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Abstract

:

Understanding trends in the formation of the intermetallic compound (IMC) layer in Al/Fe bimetallic composites can aid in significantly improving their mechanical properties. However, it is currently challenging to predict IMC layer formation during hot-dip aluminizing. Furthermore, the results from previous studies are difficult to compare owing to the variation in the process parameters used. Therefore, to understand how temperatures and holding times affect the thickness and hardness properties of IMC layers, we investigated the interfacial properties of aluminized stainless steel in molten Al-Si-Mg. AISI 420 stainless steel was hot-dip aluminized in an Al–Si–Mg alloy melt for 10–120 min at four different temperatures: 700, 750, 800, and 850 °C. Morphology, type, and element distribution of the phases formed in the reaction layer and the reduction rate of the aluminizing process were studied. Notably, while the reaction layer thickness increased with increasing aluminizing temperature when the holding time was low, long-term reaction caused the reaction layer to become thicker at lower temperatures. The mechanism of this morphological transformation is discussed. The results demonstrated effective trends in controlling the morphology of the intermetallic compound layer with respect to various hot-dip Al plating process parameters.
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1. Introduction


Al/Fe bimetallic composites combine the high strength and wear resistance of Fe-based materials such as cast iron and stainless steel (STS) with the heat conductivity, corrosion resistance, and light weight of Al alloys [1], making them highly promising for industrial applications. They have thus attracted significant attention for use in automobile parts such as engine blocks and pistons [2,3,4].



The liquid–solid composite method is often used to prepare Al/Fe bimetallic composites because of its straightforward process and versatile material choices [5]. Though it is challenging to achieve robust metallurgical bonding owing to the physicochemical differences between Al and Fe [6,7], the removal of the Fe substrate from molten Al results in a pure Al or Al alloy layer adhering to the surface of the intermetallic compound (IMC) layer that forms during the aluminizing process [8]. The adhesion between Al and Fe is influenced by the continuous distribution of this Fe–Al IMC layer [9].



The interfacial bond strength of Al/Fe bimetal is closely related to the thickness of the interlayer. The thickness of the IMC layer is closely related to the interfacial bonding strength of the Al/Fe bimetal. Because of the brittle nature of IMCs, thin reaction layers provide better bonding strength than thicker reaction layers [2,10,11]. Several researchers have therefore attempted to minimize the thicknesses of IMCs in Al/Fe (steel) bimetals by adding alloying elements to the Al melts. Si atoms are particularly pivotal elements. As the Si content in the Al alloy melt increases, the solid solution of Si in the Fe2Al5 phase increases correspondingly [12]. Si atoms then fill the vacancies on the C-axis of the Fe2Al5 phase, leading to the formation of ternary Al–Fe–Si IMCs [5]. When Si atoms occupy the vacancies along the C-axis of the Fe2Al5 phase, they effectively block the preferred diffusion pathways for Al atoms. This occupation disrupts the facile diffusion of aluminum along the C-axis. These ternary Al–Fe–Si IMCs restrict the diffusion of Al atoms into Fe2Al5, causing a reduction in the Fe2Al5 layer thickness. Elements such as Cr and Ni also affect the formation of the reaction layer in STS [5]. However, predicting the formation of the reaction layer in Fe–Cr/Al–Si bimetals remains challenging.



Although numerous studies have been conducted on the development of the aluminizing process, controversy remains regarding phase formation during interfacial reactions in hot-dip aluminizing. The inhibition of the STS/Al reaction by Si is a complex process, and the mechanism underlying the formation of the reaction layer is not fully understood. Furthermore, it is difficult to compare various parameters—such as the composition, reaction temperature, and holding time of the Al alloy and Fe substrate—across studies. Recent studies have often used relatively short hot-dipping times, ranging from 5 to 1800 s [5,12,13]. Considering the potential effects of exposing STS to Al–Si alloys within the aluminizing temperature range of 700–850 °C, it is important to understand how the temperatures and holding time affect the layer thickness and reduction rates. In this study, we investigated the interfacial characteristics of hot-dip aluminized STS in an Al-Si-Mg alloy melt, with a focus on the effects of reaction temperature and holding time on the reaction layer.




2. Materials and Methods


The hot-dip aluminizing process was carried out by immersing the as-received AISI 420 stainless steel rods (hereafter referred to as STS420), which had diameters of 10 mm and lengths of 300 mm (Figure 1a), into a commercial Al–7Si–0.4Mg alloy melt (hereinafter referred to as AC4C). The AC4C alloy, the weight of which was approximately 20 kg (Figure 1a), was melted in an electrical resistance furnace using a crucible with a 30 kg capacity. Table 1 summarizes the chemical compositions of the AC4C and STS420 rods, as determined by optical emission spectrometry (OES; Foundry-Master UV, Oxford Instruments, Abingdon, England). Although the aluminizing process for Al/Fe bimetals is typically performed in the temperature range 700–1100 °C [13,14], excessively high aluminizing temperatures can partially melt the solid material [15]. Hence, the temperature of the molten AC4C alloy was sequentially adjusted to 700, 750, 800, and 850 ± 5 °C for each reaction. Each STS420 rod interacted with the AC4C alloy melt for 10 to 120 min and was then extracted, as illustrated in Figure 1b. Figure 1c exhibits the morphologies of the AC4C/STS420 bimetal samples aluminized at various holding times and reaction temperatures. Under all the aluminizing conditions, the AC4C alloy adequately coated the STS420 rods. An X-ray diffraction (XRD) measurement was used to identify the phases of the STS420 rod and Al-Si-Mg/STS420 bimetals. Data were collected using an XRD instrument (Rigaku International Corp., D/Max 2500VL/PC, Tokyo, Japan) with Cu Kα radiation from 20 to 80 (2θ) at a scan rate of 2°/min. Figure 1a shows the XRD result and BSE image of the STS420 rod. In the XRD pattern of the STS 420 rod, peaks corresponding to the (111), (200), and (211) planes are clearly observed, and no oxide layer is observed at the interface region (BSE image in Figure 1a).



The metallographic specimens were taken from a cross-section 30 mm from the bottom of AC4C/STS420 bimetal and mechanically polished using standard procedures up to colloidal silica for 20 min. The interfacial structure in the AC4C/STS420 bimetal was characterized by an optical microscope (OM; Nikon Eclipse MA200, Tokyo, Japan), field-emission backscattered electron/energy-dispersive spectroscopy (FE-SEM/EDS; JSM-7001F, JEOL Ltd., Tokyo, Japan), and atomic distribution and line scans of the interface region were measured using electron probe microanalysis (EPMA; JXA-8530F, JEOL Ltd., Tokyo, Japan). The thicknesses of the interfacial layer were performed using IMT Isolution DT (ver. 26.5, British Columbia, Canada). Micro-Vickers hardness testing was performed on the interface region of AC4C/STS420 bimetal using a Mitutoyo HM-102 hardness tester (Mitutoyo, Kanagawa, Japan), with a load of 10 g (HV0.1) and a dwell time of 15 s.




3. Results and Discussion


Figure 2 shows the XRD pattern of the AC4C/STS420 bimetals reacted at 700–850 °C for 30 min. For all four bimetals, peaks corresponding to the Fe, Al, Fe2Al5 and Al8Fe2Si, and FeAl3 phases were identified. Phase identification at the interface of AC4C/STS420 bimetals was further investigated using EPMA. Figure 3 shows the Fe, Cr, Al, and Si distributions on the interface regions of AC4C/STS420 bimetal aluminized at 700 °C and 850 °C for 60 min, as determined by EPMA. Figure 3c,d exhibit the EPMA line scanning analyses corresponding to the IMC layer identified in Figure 3a and b, respectively. The results confirmed that the Fe and Cr contents in the IMCs increased with increasing proximity to the STS420 surface. The IMC layers stacked on the STS420 surface comprised Fe2Al5 and Al8Fe2Si phases with about 5 wt.% Cr. The Fe2Al5 layer formed parallel to the STS420 surface and exhibited uniform layer thickness. The Al8Fe2Si layer, which formed after the Fe2Al5 layer, exhibited different morphologies depending on the aluminized temperature. The cross-sectional BSE micrographs of the reaction layers are given in Figure 4. At a reaction temperature of 700 and 750 °C, a flat and linear Al8Fe2Si layer was observed between Fe2Al5 and AC4C (Figure 4a,b). When increasing the reaction temperature to 800 and 850 °C, block-shaped Al8Fe2Si structures formed on the Fe2Al5 layer (Figure 4c,d). This formation of block-shaped Al8Fe2Si phases has also been reported in previous aluminizing studies [12,16]. These microstructures suggest that the Al8Fe2Si phase grew from the Fe2Al5 phase during solidification. The phase compositions, microstructures, and growth sequences of the IMCs formed at the interface were similar to the results obtained in previous studies of Al-Si/(Fe or steel) bimetals [4,7]. Wang et al. also confirmed that the IMC layer of Al-10Si/Fe bimetals aluminized at 700 °C for up to 30 min contains Fe2Al5, Al8Fe2Si, and Al8Fe2Si2 [12]. During the aluminizing process in Al-Si melt, the Al13Fe4 phase that forms after the Fe2Al5 phase transitions to Al8Fe2Si with increasing Si content. The Si content of AC4C (in this study) is approximately 7.6 wt.%, which may explain why other types of Al-Fe compounds are not observed. Additionally, the plate-like Al9Fe2Si2 phase commonly reported in Al-Si/Fe bimetals [5,12] was not observed in this study, which may be due to Cr diffusing from STS 420 into the AC4C melt. Elements such as Cr [17], Mn [18], and Co [19] have been reported to induce the transformation of the plate-like Al-Fe-Si phase into the Al(Fe,Cr)Si phase, resulting in the absence of the Al9Fe2Si2 phase in several cast Al-Si-Fe-Cr alloys [20]. The Al8Fe2Si phase reacts with the liquid to form Al9Fe2Si2 by a peritectic reaction at 640 °C: Al8Fe2Si + liquid → Al9Fe2Si2 + Al [12]. The diffused Cr likely prevented the formation of Al9Fe2Si2, which could solidify during the cooling process after hot-dip aluminizing.



Figure 5 shows high-magnification images of the interfacial region in AC4C/STS420 after reacting at 800 °C for 120 min. The results of the EDS analysis of points 1–7 in Figure 5 are listed in Table 2. This helped further identify each phase in the IMC layer, which was layered with the Fe2Al5 and Al8Fe2Si phases. The aluminized layer next to the STS420 substrate was broad and primarily comprised the Fe2Al5 phase, within which fine Cr-rich precipitates (point 3, indicated in Figure 5a) were uniformly distributed. Cr can dissolve up to 6 wt.% in the Fe2Al5 phase, and excess Cr can precipitate out of this phase. Since the Cr content of STS 420 is about 13.4 wt.%, the white particles present in the Fe2Al5 phase in Figure 4 are assumed to be precipitated by excess Cr. The Fe2Al5 phase containing similar Cr particles was also previously reported in aluminized STS 430 [16]. In the Al-Cr-Fe ternary system [21], Al8Cr5 may coexist with the Fe2Al5 phase among the Cr-rich precipitates.



Figure 6a shows the OM images of the interface regions of AC4C/STS420 bimetals prepared at 700, 750, 800, and 850 °C under various aluminizing times. Increasing the temperature and aluminizing time resulted in a clear systematic change in the surface morphology. At reaction temperatures of 700 and 750 °C, distinct Fe2Al5 and Al8Fe2Si layers with comparable thicknesses were observed to be aligned with the STS420 surface. When hot-dipping aluminized at 700 °C for 10 min, the average thicknesses of the Fe2Al5 and Al8Fe2Si layers were 3.1 and 11.8 μm, respectively. These thicknesses increased with holding time; extending the duration to 120 min caused the average thicknesses of the Fe2Al5 and Al8Fe2Si layers to increase to 19.5 and 22.2 μm, respectively. These results agree with those in a study by Wang et al., who reported that in Al–Si/Fe bimetals aluminized at 700 °C, the IMCs Fe2Al5 and Al8Fe2Si form sequentially, and that the thickness of the reaction layer increases with increasing reaction time [12]. Meanwhile, when the reaction temperature was increased from 700 to 750 °C and maintained for 120 min, the trend changed: the thickness of the Fe2Al5 layer increased from 19.5 to 23.0 μm, but that of the Al8Fe2Si layer reduced from 22.2 to 13.2 μm. When the reaction temperature was further increased to 800 and 850 °C, the Fe2Al5 layer changed into a wavy structure and its thickness remained relatively similar (approximately 7–10 μm), even when the reaction time was increased. Though a small amount of block-shaped Al8Fe2Si phase was observed even at a reaction temperature of 750 °C when a flat reaction layer formed, the block-shaped Al8Fe2Si phase became relatively coarser and more irregular when formed at reaction temperatures of 800 and 850 °C, making it challenging to measure the average thickness of the layer. While the formation of block-shaped Al8Fe2Si phases at 650 [16] and 700 °C [12] has been reported in previous aluminizing studies, in the present study, the block-shaped IMC began to form at 750 °C, with major growth occurring at temperatures exceeding 800 °C.



Figure 7 shows a schematic of the interfacial reaction of the AC4C/STS420 bimetal. During hot-dip aluminizing, a solute gradient region is created in the Al alloy melt by Fe and Cr atoms diffusing from the STS surface (Figure 7a). At a reaction temperature of 700 °C, the Fe2Al5 reaction layer grew uniformly as Al and Si atoms diffused into the STS substrate (Figure 3a). Previous studies have reported that the addition of Si to a molten Al alloy hinders the growth of Fe2Al5, resulting in a flat reaction layer [10,12]; the uniformity of the flat Fe2Al5 layer is influenced by the Si concentration in the molten Al alloy [10]. Chemical composition analysis showed that the STS and Fe2Al5 substrates contained Si concentrations of approximately 0.73 and 3.51 wt.%, respectively (Figure 5 and Table 2), indicating that the Si atoms in the AC4C melt diffused easily into the STS substrate. As the aluminizing temperature increases, the IMC layer is expected to transform more rapidly due to the higher diffusivity of atoms at elevated temperatures [11]. When the reaction temperature was 850 °C, the Fe2Al5 layer grew in an unstable wavy shape owing to the relatively high diffusivity of Fe and Al atoms (Figure 7c). During the cooling process after aluminizing, the diffusion of alloying elements in the remaining molten metal provides the necessary driving force for the formation of intermetallic phases [12].



The morphology of the Al8Fe2Si phase changed from flat (Figure 7d) to block-shaped (Figure 7e) as the melting temperature increased. The Al8Fe2Si phase formed after the Fe2Al5 layer (Figure 3 and Figure 4) and appeared to grow in the Fe-rich region of the Al melt during solidification. The Al8Fe2Si phase was heterogeneously nucleated on the Fe2Al5 phase and grew to an Fe diffusion layer in the Al melt (Figure 7d,e). As the aluminizing temperature increased to 800 and 850 °C, the block-shaped Al8Fe2Si phase was preferentially formed. As the temperature increased, the diffusion coefficient also increased, leading to a more active dissolution of the Fe2Al5 layer in the Al melt. The diffusion of Al atoms toward the STS420 substrate was dominant at 700 and 750 °C, and the thickness of the reaction layer increased with increasing reaction time. However, at 800 °C and 850 °C, the thickness of Fe2Al5 remained relatively constant, depending only on the holding time. During the interaction of STS420 with the molten AC4C melt, an Fe2Al5 layer formed and simultaneously dissolved into the molten AC4C. The simultaneous dissolution into the Al melt during the growth of the Fe2Al5 phase was confirmed using synchrotron radiation techniques by Zhang et al. [22]. Therefore, the thickness of the Fe2Al5 layer is determined by the competition between growth and dissolution. At reaction temperatures of 700 and 750 °C, the formation of the Fe2Al5 phase driven by atomic diffusion may be more dominant, and its thickness is believed to increase with reaction time. However, at temperatures above 800 °C, the crystal structure of STS420 (Fe–13Cr) can transform from a body-centered cubic (BCC) to a face-centered cubic (FCC) structure, in which atomic diffusion is relatively challenging [23]. The thickness of the reaction layer developed during hot-dipping or annealing depends on the atomic diffusion rate. Al diffusion is slower in FCC Fe than in BCC Fe by two orders of magnitude [13]. This change in the crystal structure resulted in a balance between the formation of the Fe2Al5 phase and its dissolution in the Al melt, thus maintaining the thickness of the Fe2Al5 layer despite the elevated aluminizing temperature.



Figure 8a shows the variations in the cross-section of the STS420 rods in AC4C/STS420 bimetals under various hot-dip aluminizing conditions. The reduction rate R for the STS420 rods was determined using the equation provided [11]:


  R =   A   0   B / t  



(1)




where A0 is the initial area of the STS420 rod cross-section (78.5 mm2), R is the reduction rate (Figure 8b), and t is the hot-dip aluminizing time. As the reaction temperature increased from 700 °C to 850 °C, the area reduction rate increased from 0.09 to 0.33 mm2 min−1.



The cross-sectional area of the STS420 rod decreased proportionately with the increases in reaction temperature and holding time. While approximately 14% of the STS420 rods dissolved during reaction at 700 °C for 120 min, approximately 50% of the STS420 rods dissolved when the reaction temperature was increased to 850 °C. The above results indicate that the high reaction temperature enhances the diffusion of Cr and Fe elements from the STS 420 rod into the molten aluminum alloy. At relatively low reaction temperatures of 700 and 750 °C, both the aluminumizing time and thickness of the reaction layer (Fe2Al5 and Al8Fe2Si) increased simultaneously. This is consistent with previous studies that reported that the IMC thickness increases proportionally with reaction temperature and time [24,25]. However, at relatively high reaction temperatures of 800 and 850 °C, the Fe2Al5 layer formed during the hot-dipping process of the Al–Si/STS bimetal maintained a relatively constant thickness, even upon increasing the holding time (Figure 6b). For short reaction times (10–20 min), the thickness of the Al–Si/STS reaction layer increased with increasing reaction temperature because of the increasing diffusion coefficient [26,27], which in turn was attributed to an increase in the diffusion layer with increasing temperature. Therefore, sufficient heating and holding time are required to ensure sufficient atomic diffusion between the interacting liquid and solid components [21]. However, during the formation of Fe2Al5 layers in the course of the hot-dipping process, these IMCs lost their atomic components to the Al melt and eventually dissolved. This decomposition of the Fe2Al5 phases occurred more vigorously at the relatively higher temperatures of 800 and 850 °C, which can be attributed to the greater thickness reduction in the STS rods at higher temperatures owing to greater diffusion. In addition, at the same time, the solubility of the Fe2Al5 layer in the molten Al alloy increased, creating a high-Fe diffusion region near the STS420 substrate during the aluminizing process. As a result, the thickness of the IMC layer was maintained by balancing its formation in the high-Fe diffusion region (increasing thickness) near the STS420 rod and dissolution into the Al melt (decreasing thickness). Therefore, even when the reaction time was prolonged, the thickness of the Fe2Al5 phase formed during the immersion process did not change significantly, whereas the Al8Fe2Si phase formed during the solidification process showed coarser growth owing to an increase in the Fe content diffused near the STS420 substrate. Previous studies [10,28] have also reported that a coarse blocky Al–Fe–Si phase with a high concentration of atomic diffusion regions forms in Al–Si alloy melts during the hot-dip aluminizing process.



Figure 9 displays the hardness values of the AC4C/STS420 bimetals interface formed under different aluminizing conditions (700 and 850 °C for 10 and 120 min). The hardness of the IMCs exhibits much higher values than those of the STS420 and AC4C matrix. The high hardness of the aluminized layer indicates the formation of hard intermetallic phases. The STS, Fe2Al5, Al8Fe2Si, and Al phases exhibited hardness values of approximately 300, 1260, 1130, and 75 HV, respectively. Therefore, it is apparent that the significantly higher hardness of the AC4C/STS420 interface compared with the metallic materials STS420 and AC4C was due to the formation of Fe2Al5 and Al8Fe2Si phases. Slightly differing from these results, the Fe2Al5 phase of Al/Fe bimetals typically exhibits a microhardness value of approximately 1000 HV [7]. Troysi et al. [29] have reported that the Fe2Al5 phase of aluminized 1020 steel (with a Cr composition of approximately 0.03 wt.%) exhibits a hardness value of 1070 HV. However, in this study, the Fe2Al5(Cr) layer in Al-Si-Mg/STS420 bimetals exhibits a hardness of approximately 1260 HV, which is about 20% higher than that of the Fe2Al5 layer in Al/Fe bimetals. This hardness increase is probably due to the strengthening effect of Cr in Fe2Al5 (Cr) and Cr-rich precipitates. Similarly, the hardness values of the Fe2Al5(Cr) phase of Al/STS bimetals containing Cr-rich precipitates were reported to range approximately from 1143 to 1250 HV [30]. A rapid increase in the hardness at the interface between the metallic materials and the IMCs leads to stress singularities [31,32]. At the interface between the STS420 matrix and top Al coat, a gradual change in hardness was observed; as the thickness of the reaction layer increased, the hardness gradient also increased (Figure 9). Therefore, the hardness gradient corresponds to the change in the thickness of the reaction layer depending on the aluminizing temperature and holding time, as shown in Figure 6. Previous studies have also reported that the thickness and hardness gradient of the Al/Fe reaction layer increase with increasing temperature [33,34]. The reaction layer was thicker when reacted at 700 °C for 90 min and 750 °C for 60 min than when reacted at higher temperatures (800–850 °C). In addition, at 800–850 °C, block-shaped IMCs formed, which are prone to stress concentration [35], and the shape of the reaction layer changed from linear to wavy. In our study, the hardness profile of the aluminized Fe2Al5 reaction layer gradually increased with increasing aluminizing time at 700 °C (Figure 9a) but remained relatively uniform at 850 °C (Figure 9b). Thinner reaction layers deform more easily than thicker reaction layers, and flatter reaction layers impart Al/Fe bimetals with better hardness properties by relieving stress concentrations during the aluminizing process [2,10,36]. Therefore, AC4C/STS420 bimetals aluminized for short periods at low temperatures (specifically, 700 °C for 10~20 min in this study) are expected to exhibit superior hardness properties to those aluminized at higher temperatures.




4. Conclusions


In this study, we investigated the interfacial region of aluminized STS420 rods in Al-Si-Mg alloy melt, including the formation mechanism of IMC phase and the effects of the aluminizing parameters on the IMC morphologies and hardness. The key findings of our investigation are as follows.



The proposed formation mechanism of AC4C/STS420 IMC during the aluminizing process is as follows: Fe2Al5 initially appears during the aluminizing process in the AC4C melt, and Al8Fe2Si is grown after the aluminized STS rods are lifted out of the AC4C melt.



As the reaction temperature increased, the uniform flat Fe2Al5 and Al8Fe2Si layers changed to exhibit wavy and blocked morphologies, respectively. At low reaction temperatures (700 and 750 °C), the thickness of the reaction layer gradually increased with increasing reaction time, whereas it remained relatively constant at high temperatures (800 and 850 °C).



The thickness and morphology of the IMC layer influence the hardness profile of the AC4C/STS420 bimetals interface. The hardness value of the IMCs layer was much higher than that of the metal matrix (STS420 and AC4C), and as the thickness of the reaction layer increased, the hardness gradient of the layer also increased. Therefore, this study suggested that the aluminizing conditions to form a fine and uniform reaction layer should be 10 to 20 min at 700 °C.
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Figure 1. (a) XRD pattern and BSE images of STS 420 rod; (b) hot-dip aluminizing equipment and process schematic; (c) photographs of AC4C/STS420 bimetal specimens aluminized under various process conditions. 
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Figure 2. XRD pattern of AC4C/STS 420 bimetals aluminized at different temperatures for 30 min. 
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Figure 3. BSE/EPMA mapping and line scanning analysis of the interface region in AC4C/STS420 bimetals aluminized at 700 °C (a,c) and 850 °C (b,d) for 60 min. 
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Figure 4. BSE images of the interfacial region of AC4C/STS 420 bimetals reacted at different temperatures for 30 min: 700 °C (a), 750 °C (b), 800 °C (c), and 850 °C (d). 
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Figure 5. BSE images of different locations in the interface region in AC4C/STS420 bimetal fabricated at 800 °C for 120 min; (a) adjacent to the STS420 substrate and (b) adjacent to the Al top coat. 
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Figure 6. (a) OM images of the interfaces of AC4C/STS420 bimetal specimens fabricated at various aluminizing conditions and change in thickness of the IMC layers as influenced by reaction temperature and holding time: (b) Fe2Al5 and (c) Al8Fe2Si. 
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Figure 7. Schematics of phase formation sequence in AC4C/STS420 interface during aluminizing process. (a) Diffusion dissolution layer forms during the initial stages of the aluminizing process. The Fe2Al5 layer forms during the reaction step: reaction temperatures of (b) 700 °C and (c) 850 °C. The Al8Fe2Si phase nucleates and grows on the Fe2Al5 layer until solidification is complete: reaction temperatures of (d,f) 700 °C and (e,g) 850 °C. 
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Figure 8. (a) Change in cross-section of STS rods in AC4C/STS420 bimetals with different aluminizing conditions; (b) area reduction ratio of STS420 rod under varying reaction temperatures and holding times. 
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Figure 9. Vickers hardness values of AC4C/STS420 bimetals fabricated at different aluminizing temperatures for 10 and 120 min: (a) 700 °C and (b) 850 °C. 
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Table 1. Chemical compositions of AC4C and STS 420 materials.
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Alloy

	
Composition (wt. %)




	
Al

	
Fe

	
Cr

	
Si

	
Mg

	
Mn

	
Zn

	
P

	
Ti

	
Pb

	
C






	
AC4C

	
Bal.

	
0.151

	
-

	
7.630

	
0.410

	
<0.003

	
0.019

	
-

	
0.046

	
0.013

	
<0.003




	
STS420

	
<0.003

	
Bal.

	
13.53

	
0.451

	
-

	
0.543

	
<0.003

	
0.024

	
<0.003

	
<0.003

	
0.341











 





Table 2. EDS analysis results of the IMC layers in AC4C/STS420 bimetals (points 1–7 in Figure 5).
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Point

	

	
Composition

	
Corresponding

Phase




	
Al (at.%)

	
Si (at.%)

	
Cr (at.%)

	
Fe (at.%)

	
Mn (at.%)






	
1

	
-

	
0.73

	
11.90

	
87.37

	
0.82

	
Fe




	
2

	
63.64

	
5.96

	
4.30

	
26.10

	
0.20

	
Fe2Al5(Cr)




	
3

	
48.57

	
3.51

	
23.96

	
23.96

	
0.48

	
Cr rich phase




	
4

	
69.21

	
11.60

	
3.59

	
15.60

	
-

	
Al8(Fe,Cr)2Si




	
5

	
70.98

	
10.55

	
3.84

	
14.63

	
-

	
Al8(Fe,Cr)2Si




	
6

	
72.05

	
9.14

	
3.41

	
15.40

	
-

	
Al8(Fe,Cr)2Si




	
7

	
98.96

	
1.04

	
-

	
-

	
-

	
Al
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