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 Structural steels are among the most widely used materials in today's industry. Various 
surface coating processes are used to protect structural steels from corrosion in atmospheric 
or aggressive environments. The most commonly used method is the galvanizing process 
based on forming zinc coating on the steel surface by using the hot dip method. Zinc coatings 
are insufficient to protect against corrosion, especially in chlorinated environments. 
Aluminum and its alloys stand out as an alternative material group to zinc in chlorinated 
environments. In this study, aluminum and aluminum alloy coatings, which are thought to 
be an alternative to zinc coating, were coated on the structural steel surface using the hot 
dip method. To examine how different aluminum alloys affect the corrosion and high-
temperature oxidation properties of steels, nearly pure AA1050, high Cu content AA2024, 
and high Mg content AA5083 alloys were coated on structural steels.  The coating process 
was carried out by dipping the structural steels into molten aluminum baths kept at a 
constant temperature of 700°C for 1, 3, and 5 minutes. The optimum adhesion and surface 
properties were obtained from dipping time for 3 minutes. The properties of coatings and 
intermetallic structures formed at the coating-steel interface were examined using an 
optical microscope, X-ray Diffractometer (XRD), Scanning Electron Microscope (SEM), and 
Energy Scattering Spectroscopy (EDS) systems. To examine the high-temperature oxidation 
properties of the coatings, the coated samples were oxidized for 24 hours at 750°C under 
open-air conditions, and the changes in weight were investigated. Immersion corrosion tests 
were performed in 3.5% NaCl solution, and corrosion losses and degradation patterns were 
investigated. As a result of the studies, it has been determined that the Al coatings produced 
by the hot dip process significantly increase the oxidation and corrosion resistance of the 
structural steels. 

1.Introduction 

Since the surfaces of structural steels have a thermodynamically 
unstable structure, they generally want to return to their 
thermodynamically more stable oxide forms. This makes it inevitable 
for structural steel to corrode in many aggressive environments [1]. 
To eliminate the corrosion problems, it is necessary to use more 
durable materials instead of steel, protect the steel surface with 
corrosion protection systems, or improve the surface properties of 
steel. Surface modification techniques or corrosion protection 
systems are much more economical than using materials with high 
corrosion resistance, such as stainless steel. For this purpose, 
materials with better corrosion resistance can be deposited on the 
structural steel surface. Preferred materials are generally metals that 
are electrochemically more active than iron, such as zinc, aluminum. 

While these elements act as anodes, they protect the base material (Fe) 
cathodically [1]. Zinc coatings (galvanizing) are widely used on 
structural steel surfaces due to their low cost and superior sacrificial 
anode effect. Recently, there has been a need to find some alternatives 
to galvanized steels due to the limited mineral resources of zinc metal 
and fluctuations in its price [2]. Besides, the zinc coatings degrade 
rapidly, especially in chloride (Cl-) containing environments, causing 
material loss and environmental pollution.  Some negative properties 
of galvanizing led to the search for alternative coating materials. 

Aluminum is another coating material used in the surfaces of 
structural steel. Aluminum is one of the most widely used non-ferrous 
metals due to its low cost and unique properties. Pure aluminum has 

low tensile strength but can exhibit good mechanical properties with 
the addition of some alloying elements. Aluminum alloys play a 
critical role in the aviation, transportation, and building industries, 
especially as a result of their specific strength. Aluminum reacts 
naturally with the oxygen in the atmosphere and forms a thin 
protective oxide layer defined as Al2O3. This oxide layer stabilizes the 
surface and prevents further reaction of the metal with the 
environment [3]. 

Aluminum-coated steels have been widely used in vehicles, bridges, 
highway structures, pressure vessels, and many other places since 
their entry into the industry [4,5]. There are many methods for coating 
steel with aluminum. Some of these are arc/plasma spray coating, 
cladding, electrolytic coating, and hot dip coating. Hot dip 
aluminizing is applied to steels where heat and oxidation resistance 
are the primary requirements. At the same time, considering 
environmental protection, affordability, and suitability for mass 
production, and superior corrosion resistance, hot-dip aluminum 
coating is an efficient and convenient method [6-11]. Different 
intermetallic phases are formed between the steel and aluminum 
layers due to the aluminum coating process by hot dipping on the 
steel surface. These phases generally have a very hard, thick, and 
brittle structure. 

In this study, aluminum alloy coatings were applied by the hot-dip 
method on low carbon structural steels to improve corrosion 
resistance and high-temperature oxidation resistance. AA1050, 
AA2024, and AA5083 series aluminum alloys are used as coating 
materials. The coating process was carried out in a liquid aluminum 
bath fixed at 700°C and at different immersion times (1, 3, and 5 
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minutes). The corrosion and oxidation behavior of steel surfaces 
coated with different Al alloys were investigated. 

 

2. Experimental 

2.1. Substrate and coating materials 

Low carbon structural steel St37 was used as the substrate material. 
The chemical composition of the steel is given in Table 1. 

Aluminum alloys were purchased from ETI Aluminum Corp. as ingots 
and cut to fit into the crucible. AA1050, AA2024, and AA5083 series 
aluminum alloys are used as coating materials. Chemical 
compositions of aluminum alloys are given in Table 2. 
 

Table 1. Chemical composition of St37 steel (wt.%) 

C Mn  P  S  N Fe 

0.14 1.13 0.025 0.032 0.009 >98 

 

Table 2. Chemical composition of used Al alloys [12] 

 Al Fe Si Cu Mn Mg Zn Ti Cr 

AA1050 99.5 0.40 0.25 0.04 - - 0.05 0.04 - 

AA2024 >90 0.50 0.50 4.35 0.60 1.10 0.25 0.15 0.10 

AA5083 >90 0.40 0.40 0.10 1.20 4.50 0.25 0.25 0.15 

 

2.2. Surface Preparation Before the Coating Process  

The chemical surface cleaning process has not been applied to the 
steel substrates before the coating process. The rusts and oxides on 
the surface were removed by using only mechanical cleaning 
processes. The surfaces of the steel samples were cleaned with a 
motorized steel wire brush. Holes of 2 mm diameter were drilled on 
one end of the flat specimens, and the hanging wires were fixed in the 
holes.  

 

2.3. Hot dip process and characterization 

An electric melting furnace was used to melt aluminum samples. The 
furnace's crucible capacity is 1 kg, and it can reach a maximum 
temperature of 1100°C. Graphite crucibles are used to melt aluminum 
samples. The furnace is fixed at a temperature of 700°C, where the 
dipping process will occur. 

Slag removal from the surface of the molten bath was carried out 
before and after the dipping process. Immediately after cleaning the 
oxide films on their surfaces, the steel samples were immersed in an 
aluminum bath at 700°C. Immersed samples for planned periods were 
kept in water for a few seconds to cool them immediately after taking 
them out of the bath. It was then left to cool at room temperature. All 
these procedures were repeated multiple times for each sample. Some 
coated samples with AA1050, AA2024, and AA5083 are shown in Fig.1. 

 

Figure 1. Structural steels coated with different aluminum alloys 

 

An optical microscope, Nikon LV 150, was used to take a cross-
sectional investigation and examine the changes in the samples' 
internal structure.  

After the coating process, XRD analysis of the samples was carried out 
with Rigaku-2200D / Max X-Ray Diffractometer, which has a 
wavelength of Cu-Kα radiation λ  = 0.15404 nm. Measurement values 
were obtained at a scanning range of 10-90° at a scanning rate of 2 
degrees/minute and 0.1° steps. XRD results were analyzed in 
PANalytical X'Pert HighScore software using standard JCPDS (Joint 
Committee on Powder Diffraction Standards) data. 

 

2.4. Corrosion and oxidation tests 

The uncoated and aluminum coated samples were subjected to a 
corrosion test by immersion in 3.5% NaCl solution for seven days. 
After the corrosion test, the samples were rinsed in distilled water, 
then kept in 70% nitric acid solution by weight for 2 minutes to 
remove the corrosion products on the surface and washed with 
distilled water. In this way, the weight changes of the samples in 
corrosive environments were examined. After the corrosion test, the 
cross-sectional images of the samples were examined.  

The steel coated with AA1050, AA2024, AA5083, and uncoated steel 
samples were placed in the furnace heated to 750°C. The oxidation 
process was carried out at a constant temperature for five different 
durations: 1h, 2h, 4h, 6h, and 24h. The changes in weight of the 
oxidized samples in each interval were measured. 

Surface morphologies of the coatings were examined using Zeiss - 
Sigma 300 model SEM device. Images were taken from the coated 
surfaces and the intermetallic layer formed at the interface. To 
investigate the chemical composition of the samples, the EDAX – 
Element EDS system, which is connected to the SEM device, was used. 

  

3. Results 

The cross-sectional images of AA1050 AA2024 and AA5083 coatings 
made on ST 37 substrates are given in Figure 2. It is observed that 
intermetallic phases are formed between the base material and the 
coating in the cross-sections, as stated in the literature [2]. 

 

Figure 2. Cross sectional images of coated samples 

 

3.1. XRD and EDS analysis 

An example of the XRD analysis results from coated steels and pure 
AA5083 aluminum is given in figure 3. It was determined by JCPDS 1-
1179 card that the peaks formed belong to elemental aluminum. The 
changes in peak intensities and reflection angles are due to the 
aluminum alloys having different chemical compositions. The XRD 
analyzes of steel samples coated with different aluminum alloys were 
examined. There was no significant difference between the XRD peaks 
from the coating surface and the pure aluminum alloys. This shows 
that the aluminum alloys are successfully coated on St 37 steel 
surface without any phase change. 

AA1050 AA2024 AA5083 

AA1050 AA2024 AA5083 



Ezirmik et all. Brilliant Engineering 3 (2021) 22-26 
 

   

 24 

 
 

 

Figure 3. XRD graphs from AA5083 coated sample and pure AA5083 

 

The Al percentage of the intermetallic layer in the AA5083 coatings 
(in table 3.), approximately 72%, indicates that the Fe2Al5 composition 
is a predominantly formed phase in the intermetallic structure. A 
similar structure is observed from AA1050 coated samples. The 
intermetallic structure on the steel interface coated with AA2024 is 
prominent in the FeAl3 composition.  

 

Table 3. EDS analysis of interlayer (atomic percentage) 

 

Points at.Al% at.Fe% 

1 71.5 28.5 

2 71.8 28.2 

3 71.7 28.3 

4 71.1 28.9 

5 70.4 29.6 

 

 

3.2. Corrosion test results 

Table 4 represents the weight changes of samples immersed in 3.5% 
NaCl solution after 8 days. When Table 4 is examined, the weight 
changes of structural steels coated with AA are much less than those 
of non-coated steels. This situation can be explained by the natural 
Al2O3 layer formed on the surface of aluminum, protecting the 
structural steel from corrosion [13].  
 

 
AA1050 AA2024 AA5083 Uncoated 

 
Figure 4. Surfaces of samples after immersion test 

 

Table 4. Weight changes of samples after corrosion test and 
corrosion penetration rates 

 Weight (g) 
Before After Difference CPR (mm/year) 

Uncoated 40.9804 40.4744 0.5060 0.6807 
AA1050 coated 44.8270 44.8050 0.0220 0.0824 
AA2024 coated 47.1629 46.9337 0.2292 0.8589 
AA5083 coated 47.2767 47.2731 0.0036 0.0148 

 

3.3. Oxidation Test Results 

Figure 5 shows the weight changes during the oxidation process of 
the structural steels covered with AA1050, AA2024, and AA5083 
alloys. When compared to the coated steels, it is seen that the highest 
weight increase occurs in steels coated with AA2024.  When compared 
with the average increase of AA1050 and AA5083, it is seen that the 
weight increase of AA1050 coated steel is approximately 0.74 mg/cm2 
in the first ten hours, and the increase continues a little gradually in 
the following hours. In steel coated with AA5083, it is seen that the 
weight increases in the first hour is approximately 0.78 mg/cm2, and 
the increase continues in a near-constant in the following hours [14]. 
This result has shown that the AA5083 coatings can be used in 
environments where high oxidation resistance is desired. The weight 
change of uncoated St37 at the end of the oxidation process reached 
about 40 mg/cm2.  The weight change of St37 was approximately 35 
times more than that of the coated parts. 

 

 

Figure 5. Weight changes of AA1050, AA2024 and AA5083 coated 
samples 

 

The surface images of the coated and uncoated samples after the 
oxidation process are shown in figure 6. While a thick scale layer was 
observed on the surface of the uncoated steel surfaces, no significant 
degradation occurred on the coated surfaces coated. Oxidation 
product, Al2O3, is so protective and avoids oxidation growth. 

 

 2θ (degree) 
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Figure 6. Optical photos of the uncoated and coated sample surfaces 
after oxidation test 

 

4. Conclusion 

The aluminum coatings were successfully deposited on the only 
mechanically cleaned steel substrate. At the end of the hot dip process, 
the samples taken out of the aluminum melt were cooled by water 
immediately. Cooling in the water took a few seconds and then 
continued at room temperature. Limiting the water-cooling process to 
a few seconds and then cooling in the air environment further 
improved the adhesion of the coating and allowed the diffusion of the 
intermetallic layer to be formed into the steel comfortably throughout 
the cooling process. In this way, it was inhibited detaching of the 
aluminum in the upper layer from the steel surface during cooling 
due to different thermal expansions. As a result of the cross-sectional 
examination of the coatings, it was observed that two different 

structures were formed, consisting of an aluminum coating on the 
upper surface and an intermetallic layer of Fe-Al at the interface. As 
a result of XRD analysis, it was determined that the intermetallic layer 
structure consists of Fe2Al5 and FeAl3 phases. The EDS analysis 
showed that the intermetallic layer was predominantly composed of 
Fe2Al5 in the samples coated with AA1050 and AA5083, and FeAl3 in 
the samples coated with AA2024. Immersion corrosion study shows 
that the AA5083 alloy coatings exhibit a superior corrosion resistance 
in the chloride environment compared to AA1050 and AA2024 due to 
the presence of magnesium in the coating. AA5083 coated steels can 
be used in marine environments, and thereby corrosion losses can be 
decreased. The weight gain because of high temperature oxidation of 
the uncoated samples was approximately 33 times greater than the 
coated samples. The weight gain of steel samples coated with the 
AA5083 series was lower than all other samples. This suggests that 
AA5083 coatings can be used where high temperature oxidation 
resistance is required.  
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