
 

Submitted: July 8, 2025 Revised: October 23, 2025 Accepted: November 17, 2025 

© A.G. Korchunov, Yu.Yu. Efimova, K.G. Pivovarova, A.Yu. Stolyarov, A.M. Yazvenko, 2026. 

Publisher: Peter the Great St. Petersburg Polytechnic University 

This is an open access article under the CC BY-NC 4.0 license (https://creativecommons.org/li-censes/by-nc/4.0/) 

MATERIALS PHYSICS AND MECHANICS                                                 RESEARCH ARTICLE 

 

 

Microstructural and chemical features of a zinc-aluminum coating 

on high-strength eutectoid steel wire microalloyed with vanadium 

A.G. Korchunov 1 , Yu.Yu. Efimova 1 , K.G. Pivovarova 1  , A.Yu. Stolyarov 2,  

A.M. Yazvenko 2  

1 Nosov Magnitogorsk State Technical University, Magnitogorsk, Russia 

2 OJSK «Magnitogorsk hardware and sizing plant “MMK-METIZ”, Magnitogorsk, Russia 

 kgpivovarova@gmail.com 

ABSTRACT  

This paper presents a comprehensive study of the processes involved in applying zinc-aluminum coatings 

onto high-strength eutectoid steel wire microalloyed with vanadium. The study provides description of 

surface preparation methods, such as fluxing in ZnCl₂ and FeCl₂ solutions, followed by hot-dip galvanizing 

and zinc-aluminizing at elevated temperatures. Particular attention is given to microstructural analysis of 

the coatings using optical microscopy, scanning electron microscopy, and X-ray microanalysis. As a result, 

structural zones of the coatings, their elemental composition, thickness, and microhardness were identified. 

The research revealed that the zinc-aluminum coating structure consists of layers with different crystalline 

phases — namely η-, ζ-, and δ-phases — along with the presence of iron, aluminum, and zinc in various 

zones. Elemental distribution analysis across the wire cross-section confirmed coating homogeneity and 

internal diffusion. An important aspect of the work was the evaluation of microhardness changes in the 

steel core after coating application. This study contributes to the development of protective coating 

technologies for fasteners, expands understanding of the structure and properties of zinc-aluminum layers, 

and highlights the need for further improvements to enhance the stability and performance of protective 

coatings under operating conditions. 
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Introduction 

In Russia and abroad, the production of metal products with various coatings that provide 

reliable protection against atmospheric corrosion and possess high consumer and 

aesthetic characteristics is actively developing [1–3]. In particular, wire with a zinc-

aluminum coating is widely used in areas such as agriculture, construction, packaging, 

the automotive industry, and the production of wires for electric power transmission 

lines [4–7]. The production of rolled metal with zinc-aluminum coatings is developing 

due to the combination of the high corrosion resistance of zinc and the heat-resistant 

properties of aluminum [8–11]. 

Various solutions are available on the market that use the advantages of zinc-

aluminum coatings to enhance the durability and reliability of metal products.  
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For example, Bekaert offers Bezinal zinc-aluminum coatings [12]. The Bezinal coating is 

a eutectoid alloy of zinc and aluminum (95 and 5 %, respectively) applied to steel wire in 

a hot state. The composition and coating application technology provide reliable anti-

corrosion protection (approximately 2.5–3 times higher than that of galvanized wire with 

the same coating weight) and coating stability at high temperatures (up to 350 °C) [13]. 

One of the most common types of zinc-aluminum coating is the Galfan coating [14–18]. 

Galfan is widely used in the automotive industry due to its high corrosion resistance, 

excellent ductility, and good forming characteristics [19]. The Galfan coating contains 

approximately 5 wt. % aluminum, which is very close to the eutectoid point (6 wt. % Al) 

in the zinc-aluminum system, and also includes up to 0.05 wt. % rare earth metals such 

as lanthanum and cerium. The microstructure of the Galfan coating typically consists of 

two phases: a zinc-rich proeutectoid phase (with an aluminum content of less than 

5 wt. %), surrounded by a eutectoid phase (with an aluminum content of 5–10 wt. %). The 

latter is formed by β-aluminum plates (with an aluminum content of 5–25 wt. %) and η-

zinc plates (with an aluminum content of less than 5 wt. %) [20,21]. 

Zinc-aluminum coatings are considered effective in preventing the formation of 

brittle binary Fe–Zn intermetallic compounds at the interface between the zinc coating 

and the steel substrate. Instead, ternary Fe–Al–Zn intermetallic compounds, which 

exhibit significantly less brittleness, form in the transition layer. Furthermore, these 

compounds partially block the diffusion of zinc into the steel substrate and iron toward 

the zinc coating. Thus, the microstructure and composition of the intermetallic layer 

between the coating and the steel are of particular importance [22–31]. 

Recently, developments aimed at improving quality, reducing cost, and expanding the 

technological capabilities of applying zinc-aluminum coatings have been underway 

[23,24,32]. Nevertheless, the issue of long-term stability and corrosion resistance of these 

coatings remains relevant. In this regard, it is of interest to analyze the distribution of iron, 

aluminum, and zinc — which are components of the possible phases of the Fe–Al–Zn 

system — across the cross-section of the coated wire. The aim of this study is a 

comprehensive metallographic and elemental analysis of the structure, phase composition, 

and microhardness of zinc and zinc-aluminum coatings on wire made of 80F grade steel. 
 

Materials and Methods 

Metallographic analysis of wire samples with zinc-aluminum coating was carried out at 

the laboratories of OJSC "Magnitogorsk Hardware and Sizing Plant "MMK-METIZ"" and 

Nosov Magnitogorsk State Technical University. The subject of the study was cold-drawn 

high-strength wire with a diameter of 2.59 mm (ultimate tensile strength of 2228 MPa) 

made of 80F grade steel, the chemical composition of which is presented in Table 1. 

The wire was treated by fluxing in a solution of ZnCl2 and FeCl2 salts with 

concentrations of 91.5 and 6.5 g/dm³, respectively, at a temperature of 46 °C, followed 

by drying at 190 °C. Subsequently, the wire was sequentially subjected to hot-dip- 
 

Table 1. Chemical composition of eutectoid steel microalloyed with vanadium 

Mass fraction of elements: maximum values or ranges (in wt. %) 

C Si Mn P S Cr Ni Cu N Al Ti V 

0.800 0.300 0.730 0.020 0.020 0.100 0.100 0.100 0.008 0.005 0.005 0.100 
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galvanizing by immersion in a molten zinc bath at a temperature of 468 °C and to hot dip 

zinc-aluminizing at a melt temperature of 440 °C. The actual diameter of the wire after 

coating application was 2.67 mm. 

The set of metallographic studies was carried out using a Zeiss Axio Observer light 

microscope with a Thixomet PRO computer image analysis system and a JSM-6490LV 

scanning electron microscope (SEM). The thickness and length of the coating zones were 

determined using the “Linear Dimension” tool in the Thixomet PRO system on electron 

microscopy images of the cross-sectional microstructure of the samples, which were 

imported into the software. Measurements were performed on at least 10–15 

microstructural images of the studied samples. The relative measurement error did not 

exceed 5–7%. Energy-dispersive X-ray spectroscopy (EDS/EDX) using an INCA Energy 

450X-MAX 50 system was employed to determine the qualitative and quantitative 

composition of the coating. The microhardness of the coating and the steel core was 

measured by indenting a diamond pyramid with an angle of 136° between opposite faces 

under a load of 1 kg using a Buehler Micromet 5103 microhardness tester, according to 

the Vickers hardness scale in accordance with GOST R ISO 6507-1:2005 "Metallic 

materials – Vickers hardness test – Part 1: Test method (IDT)". 

 

Results and Discussion 

On the surface of the zinc and zinc-aluminum coating of the wire, a dendritic structure is 

visible. In the first case, it consists of almost pure zinc (Fig. 1(a,b)); in the second case,  
 

 
Fig. 1. Electron image of the wire surface with zinc (a) and zinc-aluminum coating (c) and X-ray 

microanalysis spectra (b, d) of the corresponding areas 
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it consists of zinc, aluminum, and iron (Fig. 1(c,d)). The microstructure of the studied zinc 

coating in the cross-section of the wire is shown in Fig. 2(a). Structurally, the following 

zones can be distinguished: an overlay layer (1) is observed on the surface, followed by a 

looser, more strongly etching layer (2), then a layer of dense columnar structure (3), and 

a dense layer bordering the steel substrate (4). 
 

(а) 

 

(b) 

 
 

Fig. 2. Characteristic arrangement of crystalline zones of zinc (a) and zinc-aluminum (b) coating in the 

wire cross-section 

 

The elemental composition of individual layers was determined in areas 

corresponding to the identified structural zones. The X-ray microanalysis results indicate 

that the X‑ray spectra taken from the coating contain zinc peaks, which have the highest 

intensity, and iron peaks of lower intensity, while the spectra obtained from the steel 

substrate contain only iron and carbon peaks. 

Analysis of the obtained results allows the conclusion that, in terms of chemical 

composition, structural zones 4, 3, and 1 (Fig. 2(a)) represent the δ‑phase, ζ‑phase, and 

η‑phase (almost pure zinc), respectively (Table 2). Layer 2 consists of a mixture of the 

η‑phase and a small amount of the ζ‑phase, the crystals of which have grown into the 

overlay zinc layer. The Γ‑phase and α‑phase zones are not identified upon etching, which 

is apparently due to the small thickness of the transition diffusion zone between the steel 

substrate and the zinc coating. This is illustrated by the nature of the element distribution 

curves along the line, which indicate that the width of the transition zone is about 1 µm. 

Element distribution shows that zinc is distributed more or less uniformly across  
 

Table 2. Elemental microanalysis, microhardness and extent of structural zones of the studied zinc coating 

Structural 

zones 

Zone 

length, 

µm 

Element content, % 
Microhardness, 

MPa 

Assumed 

phase Zn Fe 

min мax average min мax average 

Zone 1 
2.26–

11.69 
– 100 – – – – 

887 

η 

Zone 2 
11.16–

20.80 
99.04 99.32 99.19 0.68 0.96 0.82 η+ζ 

Zone 3 
7.70–

10.65 
93.00 93.93 93.36 6.07 7.00 6.64 

3567 

ζ 

Zone 4 
9.25–

10.85 
91.54 91.90 91.76 8.10 8.46 8.24 δ 
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the coating cross‑section, whereas iron diffuses quite well into zones 4 and 3 (δ‑phase 

and ζ‑phase) and, to a lesser extent, into zones 2 and 1 (η‑phase of the zinc coating).  

The extent of individual coating zones is presented in Table 2, and the total coating 

thickness is 39.0–41.5 µm. 

The microhardness of zones 1 and 2 was 887 MPa, while that of zones 3 and 4 was 

3567 MPa. Determining the microhardness of individual zones was not possible due to their 

small extent. The microstructure of the studied zinc-aluminum coating in the cross-section 

of the wire is shown in Fig. 2(b). Structurally, the following zones can be distinguished: a 

layer with a dendritic structure (1) is observed on the surface, followed by a layer of dense 

columnar structure (2) and a dense layer bordering the steel substrate (3). 

The elemental composition of individual layers was determined in areas 

corresponding to the identified structural zones. The X-ray microanalysis results indicate 

that the X‑ray spectra taken from the coating contain zinc, aluminum, and iron peaks, 

while the spectra obtained from the steel substrate contain iron, manganese, and carbon 

peaks. Elemental analysis of the structural zones (Table 3) shows that the surface zone 1 

contains the highest amount of zinc — approximately 83 % — and practically no iron, 

while zone 3, bordering the steel substrate, contains the highest amount of aluminum — 

approximately 50 %. 
 

Table 3. Elemental microanalysis and extent of structural zones of the studied zinc-aluminum coating of 

the wire 

Structural 

zones 

Zone 

length, 

µm 

Element content, % 
Micro-

hardness, 

MPa 

Assumed 

phase 
Zn Al Fe 

min мax aver min мax aver min мax aver 

Zone 1 
22.31-

34.80 
70.69 89.19 82.48 9.90 28.66 17.03 0.47 0.91 0.66 3615 α+β 

Zone 2 
8.10-

16.71 
52.5 58.5 56.15 32.21 35.19 33.50 9.16 12.31 10.25 

2414 

FeAl3, 

Fe2Al5Znx 

and  

δ-phase, 

contenting 

Al 

Zone 3 
2.90-

6.40 
23.24 38.43 29.69 43.08 54.20 49.34 18.49 22.56 20.97 

 

The microhardness of zone 1 was 3615 MPa, while the microhardness of zones 2 

and 3 was 2414 MPa. Determining the microhardness of individual zones 2 and 3 was not 

possible due to their small extent. The extent of individual coating zones is presented in 

Table 3, and the total coating thickness is 43.3–54.1 µm. 

Surface zone 1 presumably consists of two phases: a β‑solid solution (almost pure 

zinc), which in this case contains up to 83 % Zn, and an α‑solid solution based on 

aluminum. Moreover, as evidenced by the element distribution maps across the section 

of the specimen, the structure consists of alternating regions of β‑solid solution rich in 

zinc, separated by interlayers of α‑solid solution rich in aluminum. This structure of the 

surface coating layer provides reliable corrosion protection. The more active zinc matrix 

begins to corrode first, leaving the aluminum interlayers intact; therefore, the corrosion 

resistance of the coating does not decrease over time but rather increases. 
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The results of the study indicate that iron diffuses quite actively into the coating 

within zones 2 and 3. In these zones, the FeAl3 phase is present, which forms first because 

the heat of formation of this compound is greater than the heat of formation of the 

iron‑zinc Γ‑phase and δ‑phase. The δ‑phase (FeZnA13) is also formed, as well as a phase 

based on Fe2Al5, which is identified as the Fe2Al5Znₓ compound containing approximately 

40 % Fe, 40 % Al, and 20 % Zn. The phase based on the Fe2Al5 compound prevents the 

reaction between iron and molten zinc and thereby also hinders the formation of 

intermediate iron‑zinc compounds. The Fe2Al5 layer is very uniform in thickness and forms 

as a result of aluminum diffusion into the steel. 

 

 
 

Fig. 3. Microstructure of steel wire after fluxing (a,b), galvanizing (c,d) and zinc-aluminizing (e,f);  

(a,c,e) surface of the steel wire; (b,d,f) central zone of the steel wire 
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The results of the element distribution analysis in the zones of the zinc‑aluminum 

coating showed that zinc is present in all zones of the coating, and its content gradually 

increases with distance from the interface with the steel substrate, reaching a maximum 

value approximately in the center of surface zone 1, and then decreases somewhat upon 

further approach to the surface. The aluminum content, on the contrary, is highest in zone 

3 adjacent to the substrate and decreases upon transition to zone 2 and then to zone 1, 

where it changes only slightly. The sharp drop in aluminum content at a distance of 

approximately 22 µm from the surface is associated with the presence of a step at the 

boundary between zones 1 and 2. The iron content decreases sharply in the transition 

zone from the steel substrate to the coating, then decreases slightly in zones 3 and 2, and 

is practically absent in surface zone 1. 

The microstructure of the steel core of the wire is shown in Fig. 3. The structure in 

all samples is fairly uniform across the wire cross‑section, has a vortex‑like morphology 

characteristic of cold‑drawn wire with high total reductions, and consists of deformed 

colonies of a ferrite‑carbide mixture. No visible structural changes in the steel core 

microstructure after coating application are observed. 

After coating application, a decrease in the microhardness of the steel core is 

observed: up to 17 % in the surface layers and up to 6 % in the central regions, compared 

to the microhardness after fluxing (Fig. 4). The decrease in microhardness can be 

explained by the relief of residual stresses and the occurrence of recrystallization 

processes, which began during hot-dip galvanizing at a bath temperature of 468 °C and 

during hot-dip zinc-aluminizing at a melt temperature of 440 °C. However, complete 

recrystallization cannot occur at these temperatures. The research results are used at 

OJSC "Magnitogorsk Hardware and Sizing Plant "MMK-METIZ"" in the development of 

production of high-strength and ultra-high-strength wire with zinc-based coatings, used 

for manufacturing cores of bare steel-aluminum conductors. 
 

 
 

Fig. 4. Microhardness of steel wire after fluxing and coating application 
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Conclusions 

Based on the results of the study of the macro- and microstructure of the wire surface 

after fluxing and coating application, the following conclusions can be drawn: 

1. Under the specified processing conditions, the zinc coating on the wire surface has  

a dendritic structure consisting predominantly of almost pure zinc (η-phase) with several 

intermetallic layers (δ, ζ). Element distribution shows uniformity of zinc throughout  

the coating and more active diffusion of iron into the δ and ζ zones, which is indicative of 

the nature of the diffusion processes and the coating structure. 

2. The zinc-aluminum coating on the wire surface consists of three main zones: a surface 

dendritic layer (1), a dense columnar layer (2), and a dense layer adjacent to the steel 

substrate (3). Elemental analysis showed that zone 1 is dominated by zinc (up to 83%), 

while zone 3 is dominated by aluminum (approximately 50%), with iron present 

predominantly in the zones close to the substrate. The microhardness of the surface zone 

is higher (3615 MPa) than that of the inner zones (approximately 2414 MPa), which  

is associated with the different composition and phase constitution of the layers. The 

surface structure exhibits phases of the β-solid solution of zinc and the α-solid solution 

based on aluminum, which provide corrosion protection. Iron diffusion leads to the 

formation of FeAl3, δ-phase, and Fe2Al5Znx phases, which impede corrosion propagation. 

3. The steel substrate of the cold-deformed high-strength wire retains a uniform 

microstructure of ferrite-carbide mixture after coating application, while the 

microhardness of the core in the cross-section decreases by 6–17% due to the relief of 

residual stresses and partial recrystallization during hot-dip galvanizing and zinc-

aluminizing. 

Overall, the study demonstrates the complex multilayer structure of the coatings, 

resulting from diffusion processes and phase transformations, as well as the influence of 

the melt composition on the microstructure, composition, and mechanical properties of 

the coatings and the wire core. These results make it possible to optimize the coating 

application technology to improve the wire's performance characteristics, including 

corrosion resistance and strength. 
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