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 Aluminizing was a process in which the surface of a metallic component was coated 

with a layer of aluminum. Steels and nickel-based alloys were the most common metals 

that are aluminized for commercial applications. Aluminum coating on steel or other 

materials increases their resistance to oxidation at high temperatures (500-800°C). It 

may also increase the corrosion-resistance of steel in hydrocarbons and sulphurous 

atmospheres. This paper was studied the effect of low carbon steel coated by hot 
dipping into a molten bath containing Al-0.13%La.  The temperature oxidation 

behaviors of the specimen were tested at 750oC for 168hrs in the air using tube furnace. 

The element distribution, phase composition, and morphology of the aluminide layer 
and the oxide scale were characterized by OM, XRD and SEM/EDX. After hot-dip 

treatment, the coating layers consisted of three phases, where Al, thinner layer of 

FeAl3, and thicker layer of Fe2Al5 were detected from external topcoat to the 
aluminide/steel substrate. The Fe2Al5 formed during the immersion process completely 

transformed to FeAl2, FeAl and α-Fe(Al) phases because of the composition gradient 

and the chemical diffusion by oxidation. After oxidation, there are some voids were 
found at the coating/substrate interface due to the rapid inter-diffusion of iron and 

aluminium during oxidation. At high temperature oxidation, the lanthanum content in 

the aluminizing improve the plasticity of aluminized layer and the adhesion ability of 
Al2O3 film, caused promoting a formation of protective oxide film the protection layer. 

Thus, low carbon steel after hot dipping aluminizing with content of lanthanum 

possessed the good corrosion resistant for high temperature isothermal oxidation 
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INTRODUCTION 

 

 Carbon steel is the useful material that used in industries like construction, oil and gas, bridge and many 

more. Low carbon steel plays an important role in structural applications due to lower cost than high alloy steels 

(Chang and Wei, 1989). With the lack of compact-scale formation on the steel surface, it cannot be used for 

oxidation resistance application, especially in oxidizing environment at elevated temperatures (Schmid et al., 

2002).For improving high-temperature oxidation resistance of low carbon steel, alloying element addition or 

surface treatment was chosen (Taniguchi et al., 1998; Retallick et al., 1998). Among the various surface coating 

techniques, the hot dipping process is an effective and inexpensive method to modify the surface of low carbon 

steel (Wang et al., 2003). This technique has been used to form a double layer of coating consist of Al rich layer 

and intermetallic layer on the steel substrate. The coating treatment is expected to form a continuous, protective 

Al layer on the steel surface after exposure at elevated temperatures (Glasbrenner and Wedemeyer, 1998). The 

interface between the substrate and the intermetallic layer appeared finger-like morphology in most case that 

consist major layer of Fe2Al5. The double layer of coating gives a better protection to the substrate at high 

temperature oxidation. 

 The additional of reactive element like Y, Ce, La, et al can improve the oxidation resistance of the metal. 

The amount of the reactive element needed to produce the beneficial effect is small, typically less than 1 at% 

and perhaps much less (Stringer, 1989). Many reactive elements produce the effect, and in most aspects the 

characteristics of the effect, once produced, appear to be the same in all cases. It is possible that the minimum 

amounts required to produce the effect may differ from element to element. Amounts over 1 at.% generally lead 

to a deterioration in the scale adhesion. Coarse intermetallic particles containing the reactive element which 

intersect the metal surface have been shown to induce scale failure (Allam et al., 1978). 
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 In this study, the investigations focusing on the oxidation behaviour of steel hot dipped in aluminium batch 

containing 0.13%wt lanthanum. The isothermal oxidations were performed on mild steel hot dipped in 

aluminium-lanthanum batch at 750
o
C. This temperature is the upper limit of the operating temperature for the 

advanced ultra supercritical power plant that may be experienced by exposing steel components in the oxidation 

environment (Cheng and Wang, 2013). The surface morphology and cross sectional microstructures of 

aluminizing mild steel after oxidation have been examined in order to understand the effect of lanthanum 

addition in the aluminium batch on the high temperature oxidation of hot dipped aluminizing mild steel.    

 

MATERIALS AND METHODS 

 

Hot Dipped Aluminizing: 

 Commercial AISI 1005 steel was used as the substrate material in this study. The chemical composition of 

the adopted steel is Fe-0.047C-0.137Mn-0.035P-0.01S (%wt). Rectangular specimen with dimensions of 20mm 

x 10mm x 2mm was cut using a water cooled cutting machine. Laboratory grade pure aluminium with a purity 

of 99.9% was used as the molten aluminium bath. The surfaces of the steel specimens for aluminising were 

finished by grinding with#1000 SiC paper.  Then the specimen was degreased in acetone and finally cleaned 

ultrasonically with acetone. A hole of its diameter approximately 3mm was drilled at one end of the specimen to 

facilitate its hanging into molten aluminium. During the aluminising process, the steel specimens were 

immersed in the pure Al and Al-0.13%wt La molten baths at 700
o
C and 750

o
C respectively for 3 minutes and 

then cooled down to room temperature in static air.  

 

High Temperature Oxidation: 

 Isothermal oxidations were performed to study the oxidation behaviour of the hot dipped aluminide steel. 

Each aluminide steel specimen for isothermal oxidation was put in a no reactive alumina crucible and weighed. 

The crucible with specimen was then placed in an electric resistance furnace. Isothermal oxidation was 

conducted at 750
o
C in static air for 24h-168h. After isothermal oxidation, the crucible with specimen was cooled 

down to room temperature in air. The weight change of the specimens after isothermal oxidation was measured 

together with crucibles by electronic balances (0.1mg accuracy) and the value of weight change per unit area 

were recorded.  

 

Analysis Method: 

 Aluminide steel after isothermal oxidation was prepared for cross sectional metallographic examination 

using standard grinding and polishing. Cross sectional specimens were observed using Scanning Electron 

Microscope (SEM) with EDX (energy dispersive X-ray) facility to analyze elemental concentration of the 

phases formed in the outer coating and in the intermetallic layer. Aluminde steel specimens after oxidation were 

also observed from top view using Optical Microscope to reveal surface morphology of the aluminde layer. The 

crystallographic structure of the phase presented in the aluminde layer was analyzed by X-ray Diffraction using 

monochromatic Cu-Kα radiation at 40kV and 100mA  

 

RESULT AND DISCUSSIONS 

 

Mild Steel after Hot Dip Aluminizing: 

 Cross sectional micrograph of mild steel hot dipped in pure Al and Al-La baths are shown in figure 1. The 

analysis of the microstructure and composition of the specimen shown that whether adding RE or not, the 

diffusion layers are divided into three major layers that consist of aluminium layer, intermetallic layer and 

substrate. The aluminide layer is composed of an outer aluminium topcoat and an inner Fe-Al intermetallic 

layer. This suggested that the formation of the aluminide layer was mainly due to the outward diffusion of iron, 

while the inward diffusion of Al contributed to the growth of the aluminide layer. There are no significant effect 

of aluminium and intermetallic layer thickness for both of the aluminising. 

 X-ray diffraction analysis confirmed the presence of the phases identified by the scanning electron 

microscopy in the outer coating as well as in the intermetallic layer. The XRD pattern illustrates the phases 

formed in the outer coating of the steel specimen aluminised in the Al–La alloy as given in Fig. 2(a). It shows 

that due to the La addition in pure Al the phases of Al4La appeared which are recognized as tetragonal 

intermetallic phases. These phases appeared in addition to the phases of Al, FeAl3 and Fe2Al5 which commonly 

form on the surface of a steel specimen aluminized in pure Al (Sundqvist  and Hogmark, 1993; Yousaf et 

al.,2010). The peak of the phases of Al4La was found at the low intensity compared to the Al phase. This phase 

might have formed by the eutectic reaction during solidification of the Al–La alloy on the surface of the steel 

specimen. Their appearance is in accordance with the literature (Totten GE and Scott, 2003).Based on the Al-La 

equilibrium diagram, the solid solubility of Al-La is 0.05%La at 915
o
K and decreasing to 0.03 at 900

o
K and less 

that 0.01 at 800
o
K . Likewise, the phases formed in the intermetallic layer in the specimen aluminised in the Al–
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La alloy are FeAl3 and Fe2Al5; as shown in Fig. 2(b). There are no layers of Al-Fe-La phase presence along the 

intermetallic layer. 

 

 
(a) Pure Aluminium   (b) Al-0.13%La 

 

Fig. 1: SEM Micrographs of cross section of specimens after aluminizing. 

 

 
(a)                               (b) 

 

Fig. 2: X ray diffraction pattern of a specimen aluminized in Al-0.13wt%La alloy obtained from (a) the outer  

coating and (b) intermetallic layer 

 

High Temperature Oxidation: 

 In order to understand the oxidation behaviour of and phase formation in the aluminide layer, oxidation test 

were carried out at 750
o
C in air for various duration of time. Figure 3 shows that the surface morphology of 

coated specimen at oxidized at 750
o
C for several of oxidation time. 

 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3: Surface morphology of coated specimen after oxidized at 750
o
C for (a) 24hrs (b) 72hrs (c) 120hrs  

(d) 168hrs 
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 For oxidation 24hrs, the aluminium topcoat still can be observed in the coating layer. However after 

oxidation 120hrs, the aluminium topcoat disappeared and an aluminide layer formed owing to the outward 

diffusion of iron from the matrix and to the inward diffusion of aluminium.  

 

 
 

Fig. 4: Cross sectional micrographs of the coated sample oxidized at 750
o
C with several of time at air. 

 

 The cross-sectional SEM micrographs of mild steel hot-dipped in aluminium baths with lanthanum 

additions after isothermal oxidation are shown in Fig. 4. After 24hrs of oxidation, all the aluminium and 

aluminium–lanthanum topcoats were consumed and the aluminide layers composed of intermetallic phase 

existed only due to the interdiffusion between aluminide layers and steel substrates. In order to understand the 

phase constitution of the aluminide layers after isothermal oxidation, the chemical compositions of the 

intermetallic phases in the aluminide layers, as analyzed by EDX (Table 1), are compared to the Fe–Al phase 

diagrams (Kattner and Burton, 1999). 

 
Table 1: Average composition of intermetallic phases in hot-dipped aluminide steel after isothermal oxidation at 750 ◦C in air (wt. %). 

Phase 24 hrs 72hrs 120hrs 168hrs 

 Al Fe La Al Fe La Al Fe La Al Fe La 

Fe2Al5 52.43 48.87 0.70 56.20 42.84 0.97 58.05 40.97 0.98 55.59 43.25 1.17 

FeAl2 48.44 51 0.56 51.22 48.24 0.54 50.71 48.20 1.09 48.58 50.47 0.95 

Inner FeAl 14.75 84.35 0.90 36.66 62.22 1.12 27.72 71.36 0.92 24.94 73.89 1.17 

 

 The thickness of aluminide layer was kept almost the same for all testing periods. However, the dominating 

Fe2Al5+FeAl2 in the aluminide layer transformed to FeAl gradually with increasing time owing to the 

aluminium dilution. As a result, the FeAl layer was increased with increasing oxidation time. Based on the 

previous study on the hot dipping pure aluminium, the layer of Fe2Al5 disappeared and the aluminide layer 

remained, consisting of an outer FeAl2 layer and an inner FeAl layer (Cheng and Wang, 2013). The Al 

consumption in the aluminide layer was mainly by two ways: one is the outward diffusion of Al to form Al2O3 

scale, and the other is Al inward diffusion toward the steel substrate (Zhong, 1984). Lanthanum in the 

aluminizing can improve the plasticity of aluminized layer and the adhesion ability of Al2O3 film, and promote a 

formation of protective oxide film (Zhong, 1984; Yan et al., 2003; Li et al., 2003; Vernon-Parry and Grovenor, 

1988). 

 For oxidation at 72hrs and above, some voids formed at the intermetallic layer as a result of Kirkendal 

effect. The number and sizes of voids become larger as the time oxidation increased. According to previous 

studies of high-temperature diffusion of carbon steel hot-dipped in pure aluminum bath (Kobayashi and Yakou, 

2002; Glasbrenner et al., 2000), the same microstructure of scattered voids in the aluminide layer has been 

observed. The formation of these voids has been explained by the Kirkendall effect where differing iron and 

aluminium diffusion rates cause a net flux of vacancies on the protruding parts of the serrated like steel 

substrate, on which they condense out into the scattered voids in the aluminide layer. 

 Fig. 5 show that the oxidation kinetics of mild steel hot-dipped in pure aluminium baths and with lanthanum 

additions after isothermal oxidation. Additionally, it can be seen that the weight gain of specimens increases 

with increasing oxidation time. It was probably due to the fact that voids condensed to form cracks extensively 

at the interface between the aluminide layer and steel substrate and provide more substrate surface area for 

oxidation. For the first 24hrs, both of the aluminizing has a same weight gain. Furthermore the weight gain of 

pure aluminizing suddenly increases after 24hrs oxidation. This result implies that the hot dipped aluminizing 

with lanthanum addition have a better result for corrosion resistant at high isothermal oxidation.  

 

Conclusion: 

 The high-temperature oxidation behaviour of low carbon steel with hot-dip aluminizing coating was 

investigated in the temperature of 750
o
C in air for various durations of time. The thickness of aluminide layer 
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kept almost the same for all testing durations of time. However, the Fe2Al5+FeAl2 dominated aluminide layer 

transformed to FeAl gradually with increasing time owing to the aluminium dilution. The accumulation of voids 

at the aluminide layer might produce cracks and result in the degradation of the aluminide layer. Lanthanum 

addition in the aluminium baths decrease the weight gain of coated mild steel by improving the plasticity of 

aluminized layer and the adhesion ability of Al2O3 film. As a result, it was promote a formation of protective 

oxide film and give a good corrosion resistant for high isothermal oxidation 

 

 
 

Fig. 5: Oxidation kinetics of hot-dipped aluminide steel after isothermal oxidation at 750 ◦C in air. 
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