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Abstract 

Annealing is widely applied to reduce porosity and enhance the wear resistance of thermally 

sprayed metallic coatings; however, its effectiveness is often limited by grain coarsening and brittle 

phase formation. Here, we present a new approach that directly overcomes these limitations by 

coupling thermal spraying with the crystallization behavior of a rationally designed amorphous 

alloy powder (Ni68.6Cr8.7Nb3P16B3.2Si0.5). Upon annealing at 800 °C for 1 h, the metastable 

Mg6Cu17Si7-type phase present in the as-sprayed coating transforms into a well-refined three-phase 

microstructure, comprising a ductile Ni-based solid solution and hard Ni3P and NbNi3 intermetallic 

phases, with 51% reduced intersplat density. This microstructural configuration results in a 21% 

reduction in COF and an 89% reduction in wear rate. The worn surface of annealed coating 

demonstrates minor thin grooves, lower fractions of oxides, and no sign of spallation, delamination 

or cracking, presenting a significant improvement in the wear resistance after annealing. This 

improvement originates from the three-phase composite microstructure in which the ductile Ni-

based solid solution provides plastic deformability and crack resistance, whereas the hard Ni3P and 

NbNi3 phases provide hardness and load-bearing capacity. Annealed coating exhibits mild abrasive 

wear mechanism coupled with limited plastic deformation. These findings demonstrate that 



controlled crystallization of thermally-sprayed coatings can be used to engineer beneficial phases, 

providing a promising strategy for the design of high-performance wear-resistant coatings. 

Keywords: Ni-based coating; Annealing; Grain refinement; Ductile and hard phases, Wear 

resistance 

 

 

 

 

 

 

 

 

 

 

 

 

 



1. Introduction 

In modern industries such as aerospace, automotive, marine, energy, mining, and tooling, abrasive 

wear of mechanical components is a major concern, causing material loss, equipment failures, 

higher maintenance costs, and reduced service life [1, 2]. The high-velocity oxy-fuel (HVOF)-

sprayed amorphous metallic coatings (AMCs) have attracted increasing attention for demanding 

wear applications in last two decades [3, 4]. However, their metastable nature and HVOF-induced 

defects, such as porosity, intersplat voids, oxide stringers, and partial crystallization, reduce load-

bearing capacity and limit tribological performance [5]. To address these issues, post-spray 

treatments including sealing [6], shot peening [7], laser re-melting [8], and annealing treatment [9] 

have been widely employed.  

Annealing is one of the extensively used post-spray treatment for reducing HVOF-induced defects 

in AMCs and improving their tribological performance [10]. Several studies have explored its 

effects on wear behavior. Yang et al. [11] reported that annealing FeCrAlTiMo AMCs at 850 °C 

enhanced hardness, bonding strength, and wear resistance due to the precipitation of multiple hard 

phases. Abbas et al. [12] observed similar improvements in FeCrMoCBY AMCs annealed at 700 

°C, attributed to the formation of hard MₓCᵧ carbides along crystallite boundaries. Cheng et al. [13] 

demonstrated that annealing promoted Fe3B, Fe₂₃B₆, and α-Fe phase precipitation, increasing 

hardness, Young’s modulus, and wear resistance in FeBSiNb AMCs. Liu et al. [14] also found that 

Fe-based AMCs annealed at 700–900 °C exhibited significantly superior wear resistance compared 

with the as-sprayed counterparts. 

Nevertheless, the extent of wear resistance enhancement in AMCs by annealing treatment is often 

constrained by its adverse effects, such as formation of brittle intermetallics due to crystallization, 

or the development of mechanically unstable tribo-oxide layers, especially when the amorphous 



alloy is not supportive or the annealing process is not carefully optimized [15, 16]. Consequently, 

these limitations underscore the need to develop new amorphous alloy systems and to precisely 

control annealing parameters to minimize these adverse effects through fully controlled phase 

transformations [17]. Full wear-resistance potential of annealed AMCs can only be realized 

through the synergistic optimization of alloy composition and annealing treatment [18]. Compared 

with extensively investigated Fe-based AMCs [19-22], Ni-based AMCs have received limited 

attention despite their attractive combination of mechanical strength, tribological performance, and 

electrochemical stability [23-26]. This is largely due to their weak glass forming ability, low 

resistance to crystallization, and tendency to form brittle intermetallic phases during annealing 

[27-29]. Furthermore, the inherent complexity associated with optimizing Ni-based alloy 

compositions and annealing parameters to achieve a structurally stable, defect-minimized, and 

wear-resistant microstructure has hindered systematic investigations and remains a critical 

challenge [30, 31]. 

To address this challenge, a wear-resistant fine-grained Ni-based coating was developed through 

a systematic optimization of composition and annealing strategy. In this study, a specially designed 

Ni68.6Cr8.7Nb3P16B3.2Si0.5 amorphous alloy was selected, and its amorphous powder was deposited 

onto an AISI 1045 steel substrate using the HVOF technique. Following deposition, the coating 

was annealed at an optimized temperature of 800 °C for 1 h to precisely control phase 

transformations and effectively mitigate spray-induced defects. The annealing treatment triggered 

a controlled three-step crystallization process, resulting in a fine-grained composite microstructure 

composed of a ductile Ni-based solid-solution phase, a hard Ni3P intermetallic phase, and a trace 

amount of NbNi3 intermetallic phase. The annealing treatment also minimized the intersplat voids 

and, importantly, significantly refined the grain size due to the phase transformation. This dense, 



refined and well-balanced microstructure significantly enhanced coating hardness and imparted 

outstanding wear resistance, surpassing that of conventional Fe-based, Cr-based, Ni-based, Co-

based, Cr3C2-based, and WC-reinforced amorphous and/or crystalline coatings. Consequently, the 

developed coating demonstrates strong potential for application in demanding wear environments. 

2. Experimental procedure 

2.1.Materials, coating preparation, and annealing process 

A novel Ni68.6Cr8.7Nb3P16B3.2Si0.5 (at. %) amorphous powder, custom designed especially for this 

study, was obtained from Beijing Sun Spraying New Material Co., Ltd. of China and used as 

feedstock. AISI 1045 steel was selected as the substrate due to its widespread use in engineering 

applications. The coatings were deposited using an HVOF-spraying system (UniCoatPro–

WokaStar 610s, Oerlikon Metco, USA) and subsequently annealed at 800 ℃ for 1 h in a vacuum 

furnace followed by natural cooling in ambient air. The powder characteristics, HVOF spraying 

procedure and process parameters, and optimization of subsequent annealing treatment are 

comprehensively investigated in our previous work [32]. 

2.2.Morphological and microstructural analyses of the coatings 

The microstructural characteristics of the as-sprayed and annealed Ni68.6Cr8.7Nb3P16B3.2Si0.5 

coatings were investigated using cross-sectional samples prepared by cutting, grinding, and 

polishing, followed by examination with a scanning electron microscope (SEM, FEI Quanta 650 

FEG, USA) using 20 kV acceleration voltage and backscattered electron detector (BSED). To 

assess the effect of annealing on coating densification, intersplat density was quantitatively 

analyzed from high-magnification cross-sectional SEM micrographs using Image-Pro Plus 6.0 

software. Annealing-induced phase transformation was analyzed by X-ray diffraction (XRD) 



analysis on an X-ray diffractometer (Shimadzu XRD-7000, Japan). To further elucidate the 

annealing-induced phase transformation and grain refinement, transmission electron microscopy 

(TEM, Talos F200X G2, USA) was employed. For TEM sample preparation, the coatings were 

mechanically detached from the substrate, grounded to approximately 30 µm, and subsequently 

ion-milled (Gatan Model 695 system (USA)) to electron transparency. For grain size analysis, five 

TEM images were used for each phase and the final value was determined by averaging the ten 

measurements. 

2.3.Tribological analysis 

To evaluate the wear resistance of as-sprayed and annealed Ni68.6Cr8.7Nb3P16B3.2Si0.5 coatings, dry 

sliding wear tests were conducted in reciprocating mode. Coated samples with dimensions of 10 

mm × 10 mm × 5.38 mm were prepared by grinding and polishing according to the aforementioned 

procedure. The wear tests were performed on a ball-on-disk tribometer (Bruker, UMT-TL, China) 

at a sliding speed of 10 mm/s and a sliding amplitude of 3 mm for 30 min under an applied load 

of 20 N at room temperature. Commercial Si₃N₄ balls with a diameter of 6.35 mm were used as 

the counterbody, and a new ball was used for each test. Three tests were conducted for each coating 

to ensure data reliability and reproducibility. 

2.4.Worn surface characterizations 

To observe the three-dimensional profile and measure the dimensions of the wear tracks, a white 

light interferometer (Zygo, NewView 8300, USA) was employed. The microscale features of the 

wear tracks from both top surface and cross-section were further examined using a SEM equipped 

with EDS. The chemical composition and oxidation states of the elements within the oxide films 

formed during the wear test were analyzed using X-ray photoelectron spectroscopy (XPS, Kratos 



Analytical Ltd., DLD-600W, USA). The instrument was equipped with a monochromatic Al Kα 

radiation source and operated under ultrahigh vacuum conditions (2.0 × 10⁻⁹ bar). Prior to data 

acquisition, surface contaminants were removed by Ar⁺ ion sputtering for 40 s. Binding energies 

were calibrated using the C 1s peak at 285.0 eV. Spectral deconvolution and quantitative analysis 

were performed using XPSPEAK software with linear background subtraction, allowing accurate 

determination of elemental distributions and chemical states within the passive films. 

3. Results and discussion 

3.1.Microstructures 

Fig. 1 presents cross-sectional SEM micrographs of the as-sprayed and annealed fine-grained 

Ni68.6Cr8.7Nb3P16B3.2Si0.5 coatings. The as-sprayed coating, with an average thickness of 

approximately 380 µm, exhibits layered structure with several pores and intersplats. As shown in 

Fig. 1(a) and (c), a typical lamellar morphology characteristic of thermal spray deposition is 

observed, featuring well-defined intersplat boundaries and numerous microvoids. After annealing 

at 800 °C for 1 h, significant microstructural consolidation occurs, as evidenced by a pronounced 

reduction in porosity and intersplat boundaries. Only faint remnants of the original lamellar 

architecture remain visible in the annealed coating (Fig. 1(b) and (d)). This densification is further 

corroborated by a ~51% reduction in intersplat density from 0.088 ± 0.004 to 0.043 ± 0.002 µm⁻² 

following annealing.  

The insets in Fig. 1(a) and (b) show the corresponding XRD patterns of the as-sprayed and 

annealed coatings. In contrast to the amorphous feedstock powder [32], the as-sprayed coating 

exhibits a crystalline structure, which is attributed to the high thermal input during the HVOF 

spraying process. The dominant crystalline phase in the as-sprayed coating is identified as an FCC 

Mg6Cu17Si7-type phase, accompanied by minor fractions of tetragonal Ni3P and FCC Ni-based 



solid solution phases. Upon annealing at 800 °C for 1 h, the primary Mg6Cu17Si7-type phase 

decomposes, resulting in a three-phase microstructure consisting of an FCC Ni-based solid 

solution phase, a tetragonal Ni3P intermetallic phase, and trace amount of orthorhombic NbNi3.  

 
Fig. 1. Backscattered SEM micrographs (cross-sectional) of the fine-grained 

Ni68.6Cr8.7Nb3P16B3.2Si0.5 coatings: (a) and (c) as-sprayed and (b) and (d) annealed coatings. The 

insets in (a) and (b) show the corresponding XRD patterns of the as-sprayed and annealed coatings, 

respectively. 

To further elucidate the microstructural characteristics and validate the annealing-induced phase 

transformations, TEM analysis was performed on both coatings (i.e., as-sprayed and annealed) and 

the obtained bright-field (BF) TEM images and corresponding selected area electron diffraction 

(SAED) patterns are depicted in Fig. 2. A BF-TEM image and the associated SAED patterns 

confirms the crystalline nature of the as-sprayed coating. The primary phase in as-sprayed coating 



is indexed as an FCC Mg6Cu17Si7-type intermetallic phase (Composition: Ni72.4Cr10.3Nb2.1P14Si0.9 

(at. %)) with some fractions of Ni3P intermetallic phase (Fig. 2(a)).  

 
Fig. 2. BF-TEM micrograph and corresponding SAED patterns of (a) as-sprayed and (b) annealed 

fine-grained Ni68.6Cr8.7Nb3P16B3.2Si0.5 coating. 

For the annealed coating, the BF-TEM image combined with SAED patterns reveals three distinct 

phases. The first phase is FCC Ni-based solid solution enriched in Ni and Cr (Composition: 

Ni87.7Cr9.6Nb2.2P0.2Si0.2 (at. %)) and the second phase is a tetragonal Ni3P phase enriched in P 

(Composition: Ni74.7Cr6.4Nb0.4P17Si1.6 (at. %)) with minor fraction of orthorhombic NbNi3 phase 

enriched in Nb (Composition: Ni84.1Cr2.3Nb10.8P1.7Si1.1 (at. %)) (Fig. 2(b)). These findings validate 

that the Mg6Cu17Si7-type intermetallic phase in the as-sprayed coating decomposes into Ni-based 

solid solution, Ni3P, and NbNi3 phases after annealing, consistent with the XRD results (Fig.1).  

Furthermore, the TEM-based grain size analysis reveals that the as-sprayed coating exhibits a 

coarse-grained microstructure with average grain size of 903 nm (Fig. 3(a)–(c)). The high-

temperature annealing four-times refines the grain size providing an average grain size of 210 nm 

(Fig. 3(d)–(f)). The volume fractions of all phases in both coatings are comprehensively explained 

in our previous work [32]. 



 
Fig. 3. TEM images and corresponding SAED patterns showing the grain sizes of as-sprayed: (a)–
(c) Mg₆Cu₁₆Si₇-type intermetallic phase; and annealed: (d)–(e) Ni-based solid solution phase and 

(f) Ni₃P phase, fine-grained Ni68.6Cr8.7Nb3P16B3.2Si0.5 coatings. 

3.2.Tribological properties 

Since hardness is a key parameter governing the tribological performance of thermally sprayed 

coatings, the annealing-induced increase in hardness from 795 ± 40 HV0.1 to 921 ± 75 HV0.1, 

coupled with the formation of a refined multiphase microstructure, is anticipated to improve the 

wear resistance of the Ni68.6Cr8.7Nb3P16B3.2Si0.5 coating. To verify this hypothesis, the tribological 

properties of the as-sprayed and annealed coatings were systematically evaluated under 

reciprocating dry-sliding conditions at room temperature using a Si3N4 ball as the counterbody. 

Fig. 4 presents the COF curves, the wear track dimensions, and 3D wear track morphologies. The 

as-sprayed coating exhibits an average COF of 0.73 ± 0.05, whereas the annealed coating 



demonstrates improved frictional stability and a 21% lower COF value (0.43 ± 0.04), indicating 

enhanced wear resistance after annealing (Fig. 4(a)). The depth–width profiles and 3D wear track 

morphologies reveal significantly wider and deeper wear track of as-sprayed coating with a depth 

of 2.91 μm and a width of 359.33 μm (Fig. 4(b) and (c)). Conversely, the annealed coating exhibits 

a comparatively narrower and shallower wear track, with a depth of 0.47 μm and a width of 229.11 

μm, highlighting its markedly improved wear resistance relative to the as-sprayed coating (Fig. 

4(b) and (d)).  

 
Fig. 4. (a) Plots of COF as a function of sliding time, (b) depth–width profiles of the wear tracks 

for the as-sprayed and annealed fine-grained Ni68.6Cr8.7Nb3P16B3.2Si0.5 coatings. Three-

dimensional wear track morphologies of the (c) as-sprayed and (d) annealed fine-grained 

Ni68.6Cr8.7Nb3P16B3.2Si0.5 coatings. 



The wear volumes and wear rates of both coatings were calculated from the wear track dimensions 

and are plotted in Fig. 5. The as-sprayed coating exhibits a relatively high wear volume of 4.70 ± 

0.23 × 10⁻³ mm³ and a wear rate of 17.79 ± 0.89 × 10⁻⁶ mm3 N⁻¹m⁻¹. In contrast, the annealed 

coating shows an approximately 89% reduction in wear volume and wear rate, with values of 0.36 

± 0.02 × 10⁻³ mm³ and 2.0 ± 0.10 × 10⁻⁶ mm³ N⁻¹m⁻¹, respectively (Fig. 5). 

 
Fig. 5. Wear rates and wear volumes of the as-sprayed and annealed fine-grained 

Ni68.6Cr8.7Nb3P16B3.2Si0.5 coatings.  

3.3.Structural characteristics of worn surfaces 

The detailed structural characteristics of the worn surfaces of the as-sprayed and annealed coatings 

were evaluated from both top surface and cross-section, and the obtained SEM micrographs and 

EDS maps are presented in Figs. 6 and 7. The worn surface of the as-sprayed coating exhibits a 

relatively wide wear track and pronounced deep grooves, along with the presence of discrete oxide 

blocks, indicating significant tribo-oxidation during sliding (Fig. 6(a)). Higher magnification SEM 

images and associated EDS map further reveal extensive spallation regions and fragmented oxide 

debris distributed across the wear track (Fig. 6(c) and (e)). These oxide blocks, formed through 



repeated rupture and delamination of a poorly adherent tribo-oxide film, fail to provide effective 

lubrication during sliding. Instead, they act as third-body abrasive particles, exacerbating surface 

damage. The combined presence of deep grooves, oxide debris, and spallation zones suggests that 

the wear mechanism of the as-sprayed coating is governed by a synergistic interplay of abrasive 

and adhesive wear, which accounts for its higher COF and wear rate. 

 



Fig. 6. Worn surface characteristics (top surface) of the as-sprayed: (a) and (b) SEM morphologies 

and (c) the corresponding EDS maps; and annealed: (d) and (e) SEM morphologies and (f) the 

corresponding EDS maps; fine-grained Ni68.6Cr8.7Nb3P16B3.2Si0.5 coating. 

In contrast, the annealed coating demonstrates a markedly improved wear response, as evidenced 

by a significantly narrower wear track. The worn surface is characterized by shallow, uniformly 

distributed grooves with no evident oxide block formation or severe spallation (Fig. 6(b)), 

indicating a more stable tribological behavior under the applied load. Even at higher 

magnifications, SEM observations and EDS analysis reveal the absence of substantial oxidative 

damage or delamination features (Fig. 6(d) and (f)). Consequently, the wear mechanism in the 

annealed coating is predominantly governed by mild abrasive wear, which accounts for its 

significantly lower COF and wear rate. 



 

Fig. 7. Worn surface characteristics (cross-section) of the as-sprayed: (a) and (b) SEM 

morphologies and (c) the corresponding EDS maps; and annealed: (d) and (e) SEM morphologies 

and (f) the corresponding EDS maps; fine-grained Ni68.6Cr8.7Nb3P16B3.2Si0.5 coating. 

To further evaluate the worn surface characteristics of the two coatings, cross-sectional SEM 

analysis of the wear tracks was carried out (Fig. 7). The as-sprayed coating exhibits severe 

subsurface wear damage, characterized by extensive material removal, a wide and deep wear scar, 

crack initiation and propagation along intersplats, and spallation of the intersplat voids beneath the 



worn surface (Fig. 7(a) and (c)), and a partially developed oxide layer (Fig. 7(e)). This behavior 

indicates unstable tribological performance, driven by weak intersplat cohesion and localized 

stress concentration during sliding. In contrast, the annealed coating shows a markedly improved 

subsurface worn morphology with minimal material loss, a narrower and shallower wear track, 

and no crack formation or intersplat spallation near the wear interface (Fig. 7(b) and (d)). The 

oxide layer is thin and discontinuous, suggesting a significant reduction in oxidative wear (Fig. 

7(f)). Overall, this further evaluation clearly demonstrates that annealing improves the 

microstructural integrity and subsurface damage resistance of the Ni-based coating, leading to 

superior anti-wear performance. 

3.4.Compositional characteristics of worn surfaces 

To evaluate the compositional characteristics of worn surface of the as-sprayed and annealed Ni-

based coatings, XPS analysis was performed after wear testing. The XPS spectra of both the as-

sprayed and annealed coatings reveal dominant signals corresponding to Ni, Cr, Nb, and P. Fig. 8 

presents the high-resolution fitted XPS spectra of the Ni 2p, Cr 2p, Nb 3d, and P 2p core levels. 

For both coatings, the Ni 2p core-level spectra exhibit contributions from Ni⁰ (metallic Ni) and 

Ni²⁺ (NiO) at ~852.9 eV and ~856.0 eV, respectively (Fig. 8(a) and (e)). Similarly, the Cr 2p spectra 

reveal contributions from Cr⁰ (metallic Cr), Cr³⁺ (Cr₂O₃), and Cr⁶⁺ (CrO₃) at ~574.2 eV, ~577.0 eV, 

and ~579.0 eV, respectively, in both coatings [33] (Fig. 8(b) and (f)). Furthermore, the Nb 3d 

spectra of both coatings are resolved into two peaks at ~203.4 eV and ~207.5 eV, corresponding 

to Nb²⁺ (NbO) and Nb⁵⁺ (Nb₂O₅), respectively (Fig. 8(c) and (g)). P is a major constituent and plays 

a significant role in enhancing the wear resistance of the annealed Ni-based coating. The P 2p core-

level spectra of both coatings are deconvoluted into two main peaks corresponding to P³⁻ (Ni3P) 

at ~129.5 eV and P⁵⁺ (P₂O₅) (Fig. 8(d) and (h)). It is noteworthy that the presence of Ni⁰ and Cr⁰ 



signals in the XPS spectra most likely originates from the Ni-based solid solution and Ni3P phase 

in both coatings [34]. Furthermore, Nb⁰ is not detected in the spectra, primarily due to the low 

fraction of Nb in the base alloy (Ni68.6Cr8.7Nb3P16B3.2Si0.5), resulting in its negligible contribution 

to the detected surface chemical states. 

 
Fig. 8. XPS spectra of the oxidized worn surfaces of the fine-grained Ni68.6Cr8.7Nb3P16B3.2Si0.5 

coatings after wear testing at room temperature: as-sprayed coating: (a) Ni 2p, (b) Cr 2p, (c) Nb 

3d, and (d) P 2p spectra; and annealed coating: (e) Ni 2p, (f) Cr 2p, (g) Nb 3d, and (h) P 2p spectra. 

Fig. 9 summarizes the relative fractions of oxide and phosphide species of Ni, Cr, Nb, and P in the 

worn surfaces of the as-sprayed and annealed coatings, quantified from fitted XPS spectra. The 

partially oxidized worn surface of the as-sprayed coating contains higher fractions of oxides 

including Cr₂O₃, CrO₃, NbO, and P₂O₅ (13.8%, 8.8%, 3.8%, and 21.6%, respectively) and lower 

fractions of phosphide Ni3P (12.8%) (Fig. 9(a)). Importantly, CrO₃ and NbO are 

thermodynamically and mechanically unstable under tribological conditions, while P₂O₅ is a 

highly hygroscopic, glassy oxide. The decomposition of CrO₃ and NbO into more stable oxides 

results in poor interfacial cohesion and facilitates spallation. Furthermore, P₂O₅ promotes fracture 

and material removal due to its low mechanical strength under tribological loading conditions [35]. 

In contrast, the worn surface of annealed coating displays a pronounced decrease in the oxide 



fractions including Cr₂O₃, CrO₃, NbO, and P₂O₅ (11.3%, 5.0%, 2.5%, and 9.9%, respectively) and 

increase in the phosphide (Ni3P) fractions (22.6%) (Fig. 9(b)). The existence of the hard Ni3P 

phosphide phase on the surface promotes a controlled wear mechanism, resulting in reduced wear 

rates and improved tribological performance [36, 37].  

 
Fig. 9. Chemical compositions of the worn surfaces of the as-sprayed and annealed fine-grained 

Ni68.6Cr8.7Nb3P16B3.2Si0.5 coatings, determined from the XPS spectra. 

3.5.Wear mechanism 

Contrary to the literature, where high-temperature annealing typically promotes the precipitation 

of brittle intermetallic phases and/or excessively coarsens the grain size, in the present work, it 

results in a well-refined three-phase composite microstructure comprising ductile and hard phases. 

To demonstrate the superiority of the present annealed coating, a quantitative comparison with 

other annealed HVOF-sprayed metallic coatings, including FeMoCrYCB [38], CrAlTiN [39], 

NiCr-WC-Co [40], Cr3C2-25NiCr [41], CoMoCrSi [42], and NiCrBSi [43], was carried out and 

the obtained results are presented in Fig. 10. The present annealed coating exhibits the lowest wear 

rate among all the reference coatings reported in the literature. This significant improvement in 

wear resistance is primarily attributed to annealing-induced phase transformation along with 

significant (51%) reduction in intersplat density. 



 
Fig. 10. Comparative plot of the present annealed coating with annealed FeMoCrYCB [38], 
CrAlTiN [39], NiCr-WC-Co [40], Cr3C2-25NiCr [41], CoMoCrSi [42], and NiCrBSi [44] 
amorphous coatings reported in the literature. 

The annealing-induced phase transformation significantly modifies the tribological behavior of the 

fine-grained Ni-based coating. The wear response of the as-sprayed coating is dominated by its 

brittle microstructure, consisting of ~71 vol% FCC Mg6Cu17Si7-type phase and ~14 vol% 

tetragonal Ni3P phase (Fig. 2(a)) along with higher intersplat density (0.088 ± 0.004 µm⁻²) (Fig. 

1(c)). Owing to the limited plastic deformability of these phases and the stress-concentrating effect 

of intersplat and phase boundaries, contact stresses cannot be effectively accommodated, resulting 

in crack initiation and preferential propagation along intersplat and phase boundaries during 

sliding (Fig. 7(c)) [45]. The resulting fragmentation generates hard wear debris that becomes 

entrapped at the contact interface, acting as third-body abrasive particles and causing severe 

ploughing, cutting, delamination, and material spallation (Fig. 6(c)). Simultaneously, frictional 

heating promotes the formation of oxide blocks on the worn surface (Figs. 6(e) and 7(e)), which 

further contribute to wear damage and material removal [46]. Consequently, the wear mechanism 



in as-sprayed coating involves severe abrasive wear, brittle fracture-induced delamination, and 

oxidative wear, resulting in a high wear rate. 

In contrast, the superior wear resistance of the annealed coating is attributed to its refined three-

phase microstructure, comprising ~51 vol% ductile Ni-based solid solution and ~43 vol% hard 

Ni3P phase along with 51% reduced intersplat density. The ductile Ni-based solid solution matrix 

accommodates plastic deformation and enhances crack resistance, while the hard Ni₃P phase 

provides load-bearing capacity and resistance to surface deformation. Furthermore, the reduced 

intersplat density enhanced intersplat cohesion and reduced stress concentration sites, thereby 

suppressing crack initiation, splat delamination, and material removal. During sliding, dislocation 

motion within the Ni-based solid solution matrix is hindered by Ni3P particles, promoting stress 

redistribution and restricting excessive plastic deformation, as discussed in our previous work [32]. 

As a result, the annealed coating exhibits a narrower wear track (Fig. 4(d)). Although the Ni₃P 

phase possesses limited deformability and is susceptible to crack initiation under high stress, the 

surrounding Ni-based solid solution arresting its shearing and suppresses crack propagation. 

Consequently, no cracks or spallation are observed on the worn surface. The presence of shallow 

grooves indicates that mild abrasive wear is the dominant wear mechanism, while the absence of 

pronounced oxide blocks and spallation zones suggests effective suppression of oxidative wear 

and delamination (Fig. 6(d) and (f)). Overall, the wear mechanism of the annealed coating is 

dominated by mild abrasive wear accompanied by limited plastic deformation, resulting in 

significantly lower wear rate. 

The wear mechanisms of the as-sprayed and annealed coatings are schematically illustrated in Fig. 

11. In as-sprayed condition (Fig. 11(a)–(b)), the coating consists of Mg₆Cu₁₇Si₇-type intermetallic 

phase (green patches) and Ni₃P phase (brown patches), separated by numerous intersplat 



boundaries (dark grey arcs) and phase boundaries (dark grey lines). During sliding, cracks 

preferentially initiate and propagate along these weak regions, represented by red arcs and red 

lines, leading to material detachment and debris formation (small red dots). Oxidation within the 

wear track produces oxide blocks (large pink spots), while the entrapped debris causes severe 

abrasive wear and the formation of deep grooves (thick white lines) during sliding (Fig. 11(b)). In 

contrast, the annealed coating (Fig. 11(c)–(d)) consists of a Ni-based solid solution matrix (light 

grey patches) and Ni₃P phase (brown patches). Compared to the as-sprayed coating, the annealed 

coating contains both ductile and hard phases and fewer intersplat and phase boundaries, resulting 

in reduced crack formation and propagation and small amount of wear debris with no oxide blocks, 

and shallow abrasive grooves (thin white lines) during sliding (Fig. 11(d)). 

 
Fig. 11. Schematic representation of the wear mechanisms in the (a) and (b) as-sprayed and (c) 

and (d) annealed fine-grained Ni68.6Cr8.7Nb3P16B3.2Si0.5 coatings. 

4. Conclusions 



Through a controlled high-temperature annealing, we develop a highly wear-resistant 

Ni68.6Cr8.7Nb3P16B3.2Si0.5 coating with a dense fine-grained three-phase composite microstructure. 

In this microstructural configuration, the ductile Ni-based solid solution provides plastic 

deformation capability and crack resistance, whereas the hard Ni3P and NbNi3 phases contribute 

to enhanced load-bearing capacity. Annealing-induced reduction of intersplat density plays 

secondary role in improving the wear resistance by reducing stress concertation sites. 

Consequently, the annealed coating exhibits a 21% reduction in COF from 0.73 ± 0.05 (as-sprayed 

coating) to 0.43 ± 0.04 (annealed coating), and a substantial 89% reduction in wear rate from 17.79 

± 0.89 × 10⁻⁶ mm³ N⁻¹m⁻¹ (as-sprayed coating) to 2.0 ± 0.10 × 10⁻⁶ mm³ N⁻¹m⁻¹ (annealed coating), 

respectively, presenting enhanced friction and wear resistance. Overall, the annealed coating 

exhibits a mild abrasive wear with limited plastic deformation. The results demonstrate that careful 

alloy selection and precise annealing can overcome the intrinsic limitations of thermally sprayed 

AMCs, providing a practical route to produce fine-grained Ni-based coatings with superior 

tribological performance 
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