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A B S T R A C T

The wear-resistant applications of amorphous coatings are constrained by their intrinsic brittleness. Herein, we 
propose that superior wear resistance can be achieved for a novel Fe-Cr-Mo-C-B high-entropy amorphous 
composite coating by modulating the heat input during the HVOF spraying process. This strategy was demon
strated in coatings produced at high heat input (FR 6.5), which exhibited a remarkably low wear rate of 
6.0 × 10− 7 mm3/(N⋅m), representing a ~ 67 % reduction compared to their counterparts produced at a low heat 
input (FR 6.2). This enhancement can be attributed to a critical synergistic mechanism: (i) The high heat input 
promotes the melting and flattening of in-flight powders, resulting in a dense microstructure; (ii) it facilitates the 
in-situ precipitation of crystalline phase, yielding a synergistic energy dissipation mechanism. The densification 
of the coating mitigates the initiation and propagation of cracks induced by pores. The presence of hard 
precipitated phases not only enhances the hardness of the coating but also improves its toughness by the com
bined effects of the formation of high-density stacking faults, stress-induced disordering, and direct particle 
shearing, effectively suppressing strain localization and inhibiting premature crack initiation. This work dem
onstrates that optimizing the dense, multi-phase nanocomposite structure through heat input modulation con
stitutes an effective anti-wear strategy.

1. Introduction

Demanding service environments, such as those encountered by 
marine equipment, necessitate materials that possess corrosion and wear 
resistance simultaneously. Amorphous alloys are well-known for their 
superior corrosion resistance compared to their crystalline counterparts, 
primarily due to their long-range disordered atomic topological struc
ture, which lacks conventional crystalline defects such as grain bound
aries and dislocations [1–5]. However, this structural advantage does 
not directly translate into equivalent wear resistance. Exceptional wear 
resistance requires a synergistic combination of high hardness to mini
mize abrasive wear by reducing the contact area, along with sufficient 

ductility to suppress surface microcrack initiation and brittle fracture 
[6–8]. Unfortunately, despite their ultra-high hardness and 
near-theoretical strength, amorphous alloys suffer from intrinsic brit
tleness [9–11]. Under loading, the plastic deformation is highly local
ized into shear bands, which evolve into cracks and brittle wear 
particles, thus evoking a micro-cutting mechanism that dramatically 
accelerates wear [6,12]. This inherent brittleness, coupled with diffi
culties in bulk forming and the risk of unpredictable failure, severely 
hinders their widespread engineering application as structural 
materials.

To address these issues, two primary strategies have been developed. 
The first strategy focuses on microstructure design, specifically the 
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preparation of amorphous alloy matrix composites by introducing 
ductile or hard secondary crystalline phases [10,13–15]. These crystal
line phases enhance overall plasticity and toughness through phase 
transformations, impede shear band propagation, and promote the for
mation of multiple shear bands. Wu et al. [10] successfully achieved 
significant tensile ductility by introducing 25 vol.% B2-structured CuZr 
crystalline phases into a Zr-based amorphous matrix. These crystalline 
phases underwent stress-induced martensitic transformation during 
deformation, resulting in bulk amorphous composites that exhibited 
both substantial tensile plasticity (~7 %) and high ultimate tensile 
strength (1650 MPa). Furthermore, Zou et al. [16] introduced a metallic 
Cu phase into the additively manufactured FeCrMoCB amorphous ma
trix. The results indicated that the unique amorphous/crystalline 
microstructure of FeCrMoCB/Cu led to significant reductions in both 
wear rate and coefficient of friction.

The second strategy involves fabricating amorphous alloys into 
coatings. This approach effectively decouples the surface functionalities 
of the material, such as wear resistance, from the macroscopic load- 
bearing requirements of the substrate, thereby mitigating the risk of 
catastrophic brittle fracture. To date, the investigations of multiple 
amorphous alloy systems as surface coating materials, including Fe- 
[17], Co- [18], Ni- [19], Zr- [20], Cu- [21], Al- [22], and Ti- [23] based 
amorphous alloys, have been reported. Among them, the Fe48Cr15

Mo14C15B6Y2 (SAM1651) and Fe49.7Cr17.7Mn1.9Mo7.4W1.6B15.2C3.8Si2.4 
(SAM2X5) amorphous coatings developed by the U.S. Navy, which 
demonstrate application cases as stable and reliable protection for nu
clear waste storage due to excellent corrosion resistance, wear resis
tance, and radiation resistance [1,24,25]. Subsequently, numerous 
research groups have been concentrating on compositional modifica
tions, heat treatment, and spraying process analysis based on these two 
coating systems for the development of new Fe-based amorphous alloy 
coating. Ye et al. [26] developed a novel Fe34Ni20Cr20Mo5B4C4P12Nb1 
(ΔSmix = 1.72 R) high-entropy amorphous coating via high-velocity air 
fuel spraying technology. The corrosion-wear resistance of the coating is 
significantly enhanced by minimizing the micro-oxidized zone.

High velocity oxygen fuel (HVOF) spraying technology enables the 
deposition of dense coatings with retaining a high amorphous fraction 
by accelerating feedstock powders to supersonic speeds in a high- 
temperature gas stream [27–29]. Crucially, the process introduces an 
in-situ heat treatment effect: as particles are successively deposited, the 
cumulative heat input can induce partial crystallization in the amor
phous matrix [30]. This offers a potential pathway to tailor the in-situ 
precipitation of nanocrystalline phases directly during coating forma
tion. However, a comprehensive understanding of how to precisely 
modulate this heat input to optimize the trade-off between amorphous 
retention, functional nanocrystalline precipitation, and coating density 
for maximum wear resistance remains elusive.

In our previous work [1], we designed a novel Fe31Cr31Mo14C14B10 
(ΔSmix = 1.51 R) high-entropy amorphous alloy system utilizing 
data-driven high-throughput methods, which exhibited excellent 
comprehensive properties, including good corrosion resistance, high 
hardness, large glass-forming ability (GFA), and exceptional stability. 
Although the ultimate application targets marine environments, marine 
components frequently encounter severe mechanical wear. Under
standing the intrinsic structure-property relationship under dry sliding 
conditions is a fundamental prerequisite. Therefore, this study focuses 
on uncovering how the multi-scale structure, particularly the in-situ 
precipitates, governs the wear resistance, providing a mechanical basis 
for future marine applications. Accordingly, this study investigates the 
fabrication of Fe-Cr-Mo-C-B high-entropy amorphous composite coat
ings (HEACCs) via HVOF spraying under varying heat inputs. By sys
tematically correlating thermal processing parameters with phase 
evolution, microstructural features, and tribological performance, we 
aim to elucidate the synergistic strengthening and toughening mecha
nisms driven by this tailored multi-scale microstructure.

2. Experiment method

2.1. Sample preparation

Fe31Cr31Mo14C14B10 (at.%) powders were synthesized through gas 
atomization utilizing high-purity argon and industrial-grade raw mate
rials (purity: Fe > 99.5 wt.%, Cr > 99.5 wt.%, Mo > 99.0 wt.%, FeB >
99.0 % and C > 99.9 wt.%). Powders with a particle size of less than 53 
μm served as feedstock for the thermal spraying of Fe-Cr-Mo-C-B 
HEACCs onto 304 stainless steel substrates. The coatings were pre
pared using a HVOF thermal spray system (HD-8000), with the prepa
ration parameters detailed in Table 1. The heat input during HVOF 
spraying was regulated by modulating the fuel flow rates to either 6.2 or 
6.5 gallons per hour (GPH). Aviation kerosene with a lower heating 
value (LHV) of approximately 43.5 MJ/kg was used as the fuel. The 
coating fabricated at a low fuel flow rate of 6.2 GPH was named FR 6.2, 
and the coating fabricated at a high fuel flow rate of 6.5 GPH was named 
FR 6.5. Before spraying, the substrate was cleaned with acetone, fol
lowed by two thermal sandblasting sessions and one cold sandblasting 
session. The material employed for sandblasting was 180 mesh white 
corundum.

2.2. Structure characterization

The compositions of the powders and sprayed coatings were 
analyzed using an electron probe X-ray micro-analyzer (EPMA, 1720 H), 
with atomic number-absorption-fluorescence (ZAF) correction. The 
phase structure of the powders and sprayed coatings was characterized 
using X-ray diffraction (XRD, D8-Discover) with Cu Kα (λ=1.541 Å) 
radiation and parameters were set as follows: scan speed of 10◦/min, 
scan range from 30◦ to 60◦, voltage of 40 kV, and current of 40 mA. The 
thermal stability of the powders and coatings was measured using dif
ferential scanning calorimetry (DSC, 404F3) at a heating rate of 0.67 K/ 
s. The surface and cross-section morphology of the coatings was 
observed using field emission scanning electron microscopy (SEM, Navo 
Nano SEM450), and the elemental distribution was analyzed by energy 
dispersive spectrometer (EDS). The nanostructure of the coatings, both 
before and after tribological tests, was further investigated using 
transmission electron microscopy (TEM, Talos F200X), operating at an 
acceleration voltage of 200 kV. Element distribution was visualized by a 
high-angle annular dark field (HAADF) detector and quantified by EDS. 
The TEM sample of as-sprayed coating was prepared by ion beam 
milling, while the TEM sample of worn strck subsurface was prepared 
using the standard focused ion beam (FIB, Helios Nanolab 600i) lift-out 
method.

2.3. Hardness and tribological tests

Prior to the mechanical and tribological property tests, the samples 
were ground up to 2000-grit silicon carbide paper and subsequently 
polished with 0.25 μm diamond paste. The microhardness of the coat
ings was evaluated using a Vickers micro indenter (FM 700) with loads 
of 300 gf, 500 gf and 1000 gf, respectively. Nanohardness and Young’s 
modulus were measured using a Nano Indenter G200 system equipped 
with a diamond Berkovitch tip, which was indented to a maximum load 
of 50 mN. The tribological properties were investigated using a 

Table 1 
Spraying parameters employed in the HVOF process.

Parameters FR 6.2 FR 6.5

Spray distance (mm) 270 270
Oxygen flow rate (SCFH) 1850 1850
Fuel flow rate (GPH) 6.2 6.5
Carrier gas velocity (L/min) 12 12
Powder delivery rate (g/min) 60 60
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reciprocating ball-on-block tribometer (Rtec MFT-5000, USA) at room 
temperature, employing Si3N4 balls (diameter: 12.7 mm) as the sliding 
counterpart. The reciprocating distance was set to 3 mm under a load of 
20 N. The sliding speed was maintained at 30 mm/s with a stroke fre
quency of 5 Hz, and the test duration was 30 min. Wear rates were 
determined using the volume loss method, where the volume loss was 
measured with a 3D optical microscope (Bruker Counter GT K 3D). The 
wear rates were calculated using the following equation: 

W =
V

D × L
(1) 

Where W is the wear rate in mm3/(N⋅m), V is the wear loss volume in 
mm3, and D is the normal load in N, and L is the sliding distance in m. To 
ensure statistical reliability, 5 measurements were performed for each 
hardness test, and 3 parallel experiments were conducted for the 
tribological tests.

3. Results and discussion

3.1. Microstructure analysis of the powders and coatings

The outer-surface morphology and granulometric distribution of gas- 
atomized feedstock powders utilized in the HVOF process are illustrated 
in Fig. 1. As shown in Fig. 1a, the majority of powder particles exhibit a 
spherical shape with a smooth and dense surface, indicative of favorable 
fluidity. The average diameter of the feedstock powders is about 36 μm 
(Fig. 1b). These results indicate that the gas-atomized feedstock powders 
are suitable for HVOF spraying. The elemental composition of the 
powders, investigated using EPMA and detailed in Table 2, reveals that 
the primary constituents of the particles are essentially identical to the 
nominal composition.

The morphologies of the surface and polished cross-section of HVOF- 
sprayed coatings are illustrated in Fig. 2. The surfaces of the coatings 
(Fig. 2a, c) exhibit a dense structure, devoid of significant visible 
cracking or flaking. The polished cross sections of the FR 6.2 (Fig. 2b) 
and FR 6.5 (Fig. 2d) coatings, each approximately 400 μm thick, 
demonstrate strong adhesion to the substrate. The results of the pull-off 
adhesion tests conducted in accordance with the ASTM C633 standard 
reveal that both coatings attain an excellent adhesion strength of 
approximately 90 MPa (see Supplementary Fig. S1). Notably, the FR 6.2 
coating exhibits a significant presence of pores, while the FR 6.5 coating 
reveals a denser structure along with a greater number of bright regions 
(marked with black circles), which can be associated to crystallized 
phases. The average porosity of the FR 6.2 and FR 6.5 coatings is 
quantitatively measured at 3.4 % and 1.0 %, respectively (see Fig. S2).

Fig. 3a presents the DSC curves of the feedstock powders and coat
ings, all of which exhibit well-defined glass transition temperatures (Tg) 
and crystallization temperatures (Tx), confirming the presence of the 
amorphous phase in the samples. The Tg values for the feedstock 

powders and the FR 6.2, FR 6.5 coatings are 670 ◦C, 666 ◦C, and 667 ◦C, 
respectively, while the Tx values are 720 ◦C, 704 ◦C, and 702 ◦C, 
respectively. The Tg and Tx of the coatings are slightly reduced 
compared to those of the powders. This phenomenon can be attributed 
to the effects of the HVOF thermal process. Firstly, the introduction of 
oxygen impurities during spraying may act as heterogeneous nucleation 
sites, thereby reducing the energy barrier for crystallization. Secondly, 
the complex thermal history of the coating, which involves particle 
heating and subsequent heat accumulation from successive passes, may 
induce structural relaxation or the formation of short-range ordered 
clusters within the amorphous matrix. Collectively, these factors 
contribute to reduced thermal stability and the observed shift in char
acteristic temperatures. Fig. 3b shows the XRD patterns of the Fe-Cr-Mo- 
C-B powders and coatings. The XRD data of the powders and FR 6.5 are 
sourced from our previous research [1]. As shown in Fig. 3b, the XRD 
patterns of both the powders and coatings exhibit a broad hump 
superimposed with multiple crystalline peaks, further indicating a 
composite phase structure characterized by both amorphous and crys
talline. The amorphous phase content of the powders and coatings is 

Fig. 1. (a) Surface morphology and (b) size distribution of the gas-atomized Fe31Cr31Mo14C14B10 feedstock powders.

Table 2 
Specific compositions of the coatings and powders.

Elemental composition (at.%)

Fe Cr Mo C B O

Powder
29.3

30.6 13.3 16.0 7.5 3.3

FR 6.2
39.9

31.3 13.7 15.6 6.4 3.1

FR 6.5
30.4

30.9 12.7 15.6 6.9 3.5

Fig. 2. SEM images of as-sprayed top surface and polished cross-sectional 
morphology of HVOF-sprayed FR 6.2 (a, b) and FR 6.5 (c, d) coatings.

G. Zou et al.                                                                                                                                                                                                                                     Tribology International 219 (2026) 111848 

3 



estimated based on the area ratio of crystalline peaks to the amorphous 
hump [28,31]. According to this calculation, the retained amorphous 
phase fractions in the powders, FR 6.2 coating, and FR 6.5 coating are 
69 %, 72 %, and 67 %, respectively. Similar results are obtained from 
the calculation of crystallization enthalpy derived from DSC curves, 
yielding values of 68.2 % for FR 6.5, 70.9 % for FR 6.2, and 68.9 % for 
the powders (see Table S1). The higher retained amorphous phase 
fraction in the FR 6.2 coating, compared to the powders, can be attrib
uted to the elevated cooling rate associated with the HVOF spraying 
process. Furthermore, the decrease in the retained amorphous phase 
fraction in the FR 6.5 coating can be attributed to the higher heat input. 
The crystalline phases in the FR 6.2 coating can be indexed as M23(B, C)6 
(α = 10.591, Cr23C6-type structure, Fm-3m (225)). To be noticed, in 
addition to the M23(B, C)6 phase, FR 6.5 coating precipitates the 
Fe3Mo3C (cubic, α = 11.135, Fd3m (227)), which is always recognized 
as a high-temperature phase [32]. The nano-scale microstructural dif
ferences between the FR 6.2 and FR 6.5 coatings are further corrobo
rated by the SAED patterns, as illustrated in Fig. 3c and d. The FR 6.2 
coating exhibits more pronounced diffuse halo rings, indicating a higher 
content of the amorphous phase. In contrast, the FR 6.5 coating reveals a 
more distinct superposition of discrete diffraction spots, thereby con
firming the presence of a greater amount of precipitated phase.

To elucidate the nanoscale structure of the FR 6.2 coating, TEM 
analysis was performed (Fig. 4). The BF-TEM image (Fig. 4a) reveals a 
multi-phase nanostructure. STEM-EDS elemental mapping confirms the 
chemical heterogeneity. Three distinct types of precipitates are clearly 
identified: (i) the bright globular precipitates, which are heavily 
enriched in Cr and O; (ii) the bright ellipsoidal precipitates, which are 
enriched in Cr; (iii) the dark ellipsoidal precipitates, which are enriched 

in both Cr and Mo. The elements B and C are not shown due to the 
equipment's limitations in detecting these light elements. HRTEM 
analysis further confirms the structural characteristics of these three 
phases. Region I, the O-rich inclusion exhibits a disordered nature 
(Fig. 4b), confirming it is an amorphous oxide. Region II appears largely 
disordered (Fig. 4c). However, its FFT inset shows faint yet distinct spots 
superimposed on the amorphous halo, which is a characteristic feature 
indicative of medium-range order (MRO). The IFFT reconstruction 
(Fig. 4d), filtered to these spots, clearly visualizes the presence of or
dered atomic clusters (nanocrystallites) that could be ascertained as 
M23(B, C)6 phase through analysis of the d-spacing. Most significantly, 
Region III, the Cr-rich phase is crystalline. Its HRTEM image (Fig. 4e) 
shows lattice fringes, and the FFT inset presents a regular diffraction 
pattern. The corresponding IFFT image (Fig. 4f) permits the unambig
uous identification of this phase as M23(C, B)6, with lattice spacings 
measured at d620 = 0.167 nm and d640 = 0.145 nm. Furthermore, the 
geometric phase analysis (GPA) map (Fig. 4g) of the region marked by 
the red square in Fig. 4e reveals severe local strain fields are diffuse and 
distributed throughout the crystalline precipitate and amorphous 
matrix.

As illustrated in Fig. 5a, alongside the bright Cr-rich precipitates 
similar to those found in the FR 6.2 coating, a distinct Mo-rich square 
precipitate phase is observed in the FR 6.5 coating. Furthermore, this 
coating exhibits a uniform distribution of the O element, characterized 
by relatively low signal intensity, indicating a reduced degree of 
oxidation. HRTEM analysis corroborates the better crystallinity of these 
precipitates compared to those in the FR 6.2 coating. The Cr-rich pre
cipitate in Region I (Fig. 5b, c) could be identified as a M23(C, B)6-type 
hard phase (d420 = 0.238 nm), while the Mo-rich precipitate in Region II 

Fig. 3. DSC curves (a) and XRD patterns (b) of the powders, FR 6.2 and FR 6.5 coatings. SAED patterns of the FR 6.2 (c) and FR 6.5 (d) coatings. (Data for powders 
and FR 6.5 are sourced from Ref. [1]).
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(Fig. 5e, f) could be identified as Fe3Mo3C phase (d331 = 0.255 nm), 
consistent with the XRD results. Notably, the GPA maps (Fig. 5d, g) show 
that the strain fields are no longer diffuse. Instead, intense and localized 
strain is concentrated directly at the crystalline-amorphous interfaces. 
This severe interfacial strain, arising from incompatibility during rapid 
cooling, is the key mechanism governing the distinct tribological 
behavior of the FR 6.5 coating.

3.2. Nanoindentation and micro-indentation tests

The mechanical properties of as-sprayed coatings were evaluated 
using nano-indentation and Vickers micro-indentation tests. Nano
hardness and Young's modulus were measured under a constant strain 
rate, with the typical load-displacement curves illustrated in Fig. 6a. The 
maximum indentation load was set at 50 mN. As depicted in Fig. 6b, the 
FR 6.5 coating exhibits higher nanohardness (~16.5 GPa). The ratios of 
H/E and H3/E2, which are often employed to characterize the resistance 
of materials to plastic deformation and wear, were obtained as 

summarized in Table 3. The FR 6.5 coating demonstrates higher values 
of H/E and H3/E2, indicating exceptional tribological properties from a 
purely mechanical perspective [33,34]. Additionally, the results of 
Vickers microhardness test further confirm the superior hardness 
(~1024 HV0.3) of the FR 6.5 coating (Fig. 6c). The performance of the FR 
6.5 coating has been compared with other reported high-performance 
Fe-based amorphous coatings (Fig. 6d). The FR 6.5 coating, indicated 
by a red star, is situated in the upper right quadrant, showcasing a 
remarkable combination of high hardness (~1025 HV) and excellent 
thermal stability (Tx = 702 ℃). Its performance exceeds that of many 
established Fe-based amorphous coatings [26,28,35–41].

3.3. Tribological behaviors

Fig. 7 shows the tribological properties of FR 6.2 and FR 6.5 coatings 
at room temperature. The friction coefficient (FC) rises rapidly and 
reaches a stable stage within 100 s. As depicted in Fig. 7a, the FC of FR 
6.5 coating is lower than that of FR 6.2 coating. The wear rates resulting 

Fig. 4. Nanoscale structural analysis of the FR 6.2 coating. (a) BF-TEM image and corresponding EDS elemental maps for Fe, Cr, Mo, and O. (b) HRTEM image of 
Region I with its FFT inset. (c) HRTEM image of region II with its FFT inset. (d) IFFT reconstruction of the MRO clusters in Region II. (e) HRTEM image of Region III 
with its FFT inset. (f) IFFT image of the region marked by white square in (e). (g) GPA map of the region marked red square in (e).
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from sliding are presented in Fig. 7b. The wear rate of FR 6.5 coating is 
6.0 × 10− 7 mm3/(N⋅m), which is nearly one-third of that in FR 6.2 
coating. Such a wear rate is exceptionally low for metallic alloys sub
jected to dry sliding wear. The two-dimensional cross-sectional profiles 
obtained from the wear tracks of FR 6.2 and FR 6.5 coatings are shown in 
Fig. 7(c, d). Notably, a significantly wider and deeper worn scar was 
observed on the surface of the FR 6.2 coating compared to that of the FR 
6.5 coating. A comparison with the wear rates of other alloys, including 
Fe-based amorphous coatings, Ni-based alloy coatings, and high-entropy 
alloy coatings, is shown in Fig. 7e. It is evident that the FR 6.5 coating 
exhibits superior wear resistance, surpassing most of the reported works 
[26,28,35,36,42–53].

The morphology and composition of the wear track are revealed 
through SEM-EDS analyses, as shown in Fig. 8. The wear track of the FR 
6.2 coating exhibits a discontinuous tribo-layer (Fig. 8a), whereas the FR 
6.5 coating displays a continuous tribo-layer that covers the majority of 
the wear track (Fig. 8c). EDS analyses indicate that the tribo-layer is rich 
in O and Si elements (Table 4), implying that material transfer from the 

grinding balls results in the formation of the friction-induced oxide 
tribo-layer on the surface. The lower FC of the FR 6.5 coating can be 
closely related to the presence of a more continuous tribo-layer in the 
wear track. Furthermore, grooves, cracks, and deep spalling pits can be 
found at the wear track of FR 6.2 coating (Fig. 8b), revealing both 
abrasive wear mechanisms and brittle fracture during the sliding pro
cess. In contrast, the wear track of FR 6.5 coating exhibits fewer cracks 
and shallower spalling pits, indicating superior wear resistance (Fig. 8d).

4. Discussion

4.1. Evolution of microstructure induced by heat put

The microstructural evolution of HVOF-sprayed coatings is primarily 
governed by the particle state upon impact, which is directly influenced 
by the heat input. The FR 6.5 coating, produced with a higher heat input, 
imparts greater kinetic and thermal energy to the in-flight particles. This 
enhanced kinetic energy is the main contributor to the superior density 

Fig. 5. Nanoscale structural analysis of the FR 6.5 coating. (a) BF-TEM image and corresponding EDS elemental maps for Fe, Cr, Mo, and O. (b) HRTEM image of the 
precipitate in Region I. Enlarge HRTEM image (c) and GPA map (d) of the region marked by white square in (b). (e) HRTEM image of the precipitate in Region II. 
Enlarge HRTEM image (f) and GPA map (g) of the region marked by white square in (e).
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of the coating, facilitating significant plastic deformation and flattening 
of the splats upon impact with the substrate. Such improved spreading 
behavior ensures effective filling of inter-lamellar voids, thereby mini
mizing porosity and resulting in a highly dense microstructure [54]. 
Moreover, the altered particle state also influences the final chemical 
and phase composition of the coating. The increased particle velocity 
(kinetic energy) reduces the in-flight residence time, which limits the 
extent of in-flight oxidation [21,26]. Concurrently, the higher thermal 
energy of the particles, along with the retained heat from successive 
deposition, enhances the in-situ thermal accumulation of the coating. 
This elevated temperature provides the necessary thermodynamic 
driving force and atomic mobility to overcome kinetic barriers for 
crystallization, thereby promoting crystallization and precipitation of 
Fe3Mo3C high-temperature phase [32], as observed in the FR 6.5 
sample.

4.2. Origin of enhanced wear resistance

The superior wear resistance of the FR 6.5 coating is a direct 

consequence of a synergistic optimization of its tribological and me
chanical properties. The analysis reveals two key advantages regarding a 
more favorable tribological interface and superior intrinsic mechanical 
properties.

The formation of a more extensive and stable tribo-layer reduces the 
average FC. The mechanism stabilizing the tribo-layer on FR 6.5 will be 
discussed in depth later. The lower FC, combined with a higher H/E ratio 
(indicating better toughness), co-determines the subsurface stress state. 
The von-Mises stress distribution is calculated based on Hamilton’s 
model to provide the relationship between mechanical and tribological 
behavior [55], as shown in Fig. 9. The parameters were inputted are 
based on experiment results. The load was set to 20 N, and the friction 
coefficient was 0.73 for the FR 6.2 and 0.62 for FR 6.5. The elastic 
modulus, Poisson’s ratio, and the diameter of the Si3N4 ball were chosen 
as 320 GPa, 0.26 and 12.7 mm, respectively. The mechanical properties 
of the polished coating were adopted, which are obtained from nano
indentation test here. The Young’s modulus and yield stress were 
225.4 GPa and 5.1 GPa for the FR 6.2 coating and 220.8 GPa and 
5.5 GPa for the FR 6.5 coating, respectively. The yield stresses are 

Fig. 6. (a) Typical load-displacement curves for FR 6.2 and FR 6.5 coatings; (b) Measured nanohardness and Young's modulus of FR 6.2 and FR 6.5 coatings; (c) 
Measured microhardness of FR 6.2 and FR 6.5 coatings under varying loads. (d) Property map comparing the Vickers hardness and Tx of the FR 6.5 coating (This 
work) with other high-performance Fe-based amorphous coatings from literatures. [26,28,35–41].

Table 3 
Summary of mechanical properties of as-sprayed coatings.

Sample Nanohardness 
(GPa)

Young’s modulus 
(GPa)

H/E H3/E2 

(GPa)
HV1.0 HV0.5 HV0.3

FR 6.2 15.2 ± 0.61 225.4 ± 6.1 0.067 0.069 859 ± 53 912 ± 33 921 ± 30
FR 6.5 16.5 ± 1.51 220.8 ± 7.5 0.075 0.092 902 ± 42 976 ± 47 1024 ± 36
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estimated by dividing hardness with 3.0 to convert to a strength value 
[56]. A Poisson’s ratio of 0.3 was used for both coatings. The FR 6.5 
coating sustains a significantly lower stress amplitude and a more 
gradual stress gradient within the critical subsurface region. This miti
gated stress state is paramount, as high friction stress is the primary 
driver for strain localization and delamination [55]. Thus, the FR 6.5 
coating fundamentally suppresses these failure modes at the 
macro-scale.

The enhanced stability of the tribo-layer on FR 6.5 can be attributed 
to two primary factors. Firstly, the harder FR 6.5 coating (see Fig. 6) 
provides a rigid foundation for the oxide-based tribo-layer, effectively 
preventing fractures that could be induced by substrate deformation 
[57]. Additionally, von Mises stress simulations indicate that the FR 6.5 
coating exhibits significantly lower surface stress (see Fig. 9b). This 
more favorable stress state is insufficient to initiate cracking or delam
ination, thereby ensuring the continuous integrity of the protective film.

Fig. 7. Tribological properties of FR 6.2 and FR 6.5 coatings at room temperature: (a) Friction coefficient versus sliding time; (b) Wear rate of FR 6.2 and FR 6.5 
coatings; (c, d) 2D cross-sectional profiles of the wear tracks; (e) Comparison of different material categories in term of wear rate. Data are from Refs. [26,28,35, 
36,42–53].
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To elucidate the intrinsic toughening mechanism responsible for the 
superior wear resistance of the FR 6.5 coating, the evolution of the 
subsurface microstructure after sliding was investigated via TEM. To this 
end, the FIB method was employed to obtain TEM samples from the 
worn surface, ensuring that the extraction process was aligned parallel 
to the sliding direction. It is critical to consider the stability of the 
reinforcing phase and amorphous matrix under conditions of frictional 
heating. The local flash temperature at the wear track was calculated 
using Archard’s model [58]. 

Tf =
μv(πHL)1/2

8k
(2) 

where Tf is the local flash temperature, μ is the friction coefficient 
= 0.62, v is the sliding speed = 0.03 m⋅s− 1, H is the nanoindentation 
hardness of the coating = 16.5 GPa, L is the normal load = 20 N, and k is 
the thermal conductivity of coating (k is approximately equal to 
7.74 W⋅m− 1⋅℃− 1 for Fe-based amorphous alloy [32]). The estimated 
flash temperature for FR 6.5 is 350 ◦C, which is insufficient to induce 
phase decomposition of precipitates and crystallization in the amor
phous matrix. No microcracks or oxide layers can be observed in the 
low-magnification TEM image and corresponding EDS element map
ping, indicating the excellent toughness and oxidation resistance of the 
FR 6.5 coating (Fig. 10a). Notably, the precipitates exhibited complex 
morphological and microstructural evolution during the sliding process 
(Fig. 10b). Fig. 10c shows the HRTEM image of the green square region 
in Fig. 10b. It is evident that high-density stacking faults are generated 
within the precipitated crystalline phase, as indicated by the streaks in 
the FFT diffraction patterns shown in the inset of Fig. 10c. Generally, the 
formation of stacking faults in the ceramic phase is challenging due to 
the high stacking fault energy [59]. A plausible speculation is that the 
interface between the amorphous and crystalline phases, characterized 
by a high local strain field (Fig. 5d and g), serves as a source of partial 
dislocations. Under the friction stress, these partial dislocations are 
emitted into the interior of the precipitate phase, resulting in the for
mation of high-density stacking faults [60]. Furthermore, from the 
enlarged HRTEM image of the blue square region in Fig. 10c, a localized 
amorphous structure (area II) can be observed within the precipitates 
(Fig. 10d), indicating stress-induced structural disordering [61]. More
over, some of the precipitates are either divided or deformed by the 
shear band (Fig. 10e, g), and shear steps can also be observed (Fig. 10f, 
h). These results indicate that the shear band did not merely bypass the 
hard precipitates but rather cut through them. A similar phenomenon 
has been reported in other studies [9,62,63]. This observation indicates 
that there is no interfacial debonding of the hard precipitates; instead, 
they demonstrate strong interfacial bonding with the matrix due to 
in-situ precipitation. Consequently, the propagation of shear bands is 
compelled to sever the hard precipitates, a process that requires sub
stantial energy and thus contributes to improved wear resistance.

The low-porosity structure, which is another essential microstruc
tural origin for the coating, significantly improved wear resistance. 
Tribologically, pores are inherent micro-defects that are critically 
detrimental in two ways. As natural stress concentrators, they amplify 
localized stresses to serve as preferential sites for microcrack initiation. 
Additionally, pores interact with the tensile stress field of an advancing 
crack tip, lowering the energy barrier for extension and providing low- 

Fig. 8. Surface morphologies of wear tracks: (a, b) SEM images of worn surface 
of the FR 6.2 coating; (c, d) SEM images of worn tracks of the FR 6.5 coating.

Table 4 
Quantitative EDS analysis of wear tracks.

Element (at.%) Spot 1 Spot 2 Spot 3 Spot 4

O 59.45 6.21 51.99 1.92
C 13.55 32.00 15.01 35.05
Si 4.26 0.20 5.18 0.23
Fe 8.92 24.54 10.84 25.59
Cr 9.56 26.14 11.82 25.99
Mo 4.25 10.90 5.16 11.22

Fig. 9. (a) The von-Mises stress distribution of FR 6.5 coating underneath the sliding contact predicted by Hamilton’s model. (b) The variation of stress versus depth 
along the center of contact (black dashed line in (a)) for FR 6.2 coating and FR 6.5 coating, respectively.
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resistance pathways for crack propagation and coalescence, which ac
celerates catastrophic failure. Therefore, the dense, low-porosity struc
ture achieved via high heat input (as discussed in 4.1) is the essential 
prerequisite. By eliminating pores, which act as stress concentrators and 
crack initiation sites, the coating’s wear behavior is dictated by its 
advanced intrinsic properties rather than by premature, defect-driven 
failure.

In summary, the FR 6.5 coating achieves superior wear resistance 
mainly through the formation of high-density stacking faults, stress- 
induced disordering, and direct particle shearing, as shown in Fig. 11. 
Initially, the lattice strain within the M23(C, B)6 and Fe3Mo3C 

precipitates is accommodated by the extensive generation of stacking 
faults. These planar defects act as an initial energy sink, allowing the 
hard phases to undergo limited plastic strain without fracture. As the 
local strain exceeds the capacity of dislocation-mediated plasticity, a 
stress-induced phase disordering occurs. The crystalline lattice locally 
collapses into a disordered state. This transformation is a highly efficient 
energy dissipation mechanism. Ultimately, the primary shear bands 
originating from the matrix possess sufficient energy to directly shear 
the precipitates, rather than solely bypassing them. These co- 
deformation mechanisms suppress crack nucleation, providing the 
fundamental basis for the coating’s exceptional wear resistance.

Fig. 10. Cross-sectional TEM characterizations of the FR 6.5 coating after sliding. (a) Dark field TEM image of subsurface microstructure and corresponding EDS 
elemental distribution. (b) The magnified dark field TEM image of the black square region in (a). (c) HRTEM image of the green square region in (b) and the inset FFT 
of the white square region. (d) The magnified HRTEM image of the blue square region in (c) and corresponding FFT images of different regions. (e) The HAADF-STEM 
image of the white square region in (b). (f) Bright field TEM image of the red square region in (a). (g, h) The enlarge images of the black square regions in (f).
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5. Conclusion

In this study, we demonstrate that modulating heat input is pivotal 
for optimizing the wear resistance of HVOF-sprayed Fe-Cr-Mo-C-B 
HEACCs. The high heat input (FR 6.5) coating achieved an exceptional 
wear rate of 6.0 × 10− 7 mm3/(N⋅m), representing a three-fold 
improvement over its low-heat-input counterpart. This enhancement is 
attributed to a critical synergy whereby the high heat input simulta
neously eliminates pore defects by creating a dense microstructure and 
facilitates the in-situ precipitation of a hard (M23(C, B)6 and Fe3Mo3C) 
multi-phase nanocomposite. This nanostructure aids in energy dissipa
tion during the sliding process through the combined effects of the 
formation of high-density stacking faults, stress-induced disordering, 
and direct particle shearing, effectively suppressing strain localization 
and inhibiting premature crack initiation. This work establishes that 
optimizing the composite nanostructure and coating integrity via 
modulating heat input is a more effective anti-wear strategy than merely 
maximizing the amorphous fraction.
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