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Abstract: Two steps CrAlFeSi coating has been fabricated on low carbon steel via 
mechanical alloying methods and its oxidation properties have been elucidated 
thoroughly. First, Al coating was deposited on the low carbon steel substrate via 
mechanical alloying for 1 h. Afterward, CrAlFeSi coating was deposited on Al coating 
using the same technique for 2 h. The effect of annealing at 650 °C on the oxidation 
behavior of two steps CrAlFeSi coatings was examined thoroughly. The microstructure 
of the coating layer before and after annealing was relatively similar. Microholes and 
microcracks were found in the coating layer of the substrate before and after annealing. 
Intermetallic phases were observed in the samples along with the major elements. The 
mass gain after cyclic oxidation at 800 °C in the air atmosphere for a substrate with 
two coating layers reduced by a factor of 10 compared to the substrate without coating 
layer, which is likely due to the formation of Al2O3 on the outer layer during the oxidation 
process. The thin layer of Al2O3 protects the inner layer from severe oxidation. Therefore, 
the two steps coating of CrAlFeSi on the low carbon steel can be used as an alternative 
method for reducing the oxidation at high temperature.
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INTRODUCTION

Low-carbon steel has been widely used in 
various applications owing to its excellent 
mechanical properties and lower cost. However, 
the utilization of low-carbon steel at high-
temperature applications is still very limited 
due to its poor wear, corrosion and oxidation 
resistance (Mohammadnezhad et al. 2012). 
Hence, various surface modifi cation techniques 
(coatings) such as electro-deposit ion 
(Laszczyńska et al. 2016), thermal spraying 
(Szymański et al. 2015), and cold spraying (Yang 
et al. 2011), have been undertaken to improve its 
corrosion and oxidation resistance.

Recently, mechanical alloying (MA) have 
been applied to deposit metal or intermetallic 

compound on a substrate (Aryanto & Sudiro 2018, 
Bafandeh et al. 2017, Canakci et al. 2013, Chen et 
al. 2016, Li et al. 2012, 2014, Mohammadnezhad 
et al. 2012, 2013, Romankov et al. 2006, 2009a, b, 
Saba et al. 2016, Sudiro et al. 2018, Wismogroho 
et al. 2009, Zadorozhnyy et al. 2017, Zhan et al. 
2006). Moreover, MA was successfully utilized 
to deposit a composite coating layer on the 
substrate (Chen et al. 2016). The formation 
of a coating layer using MA depends on the 
cold-welding process of the particle. The 
cold-welding process only occurred with the 
presence of ductile materials. Moreover, ductile 
material also acts as a binding agent. Al and 
Cu are binding agents that have been used in 
coating prepared by MA (Aryanto & Sudiro 2018, 
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Bafandeh et al. 2017, Chen et al. 2016, Li et al. 2012, 
Mohammadnezhad et al. 2012, 2013, Romankov 
et al. 2006, Sudiro et al. 2018, Zadorozhnyy et 
al. 2017). In general, binding agents are usually 
mixed directly with supporting materials to 
strengthen the system, which formed a solid-
solution (Mohammadnezhad et al. 2013, Saba et 
al. 2016) or composite (Chen et al. 2016). 

To the best of author knowledge, there are 
no reports of the two steps coating using MA. 
The first step is the deposition of a binding agent 
on the low carbon steel substrate and followed 
by the deposit of supporting material in the 
second step coating. The materials used in this 
study were Cr, Al, Fe, and Si. They were chosen 
because of the formation of a protective layer 
during high temperature application. Moreover, 
Fe was used to reduce the lattice mismatch 
between the coating and substrate. This study 
aims to examine the microstructure feature as 
well as the oxidation properties of the two steps 
coating on the low carbon steel by means of 
mechanical alloying technique. 

MATERIALS AND METHODS
Preparation of two steps CrAlFeSi Coating
High purity powder (> 99%) of Al, Cr, Fe and Si 
were used in this experiment. The procedure 

to prepare and to clean low carbon steel (ST41) 
substrate (10 × 8 × 3 mm3) follow our previous 
reports (Aryanto & Sudiro 2018, Sudiro et al. 
2018). The coating on the low carbon steel 
substrate was done in two steps. 

The first step was the deposition of Al as a 
binding agent on a low-carbon steel substrate 
using MA for 1 h in a 125 mL cylindrical steel vial 
(SS 304). In this works, Al-granule (Merck, purity 
> 99.0%) was used as starting materials. The 
photograph and SEM image of the Al-powder is 
shown in Figure 1. A similar Al element was used in 
first and seconds steps. The second step was the 
coating of CrAlFeSi on the substrate that already 
contains the Al coating layer. Prior to this step, 
Cr, Al, Fe and Si powder were mixed for 1 h using 
ball milling. The detail composition of Cr, Al, Fe, 
Si powder is shown in Table I. The coating of Cr, 
Al, Fe, and Si on the substrate was carried out 
using MA for 2 h. The MA for the first and second 
step was performed in an air atmosphere using 
a high-speed shaker mill with an oscillation 
frequency of 700/min. The ball to powder ratio 
was 10 for both the first and second steps. In 
order to prevent excessive contamination, the 
steel balls were used with the size of 5 mm in 
diameter. The coated substrate was annealed 
at 650 °C for 2 h in the vacuum condition with 
a heating rate of 5 °C/min and natural furnace 

Figure 1. (a) 
Photograph and 
(b) SEM image of 
Al-powder.
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cooling. The annealed temperature was selected 
close to the aluminum melting point, i.e., 660 °C 
(Aryanto & Sudiro 2018). The microstructure and 
phase evolution of the coated substrate after 
annealing were examined and compared with 
the coated substrate without annealing. 

Cyclic Oxidation
Cyclic oxidation experiments were carried 
out in a muffle furnace with an atmospheric 
environment at 800 °C. Three samples were 
prepared for each condition in this experiment. 
Before oxidation, the dimensions of each 
sample were measured carefully using a digital 
caliper and then each sample was placed in 
a square alumina boat crucible separately to 
prevent contamination. In each cyclic oxidation, 
the sample was inserted into the furnace for 
20 h and then removed for cooling down. After 
air cooling to the room temperature, the weight 
gain of the samples was measured three times 
using an electronic balance with a precision 
of 0.01 mg and the results were analyzed. This 
process is repeated up to 8 cycles and a total 
oxidation time is 160 h.

Characterizations
The cross-sectional microstructure of the 
coating layer on the substrates was observed 
using scanning electron microscopy (SEM; SU 
3500; Hitachi; Japan) equipped with energy 
disperse X-ray analysis (EDX; X-maxN; Horiba; 
Japan). The phase evolution of coated substrates 
was identified by room-temperature X-ray 
diffraction (XRD; Smartlab; Rigaku; Japan) with 
CuKα radiation (λ= 1.5418 Å).

RESULTS AND DISCUSSION
First step coating
Figure 2 displays the SEM image of the substrate 
after the first step coating using MA. It is clearly 
seen that the substrate is coated with Al. The 
Al layer was formed due to collision among 
balls, substrate and powder. Even though the 
thickness of the coating layer is not uniform 
(less than 3 µm), the substrate is well-coated 
by Al powder. No cracks were observed between 
the coating-substrate interfaces, as shown in 
the high magnification SEM image in Figure 2. 
It is indicated a strong bonding between them. 
This result confirms the previous research report 
(Aryanto & Sudiro 2018, Bafandeh et al. 2017, 
Chen et al. 2016, Li et al. 2012, Mohammadnezhad 
et al. 2012, 2013, Romankov et al. 2006, Sudiro et 
al. 2018, Zadorozhnyy et al. 2017), where coating 
prepared by mechanical alloying provides high 
bonding ability between coating material and 
substrate. The basic principle of coating using 
MA is based on balls-materials-substrate 
collision, which promotes mechanical bonding 
between coating materials and substrates 
(Aryanto & Sudiro 2018). The ductile property of 
Al-powder makes it flat, overlaps and forms cold 
welds as the effect of collisions and grinding 
balls during the MA process (Canakci et al. 
2013). As the process continues, the sufficient 
impacting force causes the trapping Al stick on 
the substrate, resulting in Al-coating layer. EDX 
analysis confirmed that the major element in 
the coating layer is Al, as shown in Figure 2 and 
Table II. However, a small trace of Fe was found 
in the coating layer, the contamination of Fe is 
likely to come from the grinding media (vial and 

Table I. Chemical composition of the milled powder for the second step coating.

Element Cr Al Fe Si

at.% 35 35 10 20
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balls) and substrate, which is inevitable during 
MA. The high magnification SEM supported the 
result in Figure 2 and EDX mapping analysis in 
Figure 3. Small grain with the light gray color in 
the Al coating layer is Fe-impurity from the ball, 
vial and substrate material. Their small parts 
are believed to peel off from the outer surface 
when exposed to repeated friction and collision 
in the coating process. They become one with 
the Al-coating material and are deposited in the 
coating layer.

Figure 4 shows the XRD patterns of the 
original substrate and the substrate after the 
first step coating. In addition to Fe peaks from 
the substrate, Al peaks were observed in the 
substrate after the first step coating (Figure 
4b). This result shows that Al was deposited 
on the surface of the substrate after the first 
step coating, which is also confirmed by the 
SEM image in Figure 2. No secondary phase, 

such as intermetallic is observed in Figure 4b, 
indicating that there is no reaction between Al 
and the substrate. It can be seen in the high 
magnification SEM image (Figure 2) and EDX 
elemental mapping (Figure 3), which shows no 
diffusion zone was observed in the coating-
substrate interface. Thermal energy, as the 
effect of collisions during the MA process, may 
not enough giving energy for Al and Fe atoms 
to react, so they only have mechanical bonding 
on the interface. Figure 3 also shows that the 
Al-element was distributed continuously and 
uniformly on the substrate surface. 

Second step coating
Figures 5a and 5b show the cross-section 
microstructures of the coated substrate before 
and after annealing, respectively. It should be 
noted that the Al layer from the first step was 
disappeared after the second step coating using 

Figure 2. SEM images 
and EDX point area of 
Al coating on low-
carbon steel.
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MA. This fact can be explained due to the severe 
collision of balls, substrate and powder, which 
led to the decay of the Al coating layer. Moreover, 
there is a possibility of CrAlFeSi powder insertion 
into the Al coating layer and mixing during 
MA. Since the coating layer contained another 
element, such as Cr, Fe and Si, the previous Al 
coating layer from the first step was not found in 
the second step. The average coating thickness 
from the second step was 75 µm. Microholes 
were observed in the coating layer of the coated 
substrate before annealing (Figure 5a) along 
with the microcrack in the outer surface and 
coating/substrate interface. The formation of 
microholes in the coating can be explained as 
follows: the hardness of the particles increased 
due to the work hardening of the particle during 
milling. The flaking of coating and the deposition 
of the hardened particles during MA would 
result in the formation of microholes (Chen 
et al. 2016). On the other hand, the formation 
of a crack in the coating layer occurred due to 
strain and/or hardening of the coating layer. The 
strain increased with increasing milling time, 
resulting in the formation of the crack in the 
outer layer of the coating surface (Li et al. 2014). 
Simultaneously, the ball milling process also 
increases the hardening of the coating layer and 
the tendency of cracking (Bafandeh et al. 2017, 
Chen et al. 2016, Li et al. 2012, Romankov et al. 
2009b). Moreover, the microcrack in the coating 

layer could also be due to the formation of 
intermetallic phases during MA. The formation 
of microholes and microcracks in the coating 
layer was also observed in the coated substrate 
after annealing, as shown in Figure 5b. However, 
the number of microholes and microcrack were 
reduced compared to the coated substrate 
before annealing. Overall, the microstructure of 
the coating layer is improved after annealing 
at 650 °C. Therefore, Figures 5a and 5b were 
analyzed using image processing software to 
calculate the area of pores. The pore area of 
Figure 5a was 1220 ± 110 μm2 compared to Figure 
5b that has a pore area 504 ± 141 μm2. Our results 
indicate that the substrate after annealing has a 
better microstructure in terms of pore and crack.

The elements distribution in the coated 
substrate before and after annealing is shown 
in Figure 6a and Figure 6b, respectively. The 
elements are evenly distributed in the coating. 
However, high concentration of Si found in the 
sample after annealing Figure 6b. The result 
was supported by SEM image and elemental 
mapping of the CrAlFeSi powder after the 
coating process (Figure 7), where a small spot 
with high brightness seen for Cr, Al, Fe, and Si 
mapping. Detailed observations in Figure 6 and 
Figure 7 show that several small spots with the 
high brightness of the Fe and Si elements have 
a position in the same place. High brightness of 
the color was indicated the high concentration 
in the region. Another possibility, the small spots 
maybe contains compounds between coating 
elements, where their reacts during the coating 
process and followed by thermal annealing for 
coated substrate before and after annealing, 
respectively.

Table III shows the elemental analysis of 
the coating layer before (Figure 5a) and after 
annealing (Figure 5b). It is evident that the 
amount of Fe is a function of thickness, wherein 
the amount of Fe was higher near the coating 

Table II. EDX analysis of the first coating layer.

Element Weight% Atomic%

Al K 86.70 93.41

Si K 0.38 0.39

Fe K 10.82 5.63

Ag L 2.09 0.56

Totals 100.00
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surface compared to the interface of coating and 
substrate for both before and after annealing. 
Similar results were obtained for the amount of 
Al in the annealed substrate. On the contrary, 
Al was assembled in the middle area of coating 
for substrate before annealing. This fact can 
be interpreted due to the effect of the second 
step of milling, where the coating layer of Al 
disappeared and take place in the middle area.

Figure 8 shows the XRD patterns of the 
starting materials, coated substrate before 
and after annealing. It can be seen that the 
diffraction peak of Si and Al element as starting 
material has a dissolve or even disappear. In 
the MA process, those elements undergo heavy 
collision and become an amorphous phase 
due to the devastation of crystals structure 
(Dastanpoor et al. 2014). Hence, those elements 
might be undetected in XRD. This is the indication 
that the MA process is near complete or already 
complete despite the quite short MA time, i.e., 
2 h. For instance, the lamellae shape is only 

found in the middle area of the coating layer, 
as shown in Figure 5a. The pulverization of the 
lamellae shape indicates that the MA process 
is almost finished, resulting in the formation of 
amorphous or new phases. Detail analysis of XRD 
in the range angle of 40-50° (Figure 9) revealed 
that the new phase was formed in the coating. It 
shows by the presence of small intensity peaks 
amongst the main peak of a coated substrate 
before annealing (Figure 9a). The peaks indicate 
the FeSi and Cr5Si3 phase. Small radii and brittle 
of the Si element compared with other elements 
is believed the reason for the formation silicide 
phase of Cr and Fe. The annealing treatment 
stimulates the formation of the new phase in 
the coating layer, as shown in Figure 8f and 9. 
Multiple phases, i.e., Cr5Si3, AlCr2, and AlCr6Si, 
were formed after annealing of the coated 
substrate. However, the existence of FeSi after 
annealing could not be detected, revealing the 
decomposition of this phase to another phase. 

Figure 3. EDX elemental mapping of Al coating on low-carbon steel.
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The EDX spot analysis supported the result, 
which will be discussed later.

Figure 10 displays the SEM images of area 
1, 2 (Figure 5a) and area 3, 4 (Figure 5b) in 
high magnification. Three zones are seen in 
Figure 10, which are light gray, dark gray and 
black. It indicates the difference of elemental 
composition in the powder, as shown in Table 
IV. The results reveal that the light gray zone 
is Cr-rich zone both in the coated substrate 
before and after annealing. This result was 
confirmed with the XRD analysis, where Cr peaks 
were observed before and after annealing, as 
shown in Figure 9. Dark gray zone in the coated 
substrate before annealing are Cr, Al, Fe, and 
Si element. The presence of other elements in 

the dark gray zone more likely indicated the 
existence of another phase, such as Cr5Si3, FeSi, 
and Fe, as observed XRD results (Figure 9). During 
the mixing and coating process, severe plastic 
deformation induced high local temperature 
and promoting the element diffusion between 
powder to powder. After annealing, the dark gray 
zones are converted into Si-rich. Meanwhile, the 
black phase in the coated substrate before and 
after milling is Al-rich and mix of Cr, Al, Fe, and Si, 
respectively. Generally, the EDX analysis cannot 
identify all of the phases in XRD analysis. It may 
be caused that the formation of intermetallic 
compound randomly distribution in coating with 
small size.

Figure 4. XRD patterns of (a) substrate and (b) first step coating of the substrate
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Figure 5. Cross-section 
SEM images of coated 
substrate (a) before and 
(b) after annealing at 
650 °C.

Figure 6. EDX 
elemental 
mapping 
of coated 
substrate (a) 
before and (b) 
after annealing 
at 650 °C.
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Table III. EDX analysis of the coated substrate for the position 1-6 marked in Figure 3a and Figure 3b.

Position
Element (atomic%)

Cr Al Fe Si

EDX 1 30.68 36.98 12.71 19.63

EDX 2 26.03 40.67 12.35 20.95

EDX 3 31.77 36.66 10.64 20.93

EDX 4 31.30 37.38 11.06 19.96

EDX 5 34.97 32.93 10.82 21.28

EDX 6 35.48 34.02 10.18 20.31

Figure 7. SEM images and 
elemental distribution 
of CrAlFeSi powder after 
deposition process.
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Figure 8. XRD 
pattern of (a) Cr, 
(b) Al, (c) Fe, (d) Si, 
coated substrate 
(e) before and (f) 
after annealing at 
650 °C.

Figure 9. XRD pattern 
details of coated 
substrate without 
and with annealing in 
Figure 7e and Figure 7f, 
respectively 
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 Table IV. EDX point analysis of Figure 5.

Marked
Element (at.%)

Remark
Al Si Cr Fe

A1 42.50 19.03 26.75 11.72 Dark Gray
A2 6.97 3.36 88.24 1.43 Light gray
A3 17.98 19.94 57.80 4.28 Light gray
B1 - 0.54 98.77 0.69 Light gray
B2 35.80 27.90 10.16 26.14 Dark gray
B3 52.52 14.58 16.45 16.45 Black
C1 19.92 40.41 20.04 19.64 Dark gray
C2 45.29 13.41 33.88 7.42 Dark gray
C3 4.79 6.54 86.09 2.59 Light gray
D1 4.61 0.66 93.01 4.61 Light gray
D2 - 60.45 3.95 35.60 Dark gray
D3 16.23 45.76 13.33 24.69 Dark gray

Figure 10. Localized magnification of marked position 1 (a), 2 (b), 3 (c) and 4 (d) in Figure 3.
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The oxidation resistance of the coated 
substrate
Figure 11 presents the oxidation kinetics of the 
uncoated and coated substrate before and after 
annealing for 20h-cycles. Indeed, the substrate 
without coating showed a very high mass gain 
compared to the coated substrate, as shown in 
Figure 11. The mass gain increases by a factor 
of 10 after 8 cycles for the uncoated substrate, 
indicating the effectiveness of the coating layer 
to prevent oxidation. The weight gain of the 
uncoated and coated substrate in the first cycle 
of oxidation was > 30 mg/cm2 and < 2 mg/cm2, 
respectively. The high oxidation resistance of 
the coated substrate might be attributed to the 
formation of new phases, which prevent severe 
oxidation in the substrate. Interestingly, the 
mass gain for the coated substrate before and 
after annealing did not differ significantly, as 
can be seen in the inset of Figure 11. However, 
detailed observation shows that the mass gain 
of the coated substrate increases as a linear 
function of the number of oxidation cycles. It 

more likely due to the formation of the severe 
stress cracks of scale on the surface. As soon as 
a crack appeared, the substrate would directly 
contact air, accelerating the oxidation rate and 
forming a new oxide scale (Cheng et al. 2016). 
Besides that, the spallation of the protective 
oxide scale also intensifies the oxidation process 
occurring during the cyclic oxidation (Aryanto et 
al. 2020). Moreover, it also might happen due 
to long oxidation time, which decreased the 
protection of the substrate by the oxide layer.

In order to have a clear understanding of 
the oxidation behavior of the coated substrate 
before and after annealing, the generated 
phases during oxidation were examined from the 
XRD patterns in Figure 12. The result shows that 
there is the formation of intermetallic AlCr6Si, 
AlCr2Fe2O3, and Al2O3 in the coated substrate after 
oxidation, both for before (Figure 12a) and after 
annealing (Figure 12b). The presence of Fe2O3 
phase in the coated substrate might be from the 
nodule, which was existed in both substrates, as 
shown in Figures 13 and 14. The detail discussion 

Figure 11. The cyclic 
oxidation curves of 
uncoated and coated 
substrate after 
oxidation at 800 °C for 
20 h in one cyclic.
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about the nodule was reported in our previous 
work (Sudiro et al. 2018).

Figure 13 and Figure 14 show the cross-
section images of the coated substrate before 
and after annealing, respectively, after oxidation 
at 800 °C for 8 cycles. Although the oxidation was 
performed at high temperature, the presence of 
microcrack is spotted in the coated substrate 
before annealing (Figure 13). This phenomenon 
showed that the diffusion did not occur and led 
to the formation of a microcrack. On the other 
hand, the presence of microcrack is not seen in 
the coated substrate after annealing. It can be 
concluded that the annealing treatment at 650 
°C improves the bonding between the coating 
layer and the substrate interface (Figure 5b). 
The existence of microcracks, both in the coated 
substrate before and after annealing, might 
be attributed to the increase of internal stress 
as an effect of repetitive heating and cooling 

during cyclic oxidation. One notable finding in 
this study is the presence of the oxide scale 
both in the coated substrate before (Figure 13) 
and after annealing (Figure 14). The thickness of 
the oxide scale is 1.25 - 1.80 µm. The observation 
of the coating-oxide interface shows that the 
oxide scale has good bonding with no crack or 
porous. According to EDX mapping of the coated 
substrate before (Figure 15a) and after annealing 
(Figure 15b), the oxide scale is composed of Al 
and O. In addition, EDX point analysis of the 
oxide scale confirmed that the major elements 
are Al and O, as shown in Figure 16 and Table 
V. For instance, the amount of Al and O in the 
oxide scale coated substrate before annealing 
(30.92 and 66.61 at %, respectively) corresponds 
to the composition of Al2O3. The Al2O3 scale is 
formed due to the reaction between Al (outward 
diffusion) and O (inward diffusion) from the air. 
The Al2O3 layer on the surface blocks oxygen 

Figure 12. XRD 
patterns of 
coated substrate 
after cyclic 
oxidation for 8 
cycles at 800 °C.
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diffusion into the substrates, thus improves the 
oxidation resistance of the coated substrate. 

The formation of Al2O3 in the surface 
diffusion zone can also be explained by classical 
thermodynamic theory. The Gibbs free energies 
(ΔG°) of Al2O3, SiO2, Cr2O3, and Fe2O3 at 800 °C 
are -891.144, -717.537, -568.661, and -360.775 kJ, 
respectively. This calculation reveals that Al2O3 
has the lowest Gibbs free energy, which means 
the formation of Al2O3 is more favorable compare 
to SiO2, Cr2O3, and Fe2O3.

Figure 16 shows EDX point analysis of the 
coating layer after oxidation for coated substrate 
before and after annealing. The quantitative 
analysis of the EDX result is shown in Table V. 
Interestingly, the amount of O is higher near the 
surface compared to the middle area, as shown 
in Table V. For instance, in the sample without 
annealing (Figure 16a), the amount of O in point 
4 is higher than point 7, while in sample with 
annealing (Figure 16b), the amount of O in point 
7 is higher than point 4. This phenomenon is 
likely due to the inward diffusion of oxygen into 
the coating layer during oxidation. In addition, 

two phases are discovered in the coating layer, 
i.e., black and dark gray phases. The black 
phases belong to a region with microholes in 
the coating before oxidation (Chen et al. 2016), 
while the dark gray phases are the dense phases 
without microholes.

Table VI shows the net weight gain of the 
coated substrate after oxidation by different 
coating methods. It can be seen that the 
oxidation resistance of the coated substrate 
depends on the deposited element/compound 
on the substrate. Indeed, the deposition of 
ceramic (Nguyen et al. 2018) or intermetallic 
(Erfanmanesh & Bakhshi 2018) reduces the 
weight gain significantly. However, the deposition 
of this compound leads to minimum diffusion 
into the substrate (Nguyen et al. 2018). In this 
study, the weight gain of the coated substrate is 
lower compared to other methods, for instance, 
electroplating, thermal spray, and one step MA 
indicating that two steps coating by MA is an 
alternative method to minimize oxidation in the 
low carbon steel.

Figure 13. Cross-section 
morphologies of the 
coated substrate without 
annealing after oxidation 
at 800 °C for 8 cycles.



DIDIK ARYANTO et al.	  TWO STEPS COATING ON STEEL PREPARED BY MA

An Acad Bras Cienc (2020) 92(3)  e20200524  15 | 19 

Figure 14. Cross-section 
morphologies of the 
coated substrate with 
annealing after oxidation 
at 800 °C for 8 cycles.

Figure 15. Cross-
section SEM images 
and element 
mapping of coated 
substrate after 
oxidation for the 
coated substrate (a) 
before and (b) after 
annealing.
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Figure 16. EDX point analysis of the coated substrate after oxidation for the coated substrate (a) before and (b) 
after annealing.

Table V. EDX point analysis of Figure 11.

Position

CrAlFeSi coating as milled CrAlFeSi coating annealed

Element (at.%) Element (at.%)

O Al Si Cr Fe O Al Si Cr Fe

Spectrum 1 66.61 30.92 0.81 1.21 0.45 65.99 32.37 0.72 0.71 0.21

Spectrum 2 65.27 32.39 0.82 1.16 0.36 63.75 33.66 0.86 1.45 0.27

Spectrum 4 23.52 29.37 12.71 13.88 20.52 12.95 20.18 16.56 26.02 24.30

Spectrum 7 16.39 29.84 14.07 11.90 27.79 22.07 15.57 18.07 33.79 10.50

Table VI. Previous research results on the weight gain of the substrate after oxidation.

Coating-method Coating 
elements

Coating 
Thickness 

(µm)
Oxidation 
methods

Oxidation 
temperature 

(°C)
Times

Weight 
gain (mg/

cm2)

Electroplating 
(Farrokhzad, 2017) Ni-P-BN(h) 29 – 50 Isothermal 700 96 h 20

Thermal spray 
(Premkumar and 

Balasubramanian, 
2019)

Cr-Ni-C 280 – 320 Cyclic 
oxidation 900 50 cyclic

2.15 – 65.98

Slurry spray 
(Nguyen et al. 2018) Glass Ceramics 162 Isothermal 800 540 min 4.33

Mechanical alloying 
(Sudiro et al. 2018) Cr-Al 80 – 120 Cyclic 

oxidation 800 160 h 10.5 – 23.3

This study Cr-Al-Fe-Si 75 Cyclic 
oxidation 800 160 h 9.5
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CONCLUSIONS

Two steps coating prepared by the mechanical 
alloying method has been performed 
successfully. The first step was done to deposit 
Al powder on the substrate by mechanical 
alloying method for 1 h. Smooth coating of Al 
can be observed without the presence of holes 
and cracks. This first step bridges the second 
step since Al has been known as an excellent 
binding agent. The second step coating was 
aimed to deposit the main composition, i.e., 
CrAlFeSi powder, using mechanical alloying 
for 2 h. The coated substrate was annealed, 
and its oxidation properties were compared 
to the coated substrate without annealing. 
The microstructure of the as-annealed coated 
substrate was considerably improved compared 
to the coated substrate before annealing. It is 
concluded that the microholes and microcrack 
can be minimized by annealing the coated 
substrate. Despite the short processing time (2 h 
MA), the multiple intermetallic phase, i.e., Cr5Si3, 
AlCr2, and AlCr6Si, can be observed in the coated 
substrate after annealing. It should be noted 
that the oxidation resistance of the coated 
substrate is enhanced significantly by two steps 
coating. The weight gain of the coated substrate 
after the cyclic oxidation test can be suppressed 
by the factor of 10, after introducing CrAlFeSi 
layer by two steps coating. The enhanced 
oxidation properties of the coated substrate 
might also be attributed to the formation of 
Al2O3 scale on the coating layer. The coated 
substrate before and after annealing possesses 
relatively similar oxidation properties. However, 
the annealing of the coated substrate presents 
a better microstructure compared to the coated 
substrate without annealing
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