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 Modern industry has discovered many uses for stainless steel because of its excellent mechanical 

and physical qualities, outstanding resistance to oxidation and corrosion, hot and cold workability, 

and superior weldability. The development of lightweight, cost-effective materials is being driven 

by technological advances.  Thus, in order to satisfy Industry 4.0 criteria, additional materials that 

are resistant to corrosion and oxidation are required. Utilizing galvanization has extended the 

lifespan of materials used in the chemical, automotive, and white goods sectors, among other 

industries. Zinc coating, often known as galvanizing, is one technique for surface protection. It is 

inevitable that welding techniques will become widely used in component manufacturing. Several 

welding techniques may be used on galvanized materials, but they also come with several 

drawbacks for the joined samples, including flaws, porosities, and solidification fissures. As a 

result, the popularity of laser welding (LW) has steadily risen. In the current research, Nd-YAG 

laser welding was used to combine 2mm thick sheet-galvanized steel sheets. Microhardness tests 

were used to assess welded samples to determine their mechanical characteristics. Experimental 

results showed that the microhardness of the welded area was higher than that of the base 

metal. The microstructure of the welded samples was also examined using SEM and EDS 

mapping to look for flaws in the base metal, coating, welded area, and HAZ. SEM images revealed 

that a martensite structure was formed in the weld area, and a smooth joining process was achieved.        
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1. Introduction 

New and innovative welding methods are becoming 

more and more necessary as technology advances rapidly. 

When deciding on a welding joint method to utilize, 

consideration is given to factors such as cost, quality, 

automation, and time efficiency. The ability of welded 

joints to meet requirements including self-attraction, 

impact resistance, corrosion resistance, and strength 

properties-as well as pre-, intermediate, and final 

annealing-is crucial. Aside from these, factors including 

investment costs, operational and consumable expenses, 

and the choice and application of filler metal are 

considered when determining the best technique to utilize 

[1, 2]. 

Gas tungsten arc welding (GTAW) is a common 

industrial technique for joining nearly any metallic 

material, including stainless steel, aluminum, nickel, and 

nickel alloys. Between the tungsten electrode and the 

sample in GTAW, an arc is created by a combination of 

argon, helium, or all shielding gas burning freely [3, 4]. 

GTAW welding has some disadvantages, such as the 

mixing of the tungsten electrode with the weld bead, oxide 

residues, pore formation, insufficient melting, and the 

formation of end crater cracks [5–7]. 

The joining procedures must be extended to lower 

dimensions due to the constant condition of the gadget 

parts. Conventional welding techniques are not applicable 

when small-sized items are employed in production 

settings. The most effective joining technique available 

today is laser beam welding, an advanced method whose 

benefits include deep penetration, low heat input, fast 

welding speed, negligible distortion, and use in an aqueous 

environment [8, 9]. The low energy input and high joint 

strength of the material to be welded makes it attractive 

since the heat in the weld zone has less of an effect on it. 

The base material's microstructure changes minimally due 

to the low linear energy input, which produces a smaller 

weld zone and heat-affected zone (HAZ).
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Its additional features are its excellent power density 

and outstanding focusability in the few nanometer regions. 

The ability of the lens to focus light on focal points smaller 

than 0.005 inches makes the lens's participation in this 

process crucial [10–12]. The advantages of laser welding 

are its fast speed, limited heat-affected zone, deep 

penetration, high-quality welding joints, low heat input per 

unit volume, dispersion of fiber optic beams, and ease of 

robot operation [13]. A few milliseconds is all that is 

needed as a welding time to achieve high production rates 

and avoid metallurgical internal structural changes.  Since 

shielding gas and a vacuum environment are not needed 

for the generation of laser beams, they provide substantial 

cost and speed benefits, particularly in mass production. 

As a result, laser welding makes combining tiny, thin parts 

feasible to create a narrow, smooth weld seam [14–16]. 

The laser source works on the concept that light energy is 

transformed into heat energy on the component's surface 

to be welded when the focal point is aimed. Before the 

heat-affected zone (HAZ) forms, the piece's outer layer 

starts to melt, and condensed energy facilitates melting and 

bonding [17]. 

1.06 micron light is produced using a neodymium-YAG 

solid-state laser, which employs an industrial crystal as its 

active substrate. It can run on beam powers ranging from 

around 100W to 3kW. Nd: YAG solid-state lasers can 

produce 10-kW brief pulses despite having lower average 

powers than CO2 gas lasers. The 1kW Nd: YAG laser 

equipment can weld 4mm thick steel forehead at a pace of 

0.3 meters per minute with great speed. The most 

significant benefit is that, because of the wavelength of the 

laser beam it generates, it makes control easier by allowing 

energy to be sent across fiber optic cables [18, 19]. 

Due to their excellent corrosion resistance, galvanized 

steels have seen significant growth in application in the 

automobile sector in the last decade. Galvanized steels 

exhibit high performance in both low and high-

temperature service situations. As per the findings of other 

steels, vehicles with galvanized steels have lower weights 

and, thus, use less gasoline. Thus, cost-effective 

manufacture and increased vehicle safety may be 

guaranteed [20–22]. Galvanization is a commonly 

employed technique that involves applying a zinc coating 

to the surface of steel in order to prevent the effects of 

corrosion. By submerging the iron and steel in the molten 

zinc bath, zinc, and zinc compounds are often present in 

many layers of this protective coating. Galvanizing 

modifies the intricate structure of the layers, which has an 

impact on characteristics like chemical activity, diffusion, 

and subsequent cooling [23–25]. It is common practice to 

join galvanized steel using conventional welding 

techniques, which are identical to those employed for 

joining noncoated steel. Zinc is not as soluble as steel, 

though, and it has a lower melting point. Steel begins to 

melt around 1809 K, whereas zinc vaporizes at 1180 K 

thermal temperature [26]. Because of this, zinc burns 

during the welding process, resulting in porosity, various 

flaws, fractures, HAZ softening, and zinc depletion in the 

weld zone. Laser welding is an excellent approach to 

combining galvanized steel to prevent these unwanted 

issues. Because flaws, fractures, and porosities reduce the 

weld seam's mechanical strength, which is unacceptable in 

many applications. Therefore, in order to generate high-

quality weldments, further study and developments for the 

joining of galvanized steels by laser welding are required 

[27–30]. 

The present study investigated the weldability of 

galvanized steel, which was joined by the Nd- YAG laser 

welding method. The microstructural examination of the 

welded specimens is carried out with the optical 

microscope and SEM/ EDS analyses. The hardness of the 

laser welded specimens is measured with the Vickers 

hardness tester.  

 

2. Materials And Methods  

2.1 Preparation of galvanized steel plates  

The galvanized steel sheet with a length of 10 cm and a 

thickness of 2 mm was cut into ten equal pieces with the 

SRGM 1360-SAYMAK cutting device shown in Figure 1(a). 

The simulated and authentic appearance of the samples 

prepared before welding are shown in Figures 2(b) and (c). 

 

2.2 Nd: YAG laser welding of galvanized steels 

The experiments focused on laser welding with a solid-state 

Nd: YAG-laser. 1470 watts of power were used, and the 

focal length was over 0 to 15 and 20 mm in travel speeds.  As 

maximum output power, 4 kW is used. All parameters used 

in the welding application are given in Table 1. When butt 

welding, especially in butt welding of galvanized steels, the 

gap between the samples must be adjusted precisely one 

hand, issues such as porosity and discontinuity in welding 

joints can be readily generated if the sheets are firmly secured 

together due to the notable difference between the melting 

temperature of steel (1583° C) and the zinc's evaporation 

temperature (906° C). However, excessive gaps result in 

poor weld appearance and, in certain situations, even impair 

the ability of the workpieces to be effectively integrated into 

one another. According to Mei et.al.(2009) [13], the gap 

should be controlled within 10% of the thickness of the 

workpiece in deep-penetration laser welding. Considering all 

of those affecting factors, while the workpieces are fixed, the 

gap between workpieces should be controlled within 0.15–

0.2 mm. The appearance of samples after welding is shown 

in Figure 2 (a). 

Four total samples were prepared by cutting the laser-welded 

specimens into tiny pieces with a 0.5–1 cm diameter to 

confine the weld zone for the optical microscope and 

hardness tests. After sanding and etching, the mounted 
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samples were evaluated under an optical microscope. The 

etching solution consisted of 20 mL of ethanol, 20 mL of 

hydrochloric acid, and one gram of cuprous chloride 

dihydrate solution. Images of metallographically prepared 

samples are shown in Figure 2 (b). 

 

Table 1. Welding parameters. 

 

Flow Rate 6-7 L/dk 

Current Setting 60-70 A 

Gas Type Argon 

Gas Setting 1.2 L 

Angle Between Metal-Piece 20° 

 

2.3 Characterizations 

The stereo microscope (Leica DM2500 P) was used to 

evaluate the microstructure and the defect distribution of the 

polished surface of the welded specimen. The hardness 

values of the samples were measured at 3 mm intervals by 

applying a force of 0.98 kg for 15 seconds using the 

TMTECK HV-1000B Micro hardness device. The effect of 

the welding process on the hardness of the alloy was 

examined by comparing the hardness values of the welding 

zone, the heat-affected zone, and the base metal zone. A 

JEOL 7001F field emission (FE) scanning electron 

microscope with an EDS attachment and an 80mm2 X-MAX 

detector was used to investigate the substances' 

microstructural characterization and EDS chemical mapping. 

A Scanning Electron Microscope (SEM) examination was 

conducted for every Nd: YAG laser-welded specimen. 

Energy-dispersive spectroscopy (EDS) was used to analyze 

materials semiquantitatively chemically. The compositions 

of the welded samples were determined through map 

analysis and EDS spectra. Thus, research is done on how 

many elements, including zinc vaporization, shielding gas, 

welding speed, laser power, and focal location, affect the 

quality of the welded joints. The behavior of the weld pool 

during zero-gap and butt laser welding was thoroughly 

investigated. 

 
Figure 1. (a) Cutting Device, (b) simulation of samples 

prepared before cutting, and (c) galvanized steel plate prepared for 

cutting. 

 
 

Figure 2. (a) Nd: YAG laser welded samples and (b) 

metallographically prepared samples. 

 

3. Results And Discussion 

3.1 Optical Microscope Analysis 

The optical microscope images in Figure 3 clearly show that 

the laser-welded steel has a smooth and homogeneous 

structure. It is also seen that the plates of the same thickness, 

which are joined together with the laser welding, are uniform 

and smooth. The galvanized steel joined by the laser welding 

method has a crack-free, fault-free welding appearance in 

HAZ. It is obvious that the welded area of the sample joined 

with a 15 mm focal length, shown in Figure 3 (a), is broader 

and more uniform. However, the sample with a 20 mm focal 

length does not have pores, indicating that the joint is of 

higher quality and more integrated. As shown in Figures 3 (a) 

and (b), excessive grain growth is not a concern in the HAZ 

of laser-welded specimens. This shows us that both welded 

joints have no negative effect on toughness and 

deformability. 

It is crucial to consider how the laser's power affects the 

weld's width and depth. As laser power increases, the weld's 

depth and breadth also rise [13]. This is due to the fact that 

when laser power grows, so does the quantity of heat input. 

The laser may achieve complete penetration when its power 

exceeds 1300W. The aspect ratio of the weld joint falls, and 

the increasing rate for the depth and width of the weld seam 

is less than that for the width of the weld seam when the laser 

power exceeds 1300W. As a result, in the current 

investigation, an adequate laser power of around 1470 W is 

used. As well known, the keyhole effect is the essential 

characteristic of deep-penetration laser welding, which plays 

a vital role in the energy coupling during the welding process 

[31, 32]. Therefore, this effect can be clearly seen in Figure 

3.
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Figure 3. Optical microscope images of (a) steel sample welded with laser at 15 mm focal length and (b) steel sample welded with 20 mm 

focal length. 

 

3.2 SEM and EDS analyses 

When the laser power is greater than 1200W, some very 

small pores are observed in HAZ, as shown in Figure 4(a) 

HAZ image. As laser power drops, the number of pores falls 

as well. Low laser power is claimed to be able to prevent pore 

development by lowering the generation of metal vapor. Zinc 

vaporization is one of the main factors boosting splashing 

electric spark and porosity during laser welding of 

galvanized steel sheets. On the other hand, rapid zinc 

evaporation lowers the amount of zinc in the welding joint, 

and HAZ expands the hazardous area, weakens welding 

stability, and ruins the galvanized layer, all of which will 

eliminate the galvanized steel's protective layer. Furthermore, 

quick zinc vaporization lowers the quality of welding 

connections, creates internal tension, pores, and cracks in the 

joints, and makes safeguarding focusing mirrors more 

challenging. Shielding gas serves several crucial purposes in 

high-power deep-penetration laser welding, including 

preventing oxidation of the workpiece surface, ensuring that 

zinc vapor has no effect, suppressing the creation of pores, 

and clearing the plasma cloud that absorbs and disperses 

laser energy. Plasma can be restrained to reduce the strength 

of the plasma density by choosing the suitable shielding gas. 

Appropriate plasma in the keyhole is beneficial to improve 

the workpiece's absorption of laser energy and, therefore, 

boost weld penetration. The side-blow shielding gas used in 

this investigation to protect the welding joints is argon (Ar). 

In a high-temperature melt pool, nitrogen (N2) causes a 

metallurgical reaction with a base metal substance [33–35]. 

Nitrogen, a comparatively reactive gas, can react with the 

weld metal when utilized as a shielding gas because it 

dissolves in the pool at high temperatures. Instead of reacting 

with the base metal, argon is an inert gas. Consequently, 

nitrogen has a far deeper penetration depth than argon does. 

Porosity and nitride, however, appear in the welds because 

nitrogen molecules can split into nitrogen atoms (N2- 2[N]). 

Since the weld metal has porosity, the nitrogen can achieve 

the ideal penetration criterion but not the formability criteria 

[36]. Ar is selected as shielding gas during the welding 

process to obtain better manufacturing performance for 

tailor-welded sheets. So, no deformation, distortion, 

porosities, or failures are observed in the fusion zone and 

base metal of samples seen in Figure 4. Heat-induced 

decomposition of moisture that is either adhered to the 

workpiece surface or present in the ambient into hydrogen 

can result in the creation of pores in welding joints. It can be 

seen that after taking these measures, the welding joints are 

of high quality and practically free of pores, as shown in 

Figure 4. 
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Figure 4. SEM images of (a) 15 mm focal length welded sample, (b) 20 mm focal length welded sample, EDS results of (c) 15 mm focal 

length welded sample, (d) 20 mm focal length welded sample. 

 

As seen in Figure 4 (a) and (b), the base metal consists of 

ferrite and pearlite, which is a typical steel microstructure 

[37]. It is understood that the grains grow as we move from 

the base metal to the heat-affected zone (HAZ) and the weld 

zone. As is known, when metals are heated to a temperature 

above the recrystallization temperature, a phenomenon 

called grain growth occurs. The grain growth rate increases 

as the temperature increases, and the growth accelerates as 

the solidus of the metal approaches. Coarse-grained 

structures are more brittle and fragile than fine-grained 

structures [38–40]. Figure 4 shows an island of martensite in 

the weld regions, typically expected due to the rapid cooling 

rates inherent in the laser welding process. A coarser 

martensite structure formed after cooling as a result of the 

austenite's more immense grain development produced by 

the higher peak temperature [40, 41]. 

Energy-dispersive X-ray Spectroscopy (EDS) was used to 

detect the atomic percent of the zinc and the iron distribution 

in the preheated zone and the welds. Also, in order to 

determine the changes in the chemical composition of the 

material caused by the influence of the laser beam, the 

distribution of elements in different zones in deep-

penetration laser welds is tested by EDS/SEM. It can be seen 

in Figures 4 (c) and (d) because, compared to base metal, the 

elements and their atomic fraction in welding joints have 

changed accordingly. Factors such as Si, C, O, and Fe exhibit 



188                    Yontar and Çevik., International Advanced Researches and Engineering Journal 08(03): 187-195, 2024 
 

 
varying degrees of fluctuation in distribution from the 

welding joint to the base metal. This helps to explain why the 

elements in welding joints differ from those in the base metal. 

The equilibrium in the fusion zone's crystallization 

mechanism is the cause, and the fast cooling rate of welding 

joints results in insufficient phase transition and diffusion of 

alloy components. Thus the solute element deviates from its 

average density due to the unequal chemical composition 

distributions. If the welding speed is too fast, the time for the 

melt pool to resolidify is short, making it easy to produce 

pores in welding joints due to the zinc vaporization during 

welding [42–44]. Since the amount of zinc was very low and 

evaporation occurred during the welding process, Zn 

element was not detected in the EDS results.

 

3.3 Micro Vickers Hardness 

The butt welding Nd: YAG-laser welding of Vicker’s 

micro-hardness measurement was carried out in order to 

determine the hardness distribution profiles along the weld 

zone, heat-affected zone (HAZ), and base metal. As can 

be seen from Figure 5 (b) and (c), the Vickers hardness 

values were measured by applying a force at a total of 15 

points at intervals of 0.5 mm from the two sides of the 

welding region of the samples. The martensitic 

transformation in the weld zone and in the heat-affected 

zone increases the hardness in the zones compared to the 

hardness of the base metal. The increased hardness in the 

welding zone can be attributed to re-austenitization and the 

formation of a martensitic structure upon cooling [41]. The 

hardness results graph given in Figure 5 (a) shows that the 

hardness value of the weld zone is harder than the base 

metal and HAZ for the three samples due to the martensitic 

transformation of the grains. Samples G 15.1 and G 15.2 

are laser-welded samples with a focal length of 15 mm. 

Samples G 20.1 and G 20.2 are laser-welded samples with 

a focal length of 20 mm. According to the study, the 

galvanized steel joined by laser welding has a smoother 

weld zone, and microstructural examinations show no 

defect in the structure and a solid joint. According to the 

microhardness values obtained in base metal, HAZ, and 

 

 
Figure 5. (a) Microhardness result graph of all samples, (b) Hardness trace measurement in the optical microscope of laser welded steel 

with a focal length of 15 mm, and (c) Hardness trace measurement of laser-welded steel optical microscope with a focal length of 20 mm.
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fusion zone, laser welding of galvanized steel sheets does 

not soften HAZ. The fusion zone's hardness is about 1.5 

times greater than that of the base metal due to the quick 

heating and cooling rate of laser welding, which also 

results in little lateral displacement of the welding joint. 

Furthermore, welding joints' hardness can be shielded 

from the effects of stress concentration by using quick 

heating and cooling rates. Figure 4 illustrates that the 

fusion zone's metallurgical structure is upperbainite + low-

carbon martensite, whereas the HAZ's metallurgical 

structure is upperbainite + low-carbon martensite + ferrite. 

As low-carbon martensites exist, welding joints don't have 

a particularly high toughness. HAZ's greater hardness than 

base metal confirms that laser-welded galvanized steel 

sheets do not cause HAZ to become softer. This is 

attributed to the fact that the heating and cooling rates are 

fast enough during laser welding, and the incomplete 

annealed zone of HAZ is extremely narrow. Moreover, a 

certain amount of hardened layer is produced in HAZ 

during laser welding. The measurements of hardness 

distributions in the cross-section of welding joints have 

shown that the hardness in the fusion zone significantly 

increased compared with the base metal. As a result, it was 

determined that the hardness values of the weld zone 

increased compared to the base metal in all samples, and 

the hardness increased with the increase in focal length..  

 

Conclusions 

In the current study, the changes in microstructure and 

microhardness of galvanized steel plates joined by Nd: 

YAG laser welding were investigated. According to 

experimental findings, welding joints had greater strength 

and microhardness than the base metal. It was determined 

that a martensite structure was formed in the weld area due 

to rapid cooling, and therefore, the hardness value 

increased. As a result, the welding quality is trustworthy 

while producing metal components. It is possible to get 

joints free of pores and fractures under the circumstances 

of this experiment. The fusion zones exhibit incredibly 

high levels of grain refinement as a result of their rapid 

recrystallization and high welding rate, which raises the 

hardness of these areas relative to the base metal. SEM 

images revealed that there were no welding defects in the 

welding area of the sample combined with a focal length 

of 20 mm and that a successful process was carried out. In 

addition, EDS results also showed that zinc was removed 

from the metal due to high heat and cooling rates in the 

weld zone. This study showed that 2 mm thick galvanized 

plates can be successfully welded with a focal length of 20 

mm. Thus, new laser welding parameters and their effects 

were introduced to literature and applications. 
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