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Abstract: Tailoring coating microstructure and the fraction of quasicrystalline phase for 
enhancing the wear and crack resistance by selecting the appropriate thermal spraying 
parameters was investigated. To simplify the optimization process, orthogonal test was 
introduced. According to the statistical analysis and validation experiments, the orders of 
spraying-parameters that affected the hardness and fraction of quasicrystalline phase were 
proposed, respectively. The wear resistance and fracture behaviors of coating sprayed with 
optimal processing parameters were analyzed by pin-on-disk and three-point bending (3PB) 
tests. The current results indicated that the coating sprayed with optimal parameters exhibit a 
better wear and crack resistance. The high fraction of quasicrystal phase and dense 
microstructure contribute to the good wear resistance, meanwhile, the favorable fracture 
toughness is attributed to the tough phase existing in quasicrystal matrix and a fine-lamellar 
microstructure which facilitates the stress release during the crack propagation. This study 
gives insight into the crack propagation behavior in Al-based quasicrystal coating from 
nano-scale to micro-scale and might provide a viable guideline for the improvement of wear 
and crack resistance for thermal spraying quasicrystal composite coatings.  

1. Introduction 
The quasicrystallines (QCs) display attractive properties, such as high hardness, low thermal 
conductivity, high corrosion and wear sistance [1, 2]. In spite of their outstanding properties, the room 
temperature brittleness has hindered the applications of quasicrystals in bulk form. The plastic 
deformation only occurred at high temperatures for bulk material [3] or at sub-micrometer scale for 
samples at room temperature [4]. In order to solve this problem, fabricating QC coatings via thermal 
spraying techniques for wear and corrosion applications have aroused increasing attention.  

Among various thermal spraying techniques, including plasma spraying, high velocity oxygen fuel 
(HVOF) and high velocity air fuel (HVAF), the HVAF process, which relies more on kinetic energy 
than on thermal energy [5], indeed allows feedstock to obtain higher particle velocities, higher powder 
feeding rate, lower temperature and less oxidizing atmosphere [6]. Moreover, in M3 HVAF torch, high 
pressure capabilities and total replacement of oxygen with air together with later developments of the 
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combustion chamber design significantly improved the deposition efficiency and wear and corrosion 
properties of coatings in contrast with the HVOF [7]. However, on the one hand, element loss and 
initial phase change are inevitable during the in-flight process for the starting powder [8, 9]. For QCs, 
Al element loss by vaporization and/or severe particle oxidation resulted in the formation of cubic 
β-Al(Fe,Cu) phase at the expense of QC phase，especially for fine powder [10], meanwhile, the brittle 
phase together with tensile residual stresses can result in crack formation [7]. In the development of 
Al-based QC coatings, the maximum fraction of the QC phase and low porosity are desired for 
enhancing the wear and corrosion resistance of coatings [11, 12]. On the other hand, during the 
thermal spraying process, coating porosity inevitably exists at lamellar intersplat due to uncompleted 
splats contact, unmelted particles and thermal stress [13]. Moreover, oxides form in the periphery of 
porosity defects, thus deteriorate the stability of passive film during corrosion process [8]. Therefore, 
the investigation of the effects of microstructure and phase content on the wear and crack resistance is 
also important. In general, tailoring of the coating properties is mainly achieved by changing the 
feedstock material type and composition, and by selecting an appropriate thermal spray process. These 
three aspects affected the temperature, velocity and flying time of in-flight the particles [14] and 
further controlled the deformation behaviors of splats [15].  

As reported by our previous work [16], the optimal particle size of Al65Cu20Fe10Cr5 was determined 
as +12–49 μm. Therefore, in this work, a series of HVAF sprayed Al-based QC coatings has been 
fabricated by different the processing parameters, aiming at adjusting the final phases, minimizing the 
porosity or cracks. In general, a detail research based on a single variant is designed to investigate the 
effect of related parameters on the final properties of material, which is a very time-consuming due to 
a lot of experiments. Orthogonal test can shorten the studied period by investigating the multiple 
factors simultaneously. Therefore, in this paper, effects of the spray distance, fuel pressure and feed 
rate of particle on the properties of HVAF-sprayed QCs coating are researched by orthogonal test 
method. Besides, the wear resistance and fracture behavior of coating sprayed with optimal processing 
parameters were analyzed by pin-on-disk and three-point bending (3PB) tests.  

2. Experimental process 

2.1. Material and Coating deposition process 
Commercial gas-atomized powders of atomic compositions Al65Cu20Fe10Cr5 were employed as 
feedstock. Laser diffraction system (Better size 2000LD) was used for analysis size distribution. 
Medium carbon steel with dimensions of 60 × 50 × 5 mm3 was used as substrate. Prior to the spray 
process, the substrate was sandblasted for enhancing the bonding strength. Then, the coatings were 
sprayed by HVAF spray system (Unique Coat Technologies M3™), in which the propane, designated 
as fuel 1 and fuel 2, were injected into combustion chamber and secondary extension nozzle with 
additional air simultaneously. Fig. 1 shows the schematic representation of HVAF torch and deposition 
process, in which the fuel pressure, spray distance and powder feed rate were settled at various values 
for spraying-parameters optimization.  

 
Fig. 1 The schematic representation of HVAF torch and deposition process 



ICAMIM 2021
Journal of Physics: Conference Series 2044 (2021) 012011

IOP Publishing
doi:10.1088/1742-6596/2044/1/012011

3

 
 

2.2. Orthogonal test design 
The orthogonal test method was introduced to investigate three factors, including spray distance 
(marked as A), fuel 1 pressure (marked as B) and feed rate of particle (marked as C). Factors and 
levels for orthogonal test design are listed in Table 1. To compare the obtained results under different 
conditions, the parameter R is introduced to quantify the difference of microhardness and fraction of 
i-QC phase for various coatings.  

                      R = KAVi
max - KAVi

min                            (1) 
where KAVi

max and KAVi
min represent the maximum and minimum average value of microhardness for 

one level of a factor. If the R value is larger, the level change for the factor has a greater effect on the 
properties of coating.  

2.3. Characterization and properties tests  
The phases and morphology of the powder and coatings were characterized by X-ray diffraction (XRD, 
Philips X-Pert Pro, Cu Kα1 radiation) and scanning electron microscopy (SEM, Nova Nano SEM 430) 
coupled with energy dispersive spectroscopy (EDS), respectively. Laser diffraction system (Better size 
2000LD) was used for analyzing its size distribution. The micro-hardness was detected by HVS-1000 
system using a load of 300 g for 15 s, the averaged microhardness was obtained from for 5 
measurements points on the polished surface. Wear test was conducted on pin-on-disk system 
(SFT-2M). The wear conditions are as follows: applied load of 16 N, sliding time of 15 min, wear 
radius of 3 mm and sliding speed of 300 r/min. Prior to the wear test, the samples were polished and 
cleaned by alcohol. A 3D optical measurement system was applied to measure the cross-sectional of 
wear track. The wear rate was calculated as follows.  

Q = Vw/FS                               (2) 

where Q is the wear rate in mm3/Nm, Vw is the wear volume loss which can be derived from 2πrA, A is 
the cross-sectional area of the wear track, r is the wear radius. N and S represent the applied load and 
the total sliding distance, respectively. In order to introduce macroscopic cracks and observe their 
propagation in the coating, the samples (50×20×5 mm3) with section polished were used as for 
three-point bending (3PB) test by electronic universal testing machine (UTM5105). The load cell 
which pressed on the middle of the substrate moves down at a speed of 0.1 mm/min. The coating side 
was placed on two supporting points with an interval of 30 mm. The total distance in the whole test is 
1.5 mm. Focused ion beam (FIB) technique was used to prepare TEM samples and observe 
deformation and cracking behaviors by transition electron microscope (TEM). 

3. Results and discussion 

3.1. Characterizations of powder  
Fig. 2 shows the morphology, size distribution and phase of the as-atomized powder. It is observed 
that the powders were generally spherical and near-spherical shape, and limited satellite particles and 
dendritic structure as shown in Figs. 2a and b. The XRD pattern in Fig. 2c reveals that the powders 
were consists of cubic β-Al(Fe,Cu),τ-AlCu(Fe) and icosahedral QC (i-QC) phase, which is also 
reported in the melt-spun AlCuFe alloy system [17]. Fig. 2(d) displays a proper powder size 
distribution range of feedstocks for thermal spraying. 
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Fig. 2 Characterization of raw powders: (a) morphology, (b) enlarged particle showing the presence of 

dendrites, (c) XRD patterns, (d) powder size distribution 

3.2. Orthogonal tests 
Fig. 3 shows the XRD patterns of the HVAF sprayed coatings. It is clear that the coatings consisted of 
β-Al(Fe,Cu), τ-AlCu(Fe) and i-QC phase, consistent with that of raw powder shown in Fig. 2c. Due to 
the good control of particle size and the rapid cooling process of thermal spraying process, the major 
of feedstocks might have a partially melted state, which has a little effect on phase content.  

 
Fig. 3 XRD patterns of sprayed coatings with various conditions 

The volume fraction of each phase area of the i-QC peaks (Vi) and β-Al(Fe,Cu) peak were 
measured based on XRD results as shown in Fig. 3(b) by using the following formula: 
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Where, Ai, Aβ and Aτ are areas of i-QC， β-Al(Fe,Cu) and τ-AlCu(Fe) peaks, respectively. Table 1 
shows the orthogonal test parameters, the results of microhardness tests and fraction of i-QC phases. It 
is noted that for different combination of spraying parameters, the coating microhardness and volume 
fraction of i-QC phase varied in a wide range of 468.4 - 580.5 HV0.3 and 30.4 - 36.9%， respectively.  

Table 1 Properties of Al-based coatings obtained based on orthogonal test 
Sample  
No. 

Factors   Results  
A: Spray 

distance（mm） 
B: Fuel 1 
pressure  
（Mpa） 

C: Feed rate
（%） 

Microhardness 
(HV0.3) 

Fraction 
of i-QC 
phase 

S1 1（150） 1（0.63） 1（10） 517.5 36.52 
S2 1 2（0.67） 2（20） 500.4 36.93 
S3 1 3（0.72） 3（30） 561.5 35.84 
S4 2（220） 1 2 516.0 34.62 
S5 2 2 3 468.4 30.96 
S6 2 3 1 580.5 32.40 
S7 3（300） 1 3 525.5 31.64 
S8 3 2 1 474.1 32.19 
S9 3 3 2 517.5 30.41 

To evaluate the importance order of these spraying parameters in sequence of microhardness and 
volume fraction of i-QC phases, the orthogonal analysis was introduced to calculate R values and the 
results were shown in table 2. Compared the R values for factors A(spray distance), B(fuel pressure) 
and C(feed rate), it can be concluded that the spraying parameters, affecting the coating microhardness, 
is in the order of B > A > C, the optimal spraying-parameter is B3A1C1, i.e. 0.72 Mpa, 150 mm, 10 
g/min. Meanwhile, the spraying parameters, affecting the fraction of i-QC phases, is in the order of A 
＞ B ＞ C. The optimal spraying-parameter is A1B1C2, i.e. 150 mm, 0.63 Mpa, 20 g/min. The fuel 
pressure decreased obviously from 0.74 Mpa to 0.63 Mpa in comparison with the optimal spraying 
parameters for microhardness.  

Table 2 Range analysis of fraction of i-QC phases and microhardness of Al-based coatings obtained 
based on orthogonal test 

  A: Spray distance 
（mm） 

B: Fuel 1 pressure 
（Mpa） 

C: Feed rate 
（g/min） 

R
ange analysis of fraction of i-Q

C
 

phases 

K1 109.29 102.78 101.11 

K2 97.98 100.08 101.96 

K3 94.24 98.65 98.44 

KAV1 36.43 34.3 33.7 

KAV2 32.66 33.98 34.0 

KAV3 31.4 32.88 32.8 

R 5.03 1.4 1.2 

Optimal  A1 B1 C2 

Order ABC 
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R
ange analysis of m

icrohardness 

K1 1578.4 1559.0 1572.1 

K2 1564.9 1441.9 1532.9 

K3 1517.1 1659.5 1555.4 

KAV1 526.1 519.6 524.0 

KAV2 521.6 480.6 510.9 

KAV3 505.7 553.2 518.5 

R 20.4 72.6 13.1 

Optimal  A1 B3 C1 

Order BAC 

(Note: for spray distance, K1: 150 mm, K2: 220 mm, K3: 300 mm; for fuel pressure (1), K1: 0.63 Mpa, 
K2: 0.67 Mpa, K3: 0.72 Mpa; for feed rate, K1: 10 g/min, K2: 20 g/min, K3: 30g/min) 

The average microhardness and the volume fraction of i-QC phases as a function of different 
factors are shown in Fig. 4. As the spray distance increased, both microhardness and fraction of i-QC 
phases show downward trend, exhibiting a positive correlation between these two parameters. For fuel 
pressure, the microhardness reaches the maximum value of 553.2 HV0.3 and the minimum value of 
480.6 HV0.3 at the fuel pressure of 0.72 Mpa and 0.63 Mpa, respectively. Thus, the range R has the 
largest value of 72.6. For particle feed rate, with increasing feed rate, the microhardness decreases 
firstly and then increases. The value of microhardness fluctuated in a narrow range of 510.9 – 524.0 
HV0.3. The corresponding range R is 13.1, revealing the feed rate of powder has less effect on the 
micro hardness of quasicrystalline coatings compared with the other two factors. The volume fraction 
of i-QC phase is less sensitive to factors B and C compared with factor A, and its value maintains at 
around 34%. This result indicated that the micro hardness would be effectively tailored by factor B 
and C without considering the effect of the variation of fraction of i-QC phase. The feed rate of 
powder has less effect on volume fraction change of i-QC phase, which is consistent with its effect on 
the micro hardness. 

 
Fig. 4 Relationship between the factors, micro hardness and volume fraction of i-QC phases 

Since the optimal spraying-parameters are not in 9 schemes of the designed orthogonal test. Instead, 
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the sample named S6 with the highest micro hardness in total 9 samples was prepared by parameters 
of A2B3C1. Hence, these levels which had the largest impact on three factors were assembled together 
to prepare a new sample for the confirmatory tests. This new sample was marked as S10. Table 3 
summarized the spraying-parameters and micro hardness of Al-based quasicrystalline coatings. It can 
be seen that when the spray distance and fuel pressure are same, the highest hardness of 584.2 HV0.3 is 
obtained by decreasing the spray distance from 220 to 150 mm. 

Table 3 Summary of the processing parameters and microhardness of Al-based quasicrystalline 
coatings  

Samples 
Spray distance

（mm） 
Fuel 1pressure

（Mpa） 
Feed rate
（g/min） 

Microhardness 
（HV0.3） 

S5 220 0.67 30 468.4 
S6 220 0.72 10 580.5 

S10 150 0.72 10 584.2 

3.3. Microstructure of the as-sprayed coatings 
Apart from the inherent advantages including high hardness, low surface energy and enhanced ductile 
for good wear resistance, the microstructure of coating determined by spray process and the process 
parameters also plays an important role in coating properties and performance. Fig. 5 shows the 
morphologies of coating surfaces, cross-section and schematic diagram of microstructure evolution of 
S5 and S10. As shown in Fig. 5a and d, some un-melted particles with loose structure were observed 
on surface of S5. However, after optimizing the spray parameters, the un-melted particles disappeared 
and a number of smooth flattened splats could be observed on the surface of S10, indicating a better 
melting state of particles. As a result, cracks and large pores could be significantly inhibited and a 
dense microstructure was obtained (as shown in Fig. 5e). Fig. 5c and f show the schematic diagram of 
the microstructure evolution of the coatings S5 and S10 deposited by different spraying-parameters. 
The optimal spraying-parameters promote the sufficient deformation of the particles during impact on 
the substrate. These fine well-deformed splats lead to a better lamellar splat/splat contact and decrease 
of pores, suggesting a higher interfacial bonding between the splats. As a result, a fine-lamellar coating 
without big pores and obvious cracks was successfully prepared (as shown in Fig. 5f).  

 
Fig. 5 The SEM morphologies of coating surfaces (a)(d), cross-section (b)(e) and schematic diagram 

describes the microstructure evolution 

3.4. Tribological characterization and mechanical property 
The tribological properties were evaluated by pin-on-disk configuration. The results are summarized in 
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Table 4. The friction coefficient (COF) value and wear rate of Al-based QC coating are around 0.45 
and 3.1 ×10-4 mm3N-1m-1, respectively. These two parameters of wear resistance are similar to that of 
spray forming of large volume Al-based composites reinforced with decagonal quasicrystals [18] , 
better than that of the Al-Si A380 material for the wear conditions applied [18]. Besides, it can be seen 
that the multi-phase quasicrystalline alloys (seen in Al+d-QC and Al+i-QC), containing a ductile phase 
and brittle phase, exhibits a better wear resistance in comparison with pure d-QC coatings. As reported 
by Lee. et al [1], multi-phase quasicrystalline alloys exhibit improved toughness and favorable crack 
resistance, together with a low friction provided by the i-phase and ductile phase, consequently, these 
alloys have a favorable wear and crack resistance. This provides a guideline for fabricating 
quasicrystal reinforced coatings and bulk components with increased wear resistance via spray-formed 
deposit, liquid solidification and powder metallurgy. 

Table 4 Summary of the microhardness and wear properties of Al-based alloys 
 Alloy systems Hardness 

(HV) 
Friction coefficient 

(COF) 
Wear rate  

(×10-4 mm3.N-1m-1) 
Al-Si A380 [18] 110 0.55 7.7 

Pure d-QC coatings [19]  755 0.58 13.5 

Al+d-QC [18] 225 0.65 5.1 

Al+i-QC (This work)  584.2 0.45 3.1 

Note: d-QC and i-QC represent decagonal quasicrystals and icosahedral quasicrystals, respectively.  
Fig. 6 shows the worn surface and the EDS spectrum acquired from the corresponding area. The 

worn track consists of white-contrast area and grey-contrast area, which are marked as point 1 and 2, 
respectively. The EDS spectrum of point 1 and 2 confirmed that the white-contrast area was unworn 
surface and grey-contrast area was worn area, respectively. The enlarged typical worn region was 
shown in fig. 6b. As can be seen, the worn area is found to be abrasive pit consisted of small 
peeled-off debris and cracks. An O concentration rich layer in upper left corner and a less Al 
concentration were observed from the EDS mapping, indicating partial construction of the debris film. 
Generally, localized wear takes place as cracking propagates from these abrasive wear pits with cracks 
and oxide formation. A large number of cracks initiate and rapidly expand along the vertical direction 
of the coating, and finally reach the interface between the coating and the substrate through defects 
such as pores and cracks which are unavoidable in coatings. Accompanying with the formation of a 
through-thickness cracking, the wear pits propagation leads to eventual failure of the coating. The 
worn morphology and EDS result revealed that the wear mechanism is abrasive wear together with 
oxidation wear. 
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Fig. 6 Morphology of the wear track (a), EDS of oxide wear debris of point 1 (b) and friction 

coefficient (c) 
Generally, because of the pinning of dislocation of quasicrystals [20], quasicrystals are harder than 

other aluminum alloys, which contributes to increase wear resistance , reduce the COF and the 
adhesive contribution on the COF values [21]. However, as the crack initiates, the integrity of the 
brittle coating was destroyed rapidly. Thus, the good crack tolerance plays an important role during the 
wear process. Fig. 7 shows the HAADF images and the corresponding EDS spectrum of the Al-based 
quasicrystal coating with cracks initiation. It can be seen that this coating consists Cu rich phase which 
was β-Al(Cu,Fe) phase, indicated by XRD result in Fig. 3a. As can be seen in HAADF image, the 
cracks penetrated through ductile Cu-rich phase and interrupted at inner pore. The inset is an enlarged 
image of selected area, shown in right corner of Fig. 7. As can be seen, the main crack initiated from 
the surface bypassed the black-contrast phase, forming more branched fine cracks within the 
white-contrast phase. Moreover, crack penetrated within the white-contrast phase and leaded to the 
exfoliation of a small piece of debris from the coating matrix. The above cracks propagation paths 
predominately go through the Cu rich phase and vanish at inter pores or formed more tiny branches. 
Due to the presence of ductile phase and/or micro pores, the internal stress at the crack tip is 
effectively released, and the multi-phase coating exhibits excellent both hardness and ductility. As a 
result, the Al-based quasicrystal coating has a favorable wear and crack resistance. 

 
Fig. 7 HAADF images of crack initiation area and the corresponding EDS mapping 

To further investigate the crack resistance of the coating, 3PB test was carried out at room 
temperature for S5 and S10. Fig. 8 shows the load-displacement curves of substrate, coating S5 and 
S10. The deformation process of the coating included three stages: 1) elastic deformation stage where 
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the stress was too low to destroy the coating; 2) crack propagation stage in which the substrate still 
underwent elastic deformation, however, a slow crack propagation process for coatings was triggered; 
3) yield stage of the substrate and the crack propagation stage of the coating. Firstly, the deposited 
coatings improve the mechanical properties of the substrate in the 3PB test, among which, S10 
exhibits the highest peak values of applied load in comparison with those of S5 and substrate at 
displacement of 1.5 mm. Secondly, in the crack growth stage (the second stage), the release of the 
stress caused by the micro-crack propagation results in the load–displacement curve of the coatings S5 
and S10 below curve of the substrate. The load–displacement curve of S5 rapidly intersects with that 
of substrate, which was because of the coating fracturing quickly. Meanwhile, the stress of S10 
increases more slowly with increasing displacement in comparison with that of S5, indicating a better 
crack tolerance characteristic. The stress accumulated in coating S10 was released smoothly in the 
second stage, indicating that the coating S10 had greater toughness. 

 
Fig. 8 Load–displacement curves of the coatings S5, S10 and substrate in 3 PB test 

Fig. 9 shows the surface and cross-sectional morphology of the coatings after 3PB test. Figs. 9a and 
e show the optical images of the sample after 3PB test. A number of nearly parallel cracks can be 
observed in the middle of coatings, in which S10 prepared with optimal parameters (Fig. 9e) show 
more tiny cracks (marked by white dash box). As can be seen in Fig. 9b and f, the initiation and 
propagation of the micro cracks have a little difference. The cracks in S10 have obvious deflection and 
bifurcation, revealed by more tiny cracks appeared on coating surface. Fig. 9c and g show the 
cross-section view of the coatings, partial of the coating S5 was peeled off during the test. Because of 
the crack proliferation, the cracks interval reduced to a certain degree, thus, S10 shows a better 
integrity in comparison with S5. Fig. 9d shows the fracture morphology of S5. The tensile stress in the 
top layer resulted in the crack propagation along columnar interface, which reveals the typical brittle 
fracture mechanism. However， when the strain reached the interface between the splats, due to the 
pores and oxide inside the coating, the crack is prone to expand along the interface under the effect of 
shear stress. The crack propagation in S10 is prone to extend along the splats interface with a more 
horizontal direction (seen in Fig. 9h). The crack paths in S10 are discontinuous with several long plane 
crack interfaces formed. The coating exhibits two types of fracture behaviour: stepped brittle fracture 
and interlayer cracks propagation, indicating brittle fracture of the layer and crack propagation of the 
interlaminar. 
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Fig. 9 OM images showing the sample surfaces after 3PB test (a)(e), local enlargement microstructure 
of middle region (b)(f), cross-sectional view of coatings (c)(g), magnified images of top crack regions 

of coatings (d)(h) 

4. Conclusion 
In this study, Al-based quasicrystalline coating with a high hardness of 584.2 HV0.3 and a low porosity 
of 1.3% has been prepared successfully via HVAF process with optimizing the spraying parameters. 
The results suggested that the order that affects the microhardness is fuel pressure ＞ spray distance 
＞ feed rate of powder, meanwhile, the order affected the fraction of i-QC phases is spray distance ＞ 
fuel pressure ＞ feed rate. The Al-based quasicrystalline coating exhibits a low wear rate of 3.1 × 10-4 
mm3.N-1m-1 and a low friction coefficient of 0.45. The good wear resistance originated from a finer 
lamellar and denser microstructure. Besides, the ductile phase in Al-based quasicrystalline coating also 
have a favorable wear and crack resistance, which provides an effective guideline in developing new 
wear resistance quasicrystalline coating. The dominating wear mechanism of Al-based quasicrystalline 
coatings is abrasive wear coupled with oxidation wear.  
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