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       In order to meet the industry demands for increased fuel efficiency and enhanced  

mechanical and structural performance of vehicles as well as provided excellent 

corrosion resistance , more and more galvanized advanced high-strength steels (AHSS) 

have been used to fabricate automobile parts such as panels, bumpers, and front rails.  

       The automotive industry has shown tremendous interest in using laser welding to 

join galvanized dual phase steels because of lower heat input and higher welding speed. 

However, the laser welding process tends to become dramatically unstable in the 

presence of highly pressurized zinc vapor because of the low boiling point of zinc, 

around 906ºC, compared to higher melting point of steel, over 1500ºC. A large number of 

spatters are produced by expelling the liquid metal from the molten pool by the 

pressurized zinc vapor. Different weld defects such as blowholes and porosities appear in 

the welds. So far, limited information has been reported on welding of galvanized high 

strength dual-phase steels in a gap-free lap joint configuration. There is no open literature 

on the successful attainment of defect-free welds from the laser or hybrid welding of 

galvanized high-strength steels. 
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       To address the significant industry demand, in this study, different welding 

techniques and monitoring methods are used to study the features of the welding process 

of galvanized DP steels in a gap-free lap joint configuration. The current research covers: 

i) a feasibility study on the welding of galvanized DP 980 steels in a lap joint 

configuration using gas tungsten arc welding (GTAW), laser welding, hybrid laser/arc 

welding with the common molten pool, laser welding with the assistance of GTAW 

preheating source and hybrid laser-variable polarity gas tungsten arc welding (Laser-

VPGTAW) techniques (Chapter 2-4) ; ii) a welding process monitoring of the welding 

techniques including the use of machine vision and acoustic emission technique (Chapter 

5); iii) Modeling of hybrid laser-GTAW as a preheating source welding process of 

galvanized steels in a gap-free lap joint configuration (Chapter 6). 

       Experimental results demonstrated that completely defect-free lap joints in 

galvanized high strength steels can be obtained in a gap-free configuration by using the 

laser welding process with the GTAW torch preheating and hybrid laser-VPGTAW 

welding technique. Effects of the welding parameters on the weld quality are discussed. 

The mechanical properties of the welded joints are studied. A machine vision system and 

an acoustic emission (AE) signal acquisition system are employed to acquire the images 

of the molten pool and the emitted AE signals on-line. Furthermore, image processing 

and Short Time Fourier Transform (STFT) techniques are employed to analyze the 

acquired images of the molten pool and the collected AE signals. The acquisition 

attempts are composed of 1) monitoring the weld defects by machine vision; 2) 

monitoring the formation of spatters from the AE signals; 3) detecting the weld modes by 
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the induced plume; and 4) monitoring the instability of the welding process by machine 

vision. In addition, the numerical results have been validated by the experimental data.     
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Chapter 1 
  

INTRODUCTION 

 

       The increased need to reduce the weight of the vehicles and improve fuel 

efficiency and safety has prompted the increased use of advanced high strength 

steels (AHSS) in the automotive industry. These new steel grades include dual-

phase (DP) steels, transformation-induced plasticity (TRIP) steels, high hole 

expansion (HHE) steels, complex-phase (CP) steels, martensitic steels (MS), and 

twining induced plasticity (TWIP) steels [1]. In addition, these steels are usually 

required to be galvanized in order to improve the surface corrosion resistance 

before they are used for auto parts. Welding of galvanized steels in a gap-free lap 

joint configuration causes the generation of high-pressurized zinc vapor. This zinc 

vapor causes a big challenge to successfully obtaining sound lap joints. In this 

chapter, these new high-strength steels used in automotive industry are introduced. 

Challenges from the lap joint welding of galvanized steels are met by using 

different welding process. The description of the welding are followed. In the last 

section, different techniques to mitigate the presence of zinc vapor are reviewed. 

 
 

1.1 Advanced High-Strength Steels for Automotive Industry 
 

        The steels with minimum yield strength of up to 210 MPa, are usually defined 

as low strength steels. The steels with minimum yield strengths between 210 and 
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550 MPa, are called high strength steels, and the steels having minimum yield 

strength more than 550 MPa are called ultra high-strength steels or super alloys [1]. 

DP steels, TRIP steels, HHE steels, CP steels and MS steels are generally called 

advanced high-strength steels [2]. The metallurgical characteristics and their 

applications of these steels are briefly introduced as follows. 

 

1.1.1 Dual-phase (DP) Steels 

        Among these high strength steels, dual phase (DP) steels have become the 

most promising materials for the future generation of vehicle because they can be 

“tuned” for different strength levels and processing methods and are less expensive 

than other advanced high-strength steels [3]. The family of DP steels has a 

microstructure of mainly soft ferrite with islands of the hard martensite phase 

dispersed throughout. The hard martensite phase can provide substantial strengthen 

while the ferrite matrix contributes to good ductility [4]. The strength level of DP 

steels depends on the volume fraction of hard martensite in the microstructure that 

ranges from 500~1200 MPa. Figure 1.1 shows the selection of AHSS steels with 

respect to low-strength steels and traditional HSS, and Figure 1.2 shows the 

schematic presentation of the microstructure of DP steels. 
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Figure 1.1 Classification of AHSS steels with respect to tensile strength and 
elongation [5] 
 

 

Figure 1.2 Schematic presentation of microstructure of DP steel [5] 

 

       As shown in Figure 1.2, the soft ferrite phase is generally continuous, giving 

DP steels excellent ductility. When these steels are deformed, strain is concentrated 

in the lower strength ferrite phase, creating the unique high work hardening rate 

exhibited by these steels [5]. Furthermore, the yield strength of DP is much lower 

than its tensile strength. With respect to a given tensile strength, the lower yield 

strength will translate to higher elongation values and better formability. In addition, 

“enhanced energy absorption is another DP steel characteristic” [2].   

       With the low yield ratio, high work hardening ratio, and high bake hardening 

(BH) value, DP steels have been widely used in auto components that demand high 
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strength and good “crashworthiness and formability” such as “wheel, bumper and 

other reinforcements” [6]. In the UltraLight Steel Auto Body (ULSAB) program, 90 

percent of the ULSAB body structure is constructed of high-strength steels (HSS) 

whereas in the UltraLight Steel Auto Body (ULSAB)-Advanced Vehicle Concepts 

(ULSAB-AVC) program, 100 percent of the ULSAB-AVC body structure is made 

of high strength steel (HSS), with over 80 percent being AHSS steels [7]. Figure 1.3 

shows the ULSAB-AVC body structure steel types and the ULSAB-AVC C-Class 

materials. As shown in Figure 1.3, DP steel is the most promising material for the 

future generation of vehicles.  

 

(a)
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(b) 
Figure 1.3 Materials selected for ULSAB-AVC (a) ULSAB-AVC body structure steel 
(b) ULSAB-AVC C-Class materials [7] 

 
 

1.1.2 Transformation-Induced Plasticity (TRIP) Steels 

        Like DP steels, soft ferrite comprises mainly the microstructure of TRIP steels. 

While DP steels have only the martensite phase, the phases in TRIP steels include 

martensite, bainite, and retained austenite, which offer their unique balance of 

properties. Figure 1.4 shows the microstructure schematic of TRIP steels. As shown 

in the Figure 1.4, the retained austenite is embedded in a primary matrix of ferrite. 

Furthermore, a minimum of 5 percent volume of retained austenite is required. 

However, the percent volume of hard phases such as the martensite and bainite are 

present in varying amounts [5].  
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Figure 1.4 Schematic presentation of microstructure of TRIP steel [5] 

 

     When strain increases, the retained austenite in the TRIP steels is progressively 

transformed to martensite; thus, increasing the work hardening rate. Therefore, the 

high work-hardening rate can persist at higher strains in TRIP steels, while this 

phenomenon does not happen in DP steels. Therefore, TRIP steels provide excellent 

crash energy absorption during crash deformation. The stress-strain behaviors of 

high strength low alloyed steels (HSLA) compared to the behavior of DP and TRIP 

steels of approximately similar yield strengths, are demonstrated in Figure1.5. The 

difference in the microstructure between DP steels and TRIP steels provides the 

enhanced formability of TRIP steels over DP steels. 

       In order to stabilize the retained austenite phase below ambient temperature, a 

higher percentage of carbon is presented in the TRIP steels than in the DP steels. 

The application of higher contents of silicon and aluminum in the TRIP steels 

accelerate the formation of ferrite and bainite. Furthermore, silicon and aluminum 

suppress the formation of carbide precipitation in the bainite region [12].   

      The strain level at which retained austenite begins to transform to martensite 

depends on the carbon content in TRIP steels. The higher the carbon levels, the 
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more stable the retained austenite phase. When the carbon content is higher, the 

transformation of retained austenite to marteniste only begins at strain levels 

beyond those produced during forming [5].  

  

 

 

 

 

 

Figure 1.5 Stress-strain curves of HSLA, DP and TRIP steels [4] 
 

 
1.1.3 High Hole Expansion (HHE) Steels 

        The microstructure of the HHE steels consists primarily of ferrite and bainite 

with some retained austenite. High strength, high formability, and high sheared-

edge extension (hole flanging) capability are exhibited in these steels. The ferrite-

bainite microstructure is associated with high hole-expansion values [2]. 

 

1.1.4 Complex-Phase (CP) Steels 

        CP steels are characterized by a very fine microstructure of ferrite and a higher 

volume fraction of hard phases (martensite and bainite), strengthened further by 

fine carbon or nitrogen precipitates of niobium, titanium, or vanadium [5]. The 

series of these steels have been utilized for parts that require high energy-absorption 

capacity, such as bumpers and B-pillar reinforcements [10]. 
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1.1.5 Martensitic Steels 

        As its name shows, its microstructure consists of 100 percent martensite. The 

range of the minimum tensile strength of this family of steels is typically between 

900 and 1,500 MPa. To increase hardening, manganese, silicon, chromium, 

molybdenum, boron, vanadium and nickel are used in various combinations. 

Typical applications for martensitic steels are usually those that require high 

strength and good fatigue resistance such as belt-line reinforcement, side-sill 

reinforcement, and bumper reinforcement [11].  

 
 
1.2 Welding Issues of Galvanized Advanced High Strength Steels (GAHSS) in 

Lap Joint Configuration 
 
1.2.1 Welding Challenges of Advanced High Strength Steels 

        Different welding techniques such as resistance spot welding (RSW) [8-16], 

arc welding [17,18], laser welding [19,20], dual-beam laser welding[21,23], hybrid 

welding [24,25],friction stir welding (FSW) and friction stir spot welding [26-28] 

have been applied to join galvanized steels in a lap joint configuration. Khan [26] 

used the FSW and resistance spot welding (RSW) techniques to weld high strength 

low alloy (HSLA), DP 600, DP 780, and TRIP 780 steels. In his study, the 

mechanical properties and microstructure of the RSW welded steel alloys were 

detailed and the relationship between chemical composition and hardness was 

developed. Furthermore, the relationship between the joint microstructure and 

impact performance of the spot welded AHSS steels was also developed. In a 

comparative study of RSW and the friction stir spot welding (FSSW) of DP 600, it 

was found that the failure modes were different; for the FSSW welds, fracture 
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initiated between the two sheets and propagated through the interface of the 

material. For the FSSW welds, fracture is initiated at the unbounded region and is 

propagated through the upper sheet just under the shoulder. Nevertheless, it has 

been found that when using the RSW to join galvanized steels, a large number of 

weld defects such as solidification-related weld cracks are produced [29,30]. 

Another major issue is the shortened electrode life because of the chemical reaction 

between the Zn coating, the copper electrode, and the high welding force [31].  

       Feng et al. [31,32] conducted a feasibility study on the FSSW of uncoated DP 

600 with a nominal strength of 600 MPa. To evaluate the mechanical properties of 

the obtained welds, the hardness in the weld nugget was measured, and tensile-

shear and cross-tension mechanical testing was performed for the welds obtained 

under selected welding conditions. It was found that the microstructure and 

hardness in the joint region remained similar to the base metal for the studied DP 

600 steel. Mile [33] also used the FSSW technology to weld DP steels. In his study, 

the hardness measurement in the weld nugget and the tension and formability 

testing of the welded coupons were carried out. In comparison to the results 

obtained from laser welding of the same grade of DP steels, it was found that a 

lower hardness in the weld nugget was obtained during FSSW of DP steels, which 

resulted in better formability. However, FSSW requires a large amount of 

mechanical loading in order to generate higher temperature needed for successful 

tool plunging and material stirring. Thus, the FSSW of the weld high-strength steels 

requires a tool material that is heat resistant and wear resistant. This requirement 

limits the wide application of using FSW to join high strength steels in the 



 10

automotive industry. As mentioned above, different arc welding techniques are also 

used to weld AHSS steels for auto parts. Ford Motor Co. and Lincoln Electric Co. 

used Gas Metal Arc Welding (GMAW) to weld AHSS steels. It is found that AHSS 

steels are sensitive to heat input and the range of their welding parameters is very 

narrow [34]. Besides, Yan’s study revealed that joint efficiency, which is the ratio 

of the strength of the joint to the strength of the base metal, decreases with the 

increase of a fractional increase of martensite. Furthermore, martensitic steels 

exhibit reduced weld strength from the softening of the heat affected zone (HAZ) 

when GMAW is used to weld DP and MS steels [35]. 

      With respect to high speed, high productivity, the narrow heat-affected zone, 

and low heat input in comparison to conventional welding, laser welding has been 

widely used in the automotive industry. Laser welding provides the high aspect 

(weld depth-to-width ratio), which results in a deep penetration and narrow weld 

with good appearance [19,20,36]. In addition, laser welding can be integrated with 

the robotic arm. Therefore, it is possible to achieve automation of the welding 

process. Laser welding has been used to weld different materials such as steel, 

aluminum and magnesium that have been used widely in vehicles [37-38]. “The car 

body parts such as body panels, door inners, and the complete side frames are 

usually accomplished by the laser welding “[39]. As shown in the Figure 1.6, the 

space frame in the Audi A2 is produced by laser welding. 



 11

 
 

 
Figure 1.6 The samples of car components joined by the laser welding: the 
space frame in the Audi A2  [39]  
 
 

      Many efforts have been made on using laser welding or hybrid welding 

techniques to join AHSS steels. Kang et al. [40] used Nd: YAG laser to weld DP 

600 steel. In his study, the hardness, microstructure, mechanical properties and 

formability were investigated. The results showed that the maximum hardness was 

obtained at HAZ near the fusion zone (FZ), and the microstructure of FZ was 

mainly composed of acicular ferrite. However, the HAZ near the FZ contained 

bainite and ferrite at a low welding speed. A diode laser was also employed to join 

the DP tailored blanks in Bocos’s study et al. [41]. The metallorgraphic 

characteristics of weld beads and the mechanical behavior of the obtained welds 

were examined. Tests on microhardness, drawing, tension and fatigue were also 

carried out in his study. Gallagher et al. [42] used a 4.5 kW Nd:YAG laser for the 

lap weld of four types of high strength steels: HSLA 350, DP 600, M 900 and M 

1310. This study has demonstrated that the weld tensile strength is dependent on 

various steel gauge/grade combinations and the weld width. Moreover, the weld 
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fatigue strength appeared to be independent of the steel grade and microstructure 

but depended on the gauge thickness. Similarly, the bead-on-plate welding of 800 

MPa class TRIP steels was carried out by Han’s et al. [43] using a CO2 laser to 

study the weld defects, microstructure, mechanical properties and formability. 

Furthermore, in the Auto/Steel Partnership’s project the application of the various 

hybrid welding techniques (laser + plasma and laser + GMAW) were studied by 

welding a sequence of grades of high strength DP steels, such as galvanized DP600, 

DP780 and DP 980 steels [44]. The cross-sections of the weld beads, the shear 

strength, the microhardness, and the impact strength were also investigated in this 

study.  

       Considering various advantages of laser welding, the automotive industry has 

shown tremendous interest in applying the laser beam to weld galvanized AHSS 

steels for auto parts. However, it is still extremely difficult to weld galvanized high 

strength steels in gap-free lap joint configuration [45]. One of the restraints is the 

lower boiling temperature of zinc ( Co906 ) compared to the melting temperature of 

steel ( Co1530 ). When joining galvanized AHSS in a gap-free lap joint 

configuration, the pressurized zinc vapor between the metal sheets tends to explode 

from the molten pool and form spatters and blowholes. These weld defects will 

greatly decrease the mechanical properties of laser welded joints. Additional 

procedures will be needed to repair the blowholes or clean the weld surface; thus, 

greatly increasing the cost. 
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1.2.2 Techniques to Mitigate the Presence of Highly-Pressurized Zinc Vapor 
  
       To eliminate the effects caused by the high-pressurized zinc vapor, a number of 

techniques have been tested for the past several decades. Some of the most common 

techniques will be discussed as follows. 

 

1.2.2.1 Removing the Zinc Coating at the Interface of Steel Sheets Prior to Welding 

       The simplest approach to mitigate the effect of the Zn-coating is to remove the 

zinc coating completely by mechanical means prior to welding [46], which has been 

recommended by the American Welding Society standards [47]. By using this 

method, a sound weld can be achieved. However, it is costly to remove a specific 

amount of zinc coating precisely, and it is difficult to apply to a large-volume 

production line. 

 

1.2.2.2 Setting the Spacers at the Interface of Metal Sheets 

        Another technique that has been proven effective is to intentionally form a 

small gap between the two metal sheets [48].  The technique is based on placing 

two small strips in between two metal sheets a few millimeters away from the 

welding line to make a space for zinc vapor to be evacuated instead of entering into 

the molten pool. The recommended gap is 0.1-0.2 mm [48]. However, to place 

spacers precisely along the welding line prior to welding is time-consuming and 

costly. In addition, this gap will produce new problems related to corrosion because 

the welding process will damage the zinc coating along the welding line. The 
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corrosion process could start from the area in which the zinc has been damaged or 

burned [49]. 

 

1.2.2.3 Redesigning the Setting of the Top Sheet 

       One of the techniques developed to mitigate the effect of the zinc vapor is 

redesigning the lap joint [48-51], shown in Figure 1.7. Zinc vapor can be evacuated 

before the molten pool reaches the interface. However, filling in the groove at the 

top sheet metal to make the paint job smooth is difficult. Again, the problems 

related to corrosion and to the increased cost caused by design are of concern.   

 

Figure 1.7 Schematic presentation of a groove for zinc excavation [48] 
 

 
1.2.2.4 Using Alloying Agent to Alloy Zinc 

       Mazumder et al [52] patented and described in the papers [53,54] a technique 

that places a thin copper sheet between two steel sheets along the welding line. The 

copper has a melting temperature of 1083˚C (between the melting temperature of 

steel and the boiling temperature of zinc) and can be alloyed with the zinc before 

the steel is melted. However, the presence of copper in the steel could generate new 

problems, such as hot cracking and corrosion concerns [55]. Recently, Li et al. [56] 

patented and described in the paper [57] a technique that sets the aluminum foil 

layer in the weld zone at the interface of two galvanized steel sheets to form the Al-
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Zn alloy; thus, lowering the effect of the zinc vapor pressure. In order to use this 

method to weld galvanized steels in a lap joint configuration, there is a requirement 

of tightly clamping the two metal sheets. If there is the existence of gap at the 

interface of two metal sheets, the weld defects will be formed [57]. Furthermore, 

the dissolution of aluminum-steel alloy into the weld, which makes the weld brittle, 

has the potential to deteriorate the weld quality. 

 

1.2.2.5 Using the Pulsed Laser  

     Instead of making components suitable for laser welding, a gap-free lap joint is 

the best choice in laser welding. There have been attempts to accommodate the 

welding parameters that contribute to the mitigation of the effect of Zn-vapor. One 

of the approaches is to use a pulsed laser instead of a continuous mode laser. Sound 

welds can be achieved through the controlled shape and appropriate peak power of 

the laser. In this approach each pulse will melt a part of the previously solidified 

bead in order to help the entrapped zinc vapor to escape from the weld zone [58-60]. 

However, Tzeng’s articles [58-60] made some controversial reports. One paper 

published in 1999 [58], shows that a good quality weld can be obtained by using a 

CO2 laser with the proper pulse parameters. It was also shown in this article that the 

weld quality was very sensitive to some welding parameters. For example, the 

excessive average peak power density resulted in cutting, while insufficient peak 

power density caused incomplete penetration. However, Tzeng’s published article 

in 2006 showed the porosity was still formed while the welds were visually sound 

[60]. The conclusion of the recent report is based on the longitudinal-section of the 
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sample rather than on the cross–sectional view reported in the 1999 article.  

Therefore, the porosities caused by zinc can not be eliminated completely by using 

pulsed laser. Baardsen et al. [61] deposited a thin layer of a flux material such as 

iron oxide adjacent to the fusion zone at the interface of the metal sheets. The flux 

material combines with the zinc and produces a compound by the heat of the laser 

beam. This compound has the same or lower boiling point than steel, so the 

expulsion of the liquid melt from the molten pool by the high-pressured zinc vapor 

is prevented. Consequently the porosity in the welds was eliminated [61].  Recently, 

Chen et al [62] combined the CO2 laser with a pulsed Nd: YAG laser to conduct the 

gap-free lap joint of the galvanized steel sheets with the thickness of 0.68 mm. In 

their study, the pulsed Nd: YAG laser was firstly used to pre-drill the vent holes 

along the weld line. After the completion of the vent holes, the laser beam is then 

applied to seam weld the galvanized steel sheets in a gap-free lap joint 

configuration. They claimed that the pre-drilled vent holes could provide the place 

to vent out the highly-pressurized zinc vapor developed at the interface of two metal 

sheets during the followed laser welding process and the weld defects such as 

porosity, spatter, and loss of penetration could be avoided, thus achieving the sound 

lap joint welds. 

 

1.2.2.6 Using Dual Laser Beam or Two Lasers 

        Splitting a laser beam into two laser beams [63-67] or simply using two laser 

beams [68] are promising methods for welding of galvanized steels. Forrest et al. 

[63-65] has reported a good weld quality in lap welds by using dual beam laser 
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welding. The enhancement of the weld quality in this case “have been attributed to 

a more stable fluid flow, a wider keyhole [59], less frequency of keyhole collapse, 

and a reduced cooling rate “[58]. A specific laser-head has been designed for this 

application [69].  However, splitting precisely one laser beam into two laser beams 

with different power distributions and focuses is difficult to achieve when using one 

laser system and it is expensive to use two laser systems for welding. 

 

1.2.2.7 Hybrid Laser-Arc Welding 

        Recent research on hybrid laser welding with the integration of a laser system 

and GMAW, shown in Figure 1.8, shows that GMAW can produce a larger molten 

pool allowing the laser beam to easily make a deep penetration in order to evacuate 

the Zn-vapor and reduce defects in the weld [70-76]. This hybrid laser-GMAW 

technique has produced visibly sound joints for welding galvanized steels in a lap 

joint configuration with a specific gap setting at the interface of the two metal 

sheets [76]. The molten metal blown off by the zinc vapor in laser welding is 

supplemented by melting the feeding wire, so the gap tolerance can be equal to the 

thickness of the metal sheets [76]. The downfall of this technique is that GMAW 

generates bumps on the top of the workpiece, which may be difficult to remove in 

order to get a smooth surface for body painting, and again the gap between the two 

sheets causes concern for corrosion because laser-GMAW damages and burns more 

of zinc coating.  
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Figure 1.8 Advantages of hybrid laser-arc welding over laser welding and 
GMAW alone [75] 

(a) GMAW weld bead with shallow penetration and concave bead 
(b) Laser weld bead with deep penetration 
(c) Hybrid laser-arc weld bead with combined advantages 
 
 

       Recently, Kusch, and Thurner used the plasma-GMAW technology to braze 

electrogalvanized and hot-dip-galvanized steel sheets [77]. The influence of the 

plasma arc current, the welding travel speed and the filler materials on the quality of 

welds obtaining by the plasma-GMAW process was investigated. It was found that 

the plasma arc plays a decisive role in the plasma-GMAW process and the heat 

from the plasma arc can improve the wetting capability of the brazing materials. A 

visually sound weld without spatters is obtained.  Kim et al. [78] used the hybrid 

laser/gas tungsten arc welding (GTAW) welding to join the SGCD1 galvanized 

steel plates in a gap-free lap joint configuration. It was demonstrated in their study 

that welding this type of galvanized steel was enhanced by the increase of arc 

current in the GTAW as well as by increasing the distance between the laser beam 

and the arc. However, the experimental results have revealed that it is still 

extremely difficult to join the ultra-high strength galvanized steels in a gap-free lap 

Bump 

a) b) c) 
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joint configuration by hybrid laser/arc welding.  Porosity and blowholes are also 

found at the welds. Additionally, welding the galvanized steels was affected by the 

chemical composition and thickness of the steel sheets.  Therefore, it is necessary 

and important to develop a more robust welding technology to join the galvanized 

steels in a gap-free lap joint configuration to obtain the defect-free welds with the 

high strength.  

 

1.3 Scope of Research 

      Although many efforts have been put on the welding of galvanized steels in a 

gap-free lap joint configuration over the past decades, until now there is no reported 

cost-effective, robust and easy-to-use welding technique in the open literature. To 

meet the automotive industry demand, it is important to develop a new welding 

procedure for the gap-free lap joint of galvanized steels.  The provided chapters in 

this study are divided into three distinct parts. The first part (part I) mainly focuses 

on the feasibility of welding of galvanized steels in a gap-free lap joint 

configuration, which is consisted of Chapter 2, Chapter 3, and Chapter 4. In the 

second part, a machine vision system and a non-destructive test (NDT) based on the 

acoustic emission sensor are used to real-time monitor the welding process of 

galvanized steels, which lies in Chapter 5. In the third parts, numerical model is 

developed in Chapter 6 to simulate the temperature distribution during the welding 

process of hybrid laser-GTAW welding of galvanized DP 980 steels with the 

separated molten pool.  
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       In Chapter 2, laser welding, gas tungsten arc welding (GTAW), and hybrid 

laser-GTAW welding (L-GTAW) with the common molten pool are employed to 

lap join the galvanized high strength dual phase (DP) steels in a gap-free 

configuration. Effects of the laser power, traverse welding speed as well as the arc 

current are investigated.   In Chapter 3, laser welding process is separated from the 

GTAW preheating torch to lap join the galvanized steels in a gap-free configuration. 

Different surface analysis methods such as the x-ray photoelectron spectroscopy 

(XPS) and energy-dispersive x-ray spectroscopy (EDS) are used to detect the 

chemical composition of the preheating surface. Additionally, the tensile shear test 

is performed to evaluate the strength of the lap joint welds and the features of the 

hardness distribution of lap joint welds are also studied. The microstructure feature 

in different zones of welds is investigated by the scanning electron microscope 

(SEM). In Chapter 4, hybrid laser-variable polarity gas tungsten arc welding (L-

VPGTAW) is introduced to carry out the gap-free lap joint of the galvanized DP 

980 steels. Initially in this chapter, the mechanisms of hybrid L-VPGTAW of 

galvanized steels are analyzed. Then, effects of key welding parameters as the 

preheating arc current and traverse welding speed on the weld quality are 

investigated. Furthermore, XPS is implemented to analyze the chemical 

composition on the preheated surfaces. 

       Chapter 5 focuses on using the machine vision and acoustic emission technique 

to monitor the stability of welding process, different welding modes, and effects of 

gap and zinc coating on the molten pool behavior and better understand the 

formation mechanisms of weld defects such as blowholes and spatters. The Chapter 
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6 is dealing with the development of a finite element model to simulate the 

temperature distribution during the hybrid laser-GTAW welding process with the 

separated molten pool. Influences of distance between laser beam and GTAW 

preheating torch and GTAW preheating arc current on the temperature distribution 

during hybrid laser-GTAW preheating welding of galvanized with the separated 

molten pool are investigated by the developed numerical model. Furthermore, in 

order to verify the developed model the temperature distributions are 

experimentally measured with the thermocouples in different locations of the 

welded specimens. It is shown that there is a good agreement between modeled and 

measured results. 

        Finally, Chapter 7 begins with the summary and conclusions of this study. 

Then, future works are followed to extend the current researches.  
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Chapter 2 
 

FEASIBILITY STUDY ON WELDING OF GALVANIZED DUAL-PHASE 
DP 980 STEEL IN LAP JOINT CONFIGURATION 

 
 
 
2.1 Introduction 
 
       Among advanced high strength steels (AHSS), dual-phase (DP) steels become 

the most promising candidates to replace traditional materials for car parts such as 

aluminum and magnesium because of their adjustable levels of strength achieved 

from processing methods as well as their affordable cost [79-80]. Up to now, most 

efforts are placed on using resistance spot welding (RSW) to weld DP steels [81-88]. 

There are a limited number of publications on welding galvanized dual-phase steels 

by using arc, laser or hybrid laser-arc welding techniques [89-91]. In this chapter, 

the welding techniques such as gas tungsten arc welding (GTAW), laser and hybrid 

laser-arc welding for welding galvanized DP steels in a gap-free lap joint 

configuration are studied. The major features of the welds obtained by each of these 

welding techniques are discussed in the following sections starting with the GTAW, 

then laser welding, followed by laser-arc hybrid welding. The material used in this 

study is DP 980 steel with thickness of1.2mm and 1.5 mm. A 1.2-mm thick sheet is 

selected as the top of two metal sheets during the lap joint welding process. 
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2.2 Investigation of Gap-free Lap Welding of Galvanized Dual-Phase Steels by 
Using GTAW 

 
      The primary welding parameters of GTAW arc current and welding speed are 

varied in order to study the weldability of galvanized DP steels in gap-free lap joint 

configuration. The effects of GTAW welding parameters on weldability were 

experimentally determined. During the welding process, the shield gas flow rate is 

kept at 30 SCFH (standard cubic feet per hour). Table 2-1 shows the two groups of 

different welding conditions. 

 

Table 2-1 Welding conditions used in the GTAW of galvanized DP 980 steels 
 

 
 

     In Group 1, the arc current is kept at the 280 A while varying the welding speed 

from 4 mm/s to 30 mm/s. For Group 2, the welding speed is kept at 10 mm/s and 

the arc current was gradually increased from 180 A to 300 A with an interval of 20 

A. The experimental results corresponding to the welding conditions shown in 

Table 2-1 are presented in Figure 2.1 and Figure 2.2. For the welding conditions in 

Group 1, the GTAW welds are characterized by different weld defects such as 

humping, burn-through holes, porosity and spatters, as shown in Figure 2.1. For the 

welding conditions in Group 2, the zinc coating at the top surface of the specimen is 

removed by the arc, and only a shallow molten pool is produced during the GTAW 

process. The experimental results indicate that the two metal sheets are not jointed 

together, and only partial penetration is achieved in the GTAW welds when the arc 

current is below or equal to 240 A, as shown in Figure 2.2. However, when the arc 
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current is 260 A, a sound weld is obtained, as shown in Figure 2.2 (i). When the arc 

current is more than 260 A, the porosity, humping and burn-through holes appear in 

the welds.  

      Figure 2.3 shows the top and cross-section views of two types of humping: the 

bead-like humping and parallel humping. At the same time, Figure 2.4 shows the 

cross-sectional view for the welds at arc current of 260 A, 280 A, and 300 A, and a 

welding speed of 10 mm/s, respectively. Only partial penetration is achieved from 

the welds obtained at an arc current from 100 A to 240 A.  

        Comparing Figure 2.1(g) to Figure 2.2 (i), it is found that with an increase in 

the welding speed, humping is produced. Humping is also generated by an increase 

in the arc current while keeping the welding speed constant. The reasons for the 

formation of humping are “the action of the arc on the liquid weld pool or by the 

capillary instability of a liquid cylinder” [92]. As illustrated in Figure 2.1 (a), the 

formation of a burn-through hole arises from too much heat input into the 

specimens. In addition, if the argon shield gas is trapped in the molten pool, 

porosities are susceptible of being formed.  It is also found that when the arc current 

is high, like 280 A, and the welding speed is lower than 6 mm/s, lots of spatters are 

generated during the welding process. These spatters contaminate the tungsten 

electrode. This contamination will require the frequent stopping of the welding 

process in order to reshape the electrode. 

       From the above discussion, different weld defects such as humping, porosity 

and burn-through holes are readily produced in the GTAW welds of galvanized DP 

steels in the lap joint configuration. Sound welds can be only obtained in a narrow 
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range of the welding parameters. Moreover, the low welding speed in the GTAW 

welding process does not meet the requirement of the automotive industry for high 

productivity. Therefore, the GTAW technique is not an effective method to join 

galvanized DP steels. 
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(g) 

Figure 2.1 Effect of welding speed on the weldability of galvanized DP steels by 
using GTAW (a) 6mm/s (b) 8 mm/s (c) 10 mm/s (d) 12 mm/s (e) 15 mm/s (f) 18 
mm/s (g) 20 mm/s 
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(k) 

Figure 2.2 Effect of arc current on the weldability of galvanized DP steels by 
using GTAW (a) 100A (b) 120A (c) 140A (d 160A (e) 180A (f) 200A (g) 220A (h) 
240A (i) 260A (j) 280A (k) 300A 
 

 
(a) 

 
(b) 

 
(c) 

 
Figure 2.3 Top and cross-sectional views of humping (a) the top view of 
humping (b) the cross-sectional view of the parallel humping (c) the cross-
sectional view of the bead-like humping (welded at a welding speed 30 mm/s 
and an arc current of 260 A ) 

 

 

(a) 

 
(b) 



 28

 
(c) 

 
Figure 2.4 Cross-sections of GTAW welds at different arc current (a) 260 A (b) 
280 A (c) 300 A 
 
 
 
2.3 Investigation on Using Laser Welding with Gap-free Lap Welding of 

Galvanized Dual-phase Steels  
 
       In the last decade, the laser welding technique has been widely used to weld 

auto parts in the automotive industry. Considering several advantages of laser 

welding over traditional welding, an application of laser welding to form the lap 

joint of galvanized DP steel sheets is of considerable interest to the automotive 

industry. In this work, experiments are performed to study the weldability of 

galvanized DP steel in a gap-free lap joint configuration by using only a laser beam. 

A fiber laser with 4 kW power is selected as the heat source during the welding 

process. Pure argon gas is chosen as the protection gas. In order to characterize the 

weld defects from the laser welding of galvanized DP steels in lap joint 

configuration, two kinds of experiments are carried out: laser welding of non-

galvanized DP sheets and laser welding of galvanized DP sheets. Furthermore, the 

effects of laser power, the welding speed and the assistance of spacers between steel 

sheets on the features of the laser-welded joints are investigated in detail. 
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2.3.1 Laser Welding of Galvanized DP Steels without Zinc Coating at the Interface 
 
       As discussed in Chapter 1, the main problem of welding galvanized steels in 

gap-free lap joint configuration stems from the development of the high-pressurized 

zinc vapor at the interface. In order to confirm this fact, the zinc coating at the 

interface is removed from the metal sheets before they are joined together by the 

laser beam. Figure 2.5 shows this type of as-welded lap joint obtained by the fiber 

laser of 4 kW power and welding speeds of 12, 15, 18, and 20 mm/s respectively. In 

order to eliminate the effect of back scattering from the laser beam to the fiber cable, 

the laser head is tilted 6 degrees with respect to the orthogonal to the welding 

samples. As shown in Figure 2.5, defect-free sound joints are achieved. At the same 

time, the welding process is very stable. Meanwhile, it is found that the plume 

produced by the zinc coating on the top surface of the specimen fluctuates 

dramatically, which affects the coupling of the laser beam with the specimen. This 

fluctuation has an influence on the depth of penetration of the welds as shown in 

Figure 2.5 (c), (e) and (g). Comparing the results in Figure2.5 (b) and (d) with those 

in Figure2.5 (f) and (h), it is found that with an increase in the welding speed, 

deeper weld penetration is achieved. This phenomenon can be explained by the fact 

that when the welding speed is lower, more zinc coating is removed by the laser 

beam and the size of the induced plume is larger, which defocuses and scatters more 

of the laser energy. Therefore, for practical applications, it is also important to 

select the optimal welding speed to ensure the weld penetration that is wanted. In 

order to verify this phenomena, the other experiment for the gap-free lap joint laser 

welding of 1.5 mm-to-1.5 mm metal sheet without zinc coating at the interface is 
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carried out under the following welding conditions: a laser power of 3000 w and a 

welding speed of 30 mm/s. Figure 2.6 shows the top and longitudinal cross-

sectional view and the penetration depth of the laser welded joint. As shown in the 

Figure 2.6, the depth of the laser weld penetration is a function of the distance away 

from the beginning of the weld.  

 
(a) Overview of the laser welds at the welding speeds of 12 mm/s, 15 mm/s, 18 

mm/s and 20 mm/s 

 
(b) Top view of the laser weld at the welding speed of 12 mm/s 

 
(c) Backside view of the laser weld at the welding speed of 12 mm/s 

 
(d) Top view of the laser weld at the welding speed of 15 mm/s 

 
(e) Backside view of the laser weld at the welding speed of 15 mm/s 

 
(f) Top view of the laser weld at the welding speed of 18 mm/s 

 

 
(g) Backside view of the laser weld at the welding speed of18 mm/s 

 
(h)Top view of the laser weld at the welding speed of 20 mm/s 
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(i) Backside view of the laser weld at the welding speed of 20 mm/s 

 
Figure 2.5 Sample of laser-welded joint with the laser power of 4 kW and a 
welding speed of 12 mm/s, 15 mm/s, 18 mm/s and 20 mm/s without zinc coating 
at the interface 
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Figure 2.6 Effect of the zinc vapor plume on the depth of the weld penetration 
(a) the top view of the laser welded lap joint (b) the longitudinal cross-sectional 
view of the laser welded lap joint (c) the depth of the laser weld penetration 
over the distance   
 
 
 
2.3.2 Effect of Laser Welding Speed on the Weld Quality 
 
       Using the same parameters as in the previous case, the laser welding of 

galvanized DP sheets in a gap-free configuration proceeded. As shown in Figure 2.7, 

a large amount of blowholes and spatters are produced in the laser welds, which 
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leads to the discontinuity of welds and a decrease in the weld mechanical properties. 

Figure 2.7 (b) - (i) shows higher magnification photos of the laser welded joints for 

each welding speed. The spatters generated in the welding process present a 

potential source of damage to the laser protection optics.  

 
(a) Overview of the specimen 

 

 
(b) Top view of laser weld at welding speed of 12 mm/s 

 
(c) Backside view of laser weld at welding speed of 12 mm/s 

 
(d) Top view of laser weld at welding speed of 15 mm/s 

 
(e) Backside view of laser weld at welding speed of 15 mm/s 

 

 
(f) Top view of laser weld at welding speed of 18 mm/s 

 
(g) Backside view of laser weld at welding speed of 18 mm/s 

 
(h) Top view of laser weld at welding speed of 20 mm/s 

As-welded bead  

Blowholes 

Spatters 
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(i) Backside view of laser weld at welding speed of 20 mm/s 

 
Figure 2.7 Sample of laser welds obtained by fiber laser welding at the welding 
speed of 12 mm/s (b,c), 15 mm/s (d,e), 18 mm/s (f,g) and 20 mm/s (h,i) 
        

       As shown in Figure 2.7, more spatters are produced at the higher welding speed. 

This phenomenon can be explained by the fact that a smaller molten pool is 

produced at higher speed compared to the molten pool produced at the lower 

welding speed. The higher speed provides a small spacer for the high-pressurized 

zinc-vapor to escape from the interface. However, the pressure of the zinc vapor at 

the interface of two metal sheets is more developed in the higher welding speed 

than the pressure developed in the lower speed at the same laser power. 

 

2.3.3 Effect of Laser Power on the Weld Quality 

       Four experiments are conducted to study the effect of laser power on the 

quality of laser welds. In these experiments, the welding speed is kept constant, 18 

mm/s. However, the laser power is varied at four levels: 2500 W, 3000 W, 3500 W 

and 4000 W. Figure 2.8 shows the experimental results. As shown in Figure 2.8, it 

is obvious that the change of laser power does not have a significant impact on the 

weld quality. All the welds obtained in these experiments are characterized by a 

large amount of spatter deposited on the weld zone or around the weld zone. In 

addition, some blowholes are produced in the weld zone. The weld quality is 

slightly improved by a decrease in the laser power. This phenomenon can be 
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explained by the fact that the lower power reduces the development of high-

pressurized zinc vapor at the interface. 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
Figure 2.8 Top view of laser welded joints with respect to a welding speed of 18 
mm/s  and various laser powers (a) laser power of 2500 W (b) laser power of 
3000 W (c) laser power of 3500 W (d) laser power of 4000 W 
 
 
 
2.3.4 Effect of Spacers Presence on the Weld Quality 
 
       As mentioned in the Chapter 1, the use of spacers between two metal sheets can 

help to vent out the highly-pressurized zinc vapor from the interface. To study the 

feasibility of achieving sound welds with the assistance of spacers, stainless steel 

foil of various thicknesses was placed at locations about 10 mm away on both sides 

of the weld center line. The thicknesses of the spacers used in these experiments 

were chosen as 0.1 mm, 0.2mm and 0.4 mm. The experimental setup is 

schematically shown in the Figure 2.9. 
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Spacer Spacer

Laser beam

Spacer Spacer

Laser beam

 

Figure 2.9 Schematic experimental setups for the lap welding of galvanized 
steel sheets with spacers 
 
       

      Figure 2.10 shows the experimental results with the assistance of spacers of 

different thicknesses. The results clearly demonstrate that a sound lap joint of 

galvanized DP steels can not be achieved by using laser welding with the assistance 

of spacers. In the same fashion as in the laser welding without the spacer, the 

blowholes and spatters are not eliminated by the help of the spacers. However, the 

number of blowholes and spatters is reduced. With an increase in the spacer 

thickness, the welding process became more stable because the highly-pressurized 

zinc vapor had more space to be vented through. 
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Figure 2.10 Top view of laser welded joint with the assistance of spacers in 
various welding speed and laser power a) t=0.1mm b) t=0.2mm c) t=0.4 mm 
(welded at the laser power of 4000 W and the welding speed of 12 mm/s, 15 
mm/s, 18 mm/s and 20 mm/s) 
 
 
 
2.3.5 Mechanisms of Spatters and Blowholes Formation 
 

      The main reason for the occurrence of the spatters and blowholes is the presence 

of the highly-pressurized zinc vapor at the interface of the two metal sheets during 

the gap-free lap welding of galvanized DP steel 980. Because the boiling point of 

Zinc (around 906°C) is lower than the melting point of steel (over 1400°C), the 

high-pressurized zinc vapor is readily developed at the interface of two metal sheets. 

If the highly-pressured zinc vapor at the interface can not completely be vented out, 

it violently expands, expels from the molten pool and removes the liquid metal out 

of the molten pool [93]. The removed liquid metal out of the molten pool is 

Welding speed 

a) 

b) 

c) 
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condensed in the air and produces spatters of the different sizes that scatter in all 

directions and deposit around the weld zone.  

       Moreover, “the explosion may lead to a cavity in the weld zone. If the cavity 

can not be refilled by the sufficient liquid metal, then a shallow blowhole is 

produced,” as illustrated in Fig 2.11 (a) [94]. There are two ways for the highly-

pressurized zinc vapor to escape from the zero-gap interface: through the keyhole or 

through the molten pool.  Another reason for the blowhole formation is that too 

much heat is input into the specimen that directly creates a burn-through hole in the 

weld, as shown in Figure 2.11 (b). 

 

(a) (b) 
  
Figure 2.11 Types of blowholes (a) shallow blowhole (b)  burn-through blowhole 
 
 
 
       The blowhole formation is also associated with the collapse of the keyhole that 

is created by the metal vapor recoil force and “maintained by the equilibrium 

between the hot metal gas pressure in the keyhole, the hydrostatic pressure and the 

hydrodynamic pressure exerted by the surrounding liquid metal” [95]. Previous 

investigations have demonstrated that if the mass flow of the molten metal is 

irregular, then the keyhole is readily collapsed [95-98]. During the welding process 

of the lap joint of the galvanized steels, the irregular motion of the highly-

pressurized zinc vapor from the interface of two sheets causes an irregular motion 

of the molten metal flow that leads subsequently to the collapse of the keyhole. 
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When the keyhole is collapsed, a portion of the highly-pressurized zinc vapor is 

trapped in the molten pool. The trapped, highly-pressurized zinc vapor explodes 

from the molten pool and extracts the considerable liquid metal out of the molten 

pool, causing the blowhole occurrence. 

 

2.4 Feasibility Study of Hybrid Laser-Arc Welding for Welding of Galvanized 
Dual-phase Steels in Gap-free Lap Joint Configuration 

 
2.4.1 Introduction of Hybrid Laser/Arc Welding and Experimental Setup 
 
        Hybrid laser-arc welding combines laser welding and a conventional arc 

welding such as gas tungsten arc welding (GTAW), gas metal arc welding 

(GMAW), or plasma welding and has exhibited significant advantages over a single 

laser welding process or an arc welding process, providing an improved robustness, 

efficiency, and quality of the welding process. Unlike a sequential configuration 

where two separate weld processes act in succession, hybrid welding may be 

viewed as a combination of both welding processes. Depending on the process 

parameters, the processes influence each other to a different extent and in different 

ways. The laser/GTAW process is the most commonly used to weld thin and light 

metal sheets [99]. The combination of the MIG/MAG process with focused 

radiation of the laser beam is applied to join thick metal plates. In this process, the 

MIG/MAG process provides the appropriate amount of molten filler material to fill 

the gap or the groove, while the laser beam penetrates deeper through the already 

established molten pool [100]. There is increasing interest in applying the hybrid 

welding technique to join galvanized steels. It has been reported that the enlarged 
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molten pool provided by the arc in hybrid laser/GTAW welding can reduce the 

formation of spatters [101]. 

       In this work, the feasibility of using the hybrid laser/GTAW for welding 

galvanized DP 980 steel in a gap-free lap joint configuration is performed. In 

addition, it is shown that the total heat efficiency of the laser-arc process, defined as 

the ratio of the thermal power consumed from weld metal melting to the total power 

of the laser radiation and the arc discharge, was higher in the case when the arc 

torch was located ahead of the laser beam in the welding direction [102]. The 

GTAW is chosen to lead the laser beam during the hybrid laser/GTAW welding 

process. A series of experiments are carried out to study the effects of arc current, 

laser power and the distance between the GTAW electrode and laser beam on the 

weld quality.  

       The laser/GTAW hybrid welding experiments are performed by using the fiber 

laser with the power of 4 kW and the GTAW-Dynasty 300 DX AC/DC inverter 

argon arc welder manufactured by Miller company.  A GTAW electrode 3 mm in 

diameter is used in the hybrid welding process. A charge-coupled device (CCD) 

video camera is used to monitor the welding process. The video frame rate is set at 

30 interlaced frames per second. Pure argon shielding gas is selected as the 

protecting gas. The experimental setup is shown in Figure 2.12. In this work, the 

effects of the arc current, laser power and the distance between the GTAW 

electrode and laser beam on the quality of the hybrid laser-arc welds are 

investigated in detail. For all experiments of hybrid laser-arc welding, the height of 

the electrode tip with respect to the top surface of metal sheets is fixed at 3 mm and 
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the angle of the electrode tip is kept constant in order to keep all experiments in the 

same welding conditions except the laser power, arc current and the distance 

between the electrode and laser beam [103]. In addition, the flow rate of argon gas 

is kept at 30 standard cubic feet per hour (SCFH). An extensive study was 

performed to determine the angular arrangement between the GTAW torch and the 

laser welding head. It was found that the vertical position of the GTAW torch with 

respect to the weldment provides the best results. The laser welding head was 

inclined with respect to the GTAW torch for an angle of 16 degrees. 

 Figure 2.12 Experimental setup of a hybrid laser-GTAW welding system 

 

2.4.2 Effect of Arc Current on the Quality of Hybrid Laser-arc Welds 

       Figure 2.13 shows the top surface of hybrid welded joints obtained under the 

arc currents of 120 A, 160 A, 200 A and 240 A. In these 4 experiments, the laser 

power, the welding speed and the distance between the electrode torch and laser 

beam are kept at 3000 W, 30 mm/s and 3 mm, respectively. The experimental 
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results show that the hybrid laser/GTAW welding process is still very instable. The 

welds shown in Figure 2.13 indicate that spatters and blowholes are reduced and the 

weld quality is improved with an increase of arc current. However, despite the fact 

that the enlarged molten pool created by the arc suppreses the effect of the high-

pressurized zinc vapor on the formation of weld defects to some extent, the spatters, 

blowholes, porosities and humping are still present in the welds in the same manner 

as in the laser welding process, as shown in Figure2.13. When the arc current is 

increased to 240 A, the weld quality is degraded dramatically. The degradation of 

the weld quality is due to the high arc current that results in the formation of 

humping. Furthermore, the increase of arc current leads to the significant absorption 

and defocusing of the laser beam energy by the arc plasma. Therefore, a critical 

level of arc current from this effect exists based on the other selected welding 

conditions. It is found that with the increase in laser power, the threshold of arc 

current is increased [105]. 

 

 
(a) 

 
(b) 

 
(c) 
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(d) 

 
Figure 2.13 The effect of arc current on the quality of hybrid laser-arc welds at 
(a) an  arc current of 120 A (b) an arc current of 160 A (c) an arc current of 
200 A (d) an arc current of 240 A 
 
     

        Another problem that is present in the hybrid laser-arc welding process is the 

formation of porosity at the weld surfaces or internally in the weld, as shown in 

Figure 2.14. The formation of porosity is associated with the entrapment of the 

shielding gas or air in the molten pool. If the weld shield gas or air is entrapped in 

the weld pool and does not have enough time to escape from the molten pool during 

the hybrid laser-arc welding, porosity is formed.   

 
(a) 

 

 
(b) 

 
Figure 2.14 Porosity present in the hybrid welds (a) the porosity present at the 
top surface (b) the porosity present in the welds 
 
 

Internal porosity 
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        In addition, the collapse of the keyhole is another primary reason for the 

formation of porosity in the hybrid welding. When the laser beam moves forward 

along the welding direction, the recoil pressure on the keyhole wall disappears 

quickly. Because the zinc vapor plume inside the keyhole no longer receives intense 

irradiation from the laser beam intensity, and the heat capacity of plasma is small, 

the temperature of the keyhole wall drops dramatically. The heat is transferred from 

the keyhole wall to the surrounding liquid metal quickly because of the high 

temperature gradient. Under the function of surface tension, hydrostatic pressure, 

and heat loss, the solidification process begins, and the keyhole starts to contract. 

The bottom of the keyhole solidifies first, and the liquid metal begins to fill back 

the keyhole. However, because of the slow motion of the irregular metal flow, the 

liquid metal does not immediately fill back to the keyhole along the keyhole wall 

but moves along an irregular path [106]. At the same time, the top of the keyhole 

also begins to solidify. If some of the zinc vapor plume can not completely escape 

from the keyhole, porosity is produced in the internal welds. Porosity is generally 

formed at the bottom of the collapsed keyhole. The location of porosity depends on 

the depth of the keyhole, the solidification speed of the keyhole, and the melt flow 

states [106]. 

       Similar to the laser welding process, the zinc vapor plume is induced by the 

zinc coating.  During the hybrid laser/ arc welding process, the shape and size of the 

arc plasma and plume significantly fluctuate. As shown in the Figure 2.15, the 

plasma shape is irregular and the shape and size of the zinc vapor plume also 

change over time. For this reason, the coupling of laser beam energy into the 
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specimen is dramatically different during the hybrid welding process than from 

coupling in a pure laser welding process. The instability of the arc plasma and the 

zinc vapor plume will result in the frequent collapse of the keyhole. Consequently, 

the welding mode is transferred from the keyhole mode to the heat conduction 

mode. As a result, the depth of weld penetration switches between partial and full 

penetration, as shown in the Figure 2.16. Furthermore, the completely open keyhole 

allows the highly-pressurized zinc vapor to escape from the interface. The collapse 

of the keyhole results in the failure of the zinc vapor at the interface to be vented 

out. When the keyhole is open, the plume above the specimen can be clearly 

observed. If the keyhole is closed, the plume disappears and the melted liquid is 

ejected from the molten pool; thus, a large amount of spatters are produced. In 

addition, the remaining zinc vapor in the molten pool leads to the internal porosity 

of the weld. In general, the weld bead shape at the top of the hybrid weld is in the 

form of a “cup” shape like the shape of the GTAW weld; but, the weld bead shape 

at the bottom of the hybrid weld is of a “cone” shape like the shape of the laser 

weld, as shown in Figure 2.15 (b). 

 

 
(a) 
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                                                               (b) 

Figure 2.15 Effect of the arc plasma and the zinc vapor on the weld penetration 
(a) partial penetration of hybrid laser-arc weld (b) full penetration of hybrid 
laser-arc weld 
 

 

2.4.3 Effect of Laser Power on the Quality of Hybrid Laser-arc Welds 

        For the study on the effect of laser power on the hybrid weld quality, four 

experiments are carried out with respect to laser power at 2000 W, 2500 W, 3000 W 

and 3500 W. The welding speed, arc current and shielding gas flow rate are kept at 

30 mm/s, 200 A and 30 SCFH, respectively. Figure 2.16 shows the produced welds. 

Spatters, blowholes and humping are found in these welds. It can be seen that the 

welds obtained at a laser power of 2000 W and 2500 W are of better quality than 

those welds produced at a higher laser power of 3000 W and 3500 W. These 

phenomena can be explained by the fact that the higher pressure of zinc vapor at the 

interface of two metal sheets is formed by the larger laser power. The porosity 

increases at a higher laser power. 

 

 
(a) 
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(b) 

 
(c) 

 
(d) 

Figure 2.16 Effect of laser power on the quality of hybrid laser-arc welds at a 
laser power of (a) 2000 W (b) 2500 W (c) 3000 W (d) 3500 W 
 
 
 
2.4.4 Effect of Distance between the Electrode of GTAW Torch and Laser Beam on 
the Quality of Hybrid Laser-arc Welds 
 
       Due to the interaction of laser beam and arc, the distance between the electrode 

of the GTAW torch and the laser beam is one of the critical welding parameters for 

hybrid laser /arc welding. In order to investigate this effect, the distance between 

the electrode of the GTAW torch and the laser beam on the weld quality is varied: 2 

mm, 6 mm, 10 mm, 30 mm and 60 mm. During the hybrid welding process, the 

laser power, the welding speed and the shielding gas flow rate were kept at 3000 W, 

30 mm/s and 30 SCFH, respectively. The experimental results show that the farther 

the distance is, the less spatters are produced. As can be seen in Figure 2.17, the 

weld quality is dramatically improved by the increase in the distance. When the 

trailing laser beam is separated from the leading arc, the welding process is not 

affected by the plume induced by the zinc coating on the top surface of the 
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specimen because the arc removes the zinc coating layer before the laser beam is 

irradiated on the specimen.  

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
Figure 2.17 Effect of the distance between the electrode of GTAW torch and 
laser beam on the quality of hybrid laser-arc welds (a) at the distance of 2 mm 
(b) at the distance of 6 mm (c) at the distance of 10 mm (d) at the distance of 30 
mm (e) at the distance of 60 mm 
 
 
 
2.4.5 Effect of Welding Speed on the Weld Quality of Hybrid Laser/arc Weld 
 
        Figure 2.18 indicates the effect of the welding speed on the weld quality of 

hybrid welds. The welding parameters used in this experiment are: laser power of 

3000 W, an arc current of 200 A, a distance of 10 mm between the electrode of the 
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GTAW torch and the laser beam, a shielding gas flow rate of 30 SCFH and welding 

speeds of 30 mm/s, 35 mm/s and 40 mm/s. It can be seen that an increase in the 

welding speed decreases the weld quality. One of reasons for this outcome is due to 

the collapse of the keyhole, because the high welding speed tends to cause the 

collapse of the keyhole [106]. Also increasing the welding speed decreases the time 

for the zinc vapor at the interface to escape from the molten pool. If the zinc vapor 

at the interface does not have enough time to completely be vented out, some of it 

will be trapped in the molten metal and explodes from the molten pool when the 

laser beam moves away from the liquid molten pool and the molten metal begins to 

solidify. 

 
(a) 

 
(b) 

 
(c) 

 
Figure 2.18  Effect of the welding speed on the quality of hybrid laser-arc 
welds (a) at the welding speed of 30 mm/s (b) at the welding speed of 35 mm/s 
(c) at the welding speed of 40 mm/s 
 
 
 
2.5 Instable Interaction between the Laser-Induced Plasma and the Arc 
Plasma  
 
       The interaction between laser-induced plasma and arc plasma is significantly 

instable when laser beam shares the common molten pool with the arc. Figure 2.19 
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demonstrates the images of the different shapes of the plasma taken by the CCD 

video camera in a single welding process where firstly runs arc welding, then runs 

the laser-arc hybrid laser welding and last only runs the laser welding of galvanized 

steels. As mentioned previously, the zinc plasma is readily formed due to its very 

low first ionization potential. Compared the plasma shape in Figure 2.19 (b) to that 

in Figure 2.19 (c), it can be seen that the stationary arc plasma is expanded by the 

addition of the zinc plasma during the arc welding of galvanized steels. Furthermore, 

the hybrid laser-arc induced plasma is significantly erratic, as shown in Figure 2.19 

(d) - (f). In comparison with the arc plasma in Figure 2.19 (c) with those in the 

Figure 2.19 (d) – (f), it can be clearly seen that the arc plasma produced in the 

single arc welding is remarkably compressed during the hybrid laser-arc welding 

process. In addition, the left side of the arc root near the laser beam is consistent to 

be attracted inversely toward the laser beam along its axis. 

  
(a) 
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(b)                                                               (c) 

       
(d)                                                            (e) 

 

       
 

(f)                                                                   (g) 
 

Figure 2.19 Images of the single arc, single laser, laser-compressed arc, and 
laser-expanded arc (a) the schematic presentation of  single arc welding, 
hybrid laser-arc welding and laser welding of galvanized steels (b) t=0 s 
(stationary arc) (c) t= 14.33  s (single arc welding process) ; (d) t= 18 s (hybrid 
laser-arc welding); (e) t = 18.033s (hybrid laser-arc welding);(f)  t= 18.070s  
(hybrid laser-arc welding)(g)  t=28.750 s  (single laser welding) (Arc current: 
260 A; laser power: 3000 W; welding speed: 30 mm/s) 
 
 
       The unstable and strong interaction between the laser-induced plasma and the 

arc plasma during the hybrid laser-arc welding of galvanized steels mainly comes 
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from their different characteristics and the unstable zinc plasma. Laser-induced 

plasma has a higher temperature and particle density in comparison wit the arc 

plasma [108]. During the hybrid laser-arc welding process in a common molten 

pool, a large amount of laser-induced zinc and iron plasma are preferably formed in 

the metal vapor-argon gas mixture since the iron and zinc plasma have the lower 

first ionization potential (9.3941 eV for zinc and 7.9024 eV for iron) than that of the 

argon (15.7 eV). There is a channel build between the laser-induced plasma and the 

arc plasma, through which the charged ionized particles of laser-induced metal 

plasma, is passed to the arc plasma [108]. Due to the significant increase of the 

charged zinc and iron ionized particle in the arc plasma, the resistance of arc will be 

reduced, the arc current conductivity will be improved and the ionizability of the 

arc is increased [109]. As a result, the arc will be compressed due to the increased 

current in terms of the minimum voltage principle [108]. Since the zinc plasma is 

significantly instable when hybrid laser-arc welding of galvanized steels in a gap-

free lap joint configuration, the transition between the laser-induced plasma and the 

arc plasma is also instable. Consequently, the shape of the hybrid laser-arc induced 

plasma is fluctuated over the time. In addition, the arc root is generally focused on 

the laser spot and the stability of the arc is improved by the reduced resistance of 

arc. Since the arc volume is reduced and the ionizability in the arc is increased, the 

arc energy will be more concentrated and the stability of the arc ignition is also 

improved [108]. However, there is a balance between the increased coupling 

efficiency by the energy concentration by the compression of arc by laser beam and 

the defocused and absorbed effect of arc plasma on the laser beam energy during 
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hybrid laser-arc welding process [110]. It has been found that for a specific laser 

power there exists a critical arc current, beyond which the effect of the compression 

of the arc plasma by the laser beam on the coupling efficiency is weakened and 

contrarily the arc plasma will be dramatically expanded due to the dramatic 

absorbed energy from the laser beam [110]. There is a relationship between the 

plasma height and the laser energy absorbed by the welded materials, which is 

given by the following equations [111-112]: 

                                         plasmaheII µ−= 0                                                                (2.1)                               

where I is the laser beam intensity absorbed by the welded material, 0I is the 

incident laser beam intensity, µ is the plasma absorption coefficient, and plasmah is 

the plasma length. Here, the inverse bremmsstrahlung (IB) absorption 

coefficientµ is expressed as [111,113]: 

   })2(24/[)/25.2ln( 2/1333262
eBeeBepeBei TkmTnkmchTkeZnn πεπλνµ =            (2.2) 

 
where h is the Planck constant, Bk  is the Boltzmann constant, in  is the number of 

ions, Z is the charge number of the atom, en  is the number of atoms, e is the 

electronic charge, c is the velocity of light in a vacuum, eT is the electronic charge, 

Pε is the permittivity of free space, em is the electron mass and n is the refractive 

index of the plasma, v and λ are the frequency and wavelength of the used laser 

beam, respectively. Equation (2) indicates that the absorption coefficient of the 

plasma is linearly proportional to the square of the laser beam wavelength. For the 

fiber laser with the wavelength of um07.1 , the value of µ is very small. From the 

above discussion, the absorbed laser beam energy is mainly dependent on the length 
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of the plasma.  The variation of the plasma length will dramatically change the 

coupling of laser beam energy into the welded material. When using hybrid laser-

arc welding method to gap-free lap join configuration of galvanized steels in the 

common molten pool, the shape of the plasma formed is dramatically fluctuated 

over the time by the highly-pressurized zinc vapor. Therefore, the keyhole becomes 

very instable and tends to be closed due to the instable coupling of the laser beam 

energy into the welded material. Consequently, a large number of weld defects such 

as the spatters and blowholes are generated in the welds during the instable welding 

process.  

 
 
2.6 Conclusions 
 
       The weldability of galvanized DP 980 steel in a gap-free lap joint configuration 

is evaluated by using GTAW, laser welding and hybrid laser-arc welding. The main 

problem in welding of this type of steel is linked to the low boiling point of zinc. 

The instable highly-pressurized zinc vapor at the interface between two metal sheets 

leads to the ejection of the liquid metal from the molten pool that results in different 

weld defects such as spatters, blowholes, and porosity. The GTAW welds are 

characterized by different weld defects such as humping, spatters and blowholes. 

Only in a very narrow range of welding conditions can sound welds be achieved. 

Similarly, a large amount of spatter and blowholes are produced around the weld 

zone in the laser welding process. The optics of the laser welding head and the 

protective glass are easily damaged by the spatters. The experimental results have 

shown that it is not possible to join galvanized DP steels by using laser welding 
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alone. Furthermore, the zinc vapor induced by the laser beam significantly affects 

the coupling of the laser beam energy into the specimen and determines the depth of 

the weld penetration.   

     The experimental results have demonstrated that the introduction of the arc in 

the hybrid laser-arc welding process can suppress the formation of spatters and 

blowholes to some extent. However, it is still very difficult to obtain sound welds. 

Similarly, the shape and size of the arc plasma and the intensity of the zinc vapor 

plume are changed over time, like in the laser welding process. These changes 

result in the instability of the welding process that dramatically influences the level 

of coupling of the laser beam energy with the specimen. Furthermore, the 

experimental results suggest that the weld quality is improved by an increase of the 

arc current. However, there exists a threshold level of arc current. If the arc current 

is more than the threshold value, the weld quality declines. The coupling of laser 

beam energy with the specimen is not affected by the zinc vapor plume if the 

distance between the electrode of GTAW torch and the laser beam is increased. The 

leading arc removes the zinc coating before the laser beam irradiates the specimen. 

The experimental results have shown that the weld quality is enhanced by 

increasing the distance between the electrode of GTAW torch and laser beam. The 

hybrid weld performance is also affected by the welding speed. The high welding 

speed will result in the collapse of the keyhole and leads to the instability of the 

welding process. During the hybrid welding process, the keyhole easily collapses if 

the arc plasma and the zinc vapor plume are instable. This collapse results in the 
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formation of porosity. The porosity is observed at the surface of the weld as well as 

internally in the weld. 
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Chapter 3 
 

LASER WELDING OF GALVANIZED DP 980 STEEL PREHEATED BY 
VPGTAW IN A GAP-FREE LAP JOINT CONFIGURATION 

 
 
 
3.1 Introduction 
 
       As with discussion in Chapter 2, weld quality and performance are largely 

dependent on the stability of the welding process. For the successful welding of 

galvanized DP steels in gap-free lap joint configuration, the high-pressurized zinc 

vapor should be fast vented out from the interface between the two metal sheets in 

order to prevent the explosion of the metal from the molten pool.  Considering the 

effect of the interaction of the laser beam and arc plasma on the coupling of laser 

beam energy into the specimen, the electrode of gas tungsten arc welding (GTAW) 

torch is separated from the laser beam and the GTAW is only used as a preheating 

source in this study. During the laser welding process, the surface along the weld 

line is preheated from the heat generated by the GTAW torch. As a preparation for 

welding, the heating of the GTAW torch changes the chemistry of the top surface 

and contributes to a much better coupling of the laser beam energy to the material. 

The outcome of this preparation is manifested in a high quality laser welded 

galvanized DP 980 steel in a gap-free lap-joint configuration. A number of 

experiments are performed to study the effect of the heating parameters such as the 

arc current, the scanning speed, and the distance between the GTAW torch 
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electrode as well as the laser beam on the laser weld quality. The major 

characteristics and advantages of the laser/GTAW preheating method for the 

welding of galvanized DP steels in a gap-free lap joint configuration is discussed.  

The chemical analysis of the top surface of the galvanized metal sheet that is 

preheated by the GTAW torch is performed using the X-ray photoelectron 

spectroscopy (XPS) method. The effect of the laser welding parameters on the weld 

quality is investigated. In addition, the microhardness measurement, tensile and 

shear test of the laser/GTAW preheated welds are carried out. The temperature of 

the zinc coating at the interface between two metal sheets is also measured to study 

the behavior of the zinc coating when preheated by the GTAW torch. 

 
 
3.2 Experimental Setup 
 
       The material used in this study is galvanized DP 980 steel with thickness of 1.2 

mm and 1.5 mm. The dimensions of the metal sheets used in this work are 200 mm 

X 85 mm X 1.2 mm and 200mm X 85 mm X 1.5mm. The gap between the two 

metal sheets is kept tight during welding, assuming that the gap is equal to zero. 

The laser/GTAW hybrid welding experiments are performed by using the fiber laser 

with the 4 kW in power and the GTAW welding machine, Dynasty 300 DX AC/DC 

inverter argon arc welder made by Miller.  The pure argon gas with a flow rate of 

30 standard cubic feet per hour (SCFH) is used as the shielding gas. A GTAW 

electrode of 3 mm in diameter is used. A high speed charged coupled device (CCD) 

video camera is used to monitor the welding process. The video frame rate is set at 

30 interlaced frames per second. The experimental setup is shown in Figure 3.1. 
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During the welding process, the GTAW is used as the preheating heat source and 

the trailing laser beam is applied to provide the welding. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.1 Experimental setup of laser/ GTAW system  
 
 
 
3.3 Results and Discussions 
 
3.3.1 Advantages and Principles of Laser Welding of Galvanized DP Steels with the  
         Assistance of GTAW as the Preheating Source 
 
      Recently, Kim et al. [114] used a CO2 laser with the tungsten inert gas (TIG) to 

weld the galvanized low strength SGCD 1 steel plates with the yield strength of 147 

MPa in a gap-free lap joint configuration.  The welding conditions used in their 

report are shown in Table 3.1. 

 

 

 

 

Laser welding head 

GTAW torch 
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Table 3.1 Welding Conditions Used in Kim’s Report 
 
Specimen SGCD 1 

( 300 mm x 100 mm x 1 mm) 
Laser power 4000 W 
Shielding gas He 100% (15L/min) 
Electrode diameter  1.6 mm 
Torch angle 45 deg. 
Welding current 80A,100A,120 A 
The distance between the laser beam 
and electrode torch 

5 mm, 7 mm, 9 mm 

The distance between the electrode tip 
and the top surface of specimens 

0.4 mm, 1.0 mm, 2.0 mm 

 
 
       It was claimed [114] that with a higher melting point than steel the generated 

gap and oxidized zinc along the interface of the two metal sheets postpone the 

formation of the high-pressurized zinc vapor. The outcome of this experiment is 

much better weld quality. Contradictorily, in the later section of their report they 

said the electrode tip is significantly damaged by the spatters produced in the 

welding conditions, under which the sound weld is achieved. In order to further 

verify this, the same welding conditions used in their study are used to weld 

galvanized DP 980 steels in a gap-free lap joint configuration with respect to laser 

power at 4000 W, an arc current of 100 A, a distance of 7 mm between the laser 

beam and the electrode torch and a distance of 1 mm between the electrode tip and 

the top surface of the metal sheets. Figure 3.2 shows the experimental results. As 

shown in the Figure 3.2 (a), the spatters are still produced. In addition, spatters 

damaged the electrode tip, as illustrated in Figure 3.2 (b). During the hybrid 

welding process, the damaged electrode tip causes fluctuation and an erratic 

behavior of the arc that leads to instability of the welding process. Furthermore, the 

instability of the metal plume also causes the instability of the hybrid laser/TIG 
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welding process. Therefore, it is important and necessary to develop a more robust 

welding technique of galvanized steels to ensure the quality of welds. 

 

 
(a) 

 
(b) 

 
Figure 3.2 Top view of hybrid laser/GTAW weld obtained under the following 
welding conditions:  laser power of 4000 W, arc current of 100 A and  distance 
of 7 mm between the torch electrode and laser beam  (a) the top view of the 
hybrid laser/GTAW weld (b) the damaged electrode tip 
 
 
        As discussed in Chapter 2, the quality of the weld in hybrid welding process is 

dramatically changed by the increase in the distance between the laser beam and the 

torch electrode. Moreover, it is difficult to prevent the electrode tip from damage 

and to control the irregular behavior of the zinc plume when a short distance 

between the laser beam and torch electrode is used. Also, it has been reported that 

during laser welding of metal sheets most of laser beam energy is reflected by the 

metal sheet surface and only a very small portion of laser beam energy is coupled 

into the specimen when the laser welding process is performed under the 

conductive mode [117]. However, the absorption of laser beam energy is 

dramatically enhanced through the multiple reflection mechanism when the laser 
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welding is in the keyhole mode [118]. It was also found that the coupling efficiency 

of laser beam energy can be significantly raised by 150-300 percentage when some 

of the metal oxides such as zinc, aluminum and iron and the soot of substances are 

formed on the surface of the metal sheets before the laser welding process is started 

[119]. Xie et al. [117] claimed that the reflectivity of cold-rolled thin sheet steel was 

found to be in the range of 65-80 percent in CO2 laser welding. The reflectivity 

decreased to about 30 percent when the sheet surface was oxidized before laser 

welding. More importantly, it has been revealed that the pressure level of the zinc 

vapor is exponentially increased by the increase in the temperature, as shown in 

Figure 3.3 [120]. When the laser beam shares the common molten pool with the arc, 

the temperature at the interface of two metal sheets will be dramatically increased 

due to the higher heat input; thus the pressure level of zinc vapor reaches very high. 

This fact implies that the function of the arc-enlarged molten pool can not 

completely compensate for the increase of the pressure level. From the further 

experimental results, it was found that only in a very narrow optimized welding 

condition the spatters and blowholes can be dramatically decreased and sound weld 

can be obtained with the introduction of arc. Additionally, the zinc coating at the 

top surface and interface of two metal sheets is widely damaged by the arc and the 

weld surface is un-uniform when laser beam and GTAW torch share the common 

molten pool. 
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Figure 3.3 Relationship of the zinc pressure and temperature [120] 

 

       In this study the GTAW welding is kept far away from the laser beam in order 

to avoid the formation of a common molten pool. The GTAW torch is only used to 

provide the preheating of the metal sheets that are laser welded afterwards. Three 

tests are carried out under the following welding conditions: laser power of 3000 W, 

welding speed of 30 mm/s and distances of 60 mm, 120 mm and 180 mm between 

the torch electrode and laser beam. It was found that the longer distance between 

the torch electrode and laser beam, the less spatters are produced and the more 

stable the welding process. Figure 3.4 shows the results under the welding 

conditions above. Full penetration is achieved in all three welds, shown in the 

Figure 3.4. As shown in Fig 3.4 (c), a completely defect-free weld is achieved at a 

distance of 180 mm. No spatters, blowholes or porosity are presented at the surface 

of two welds. It was found that the longer distance between the torch electrode and 
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laser beam, that the less spatters are produced and that the more stable the welding 

process is. In all of the three welds, the full penetration is achieved. Therefore, the 

distance between the torch electrode and laser beam play a critical role in 

guarantying the achievement of the sound welds for the laser/GTAW preheated 

welding process. This phenomenon can be explained by the fact that when the 

distance between the GTAW electrode torch and laser beam is far enough, the 

pressure of zinc vapor is significantly decreased due to the heat lost. The decreased 

pressure of the zinc vapor helps to stabilize the welding process. It should be 

mentioned that the distance between the laser beam and the GTAW torch could be 

decreased by the introducing the cooling media such as cold air or copper sheet as 

well as optimizing the other welding parameters such as the flow rate and direction 

of the shielding gas. 

 

 
(a) 

 
(b) 

 
(c) 

 
Figure 3.4 Effect of the distance between the torch electrode and laser beam on 
the quality of the laser/GTAW welds at various distances (a) 60 mm (b) 120 
mm (c) 180 mm 
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        In order to further verify the influence of the preheating by the GTAW torch 

on the weld quality, another test was carried out with an arc current of 200 A, a 

laser power of 3000 W, a welding speed of 40 mm/s, and a distance of 180 mm. A 

defect-free weld was also achieved, as shown in Figure 3.5. The cross-sectional 

view of the laser/GTAW weld demonstrates that there is no porosity in the weld. 

Therefore, the conclusion can be made that sound welds can be achieved in a gap-

free lap joint configuration of galvanized steels by the laser/GTAW method under 

optimized welding conditions.  

      The success in achieving a sound weld is contributed to the dramatically 

increased efficiency of coupling the laser energy beam into the specimen. By using 

the GTAW to preheat the specimen, part of the zinc coating is removed from the 

top surface of the metal sheet, and the rest is transferred into zinc oxide. Zinc oxides 

are expected to form at both surfaces of the metal sheets along the interface. In 

order to confirm these hypotheses, X-ray Photoelectron Spectroscopy (XPS) tests 

are carried out by PH1 5000 VersaProble scanning ESCA Mircoprobe equipment, 

which is produced by ULVAC-PH1. Inc. The analysis results further confirm the 

fact that zinc oxides form at the top surface and interface of the metal sheets when 

they are exposed to the heat generated by a GTAW torch. The analyses are done at 

points at the top surface and the interface of two metal sheets. As shown in Figure 

3.6 (b)-(c), only zinc oxides are produced and no iron oxides are generated.  

        The change of chemical composition of the top surface of the specimen 

improves the coupling of laser beam energy to the material and keeps the welding 

process stable. In addition, the electrode tip is also safe from the damage of the 
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spatters. Once the incident laser power intensity is larger than the threshold value, 

the keyhole is formed. Usually, the threshold value for the keyhole formation is 

dependent on the material to be welded and the laser beam wavelength [119]. The 

oxide layer at the specimen produced by the GTAW preheating ensures the 

improved coupling of the laser beam energy into the specimen; thus, providing the 

condition for the keyhole formation during the laser welding process. The sustained 

presence of the keyhole allows the high-pressurized zinc vapor to escape from the 

interface. Furthermore, the stable keyhole “decreases the mean fluid velocity inside 

the melt pool” and “facilitates the achievement of better welds” [121-122]. It was 

found that when the keyhole is open, the welding process is very stable and no 

spatter is produced. However, once the keyhole is collapsed, lots of spatters are 

produced. Therefore, one of the most important factors in achieving a sound weld is 

the open keyhole during the welding process. In the instable welding process, the 

open keyhole alternates with the collapsed keyhole. Figure 3.8 shows the shape of 

the molten pool for instable welding process (the images of the molten pool are 

obtained by the CCD video camera, as introduced in Chapter 4). The keyhole is 

presented in Figure 3.8 as the black spot in the frontal side of the molten pool. In 

addition, another advantage of the laser/GTAW preheating is that the pressure of 

the zinc vapor at the interface is decreased because of the lower heat input; whereas, 

the optimized distance provides a longer cooling time during the hybrid laser/TIG 

welding process. For the welding of galvanized steel, the melt metal has a lower 

pressure than that of the zinc vapor at the interface. If the pressure of the zinc vapor 

is higher than a certain value, the zinc vapor will break the stability of the molten 
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pool and explode from the molten pool. When the distance between the electrode 

torch and laser beam is far enough, the pressure of zinc vapor will be significantly 

lessened due to the lower heat input, as compared to the short distance. The 

decreased pressure of the zinc vapor also help the stability of the welding process. 

Therefore, the stability of the welding process is improved compared to the hybrid 

laser/GTAW welding process and the laser/GTAW preheating process because of 

the short distance between the electrode torch and laser beam. 

 

 

 
Figure 3.5 Top and back side views of preheated and welded metal sheets in 
gap-free lap joint configuration a) heat marks of preheated top surface b) heat 
marks of preheated back surface c) top view of the welded joint d) back view of 
the welded joint e) the cross-section view of the welded joint 
 

Preheating surface Laser welded joint 
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(a) 

 

 
 
Atomic 
Concentration 
Table 

   

 C1s O1s Zn2P3 
Point 1 18.98 47.67 33.35 
Point 2 33.79 46.14 20.08 
Point 3 19.27 50.33 30.40 

(b) 
 

Top surface 

Back surface 
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Atomic Concentration 
Table 

    

 C1s O1s Mn2p3 Zn2p3 
Point 4 29.02 43.75 10.39 16.83 
                                                                  (c) 
 
 
 



 69 
 

 
(d) 

 
Figure 3.6 XPS analysis results of the heated surface of DP 980 galvanized steel 
by GTAW torch (a) the measured points (1-4) (b) the XPS analysis results on 
the top surface (c) the XPS analysis results on the interface (d) the XPS 
analysis of the backside area under 2000 angstrom (Preheated at the arc 
current of 200 A, welding speed of 30 mm/s, a thickness of 1.2 mm for the top 
metal sheet and a thickness of 1.5mm for the bottom metal sheet) 
 

 
(a) 

 

                         
         (b)                                                                              (c) 
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(d)                                                                              (e) 

 
 

                                   
(f)                                                                                  (g) 

 
Figure 3.7 Shape of the molten pool for an instable welding process (a) the top 
view of the laser/GTAW weld (b) t = 6.2 s  (collapsed) (c) t=6.230s (collapsed) 
(d) t= 6.270 s (open) (e) t=6.30s (collapsed) (e)t=6.330s (open)(f)t=6.370s 
(collapsed) (preheated at the arc current of 160 A, welded at the laser power of 
3000 W and the preheating speed and welding speed of 30 mm/s) 
 
 
 
3.3.2 The Influence of the Preheating Arc Current on the Weld Quality of Laser  
 
         During the GTAW preheating process, it is found that different chemical 

compositions are formed on the top surface of galvanized DP 980 steel.  In order to 

investigate this phenomenon, a series of tests are carried out. The arc current is 

gradually increased from 100 A to 260 A with an interval of 20 A. Figure 3.8 shows 

the results of preheating under various arc currents with a constant traverse speed of 

30 mm/s and a shielding gas flow rate of 30 SCFH. As shown in the Figure 3.9 (a)-

(c), the top surface at the metal sheet is covered only by a thin layer of black soot 

when the arc current is below or equal to 140 A. For an arc current from 160 A to 

220 A, there exist different colors of heat marks at the top surface, which indicate 

that various chemical compositions are produced during heating by the GTAW 

The keyhole

The keyhole
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torch. When the arc current is 240 A, a small hump forms at the top surface 

indicating that melting of top surface is occurring. When the arc current reaches 260 

A, an excessive melting of the top surface is present causing the formation of 

humps. By directly observing the surfaces of the metal sheets along the interface, it 

is found that a portion of the zinc coating is melted and oxidized, as shown in 

Figure 3.9.  

        In order to study the influence of the GTAW arc currents on the weld quality, a 

3000 W laser beam and a travel speed of 30 mm/s is used to weld the preheated 

samples in lap joint configuration. The weld quality differs among these laser welds, 

as shown in Figure 3.10.  When the arc current is below or equal to 160 A, lots of 

spatters and blowholes are generated in the welds like in the laser welding process 

and the hybrid laser/arc welding process. Sound welds without spatters and 

blowholes are produced at the arc currents of 200 A, 220A, and 240A. With an arc 

current of 260 A, a sound weld is still obtained; however, the weld surface is not as 

smooth as in the welds obtained when the arc currents are 200 A, 220A and 240 A. 

Some of the ripples appeared in the weld zone of the non-uniform melt flow, caused 

by the presence of humping produced by the high arc current during preheating. 

The CCD video camera used to monitor the dynamics of the molten pool revealed 

that the keyhole was always present when the arc current was ranged from 180 A to 

260A. However, the keyhole was not formed when the arc current was changed 

from 100 A to 160A. Based on the obtained results, it could be concluded that the 

presence of keyhole in laser welding of galvanized steels in a gap-free lap joint 

configuration will provide the conditions to achieve the weld of high quality. By 
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comparing the experimental results of laser welding of galvanized DP 980 steel 

without the zinc coating at the interface in Chapter 2, it could be concluded that the 

zinc oxides produced by the GTAW preheating process will significantly improve 

the coupling efficiency of the laser beam energy into the specimen. This will lead in 

turn to the sustained presence of the keyhole during laser welding. 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

 
(g) 

 
(h) 

 
(i) 

Figure 3.8 Effect of arc current on the chemical composition of the top surface 
of the preheating samples (a) arc current 100 A (b) arc current 120 A (c) arc 
current 140 A (d) arc current 160 A (e) arc current 180 A (f) arc current 200 A 
(g) arc current 220 A (h) arc current 240 A (i) arc current 260 A 
 

 
(a) 
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(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

 
(g) 

 
(h) 

 
(i) 

 
Figure 3.9 Back side of the preheating samples (a) arc current 100 A (b) arc 
current 120 A (c) arc current 140 A (d) arc current 160 A (e) arc current 180 A 
(f) arc current 200 A (g) arc current 220 A (h) arc current 240 A (i) arc current 
260 A 
 

 
(a) 

 
(b) 

 
(c) 

 

 
(d) 



 74 
 

 
(e) 

 
(f) 

 
(g) 

 
(h) 

 
(i) 

 
Figure 3.10 Effect of the preheating arc current on the weld quality obtained 
by laser (laser power of 3000 W and welding speed of 30 mm/s) (a) arc current 
100 A (b) arc current 120 A (c) arc current 140 A (d) arc current 160 A (e) arc 
current 180 A (f) arc current 200 A (g) arc current 220 A (h) arc current 240 A 
(i) arc current 260 A  
 
 

3.3.3 Study on the Dynamic Behaviors of the Molten Pool by Machine Vision 
 
       In order to study the mechanisms of the formation of weld defects during the 

laser welding and hybrid laser-GTAW welding of galvanized steels, the high speed 

CCD camera (4000 f/s) was applied to on-line monitor the dynamic behaviors of the 

molten pool. Figure 3.11 demonstrates the twelve consecutive images taken from 

the instable laser welding of galvanized steels in a gap-free lap joint configuration. 

As shown in the Figure 4.9, the fluid motion is significantly turbulent. 

Consequently, the shape of the molten pool is dramatically changed as a function of 

time. The instability of the laser welding or hybrid laser-GTAW welding of 
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galvanized steels in a common molten pool is mainly caused by the highly-

pressurized zinc vapor developed at the interface of two metal sheets.  

       Usually, during laser welding process the driving forces for the liquid motion 

include the gravity force, the temperature-induced buoyancy force, and 

temperature-induced surface tension force as well as the recoil force. Among these 

forces, the major driving forces for the fluid flow motion are the surface tension 

force and the vapor-induced recoil force. For the laser keyhole welding or hybrid 

laser-GTAW welding of galvanized steels in a gap-free lap joint configuration, the 

recoil force becomes to dominate the other forces and mainly control the stability of 

the welding process due to the high level of the zinc vapor.  Due to the instable 

coupling of laser beam energy into the welded material, the keyhole significantly 

fluctuates over time, which dramatically changes the direction of the zinc vapor and 

bends the keyhole. Thus, the fluid flow is swirling under the function of the 

tremendous recoil forces induced by the highly-pressurized zinc vapor. When the 

direction angle of the zinc vapor with respect to the normal of the worpiece is large, 

the welding process becomes very instable and the keyhole is collapsed and the 

highly-pressurized zinc vapor is expanded inside the molten pool. It is found that 

the larger the angle of the zinc vapor thrust direction with respect to the normal of 

workpiece, the more instable the welding process. As shown in Figure 3.11 (d)-(f), 

it can be seen that a large volume of the liquid metal in the rear part of the molten 

pool is ejected and spatially propagated by the recoil force (i.e tangential drag 

viscous force between the zinc vapor and the liquid metal layer around the keyhole). 

The liquid metal droplets are condensed in the air and deposited in or around the 
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weld zone by the gravity force. As a result, a large amount of spatters and 

blowholes are formed in the welds.  

      

                        (a)                                         (b)                                          (c) 

      
                        (d)                                          (e)                                            (f) 

      
                        (g)                                   (h)                                         (i) 
 
Figure 3.11 Images of the molten pool taken from the laser welding process of 
galvanized steels in a gap-free lap joint configuration (laser power: 3000 W; 
Welding speed: 50 mm/s) 
 

 
    Figure 3.12 shows the six concessive images of the molten pool obtained by 

the CCD camera during the hybrid laser-GTAW welding of galvanized steels in a 
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gap-free lap joint configuration. By separating the laser beam and GTAW 

preheating process, the coupling of laser beam energy into the welded material is 

stable, which produces the stably open keyhole. Under this circumstance, the zinc 

vapor is stably vented out from the interface of two metal sheets; thus, the welding 

process is very stable and the fluid flow is stable. As shown in Figure 3.12, keyhole 

is kept open and the fluid flow motion is stable, which slightly vibrates along the 

weld penetration direction during the hybrid laser-GTAW welding process. 

Consequently, the sound lap joint is obtained. 

     
                    (a)                                        (b)                                             (c)         

      
                   (d)                                            (e)                                             (f) 

Figure 3.12 Images of the molten pool during the hybrid laser-GTAW welding 
process (laser power: 3000 W; the welding speed: 50 mm/s; the arc current: 
300 A; the distance between laser beam and VPGTAW torch: 8 mm) 
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3.3.4 Temperature Measurement along the Interface of Two Galvanized Metal  
         Sheets during GTAW Preheating Process 
 
       Figure3.13 (a) shows the schematic of thermocouple location at the interface of 

two galvanized metal sheets. The temperature history at the designed point is shown 

in Figure 3.13 (b) with respect to arc current of 200 A and welding speed of 30 

mm/s, respectively. As shown in the Figure 3.13 (b), the maximum temperature is 

604˚C, which is more than the melting temperature but lower than the boiling 

temperature of zinc. Furthermore, the arc current is varied in the range of 120 A to 

260 A with the interval of 20 A. The results of measured temperature at the 

specified point are illustrated in the Figure 3.13. As shown in Figure 3.14, the 

maximum temperatures are all below the boiling temperature of zinc and they 

increased with the increase in arc current in this case.  

 
(a) 
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Figure 3.14 Effect of arc current on the maximum temperature at the interface 
of two galvanized metal sheets 
 
 
 

Figure 3.13 (a) Temperature measurement along the interface of two galvanized metal 
sheets (b) Temperature history at the selected position  
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3.3.5 Analyses of the Effect of the Welding Speed on the Quality of the 
Laser/GTAW Preheated Weld 
 
       As discussed in Chapter 2, the quality of the hybrid welded joints decreases 

with an increase in the welding speed. In order to investigate the influence of the 

welding speed on the weld quality of the laser/GTAW preheated welded joints, the 

welding speed is changed from 30 mm/s to 50 mm/s in increments of 5 mm/s while 

the laser power and  the arc current are kept at 3000 W and 200 A, respectively. 

Figure 3.15 shows the experimental results. As shown in the Figure 3.15, the 

completely defect-free welds are achieved under welding speeds ranging from 30 

mm/s to 50mm/s. The direct observation of the backside of the laser/GTAW 

preheated welds indicated that full penetration is achieved in all of these welds. 

Figure 3.15 (f) shows the cross-sectional view of the weld obtained at a welding 

speed of 50 mm/s. It looks like that the welding speeds in the range from 30 mm/s 

to 50 mm/s does not affect the weld quality.  By comparing, the results of the laser 

welding process to the hybrid welding process analyzed in Chapter 2, a better weld 

quality is achievable under a higher welding speed if the preheating is done before 

the laser welding is performed. 

 
(a) 

 
(b) 

 
(c) 
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(d) 

 
(e) 

 
(f) 

Figure 3.15 Effect of the welding speed on the weld quality (a) v= 30 mm/s (b) v 
= 35 mm/s (c) v = 40 mm/s (d) v = 45 mm/s (e) v = 50 mm/s (f) the cross-section 
view of the laser/GTAW preheated welds at a welding speed of 50 mm/s 
 

 

3.4 Testing the Mechanical Properties of the Weld 
 
3.4.1 Measurement of Microhardness of the Welds Obtained by Laser Welding of  
         DP 980 Steel Treated by GTAW Heat 
 
      The microhardness distribution of the welds provides valuable information 

about the structural changes in the welded joint [124]. This distribution is also 

associated with the mechanical properties of the welded joints such as a failure 

location and the tensile strength. Microhardness of the weld bead is measured along 

the line indicated in Figure 3.15. The indenter load used in the microhardness test is 

200g. The impressions are made in increments of 0.25 mm away from the interface 

of the two metal sheets as shown in the red line in the weld cross section. Figure 

3.16 shows the micro-hardness profile across the cross-section of the weld. It can be 

seen that the hardness distribution is not uniform along the weld. The maximum 
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hardness value (426.2 HV) is located at the center of the weld. The minimum 

hardness value (195.1 HV) is found in the HAZ.  As shown in the Figure 3.15, the 

HAZ has a lower hardness value than its values in the base metal and the welded 

zone, which indicates that the HAZ is softened. It can be seen that the hardness 

value in the fusion zone is relatively uniform [125].  

 
Figure 3.16 Vickers micro-hardness profile of a laser/GTAW preheated weld 
(the laser power of 3000 W, an arc current of 200 A and a welding speed of 30 
mm/s)  
 
 

 3.4.2 Tensile Shear Testing of the Weld 

       In order to evaluate the strength of the welds and characterize the weld 

deformation, tensile shear tests are carried out. The specimen geometry is shown in 

Figure 3.17. Figure 3.18 demonstrates the experimental setup and the failure 

location in the weld. Table 3-2 gives the tensile shear test results for the 

laser/GTAW preheating welds under the welding speeds ranging from 30 mm/s to 

50 mms. Figure 3.19 shows the relationship between the average tensile shear 

strength and the welding speed. It can be seen that with an increase of the welding 
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speed, the strength of the welds has a slight decrease then increases by a small value. 

However, the strength of the welds does not fluctuate in a wide range. Therefore, 

the welding speed does not show a significant influence on the welded joints 

strength. 

 
Figure3.17 Schematics of tensile shear test coupon 

 

 
 

(a) 
 

 
(b) 

Figure 3.18 Tensile shear test experimental setup (a) and the test result (b) 
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          Table 3-2 Tensile shear test results for the different welding speed 
                 

                                  
                  (*The tensile strength of the base materials is 980 MPa) 
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Figure 3.19 Relationship between the average tensile shear strength and the 
welding speed 
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3.5 Conclusions 
 
      By using the GTAW preheating process, a portion of the zinc coating on the 

tope surface of the specimen is removed before the laser welding begins. This effect 

prevents the laser welding from the influence of the induced zinc plume in that the 

absorption efficiency of the laser beam energy for the material is improved. 

Moreover, a portion of the zinc coating at the top surface of the metal sheet is 

transformed into zinc oxide. This transformation significantly enhances the 

coupling efficiency of the laser beam energy into the specimen. Once the incident 

laser power intensity is beyond the threshold, the keyhole is formed. The uniform 

zinc oxide layer on the top surface of the specimens produced by the GTAW 

preheating welding process stabilizes the keyhole formation. The sustained 

presence of the keyhole allows the high-pressurized zinc vapor developed at the 

interface of the two metal sheets to escape from the molten pool. Therefore, spatters, 

blowholes and porosity are not produced during the welding process and sound 

welds are achieved. It is worth noting that the distance between the electrode torch 

and the laser beam has a crucial effect on the quality of the weld in laser welding. In 

addition, the recoil force determines the shape of the molten pool and the stability 

of welding process. It is found that the larger the angle of the zinc vapor thrust 

direct with respect to the normal of workpiece, the more instable the welding 

process. 

      Temperature measurement results confirm that the zinc coating at the interface 

of two metal sheets is partially melted. An extensive chemical analysis of the 

surface of the metal sheet was conducted. The main chemical composition produced 
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in the GTAW preheating process is zinc oxide. In addition, it is found that chemical 

compositions produced by different arc currents show the change in the coupling 

capacity of the laser beam energy as it enters the specimen. This difference in the 

chemical composition has a tremendous influence on the final weld quality. The 

micro-hardness profiles of the welded joints show that the HAZ is softened during 

the laser/GTAW preheated welding process. For the tensile shear test, the welded 

joints usually fail in the HAZ zone and the test results indicate that high strength is 

achieved in the welds. Additionally, it is shown that the welding speed has no 

significant effect on the weld strength.  
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Chapter 4 

FEASIBILITY STUDY OF HYBRID LASER-VARIABLE GAS TUNGSTEN 
ARC WELDING OF GALVANIZED STEELS IN A GAP-FREE LAP JOINT 

CONFIUGRATION 
 
 
 

 
4.1 Introduction 

 
       In the previously studied hybrid laser-GTAW of galvanized steels in a lap joint 

configuration (see Chapter 3), it was found that arc current should be over 160 A 

for the welding speed of 30 mm/s, in order to completely burn out the zinc coating 

from the top surface of workpiece. The higher arc current is, the higher generated 

heat at the interface of the two metal sheets. The higher heat at the interface of the 

two metal sheets will increase the presence of the vaporized zinc. In order to 

decrease the presence of zinc vapor there is a need to separate the laser and GTAW 

torch for more than 100 mm. The larger distance between two heat sources limits 

the application of this hybrid welding process for automated welding of complex 

structures. 

       In order to shorten the distance between the laser beam and GTAW torch, the 

variable polarity gas tungsten arc welding (VPGTAW) is proposed as a preheating 

source combined with the laser beam to join the galvanized steels in a gap-free lap 

joint configuration. The VPGTAW has the capability of faster removal of the zinc 

coating from the top surface of workpiece with respect to the GTAW process. 
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Consequently, lower arc current will be required to remove the zinc coating on the 

top surface of workpiece. Since the heat input from the arc is reduced by the 

application of VPGTAW, the zinc vapor will be under less pressure and the 

distance between laser beam and VPGTAW torch will be shortened. Similar as in 

the case of using the GTAW torch as a preheating source process, the application of 

VPGTAW torch as a preheating source will form a thin layer of metal oxides on the 

top surface of the workpiece, which improves the coupling of laser beam energy 

into the welded material. In addition, effects of the key welding parameters on the 

weld quality of the lap joints are analyzed. Mechanical properties of the lap joint 

obtained by the hybrid L-VAPGTAW welding method are evaluated by the tensile 

shear test and Vicker’s micro-hardeness test. In this study, hybrid laser-VPGTAW 

where VPGTAW is used a preheating source welding is termed as hybrid L-

VPGTAW welding. 

 

4.2 Experimental Procedure   
 
      During the hybrid L-VPGTAW, the VPGTAW is used as a preheating source. 

The followed CW high power fiber laser (full power of 4 kW), which is delivered 

by an optical fiber of mµ400  in diameter to the laser welding head, is used to join 

the galvanized DP 980 steel in a gap-free lap joint configuration. The focal length 

of the  laser welding head is 200 mm. The dimensions of the top and bottom sheets 

are 150 mm X 60 mm X 1.2 mm and 150 mm X 60 mm X 1.5 mm, respectively. 

The 3.2-mm tungsten electrode is used for the VPGTAW torch. The stand-off 

distance of the electrode tip with respect to the top surface of the workpiece is 3mm. 
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The pure argon is used as the shielding gas with the flow rate of 30 SCFH. 

Electrode positive setting of 20% of each AC cycle is tested with a fixed frequency 

of 60 Hz.  X-ray photoelectron spectroscopy (XPS) and energy-dispersive X-ray 

spectroscopy are used to analyze the chemical composition of the VPGTAW treated 

surface. Figure 4.1 shows the schematic setup for the hybrid L-VPGTAW welding 

process. 

 

 

Figure 4.1 Schematic presentation of Hybrid L-VPGTAW experimental setup 

 

4.3 Advantages of hybrid L-VPGTAW Welding of Galvanized Steels in a Gap-
Free Lap Joint Configuration with the Separate Molten Pool 
 

   The main advantage of hybrid L-VPGTAW welding of galvanized steels over 

the hybrid Laser-GTAW where GTAW torch is used as a preheating source of 

galvanized steels in a gap-free lap joint configuration is the fast removal of the zinc 

coating at the top surface of workpiece and formation of a thin layer of metal oxides 

at the top surface of the worpiece under a relatively low current. In addition, the 

heat input into the welded material can be controlled by adjusting the VPGTAW 
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parameters such as the use of different amplitude and duration of arc current in 

direct current electrode positive (DCEP) and direct current electrode negative 

(DCEN) period. The heat treated top surface of the workpiece will improve the 

coupling of the laser beam into the welded material that will result in the formation 

of stable keyhole, through which the zinc vapor will be vented out. 

 

4.3.1 Fast removal of the Zinc Coating on the Top Surface of Metal Sheets 
 
       As discussed in the Chapter 3, a large volume of zinc plume and plasma are 

generated directly on the top surface of the workpiece due to the very low first 

ionization potential and the boiling point of zinc (9.3941 eV and 906˚C, 

respectively). If the zinc coating at the top surface of the worpiece dose not be 

completely removed and the thin layer of metal oxides is not formed at the top 

surface and interface of workpiece, the good quality lap weds can not be achieved. 

In order to remove the zinc coating prior to the laser welding process, there is a 

requirement of the minimum value of the GTAW arc current corresponding to the 

specific welding speed during the GTAW preheating process. Furthermore, the 

distance between the laser beam and GTAW torch should be kept at a relatively 

large distance in order to provide enough time to cool down the zinc vapor at the 

interface of two metal sheets. In order to shorten the distance between the laser 

beam and GTAW torch, the heat input from the arc into the welded material should 

be reduced. 

       It is found that the zinc coating at the top surface of workpiece can be removed 

by using the VPGTAW as the preheating source under a relativly low arc current 
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with respect to the GTAW preheating process. The effect of VPGTAW as a 

preheating source on the removal of zinc coating at the top surface is compared 

with respect to that of GTAW as a preheating source under the following welding 

conditions: (1) GTAW arc current: 240 A; welding speed: 50 mm/s (2) VPGTAW 

arc current: 240 A; 20% DCEP; and welding speed: 50 mm/s.  In the case of 

GTAW as a preheating source, the arc current of 240 A can not completely remove 

the zinc coating at the top surface of the workpiece and only the soot is produced at 

the top surface of the worpiec, as shown in Figure 4.2 (a). However, by using the 

VPGTAW torch as a preheating source with the same level of the arc current but 

with 20% DCEP the zinc coating is removed completely, as shown in Figure 4.2 (b).  

The complete removal of zinc coating will open up the top surface for the formation 

of metal oxides.  

 

                      
                                                                      (a) 

                      
                                                                       (b) 
 
Figure 4.2 Comparison of the treated surface for GTAW and VPGTAW as a 
preheating sources (a) GTAW; arc current: 240 A; welding speed: 50mm/s; (b) 
VPGTAW; arc current: 240 A; welding speed: 50mm/s; DCEP percentage: 
20%; 
  

                        
        Figure 4.3 shows the images of the treated top surfaces of the galvanized steel 

by GTAW and VPGTAW as the preheating sources, which are acquired by the high 

speed CCD camera with the assistance of illumination by the green laser (532 nm). 
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As shown in Figure 4.3, it can be clearly seen that the larger area of zinc coating is 

removed by the VPGTAW and a shallow molten pool is formed during the 

VPGTAW preheating process. In contrast, the zinc coating is almost not removed 

by the GTAW under the same level of arc current. The reason for the fast removal 

of zinc coating by the VPGTAW as preheating source may be contributed by the 

formation of “cathode spots”. The formation of the “cathode spots” in DCEP 

GTAW is connected to the removal of metal oxides from the treated surface [136]. 

It is understood that these small spots have a very high energy flux density in a very 

small emission zone, which quickly and superficially heats and evaporates the zinc 

coating [137].  In contrast, when GTAW is used as a preheating source the arc is in 

the contact with the zinc coating at the top surface of the workpice along a 

relatively large area that will result in the decrease of the energy flux density, as 

shown in Figure 4.3 (a). During the leading VPGTAW preheating process, a jet of 

vapor was observed to be blown away from the top surface of the workpiece while 

this is not observed during the GTAW as a preheating source. The cathode jets 

carry away the zinc vapor from the cathode layer with a high velocity. Thus, the 

evaporation of the zinc layer is intensive in the VPGTAW.  This observation agrees 

with the formation of cathode spots on the zinc layer during DCEP VPGTAW as a 

preheating source process because high-velocity vapor jets are directly associated 

with the formation of cathode spots on non-thermionic materials (with velocities as 

high as sec/103 m ) [137-138]. As shown in Figure 4.3 (b), the cathode cleaning 

area of the zinc coating on the top surface of metal sheets is mainly distributed 
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around the shallow molten pool, which is slightly wider than the fusion zone 

obtained by the followed laser beam. 

 

                                         
                     (a)                                                                            (b) 

 
Figure 4.3 Comparison of the removal rate of zinc coating by GTAW and 
DCEP VPGTAW as a preheating source (a) GTAW; arc current: 240 A; (b) 
VPGTAW; arc current: 240 A; 20% DCEP 
 

 
4.3.2 Oxidizing the Metal Sheets along the Weld Line 
 
       As mentioned previously, after the VPGTAW remove the zinc coating at the 

top surface of metal sheets and moves forward, the heated surface comes in the 

contact with the air and a thin layer of metal oxides is formed on the top surface. In 

addition, the surface along the weld line at the top surface of workpiece is 

roughened by the VPGTAW preheating. The surface roughness is directly related to 

the preheating current, which will proportionally decrease with the increase in the 

arc current density [139]. The formation of the oxides, roughening the surface of the 

welded material as well as the removal of the zinc coating by the VPGTAW can 

dramatically increase the coupling of laser beam energy into the workpiece. 
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4.3.3 Controllable Heat Input into the Welded Material  

   When using GTAW to preheat the workpiece, the large amount of high energy 

electrons is released toward the top surface of the workpiece [127]. This released 

energy from the emitted electrons will result in the transfer of more energy into the 

workpiece; thus generating the high temperature in the welded material. In contrast, 

some of heat can be deposited at the electrode tip by changing the polarity of arc 

current when using the VPGTAW as a preheating source. In the VPGTAW as a 

power source, the duration and the intensity of the DCEN and DCEP can be 

adjusted in order to control the heat distribution between the top surface of the 

workpiece and the electrode tip [140]. Through switching the arc preheating mode 

from the DCEN polarity to DCEP polarity of GTAW combined with the optimal 

setting of the other welding parameters, it is possible to dramatically reduce the heat 

into the welded materials. Consequently, the pressure level of zinc vapor at the 

interface of two metal sheets will be decreased. Figure 4.4 presents the typical 

variable polarity current waveform.  
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Figure 4.4 Schematic presentation of the typical variable polarity current 

waveform 

4.4 Results and Discussions 
 
4.4.1 The hybrid L-VPGTAW Lap Joint  
 
       Figures 4.5 (a)-(c) present the top views of welds obtained by only laser 

welding, hybrid laser-GTAW as a preheating source and hybrid laser-VPGTAW 

with 20% DCEP as a preheating source. As shown in Figure 4.5 (a), a large amount 

of spatters and blowholes are produced in the welds obtained only by the laser beam 

due to the ejection of a large amount of liquid metal from the molten pool by the 

highly-pressurized zinc vapor. The weld defects are dramatically suppressed by 

applying the hybrid laser-GTAW where GTAW torch is used as a preheating source, 

as shown in Figure 4.5 (b). However, several spatters and blowholes are still 

produced in the welds during hybrid laser-GTAW process. For the welding speed of 

50 mm/s, there is a minimum requirement of arc current 300 A to remove the zinc 

coating at the top surface of the workpiece and the optimal distance between the 

laser beam and the GTAW torch is 16 mm with the cooling of the lateral shielding 

gas. By using the hybrid L-VPGTAW welding procedure with DCEP of 20%, the 
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spatters were completely eliminated and the completely defect-free weld with a full 

penetration was obtained  under a relative low arc current, as shown in Figure 4.5 (c) 

and (d). The selected distance between the laser beam and the GTAW torch is only 

8 mm under the same level of the arc current and the welding speed as in the case of 

hybrid laser-GTAW. The distance of 8 mm will separate two heat sources and avoid 

the instable interaction between laser beam and arc that is the cause of the poor 

quality weld. From one side, it is possible to shorten the distance between laser 

beam and GTAW preheating torch by the adjustment of the heat input from the arc 

source into the welded material and obtain the sound lap joint of galvanized steels. 

From the other side, the short distance will provide the condition of assembling the 

laser head with the VPGTAW torch in much more compact assembly that could be 

attached at the robot arm. 
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                                                                  (a) 

                    
                                                                   (b)  

                    
                                                                     (d)    

                    
                                                                     (e) 
 
Figure 4.5 Top views of  welds obtained by (a) only laser (b) hybrid laser-arc 
welded lap joint with DECN (c) Top view of hybrid L-VPGTAW with 20% 
DCEP (d) Back view of hybrid L-VPGTAW with 20% DCEP (laser power: 
3000 W; the welding speed: 50 mm/s; the arc current:240 A; the distance 
between laser beam and GTAW torch: 8 mm; the distance between laser beam 
and VPGTAW torch: 8 mm; DCEP percentage: 20%) 
 
 
 
4.4.2 Surface Analysis of the VPGTAW Preheating Welds by XPS and EDS 
 

    XPS was used to measure the chemical composition on the top surface 

preheated by VPGTAW. Figure 4.6 shows the typical XPS measurement results of 

the top surface of the preheated top surface by the VPGTAW.  In XPS, the peaks 

denote the core level of chemical elements where the photoelectron is excited and 

ejected.  As shown in Figure 4. 7, a strong oxygen peak (O1s: 531.0 eV) is 

presented, which indicates that the preheated top surface is covered by oxides. 

Furthermore, the binding energy of 711.2 eV for the Fe 2p3 main peak is also 

observed, which is consistent with the typical values for the iron oxides revealed in 

the open literatures ( 32OFe−α :710.9 eV;  32OFe−γ : 710.7 eV; 43OFe : 710.8 eV; 

FeO :) [139-133]. In addition to the O1s and Fe 2p3,  the binding energy of 1022.9 
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eV for the Zn 2p3 peak is found in the XPS spectrum, which corresponds to the 

typical value for the zinc oxides presented in the open literatures ( ZnO : 1022.3 eV 

and 2023 eV) [134-135]. The appearance of significant Fe 2p3 and Zn 2p3 signals 

has confirmed that the metal oxides generated during the heating of the top surface 

by the leading VPGTAW torch mainly consist of the iron oxides and zinc oxides. 

       Since each element has a unique atomic structure, energy dispersive 

spectrometry (EDS) technique has the capability of identifying them from each 

other by analyzing the x-rays emitted from the matter which is hit exposed to the 

high energy charged particles. In this study, EDS is also carried out to investigate 

the chemical composition of the preheated top surface by VPGTAW. Figure 4.7 

demonstrates the chemical compositions and their weight percentage of the 

preheated surface by VPGTAW. The presence of Fe, Zn and O with the strong peak 

magnitude indicates that the metal oxides are induced by the heat from the 

VPGTAW torch. This further confirms the XPS analysis results. 

 
 

Figure 4.6 XPS spectra of the metal oxides formed on the VPGTAW preheated 
surface 
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                                                                     (a) 
 

 
(b) 

 
Figure 4.7 EDS analysis result of the top surface of the preheated top surface 
by VPGTAW (a) EDS spectra (b) wt% and At% of chemical elements 
 
 
 
4.4.3 Influences of VPGTAW Preheating Parameters 
 

   The removal of the zinc coating at the top surface is influenced by the 

VPGTAW preheating parameters, including the level of preheating arc current, the 

stand-off distance between the VPGTAW torch tip and the top surface of the metal 

sheet, the angle of the tip, the DCEP percentage and frequency of the AC arc 

current as well as the welding speed. Among all these VPGTAW parameters, the 

VPGTAW arc current is the most critical one, which should be selected with the 
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respect to the welding speed (the same as the laser welding speed since the laser 

welding process and the VPGTAW preheating process are synchronously 

conducted.). The higher welding speed will required, more heat input during 

preheating is. If the VPGTAW arc is below a threshold, the zinc coating can not be 

completely removed at the top surface and the amount of metal oxides at the top 

surface will be drastically lowered. The surface roughness and the removal rate of 

the zinc coating on the top surface are influenced by the arc current density at the 

cathode spot [139]. In addition, the relatively low VPGTAW preheating arc current 

has no capability of transforming the zinc coating at the interface of two metal 

sheets into the zinc oxides.  

 

4.4.4 Studying the Effects of Laser Welding Parameters 

       Experimental results have shown that the stable keyhole is the decisive factor to 

guarantee the sound lap joint of galvanized steels in a gap-free configuration. The 

welding process of galvanized steels in a gap-free lap joint configuration is very 

sensitive to the variations of the welding parameters, which is directly related to the 

stability of the keyhole [126]. In order to maintain the open keyhole, the welding 

parameters should be optimal. Among the laser welding parameters, laser power is 

the most important, which should be sufficient enough to generate the keyhole for 

venting out the highly-pressurized zinc vapor from the interface of two metal sheets 

as well as to provide the required depth of weld. It is worth noting that for a specific 

welding speed, high laser power may lead to high heat input into the welded 

materials, which can form the burn through holes into the welded material. The high 
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heat will also increase the pressure of the zinc vapor. As a consequence, a large 

amount of the spatters and blowholes will be produced during the hybrid laser-

VPGTAW welding process. Furthermore, it should be kept in mind that there is a 

minimum distance between laser beam and VPGTAW torch in order to avoid 

formation of the common molten pool. When this distance is under the threshold 

value, the welding process is becoming significantly instable like in the case of a 

laser welding of galvanized steels in a gap-free lap joint configuration (See Chapter 

2). 

       For the specific laser power, high welding speed may leads to the collapse of 

the keyhole, which will result in the instable process [141]. Consequently, the weld 

defects will be generated in the welds. In addition, the focus location of laser power 

and the angle of incident laser beam also determine the laser beam energy into the 

welded material. 

 

4.4.5 Mechanical Properties of the Welds 
 
       The tensile shear test was carried out to evaluate the strength of the hybrid 

laser-VPGTAW welded lap joints. Figure 4.8 demonstrates the tensile shear test 

procedure recommended by ASTM standard. The experimental results have 

demonstrated that most of the tested coupons are broken in the HAZ instead of in 

the base material (the number of the tested samples: 16). Only two specimens are 

broken in the weld fusion zone. The welding was performed with the welding speed 

of 50 mm/s and laser power of 3 kW as well as the VPGTAW preheating arc 

current 240 A . The mean value of the tensile shear strength is around 820 MPa, 
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which is slightly lower than that of the base DP 980 steel (980 MPa). The tensile 

shear test results confirmed the fact that the HAZ is softened during the welding 

process.  

      In order to determine the hardness distribution profiles along the weld zone and 

heat affected zone, Vikcer’s micro-hardness measurement is. The indenter load 

used in the microhardness test is 200 g. The impressions are made in the increment 

of 0.25 mm away from the interface of the two metal sheets. Figure 4.9 shows the 

typical cross-sectional profile of the lap joint obtained by hybrid L-VPGTAW. As 

can be seen in Figure 4.9 (b), the hardness distribution is not uniform along the 

weld. The hardness distribution is relatively uniform across the weld bead. However, 

the hardness value begins to gradually decrease in the HAZ. The maximum 

hardness value (388.9 HV) is located close to the center of the weld. The minimum 

hardness value (197 HV) is found in the HAZ region.  The degradation of the 

hardness in the HAZ has the weakening effect on the mechanical properties of the 

obtained joint.  

               
                                                                  (a) 
 

 
                                                                   (b) 
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(c) 

 

       
(d) 

 
Figure 4.8 Tensile shear test (a) schematic of tensile shear test coupon (b) the 
shape of test coupon; (c) experimental setup; and (d) fracture location of the 
hybrid laser-VPGTAW welds ( laser power: 3000 W;Welding speed: 50 mm/s; 
VPGTAW arc current: 240 A; DCEP: 20%) 
 
 

 
(a) 
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(b) 

 
Figure 4.9 the hardness distribution profiles of hybrid L-VPGTAW lap joint 
along the weld zone and heat affected zone 
 
 
 
4.5 Conclusions 
 
      With the use of the proposed hybrid L-VPGTAW welding procedure, a high 

quality weld of galvanized steels in a gap free configuration can be achieved.  

Based on the experimental results, the main conclusions can be drawn as the 

follows: 

1. The zinc coating at the top surface of the metal sheet is removed by the DCEP 

VPGTAW preheating process under a lower arc current with respect to the 

GTAW used as a preheating source. At the same time, a thin layer of metal 

oxides are generated on the top surface of metal sheet and the zinc coating along 

the weld zone.  

2. The generated metal oxides and the roughened top surface of the metal sheet 

will contribute to the better coupling of the laser beam energy into the welded 
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material. Under these circumstances, the keyhole is readily formed and is 

maintained open. The open keyhole allows the highly-pressurized zinc vapor to 

be vented out. The completely defect-free lap joints have been obtained in a 

gap-free configuration. More importantly, the distance between laser beam and 

VPGTAW torch is dramatically shorten by lowering the heat input into the 

welded material from the VPGTAW torch. This will allow to assembly the laser 

welding head with the VPGTAW torch in more compact unit that will be easily 

attached at the robot arm for welding more complex 3D structures. 
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Chapter 5 
 

MONITORING OF THE WLEING PROCESS 
 
 

5.1 Introduction 
 
       In the past, most efforts were focused on finding the optimal welding procedure 

to weld galvanized steels in a gap-free lap joint configuration. On-line monitoring 

of the welding process of galvanized steels can provide a better understanding of 

the mechanisms that form weld defects. However, there are only a few reports 

published on monitoring the laser welding process of galvanized steels in gap-free 

lap joint configuration [190-192]. In addition, the effects of the zinc coating at the 

top surface of the top plate and the presence of gap on the dynamic behaviors of the 

molten pool during the welding process of galvanized steels are not revealed in the 

open literature. A direct image of the molten pool surface is a direct and powerful 

way to indentify the dynamic behaviors of the molten pool and the primary 

mechanism for identifying the formation of weld defects that occur during the 

welding process. In this study, a machine vision system based on a high-frame rate 

infrared CCD camera and acoustic emission techniques is used to capture the 

images of the bright spot on-line at the front of the molten pool and record the AE 

signals from the welding process. Then, a set of image processing algorithms are 

used to eliminate the noises i.e laser-induced plume and spatters from the captured 

images. After applying the image processing algorithms to the captured images, the 
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background and the bright spot at the front of the molten pool area are clearly 

separated from each other. Furthermore, the length of the major axis of the bright 

spot at front of the molten pool is calculated on-line to monitor the stability of the 

laser welding process of galvanized steels. Three sets of tests are conducted to 

reveal the effects of (1) the zinc coating at the top surface, (2) GTAW torch 

preheating (3) the presence of gap on the dynamic behaviors of the molten pool in 

details.  

 

5.2 State-of-the-art Monitoring of the Welding Process by Machine Vision and 
the AE Technique 

 
5.2.1 State-of-the-Art Monitoring of the Welding Process by Machine Vision 
 

 In the past, different sensors have been used to monitor the various welding 

processes. Among these sensors, machine vision is considered to be the most 

powerful tool for real-time monitoring the welding process. It has been used in weld 

seam tracking [142-143], the control of weld penetration [144-147], the extraction 

of the weld pool characteristics [148-151], the dynamic feedback and control of the 

weld bead geometry [152], and gap inspection [153]. Xu et al. [142] used a circular 

laser scanner with an area-array charge-coupled device (CCD) camera in the 

welding robot system to track the weld seam. Based on the acquired front image 

signal of the weld pool, a real-time closed-loop feedback control system was 

developed to control the weld penetration in variable polarity plasma arc welding 

(VPPAW) of aluminum alloys [145]. Saeed et al. [151] used a CCD camera assisted 

by structured light to extract the molten pool surface features. Holbert et al. [147] 

applied a CCD camera to monitor weld penetration during the CO2 laser welding 
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process. Wang et al. [150] acquired the images of the molten pool; the area of the 

molten pool was extracted by the designed image processing algorithm. Kovacevic 

et al. [152] combined a high-frame rate CCD camera with a nitrogen laser as an 

illumination source to acquire the images of the molten pool from the GTA welding 

process. Based on the proposed image processing algorithm, the pool boundary was 

detected and used for controlling the welding process. So far, there is still no report 

in the open literature on the monitoring of the weld defects formation by machine 

vision for the laser welding or hybrid welding process of galvanized steels in lap-

joint configuration. In laser butt joint, it usually takes a long time to align the 

focused laser beam with the welding gap because of the very small gap size. Jeng et 

al [153] employed a CCD camera and several image processing techniques to track 

the weld seam and calculate the welding gap size. It was illustrated in his study that 

the gap size can be inspected and an accurate alignment between the laser beam and 

weld gap can be achieved based on the information obtained from the machine 

vision system. 

       Furthermore, in order to better understand the welding phenomena, some 

efforts have been made to investigate the underlying mechanisms of the welding 

process by using machine vision [154-155]. Chen et al. [154] used a video CCD 

camera with a maximum frame rate of 50 frames per second to record the images of 

arc plasma and laser induced plume to investigate the effect of the welding 

parameters on the weld characteristics in the hybrid laser/arc welding of 4mm thick 

AISI 321 stainless steel. It was found that different weld characteristics under 

various welding conditions are reflected by different types of arc shape. When the 
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welding process is under the deep penetration mechanism, the root of arc is 

compressed. However, the arc is expanded quickly when the welding process is 

switched from the deep penetration mode to the heat conduction mode because of 

the absorption or defocus of the laser beam by an increase in the arc current.  Natio 

et al. [155] employed a CCD camera with the sample time of 1/30s and a high-

speed camera with a maximum frame rate up to 40,500 frames per second (fs) to 

study the behavior of the keyhole, the molten material flow and the mechanism for 

porosity formation. It was found that the reduced number of porosity formations in 

hybrid welding is attributed to the stable molten material in comparison to the 

instable material to which porosity is attributed in the laser welding. 

 
 
5.2.2 State-of-the-Art Monitoring of the Welding Process by the AE Technique 
 
       The AE technique, one of the most powerful monitoring techniques, can detect 

the presence generation of any released transient elastic stress in the material and its 

wave propagation by using a piezoelectric sensor that is directly mounted on the 

surface of the metal sample [156]. The released elastic stress produces small 

displacements on the surface of the metal sample that are converted by the AE 

sensor into the electrical signals. The signals can be collected on-line by the AE 

acquisition system to monitor the undergoing changes in the different 

manufacturing processes [157-160]. 

        So far, AE techniques have been applied to monitor different manufacturing 

processes such as the machining processes, the cutting processes and the welding 

processes [161-163]. To monitor the crack growth in stainless steel welds, the AE 
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technique was used by Jolly [164] to monitor the welding process. It was found that 

a maximum AE rate is directly related to the number of cracks in the weld defect 

zone. This work is considered to be the first most significant milestone in the 

application of the AE technique for monitoring the welding process [165]. 

Bohemen et al. [166] used the AE technique to study the martensitic transformation 

during the gas tungsten arc (GTA) welding of 42CrMo4 steel. The analysis of 

obtained results demonstrated that there was a linear relationship between the root 

mean square (RMS) value of the measured AE and the volume rate of the 

marteniste formation during GTA welding. Furthermore, Steen and Weerasinghe 

[167-168] applied the AE technique to study the keyhole formation and its failure 

by measuring the back reflection signals during laser welding. It was found that as 

the keyhole collapses, the amplitude of the AE is slightly increased. Duley et al. 

[169] used AE to study the laser welding process of aluminum. It was found that the 

formation of a keyhole originates from the AE signals in the frequency range of 3-9 

kHz. Recently, Grad et al. [170] employed acoustic signals from short circuit gas 

metal arc welding to monitor on-line the stability of the process and detect weld 

defects. The main drawback of the AE technique in the industry comes primarily 

from the requirement of directly attaching the AE sensor to the specimen surface, 

which limits its wider use in industry 
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5.3 Monitoring the Transition of the Welding Modes and Stability of the 
Welding Process by Machine Vision 
 
5.3.1 Experimental Setup 

      The material used in this study is the galvanized DP 980 steel sheet. The 

dimensions of the top and bottom plates are 200 mm x 85 mm x 1.2 mm and 

200mm x 85 mm x 1.5mm, respectively. The coupon with a thickness of 1.2 mm is 

selected as the top metal sheet during the lap joint welding process.  Four sets of 

experiments are conducted to study the welding phenomena occurring in the 

welding process of galvanized steels: (1) the direct laser welding of galvanized 

steels in a gap-free lap joint configuration without any processing; (2) the laser 

welding of galvanized steels in lap joint configuration with the presence of a gap of 

different thickness; (3) the laser welding of galvanized steels in a gap-free lap joint 

configuration with the assistance of GTAW torch preheating; and (4) the hybrid 

laser-GTAW welding of galvanized steels in a gap-free lap joint configuration 

sharing a common molten pool. In the case of the laser welding of galvanized steels 

with the presence of gap, the stainless steel foil of different thickness is 

intentionally inserted at the interface of two metal sheets to create the gap.   

       Laser welding is performed by a fiber laser of 4 kW in power and the 

preheating is done by the GTAW welding machine.  The pure argon gas with a flow 

rate of 30 SCFH is used as the shielding gas. The GTAW electrode of 3 mm in 

diameter is used. An infrared CCD camera with a frame rate of 800 per second is 

used to monitor the welding process. An infrared CCD camera is equipped with an 

infrared filter and with a notch-filter that blocks light of nm51070 ±  in wavelength. 

The images of the bright spot at the front of the molten pool are real-time recorded 
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by the infrared CCD camera coaxially installed in the laser head, which contains the 

keyhole. In addition, a color CCD video camera with the frame rate of 30 interlaced 

frames per second is installed at the side of the laser beam to monitor the behavior 

of the laser-induced zinc plume and metal vapor directly produced at the top surface 

of the first metal sheet. Furthermore, one ordinary CCD camera is also installed at 

the side of the laser head to capture the images of the entire molten pool to study the 

process and the formation of the weld defects. The green laser with the band pass of 

532 nm at wavelength is used as the illumination source. The experimental setup is 

schematically shown in Figure 5.1(a) and two types of lap joint configuration are 

shown in Figure. 5.1 (b) and (c).   

 

 
(a) 
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(b) 

Figure 5.1 Experimental setup and lap joint configurations (a) Schematic 
presentation of experimental setup (b) zero gap configuration (c) non-zero 
configurations 
 
 
 
5.3.2 Image Processing Algorithms for the Captured Images of the Molten Pool 
 
5.3.2.1 Analysis of the Captured Images of the Molten Pool 
 

   Because of the strong laser light reflected from the molten pool, from the 

experimental results, it is very difficult to obtain a clear shape of the molten pool 

when the high-frame infrared CCD camera is coaxially installed. To suppress the 

bright light reflected from the molten pool, a set of optic filter lens should be 

complicatedly combined to set in the channel through which the laser light passes to 

the CCD camera except the use of IR filter, laser filter and the illumination of green 

laser of 532 nm in wavelength. Only in a very narrow window of light wavelength, 

can the clear images of the molten pool be obtained. This fact increases the 

complexity of the sensing system. Additionally, the long exposure time for the 

molten pool images is needed to make the liquid part in the molten pool apparent, 

which leads to decrease in the frame rate of the camera used. 

    In order to investigate the welding process, at the beginning of this study an 

ordinary CCD camera is installed on the side of the laser head with the assistance of 

the illumination of green laser light, as shown in Figure 5.2 (a). The side installation 
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significantly avoids the strong laser light reflected from the molten pool and a clear 

image of the molten pool can be obtained. Figure 5.2 (b) shows a typical example of 

the images of the molten pool taken by an ordinary CCD camera from the side of 

the laser head with the illumination of the green laser at 532 nm in wavelength. As 

shown in Figure 5.2 (b), the bright spot and the boundary between the liquid part of 

the molten pool and the background are clearly seen. However, the liquid part in the 

molten pool is somewhat blurred. The degradation of the image of the molten pool 

is caused by the noises such as spatters and laser-induced zinc plumes as well as the 

impurity flowing in the liquid molten pool that are produced during the laser 

welding process of galvanized steels. If we want to use the entire molten pool image 

to real-time monitor the dynamic behaviors of the molten pool, the shape or size of 

the molten pool should be determined first. However, it is difficult to determine the 

clear shape and size of the molten pool without applying some of the image filtering 

algorithms on the captured images of the molten pool to remove the noises 

mentioned above before calculating the shape and size of the molten pool, as shown 

in Figure 5.2 (c). In general, the use of image filtering techniques is complicated 

and time-consuming.  Furthermore, the calculation of the shape and size of the 

entire molten pool is also time-consuming. These factors limit the use of this 

technology to be used for real-time monitoring the welding process of galvanized 

steels.         

       Further studies on the defect formation using the CCD ordinary camera 

revealed that when the shape and size of the bight spot at the front of the molten 

pool is dramatically changed, the welding process becomes instable and the shape 
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and size of the molten pool are always varied, as shown in Figure 5.3. During the 

instable welding process, a large number of weld defects such as spatters and 

blowholes are generated in the welds. Nevertheless, when the shape and size of the 

bight spot at the front of the molten pool are almost kept constant the welding 

process is very stable, as shown in Figure 5. 4. Therefore, the bright spot at the front 

of the molten pool can be used to reflect the instability of the welding process and 

monitor the formation of weld defects for welding of galvanized steels in a lap joint 

configuration. Based on the above analysis, the images of the bright spot at front of 

the molten pool were on-line recorded with the coaxial Infrared CCD camera to 

investigate the dynamic behavior of the molten pool in different welding conditions. 

Due to the reduction in the size of the image, the processing speed is dramatically 

improved. Before recording the images of the bright spot at the front of the molten 

pool, the iris and the exposure time should be set at the optimal value in order to 

adjust the light intensity to get clear images of the bright spot. At the same time, the 

infrared filter (> 700 nm) is selected to reduce the high intensity laser light reflected 

from the molten pool. Also the laser blocker (1060 nm) is used to prevent the 

infrared CCD from damage by the laser light. 
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(a) 

 
(b) 

 
(c) 

 
Figure 5.2 Schematic setup for acquiring the molten pool and the example of 
the captured image of the molten pool (a) The schematic setup for acquiring 
the molten pool (b) the example of the captured image of the molten pool (c) 
the edge detection image of the captured molten pool corresponding to (b) 
 
 
 
 
 
 
 
 
 
 

Bright spot in the 
front of the molten 

pool 

The real molten pool
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Figure 5.3 Six consecutive images of the molten pool obtained in the instable 
welding process 
 

 
 
Figure 5.4 Six consecutive images of the molten pool captured in the stable 
welding process 

Bright spot in the front of the 
molten pool 

Edge of the molten pool 
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5.3.2.2 Determination of the Threshold Value of the Grey Level 
 

        The temperature distribution of the molten pool is reflected in the acquired 

infrared image, which can be used to determine the boundary between the liquid 

part in the molten pool and the bright spot. Figure 5.5 show the original infrared 

image acquired by the coaxial infrared CCD camera and the grey level isotherm 

distribution of the corresponding infrared image that presents the temperature 

distribution in the molten and the background area. As shown in Figure 5. 5(a), the 

image of the bright spot can be clearly obtained by the coaxial infrared CCD 

camera with the help of the IR filter and the laser blocker as well as the optimal 

adjustment of the iris and exposure time. 

 

 
 

Figure  5.5 Infrared image of the bright spot acquired (a) original infrared 
image of the bright  spot (b) grey level isotherms of the infrared image 
corresponding to (a) 
 
 
 
       In order to use the bright spot for monitoring the welding process, the real size 

of the bright spot should be computed. To this end, the mapping method is used to 

determine the grey level for the segmentation of the bright spot section from the 

liquid part in the molten pool and the background area [194]. Two CCD Cameras 



 119

are used synchronously. One is the ordinary CCD camera with high-shutter speed 

set up at the side of the laser head, as shown in Figure 5.2 (a), the other is the 

infrared CCD camera coaxially installed at the laser head, as shown in Figure 5.1 

(a). Additionally, the green laser is utilized to illuminate the welding zone to 

suppress the intensive laser light. With the illumination of the green laser, the clear 

image of the bright spot is obtained from the side by an ordinary CCD camera. 

Then the canny edge detector is used to determine the ordinary images acquired 

with the high-speed shutter ordinary camera [195-196]. After the edge detection of 

the image of the bright spot is obtained by the ordinary CCD camera, it is mapped 

to the corresponding infrared image of the bright spot with a coordinate 

transformation [194]. The grey level valve can be obtained to determine the 

boundary between the bright spot and the liquid part of the molten pool. 

 

5.3.2.3 Binarizing the Image of the Molten Pool 

      After the determination of the grey level T, the bright spot can be separated 

from the liquid section in the molten pool and the background, which is treated as 

the completely black. The bright spot size are defined as the region which has the 

pixels of value equal or more than T. At the same time, the background and the 

liquid section in the molten pool is defined as the area which has pixels of a value 

less than T. This algorithm can be presented as the following formulation: 

                                                          (5.1)                                   
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Where ),( yxf is the captured image and ),(' yxf  is the binarized image 

corresponding to the captured image. In this formulation, 1 represents the white and 

0 denote the dark.  

       After binarizing the input image of the molten pool, the image is further filtered 

to eliminate the noises in the image of the bright spot at the front of the molten pool. 

In this step, the largest bright area LA is chosen as the molten pool area and kept for 

the further calculation of the molten pool along the axis length.  The remaining 

other areas are treated as background and the value of pixels in these areas is set to 

zero. The filtered algorithm is described as the following: 

                                                               (5.2)                               

Where ),( yxf
−

is the filtered image.  

       Figure 5.6 shows the original image, the binarized image and the filtered image 

of the bright spot, respectively. As shown in Figure 5. 6 (a), the image of the 

original bright spot is degraded and blurred by the laser-induced plume and spatters. 

After the binarizing the laser-induced plume is eliminated from the originally 

captured image, as shown in Figure 5.6 (b). However, the small bright area caused 

by the spatter is still present in Figure 5.6 (b). As shown in Figure 5.6 (c), the small 

bright area corresponding to the spatter is completely removed with the further use 

of the filtering algorithm and the boundary between the molten pool and the 

background is clearly indicated. 
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                                         (a)                                           (b)  
 

   
(c) 

 
 

 Figure 5.6 Image processing of the bright spot (a) the original infrared image 
(b) the binarized image (c) the filtered image 
 

5.3.2.4 Calculation of the Major Axis Length of the Molten Pool 

       From the previous study, the length of the bright spot in the front of the molten 

pool can be used for real-time monitoring of laser welding of galvanized steels 

[192]. After filtering the binarized image, the length of the major axis length of the 

bright spot is calculated. Figure 5.7 demonstrates the schematic of the molten pool. 

The center coordinates and the length of the major axis of the bright spot can be 

determined by using Equations (6) and (7), respectively. 
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                                                                   (5.3)                                

                                             minmax xxLMajor −=                                              (5.4) 

 

 
Figure 5.7 Schematic representation of the molten pool 
 
 
5.3.3 Monitoring of the Stability of Laser Welding Process of Galvanized Steels in  
         a  Gap-Free Lap Joint Configuration  
 
       Laser welding of galvanized steels in a gap-free lap joint configuration is 

characterized by spatters and blowholes, as shown in Figure 5. 8 (a). The highly-

pressurized zinc vapor that develops at the interface of two metal sheets during the 

laser welding process tends to bring the liquid metal out and produce the spatters 

and blowholes in and around the weld zone [184].  
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Frame 150                     Frame151                      Frame 152 

 

            
Frame 153                    Frame154                     Frame 155 

(b) 

 
(c) 

 
Figure 5.8 Monitoring the instability of laser welding process of galvanized 
steels in a gap-free lap joint configuration (a) the laser-welded lap joint 
obtained in the instable welding process (b) the six consecutive captured 
images of the molten pool(c) the major axis length as the function of frame 
numbers (( Laser power: 3000 W; Welding speed: 50 mm/s) 
 

   By using the image process mentioned in the above section, the length of the 

major axis of the bright spot at the front of the molten pool are monitored on-line to 

determine the stability of the welding process. When the welding process is instable, 

the irregular fluid flow at the rear part of the molten pool is observed and the 
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keyhole is opened and closed by the instable highly-pressurized zinc vapor. When 

the keyhole is closed, there is no channel for the evacuation of the highly-

pressurized zinc vapor. Consequently, many spatters and blowholes are generated in 

the non-uniform weld surface appearance. The keyhole is contained in the bright 

spot. Figure 5.9 demonstrates the transition from the stable keyhole to the collapsed 

keyhole. It is found that the spatters are formed after the collapse of the keyhole, as 

shown in Figure 5. 9 (c). When the keyhole is collapsed, there is no place for the 

highly-pressurized zinc vapor developed at the interface of two metals to vent out 

and spatters form. Consequently, the highly- pressurized zinc vapor quickly 

expands in the body of the molten pool and brings the liquid metal out of the molten 

pool. When the liquid metal is condensed in the air, the spatters form and scatter in 

the weld zone or the weld surface so that a post-processing is required to clean them 

after the laser welding process. Furthermore, the mechanical properties of the laser 

welds dramatically decrease by the formation of the spatters. In the infrared image 

of the bright spot, it is difficult to distinguish the keyhole from the surrounding area. 

However, the keyhole can be easily distinguished from its surrounding area in the 

image of the molten pool taken by the color CCD camera. As shown in the Figure 5. 

9 (d), the black spot in the center presents the keyhole formed. Figure 5.8 (c) shows 

the calculation of the major axis length values of the molten pool as a function of 

the number of frames. As shown in Figure 5. 8 (c), the length of the major axis of 

the bright spot significantly fluctuates over time, indicating that the welding process 

is dramatically instable. It is found that spatters are produced when the length of the 

major axis of the bright spot suddenly changes from a small value to a large value. 
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As the length of the major axis of the bright spot reaches zero, blowholes are 

produced in the weld [192]. Figure 5.8 (b) shows the six consecutive images of the 

molten pool captured on-line during the laser welding process.     

         
Figure 5.9 Transition from the stable keyhole status to the collapsed keyhole 
status (a) the stable keyhole status (c) the formation of the spatter (d) the 
image of the open keyhole acquired by the color CCD camera 

 

 
        To obtain a sound weld, the zinc coating at the interface of two metal sheets is 

removed prior to the laser welding process. Without the presence of the zinc coating 

at the interface of two metal sheets, no highly-pressurized zinc vapor is developed 

at the interface and the welding process is very stable from the beginning of the 

welding process to the end. Therefore, no spatters and blowholes are present in the 

weld, as shown in the Figure 5. 10 (a). Figure 5.10 (c) shows the features of the 

length of the major axis of the bright spot as a function of the number of the frames 

obtained under the above welding condition. As shown in Figure 5.6 (c), the major 

axis length values of the molten pool are almost kept at a constant value. In 
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additionally, Figure 5.10 (b) shows the six consecutive images of the molten pool 

captured on-line during the laser welding process. It can be seen that the shape and 

size of the bright spot is very constant. 

 

 

 
                                                                          (c) 
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                                                                       (d) 
 
Figure 5.10 Monitoring the stability of laser welding process of galvanized 
steels in a gap-free lap joint configuration (a) the laser-welded lap joint (b) the 
six consecutive captured images of the molten pool (c) the major axis length as 
the function of frame numbers (d) the cross-sectional view of laser-welded lap 
joint (Laser power: 3000 W; Welding speed: 50 mm/s) 
 
 
 
5.3.4 Monitoring of the stability of Laser Welding Process of Galvanized Steels    
         with the Presence of Gap at the Interface of two Sheet Metals 
 
       The use of a gap at the interface of two sheet metals prior to laser welding of 

galvanized steels allows the highly-pressurized zinc vapor to escape from the 

interface so that a good weld can be obtained [197-198]. In order to study the effect 

of a gap at the interface of two metal sheets on the dynamic behavior of the molten 

pool, laser lap joints of galvanized steels are performed with three kinds of welding 

conditions: (1) having no gap after the removal of the zinc coating at the interface 

of the two metal sheets; (2) setting the stainless steel foil spacers to a thickness of 

0.2mm and 0.4 mm gaps and (3) having gaps to intentionally create more gaps at 

the interface of the two metal sheets. For these three different kinds of welding 

processes, the laser power and welding speed as well as the flow rate of the 

shielding gas are kept at the same. Examples of the experimental results are shown 

in Figure 5.11 and Figure 5.12. When the laser welding process is performed 

without the presence of a gap and after the removal of the zinc coating at the 
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interface of the two metal sheets, the major axis length of the molten pool has the 

largest value compared to those lengths obtained under the welding conditions of 

0.2- mm and 0.4- mm thick gaps at the interface of two metal sheets. Figure 5.12 

shows the results with the gaps 0.2-mm and 0.4-mm gaps. As shown in Figure 5.12, 

the major axis length values of the molten pool are dramatically decreased with the 

increase of the gap thickness.  Moreover, the introduction of a gap into the interface 

of the two metal sheets causes the undesirable deep concave underfills in the weld, 

as shown in the Figure 5. 12 (d) and (e). With the increase in the thickness of the 

gap, the depth of undercut in the welds becomes deeper. The reason for the 

formation of underfills is the shrinkage of the molten pool and the lack of material 

to be filled in the molten pool during the solidification process. Furthermore, the 

existence of a thin layer of air decreases the coupling of the laser beam energy into 

the second metal sheet, thus reducing the depth of penetration in the weld. Only 

partially shallow penetrations are achieved in the both cases of the gap 0.2-mm and 

0.4-mm gaps. In order to achieve full penetration, the laser power should be 

increased or the welding speed should be decreased to some extent. Figure 5.13 

demonstrates the relationship between the average length of the major axis of the 

bright spot and the thickness of the gap used at the interface of the two sheet metals. 

        As shown in Figure 5.12 (b) and (c), it is possible to obtain the acceptable weld 

geometries by introducing an optimal gap. However, introducing a gap at the 

interface of the two metal sheets is time consuming and costly and can not meet the 

industrial constraints. Moreover, the introduction of a gap at the interface of the two 

metal sheets leads to new issues such as the undesirable undercuts mentioned above. 
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In a serious case, the gap produces unbonded welds. Additionally, the corrosion 

problem and the weld strength relative to the gap are also of concern. According to 

these results, therefore, it is possible for the proposed vision-based sensing system 

to determine on-line whether an excessive gap exists during the welding process by 

the remarkable jump in the major axis length of the molten pool in comparison with 

the preset value during stable and specific welding conditions.    

 

 

(a) 

 
(b) 

 
(c) 

 
Figure 5.11 Laser welded lap joint obtain in the stable welding process (Laser 
power 3600 W; Welding speed 50 mm/s; no zinc coating at the interface of two 
metal sheets ) 
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(a) 

 

 
(b) 

 

 
(c) 

 

 
   

   (d)                                                    (e) 
Figure 5.12 the influence of the weld gap at the interface of two metal sheets on 
the major axis length of the molten pool (Laser power 3600 W; welding speed 
50 mm/s; Gap 0.2 and gap 0.4 mm) 

Gap = 0.2 mm Gap = 0.4 mm 
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Figure 5.13 Relationship between the average length of the major axis of the 
bright spot and the thickness of gap  
 

 
5.3.5 Monitoring the Stability of the Hybrid Laser-Arc Welding Process of  
         Galvanized Steels with a Common Molten Pool 

 
   The lap joint welding of galvanized steels is also conducted by using the hybrid 

laser-GTAW welding method with a common molten pool where the GTAW torch 

leads the laser welding, as shown in Figure 5.14 (a). Figure 5.14 (b) shows the 

typical lap joint obtained by using hybrid laser-GTAW welding in the common 

molten pool. As shown in Figure 5.14 (b), the number of spatters and blowholes is 

dramatically decreased compared to the lap joint in Figure 5.8 (a) obtained by 

single laser welding. The enhanced stability is attributed to the function of the 

GTAW torch preheating. First, the leading GTAW torch plays a role in preheating 

the specimens. Preheating can improve the coupling of the laser beam energy into 

the welded materials compared to a single welding process. Second, the GTAW 

torch softens and partially melts the specimens. These two factors facilitate the 
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formation of the keyhole in the molten pool through which the highly-pressurized 

zinc vapor can be vented out from the interface.  Although the stability of the 

welding process of galvanized steels is improved compared to the single laser 

welding of galvanized steels, the spatters and blowholes are still present in the 

welds. These phenomena can be explained by the fact that the instable interaction of 

the GTAW arc and laser beam tends to collapse the keyhole. Thus, there is no 

channel for the zinc vapor at the interface of two metal sheets to be vented out. 

Under this situation, the liquid melt metal is expelled from the molten pool, 

condensed in the air, and scattered in the weld zone or weld surface. Of serious 

concern, a blowhole is produced in the weld when there is no enough material filled 

back. 

        During the hybrid laser-GTAW welding process, the images of the bright spot 

were also recorded by the coaxial infrared CCD camera. It is found that the CCD 

camera is readily saturated by the intensive arc light and the images of the bright 

spot are not always clear. Figure 5.15 shows the six consecutive images of the 

bright spot taken during the hybrid laser-GTAW welding process within the 

common molten pool. As shown in Figure 5. 16, the images of the bright spot are 

very bright and their shapes and sizes fluctuate over time indicating the welding 

process is not stable. 



 133

 

 
                                                               (b) 
 
Figure 5.14 Schematic representation of experimental setup for hybrid laser-
GTAW welding with the common molten pool and the top view of lap joint 
obtained by the hybrid laser-GTAW welding with the common molten pool (a) 
schematic representation of experimental setup (b) hybrid laser-GTAW 
welded lap joint 
 

 
 

Figure 5.15 Six consecutive images of bright spot obtained in the hybrid laser-
GTAW welding process 
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5.3.6 Monitoring of the Stability of Hybrid Laser-Arc Welding Process of  
         Galvanized Steels with the Assistance of GTAW Torch Preheating 
 
       The completely defect-free gap-free lap joints of galvanized steels were 

obtained by using laser welding with the assistance of GTAW preheating in the 

separate molten pool [189]. Figure 5.16 shows the schematic representation of 

hybrid laser-GTAW preheating in the separate molten pool and the typical image of 

the molten pool taken by the ordinary camera installed at the side of the laser head. 

As shown in Figure 5.16 (a), the GTAW torch preheating process is separated from 

the laser welding process at a specific distance between the laser beam and GTAW 

torch to create two separate molten pools. Here, the GTAW torch is used only to 

preheat the welded material that burns the zinc coating at the top surface of the 

metal sheets under the controlled heat from the GTAW torch. Meanwhile, a thin 

layer of metal oxides is formed at the top surface and dramatically improves the 

coupling of laser beam energy into the welded materials [199-200]. Under these 

welding conditions, a stable keyhole is continuously maintained that provides a 

channel for the evacuation of the zinc vapor from the interface of two sheet metals. 

Furthermore, the zinc coating around the weld line at the interface is transformed 

into zinc oxides, which has the higher melting point than that of steel and further 

stabilizes the welding process. Consequently, the welding process avoids the 

formation of weld spatters and blowholes. Additionally, the weld is free from the 

formation of porosity in the welds because the shielding gas is not trapped in the 

molten pool generated by the laser beam. Thus, high quality welds are achieved. 
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                                                                          (b) 
 
Figure 5.16 Schematic representation of the experimental setup of the hybrid 
laser-GTAW welding in the separate molten pool and the image of the molten 
pool obtained by the ordinary CCD camera (a) the schematic representation of 
experimental setup (b) example of the typical image taken by the ordinary 
CCD camera installed at the side of laser head 
 
 
 
       Figure 5.17 shows the six consecutive images of the bright spot taken by the 

infrared CCD camera when the leading GTAW torch and laser welding process are 

simultaneously conducted at a distance of 20mm between the laser beam and 

GTAW torch. Since the GTAW torch is far away from the view field of the infrared 

CCD camera, the images of the bright spot is not affected by the intense arc light 

and clear images are obtained. As shown in Figure 5. 17, the shape and size of the 

bright spot is very uniform and constant, which indicates the achievement of a 
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stable welding process. Figure 5.18 (a) and (b) illustrate the top view and cross-

sectional view of the lap joint obtained by hybrid laser-GTAW welding with a 

separate molten pool. As shown in Figure 5. 18 (a) and (b), there are no spatters and 

wholes or porosity presented in the welds. Additionally, Figure 5.18 (c) plots the 

length of the major axis of the bright spot as a function of a number of frames. As 

shown in Figure 5. 18 (c), the length of the major axis of the bright spot varies in a 

very narrow arrange. 

 
 

Figure 5.17 Six consecutive images of the bright spot obtained by the Infrared 
CCD camera during the hybrid laser-GTAW welding process with the 
separate molten pool 
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(a) 

 

 
                                                                         (b) 

 

 
(c) 

 
Figure 5.18 Length of the molten pool major axis with the GTAW preheating 
(laser power: 3200 W; preheating GTAW current: 200; Distance between laser 
beam and GTAW torch: 20 mm; welding speed 50 mm/s) 
 

 
        Figure 5.19 shows the experimental results when the GTAW preheating is 

completed and cooled down before the laser welding process is conducted. Figure 

5.20 shows the experimental results without the GTAW preheating. The zinc 

coating at the top surface of the specimens is kept constant for these three 

experiments and corresponds to the welds in the Figure 5.18, Figure 5.19, and 

Figure 5.20. Comparing Figure 5.18 (a), Figure 5.19 (a) and Figure 5.20 (a), it is 
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observed that the largest average major axis length of the molten pool and the 

deepest depth of the weld penetration are obtained in the welding process when the 

GTAW preheating process and laser welding process are performed simultaneously. 

As shown in Figure 5.18 (b), the full penetration is obtained when the leading 

GTAW preheating process and laser welding process are conducted simultaneously. 

However, only the partial penetration is obtained when the GTAW preheating 

process is separated from the laser welding process. This phenomenon can be 

explained by the fact that when the GTAW preheating process and the laser welding 

process simultaneously conducted, the specimens are hotter than the cool specimens 

with the GTAW preheating and without the GTAW preheating.  The absorption 

efficiency of the laser beam is higher for the hotter specimens compared to that for 

the cold specimens.  
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(c) 

 
Figure 5.19 Length of the molten pool major axis with the GTAW preheating 
(laser power: 3200 W; Preheating GTAW current: 200 A; Welding speed 50 
mm/s; Zinc coating at the interface of two metal sheets is removed) 
 

        
                                                           (a) 
 

                                       
                                                 
                                                          (b) 
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                                                                            (c) 
 
 Figure 5.20 Length of the molten pool major axis without the GTAW 
preheating (laser power: 3200 W; Welding speed 50 mm/s; Zinc coating at the 
interface of two metal sheets is removed) 
 
 
 
      Figure 5.21 shows the relationship between the average length of the major axis 

of the bright spot and depth of the penetration under different welding conditions. 

As shown in Figure 5.21, the average length of the major axis length of the bright 

spot that corresponds to the weld in Figure 5. 19 (a) has a larger value than the 

value obtained in the weld without the GTAW preheating corresponding to the weld 

as shown in Figure 5.20 (a). This phenomenon can be explained by the fact that 

with the GTAW preheating a thin layer of metal oxides is formed that can 

dramatically improve the coupling efficiency of laser beam energy into the 

specimens. The higher the coupling efficiency of laser beam energy into the 

specimens, the larger the molten pool and the deeper the depth penetration. 

Additionally, the laser-induced plume defocuses and blocks a portion of the laser 

beam energy into the welded material during the laser welding process that 

corresponds to Figure 5.20 (a). However, the laser welding process corresponding 
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to the weld shown in Figure 5.19 (a) is free from the influence of the laser-induced 

plume due to the removal of the zinc coating with the GTAW torch preheating prior 

to the laser welding process. Therefore, more laser beam energy is coupled into the 

welded materials during the laser welding process, as shown in Figure 5.19 (a).  

 

 
 

Figure 5.21 Relationship between the average length of the bright spot and 
depth of penetration and different welding conditions (1: GTAW torch 
preheating and laser welding is synchronously performed; 2 GTAW torch 
preheating the welded materials) 
 
 
 
5.3.7 Effect of Zinc Coating at the Top Surface of the First Metal Sheet on the  
         Dynamic Behaviors of the Bright Spot 
 
        To investigate the effect of the zinc coating at the top surface on the dynamic 

behaviors of the bright spot, the zinc coating at the interface of the two metal sheets 

is removed before the welding process is conducted. Figure 5.22 shows the 

experimental results. As shown in Figure 5. 22 (a), the length of the major axis of 

the bright spot that corresponds to the weld obtained with the zinc coating at the top 

surface of the specimens is slightly larger than the length obtained without the zinc 
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coating at the top surface of the specimens. Additionally, it is observed that when 

the zinc coating exists at the top surface, the weld surface is smooth, uniform, and 

free from the formation of reinforcement or underfills. When the zinc coating at the 

top surface is removed, however, a small reinforcement and small underfills are 

presented in the center and both sides of the welds respectively, as shown in the 

Figure 5. 22 (d).  Additionally, it is observed that the depth of weld penetration in 

the welds with the zinc coating at the top surface is reduced compared to that 

obtained without the zinc coating at the top surface, as shown in Figure 5.22 (c) and 

(d).  This phenomenon can be explained by the fact that when the zinc coating 

exists at the top surface, a large volume of laser-induced zinc plume and metal 

vapor is formed directly on the top surface of the specimens due to the low boiling 

point of zinc and the use of high power, as illustrated in Figure 5.23. The laser-

induced plume defocuses, blocks and absorbs a portion of the laser beam energy 

[193]. The defocused laser beam is reradiated to the workpiece, which enlarges the 

molten pool area. However, the reduced coupling efficiency of the laser beam 

energy into the specimens produces a shallower depth of penetration than that 

obtained without a zinc coating at the top surface of metal sheet. Figure 5.24 shows 

the six successive images of the bright spot when the laser beam passes away from 

the transition line between the zinc coating surface and no zinc surface. 
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(a) 

 
(b) 

 
 

                    
(c)                                                                            (d) 

 
Figure 5.22 Effect of the zinc coating on the major axis length of molten pool 
(Laser power: 3000 W; welding speed: 50 mm/s; no zinc coating at the 
interface of two metal sheets) 

Reinforcement 
Undercut 
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Figure 5.23 Laser-induced zinc plume and metal vapor 
 

 
Figure 5.24 Captured images of the molten pool (laser power:3000 W; Welding 
speed:50mm/s) 
 

 
5.4 Detection of the Spatter Formation by the Measurement of the Acoustic    
      Emission 
 
5.4.1 Experimental Setup 
 
       The gap-free lap joint weld of two galvanized steel sheets with a thickness of 

1.2 mm and 1.5 mm is carried out using a continuous wave fiber laser of 4 kW in 

power. A 6-axis high precision robot is programmed to control the welding process. 
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The experimental setup is shown in Figure5.25. Pure argon gas is used as the 

shielding protection of the molten pool. A strong air-knife blowing system is 

installed in the laser head to protect the laser optics from the damage by any spatters. 

An AE measurement system is developed to monitor the welding process on-line. 

The system consists of an AE sensor (Physical Acoustic PAC R30), a preamplifier, 

a digital (A/D) converter and AEWn AE data acquisition software that run in a 

continuous–sampling mode with a sampling rate of 2.56x106. The developed AE 

acquisition system is schematically shown in Figure 4.8. The welding parameters 

used in this experiment are the laser power of 4 kW with a welding speed of 30 

mm/s and an argon air flow rate of 30 CFH. 

 

 

Figure 5.25 Experimental setup for the acquisition of the AE signals           

 
 
5.4.2 Short Time Fourier Transform (STFT) 

  In general, a Short-Time Fourier Transform (STFT) is selected to determine the 

phase and frequency content of a signal that changes over time. Before applying the 

STFT method to determine the changes of a signal in the local section, a window 

function is needed to define a non-zero short period of time. Then, the value is 

multiplied by the function that needs to be transformed. The resulting signal further 
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takes the Fourier Transformation, which is selected as the second window.  By 

sliding the second window along the time axis, the time-frequency representation of 

the AE signal is achieved. The resolution for time and frequency is adjustable. 

 Mathematically, if )(nx  represents the AE discrete-time signal to be 

transformed, the STFT can be written as [204-205]:  

                                        ∑
∞

−∞=

−−=
n

njemnwnxmX ωω )()(),(                           (5.5) 

where ),( ωmX  is the STFT representation of the discrete-time signal )(nx , ω  is the 

discrete value for frequency, and )(nw  is the window function. The resolution for 

the discrete-time index m is less (“slower” time) than that of index n, and depends 

on the window function length.  The window function is generally selected to be the 

Gaussian or Hann function that can be written as: 

                                    ))
1
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−

−×=
N

nnw π
                            (5.6) 

where N is the width of the discrete time window function. Typically, the value is 

selected as an integer to the power of 2 [204-205]. 

 
 
 
5.4.3 As-Acquired AE Signals and Welded Joints 

      The AE emitted from the laser welding process of the lap joint of the galvanized 

steel is collected on-line by the developed AE measurement system. A typical as-

acquired AE signal plotted over time is shown in Figure 5.26. As seen from Figure. 

5.26, the amplitude of the AE signal significantly varies in the welding process. 

There exist two distinct signals: (a) the continuous signal and (b) the spike-like 
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signal. The continuous signals are produced by the stable welding process. When 

the welding process is stable, the amplitudes of the AE signals are kept in a narrow 

range. The amplitudes of the spike-like signals vary in a wide range. When laser 

beam is delivered on the top metal sheet, the burst-type AE signals are rapidly 

generated in response to the transition of melting and solidification [206]. “Due to 

the considerable arrival of such burst-type AE signals with the amplitudes in a 

sustained level, they are treated as the continuous signal” [207]. When the spatter is 

produced, a spike-like AE signal with higher amplitude compared to that of the 

continuous AE signals appears in the collected AE signal. The spatter-induced AE 

signal is of a short duration; “the amplitude of which rises rapidly to a maximum 

value and decays very fast” [208]. Additionally, the amplitude and duration of the 

spatter-induced AE signal are directly related to the severity of the spatter 

occurrence. By comparing the collected AE signals to the obtained weld in this case, 

it is found that when the amplitude of the AE signals is more than 0.8mV, 

blowholes are present in the weld. The experimental results also showed that the 

welds with spatters will produce higher amplitude and a longer duration than the 

AE signals. 

       The as-welded specimen shown in Figure 5.27 confirms that there are many 

spatters on the top surface with some blowholes in the weld. The spatters deposited 

on the sheet surface and weld zone greatly degrade the weld quality. Additionally, 

post-weld cleaning is a time-consuming job. 
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                                                                   (a) 

Figure 5.26 AE signals acquired in the welding process 

 

 
Figure 5.27 Typical as-welded lap joint obtained by laser welding 

 
 
 
5.4.4 The Processed AE Signals Using the Short Time Fourier Transform 
 
       The AE signals emitted by the laser welding process not only contain the 

information from the time domain but also include frequency, energy, and power 

information because of the transient nature of the laser welding process.  In order to 

investigate the features of the spatter-induced AE signals in the frequency domain, 

the collected signals in the time domain are further transformed into a time-

Spatter on the surface 

Blowholes 

Continuous signals 
Spike-like signals 

Spatter-induced AE signals 
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frequency power spectrum representation using the STFT. The typical results of the 

AE time-frequency power spectrum representation are shown in Figure 5.28, where 

the power spectrum density is the function of frequency and time. In general, the 

power spectrum amplitude is reflected in the color intensity; the darker the color, 

the higher the power spectrum amplitude. There are several pulses with a higher 

power spectrum, as shown in the Figure 5.28. A strike signal represents a discrete 

and burst-type AE signal that corresponds to spatter generation.  As can be seen in 

Figure 5.28, the spatter-induced AE signal usually extends along a large frequency 

range. There exist two major frequency ranges: 2 kHz- 6 Hz and 6.3 kHz-7.6 kHz 

that generally have a higher power spectrum intensity compared to other frequency 

ranges. When the extent of spatter formation becomes more severe, the highest 

value of the frequency range is extended to 10 kHz. Additionally, the amplitudes of 

the power spectrum are usually very low in the frequency range (7.5 kHz-10 kHz).   

The sharp increase in the power spectrum intensity at these two frequencies 

indicates significant changes in the welding status. It is also clearly demonstrated at 

the bottom of STFT plot that there is a narrow frequency range (0 Hz-100 Hz) with 

the sustained power spectrum. The background noise is a main contributor to the 

frequency range. Based on the above discussion, the spatter-induced AE signals 

also exhibit the distinct features in the frequency domain.  
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Figure 5.28 STFT Processed AE signals 

 
 
 
5.5 Monitoring the Transition of the Welding Modes and Stability of the 

Welding   
      Process by Machine Vision 
 
5.5.1 Illumination of the Molten Pool 
 
       Because the high-speed CCD video camera is sensitive to a strong arc light and 

a zinc vapor plume, visualization of the molten pool can not be achieved with a 

conventional light source during the laser or hybrid welding process. An 

illumination source with high brightness is needed to acquire clear molten pool 

images. In this study, the band-pass green laser (Model: Coherent TracER green 

forensic laser system) with the center wavelength of 532 nm and a maximum output 

power of 6 W is selected as the illumination light source to suppress the strong arc 

light and zinc vapor plume. Figure 5.29 shows the experimental setup. As shown in 

the Figure 5.29, the green laser head is installed on one side of the laser welding 

head at an inclined angle of 45 degree with respect to the specimen and the high-
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speed video CCD camera is installed on the other side with an incidence angle of 45 

degrees with respect to the specimen in order to pick up the specular reflection of 

the green laser from the molten pool. The green laser head and the CCD camera 

travel simultaneously with the laser welding head along the welding direction. 

       The illumination green light is not used for the investigation of the relationship 

between the transition of the welding modes and the shape of the laser-induced 

plume directly above the specimens. However, the illumination green light will be 

selected as the illumination sources to suppress the strong laser beam light when 

studying the behavior of the keyhole and the molten pool in various welding 

conditions. 

 

 

Figure 5.29  Experimental setup of illumination 

 
 

CCD video camera 

Green laser source 
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5.5.2 Detection of the Transition of Welding Modes by the Shape of Laser-induced      
         Plume 
 
       The conduction and keyhole welding modes can be easily distinguished by the 

shape of the plume. The video camera with a frame rate of 30 f/s, which is mounted 

at 45 degree with respect to the workpiece, is used to monitor the behavior of the 

plume directly above the specimens. The images of the molten pool and plasma 

plume are recorded on-line and displayed on a monitor screen. 

       It was found that when the welding process is under the conduction mode, the 

plume directly above the specimen is in the form of a diverging bright elliptical 

shape different from the fantail-shaped plume recorded in Holbert’s study [209]. 

When the welding process is under the keyhole mode; however, the shape of the 

laser plume becomes columnar and agrees with the observations of Holbert et al. 

[209]. Figure 5.30 demonstrates the observed results of the CCD video camera for 

these two different welding modes. Furthermore, when the welding process is stable, 

the shape and height of the plume are kept almost constant. Figure 5.31 shows six 

successive images of the plasma plume when the weld processing is stable. As 

shown in Figure 5.31, the size and the height of the plasma plume is almost kept 

constant. The same phenomena occurred when the welding process is under the 

keyhole mode. Detailed studies of the time variation of the plume are not possible 

due to the slowness of the frame rate relative to the plume variation frequencies that 

are known to range up to about 15 kHz [210]. 
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                                       (a)                                                         (b) 
 
Figure 5.30 Plasma images (a) The plasma plume image corresponding to the 
fusion welding with respect to the laser power of 1300 W (b) The plasma 
plume with respect to the laser power of 1630 W. 

 
       As stated previously, the plasma plume has a significant influence on the 

coupling of the laser energy into the specimen. When the intensive plasma plume 

cloud forms straight above the workpiece, it is very difficult to form a keyhole 

when the laser power is very high. This can be explained by the fact that the 

intensive plasma plume defocuses, scatters and absorbs most of the laser beam 

intensity, thus preventing the laser beam energy from coupling into the material. 

The plasma plume can be blown out using cold shielding gas, as shown in the 

Figure 5.32. When the shielding gas is turned on, it forces the plasma plume to be 

blown away from the molten pool. At the same time the cold shielding gas can 

further prevent the formation of the plasma plume. As a result, the coupling rate of 

the laser beam energy is enhanced and helps in facilitating the formation of the 

keyhole.  Figure 5.33 shows the effect of the shielding gas on the formation of the 

plasma plume. As shown in Figure 5.33 (a), when the shielding gas is turned off, 

the arc plume is formed directly above the specimens. When the shielding gas is 

Plume 
Intensive plume 

Coupling spot 
Thin plume 
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turned on, however, the arc plume is blown away from the top of the molten pool, 

as presented in the Figure 5.33 (c). From the cross-section views of the above welds, 

it is found that the deeper penetration is obtained when the shielding gas is turned 

on (Figure 5.33 d). 

 

          
(a) (b) (c) 

            
(d) (e) (f) 

   

Figure 5.31 Six successive images of the plume when the weld pool is under 
the stable conduction mode 
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Figure 5.32 Schematic presentation of the shielding gas for blowing out the 
plasma plume 
 

                    
                               
                          (a)                                                                          (b) 
 

                 
                     
                        (c)                                                                                 (d) 
 
Figure 5.33 Effect of the shielding gas on the shape of the plasma plume and 
the weld penetration (a) the shape of the plasma plume when the shielding gas 
is turned off (b) the cross-section view of the weld when the shielding gas is 
turned off (c) the shape of plasma plume when the shielding gas is turned off    
(d) the cross-section view of the weld when the shielding gas is turned off 
(Laser power: 3000 W, welding speed: 30 mm/s, lap joint of 1.2mm-1.5mm DP 
980 steel without zinc coating at the interface) 
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5.5.3 On-line Monitoring the Stability of the Laser/ GTAW Preheating Welding  
         Process  
 
       As discussed in Chapter 3, the sustained opening of the keyhole is the most 

important factor for the successful production of a sound lap joint for galvanized 

DP 980 steel. On-line detection and analysis of the keyhole behavior by high-speed 

CCD video camera is a promising approach to investigate the dynamic behavior of 

the keyhole in different welding conditions. Figure 5.34 shows the schematic 

representation of the keyhole. 

      With the help of the illumination from the green laser light, the shape of the 

keyhole and the molten pool can be clearly observed by the CCD video camera 

because the green light can suppress the stronger light of the plasma and vapor 

plume. For this reason, on-line monitoring of the behavior of the keyhole becomes 

possible in a laser/GTAW preheating welding process. Figure 5.35 shows the 

images of the keyhole extracted from the stable welding process. Figure 5.36 shows 

the images of the keyhole extracted from the instable welding process. Generally 

speaking, when the welding process is stable, the flow of the metal in the molten 

pool is smooth and continuous without the swirling at the rear of the keyhole. 

Furthermore, the shape and size of the keyhole are changed temporally and spatially, 

and the keyhole always remains open in the stable welding status. However, it is 

observed that when the welding process is instable, the flow of the metal at the 

molten pool is dramatically turbulent and the keyhole fluctuates between a 

collapsed and an open status. In the stable welding process, the weld seam is very 

smooth and no spatters and blowholes are present, as shown in Figure 5.35 (a). 

However, a large number of spatters and blowholes are observed in the weld seam 
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when the welding process is instable. These weld defects are attributed to the failure 

to evacuate the high-pressurized zinc vapor at the interface. Examples of the 

appearance of the weld bead surfaces obtained from the instable welding process 

are shown in Figure 5.36. According to the R.Fabbro et al. study [211], the swirling 

melt flow in the rear of the keyhole is contributed to “the friction forces of the 

ejected metal vapor escaping from the keyhole.” 

 

 
 

Figure 5.34 Schematic of the keyhole and the molten pool 
                                
 B    

 
(a) 

                
(b)                                                                            (c) 

               
(d)                                                                          (e) 
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(f)                                                                            (g) 

               
(h)                                                                          (i) 

 
Figure 5.35  Images of the keyhole in the stable welding process (a) the top 
view of the weld surface in the stable welding process (b) t = 0 s (c) t =0.03s (d) 
t =0.07s (e) t =0.1s (f) t = 0.13 s (g) t = 0.17 s (h) t = 0.2 s (i) t= 0.23s (g) t=0.27s 
(the welding parameters: a laser power of 3 kW, a welding speed of 30 mm/s, a 
preheating arc current of 200 A, a preheating welding speed of 30 mm/s and an 
argon gas flow rate of 30 SCFH ) 
 

 
(a) 

                       
(b)                                                                                  (c) 

                       
(d)                                                                             (e) 
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                         (f)                                                                            (g) 

                      
(h)                                                                            (i) 

 
 Figure 5.36  Images of the keyhole in the instable welding process (a) the top 
view of the weld surface in the stable welding process (b) t = 0 s (c) t =0.03s (d) 
t =0.07s (e) t =0.1s (f) t = 0.13 s (g) t = 0.17 s (h) t = 0.2 s (i) t= 0.23s (i) t=0.27s 
(the welding parameters: a laser power of 3 kW, a welding speed of 30 mm/s, a 
preheating arc current of 120 A, a preheating welding speed of 30 mm/s and an 
argon gas flow rate of 30 SCFH ) 
 
 
 
5.6 Conclusion 

        In this study, a machine vision system based on the high-frame rate CCD 

camera is used to monitor the laser welding process of galvanized steels in lap joint 

configuration with different welding conditions. The main results are summarized 

as the following:  

1. When using the single laser welding of galvanized steels in a gap-free lap joint 

configuration, the welding process is very instable, which is exhibited by the 

significant variation of the major axis length of the molten pool. However, in 

the stable welding process the major axis length of the molten pool varies in a 

very narrow range. 
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2. The number of spatters and blowholes are reduced by the use of hybrid laser-

GTAW welding for joining the galvanized steels. However, due to the instable 

interaction of GTAW arc and laser beam there is still spatters and blowholes 

presented in the welds. 

3. The completely defect-free lap joints are obtained by using the hybrid laser-

GTAW welding with the separate molten pool in a gap-free lap joint 

configuration. The main reason for the successful achievement of the sound 

weld is that the zinc coating is burned off by the GTAW torch preheating and a 

thin layer of metal oxides are produced on the top surface of the first metal sheet. 

Under these welding conditions, the stable keyhole is maintained open and 

offers the channel of the evacuation of the highly-pressurized zinc vapor 

developed at the interface of two sheet metals. 

4. The presence of the zinc coating at the top surface of the first metal sheet 

provides a smooth weld surface. However, the depth of weld penetration is 

decreased due to the defocus function of the laser-induced zinc plume compared 

to that obtained in the case of no zinc coating at the top surface of the first metal 

sheet. 

5. The GTAW preheating process generates a thin layer of metal oxides at the top 

surface of the first metal sheet, which improve the coupling of laser beam 

energy into the specimens.  When the GTAW preheating process is 

synchronously performed with the laser welding process at the specific distance 

for joining the galvanized steel, the depth of penetration is dramatically 

improved in comparison with the case of GTAW preheating for the specimens 
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and cooling prior to laser welding process and the case of no GTAW preheating 

for the specimens. 

6. The undercuts are produced in the weld when the extensive gap exists at the 

interface of two metals. The wider gap results in more deeply concave undercuts 

in the weld. Additionally, the presence of the gap at the interface decreases the 

major length values of the molten pool. 

7. When the spatter is formed, a spike-like AE signal with high amplitude will 

appear in the collected signals. The more severely spatters are produced, the 

higher the amplitude and the longer the duration of the AE signals. Generally 

speaking, the spatter-related AE signals have the higher power spectra 

compared to those associated with continuous AE signals and background noise. 

8. The welding modes in the form of the keyhole mode and the conduction mode 

can be distinguished by the shape of the induced plume. In the keyhole welding 

process, a columnar-shaped plume is formed above the specimen. However, a 

diverging bright elliptical shape will appear above the specimen when the 

welding process is in the conduction mode. In order to directly obtain the 

molten pool, a band-pass green laser light is used to suppress the strong light of 

the plasma plume from the metal and the zinc vapor plume. It is found that 

when the keyhole is stable and stays open, the high-pressurized zinc vapor at the 

interface of two metal sheets can be vented out and completely defect-free 

welds are obtained. Nevertheless, the welding process becomes dramatically 

instable and lots of the spatters are produced in the welds when the keyhole is 
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collapsed. In addition, the flow of the metal in the molten pool becomes 

turbulent when the welding process is instable. 
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Chapter 6 
 

NUMERICAL SIMULATION OF THE TEMPERATURE FIELD FOR 
HYBRID LASER-ARC WELDING OF GALVNAIZED STEELS  

 
 
 

6.1 Introduction 
 

   As shown in Chapter 3, there is a significant influence of the GTAW preheating 

arc current as well as the distance between laser beam and GTAW torch on the weld 

quality [212]. Additionally, it has been revealed that there is a direct relationship 

between the temperature distribution and the pressure level of the zinc vapor [213]. 

Until now, effects of various hybrid welding parameters on the transient 

temperature profiles during the hybrid welding process have not been fully explored 

since there is a coupling interaction of the two heat source. It is time-consuming and 

expensive using experimental method to determinate the temperature profiles for 

the hybrid welding process. Sometimes it is even more difficult to get accurate 

results due to the interaction of the strong arc and the generated plasma during the 

welding process. The numerical analysis based on finite element method is the 

powerful tool to predict the temperature distribution for the welding process. 

   To simulate the conduction and keyhole welding modes, different heat source 

models have been used .Rosenthal [214] and Rykalin [215] developed a moving 

heat source to calculate the thermal history during the welding process. The 

accuracy of temperature distributions from the Rosnethal’s model is limited by the 
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assumption of the infinite temperature at the heat source [216]. To overcome these 

limitations in the Rosnethal’s model, Pavelic et al. [217] first proposed a heat 

source with the Gaussian normal distribution for the welding process.  Not long 

after that, Krutz et al [218] and Friedman [219] combine the Pavelic’s ‘disc’ model 

with finite element method (FEM) analysis to simulate the temperature distributions 

in the fusion zone and heat affected zone (HAZ). In comparison to the results 

obtained by the Rosenthal model, the better temperature distributions were achieved. 

The consequent works of Paley et al [220] and Westby [221] use a constant power 

density distribution in the fusion zone to simulate temperature distribution profiles 

with the finite difference analysis. Goldak et al [222]. proposed a three-dimensional 

“double ellipsoid” heat source model, which has been used to simulate the shallow 

and deep penetration welding process. This model is considered as the more 

realistic model with the flexible heat source than the other proposed heat source 

models since the characteristic parameters of the double ellipsoid heat source are 

selected on the basis of the real molten pool dimensions. Furthermore, Nguyen et al. 

[223] use the analytical solution to simulate the transient temperature of semi-

infinite body with the 3D double ellipsoidal moving heat source. However, in the 

past the most of research was concentrated on the conduction welding mode.   

    In the recent years, various numerical models have been developed to simulate 

the keyhole welding process. Sudnik et al. [224] applied a semi-empirical approach 

to simulate the stationary penetration welding, which takes into account the laser-

induced keyhole formation, the multiple reflection inside the keyhole and the 

plasma generation. It was found that there is a linear relationship between the depth 
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and length of the weld pool with the laser beam intensity. Fabbro et al. [225] built a 

model to study the keyhole geometry under different welding conditions where the 

front and rear of the keyhole wall are separately considered. It was found that the 

drilling velocity and the welding velocity resulted in the inclination of the front 

keyhole wall. Kroos et al [226] developed a model to study the stability of the 

keyhole, which is considered as the cylindrical shape and concentric to the laser 

beam. Ki et al. [227] developed a three-dimensional model to study the effects of 

evaporation, free surface evolution and the fluid flow and heat transfer. In addition, 

Dowden et al. [228] developed a model for the keyhole welding under the 

conditions of low welding speed. Lankalapalli et al. [229] assumed the keyhole as 

the conical shape and a two-dimensional heat conduction model is developed to 

predict the weld penetration depth. Recently, Wang et al [230] combined a rotary 

volumetric flux and the double ellipsoidal heat source to simulate the effect of assist 

gas flow on the shielding during laser deep welding. Also, Fang et al. [231] applied 

the double ellipsoidal heat source to model the influence of the welding sequence 

on the welding residual stress of a thick plate.  

   As discussed above, in the past most of keyhole modeling studies were focused 

on the laser welding only. There is no result in the open literature on studying the 

temperature distribution profiles for the gap-free hybrid laser-arc keyhole welding 

of galvanized steels by using FEM method. The main reason for this lack mainly 

arises from the complexity of the welding of galvanized steels in a gap-free lap joint 

configuration, including the uncertain physical interaction between laser beam and 

arc and the unknown dynamic behavior of the zinc coating at the interface of two 
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metal sheets. To better understand the influence of various welding parameters on 

the temperature distribution during the hybrid laser-GTAW process, a 3D FE model 

was developed to simulate the temperature distribution with the various GTAW arc 

current, the welding speed, and the distance between the laser beam and GTAW 

torch. In addition, effects of the characteristic parameters on the power density 

distribution in the heat source volume are studied. Based on the numerical results 

with the various combinations of the characteristic parameters of the double 

ellipsoidal heat source, a modified double ellipsoidal heat source model is proposed 

for the deep penetration hybrid laser-arc keyhole welding. The effect of zinc coating 

at the interface of two metal sheets on the temperature distribution profiles was 

taken into account. Experiments of hybrid laser-GTAW welding of galvanized 

steels in a gap-free lap joint configuration were performed with the measurements 

of the temperature history by the thermocouples. Optical microscopy examinations 

were performed to observe the dimensions and shape of fusion zone. The high 

speed camera was used to on-line monitor the welding process in order to obtain the 

shape of the molten pool, which is used for the comparison with the calculated 

results from the FEM model. The geometry of the molten pool and the weld 

penetration can be predicted by the modified double ellipsoidal heat source. The 

good agreement between the numerical and experimental results show the potential 

application of this newly modified double ellipsoidal heat source for various deep 

penetration keyhole welding processes such as laser keyhole welding and electron 

beam keyhole welding. The simulation was carried out with the ANSYS APDL 

program. 
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6.2 Material and Experimental Procedure 
 
       The used material for welding in this paper is galvanized high-strength dual 

phase (DP) 980 steel with the thicknesses of 1.2 mm and 1.5 mm.  The chemical 

composition is shown in the Table 1 [232]. In this study, the melting point of DP 

980 is assumed to 1400˚C and its boiling point is fixed to 2600˚C for the simulation. 

Table 6.1 Chemical composition (%) of the DP 980 steel [232] 

 

      The experiments on hybrid laser-GTAW torch preheating were performed on 

the coupons with the size of 120mm x 60 mm x 1.2 mm and 120 mm x 60 mm x 1.5 

mm in a gap-free lap joint configuration. During the hybrid laser-arc welding 

process, the high-power laser beam is preceded by the GTAW welding process at 

the specific distance, which is used as a preheating source. Pure argon gas was 

selected as the shielding gas with the flow rate of 30 SCFH. Additionally, the 

temperature measurements were performed by the K-type thermocouples. A high-

speed camera with the frame rate of 4000 f/ps was used to obtain the shape and size 

of the molten pool. Figure 6.1 shows the experimental setup. 
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Figure 6.1 Experimental setup 

 

6.3 Numerical Model  
 
 6.3.1 FE Model and the Build of Hybrid Heat Source Model    
 
       The full 3D FE model with the dimensions of 70 mm x 50mm x 2.740 mm for 

the laser-GTAW welding process is developed in ANSYS, as shown in Figure 6.2.  

The SOLID70 with linear 8-node brick element is selected for the thermal analysis. 

A relatively fine mesh is used around the weld zone and heat-affected zone due to 

the expected high temperature and heat flux around them. In the regions away from 

the fusion zone and HAZ zone, the relatively coarse mesh is applied. The total 

number of elements and nodes are 54,600 and 60,634, respectively. The thickness 

of zinc coating for one layer is assumed to be 20 mµ . The volume of the FEM 

model is 70 mm x 50 mm x 2.74mm. 
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Figure 6.2 3D FE model 
 
 
 

       In comparison to the point, line and plane heat source models [215] as well as 

the rotary Gaussion body heat source model [214], the double ellipsoidal distributed 

heat source becomes more and more popular due to its flexibility of accurately 

modeling the shape of the molten pool and the nonlinearities such as the 

temperature dependences of the specific heat and thermal conductivity [233]. In this 

investigation, the moving double ellipsoidal distributed heat source is used to 

simulate the hybrid the laser-GTAW torch preheating process. Figure 6.3 shows the 

configuration of double ellipsoid heat source [233]. The governing equations of the 

double ellipsoidal distributed heat source that control the deposited heat in the 

welded material are given by the following equations [233]: 

For the front quadrant: 

22222/2 /)]([3/3336
),,,( ctvzbxx

f

Lf eee
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tzyxq

a −+−−−= τ

ππ
                                             (6.1) 

For the rear quadrant 
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Where rf and ff  are the fractions of the heat applied in the front and rear 

quadrants of the joint, LQ  is the energy input rate of the laser power, v is the 

welding speed, τ is the lag time, and t is the time. The relationship between ff and 

rf is 2=+ rf ff [233]. The GTAW preheating heat flow is in the form of Gaussian 

distribution. It can be defined as the following [236]:  

                                       ]))([3exp(
3
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π

−+−=                     (6.3) 

Where arcQ the heat is input and br  is the distribution radius.  

 

 

Figure 6.3 Double ellipsoidal heat source configuration [233] 

 
6.3.2 Assumptions 
 

        To build the model, the following assumptions were made: 
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• Since different chemical composition can be produced with different GTAW 

preheating conditions, effect of the zinc coating at the top surface of metal 

sheets on the temperature distribution was neglected. Its effect on the 

temperature distribution profiles was only taken into account to enhance the 

absorptivity of laser beam energy into the welded materials.  

• During the leading GTAW preheating process, the zinc coating at the 

interface of two metal sheets along the weld line is transformed into zinc 

oxides. So, the thermo-physics material properties for the zinc coating at the 

interface of two metal sheets are switched from zinc into zinc oxide and 

steel when the temperature is beyond the 420˚C (melting point for the zinc).  

• Effect of zinc coating at the bottom surface on the temperature distribution 

is neglected. In addition, when the laser beam shares the same molten pool 

with the arc during the hybrid laser-GTAW torch preheating welding 

process, the interaction between laser beam and arc is neglected. Since the 

temperature-dependent thermophysical properties of DP 980 steel is applied 

in the FEM model and the transformation of the zinc coating during the 

hybrid laser-arc welding process is also taken into account, the thermal 

analysis in this study is highly nonlinear. To reduce the calculation time, the 

thermal contact resistance between the top and bottom plate is also not 

included in the present model. 

 
 

6.3.3 Governing equation, initial and boundary conditions 
 
        The governing equation for transient heat transfer analysis is given by (6.4):  
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Where ρ  is density, pC is specific heat, T is temperature, k is thermal conductivity,  

vQ is volumetric heat source, v  is the travel speed and x, y,z are the coordinate 

system attached to the heat source, respectively. The natural boundary condition is 

given by the equation: 

                    0)()( 4
0

4
0 =−+−+−

∂
∂ TTTThq

n
Tk conn σε                               (6.5) 

 
 on the regions AS  which are subject to the heat flux, convection, and radiation. 

nk is the thermal conductivity normal to the AS , conh is the heat coefficient for 

convection, σ is the Stefan-Boltzmann constant for radiation ( 4281067.5 −−− kWmx ), 

ε is the emissivity, and 0T is the ambient temperature, q is the heat input normal to 

the regions AS .For the weld zone, the combined heat transfer coefficient for 

convection and radiation is calculated to determine the total heat loss by the 

convection and radiation from the relationship [233]: 

                                          61.14101.24 TxH ε−=                                                (6.6) 
 
Where H is the combined heat transfer coefficient for convection and radiation and 

T is the temperature. A value of 0.9 was assumed forε  (theoretically speaking, 

emissivity  is equal to the absorption which is assumed to 0.9 in the later section) 

since the generated metal oxides by GTAW preheating can dramatically improved 

the coupling efficiency of laser beam energy into the welded material by 2-3 times. 

At the symmetric plate of YOZ, 
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The initial temperature of the whole metal sheets is given by; 
 
                                               ( ) 00,,, TxyxT =                                                        (6.8) 
 
Where 0T  is ambient temperature (20 ˚C). 
 
 
 
6.3.4 Determination of the Thermophysical Properties of DP 980 for the Thermal 
Analysis 
 
        Due to its commercial proprietary of DP 980 steel, the thermophysical 

properties of DP 980 steel is still absent. In this study, the assumption is made that 

the chemical compositions is uniformly and completed mixed together in the DP 

980 steel and no interactions between the individual components occur. Also, no 

alloy element is evaporated during the hybrid laser-GTAW preheating process. 

Additionally, effects of the variations of martensite and ferrite fractions on the 

thermophysical properties of DP 980 steel were neglected. Based on the 

aforementioned assumptions, the thermophsyical properties of DP 980 steel can be 

mathematically calculated by the linear combination of the thermophysical 

properties of the individual components. In this study, the temperature–dependent 

themophysical properties of DP 980 are approximately given by the following 

equations: 

T
CC

T
MoMo

T
AlAl

T
SiSi

T
CrCr

T
FeFe

T KfKfKfKfKfKfK +++++=                          (6.9) 
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−

ρ                              (6.11) 
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Where TK is the thermal conductivity at the temperature T, if is the weight 

percentage of the individual chemical composition ( i = Fe, Cr, Si, Al, Mo, and C), 

T
iK is the thermal conductivity of the individual chemical composition at the 

specific temperature T ( i = Fe, Cr, Si, Al, Mo, and C), and T
PiC  is the heat 

capability of the individual chemical composition at the specific temperature T. The 

thermal conductivity and heat capacity of the individual chemical composition are 

taken from the reference [215]. Table 2 gives the values of thermal conductivity and 

heat capability at the different temperatures. The liquid phase enthalpy is given by 

the equation: 

                                   dTCLdTCH l
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                                      (6.13)           

Where sT and lT  is the solidus and liquidus temperatures and mL is the heat of fusion. 

In this study, the solidus and liquidus temperature ( ls TandT ) are assumed to 1380 

˚C and 1400˚C, respectively. The heat of fusion during the hybrid laser-arc 

preheating welding process can be considered by varying the specific heat [240]. 

Since the heat of fusion for iron is 2.66 KJ/Kg [241], the heat of fusion is given by 

the following equation: 

                                 iiP HTC =∆∑                                                                (6.14) 

                                   sl TTT −=∆                                                                     (6.15) 
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At the liquidus temperature of 1400 ˚C, the specific heat for the DP 980 steel is 

assumed to the value of 0.8368 KJ/Kg.K, which is the specific heat of the 304 

stainless steel [242]. From the equations of (6.14) and (6.15), the increased specific 

heat ( PlC∆ ) accounting for the latent heat is 0.266 KJ/Kg.K. Therefore, at the 

temperature of 1400 ˚C, the specific heat of DP 980 steel is set to the value of 1.1 

KJ/Kg.K in order to take into account the heat of fusion. Figure 6.4 demonstrates 

the temperature-dependent specific heat graph. 

 
(a)                                                             

 
                                                              (b) 
 
Figure 6.4 Temperature-dependent specific heat (a) schematic representation 
of enthalpy (b) time-dependent specific heat 
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Compared to the values of the thermaphysical properties of dual phase steel 

obtained in reference from the experiment [238], the approximate thermaphysical 

properties calculated by the equations 8 and 9 are reliable to be used in the FEM 

model. The density of DP 980 steel is assumed to 7850 kg/m3.   

 

        Table 6.2 the approximate thermalphysical properties of DP 980 steel 

 

  The thermalphysical properties of the zinc coating at the interface of two metal 

sheets are used from the pure zinc (20 ˚C<T<420 ˚C) and the zinc oxide (420 ˚C 

<T< 1400 ˚C) to steel (T>1400 ˚C) since the zinc coating along the weld line is 

transformed into zinc oxide during the GTAW preheating by GTAW [239]. The 

constant values of 7100 kg/ m3 and 5675 kg/m3 are used as the densities of zinc and 

zinc oxide, respectively. This method is used in the present work to account for the 

latent heat corresponding to the melting and evaporation in fusion zone and the 

keyhole formation in the FEM model. In addition, the laser energy input is equal to 

laserlaser Pη , where laserP  is the input laser power and laserη  is the efficiency of laser. 

The laserη  was considered as 0.9 since the zinc oxides can improve the coupling 

efficiency of laser power into the welded material by 2-3 times [243]. The arc heat 

deposited into the material is taken as arcarcUIη , where   arcη  is the efficiency of  arc 
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power, U is the voltage and arcI  is the arc current. Here, the arcη  is fixed to 0.7 in 

this study. 

 

6.4 Results and discussions 

6.4.1 Selection of the Characteristic Parameters of the Heat Source 

        As shown in Equation (1) and (2) there are four characteristic parameters i.e.a, 

b, c, f, which is needed to be determined for the moving double ellipsoidal heat 

source. The values of a,b,c,f in the Equation (1) and (2) can be different from each 

other because they are independent [234]. By trials, it was found that the shape 

profile and magnitude of the power density distribution profiles of the heat source 

are non-linearly changed by the variations of the characteristic parameters of the 

heat source. Small changes in these characteristic parameters will result in the 

significant changes in the profiles and magnitude of the power density distribution. 

Consequently, the transient temperature distribution profiles and peak temperatures 

during the welding process are changed. Therefore, it is very critical to select the 

values of the characteristic parameters of the heat source in order to accurately 

predict the temperature distribution profiles for hybrid laser-arc welding of 

galvanized steels in a gap-free lap joint configuration. 

      Physically, the values of characteristic parameters ,,, baa rf  and c are equal to 

the sizes of the molten zone in front, behind, to the side and underneath the heat 

source”, respectively [234]. Therefore, in the present work the dimensions of the 

characteristic parameters of the heat source were related to the dimensions of the 

real molten pool obtained under the different welding conditions. Some of the 
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values were linked to the size of the solidified weld bead. For instance, the width 

and depth of the cross-section of the weld bead were used to determine the width 

and depth of the heat source. The lengths of the front and rear quadrants of the heat 

source are calculated based on the molten pool size recorded by the high speed 

camera. Based on the experimental results, cbaa rf ,, ,  are selected to meet the real 

situation as the 1 mm, 4mm, 2mm, and 2.7 mm for the case of laser power of 3000 

W, GTAW arc current of 300 A and welding speed of 3 m/s, respectively. In order 

to keep the continuity of the volumetric heat source at the XOY plane, ff  , rf , fa , 

and ra  should be meet the relationships between them: )/(2 rfff aaaf +=  and 

)/(2 rfrr aaaf += [235]. Therefore, for 1=fa and 4=ra , here ff and rf  are 

equal to 0.6 and 1.4, respectively. 

   Figure 6.5 shows the temperature distribution profiles. As shown in Figure 6. 

5(a), the calculated shape of the molten pool in Figure 6.5 (a) obtained by the FEM 

model has a good agreement with the shape of the real molten pool, obtained by the 

CCD camera. However, as shown in Figure 6.5(b) only the very shallow of the 

penetration is obtained by the FEM model, which is not in accordance with the 

experimental achievement of full penetration in Figure 6.6 (c). Therefore, it is 

become very important and necessary to find a way to adapt the proposed double 

ellipsoidal heat source model in order to be able to model the deep penetration for 

the keyhole welding process. Figure 6.7 schematically shows the keyhole welding 

mode and conduction mode.   
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(a)                                                                  (b) 

  
(c)                                                                   (d) 

Figure 6.5 Temperature distribution profiles obtained by the numerical results 
(a) temperature profiles of top view in the numerical result (b) temperature 
profiles of cross-sectional view of the laser-welded fusion zone in the numerical 
result (c) temperature profiles of cross-sectional view of the arc-welded fusion 
zone in the numerical result (d) temperature profiles of the longitudinal view 
of hybrid laser-arc weld zone (Laser power: 3000 W; arc current: 300 A; 
welding speed: 50 mm/s; 1=fa , 4=ra , 2=b , 7.2=c , 6.0=ff , 4.1=rf ; t = 0.6 
s;) 
 
 

 
(a) 
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(b)                                                            (c) 

 
Figure 6.6 Experimental results obtained during the hybrid laser-arc welding 
process (a) top view of the welded lap joint (b) the real molten pool (c) the 
cross-sectional view of the lap joint  (Laser power: 3000 w; welding speed: 3.0 
m/min; GTAW preheating arc current: 300 A; distance between laser beam 
and GTAW torch: 15 mm) 

     
 

Figure 6.7 the schematic presentation of the conduction and keyhole welding 
modes 
 

    It is well-known that the deep penetration by laser is possible only if the power 

density is in excess of 26 /10 cmW  [244]. Furthermore, due to the function of the 

multiple reflection and Fresnel absorption of laser beam inside the keyhole most of 

laser beam energy can be coupled into the welded material compared to the 

conduction welding mode. As shown in the Figure 6.8 (a), it was clearly seen that 

the power density is immediately decreased to a very lower level along the weld 

penetration direction when using the present double ellipsoidal heat source. 

Therefore, it is conjectured that the reason for the failure of achieving the deep weld 
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penetration with the present double ellipsoidal heat source is that the power density 

distribution is not identical to the real situation and suitable for the deep penetration 

keyhole welding. This speculation is reasonable since there are different absorption 

and heat distribution mechanisms between the keyhole welding mode and the 

conduction welding mode. The reason for the high accuracy of the numerical results 

obtained by the present double ellipsoidal heat source model for the conduction 

welding mode is the fact that no heat flux is applied inside the welded materials and 

the energy is mainly delivered into the workpiece through the thermal conductivity. 

In contrast, there is the heat flux directly deposited inside the keyhole wall and 

delivered to the welded materials through the thermal conductivity when the 

welding process is conducted in the keyhole welding. Therefore, the conclusion can 

be made that the power density is not diminished in the way described by the 

present double ellipsoidal heat source model.  

   As a volume heat source, it can be imaged that for the constant volume 

increasing the power density distribution inside the double ellipsoidal volume will 

increases the temperature of the welded materials. There are two promising ways to 

achieve this goal: one is to linearly increase the input power in the double 

ellipsoidal heat source equation; another is to change the power density distribution 

inside the volume. From the numerical results, it was found that linear increasing 

the input laser power still fails to provide the deep penetration, as shown in Figure 

6.9. Moreover, the calculated molten pool sizes are larger than those dimensions of 

the molten pool corresponding to the real input power.  Therefore, it is not in 

accordance with the real situation. It was conjectured that the main problem of 
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using the double ellipsoidal heat source to model the deep penetration welding 

process comes from the sharp decrease of the power density distribution of heat 

deposited inside the volume along the weld penetration direction. Recently, Fabbro 

et al. [245] used a calibrated integrating sphere, which is placed directly under the 

metal sheet, to collect the laser light with the wavelength of mµ06.1  and 

experimentally measure the reflectivity of laser beam during laser full penetration 

welding of thin metal sheet at high welding speed. It was found that the reflection 

rate is in the range of 20-30%. Based on their results, therefore, it is reasonable for 

the hypothesis made above in this study. 

 From the above discussion, the moving double heat source works well for the 

welding processes with conduction mode such as GTAW, submerged arc welding. 

However, if this model of heat source is going to be applied on the simulation on 

the welding processes with the keyhole, then this model has to be modified. The 

proposed modification way is to change the power density distribution along the 

depth of weld. It is proposed to introduce the correction coefficient L, which should 

be less than 1. The correction coefficient L  (less than 1) is introduced to adjust the 

term of 2

2
3

c
y

e
−

 to 2

2
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e
−

  to reflect the power density distribution along the depth of 

the heat source volume. In practice, L  is a function of the shape and depth of the 

keyhole and the weld depth obtained from the experiments. It can be determined by 

the comparison of the experimentally measured profile and calculated profile of 

power density distribution which is similarly used by the other researcher [246]. 

The idea of experimentally determining the value of L  can be described as: firstly 

the power density at the specific point along the weld line at the bottom of 
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workpiece is measured by the power density profile measurement instrument; then 

the measured value is substituted into the power density distribution equation of the 

modified moving double ellipsoidal heat source to approximately obtain the value 

of L . Further study is needed to develop the relationship between the L  and 

different welding conditions by the experimental measurements. The deeper the 

keyhole and the weld depth, the smaller L is.  

   Figure 6.8 shows the effect of the value of L on the power density distribution 

along the depth of the weld (in the XOY plane). As shown in Figure 6.8, the 

introduction of coefficient L into the moving double ellipsoidal heat source will 

dramatically increases the magnitude of the power density distribution along the 

weld penetration direction, especially at the bottom part of the lap joint. The 

increase in the power density along the depth of weld will melt more material, 

which makes it possible to obtain the deeper weld penetration. In addition, Figure 

6.10 illustrates the effect of the coefficient L on the power density distribution at 

the ZOX planes with different Y values (this is along the depth of weld). The power 

density distribution in XOY plane is also increased by the introduction of 

coefficient L  (less than 1) into the double ellipsoidal heat source, as shown in 

Figure 6.10. When the values of Y is large than 0, the increasing rate of power 

density at ZOX plane is slightly increased, compared those in Figure 6.10 (a)-(b) 

and Figure 6.10 (d)-(e) . However, when the values of Y is less than 0, the 

increasing rate of power density at ZOX plane is dramatically increased, compared 

that in Fig. 6.10 (c) and Fig. 6.10 (f). The reason for this phenomenon is the 
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negative exponential distribution characteristic of the power density of the double 

ellipsoidal heat source. 

 

 

(a) 

 
(b) 
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(c) 

Figure 6.8 Effect of coefficient L on the power density distribution along the 
weld penetration direction (a) 1=L (b) 4.0=L  (c) 2.0=L  (laser power: 3000 
W; mma f 1= ; mmar 4= ; mmb 2= ; mmc 7.2= ; 6.0=ff ; 4.1=rf ) 
 

 
                               (a)                                                                   (b) 

Figure 6.9 Temperature distribution profiles with the laser power of 6000 W (a) 
top view (b) cross-sectional view 
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                                                                         (a) 
 

 
(b) 

 

 
                                                                     (c) 
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                                                                      (d) 

 
                                                                   (e) 

 
                                                                       (f) 
 
Figure 6.10 Effect of the L on the power density distribution on the ZOX plates 
with different Y values (a) mmYL 2.1,1 ==  (b) mmYL 0,1 == ; 
 (c) mmYL 5.1,1 −==  (d) mmYL 2.1,2.0 ==  (d) mmYL 0,2.0 == (f) 

mmYL 5.1,2.0 −==  (laser power: 3000 W; mma f 1= ; mmar 4= ; 
mmb 2= ; mmc 7.2= ; 6.0=ff ; 4.1=rf ) 
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    Figure 6.11 shows the temperature distribution profiles and the shape of the 

fusion zone and heat affected zone obtained by the application of modified moving 

double ellipsoidal heat source. As shown in Figure 6.11 (a), it can be seen that a 

long “nail” like molten pool is presented in the numerical simulation, similar to the 

shape of the real molten pool obtained by the high-speed CCD camera shown in 

Figure 6.6(b). The “nail” like shape of the molten pool is one of the significant 

features of the high speed keyhole welding.  The simulated full penetration weld 

shown in Figure 6.11 (b) is matching very well with the experimental result shown 

in Figure 6.6 (c).  The width of the numerical simulation fusion zone is 2.8 mm, 

which is a little less than that of the real fusion zone that is of 3.0 mm. A slight 

difference between the shapes of the real fusion zone with respect to the numerical 

counterpart was observed. These discrepancies between the experimental and 

numerical results is mainly attributed to the imprecise prediction of the 

thermophysical parameters of the DP steel used in this study and the absence of the 

thermal resistance between two plates. Figure 6.12 presents the isotherm 

temperature distribution profiles at the time of 0.6 s.  Figure 6.13 demonstrates the 

temperature history at the weld centerline point away from the welding beginning 

point of 30 mm. As shown in Figure 6.13, there are two peak temperatures. The 

value of temperature at peak A is produced by the leading arc. The temperature at 

the peak B is caused by the high energy density of the followed laser beam.  Figure 

6.14 shows the temperature histories of the numerical and the experimental results 

obtained by the thermalcouples at the point of 10 mm away from the center weld 

line and 30 mm away from the beginning point along the welding direction on the 
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upper surface of the welded sheet. As shown in Figure 6.14, the numerical peak 

temperature is 311 ˚C, which has a good agreement with the measured experimental 

peak temperature of 339˚C.  

 

 
(a)                                                              (b) 

 

 
(c)                                                               (d) 

 
Figure 6.11 Temperature distribution profiles obtained by the numerical 
results (a) temperature profiles of top view in the numerical result (b) 
temperature profiles of cross-sectional view of the laser-welded fusion zone in 
the numerical result (c) temperature profiles of cross-sectional view of the arc-
welded fusion zone in the numerical result (d) temperature profiles of the 
longitudinal view of hybrid laser-arc weld zone (Laser power: 3000 W; arc 
current: 300 A; welding speed: 50 
mm/s; 1=fa , 4=ra , 2=b , 7.2=c , 6.0=ff , 4.1=rf ; t = 0.6 s; 2.0=L ) 
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Figure 6.12 Temperature distribution profiles 
 

 
 

Figure 6.13 Temperature history at the center point (z=-30 mm, 
x=0mm,y=0mm) 
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Figure 6.14 Comparison of the numerical and experimental temperature 
histories measured at the specific point (in numerical calculation the time is 
just taken by 50 s) 

 

 

6.4.2 Effects of the Hybrid Laser-Arc Welding Parameters on the Temperature    
          Distribution Profiles 
 
       From the aforementioned discussion, it is evident that the modified moving 

double ellipsoidal heat source can be used to predict the transient temperature field 

profiles for the hybrid laser-arc welding of galvanized steels in a gap-free lap joint 

configuration. The modified double ellipsoidal heat source was further used to 

investigate the influences of the distance between the laser beam and the GTAW 

torch as well as the arc current on the temperature distribution profiles. various 

welding parameters In the following analyses in this welding, the 

fa , ra ,b , c , ff were set for the fixed welding conditions of laser power:3000 W;  to 

1mm, 4mm, 2mm, 2.7mm, and 0.6 mm, respectively.  
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6.4.2.1 Effect of Distance between Laser Beam and GTAW Preheating Torch 
 
       To investigate the effect of distance between the laser beam and the GTAW 

torch on the temperature distribution, the distance between laser beam and GTAW 

torch was varied from 5 mm to 15 mm at the increment of 5mm. Figure 6.15 shows 

the temperature distribution profiles at the top surface of the workpiece with the 

different distances.  Figure 6.16 depicts the peak temperatures as a function of the 

distance between laser beam and GTAW torch. As shown in Figure 6.16, the peak 

temperature is increased with the decrease in the distance between the laser beam 

and the GTAW torch.  At the 5mm distance, the laser beam and GTAW torch 

begins to share the common molten pool through the heat conductivity. 

Furthermore, it can be seen that the molten pool is elongated and widen at the 

distance of 5 mm, compared to those at the distance of 10mm and 15 mm. This can 

be explained by the fact that when decreasing the distance more heat from the laser 

beam and arc was deposited into the welded material through the thermal 

conductivity. It should be mentioned that the shorter distance between the laser 

beam and GTAW torch during hybrid laser-arc welding of galvanized steels in a 

gap-free lap joint configuration will lead to the instable interaction between laser 

beam and arc, which significantly influences the coupling of laser beam energy into 

the welded material and leads to the instable welding process that will decrease the 

weld depth [212]. In the present model, the influence of the instable interaction 

between laser beam and arc on the temperature distribution is neglected by taking 

distance of 15mm. 
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                                 (a)                                                                  (b) 

 
(c) 

 
Figure 6.15 Effect of the distance between laser beam and GTAW torch 
preheating (1) d = 5 mm (b) d =10 mm (c) d =15 mm (Laser power: 3000 W; 
arc current: 300 A; welding speed: 50 
mm/s; 1=fa ; 4=ra ; 2=b ; 7.2=c ; 6.0=ff ; 4.1=rf ; t = 0.6 s; 2.0=L ) 
 

 
 
Figure 6.16 Relationship between the peak temperature and the distance 
between laser beam and GTAW torch on the top surface at the time of 0.6 s 
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6.4.2.2 Effect of GTAW Arc Current  

   Figure 6.17 shows the temperature distribution profiles with different GTAW 

arc currents. The GTAW arc current is changed from 220A, 260 A and 300A.  It 

can be seen that the temperature distribution profiles just slight change with the 

increase of the arc current from 220 A to 300 A due to the high welding speed, but 

the peak temperature values are obviously different. Figure 6.18 shows the 

calculated peak temperature as a function of GTAW arc current. It can be seen that 

the highest peak temperature is at the GTAW arc current of 300 A. As shown in 

Figure 6.19, at the arc current of 220A and 260A no melting occurs and 

temperatures at the interface are relatively low. However, the increase in the arc 

current to 300 A results in the increase in the magnitude of the temperature 

distribution and a shallow molten pool is generated. The increased temperature and 

the formation of the shallow molten pool at the arc current of 300 A are obviously 

caused by the increased arc energy input to the welded material.  

    
(a)                                                            (b) 
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(c) 

 
Figure 6.17 Temperature distributions with various preheating arc current (a) 
220 A (b) 260 A (c) 300A; characteristic parameters of heat source: 

mma f 5.0= ; mmar 2= ; mmb 2= ; mmc 7.2= ; 6.0=ff ;and 4.1=rf ; 2.0=L ) 
 

 
 

Figure 6.18 Relationship between the peak temperature and the GTAW 
preheating arc current on the top surface at the time of 0.6 s 
 

 
(a)                                                              (b) 



 196

 
 (c) 

 
Figure 6.19 The temperature distribution profiles in the cross-sectional view 
with the arc current of (a) 220 A (b) 260 A (c) 300A; ( characteristic 
parameters of heat 
source: mma f 5.0= ; mmar 2= ; mmb 2= ; mmc 7.2= ; 6.0=ff ;and 

4.1=rf ; 2.0=L ) 
 
 
 
6.4.2.3 Effect of Welding Speed on the Temperature Distribution Profiles 
 

   Figure 6.20 presents the temperature distribution profiles with the welding 

speed of 40mm/s, 50mm/s, and 60mm/s, respectively. Figure 6.19 shows the 

calculated peak temperatures as a function of GTAW arc current. As shown in 

Figure 6.21, the peak temperature was decreased by the increase in the welding 

speed. The high peak temperature is obtained at the welding speed of 40 mm/s. It 

was also observed that the higher welding speed of 60 mm/s leads to the longer and 

narrower “nail” molten pool when compared to those obtained by the relatively 

lower welding speeds of 40mm/s and 50 mm/s. The main reason for this is that 

increasing the welding speed decreases the heat input of laser power into the welded 

materials. 
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(a)                                                                     (b) 

 

 
(c) 

 
Figure 6.20 Effect of welding speed on the temperature distribution profiles (a) 
v= 40 mm/s (b) v =50 mm/s (c) v= 60 mm/s (Laser power: 3000 W; arc current: 
300 A; d =15 mm; 1=fa ; 4=ra ; 2=b ; 7.2=c ; 6.1=ff ; 4.0=rf ; t = 0.6 s; 

2.0=L ) 
 

 
 
Figure 6.21 the relationship between the peak temperature and the welding 
speed on the top surface at the time of 0.6 s 
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6.5 Conclusions 
 

   The transient temperature distribution profiles during hybrid laser-arc welding 

process of galvanized steels in a gap-free lap joint configuration were calculated by 

the developed FEM model. A moving double ellipsoidal heat source was used in 

this present work. From the numerical results, the following conclusions can be 

made as follows: 

1. The numerical results are significantly sensitive to the selection of the 

characteristic parameters of the moving double ellipsoidal heat source. Any 

change of these characteristic parameters results in different numerical results 

in the fusion zone and heat affected zone (HAZ). 

2. The geometry of the molten pool can be precisely predicted by the FEM 

model. The calculated shape of the molten pool shows a good agreement with 

the experimental results. However, it is difficult to estimate the weld 

penetration depth by the double ellipsoidal heat source in the case of the 

keyhole welding process. 

3. The FEM using the modified moving double ellipsoidal heat source can not 

only precisely predict the shape of the molten pool but also estimates the 

depth of the weld penetration. This proposed moving heat source has 

promising potential application for deep penetration keyhole welding 

processes such as laser keyhole welding and the electron beam keyhole 

welding. 

4. For the deep keyhole welding process, the coefficient L (less than 1) is 

introduced in the moving heat source model to enhance the level of power 
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density distribution along the depth of the weld. The selection of L  is as a 

function of the obtained weld depth. In addition, the fraction of heat in the 

front of the molten pool is preferred to be less than 1 for the deep keyhole 

welding process. 

5. The “nail” shape of the molten pool is one of the characteristics of the deep 

keyhole welding process.  

6. Decreasing the distance between the laser beam and GTAW torch increases 

the peak temperature. At the distance of 5 mm, the laser beam and GTAW 

torch shares the common molten pool. In addition, decreasing the GTAW 

torch power decreases the peak temperature. Similarly, the peak temperature 

is decreased with the increase in the welding speed. 
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Chapter 7 

CONCLUSIONS AND FUTURE WORK 

 

7.1 Conclusions 

7.1 Summary and Conclusions- Feasibility Study of Welding of the Galvanized  
      DP 980 Steel   
 
7.1.1 The Lap Joint of Galvanized DP 980 Steel by the GTAW 
 
        The welding of galvanized dual-phase (DP) 980 steel in a gap-free 

configuration was conducted using the gas tungsten arc welding (GTAW) process.  

It was found that the (GTAW) welds are generally characterized by various kinds of 

weld defects such as spatters, blowholes, partial penetration, undercuts etc. 

Furthermore, with an increase in the arc current or traverse speed, humping was 

formed in the welds. Only in a very narrow range of welding parameters, can sound 

welds be achieved. However, a low welding speed can not meet the production rates 

accepted by the automotive industry.  

 
 
7.1.2 The Lap Joint of Galvanized DP 980 Steel by Laser Welding 
 
      As in the GTAW welding process, the high-pressurized zinc vapor is developed 

at the interface of two metal sheets during the laser welding process. As a result, a 

large amount of spatters and blowholes are observed in the laser welding. 

Increasing the laser power will increase the instability of the welding process and 
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more spatters are produced while maintaining the other welding parameters 

constant. The instable induced plume above the molten pool leads to a varied 

coupling of the laser beam energy into the specimens, which results in an 

inconsistent penetration depth of the welds. In addition, the introduction of the 

spacer along the interface of two metal sheets in order to vent out the zinc vapor 

does not create a sound weld. Furthermore, the entrapped air in the molten pool 

may result in the formation of porosity in the welds. Usually, the generated spatters 

tend to severely damage the optics of the laser welding head. 

 

7.1.3 The Lap Joint of Galvanized DP 980 Steel Using Hybrid Laser/GTAW  
         Welding 
 

   Welding of the galvanized DP 980 steel in gap-free lap joint configuration was 

also investigated with the hybrid laser/GTAW welding processes. The two heat 

sources are used to generate the common molten pool. During the welding process, 

the molten pool generated by the GTAW allows the laser beam to produce a 

keyhole and a portion of the high-pressurized zinc vapor will vent out through the 

keyhole. However, the interaction between the laser beam and arc plasma is 

significantly instable. Thus, the coupling of laser beam into the welded material is 

instable, which results in the nonstable keyhole. When the keyhole is collapsed, 

there is no channel for the zinc vapor to be vented out from the interface of two 

metal sheets. As a result, the zinc vapor trapped into the molten pool will eject a 

large volume of liquid metal. The ejected liquid metal droplets will condense in the 

air and will be deposited in or around the weld zone. The spatters severely damage 

the electrode tip and the optics of the laser welding head. Therefore, it is required to 
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reshape the tip of electrode frequently, which will result in higher welding costs. 

The porosity is observed at the weld surface as well as internally because of the 

entrapment of the air into the molten pool. In addition, the collapse of the keyhole is 

the other primary reason for the formation of porosities in the hybrid welds. 

Experimental investigation shows that with the increase of the distance between the 

laser beam and the electrode tip will improve the weld quality. Also, the increase in 

the arc current can stabilize the welding process. The variation in laser power does 

not have a significant effect on the stability of the welding process. 

 

 7.1.4 The Lap Joint of Galvanized DP 980 Steel Using the Hybrid Laser/GTAW                
          where GTAW is used as a Preheating Source 
 
        The hybrid laser/GTAW welding procedure where GTAW is used as a 

preheating source is developed to weld the galvanized DP980 steel in a gap-free lap 

joint configuration. The completely defect-free lap joints are achieved. The cross-

sectional view of the welds reveals that no porosity is present in the welds. Due to 

the separation of laser beam from the arc, the welding process is free from the 

influence of the zinc plume. Consequently, the coupling of laser beam energy is 

stable and the generated keyhole is kept open. 

        From the analysis of the treated surface by the GTAW by X-ray Photoelectron 

Spectroscopy (XPS), it is found that a thin layer of metal oxides are formed at the 

top surface of the worpiece during the GTAW preheating process. The produced 

metal oxides can dramatically improve the coupling of laser beam energy into the 

specimen. Therefore, the keyhole is readily formed during the hybrid laser/GATW 

where the GTAW torch is used as the preheating source. The high-pressurized zinc 
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vapor developed at the interface of two metal sheets is vent out through the keyhole, 

thus ensuring the stability of the welding process. The visualization of the welding 

process by using the high speed video camera indicates that a stable welding 

process mainly depends on the sustainability of the keyhole. Once the keyhole 

collapses, the welding process tends to be instable resulting in the weld defects. In 

addition, the XPS analysis results show that the zinc coating at the interface is 

partially oxidized, which also helps to stabilize the welding process due to its high 

melting point (around 1975 ˚C for zinc oxides). 

       The tensile shear test results show that a weld with high strength is obtained. In 

addition, the micro-hardness profiles of the welds have demonstrated that the heat 

affected zone (HAZ) is softened. Generally speaking, the majority of welds are 

fractured in the HAZ during the tensile shear test. 

 

7.1.5 The Lap Joint of Galvanized DP 980 Steel Using the Hybrid Laser- DCEP  
         VPGTAW where VPGTAW is used as a Preheating Source 
 
         The zinc coating at the top surface of the workpiece is removed during the 

DCEP VPGTAW preheating process. Similar to the hybrid laser-arc welding of 

galvanized steels with the separate molten pool, a thin layer of metal oxides is 

generated, which mainly consists of iron oxides. Additionally, the zinc coating 

along the weld zone at the interface of two metal sheets is transferred into the zinc 

oxides. The generated metal oxides at the top surface of the workpiece and the 

roughened surface drastically increase the coupling of the laser beam energy into 

the welded material. Under these circumstances, the keyhole is readily produced 

and is kept stable, which allows the highly-pressurized zinc vapor formed along the 
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interface of two metal sheets to be vented out. The sound lap joints have been 

obtained in a gap-free configuration. More importantly, the distance between the 

laser beam and GTAW torch was shorten by introducing the DCEP of 20% which 

will decrease the level of the needed preheating arc current of VPGTAW with 

respect to the needed arc current in the GTAW preheating process. 

 

7.2 Conclusions- Monitoring of Welding Process 

7.2.1 Monitoring the Formation of Weld Defects by Machine Vision 
 
        By applying the image processing algorithms to process the acquired images, 

the noises in the images can be suppressed and the clear images of the molten pool 

can be obtained. The formation of spatters and blowholes can be detected by the 

calculation of the length of the major axis. The analysis results reveal that the 

presence of gap between metal sheets will reduce the length of the major axis of the 

molten pool. Additionally, it was found that the preheating process can increase the 

length of the major axis of the molten pool 

 
 
7.2.2 Monitoring the Formation of Spatters by AE Technique 
 
       The acoustic emission (AE) signals are acquired in real time during the laser 

welding process. The Short Time Fourier Transform (STFT) signal processing 

technique is used to extract the features of the AE signals in the frequency domain. 

There are two distinct types of AE signals: continuous AE signals and spike-like 

signals. The continuous AE signals represent a stable welding process. However, 

the spike-like AE signals indicate the formation of spatters. The spatter-induced AE 
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signals have a higher power spectra compared to those associated with continuous 

AE signals and background noise. The spatter-related AE signals cover a wide 

frequency range domain. In this study, the frequency ranges of [2 kHz- 6 kHz] and 

[6.3 kHz – 7.6 kHz] are directly related to the spatter formation. 

 
 
7.2.3 Monitoring the Weld Modes and Stability of the Welding Process 
 
      The welding modes can be distinguished by the shape of the laser-induced 

plume. When the welding process is in the keyhole mode, the shape of the laser-

induced plume is usually in the shape of a column. When the welding process is 

shifted from the keyhole mode to the conduction mode, the laser-induced plasma 

has a diverging bright elliptical shape. In general, the shape and size of the plasma 

plume are changed temporally and spatially.  Furthermore, it is found that the 

plasma plume above the molten pool affects the stability of the welding process. 

The high speed CCD camera of up to 400 fps assisted with the green laser light of 

532 nm wavelength as an illumination source is used to monitor the stability of the 

welding process in real time. It is revealed that when the keyhole is open and stable, 

the high quality welds are achieved. Contrarily, a collapsed keyhole prevents the 

high-pressurized zinc vapor at the interface of two metal sheets to escape from the 

molten pool so that the welding process becomes instable and produces different 

weld defects. In addition, experimental results show that the plasma plume can be 

blown away from the molten pool by a side shielding gas jet. This technique will 

improve the coupling of the laser beam energy with the specimens; thus, achieving 

the deeper penetration.  
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7.3 Conclusions-Numerical Simulation of the Temperature Field for Hybrid 
Laser-Arc Welding of Galvanized Steels 
 
        A three-dimensional finite element model is developed to simulate the 

transient temperature field profiles for the hybrid laser-arc welding of galvanized 

steels in a gap-free lap joint configuration. Temperature-dependent thermophysical 

properties are applied in the model. Numerical results present the limitation of 

moving double ellipsoidal heat source in modeling of hybrid laser-arc deep keyhole 

welding process. The main reason for the failure of simulating the hybrid-arc deep 

keyhole welding process by applying the moving double ellipsoidal heat source 

distribution is attributed to the rather low power density distribution along the weld 

depth direction, which can not reflect the actual description of the energy 

distribution inside the keyhole. 

      To accurately model the temperature field profiles, a correction coefficient L  is 

introduced into the moving double ellipsoidal heat source. The welding experiments 

are carried out and temperature is measured to verify the modeling results. The 

geometry of fusion zone is accurately predicted.  There is an excellent agreement of 

the temperature field profiles between the numerical results and the experimental 

ones. The numerical results suggest that the modified moving double ellipsoidal 

heat source can be used in modeling of the other deep keyhole welding process such 

laser keyhole welding process and electron beam keyhole welding process. In 

addition, effects of different welding parameters on the temperature field profiles 

are also studied by using the modified moving double ellipsoidal heat source. 

 
 
 



 207

 
 
7.4 Future Studies 
 
7.4.1 Monitoring the Dynamic Behavior of the Zinc Coating by the Optical Sensor 
 
      The interaction between the laser-induced plasma and arc plasma is 

significantly instable and changes the coupling efficiency of the laser beam into the 

welded material when the laser beam and arc share a common molten pool. The 

behavior of the plasma is represented by its electron temperature and density, which 

can be determined by the Boltzmann plot method and Stark broadening effect.  

       The optical sensor such as a spectrometer can provide spectral content from the 

emitted light. A spectrometer will be used for real-time recording the light signal 

emitted from the welding process. The plasma plume’s electron temperature and 

density will be determined by using the measured Ar or Zn spectral lines.  Based on 

the values of the obtained electron densities, the plasma absorption coefficient can 

be determined. After the plasma absorption coefficient is obtained, the coupling 

efficiency of the laser beam energy into specimen can be determined. In addition, 

the emitted light signals can be used to monitor the weld defects, the welding modes, 

the stability of the welding process and the weld penetration. 

 
 
7.4.2 Investigate the Relationship between the Pressure Level of Zinc Vapor and  
        Temperature by Using the Infrared Pyrometer and Microphone 
 
      Until now, there is no study performed on the relationship between the pressure 

level of zinc vapor and temperature in the welding process of galvanized steels. The 

pressure level of zinc vapor can be measured by the microphone. The temperature 

profiles at the top surface can be measured with the infrared pyrometer or 
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thermocouples. By using the heat transfer model, the temperature distribution at the 

interface of two metal sheets can be derived. Through the value of the measured 

zinc vapor pressure level and the calculated temperature values, the relationship 

between pressure level of zinc vapor and temperature can be approximately 

developed. In addition, the stability of the welding process and welding mode can 

be quantitatively analyzed. 
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