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Abstract To obtain dense Al-based quasicrystalline (QC)

coatings with high content of quasicrystal phase, the QCs

were deposited by the high-velocity air fuel spray process

with different feedstock powder sizes. The phase compo-

sition, microstructure, chemical composition, tribological,

and mechanical properties of the coatings were analyzed

using x-ray diffraction, scanning electron microscopy,

energy-dispersive x-ray spectroscopy, a pin-on-disk wear

tester, and a nanohardness tester. The results indicated that

smaller particle sizes produced denser structures with

lower coating porosities, while the coarser powder helped

maintain the desired quasicrystalline phase. In addition, the

coatings sprayed with coarser powders exhibited a lower

sensitivity to the sliding velocity due to a stronger bonding

strength between the splats and a lower oxidation degree.

The coating first exhibited abrasive wear coupled with

oxidative wear, which was then converted to delamination,

abrasive wear, and intensified oxidative wear.

Keywords HVAF � particle size � quasicrystalline
coatings � wear resistance

Introduction

Quasicrystals (QCs) exhibit unique atomic structures and

very unusual physical and transport properties, such as low

conductivity with positive thermal coefficient (Ref 1), high

hardness and strength, low friction coefficient (Ref 2), high

oxidation, and corrosion resistance (Ref 3). However, the

applications for large-scale Al-based bulk QC are limited

due to their extreme brittleness at ambient temperature (Ref

2). Fortunately, thermal spraying has been reported to be an

effective and promising approach to overcome the brittle

drawbacks of Al-based QCs (Ref 3, 4). In the high-velocity

air fuel (HVAF) spray system, high-temperature supersonic

gas stream utilizes the superplastic behavior of the QC

materials (Ref 5). In addition, the M3 torch design together

with the replacement of combustion-supporting media

from pure oxygen into compressed air minimizes

microstructural and chemical changes in the feedstock

powder (Ref 6, 7). As a result, the designed crystal struc-

ture and favorable properties of the feedstock powder

material are maintained in the sprayed coating (Ref 6, 8).

Thus, the HVAF shows its potential for depositing QC

coatings.

The particles may exhibit variable velocities and melt-

ing states (Ref 9, 10) based on the coating material prop-

erties (material type and particle size) and process

parameters (flame temperature and carrier gas velocity)

employed, which ultimately produces various morpholo-

gies when impacting a substrate. In the development of A1-

Cu-Fe coatings for tribological applications, minimal

porosity and high fraction of quasicrystal phase are
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required. Considerable works have been devoted to

understanding the effects of the material properties and

process parameters on the microstructure, phase content,

and mechanical properties of coatings. Yin et al. (Ref 11)

found that finer feedstock sizes improved the particle

velocity and temperature as well as the melting extent.

Notably, an increased particle velocity may worsen the

melting state due to a shorter dwell time in the accelerated

nozzle (Ref 12). In the spraying process, a proper combi-

nation of surface temperature and in-flight velocity is

usually more beneficial for the deposition of droplets. Li

et al. (Ref 10) reported that the solid–liquid two-phase

droplets (partially melted particle) contributed to the high

adhesive strength of the HVAF-sprayed Ni-based coating.

In comparison, the splats with disk-like shapes or near

disk-like morphology were conducive to reducing or

eliminating the defects of the as-sprayed coating and

forming a fine lamellar-structured coating (Ref 13).

Therefore, it is important to control the particle size to

adjust the in-flight behavior (particle temperature and

velocity) of the droplet and its deformation degree. How-

ever, due to the complex solidification path when forming

Al-Cu-Fe quasicrystals, the overheating of finer particles

may change the chemical composition. For example, fine

Al-Cu-Fe particles show a substantial loss of Al, thus

shifting the coating composition away from the single-

phase QC region of the Al-Cu-Fe phase diagram (Ref 8).

Moreover, the low thermal conductivity of the QC phase

increases the opportunity to overheat and partially vaporize

the Al element in the spraying process (Ref 8). By contrast,

it is equally necessary to have coating parameters that do

not change the composition of the powder if a uniform

coating microstructure is desired. Therefore, under identi-

cal spraying conditions, a strict control of the particle size

and its distribution are of great importance when modifying

the melting state to obtain a fine lamellar-structured coating

with a high QC phase content.

In this work, the effect of the starting particle size and its

distribution on the microstructure, phase constitutions, and

mechanical properties of QC coatings was investigated. In

addition, their wear mechanisms were also discussed.

Experimental Procedure

Materials and Specimen Preparation

Al65Cu20Fe10Cr5 (at.%) quasicrystal powders were

obtained by high-pressure gas atomization in an argon

atmosphere. The as-atomized powders with various size

distributions were used for HVAF spraying, and the pow-

der size was analyzed by a laser diffraction system (Better

size 2000LD). Feedstocks with the median sizes (D50) of

9.48, 22.48, 38.47, and 29.65 lm were designated as P1,

P2, P3, and P4, respectively. The corresponding coatings

were denoted as C1, C2, C3, and C4, respectively. Addi-

tionally, particles with D50 = 65.59 lm were termed P5 in

the single splat deposition process. The size distributions of

all the powders are listed in Table 1. Before coating fab-

rication, the ASTM 1045 steel was mechanically polished

and then cleaned by ethanol. Afterward, the grit-blasted

process was conducted to provide a fresh and rough surface

for good bonding strength. The experimental schematic

diagram is shown in Fig. 1. First, the coatings were fabri-

cated by the HVAF thermal spray system (Unique Coat

Technologies M3TM Supersonic HVAF Spray System),

where powders with various size distributions were accel-

erated in a de Laval nozzle (2L2). An air-jet cooling system

was also utilized at the back of the substrate plates to

inhibit the thermal-induced impacts both during and after

the HVAF deposition process. Additionally, the tempera-

ture of the substrate was measured after two spraying

passes to ensure the substrate temperature was below

100�C; eight passes were completed for each sample. The

spraying parameters are listed in Table 2. Second, the

effects of the powder size on the coating properties

(porosity, hardness, and surface roughness) and droplet

spreading behavior were investigated. In addition, the wear

resistance and wear mechanisms were also studied. The

splats were deposited with P1, P2, P3, and P5 at a torch

travel speed of 1000 mm/s under the same spraying

parameters.

Characterization of Coatings

The phase structures of powders and coatings were char-

acterized by x-ray diffraction (XRD, Philips X-Pert Pro)

with Cu-Ka radiation and focused ion beam (FIB, 450S,

FEI)-assisted transmission electron microscopy (TEM,

JEM2100F, JEOL, Japan). The morphology of the powders

and coatings was observed by scanning electron micro-

scopy (SEM, Nova Nano SEM 430) coupled with energy-

dispersive spectroscopy (EDS). The porosity was measured

by using Image-Pro Plus 6.0. More than five digital SEM

photos with 10009 magnification were analyzed to obtain

the statistically averaged values. The microhardness (HVS-

1000) was detected on the polished surface under a load of

300 g for 15 s; at least six measurements were completed

for each sample. The hardness and elastic modulus of the

coatings were tested by a CSM nano-indentation instru-

ment equipped with Berkovich diamond tip with a load of

30 mN and loading rate of 15 mN/min. The eight valid

points were used to obtain the average values. Inductively

coupled plasma-optical emission spectroscopy (ICP-OES,

Agilent 700) was used to determine the Al, Cu, Fe, and Cr

contents of the coatings, while the oxygen contents of the
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powders and coatings were measured using an oxygen–

nitrogen analyzer (Leco, ONH836).

The wear resistance of the coatings was measured by the

pin-on-disk tester (SFT-2M) at room temperature. Each test

was carried out in triplicate. All samples with dimensions

of 15 9 15 9 5.5 mm were prepared by a wire cutting

machine. Before the friction trial, all samples were wet-

ground and then polished to a mirrored finish, cleaned in

alcohol, and finally dried in warm air. Alumina with a

diameter of 4 mm and mean surface roughness of

approximately 70 nm was selected as the grinding ball. The

test parameters were as follows: radius of rotation of 3 mm,

sliding speed of 0.1–0.2 m/s, applied load of 16 N, and a

fixed sliding time of 15 min. A 3D optical measurement

system (SMS expert) was used to measure the profile of

wear tracks and surface roughness. The wear rate was then

calculated using the equation of Q = Vw N-1 S-1, where

Q is the wear rate in mm3/Nm, Vw is the wear volume loss,

and N and S represent the applied load and the total sliding

distance, respectively.

Results and Discussions

Characterization of Feedstock Powders

and Coatings

Figure 2 shows four kinds of size distributions and mor-

phologies for the powders. Figure 2(a) indicates that the

fine particles (P1) were spherical with certain small satel-

lite powders attached onto them. By contrast, bigger par-

ticles (P3) were spherical or near-spherical and exhibited

rougher surface (Fig. 2b), while several pores were

observed on the cross-sectional morphology of the coarser

particles (Fig. 2c). The powder morphology variation was

caused by the differences in the cooling rate together with

the droplets’ collision during preparation (Ref 14, 15). In

addition, the pores originated from the entrapped atomizing

gas during atomization.

Figure 3 shows the XRD patterns of the Al65Cu20Fe10Cr5
powders and coatings. The results revealed that all the

feedstocks and coatings consisted of the same phases,

including icosahedral quasicrystalline phase (i-QCphase), s-
AlCu(Fe), and b-Al(Cu,Fe) phases. As powder size increa-
ses, the feedstock powder presented a higher b-Al(Cu,Fe)
phase content at the expense of the icosahedral phase. Unlike

the powder patterns, the major phase in C1 changed into a s-
AlCu(Fe) phase instead of b-Al(Cu,Fe) as compared to the

other coatings. The XRD results were employed to qualita-

tively measure the areas of the i-QC and crystalline phases.

The icosahedral phase volume fraction was calculated using

the following formula (Ref 16):

Table 1 Size distributions of

Al65Cu20Fe10Cr5 powders
Powders D10, lm D50, lm D90, lm Specific surface area, m2/g

P1 5.03 9.48 15.11 0.274

P2 8.98 22.48 34.19 0.130

P3 23.31 38.47 57.69 0.070

P4 12.34 29.65 47.51 0.098

P5 40.23 65.59 82.34 0.042

Fig. 1 Schematic diagram of

HVAF spraying

Table 2 Spraying parameters

Parameters Values

Spraying distance, mm 150

Powder feed rate, g min-1 20

Fuel gas pressure, MPa 0.75

Compressed air pressure, MPa 0.82

Carrier gas flow rate, L/min 68

Traverse speed, mm/s 300

Pass spacing, mm 3
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Vico ¼
Aico

Aico þ Acrys

� 100%

where Vico and Acrys are the areas of the icosahedral phase

peaks and all crystalline peaks, respectively. Figure 4

presents a comparison between the icosahedral phase

contents (Vico) of the coatings and those of the powders.

Interestingly, the powder size significantly affected Vico of

the powders, which decreased from 56.2% for P1 to 35.2%

for P3. In comparison, Vico increased from 21.4% for C1 to

29.0% for C3. A previous study reported that the formation

mechanism of the icosahedral phase is significantly

dependent upon the cooling rate (Ref 5). The high cooling

rate resulted in the formation of a dendritic i-QC phase

from the undercooled liquid without the precipitation of the

primary s- and b-phases. For a moderate cooling rate, a

peritectic reaction resulted in the formation of the icosa-

hedral phase. In our case, an increase in the powder size

likely reduced the cooling rate and consequently led to the

formation of the b-phase. Thus, Vico of the powders

reached their peak value for P1 and then decreased as the

powder size increased. The change in the coating phase

assemblage indicated that, at a lower particle size of

Fig. 2 Particle size

distributions of as-atomized

powder. The insets show the

surface and cross section images

of powders: (a) P1, (b) and

(c) P3

Fig. 3 XRD patterns of the Al65Cu20Fe10Cr5 powders and corresponding coatings: (a) and (b) powders; (c) and (d) coatings

Fig. 4 The volume fraction of icosahedral phase of various powders

and coatings
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D50 = 9.48 lm, heat rapidly transferred from the flame to

the flight particles, promoting the vaporization of alu-

minum, which facilitated in the formation of the crystalline

phase rather than the QC phase. In addition, the oxidation

of the powder increased when the fine QC powders were

exposed to the oxidizing atmosphere, which further

decreased Vico. As the particle size increased, the flame

energy was not high enough to sufficiently melt the pow-

ders. Therefore, the coating contained a significant amount

of semi-molten particles, such that its i-QC phase content

was closer to that of the feedstock powders.

Figure 5 shows the representative bright-field TEM

images (a1, a2), HR-TEM image (b), and SAED patterns

along the fivefold (c) and twofold (d) axis of the AlCuFeCr

coating. The SAED patterns with fivefold symmetries

(Fig. 5c) and twofold symmetries (Fig. 5d) confirmed that

the quasicrystalline phase was in the i-QC phase.

Figure 6 shows the surface morphology of the as-

sprayed Al65Cu20Fe10Cr5 coatings. The solidified splat

morphologies were significantly different in the coatings

deposited with different powder sizes. The rough surface

contained splashed splats, flower-like splats, and/or

partially melted splat. The splashed splats and fragmented

splats were observed in the C1, C2, and C4 coatings. In

comparison, more fragmented splats together with broken

solid particles were observed in the C3 coating. Further-

more, the smooth surface of splash splats exhibited several

cracks (Fig. 6a2 and d3). The splat with the smooth surface

and microcrack was considered a fully molten splat-type,

irrespective of its shape (Ref 17). Usually, feedstocks with

a certain fraction of fine particles are prone to forming

splash splats due to the higher temperature and velocity of

the molten droplets (Ref 18). The surface microcracks were

induced by the rapid cooling (quenching) of the impinging

droplet. In this way, the quenching stresses caused by the

thermal stress and bonding constraint strain with the sub-

strate were released. The splash pattern disappeared, and

some un-deformed particles were observed on the C3 and

C4 coating surfaces as the powder size was increased.

These large fragments sharply lowered the particle bonding

strength after collision, which also promoted the generation

of pores and cracks (Ref 19).

The compositions of all the as-sprayed of coatings are

summarized in Table 3. It seems that all the coatings lost

Fig. 5 TEM images of the Al-

Cu-Fe–Cr coating: (a1-a2)

bright-field TEM images,

(b) HR-TEM image of area

taken from (a), (c) (d) selected

area electron diffraction

(SAED) patterns of area (c) and

(d) taken along fivefold and

twofold axis of QC coating
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some Al during spraying, and the amount of oxygen ele-

ment was inversely proportional to the powder size.

Coatings formed as the finer powders lost more Al and also

gained more oxygen. A previous study reported that the

chemical variations of the formed coatings with different

as-atomized powders were due to the initial reactions

between the particles and the heat source prior to its

deposition onto the substrate (Ref 8). Therefore, the oxy-

gen incorporated into the coating during spraying was

likely in the form of Al2O3. Considering this fact, the total

Al element actually involved in the formation of various

intermetallic and QC phases was less than that of reported

Al content in Table 3. The oxidation- and evaporation-in-

duced element loss may have moved the composition of the

i-QC phase out of the stability field, which resulted in the

precipitation of the cubic b-Al(Fe,Cu) phase (CsCl type);

finer powders exhibit more serious results.

Figure 7 shows the cross-sectional morphology of C1–

C4 coatings. The thickness of coatings was in the range of

164-309 lm. Notably, few pores were found in the C1 and

C2 coatings, while several pores were observed inside the

C3 and C4 coatings. The porosity of C1–C4 was approxi-

mately 1.21, 1.33, 1.45, and 1.02%, respectively. The

porosity commonly originates from two aspects due to the

stack-based essence of thermal spraying. On the one hand,

oxide films generated on the particle surface may reduce

the wetting degree with splats, leading to the formation of

defects (Ref 20). On the other hand, shrinkage phenomenon

may occur for the fully melting droplets during the solid-

ification process (Ref 21). When increasing the powder

size, unmelted particles with pores (marked with yellow

cubes) were found along the interface of coating and sub-

strate in the C3 and C4 coatings, as shown in Fig. 7(c) and

(d). In addition, numerous horizontal cracks (marked with

green cubes) were observed next to the unmelted particles,

indicating that the large-sized particle impacted by the

substrate was in the solid phase state. Figure 7(e) shows the

cracks or interlayer regions in the C3 coating. Combined

with the EDX line scanning result, relatively severe oxi-

dation was observed in such regions. The unavoidable

oxidation of the in-flight particles was easily induced

Fig. 6 Surface morphology of the coatings: (a) C1, (b) C2, (c) C3 and (d) C4

Table 3 Chemical constituents of starting powders and coatings

(wt.%)

Samples Compositions, wt.%

Al Cu Fe Cr O

P1-P4 45.6 33.0 14.5 6.8 0.21, 0.12, 0.08, 0.13

C1 40.1 32.3 12.6 6.2 1.7

C2 43.7 32.6 12.7 6.3 0.9

C3 44.6 34.0 12.6 6.5 0.5

C4 44.1 34.6 13.5 6.6 0.8
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during the deposition process in air. As a result, defect

regions were observed, which triggered the formation of

cracks, thus increasing the spallation, delamination, and

pits and ultimately resulting in severe abrasive wear.

Figure 8 presents the coating thickness and the thickness

per pass. The C1–C4 coatings exhibited thicknesses of

154.2, 284.0, 258.5, and 319.1 lm, respectively, as well as

thicknesses per pass of 19.3, 35.5, 32.3, and 39.9 lm,

respectively. These results indicate that the deposition

efficiency of P2–P3 was two- to threefold higher than those

of the finer powder (P1), indicating a better melting state

(Fig. 6a). According to the surface (Fig. 6) and cross sec-

tion (Fig. 7) images of the coatings, the fine particles

exhibited increased particle temperatures and velocities,

thus producing a dense structure. However, the overheated

particle also resulted in hypervelocity impact phenomena

with noticeable sputtering. Consequently, the deposition

efficiency was significantly reduced. As compared to C2

and C4, C3 prepared with a coarse particle size exhibited a

lower deposition efficiency due to reduced melting state, as

confirmed by Fig. 6(c). Part of the large feedstock may

have rebound and eroded the already deposited coating. As

a result, the coating thickness and deposition efficiency

were slightly reduced.

Mechanical Properties

Porosity and hardness significantly affected the quantifi-

cation of material properties, including the strength, fatigue

limit, and wear resistance (Ref 22). Figure 9 exhibits

variations in porosity, microhardness (HV0.3), and surface

roughness with the size distribution. An increase in the

particle size, porosity, and microhardness exhibited the

opposite tendency. At a P1 with D50 of 9.48 lm, C1 pos-

sessed the highest hardness of approximately 683.2 HV0.3

and a low porosity of 1.21%. A further increase in the D50

at the largest value of 38.47 lm resulted in the highest C3

coating porosity of 1.45% and the lowest C3 coating

hardness of 562.5 HV0.3. Therefore, an increase in the

particle size gradually reduced the deformation degree of

the droplets and then generated a loose coating

microstructure, which contained numerous pores, partially

melted particles, and microcracks. Meanwhile, the C4

coating, which was prepared at the widest particle size

range, obtained the lowest porosity of 1.02% due to the

peening effect between the large particles and newly

deposited coatings, which made the coatings more com-

pact. In addition, the C1, C2, C3, and C4 coating exhibited

roughness values (Ra) of 8.86, 5.96, 8.44, and 7.52 lm,

respectively. Among them, C1 obtained the maximum

Fig. 7 Cross section

morphologies of coatings:

(a) C1, (b) C2, (c) C3, (d) C4,

the inset is magnified view of

unmelted particle; (e) cracks

and intersplat region in the

coating, and EDX line scanning

analysis

Fig. 8 The thickness and thickness of pass of the coatings
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roughness value of 8.86 lm due to the sputtering phe-

nomenon of the fine powder P1. C3 showed a similar high

value of roughness due to fragmented splats caused by

reducing the deformation of the large particles (Fig. 7c2).

C2 presented the lowest roughness value, which also

reflected a sufficient melting state of the particles during

the dynamic deposition process.

In general, tribological properties are determined by

many factors. For example, the applied load, sliding speed,

test temperature, and atmospheric environment signifi-

cantly affect the wear resistance. As such, the sliding

velocity was set to 0.1 and 0.2 m/s. Figure 10 depicts the

wear rates, coefficient of friction (COF), hardness (H),

elastic modulus (E), and H/E of the Al-based quasicrystal

coatings. The wear rates were in the range of 0.76 9 10-4–

15.80 9 10-4 mm3/Nm, while the COFs were in the range

of 0.44–0.55, which were calculated in the steady-state

periods. A comparison of the C1 and C2 coatings without

unmelted particles indicated that C1 possessed the lower

wear rate under the two applied sliding speeds due to a

more uniform microstructure and higher hardness. Thus,

triggering spalling of the coating was difficult during the

wear process. However, the wear rates of C1 were sensitive

to the sliding speed, such that the value of the wear rate for

C1 doubled when the sliding speed increased. More severe

oxidation phenomenon was observed at the layer interface.

Meanwhile, due to the relatively low hardness and high

porosity, the wear rate of C3 increased up to 1.58 9 10-3

mm3/Nm when tested at 0.1 m/s. A further increase in the

friction speed destroyed the integrity of C3 during the

friction process. The inherent brittleness of the quasicrys-

talline coatings, which behave as ceramic materials at room

temperature, induced cracks when the applied loads and/or

velocity were sufficiently high, thereby severely compro-

mising the wear resistance. Figure 10(c) shows the hard-

ness (H), elastic modulus (E), and their ratio (H/E) of the

Al-Cu-Fe-Cr coatings. The results show that H, E, and H/E

of the Al-Cu-Fe-Cr coatings were in the ranges of 5.5–6.7

GPa, 150.6–165.7 GPa, and 0.037–0.041 GPa, respec-

tively, while the H/E ratio evolved in a way similar to that

for the wear resistance. The high hardness provided suffi-

cient load support, while the low elastic modulus con-

tributed to the improved fracture toughness when the

coatings tested under abrasion, impact, and erosive condi-

tions. Thus, a high H/E value represents, on the one hand,

the high resistance of a material to plastic deformation,

and, on the other hand, retarded crack initiation and

propagation caused by cyclic shear stress (Ref 23, 24). In

addition, the low surface adhesion energy of the qua-

sicrystals also helped reduce the adhesive contribution to

the COF values during the wear test (Ref 2). As a result, the

hard Al-Cu-Fe-Cr coatings, which were still ductile,

showed a high wear resistance in comparison to the wear-

resistant aluminum alloys.

The profile of the wear track is shown in Fig. 11. The

wear width and depth, which acted as an indicator of the

wear resistance, first showed an upward trend and then

rapidly decreased at the two sliding velocities. C1 pos-

sessed the smallest width and depth values under the two

sliding speeds, indicating the best wear resistance. Addi-

tionally, as the sliding speed increased, the value of width

and depth of C1 increased from 650.5 lm and 28.5 to

800.7 lm and 51.8 lm. Therefore, these two parameters

indicated that the wear resistance was highly sensitive to

the sliding velocity.

Phenomena Characteristic of the Particle Impact

onto the Plane Solid Surfaces

A HVAF-sprayed coating is formed through mechanical

interlocking or physical adhesion of massive in-flight

droplets with a substrate. To observe the impact behavior

of the droplet during deposition process, single splats

deposited with P1, P2, P3, and P5 were observed to

understand the droplet spreading behavior upon impact to

the substrate. As shown in Fig. 12, the splats can be divi-

ded into following types based on their morphologies:

partially melted splat, splash splat, flower splat, near disk-

Fig. 9 The roughness, hardness, and porosity of the coatings
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Fig. 10 Wear rates (a), coefficient of friction (b), hardness (H), elastic modulus (E) and H/E ratio (c) of Al-based quasicrystal coatings

Fig. 11 Sectional profiles of

the wear tracks of QC coatings

tested at different conditions:

(a) Load 16 N, sliding speed

0.1 m/s, (b) load 16 N, sliding

speed 0.2 m/s
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like splat, and ring splat. According to Fig. 12(a), the

splash splats or flower-like splat were formed, and several

cracks and pores were observed on the smooth surface of

the flower-like splat. The crack was caused by the thermal

stress and the pore originated from the gas absorbed during

the collision between the droplet and substrate. In addition,

fine droplets with high velocity were observed with

noticeable sputtering when impacting onto substrate. As a

result, C1 showed the lowest deposition efficiency. As the

powder size increased, the near disk-like splat together

with splash splats was observed (Fig. 12b). Fragments

were embedded in the re-solidified droplet, revealing the

melting state of the droplet was in the solid–liquid two-

phase state. However, when the particle size further

increased, the melting state rapidly decreased. Fig-

ure 12(c) shows the partially melted particles with little

smooth splat located at the bottom of the particle, indi-

cating that the energy gained from the flame was not high

enough to heat and accelerate powder deformation. When

these partially melted splat and fragmented splats were

stacked against each other, pores formed more easily and

thus generated a loose microstructure. A further increase in

the particle size produced several deep pits on the sub-

strate, as shown in Fig. 12(d). The erosion pits revealed

that the corresponding particles were in the unmelted state.

During the deposition process, these unmelted particles

may have eroded the formed deposited splats, thus

decreasing the deposition efficiency. As a result, C3

showed a lower thickness per pass as compared to that of

C2. However, the large particles also showed a strong

peening effect on the already deformed splats during the

dynamic spraying process, such that C4 contained unmel-

ted particles that, however, possessed the lowest porosity.

Based on the morphology variation (Fig. 12) and the

coating deposition efficiency (Fig. 8), it can be concluded

that as the particle size increased the particle impact

behavior initially transformed from ‘‘adhesion ? sputter-

ing’’ to ‘‘adhesion’’ and eventually changed into ‘‘rebound

?abrasion’’.

Tribological Morphologies and Wear Mechanisms

Figure 13 presents the morphologies of the wear track and

the EDS mapping, which were performed to investigate the

wear behavior of the Al-based QC coatings. The worn

surfaces present a white-contrast zone and a dark-contrast

zone. The white-contrast zone (point 1) was almost con-

sistent with the nominal composition, and the dark-contrast

zone (point 2) corresponded to highly oxidized worn-off

debris. For the sliding friction of C1 at 0.1 and 0.2 m/s, the

Fig. 12 Morphologies of the

splats of QC powders with

different particle sizes: (a) P1,

(b) P2, (c )P3, and (d) P5
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Fig. 13 Worn surface of QC coatings tested at different sliding velocity and EDS mapping: (a) C1,0.1 m/s, (b) C3,0.1 m/s, (c) C1,0.2 m/s,

(d) C2,0.2 m/s, (e) EDS mapping of C4

Fig. 14 SEM micrograph of the wear track cross section of coating C2: (a) A whole view; (b), (c) and (d) magnified view of selected area from

(a); (e) wear debris
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typical plowing grooves and pits in Fig. 13(a) and (c) re-

vealed the appearance of abrasive wear. For the sliding

friction of C3 at 0.1 m/s and C2 at 0.2 m/s, delamination is

observed in Fig. 13(b) and (d). The C2 coating tested at

0.2 m/s suffered more severe delamination wear, such that

a large amount of fine wear debris detached from the

matrix and then partially adhered on the wear track. For the

Al-based QC coatings, a looser microstructure and higher

sliding velocity resulted in crack initiation at the defect

sites. These regions, filled with pores and loose oxidation

area, accelerated the growth and propagation of the

microcracks. After the cracks grew to a critical length, the

peeling process was easily trigged and finished at a short

time under the combining effect of the vertical load and

tangential load. Finally, although most of the debris was

removed from the worn track under the shear stress, par-

tially retained debris was smeared and pressed into the

debris layer form, as shown in Fig. 13(b) and (d). As

compared to the continuous debris layer of C3 tested at

0.1 m/s (Fig. 13b), the morphology of debris layer of C2

exhibited a plateau (Fig. 13d). These findings were a result

of layer burst due to brittleness or built up of residual stress

after the thickness of oxide layer reached its maximum

with continued sliding friction.

In general, the wear behavior of the coatings depended

on both the surface and subsurface. Therefore, the cross

sections of the coating after wear testing were also exam-

ined. Figure 14 shows the SEM micrograph of cross-sec-

tional wear track of the C2coating under an applied load of

16 N and a sliding speed of 0.1 m/s. As observed in

Fig. 6(a), the average wear depth was approximately

50 lm, which was consistent with the result obtained from

sectional profiles in Fig. 10(a). Some small cracks propa-

gated within the splat (Fig. 14b) and big cracks running

along the intersplat regions (Fig. 14c) were observed on the

cross-sectional image. Additionally, some pores were also

detected on the fracture surface, and the intensity of O

reached its peak value at the interface region. These defects

sites may have promoted the generation and propagation of

the cracks when cyclic shear stress was transmitted from

the contact surface area, thus further resulting in its

delamination. Figure 14(d) indicates that the height of the

fracture surface was approximately in the range of

4.4–10.4 lm, which was larger than that of the worn-off

debris (Fig. 14e), revealing that the debris produced in this

case experienced a cyclic grinding process. The SEM/EDX

analyses (Fig. 13 and 14) on the worn surface and sub-

surface revealed that the dominating wear mechanism of

the Al-based QC coatings in air was initially abrasive wear,

which then turned into delamination, abrasive wear, and

intensified oxidative wear.

Conclusions

In this work, the effects of the particle size on the

mechanical properties of HVAF-sprayed Al-based QC

coatings and splats morphology were investigated in detail.

Based on the results, the following conclusions can be

derived.

1. The particle size significantly affected the coating

properties. The coatings sprayed with the finest

powders showed a better wear resistance. In addition,

the most severe oxidation and Al loss was observed

during spraying. In comparison, the wear rate of the

coating prepared by coarser powders exhibited less

sensitivity to the sliding velocity. The most compact

structure was obtained for powders with the widest size

range of ?12 lm–49 lm.

2. An increase in the particle size helped maintain the

quasicrystalline content of the coatings, which reached

the maximum volume fraction of 29.0% in the HVAF-

sprayed Al-based QC coating.

3. An increase in the particle size led to the impact

behavior of the droplets onto the substrate surface

transformed from ‘‘adhesion ? sputtering’’ to ‘‘adhe-

sion’’ and finally to ‘‘rebound ? abrasion’’.

4. The friction coefficient and wear rate of the QC

coatings were approximately 0.45 and

7.6 9 10-5 mm3/Nm, respectively. The high hardness

and dense microstructure were responsible for the good

wear resistance. With continuous wear, the dominant

wear mechanisms transferred from abrasive wear to

delamination, abrasive wear, and intensified oxidative

wear.
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