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Abstract 

In the present study, we characterized the Fe–Al intermetallic phases formed in 

interstitial-free (IF) steel hot-dipped in a Zn–6Al–3Mg (wt.%) alloy melt at 

different temperatures (400, 460 and 500°C) and dipping times (from 2 to 3600 s). 

Chemical composition analyses indicated Fe dissolution into the Zn alloy melt 

even after 2 s of dipping. Microstructural characterization revealed the initial 

formation of a continuous -Fe4Al13 phase layer, followed by the local growth of 

-Fe2Al5 phase toward both steel and Zn alloy melt sides during the hot-dipping 

process. After long-term hot-dipping, further growth of the  phase was 

accompanied by significant dissolution of Fe into the Zn alloy melt, resulting in 

the loss of thickness of the IF steel sheets. Altogether, we rationalized the 

formation mechanism of Fe–Al intermetallic phases and their associated growth at 

the interface between solid Fe and liquid Zn alloy in terms of a Zn–Al–Mg–Fe 

quaternary phase diagram, calculated according to thermodynamic database 

available in the literature. 
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1. Introduction 

Hot-dip zinc (Zn) and its alloy coating on steels (galvanized steels) are 

extensively produced for architectural and automobile applications because of 

their low cost and sufficient corrosion resistance under atmospheric environments 

[1, 2]. In particular, Zn–Al–Mg ternary alloy coatings exhibit superior corrosion 

resistance [3–5]. The associated hot-dip galvanizing technologies are being 

applied to building steel parts [6]. However, there is a concern over the hot-dip 

Zn–Al–Mg alloy galvanizing process to steel parts, that is, the sufficient 

adhesiveness of the Zn alloy coating layer on the steel parts. It is generally known 

that Al-rich Fe–Al intermetallic phase layers consisting of -Fe4Al13 and -Fe2Al5 

phases [7] are often formed at the interface between the Zn–Al–Mg alloy coating 

and the steel parts [8–12]. These Al-rich Fe–Al intermetallic phases show brittle 

properties [13], requiring controlled formation of the Fe–Al intermetallic phases 

in the Zn–Al–Mg alloy coating on steel parts. It is, therefore, necessary to 

understand the interfacial reaction between the steel parts (solid -Fe, also known 

as ferrite) and the Zn alloy melt (liquid Zn alloy) during the hot-dip galvanizing 

process [1].

It has been demonstrated in previous studies [8–12] that alloy contents and 

additional trace elements in the Zn–Al–Mg alloy melts significantly influence the 

formation and growth of the Fe–Al intermetallic phases on the steel sheets hot-

dipped in Zn alloy melts. It has also been reported that a coarse Fe–Al 

intermetallic phase (-Fe2Al5) can be formed on steels hot-dipped in Zn alloy 

melts with a high Al content [8], whereas the Mg content in the Zn–Al–Mg 

ternary alloy melt would inhibit the formation of the Fe–Al intermetallic phase 

layer on the steels [12]. In contrast, Fe–Al intermetallic phases were scarcely 

observed in commercial hot-dip Zn–Al–Mg alloy coated steels [14], which might 

be related to the short-term dipping time (of a few seconds) employed in the 

industrial hot-dip galvanizing process [1]. Kinetics studies on the growth of Fe–Al 

intermetallic phase layers in the hot-dip galvanizing process using Zn–Al–Mg 

alloy melts are seldom reported. Therefore, the formation sequence of Fe–Al 
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intermetallic phases and their related growth process at the interface between solid 

Fe (steel) and liquid Zn alloys remains unclear.

Herein, we focus on the Zn–6Al–3Mg (wt.%) alloy coating, given its 

commercial relevance. We characterized the Fe–Al intermetallic phase layer 

formed on the interstitial-free (IF) steel hot-dipped in the Zn–6Al–3Mg alloy melt 

at various temperatures (400, 460, and 500°C) and different dipping periods 

(ranging from 2 to 3,600 s). The results, in conjunction with the calculated Zn–

Al–Mg–Fe quaternary phase diagram, were utilized to discuss the formation 

sequence of Fe–Al intermetallic phases and their associated growth during the 

hot-dip galvanizing process. 

2. Experimental Procedure

IF steel sheets were used as a model system for pure iron, with a ferrite (-Fe) 

single-phase microstructure. The detailed chemical composition of the studied IF 

steel is shown in Table 1. The steel sheet was hot-rolled and then cold-rolled to 

about 1.2 mm in thickness. Hot-dipping experiments were carried out using a hot-

dip process simulator [15, 16]. Before the hot-dipping experiment, the steel sheets 

were mechanically polished and finished with buffing compounds. The alloy 

sheets, with approximate dimensions of 210 × 105 × 1.2 mm, were heated to 

800°C for 60 s and then cooled down to Zn alloy bath temperature (400, 460, and 

500°C) under N2/H2 atmosphere (50 : 50 in %vol.). The sheets were then hot-

dipped in a molten Zn–6Al–3Mg (wt.%) alloy (Zn–12.8Al–7.1Mg, at%) bath at 

different temperatures (400, 460, and 500°C) and dipping times (from 2 to 3600 s), 

followed by rapid cooling via a gas wiping system. The composition of the used 

Zn alloy plotted on the calculated liquidus projection of the Zn–Al–Mg ternary 

system based on previously published thermodynamic database [17] is illustrated 

in Fig. 1. The liquidus projection provides an indication of the solidification path. 

In the studied Zn–6Al–3Mg (wt.%) alloy, the -Al (fcc) phase initially solidifies, 

followed by a three-phase eutectic reaction of -Al (fcc), Zn (hcp) and Zn11Mg2 

[18] phases, and then Zn2Mg phase [19] finally forms. The liquidus projection 
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provides a prediction of the solidification microstructure in the studied Zn alloy 

coating on the steel sheets. Heat profiles of the sheets during the hot-dipping 

process were measured using K-type thermocouples welded on the top portion of 

the sheet surface. The representative thermal profiles of the IF steel sheets during 

the hot-dipping experiment (dipping for 600 s) are presented in Fig. 2. The 

temperature deviation of the samples during dipping in the Zn alloy melt was 

within 2°C. The sample cooling rate after hot-dipping was approximately 10°C/s.

The microstructures of the prepared samples were observed using a scanning 

electron microscope (SEM) operating at 20 kV. The observed sample surfaces 

were mechanically polished and finished using colloidal silica. Low-magnification 

SEM images were used to measure the thickness of the alloy sheets. For high-

magnification SEM observation, the sample surface was ion-polished with a cross 

section polisher operated at 6 kV. The chemical compositions were analyzed using 

energy-dispersive X-ray spectroscopy (EDS), operated at 15 kV. The constituent 

phases of the intermetallic phase layer were identified using electron back-scatter 

diffraction (EBSD) analysis. The constituent phases of the hot-dipped samples 

were identified using X-ray diffraction (XRD) equipped with a Cu target tube with 

K = 0.154 nm. In this study, XRD was performed on cross-sectional samples of 

the steel sheets dipped in the Zn alloy melt. 

3. Results

3.1. Thickness Loss of the Steel Sheets during Dipping

Figure 3 shows the back-scattered electron images (BEIs) of the cross section 

of the IF steel sheets hot-dipped in the Zn–6Al–3Mg alloy melt at different 

temperatures, ranging from 400 to 500°C, for 2, 600, and 3600 s. In these images, 

bright, dark and intermediate-contrast areas correspond to IF steel sheets, resins 

(for mounting the samples), and Zn alloy coating layers, respectively. In the early 

stage of dipping (2 s), all steel sheets dipped in the Zn alloy melt exhibited a 

coating thickness (corresponding to bright regions) of approximately 20 m (Figs. 

3(a), 3(d), and 3(g)). In the samples hot-dipped for 600 s (Figs. 3(b), 3(e), and 
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3(h)), the higher the temperature, the thicker the Zn alloy coating formed on the 

IF steel sheet. It is evident that a large Zn coating with a mean thickness of more 

than 300 m forms on the steel sheet hot-dipped at 500°C (Fig. 3(b)), which 

corresponds to the presence of coarse intermetallic phases in the Zn alloy melt. 

This trend appears more pronounced at higher temperature for longer dipping time 

(Figs. 3(c) and 3(f)), whereas the anomaly large intermetallic phases were observed 

in the sample hot-dipped at 460°C for 3,600 s (Fig. 3(c)). It should be noted that 

the thickness of the steel sheet (without the Zn alloy coating layer) clearly 

decreases after dipping in the Zn melt for 3,600 s (Figs. 3(c) and 3(f)), indicating 

a significant dissolution of Fe into the Zn alloy melt. 

Figure 4 presents the effect of temperature on the thickness change of the steel 

sheet samples dipped in the Zn–6Al–3Mg alloy melt. Differences from the initial 

thickness before dipping (approximately 1.2 mm) are plotted on the vertical axis 

of Fig. 4. Note that the thicknesses of the steel sheets after dipping were measured 

using the SEM images (as shown in Fig. 3). The sheet thickness barely changes at 

400°C, even after 3600 s of dipping, whereas the thickness loss was clearly 

observed in the samples hot-dipped at higher temperatures. At 460°C, the sheet 

thickness remained unchanged until 600 s and then decreased after 3,600 s. At 

500°C, the thickness slightly decreased until 60 s and then significantly decreased 

to two-thirds the initial thickness after 3,600 s, indicating significant dissolution 

of the steel sheet into the Zn alloy melt during dipping. The Fe dissolution into 

the Zn melt was previously observed in steel sheets hot-dipped in pure Zn and Zn–

Al alloy melts as well [20, 21].

In order to examine the Fe dissolution into the Zn–6Al–3Mg alloy melt, EDS 

composition analyses were carried out for the sample hot-dipped for 2 s. A 

representative result is presented in Fig. 5. The BEI (Fig. 5(a)) shows the interface 

between the IF steel sheet and the Zn alloy coating in the sample hot-dipped at 

460°C for 2 s. Composition profiles across the interface are shown in Figs. 5(b) 

and 5(c). The location of the composition profile is indicated by a line in Fig. 5(a). 

The liquid Zn alloy was solidified into several -Al dendritic phases surrounded 
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by a fine eutectic microstructure (Fig. 5(a)). The observed solidified 

microstructure corresponds well to the prediction based on the calculated liquidus 

projection (as shown in Fig. 1). It is noteworthy that an Fe element with a 

relatively high content, above 3 at%, was detected inside the solidified Zn alloy 

melt close to the steel sheet (Fig. 5(c)). The concentration of Fe gradually 

decreases to approximately 2 at%, moving away from the steel sheet, indicating 

Fe dissolution into the Zn alloy melt even after 2 s of dipping. Note that Fe 

content in the used Zn alloy bath after all hot-dipping experiments was measured 

less than 0.1 at%.  

3.2. Formation of Fe–Al Intermetallic Phases 

Figure 6 displays BEIs showing the interfacial microstructure of IF steel sheets 

hot-dipped in the Zn–6Al–3Mg alloy melt at different temperatures for 2, 600, and 

3600 s. Representative EDS element maps (corresponding to the BEI of the 

sample hot-dipped at 460°C for 600 s, as shown in Fig. 6(e)) are presented in Fig. 

7. Microstructural characterizations revealed Fe–Al intermetallic phases at the 

interface between the Zn alloy melt and the steel sheet during the hot-dipping (as 

indicated by Figs. 6(e) and 7). The formation and growth of the Fe–Al 

intermetallic phases varied depending on the dipping temperature (Fig. 6). Fe–Al 

intermetallic phases were hardly observed in the sample hot-dipped at 400°C for 

2 s in SEM resolution level (Fig. 6(g)), which corresponds well to the observed 

microstructures of Zn–Al–Mg alloy coatings on commercial hot-dip galvanized 

steels [14]. However, an Fe–Al intermetallic phase layer consisting of several 

grains elongated along the normal direction (ND) to the surface was observed in 

the sample hot-dipped for 600 s (Fig. 6(h)). The thickness of the Fe–Al 

intermetallic phase layer increased after hot-dipping for 3600 s (Fig. 6(i)). In the 

sample hot-dipped at 460°C for 2 s (Fig. 6(d)), Fe–Al intermetallic phases were 

also hardly observed. However, coarse Fe–Al intermetallic phases were locally 

formed on the thin layer after 600 s (Fig. 6(e)). The intermetallic phase grows 

toward both domains of the liquid Zn alloy and solid Fe, but it appears to 
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preferentially grow along the grain boundaries of the -Fe solid phase. The 

growth occurs more significantly after long-term dipping, resulting in the 

formation of numerous coarse particles of Fe–Al intermetallic phases surrounded 

by the liquid Zn alloy (solidified eutectic microstructure) in the sample hot-dipped 

for 3600 s (Fig. 6(f)). Such interfacial reaction, including the growth of the Fe–Al 

intermetallic phase, occurs earlier at 500°C [Figs. 6(b) and 6(c)]. Growth toward 

solid Fe appears to be more pronounced at higher temperatures. These 

observations agree with the significant thickness loss of the steel sheet hot-dipped 

at 500°C (Fig. 4).

Figure 8 presents high-magnification BEIs and corresponding EDS element 

maps for the thin Fe–Al intermetallic phase layer on the samples hot-dipped in the 

Zn–6Al–3Mg alloy melt for 2 s at 400 and 460°C. This high-magnification view 

(Fig. 8(a)) clearly shows a thin layer with dark contrast (as indicated by an 

arrowhead in Fig. 8(a)) on the IF steel sheet hot-dipped at 460°C. The observed 

thin layer is rich in Al (Fig. 8(b)), indicating a thin Fe–Al intermetallic phase 

layer with a thickness below 0.5 m. Overall, these results indicate that a thin Fe–

Al intermetallic phase layer is initially formed at an early stage of dipping at 

460°C, followed by a significant growth of the intermetallic phase after long-term 

dipping (as shown in Figs. 6(e) and 6(f)). Such Fe–Al intermetallic phases were 

not recognized in the sample hot-dipped at 400°C for 2 s (Figs. 8(d) –8(f)). Note 

that the Fe–Al intermetallic phase layer (with a thickness below 0.5 m) was 

observed on the steel sheet hot-dipped for 60 s, indicating the growth of the 

intermetallic phase layer during dipping at the lowest temperature tested (i.e., 

400°C) (as shown in Figs. 6(h) and 6(i)). 

3.3. Phase Identification 

Figure 9 presents the XRD profiles of the samples hot-dipped at different 

temperatures for 3,600 s. Diffraction peaks derived from -Fe (bcc) and -Zn 

(hcp) phases were detected in all samples, which can be attributed to the steel 

sheet and the solidified Zn alloy melt in the coating, respectively. Diffraction 
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peaks attributed to the -Fe2Al5 phase [22] were observed in the XRD profiles 

obtained in the samples hot-dipped at 500 and 460°C (Figs. 9(a) and 9(b)). Higher 

peak intensities for the -Fe2Al5 phase were found in the samples hot-dipped at 

500°C (Fig. 9(a)). These results demonstrate a coarsened Fe–Al intermetallic 

phase in the Zn alloy coating, corresponding to the -Fe2Al5 phase [Figs. 6(c) and 

6(f)]. Note that diffraction peaks derived from Zn2Mg phase [19] rather than 

Zn11Mg2 [18] phase were detected in the studied samples (Figs. 9(a) and 9(b)), 

suggesting the fine solidification microstructure consisting of -Zn (hcp), -Al 

(fcc) and Zn2Mg phases in the Zn–6Al–3Mg alloy coating. The result corresponds 

well to previous studies [14]. 

Figure 10 shows representative results from the EBSD analyses carried out for 

the locally coarsened Fe–Al intermetallic phase on the IF steel hot-dipped at 

460°C for 600 s (Fig. 10(a)). The analyzed EBSD patterns (Figs. 10(b)–10(g)) 

indicate the formation of a locally coarsened -Fe2Al5 phase in the sample. The 

confidence index (CI) value [23], which is used to evaluate the accuracy of 

indexing EBSD patterns, is 0.24, indicating the high reliability of the present 

analyzed results. It was also found that the  phase grows toward both domains of 

the liquid Zn alloy and solid -Fe. In order to determine the orientation of the 

 phase growth toward the solid Fe domain, EBSD scanning analyses were carried 

out. The result is presented in Fig. 11. The orientations of the  and -Fe phases 

were analyzed in the observed sample (Figs. 11(c) and 11(d)), and no clear EBSD 

pattern was obtained from the Al (fcc), Zn (hcp), and Zn2Mg phases in the fine 

solidification microstructure of the Zn alloy melt (Fig. 11(b)). The orientation 

color map for the  phase (Fig. 11(c)) indicates elongated grains to the ND in a 

particular direction close to the [001] plane orientation along the ND, suggesting a 

preferential growth of the  phase toward the solid Fe domain. In the  phase 

close to the liquid Zn alloy domain, relatively equiaxed grains were observed. In 

the -Fe phase adjacent to the  phase, significant orientation changes were 

localized around the interface between the -Fe and the  phases [Fig. 11(d)], 

indicating local straining in the -Fe phase close to the growing  phase. These 
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crystallographic features have also been observed in the  phase growing at the 

interface between solid Fe and liquid Al [24, 25]. Note that the same EBSD 

analysis for the sample hot-dipped at 460°C for 3600 s (Fig. 6(f)) revealed 

numerous  phase coarsened particles formed in the Zn alloy melt after long-term 

dipping.

In order to characterize the thin Fe–Al intermetallic phase layer observed in 

the samples hot-dipped at 400°C (Figs. 6(h) and 6(i)), EBSD analyses were 

carried out; the results are shown in Fig. 12. Clear EBSD patterns (Figs. 12(b) and 

12(e)) were obtained from different locations within the thin Fe–Al intermetallic 

phase layer (as indicated by positions A and B in Fig. 12(a)). The EBSD patterns 

(Figs. 12(b)–12(g)) suggest that the observed thin layer consists of a -Fe4Al13 

phase [26], with CI values above 0.14, indicating high reliability for the present 

phase identification. Note that these patterns (Figs. 12(b) and 12(e)) indicate 

different orientations, suggesting that the observed thin  phase layer consists of 

multiple grains. 

4. Discussion 

4.1 Formation of intermetallic phases in Zn–6Al–3Mg alloy melt

In the present study, we investigated Fe–Al intermetallic phases formed on IF 

steel hot-dipped in a Zn–6Al–3Mg alloy melt at various temperatures for different 

durations, revealing a pronounced growth of the -Fe2Al5 phase toward both 

directions of solid Fe and liquid Zn sides, at a dipping temperature above 460°C 

(Figs. 6 and 10). The observed morphology of the  phase agrees well with 

previous results for steel sheets hot-dipped in various Zn–Al–Mg alloy melts [8, 

12]. In the samples hot-dipped at the lowest temperature tested (i.e., 400°C), a 

thin -Fe3Al14 phase layer was observed (Fig. 12), which suggests that a  phase 

is initially formed at the interface between the solid Fe and liquid Zn alloys. The 

locally coarsened  phase on the thin Fe–Al intermetallic phase layer (Figs. 7 and 

10) evidences an initial  phase layer formation, followed by a pronounced growth 

of the  phase during the hot-dipping process. It is noteworthy that numerous 
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coarsened  phases (Figs. 6 and 9) were observed in the Zn alloy coating on the IF 

steel sheet with a substantially reduced thickness (Fig. 3). This clearly indicates 

an enhanced interfacial reaction corresponding to the formation of the  phase and 

the dissolution of Fe into the Zn alloy melt. The interfacial reaction and its related 

formation of  phase will be discussed utilizing the thermodynamic assessment of 

a Zn–Mg–Al–Fe quaternary system as follows.

Thermodynamic equilibrium calculations of the Zn–Mg–Al–Fe quaternary 

system were performed using the CALPHAD approach [27] based on previously 

reported thermodynamic databases [17, 28, 29]. The calculated result is presented 

in Fig. 13(a). In the calculated section of the Zn–Mg–Al–Fe quaternary phase 

diagram (Fig. 13(a)), the vertical and horizontal axes indicate the temperature and 

Fe content (at%), respectively. The origin on the horizontal axis corresponds to 

the alloy composition of Zn–12.8Al–7.1Mg (at%) (Zn–6Al–3Mg (wt.%)) in this 

figure. The thermodynamic assessment presents the appearance of the -Fe4Al13 

phase in equilibrium with the liquid phase by increasing the Fe content in the 

studied Zn–6Al–3Mg alloy at elevated temperatures, ranging from 400 to 500°C. 

The assessment indicates the initial formation of a -Fe4Al13 phase enhanced by 

Fe dissolution in the Zn–6Al–3Mg alloy melt, in agreement with the present 

observations (Figs. 8 and 12). It is noteworthy that the two-phase region of  and 

liquid phases changes into the three-phase region of , liquid and -Fe2Al5 phases 

by increasing the Fe content (Fig. 13(a)). Above 5 at% Fe content, a two-phase 

region of  phase and liquid phase appears at dipping temperatures, suggesting 

that the initially formed  phase could indeed transform to an  phase by 

increasing the Fe content in the Zn–6Al–3Mg alloy melt, in agreement with the 

current observation of locally coarsened  phase during the dipping process (Figs. 

6 and 7).These reasonably good agreements with the experimental results could 

provide a conclusion that the  phase is likely formed via the transformation of 

the  to the  phase, which then substantially grows in the Zn–6Al–3Mg alloy 

melt after the long-term dipping.

Based on these findings, a possible mechanism for the interfacial reaction 
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between the liquid Zn–6Al–3Mg alloy and solid -Fe phase and its related 

formation sequence of Fe–Al intermetallic phases is discussed below. Schematics 

showing the formation process of Fe–Al intermetallic phases at the interface 

during dipping are illustrated in Figs. 13(b)–13(e). It is reasonable to consider the 

Fe dissolution into the liquid Zn alloy as a starting point for the reaction (as 

indicated in Fig. 5), because of the much higher diffusion rate in the liquid than in 

the solid (Fig. 13(b)). The Fe dissolution could provide Fe supersaturation in the 

Zn alloy melt close to the steel sheet, resulting in -Fe4Al13 phase nucleation. The 

 phase forms a continuous layer on the solid -Fe phase (Fig. 13(c)). The 

continuous  phase layer may play a role as a diffusion-controlling factor, 

resulting in the continuous growth of the  phase layer during dipping at the 

lowest temperature tested herein (i.e., 400°C) (Fig. 12). At higher temperatures, 

the initially formed  phase could be followed by the local formation of an  

phase through a solid–solid reaction between the  and -Fe (IF steel sheet) 

phases (Fig. 13(d)). This corresponds to a transition from a two-phase region of  

and liquid phases to a three-phase region of ,  and liquid phases (Fig. 13(a)) by 

increasing the Fe content around the interface between the  and -Fe phases. The 

 phase grows toward both the liquid Zn alloy and the solid Fe domains after 

further dipping (Fig. 13(e)), resulting in the local growth of the  phase observed 

in the present study (Fig. 10). The possible  →  transformation might 

accompany a volume contraction of approximately 8% under the assumption that 

the difference in the lattice parameters between the  and the  phase measured at 

room temperature [22, 26] is the same as at the dipping temperatures. The local 

straining caused by the  →  transformation could lead to cracking inside the 

initially formed  phase layer, which enhances the Fe dissolution into the Zn alloy 

melt through the solid–liquid interface (solid -Fe in contact with the liquid Zn 

alloy). The enhanced Fe dissolution could provide the driving force for the growth 

of the  phase in the liquid Zn alloy, resulting in the formation of the observed 

coarse particles of the  phase in the Zn alloy melt after long-term dipping (Figs. 

6(c) and 6(f)). Note that the transition from a two-phase region of  and liquid 
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phases to a three-phase region of ,  and liquid phases is located around 3.5 at% 

Fe content at a temperature range of 400–500°C in the calculated Zn–Mg–Al–Fe 

quaternary phase diagram (Fig. 13(a)). The calculation predicts that the formation 

sequence of Fe–Al intermetallic phases is independent of the dipping temperature. 

It can, therefore, be considered that the local growth of the  phase would occur at 

the lowest temperature of 400°C after further long-term dipping.

The proposed interfacial process mentioned above requires the understanding 

of the Fe dissolution process in the Zn alloy melt. It is generally understood the 

solubility of Fe in liquid Zn alloys provides the driving force for Fe dissolution. 

The present thermodynamic assessment in the Zn–Mg–Al–Fe quaternary system 

predicts a limited Fe solubility below 0.02 at% in the liquid phase with a 

composition of Zn–6Al–3Mg (wt.%). However, a much higher Fe content in the 

Zn alloy melt was experimentally measured in the sample hot-dipped for 2 s (Fig. 

5), suggesting higher solubility limits of Fe at dipping temperatures ranging from 

400°C to 500°C. In order to reveal the detailed mechanism of the interfacial 

reaction process, further research is needed to better understand the phase 

equilibria among the  and liquid phases and the associated solubility limits of Fe 

in the liquid phase in the Zn–Mg–Al–Fe quaternary system.

4.2 Effect of alloy elements on the formation of intermetallic phases

Based on the above-mentioned mechanism, the effect of alloy elements (Al and 

Mg) in the Zn alloy melt on the formation of Fe–Al intermetallic phases will be 

discussed utilizing the calculated phase diagram of a Zn–Mg–Al–Fe quaternary 

system below. Figure 14 presents various calculated sections of the Zn–Mg–Al–Fe 

quaternary phase diagram. In these figures, the origins on the horizontal axis 

correspond to the Zn alloy compositions of Zn–0.2Al–3Mg, Zn–1Al–3Mg and Zn–

2Al–3Mg (wt.%). The calculated Zn–0.2Al–3Mg–Fe section (Fig. 14(a)) indicates 

the -Fe2Al5 phase in equilibrium with the liquid phase by increasing the Fe 

content at dipping temperatures ranging from 400°C to 500°C, indicating the 

initially formed  phase rather than  phase in a Zn–0.2Al–3Mg (wt.%) alloy melt. 
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The assessment corresponds well to the previous results on the hot-dip Zn–0.2Al 

alloy coated steels [30, 31]. The calculated Zn–1Al–3Mg–Fe and Zn–2Al–3Mg–

Fe sections (Figs. 14(b) and 14(c)) represent a larger two-phase region of  and 

liquid phases in the higher Al content alloy melt, which is indicative of  phase 

stabilized by Al element in the Zn–Al–Mg alloy melt. These assessments imply 

the formation sequence of Fe–Al intermetallic phases would change depending on 

Al content in the Zn–Al–Mg alloy bath used for hot-dip galvanizing process. 

Figure 15 shows a calculated section of 1 wt.% Fe at 460°C in the Zn–Mg–Al–Fe 

quaternary phase diagram. The labeled phases could correspond to the initially 

formed phases on the steel sheets hot-dipped in the Zn–Mg–Al alloy melts. The 

calculated section indicates a slight effect of Mg content on the formation of 

initial phases in the dipping at 460°C, although Zn2Mg phase would appear in 

higher Mg content. Xie et al. demonstrated that Mg content in the Zn–Al–Mg 

alloy melt inhibited the formation of the Fe–Al intermetallic phase layer on the 

steels [12]. It was also found that Mg element segregated at the grain boundaries 

of the Fe–Al intermetallic phase layer [12]. These results suggest that segregated 

Mg element would contribute to the sluggish growth kinetics of the  phase in the 

Zn–Al–Mg alloy melt. It can be therefore considered that Mg content would have 

a slight effect on the formation sequence of Fe–Al intermetallic phases in the hot-

dip Zn–Al–Mg alloy galvanizing process.

5. Summary 

In this paper, we examined the formation of Fe–Al intermetallic phases on IF 

steel hot-dipped in a Zn–6Al–3Mg (wt.%) alloy melt (a commercial relevant 

coating alloy) at different temperatures (400–500°C) and dipping durations 

(2~3,600 s). The chemical composition analyses evidenced the dissolution of Fe 

into the Zn alloy melt even after 2 s of dipping. Microstructural characterization 

revealed that a continuous -Fe4Al13 phase layer was initially formed, followed by 

the local growth of an -Fe2Al5 phase toward both solid -Fe and liquid Zn alloy 

sides during the hot-dipping process. Further growth of the  phase accompanied 
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the dissolution of Fe into the Zn alloy melt, resulting in a significant thickness 

loss in the IF steel sheets during the hot-dipping process. These experimental 

results are in good agreement with the scenario of a phase transition from a two-

phase region of  and liquid phases to a three-phase region of ,  and liquid 

phases by increasing the Fe content in the Zn–6Al–3Mg alloy, predicted by the 

calculated Zn–Al–Mg–Fe quaternary phase diagram.
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Figure 1 Composition of the studied Zn alloy melt plotted on the liquidus projection of a 
Zn–Al–Mg ternary phase diagram.

Figure 2 Representative thermal profiles of the IF steel sheet during the hot-dip process. 
Dipping in the Zn alloy melt for 600 s at different temperatures: 400°C (solid black line), 
460°C (gray line) and 500°C (dashed line).

Figure 3 BEIs showing the cross section of the IF steel sheets hot-dipped in a Zn–6Al–3Mg 
(wt.%) alloy melt at (a–c) 500°C, (d–f) 460°C and (g–i) 400°C for (a, d, g) 2 s, (b, e, h) 
600 s and (c, f, i) 3600 s.

Figure 4 Change in the IF steel sheet (tFe) thickness as a function of dipping time at 400°C 
(white circles), 460°C (gray circles) and 500°C (black circles).

Figure 5 (a) BEIs showing the interfacial microstructure of IF steel sheets hot-dipped in a 
Zn–6Al–3Mg (wt.%) alloy melt at 460°C for 2 s and (b, c) the corresponding 
concentration line profiles across the interface between the steel sheet and solidified Zn 
alloy melt.

Figure 6 BEIs showing the intermetallic phase on IF steel sheets hot-dipped in a Zn–6Al–
3Mg (wt.%) alloy melt at (a–c) 500°C, (d–f) 460°C, and (g–i) 400°C for (a, d, g) 2 s, (b, 
e, h) 600 s, and (c, f, i) 3600 s.

Figure 7 EDS element maps of the IF steel sheet hot-dipped in a Zn–6Al–3Mg (wt.%) alloy 
melt for 600 s at 460°C. These maps correspond to the BEI shown in Fig. 6(e).

Figure 8 (a, d) High-magnification BEIs and (b, c, e, f) the corresponding element maps of 
Al and Fe for the IF steel sheets hot-dipped in a Zn–6Al–3Mg (wt.%) alloy melt for 2 s 
at (a–c) 460°C and (d–f) 400°C.

Figure 9 XRD profiles of IF steel sheets hot-dipped for 3,600 s in a Zn–6Al–3Mg (wt.%) 
alloy melt at (a) 500°C, (b) 460°C and (c) 400°C.

 
Figure 10 (a) BEIs showing the coarsened intermetallic phase on IF steel sheets hot-dipped 

in a Zn–6Al–3Mg (wt.%) alloy melt at 460°C for 600 s, (b, e) EBSD patterns obtained 
from the locations of A and B in (a), and (c, d, f, g) the analyzed EBSD patterns using 
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the crystal structure of the -Fe2Al5 phase (oC24) [22].

Figure 11 (a) SEM image showing the Fe–Al intermetallic phase on IF steel sheets hot-
dipped in a Zn–6Al–3Mg (wt.%) melt at 460°C for 600 s and (b) the corresponding 
phase map and (c, d) orientation color maps of the (c) -Fe2Al5 and (d) -Fe phases. 
The color represents the ND orientation according to the orientation color key in the 
attached unit triangles.

Figure 12 (a) SEM image showing the intermetallic phase layer on IF steel sheets hot-dipped 
in a Zn–6Al–3Mg (wt.%) alloy melt at 400°C for 3,600 s, (b, e) EBSD patterns obtained 
from the locations of A and B in (a), and (c, d, f, g) the analyzed EBSD patterns using 
the crystal structure of the -Fe4Al13 phase (mS102) [26].

Figure 13 (a) Calculated section of the Zn–Mg–Al–Fe quaternary phase diagram. In this 
section, the vertical and horizontal axes indicate the temperature and Fe content (at%), 
respectively. The origin on the horizontal axis corresponds to the studied alloy 
composition of Zn–12.8Al–7.1Mg (at%) (Zn–6Al–3Mg (wt.%)). (b–e) Schematics 
showing the interfacial reaction between the liquid Zn–6Al–3Mg (wt.%) and solid α-Fe 
phases corresponding to the phase transition presented in (a).

Figure 14 Calculated sections of the Zn–Mg–Al–Fe quaternary phase diagram. In this 
section, the vertical and horizontal axes indicate the temperature and Fe content (wt.%), 
respectively. The origin on the horizontal axis corresponds to the different compositions 
of (a) Zn–0.2Al–3Mg, (b) Zn –1Al–3Mg and (c) Zn–2Al–3Mg (wt.%). 

Figure 15 Calculated section of 1 wt.% Fe at 460°C in the Zn–Mg–Al–Fe quaternary phase 
diagram. 
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