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Abstract. The development of laser welding application is a critical innovation in 

accomplishing urbanity objectives whilst guaranteeing first-class measures for mechanical 

and electrical associations to generate electro-mobility components. Generally, laser welding 

application is utilized for cutting metals, fabricating cell containers, and fuse conductor 

materials to battery and fuel cell applications. However, the application of laser welding has 

some constraints in parameter settings, such as laser beam oscillation, welding power, and 

speed, thereby indicating a different mechanical and morphology analysis. Several results of 

welding analysis have been reviewed from the previous research to identify the best 

parameter for laser welding application with metallic materials. Amongst the parameters 

studied, infinity laser beam oscillation is the best parameter for minimizing porosity in the 

welding area, hence increasing the mechanical properties. These mechanical properties were 

also proven to improve as the parameter of laser power increased. Therefore, this study can 

serve as a guideline in selecting suitable parameters for the application of laser welding in 

fuel cell interconnect metallic materials. 
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Introduction  
 

Recently, the growth of fuel cell technologies such as Solid Oxide Fuel Cell (SOFC) 

has given a favorable way to improve the performance of the system. One of the methods to 

improve the SOFC system is the material selection for interconnectors. The interconnector is 

one of the most imperative parts of the fuel cell, where it combined single cells to create a 

pile of fuel cells [1-2]. For the last three years, ceramic material has been used in most fuel 

cell applications [3-5]. However, the ceramic material is unable to operate at higher working 

temperatures due to its characteristic that is fragile at high temperatures [1]. Alternatively, 

fabricating the stainless-steel material as the new interconnect in the fuel cell system is 

desirable due to its characteristics such as good electrical conductivity, outstanding strength, 

ease of fabrication, low cost, and good mechanical properties [6]. The conventional method 

of welding in stainless steel, such as Tungsten Inert Gas (TIG), is the most commonly used 

method for fabricating stainless steel. TIG welding with low welding efficiency and high heat 

input, on the other hand, can easily result in large deformation and residual stress, which is 

disadvantageous to crack suppression [7]. Therefore, in order to fabricate the stainless-steel 

interconnect, a method of laser welding process needs to be conducted for joining the 

stainless-steel interconnect with the fuel cell application instead of the conventional method 

[8-9]. 

 

The application of laser welding has been broadly utilized in the different 

manufacturing industries, because of its advantages in realizing extra production, automotive 

works, and forming a good-quality of weld with small heat-affected zones (HAZs) [10-11]. 

The principle of laser welding authorized the preparation of material in the micron range but, 

at the same time, it had diminished the quality on the surface of prepared parts [12-13]. 

Furthermore, laser welding has a higher power density resulting in the interaction between 

the welded material being indestructible, mainly within the profound perforation welding on 

a solid plate. In recent years, the demand for this application has increased due to the 

diminished fossil fuel consumption in the electrical power supply application [14-15]. 

Therefore, some reviews of laser welding on different parameters for different types of 

metallic material are essential to develop high-quality products in various applications. 

 

According to previous studies, laser welding with the characteristic of high energy 

density and the little heat-influenced zone has ended up as an attractive operation to the 

conventional method of joining metallic materials [16-17]. Nevertheless, during the operation 

of laser welding, the performance of the welded material has been depleted due to some 

issues such as incomplete penetration, porosity, and cracking. Several studies on the 

manufacturing of different types of metallic material have been a crisis in performing the 

laser welding operation due to the selection of suitable parameters [18-24]. Usually, the 

welding defects occurred due to the unsuitable condition used in the laser welding operation. 

This situation may lead to the production of incompetent products resulting in huge losses to 

the industry. Therefore, in order to maintain the consistency of fabrication in the industry, the 

preliminary operation needs to be done by selecting good welding conditions for laser 

welding. 

 

The laser welding application has two crucial parts which are the laser beam and 

metallic materials. The procedure of laser welding starts as the laser beam shot down to the 

surface of metallic material through the optical fiber and lens. Reasonable parameters for 

laser welding innovation should be determined to form a good welded joint for industrial 

applications, such as battery and fuel cells. This study focuses on understanding the 
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parameter of laser welding and the consequence to the welded area. Therefore, proposing the 

best parameters of laser welding will enhance future development in metallic material for 

interconnect in SOFC.  
 
 

Laser Welding  

 

Principle of laser welding. According to previous studies, the basic mechanism of the 

application of laser welding is that the specimen was welded through the penetration of a 

laser beam that vaporizes the welded area and produces a keyhole in the middle of the molten 

puddle. The schematic of the formation of keyholes through laser beam penetration is 

represented in Figure 1. 

 

 
 

Figure 1. Formation of keyhole [10] 

 

During the formation of keyholes in the material, a light smoke containing metallic 

vapor and plasma was produced and dissipated to the surrounding, as shown in Figure 1. A 

comparison between the traditional welding innovation and the proposed approach indicated 

that the penetration through laser welding operation is caused by the laser beams that travel 

along with the optical fiber and lens [11], thereby resulting in the formation of keyholes. 

According to previous studies, there are two mechanisms that have been found in the 

operation of laser welding which are heat conduction and deep penetration welding [25]. 

Figure 2 shows the system of heat conduction and deep penetration in laser welding. 

 

 

       
 

Figure 2. (a) Mechanism of heat conduction and (b) Mechanism of deep penetration [25] 
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As shown in Figure 2(a), the area of welded area is dissolved and the energy is moved 

into more profound layers through heat conduction. The deep penetration welding system 

indicates the formation of keyholes due to the increment intensity of the radiation that causes 

the material to change to a vaporous condition. Continuous laser beam penetration is reflected 

inside the keyhole, increasing the intensity of the operating parameter, as shown in Figure 

2(b). As the intensity increases, the probability that the materials will melt is high, resulting 

in deeper penetration. Therefore, a stronghold between the welded part and the material has 

been generated. 

 

 

Parameter of Laser Welding  

 

Type of oscillation. Laser oscillating welding, a promising welding method with high 

efficiency and adaptability, can produce laser beam stirring molten pools with different 

oscillating modes. The oscillation effect can alter the rate of solidification of a molten pool, 

hence improving the microstructure and decreasing deformation in the welded area. Previous 

researchers claim that by using circular laser oscillation to weld stainless steel SUS304, they 

discovered that moving the circular oscillation could cause a cyclical drag force on the 

keyhole-melt interface and lower the peak temperature and temperature gradient [26]. Other 

studies have used the transverse laser oscillating to weld SUS304 stainless steel. They 

discovered that the aspect ratio of columnar crystal grain size was reduced by 36%, while the 

micro-hardness and strength of the welded joint were slightly increased [27]. Furthermore, 

different types of laser beam oscillating have helped to reduce defects during laser welding 

processes, according to previous studies. Figure 3 shows the defect that might exist during 

laser welding analysis. 

 

 
 

Figure 3. Example of laser welding defect [28] 

 

The defects shown in Figure 3 indicate that any potential weld defect can affect the 

mechanical properties of the material. For example, the unbalanced morphology 

contamination on the welded area and alteration of laser beam properties results in 

unacceptable products for manufacturing purposes [28]. Furthermore, the welded area with 

defects increases the risk of failure in the application. Therefore, the best parameter of laser 

welding should be investigated to minimize the defects in the welded area. 

 

As shown in Figure 4, the studies on different oscillation on high-strength stainless 

steel have been used which are without, transverse, longitudinal, circular oscillation. The 
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width and length of the oscillating beam were set to 2 mm, while the laser power and welding 

speed were set to 3.2 kW and 4 mm/s, respectively. Furthermore, Argon (Ar) gas is used as a 

protective gas for both upper and root protection of the samples, with flow rates of 20 L/min. 

Figure 5 shows the macrostructure analysis on the surface and the cross-sectional of the 

welded area produced by different types of laser oscillation. 

 

 

 
 

Figure 4. Type of oscillation mode and actual beam direction [7] 

 

 
 

Figure 5. Macrostructure of the surface and weld cross-sections produced by different 

laser oscillating [7] 

 

Based on the comparison of macrostructure analysis in Figure 5, it is shown that the 

surface of welded area for transverse and longitudinal oscillation has resulted some spatters. 

Meanwhile, the welded area was relatively smooth and clean, both without oscillation and 

circular oscillation. Furthermore, the difference in cross-section morphology of the four 

welding modes was more significant. The longitudinal oscillation weld was showing an 

incomplete penetration, whereas the welds in the other oscillating modes were all fully 

penetrated. However, as seen in the cross-sectional diagram for circular oscillation, the shape 
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of the depth of penetration is not symmetric due to the different energy distribution of the 

laser beam on both sides of the weld during the welding process [29]. As a result, it is also 

critical to ensure that the angle of the laser beam is stable on both sides to avoid such defects. 

 

In other studies from the previous study, there are several types of laser beam protocol 

which are linear laser beam oscillation, circle laser beam oscillation, and infinity laser beam 

oscillation. According to Wang et al., the base material used is 5A06 Aluminium, and an 

IPG-6000 fiber laser with a D50 wobble seam oscillation head is used [30]. The parameter of 

the process is configured as shown in Table 1. 

 

Table 1. Parameter of laser welding [30] 

 

 Parameter 

Type of oscillation Linear, Circle, Infinity 

Laser power 4000 W 

Spot diameter 0.4 mm 

Welding speed 1800 mm/min 

Gas 99.99 % of Argon gas 

Flow rate 15–18 L/min 

 

A preliminary step to immerse the bead on the aluminium plate with acid is necessary 

to remove any impurities on the surface before the welding process. Then, the welding was 

performed in a straight line [30-31] on the top of the aluminium base material. Figure 6 

shows the different appearances of welded lines in each condition. 

 

 
 

Figure 6. Observation of laser welding with different types of oscillation [30] 

 

Figure 6 shows that the laser beam with oscillation has a better appearance than the 

laser beam without oscillation. For the laser beam without oscillation process, the surface of 

the welded area has a clear concave and convex mark, and the laser beam with oscillation has 

a smooth surface welded area. However, the cross-sections of the weld for linear, circle, and 

infinity oscillating techniques have welding pores. The weld has toe and root defects were 
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caused by the Marangoni effect within the weld pool [30-32]. It is also shown that the size of 

pores decreased from infinity oscillation < circle oscillation < linear oscillation < without 

oscillation. Consequently, the parameter type of laser beam oscillation has been assumed to 

control the formation of pores in the fusion area. 

 

According to previous studies, the presence of pores inside the welded area is due to 

some cases shown in Figure 7. 

 

 
 

Figure 7. Main causes for the existence of pores inside the welded area are illustrated in 

the mind map [36] 

 

According to previous studies, the common reasons for the formation of pores inside 

the welded area are illustrated in Figure 7. The existence of impurities has affected the 

stability of the keyhole on the surface of the material. Unwanted materials are observed 

inside the welded area during the microstructure analysis. The position and the angle of the 

laser beam should be perpendicular to the welded zone to avoid the beam being distorted 

from the targeted welded area [30]. The protecting gas inside the welded area also 

contributed to securing the melted pool, but it is also captured within it resulting rapid 

coagulation. In addition, the characterization of metallic material, particularly the martensitic 

composition, can trigger the distribution of the pores by bringing them to the tips of the 

dendritic composition [36]. Therefore, avoiding these possibilities on the formation of pores 

on the welded material can reduce the pore from appearing during the laser welding process. 

 

The microstructure analysis has been conducted using scanning electron microscopy 

(SEM) to provide a sharp vision of the morphology of the welded area. The microstructure 

analysis of the presence of dendrite is shown in Figure 8. Figure 8(b) to Figure 8(e) show the 

presence of β(Mg3Al2) dendrites in the welded region. Meanwhile, Figure. 8(a) and (f) show 

that no β(Mg3Al2) is formed because of increasing heat input and rate of super-cooling 

through the laser welding operation [30]. Another researcher has supported the statement that 

the non-existence of this dendrite was mainly due to the degree of supercooling during the 

laser welding process [31]. 
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Figure 8. Morphology on the base material (a) raw material (b) fusion zone (FZ) 

without laser beam oscillation (c) FZ with linear laser beam oscillation (d) FZ with 

circle laser beam oscillation (e) FZ with infinity laser beam oscillation and (f) heat 

affected zone (HAZ) with infinity oscillation [30] 

 

A non-oscillation laser beam shows an inconsistent distribution of dendrite compared 

with other oscillation types. On the other hand, the reflection inside the keyhole throughout 

the laser welding procedure is the main reason for the uniform distribution of β(Mg3Al2). It is 

also supported that the effect of laser oscillation has refined the grains and promoted the 

uniform distribution of the β(Mg3Al2) phase in the weld fusion zone [31]. The effect on the 

existence of β element has led to the increase of microhardness and the strength of the 

metallic alloy respectively. It is also mentioned that the percentage of a porous element in the 

weld with oscillation is less than the material without oscillation. Hence, the microstructure 

of the materials has improved from infinity oscillation > circle oscillation > linear oscillation > 

without oscillation because the distribution of β(Mg3Al2) dendrite is more uniform. As a 

result, the parameter of the laser welding oscillation beam has been assumed to control the 

formation of defects in the fusion area. 

 

Laser power. Despite the increasing demand for using laser welding in manufacturing 

industries, the knowledge about the joining parameter is limited. A review of the parameter of 

laser power should be investigated to improve the mechanical properties of materials. 

According to a previous study, the use of laser power 400 W and 600 W is illustrated by                

Figure 9. This study has used material of stainless-steel grading AISI 304 with and without 

metal powder that acts as filler.   
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Figure 9. Depth of penetration for different laser power [32] 

 

Figure 9 depicts the depth of penetration for various laser powers used with and 

without powder. Because of the increased heat source, the depth of penetration has increased. 

However, only the microstructure analysis of laser power of 600 W has been discussed and 

illustrated in Figure 10. There is a fusion line at the interface between the base material and 

the molten zone, and a typical cellular growth has been discovered. Because the heat-affected 

zone (HAZ) was so thin, it could not be resolved. Figure 10 depicts a columnar dendritic 

microstructure directed towards the solidification direction at the interface as a result of the 

stainless steel's rapid solidification. This has proved that the increase in laser power has led to 

the fine distribution of grain at the welded area, hence improving the properties at the welded 

area [33-35].  

 

 
 

Figure 10. Cross-section of the fusion boundary for laser power 600W [32] 

 

 

Several studies investigated the laser power of laser welding also has been done on 

metallic alloy materials. Previous studies have mentioned the combination of five millimeters 

(5mm) thick Ti-6A1-4V using laser welding with the variable of different range of laser 
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power (P) with constant welding speed and defocused distance. The list of variables is 

tabulated in Table 2. 

 

Table 2. Variable for the laser welding process [38] 

 

Number Power, P (W) 
Speed, S 

(mm/min) 
Defocussed 

distance, F (mm) 
1 1500 

300 2 
2 1600 
3 1700 
4 1800 
5 1900 

 

Preliminary testing using laser power of 1200 W to 1500 W has found that the depth 

penetration increased up to 80% as the laser power increased to 1500 W. The parameter of 

laser power to create a minimum penetration of approximately 80% in the bead on plate of               

Ti-6A1-4V alloy is listed according to Table 2. The results are according to the fusion zone 

(FZ), heat affected zone (HZ), and penetration depth (d) are illustrated in Figure 11. 

 

 
 

Figure 11. Appearance of weld at various laser power (a) 1.5kW, (b) 1.6kW, (c) 1.7kW, 

(d) 1.8kW and (e) 1.9kW [38] 
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In particular, lowering the laser power has reduced the heat resulting in incomplete 

penetration at the welded area. The depth of penetration has become a significant factor 

influencing the appearance of defects that can be observed in the cross-sectional welded area. 

Based on Figure 11, as the laser power increased from 1.5 kW to 1.9 kW, the depth of 

penetration has also increased. According to previous studies, the power density has arisen as 

the laser power is elevated [39-41]. Therefore, the laser beam of laser welding has executed a 

high-power density on the welded material. It is known that the low laser power is 

insufficient to create a keyhole at the bottom of the welded area [44], hence making the 

welded part not distributed evenly. However, it is also shown that as the laser power is 

elevated, the FZ on the upper surface has also increased due to the presence of a plasma cloud 

on top of the material surface. The plasma cloud that consists of metallic vapor has absorbed 

the power of the laser beam and reflects the heat on top of the surface, thereby increasing the 

width of FZ. The pressure was reflected inside the keyhole and created a molten pool from 

the bottom to the upward surface due to the Marangoni effect [30, 37-38]. Therefore, the 

width of FZ on the upper surface increased. On the contrary, the HAZ on the lower base 

material also provided important knowledge because its microstructure was changed after the 

laser welding operation. The size of HAZ were depending on the characteristic of the thermal 

conductivity of the material. Ti64 has a low thermal conductivity of approximately 6.7 

W/mK; thus, the cooling rate of the material is lower than the material that possesses high 

thermal conductivity, such as stainless steel [38-40]. Therefore, a suitable material that 

possesses high thermal conductivity that can replace Ti64 should be evaluated to improve 

several industries, such as fuel cell and automotive. 

 

Welding speed. The application of laser welding is a preferable method of joining operations 

in several industries like aerospace and fuel cell.  In general, unsuitable parameters or 

welding condition leads to imperfection, such as pores, and incinerated surface on the welded 

area or insufficient welding penetration. Several analyses have been conducted to identify the 

best parameter for laser welding application. Table 3 shows the parameters that use different 

values of welding speed on 3 mm thickness of Ti6A14V alloy material. 

 

Table 3. Parameter of laser welding [43] 

 

Parameter 
Sample 

1 2 3 4 5 

Laser Power 1.8kW 1.9kW 2.0kW 2.1kW 2.2kW 

Pulse duration 7.0ms 8.0ms 9.0ms 10.0ms 11.0ms 

Welding speed 3.0mm/s 4.0mm/s 5.0mm/s 6.0mm/s 7.0mm/s 

 

According to Table 3, it is shown that the welding speed escalated from 3.0 to 7.0 

mm/s, resulting in the temperature around the FZ decreasing to almost 230 ℃. However, this 

condition drastically lowered the tensile strength of the material to approximately 20%. 

Mechanical testing analysis was conducted through analysis of variance (ANOVA) testing 

[43-45]. The result regarding the parameters on the tensile test from ANOVA is represented 

in Figure 12. 
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Figure 12. The result of tensile strength (a) speed and peak power, (b) speed and pulse 

duration and (c) peak power and pulse duration [43] 

 

As the value of welding speed accelerated from the lowest to the highest speed, it has 

negatively affected the tensile strength of the Ti6A14V material based on Figure 12. The 

strength decreased as the welding speed increased [43-45]. This phenomenon occurred due to 

the decrease in the number of metallic materials and the penetration rate. In addition, the size 

of imperfection has increased as the welding speed increases [46]. Therefore, reducing the 

welding speed parameter is important to minimize the defects in a laser welding application 

[47-48]. 

 

Previous researchers investigated the effect of laser power (2000 W, 2300 W, and 2600 

W) and welding speed (1.5 m/min, 2.0 m/min, and 2.5 m/min) on the strength of austenitic 

stainless steel (AISI 316) and low carbon steel (AISI 1018). The dimension of 100 mm x 100 

mm x 2 mm was butt welded using a CO2 laser welding machine with a spot diameter of 0.15 

mm and focused by 15–25 mm on the upper surface of the weldment. To prevent molten 

metal oxidation, the entire experiment was shielded with pure argon shielding gas. Tables 4 

and 5 show the list of chemical compositions of both materials and their mechanical 

properties respectively. 

 

Table 4. Chemical composition for AISI 316 and AISI 1018 [49] 

 
Material AISI316 AISI1018 

C 0.24 0.12 

Si 0.28 0.10 

Mn 1.44 0.6 

P 0.041 0.015 

S 0.017 0.012 

Cr 16.95 - 

Mo 2.06 - 

Ni 10.09 - 

Fe Balance Balance 
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Table 5 Mechanical Properties of AISI 316 and AISI 1018 [49] 

 
Mechanical Properties AISI 316 AISI 1018 

Tensile test (MPa) 615.361 457.551 

Elongation percentage (%) 42.36 30.68 
Microhardness (HV) 182 142 

 

From Table 4, it can be seen that AISI 1018 has a low level of carbon ( C ) element 

and has no composition of Chromium ( Cr ), Molybdenum ( Mo ), and Nickel ( Ni ). Clearly, 

the mechanical properties of AISI 316 are superior to AISI 1018 when the microhardness 

profiles across the weld zone (WZ) are examined. Table 5 demonstrates that AISI 316 has 

greater strength than AISI 1018. Furthermore, the microhardness of the AISI 316 and AISI 

1018 base metals is 182 and 142, respectively. According to the previous, the microhardness 

in welded metal is due to dendrites with a higher carbide being stronger compared to other 

materials without carbide elements [50-52]. Laser welding speed has the greatest impact on 

the laser welding process, followed by laser power, which has a medium impact on the 

welded area [46, 49]. It has been reported that as welding speed increased, the number and 

size of micro-voids and micro-porosity defects has also increased. This was due to the 

increased welding speed causing a decrease in heat input [53-55]. Furthermore, increased 

welding speed has resulted in the presence of micro-defects such as porosity, pores, and hot 

cracks in the welded part, which has harmed its mechanical properties [56-60]. Therefore, the 

selection of the appropriate welding speed must be done to prevent defects from occurring at 

the welded part of the metallic material. 

 

 

Conclusion 

 

In conclusion, different types of material will bring different analyses toward their 

morphology and mechanical properties. Based on the reviews, it is mentioned that metallic 

material that has a greater level of carbon element has more advantages in terms of 

mechanical properties such as tensile strength and microhardness. In a future study, an 

analysis of the different types of metallic material such as ferritic stainless steel (Grade 

SUS430) needs to be conducted by using the proposed parameter of laser welding. Figure 13 

depicts a new perforated SUS430 design developed for this purpose. The chosen parameter is 

as follows; 

 

1) Laser welding is laser beam oscillation: The oscillating parameters had a 

significant impact on the cross-sectional bead width and weld penetration. As 

the oscillation diameter and frequency increased, the depth of penetration has 

also increased. 

 

2) Laser power: As the laser power increases, the depth of penetration has also 

increased due to the increment of heat source from the laser beam. Appropriate 

laser power is need to be pinpointed so that there is enough power in creating a 

suitable keyhole at the bottom of the welded area. Good laser power also has 

making the distribution of grain becoming smoother, hence resulting in a lower 

porosity on the welded area. 
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3) Laser welding speed: By lowering the laser welding speed can improve the 

distribution of heat source from laser welding to the welded part, hence lowering 

the defect from occurring.  

 

These parameters are expected to provide a more comprehensive review of the 

properties and morphology of the new interconnect metallic material in SOFC. According to 

these reviews, for joining the SUS 430 stainless-steel interconnect, the parameter involving 

beam oscillation, high laser power, and low welding speed is proposed. This parameter is 

expected to provide a better understanding of the SUS430 stainless-steel properties and 

morphology. As a result, this set of parameters is proposed for future fabrication to improve 

the performance of SOFC applications while keeping costs to a minimum. 

 

 
 

Figure 13. New design of perforated SUS430 interconnect 
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