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Abstract - Laser alloying of Sn–Zn coating on SAE-AISI 1010 steel was carried out using a 3-kW continuous wave (CW) 
Ytterbium Laser System (YLS) controlled by a KUKA robot which controls the movement of the nozzle head and emitting a 
Gaussian beam at 1064 nm. The corresponding microstructure, phase structure, microhardness profiles, and corrosion 
resistance performance of the laser-alloyed coatings were investigated. Microhardness test indicates that the laser-alloyed 
Sn-20Zn at 0.8 m/min coating has the highest microhardness. Also, corrosion resistance performance measurement in 3.65 

wt.% NaCl reveals that the corrosion resistance of the laser-alloyed Zn-Sn coatings are much better than that of the substrate.  
Sample A1 at scanning speed of 0.6 m/min exhibited highest polarization resistance Rp (6813 Ω.cm2), lowest corrosion 
current density Icorr (1.54x10-6 A/cm2), lowest corrosion potential Ecorr (-1.0012 V) and lowest corrosion rate Cr (0.0179 
mm/year) as compared to SAE-AISI 1010 steel. Increasing Sn content decreases the corrosion rate and increases the 
polarization resistance. Notable enhancement in corrosion resistance performance was achieved in Sn-Zn coatings. The 
microhardness of Sn-20Zn at scanning speed of 0.8 m/min is 1.4-times (42.59 %) than that of SAE-AISI 1010 steel (108 
HV). The reaction between Fe and Sn induced a new microstructure which played a fundamental role in the hardness and 
corrosion properties.The intermetallic compound, FeSn2 acted as a barrier between the active steel substrate and the 

oxidizing environment, and significantly reduced the corrosion rate and enhance the hardness. The improved surface 
properties were attributed to major hard phases of iron-tin (FeSn2), and iron-zinc (Fe3Zn10). 
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I. INTRODUCTION 

 

The deterioration of materials during industrial 

application poses a serious threat to the materials 

structural integrity. The natural world does not 

provide the materials that can function in increasingly 

extreme and aggressive conditions as stipulated by 

today’s technological advancement.Surface 

modification of metals has been a useful tool in the 

improvement of the metal’s property. It is a cost-

effective method that alters the surface of 
components rather than the whole structure. Area of 

failure or degradation for engineering components 

often begins on the surface. This is because the 

intensity of external stress and environmental attacks 

are often highest at the surface during mechanical and 

chemical/electrochemical interaction with the 

surrounding environment [1].Montealegre et al. [2] 

acknowledged the need in different industrial sectors 

to improve the performance of material surface for 

service conditions, and reported this need cannot be 

fulfilled by the conventional surface modification 
methods and coatings. Zinc coatings are widely used 

for the corrosion protection of ferrous materials, 

acting both as a physical barrier from the surrounding 

corrosive environment and as a self-sacrificial anodic 

protective layer [3]. Enhancement of the corrosion 

and hardness properties of zinc coating can be done 

by alloying it with different metals [4]. Alloys such as 

Zn-Fe, Zn-Co, and Zn-Ni have greatly gained a wider 

range of applications in both marine and 

manufacturing industries as a substitute for ordinary 

zinc coating. Presence of Sn improves bath fluidity 

and leads to better surface aspect, being better the 

wettability of melted Zn-Sn alloy [5].Two alloy 

systems, Zn-Sn and Zn-In, have become prime 

candidates as high temperature lead-free alloy 

system. These alloys do not form IMCs over their 

entire range of composition and temperature. In 

addition, Zn-Sn alloy is relatively inexpensive. These 

alloys are expected to exhibit good mechanical, 
electrical, and thermal conductivity properties [6]. 

However, literature on Zn-Sn alloy coatings through 

laser surface alloying (LSA) technique is very 

limited. 

 

LSA can rapidly provide a thick and crack-free layer 

in all instances with metallurgical bonds at the 

interface between the alloyed layer and the substrate. 

Powders surfaced on new or worn working surfaces 

of components by LSA provide specific properties 

such as high abrasive wear resistance, erosion 
resistance, corrosion resistance, heat resistance and 

combinations of these properties [7]. The process 

parameters depend on the thermo-physical properties 

of the substrate and alloying material as well as the 

processing speed [8]. The level of dilution plays a big 

role in the composition of the melted layer, which in 

turn can have a dramatic effect on the microstructure 

produced [9]. [Zn-Al-Sn]. The current work aims at 
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utilizing laser alloying technique and the effect of Fe 

addition on the microstructural characteristics, 
hardness property and electrochemical behavior of 

Zn-Sn coatings on SAE-AISI 1010 steel.  

 

 

II. EXPERIMENTAL DETAILS 

 

2.1. Materials Specifications and Sample 

Preparation Method 

The substrate material used in the present 

investigation was SAE-AISI 1010 steel with the 

chemical composition (wt%) 0.42Mn, 0.035S, 

0.023P, 0.13C and Balanced Fe. The XRD 
spectrumof the steel is shown in Figure 1. The 

substrate was cut, and machined into dimensions 100 

x 100 x 5mm3. Prior to laser treatment, the substrates 

were sandblasted, washed, rinsed in water, cleaned 

with acetone and dried in hot air before exposure to 

laser beam to minimize reflection of radiation during 

laser processing and enhance the absorption of the 

laser beam radiation. Sn (99.9 purity), Zn (99.9% 

purity) reinforcement metallic powders were used as 

alloying powders mixed in 80:20 (A1) and 70:30 (A2) 

ratios, respectively, in a shaker mixer (Turbular T2F; 
Glenn Mills, Inc.) for 12 hours at a speed of 49 rpm 

to obtain homogeneous mixture. The particle shape of 

the powder used was spherical with 45-90 µm 

particle sizes. Prior to the characterization of the laser 

surface alloyed materials, samples were prepared by 

cutting to rectangles of 15 x 15 mm2, and cold 

mounted in clear thermosetting Bakelite resinfor 

optical micrographs and black conductive 

thermosetting resin for SEM and energy dispersive 

spectroscopy (EDS) analysis. Specimens for SEM 

(JSM-7600F; JOEL, Ltd) were prepared by cutting 

samples in such a way to reveal the transverse section 
of the coatings.  

 

For electrochemical analysis, the samples were 

sectioned to 1cm2 and cold mounted exposing the 

laser alloyed surface. Linear potentiodynamic 

polarization test was carried out on both alloyed and 

unalloyed samples. Measurements were conducted 

using an Autolabpotentiostat (PGSTAT30) which is 

computer controlled with the general purpose 

Electrochemical Software (GPES) package version 

4.9. 3.65M NaCl solution was used to study the 
corrosion behaviour of the samples at 28oC. An 

electrochemical cell with 3.65M NaCl as electrolyte, 

consisted of three electrodes, the working electrode 

(sample), counter electrode (graphite rod) and 

silver/silver chloride electrode was used as a 

reference electrode (SCE). The corrosion potential 

(Ecorr), polarization resistance (Rp) and corrosion 

rate were determined by scanning at the rate of 

0.0012V s-1 from a potential of -1.5V to 1.5V. 

Laser surface alloying was performed using a 3-kW 

continuous wave (CW) Ytterbium Laser System 

(YLS) controlled by a KUKA robot which controls 

the movement of the nozzle head and emitting a 

Gaussian beam at 1064 nm. The nozzle was fixed at 4 
mm from the steel substrate. The admixed powders 

were fed coaxially by employing a commercial 

powder feeder instrument equipped with a flow 

balance to control the powder feed rate. The metallic 

powder was fed through the off-axes nozzle fitted 

onto the Ytterbium fibre laser and it was injected 

simultaneously into a melt pool formed during 

scanning of the SAE-AISI 1010 steel by the laser 

beam. An argon gas flowing at a rate of 2.5 L/min 

was used as a shielding gas to prevent oxidation of 

the sample during laser surface alloying. Overlapping 

tracks were obtained by overlapping of melt tracks at 
70%. To determine the best processing parameters, 

optimization tests were performed with the laser 

power of 600 to 750 W and scanning speed varied 

from 0.6 to 1.0 m/min. The final selection criteria 

during optimization tests was based on surface having 

homogeneous layer free of porosity and cracks 

determined from SEM analysis. The optimum laser 

parameters used was 600 W power, a beam diameter 

of 4 mm, gas flow rate of 2.5 L/min, powder flow rate 

of 2.5 g/min and scanning speeds of 0.6 m/min and 

0.8 m/min respectively. 
 

 
Figure 1: XRD spectrum of SAE-AISI 1010 steel 

 

X-ray diffraction analyses were carried out utilizing 

the X’Pert Pro model diffractometer to identify the 

phases present on the resulted alloyed layer. A Cu Kα 

radiation fitted on the X’Pert Pro diffractometer set at 

40kV and 20mA was used to scan in a range between 
10o and 80o two theta (2θ) with a step size of 0.02o 

degrees.  

 

III. RESULTS AND DISCUSSION 

 

Microhardness measurements were conducted across 

the cross section of the deposited coating tracks using 

digital microhardness tester. All the tests were 

conducted in accordance to the ASTM standards. The 

lowest and the highest measured microhardness value 

on the deposited layer across all the four samples 

were found to be 136 and 154 HV respectively. The 
results showed that the laser alloying process 

enhances the hardness value of the substrate as shown 
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in Figure 2. Hardness values range between 108 to 

154 HV. The hardness values of 108, 148, 154, 136, 
and 139 HV were obtained for SAE-AISI 1010 steel, 

Sn-20Zn-0.6, Sn-20Zn-0.8, Sn-30Zn-0.6, and Sn-

30Zn-0.8 respectively. A raise of 37.03 and 42.59% 

in hardness values above that of the substrate at Sn-

20Zn-0.6, and Sn-20Sn-0.8 respectively as shown in 

Figure 3. This increased hardness values are 

attributed to the hard phases of iron-zinc (FeZn8.87), 

and iron-tin (FeSn2) formed after the laser alloying 

process as evident by the XRD spectra shown in 

Figures 1, 2, 3 and 4. The SEM/EDS of the coated 

samples (Sn-20Zn) at both 0.6 and 0.8 m/min 

examined in Figure 6 also showed elements like Fe, 
C, Zn, and Sn in the coatings which formed 

intermetallic compounds. From chemical composition 

of steel substrate, we deduce that Fe, C is from the 

matrix itself, while Zn and Sn are from main 

reinforcement powders. The intermetallic compound, 

FeSn2 acted as a barrier between the active iron 

substrate and the oxidizing environment, and greatly 

reduced the surface area of the iron as well as the 

oxidative wear [10]. The reaction between Fe and Sn 

induced a new microstructure which played a 

fundamental role in the wear process. This 
improvement was attributed to intermetallic 

FeSn2.Cook [11] reported that Fe-Zn phases present 

in coating influence the performance of material in 

different ways. Formation of coating consisting of 

various intermetallic compounds of Fe-Zn depend on 

temperature, composition of the steel substrate, 

surface condition and method and cooling speed [12]. 
 

 
Figure 2: Variation of Hardness values with Zn-Sn Coating 

Compositions 

 

The XRD spectra for Zn and Sn reinforcement is 

shown in Figure 3.  It was found that due to dilution 

effect, a part of Zn and Sn entered molten pool from 

the substrate and this resulted in some of the 

intermetallics like FeSn2, FeZn8.87 and Fe3Zn10as 

shown in Figure 4. 

 
Figure 3: XRD Spectra of Zn and Sn reinforcement powders 
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Figure 4: XRD Spectrum of Sn-20Sn-0.6 Coating after Corrosion 

 

The SEM image of the substrate in 3.65 wt.% NaCl is ahown in Figure 5 with corrosion products covering the 

surface of the steel.  

 

 
 

Figure 5: SEM image of SAE-AISI 1010 steel (substrate) after corrosion in 3.65 wt.% NaCl 
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Figure 6: SEM/EDS images of Sn-20Zn Coatings after corrosion: (a) 0.6 m/min (b) 0.8 m/min 

 

The electrochemical polarization curves of Zn-Sn 

alloy in 3.65 wt% NaCl solution with uncoated and 

coated samples are presented in Figure 7. The 

corrosion potential of uncoated sample is -1.3632 V, 

which implies that the corrosion potential is so low 

that it can be corroded easily as seen in Figure 5. 
After Zn-Sn coating treatment, the corrosion potential 

raised to -1.0012 V, the corrosion resistance has 

improved obviously. Moreover, the chloride ions 

present in NaCl solution aggressively attack the iron 

surface in Figure 5 at anodic active potential leading 

to a continuous dissolution of iron through severe 

uniform and pitting corrosion according to the 

following reactions [13] 

surfaceClFeClFe )(                                                           

(1) 
  eClFeOHFeClFeOHFe surfacesurface 2)()(

            (2) 

OHFeHOHFe solution 2

2)(  
                                          

(3) 
 eFeClClFe surfacesolutionsurface 22 2                                       

(4) 

solutionerfacesurface FeClFeClFeCl 2int22                                     

(5) 

The formed ferrous chloride on the iron surface does 

not last long and converts into the interface before 

leaving the iron surface and dissolving in the 

solution. The chloride iron ions presented in the 

solution further target the formed ferrous chloride on 

the iron surface as well as in the solution to form 
ferric chloride as follows [14] 

  eFeClClFeCl surfaceaqsurface 3)(2                                        

(6) 

solutionerfacesurface FeClFeClFeCl 3)(int33                                     

(7) 

 

Based on Tafel extrapolation method, corrosion 

potentials (Ecorr) and corrosion current densities 

(Icorr) were calculated and are summarized in Table 

1. These tables show that the Zn–Sn corrosion 

potential, Ecorr, generally becomes more negative 

with increase in Zn content, and this can be attributed 

to the higher activity of Zn in comparison with Sn. 

The corrosion currents do not rapidly increase as the 

Ecorr becomes more negative, and this is attributed to 
grain refinement observed in coatings produced at 

lower scanning speed. 
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Sample Ecorr (V) Icorr(A/cm
2
) Rp (Ω.cm

2
) CR (mm/yr) 

Control -1.3632 8.29x10-4 13.063 9.6352 

A1(0.6) -1.0012 1.54x10-6 6813 0.0179 

A1(0.8) -1.0393 1.97x10-6 1051 0.0229 

B1(0.6) -1.0713 5.12x10
-5

 783.43 0.5951 

B1(0.8) -1.2194 7.29x10-5 227.44 0.8473 
Table 1: Tafel Extrapolation Data of Sn-Zn Coatings in Saline Environment 

 

Small grain sizes correlate to higher density of 

defects, which are mainly located on the grain 

boundaries, thus raising the chances of the formation 

of a protective film. Polarization resistances were 

determined from the Tafel plots shown in Figure 7 by 

measuring the slopes, dE/di. The polarization 

resistance values are related to the resistance of the 

coatings to dissolution for which higher values 

indicate enhanced corrosion resistance.In Table 1, 

sample A1 at scanning speed of 0.6 m/min exhibited 

highest polarization resistance Rp (6813 Ω.cm2), 
lowest corrosion current density Icorr (1.54x10-6 

A/cm2), lowest corrosion potential Ecorr (-1.0012 V) 

and lowest corrosion rate Cr (0.0179 mm/year) as 

compared to the substrate SAE-AISI 1010 steel. The 

uncoated steel exhibited lowest polarization 

resistance Rp (13.063 Ω.cm2), highest corrosion 

current density Icorr (8.29x10-4 A/cm2), corrosion 

potential Ecorr (-1.3632 V) and highest corrosion rate 

Cr (9.6352 mm/year) in 3.65 wt% NaCl solution as 

listed in Table 2 and Fig. 15. Lower values of Ecorr 

and Icorr observed for sample A1 at scanning speed 
of 0.6 m/min than those at 0.8 m/min suggest an 

improvement in corrosion resistance compared with 

values of polarization resistance Rp (1051 Ω.cm2), 

corrosion current density Icorr (1.97x10-6 A/cm2), and 

corrosion rate Cr (0.0229 mm/year) at decreased 

scanning speed. Increasing Sn content decreasesthe 

corrosion rate and increases the polarization 

resistance as also reported by Kliskic et al. [15]. 

 

It has been reported that coarser zinc flakes are 

formed due to slower cooling rate of Zn-Sn alloy that 

enabled much time for the growth of zinc phases. A 

needle-like Zn phase dispersed in Sn matrix was 

observed with finer and uniform microstructure as a 
result of rapid cooling of Zn-Sn alloy as reported by 

Ki et al [16].  Eutectic Sn–Zn alloy consists of two 

phases Zn rich phase and Sn matrix. Chen et al. [17] 

also reported the rod like Zn-rich phases formed 

during solidification of the alloy because of the 

conglomeration of small Zn rich phase. During plastic 

deformation, coarser zinc flakes act as obstacles for 

dislocation motion. This was attributed to the 

accumulation of dislocation pile up near the region of 

Zn flakes leading to the formation of voids. These 

voids might act as sites for nucleation of cracks and 
initiate crack propagation. With increase in the rate of 

cooling more zinc needles nucleated. 

 
Figure 7: Linear polarization curves of Sn-Zn Laser Deposited on SAE-AISI 1010 steel in 3.65 wt.% NaCl Solution. 

 

This gives rise to higher probability of void formation 

and more chance for crack nucleation and 

propagation. As the cooling rate decreases zinc 

needles coarsen and consequently with less number 

of zinc needles there is a lower probability of void 

formation and fracture. Ratchev et al. [18] also 
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reported that a lower cooling rate is beneficial to 

produce coarser precipitate microstructures to 
decrease the probability of brittle mode. 

 

Sample B1 at scanning speed of 0.6 m/min exhibited 

corrosion rate Cr (0.5957 mm/yr), corrosion current 

density Icorr (5.12x10-5A/cm2) and polarization 

resistance Rp (783.43 Ω.cm2), which is 3.45-times the 

polarization resistance Rp (227.44 Ω.cm2) of sample 

B1 at scanning speed of 0.8 m/min and 59.97-times 

the polarization resistance of the substrate (SAE-AISI 

1010 steel). Similar outcomes can be seen from the 

corrosion rate and corrosion current density results. 

There was significant reduction in corrosion rate of 
samples B1 at 0.6 and 0.8 m/min as compared to the 

substrate. Increasing scanning speed from 0.6 m/min 

to 0.8 m/min caused increase in corrosion rate 

(0.8473 mm/yr), current density (7.29x10-5A/cm2) 

and decrease corrosion potential (-1.2194 V) and 

decrease in polarization resistance (227.44 Ω.cm2). 

The corrosion potential (Ecorr) was nobler (-1.0713 V) 

with decrease scanning speed at 0.6 m/min. The 

decrease in corrosion rate of A1 at 0.6 and 0.8 m/min 

scanning speeds compared to other alloyed samples 

in 3.65 wt.% NaCl solution is attributed to the 
formation of passive film and stable intermetallic 

phases as shown in Figure 6. 

 

This is expected because Zn is less noble than Sn and 

will corrode fast. The passivation behavior is due to 

the formation of adherent corrosion products in 

aerated 3.65wt.% NaCl resulting in sharp current 

density reduction during corrosion. This complex 

layer of corrosion products, certainly consisting of 

very stable oxides and hydroxides of Zn, allows, by 

limiting the dissolution of the alloy, for a significant 

lowering in its corrosion rate, thereby enhancing 
protective characteristics as reported by Fashu et al. 

[19]. 

 

CONCLUSION 

 

Zn-Sn coatings were synthesized by continuous 

wave (CW) Ytterbium Laser System via laser 

alloying technique to improve the hardness and 

corrosion properties of SAE-AISI 1010 steel. The 

composition proportion of mixed powders has a 

great influence on the phase structure of the laser 
deposited coatings. Electrochemical measurement 

shows the improved corrosion resistance performance 

of samples laser deposited with Sn-Zn Coatings. 

Notable enhancement in corrosion resistance 

performance was achieved in Sn-Zn coatings. The 

microhardness of Sn-20Zn at scanning speed of 0.8 

m/min is 1.4-times (42.59 %) than that of SAE-AISI 

1010 steel (108 HV). The improved surface 

properties were attributed to major hard phases of 

iron-tin (FeSn2), and iron-zinc (Fe3Zn10). 
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