and a

lower R of 5810.9 Q. And then the corrosion resistance of
the HVOF coating was slightly inferior to that of the DS
one. The HVAF coating delivered the best electrochemical
corrosion performance with the highest Ecor (-0.37+0.01
Vsce) and R (20438.5 Q), the lowest lcor (1.75£0.02
pA/cm?). In terms of corrosion resistance, the four coatings
ranked from high to low were HVAF coating, DS one,
HVOF one and APS one, respectively. And the corrosion
resistances of these four coatings were closely related to
their microstructures and phase compositions.
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Fig. 8. Polarization curves of WC-10Co-4Cr coatings fabricated
by different thermal spray technologies.

Extensive WC decomposition into W.C occurred
during air plasma spraying. As a result, abundant interlayer
pores and unmelted particles existed in APS coating.
Interfacial gaps, which have been formed between these
defects and coating matrix, can act as channels for
corrosive  medium infiltration and induce internal
intergranular and interfacial corrosion. And then the
overall corrosion failure of the coating was accelerated
[25]. It should be noted that the corrosion resistance of
HVOF coating was superior to that of APS coating due to
almost disappeared interparticle pores/microcracks and
excellent cohesive strength. The corrosion resistance of
HVAF coating was superior to that of the other three types
of coatings owing to a denser microstructure. As reported
by Vijaya Lakshmi et al. [26], the corrosive attack began
with the (Co—Cr) binder phase leaching and formation of a
pseudo-passive layer consisting of Co, Cr and/or W oxides
on the surface of HVAF-sprayed WC-10Co-4Cr coatings
during electrochemical corrosion tests. The interactions
between corrosive media and the coating were inhibited
and the protection effects were enhanced by this film. As
reported by Shahbazi et al. [27], HVAF-sprayed HEA-
based coatings exhibited 0.1—-0.2 % porosity, versus 2.8 —
4.2 % for HVOF-sprayed MCrAIX coatings. And then
corrosion resistance was directly improved due to higher
density of HVAF coating. In addition, more superior
corrosion resistance of HVAF coatings than that of DS
ones was further confirmed by Alroy et al. [28].

Corroded morphologies of WC-10Co-4Cr coatings
after immersion in NaCl solutions were presented as
shown in Fig. 9. EDS analysis of the corresponding regions
in corrosion surfaces can be found as shown in Table 3.
Obvious corrosion pits and spallation traces were observed
on the surface of the APS coating after immersion
(Fig. 9 a). EDS analysis revealed that the oxygen content



in the corroded area of the APS coating reached as high as
62.32 at.%, while tungsten content decreased to 15.14 %
(Table 3).

Fig. 9. SEM morphologies of WC-10Co-4Cr coatings prepared
by: a-APS; b-DS; c-HVAF; d-HVOF after
immersion in 3.5 wt.% NaCl solutions

Table 3. The corresponding EDS results indicated in Fig. 9

Point 1 Point 2 Point 3

Sample W, 0, W, | O | W | O,
at.% | at.% | at.% | at.% | at.% | at.%

APS coating 46.23 | 16.27 | 24.30 | 39.96 | 15.14 | 62.32
DS coating 37.41 | 14.80 | 25.32 | 21.11|12.59|62.97
HVOF coating 20.21 | 35.79 | 6.28 |74.89| 9.78 |49.28
HVAF coating 30.18 | 18.65 | 18.57 | 56.53 | 13.56 | 45.18

Severe dissolution of WC phase occurred, and then a
large amount of W,C phase formed during APS.
Electrochemical corrosion of APS coating was exacerbated
owing to alteration of the corrosion microenvironment by
W,C phase. In addition, the inherent porous and striped
defects of the APS coating further accelerated the
penetration of corrosive media and then led to destruction
of the coating structure. The failure mechanism was similar
to the oxidative degradation of APS coatings induced by
defects during thermal shock process [29, 30].

In contrast, the DS coating exhibited relatively slight
corrosion damage after immersion, and only a small
number of scattered corrosion spots with no obvious
spallation can be found, as shown in Fig. 9 b. Oxygen
contents of white (area 1), gray (area 2) and black (area 3)
phases in the corroded area of DS coating increased from
14.80 to 21.11 and 62.97 at.% as shown in Table 3. The
oxygen-rich regions corresponded to the zones where
corrosion products and oxides/hydroxides preferentially
formed in special regions such as W,C phase and Co-Cr
one, micropores and microcracks. The dense structure of
DS coating hindered the intrusion of corrosive media. In
addition, an inner Cr,O3 layer and an outer Co-based
oxide/hydroxide layer were formed on surface of Fe-based
metallic glass during electrochemical reactions [31]. And

then further corrosion of DS coating was inhibited by this
passive film due to fewer defects and higher chemical
stability, which was consistent with the corrosion
mechanism of HEA [32] and Fe-based amorphous
coatings [33].

Similarly, the HVAF coating maintained the flattest
surface after immersion, with only extremely slight
corrosion traces and no obvious pits as shown in Fig. 9(c).
Almost no decomposition of WC phase occurred during
HVAF spraying. Co and Cr elements formed a continuous
passive film on the surface of HVAF coating during
electrochemical corrosion. As a result, the stability of the
WC phase was confirmed owing to the protective effect
of the passive film. The HVOF coating exhibited a small
number of fine corrosion pits on the corroded surface, as
shown in Fig.9d. The corrosion degree of the HVOF
coating is between those of the DS and APS ones. This
may be related to the partial decomposition of the WC
phase and the presence of a small amount of interlaminar
pores during the HVOF spraying process.

The corrosion mechanism of the WC-10Co-4Cr
coating was mainly galvanic corrosion, which was
exacerbated by the formation of interlaminar pores and
W,C phase. The WC phase in cemented carbide coating

acted as the cathodic phase, while the Co-Cr binding phase
served as the anodic phase, and microcells were formed
during the corrosion experiment. As a result, the Co-Cr
phase dissolved preferentially and Co?" and Cr*" ions were
released simultaneously. Dense passive films such as
Cr,03 and CoO were formed on the corroded surface. The
penetration and chemical attack of corrosive media can be
effectively blocked by a passive film. However, the
passive film was prone to rupture, which was further
confirmed by corrosion pits, spallation traces and
microdefects as shown in Fig. 9, owing to the formation of
defects such as pores and cracks during thermal spraying.
Corrosive media then penetrated through these defects,
accelerating the dissolution of the Co-Cr phase and
ultimately leading to coating corrosion failure.

4. CONCLUSIONS

1. WC-10Co-4Cr hard alloy coatings were prepared on
the surface of 304 stainless steel substrate by APS,
DS, HVOFS, and HVAFS, respectively. A typical
lamellar structure can be found in APS coating. A
large amount of the WC hard phase of APS coating
decomposed during preparation. Initial particle
structure of the feedstock was retained in DS, HVOF
and HVAF coatings. Furthermore, the initial phase
composition of the feedstock was still retained both in
HVOF and HVAF coatings. The Vickers hardness of
APS, DS, HVOF and HVAF coatings, which are much
higher than that of 304 stainless steel substrate, are
7714 HV, 9542 HV, 1166.2HV and 1162.2 HV,
respectively.

2. The volume wear rates of APS, DS, HVOFS, and
HVAFS coatings, which decreased sequentially, were
(7.93+0.30)x105, (1.51+0.20)x10°5, (1.17+0.10)x10°®,
and (1.10£0.10)x10° mm?3N-m, respectively. And
they are all significantly lower than that of 304
stainless steel substrate (approximately



(36.82+0.80)x10° mm?N-m). The average friction
coefficients of 304 stainless steel substrate, APS
coating, DS coating, HVOF coating, and HVAF
coating, which also decreased sequentially, were
(0.68+0.03), (0.56+0.02), (0.48+0.01), (0.44+0.01)
and (0.43+0.01), respectively. The main wear
mechanisms are abrasive wear and fatigue wear. The
wear resistances of HVOF and HVAF coatings were
superior to those of APS and DS ones. And the wear
resistances of all thermal sprayed coatings were
significantly higher than that of 304 stainless steel
substrate.

Ecorr, lcor and R of APS coating in NaCl solution were
approximately  (-0.50+0.02) Vsce, (19.97+0.06)
uA/cm? and 1367.7 Q, respectively. Those of DS
coating were (-0.52+0.02) Vscg, (3.12+0.03) pA/cm?
and 13051.3 Q, respectively. Compared to DS coating,
the HVOF one had a higher Il of (7.74+0.04)
uA/cm? and lower R of 5810.9 Q. And then the
corrosion resistance of the HVOF coating was slightly
inferior to that of the DS one. The HVAF coating had
the highest Ecorr (-0.37£0.01) Vsce and R (20438.5 Q),
the lowest leor (1.75£0.02 pA/cm?). The order of
corrosion resistance from high to low was HVAF
coating, DS one, HVOF one and APS one,
respectively. The corrosion performances of these four
coatings were determined by their microstructures and
phase compositions.
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