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Abstract: In recent years, the coating prepared by laser cladding has attracted much 
attention in the field of wear research. In this work, AlCrFeNiMo0.5Six (x=0, 0.5, 1.0, 1.5, 2.0)
high-entropy alloy coatings were designed and prepared on Q235 steel by laser 
cladding. The effect of Si content on microstructure, microhardness and wear resistance 
of the coatings was studied in detail. The results indicate that the AlCrFeNiMo0.5Six high-
entropy alloy coatings show an excellent bonding between substrate and the cladding 
layer. The AlCrFeNiMo0.5Six coatings are composed of nano-precipitated phase with 
BCC structure and matrix with ordered B2 structure. With the addition of Si, the 
white phase (Cr, Mo)3Si with cubic structure appears in the interdendritic, and the 
morphology of the coating (x=2.0) transforms into lamellar eutectic-like structures. 
The addition of Si enhances the microhardness and significantly improves the wear 
resistance of the coatings. As x increases from 0 to 2.0, the average hardness of the 
cladding zone increases from 632 HV to 835 HV, and the wear rate decreases from 
1.64×10-5 mm3·(N·m)-1 to 5.13×10-6 mm3·(N·m)-1. When x≥1.5, the decreasing trend of 
the wear rate gradually slows down. The wear rates of Si1.5 and Si2.0 coatings are 
5.85×10-6 mm3·(N·m)-1 and 5.13×10-6 mm3·(N·m)-1, respectively, which is an order of 
magnitude lower than that of Q235 steel. 
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1 Introduction
For mechanical moving parts, friction and wear are inevitable during operation. 
Mechanical friction and wear not only consume a lot of resources and energy, but also 
damage equipment components and even lead to failure of engineering parts. One of the 
most effective strategies to prevent or mitigate the above problems is to prepare surface 
functional coatings with excellent wear resistance on the surface of parts [1-4]. At present, 
thermal or cold spraying, plasma spraying, magnetron sputtering, spark plasma sintered 
and laser cladding are commonly used to prepare coatings [5-9]. Among them, laser 
cladding has been widely studied due to its high efficiency, high energy density, rapid 
cooling which reduces component segregation, low thermal impact on the substrate, low 
dilution rate, and good metallurgical combination between the coating and the substrate [10].
It is well known that Q235 steel is widely used in off-shore oil exploration equipment 
due to its excellent welding performance and low price. However, it has obvious 
shortcomings such as low microhardness and poor wear performance. The alloy coatings 
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prepared by laser cladding can easily form fine precipitated 
phase, which is beneficial to improving the mechanical 
properties of coating and therefore can be used to overcome 
the shortcomings of Q235 matrix alloy.

A new breakthrough alloy system, namely high-entropy 
alloys (HEAs), were proposed in 2004, which breaks the design 
concept of conventional alloys mainly based on one principal 
element [11, 12]. According to the definition, HEAs have an ideal 
mixing configuration entropy greater than 1.5R, where R is a 
universal gas constant (R=8.3144598 J·mol-1·K-1 at standard 
atmospheric pressure) [13, 14]. The high configurational entropy 
facilitates the formation of simple solid solutions, such as face-
centered cubic (FCC) [15, 16], body-centered cubic (BCC) [17, 18],
or hexagonal close-packed structures (HCP) [19, 20], rather than 
complex intermetallic compounds. The unique approach of 
composition design has attracted many scholars to explore 
materials with desired properties such as high strength [21, 22], 
excellent wear resistance [23, 24], good corrosion resistance [25, 26],
and so on [27-30]. Among various HEAs, those with BCC 
structure have been widely studied due to their excellent 
mechanical properties [31-34]. It is found that the addition of Si 
facilitates the formation of BCC phase in AlCoCuCrFeNiSix 
and Al0.5CoCrCuFeNiSix alloy system [35, 36]. Zhang et al. [37] 
found that Si is a promoter and stabilizer for the formation 
of BCC phase. Furthermore, the addition of Si promotes the 
formation of some hard intermetallics, thereby improving 
the mechanical properties of HEAs. Kumar et al. [38] explored 
the effect of Si on phase evolution and mechanical properties 
of cast CuCrCoFeNi alloy and found that the addition of 
Si leads to the formation of Ni3Si, which can enhance the 
microhardness and wear resistance. Jin et al. [39] studied the 
microstructure and properties of FeCoCrNiAl0.5Six coatings, 
and found that the improvement of wear resistance is mainly 
attributed to the formation of hard Cr3Si phase caused by 
the increase of Si content. Furthermore, Liu et al. [40] found 
that the dislocation density in AlCoCrFeNiSix alloy system 
increases with the increase of Si content, and the dislocation 
strengthening is the primary factor for the improvement of 
microhardness.

Previous study showed that AlCrFeNiMo0.5 HEA composed 
of BCC phase exhibits excellent mechanical properties with a 
hardness of 621.5 HV and a yield strength of 1,748.6 MPa [41].
To further enhance the wear resistance of alloys, the 
element Si should be a good candidate that can be added to 
AlCrFeNiMo0.5 HEA. Strong deoxidation and self-fluxing 
non-metallic element Si can absorb certain oxygen on the 
surface of powder and substrate during the laser cladding 
process. Besides, Al and Cr can form a dense oxide protective 
layer. Therefore, the HEA coating composed of Al-Cr-Fe-
Ni-Mo-Si principal elements will have a certain application 
prospect in the field of wear protection. In this work, 
AlCrFeNiMo0.5Six HEA coatings were prepared on Q235 steel 
by laser cladding. The effects of Si element on microstructure 
and wear resistance properties of AlCrFeNiMo0.5 alloy coating 
were investigated.

2 Experiment
The Q235 steel (C: 0.1437, Si: 0.1100, Mn: 0.4070, S: 0.0137, 
P: 0.0180, Fe: balance, in wt.%) with a size of 80 mm×15 mm×8 mm
was selected as the substrate. The Al, Cr, Fe, Ni, Mo and Si 
metal powders with purity greater than 99.97% and particle size 
of approximately 75 µm were chosen as the raw materials and 
prepared according to the ratio of AlCrFeNiMo0.5Six, where x=0, 
0.5, 1.0, 1.5 and 2.0, and they are defined as Si0, Si0.5, Si1.0, 
Si1.5 and Si2.0. The powders were blended well in a planetary 
ball mill for 1 h, then dried in a vacuum oven for 2 h. Before laser 
cladding, the mixed powders were placed on the substrate to form 
a powder bed with the thickness of 1.2 mm. A CO2-type laser 
processing machine (LWS-500, Laserline, Koblenz, Germany) 
was used for laser cladding, and the processing parameters were 
selected as follows: laser power of 1,400 W, scanning speed of 
400 mm·min-1, and spot diameter of 4 mm. High-purity argon gas 
with a flow rate of about 5 L·min-1 was used as shielding gas to 
protect the coating from oxidation during laser cladding.

The coatings were cut into small samples with the size of 
15 mm×8 mm×8 mm for testing. The phase constitution was 
measured by X-ray diffraction (XRD, Empyrean, Holland) with 
Cu-Kα radiation at the 2θ scattering range from 20° to 100°. A 
field emission electron probe microanalyzer (EPMA, JXA-8530F 
PLUS, JEOL, Japan) equipped with a wavelength dispersion 
spectrometer (WDS), a field emission scanning electron 
microscope (SEM, Zeiss Supra 55, Carl Zeiss, Germany) with an 
X-ray energy dispersive spectrometry (EDS), and a transmission 
electron microscope (TEM; FEI Tecnai G2 F20, USA) were 
used to characterize the microstructure and analyze the chemical 
composition of the samples. The microhardness was measured 
by a Vickers hardness tester (MH 50, Shanghai Everyone 
Precision Instruments Co. Ltd., China) with a load of 1,000 g and 
loading time of 15 s. The test range was from the coating surface 
to the interface with the substrate with an interval of 0.1 mm. 
The hardness tests were performed three times for each depth 
and the average value was regarded as the final hardness. 
The dry-sliding wear performances of samples were tested by a 
sliding wear machine (CFT-I, Zhong Ke Kai Hua Corporation, 
Lanzhou, China). The wear track profile was measured by a 3D 
surface optical profilometer (ZYGO, NewView9000, USA). A 
Si3N4 ball with a diameter of 4 mm was selected as the friction 
pair. The sliding wear test was performed with a load of 15 N,  
reciprocating length of 5 mm, rotation speed of 400 rpm, and  
sliding time of 20 min. The experiment was repeated three 
times for each sample, and the average value of wear rates ω 
was taken as the final experimental result, which is calculated 
by the following equation [42]:

where Vloss is the wear volume with the unit of mm3, F represents 
the applied normal load (N), L is the sliding distance (m).
The morphology and composition of wear surface were 
characterized by SEM.

(1)loss
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3 Results
3.1 Phase constitution
The XRD patterns of the AlCrFeNiMo0.5Six HEA coatings 
are presented in Fig. 1. It can be found that two BCC phases 
(denoted as BCC1 and BCC2, respectively) exist in Si0 and 
Si0.5 HEA coatings [41]. According to the intensity of peaks, the 
phase constitutions of BCC1 and BCC2 are similar. By further 
increasing Si content, except the two BCC phases, new weak 
diffraction peaks appear in Si1.0, Si1.5 and Si2.0 HEA coatings, 
which are identified as a compound phase (Cr, Mo)3Si by JADE 
software. Figure 1(b) shows the enlarged image of the (110) 
peak from 38° to 50°. It is worth noting that the (110) peak of 
the BCC2 phase shifts toward the higher 2θ angle with the x 
increases from 0 to 2.0. The lattice parameters of the BCC2 
phase calculated using Bragg equation are 2.9071, 2.8944, 
2.8934, 2.8831 and 2.8816Å for Si0, Si0.5, Si1.0, Si1.5, and 
Si2.0, respectively. This is mainly because the smaller atomic 
radius of Si (1.17Å) can easily replace other atoms in the 
AlCrFeNiMo0.5 HEA matrix, resulting in lattice shrinkage [43].

3.2 Microstructure
Figure 2 shows the cross-section microstructure and the 
linear scanning energy spectrum analysis of the Si1.5 coating. 
From Fig. 2(a), it can be seen that the coating is composed of 
cladding zone (CZ), bonding zone (BZ) and heat affected zone 
(HAZ) from the top to the bottom, and the coating is of good 
quality without pores, cracks and other defects. Figure 2(b) 
shows obvious dendrite morphology in the cladding zone. As 
shown in Fig. 2(c), the morphology of the BZ of the coating 
exhibits a transformation from planar to columnar crystals due 
to the influence of solidification rate and temperature gradient [44].
The line scan of the BZ in Fig. 2(d) shows that the elements of 
the coating are also detected in the substrate, and a part of Fe 
element diffuses from the substrate to the coating, resulting in 
a significant increase of Fe content in the coating, indicating a 
good metallurgical bonding between the coating and substrate.

Figure 3 presents the microstructures in CZ of AlCrFeNiMo0.5Six 
coating, where DR and ID represent the dendrite and 
interdendritic regions, respectively. It is worth noting that 
typical dendrite morphology appears in these coatings. When 

Fig. 1: XRD patterns of AlCrFeNiMo0.5Six HEA coatings (a), and the enlargement of XRD pattern at 2θ=38°-50° (b)

(a) (b)

Fig. 2: Microstructure of typical AlCrFeNiMo0.5Si1.5 coating: (a) overall morphology; (b) morphology of CZ; 
	 	(c)	magnified	EPMA-BSE	view	of	BZ;	(d)	line	scanning	results	from	CZ	to	HAZ
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x>0.5, the white acicular phase precipitates dispersedly distribute 
in the dendrite. The volume fraction of white precipitated phase 
in the interdendritic increases with an increase in Si content, and 
the morphology of white precipitated phase in the Si2.0 coating 
shows lamellar eutectic-like structures in the interdendritic. The 
chemical compositions of dendrite and interdendritic detected 
by EPMA-WDS analysis are listed in Table 1.

Figure 4(a) shows the bright field (BF) image of dendrites 
in Si1.5 coating. It can be seen that the nano-precipitates are 
distributed dispersedly in the dendritic matrix. The selected 
area diffraction pattern (SADP) along [011] axis in Fig. 4(b)
indicates that the nano-precipitates have a disordered BCC 
structure, and the diffraction spot of the matrix [Fig. 4(c)] exhibits 
characterization of ordered B2 phase, corresponding to the two 
BCC structures in the XRD pattern in Fig. 1(a). The TEM-
EDS elemental mapping in Figs. 4(a1-a6) reveals that the nano-
precipitates are rich in Cr and Mo elements, corresponding to 
BCC phase, while the matrix region is rich in Al and Ni elements, 
corresponding to B2 phase [45, 46]. The Si element is uniformly 

distributed in BCC phase and B2 phase in the dendritic, as can 
be seen in Fig. 4(a6). Another study has also demonstrated the 
(Cr, Mo)-rich BCC phase is a common structure in HEAs [47]. 
Figures 4(e) and (f) show the SADP images taken from the red 
circled areas in the BF image of interdendritic in Fig. 4(d). After 
calibration, they are found to be the diffraction spots of the silicide 
phases with a cubic structure along the [011] and [111] axis, 
respectively. Mapping analysis in Figs. 4(d1-d6) shows that the 
silicide phases are mainly composed of Cr, Mo and Si elements. 
Combined with the EDS point analysis in Table 2, the silicide 
phases are determined to be the compound phase (Cr, Mo)3Si.

3.3 Microhardness
The microhardness distribution curves along the cross-sectional 
direction of the AlCrFeNiMo0.5Six coatings are shown in Fig. 5.
It is noted that the hardness curve is divided into three zones, i.e.,
the CZ, HAZ+BZ, and substrate, and the hardness in the CZ of 
all coatings is significantly higher than that of Q235 substrate 
(150 HV). As the x increases from 0 to 2.0, the average hardness 

Fig.	3:	EPMA-BSE	microstructure	of	AlCrFeNiMo0.5Six coatings: (a) Si0; (b) Si0.5; (c) Si1.0; (d) Si1.5; and (e) Si2.0

Table 1: WDS analysis (at.%) of AlCrFeNiMo0.5Six coatings

Samples Regions Al Cr Fe Ni Mo Si

Si0 16.05 17.92 39.09 17.05 9.88 0

Si0.5
DR 14.68 16.25 35.75 15.62 9.48 8.22

ID 10.11 20.97 26.81 13.16 17.68 11.28

Si1.0
DR 13.11 14.90 38.41 14.01 8.81 10.76

ID 10.06 16.59 26.96 11.81 19.72 14.92

Si1.5
DR 13.97 14.78 37.45 13.39 7.52 12.88

ID 8.88 16.38 29.00 12.41 15.35 17.98

Si2.0
DR 16.32 14.06 34.14 14.15 6.81 14.52

ID 10.85 15.66 28.35 13.76 11.49 19.89
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Fig. 4: (a) and (d) TEM images of dendritic and interdendritic regions of AlCrFeNiMo0.5Si1.5 coating; 
	 (b,	c,	e	and	f)	SADPs	taken	from	the	areas	indicated	in	(a)	and	(d).	The	red	circles	show	where	the	SAD	

apertures are located. (a1)-(a6) TEM-EDS elemental mappings correspond to the red square position in (a), 
 and (d1)-(d6) TEM-EDS elemental mappings correspond to (d)

Fig. 5: Microhardness of substrate and AlCrFeNiMo0.5Six 
HEA coatings

Table 2: TEM-EDS results in different regions in Figs. 4(a, d) 
of AlCrFeNiMo0.5Si1.5 coating (at.%)

Regions Al Cr Fe Ni Mo Si

A 3.75 19.83 38.57 5.07 23.91 8.88

B 14.71 11.38 47.71 12.77 3.92 9.71

C 2.90 11.90 38.65 7.75 26.20 12.61

D 6.26 17.68 33.36 5.67 20.79 16.24

of the CZ increases from 632 HV to 835 HV, which is almost 
4-6 times that of the Q235 substrate. The high hardness of 
the AlCrFeNiMo0.5Six coatings is caused by the solid solution 
strengthening induced by the solid solution of Si atoms into the 
alloy. Furthermore, the formation of white phase (Cr, Mo)3Si 
with the addition of Si leads to the second phase strengthening. 
The volume fraction of silicide phases in alloys with different 
Si contents was obtained by the Image-Pro Plus software, and 
the values in AlCrFeNiMo0.5Six (x=0.5, 1.0, 1.5, 2.0) were 4%, 
10%, 15% and 25%, respectively. Therefore, the enhancement 
of hardness is also attributed to the increased volume fraction of 
the hard phase.

3.4 Wear resistance
The wear resistance of the AlCrFeNiMo0.5Six HEA coatings 
and Q235 substrate was studied. The width, depth and wear 
rate of the wear tracks were calculated and the results are 
shown in Fig. 6. From Fig. 6(a), it can be seen that the width 
and depth of the wear tracks of the HEA coatings are obviously 
lower than that of the substrate, and the Si2.0 coating shows 
a minimum width of 371.24 μm and depth of 6.61 μm. As the 
x increases from 0 to 2.0, the wear rate of the HEA coatings 
decreases from 1.64×10-5 mm3·(N·m)-1 to 5.13×10-6 mm3·(N·m)-1.
When x≥1.5, the decreasing trend of the wear rate slows 
down. The wear rates of Si1.5 and Si2.0 HEA coatings are 
5.85×10-6 mm3·(N·m)-1 and 5.13×10-6 mm3·(N·m)-1, respectively, 
which is an order of magnitude lower than that of Q235 steel.

(a1) (a2)

(a4) (a5)

(a3)

(a6)

(d1) (d2) (d3)

(d6)(d5)(d4)

(a) (b)

(c)

(d) (e)

(f)
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To further analyze the wear mechanism, the wear surface 
morphology and composition of the substrate and coatings were 
characterized, and the results are shown in Fig. 7 and Table 3. 
The HEA coatings exhibit a smoother wear surface compared 
to the Q235 steel. From Fig. 7(a), the Q235 steel shows wide 
and deep furrows and severe plastic deformation, indicating 
the occurrence of abrasive wear, due to the hardness of Q235 
steel being much lower than that of the Si3N4 friction pair. In 
the reciprocating sliding process, the Si3N4 ball is embedded 
into the substrate and exerts a cutting effect on the substrate [48].
In addition, the work-hardened wear debris formed in the wear 
process, as hard particles between the contact surfaces, also 
keep sliding with the Si3N4 ball, which eventually leads to the 
formation of wide and deep furrows on the surface [49]. Some 
black debris (Region B in Fig. 7) is found attaching to the wear 
surface. Combined with the EDS results, the composition of 
debris is similar to that of the substrate and has a high oxygen 
content. The presence of oxygen indicates that the oxidation 
behavior occurs on the wear surface under the action of friction 
heat, and the wear debris generated in the reciprocating sliding 
process adheres to the wear surface under the extrusion of the 
Si3N4 ball. Namely, the main wear mechanism of Q235 substrate 
is abrasive wear and oxidative wear.

Spalling and narrow furrows along the sliding direction are 
observed in the Si0, Si0.5, and Si1.0 coatings, as shown in 

Figs. 7(b-d), showing typical characteristics of abrasive wear. 
There is no obvious plastic deformation on the wear surface of the 
HEA coatings, and the wear condition is much more relieved than 
that of the Q235 substrate. This is because the higher hardness 
of the HEA coatings compared to the substrate contributes to 
higher resistance to plastic deformation. With the addition of 
Si, the furrow becomes shallow, indicating that the increase of 
the amount of the hard phase (Cr, Mo)3Si can enhance the wear 
resistance of the coating. It is also found that higher oxygen 
content is detected in the black region (Region F in Fig. 7) of 
the wear surface based on the EDS result. Thus, the main wear 
mechanism for the Si0, Si0.5 and Si1.0 coatings is abrasive wear 
coupled with oxidative wear. When the Si content is greater than 1.0, 
the wear surface of Si1.5 and Si2.0 coatings becomes smoother 
and the spalling disappears; only some shallow furrows are found, 
indicating that the coatings exhibit excellent wear resistance. 
The main wear mechanism of Si1.5 and Si2.0 coatings is slight 
abrasive wear. In conclusion, the enhancement of wear resistance 
is mainly attributed to the combined action of the hard phase 
(Cr, Mo)3Si and the BCC matrix. The (Cr, Mo)3Si phase plays a 
major role in resisting abrasive wear, while the relatively ductile 
and tough BCC phase matrix works as the supporter of the hard 
silicide phase and prevents the propagation of brittle cracks [50, 51].
The wear resistance of the coatings increases gradually with the 
increase of the volume fraction of the (Cr, Mo)3Si phase.

Fig. 6: Friction	and	wear	behaviors	of	Q235	substrate	and	AlCrFeNiMo0.5Six HEA coatings after dry 
sliding:	(a)	width	and	depth	of	wear	tracks;	(b)	wear	rate

Fig. 7: SEM	images	of	wear	surfaces	of	Q235	steel	and	AlCrFeNiMo0.5Six	coatings	after	dry	sliding:	(a)	Q235;	
(b) Si0; (c) Si0.5; (d) Si1.0; (e) Si1.5; (f) Si2.0

(a) (b)



 479

CHINA  FOUNDRYVol. 19 No. 6 November 2022
Research & Development

Table	3:	EDS	results	of	different	regions	in	Fig.	7	of	wear	surface	of	substrate	and	AlCrFeNiMo0.5Six coatings (at.%)

Samples Regions Al Cr Fe Ni Mo Si O C

Q235
A - - 55.60 - - 9.82 10.11 24.47

B - - 32.53 - - 3.10 50.04 14.33

Si0
C 15.91 16.34 28.19 16.25 10.35 - 12.96 -

D 10.18 11.91 17.05 9.49 6.62 - 44.75 -

Si0.5
E 13.52 15.15 24.01 15.23 10.88 7.52 13.69 -

F 5.44 6.12 14.62 5.39 3.88 3.41 61.14 -

Si1.0
G 13.88 15.41 28.08 14.09 9.83 13.76 4.95 -

H 5.02 5.76 15.34 4.98 3.63 4.98 60.29 -

Si1.5
I 12.73 13.03 23.01 11.45 8.02 18.17 13.59 -

J 4.47 5.14 16.47 4.32 3.48 6.61 59.51 -

Si2.0
K 11.27 12.89 25.80 10.66 3.39 24.01 11.98 -

L 6.95 8.15 13.14 6.33 3.36 11.79 50.27 -

4 Conclusions
In this work, AlCrFeNiMo0.5Six (x=0, 0.5, 1.0, 1.5, 2.0) HEA 
coatings were designed and prepared on Q235 substrate by laser 
cladding. The microstructure, microhardness and wear resistance 
of coatings were characterized and analyzed, and the following 
conclusions were drawn:

(1) The AlCrFeNiMo0.5Six HEA coatings are composed of 
nano-precipitated phase with BCC structure and matrix with 
ordered B2 structure. With the addition of Si, the white phase 
(Cr, Mo)3Si with cubic structure appears in the interdendritic, 
and the morphology of Si2.0 HEA coating transforms into 
lamellar eutectic-like structures.

(2) The average microhardness of the coatings increases from 
632 HV to 832 HV with the addition of Si content (x increases from 
0 to 2.0), which is about 4-6 times higher than that of the Q235 
substrate. The AlCrFeNiMo0.5Six HEA coatings show excellent 
wear resistance. The wear rate of the HEA coatings decreases 
gradually with the increase of Si content. Particularly, the wear 
rate of Si1.5 and Si2.0 HEA coatings are 5.85×10-6 mm3·(N·m)-1

and 5.13×10-6 mm3·(N·m)-1, respectively, which reduces markedly 
by an order of magnitude compared with the Q235 substrate 
[4.05×10-5 mm3·(N·m)-1]. The wear mechanisms of all coatings 
are mixed abrasive wear and oxidative wear. 

(3) The enhancement of wear resistance is mainly attributed 
to the existence of the hard phase (Cr, Mo)3Si on the relatively 
ductile and tough BCC matrix. (Cr, Mo)3Si phase plays a major 
role in resisting abrasive and adhesive wear, while the relatively 
ductile and tough BCC phase matrix works as the supporter of 
the hard intermetallic compounds and prevents the propagation 
of brittle cracks. 
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