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Abstract. Slurry aluminide coating is considered one of the most excellent coating materials 

to enhance hot corrosion resistance for high temperature applications. In this research, Si-, 

Mo- and Si-Mo-modified slurry aluminide coatings were prepared on 304 stainless steel at 

650 ºC for 4 h and 6 h. The influence of Si, Mo and Si-Mo additions into the coatings was 

studied by comparing the coating properties at different aluminizing time. The physical, 

chemical and mechanical properties of the aluminide coatings were characterized using the 

Vickers microhardness test, FESEM, EDX and XRD. The addition of Si and Mo into the 

coating slightly changes the coating behaviour of the alloy. A multi-layered coating structure 

was observed after the aluminizing for all coating samples. A dense and continuous inner 

layer made up of FeAl-base intermetallic is believed to improve the corrosion resistance of 

the stainless steel. The hardness value (HV) increased with an increasing in aluminizing time 

for Mo- and Si-modified aluminide coatings. In contrast, Si-Mo-modified aluminide coating 

showed a decreased in hardness value (HV) due to the formation of multi-crack and porous 

coating structures. A modified slurry aluminide coatings on 304 stainless steel could be 

considered as a viable potential for high temperature application.  
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Introduction 

 

Ferritic and austenitic stainless steel has been extensively used for high temperature 

applications, such as superheaters, boilers, and power plants reactors due to a good 

compromise in corrosion resistance, high temperature mechanical properties and cost-

effective materials [1-4]. However, the oxidation resistance of stainless steel became limited 

at a high operating temperature between 620 ºC - 650 ºC due to the formation of a layered 

and less protective Fe3O4 and Cr-rich spinel on the steel surfaces [5,6]. This condition will 

affect the lifecycle cost of the material components. Surface treatment, such as high 

temperature coating has been proposed by researchers to improve the oxidation resistance of 

stainless steel under hot corrosion conditions. Among all the high temperature coatings, 

aluminide coating is the most widely used [7]. Aluminide coating has a great potential for 

protecting the alloys from corrosion damages because of its ability to grow protective scales. 

The commonly used preparation methods for aluminide coating are slurry aluminizing, Al-

electroplating, hot dipping aluminizing (HDA), electrochemical deposition (ECD), powder 

embedded aluminizing (PEA), pack cementation (PC), physical vapour deposition (PVD), 

chemical vapour deposition (CVD), etc. [9-12]. However, an interest in slurry aluminizing 

coating has increased due to process simplicity, cost efficiency, environmental friendly and 

high coating flexibility [13]. 

 

During thermal exposure, a layer of Al2O3 was developed on the steel surfaces after 

aluminizing in the oxidizing atmosphere [8-9]. The formation of the alumina layer on the 

coating surface can prevent further destruction of the substrate in a high temperature 

corrosive environment [8]. The formation of Al2O3-base coating is also believed to 

significantly increase the corrosion resistance of iron-based alloy [13]. Unfortunately, flaws 

in the mechanical properties such as cracks may be formed during the deposition or long-term 

exposure of the coating, resulting from a mismatch in the thermal expansion coefficient 

(CTE) between the coating and alloy substrate [6]. The mechanical properties of the 

aluminized steel decrease at elevated temperatures due to the depletion of aluminium, which 

is caused by the interdiffusion of aluminium from the coating into the alloy substrate [6]. This 

factor becomes a challenge in developing a protective aluminide coating layer. Moreover, the 

Al2O3 layer formed on the coating surface could easily spall during cyclic oxidation exposure 

[15]. 

 

Currently, numerous works are focused on modifying the aluminide coating with an 

addition of a few alloying elements to acquire good oxidation and hot corrosion resistance 

[16]. Alloying elements, such as Cr, Si, Pt, Zr, Ce and Mo-doped aluminide coating have 

been demonstrated to be beneficial against hot corrosion resistance [17-20]. The addition of 

Si in the aluminide coating was reported by Zarei et al. (2020) to improve the protective 

properties of the forming oxide layer at high temperatures due to the formation of Al2O3-SiO2 

layer. According to the study, the modified coating could change the degradation mechanism 

of the protective surface oxide layer from spallation to a nodular growth mechanism [20]. A 

well-modified aluminide coating is important to the development of iron-based alloy with 

higher resistance against a harsh environment. The addition of fair amounts of Si and Mo in 

aluminide coating could help in improving the coating performance and extend the corrosion 

resistance of the alloy.  

 

A comparative study on the effect of Si and Mo addition on the properties of slurry 

aluminide coating has not yet been clarified. Furthermore, no studies have yet been reported 

on Mo-modified aluminide coating for high temperature application. Therefore, this work 
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was purposely conducted to investigate the microstructure, chemical composition and 

mechanical properties of the aluminide coating at different time exposures and different 

coating compositions. The study is focused on the effect of alloying elements on 

microstructure transformation, intermetallic layer thickness, phase’s constitution and coating 

hardness of the aluminide coatings. The results would be beneficial on a development of a 

new coating for high temperature applications.   

Materials and Methods 
 

A plate-shaped of 304 stainless steel (HH Saintifik Ent.) was cut using a hydraulic 

cutting machine into 10 mm x 10 mm x 0.15 mm dimensions. The chemical composition of 

the 304 stainless steel is given in Table 1. The alloy samples were ground to 320 grit using 

SiC paper before the coating. The aluminide coating was deposited using a slurry aluminizing 

technique. The coating slurry was prepared by mixing 57 wt. % of the organic binder 

(distilled water and polyvinyl alcohol) and 43 wt.% of the solute mixture. Three different 

types of solute compositions were used in this study as listed in Table 2. A slurry mixture was 

sprayed on the surfaces of 304 stainless steel using a spray gun (Suniw model K-3), then 

dried in laboratory air before solidifying at 400 ºC for 1 h to allow the removal of the binder 

followed by aluminizing process. The aluminizing process was carried out at 650 ºC [21–24] 

for 4 h and 6 h [25–28] under a flow of argon gas (1 atm) with a heating rate of 10°C/min. 

The morphology and elemental distribution of all coated samples were characterized using a 

field emission scanning electron microscopy (FESEM; Zeiss Supra 35 VP system) equipped 

with energy dispersive X-ray spectroscopy (EDX; Edax Ametex Z2 analyzer). The samples 

were inspected in secondary electron (SE) mode for surface morphology and backscattered 

electron (BSE) mode for cross-section morphology. Phase identification of coated samples 

was carried out using X-ray diffraction (XRD, Bruker Advanced D8) with Cu Kα radiation (λ 

= 0.15406 nm) and 2θ scanning from 10° to 90°. Vickers microhardness (LECO micro-

indentation hardness tester LM248AT) test was performed on the coated samples using a 

square diamond indenter with a load of 0.2 N to evaluate the mechanical properties of the 

coating layer.  

 

Table 1. Chemical composition of as-received 304 stainless steel 

 

Elements Fe Cr Ni Mn Si Cu Mo Co V 

wt. % Bal. 17.90 8.28 0.84 0.5 0.23 0.19 0.18 0.10 

 

 

Table 2. The ratio of solute composition of slurry aluminide coating 

 

Element coatings Solute composition (wt. %) 

Al Si Mo 

Si-modified aluminide coating  33.00 10.00 0.00 

Mo-modified aluminide coating  33.00 0.00 10.00 

Si-Mo-modified aluminide coating  33.00 5.00 5.00 

 

 

Results and Discussion 

 

Physical and chemical properties of the coatings. The performance of the developed 

coating was largely dependent on the coating microstructure and its chemical composition 
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[29]. Figure 1 presents the surface (SE) and cross-sectional (BSE) morphology of the 304 

stainless steel after aluminizing at 650 °C for 4 h and 6h. The surface morphology of the 

modified coating after aluminizing mostly showed a mixture of granules, cylindrical-like and 

hollow colloid structures. A least significant difference in the surface morphologies was 

observed for all samples with modified coating as shown in Figures 1(a) - 1(f). Both Al-Si-

modified and Al-Mo-modified coatings revealed the coating surfaces grew denser as the 

aluminizing time increased to 6 h. However, Al-Si-Mo-modified coating showed the opposite 

morphology behaviour relative to Al-Si-modified and Al-Mo-modified coatings as the 

aluminizing time increases. The size and distribution of hollow structures on the Al-Si-Mo-

modified coating surface increased with an increase in aluminizing time (Figure 1(f)). EDX 

area and EDX spot analysis on aluminide-coated 304 stainless steel are listed in Table 3. 

EDX area analysis revealed the surface of all modified aluminide coatings was mostly 

composed of Al-rich oxides (area 1- 6). 

Figure 1. FESEM micrographs obtained on modified aluminide coatings after 

aluminizing at 650 ºC for 4 h (surface morphology: (a) - (c) at 1000x magnification and 

cross-section morphology: (g) - (i) at 250x magnification) and 6 h (surface morphology: 

(d) - (f) at 1000x magnification and cross-section morphology: (j) - (l) at 250x 

magnification 
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The FESEM cross-section morphologies of aluminide coatings on 304 stainless steel 

are respectively shown in Figures 1(g) – 1(l). The modified aluminide coatings achieved a 

two-layered structure by showing: i. an outer layer with multi-cracks and a rough structure 

called diffusion zone, and ii. a dense and homogenous inner layer called intermetallic layer or 

interdiffusion layer. The inner interdiffusion layer was well adhered to the substrate alloy. 

The presence of porosities can also be observed between the inner and outer coating layers, 

while cracks only present on the outer surface of the coatings. However, the cracks do not 

penetrate into the inner interdiffusion layer coatings. The different structure of cracks and 

pores on the surface of the coatings are normally attributed to the mismatch between different 

thermal expansion coefficients and metallurgical phases [2,30]. 
 

Table 3. EDX data analysis on surface (area 1 - 6) and cross section (spot 7 -19)  of 304 

stainless steel after aluminizing at 650 ºC for 4 h and 6 h. 

 

Aluminizing 

time (h) 

EDX  

area/spot 

Elements (wt. %) 

 O Fe Al Si Mo Ni Cr 

4 1 19.48 0.46 62.60 17.46 0.00 0.00 0.00 

 2 30.75 0.44 61.26 0.00 7.55 0.00 0.00 

 3 29.76 1.50 62.02 2.57 4.15 0.00 0.00 

6 4 28.58 0.64 63.02 7.76 0.00 0.00 0.00 

 5 33.10 1.75 58.15 0.00 7.00 0.00 0.00 

 6 31.58 0.68 58.38 3.14 6.22 0.00 0.00 

4 7 0.72 46.51 0.78 0.24 0.00 51.75 0.00 

 8 1.18 25.39 60.38 9.60 0.00 3.45 0.00 

 9 3.78 3.76 0.65 0.00 87.09 4.72 0.00 

 10 35.18 4.74 27.86 0.00 5.60 26.62 0.00 

 11 3.09 44.80 46.43 0.00 2.52 3.16 0.00 

 12 10.26 0.77 1.50 0.98 79.63 6.86 0.00 

 13 1.36 10.79 67.81 13.20 6.84 0.00 0.00 

6 14 18.13 6.40 65.72 5.83 0.00 3.92 0.00 

 15 2.94 31.15 52.41 8.61 0.00 4.89 0.00 

 16 2.28 3.17 44.55 0.00 45.85 4.15 0.00 

 17 1.98 38.63 53.48 0.00 1.49 4.42 0.00 

 18 3.34 18.87 52.12 8.17 0.00 17.50 0.00 

 19 1.50 32.02 48.92 12.83 0.00 4.73 0.00 

 

According to the EDX profiles of Al-Si-modified aluminide coating on the 304 

stainless steel, the outer coating layer consists of high amount of Fe and Ni (FeNi-rich layer). 

This occurs after 4 h of aluminizing time (spot 7). Ni content in the outer layer reduced after 

6 h of aluminizing, whereas, the Fe and Al content were conversely higher (spot 8). In the 

outer layer of Al-Mo-modified aluminide coating, the light grey layer consists of a high 

amount of Mo (spot 9), while the dark grey region has a high amount of Ni, Al and O (spot 

10). The inner interdiffusion layer of both Al-Si-modified and Al-Mo-modified coating alloys 

detected a high amount of Fe and Al (FeAl-rich layer) in EDX spot 8 and spot 11. The 

formation of the FeAl-base coating layer resulted from the inward diffusion of aluminium 

and outward diffusion of iron [30]. FeAl-intermetallic phases that formed during aluminizing 

of Fe-based alloy could enhance the corrosion resistance of the alloy. [31]. As for Al-Si-Mo-

modified coating alloy, the outer region of the coating layer after 4 h of aluminizing was 

composed of Mo-rich oxides (spot 12). Then, a FeAlNi-rich layer was detected at the outer 
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coating after 6 h of aluminizing. The EDX scan on the inner interdiffusion layer of Al-Si-Mo-

modified coating revealed the coating consisted of FeAlSi-rich layer (spot 13 and spot 19). 

This finding proves that the addition of Si to aluminum not only alters the microstructure of 

the aluminide layer but also transforms the intermetallic compound of Fe-Al into Fe-Al-Si 

[32]. 

 

The X-ray diffraction patterns of all modified aluminide coating samples are shown in 

Figure 2. Figures 2(a) and 2(b) show that the XRD analysis on both Al-Si-modified coatings 

consists of Al, FeAl3, Fe2Al5, Al7Fe2Si, SiO2 and Al2O3 phases. The dominant phases of the 

coating layer were Fe2Al5 and Al7Fe2Si. A minor peak of SiO2 was detected in the 

diffractogram. According to Tavakoli et al. (2020), the presence of SiO2 phases on the 

coating layer also contributed to a higher corrosion resistance [16]. Meanwhile, Al, Mo, 

MoO3, FeAl3 and Fe2Al5 were detected by XRD analysis on the Al-Mo-modified coating 

after aluminizing (Figures 2(c) and 2(d)). The XRD analysis indicates the main phases of the 

coating layer were the MoO3 and Fe2Al5 phases.  

 
              Figure 2. XRD patterns of all modified aluminide-coated 304 stainless steel 
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Another XRD result on Al-Si-Mo-modified coating showed that the aluminide 

coating layer was mainly composed of Fe2Al5, FeAl3 and MoO3. The dominant phase of the 

coatings detected was MoO3 (Figures 2(e) and 2(f)). The phases of Fe2Al5 and FeAl3 may be 

formed through the iron-aluminium reaction [9,14]. Fe2Al5 phase was firstly formed with a 

rapid infiltration of Al atom disclosed to the substrate layer (equation 1). Fe2Al5 then reacted 

with Fe or Al atoms to form FeAl3 or FeAl phases according to equations 2-3.  

 

2 Fe + 5Al = Fe2Al5 (1) 

Fe2Al5 + Al = 2 FeAl3 (2) 

Fe2Al5 + 3Fe = 5FeAl (3) 

 

According to Dong et al. (2019), among all of the FeAl-base phases, the Fe2Al5 phase 

exhibited the best growth kinetic condition with a fast-growing rate followed by FeAl3 and 

FeAl as the slowest phase-growing rate. According to Chang et al. (2006), Si can also be 

dissolved in FeAl, FeAl2, Fe2Al5 and FeAl3, leading to the precipitation of FeAl(Si, Cr) [33], 

which might be the reason for the presence of Al7Fe2Si phase detected in XRD diffractogram. 

According to Zarei et al. (2020), Al7Fe2Si intermetallic compound was mostly formed in the 

joint interface of AlSi intermetallic and steel. However, the formation of Al7Fe2Si was 

considered to be lower than Fe2Al5 and FeAl3 [14,20]. Cheng and Wang (2009) stated that 

FeAlSi intermetallic compounds usually formed with two phases of Al7Fe2Si and (Al, Si)5Fe, 

which precipitated in FeAl intermetallic layer. The presence of (Al, Si)5Fe phases on 

aluminized steel was infrequently reported due to the difficulties in detecting the phase by 

XRD [34].  

 

The outward diffusion of Fe and Ni from the matrix was also identified as contributing 

to the main phases of the coating, as confirmed through XRD. As related to EDX spot 10, 

high Ni, Al and O elements distribution spotted at the outer layer of Al-Mo-modified coating 

can be related to NiAl2O4 formation. According to Targhi et al. (2020), the NiAl2O4 phase 

reflects very mild coating destruction on a surface of aluminide coating [16]. Meanwhile, 

MoO3 is a volatile species and might evaporate from the coating surfaces, leaving a porous 

and hollow coating layer that leads to oxidation failure [35]. The volatilization of MoO3 

prevents a dense coating layer to be formed. These loose oxidation layers provide a pathway 

of oxygen diffusion, which later causes simultaneous oxidation of metallic elements in the 

layer. 

 

The overall thickness measurement of the coating layer is shown in Figure 3. Al-Si-

modified and Al-Si-Mo-modified coatings on the 304 stainless steel after 4 h of aluminizing 

revealed the thickness of the coating was 66.06 µm (inner: 33.30 ± 4.53 µm + outer: 32.76 ± 

7.59 µm)  and 95.47 µm (inner: 26.09 ± 6.96 µm + outer: 69.38 ± 12.54 µm), respectively 

(Figures 3(a) and 3(b)). The coating layer thickness inversely changes with aluminizing time. 

As the aluminizing time increased to 6 h, the thickness of the inner coating layer reduced. 

The thickness of Al-Si-modified and Al-Si-Mo-modified coatings reduced to 52.05 µm 

(inner: 13.90 ± 4.79 µm + outer: 38.15 ± 10.19 µm) and 80.75 µm (inner: 15.79 ± 7.98 µm + 

outer: 64.96 ± 17.43 µm), respectively. The reduction in layer thickness was attributed to the 

inward diffusion of Al/Si/Mo and the outward growth of the aluminide coating layer. The 

outward diffusion of Fe from alloy substrate into FeAl-base intermetallic led to the 

precipitation of Al7Fe2Si phase as shown in the previous XRD diffractogram. According to 

Zarei et al. (2020), the decrease in the thickness of the intermetallic layer was related to the 

occupancy of Al vacancies in the Fe2Al5 by Si atom, causing a slower growth rate of 
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AlxFeySiz phase than Fe2Al5 [21]. However, Al-Mo-modified coating showed a contradictory 

trend in layer thickness relative to Al-Si-modified and Al-Si-Mo-modified coatings. The 

coating products showed an increase in layer thickness as the aluminizing time increases 

from 4 h to 6 h with 59.89 µm (inner: 10.12 ± 3.51 µm + outer: 49.77 ± 11.32 µm) and 88.00 

µm (inner: 19.55 ± 6.43 µm + outer: 68.45 ± 11.26 µm), respectively (Figure 3(c)). 

 

 

 
Figure 3. Comparison of coating layer thickness on 304 stainless steel after aluminizing 

at 650 ºC for 4 h and 6 h: (a) Al-Si-modified coating, (b) Al-Mo-modified coating and (c) 

Al-Si-Mo-modified coating. 

 

Mechanical properties of the coatings. The mechanical properties of the coating layers 

were assessed by a micro-hardness test. Figure 4 shows the Vickers microhardness profiles 

performed on the surface of modified-aluminide coatings after 4 h and 6 h of aluminizing. 

The hardness after 4 h aluminizing of Al-Si-modified and Al-Mo-modified coatings were 

33.20 HV and 42.47 HV, respectively. The hardness values of those coatings increased as the 

aluminizing time increased to 6 h with 66.60 HV and 60.33 HV, respectively. However, those 

results contradicted with Al-Si-Mo-modified coating. The Al-Si-Mo-modified coating 

showed a decline in hardness value with aluminizing time. The micro-hardness of the coating 

layer was related to its constituent phases [14]. A high hardness increment was obtained 

attributed to the formation of FeAl intermetallic during the coating process [36]. The 

existence of phases, such as Fe2Al5 and FeAl2 might contribute to a high hardness value due 

to its properties as a hard intermetallic compound [14,21]. 

 

 
Figure 4. Vickers microhardness test of all aluminide coated 304 stainless steel 
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The overall results revealed that the addition of Si and Mo into the coating by a slurry 

aluminizing process modified the properties of iron-aluminide coating layer on the 304 

austenitic stainless steel. The appearance of the additional intermetallic phase of Al7Fe2Si 

was detected by the addition of 10 wt. % Si into the coating composition. While the 

additional phase of MoO3 was identified by the modified aluminide coating with the addition 

of 5 -10 wt.% Mo. Future work is needed to strengthen the finding of this study. The 

modified slurry aluminide coatings were aimed for oxidation and hot corrosion test under 

high temperature conditions. A dense and homogenous FeAl-base intermetallic coating layer 

formed on substrate surfaces was believed to protect the inner alloy substrate from serious 

degradation and material loss. The improvement of the high temperature oxidation resistance 

of aluminized stainless steel was caused by the formation of the protective Al2O3 layer on the 

substrate surface [14]. A study by Soleimani et al. (2016) has found that aluminide coating 

significantly improves the oxidation resistance of P91 steel and AISI 304SS against solar salt 

at 600 ºC for 1700 h due to the formation of Na(Fe, Al)O2 at the surface of the coating, which 

prevents corrosion attack on the substrate [13]. Shirvani et al. (2020) also mentioned that the 

addition of Si into the aluminide coating has the ability to change the degradation mechanism 

of the protective surface oxide layer. According to the study, the presence of Si as a metallic 

alloying element in the coating layer improves the protective properties of the forming oxide 

layer at high temperatures due to the formation of Al2O3-SiO2 [20].  

 

 

Conclusion 

 

The Si-, Mo- and Si-Mo-modified aluminized coatings were successfully applied on the 

304 stainless steel through the slurry process at 650 ºC for 4 h and 6 h. The morphology, 

elemental composition, phase analysis and hardness of the coatings were examined. The 

microstructure of the aluminide coatings consists of a double-layer structure made up of the 

outer diffusion layer and inner interdiffusion layer. The aluminizing was found to develop a 

coating layer primarily consisting of Fe2Al5 and FeAl3. The additional FeAlSi intermetallic 

(Al7Fe2Si) and MoO3 phases were found in the modified aluminide coating layer. The 

formation of a continuous and dense FeAl-rich inner layer on Si-Mo-modified coating after 4 

h of aluminizing contributes to a high coating hardness. While the addition of 10% of Si into 

the coating effectively enhanced the coating hardness after 6 h of aluminizing by the 

formation of a double coating layer composed of Al-rich oxide (Al2O3) and inner FeAl-base 

intermetallic layer.  
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