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Abstract
Improving the wear resistance and corrosion resistance of high-speed steel (HSS), WC/diamond/Cobased gradient composite coatings were produced on HSS substrates by laser cladding with different
compositions powder mixture (Co-Cr alloy powder, 80Co-Cr alloy powder+20WC, 53Co-Cr alloy
powder+40WC+7diamond, wt.%). The macromorphology, microstructures and phase composition were
characterized by optical microscope (OM), scanning electron microscopy (SEM) equipped with energy
dispersion spectrometry (EDS), and X-ray diffraction (XRD) techniques. The microhardness, wear
resistance and corrosion resistance of the gradient coatings were also investigated respectively. The
results indicate that the prepared WC/diamond/Co-based gradient composite cladding layer has a fine
morphology on the cross sections and a gradient transition of the grain size has been achieved. The
microhardness result presents gradient distribution along the depth of the coating. The microhardness is
strengthened due to the dispersions of M7C3 (M is Fe, Cr), Co3C, CrCo, Cr3C2, Fe3C in the composite
coating, and the highest microhardness of 1342 HV0.2 can be detected in the cladding layer. The friction
coefficient values of the coatings range from 0.27 to 0.40, which is much lower than that of the substrate
(0.50-0.60). Furthermore, the wear loss of coatings decreases by more than 3 times comparing with that
of the substrate (3.5 mg). The polarization resistance results show that the cladding layer has excellent
corrosion resistance with polarization resistance can reach the value of 236488.1 Ω·cm2. The gradient
transition of the mechanical properties and chemical metallurgical combination between particle (WC,
diamond) and adhesive phase can be obtained in laser cladding, which improves the wear resistance and
corrosion resistance of the HSS surface.

1 Introduction
Presently High-speed steel(HSS) is widely used in the manufacturing of various cutting and forming
tools, owing to its outstanding physical properties such as high hardness, high wear resistance and high
heat resistance. HSS accounts for more than 30% of the global tool market [1, 2]. However, serious wear
and corrosion have been frequently triggered as a result of the friction during a cutting process and the
service life of the tools cannot meet the requirements of the engineering applications. Therefore, a few
appropriate surface-modified techniques have been conducted to optimize and innovate HSS tools such
as physical vapor deposition (PVD), chemical vapor deposition (CVD), plasma spraying and laser
cladding [3–6]. As far as these surface-modified techniques, laser cladding technique has the advantage
of rapid melting and solidification, little thermal deformation, low coating dilution rate, the wide selection
of cladding materials, convenient operation, economical and practical advantages, etc. Moreover, the
metallurgical bond between the coating material and substrate is more likely to be realized depending on
the laser cladding coating technique. Consequently, the laser cladding technique is a suitable process to
improve the performance of the tool [7–9].
Generally, Metal materials together with the additives of the high hardness phases (such as WC, diamond,
TiC, etc.) could realize the admirable toughness, thermal conductivity as well as wear resistance and heat
corrosion. The perfect properties could be obtained by combining these kinds of materials in the clad
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layers [10–12]. Nevertheless, the bonded performance on the interface between the clad layer and the
substrate of HSS became weak, the cracks and the cavities had been produced in the laser cladding
process. Such flaws spotted in the cladding layer mainly are attributed to two aspects, one is the
characteristics of the rapid melting and solidification in the laser cladding process and the other is the
difference in the thermal properties between the substrate and the composite material. The different
proportion from the substrate surface to the clad surface is as a result of the stepwise added ceramics,
the functional gradient coating layer could be created and the smooth transition between the layer and
matrix could be produced, which can provide a solution to reduce or eliminate the problem of poor
interface bonding. On that note, the efficient connection of different materials will be achieved [13, 14].
Presently, investigation on functionally graded coatings is mainly carried out in the aspects of material
component design, cladding layer performance, and process parameter optimization. Liang et al. [15]
Prepared TiC and TiBX reinforced TiNi/Ti2Ni gradient composite coatings on TC4 substrate by laser
cladding with different composition powder mixture (10B4C + 90TiNi, 20B4C + 80TiNi, 30B4C + 70TiNi,
wt.%). The results showed that the microhardness of the coating is 1555.1 HV0.2, which was 4.6 times
that of the substrate (340 HV0.2), and the wear mass loss of coatings had more than 50% reduction
compared with that of the substrate (3.2×10− 3 g). Liu et al. [16] fabricated a gradient Ni-Ti coating on the
surface of the TA2 titanium alloy substrate by laser cladding. Studies have found that NiTi, NiTi2 and
Ni3Ti intermetallic compounds in the coating significantly improved the microhardness and oxidation
resistance. Wang et al. [17] successfully prepared the nano-TiC functional gradient wear-resistant
composite coating on 40Cr gear steel by laser cladding under starved lubrication conditions. The results
showed that the TiC was transformed from nanoceramic particles embedded in the coating interior to an
agglomerated large-volume hard phase structure as the pre-prepared nano-TiC powder increased, the
micro-hardness gradually increased from 612 HV at the bottom of the gradient coating to 1088 HV at the
top. Compared with uniform coating, the gradient coating showed a 50% reduction in friction coefficient,
a 40% reduction in grinding loss, and a significant increase in wear resistance under heavy load and
starved lubricant conditions. Bartkowski et al. [18, 19] investigated the influence of laser remelting on the
microhardness and corrosion resistance of the cladding layer prepared with Stellite-6/WC. Their research
found that with the increase of WC content, the microhardness of the coating increased while the
corrosion resistance decreased. Shi et al. [20] used Co50 and Ni/WC mixed powder to prepare a gradient
cladding layer onto 20CrMnTi low carbon alloy steel, and optimized the laser process parameters by
Taguchi OA and TOPSIS method. This optimized coating not only had three times microhardness
compared with the substrate but also increased the wear resistance to 36.4 times. Riabkina-Fishman et
al. [21] prepared a multi-layer cladding layer of functionally graded carbide alloy on the surface of M2
high-speed steel by directly injecting WC powder into the melt pool, and found that many cracks were
generated at the bonding interface between the cladding layer and the substrate. Fomin et al. [22]
reported that the distribution of WC was close to the matrix in the laser cladding metal wear resistant
coating. However, there are few studies on the influence of WC/diamond/Co-based gradient composite
cladding layer on the comprehensive performance of HSS.
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In this research, the different compositions powder mixture of WC/diamond/Co-based gradient
composite coatings were produced on HSS substrate by laser cladding. The microhardness, wear
resistance and electrochemical properties of the coatings with different compositions were investigated.
The complex analysis of the gradient composite, including the crystallographic relationships between
compositions could be helpful for a better understanding of the alloying process of the involved materials
in the cladding layer.

2 Materials And Methods

2.1 Materials
The substrate was HSS alloy tool steel (Yongxing Special Steel Tools Co. Ltd., Dongtai, China) with a size
of 60×30×6 mm3. And its compositions are listed in Table 1. The oxide layer of HSS was polished and
removed by the grinding machine (YMP-2B, Shanghai Puda Optical Instrument Co. Ltd., Shanghai, China).
Each specimen was dipped in an ultrasonic cleaner (FRQ-1008HT, Hangzhou Farant Ultrasonic
Technology Co. Ltd., Hangzhou, China) with anhydrous ethanol and acetone before laser cladding.
Spherical Co-Cr alloy powder (Shenyang Rare Metal Research Institute, Shenyang, China, -100 + 300
mesh, XYFCo6Z type), spherical cast tungsten carbide powder (Tianjiu Metal Materials Co., Ltd.,
Changsha, China, -100 + 300 mesh), synthetic diamond abrasive (Henan Huanghe Whirlwind Co., Ltd.,
Henan, China, -100 + 120 mesh, HFD-C type) were selected as the cladding materials for the subsequent
experiments. The micrograph of powders are shown in Fig. 1, and the chemical compositions of spherical
Co-Cr alloy powder are given in Table 2.
Three powders were mixed in a stainless steel jar on an all-around planetary ball mill machine (QM-QX04,
Nanjing Nanda Instrument Plant, Nanjing, China) for 4 hours respectively. The ball-to-powder weight ratio
of 5:1 was maintained throughout the milling time. After mixing mechanically, it was dried for 24 hours in
a vacuum drying oven. The gradient composite coating is designed with a preliminary optimized
multilayer structure. From the bottom layer to the top layer, the compositions are Co-Cr alloy powder (First
layer, wt.%), 80Co-Cr alloy powder + 20WC (Second layer, wt.%), and 53Co-Cr alloy powder + 40WC +
7diamond (Third layer, wt.%), respectively.
Table 1
Chemical compositions of high-speed steel (wt.%).
Material

W

Cr

V

C

Mn

Si

Mo

Fe

High-speed steel

17.5–19.0

3.8–4.4

1.0-1.4

0.7–0.8

0.1–0.4

0.2–0.4

≤ 0.3

Bal.

Table 2
Chemical compositions of Co-based alloy (wt.%).
Material

C

Cr

W

Si

Mn

Fe

Ni

Mo

Co

Co-based alloy

1.17

29.53

4.97

1.26

0.21

2.43

2.02

0.34

Bal.
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2.2 Experimental methods
The schematic diagram of the laser cladding process as well as the structure of the cladding layer is
shown in Fig. 2. The laser cladding test was carried out on HWL-S1000W semiconductor laser cladding
equipment (Dongguan Huawei Laser Equipment Co. Ltd., Dongguan, China). The laser generator is the
fundamental transverse mode TEM00, the maximum output power is 1 kW, and the wavelength is 980
nm. The laser cladding head is composed of three coaxial powder feeding nozzles which are distributed
around a circumferential direction with a spacing angle of 120°. The coaxial powder feeding scheme was
applied in the experiments. Argon gas was selected to convey the powder and protect the molten pool
from oxidation during the laser cladding process. Simultaneously, argon gas with an airflow rate of 15
L/min to avoid the lens being burned by splashed powder. The powder flows from three nozzles collect at
the focus. Intersection angle with an 85° between the nozzle axis and the surface of the specimen is
determined. The parameters to clad each layer are listed in Table 3.
Table 3
The laser cladding parameters of each layer
Cladding
layer

Power
(kW)

Scanning speed
(mm/min)

Powder feeding rate
(g/min)

Overlap
rate

First layer

7.5

120

32

25%

Second layer

7.0

120

32

22%

Third layer

7.0

300

32

20%

After the laser cladding process, the cross-section of clad specimens was prepared by using an electrical
discharge wire cutting machine for analyzing the microstructure. The samples were ground by using
emery paper with grain sizes from 240 to 1600 and polished by the diamond grain with a particle size of
1.5 µm. Before observing the microstructure of the cladding layer, the samples were etched with HCl and
HNO3 solutions at 3:1 to reveal the microstructure of the cladding layer. The microstructures and
compositions of gradient composite coatings were researched using a VEGA 3 SBH scanning electron
microscopy (SEM) equipped with an Oxford X-ray energy dispersion spectrometry (EDS). A TD 3600 X-ray
diffractometer (XRD) with Cu-K radiation (k = 0.154 nm) was used to identify the phases in the cladding
surface. Employed a diamond pyramid indenter under a load of 1.961 N for 15 s, Vickers hardness of the
polished surface was measured on HMV-G21ST microhardness tester. Along the clad surface of the HSS
substrate, the hardness was detected at an interval of 0.1 mm. The hardness result was obtained from
the mean value of three measurements tested at the same horizontal position. The tribological tests were
carried out on a CFT-I multi-functional reciprocating tribotester (Zhong Ke Kai Hua Corporation, Lanzhou,
China) with a ball-on-plate configuration, and the counterpart was an Al2O3 ball with a diameter of 4 mm.
The mean value of the sliding speed was 12 m/min, and the normal load was 100 N. The testing time
was 30 min, and the sliding stroke was 5 mm. All the tests were conducted at least three times to ensure
repeatability. A FA2240 electronic analytical balance (accuracy ± 0.1 mg) was employed to measure the
mass difference before and after the wear test. Potentiodynamic corrosion tests in 3.5% NaCl solution
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were carried out using a CHI660E electrochemical working station (Shanghai Chenhua Instrument Co.,
Ltd., Shanghai, China). The specimens with an area of 35 mm2 were studied at room temperature (25
℃). A standard three-electrode cell was used, and the sample was the working electrode, the acicular
platinum electrode was the auxiliary electrode, and the saturated calomel electrode was involved as the
reference electrode [23]. Potentiodynamic polarization experiment was performed with a 1 mV/s potential
sweep rate, and the potential ranges from − 1.2 to 0.2 V in the open circuit potential.

3 Results And Discussion

3.1 Morphology of gradient cladding layer
Figure 3 presents the surface and cross-section macro morphology of the gradient cladding layer. It can
be observed in Fig. 3(a)-(c) that relatively smooth cladding layers were fabricated. Diamond abrasive has
been tightly embedded in the top cladding layer (Fig. 3(c)). Different phases had been produced during
the laser cladding process owing to the variety of contents in each layer. Therefore the boundary
interfaces can be clearly distinguished on the section surface. Few pores and cracks have been induced
(Fig. 3(d)-(e)). WC particles are diffused in the top of the second and third layers. Slightly graphitization
occurred on the diamond particles at the high temperature in the cladding process, which leads to the
dark color being shown on the top surface. After cladding the third layer, a few pores were produced in
both the second and third layers (Fig. 3(f)). It arises from a little graphitization of the diamond. When the
high-energy laser beam irradiates the diamond surface, carbon dioxide has not enough time to bubble to
the surface of molten metal and the bubbles were coalesce in rapid solidification. Then a few pores were
holden in the cladding layer.

3.2 Metallography of gradient cladding layer
In the process of laser cladding, the solidification of the cladding layer begins at the combination region
of the cladding layer and substrate. The grain growth is affected by thermal convection in the molten
pool, mutual restriction between the grains, supercooling of the crystalline located in the front, solute
distribution, and other factors. The morphology of grain growth is diverse, which leads to the difference in
the solidification structure of each region in the cladding layer. The crystalline morphology of the
cladding layer mainly depends on the liquid phase compositions and shape control factor in the molten
pool. The shape control factor can be described as the ratio of the temperature gradient G and the
solidification speed R in the crystallographic direction (G/R). Under the condition of relatively stable
compositions, the ratio of G/R determines the growth morphology of the solidified structure. At the initial
stage of the solidification, the temperature gradient G at the bonding interface reaches the maximum, and
the solidification rate R approaches 0. The liquid nucleates at the interface and the solidification structure
grow in a low-speed plane to form planar crystals [24]. With the advancement of the solidification front,
the actual temperature gradient decreases and the solidification rate relatively increases, therefore the
G/R value decreases, and significant epitaxial occurred close to the cladding bottom. Columnar cell
crystals and columnar dendrites begin to form as well. In the subsequent solidification process, the
Page 6/28

smaller temperature gradient together with the larger solidification rate on the top of the cladding layer
will result in the growth rate of crystal grains being lower than that of the nucleation. This region happens
to be where the fine grains tend to develop [25].
The microstructure of the bonding interface of each layer of the gradient cladding layer is shown in Fig. 4.
Because the cladding layer contains multi-component, the phase composition of the composite coating
does not present a single microstructure. In general, the microstructure at the bottom of the gradient
cladding layer is more coarse than the cladding layer at the top. The microstructure of the cladding layer
grows to a certain extent due to repeated heating.
Figure 4(a) shows the microstructure distribution of the interface between the HSS matrix and the first
layer. Grains in the layer were preferentially formed at the edge of the micro-melton pool close to the
rough substrate due to the asperous surface being regarded as the core of non-spontaneous nucleation.
The grains, located in the first layer, grow into the melting zone in the shape of the cellular crystal, and the
shape of the crystal appears to be a narrow band. Some coarse columnar dendrites were directly formed
close to the interface between the substrate and the cladding layer. It is not enough for the cellular crystal
to expand completely within a transitoriness due to rapid heating-cooling in the process of laser cladding.
Therefore, the growth direction of a crystal was constrained in the direction of the temperature gradient,
and its shape was constrained to be a narrow band. There was an abrupt temperature change at the
interface between the coating bottom and substrate due to the instant heat conduction in the laser
cladding. The rate of crystallization is relatively low in the melton pool and the region occupied by
supercooled composition became narrow, which will give rise to cellular crystal migrating forward to the
pool in the crystallization growth. With the solidification interface developing forward, the gradual
transition from cellular crystal to the coarse columnar dendrite will provide a multi-component eutectic
structure among dendrites. The columnar dendrites will grow perpendicular to the matrix surface due to
the solute enriched along the growth direction of the cellular crystal due to the composition being
supercooled. The smoother the temperature in a higher solidification is, the finer microstructure in the
cladding layer will be. The growth direction of dendrites was constrained to a particular direction and
multiple eutectic structures were produced among dendrites.
Figure 4(b) shows the microstructure of the interface between the first layer and the second layer. In the
transition zone, the number of equiaxed grains increases obviously and few planar crystals can be found.
Finer columnar dendrites in the second layer can be easily observed in comparison with that of the first
layer, and its growth direction expands upward along the direction of columnar dendrites of the first layer
to the second layer. Some of the dendrites present dislocation growth due to the Marangoni convection
generated in the molten pool. Figure 4(c) presents the microstructure of the bonding interface between
the second layer and the third layer. It can be found that grains located at the bonding interface are finer
than that of the transition zone above mentioned. The cladding layer of third is composed of a white
acicular dendrite, dark interdendritic eutectic structure as well as elliptical WC particles. It can be
explained that the first layer evolved in the process of remelting, quenching, and tempering during the
second layer was prepared. Grains located in the first layer were coarsened due to the reciprocal laser
Page 7/28

scanning and the temperature gradually increasing in the tempering zone. A few equiaxed dendrites
continuously grew crossing over the interface between two coatings (In Fig. 4(b)), which is conducive to
improving comprehensive performance for the cladding layer. Depending on the residual heat in the layer
after cladding the first layer, a proper temperature was provided for grain refinement at the bonding
interface between the two layers. Although the ratio of temperature gradient G to solidification rate R
between the two layers is large, it is not enough for the plane crystals to be produced completely. With the
following layers being fabricated, continuous epitaxial columnar dendritic crystals are formed in the
remelted region, and the equiaxed dendrite in the non-remelted region is retained. Non-remelted equiaxed
dendrite close to the interface between two layers would experience a quenching process and grains in
this region were refined [26].

3.3 Phase composition and microstructure of gradient
cladding layer
Figure 5 shows the XRD results of the gradient cladding layer of WC/Diamond/Co-based base alloy. By
comparing the standard PDF card, the cladding layer is composed of WC, M7C3 (M is Fe, Cr), Co3C, W2C,
CrCo, Cr3C2, Co, Fe3C, and C. The diffraction peaks of basic phases such as WC and W2C are not obvious
on the cladding surface owning to the larger density of cast WC sinking to the bottom of the molten pool.
Existence phases of M7C3 (M is Fe, Cr), Co3C, CrCo, Cr3C2, and Fe3C indicate that cast WC and diamond
experience the process of phase transformation during the laser cladding. Part of cast WC was
decomposed into W, C elements accompanied by graphitization phase transformation which diffuses
into the Co-Cr alloy and M7C3 (M is Fe, Cr), Co3C, CrCo, Cr3C2, Fe3C and other hard phases were formed in
the process of solidification [18]. The performance of the cladding layer would be improved by the
homogeneous distribution of the phase on the cladding surface.
Figure 6 shows the section microstructures of the gradient cladding layer. Figure 6(a) shows the micro
enlarged view of columnar dendrites distributed in the first layer, which is composed of bright gray fine
eutectic dendritic (marked with the number 2), dark gray columnar dendrite (marked with the number 1),
and white spherical particles (marked with the number 3). Figure 6(b) displays the micromorphology
close to WC particles in the third layer. WC particle performed as non-uniform nucleation of the initial
point. At first, fine ring banded crystals were produced at the interface between WC and bond phase. As
the solidification of the interface develops, the temperature gradient decreases whereas the solidification
rate increases, which could result in the coarse dendrite (marked with the number 6) growing forward
perpendicular to the ring interface around WC particles. The component supercooling was generated due
to the solute enrichment in the front of the cellular crystal, coarse dendrites grow perpendicular to the
interface [27].
Figure 6(c) shows the enlarged view of white fine needle crystal and lath crystal close to the bonding
interface of the second layer and the third layer. It can be seen that the white crystal phase seems to be in
a poor density. As a second phase, the equiaxed crystal (marked with the number 7) is distributed in the
gray matrix structure (marked with the number 8). Figure 6(d) is a magnified view of the white-banded
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crystal located in the third layer. A fine network white crystal (marked with the number 10) together with
gray stripe crystal (marked with the number 11) is equidistantly distributed in the band. Figure 6(e) shows
the morphology of the upper and middle parts of the third layer, which comprises of gray lath crystal
(marked with the number 12) and fine-grained bright white equiaxed crystal (marked with the number 13).
Regular polygonal-like columnar grains exist in the microstructure close to the surface cladding layer and
its morphology is presented in Fig. 6(f). It is consists of regularly arranged dark gray equiaxed dendrites
(marked with the number 14) and bright gray solid solution (marked with the number 15).
d Net crystal of third layer. e Subsurface. f Surface
EDS analysis was conducted to identify the chemical compositions of each structure in the gradient
cladding layer. The analysis results are listed in Table 4. It can be observed that fine dendrite 2 and
columnar dendrite 1 are mostly made up of W, Cr, Fe, and Co. More contents of W and Cr in light gray
dendrite can be detected than that in the dark gray columnar dendrite, which can be identified as cobaltrich compounds with W, Cr and other elements in solid solution. Dendrite 6 grown on the surface of WC
particle is mostly composed of three elements of W, Cr and Co, while W accounts for a large proportion.
The composition of dendrite 6 is similar to that of equiaxed crystal 7, which can be identified as the
precipitated phase after WC dissolution. The melting point of WC is as high as 2870 ℃, which is much
higher than that of HSS. When the molten pool is cooled and solidified to room temperature at a certain
speed, high melting point WC particles crystallize into the solid particle form as the temperature of the
liquid metal decreases. Dispersed fine particles will restrain the dislocation movement and grain
boundary migration, which could refine the grains and significantly improve the strength of the coating
[28]. Higher content of Co content could be detected in the reticular structure 10, fine equiaxed grain 13 as
well as equiaxed dendrite 15, and the content of solid solution W and Cr is also high, which is the eutectic
structure of solid solution W, Cr and other elements. The high supercooling degree of the surface layer
leading to the increase of the nucleation rate, the microstructure of the cladding layer is refined during the
rapid solidification of laser cladding.
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Table 4
Chemical composition of typical structures of the laser cladding coating as shown in Fig. 6 (wt.%)
Positions

W

V

Cr

Si

Fe

Co

C

Ni

Mo

O

1

2.84

0.00

17.45

0.89

35.69

39.48

2.35

1.30

0.00

0.00

2

4.99

0.14

25.27

0.77

29.33

30.19

7.09

0.99

1.22

0.00

3

2.81

0.00

5.63

0.82

30.62

31.54

19.52

0.98

0.00

8.07

4

23.80

0.24

22.85

0.01

3.12

43.56

4.80

1.63

0.00

0.00

5

10.09

0.00

21.68

1.09

3.98

48.39

11.16

3.60

0.00

0.00

6

48.34

0.71

16.36

0.00

3.06

28.27

2.95

0.30

0.00

0.00

7

56.20

0.00

12.66

1.09

1.55

24.78

3.09

0.63

0.00

0.00

8

17.15

0.08

27.01

0.12

4.43

40.58

9.01

1.62

0.00

0.00

9

14.77

0.07

48.15

0.00

2.68

24.09

10.08

0.16

0.00

0.00

10

33.01

0.00

12.66

0.96

2.65

49.03

1.52

0.17

0.00

0.00

11

4.99

0.14

25.27

0.77

29.33

30.19

7.09

0.99

1.22

0.00

12

28.76

0.97

12.89

0.09

2.78

47.49

5.98

1.04

0.00

0.00

13

2.84

0.00

17.45

0.89

35.69

39.48

2.35

1.30

0.00

0.00

14

16.27

0.00

38.69

0.00

3.04

28.28

13.49

0.24

0.00

0.00

15

25.98

0.00

36.16

0.15

3.66

29.05

4.02

0.98

0.00

0.00

3.4 Element distribution in the bonding interface of gradient
cladding layer
Figure 7 presents the microstructure of the bonding interface and main element distribution in the
gradient cladding layer. Figure 7(a) presents the bonding interface between the first layer and the HSS
matrix. A light gray transition zone at the bonding interface can be observed. The element distributions
were monitored along the arrow direction (marked with the yellow arrow) and the result is shown in
Fig. 7(a1). Five main elements (Fe, Cr, Co, W and C) were detected in the bonding interface. The
elementary transition was generated at the interface between the matrix and the cladding layer. Almost all
elements at the interface are distributed in a gradient with Co and Cr are mostly distributed in the
cladding layer, while Fe is mostly distributed in the HSS matrix. This gradient helps improve the
compatibility of the HSS matrix and the cladding layer, which leads to smooth stress transfer and
avoiding interface failure. In the cladding layer, an inclination of the conversion presentation occurs on
the contents of elements Cr, Fe, and Co. The total content of three kinds of element is held constant. It is
implied that a Co-based solid solution being rich in Cr/Fe is produced in the cladding layer. Figure 7(b)
shows the bonding interface between the second layer and the first layer. It can be observed that bright
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white dendrites are densely distributed at the bonding interface, with the dark gray columnar dendrites
fine and dislocated. Comparing with the first layer, the bright white coarse dendrites can be easily found
in the second layer. The element contents present smooth distribution in the cladding layer according to
the EDS results, as shown in Fig. 7(b1). The Fe element content of the first layer is more than that of the
second layer. Figure 7(c) shows the bonding interface of the third layer and the second layer. A fine white
transition zone observed at the bonding surface indicates that the compact fine equiaxed grains are
produced after laser cladding. In Fig. 7(c1), four elements of W, C, Cr, and Co can be detected in the
bonding interface. Each element concentration presents a smooth transition along the leader direction
marked in Fig. 7(c). The opposite inclinations appear on element distributions of Co and Cr in the
detection area. It is indicated that the solid solution of Co-based composition enriched with Cr is
produced in the cladding layer. More element contents of W and C are monitored in the cladding layer due
to the additive of WC particles in cladding material preparation. The content of W and C in the third layer
is more than that in the second layer under the action of a high energy laser beam. In addition, the
graphitization of diamond will dissolve into the cladding layer and increase the content of element C. It
can be seen in Fig. 7(d) that WC particles are closely combined with the binder phase. The bright thin ringlike interface is produced around each WC particle. Along the leader direction marked in Fig. 7(d), gradual
transition distributions are tested on three elements of W, Cr, and Co, as shown in Fig. 7(d1). Elementary
contents of W, Co, and Cr can be found at the interface. Close to the WC three elementary contents are
kept at an intermediate level. Dendrite deposited near WC particle is helpful to the stability of the
transition and the combined performance between particle and binder phase can be greatly improved.
The elementary contents of Co and Cr present opposite distribution inclination in the dendrite and binder
phase. It implies that a Co-based solid solution is produced in laser cladding. In Fig. 7(e), the diamond
particle is compactly embedded in the cladding layer. Although ground and polished for a long time in the
sample preparation, the diamond is tightly enclosed around the binder phase in the cladding layer.
According to the detection results shown in Fig. 7(e1), the bonding interface composition contains mostly
three elements of C, Cr, and Co. Each element distribution close to the diamond abrasive presents a
gradient transition along the leader marked in Fig. 7(e). There is a little amount of Co and Cr elements can
be detected on the diamond surface. The opposite inclination distributions of Co and Cr indicate the
existence of a Co-based solid solution and the chemi-metallurgical combination is generated on the
interface between the diamond abrasive surface and binder composites.

4 Performance Analysis Of Gradient Cladding Layer
4.1 Microhardness
The cross section microhardness of the gradient coating along the depth of the coatings is shown in Fig.
8. Across the depth of the cladding layer, the microhardness presents a decreasing trend. It is indicated
that the coating can slow down the abrupt change of mechanical properties. The average hardness of the
third layer, the second layer and the first layer stepwise decreased in corresponding order. The surface
microhardness is the highest, and the microhardness value reaches 1342 HV0.2. The microhardness of
the interface between the substrate and the cladding layer is the lowest due to the larger grains being
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produced over a long period of thermal interaction. The microhardness of WC particles in the cladding
layer is 2685 HV0.2, and the mechanical properties of the cladding layer are enhanced by the dispersion of
WC, diamond and other strengthening phases in the cladding layer.
4.2 Wear resistance
The comparison diagram of the friction coefficient and wear loss between the HSS substrate and
composite gradient cladding layer is shown in Fig. 9. Before friction and wear testing, the frictional
surfaces of each specimen were prepared with roughness values ranging from 0.13 μm to 0.15
μm. Variations on the friction coefficients within 30 minutes are presented in Fig. 9(a). One can conclude
that the measured curves of the friction coefficients are characterized by the value of the oscillation of
amplitude. As for the cladding layer, the friction curve fluctuates extremely in the initial stage. The mean
value of the friction coefficient (ECof) is approximately 0.27. It can be also seen that the friction curve of
the cladding layer fluctuates extremely at the initial stage due to protruded diamond particles leading to
the fluctuation of the tangential force during the sliding test. As a feature of distinguishing the sliding
stage, the curve of friction coefficient tending to be stable, as well as the appearance of
smaller oscillations indicates that the transition from the initial stage to the stable stage begins to occur
[29]. The sliding curves can be divided into different stages, as shown in Fig. 9(a) marked with the dash
lines. Comparing with sliding the substrate, a longer wear initial stage was developed on sliding the
cladding layer. It can be explained that the running-in time was prolonged owing to the superhard
abrasive being distributed close to the top third layer. After stepping to the abrasion wear stage, the
grinding ball began to contact with WC particles in addition to the diamond grains. The friction coefficient
remains smooth and steady relatively due to the increase in the contact area between the ball and the
cladding layer. In the breakage stage, part of the diamond grains were fractured and the broken particles
were pushed into the contact area between the grinding ball and the worn surface of the layer along the
sliding direction. The friction coefficient rose steeply. Subsequently, the sliding process steps into a stable
stage with a slow increase of the friction coefficient. Three-body wear has been evoked due to the broken
particles participating in the sliding process, which resulted in the fluctuation of the friction coefficient
being risen.
One of the most glaring differences between the two curves is that the fluctuation of the friction
coefficient in each stage(Fig. 9(a)). In the initial stage, the friction coefficient fluctuates widely owing to a
poor surface quality similarity between grinding ball and sample. The higher surface quality similarity of
the contact pairs will be produced as the sliding process develops. The friction coefficient tends to be
stable. For the gradient cladding layer, there are significant variations in the material properties between
layers. During the sliding process, not only would be the new texture of the coating ground, but the
surface with the changed material arose at the contact area. And then it is difficult to form the high
surface quality similarity between the ball and the ground surface. Therefore, a considerable oscillation
of the friction coefficient is performed in four wear stages. The friction coefficients in sliding the two
specimens become steady with the surface quality similarity of the pair increasing. A similar conclusion
can be noted in the publication [30]. The larger ECof and wear loss were tested in the ball sliding the HSS
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substrate (Fig. 9(b)). ECof of the cladding layer is 0.33, and ECof of the substrate is 0.56. ECof of the
cladding layer is decreased by twice as much as that of sliding the substrate. The wear loss of the
cladding layer is 1.1 mg, and that of the substrate is 3.5 mg. The wear loss of the cladding layer is 1/3 of
that of HSS substrate. Compared with the HSS substrate, the newly prepared gradient cladding layer
significantly improves the wear resistance of HSS.
In-depth understanding of wear resistance of the gradient cladding layer, the micro mechanism of
improved wear resistance, the grinding mark on the friction and wear surface, as well as the interface
between the abrasive and adhesive phase, was observed by the means of scanning electron microscopy
(SEM), as shown in Fig. 10. The wear mechanism can be divided into adhesive wear, abrasive wear and
fatigue wear according to the damage and failure modes of the friction surface. These various wear
modes often occur simultaneously in one sliding test.
The distribution of hard particles, such as WC, diamond, and Co-based solid solution are dispersive and
homogeneous in the high preparing wear-resistant coating layer. These hard particles are usually
combined with the hard toughness adhesive phase in preparing the cladding layer. The hard particles
protruding out from the surface can bear the load applied in the sliding test. The adhesive phase
contributes to forming the compactness structure for the hard particles in the cladding layer, which is
positive to absorb the energy and buffer the loads as the grinding ball slides over the surface of the
composites. It is a reasonable origin for improving the comprehensive performance of the cladding layer
[31, 32].
The micro-cutting furrow is obvious on the worn surface, as shown in Fig. 10(a). The micro-cutting furrow
is consistent with the sliding direction of the counter-grinding ball. Due to the hardness of the ceramic
ball being much higher than that of the cladding layer, the characteristic of the wrinkles generated on the
surface of the adhesive phase along the wear scar indicates that the wear mode could be tagged with
abrasive wear. Additionally, diamond particles are still embedded in the cladding surface despite a small
amount being pulled out during the friction and wear process. A few microcracks could be discovered on
the sliding track. Multi-layer laser cladding usually leads to geometric deformation in the superposition,
while stress concentration is formed in the gradient layers. When the tensile stress close to the top layer
exceeds the allowable stress, the microcrack propagation will be developed both in the cladding process
and the sliding tests. Fig. 10(b) is an enlarged local view of the bottom of the wear marks. It can be noted
that a little debris, as well as a few scabs, are sticking to the marks. It is indicated that adhesive wear was
generated between the grinding ball and the cladding layer in the sliding test. On side of the wear mark
(Fig. 10(c)), accumulation due to sliding plastic material can hardly be found on the side of the wear
mark and a lot of plastic scratches were obviously observed in the adhesive alloy (Fig. 10(d)). It is implied
that the hardness of the cladding material is much higher to cause little plastic formation.
The ingredient of debris close to the worn WC particle is marked in Fig. 10(e). It mainly includes the
elements such as aluminum, oxygen, chromium, cobalt, and tungsten, as shown in Fig. 10(f). The
element of aluminum contained in the debris indicates that the adhesive wear was generated in the
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sliding test. Also, a much higher content of oxygen detected on the wear surface implies that the
oxidation wear mode occurs simultaneously. During the sliding test, the WC particles are difficult to be
ground and the particles begin to emerge as the adhesive phase becomes worn out. The WC particles
would bear the plow load coming from the grinding ball along the sliding direction and the micro material
of the ball located in the contact area had been removed [33]. The removed material of the ball got buried
in the worn surface and adhesive wear was produced. As well, a large amount of friction heat was
induced during the sliding process. The brittle oxide film of the Co-Cr alloy would be produced on the
worn surface under the condition of exposure to air. Due to the diamond particles affording much of the
sliding load, the edge of the particle was gradually ground to be dull and a little material around the
particles had hardly been removed even if a few of the diamond grits were damaged (Fig. 10(g)). Micro
spalling pits (Fig. 10(h)) observed on the diamond surface were formed arising from the brittleness
removal according to the material removal mechanism [34]. A few diamond particles would be slightly
damaged to a low strength status and turned to be brittleness after the laser cladding. Therefore, a small
number of thermal cracks inevitably existed in diamond particles [35]. When the ball slides over the defect
particles, the cracks will be propagated and diamond particles will be crushed to form the breakage (Fig.
10(i)).
The main wear modes induced in sliding the gradient cladding layer include abrasive wear, slight
adhesive wear, and brittle peeling wear. The wear resistance of the gradient cladding layer is significantly
improved due to the hard particles of the diamond and WC being embedded in the composites.
4.3 Corrosion resistance
Two specimens of the HSS substrate and the substrate with cladding layer were prepared for detecting
the corrosion resistance. The corrosion kinetics are characterized by potentiodynamic polarization in
NaCl solution with a molarity of 3.5% at a temperature of 25℃ and the results are presented in Fig.
11. The corrosion potential of the gradient cladding layer is higher than that of the HSS substrate.
Passivation can be monitored on both surfaces of two samples when the corrosion potential is ranged on
a scale of -0.6 to -0.4 V. The electrochemical parameters were determined based on analyzing the Tafel
curves and the results are listed in Table 5. The corrosion potential (Ecorr), corrosion current density (Icorr)
and Tafel constant (βa, βc) of anode/cathode were extracted by Tafel fitting method. The polarization
resistance (Rp) can be calculated with the Stern-Geary equation [36]:

According to the standpoint of corrosion kinetics, the corrosion rate is positively correlated with current
density, while polarization resistance is inversely proportional to the current density. In general, the
parameters of Ecorr, Icorr, and Rp are important for evaluating the corrosion characteristics of materials.
Larger values of positive Ecorr and Rp together with the lower value of Icorr will reflect an excellent
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corrosion resistance [37, 38]. Comparing the electrochemical data of the two samples, poor corrosion
resistance can be predicted for the HSS substrate.
Table 5 Electrochemical data of substrate and coating
Sample

Ecorr(V)

Icorr (A/cm2)

βa (mv)

βc (mv)

Rp (Ω·cm2)

Substrate

-0.884

9.50E-05

3.742

6.744

11003.5

Coating

-0.755

4.74E-06

4.023

7.205

236488.1

5 Conclusions
WC/diamond/Co-based gradient composite coatings were prepared on the surface of HSS substrates by
laser cladding with different composition powder mixture. The phase composition, microstructural
characterization, microhardness, wear resistance, as well as corrosion resistance of the gradient coatings,
were investigated.
The following conclusions can be drawn.
(1) WC/diamond/Co-based gradient composite coatings were prepared on the HSS surface with a
compacted structure morphology. The composites of the cladding layer are composed of WC, M7C3 (M is
Fe, Cr), Co3C, W2C, CrCo, Cr3C2, Co, Fe3C, and C.
(2) From the bottom layer to the top layer, the grain is gradually refined owing to the residual thermal
interaction in the laser cladding. Element diffusions at the interface and chemical metallurgy
combination between the particle (WC, diamond) and adhesive phase were realized. The wear resistance
of the coating was improved due to the diamond and WC particles located on the cladding surface.
(3) In the friction and wear test, the friction coefficient values of the coatings range from 0.27 to 0.40,
which is much lower than that of the HSS substrate (0.50–0.60). Due to the great different surface
similarity between the ball and the cladding surface, a considerable oscillation of the friction coefficient is
performed in four wear stages. The main wear modes that have been produced in sliding the gradient
cladding layer include abrasive wear, slight adhesive wear, and brittle peeling wear.
(4) The microhardness of the cladding layer will increase as more content of WC being added to the
mixture, and the surface hardness is the highest, reaching 1342 HV0.2. ECof is lower than that of the
matrix, and the wear loss is only 1/3 of that of the HSS substrate. The results show that the cladding
layer has excellent corrosion resistance compared with the HSS matrix, and the RP is 236488.1 Ω·cm2.
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Figures

Figure 1
The micrograph of powders: a Co-Cr alloy. b WC. c Diamond abrasive
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Figure 2
Schematic diagram of the laser cladding process

Figure 3
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The macroscopic morphology of gradient cladding layer: a Surface morphology of the one layer. b
Surface morphology of the two layers. c Surface morphology of the three layers. d Cross section of the
one layer. e Cross section of the two layers. f Cross section of the three layers

Figure 4
The interfacial metallographic structure of different gradient cladding layers: a First layer. b Second layer.
c Third layer The microstructure of the bonding interface of each layer of the gradient cladding layer is
shown in Fig. 4. Because the cladding layer contains multi-component, the phase composition of the
composite coating does not present a single microstructure. In general, the microstructure at the bottom
of the gradient cladding layer is more coarse than the cladding layer at the top. The microstructure of the
cladding layer grows to a certain extent due to repeated heating.
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Figure 5
XRD pattern of the WC/diamond/Co-based coating.
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Figure 6
The sectional microstructure of gradient cladding layers: a First layer. b Dendrites near WC. c Acicular
crystal of third layer. d Net crystal of third layer. e Subsurface. f Surface
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Figure 7
The interface microstructure of the gradient cladding layer and its main element distribution curves: a
First layer and substrate. b Second layer and first layer. c Third layer and second layer. d WC and bonding
phase. e Diamond and bonding phase
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Figure 8
Microhardness distribution of gradient cladding layer
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Figure 9
Date in the wear experiment: a Friction coefficient curves. b ECof and wear loss

Figure 10
The worn surface of gradient cladding layer: a Integral wear mark. b Bottom of wear mark. c Side of wear
mark. d Middle of wear mark. e Wear WC. f EDS measurement results for zone 1. g Micro crack of the
diamond. h Intact diamond. i Peeling pit
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Figure 11
Potentiodynamic polarization of HSS substrate and coating.
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