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throughout the years. Because of their exceptional mechani-
cal and physical properties, such as high yield strength, 
excellent soft magnetic properties, high thermal stability, 
and high corrosion resistance, as well as their abundant nat-
ural resources and low material costs, Fe-based, Ni-based, 
and Fe-Ni based bulk glassy alloys (BGAs) are of particu-
lar interest among metal-based BGAs [13–15]. To prevent 
fracture development during laser cladding of a Fe37.5Cr27.5
C12B13Mo10 amorphous coating, Lu et al. [16] used a triple 
laser scanning method to relieve the thermal tension created 
inside the amorphous coating in situ. Shu et al. [17] used 
the laser-cladding method to fabricate CoCrBFeNiSi high-
entropy alloy coatings. This could be separated into three 
layers with distinct microstructures, including a dendritic 
layer, an amorphous layer, and a transition layer. Chang et 
al. [18] wanted to produce a Ni–Cr–Si–B–Fe amorphous 
ribbon coated on a substrate of mild steel using laser addi-
tive manufacturing. The X-ray diffraction (XRD) findings 
revealed that amorphous and crystalline phases coexisted in 
the coating, with the amorphous phase constituting up to 
41% of the coating. Zhang et al. [19] used the laser-cladding 
method to fabricate amorphous and crystalline Fe–Ni–B–
Si–Nb composite coatings and improved the abrasion resis-
tance of the coatings in amorphous phases. The coatings 

1 Introduction

Due to their superior surface qualities, such as high micro-
hardness and resistance to wear, corrosion, and oxidation, 
amorphous alloys have been extensively utilized in sur-
face coatings [1–8]. Laser cladding, a sophisticated surface 
modification process, is distinguished by its great precision 
and quick heating and cooling speeds. In laser processing, 
the cooling rate may reach up to 108 K/s, and fast, non-
equilibrium cooling can be achieved, which is favourable 
to the creation of a glassy phase. Therefore, laser cladding 
has been utilized to manufacture amorphous metal coatings 
with little or no crystallization [9–12].

Utilizing laser-cladding technology, significant attempts 
have been undertaken to produce amorphous coatings 
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Abstract
In this study, a Ni–Fe–Si–B amorphous composite coating is coated on H13 steel by laser cladding. Coatings are sys-
tematically investigated for their microstructure, phase composition, tribological behavior, and mechanical characteristics. 
X-ray diffraction results demonstrate that the cladding layer can be divided into the interface, transition, and composi-
tionally stable zones, where the coating has both crystalline and amorphous phases, with up to 57% of the coating being 
amorphous. According to scanning electron microscopy and transmission electron microscopy analyses, the middle and 
surface regions of the coating mainly consist of (Fe0.5Ni0.5)3Si, Fe2B, Fe2NiB, Ni31Si12, and amorphous phases. The in-situ 
generated Fe2B phase is uniformly distributed within the coating, leading to a significant enhancement in microhardness. 
The greatest hardness of the coating is approximately 927.04 HV0.2. The composite coating exhibits excellent wear resis-
tance, which is approximately 1.71 times greater than that of the substrate. Minor abrasive wear constitutes the primary 
wear mechanism for the coatings.
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exhibited performance superior to that of the substrate. By 
forming the NiO passivation film by adding Ni, Kong et 
al. [20] evaluated the effects of Ni addition on the immer-
sion corrosion and described the electrochemical corrosion 
behaviors of FeSiBNi coatings in 3.5% NaCl solution. This 
significantly increased the corrosion resistance of FeSiBNi 
coatings.

It has been shown that FeNi-based amorphous alloys 
exhibit exceptional characteristics when utilized as coat-
ings. Nevertheless, the challenge lies in effectively manag-
ing the dilution rate of the coating during laser cladding in 
real-world operational settings. This process is further com-
plicated by the diffusion of elements from the matrix, which 
alters the composition of the intended coating. It is widely 
acknowledged that amorphous alloys exhibit a high sensitiv-
ity to variations in alloy compositions. Consequently, when 
employing laser cladding, the typical outcome is the produc-
tion of amorphous composite coatings. Previous research 
has primarily concentrated on enhancing the amorphous 
characteristics of the coating. In contrast, the present study 
aims to investigate the formation process of intricate tissue 
phases within composite coatings. This work involved the 
laser cladding of a Ni-Fe-Si-B amorphous composite coat-
ing and involved a thorough analysis of the cross-section 
morphologies, element distribution, and surface phase of 
the cladding layer. In order to identify the processes gov-
erning the evolution of microstructure, the microstructure 
and phase distribution of the amorphous composite coating 
were examined. Then, the cladding layer’s microhardness 
and wear resistance were assessed and contrasted with those 
of the H13 steel substrate.

2 Experiment

2.1 Materials and Methods

The Ni40Fe32Si12B16 alloy powders were chosen as the clad-
ding materials for this experiment. The substrate used was 
an H13 steel plate with dimensions of 50 mm × 10 mm × 
5 mm. To prepare the substrate, it was sanded with 200#, 
400#, and 600# sandpapers to remove any residual oil stains 
and oxides, which could interfere with the laser cladding 
process. The sanding also helped reduce the reflection of 
the laser. Once sanded, the substrate was further cleaned 
by ultrasonically immersing it in acetone and ethanol. The 
powders used in the experiment were obtained from Chang-
sha Tianjiu Metal Materials Co., LTD, China. The Fe, Ni, 
and Si powders used had a purity of 99.9%. To ensure that 
there was no excessive burning of B, boron was added in the 
form of boron iron powder. In addition, any insufficient Fe 
was supplemented with Fe powder. The powders were then 

mixed in a planetary ball grinding mill for 3 h at a ball-to-
powder mass ratio of 4:1 and a speed of 200 r/min. Once 
the powders were properly mixed, they were combined with 
96% alloy powder and 4% absolute ethanol based on the 
mass fraction. This mixture resulted in a viscous alloy pow-
der. The alloy powder was then evenly pressed onto the sur-
face of the H13 steel substrate. The dimensions of the preset 
layer were 50 mm × 3 mm × 1 mm. For the laser cladding 
process, a 6 kW multimode constant current CO2 laser with 
the model number GS-TEL-6000 A was used as the light 
source. The laser scanning speed was set at 400 mm min − 1, 
and the laser power was set at 4 kW. To prevent oxidation 
during the deposition phase, the entire laser cladding proce-
dure was protected by an argon environment with less than 
10 ppm of oxygen and moisture. A coaxial nozzle was used 
to spray pure argon gas at a flow rate of 20 L·min− 1 to serve 
as the protective gas. The argon gas used had a purity of 
99.99%.

2.2 Characterization

Different regions of the coating were tested using micro-area 
XRD diffraction. The phase of the coating was determined 
using an Empyrean X-ray diffractometer. The microstruc-
ture was examined with a TESCAN VEGA3 scanning 
electron microscope (SEM), and the coating was analyzed 
using energy-dispersive X-ray spectroscopy (EDS) with 
OXFORD spectroscopy. A slice was cut using the Helios G4 
PFIB HXe focused ion beam (FIB) equipment. Further char-
acterization of the microstructure and crystal structure of 
the SLMed specimens was conducted using a transmission 
electron microscope (JEM-F200, JEOL, Japan) equipped 
with an energy-dispersive X-ray spectroscope (JED-2300T, 
Japan) system. To accurately determine the distribution of 
boron in the coating structure, electron probe microanalysis 
(EPMA) was performed on Ni-Fe-Si-B composite coating 
samples using an AHIMADZU EPMA-1720 microanalyzer. 
The microhardness of the cross-sectional region of the com-
posite coatings was assessed using a Micro Vickers Hard-
ness Meter from the HMV-GFA series. Esteemed measures 
were taken to ensure consistency, including 20 points being 
measured, a loading load of 1.961 N, and a loading time of 
10 s. The wear resistance of the coatings was evaluated using 
a versatile abrasion-testing device (UMT-2) with balls made 
of Al2O3. The wear tests were conducted using the recipro-
cating wear technique, with testing conditions including a 
20 N load force, a 1.5 mm wear scar length, a 1 Hz swing 
frequency, and a 30 min wear time. The three-dimensional 
(3D) shape of the wear trace was obtained using a 3D pro-
filometer (Model: Micro XAM-800). By analyzing the wear 
traces collected using SEM, the wear mechanism of the 
coating was identified.
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3 Results and Discussion

3.1 Microstructure of Ni–Fe–Si–B Coating

Figure 1 shows the cross-sectional morphologies of the Ni–
Fe–Si–B composite coating and the H13 steel. There is a 
distinct bright band between the coating and the substrate, 
which is a distinctive feature of laser-cladded coatings. This 
behavior suggests that during the cooling and solidification 
of the molten pool, the melted substrate surface layer and 
the cladding powder become miscible and diffuse, result-
ing in a good and tight metallurgical bond between both of 
them. The organization of the coating solidifies in a man-
ner that transitions from planar crystal growth to cellular 
crystal growth and then to dendrite growth. The microstruc-
ture revealed that the coatings were made up of three lay-
ers; a compositionally stable area at the top of the coating, 
a middle transition area, and an interface area at the bottom. 
To determine the phase structure of the different regions, 
micro-XRD analysis was performed on the three coating 
regions.

Figure 2 illustrates the XRD pattern of the Ni–Fe–Si–B 
composite coating. It can be observed that the XRD of dif-
ferent regions is different. Figure 2A illustrates the XRD pat-
tern of the top surface of the cladded coating. The crystalline 
peaks were identified as (Fe0.5Ni0.5)3Si, Fe2B, and Ni31Si12. 
In the middle area of   the coating (Fig. 2B), the diffraction 
peaks are broadened between 2Φ = 43–45°, and there is a 
clear diffusion scattering peak, which is one of the typical 

characteristics of amorphous coatings [21, 22]. There are 
strong crystal diffraction peaks superimposed on the scat-
tering peak, indicating that the middle area of   the coating is 
the coexistence of amorphous and crystalline phases. This 
also shows that the structure in the middle region of the 
coating that shows no grain boundary features in Fig. 1 is 
mainly a composite structure of amorphous and crystalline 
phases. The Pseudo-Voigt function was used to fit the XRD 
pattern in the middle region of the coating using the Ver-
don method. The amorphous content was 57%. The planar 
crystal region of the coating and the substrate (Fig. 2C) is 
the superposition of three peaks, and analyses show that it 
is the superposition peak of (Fe0.5Ni0.5)3Si, Fe2B, and α-Fe. 
Combined with the rapid solidification process of laser clad-
ding, the micro-area XRD results of the above coatings in 
different areas are analyzed. In the laser-cladding process, 
part of the H13 steel matrix surface melts due to laser heat-
ing, which results in a significant dilution of the Fe element 
in the matrix, As a result, the organization of the coating 
is somewhat non-uniform, and various regions of the coat-
ing cross-section exhibit distinct properties; this is primarily 
due to the presence of a temperature gradient in the coat-
ing throughout the laser processing [17, 23, 24]. Accord-
ing to the composition distribution, the cladding layer can 
be divided into interface, transition, and compositionally 
stable zones. During the formation of the coating, the dif-
ference in the cooling rate results in significant variance 
in the XRD results between the different regions. And due 
to the difference in temperature gradient, the temperature 

Fig. 1 (a) Cross-sectional mor-
phologies of the Ni–Fe–Si–B 
composite coating; (a1) Macro 
morphology of composite coat-
ing; Macrograph of coating 
cross-section: (b) A composition-
ally stable area at the top of the 
coating, (c) a middle transition 
area, and (d) an interface area at 
the bottom

 

1 3



Metals and Materials International

key elements in determining the amorphous microstructure 
[1]. Owing to the different cooling rates and molten pool 
flow fields in each area of   the cladding layer, the microstruc-
ture also exhibits clear variances. According to the interface 
stability theory, the growth morphology of solidified tissue 
is mainly controlled by the temperature gradient and solidi-
fication rate (G/R) [10]. At the connection between the solu-
tion and the substrate (interface region), the temperature 
gradient G is the highest, and the solidification rate is the 
smallest; thus, G/R is the largest, and the solidified structure 
grows in a low-speed plane, forming a plane crystal based 
on α-Fe. With the growth of the planar crystal, the compo-
sition of the front of the planar crystal changes, and com-
positional supercooling occurs. Further, G/R decreases, the 
interface becomes unstable, and dendrites grow along the 
direction of maximum heat flow. With the growth of den-
drites, G/R decreases further, and the dendrites are gradually 
refined until they are interrupted. As shown in Fig. 3, the 
molten pool formed a stable composite structure of amor-
phous and crystalline phases. On the upper part of the coat-
ing, owing to the small temperature gradient in this area and 
the influence of convective agitation in the molten pool flow 
field [25], the molten pool exhibited no clear heat dissipa-
tion direction, and dendrites with no clear heat dissipation 
direction were formed.

Analysis of the composite structure of the crystalline and 
amorphous phases in the transition zone in the middle of 
the coating is relatively complicated. To further analyze and 

gradient in the composition stabilization zone (top of the 
coating) is the smallest, the solidification rate is the largest, 
and the amorphous phase disappears. The organization in 
the composition stable zone (top of the coating) is mainly 
(Fe0.5Ni0.5)3Si, Fe2B and Ni31Si12 phases. In contrast, sig-
nificant α-Fe phase precipitation can be seen in the interfa-
cial region (bottom of the coating), mainly due to the largest 
temperature gradient, while the molten pool is subjected to 
dilution by Fe elements from the matrix. Elemental diffusion 
between the matrix and the coating disturbed the elemental 
composition of the coating in this region, and therefore no 
amorphous organization was generated. The organization in 
the interfacial zone (bottom of the coating) is dominated by 
(Fe0.5Ni0.5)3Si, Fe2B and α-Fe phases.

Owing to the small atomic number of B, it is difficult to 
accurately detect its content using an energy spectrometer. 
The microstructure and energy spectra of different regions 
were obtained using an electron probe EPMA (Fig. 3). 
(Fig. 3(a)) forms dendrites dominated by Fe, Ni, and Si, 
whereas B is mainly concentrated in the intergranular 
region. In the transition zone of coating (Fig. 3(b)), the dis-
tribution of elements is uniform, and the stable composition 
of coating. It can be observed that the interface area of   the 
coating (Fig. 3(c)) due to the dilution of the H13 steel matrix 
by laser cladding, the Fe element is greatly diluted from the 
matrix into the coating to form α-Fe, a solid solution con-
taining Ni, Fe, Si, NiSi phase, and Fe2B. The cooling rate 
and composition of a particular metallic alloy system are 

Fig. 2 XRD patterns of Ni–Fe–
Si–B coatings; A compositionally 
stable area (A) at the top of the 
coating, a middle transition area 
(B), and an interface area (C) at 
the bottom
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from the obtained image. As shown in the bright-field 
images illustrated in Fig. 4(i) and 4(j), precipitation of the 
nanocrystalline Fe2B phase was also observed. Therefore, 
we demonstrated that Fe2B has two main forms: an elon-
gated Fe2B phase and a spherical nano Fe2B phase.

The HAADF-STEM morphology and TEM-EDS chemi-
cal elemental composition distribution corresponding to the 
bright-field TEM image of the coating microstructural fea-
tures in the above figure are shown in Fig. 5. In order for 
crystallization to start, an amorphous phase must typically 
supercool (meaning that the liquid state may be maintained 
without crystallization happening at temperatures much 
below the melting point). This is due to the fact that solid 
nuclei must first overcome an activation energy barrier, 
which is lower than the amount of undercooling [26]. In this 
study, a supersaturated solid solution of (Fe0.5Ni0.5)3Si was 
formed first from the glassy phase. The solute (B and Si) 
atoms are rejected into the glassy phase because the concen-
tration of the solute in the (Fe0.5Ni0.5)3Si phase is lower than 
that in the glassy phase; as a result, the remaining glassy 
phase becomes enriched in B and Si until further crystalli-
zation is halted. Consequently, (Fe0.5Ni0.5)3Si and the glassy 
phase with the altered composition are in a metastable equi-
librium. Later, phases like Ni31Si12, α-Fe, and other crys-
talline phases may begin to crystallize. Combined with the 
aforementioned microstructural morphological characteris-
tics and chemical composition analysis, it can be observed 
that during the solidification process of the molten pool, as 
the powder melts, the molten pool first forms an amorphous 
phase, and the solid-liquid front of the molten pool first 
precipitates to form Fe2NiB owing to the supercooling of 

discuss the structure and growth process of each phase in the 
transition zone in the middle of the coating, the transition 
zone was cut using a FIB and characterized through high-
resolution TEM. Figure 4 displays the acquired bright-field 
picture and a chosen area electron diffraction. The positions 
of the test points and results are listed in Table 1. According 
to the bright-field image (Fig. 4a) and the calibration results 
of the SAED spot obtained through electron diffraction of 
the selected area (Fig. 4b and e), region (b) was confirmed to 
be (Fe0.5Ni0.5)3Si, and its crystal band axis was [010]; area 
(c) was confirmed as the Fe2B phase, and its crystal band 
axis was [113]; area (d) was confirmed as the Fe2NiB phase, 
and its crystal band axis was [010]; area (e) was confirmed 
as the Ni31Si12 phase, and its crystal band axis was [121]; 
and, the blue area (f) represents the matrix in the upper right 
corner of the bright-field image. As shown in Fig. 4f, the 
blue area (f) is a partially amorphous region in the transi-
tion region, and nanocrystals are formed in the amorphous 
region. Lattice fringes corresponding to the (200) crystal 
plane can be observed at the edge. The results calculated 
using the integrated intensity demonstrate that the interpla-
nar spacing of the (200) plane was 0.1783 nm, which is a 
slight increase compared to the interplanar spacing in the 
standard structure. This may be caused by the substantial 
amount of solid solution of Si in the Ni–Fe austenite. As 
shown in Fig. 4(g), the fast Fourier transform (FFT) of the 
amorphous region exhibits a diffuse scattering ring, further 
proving the existence of an amorphous phase in the transi-
tion region. The inverse FFT of the nanocrystal region was 
performed, as shown in Fig. 4h, and the presence of a small 
number of dislocations in the nanocrystal can be observed 

Fig. 3 Electron probe microanalysis of the Ni–Fe–Si–B coating; (a) compositionally stable zone, (b) transition zone, and (c) the interface zone

 

1 3



Metals and Materials International

Fig. 4 Microstructural characteristics of the transition zone in the mid-
dle of the coating illustrated in Fig. 4: (a) bright-field TEM images; 
(b–e) diffraction patterns captured from the region labeled as SAED 
in (a); (f) HRTEM image of the blue area illustrated in (a) with cor-

responding (g) FFT and (h) IFFT images; (i) bright-field TEM images; 
and (j) bright-field TEM images of the nano-Fe2B with corresponding 
(k) SAED images
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zone exhibits a hardness of approximately 867.65 HV0.2. 
This value can be primarily attributed to the composite coat-
ing’s high hardness, which is composed of the amorphous, 
(Fe0.5Ni0.5)3Si, and Fe2B phases. the (Fe0.5Ni0.5)3Si phase 
has a very high hardness due to its unique topologically 
dense row structure with a very high coordination number 
and space utilization, which makes it difficult for disloca-
tions and slips to nucleate [28]. The solid solution of the Si 
element in the FeNi phase has a clear effect of strengthening 
solid solutions, and some of the Fe2B nanocrystalline phases 
that are diffusely dispersed efficiently increase the coating’s 
hardness. The surface exhibits the greatest hardness, mea-
suring approximately 927.04 HV0.2. This phenomenon can 
be attributed to the deposition of a substantial quantity of 
the in-situ generated Fe2B phase onto the coating surfaces. 
These Fe2B phases possess exceptional abrasion resistance 
and hardness, thereby substantially enhancing the coatings’ 
surface hardness.

3.3 Tribological Behavior of Ni–Fe–Si–B Coatings

Figure 7 shows the friction and wear results of the substrate 
and coatings. The coefficient of friction is a crucial indicator 
of the wear resistance of materials, and it reflects the surface 
morphology, contact form, and interaction between the load 
and sliding velocity. In general, the smaller the friction coef-
ficient, the higher the wear resistance [29, 30]. As shown 
in Fig. 7(a), the coefficients of friction of the substrate and 
coating in the stabilization stage of frictional wear are about 
0.7 and 0.4, respectively. As shown in Fig. 7(b), the wear 
volume loss of H13 was 12.25 × 104 µm3, whereas that of 
the Ni–Fe–Si–B coatings was 7.16 × 104 μm 3.

According to Archard’s wear law [31], the specific wear 
rate is defined as:

K = V
N · d  (1)

where K denotes the specific wear rate, V is the wear volume 
(mm3), N is the applied load (N), and d is the total sliding 

the components. Owing to the Fe2NiB phase, the remaining 
liquid phase precipitates and grows to form the Fe2B phase, 
and finally, the remaining liquid phase forms the Ni31Si12 
phase. Consequently, it is evident that the intricate arrange-
ment of the coating is predominantly attributable to the sub-
strate’s dilution. The dilution rate markedly influences the 
formation and content of the amorphous phase in composite 
coatings during laser cladding. A fully crystallized matrix, 
abundant in nucleation centers, facilitates the transition of 
amorphous powder to crystallization during melting and 
solidification. Consequently, a higher dilution rate provides 
an increased number of crystallization sites, thereby poten-
tially impeding the production of amorphous phases in com-
posite coatings [27]. Which induces compositional changes 
within the coating and substantially diverges the organiza-
tion composition from the nominal composition provided.

3.2 Mechanical Properties of the Ni–Fe–Si–B 
Coatings

The Fig. 6 shows the microhardness curves of coatings. 
the curve is divided into four parts: Compositionally sta-
ble zone, Transition zone, Interface zone and Heat affected 
zone. The bonding zone has an approximate hardness of 
764.81 HV0.2. the main reason for the low hardness in the 
interfacial zone is thought to be due to the drastic dilution 
between the H13 steel matrix and the melt pool, where the 
α-Fe phase, formed by the Fe elements from the matrix, is 
significantly lower compared to the high hardness of the 
(Fe0.5Ni0.5)3Si and Fe2B phases. The intermediate transition 

Table 1 Test results of energy dispersive X-ray spectroscopy (EDS) 
points at different positions of the Ni–Fe–Si–B coating (at%)
Region Phase Element (at%)

Ni Fe Si B
(b) (Fe0.5Ni0.5)3Si 43.34 43.16 13.5 ---
(c) Fe2B 5.93 68.07 0.07 25.93
(d) Fe2NiB 20.33 61.92 --- 17.75
(e) Ni31Si12 68.72 7.67 23.61 ---
(j) Fe2B 9.25 60.79 --- 29.96

Fig. 5 TEM micrographs of microstructural characteristics of the Ni–Fe–Si–B coating: (a) bright-field TEM images; (b) HAADF-STEM micro-
graph with (b)–(d) corresponding elemental TEM-EDS maps
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worn scar. Similar-colored lines indicate furrows. Obvious 
grooves appeared on the surface of the H13 steel substrate, 
indicating that the substrate experienced severe abrasive 
wear. The depths of the abrasion marks were 10.3 μm and 
6.8 μm for the H13 steel and Ni-Fe-Si-B coatings, respec-
tively. Macroscopically, the decrease in the area of the abra-
sion marks indicated that the true contact area between the 
abrasive ball and the test surface decreased, which fully 
demonstrated that the Ni-Fe-Si-B coating had an superior 

distance (m). The specific wear rate of the H13 substrate 
was 2.55 × 10− 6 mm3·N− 1·m− 1, and the specific wear rate 
of the Ni–Fe–Si–B coating was 1.49 × 10− 6 mm3·N− 1·m− 1. 
The wear resistance of the Ni–Fe–Si–B coatings was more 
than 1.71 times higher than that of the H13 substrate.

The macroscopic morphologies of the worn surfaces in 
Fig. 8 were analyzed. The comparable wear track of H13’s 
3D morphology may be shown in Fig. 8(a). The various hues 
signify various depths; the darker the blue, the deeper the 

Fig. 7 Friction and wear results of the H13 and Ni–Fe–Si–B coatings. (a) COF profiles. (b) wear volume loss

 

Fig. 6 Microhardness of the Ni–
Fe–Si–B coating
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and O. During the sliding process, the softer (Fe0.5Ni0.5)3Si 
flaked off to form fragments under the continuous tangential 
friction, and subsequently, the wear fragments were trans-
ferred and aggregated to the grinding balls [32].

To illustrate the underlying wear mechanisms related to 
the substrate and coatings, the wear surface morphology 
of the sample is shown in Fig. 10. Figure 10(a) shows the 
corresponding worn surface topography of H13. The wear 
surface of the matrix exhibits clear plastic deformation and 
deep furrows, indicating that the matrix has experienced 
severe abrasive wear. The oxides on the surface of H13 
steel were tested by EDS as shown in Table 3. The surface 
morphology of H13 steel has white oxide and deep furrows, 
and the wear mechanism is mainly through oxidation and 
adhesive wear. At the beginning of the wear process, an 
oxide film formed on the surface of the H13 steel. With an 
increase in wear time, the oxide film fell off, resulting in 
direct contact between the grinding ball and the metal sur-
face. Consequently, adhesive wear occurred, which was also 
proved by the fluctuation of the friction coefficient of H13 

wear resistance. The apparent accumulation of bumps on 
both sides of the wear marks suggests that during relative 
sliding, the material between the coating and the grinding 
ball tends to extrude along the sides rather than breaking 
up completely, which reflects the excellent plasticity of the 
coating, and, importantly, this property seems to correlate 
with the low wear rate of the material.

In order to analyze the wear mechanism of the H13 steel 
and the coating, SEM and EDS tests were carried out on 
the Al2O3 grinding balls, as shown in Fig. 9. As can be seen 
from the EDS in Table 2, wear areas have appeared on the 
surface of the grinding ball after rubbing with the H13 steel 
and a clear bonding layer has formed, which consists of 
oxides from the surface composition of the H13 steel and 
the grinding ball’s own elements (Al and O), which suggests 
that adhesive wear accompanied by oxidation is the main 
wear mechanism of the H13 steel. From Fig. 9 (b), it can 
be found that a bonding layer also appeared on the surface 
of the Al2O3 grinding ball and the Ni-Fe-Si-B coating after 
friction. This bonding layer is mainly composed of Ni, Fe, Si 

Fig. 8 Three-dimensional morphology of wear trajectory and cross-sectional curve of the wear scar: (a) and (a1) H13 steel; (b) and (b1) Ni–Fe–
Si–B coating
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Table 2 Chemical compositions (wt%) of positions marked in Fig. 9
Point Ni Fe Si B Cr Al O
1 70.0 3.4 1.7 24.9
2 29.2 30.6 5.1 2.1 33.0
3 59.1 40.9

Table 3 Chemical compositions (wt%) of positions marked in Fig. 10
Point Ni Fe Si B Cr Al O
1 91.9 2.9 5.2
2 51.8 0.7 3.1 9.6 34.8
3 66.2 18.3 0.7 9.8 5
4 45.4 39.2 9.9 2.6 2.9

Fig. 10 Worn surface morpholo-
gies of (a) H13 steel and (b) Ni–
Fe–Si–B coating

 

Fig. 9 SEM images of surface abrasions on Al2O3 balls: (a) H13 steel; (b) Ni-Fe-Si-B coating
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steel. Figure 10(b) shows the corresponding worn surface 
topography of the Ni–Fe–Si–B coatings. The surface of the 
worn coating is smooth with only a few grooves. The wear 
morphology of the coating was characterized by abrasive 
wear, and no cracks or spalling pits were observed.

In the process of friction and wear, the coupled interac-
tion of the (Fe0.5Ni0.5)3Si, Fe2B, Ni31Si12, and amorphous 
phase determines the wear resistance of the coating. The 
hard Fe2B phase plays a supporting role in avoiding con-
siderable abrasive wear, whereas the soft (Fe0.5Ni0.5)3Si 
phase can prevent crack propagation [26, 33, 34]. Fe2B is 
an intermetallic compound with exceptional hardness and 
wear resistance that was dispersed throughout the coating. 
Because to dispersion strengthening, Fe2B has enhanced 
wear resistance [35, 36]. The solution strengthening of 
(Fe0.5Ni0.5)3Si was useful for improving wear resistance. 
Furthermore, no long-range ordered microstructure or crys-
talline flaws such grain boundaries, dislocations, or precipi-
tates were seen in the coating, indicating that the amorphous 
composite coating exhibits high wear resistance.

4 Conclusions

(1) A Ni–Fe–Si–B coating was prepared on the surface of 
H13 steel using laser-cladding technology. The coat-
ing that doesn’t have any cracks show that the forming 
quality is good; a strong metallic bond is made between 
the coatings and the substrate.

(2) The coatings comprised three layers according to the 
microstructural analysis: the interface, transition, and 
compositionally stable zones. The Ni–Fe–Si–B coating 
was mainly composed of (Fe0.5Ni0.5)3Si, Fe2B, Fe2NiB, 
Ni31Si12, and an amorphous phase. Amorphous and 
crystalline phases coexisted in the coating, as shown 
by the XRD and TEM data, with an amorphous phase 
percentage of up to 57%. The analysis of the process 
by which complex phases of the organization form in 
composite coatings is emphasized.

(3) The surface exhibits the greatest hardness, measuring 
approximately 927.04 HV0.2. In comparison with H13 
steel, the wear resistance of the Ni–Fe–Si–B coating 
was more than 1.71 times higher than that of the H13 
steel; thus, the coating exhibited high resistance to fric-
tion and wear. The wear mechanism of the Ni–Fe–Si–B 
coating was abrasive wear. The coupled interaction of 
(Fe0.5Ni0.5)3Si, Fe2B and the amorphous phase deter-
mined the wear resistance of the coating.
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