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Abstract In this paper, a novel hard nickel composite

coatings were fabricated by wide-band laser cladding

technique. The effects of Si alloying on the composite

coatings were investigated by microstructure characteri-

zation, phase identification, microhardness and wear

resistance. Results showed that the in-situ precipitated

phases in the laser molten pool were composed of the c-Ni
solid solution and hard phases such as Cr23C6, CrSi, Cr5B3.

With the increase of Si element, the morphology of the

precipitated phases changed significantly. When the added

content of Si was 1.0 wt.%, the precipitated phase was a

mainly block morphology. As the added content of Si was

increased to more than 2.0 wt.%, the main precipitated

phase was transformed into a long stripe morphology. With

the increase of Si content, the stripe-like precipitated phase

was gradually refined and finally becomes density needle-

like precipitates. Element distribution analysis showed that

the block precipitated phase was enriched in Cr, W and Si

elements. Additionally, the enriched elements in the long

strip precipitation phase were essentially the same as those

in the block precipitation phase. The added Si element was

highly involved in the in-situ reactions of precipitated

phase. The TEM results showed that the precipitated

phases contained the crystal structures of Cr5B3 and Cr7C3.

The pin-on-disc wear tests revealed that the composite

coating with the addition of 6 wt.% Si exhibited the best

wear resistance in the experimental group. The average

friction coefficient was about 0.6 and the wear mass loss

rate was about 2.38 9 10-5 g/m under counter-abrasive

conditions. The worn surface analysis indicated that the

wear mechanism of composite coatings was mainly abra-

sive wear. The refined needle-like precipitated phase was

closely bound to the matrix and thus not easy to peel off,

providing a significant improvement in the wear resistance

of the laser cladding coatings.

Keywords alloying effect � nickel-based coatings �
reinforced phases � wide-band laser cladding � wear
resistance

1. Introduction

As a surface modification technique, laser cladding has the

potential to enhance the wear and corrosion resistance of

low-cost carbon steel. This is achieved by applying high-

performance composite coatings to the surface of conven-

tional carbon steel (Ref 1-3). It is worth noting that laser

cladding can be utilized to alter the surface properties of

numerous materials. In contrast to conventional surface

modification methods, laser cladding exhibits robust met-

allurgical bonding, high cladding quality and minimal

substrate distortion. Thus, it has been extensively used in

the various area of industrial production, such as

mechanical engineering, mold repair and military weap-

onry (Ref 4, 5). As is known, metal matrix ceramic com-

posites (MMCs) are composed of metal matrix phase and

hard ceramic reinforcement phase. The metal matrix phase
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has low hardness and good toughness, while the dispersive

ceramic phase has high hardness. These reinforced phases

generated by in-situ reaction are tightly combined with the

matrix phase, which can highly improve the wear resis-

tance of the composite coating (Ref 6-8). Typically, metal

powders such as Ni (Ref 9, 10), Fe (Ref 11, 12), Zr (Ref

13, 14) and Mo (Ref 15) could be used as cladding mate-

rials. Among them, the Ni-based alloy powders are often

used as cladding materials to improve the wear resistance

of low-cost carbon steel surfaces due to their good wetta-

bility and self-solubility (Ref 16). To further improve the

performance of the nickel-based cladding layers,

researchers have tried to induce the hard ceramic particles

like WC, TiC into laser molten pool (Ref 17, 18). It is

reported that the addition of hard ceramic particles could

significantly increase the hardness and wear resistance of

the cladding laser. However, the extra-added ceramic par-

ticles are usually non-uniform distributed in the composite

coating layer, which led to the toughness decrease and

cracks initiation (Ref 19).

In order to improve the deficiency of extra-added rein-

forced particles, various elements were added by the

alloying method to promote the in-situ synthesis of rein-

forced phase in laser molten pool. This way of introducing

the reinforcement phase can significantly improve the

distribution, morphology and density of reinforcement

phase, so as to obtain better reinforcement effect (Ref 20-

22). Gao et al investigated the influence of Fe content on

the phase and properties of nickel-based composite coat-

ings (Ref 23). The result showed that the Fe element

transformed the ternary eutectic phase in the melt-coated

layer into a c-FCC/ (Cr, Fe)7C3 eutectic phase. The dis-

appearance of the hard phase in the coating and the uni-

formity of the Cr distribution in the coating were also

observed. When the iron content reached 25%, the com-

posite coating exhibited superior corrosion and wear

resistance. Li studied the effect of chromium content on the

microstructure and wear resistance of titanium-based

coatings (Ref 24). Under high-temperature friction condi-

tions, the addition of Cr resulted in the formation of a

superhard amorphous oxide protective layer on the worn

surface, which improved the wear resistance of the coating.

Hong et al investigated the effect of Nb additions on the in-

situ precipitation reinforced phase and wear resistance of

the composite coatings with respect to the Nb element (Ref

25). The results showed that when the Nb content reached 3

wt.%, the needle-like agglomerates of NbC phases had the

best wear resistance properties. Liang et al found that the

addition of rare earth oxide resulted in the coating layer

without obvious pores, cracks and delamination, where the

internal distribution of the grains is more regular and the

microstructure is more refined (Ref 26). Through the above

studies, it is revealed that the elements added in the laser

molten pool are dissolved in large quantities under the

proper laser irradiation energy. These elements with strong

carbide-forming ability such as Cr, Nb, Fe could highly

involve in the in-situ reactions to form newly precipitated

in-situ hard phases in the melting pool. Compared with the

externally applied WC reinforced phases, the new precip-

itated phases in the cladding layers are significantly dif-

ferent in their morphology and grain size. These reinforced

phases have better improvement effects on the micro-

hardness and wear resistance of the cladding layer.

In the alloying research of laser molten pool, modulation

of the in-situ reaction by precursor element is a widely used

method. For composite coatings reinforced with carbide

precipitation phases, the in-situ synthesis path of the rein-

forcing phases can also be regulated by changing the form

and concentration of the C element in the precursor

material or in the melt pool. For example, Li et al utilized

the DED method to incorporate carbon nanotubes into

Ni60/WC powders resulting in a refined microstructure

(Ref 27). Furthermore, the addition of carbon nanotubes in

the composite coatings led to a significant increase in the

microhardness and wear resistance. Yuan et al applied a

composite coating consisting of FeCrAl/TiC to the surface

of ferritic steel (Ref 28). The results show that the addition

of TiC is capable of refining the grains, changing the

morphology from columnar to equiaxed and avoiding

cracking in the coating. This improves the wear resistance

of the composite coating. Ning et al created composite

coatings by incorporating SiC into the nickel-based alloy

powders (Ref 29). The addition of SiC ceramic particles

refined the microstructure, and the metal carbide that

resulted from SiC decomposition combined with diffusion

elements in the matrix to enhance the microhardness of the

cladding layer. As the content of SiC increased, wear

resistance of the coatings also significantly improved.

Singh et al fabricated a powder coating made of NiCr-

SiBC ? 50WC on SS410 steel and examined the impacts

of laser beam power, scanning speed and powder feeding

rate on the quality of fusion coating (Ref 30). As a result,

elevated laser power caused the metal and coating powder

to melt, leading to grain refinement. Higher laser power

needs to be combined with higher scanning speed and

moderate powder feeding rate to accomplish the superior

quality of coatings.

In most nickel-based laser cladding materials, a certain

amount of Si element can promote the formation of silicate

oxide slag to protect the high-temperature molten pool.

However, there has been very limited reporting on the role

of added Si element in the in-situ reactions of the melt

pool. Liang et al prepared a composite coating with added

Si on a titanium alloy substrate and found that the addition

of Si in the cladding layer resulted in the formation of an

enhanced Ti5Si3 phase and a Ti5Si3-Ti2Ni eutectic
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structure (Ref 31). These structures became intimately

coupled to the matrix phase, thereby greatly improving the

strength and toughness of the fusion clad. Zhu et al.

investigated the effect of Cu/Si on the wear resistance of

high-entropy alloys, and the results showed that the addi-

tion of Si elements refined the grain size and improved the

wear resistance of the coating (Ref 32). The above reports

on the role of Si concentrates on its effect on the grain

structure of the fusion cladding substrate, particularly in

refining the grain size and improving the bonding between

the matrix phase and the eutectic structure. Further inves-

tigation is required to determine whether the in-situ addi-

tion of Si is involved in the reaction for nickel-based

coatings reinforced by in-situ precipitated phases and how

this affects the nucleation, growth and final morphology of

the precipitated phases.

Based on the aforementioned study, this work incorpo-

rates silicon (Si) element to the precursor material utilized

in laser cladding. Subsequently, a wide-band laser is

employed to dissolve the additional precursor materials in

the melt pool and induce the in-situ reactions of hard

ceramic particles. This research explores whether the in-

situ reaction between Si element and the enriched elements

found in the melt pool, yields benefit in terms of achieving

greater refinement in the microstructure of the cladding

layer and improving the homogeneity of precipitated pha-

ses. The ultimate objective of this work is to enhance the

microhardness and abrasion resistance of the laser clad

layers.

2. Materials and Methods

The substrate chosen for laser cladding was Q550 low-

alloy high-tensile steel, characterized by 10 mm thickness.

The composition and mechanical properties of this steel

were detailed in former reference (Ref 33). The specimen

was precisely cut from the base steel with dimensions of

10 9 20 9 100mm3, using a wire cutting equipment. Prior

to laser cladding, the oxide surface layer of the base steel

was meticulously removed through grinding and subse-

quently cleaned with alcohol. The laser cladding material is

a mixture of commercial Ni60 self-fluxing alloy powder,

WC powder and Si powder. The chemical composition of

the Ni60 alloy powder is characterized by 0.85% C, 3.60%

B, 14.00% Cr, 16.00% Fe, 4.50% Si and 61.05% Ni in

weight percentage. The designed composition of the dif-

ferent cladding layer is outlined in Table 1. The SEM

morphology and particle size distribution of the added

powders are depicted in Fig. 1. The Ni60 powder exhibits a

standard spherical shape with uniform particle size

(D50 = 73.34 lm). In contrast, the WC powder displays

polygonal particles with a coarser particle size

(D50 = 86.79 lm). Meanwhile, the Si powder features

smaller particles with uniform distribution

(D50 = 9.25 lm).

A powder layer with approximately 1.0 mm in thickness

was meticulously prepared on the surface of the base steel

using alcohol. Following the completion of the prepared

powder process, the specimens underwent a drying process.

To eliminate any residual moisture from the powder layer,

the samples were heated to 150 �C and held for 30 minutes

before the laser cladding. A fiber-coupled semiconductor

laser (Laserline LDF4000-100, Germany) was applied in

laser cladding process. The dimensions of wide-band laser

spot employed in these experiments were 15 mm 9 2 mm.

Optimized laser processing parameters included a laser

power of 3.0 kW, scanning speed of 3.0 mm/s, laser head

focal length of 150 mm and a defocusing distance of

0 mm. Throughout the laser cladding process, a shielding

gas consisting of pure 99.9% Ar was directed flow into the

melt pool at a flow rate of 15 L/min to prevent high-tem-

perature oxidation. Upon completion, the samples were

cooled spontaneously to room temperature in the air

atmosphere.

Following the laser cladding process, the metallographic

and XRD test specimens were sliced along the cross sec-

tion using a wire cutting machine. To examine the coating

microstructure, the metallographic specimens underwent a

polishing process using 160-1000# SiC grit paper, followed

by corrosion process using a mixture acid of 20% HF, 30%

HCl and 50% HNO3 at room temperature (20 �C) for 10
seconds. Microstructures were meticulously observed uti-

lizing an XJP-6A optical microscope and a scanning

electron microscope (SEM, JSM-6490LV). Elemental

analysis of the microstructure was conducted using an

energy spectrometer (EDS, Oxford X-Max 50). Addition-

ally, the phase microstructure of various cladding layers

was scrutinized using an x-ray diffractometer (XRD,

D8ADVANCE). The precipitated phases were further

investigated using high-resolution transmission electron

microscopy (HR-TEM, JEM2100) for a detailed determi-

nation of their crystal structure.

To explore the influence of Si addition on the properties

of cladding layers, a digital Vickers microhardness tester

Table 1 Composition design of different composite coatings (wt.%).

No. Commercial Ni60 powder WC powder Si powder

0# 80 20 0

1# 79 20 1

2# 78 20 2

3# 76 20 4

4# 74 20 6
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was employed for assessing the microhardness of various

cladding layers. The microhardness test utilized an HV-

1000TPTA hardness tester with a test load of 4.903 N and

an indentation dwell time of 10 s. Microhardness mea-

surements were obtained at five points in the substrate

section of each specimen and ten points in the cladding

layers section, incrementing by 100 lm for each distance

from the interface. Additionally, the pin-on-disc wear test

was conducted to evaluate the wear resistance of cladding

layers. For the pin-on-disc wear test, a cylindrical pin

specimen with a diameter of 4 mm was extracted from the

cladding layer and subjected to friction and wear perpen-

dicular to the interface direction. The wear test was carried

out at room temperature using an MMU-10G wear tester.

The friction pair featured a W18Cr4V HSS disc with a

diameter of 50 mm, rotating at a velocity of 200 r/min. The

microhardness of the disc was 815 HV, and a load of 100 N

was applied for 60 minutes to assess the extent of wear.

Results and Discussion

Microstructure Analysis

The macroscopic morphology of the wide-band laser clad

specimens, following the addition of 1 wt.% Si, 2 wt.% Si,

4 wt.% Si and 6 wt.% Si, is illustrated from left to right in

Fig. 2(a). The composite coatings with different Si content

exhibited a uniform, smooth and continuous surface, indi-

cating the well forming ability of the designed precursor

powders. The presence of a white lumpy particulate phase

at the bottom of the cladding layer is observed in Fig. 2(b),

(c) and (d). Previous studies have clarified that the white

particle consists of externally added tungsten carbide par-

ticles (Ref 34). They are deposited at the bottom of the

fused cladding layer due to gravitational forces. With the

introduction of silicon, there is minimal variation in the

quantity of undissolved white tungsten carbide particles

within the composite coatings (Ref 35). However, the size

of the externally added WC particles decreased, indicating

that the addition of Si facilitates the dissolution of WC.

Figure 3 illustrates the morphology of the cladding

microstructure manifested at 500 times under an optical

microscope. With an increasing Si concentration, the

morphology of the in-situ precipitated reinforced phase

undergoes significant changes. Adding with 1 wt.% Si, the

precipitates in coating 1# exhibit a block morphology,

leading to the formation of a continuous dendritic

microstructural distribution, suggesting a certain degree of

preferential orientation for the direction of precipitate

phase. As the silicon content rises to 2 wt.%, the mor-

phology of the precipitated phase transforms into a thicker

stripe shape. As depicted in Fig. 3(c) and (d), the precipi-

tated phase transformed into finer needle-like shape with

no discernible direction of growth. Furthermore, the

nucleation density of the precipitated phase increases with

higher Si content.

In order to further study the effect of Si addition on the

in-situ precipitated reinforced phase, SEM was employed

to analyze the morphology and elemental composition of

Fig. 1 The morphologies and statistical analysis of laser-deposited materials and size distribution (a-d):Ni60,(b-e):WC,(c-f):Si
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precipitated phases. The findings are presented in Fig. 4.

Figure 4(a1) illustrates that the cladding layer with 1 wt.%

Si displays a relatively regular morphology of the in-situ

precipitated phases. The precipitated phases manifest as

block, crosses and tetragonal forms with a preferred ori-

entation. Additionally, a substantial quantity of fine

eutectic precipitates is dispersed within the matrix phases.

The EDS point composition analysis regarding the pre-

cipitated phase in Fig. 4(a2) is detailed in Table 2. The

block phase is notably enriched in Cr, W and C elements,

along with a certain amount of Si elements. With increase

of the Si content in coating 2#, a significant transformation

in the morphology of the precipitated phase could be

observed. As depicted in Fig. 4(b1), the precipitated phase

showed more uniformly striped shape. However, the dis-

tribution of striped phases remains relatively disordered,

and no apparent growth direction is observed. Figure 4(b2)

presents a magnified view of the local microstructure,

revealing a bright white area encompassing the stripe-like

precipitation phases. Furthermore, the interior exhibits an

extremely fine precipitate microstructure consistent with

the lamellar eutectic structure. Surrounding the eutectic

structure and strip precipitation phase is the nickel matrix.

An examination of the strip precipitate phase through EDS

point composition in Table 2 indicates a dominant presence

of Cr, W and C with a minor amount of Si elements. It is

noteworthy that the W content is significantly higher than

that in the precipitated phase shown in Fig. 4(a2).

The morphology of the precipitated phase in the clad

layer with 4% Si addition is illustrated in Fig. 4(c1). As

shown, the morphology undergoes a transformation from

the original coarse striped shape to fine striped shape, also

exhibiting irregular growth directions. In comparison with

Fig. 4(b1), a decreasing trend in the area of the white

eutectic structure surrounding the in-situ precipitated phase

can be founded in Fig. 4(c1). The white area of eutectic

structure gradually diminishes, while the gray area in the

matrix phase remains unchanged. Simultaneously, the

density of the in-situ precipitated phase gradually increa-

ses. Further analysis of the elemental distribution of the in-

situ precipitated reinforced phase is presented in Fig. 4(c2),

and the results are detailed in Table 2. The precipitated

phase in the coating 3# predominantly consists of Cr, W

and a small amount of C elements, with no presence of

silicon. Upon increasing the Si element to 6 wt.%,

Fig. 4(d1) demonstrates that the morphology of the in-situ

Fig. 2 Macroscopic

observation and microstructure

of wide-band laser-deposited

nickel composite coating:

(a) surface morphology; (b) 0

wt.% Si; (c) 2 wt.% Si:(d) 6

wt.% Si
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precipitation reinforced phase transforms into fine needle-

like microstructures. The precipitated phase is distributed

randomly, lacking an apparent pattern of growth direction.

In particular, there is no white eutectic structure area

around the fine needle-like precipitated phase, and only the

gray matrix area is observable in the local magnification

area of Fig. 4(d2). Additionally, the density of the pre-

cipitated phase tends to increase, eventually partially cov-

ering the matrix phase with the rise in Si element content.

Conducting an EDS point composition analysis of the

precipitated phase in the coating 4# (as detailed in Table 2),

it is observed that the precipitated phase primarily com-

prises Cr, W and C elements, along with a small amount of

B elements. This composition closely resembles that of the

coating 3#, which lacks Si elements.

XRD Analysis of Phase Composition

X-ray diffraction (XRD) analyses were conducted to

explore the influence of Si element incorporation on the

phase composition of the cladding layers. Figure 5(a) dis-

plays the results of the control test conducted without the

addition of Si. The findings reveal that the cladding layer

predominantly consists of a c-Ni (Fe) solid solution phase

and chromium compounds, specifically Cr23C6 and Cr5B3.

The addition of Si to the cladding layer results in the for-

mation of Si compounds, such as Ni31Si12, CrSi and SiC.

Given that the base powder of the cladding layer primarily

comprises Ni-based self-fusing alloy powder, the intensity

of c-Ni (Fe) in the composite coating is elevated, with

diffraction peaks at 43.6� for the (1 1 1) crystalline plane,

50.8� for the (2 0 0) crystalline plane and 74.7� for the (2 2

0) crystalline diffraction peaks. Upon the addition of WC,

which undergoes partial dissolution in the high-tempera-

ture laser molten pool, the free C element combines with

the Cr element in the molten pool, resulting in the forma-

tion of the precipitated phase of Cr23C6. Consequently, the

intensity of the diffraction peaks associated with Cr23C6

phase is heightened (Ref 36). However, CrSi exhibits

greater stability than carbides. In the presence of free Si in

laser molten pool, some of the C elements in chromium

carbides are replaced by Si elements (Ref 37).

Notably, some undissolved WC is present in laser

molten pool, and due to its higher density, it is deposited in

the lower part of the molten cladding layer under gravity.

WC diffraction peaks of a certain intensity are also

observable in the XRD diffraction peaks. According to the

XRD results, the diffraction peak intensity of Cr23C6

gradually decreases with the increase of Si element, while

the diffraction peak intensities of Cr5B3, NiSi, Ni31Si12 and

other phases exhibit a gradual increase. The composition of

phases in the composite coatings remained consistent with

the increasing Si element. However, the relative content of

precipitated phases, as identified by the intensity of the

diffraction peaks, exhibited variations among different

coatings. Examination of diffraction peaks at 45.80� and

Fig. 3 Microstructures of in-

situ precipitated phases in

cladding layers with different Si

addition: (a) 1 wt.% Si; (b) 2

wt.% Si; (c) 4 wt.% Si; (d) 6

wt.% Si
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47.12� reveals a gradual increase in the intensity of

diffraction peaks associated with Cr5B3, NiSi and Ni31Si12.

This suggests that the augmentation of Si element not only

facilitates the formation of Si-containing compounds but

also enhances the enrichment of Cr5B3. The heightened Si

element content promotes the interaction between Cr and B

elements in chromides, leading to an increase in the

diffraction peak intensity of Cr5B3. Moreover, diffraction

peaks of a certain intensity corresponding to the W5(Si, B)3
phase were also calibrated in the cladding layer. According

to the PDF standard diffraction chart information, Cr5B3

and W5(Si, B)3 phases share the same crystal structure type

Fig. 4 Morphology of in-situ

precipitated phases in different

coatings: (a1, a2) coating1#;

(b1, b2) coating2#; (c1, c2)

coating3#; (d1, d2) coating4#

Table 2 Elemental distribution

of in-situ precipitated phases in

different cladding layers

Spot Element C Si Cr Fe Ni W B

Spectrum1 wt.% 10.34 5.28 28.24 2.62 27.72 25.80 …
Spectrum2 wt.% 7.11 1.58 34.51 1.61 13.82 41.38 …
Spectrum3 wt.% 10.14 … 31.63 1.10 11.85 45.29 …
Spectrum4 wt.% 11.73 … 33.04 0.84 5.04 35.73 13.62
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with space group I4/mcm (140) and Pearson symbol tI32.

These compounds belong to the A5B3 type, where the A

element position can be occupied by elements like Cr, W

and the B position can be occupied by elements such as Si

and B.

Elemental Distribution

During the analysis of in-situ precipitation phases, a

notable transformation in the morphology of the precipi-

tated phases was observed. With an increase in Si addition,

the in-situ phases transformed from the typical block shape

into strip and needle-like shape. To explore the elemental

distribution within these diverse morphologies of the pre-

cipitated phase, EDS map scanning analysis was con-

ducted. Figure 6 displays the result of the elemental map

scanning analysis, focusing on the block precipitated phase

situated in the coating 1#. As the microstructure showed,

the precipitated phase exhibited a regular block morphol-

ogy. This hard phase is notably enriched in Si and Cr

elements, with minimal presence of Ni and Fe elements.

Additionally, W elements show a slight enrichment com-

pared to the surrounding matrix phases. Corroborating with

XRD data, this implies that the (Cr, W)5(Si, B)3 phase

predominates as the primary precipitation phases in the

coating 1#, manifesting in a block microstructure.

Figure 7 illustrates the results of the EDS map scanning,

focusing on the strip precipitated phase in the coating 3#.

The results reveal a significantly enrichment of Si and Cr

elements in the strip precipitated phase in coating 3# and

the deficiency in Ni and Fe elements. Additionally, the W

element exhibits higher abundance in the strip precipitated

phase compared to the surrounding matrix phase, attributed

to the substitution of W for Cr in the chromium

compounds. The primary composition of the precipitated

phase in the coating 3# is further suggested to be (Cr,

W)5(Si, B)3, supported by experimental findings from both

point and surface scans as well as XRD data. Particularly,

elemental analyses confirm a significant involvement of Si

in the in-situ synthesis reaction of A5B3 type compounds

with an increasing Si addition. The crystal structure of the

precipitated primary phase remains unchanged, but there is

a notable morphological transition from a massive to a long

strip microstructure.

EDS line scanning was also conducted to validate ele-

mental distribution of the precipitated phase in the cladding

layers. The scanning line traversed the block precipitated

phase in coating 1# with the addition of 1 wt.% Si, and the

results are shown in Fig. 8(a-a7), respectively. The inten-

sity of Si, Cr and W elements exhibits a sudden increase in

the central region, while the intensity of Fe and Ni ele-

ments diminishes in the same area. This central region

aligns with the block precipitation phase depicted in

Fig. 8(a), implying that Si, Cr and W have been concen-

trated in the block precipitation. The EDS scanning line

traversed across the long strip precipitation phases as

depicted in Fig. 8(b). The elemental distribution results for

the composite coating with 4 wt.% Si addition are vividly

illustrated in Fig. 8(b1-b7). Notably, three distinct peaks in

intensity emerged for the elements Si, B, Cr and W.

Impressively, the identified locations of element enrich-

ment zones consistently align with the distribution regions

of the long strip precipitate phases showcased in Fig. 8(b).

Significantly reduced signal intensities were observed for

Fe and Ni elements within the long strip precipitates. This

decline suggests a lack of these elements within the block

precipitated phases. Moreover, the findings derived from

the EDS elemental distribution line scanning validate those

Fig. 5 Phase composition in different cladding layers by X-ray diffraction examination (a) control group, (b) experimental group
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of the map scanning. They jointly confirm the enrichment

areas for Si, Cr and W elements within the block and strip

precipitate phases. However, a striking concentration of B

elements is discernible in these long strip precipitate pha-

ses. Both XRD and EDS elemental distribution analyses

unequivocally establish that the block and long strip pre-

cipitates within the claddings 1# and 3# exclusively com-

prise (Cr, W)5(Si, B)3 phases. These analyses also suggest

that although the crystal structure of the precipitates

remains unchanged, the morphology of primary precipi-

tates within the cladding layers undergoes a transition from

the block to the long strip morphology with the increasing

of Si content.

TEM Characterization of In-Situ Precipitated Phase

TEM characterization was employed to scrutinize the

microstructure of the in-situ precipitated phase in the

Fig. 6 Elemental distribution of in-situ precipitated phases in coating 1# with 1 wt.% Si addition

Fig. 7 Elemental distribution of in-situ precipitated phases in coating 4# with 6wt.% Si addition
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4wt.% Si cladding layer. The results are presented in Fig. 8.

In Fig. 9(a) and (b), the morphology of the in-situ rein-

forced phase within the cladding layer is depicted through

the bright field image. The image reveals that the matrix c-
Ni phase appears light-colored, and precipitated phases

with darker image contrast are discernible. The high-res-

olution transmission electron microscope micrograph is

showed in Fig. 9(d). The selected area diffraction patterns

obtained through Fourier transform are illustrated in

Fig. 9(c). This phase was conclusively identified as Cr23C6,

with R1 = (0 4 4) andR2 ¼ 5 2 1
� �

. Moreover, it possesses

a crystal zone axis of 1 5 5
� �

. In Fig. 9(e), a micrograph

captured by high-resolution transmission electron micro-

scope is presented, accompanied by selected area diffrac-

tion pattern obtained through Fourier transform, as

depicted in Fig. 9(f). This phase has been identified as

Cr5B3 with R1 ¼ ð1 0 1Þ, R2 = (1 1 0) and a crystal zone

axis of 1 1 1
� �

. When integrating these findings with the

results of the energy spectroscopy tests, it is deduced that

the long strip region in the figure corresponds to Cr5B3,

while the block area corresponds to Cr23C6. Figure 8(g) il-

lustrates the polycrystalline diffraction ring pattern

acquired through selected area diffraction. The interplanar

spacing related to the distinct diffraction rings of the pre-

cipitation phase can be calculated. The diffraction rings

shown in Fig. 9(g) have been calibrated to correspond with

d1 = 2.072 nm, d2 = 1.799 nm and d3 = 1.441 nm. Sub-

sequently, the crystal face depicted in the diffraction ring

display in Fig. 8(g) seems to correspond with (5 1 1)

2.052 nm, (5 3 1) 1.801 nm and (6 4 0) 1.478 nm of

Cr23C6, according to the standard PDF diffraction cards.

The diffraction rings in Fig. 8(h) precisely match the

crystal face (0 0 4) with a value of 2.528 nm, (2 1 3) with a

value of 1.981 nm and 1.809 nm (2 2 2) of Cr5B3, as

identified in the standard diffraction card. Consequently,

these results affirm the presence of Cr23C6 and Cr5B3

phases in the precipitated phase of the composite coatings.

Fig. 8 (a) Elemental distribution line scanning of block precipitated phases in coating 1#. (b) Elemental distribution line scanning of stripe

precipitated phases in coating 3#
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Based on our analysis of the experimental results, we

have observed that the introduction of silicon (Si) into

borides induces significant changes in crystal chemical

bonding, crystal structure and growth behavior. XRD

analysis reveals the transformation of Cr5B3 into (Cr,

W)5(Si, B)3. The incorporation of Si fosters the formation

of Cr-Si covalent bonds, partially displacing the previous

Cr-B ionic bonds (Ref 38-40). This substitution enhances

the anisotropy of the crystals, facilitating more directional

growth in space during nucleation and nucleus growth in

solidification. Consequently, the structure undergoes a

transition from a homogeneous square shape to an elon-

gated one.

Microhardness and Wear Resistance

Figure 10(a) presents the microhardness distribution of the

cladding with varying Si additions. The Q550 steel matrix

maintains a microhardness of approximately 240 HV, with

a significant and abrupt increase in microhardness observed

at the interface of the cladding layers. The microhardness

within the composite coating area is approximately three

times higher than that of the matrix. Notably, the micro-

hardness distribution in the cross section of the cladding

layer exhibits certain fluctuations. Microstructure analysis

reveals an inhomogeneous distribution of in-situ precipi-

tation phases in the composite coatings with varying Si

additions. Additionally, the presence of a small quantity of

unfused WC particles contributes to fluctuations in the

microhardness of the cladding layer (Ref 41, 42). The

microhardness results for different composite coatings are

illustrated in Fig. 10(b). The average microhardness of the

cladding layer exhibited an increase, while the size of

microhardness indentation decreased gradually with the

incremental addition of Si. In the control group, devoid of

Si addition, the average microhardness of the cladding

layer reached 769.8 HV, whereas in the test group with a 6

wt.% Si addition, the average microhardness escalated to

1016.8 HV. The substantial increase in microhardness in

the composite coating is attributed to the addition of Si

elements, primarily due to their involvement in the in-situ

precipitation reaction within the cladding layer. This pro-

cess promotes an increase in nucleation density and the

formation of needle-like in-situ reinforced phase. The

resulting (Cr, W)5(Si, B)3 precipitation phases exhibit a

high level of microhardness and contribute to the overall

increase in the average microhardness of the cladding layer

(Ref 43-45).

The pin-on-disk testing was employed to evaluate the

wear performance of various cladding layers, and the

Fig. 9 (a, b) Morphology of

precipitated phase in coating 3#;

(c-f) high-resolution image and

Fourier transform of

precipitated phases; (g, h)

SAED pattern of precipitated

phases
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results are presented in Fig. 11. Figure 11(a) depicts the

friction coefficient curves of the composite coatings with

different Si additions. Notably, the cladding layer with 4

wt.% Si addition exhibits the highest friction coefficient,

averaging around 1.1. The friction coefficient of the com-

posite coating fluctuates around 0.9 with the 2 wt.% Si

content, while it remains relatively low, ranging between

0.6 and 0.7, for cladding layers containing 1 and 6 wt.% of

silicon. Figure 11(b) illustrates the wear loss rate of the

composite coatings, revealing a gradual decrease with

increasing Si content. The wear loss rate peaks of cladding

layer with 1 wt.% Si addition at 4.97 9 10-5 g/m. How-

ever, with the addition of 2 wt.% Si, the wear rate

decreases to 3.31 9 10-5 g/m. The wear loss rates for

cladding layers with 4 and 6 wt.% Si additions are rela-

tively low, standing at 2.29 9 10-5 g/m and 2.38 9 10-5 g/

m, respectively. Upon analyzing the microstructure and

microhardness data of the composite coatings, the primary

factor contributing to the enhanced microhardness of the

cladding layer is attributed to the notably uniform distri-

bution of dense and numerous precipitated phases. Con-

sequently, the cladding layer exhibits a low coefficient of

friction and wear loss under the applied load. Through

comprehensive analysis, it can be concluded that the

coating 4# demonstrates optimal comprehensive mechani-

cal properties.

Fig. 10 (a) Microhardness distribution of different coatings. (b) Average microhardness of different coatings

Fig. 11 Results of pin-on-disk wear tests of different cladding layers. (a) Friction coefficient. (b) Wear weight loss
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Worn Surface Morphology and Mechanism

Figure 12 illustrates the worn surface characteristics of

cladding layers with varying Si contents. In metal-based

cladding layers reinforced with ceramic particles, wear

failure predominantly manifests as abrasive and adhesive

wear. The worn surface of the coating 1# exhibits an

increased occurrence of spalling pits with diverse sizes and

deeper in Fig. 12(a1). In Fig. 12(a2), a rise in abrasive

debris is noticeable within the spalling pits. Upon con-

ducting a microstructure analysis of the coating 1#, it was

observed that the addition of 1 wt.% Si resulted in the form

of many massive precipitated phases. These substantial

precipitation phases are peeled off under heavy wear loads,

giving rise to a significant area of spalling pits. Following

the shedding of the substantial precipitated phase which

undergoes fragmentation into numerous fine hard phase

particles, thereby intensifying abrasive wear on the surface.

Figure 12(b1) and (b2) showcases the worn surface mor-

phology with the inclusion of 2 wt.% Si in the composite

coatings. The results indicate that the worn surface con-

tinues to exhibit a greater number of spalling pits, con-

taining an increased quantity of fine hard phase particles.

The microstructure of the coating 2# is subject to signifi-

cant changes compared to the coating 1#, particularly in the

morphology of the precipitated phase. The reduction in the

size of the long strip precipitated phase tends to decrease

the formation of spalling pits on the worn surface of

Fig. 12 Worn surface

morphology of different

cladding layers (a1, a2) coating

1#; (b1, b2) coating 2#; (c1, c2)

coating 3#; (d1, d2) coating4#
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coating 2#, in contrast to the block precipitated phases. The

elongated precipitated phase is further crushed and broken

up after shedding, causing abrasive particles to appear on

the previously clean wear surface. Furthermore, the volume

of the elongated precipitated phase is smaller than that of

the bulk precipitated phase, resulting in a reduction of

abrasive particles on the wear surface and subsequently

decreasing wear weight loss.

The quantity of hard phase particles formed is lower

compared to that was observed in coating 1#. In

Fig. 12(c1), the worn surface of the 4 wt.% Si cladding

shows noticeable roughness, with multiple adherent wear

areas and more spalling pits. Figure 12(c2) further illus-

trates these spalling pits containing a substantial amount of

wear particles. With an increase in the Si element, the

precipitated phase size of the cladding layer becomes finer.

However, the average microhardness of the composite

coating basically remains consistent. There is a decrease in

the overall wear resistance of the cladding layer, poten-

tially leading to significant adhesive wear on the surface.

This results in a considerable rise in the coefficient of

friction for the coating 3#. Figure 12(d1) and (d2)

demonstrates that the addition of 6 wt.% Si cladding layer

significantly reduces both the number and area distribution

of spalling pits on the worn surface. Furthermore, the worn

surface only exhibits a few grooves. The needle-like pre-

cipitated phases are uniformly embedded within the matrix

and are observable in the un-peeled off rea of the worn

surface in Fig. 12(d2). The close integration between these

needle-like precipitated phases and the matrix is clearly

evident from this observation. Moreover, the average

microhardness of the coating 4# has been substantially

enhanced compared to the other three composite coatings,

displaying well resistance to wear without adhesive wear

area. This leads to a reduction in the coefficient of friction,

thereby improving the wear resistance. Following the

peeling off the needle-like precipitation phase forms a

limited number of small and hard phase particles. As a

result, the diminished entry of abrasive particles into the

opposing abrasive surface area of the flaking pit leads to a

decrease in abrasive wear. The relatively low of wear

debris into the worn surface of the spalling pits mitigates

the abrasive wear.

By integrating microstructural analysis with an exami-

nation of the wear properties of the cladding and the worn

surface morphology, this study delves into the worn surface

mechanism of the cladding layers. Figure13 explains how

the wear mechanism varied when the morphology of the

precipitated phases changes. The wear mechanism analyses

are qualitative discussions aimed at providing possible

explanations. In Fig. 13(a) and (b), a schematic diagram

illustrates the wearing mechanism of the composite coat-

ing, reinforced by block precipitated phases under low Si

addition. When subjected to wear load, the prominent

block precipitated phases fractured at the interface, giving

rise to spalling pits characterized by significant area and

depth. The fragmentation of these block precipitated phases

produces more wear debris which adheres to the worn

surface, thus increasing abrasive wear while leading to

reduced wear resistance.

Upon an increase in Si element content, the morphology

of the precipitated phase within the composite claddings

transformed from the block to the strip/needle-like

microstructure. The ensuing discussion investigates the

wear mechanism of this distinct strip/needle-like precipi-

tated phase in the coating 4#, detailed in Fig. 13(c) and (d).

Microstructural analysis reveals an absence of notable reg-

ularity in the directional arrangement of the strip/needle-

like precipitated phases, therefore investigating the pre-

cipitated phases in two representative distribution direc-

tions. When the strip/needle-like precipitated phases

project from the upper surface at a specific inclined angle,

the lower sections of the precipitated phases intimately

bond with the matrix, inducing mutual constraint and

forming a pinning effect. Under the imposed wear load,

only a minor portion of the upper precipitated phase frac-

tures results in shallow spalling pits and a reduced gener-

ation of wear debris. This gradual and deep wear loss effect

ensues. In instances where the precipitated phases align

nearly parallel to the upper surface, the strip/needle-shaped

precipitated phases exhibit a remarkably high aspect ratio

which measured only about 3-5 lm radially. Even if the

entire precipitated phase breaks due to wear load, the

resulting formation of spalling pits remains shallow.

Moreover, owing to the reduction in volume and quantity

of reinforced phases, the generation of wear debris subse-

quent to fracture is diminished. Consequently, this enhan-

ces the wear resistance of the composite coating 4#.

Conclusions

In this work, nickel-based composite coatings with good

fusion effect and high wear resistance were produced by

wide-band laser cladding technology. Based on

microstructure analysis and characterization, and wear

resistance testing, the following conclusions can be drawn:

(1) Microstructure analysis revealed that the shape of

the precipitated phase in the cladding layer changes

from massive to strip/needle-like as the Si element

content increases. Moreover, the size of the precip-

itated phase decreases significantly, while the nucle-

ation density increases.

(2) The phase of wide-band laser cladding composite

coatings incorporating Si, enhanced by in-situ

J Therm Spray Tech

123



precipitation, is primarily comprised of c-Ni, Cr7C3,

Cr23C6, Cr5B3 and CrSi. The phases formed through

in-situ precipitation in the coating layers exhibit

microstructures of the A5B3 type (Cr, W)5(Si, B)3
and manifest as both block and needle-like mor-

phologies. Elemental analysis indicates a significant

bias towards the Si element in the precipitated

phases, suggesting heavy involvement of the added

Si element in the in-situ reaction of the precipitated

phases within the composite coatings.

(3) The alloying effect of Si element can significantly

improve the microhardness and wear resistance of

the cladding layers. The designed coating with 6

wt.% Si exhibited the best wear resistance in the

experimental group. These results were due to the

tightly bonded, refined needle-like precipitated phase

with the matrix phase. The average microhardness of

the cladding layer reached 1016.8 HV, the friction

coefficient was approximately 0.6, and the weight

loss rate of abrasion was only 2.38 9 10-5 g/m.
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