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Fe-based amorphous cladding layers were prepared on low carbon steel using synchronous powder 

feeding Fe-based amorphous powder. The formation of the Fe-based amorphous cladding layer was 

improved by optimising the laser cladding process parameters, which eliminated defects in layers such 

as cracks and pores and improved their properties. The results show that the cladding layer comprises 

amorphous, dendrite, and equiaxed grains. The hardness of the amorphous phase is about 1351 HV0.2, 

the grain size of the fine dendrites is 1.43 μm and the hardness is 1273 HV0.2. The average hardness of 

the overall cladding layer is 7.93 times, and the corrosion current density is ten times lower than that of 

the low-carbon steel substrate. 
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1. INTRODUCTION 

Laser cladding is commonly used for surface strengthening and repairing. It has the 

characteristics of rapid melting and solidification, low dilution, and simple operation [1-3]. The wear 

resistance and corrosion resistance of the substrates can be effectively improved by using this 

technology. Fe-based amorphous alloys usually have high hardness and wear resistance, and excellent 

corrosion resistance. However, it is challenging to prepare large areas [4-6]. Therefore, Fe-based 

amorphous alloys on a substrate surface can endow the components with excellent properties [7]. 

Compared to other amorphous alloys, Fe-based amorphous alloys use less rare metal elements, have 

lower material costs, and can be widely used in many fields. 

The most common processes for preparing Fe-based amorphous alloy coatings are thermal 

spraying [8, 9] and plasma spraying [10]. Micro-holes and micro-cracks are often formed during 

amorphous coatings by thermal spraying, which affects their corrosion resistance. While preparing 

http://www.electrochemsci.org/
mailto:zhanghui198787@163.com


Int. J. Electrochem. Sci., 17 (2022) Article Number: 220412 

  

2 

amorphous coatings by plasma spraying, crystallisation often occurs because of the instability of the 

plasma arc. Laser cladding technology has significant advantages in preparing Fe-based amorphous 

alloy coatings due to its high energy density and fast cooling rate. Previous studies investigated the 

hardness [11], wear resistance [12-14], corrosion resistance, and other properties of Fe-based 

amorphous cladding layers by varying the scanning speed [15-17], adjusting the laser process [18], and 

changing the elemental composition [19]. The process parameters of laser claddings greatly influence 

the formation of amorphous coatings. Therefore, after optimising the process, this study intends to 

prepare an amorphous cladding layer with higher hardness and better corrosion resistance. 

 

 

 

2. MATERIALS AND METHODS 

The substrate material used was low carbon steel, with dimensions of 60 mm × 30 mm × 5 mm. 

IPG-YLS-10000 solid fibre laser processing equipment was used to create claddings from the Fe-based 

amorphous powder using synchronous powder feeding. The alloying elements of the amorphous 

powder include Fe, Mo, Cr, Co, C and B elements. The continuous-wave laser was used with laser 

power of 1000 W, scanning speed of 10 mm/s, powder-feeding rate of 9.3 g/min, defocusing amount 

of 20 mm, and shielding gas flow rate of 15 L/min. 

An X-ray diffractometer (XRD-6100, Shimadzu) was used for the phase analysis; the working 

voltage was 40 kV, the current was 40 mA, and the scanning rate was 4°/min. The microstructure and 

corrosion morphologis of the cladding layers were observed using a scanning electron microscope 

(SU3500) and a Phenom Prox scanning electron microscope. The hardness of the cladding layers was 

tested by using a hardness tester (HXD-1000TMC) with a load of 1.96 N, and the holding time was 15 

s. The top surface of the cladding layer is used for XRD testing and electrochemical testing. 

Polarization curves were measured in a 3.5 wt% NaCl solution at 298 K, with a scan rate of 0.5 mV/s, 

using a Gamry Interface 1000 electrochemical workstation. Similarly, the open circuit potential and 

electrochemical impedance spectrum were measured using this workstation. The EIS test frequency 

range was from 100000 Hz to 0.01 Hz, and the amplitude was 10 mV. A saturated calomel electrode 

was used as the reference electrode and a platinum electrode was used as the counter electrode.   

 

 

 

3. RESULTS AND DISCUSSION 

The macromorphology of the amorphous powder is shown in Figure 1(a), where the powder 

particle size is between 70–110 μm, and it is a spherical powder with a regular shape. The XRD 

diffraction patterns of the Fe-based amorphous powder are shown in Figure 1(b). The XRD pattern of 

the amorphous powder shows a steamed-bun peak in 2θ between 40° and 50°, indicating that the 

powder is primarily amorphous. However, sharp peaks appear at 2θ=35.5° and 2θ=39°, indicating that 

the powder exhibits a particular crystallisation phenomenon [20].  
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Figure 1. (a) Macro morphologies and (b) X-ray diffraction patterns of Fe-based amorphous powder 

 

 

The macromorphology of the cladding layer is shown in Figure 2 (a) and can be seen to be 

well-formed macroscopically, without any apparent pores, cracks, or other defects. The phase of the 

cladding layer is mainly Co6Mo6C, along with Fe and Cr carbides M23(C, B)6, and corresponds to the 

EDS analysis result of the amorphous powder. 

 

 

  
 

Figure 2. (a) Macromorphology and (b) X-ray diffraction patterns of the laser cladding layer 

 

 

The microstructure of the cladding layer is shown in Figure 3. The Fe-based amorphous 

cladding layer comprises an amorphous phase, dendritic and equiaxed grains. Figure 3 (a) shows the 

amorphous phase and dendrites with larger sizes, where the dendrites are dispersed among equiaxed 

grains, and the average size of the larger dendrites is 1.91 μm. Figure 3 (b) shows the fine dendrites 

and equiaxed grains, where the average particle size of the fine dendrites is 1.43 μm. Figure 3 (c) is an 

enlarged view of region c in Figure 3 (b). The cooling rate of the non-overlap zone has reached the 

critical cooling rate for the formation of the amorphous phase. The remelting and reheating of the 

multi-pass laser cladding overlap zone is the main reason for grain formation and is an important factor 

affecting dendrite growth. Therefore, the main reason for forming equiaxed grains and dendrites is the 

insufficiently high cooling rate[21]. 
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Figure 3. Secondary electron images of the cladding layer (a) amorphous phase equiaxed grains (b) 

fine dendrite and equiaxed grains (c) an enlarged view of region c in (b). 

 

Figure 4 shows the microhardness of different structures in the cross-section of the cladding 

layer. The distribution of equiaxed grains and dendrites is consistent, and the remainder is amorphous. 

The microhardness of the amorphous phase can reach 1351 HV0.2, which is 8.32 times that of the 

substrate. The average microhardness of the evenly distributed and fine dendrites is 1273HV0.2, the 

average microhardness of the larger dendrites is 1236 HV0.2, and the average hardness of the cladding 

layer is 1287 HV0.2. Combined with Figure 2(b), the hardness of the amorphous phase and dendrite 

increases, primarily due to the formation of M23(C, B)6 and other carbides. In addition, Fe promotes 

the formation of equiaxed grains and dendrites, thereby reducing the hardness of the equiaxed grains 

region [22]. 

 

 

 
 

Figure 4. Microhardness of different microstructure in the cross-section of the cladding layer 

 

 

Figure 5 (a) shows the open circuit potential curve of the cladding layer. When any corrosion 

starts, the open circuit potential of the coating begins to decrease and then tends to become stable. The 

potentiodynamic polarisation curves of the substrate and the cladding layer in a 3.5 wt% NaCl solution 

are shown in Figure 5 (b). The curves were fitted using the Tafel method, and the fitting results are 

shown in Table 1. The dispersed dendrites and equiaxed grains experience galvanic corrosion, which 

reduces the corrosion potential of the cladding layer. Compared to the mild steel substrate, the cladding 



Int. J. Electrochem. Sci., 17 (2022) Article Number: 220412 

  

5 

layer has a higher tendency toward thermodynamic corrosion. The current density of the amorphous 

cladding layer is 4.988 μA·cm-2, which is more than ten times lower than mild steel, and the corrosion 

rate is also reduced by more than ten times. The polarisation curve in Figure 5 shows that when the 

corrosion potential is higher than -400 mV, the cladding layer becomes passivated, preventing further 

corrosion from occurring.  

The main produced components of the passivation film are oxides of Mo and Fe [23].In 

addition, the presence of the amorphous phase reduces grain boundary corrosion, thereby improving 

corrosion resistance. Wang et al. [22] performed laser remelting of the Fe-based amorphous cladding 

layer, and the corrosion potential of the obtained cladding layer in a 3.5 wt% NaCl solution was -0.539 

V, similar to the findings of this study. However, the current density is 2.44 times the results derived in 

this study. Gao et al.[24] prepared a Fe-based amorphous cladding layer by plasma spraying, and the 

corrosion potential in the 3.5 wt% NaCl solution was -0.829 V and the current density was 33.3 

μA·cm-2. Compared to laser remelting and plasma spraying, the Fe-based cladding layer prepared in 

this study has better corrosion resistance. Figure 7(a) shows the corrosion morphology of the 

amorphous region after polarization. It can be seen that the amorphous area surface is relatively flat 

after corrosion. Figure 7(b) shows the equiaxed grains region where the dendrites are dispersed. 

Equiaxed grains are used as the anodes for galvanic corrosion. The grain boundaries are obviously 

corroded, while dendrite corrosion occurs slowly. 

 

 

 
 

Figure 5. (a) Open circuit potential curve of the cladding layer and (b) Potentiodynamic polarization 

curves of the substrate and cladding layer in 3.5 wt% NaCl solution 

 

 

Table 1. Fitting results of the potentiodynamic polarization curves of the substrate and cladding layer 

in 3.5 wt% NaCl solution 

 
Samples Ecorr(V) Icorr(μAmp/cm2) Corrosion rate (mm/year) 

Substrate -0.508 53.12 0.6175 

Cladding layer -0.543 4.99 0.0580 

 

The EIS Nyquist curve of the cladding layer is shown in Figure 6. Based on the equivalent 

circuit R(QR)(QR) and the ZSmipWin software, the values of different components are reported in 
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Table 2. Here, Rs refers to the solution resistance, R1 denotes the outer layer resistance of the cladding 

layer, and R2 denotes the inner layer resistance of the cladding layer. The resistance of the outer layer 

of the cladding layer is 4747 Ωcm2, and the resistance of the inner layer is 225.3 Ωcm2, indicating that 

the surface of the cladding layer has excellent corrosion resistance. 

 

 

 
 

Figure 6. Electrochemical impedance Nyquist diagram of the cladding layer in 3.5 wt% NaCl solution 

 

 

Table 2. Fitting results for electrochemical impedance Nyquist diagram of the cladding layer 

 
 Rs(Ωcm2) R1(Ωcm2) Q-Y0(μF) Q-n R2(Ωcm2) Q-Y0(μF) Q-n 

Cladding layer 17.27 4747 4206 0.5148 225.3 1119 0.5587 

 

 

 
 

Figure 7. Corrosion morphologies of the cladding layer after running polarization tests (a) 

amorphous region (b) crystalline region 

 

 

4. CONCLUSIONS 

This study describes an amorphous alloy cladding layer that was successfully prepared on low 

carbon steel and was well-formed, without defects such as pores or cracks. The cladding layer 

comprised an amorphous phase, equiaxed grains, and dendrites, and the average dendrite size was 1.43 

μm. The average microhardness of the amorphous phase in the cladding layer is as high as 1350.67 
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HV0.2, which is 8.32 times higher than the substrate. The corrosion rate of the cladding layer is more 

than ten times lower than the substrate. 
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