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Abstract Fe-based amorphous composite coatings were

deposited onto 316L stainless steels by high-velocity

oxygen-fuel spraying. Some of the coatings were annealed

at 600 or 850 �C for 1 h in a vacuum. The cavitation

erosion test was conducted in deionised water (DW) and

artificial seawater (AS) to study the effect of annealing on

the cavitation erosion resistance of the coatings. Mechan-

ical properties and corrosion resistance were also investi-

gated. The study revealed that the 850 �C annealed coating

exhibited the best cavitation erosion resistance in both DW

and AS despite compromised corrosion resistance due to

the crystalline growth by annealing. The reduced porosity

and increased fracture toughness of the coating after

annealing at 850 �C contributed to the improved cavitation

erosion resistance. In addition, the transformation of the

amorphous phase to the crystalline or nanocrystalline phase

was found in the as-sprayed and the 600 �C annealed

coatings during cavitation erosion.

Keywords annealing � cavitation erosion � corrosion � Fe-
based amorphous coating � high-velocity oxygen-fuel

Introduction

Hydraulic components, such as impellers, propellers, rud-

ders, and valves, are commonly subjected to the failure

caused by cavitation erosion (Ref 1-3). The fluid with high

velocity can create a low-pressure zone on the surface of

the hydraulic component, resulting in the formation of

vapour-filled cavitation bubbles. These bubbles can

implode and give off micro-jets and/or shock waves with

intense energy, applying repeated load on the surface of the

component. As a result, the surface can undergo plastic

deformation and will be eroded (Ref 4, 5). Apart from

cavitation erosion, the hydraulic components are also

exposed to corrosion if operating in a corrosive environ-

ment. Meanwhile, since cavitation erosion can enhance

chemical reactions (Ref 6), hydraulic components can be

susceptible to corrosion during cavitation erosion (Ref

7, 8). In general, cavitation erosion and cavitation erosion-

corrosion are the main concerns for hydraulic components.

Applying protective coatings, such as WC-based coat-

ings (Ref 9-11), high-entropy alloy coatings (Ref 12-14),

and polyurethane-based coatings (Ref 15-17), is an effec-

tive method to address the concerns. Besides the coatings

mentioned, thermal-sprayed Fe-based amorphous coatings

have shown great potential in resisting cavitation erosion

and corrosion in an aggressive environment due to their

good mechanical properties and corrosion resistance by the

amorphous phases (Ref 18-20). In non-corrosive environ-

ments, the Fe-based amorphous coatings prepared by high-

velocity oxygen-fuel (HVOF) spraying and high-velocity

arc spraying exhibit the cavitation erosion resistance that is

Jiewen Wang and Rui Yang have contributed equally to this work.

& Hua Li

lihua@nimte.ac.cn

& Xiuyong Chen

chenxiuyong@nimte.ac.cn

1 Henan Institute of Advanced Technology, Zhengzhou

University, Zhengzhou 450003, China

2 Zhejiang-Japan Joint Laboratory for Antibacterial and

Antifouling Technology, Zhejiang Engineering Research

Center for Biomedical Materials, Cixi Institute of Biomedical

Engineering, Ningbo Institute of Materials Technology and

Engineering, Chinese Academy of Sciences, Ningbo 315201,

China

123

J Therm Spray Tech (2023) 32:1758–1771

https://doi.org/10.1007/s11666-023-01606-1

http://crossmark.crossref.org/dialog/?doi=10.1007/s11666-023-01606-1&amp;domain=pdf
https://doi.org/10.1007/s11666-023-01606-1


superior to the 13Cr5Ni and the 18Cr9Ni stainless steels

(Ref 21, 22). In corrosive environments, the HVOF-

sprayed and the arc-sprayed Fe-based amorphous coatings

also have good resistance to cavitation erosion which

outperforms WC-based coatings (Ref 23-25).

Previous studies also investigated the failure mecha-

nisms of the Fe-based amorphous coatings during cavita-

tion erosion, suggesting that cavitation erosion tends to

initiate at the edges of the pores and the interfaces of the

splats (Ref 21, 22). Meanwhile, the corrosion resistance of

the Fe-based amorphous coatings is also negatively corre-

lated to the porosity (Ref 26, 27). Therefore, it is antici-

pated that reducing the porosity and improving the

adhesion strength at the inter-splat boundaries of Fe-based

amorphous coatings can further enhance the resistance to

cavitation erosion and erosion-corrosion. Furthermore, the

addition of Al2O3 particles can significantly improve the

corrosion, wear, and tribo-corrosion behaviours of Fe-

based amorphous composite coatings (Ref 28-31). Mean-

while, the dispersion of Al2O3 could also enhance the

impact resistance of Fe-based amorphous coating (Ref 32).

However, the effect of Al2O3 dispersion on cavitation

erosion resistance is barely studied.

In this work, Fe-based amorphous composite coatings

reinforced by Al2O3 particles were prepared by HVOF

spraying. The as-sprayed coatings were annealed at 600 or

850 �C in a vacuum for 1 h, in an attempt to improve the

coating quality and achieve enhanced resistance to cavi-

tation erosion and erosion–corrosion. The work aims to

study the effect of annealing on the cavitation erosion

resistance of HVOF-sprayed Fe-based amorphous com-

posite coatings in corrosive and non-corrosive environ-

ments. The mechanical properties and corrosion resistance

of the coatings before and after the annealing were also

evaluated. In addition, the microstructural change of the

coatings at the early stages of cavitation erosion was also

investigated.

Experimental Procedure

Materials and Process

HVOF spraying (UniCoatPro-LF, Oerlikon Metco,

Switzerland) was used to deposit the Fe-based amorphous

composite coating onto the top surface of 316L stainless

steel substrates. The feedstock Fe-based composite powder

(XY-26F-FJ, Shenyang institute of rare metals Ltd., China)

was composed of 75 wt.% Fe-based alloy powder and 25

wt.% Al2O3 powder. The size distribution of the Fe-based

alloy powder and the Al2O3 powder ranged from 15 to

45 lm. The SEM images of the feedstock are shown in

Fig. 1, and the composition of the Fe-based alloy particles

is tabulated in Table 1. The substrate material was 316L

stainless steel (Zechanglong Ltd., China) and was

machined into cylinders with a diameter of 20 mm and a

thickness of 10 mm.

Before the spraying, the substrates were blasted by

24-grit alumina with 0.3-1.0 MPa compressed air for

1 min. The surface roughness of these grit-blasted sub-

strates was 1.9 ± 0.2 lm measured by a profilometer (Up-

Lambda 2, Rtec Instruments, USA). Then, the grit-blasted

substrates were cleaned with acetone to improve adhesion.

The parameters for the HVOF spraying process suggested

by the powder vendor are tabulated in Table 2. The as-

sprayed coatings were annealed at either 600 or 850 �C for

1 h in a vacuum furnace (SQFL-1700, Shanghai Jvjing

Precision Instrument Manufacturing Ltd.) at about 100 Pa,

then cooled with the furnace, and finally taken out after

12 h. All the samples were ground and polished (finished

by 0.05 lm diamond suspension) prior to any characteri-

sations and tests. The artificial seawater (AS) used in this

work was prepared as per ASTM D1141-98(2013) (Ref

33).

Microstructure Characterisations of the Coatings

The as-sprayed and the annealed coatings with polished

surfaces or cross-sections were characterised by a scanning

electron microscope (SEM, Regulus-8230, Hitachi, Japan)

equipped with an energy dispersive x-ray detector (EDX,

XFlash 6-100, Bruker, Germany). The porosity was mea-

sured from five cross-sectional SEM images at a magnifi-

cation of 5009 by ImageJ software for each coating. The

chemical composition of the coatings was characterised by

x-ray diffraction (XRD, D8 Advance, Bruker, Germany)

with a copper anode at 40 kV and 40 mA scanning at 0.1�/s
in a range of 20�-90�. The XRD data were analysed by

JADE based on the powder diffraction file database in the

software. The degree of non-crystallinity is calculated

according to Eq 1, where Xa is degree of non-crystallinity,

Ia is amorphous scattering intensity, and Ic is crystal

diffraction intensity.

Xa ¼ 1� Ic
Ic þ Ia

� �
� 100% ðEq 1Þ

Microhardness and Fracture Toughness

The microhardness and fracture toughness tests were con-

ducted on the polished cross-section of the coatings. For

the microhardness test, ten random locations at the middle

of the coating were indented under a load of 0.2 kgf, and

the mean value of the result from each indented site was

calculated. The fracture toughness test was performed in
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the same procedure of the microhardness test, but the

indentation load was 2.0 kgf. Then, the fracture toughness

of the coatings was expressed by the crack extension

energy (GC, in J/m2) developed by Ostojic et al. (Ref 34).

The crack extension was commonly used to evaluate the

fracture toughness of the thermal-sprayed coatings (Ref 35-

37). The equation for Gc is in Eq 2, where P is the

indentation load, a is the impression half diagonal, and c is

the half of the total length of the major crack.

Gc ¼ 6:115� 10�4 P a2/c3
� �

ðEq 2Þ

Electrochemical Test

The corrosion resistance of the polished coatings was

evaluated in an electrochemical workstation (CHI-660E,

Shanghai Chenhua Instrument Ltd., China) with a three-

electrode system, which consisted of the coated sample to

be tested, a saturated calomel electrode as the reference,

and a platinum plate as the counter electrode. Before the

test, the sample was immersed in AS for 2 h, and then the

open circuit potential (OCP) of the sample was monitored

for 2 min to check whether the OCP of the sample was

stabilised. The test was conducted in AS at 25 ± 1 �C. The
peak-to-peak amplitude for the electrochemical impedance

spectroscopy was 20 mV, and the frequency range was

10-2-105 kHz where 13 points were sampled per frequency

decade. The scan rate for the potentiodynamic polarisation

was 10 mV/s, according to other studies on the corrosion

behaviour of Fe-based amorphous coatings (Ref 38, 39).

Fig. 1 SEM images of the feedstock

Table 1 Elemental composition of the Fe-based alloy particles

Elements Fe Cr Co Ni Mo Si

wt.% Bal 13.5 8.5 8.0 2.0 0.5

Nominal composition

Table 2 Parameters employed in the HVOF spraying process

Nitrogen flow, NLPM 5

Oxygen flow, NLPM 600

Kerosene flow, l/h 16

Standoff distance, mm 300

Feed rate, g/min 100

Traverse velocity, mm/s 500

Space between adjacent spraying traces, mm 5

Repetition 10
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For each coating, the test was repeated three times to check

the repeatability.

Cavitation Erosion Test

The cavitation erosion resistance of the as-sprayed and the

annealed coatings with polished surfaces was evaluated as

per a modified version of ASTM G32-16(2021)e1 (Ref 40),

and the apparatus is shown in Fig. 2. During the cavitation

erosion test, the sample was placed on the sample holder,

and the top surface of the sample was 1 mm to the sono-

trode tip. The rest of the parameters were in accordance

with ASTM G32, where the output power was 2 kW, the

output frequency was 20 kHz, the peak-to-peak amplitude

was 50 lm, and the test solution was kept at 25 ± 1 �C.
The samples were tested either in deionised water (DW) or

AS. At each test interval of 1 h, the sample was weighed to

check its mass loss. The eroded surface and cross-section

of the coatings after the 10-h cavitation erosion test in both

DW and AS were characterised by SEM. In addition, the

behaviour of the Al2O3 particles in the as-sprayed coating

exposed to cavitation erosion in AS was also investigated

by SEM. Furthermore, the eroded coatings at the early

stage of cavitation erosion were examined by XRD using

the same parameters mentioned before.

Results and Discussion

Microstructure of the Coatings

The SEM images of the surface and the cross-section of the

coatings are shown in Fig. 3(a1)-(c3). The dark regions in

the SEM images were Al2O3 particles (Fig. 3a3-c3) con-

firmed by the EDX results (Fig. 3a4-c5), and the content of

Al2O3 in the as-sprayed coating was 1.4 ± 0.2 wt.%.

Meanwhile, inter-splat boundaries were found in all the

coatings (Fig. 3a3-c3). However, the space at the inter-

splat boundaries of the 850 �C annealed coating was

reduced, and the inter-splat boundaries were barely iden-

tified (Fig. 3c3), suggesting the improved adhesion at the

inter-splat boundaries of the 850 �C annealed coating. The

porosity of the as-sprayed, the 600 �C annealed, and the

850 �C annealed coatings was 1.6 ± 0.3, 1.4 ± 0.4, and

0.3 ± 0.2%, respectively. The reduced space at the inter-

splat boundaries and the large decrease in porosity of the

850 �C annealed coating indicated that the annealing at

850 �C could effectively densify the HVOF-sprayed Fe-

based amorphous composite coating. The densification of

Fe-based amorphous coatings by heat-treatment was also

reported by other studies (Ref 36, 41, 42) and could be

attributed to the self-fluxing reaction in the Fe-based alloy

during the heat treatment (Ref 36). In addition, the pre-

cipitation and growth of some other phases (Fig. 4) during

the heat treatment may also affect the porosity of the

coating.

The XRD spectra of the coatings are presented in Fig. 4

with the main peaks marked. The spectrum of the as-

sprayed coating showed a board halo at the scattering angle

(2h) of 40�-50�, indicating the coating exhibited amor-

phous phases. However, some crystalline peaks, such as the

peaks of a-Fe and Al2O3, were also identified, suggesting

that the as-sprayed coating was not fully amorphous. After

the annealing at 600 �C, the halo was narrowed, and the

intensity of the peak of a-Fe increased, indicating a

reduced portion of the amorphous phase. The annealing at

850 �C resulted in a significant increase in the a-Fe peak

and the absence of the halo, indicating the coating was

mostly crystalline. The degree of non-crystallinity of the

as-sprayed, the 600 �C annealed, and the 850 �C annealed

coatings was 79.9, 59.6, and 35.5%, respectively.

Mechanical Properties

The microhardness of the coatings is shown in Fig. 5(a).

All the coatings exhibited the microhardness that was much

higher than the 316L stainless steel substrates (172 ± 5

Hv0.2). However, the annealing could result in a decrease in

Fig. 2 The apparatus for

cavitation erosion test:

(a) photo, and (b) schematic

diagram
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microhardness. For the coating annealed at 850 �C, the

microhardness decreased significantly from 880 ± 17 to

652 ± 16 Hv0.2. Such a great reduction in microhardness

was possibly attributed to the decrease in the content of the

hard amorphous phase after the annealing (Fig. 4). Nev-

ertheless, the fracture toughness of the annealed coatings

was enhanced according to Fig. 5(b). The 850 �C annealed

coating exhibited a significant enhancement in the crack

extension energy, which was about 2.4 times that of the as-

sprayed coating. The reduced porosity of the annealed

coatings may contribute to the improved fracture tough-

ness. Furthermore, the increased fracture toughness also

indicates the improved adhesion at the inter-splat bound-

aries of the coatings after the annealing.

Electrochemical Test

The electrochemical test results are presented in Fig. 6 and

Table 3. The Nyquist plots in Fig. 6(a) showed that the

semicircle radius of the annealed coatings was smaller than

Fig. 3 SEM and EDX results of the coatings
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that of the as-sprayed coatings, suggesting that the

annealing could compromise the corrosion resistance of the

HVOF-sprayed Fe-based amorphous composite coating.

An equivalent circuit model based on the electrochemical

impedance spectroscopy results is presented in Fig. 6(a).

The polarization resistance (Rp) is used to evaluate the

corrosion resistance, which is the sum of the corrosion

product film resistance (Rc) and the charge transfer resis-

tance (Rct). A low Rp value means corrosion is likely to

occur (Ref 43). Therefore, the Rp values in Table 3 also

suggested that the corrosion resistance of the annealed

coatings was inferior to the as-sprayed coating. The Tafel

curves of the coatings are presented in Fig. 6(b), and the

corresponding fitting results are tabulated in Table 3, which

are the corrosion potential (Ecorr) and the corrosion current

density (Icorr). Ecorr is positively correlated to corrosion

resistance, while Icorr is negatively correlated (Ref 44).

Hence, the results again indicated that the annealing could

negatively affect the corrosion resistance of the coatings.

The compromised corrosion resistance of the annealed

coatings was attributed to the crystallisation during the

annealing. The increased content of the crystalline phases

resulted in the increased grain boundaries, which provided

more sites for the preferential attack of corrosion (Ref

42, 45, 46). Furthermore, other studies also found that the

passive films formed in amorphous materials were different

from those in crystalline materials. Specifically, the cor-

rosion resistance of Fe-based amorphous coatings was

negatively correlated to the amount of the crystalline

phases due to the heterogeneity of the passive films by the

formation of the carbides by the annealing (Ref 47).

Meanwhile, the passive film formed in crystalline materials

exhibited more defects and was less compact than that

formed in amorphous materials (Ref 48). Therefore, both

annealed coatings in this work were less corrosion-resistant

than the as-sprayed coating. In addition, it is worth men-

tioning that the corrosion resistance of the 850 �C annealed

coating was superior to that of the 600 �C annealed coating

(Fig. 6 and Table 3) because of the extremely low porosity

of the 850 �C annealed coating since a compacted structure

is beneficial to resisting corrosion (Ref 26, 27, 49).

Cavitation Erosion

The cumulative erosion and the erosion rate of the coatings

during the cavitation erosion test in DW and AS are pre-

sented in Fig. 7, and the SEM characterisation of the ero-

ded coatings after the 10 h test is shown in Figs. 8 and 9.

Generally, the erosion of the coatings in the non-corrosive

environment was less severe than that in the corrosive

environment. In DW, the 850 �C annealed coating exhib-

ited the lowest erosion and erosion rate, while the as-

sprayed coating had the greatest (Fig. 7a, c). The SEM

images also showed that the erosion crater in the 850 �CFig. 4 XRD spectra of the coatings

Fig. 5 Mechanical properties of the coatings. (a) Microhardness measured at 0.2 kgf; (b) Fracture toughness in terms of crack extension energy

measured at 2.0 kgf
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annealed coating was much smaller than that in the as-

sprayed coating (Fig. 8a3-c3). In AS, the 850 �C annealed

coating still exhibited the lowest erosion and erosion rate,

but the 600 �C annealed coating had the greatest mass loss

(Fig. 7b, d). The SEM images also showed that the as-

sprayed and the 850 �C annealed coatings had the craters

with similar sizes, while the crater in the 600 �C annealed

coating was the largest (Fig. 9a3-c3). In addition, some

unmelted and partially melted particles were exposed and

could be observed from the as-sprayed and the 600 �C
annealed coatings (Figs. 8a1-b2 and 9 a1-b2) during cavi-

tation erosion. Meanwhile, it seemed that the erosion

preferentially occurred near these particles, possibly

attributed to the poor adhesion. On the other hand,

unmelted and partially melted particles were barely

observed from the 850 �C annealed coatings (Figs. 8c and

9c). This indicates that the adhesion at the inter-splat

boundaries around the unmelted and partially melted par-

ticles was improved, and thus these particles were not

exposed easily during cavitation erosion. According to the

results above, the 850 �C annealed coating had the best

cavitation erosion resistance in both solutions, while the as-

sprayed coating and the 600 �C annealed coating were the

least resistant to cavitation erosion in DW and AS,

respectively.

The behaviour of the Al2O3 particles in the as-sprayed

coating during the cavitation erosion test was also inves-

tigated by taking a series of SEM images at the same site at

different test intervals (Fig. 10). The results showed that

the Al2O3 particles were easily detached from the coating

surface at the early stage of cavitation erosion, leaving

some rough pits on the surface (Fig. 10a, b), which was

possibly attributed to the weak adhesion at the phase

boundaries. Then, these pits expanded quickly and became

a large crater when the coating was subjected to cavitation

erosion further, resulting in severe erosion (Fig. 10c). The

SEM observation on the behaviour of the Al2O3 particles in

the coating during cavitation erosion suggested that the

addition of Al2O3 to the Fe-based amorphous composite

coating may compromise the cavitation erosion resistance

of the coating. The addition of Al2O3 particles was sup-

posed to improve the impact resistance of the coating (Ref

32), but the cavitation erosion resistance of the coating was

decreased. This is because the improved impact resistance

is in macro scale. Nevertheless, the impact by cavitation

bubble implosion applies an intense load in a small area,

which is micron scale (about several microns). When the

impact was at the phase boundaries of the Al2O3 and the

Fig. 6 Electrochemical properties of the coatings. (a) Nyquist plots

and equivalent circuit model, where Rs, Rc, Rct, CPEc, and CPEdl, are

related to the solution resistance, corrosion product film resistance,

charge transfer resistance, coating capacitance and double layer

capacitance, respectively; (b) Tafel curves

Table 3 Electrochemical parameters of the coatings

Coatings Rp, X cm2 Ecorr, V Icorr, A cm-2

As-sprayed 8.57 9 104 - 0.030 9.89 9 10-6

600 �C annealed 1.08 9 104 - 0.456 4.53 9 10-5

850 �C annealed 1.78 9 104 - 0.380 1.80 9 10-5

Rp, Ecorr, and Icorr are the polarization resistance, corrosion potential,

and corrosion current, respectively
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metallic phases, Al2O3 particles would detach from the

metal matrix easily.

Literature reported that some materials exposed to

cavitation erosion could undergo stress-induced phase

transformation, which allowed the materials having good

cavitation erosion resistance (Ref 50, 51). Moreover, the

amorphous phase in the Fe-based coatings could transform

into crystalline phases during cavitation erosion (Ref 52).

Thus, it is worthwhile to examine the eroded coatings in

this work by XRD. According to the results (Fig. 11), the

test solutions, DW or AS, could not affect the XRD spectra

for each coating exposed to cavitation erosion for the same

duration. Nevertheless, the spectra of the as-sprayed and

the 600 �C annealed coatings changed after cavitation

erosion (Fig. 11a-d). For both coatings, the relative inten-

sity of the a-Fe peak grew as the extension of the exposure

to cavitation erosion (Fig. 11a-d). Meanwhile, the degree

of non-crystallinity of the as-sprayed and the 600 �C
annealed coatings decreased from 79.9 to 68.0% and 59.6

to 51.5%, respectively, after cavitation erosion for 2 h. The

increased relative intensity of the a-Fe peak and the

decreased degree of non-crystallinity indicated that a

portion of the amorphous phase transformed into crys-

talline or nanocrystalline phases in the as-sprayed and the

600 �C annealed coatings during cavitation erosion. In

addition, the detachment of the Al2O3 particles (Fig. 10)

may also contribute to the increase in the relative intensity

of the a-Fe peak. However, for the 850 �C annealed

coating, there was almost no difference in the XRD spectra

before and after cavitation erosion (Fig. 11e, f), and the

change in the degree of non-crystallinity was negligible.

Furthermore, it is worth mentioning that the scattering

angle of the a-Fe did not change after cavitation erosion,

meaning that there was barely stress accumulation in the

coatings during cavitation erosion. Hence, the impact

energy by cavitation was consumed by phase transforma-

tion, plastic deformation, and erosion.

Although the as-sprayed and the 600 �C annealed

coatings could undergo stress-induced phase transforma-

tion during cavitation erosion (Fig. 11a-d), their cavitation

erosion resistance was inferior to that of the 850 �C
annealed coating (Fig. 7). In DW (Fig. 7a, c), the cavita-

tion erosion resistance of the coatings was positively cor-

related to the fracture toughness (Fig. 5b) and negatively

Fig. 7 Cavitation erosion performance of the coatings
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correlated to the porosity. Such correlations are common in

other coatings subjected to cavitation erosion. High frac-

ture toughness means good adhesion at the inter-splat

boundaries, and thus the coating with high fracture

toughness can effectively absorb the cavitation impact

energy and inhibit the formation and propagation of

microcracks during cavitation erosion (Ref 9, 53, 54).

Pores are generally considered the potential sites for crack

nucleation and are preferentially damaged during cavita-

tion erosion (Ref 9, 55, 56). Therefore, the enhancement of

the cavitation erosion resistance of the coatings could be

achieved by the improvement of the fracture toughness and

the reduction in the porosity via annealing. However, the

decrease in the hardness (Fig. 5a) did not have any nega-

tive effect on the cavitation erosion resistance, though high

hardness is believed to be beneficial to achieving good

cavitation erosion resistance (Ref 57), suggesting cavita-

tion erosion resistance is predominant by fracture tough-

ness and porosity instead of hardness solely.

For the coatings subjected to cavitation erosion in AS,

the 850 �C annealed coating still exhibited the lowest loss

(Fig. 7b, d) despite the decreased corrosion resistance

Fig. 8 SEM images of the samples after cavitation erosion for 10 h in

DW. 1-2, SEM images of the eroded surface at low and high

magnifications, where the dotted lines highlight the exposed unmelted

and partially melted particles; 3-4, SEM images of the cross-section

of the eroded coatings at low and high magnifications
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(Fig. 6 and Table 3), indicating that the material damage

was mainly caused by cavitation erosion. Nevertheless, the

erosion of the coatings in AS was more severe than that in

DW (Fig. 7), indicating that the effect of corrosion was

also significant for the coatings subjected to cavitation

erosion in corrosive environments. Hence, the loss of the

as-sprayed coating was lower than that of the 600 �C
annealed coating when exposed to cavitation erosion in AS

(Fig. 7b, d) because the former had the best corrosion

resistance while the latter had the worst (Fig. 6 and

Table 3). Meanwhile, the best cavitation erosion resistance

of the 850 �C annealed coating in AS could be attributed to

the good fracture toughness (Fig. 5b) and low porosity by

the annealing without much decrease in the corrosion

resistance (Fig. 6 and Table 3). Therefore, the results

presented in this work prove that a specific annealing

process can enhance the cavitation erosion (and erosion-

corrosion) resistance of HVOF-sprayed Fe-based amor-

phous coatings by improving fracture toughness and

reducing porosity. For future work, it is worthwhile to

develop a post-treatment approach to achieving good

fracture toughness and low porosity of HVOF-sprayed Fe-

Fig. 9 SEM images of the samples after cavitation erosion for 10 h in

AS. 1-2, SEM images of the eroded surface at low and high

magnifications, where the dotted lines highlight the exposed unmelted

and partially melted particles; 3-4, SEM images of the cross-section

of the eroded coatings at low and high magnifications
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Fig. 10 SEM images of the Al2O3 particles in the as-sprayed coating exposed to cavitation erosion in AS for 0, 30, and 60 min. Images were

taken at the same site

Fig. 11 XRD spectra of the coatings after the exposure to cavitation erosion in DW and AS for 0, 0.5, 1.0, 1.5, and 2.0 h
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based amorphous coatings with a minimal crystalline phase

transformation.

Conclusion

HVOF-sprayed post-annealed Fe-based amorphous com-

posite coatings were prepared in this work, whose

microstructures, mechanical properties, and corrosion

resistance were investigated. The cavitation erosion resis-

tance of the coatings in DW and AS was evaluated.

According to the results, the following findings were

concluded:

• The annealing improved the fracture toughness and

reduced the porosity of the coatings.

• However, the amorphous phase was transformed to

crystalline or nanocrystalline phases during the anneal-

ing, which compromised the hardness and corrosion

resistance of the coatings.

• The 850 �C annealed coating exhibited the best cavi-

tation erosion resistance in DW and in AS because of

its best fracture toughness, lowest porosity, and limited

reduction in corrosion resistance.

• The Al2O3 particles for the reinforcement were prefer-

entially eroded during cavitation erosion and may

compromise the cavitation erosion resistance of the Fe-

based amorphous coating.

• Stress-induced crystallisation of the amorphous phase

was found in the as-sprayed and the 600 �C annealed

coatings during cavitation erosion.
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