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Abstract: Al0.2CrFeNiCo and Al0.2CrFeNiCu high entropy alloys were deposited with high velocity oxygen fuel 
(HVOF) on 316L substrate. Later, a laser re-melting (LR) process was applied to enhancing the coating microstructure. 
LR process effects on dry sliding wear and oxidation behaviors were investigated. The mixture of powders with free 
elements led to the formation of inner oxides in HVOF coatings. The oxide and porosity were eliminated using LR. 
After LR, FCC was the dominant phase in both alloys, while BCC, sigma and Cr2O3 phases were observed in 
Al0.2CrFeNiCo alloy. The hardnesses of the Al0.2CrFeNiCo and Al0.2CrFeNiCu coatings after HVOF were HV 591 and 
HV 361, respectively. After LR, the hardnesses decreased to HV 259 and HV 270, respectively. Although HVOF 
coatings were most affected by increased load, they showed the highest wear resistance compared to other samples. The 
lowest wear resistance could be seen in the substrate. After the oxidation tests, HVOF coating layer was completely 
oxidized and also, the coating layer was delaminated from the substrate after 50 h oxidation due to its porous structure. 
LR coatings exhibited better oxidation performance. Al0.2CrFeNiCo was dominantly composed of Cr2O3, exhibiting a 
slower-growing tendency at the end of the oxidation tests, while Al0.2CrFeNiCu was composed of spinel phases. 
Key words: high entropy alloy; laser re-melting; HVOF; wear; oxidation 
                                                                                                             

 

 

1 Introduction 
 

Multi-component alloys, also known as high 
entropy alloys (HEAs), are a new type of material 
with very high potential for many structural 
applications [1,2]. These alloys are built on more 
than 4 principle alloying elements rather than a 
single principle element [3,4]. For this reason, 
many properties that are difficult to obtain in 
conventional alloys can be obtained simultaneously 
in these alloys [5]. Since HEAs were introduced by 
YEH et al [6] in 2004, they have attracted 
considerable attention due to their superior 
mechanical properties, high temperature 

performance and corrosion resistance. In the 
production of bulk HEAs, arc melting and powder 
metallurgy methods are commonly used [7−9].  
Also, in recent years, research on HEA coatings has 
been increasing rapidly. In most studies, although  
most of the HEA coatings are prepared by laser 
coating [10−12], a limited number of HVOF 
coatings [13,14] have also been investigated. 

Thermal spray coatings are widely used to 
enhance the surface properties of metallic materials. 
There are various types of coating techniques such 
as plasma spraying, high-velocity oxygen fuel 
(HVOF), cold spraying, flame spraying, and 
low-pressure plasma spraying in thermal spray 
coatings [15,16]. In metallic coating production,  
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plasma spraying can cause the oxide and porosity 
contents in the coating structure due to spraying 
with the low speed at high temperature. That’s why 
higher speed and lower spraying temperature are 
important to get a dense coating with low oxide 
content coating [17]. HVOF coating technique 
provides high powder velocity and relatively low 
spraying temperature, thus metallic coatings are 
commonly produced by this technique [18]. Surface 
re-melting is a very popular technique for surface 
modification in coatings. Generally, laser re-melting, 
tungsten inert gas re-melting or electron beam 
re-melting process is used to re-melt the surface of 
the coatings [19−22]. Laser re-melting is the most 
preferred re-melting technique due to its high speed, 
practical control and relatively low cost [23,24]. 
Laser beam forms a local melt pool scanning the 
surface of materials [25]. The formed melt pool 
provides a denser surface. Besides, a high cooling 
rate after the re-melting refines the grains and 
homogenizes the microstructure. Thus, the 
microstructure of thermal spray coating can be 
easily enhanced. 

Under high temperature service conditions, 
oxidation can give severe damage to metallic 
materials. With the effect of high temperature, 
materials can form their oxides which may impair 
their high temperature resistance. This can cause a 
high mass lose in materials [26]. Therefore, 
protective oxide former alloys on their surface such 
as Al2O3, Cr2O3 or SiO2 are preferred in high 
temperature applications [27]. Alloys with Al, Cr 
and Si contents, intermetallics, MCrAlY alloys or 
high entropy alloys can be used to form a protective 
oxide scale on the surface of materials. In this  
study, Al0.2CrFeNiCo and Al0.2CrFeNiCu alloys 
were sprayed using HVOF technique on a 316L 
stainless steel substrate and were re-melted by laser 
to get dense and homogeneous microstructure. The 
produced coatings and substrate were exposed to 
dry sliding wear and high temperature oxidation 
tests. The obtained results were comparatively 

investigated in comparison with each other and 
literature findings. 
 
2 Experimental 
 

Al, Cr, Fe, Ni, Co and Cu powders (Alfa Aesar, 
average grain size <44 µm, purity >99%) were 
mechanically mixed for 1 h as Al0.2CrFeNiCu and 
Al0.2CrFeNiCo (at.%). The prepared powders were 
sprayed on commercially received 316 L stainless 
steel (S.S.) using the HVOF (Oerlikon Metco 
WokaStar−610-Sz) technique. The coatings were 
also subjected to laser remelting (Alpha Laser, 
Al-200) process as one pass above the coating layer. 
The spraying and re-melting parameters of coatings 
are given in Table 1. 

The prepared HVOF and laser re-melted   
(LR) coatings were investigated by scanning 
electron microscopy (SEM) (Tescan, MAIA3 XMU) 
and elemental mapping spectroscopy. X-ray 
diffractometer (XRD) (Rigaku Dmax 2200 PC,  
Cu Kα radiation) analysis was applied to identifying 
the phase information and formed oxide phases in 
the samples. 

Wear tests were carried out with a ball-on-disc 
tribometer wear tester in dry sliding conditions. 
Tests were performed out against a WC ball (6 mm 
in diameter) at room temperature under loads of 5, 
10, and 15 N. Sliding speed of 5.4 cm/s was used in 
the reciprocating test procedure. The total sliding 
distance was determined as 100 m and the wear 
traces were made on a 5 mm linear path. Wear tests 
were repeated 3 times for reliability. The volume 
losses were calculated by measuring the traces  
from at least 5 different points. Microhardness 
measurements were carried out on a QNESS Q10 
instrument (Austria) with a load of 100 g and a 
dwell time of 15 s. 

Isothermal oxidation tests were carried out on 
316L S.S., HVOF and laser re-melted coatings at 
900 °C for 5, 25, 50 and 125 h in an electric furnace 
(PLF 130/12, Turkey). The formed oxide thickness  

 
Table 1 Spraying and re-melting parameters of coating 

Process 
Powder carrier gas 

(N2)/(Lꞏmin−1) 
Gun speed/ 
(mmꞏs−1) 

O2 flow 
rate/(Lꞏmin−1) 

Distance/mm 
Liquid fuel (Kerosene)

flow rate/(Lꞏh−1) 

HVOF spraying 5 10 800 250 1.89 

Process 
Laser  

power/W 
Pulse 

frequency/Hz 
Pulse  

duration/ms 
Spot 

diameter/mm 
Scanning 

rate/(mmꞏmin−1) 
Ar flow 

rate/(Lꞏmin−1)

Laser re-melting 212 16 6 1 2.8 10 
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was measured using Image Pro Plus 6 software 
program. The average oxide thickness of laser 
melted coatings was calculated by 10 measurements 
taking 5 different images. 
 
3 Results and discussion 
 
3.1 Microstructure 

In Fig. 1, SEM images belonging to as-sprayed 
HVOF Al0.2CrFeNiCu and Al0.2CrFeNiCo coatings 
are given. The coating thickness is 70−90 µm for 
both coatings. Lamellar structured coatings have 
oxide contents due to use of free element mixture.  
Especially, the presence of free Al causes the 
formation of embedded alumina phases during the 
flight of particles. In the deposition of coatings, 
parameter optimization was not done. Normally, 
HVOF coatings do not contain high level oxide in 
the deposition of alloys. In the coating, dark regions 
represent oxide structure. Porosity contents are low 
level for each coating. Due to the presence of free 
elements, phase formation or reaction between 
elements is not seen. One of the aims of the study 
was to improve the coatings by laser melting by 
reducing powders loss, no optimization especially 
was made in coating production. That’s why the 
coating has unmelted particles and porous structure.  
 

 
Fig. 1 SEM images of HVOF sprayed Al0.2CrFeNiCu (a) 

and Al0.2CrFeNiCo (b) coatings 

These were eliminated by laser melting in the 
current study. Compact powder mixtures formed 
phase with the remelting. 

In Fig. 2, XRD analysis result belonging to 
laser re-melted coatings was given. It can be seen 
that the FCC (FeNi) phase was the dominant phase 
in the laser re-melted coatings. The higher intensity 
values of the FCC diffraction peaks indicate that 
this phase was the more dominant phase in the 
microstructure [7,28]. However, BCC (FeCr), sigma 
and Cr2O3 secondary phases identified from weaker 
peaks were seen in the Al0.2CrFeNiCo alloy. 
Volumetrically smaller amounts of phases can be 
expected to give weaker peaks. For this reason, 
when assigning the phases, particular attention was 
paid to ensuring that the assigned phase corresponds 
to the strongest peak of that phase’s card and the 
results are consistent with those of similar studies.  
In XRD peak intensities, a similar tendency was 
seen in direct laser deposited Al0.3CrFeNiCo HEA 
as well [29]. Normally, the strongest peak was seen 
at smaller 2θ in CoCrFeNi-based HEAs with the 
same composition [30,31]. There was no phase 
transformation after the laser remelting yet the 
relative intensities of peaks changed. The same 
effect was also observed in 316L steel after the 
production with selective laser melting technique 
depending on building direction [32]. The change in 
building direction during the production caused 
preferential orientation. This was observed as 
different relative intensities in XRD analysis. 
Similarly, it is thought that laser melting can cause 
the changing orientations of grains due to the rapid 
heating and cooling effect. Microsegregation of 
 

 

Fig. 2 XRD patterns of laser re-melted Al0.2CrFeNiCu 

and Al0.2CrFeNiCo coatings 
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some phases during the solidification can attribute 
to the change in the peak density. Besides preferred 
growth direction, especially in cubic materials, may 
be shown as another reason [33,34]. Especially, the 
high cooling after laser remelting led to preferential 
growth of grains. In fast solidified casting samples, 
the same effect is also seen as the formation of 
dendrite and columnar microstructures [35].  
Accordingly, the strongest peak was identified at 2θ 
of 50.9° in both re-melted coatings. This situation is 
supported by the microstructure images given in 
Fig. 3. It is seen that there is an orientation in the 
grains in both alloys, being more prominent in 
Al0.2CrFeNiCo alloy. 
 

 
Fig. 3 SEM images of laser re-melted HEAs:         

(a) Al0.2CrFeNiCo; (b) Al0.2CrFeNiCu 

 
SEM images of Al0.2CrFeNiCo and 

Al0.2CrFeNiCu coatings after laser re-melting are 
given in Fig. 3. Compared to HVOF, the coatings 
exhibited a much more homogeneous and lower 
porosity structure. In addition, the laser re-melting 
process provided a better bonding of the coating 
layer to the substrate. No porosity structure was 
observed at the coating−substrate interface. A 
single-phase microstructure occurred in both 

coatings after laser re-melting. At this point, a 
two-phase microstructure can be expected in high 
entropy alloys produced at relatively slow cooling 
rates [5,36,37]. It has been explained in many 
studies that the “mixing enthalpy” values between 
elements are effective in phase formation in    
high entropy alloys [38−40]. In alloys similar    
to the AlCrFeNiCo alloy system, 2 or 3 phase 
microstructures have been observed depending on 
the mixing enthalpy and amount of the elements. In 
alloys similar to the AlCrFeNiCu alloy system, 
especially Cu was isolated with other elements due 
to relatively positive mixing enthalpy values [41]. 
However, these situations apply mostly to relatively 
lower cooling rates. It is possible to talk about very 
high cooling rates in laser re-melting. We can say 
that the entropy effect, which is one of the 4 core 
effects of high entropy alloys, was evident     
here [12,42]. In high entropy alloys, the entropy 
effect predominates at higher temperatures, which 
reduces the number of phases. The low number of 
phases at high temperatures can be protected even 
at room temperature thanks to their high cooling 
rate. Al0.2CrFeNiCu alloy has mostly coaxial grains 
after laser re-melting, while Al0.2CrFeNiCo alloys 
mostly have grains oriented towards the surface. 
 
3.2 Dry sliding wear behavior 

Volume losses occurred in dry sliding tests of 
the coatings and the substrate under different loads 
are given in Fig. 4(a). Volume losses increased in all 
samples due to the increase in the load. With the 
increase of the applied load, the ball tip creates 
more effect on the opposite surface [43]. Therefore, 
material separation from the opposite surface 
becomes easier and volume loss increases. However, 
when viewed proportionally in terms of the load, 
volume loss increased slightly in some samples, 
while it increased more in others. The load had a 
higher effect on volume loss in HVOF coatings 
compared to other materials. In HVOF coatings, 
very low volume losses under 5 N load increased 
more when the load increased to 15 N compared to 
other coating and substrate. In this case, it can be 
said that HVOF coatings are more sensitive to load. 
It is possible to attribute this to the brittle behavior 
of HVOF coatings due to their porous and oxidized 
nature. Due to their porous and brittle structure, the 
increased load facilitated material separation. 
Although HVOF coatings were most affected by the  
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Fig. 4 Volume loss values of samples (a), and friction 

coefficient curves for samples performed under 5 N  

load (b) 

 
increased load, they showed much lower volume 
losses compared to other samples. It is possible to 
explain this primarily by the surface hardness of the 
samples. Its higher hardness compared to other 
samples has reduced wear loss. Average surface 
hardnesses of 316L, HVOF-Co, HVOF-Cu, RL-Co 
and Cu samples were HV 186, HV 591, HV 361, 
HV 259 and HV 270, respectively. Considering the 
volume loss, it is possible to say that the hardness is 
directly effective. It is possible to say that samples 
with high hardness are more resistant to wear [44]. 
Untreated 316L S.S. with the lowest hardness 
showed the highest wear loss. However, it is not 
possible to explain the fact that HVOF coatings 
show such low wear loss despite their porous and 
brittle structure with just the hardness. The increase 
in hardness or brittleness only negatively affects the 
wear loss under extreme load. It is not possible to 
talk about an overload here. The fact that HVOF 
coatings have oxide compounds with ceramic 
structure ensured their high hardness. This 

contributed to the wear resistance. In addition, 
when the friction coefficients are examined, it is 
seen that the friction coefficients of these samples 
were low. The oxide compounds on the surface also 
reduced the friction coefficient. This explains the 
low volume loss seen in HVOF samples together 
with the hardness. 

In Fig. 4(b), the friction coefficient curves 
occurred under 5 N load in all samples are given. 
Considering the friction coefficient curves, it is seen 
that HVOF coatings show considerably lower 
values compared to the other samples. The low 
resistance of HVOF coatings against friction keeps 
the friction coefficient low. This is an important 
factor in keeping the volume loss of these coatings 
low, together with hardness. At this point, the low 
friction coefficient of these coatings can be 
attributed to their oxidized structure. Oxide layers 
existing on the surface or formed during wear can 
contribute to reducing the volume loss [45]. 
Because the oxide layer has a ceramic structure, it 
generally has a higher hardness than the main 
material [46]. This contributes to the wear 
resistance of the oxides. In addition, the ability to 
hold each other between the abrasive ball and the 
opposing surface is reduced by oxides. Therefore, it 
acts as a lubricant between the ball tip and the 
counter material [47]. This decreases the friction 
coefficient and increases the resistance of the 
opposite surface. For the reasons listed, HVOF 
coatings have high wear resistance and low volume 
loss. 

SEM images of the wear traces occurring after 
the tests performed under 15 N load of all samples 
are given in Fig. 5. The wear traces occurring in the 
tests confirm both the volume loss and the friction 
coefficient. The adhesion-related ruptures and the 
grooving mechanisms encountered in abrasion  
were observed on the 316L substrate. It can be 
anticipated that the grooving may be caused by 
wear debris separated from the surfaces. Due to the 
low hardness of the sample, the wear debris 
detached from the surface caused grooving. On the 
surface of the HVOF-Co sample, a very smooth 
structure is seen. This is one of the most important 
reasons for the low coefficient of friction seen in 
the sample. Flaking areas occurred locally on the 
surface. On the surface of the HVOF-Cu sample, 
the delamination type wear mechanism is seen 
which is caused by the integration of micro cracks.  
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Fig. 5 SEM images of worn surfaces under 15 N: (a) 316L; (b) HVOF-Co; (c) HVOF-Cu; (d) LR-Co; (e) LR-Cu 

 
Apart from the delamination areas, smooth areas 
attract attention. The relatively low coefficient of 
friction values seen in this sample can be attributed 
to smooth areas. However, the increase in the 
friction coefficient was sourced by the increase in 
the delamination areas. There are plastic 
deformation and regional spills on the worn surface 
of the LR-Co sample. In addition, micro scratches 
created by wear debris are seen. In the LR-Cu 
sample, although there are wear mechanisms seen 
in LR-Co, regional spills regions occurred more 
frequently. 
 
3.3 Isothermal oxidation behavior 

Figure 6 shows the SEM images of 316L S.S. 
after isothermal oxidation at 900 °C for 5, 25 and 

50 h. Localized oxidation pit formation and crack 
formation on the oxide surface can be seen after 5 h 
oxidation. This enables the inner oxide formation in 
the 316L S.S.. After 25 h oxidation, inner oxide 
formation can be seen and, oxides including cracks 
formed. The oxide scale thickness was dramatically 
increased. The formation of cracks shows that the 
break-away oxidation period started. After 50 h 
oxidation, the inner oxide layer includes crack 
formation and, the top oxide layer delaminated 
from the inner oxide layer. This delamination may 
be related to thermal expansion mismatch between 
inner and upper oxides. The same oxidation 
tendency was seen in another study for 316L S.S. 
after high temperature oxidation tests [48]. In 316L 
S.S., Cr2O3, Fe2O3 and (Fe, Ni)Cr2O4 spinel phase  
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Fig. 6 SEM images of oxidized 316L S.S. after oxidation 

at 900 °C 

 
formations can be seen after high temperature 
oxidation tests. The formed oxides except for Cr2O3 
are fast-growing, brittle and porous structure  
oxides. Therefore, the formation of these oxides can 
accelerate the delamination or spallation of formed 
oxide layers. 

After isothermal oxidation tests up to 50 h as 
well as XRD analysis for 50 h oxidation test, SEM 
images belonging to HVOF Al0.2CrFeNiCu and 
Al0.2CrFeNiCo are shown in Fig. 7. Both coating 
layers are delaminated after 50 h oxidation due to 

high-stress formation and thermal expansion 
mismatch. Coating layers in both coating systems 
completely were oxidized in all oxidation stages. 
Depending on the increasing time, upper regions of 
coatings include oxides at higher rates. Spallation 
was observed in Al0.2CrFeNiCu coating while it was 
not observed in HVOF Al0.2CrFeNiCo at the end of 
50 h oxidation. Both coatings produced by 
non-alloyed powders did not enable a protective 
oxide layer on the surface. Free elements easily 
were oxidized and all coatings acted as a ceramic 
layer. This result causes a thermal expansion 
mismatch between substrate and coating. In 
addition, different oxide formations in the coating 
layer also mismatch and cause an increase in the 
stress generation. Although the coatings with free 
elements rapidly oxidized, they prevented the 
substrate against oxidation. Non-alloyed HVOF 
Fe/Al coatings show similar oxidation    
resistance [48]. The obtained XRD results show that 
formed oxide layer is composed of Cr2O3, spinel 
oxides and Fe2O3 at the end of the 50 h oxidation 
test. Especially, three different oxide formations and 
their mismatch cause a very high-stress generation 
between HVOF coating layers and 316 L substrate. 

Figures 8 and 9 show SEM images and 
mapping analysis of oxidized laser melted alloys at 
900 °C for 5, 25, 50 and 125 h. Both coatings have 
a thickened oxide layer depending on time. In the 
first stage, a slow-growing and compact oxide layer 
formed in both coating. In the matrix, local fine 
alumina distribution is seen for both re-melted 
coatings. Some aluminum was already oxidized 
during coating. Furthermore, the evaporation of free 
Al during the re-melting process also caused a low 
Al concentration in the matrix. Thus, it is thought 
that alumina formation was not observed on the 
oxide layer. After 50 h oxidation tests, a dramatic 
increase was observed in Al0.2CrFeNiCu. In 
addition, the formed oxide layer includes some 
micro crack formation due to thermal stress. 
According to mapping analysis, the formed oxide 
layer in Al0.2CrFeNiCu consists of Cr2O3 and spinel 
oxides. The inner layer is composed of a continuous 
Cr2O3 layer while the upper layer is composed of 
mixed oxides. This is probably related to the   
lack of sufficient Cr concentration. The depleted  
Cr in the matrix caused diffusion of other  
elements towards the above Cr2O3 layer. In laser re- 
melted Al0.2CrFeNiCo coating, slow-growing oxide  
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Fig. 7 SEM images of HVOF Al0.2CrFeNiCu (a−c) and Al0.2CrFeNiCo (d−f) after oxidation tests at 900 °C, and XRD 

patterns of 50 h oxidized HVOF Al0.2CrFeNiCu and Al0.2CrFeNiCo coatings (g) 

 
formation is seen compared to larger re-melted 
Al0.2CrFeNiCu. Similar to Al0.2CrFeNiCu, the 
highest increase in the oxide thickness was seen 
after 50 h oxidation yet a lower thickness increase 

was seen. In addition, a thicker Cr2O3 layer was 
obtained at the end of the oxidation test compared 
to Al0.2CrFeNiCu. The lower growing tendency can 
be attributed to this finding. Similarly, mixed oxide  
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Fig. 8 SEM images (a−d) of re-melted Al0.2CrFeNiCu after oxidation at 900 °C for 5, 25, 50 and 125 h, and 

corresponding mappings for 125 h (e) 

 
formation was seen above the Cr2O3 layer in 
Al0.2CrFeNiCo and, the decrease in Cr 
concentration was observed significantly. 

XRD patterns of 125 h oxidized re-melted 
coatings and oxide growth graph depending on time 
are given in Fig. 10. XRD patterns verified the 
mapping analysis results. Cr2O3 and spinel as 
formed oxides were detected at the end of the 
oxidation tests. According to the mapping and XRD 
analysis below the oxide scale, FCC phases are  
rich in Fe−Ni−Cu in Al0.2CrFeNiCu while 
Al0.2CrFeNiCo has FCC phase, rich in Fe−Ni−Co. 
In re-melted Al0.2CrFeNiCu coating, spinel phase 
formations are dominant. The formed spinel  

phases in both samples can be composed of     
(Co, Ni, Fe)Cr2O4. This can be said by overlappings 
in elemental mapping. In Al0.2CrFeNiCu, spinel 
phases with high thickness led to the main phase at 
the end of the oxidation tests. On the contrary, 
Cr2O3 is more dominant in Al0.2CrFeNiCo. As a 
result of these oxide distributions, the oxide growth 
rate is high in Al0.2CrFeNiCu. 

According to the parabolic oxidation rule, the 
following formula can be used for determining the 
oxide growth rate: 
x2=kpt+C 
where x is the oxide thickness (µm), kp is the 
parabolic rate constant (µm2/h), t is time (h), and C 
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Fig. 9 SEM images (a−d) of re-melted Al0.2CrFeNiCo coatings after oxidation at 900 °C for 5, 25, 50 and 125 h, and 

corrpesponding mappings for 125 h (e) 

 

 

Fig. 10 XRD patterns of oxidized re-melted coatings 

after 125 h oxidation 

is a constant value. For 5 and 50 h stages, both 
coatings obey the parabolic oxidation rule and, their 
rate constant was calculated using the above 
determined formula and given in Fig. 11. After 50 h 
oxidation, Al0.2CrFeNiCu exhibits a linear growth. 
This is related to the mixed oxide formation in this 
alloy, yet re-melted Al0.2CrFeNiCo follows a slow 
growth. That’s why its growth obeys the parabolic 
oxidation rule for 5−125 h. For the comparison, 
only 5−50 h stage was calculated. According to the 
obtained rate constant values for 5−50 h stage,  
there is a significant difference among the HEAs.  
kp value of Al0.2CrFeNiCu is 1.65, while that of 
Al0.2CrFeNiCo is 0.61. Difference is nearly 2.5 fold. 
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Fig. 11 Oxide growth rate and kp values belonging to 

re-melted coatings 

 
In the coating elements, the highest affinity to 

oxygen is Al and Cr, respectively. According to 
Gibbs free formation energy of formed oxides at 
900 °C, sorting can be made as follows; Al2O3< 
Cr2O3<CoO<NiO<Fe2O3<CuO<Cu2O<spinel [49]. 
From this perspective, alumina is the most 
dominant oxide for coatings. However, both lower 
concentration and the depletion of Al during the 
manufacturing caused more dominant Cr2O3 
formation on the surface. Most of Al was oxidized 
internally in the matrix. When the Cr content 
decreased to a critical value, other oxide formations 
occurred above the Cr2O3 layer. The formation of 
mixed types-spinel oxides is undesired oxides at 
elevated temperatures due to their lower durability 
and higher growth tendency [50,51]. This can 
understand the oxide growth graph. The formation 
of mixed oxides started after 50 h oxidation stage. 
In the re-melted Al0.2CrFeNiCu coating, this type of 
growth is more dominant. This may be related to Cu 
element effect as indicated in the literature. 
STYGAR et al [52] investigated the Cu influence 
on high temperature oxidation of AlCoCrCuxFeNi 
HEA. The increased Cu content led to the weak 
adhesion of the oxide scale. In addition, it was 
emphasized that the presence of Cu can cause an 
increase in the thermal expansion coefficient of the 
alloy. In the current study, the crack formation can 
be seen after 125 h oxidation. The increased 
thermal expansion mismatch can lead to crack 
formation in the oxide scale. LIU et al [53] 

presented similar findings to our results in the 
oxidation of CoCrCuFeNi HEA at 1000 °C. The 
formed oxides are Cr2O3 as primary oxide and, 
spinel oxides. Similar to our study, the oxide scale 
consisted of first Cr2O3 and, latter spinel-type 
mixed oxides. Oxidation of Al(0.15,0.4)CrFeNiCo 
HEA at 600 °C under 25 MPa pressure for 70 h 
enabled dominant spinel oxide formation [54]. The 
increased Al ratio enhanced the oxidation resistance 
thanks to the sluggish diffusion effect caused by the 
increasing lattice distortion. The formed oxides 
verify our results in Al0.2CrFeNiCo HEA. To sum 
up, Al0.2CrFeNiCo HEA slightly exhibited better 
oxidation performance according to the obtained 
results. It is thought that the presence of Cu instead 
of Co worsened the oxide growth behavior of alloy 
and, led to few Cr2O3 formation in the oxide scale. 
 
4 Conclusions 
 

(1) HVOF sprayed coatings have a structure 
with oxide due to the use of non-alloyed powder. 
Especially, some Al was oxidized and/or vaporized 
during the spraying process. 

(2) Compared with HVOF, much more 
homogeneous and lower porous structure coatings 
were obtained. A single-phase microstructure was 
formed in both coatings after laser re-melting. 

(3) Average surface hardnesses of 316L, 
HVOF-Co, HVOF-Cu, LR-Co and LR-Cu samples 
were HV 186, HV 591, HV 361, HV 259 and   
HV 270, respectively. It has been observed that the 
hardness directly affects the wear resistance of the 
samples. 

(4) The best wear resistance was seen in the 
HVOF-Co coating, while the lowest wear resistance 
was seen in the 316L substrate. While the increase 
in load caused an increase in the volume loss of the 
samples, HVOF coatings were mostly affected. 

(5) Low friction coefficient occurred in HVOF 
coatings due to their oxidized content and relatively 
smooth worn surfaces. Although the friction 
coefficients of substrate and laser re-melted samples 
are similar to each other, they were higher than the 
HVOF samples. The friction coefficient values 
coincided with the volume loss and worn surface 
images. 

(6) 316L S.S. exhibits the worst oxidation 
performance due to the non-continuous oxide 
formation. After 25 h oxidation, its oxide layer 
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started to spall from the surface and reach very high 
thickness. 

(7) HVOF sprayed coatings show similar 
oxidation performance. Both of their coating layers 
were completely oxidized up to 50 h. Afterward, 
they completely separated from the substrate due to 
high stress and thermal expansion mismatch. 

(8) Laser re-melted coatings endured up to 
125 h oxidation tests due to the containing Cr2O3 
layer which slowed down the oxygen penetration. 
Al0.2CrFeNiCo coating has a slower oxide growth 
rate due to the parabolic growth tendency up to 
125 h yet Al0.2CrFeNiCu lost parabolic growth after 
50 h and, exhibited linear oxide growing due to the 
formation of spinel oxide at a high rate above the 
Cr2O3. 
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摘  要：用超音速火焰喷涂(HVOF)法在 316L 不锈钢基体上沉积 Al0.2CrFeNiCo 和 Al0.2CrFeNiCu 两种高熵合金涂

层，然后对涂层进行激光重熔(LR)以改善其显微组织。研究 LR 工艺对涂层干滑动磨损和氧化行为的影响。结果

表明，将粉末与单体元素混合导致 HVOF 涂层中形成内氧化物。LR 消除了氧化物和气孔。LR 后，两种合金中均

以 FCC 相为主，而在 Al0.2CrFeNiCo 合金中观察到 BCC、sigma 和 Cr2O3 相。HVOF 后，Al0.2CrFeNiCo 和 

Al0.2CrFeNiCu 涂层的硬度分别为 HV 591 和 HV 361。LR 后，其硬度分别减小到 HV 259 和 HV 270。与其他样品

相比，虽然 HVOF 涂层受载荷增加的影响最大，但其表现出最高的耐磨性，且基体的耐磨性最差。氧化实验后，

HVOF 涂层被完全氧化，氧化 50 h 后涂层因其多孔结构从基体上脱落。LR 涂层具有较好的抗氧化性能。氧化实

验后，Al0.2CrFeNiCo涂层主要由Cr2O3氧化层组成，Cr2O3氧化层在氧化实验后期的生长速度较慢，而Al0.2CrFeNiCu

涂层则主要由尖晶石相组成。 

关键词：高熵合金；激光重熔；超音速火焰喷涂(HVOF)；磨损；氧化 
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