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 Hot-dip galvanizing steels is usually performed by immersing the metal in a bath with 

molten zinc of temperature about from 450 to 4600C, when silicon content in the steel is 

bound to be not more than 0.4wt%. The aim of this work is to study influence of high 

temperatures of the bath (more than 4600C) with immersion time of 2 min on the 

thickness and microstructure of a thin zinc coating formed on the steel 09C2MnSi (USA 

system UNS: K11125) with the silicon content from 0.5 to 0.8%. The silicon content in 

the steel samples used was determined by optical emission analyzer and made up 

0.767%. Microstructure and phase composition of the coating were studied by scanning 

electron microscopy and energy dispersive X-ray microanalysis. It was found that the 

coating thickness decreases with temperature in the range between 535 and 5650C and 

reaches a minimum at 5550C. The structure of the coating after high-temperature hot-dip 

galvanizing was fundamentally different from the structure of the coating made at 

standard temperatures 450-4600C. This coating formed at 5550C was dense, 

homogeneous, non-porous and composed of a mixture of the [delta] and [zeta]-phases 

without distinct phase boundaries. It was recommended to maintain the bath temperature 

in the range between 5530C and 5570C to obtain a hot-dip galvanized coating of a 

minimal thickness and a good quality on a steel with a high silicon content. 
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INTRODUCTION 

 

 Hot-dip galvanizing is one of the most widely used processes for corrosion protection of steel products. It is 

the process of coating steel with a thin zinc layer by immersing the metal in a bath with molten zinc. The zinc 

coating is formed on steel as a result of a metallurgical reaction between zinc and iron in the form of reactive 

diffusion with formation of different intermetallic phases [9].  

 

 
 

Fig. 1: Fe-Zn equilibrium phase diagram [7]. 
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 The structure and the composition of the coating depend on many factors. The main factors affecting the 

thickness and structure of the coating are galvanizing temperature, chemical composition of steel (especially Si 

content), additives in the zinc melt (Al, Ni, etc), holding time [13].  

 The phase composition of the coating is dictated by the Fe-Zn equilibrium phase diagram which has been 

studied many times and now has the form shown in Fig. 1 [7].  

 This form is closely related the Fe-Zn equilibrium phase diagram presented in ASM Handbook, Volume 3 [1]. 

The chemical composition of the Fe-Zn intermetallic phases at room temperature is shown in Table 1 [15]. 

 
Table 1: Range of chemical composition of the phases in the Fe-Zn alloys (Su et al., 2001). 

Phase Compound Fe [at%] Zn [at%] 

[eta] solid solution 0-4.7 95.3-100 

[zeta] FeZn13 4.7-7.1 94.1-95.3 

[delta] FeZn10 8.1-13.8 91.9-86.2 

[gamma]1 Fe5Zn21 18.9-24.0 81.1-76.0 

[gamma] Fe3Zn10 18.0 – 31.0 82.0-69.0 

[alfa] solid solution 68.0-100.0 0-42.0 

  

 From all phases, the [delta] and [zeta]-phases hold the greatest interest as main components of the zinc coating. 

The [delta]-phase is dense, free of pores and cracks. The [zeta]-phase has usually a distinct columnar structure. 

Sometimes, the [zeta]-phase is very dispersed, its crystals take the form of divergent branches and are introduced 

into adjacent layer of the [eta]-phase. These structural features make the [zeta]-phase very brittle, what reduces the 

coating strength. Besides, the growth of the [zeta]-phase determines the general thickness of the zinc coating. The 

probability of formation of various iron-zinc layers depends primarily on the process temperature, the composition 

of the metal subjected to galvanizing, as well as other factors [3]. 

 The bath temperature is a key parameter for the hot-dip galvanizing. It has a dominant influence on the 

thickness, structure, and phase composition of the coating. Dependence of the coating thickness on the galvanizing 

temperature has been studied for steels of various compositions [8,19]. Of particular interest is the so-called 

high-temperature dip galvanizing technology because it allows you to get thinner coating, consisting mainly of the 

[delta]-phase providing the best quality products [17]. 

 Significant influence of silicon on the hot-dip galvanizing process has been known for more than 70 years 

[16,2]. Steels with silicon content 0.1 - 0.3% have a more thick, uneven coating with a poor adhesion to the 

substrate, so they are called reactive steels. One of the practical resolutions of the problem of reactivity is the 

Technigalva technology of micro-alloying zinc melt developed in the 80s of the last century [11]. However, the 

efficiency of this technology is limited by steel containing Si <0.2%. At the same time, studies on high-temperature 

galvanizing steels with the high silicon content of 0.7-1% are practically absent. 

 However, the study of process of high-temperature dip galvanizing in relation to steels with a high silicon 

content is a promising and urgent task. Structural steels alloyed with silicon are widely used in civil engineering, as 

well as for production of high-strength bolts and other fasteners. Such products require a minimal thickness of the 

coating galvanized because too thick zinc coating requires additional work on re-threading, that leads to spalling 

the coating, the loss of corrosion resistance and, consequently, the reject of the entire product [6]. 

 The main aim of this work is to study the influence of elevated temperatures of hot-dip galvanizing on the 

thickness and microstructure of zinc coatings on a steel with a high silicon content and elaborate recommendations 

for the optimal technological parameters of hot-dip galvanizing products made from this steel. 

 

MATERIALS AND METHODS 

 

 Samples used for the study were cut from 3 mm sheet steel of type 09C2MnSi, UNS: K11125 (Metals and 

Alloys in the Unified Numbering System (UNS), 2012). The samples were squares 150 mm on side. Chemical 

composition of the steel was determined by optical emission analyzer Foundry-Master XPR. Results are shown in 

Table 2. The silicon content is 0.767 wt%. 

 
Table 2: Chemical composition of the sample steel. 

Element C Si Mn P S Cr Ni 

Content, wt% 0.122 0.767 1.53 0.0094 0.0094 0.033 0.0569 

 

 Each batch of the samples was subjected to a preliminary chemical surface preparation by conventional 

manufacturing technology. The samples were degreased for 15 min in an alkaline cleaner, followed by pickling in 

100–200 g/l HCl for 5min. Next the sheets were dipped in a flux bath consisting of 500 g/l of 25/75 wt% 

ZnCl2/NH4Cl salt solution which was kept at 80 
0
C. The fluxed sheets were dried for 30 min at 70 °C in a drying 

box. Hot-dip galvanizing occurred in an experimental galvanizing bath at the temperature in the range from 535 to 
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565
0
C in 10

0
C intervals and with immersion time of 2 min. The melt of the zinc in the bath contained additives of 

nickel (0.03%) and aluminum (0.002%). 

 Microstructure and thickness of the zinc coating were investigated by metallographic method using optical 

metallographic microscope Axiovert 40 MAT and scanning electron microscope TESCAN Vega SB.  

 To determine the local content of iron at various points of the coating, the energy-dispersive X-ray analysis 

with the INCAx-act of the scanning electron microscope was used. 

 

Results: 

 Our research has shown that zinc coating thickness decreases with increasing galvanizing temperature in the 

temperature range from 535 to 565
0
C and reaches its minimum at 555

0
C (Fig. 2). The thickness of the coating made 

at 555
0
C is almost three times less than that made at 535

0
C and makes up 60 micrometers.  

 

 
 

Fig. 2: Coating thickness dependence on galvanizing temperature. 

 

 The structure of the coatings made by hot-dip galvanizing at high-temperature (more than 460
0
C) and standard 

temperature (450-460
0
C) is shown in Fig. 3. The coating made at 458

0
C has well-defined phase boundaries and 

consists mainly of large crystallites of the [zeta]-phase with pores and cracks (Fig. 3a). The coating made at a 

temperature 555
0
C is dense, homogeneous, and free of pores and well-defined phase boundaries (Fig. 3b). 

 

 а)    b) 

 

Fig. 3: The SEM micrographs of the cross-sections of the zinc coating made at 458
0
C (a) and 555

0
C (b). 

 

 Determination of the local content of iron in the coating was performed by energy dispersive X-ray 

microanalysis with scanning of the electron beam along the strip of 5 micrometers width at three sites: on the outer 

edge, in the middle and close to the steel base. The results of the measurements are shown in Table 3. 
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Table 3: The content of iron in the coating, at%. 

Measurement location The relative thickness of coating Galvanizing temperature 

5350C 5450C 5550C 5650C 

Close to the steel base 0 7.88 9.21 7.90 10.48 

Middle of coating 0.5 6.43 6.52 7.96 8.60 

Outer edge of coating 1 6.32 6.52 7.20 7.35 

 

Discussion: 

 As it can be seen from Fig. 3, the structure of the coating after high-temperature hot-dip galvanizing is 

fundamentally different from the structure of the coating made at standard temperatures 450-460
0
C. This result 

agrees with investigations of the temperature effect on the kinetics of the reaction between liquid zinc and pure iron 

[5]. 

The thickness of the zinc coating on the samples is not constant and decreases with growth of the galvanizing 

temperature (Fig. 2). The thickness of each phase is the part of the total coating thickness. As the thickness of the 

resulting coatings is sufficiently small (60-200 micrometers), the identification phase can be done using results of 

energy-dispersive X-ray microanalysis. The essence of this method is in the determination of the phase 

composition on the base of the atomic ratio between iron and zinc in various selected microvolumes of the coating. 

Such method is usually used by other researchers [14]. Conclusion about the phase can be done by comparing the 

results of microanalysis and the range of chemical composition of the Fe-Zn intermetallic phases shown in Table 1 

[15].  

 The relationship between phases in the coating can be determined on the base of iron content at different sites 

of the coating at various temperatures (Table 3). The results of this table can be presented in graphical form as 

dependence of the iron concentration from a relative thickness of the coating (Fig. 4).  

 

 
 

Fig. 4: Change of iron concentration (at%) with the relative thickness from the base to the outer edge of the coating. 

 

 These results allow us to estimate the change in the relationship between phases in the coatings obtained at 

different temperatures. The [zeta]-phase has a homogeneity region in a narrow range of iron content (4.7-7.1 at%). 

The [delta]-phase exists in the range of iron 8.1-13.8 at%. When the iron content ranging from 7.1 to 8.1 at% the 

coating probably consists of a mixture of [delta] and [zeta]-phases [4]. 

 Based on these results, we can conclude that the coating galvanized at the temperature 535
0
C consists of the 

mixture of [delta] and [zeta]-phases in the first quarter of its thickness close to the steel base and further of the pure 

[zeta]-phase. At the temperature 545
0
C of hot-dip galvanizing, about the quarter of coating is the [delta]-phase, 

then there is a small intermediate region of a phase mixture and more than half of the coating is the [zeta]-phase. 

The coating fully consist of a phase mixture at the temperature of 555
0
C. Three quarters of the thickness of the 

coating made at 565
0
C consist of the [delta]-phase, and one quarter consists of the [zeta]-phase. Thus, the coating 

obtained at 555
0
C has the smallest thickness and consists entirely of the mixture of phases, and the pure brittle 

[zeta]-phase is absent in this coating. The microstructure of such coating on all the samples has no pores, 

delamination, variation of the thickness and other defects. 



947                                                         Olga Sergeevna Bondareva et al, 2014 

Advances in Environmental Biology, 8(10) June 2014, Pages: 943-948 

Conclusion: 

 In this study, we investigated the influence of high temperatures from 535 to 565
0
C of hot-dip galvanizing with 

immersion time of 2 min on the thickness and microstructure of the thin zinc coating formed on the steel 09C2MnSi 

(USA system UNS: K11125) with the high silicon content of 0.767 wt%. With increasing temperature of hot-dip 

galvanizing, the thickness of the zinc coating decreases and reaches the minimum of 60 micrometers at the 

temperature 555
0
C. The phase composition of the coating obtained at temperature 555

0
 C consists of a mixture of 

[delta] and [zeta]-phases. At the same time, the pure brittle [zeta]-phase is not detected. We can recommend to 

maintain the bath temperature in the range between 553 and 557
0
C to obtain a hot-dip galvanized coating of a 

minimal thickness and a good quality on a steel with a high silicon content. 

 A small amount of silicon frequently exists in structural steels because the silicon is used as a deoxidizing 

agent in the process of steel making. Silicon is also a low-cost yet very effective strengthening alloying element for 

steels. The minimal thickness of the coating is necessary, when bolts and other fasteners are galvanized. The 

high-temperature hot-dip galvanizing provides the high quality of thin zinc coatings on the high-silicon steels. 

Research in the field of high-temperature galvanizing technology continues. Experiments for determination of 

optimal holding time in the melt are underway. Based on these results, the correction of process parameters is made 

at a Russian galvanizing factory. 

 

REFERENCES 

 

[1] Burton, B.P. and P. Perrot, 1992. Fe-Zn (Iron-Zinc). ASM Handbook, Volume 3, Alloy Phase Diagrams. 

ASM International. The Materials Information Company. ISBN: 0-87170-381-5, pp: 874. 

[2] Che, C., J. Lu, G. Kong and Q. Xu, 2009. Role of silicon in steels on galvanized coatings. Acta Metallurgica 

Sinica (English Letters), 22(2): 138-145. DOI: 10.1016/S1006-7191(08)60081-2 

[3] Frank, E. and M. Dubois, J.S. Kim, 1998. Zinc-based steel coating systems. Minerals, Metals & Materials 

Society, San Antonio, Texas. ISBN: 0873394003, pp: 362. 

[4] Foct, J., P. Perrot and G. Reumont, 1993. Interpretation of the role of silicon on the galvanizing reaction 

based on kinetics, morphology and thermodynamics. Scripta Metallurgica et Materiala, 28(10):1195-1200. 

DOI: 10.1016/0956-716X(93)90453-Y 

[5] Giorgi, M.L., P. Durighello, R. Nicolle and J.B. Guillot, 2004. Dissolution kinetics of iron in liquid zinc. 

Journal of Materials Science, 39(18): 5803–5808. DOI: 10.1023/B:JMSC.0000040092.27463.45 

[6] Hamlaoui, Y., F. Pedraza and L. Tifouti, 2007. Comparative study by electrochemical impedance 

spectroscopy (EIS) on the corrosion resistance of industrial and laboratory zinc coatings. American Journal 

of Applied Sciences, 4(7): 430-438. DOI: 10.3844/ajassp.2007.430.438 

[7] Lyakishev, N.P., 1997. Phase Diagrams of Binary Metallic Systems, Handbook in 3 volumes, Vol.2, 

Engineering, Moscow. ISBN: 5-217-01569-1, pp: 1024 

[8] Marder, A.R., 2000. The metallurgy of zinc-coated steel. Progress in Materials Science, 45 (3):191-271. 

DOI: 10.1016/S0079-6425(98)00006-1  

[9] Maass, P. and P. Peissker, 2011. Handbook of Hot-dip Galvanization. 1st ed. Wiley-VCH, Germany. ISBN: 

978-3-527-32324-1, pp: 494 

[10] Mooney, T., 1997. Galvanizing high silicon steel. Metal Finishing, 95(5): 63. DOI: 

10.1016/S0026-0576(97)93556-X 

[11] Murthy, K.S.N. and L. Pugazhenthy, 1998. Recent Technology and Market Trends in Galvanizing. National 

Workshop on Surface Engineering for Corrosion Control. NML, Jamshedpur. 

http://eprints.nmlindia.org/4099 (Accessed on May 15, 2014) 

[12] Metals and Alloys in the Unified Numbering System (UNS), 2012. 12th Ed. ASTM International, USA. 

ISBN-13: 978-0-7680-7950-0, pp: 677. 

[13] Proskurkin, E.V., V.A. Popovich and A.T. Moroz, 1988. Hot-dip galvanizing. Handbook. 1st ed. Metallurgy, 

Moscow: ISBN 5-229-00112-7, pp: 528 

[14] Reuter, M., 2001. The effect of galvanizing on Zn layer formation during galvanizing of high-strength 

screws. Stahlbau, Germany, 70(7): 478-491. DOI: 10.1002/stab.200101680 

[15] Su, X.P., N.Y. Tang and J.M. Toguri, 2001. Thermodynamic evaluation of the Fe-Zn system. Journal of 

Alloys and Compounds, 325(1-2): 129-136. DOI: 10.1016/S0925-8388(01)01273-7 

[16] Tang, N.Y., 2008. Control of Silicon Reactivity in General Galvanizing. Journal of Phase Equilibria and 

Diffusion, 29(4): 337-344, DOI: 10.1007/s11669-008-9321-0 

[17] Verma, A.R.B. and W.J. Van Ooij, 1997. High-temperature batch hot-dip galvanizing. Part 1. General 

description of coatings formed at 560
0
C. Surface and Coatings Technology, 89(1-2) :132–142. 

DOI:10.1016/S0257-8972(96)02941-6 

http://www.scopus.com/authid/detail.url?authorId=12244520900&amp;eid=2-s2.0-64349096413
http://www.scopus.com/authid/detail.url?authorId=12773351200&amp;eid=2-s2.0-64349096413
http://www.scopus.com/authid/detail.url?authorId=9746881900&amp;eid=2-s2.0-64349096413
http://www.scopus.com/authid/detail.url?authorId=55482776900&amp;eid=2-s2.0-64349096413
http://www.scopus.com/source/sourceInfo.url?sourceId=28585&origin=recordpage
http://www.scopus.com/source/sourceInfo.url?sourceId=28585&origin=recordpage
http://www.scopus.com/source/sourceInfo.url?sourceId=28585&origin=recordpage
http://www.google.ru/search?hl=ru&tbo=p&tbm=bks&q=inauthor:%22Frank+E.+Goodwin%22&source=gbs_metadata_r&cad=6
http://www.google.ru/search?hl=ru&tbo=p&tbm=bks&q=inauthor:%22Frank+E.+Goodwin%22&source=gbs_metadata_r&cad=6
http://www.google.ru/search?hl=ru&tbo=p&tbm=bks&q=inauthor:%22J.S.+Kim%22&source=gbs_metadata_r&cad=6
http://www.scopus.com/authid/detail.url?authorId=7005696054&amp;eid=2-s2.0-0027593545
http://www.scopus.com/authid/detail.url?authorId=7003739774&amp;eid=2-s2.0-0027593545
http://www.scopus.com/authid/detail.url?authorId=7004055072&amp;eid=2-s2.0-0027593545
http://www.scopus.com/source/sourceInfo.url?sourceId=37076&origin=recordpage
http://dx.doi.org/10.1016/0956-716X(93)90453-Y
http://www.scopus.com/authid/detail.url?authorId=24435913400&amp;eid=2-s2.0-70349305686
http://www.scopus.com/authid/detail.url?authorId=7003846918&amp;eid=2-s2.0-70349305686
http://www.scopus.com/authid/detail.url?authorId=6506282611&amp;eid=2-s2.0-70349305686
http://www.scopus.com/source/sourceInfo.url?sourceId=6400153122&origin=recordpage
http://www.scopus.com/source/sourceInfo.url?sourceId=6400153122&origin=recordpage
http://www.scopus.com/source/sourceInfo.url?sourceId=6400153122&origin=recordpage
http://www.researchgate.net/researcher/72272554_A_R_Marder
http://www.sciencedirect.com/science/article/pii/S002605769793556X
http://www.sciencedirect.com/science/journal/00260576
http://dx.doi.org/10.1016/S0026-0576(97)93556-X
http://eprints.nmlindia.org/4099
http://www.sciencedirect.com/science/journal/02578972
http://dx.doi.org/10.1016/S0257-8972(96)02941-6


948                                                         Olga Sergeevna Bondareva et al, 2014 

Advances in Environmental Biology, 8(10) June 2014, Pages: 943-948 

[18] Verma, A.R.B. and W.J. Van Ooij, 1997. High-temperature batch hot-dip galvanizing. Part 2. Comparison of 

coatings formed in the temperature range 520–550
0
C. Surface and Coatings Technology, 89(1-2): 143–150. 

DOI: 10.1016/S0257-8972(96)02940-4 

[19] Wang, J., H. Tu, B. Peng, X. Wang, F. Yin and X. Su, 2009. The effects of zinc bath temperature on the 

coating growth behavior of reactive steel. Materials Characterization, 60(11): 1276–1279. DOI: 

10.1016/j.matchar.2009.05.010 

http://www.sciencedirect.com/science/journal/02578972
http://dx.doi.org/10.1016/S0257-8972(96)02940-4
http://www.sciencedirect.com/science/journal/10445803
http://www.sciencedirect.com/science/journal/10445803/60/11
http://dx.doi.org/10.1016/j.matchar.2009.05.010

