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The article presents the results of tests of Zn-5Al coatings obtained on reinforcement bars made of B500SP steel. The 
microstructure using Scanning electron microscopy (SEM) and chemical composition in micro-regions using Energy 
dispersive spectroscopy (EDS) are shown. The electrochemical parameters of the corrosion process of the coatings 
were determined and the mechanical properties of the reinforcement bars after the coating were tested. It was 
found that the coating consists of the outer layer consisting of hypoeutectic regions of Al solution in Zn (α) and the 
ZnAl eutectic (α+β), and a diffusion layer composed of FeAl3 phase. Potentiodynamic tests have shown that the Zn-
Al5 coating provides sacrificial protection for the reinforcement steel and has a much lower corrosion current den-
sity compared to the traditional zinc coating. 
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INTRODUCTION

Reinforced concrete is one of the basic materials 
used in construction. Its high compressive strength is 
ensured by a concrete matrix, and tensile stresses are 
transferred by steel reinforcement bars. Concrete is a 
moderately aggressive corrosive environment for steel, 
but its carbonation causes intensive corrosion of the re-
inforcement [1]. Hot dip galvanizing coatings are most 
often used to protect the reinforcement against corro-
sion [2]. Zinc coatings show good adhesion to concrete, 
and the products covered with them are suitable for fur-
ther plastic processing [3]. The diffusion layer of zinc 
coatings consists of intermetallic phases of the Fe-Zn 
system [4], which show better corrosion resistance than 
zinc [5]. Currently, the production of zinc coatings takes 
place in multicomponent zinc alloy baths, containing 
additives, among others: Al, Ni, Pb, Bi and Sn [6]. 
These additives improve the process technology and the 
appearance of the coating. Their impact on reducing the 
reactivity of Si-containing steels is particularly impor-
tant [7]. Reactive steels also include reinforcement 
steels with an Si content of up to 0,55 wt. % [8]. How-
ever, the presence of the addition of Pb [9], Bi [10] and 
Sn [11] in the bath may lower the corrosion resistance.

Zinc-aluminum coatings exhibit much better corro-
sion resistance [12]. These coatings are mainly pro-
duced on sheets and wires. So far, they are not produced 
on reinforcement bars. It is estimated that the corrosion 
resistance of coatings made in the Galfan (Zn-5Al) bath 
on sheets is 2-3 times higher than that of traditional zinc 
coatings. In the work, the structure of coatings obtained 
on B500SP steel bars was examined and the influence 
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of the produced coating on the corrosion resistance and 
strength properties of the bars was determined.

RESEARCH METHODOLOGY

Reinforcement bars with a diameter of ϕ 14 mm 
B500SP intended for concrete reinforcement were used 
for the tests. The chemical composition of the steel in-
cluded: 0,21 wt. % C, 0,78 wt. % Mn, 0,18 wt. % Si, 
0,02 wt. % P, 0,02 wt. % S, 0,44 wt. % Cu, 0,11 wt. % 
Cr, 0,07 wt. % Ni, 0,04 wt. % Mo, 0,003 wt. % V and 
rest was Fe and others.

Zn-5Al coatings were prepared by the double hot dip 
method. First, the samples were immersed in the Zn-5Al 
bath at 450 °C for 30 s. Immediately, after being taken 
out of the Zn-bath, samples were immersed in the Zn-5Al 
bath at 450 °C with the immersion time of 120 s. After 
removing from the Zn-5Al bath, the samples were cooled 
in air. Prior to immersion in the Zn bath, the surface of the 
sample was degreased, etched and fluxed.

The Hitachi S-3400 N scanning electron microscopy 
(SEM) equipped with an energy dispersion spectro-
scope (EDS) was used for microstructure analysis and 
chemical composition studies in microregions.

Potentiodynamic studies were carried out on a Po-
tentiostat/Galvanostat Radiometer PG201 device using 
the Voltamaster 1 software. A normal calomel electrode 
was used in the studies, which is used as a standard ref-
erence electrode. In order to standardize the test results, 
the potential values were converted to a normal hydro-
gen electrode (NHE) by shifting the measurement val-
ues by 244 mV. Potentiodynamic tests were performed 
at the temperature of 20 °C. A 3,5 % NaCl solution in 
distilled water was used as the electrolyte.

The static tensile test was performed on the MTS 
Landmark Servohydraulic Test System machine at 
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room temperature at a speed of 4 mm/min according to 
the standards [13-15]. ReH was taken as the yield point.

RESULTS AND DISCUSSION

The microstructure of the coating obtained on rein-
forcement steel in the Zn-5Al bath with marked EDS 
micro-areas and the results of the chemical composition 
tests are presented in Figure 1. 

The average thickness of the coating is 34 ± 73 μm. 
The coating is composed of an outer layer located in 
micro-area 1 and 2 and a diffusion layer located in mi-
cro-area 3. In micro-area 1 (Figure 1c) the content of 
0,6 wt. % Al and 99,4 wt. % Zn was found. The chemi-
cal composition indicates the presence of hypoeutectic 
Al solid solution in Zn in this zone [16].

The rest of the outer layer contains a fine crystalline 
mixture with an eutectic morphology. The chemical 
composition of the zone defined in micro-area 1 is 5,9 
wt. % Al and 94,1 wt. %. Zn (Figure 1b). According to 
the Zn-Al equilibrium system [17], this composition is 
slightly above the eutectic point, hence it can be con-
cluded that in this area alternate precipitates of Al solu-
tion in Zn (α) and Zn solutions in Al (β) occur. Such a 
structure of the outer layer is similar to that of Zn-5Al 
coatings produced on steel sheets called Galfan [18].

The diffusion layer contains 38,0 wt. % Al, 36,0 wt. 
% Zn and 26,0 wt. % Fe (Figure 1d). Converting the con-
tent of Al and Fe to the atomic fraction (58,1 at. % Al and 
19,2 at. %) it can be concluded that the ratio of the atom-
ic fraction of Al:Fe is very close to the 3:1. Therefore, it 
can be said with high probability that it is the FeAl3 
phase. This phase contains dissolved zinc as confirmed 
by the reports of Tang et al. [19] that the phases of the 
Fe-Al system can dissolve significant amounts of zinc. 
The formation of a diffusion layer consisting of the FeAl3 
phase was also confirmed by Šalgó and Kusý, who made 
coatings in the Zn-5Al-0.5Mg bath on the wires using the 
double hot dip method [20]. The Al-rich FeAl3 phase may 
cause the depletion of the Al bath in its vicinity. This cre-
ates conditions for the formation of a hypoeutectic areas 
of solid solution of Al in Zn (α) in the outer layer, even 
though the composition of the bath is kept at the level of 
the eutectic Al content.

The polarization curves of the coating obtained in the 
Zn-5Al bath on the reinforcement steel are shown in Fig-
ure 2. The electrochemical corrosion parameters were 
determined by the extrapolation of cathode and anode 
lines using the Tafel method [21]. The specific corrosion 
potential (Ecorr) of the Zn-5Al coating is -825,46 mV (vs. 
NHE). Zinc coatings in a 3,5 % NaCl solution, depending 
on the alloying additives in the bath, show a corrosion 
potential of -766,26 to -781,26 mV (vs. NHE) [10, 11]. 
The obtained Zn-Al coatings therefore provide a similar 
sacrificial protection for steel [22]. In contrast, the spe-
cific corrosion current (jcorr) of Zn-5Al coatings is 1,65 
μA/cm2. Traditional zinc coatings in an environment of 
3,5 % NaCl solution show much higher values of the cor-
rosion current density. Research by Kania et al. [10, 11] 
show that the corrosion current density of coatings ob-

tained in a “pure” Zn bath is 10,18 mA/cm2 [10]. An even 
higher value of the corrosion current density was ob-
served for the coatings obtained in the commonly used 
zinc baths containing the addition of Bi (14,26 mA/cm2) 
[10] and the combined addition of BiSn (18,84 mA/cm2) 
[11]. Corrosion current density (jcorr) according to Fara-
day’s law [23] determines the amount of mass loss. The 
lower value of the Zn-5Al corrosion current density testi-
fies to its much better corrosion resistance compared to 
traditional zinc coatings. 

The diagram of the static tensile test of the reinforce-
ment bar without the coating and with Zn-5Al coating is 
shown in Figure 3. 

Figure 1  Microstructure of the Zn-5Al coating on 
reinforcement steel (a) and results of EDS 
microanalysis in the diffusion layer of the coating
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CONCLUSIONS

Based on the analysis of the structure of the materi-
als, and their corrosion resistance, the following conclu-
sions were formulated:
1. Zn-5Al coatings on B500SP reinforcement steel con-

sist of an outer layer and a diffusion layer. The outer 
layer consists of hypoeutectic regions of the solid so-
lution of Al in Zn (α) and regions of the eutectic mix-
ture of solutions of Al in Zn (α) and Zn in Al (β).

2. Zn-5Al coatings on reinforcement bar provide sacri-
ficial protection of steel and show better corrosion 
resistance than traditional zinc coatings.
The research will be continued in order to determine 

the relationship between the parameters of the techno-
logical process and the functional properties of rein-
forcement bars with anti-corrosion coatings applied.

Acknowledgements

This article was partially supported by Silesian Uni-
versity of Technology as a part of Statutory Research 
11/030/BK_21/1038

REFERENCES

[1] ACI Committee 222, ACI 222R-19, Guide to Protection of 
Reinforcing Steel in Concrete against Corrosion, American 
Concrete Institute, Farmington Hills, Michigan, USA, 2019

[2] S. R. Yeomans, Galvanized Reinforcing Steel, Corrosion 
Management 11 (2002), 3-6

[3] M. Suliga, R. Wartacz, The influence of the angle of wor-
king part of die on the zinc coating thickness and mechani-
cal properties of medium carbon steel wires, Archives of 
Metallurgy and Materials 64 (2019) 4, 1295-1299

[4] P. Pokorny, J. Kolisko, L. Balik, P. Novak, Description of 
structure of Fe-Zn intermetalic compounds present in hot-
dip galvanized coatings on steel, Metalurgija 54 (2015) 4, 
707-710

[5] K. Kania, J. Sipa, Microstructure characterization and cor-
rosion resistance of zinc coating obtained on high-strength 
grade 10.9 bolts using a new thermal diffusion process, 
Materials 12 (2019) 9, 1-12, DOI: 10.3390/ma12091400

[6] H. Kania, J. Mendala, J. Kozuba, M. Saternus, Deve-
lopment of bath chemical composition for batch hot-dip 
galvanizing - a review, Materials 13 (2020) 18, 1-24, DOI: 
10.3390/ma13184168

[7] P. Pokorny, J. Kolisko, L. Balik, P. Novak, Effect of chemi-
cal composition of steel on the structure of hot – dip galva-
nized coating, Metalurgija 55 (2016) 1, 115-118

[8] PN-H-93220:2018-02. Stal do zbrojenia betonu - Spajalna 
stal zbrojeniowa B500SP - Pręty i walcówka żebrowana

[9] H. Kania, M. Saternus, J. Kudlacek, Structural aspects of 
decreasing the corrosion resistance of zinc coating obtai-
ned in baths with Al, Ni, and Pb additives, Materials 13 
(2020) 2, 1-4, DOI: 10.3390/ma13020385

[10] H. Kania, M. Saternus, J. Kudlacek, J. Svoboda, Micro-
structure characterization and corrosion resistance of zinc 
coating obtained in a Zn-AlNiBi galvanizing bath, Coa-
tings 10 (2020) 8, 1-15, DOI: 10.3390/coatings10080758 

[11] H. Kania, M. Saternus, J. Kudlacek, Impact of Bi and Sn 
on microstructure and corrosion resistance of zinc coatings 
obtained in Zn-AlNi bath, Materials 13 (2020) 17, 1-17, 
DOI: 10.3390/ma13173788

[12] J. Mendala, Influence of the cooling method on the struc-
ture of 55AlZn coatings, In Proceedings of the IOP Conf. 
Ser., Materials Science and Engineering, 22 (2011) 1, 1-7

[13] PN-EN ISO 6892-1:2020-05 – Metale, Próba rozciągania, 
Część 1: Metoda badania w temperaturze pokojowej

[14] PN-EN 10080:2007, Stal do zbrojenia betonu. Spajalna 
stal zbrojeniowa. Postanowienia ogólne

[15] PN-EN ISO 15630-1:2019-04, Stal do zbrojenia i sprężania 
betonu. Metody badań. Część 1: Pręty, walcówka i drut do 
zbrojenia betonu

[16] S.T. Bluni, M.R. Notis, A.R. Marder, Nucleation characte-
ristics and microstructure in off-eutectic Al-Zn alloys, Acta 
Metallurgica et Materialia 43 (1995), 1775-1782

[17] T.B. Massalski (Ed), Binary alloy phase diagram. Vol.2, 
Metals Park, Ohio, 1987, pp. 1112-1128

[18] S.F. Radtke, D.C. Herrschaft, Role of mischmetal in galva-
nizing with a Zn-5% Al alloy, Journal of the Less Common 
Metals 93 (1983), 253-259

[19] N-Y. Tang, Modeling of enrichment in galvanized coa-
tings, Metallurgical and materials Transactions A 26 
(1995), 1699-1704

[20] K. Šalgó, M. Kusý, The X-Ray Diffraction Analysis of 
Phase Evolution in Zn-Al-Mg coating Layer, Proceedings 
of 22nd International Conference on Metallurgy and Mate-
rials METAL 2013 Brno, 931-935

[21] R.G. Kelly, J.R. Scully, D.W. Shoesmith, R.G. Buchheit, 
Electrochemical Techniques in Corrosion Science and En-
gineering, Marcel Dekker, Inc. New York, Basel, 2003

[22] E. Dalledone, M.A. Barbosa, S. Wolynec, Zinc-55% alu-
minum-1.6% silicon coating compared with zinc coating, 
Materials Performance 34 (1995) 7, 24-28

[23] K. Myer, Handbook of environmental degradation of ma-
terials, William Andrew Publishing, Inc. Norwich, 2005

Note: The responsible for English language is M. Hegde.

Figure 2  Curves of anodic and cathodic polarization of Zn-5Al 
coating in 3,5 % NaCl solution

Figure 3  Tensile diagrams for reinforcement bar without 
coating and with Zn-5Al coating


