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Zn and Zn-Y coatings on 42CrMo steel were prepared by pack cementation process at 360°C, 370°C, 

380°C, 390°C and 400°C for 4 h, respectively. The purpose of this work was to comparatively study 

the differences on the microstructure and corrosion behavior between the two coatings. The 

relationship between the coating thickness and the temperature followed the linear rule. The Zn coating 

was continuous and had a single-layer structure. The Zn-Y coating exhibited a similar structure to the 

Zn-Fe coating. The Zn-Fe coating was a layer of Fe-Zn intermetallic compounds with increasing 

Fe3Zn10 concentration. YZn5 was formed with the addition of Y. The effect of Y addition on the 

microstructure and corrosion behavior of the Zn coating was discussed. The thickness of the Zn-Y 

coating was thicker than that of the Zn coating. The activation energy for the formation of the coating 

decreased with the addition of Y. The concentration of Fe3Zn10 phase in the Zn-Y coating was 

slightly higher than that in the Zn coating, which suggested that the addition of Y promoted the 

formation of the Fe3Zn10 phase. The immersion test showed that the addition of Y could improve the 

ability of the coating to resist the penetration of Cl
-
 and O2. 
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1. INTRODUCTION 

Surface coating technologies are an effective means to improve the corrosion resistance of 

steel. Pack cementation process is one of the important surface coating technologies, which is an in 

situ chemical vapor deposition process used to prepare coating on substrate [1-3]. The process is 

economic, easy to operate, and suitable to be applied on substrates with complex shapes [4, 5].  

Pack cementation Zn coating acting as sacrificial anode material has been developed to 

improve the corrosion resistance of steel [6]. However, the single Zn coating can not satisfy the need 
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of serious corrosion environment. The codeposition of two elements by pack cementation process has 

been put forward in recent years. The codeposition process not only can take full advantages of each 

element, and can also let the substrate surface acquire better performance. The codeposition of two 

elements is the most popular technology [7, 8]. The codeposition of Zn and Al has been applied in 

improving the properties of single Zn coating. The microstructure evolution and corrosion resistance of 

the pack cementation Zn and Zn-Al coatings on AISI 1020 steel were reported by Qi et al [9]. They 

found that the Zn-Al coating exhibited better corrosion resistance. The corrosion behaviors of Zn-Al 

coating and Zn coating on a commercial carbon steel in aqueous solutions and high-temperature 

environment have been studied by He et al [10]. They found that compared with the Zn coating, the 

Zn-Al coating had better corrosion resistance in both two environments. It is obvious that the 

codeposition of Zn and other element has a great potential for improving microstucture and 

performance of Zn coating. Many researches have reported that the codeposition of Al and a small 

amount of rare earth element Y or its oxide Y2O3 was an effective means to improve the oxidation 

resistance of the pack cementation coating at high temperature [11-14]. However, there is relatively 

little research on the codeposition of Zn and Y. In this work, Zn coatings and Zn-Y codeposition 

coatings on 42CrMo steel were prepared by the pack cementation at different temperatures (from 

360°C to 400°C). The goal of this work is to comparatively study the differences on the microstructure 

and corrosion behavior between the two coatings.   

 

 

 

2. EXPERIMENTAL 

42CrMo steel used as substrate was cut into specimens with a dimension of 3mm × 10mm × 

10mm. The specimens were ground with 2000 grid SiC paper, washed with alcohol, and dried with 

warm flowing air. The chemical compositions of the 42CrMo steel are shown in Table 1. 

 

Table 1. Compositions of 42CrMo steel (wt.%) 

 

C Si Mn Mo Cr Cu Ni S P Fe 

0.45 0.35 0.80 0.24 1.10 0.02 0.02 0.03 0.03 96.96 

 

The conventional pack cementation process was used in this work. The pack mixture for the 

preparation of Zn coating was composed of Zn powder as source element and NH4Cl powder as 

activator. Zn-Y coating was obtained by the addition of Y2O3 to the pack mixture. The specimen was 

embedded in the pack mixture in an Al2O3 crucible. The filled crucible was sealed with high 

temperature resistant sand and then placed into a furnace with a heating rate of 15°C·min
-1

. The 

crucible was heated to the desired temperature and held at this temperature for 4 h. Then the crucible 

was cooled in the furnace to room temperature. The furnace was filled with inert gas during the heating 

process. The temperature and composition of the pack mixture are shown in Table 2.  
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Table 2. Temperature and composition of pack mixture  

 

Coating Temperature 

(°C) 

Composition (wt.%) 

Zn Y2O3 NH4Cl 

  360 98 0 2 

  370 98 0 2 

Zn 380 98 0 2 

  390 98 0 2 

 400 98 0 2 

 360 96 2 2 

 370 96 2 2 

Zn-Y 380 96 2 2 

 390 96 2 2 

 400 96 2 2 

 

The cross-sectional microstructure of coated specimens was observed using optical microscopy 

(OM) and scanning electron microscopy (SEM) equipped with energy dispersive spectroscopy (EDS). 

The phases of the coating's surface were analyzed using X-ray diffraction (XRD) technique. The 

coating thickness was derived from the OM graphs. 

The corrosion resistance of the substrate and coated specimens was evaluated by immersion 

test. The specimens were scratched by a knife in x-shape, and then immersed in 3.5 wt.% NaCl 

solution for a specified period of time (30 days). The corrosion morphology was observed using a 

digital camera. The phases of the corrosion products were analyzed using XRD. The cross-sectional 

corrosion morphology was observed using SEM. The polarization behavior of the uncoated and coated 

specimens in NaCl solution were evaluated using the CS350 electrochemical workstation. The 

specimen and the Pt mesh were used as the working electrode and the counter electrode, respectively. 

The working area of the specimen was 5 mm
2
. The saturated calomel electrode was used as the 

reference electrode. The scan rate was 1 mV/s. In order to stabilize potential, the opening circuit 

potential was measured for 20 minutes. Then the polarization test began. 

 

 

3. RESULTS AND DISCUSSION 

3.1  Microstructure 

The cross-sectional microstructures of Zn coatings are shown in Figure 1. There is a clear 

interface between the coating and the substrate, which implies that the formation of the coating is due 

to diffusion [12]. There are no visible pores or cracks at the interface, which illustrates that the coating 

has a good adhesion to the substrate. The Zn coatings are continuous and have a single-layer structure. 

No penetrating crack is found in the coatings. But some microcracks are found in the outer part of the 

coating. The coating thickness gradually increases with the increase of temperature. The coating 

prepared at high temperature is more uniform than that prepared at low temperature. The edge of the 

coating is jagged, which shows that the coating surface is rough and uneven. The irregularity decreases 

with the increase of temperature, which shows that the coating surface is improved with the increase of 
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temperature.  

 

 
 

Figure 1. Cross-sectional microstructures of Zn coatings prepared at different temperatures,(a) 360°C, 

(b) 370°C, (c) 380°C, (d) 390°C, (e) 400°C 

 

 

 
 

Figure 2. Cross-sectional microstructures of Zn-Y coatings prepared at different temperatures,(a) 

360°C, (b) 370°C, (c) 380°C, (d) 390°C, (e) 400°C 

 

The cross-sectional microstructures of Zn-Y coatings are shown in Figure 2. The 

microstructure of the Zn-Y coating is similar to that of the Zn coating. No defects are found in the 
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interface. The microcracks in the outer part of the Zn-Y coating are less than those in the outer part of 

the Zn coating. The thickness of the Zn-Y coating clearly increases with the increase of temperature. 

At a same temperature, the Zn-Y coating is thicker and more uniform than the Zn coating, which 

implies that the addition of Y can improve the quality of the Zn coating. The thickness uniformity of 

the Zn-Y coating increases with the increase of temperature, which shows that the increase of 

temperature also can improve the quality of the Zn-Y coating.  

The thicknesses of the Zn and Zn-Y coatings are shown in Figure 3. The thicknesses of the Zn 

coatings prepared at 360°C, 370°C, 380°C, 390°C and 400°C are 8.7 μm, 18.8 μm, 25.1 μm, 35.7 μm 

and 54.7 μm, respectively. The thicknesses of the Zn-Y coatings prepared at 360°C, 370°C, 380°C, 

390°C and 400°C are 26.2 μm, 34.4 μm, 44.7 μm, 50.2 μm and 61.2 μm, respectively. It is concluded 

that the coating thickness can be increased by increasing temperature and adding Y. As shown in 

Figure 3, the relationship between the thickness and the temperature follows the linear rule. According 

to the fitting result, the growth kinetic of the Zn coating can be expressed by the following equation:  

  x = 1.09T - 385.22      (1) 

where x is the coating thickness and T is the temperature. The growth kinetic of the Zn-Y 

coating can be described by the following equation: 

x = 0.87T - 287.04        (2) 

When x=0, the temperatures for the formation of Zn coating and Zn-Y coating are 353.41°C 

and 329.93°C, respectively. It can be concluded the addition of Y reduces the temperature needed for 

the formation of the coating. After calculation, the thickness of Zn coating equals the thickness of Zn-

Y coating when the temperature is 446.27°C. This temperature is higher than the melting point of Zn 

(419.53°C). Therefore, it can be concluded that the addition of Y plays a thickening effect in the pack 

Zn-Fe coating formation temperature range. The thickness difference between the Zn-Y coating and 

the Zn coating decreases with the increase of temperature, which shows that the thickening effect of Y 

is better at low temperature. 

 

 
 

Figure 3. Thickness of Zn and Zn-Y coatings prepared at different temperatures 

 

The relationship between the natural logarithm (ln) of thickness (x) and Ta
-1

 × 1000 is shown in 
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Figure 4. According to the fitting results, the formation of the Zn and Zn-Y coatings is well consonant 

with the Arrhenius relationship, which confirmed that the formation of Zn and Zn-Y coatings is due to 

diffusion. The relationship between the temperature and the coating thickness can be described by the 

equation below [15, 16]: 

lnx = -E/(RT) + lnA            (3) 

where E is the activation energy, R is the gas constant (8.314 J·mol
-1

·K
-1

), Ta is the absolute 

temperature, and A is a constant. The fitting lines of Zn coating and Zn-Y coating give slopes of -18.44 

and -8.96, respectively. The activation energies can be computed by substituting the slopes into Eq. 

(3). The activation energies are 153.31 kJ·mol
-1

 and 74.49 kJ·mol
-1

 for the formation of the Zn coating 

and the Zn-Y coating, respectively. It is obvious that the activation energy for the formation of Zn 

coating is much larger than that for the formation of Zn-Y coating, so it is concluded that the addition 

of Y can greatly reduce the activation energy.  

 

 
 

Figure 4. Relationship between lnx and Ta
-1

×1000 

 

 
 

Figure 5. Cross-sectional SEM image (a) and element concentration profile (b) of Zn coating  

prepared at 370°C 

 

The cross-sectional SEM image and element concentration profile of the Zn coating prepared at 
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370°C are shown in Figure 5. As shown in Figure 5a, the edge of the coating is jagged and crumbling, 

which is similar to the result depicted in Figure 1. The crumblings are in the form of sheets and bulk. 

According to Figure 5b, starting from surface, the Zn coating is a Zn-Fe alloy with increasing Fe 

concentration. The concentration of Fe in the coating ranges from 17.81 at.% to 23.74 at.%. The 

formation of the Zn coating is due to the inward diffusion of Zn atoms and the outward diffusion of Fe 

atoms. A small amount of Zn atoms have diffused into the substrate, which indicates that the outward 

diffusion of Fe was accompanied by the inward diffusion of Zn. At the interface between the coating 

and the substrate, the concentration of  Fe changes a lot.  

The cross-sectional SEM image and element concentration profile of the Zn-Y coating 

prepared at 370°C are shown in Figure 6. According to the SEM images, the edge of the Zn-Y coating 

is obviously flatter than the Zn coating No big crumblings are found in the edge of the Zn-Y coating, 

which shows that the coating surface is improved with the addition of Y. The result is consistent with 

that depicted in Figure 2. The Zn-Y coating is composed of large amounts of Zn atoms, small 

amounts of Fe atoms and trace amounts of Y atoms. From surface to interior, the concentration of Fe 

in the coating ranges from 18.27 at.% to 34.57 at.%. Compared with Figure 5b, the concentration of Fe 

in the coating and the concentration of Zn in the substrate increase with the addition of Y. It is 

concluded that the addition of Y promotes the inward diffusion of Zn atoms and the outward diffusion 

of Fe atoms. The concentration of Y in the Zn-Y coating surface is about 0.15 at.%, which changes to 

0.22 at.% in the interface. A trace amount of Y atoms have diffused into the substrate to a depth 

of several microns. 

 

 
 

Figure 6. Cross-sectional SEM image (a) and element concentration profile (b) of Zn-Y coating 

prepared at 370°C 

 

The XRD patterns of the coatings' surface are shown in Figure 7. The phases of the Zn coating 

are mainly δ-FeZn10 and Γ-Fe3Zn10. The XRD result is fit to the Fe-Zn binary phase diagram [6, 17]. 

YZn5 phase is formed with the addition of Y, which implies that Y took part in the formation of the 

Zn-Y coating. It can be concluded that the codeposition of Zn and Y was achieved. As shown in Figure 

5b, the surface of the Zn coating is composed of 82.19Zn-17.81Fe (at.%). According to Figure 6b, the 

surface of the Zn-Y coating is composed of 81.58Zn-18.27Fe-0.15Y (at.%). By calculation, the 
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concentration of Fe3Zn10 phase in the coating's surface is much higher than the FeZn10 phase. The 

concentration of Fe3Zn10 phase in the Zn-Y coating is slightly higher than that in the Zn coating, which 

suggests that the addition of Y promoted the formation of the Fe3Zn10 phase. From surface to interior, 

the concentration of Fe increases gradually, which implies that the amount of Fe3Zn10 in the coating's 

interior is higher than that in the coating's surface. That is, the Zn coating is a layer of Fe-Zn 

intermetallic compounds with increasing Fe3Zn10 concentration. According to previous studies [18, 

19], the brittle FeZn10 phase facilitates the propagation of the microcrack but the ductile Fe3Zn10 phase 

prevents the microcrack from propagating. That is, with the increase of the concentration of Fe3Zn10 

phase in the coating, the amounts of the microcracks in the coating decreases. In other words, the 

quality of the coating is improved with the addition of Y. The result is consistent with that from the 

SEM images.  

 

 
 

Figure 7. XRD patterns of surface of different coatings prepared at 370°C (1) Zn coating, (2) Zn-Y 

coating 

 

3.2 Corrosion resistance 

The corrosion morphologies of the substrate and the coatings prepared at 370°C are shown in 

Figure 8.  The surface of the substrate is covered with a layer of red rusts. The rusts are loose and easy 

to fall off, which can not reduce the corrosion of the substrate. No red rust is found in the coatings' 

surface. The whole surface of the Zn coating is covered by a layer of white powders. The dotted 

distribution of the corrosion products is due to the selective dissolution of Zn [20]. The x-shape scratch 

can be faintly visible. The white powder layer is denser than the red rust layer and it has good adhesion 

with the coating, which implies that the corrosion products layer can retard the corrosion. For the Zn-Y 

coating, less white powders are found in the surface, and the x-shape scratch is clearly visible. The Zn-

Y coating still exhibits its original grey color. It can be concluded that the corrosion resistance of Zn-Y 

is better than that of the Zn coating. That is, the addition of Y can enhance the corrosion resistance of 

Zn-Fe coating.  
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Figure 8. Corrosion morphologies of substrate and coatings prepared at 370°C (1) substrate, (2) Zn 

coating, (3) Zn-Y coating 

 

The XRD patterns of corrosion products on the coatings' surface are shown in Figure 9. The 

corrosion products are composed of Zn5(OH)8C12·H2O, Zn(OH)2 and ZnO. The similar corrosion 

products have been reported in other studies [20, 21]. The corrosion of Zn in the NaCl solution is 

controlled by oxygen absorption corrosion. Zn(OH)2 was firstly formed through the oxygen absorption 

corrosion reaction. With the penetration of Cl
-
, Zn5(OH)8Cl2·H2O was formed. No iron oxides are 

found in the corrosion products, which implies that the coating can effectively prevent the Fe from 

corrosion. 

 

 
 

Figure 9. XRD patterns of corrosion products on coatings' surface (1) Zn coating, (2) Zn-Y coating 

 

The cross-sectional corrosion morphologies of the Zn and Zn-Y coatings formed at 370°C are 

shown in Figure 10. The chemical compositions of the marked points revealed by EDS are listed in 

Table 3. The upper portion of the Zn coating is corroded seriously. Many long cracks are found in the 

coating, which are the channels of the penetration of Cl
-
 and O2. Only some small corrosion holes are 

found in the Zn-Y coating. The cracks in the Zn-Y coating are significantly less than those in the Zn 

coating. It is obvious that the corrosion of Zn coating is more serious than that of the Zn-Y coating, 

which is consist with the result revealed by Figure 7. According to Table 3, the amounts of O and Cl in 

the corrosion region of the Zn-Fe coating are much larger than those in the Zn-Y coating, which 

implies that the resistance of the Zn-Y coating to the penetration of Cl
-
 and O2 is better than that of the 
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Zn coating. The better ability of the Zn-Y coating to resist the penetration of Cl
-
 and O2 can be 

explained as follows.  

Firstly, according to the SEM images, the microstructure of the coating was improved with the 

addition of Y. The phase containing Y (YZn5) mainly distributed in the interface and grain boundaries 

[22, 23], which can reduce the defects and increase the compactness of the coating. Thus the resistance 

of the Zn-Y coating to the penetration of Cl
-
 and O2 increased. Secondly, the corrosion products film 

on the Zn-Y coating was more stable than that on the Zn coating. The YZn5 formed in the boundaries 

could improve the adhesion between the coating and the corrosion product film. Thus the corrosion 

product film played as the barrier between the coating and the corrosion solution could effectively 

prevent the Zn-Y coating from corrosion. The similar behavior of rare earth element has been reported 

in other studies [24, 25]. Thirdly, the better resistance to the penetration of Cl
-
 and O2 is due to the 

more Fe3Zn10 phase in the Zn-Y coating. It has been mentioned that the Fe3Zn10 phase could prevent 

the spread of  cracks. As the cracks are the channels for the penetration of Cl
-
 and O2, the Zn-Y coating 

containing more Fe3Zn10 phase exhibited the better resistance to the penetration.  

 

 
 

Figure 10. Cross-sectional corrosion morphologies of coatings prepared at 370°C (a) Zn coating, (b) 

Zn-Y coating 

 

Table 3. EDS analysis results of the marked points in Figure 10 

 

Point Composition (at.%) 

Fe Zn O Cl Y 

1 17.63 42.70 30.57 9.09 0 

2 18.18 55.08 21.56 5.18 0.14 

 

The polarization curves of the substrate and the coatings prepared at 370°C are shown in Figure 

11. The corrosion potential (Ecorr), corrosion current density (icorr), polarization resistance (Rp) and 

Tafel slope are shown in Table 4. The Rp was calculated by the following equation [26]: 

Rp = βaβc/(2.303icorr(βa+βc))             (4) 

where βa is the anodic Tafel slope and βc is the cathodic Tafel slope.  

The icorr value of the substrate is 1.57×10
-2

 mA/cm
2
. The icorr values of the Zn coating and the 
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Zn-Y coating are 1.43×10
-3

 mA/cm
2
 and 1.84×10

-4
 mA/cm

2
, respectively. Smaller corrosion current 

density value means better corrosion resistance [27]. It is obvious that the corrosion resistance of the 

coating is better than the substrate. The corrosion resistance of the Zn-Y coating is better than that of 

the Zn coating. The result is consist with that from the immersion test. The Ecorr value of the substrate 

is -745.98 mV. The Ecorr values of the Zn coating and the Zn-Y coating are -1123.72 mV and -1003.14 

mV, respectively. It can be found that the coating plays a role in protecting cathode. The βa values of 

the Zn coating and the Zn-Y coating are obviously smaller than that of the substrate, which shows that 

the corrosion products layers on the coatings could prevent the corrosion to some extent. The result 

agrees with that from the corrosion morphologies. The Rp values has a same trend as the βa values.  

 

 
 

Figure 11. Polarization curves of substrate and coatings prepared at 370°C 

 

Table 4. Corrosion potential, corrosion current density, polarization resistance and Tafel slopes 

 

specimen Ecorr (mV) icorr (mA/cm
2
) βa 

(mV/decade) 

βc 

(mV/decade) 

Rp (Ω·cm
2
) 

substrate -745.98 1.57×10
-2

 224.63 275.41 3.42×10
3
 

Zn coating -1123.72 1.43×10
-3

 131.49 172.31 3.24×10
4
 

Zn-Y coating -1003.14 1.84×10
-4

 107.54 149.43 2.72×10
5
 

 

 

4. CONCLUSIONS 

(1) Zn and Zn-Y coatings on 42CrMo steel were achieved by pack cementation at 360°C, 

370°C, 380°C, 390°C and 400°C for 4 h, respectively. The coating exhibited a single-layer structure. 



Int. J. Electrochem. Sci., Vol. 12, 2017 

  

9586 

The coating thickness increased with the increase of temperature.  

(2) The relationship between the thickness and the temperature followed the linear rule. The 

addition of Y could increase coating thickness. The thickening effect of Y was better at low 

temperature.  

(3) The addition of Y could decrease the activation energy. The activation energies were 

153.31 kJ·mol
-1

 and 74.49 kJ·mol
-1

 for the formation of the Zn coating and the Zn-Y coating, 

respectively. 

(4) The Zn coating consisted of FeZn10 and Fe3Zn10 phases. The Zn coating was a layer of Fe-

Zn intermetallic compounds with increasing Fe3Zn10 concentration. YZn5 was formed with the addition 

of Y. The addition of Y promoted the formation of Fe3Zn10 phase, but retarded the formation of FeZn10 

phase. 

(5) The Zn and Zn-Y coatings could prevent the substrate from corrosion. The resistance of the 

Zn-Y coating to the penetration of Cl
-
 and O2 was better than that of the Zn coating.  
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