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Abstract 

Hot cracking is a significant imperfection in laser welding of thin transformation induced 

plasticity (TRIP) steel sheets. This study aims to evaluate strategies to mitigate the hot 

cracking susceptibility through beam shaping, by performing free edge welding tests. 

TRIP steel sheets were welded with a laser beam with a constant laser power for various 

spot sizes and incident angles at different distances from the free edge. A high-speed 

camera and a welding camera are applied to film the behaviour of the plasma plume and 

the development of the molten fluid flow. Pre-attached thermocouples are utilized for in-

situ transient temperature measurements. The weld pool dimensions and microstructures 

of the fusion zones are characterized by optical microscopy and semi-quantitative 

elemental analysis is conducted by scanning electron microscopy and energy dispersive 

spectroscopy (SEM-EDS). Experiments showed that, as the heat input increases, the 

vaporization of material induces a recoil pressure and leads to keyhole formation, and the 

direction of maximum thermal gradient and the cooling rate determines the microstructure. 

At a fixed beam spot size and incident angle, an increased travel speed decreases the heat 

input, and results in a smaller bead width with less solidification shrinkage and thermal 

contraction. In the case of varying spot sizes with a fixed incident angle and travel speed, 

a small spot size of 0.2 mm refers to a high energy density, the concentrated beam creates 

an open keyhole that leads to energy loss, and the absorption rate of thermal energy is low. 

Such a condition generates a narrow bead width, which results in less shrinkage that 

mitigates the hot cracking susceptibility significantly. When the spot size increases, a 

wider bead is created that enhances the contraction and therefore higher tensile stresses, 

which causes the metal to be more prone to cracking. When the diameter of the spot 

increases to 1.2 mm, the thermal energy is so dispersed that the heat is not sufficient to 

evaporate significant amounts of metal and the operation mode switches from a keyhole 

mode to a conduction mode, which only partially penetrates the steel sheet. In the case of 

varying the incident angle with a fixed spot width and fixed travel speed, the inclined 

beam projects a prolonged elliptical impingement area and shifts the location of highest 

density according to the incident angle. A leading beam configuration, i.e. a small incident 

angle, acts as post-heating source of the molten liquid. For large incident angles of a 

trailing configuration, the beam impinges on the front wall of the keyhole and acts as a 

pre-heating source.  A prolonged elliptical heated area increases the time for the back 

feeding liquid to heal the gaps between the columnar grains growing into the fusion zone 

and suppresses the hot cracking susceptibility. If the incident angle becomes too small 

(45°), the consequence is similar to a too dispersed spot size, i.e. partial penetration of the 

sheet. A trailing configurated beam can reflect on the front keyhole wall and enhances 

absorption, but it generates turbulent flow. When the angle comes too large (135°), the 

process is not entirely stable. In conclusion, for producing defect-free welds in industrial 

applications, it is recommended to utilize a small spot size that corresponds to less 

solidification shrinkage. Furthermore, a leading configuration is preferred, but the incident 

angle should not be too low, in order to achieve full penetration. 
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Nomenclature 

Symbol Definition Unit 

𝐴 absorption rate / 

d beam spot diameter mm 

G temperature gradient  

𝐼 intensity of laser W/m2 

𝐼0 peak intensity of laser W/m2 

𝑘 extinction index / 

𝑛 refractive index / 

P laser power kW 

𝑄0 maximum heat flux Wm-3 

𝑄𝑣 heat flux at any place perpendicular to the z-axis Wm-3 

R solidification rate  

𝑟 distance from the central axis m 

𝑟𝑐 flux distribution parameter m 

𝑟𝑒 larger radii of the cone of the Gaussian beam m 

𝑟𝑖 smaller radii of the cone of the Gaussian beam m 

v travel speed mm/s 

𝑧𝑒 upper coordinate of the cone of the Gaussian beam m 

𝑧𝑖 lower coordinate of the cone of the Gaussian beam m 

𝛼 incident angle ° 

𝛾 surface tension coefficient  

𝜂 process efficiency / 

𝜆 wavelength of laser μm 

𝜎 
the width where the intensity 𝐼 equals to 

1

𝑒2 times of the 

peak intensity 𝐼0 
 

   

Abbreviation Definition 

AHSS Advanced High Strength 

BTR Brittle Temperature Range 

EDS Energy Dispersive Spectroscopy 

HAZ Heat Affected Zone 

HSS High Strength Steel 

NDT Non-Destructive Test 

Nd:YAG Neodymium-Doped Yttrium Aluminum Garnet 

SEM Scanning Electron Microscope 

TRIP Transformation Induced Plasticity 
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1 Introduction 

High strength steels (HSS) and advanced high strength steels (AHSS) are extensively 

utilized in various sectors including architecture, automotive, and aerospace structures 

(Ban & Shi, 2018) (Xinhua News, 2024), attribute to the high strength and ductility (Ban 

& Shi, 2018). However, hot cracking is a significant imperfection in laser welding of thin 

high strength steel sheets (Farid & Molian, 2000) (Kannengießer & Böllinghaus, 2014). 

Hot cracks are often challenging to detect through non-destructive tests (NDTs), pose risks 

of progressing into macro cracks, thereby compromising structural integrity and safety 

(Kannengießer & Böllinghaus, 2014), and may exacerbate the corrosion behaviour of 

welded components (Schobbert, Böllinghaus, & Wolf, 2003) (Stelling, et al., 2005). 

During a thermal cycle of laser welding, the cooling rate of metals after welding can 

exceed 1×105 K/s (Chande & Mazumder, 1984), and the cooling times is commonly in 

tens of milliseconds (Fotovvati, Wayne, Lewis, & Asadi, 2018). Additionally, in the 

mushy zone where the liquid and solid coexists, the solidification shrinkage, thermal 

contraction of the dendritic grains, as well as the surrounding restraint, accumulates strains 

in the liquid films at the trailing end of the weld pool, which increases the hot cracking 

susceptibility (Kou, Welding metallurgy, 2003) (Agarwal, 2019). 

The occurrence of hot cracking is driven under complex interactions among the factors 

involving thermal, metallurgical, and mechanical aspects, influencing the restraint and the 

solidifying microstructure of the welded materials (Cross, 2005). In the metallurgical 

aspect, Pumphrey introduced the shrinkage-brittleness theory, stating that the ductility of 

the weld metal is low within a brittle temperature range (BTR) between the solidus and 

coherency temperature (Pumphrey, 1948), at which the solidifying dendrites form a rigid 

network and transmit stresses (Rappaz & Dantzig, 2009). Feurer described that if the rate 

of the residual liquid drawing back through the dendritic network by capillary flow is 

lower than the shrinkage rate, solidification cracks will occur (Feurer, 1977) (Manitsas & 

Anderson, 2018) (Lippold, 2015). Based on Feurer’s criterion, Rappaz assumed that the 

thermal strain is limited to the coherent dendrite region and cracks initiate in the thin film 

region ahead of the coherent dendrite network (Rappaz, Drezet, & Gremaud, 1999). Kou 

proposed a model focusing on the grain boundaries and the liquid between the grains and 

assumed voids that initiate cracks, being formed when the net expansion of the 

intergranular space exceeds the liquid feeding (Kou, 2015). Regarding the mechanical 

factors that involve strain and stress conditions, as well as restraints in the microstructure, 

Pellini elucidated that if the tensile strain of an intergranular liquid film exceeds a critical 

value, the liquid film ruptures and leads to the occurrence of cracking. The amount of 

strain is determined by the time the liquid film persists, affected by the solidification range 

and the cooling rate during welding (Pellini, 1952) (Böllinghaus & Herold, 2005) 

(Agarwal, 2019). Prokhorov stated that the ductility of the mushy zone decreases during 

solidification in the BTR (Prokhorov, 1956) (Agarwal, 2019) (Wall & Benoit, 2023). In 
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order to forecast the maximum tolerable strain, both Prokhorov and Senda et al. 

established a ductility model, of which the maximum strain is where the rate of change of 

strain with temperature intercepts the brittle temperature range determined by the solidus 

and liquidus temperatures (Prokhorov, 1956) (Senda, Matsuda, & Takano, 1973). In 

respect to the stress condition, Fisher concluded that simultaneous nucleation of many fine 

pores will take place once the liquid is exposed to a sufficiently large negative pressure, 

referring as liquid rupture, and proposed equations to calculate the threshold fracture 

pressure for homogeneous pore nucleation (Fisher, 1948). Chihoski studied the stress 

condition following a moving weld pool and analyzed the mechanism of how the welding 

parameters vary the tensile or compressive stress in the trailing region of the welding pool 

(Chihoski, 1972). Through Sigmajig tests, Zacharia found the solidification cracking 

occurs if a tensile stress field exerts on the trailing end of the mushy zone (Zacharia, 1994), 

and maintaining the mushy zone in a compressive stress field can hinder the formation of 

solidification cracking (Coniglio & Cross, 2020). 

This study focuses on the mitigation of hot cracking during laser welding. Laser welding 

is a joining method widely applied in the fabrication of metal, offering the advantages 

such as high travel speeds, low thermal distortion, and its potential of automatic 

processing ensures high precision and consistent weld quality (Ismail, Okamoto, Okada, 

& Uno, 2011) (Spina, Tricarico, Basile, & Sibillano, 2007) (Belhadj, Bessrour, Masse, 

Bouhafs, & Barrallier, 2010) (Kirchhoff, 2013) (Chen, Ackerson, & Molian, 2009) 

(Alvarez, et al., 2019) (Zhang, et al., 2021) (Keivanloo, Naffakh-Moosavy, & Miresmaeili, 

2021) (Vâlsan, Bolocan, Burcă, & Crăciunescu, 2023) (Farid & Molian, 2000). 

During the laser welding process, which commonly utilizes a Nd:YAG, CO2 or fiber laser, 

a light source supplies sufficient thermal energy onto a small area to melt and fuse the 

material. For a typical Gaussian beam, the intensity distribution of intensity can be 

described by (eq.1) (Trapp, Rubenchik, Guss, & Matthews, 2017): 

𝐼 = 𝐼0 exp (−
2𝑟2

𝜎2
) (𝑒𝑞. 1) 

In this equation, 𝑟 is the distance to the central axis, and 𝜎 is the width where the intensity 

equals to 
1

𝑒2 times of the peak intensity 𝐼0. 

The power density of a Gaussian beam follows the distribution described by (eq.2) 

(Muhammad, Daniel, Jean-François, & Dominique, 2010): 

𝑄𝑣 = 𝑄0 exp (−
3𝑟2

𝑟𝑐
2

) (𝑒𝑞. 2) 

in which 𝑄𝑣 is the total volumetric heat flux in Wm-3, 𝑟𝑐 is the flux distribution parameter 

for the cone as a function of z direction. 𝑟 represents the distance to the central axis, 

calculated by (eq.3). 

𝑟 = √𝑥2 + 𝑦2 (𝑒𝑞. 3) 

𝑄0 is the maximum heat flux, which can be derived from the thermal energy conservation 

rule in (eq.4), 
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𝜂𝑃 = ∫ ∫ ∫ 𝑄0 exp (−
3𝑟2

𝑟𝑐
2

) 𝑟𝑑𝑟𝑑𝜃𝑑ℎ 
𝑟𝑐

0

2𝜋

0

𝑧𝑒

𝑧𝑖

(𝑒𝑞. 4) 

in which 𝜂 is the process efficiency, 𝑟𝑐 represents the flux distribution parameter of the 

cone as a function of the depth, calculated in (eq.5), 

𝑟𝑐 =
𝑟𝑖(𝑟𝑒 − 𝑟𝑖)(𝑧 − 𝑧𝑖)

𝑧𝑒 − 𝑧𝑖
 (𝑒𝑞. 5) 

in which 𝑧𝑒 is the upper z-coordinate and 𝑧𝑖 is the lower z-coordinate of the cone, 𝑟𝑒 is the 

lager radius of the cone, and 𝑟𝑖 is the smaller radius of the cone. 

The interaction between the laser beam and the steel sheet includes reflection, 

transmission, scattering and absorption. The absorption process transfers the laser power 

into thermal energy and heats up the material and affects the quality of welding. As an 

example, the increase of absorptivity contributes to localized heating and increases the 

efficiency of energy utilization and affects the thermal gradient across the weld zone that 

dominates the fluid flow dynamics and the solidification behaviour (Liao & Yu, 2007) 

(Xie, Kar, Rothenflue, & Latham, 1997) (Mahrle & Beyer, 2009) (Ren, Zhang, Fu, Jiang, 

& Zhao, 2021) (Yang, Bauereiß, Markl, & Körner, 2021). For a certain material and a 

certain incident angle of the laser beam, the absorptivity can be calculated by (eq.6) 

(Dausinger & Shen, 1993). 

𝐴 =
1

2
(

4𝑛𝑠𝑖𝑛(𝛼)

(𝑛2 + 𝑘2)sin2(𝛼) + 2𝑛𝑠𝑖𝑛(𝛼) + 1
+

4𝑛𝑠𝑖𝑛(𝛼)

𝑛2 + 𝑘2 + 2𝑛𝑠𝑖𝑛(𝛼) + sin2(𝛼)
) (𝑒𝑞. 6) 

The first term in this equation represents the polarization parallel to α, and the latter term 

representing the polarization orthogonal to 𝛼. The incident angle 𝛼 is defined as the angle 

between the beam and the welding direction at the upper surface of the sheet, as displayed 

in Fig. 2.2. 𝑛 is the refraction index and 𝑘 is the extinction index such that in the case of 

a metal at a wavelength 𝜆𝑙 ≥ 0.5 μm, 𝑛 and 𝑘 follows the relation: 

𝑛2 + 𝑘2 ≥ 1 (𝑒𝑞. 7) 

Hence, as Fig. 1.1 shows, when the incident angle tilts away from 90°, the absorption rate 

will first slightly increase, then drop to 0 when the beam becomes parallel to the welding 

specimen. The angle where the maximum absorption rate is reached depends on the 𝑛 land 

𝑘 value of the specific material. 
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Fig. 1.1. Absorption rate of iron as a function of incident angle in the unit of radius, the 

wavelength of the incident beam is 1.030 μm. Data retrieved from (Johnson & Christy, 

1974). 

 

According to the thermal energy on the welding site, the process can operate in two main 

modes: keyhole mode and conduction mode. As illustrated in Fig. 1.2 (a), in the case 

where the energy density is not sufficient to create a keyhole, the conduction of heat from 

the top surface to the inner part creates a weld pool, resulting in partial penetration. Such 

an operation mode is called conduction mode (Agarwal, 2019). As Fig. 1.2 (c) shows, 

when the energy density is sufficient to surpass the melting point and vaporize the material, 

the exerting recoil pressure on the surface of the melt pool causes the depression through 

the thickness, a keyhole is created (Trapp, Rubenchik, Guss, & Matthews, 2017) (Agarwal, 

2019). Such a configuration enhances laser energy absorption, (Trapp, Rubenchik, Guss, 

& Matthews, 2017) as the laser beam is also able to reflect inside the keyhole (Liao & Yu, 

2007) which benefits weld pool penetration (Lancaster, 1984) (Luo, et al., 2019). 

Furthermore, a transition mode shown in Fig. (b) exists when the energy density is 

increased in between the conduction mode and the keyhole mode. A shallow penetration 

is obtained by a keyhole, of which the ratio between the depth and width is around 1 

(Kripalani & Jain, 2021). 
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Fig. 1.2. Graphic illustration of (a) conduction mode, (b) transition mode (c) typical 

keyhole mode, T represents the temperature. Retrieved from (Miyamoto, 2013). 

 

Since the solid material is melted during laser welding, complex flow fields are generated 

within the weld pool. The Marangoni effect is a key factor with radial symmetry (Fuhrich, 

Berger, & Hügel, 2001). Marangoni flows are driven by surface tension. If the coefficient 

of surface tension 𝛾(𝑟) reaches the maximum in the centerline as shown in Fig. 1.3 (a), 

the surface flow is driven towards the middle of the weld pool and flows to the bottom, 

then moves to the surface along the bottom of the weld pool. This flow transfers the heat 

to the bottom of the weld pool through convection, which enhances the melting and 

generates deeper weld pools (Fuhrich, Berger, & Hügel, 2001). If the coefficient of surface 

reaches a minimum at the centerline as shown in Fig. 1.3 (b), the surface fluid flows 

towards the outer boundaries, and the consequential convection transfers heat to the outer 

boundaries (Fuhrich, Berger, & Hügel, 2001). 
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Fig. 1.3. Schematic view of Marangoni flow developed in the weld pool when (a) 𝛾(𝑟) 

reaches maximum in the centerline, (b) 𝛾(𝑟)  reaches minimum in the centerline. 

Reproduced from (Fuhrich, Berger, & Hügel, 2001) 

 

The conditions of the welding process and the material properties dominate the post-

welding microstructure of the welding zone, and the consequential morphology of the 

grains has a significant impact on the hot cracking susceptibility of the metal sheets. If 

these conditions result in finer grains, more grain boundaries are present, and the strain is 

partitioned over these grain boundaries causing a reduction in local strain. This prevents 

the liquid films present from rupturing (Böllinghaus & Herold, 2005) (Pellini, 1952). 

During the solidification process two metallurgical parameters, the thermal gradient (G) 

and the solidification rate (R) which describes the growing speed of the solid-liquid 

interface are the two key factors that affect the grain morphology (Schempp, et al., 2014). 

At a typical solidification condition, the value of G ranges from 100 to 1000 K·m-1 (Kou, 

Welding metallurgy, 2003). Throughout the solidification process, R increases from the 

initial stage when the solidification starts at the fusion zone boundary to the final stage at 

the centerline whereas G decreases. As shown in Fig. 1.4, G/R determines the grain 

morphology, and G×R, that reflects the cooling rate, determines the grain size (Lei, et al., 

2023). As the ratio of G/R decreases, the grain morphology transforms from planar to 

cellular, then to columnar, and eventually to equiaxed (Schempp, et al., 2014). In addition, 

a higher G×R value that indicates a higher cooling rate corresponds to a fine 

microstructure, while a lower G×R value corresponds to a coarser structure (Lei, et al., 

2023). 
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Fig. 1.4. Influence of the factors G and R on grain morphology. Retrieved from (Lei, et 

al., 2023). 

 

In order to mitigate the hot cracking susceptibility during laser welding, various studies 

proposed different treatments in order to interfere with the conditions that cause hot 

cracking.  Grain size reduction reduced the strain partitioned per grain boundary, 

preventing the rupture of liquid films present between the grains (Böllinghaus & Herold, 

2005) (Pellini, 1952). To realize this, Yao et al. introduced external ultrasonic vibration 

to generate cavitation bubbles that aids grain refinement, as well the consequential thermal 

mixing decreases the temperature gradient, promoting the formation of equiaxed grains 

(Yao, Wang, Chen, Sui, & Yao, 2022). Li et al. utilized an oscillating beam for laser 

welding and found the grains are refined due to a lower thermal gradient and less stress 

concentration (Li, Mi, & Wang, 2020). In the aspect of monitoring the local temperature 

gradient, Schaefer et al. studied the adjustment method of a sinusoidal laser and found that 

a larger difference between the amplitude and the average power generates shorter 

cumulated cracks (Schaefer M. , Kessler, Scheible, & Graf, 2017). It is also found that 

increasing the frequency between two adjacent power peaks acts as a pre- and pos-welding 

treatment, that contributes to the liquid back filling process which could heal the cracks 

(Pakniat, Ghanini, & Torkamany, 2016). Schaefer et al. added a trailing low power laser 

spot following the original spot that extends the solidification time (Schaefer M. , Kessler, 

Scheible, Speker, & Harrer, 2017). Bertrand et al. examined the effect of the shape of the 

pulse when applying a pulsed laser beam on metal (Bertrand & Poulon-Quintin, 2015). 

Bertrand et al. stated that the alloys with lower reflectivity are more prone to the input 

energy with a steep slope, and slowly rising input energy is more preferrable for alloys 

with higher reflectivity (Bertrand & Poulon-Quintin, 2015). In regard of the elemental and 

microstructural aspect on hot cracking, Shih (Shih, 2013), Wang et al. (Wang J. , et al., 
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2022) studied the relation between different elements and hot cracking. Kim et al. 

highlighted the significance of microstructure modulation in mitigating hot cracking 

tendencies (Kim & Nam, 1996). 

For providing qualified or quantified measurements of the hot cracking susceptibility of 

the materials during welding, various test methods have been developed. These test 

methods can be categorized into intrinsic and extrinsic tests (Wall & Benoit, 2023). 

Intrinsic tests provide qualified results by utilizing simpler and capable testing facilities 

to, which is less expensive (Wall & Benoit, 2023) (Kannengießer & Böllinghaus, 2014). 

Extrinsic tests measure with controllable external loads exerting on the specimens, which 

are generally more expensive and of higher complexity, but ensuring the ability to quantify 

the hot cracking susceptibility (Wall & Benoit, 2023). Free edges tests are applied in this 

study, which will be detailed in Chapter 2. 

Among the strategies for mitigating the hot cracking susceptibility, the field of beam 

shaping still lacks investigation. This study focuses on exploring the effect of varying 

different welding conditions, including controlling the welding speed to vary the heat 

input, adjusting the beam spot diameter by defocusing and changing the incident angle of 

the beams by tilting the laser head for welding TRIP steel sheets. High-speed camera and 

welding cameras are applied to film the welding behavior of plumes and fluid flows to 

reveal the keyhole and fluid behavior during welding processes. Thermal couples are also 

attached to the samples during welding to record the transverse temperature data and 

provide information of thermal fields. The characterization macrostructures and elemental 

analysis are conducted by optical microscope and SEM-EDS technique. A free-edge 

welding test is utilized to quantify the resulting hot cracking susceptibility, in order to 

make comparisons and summarize proper strategies for providing crack-free TRIP steel 

sheets.  
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2 Experimental 

For the purpose of characterizing the hot cracking susceptibility, the free edge test, as an 

intrinsic test that makes use of self-restraint, is selected for the experimental work (Wall 

& Benoit, 2023). 

During free edge tests, the laser beam moves at a certain distance parallel to the free edge 

while the other edge is clamped, as shown in Fig. 2.1. The transverse restraint stress 

increases as the amount of the material around the welding line increases, i.e., with 

increasing distance from the free edge. The local heat source creates a melt pool and 

thermal gradients in the welded sample. The low temperature regions exert restraint on 

the elevated temperature region and hinder the shrinkage of the metal in the welding seam, 

which generates transverse tensile stresses (Wang D. , et al., 2024). The restraint is 

constantly dictated by the distance of the welding beam from the edge and increases as 

the beam is positioned further away from the edge. Because of the consistent restraint 

condition, a hot crack will propagate through the width of the sample once it is generated, 

which is convenient to observe. At a certain critical distance where the difference between 

the restraint stress and the shrinkage tensile stress is lower than the critical cracking stress, 

no hot cracking of the samples will occur (Wang D. , et al., 2024) (Coniglio & Cross, 

Towards Establishment of Weldability Testing Standards for Solidification Cracking, 

2016) (Agarwal, 2019). Hence, the occurrence of the crack generated by the laser welding 

process can be regarded as an intuitive parameter to characterize the hot cracking 

susceptibility (Kannengießer & Böllinghaus, 2014). Additionally, to discover the thermal 

behavior under different welding conditions, three groups of thermocouples are attached 

to the steel sheet 1mm, 2mm, and 3mm from the centerline towards the clamped edge to 

conduct in-situ temperature measurements. The diameter of a K-type thermocouple is 0.25 

mm and is placed 10 mm from the entrance of the plate, as shwon in Fig. 2.1 (b). 

 
Fig. 2.1. Schematic of the experimental arrangement of a free edge welding test. 

 

Laser beam is employed on rectangular Al-Rich TRIP sheets provided by TATA Steel 

Europe with dimension 90 × 45mm2 and a thickness of 1.5 mm. The steel sheets are coated 
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with a zinc layer. The chemical composition of the Al-rich TRIP steel used in the 

experiments is listed in Table 2.1. 

As a type of AHSS, TRIP steel enhances its strength and ductility by utilizing 

transformation induced plasticity effect, in which the retained austenite within the ferrite 

matrices transforms into martensite when undergoing plastic deformation and strain is 

applied (Soleimani, Kalhor, & Mirzadeh, 2020) (Liu, He, & Huang, 2018) (Jacques, 2004) 

(Timokhina, Hodgson, & Pereloma, 2004) (Ficher, et al., 2000). 

It is worth noticing that the carbon (Z=6) content, which is added for stabilizing the 

austenite (Soleimani, Kalhor, & Mirzadeh, 2020), is not detected because it produces X-

ray in longer wavelength which is easier to be trapped in the material, and it is also difficult 

to distinguish this signal from that arising from the surface contamination (Konopka, 

2013). In the production of TRIP steels, the addition of Si and Al can inhibit the formation 

of carbides and cementite and benefits the carbon enrichment in austenite, and promote 

the formation of ferrite and bainite (Takahashi & Bhadeshia, 1991) (Jacques, 2004) 

(Jacques, et al., 2001) (Girault, et al., 2001). Mn increases the ductility and impact energy 

at low temperature (Lee, et al., 2014) and stabilizes the austenite (Sugimoto, Usui, 

Kobayashi, & Hashimoto, 1992) (Baik, Kim, Jin, & Kwon, 2001). 

 

Table 2.1. Semi-quantitative elemental composition of the TRIP steel sample analyzed by 

scanning electron microscopy and energy dispersive X-ray spectroscopy (SEM-EDS).  

Element Fe Al Si Mn 

Composition (wt.%) 96.905±0.13 0.690±0.02 0.265±0.02 2.135±0.04 

 

For the welding experiments, a Trumpth Nd: YAG TruDisk laser with a wavelength of 

1030 nm, a full focusing angle of 6.1°, a Rayleigh length of 2.813 mm, and focal distance 

of 223 mm is used. The waist width 𝑤0 of the generated Gaussian beam is 0.2 mm, and it 

is selected as the narrowest beam spot diameter for the experiments. By defocusing the 

beam spot size can be increased. In the experiments the laser head is stationary, and the 

workpiece is moved underneath. 

To investigate the effect of the shape of the laser beam on hot cracking susceptibility, 

three welding parameters are studied, i.e. the travel speed of the beam, the spot diameter 

and the incident angle of the beam. Table 2.2 lists parameters employed. 

The laser power is 𝑃 maintained at 4 kW for all experiments, including the distance from 

free edge 13 mm to observe the appearance of typical welds, and the distance of 10 mm 

when measuring the transverse temperature. In the table the calculated heat input is added, 

defined by dividing the input power by the spot area, assuming a process efficiency 𝜂 of 

1. 

Based on the experiments with an incident angle of 90° with varying spot sizes it was 

decided to continue the experimental work on the variation of the incident angle with a 

spot diameter of 0.6 mm. The laser head is first tilted within the plane parallel to the 

welding direction where the tilting angle is defined as shown in Fig. 2.2. and Fig. 2.3. The 
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duration of the welding process of the sheet size indicated is 1.184 s, 1.125 s and 0.844 s, 

corresponding to the travel speed of 32 mm/s, 40 mm/s and 53.33 mm/s. 

 
Fig. 2.2. Schematic of experimental arrangement. 

 
Fig. 2.3. Schematic of the test arrangement regarding to different incident angles. 

 

Table 2.2. Diameter of beam spots and incident angles selected for free edge tests and the 

corresponding areas of beam spots, welding travel speed and heat input, maintaining a 

laser power of 4 kW and a wavelength of 1030 nm. 

No. 
Spot Diameter 

(d) (mm) 

Incident 

Angle (α) (°) 

Welding 

Speed (v) 

(mm/s) 

Spot Area 

(A) (mm2) 

Heat 

Input 

(J/mm) 

1 0.2 90 40 0.031 100 

2 

0.6 

90 

32 

0.283 

125 

3 40 100 

4 53.33 75 

5 60 40 
0.330 

100 

6 120 40 100 

7 45 40 
0.377 

100 

8 135 40 100 

9 1.2 90 40 1.131 100 
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For observing the interaction between the laser and the steel sheet, the motion of the 

welding process is filmed by a Phantom® MIRO M310 high speed camera from the free 

edge side, with an exposure time of 36 μs and a frame rate (FPS) of 400 Hz. To observe 

the condition of the keyhole and the solidification behavior of the mushy zone, a Cavitar® 

VCXG-15M camera is fixed to the laser head to record the motion around the keyhole at 

an FPS of 100 Hz. A hairdryer is placed near the laser spot to blow away the vapor and 

dust that hinder observations, as depicted in Fig. 2.4. 

 
Fig. 2.4. The experimental setup when observing by (a) Phantom® MIRO M310 high 

speed camera, (b) Cavitar® camera. 

 

The welded samples are ground, polished and then etched in 2% Nital composed of 2% 

concentrated nitric acid and 98% ethanol (De, Speer, & Matlock, 2003) and LePera 

etchant, which is composed of 1% sodium metabisulfite aqueous solution and 4% picric 

acid ethyl alcohol solution in 1:1 ratio (LePera, 1979). 

A KEYENCE® VHX-7000 digital microscope is used to characterize the microstructure, 

and a JEOL JEM-IT-100 SEM is applied for providing EDS analysis under 20.0 kV 

acceleration voltage to give information about the semi-quantitative elemental 

composition of the samples. 

The measurement of the top and bottom width are performed by stitching the bead with 

optical microscope and calculating the average fusion zone widths from 10 randomly 

selected sites, as shown in Fig. 2.5. The range of the fusion zone is determined within the 

outer boundaries of the undercut, and the length of the weld pool is measured as the length 

of the depressed region located at the end of the bead. 

The measurement method of the waist, defined as the narrowest width of the fusion zone 

in the cross section, and the surface-to-waist distance is defined as the distance from the 

top surface to the plane where the waist is located are shown in Fig. 2.6. 

 
Fig. 2.5. Measurement of the width of the top surface of the bead welded by a welding 

process with a 4 kW Nd: YAG laser beam with a 1030 nm wavelength, a beam spot 

diameter of 0.6 mm, an incident angle of 90° and a travel speed of 53.33 mm/s. 
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Fig. 2.6. Measurement of the waist width and surface-to-waist distance of the fusion zone 

welded by a welding process with a 4 kW Nd: YAG laser beam with a 1030 nm 

wavelength, a beam spot diameter of 0.2 mm, an incident angle of 90° and a travel speed 

of 40 mm/s. The top and bottom width is not adopted because the values are already 

measured by the method shown in Fig. 2.5. 
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3 Results 

In this chapter, the effect of the processing parameters on the bead dimensions and the 

behavior of the melt pool during welding are characterized by utilizing high speed cameras 

and digital microscopes, and the hot cracking susceptibility is then qualified by free-edge 

welding tests. 

3.1 Impact of Welding Speed 

The speed of a welding process dominates the heat input and affects thermal behavior 

such as the cooling rate and thermal gradient. It also affects the geometry of the weld 

pool and leads to different impacts on hot cracking susceptibility which is material 

dependent (Zhang, et al., 2021) (Keivanloo, Naffakh-Moosavy, & Miresmaeili, 2021) 

(Zhu, Liu, Gou, Gao, & Chen, 2021) (Wang D. , et al., 2024). As listed in Table 3.1, 

the tests investigating the effect of different travel speeds involved three values: 32.00, 

40.00 and 53.33 mm/s, corresponding to a heat input of 75, 100 and 125 J/mm, 

respectively. According to Johnson et al., the absorption rate of iron for an incident 

angle α=90° and a wavelength 𝜆=1030 nm is 0.38179 (Johnson & Christy, 1974). 

 

Table 3.1. and Figs. 3.1-3.3. Welding appearance of beads and melt pool generated by 

a 4 kW Nd: YAG laser with 1030 nm wavelength, an incident angle of 90° and a spot 

diameter of 0.6 mm for different travel speeds. The scale bar represents for 1 mm. 

Welding 

Speed 

(mm/s) 

Heat Input 

(J/mm) 
Weld Appearance 

32.00 125 
 

40.00 100 
 

53.33 75 
 

 

The profiles of the bead widths together with standard deviations are plotted in Fig. 

3.4. As the travel speed increases and the heat input decreases, the bead becomes 

narrower as less metal is molten by the reduced heat per unit length of weld. In 

addition, the standard deviation of the width also decreases as travel speed increases, 

indicating that an elevated heat input, i.e. lower travel speed, causes a more 

perturbated turbulence in the fluid flow. 
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Fig. 3.4. Width of the weld beads generated as a function of travel speeds for a 4 kW 

Nd: YAG laser with 1030 nm wavelength, a spot diameter of 0.6 mm and an incident 

angle of 90°. 

 

The still frames, displayed in Fig t4. (a)-(c), reflect the welding progress for different 

heat input by welding with different travel speeds. When the heat input increases, most 

of the plume tends to be prone to exit from the bottom surface since more heat is 

delivered to the bottom of the melt pool and aids melting the metal at the bottom. 

Hence, in the case when the amount of plume ejecting from the top, the absorption of 

laser power induced by the plasma clouds will also reduce the effective power 

delivered to the top surface and lower the surface power density. 

As illustrated in Fig. 3.5 (d)-(f) and Fig. 3.6, all laser beams for the three travel speeds 

create catenoid keyholes, and the geometrical dimensions of the keyhole increase as 

heat input increases, as the metal absorbs more heat and melts. The line occurred in 

the middle of Fig. 3.5(e) is inferred to be the segregation line during fabrication of the 

TRIP sheet. 

It is also seen from Fig. 3.6 (b) that, as the travel speed is increased to 53.33 mm/s, 

the ejection angle of the plume slightly tilted to 87°, however, a 3° tilting does not 

reduce laser beam absorption by the plume significantly and therefore does not extend 

the melt pool length. The longest melt pool length is 7.56 mm, generated when v 

equals 32 mm/s, in this case, the heat input is 125 J/mm, and the solidification time is 

extended. 



 
 
 

28 
 

 

 
Fig. 3.5. Still images during the welding process showing the plasma plume ejection 

with a travel speed v of (a) 32.00 mm/s, (b) 40.00 mm/s, (c) 53.33 mm/s and the 

corresponding cross section microstructure when v equals to (d) 32.00 mm/s, (e) 40.00 

mm/s, (f) 53.33 mm/s for a 4 kW Nd: YAG laser with 1030 nm wavelength, a 0.6 

beam spot size, and an incident angle of 90°. 

 
Fig. 3.6. (a) Geometrical parameters of the cross section of the bead, (b) Length of the 

melt pool and the plume ejection angle as a function of travel speed. 

3.2 Impact of Beam Spot Diameter 

The experiments to study the effect of the beam shaping on the welding process of 

TRIP steel sheets were then performed by defocusing the beam to produce different 

spot diameters. For the experiments listed in Table 3.2, the incident angle is 

maintained at 90°, and the travel speed is set at 40 mm/s, at a laser power 4 kW, 

keeping the heat input at 100 J/mm. The power density delivered to the surface is 

reduced as the diameter of the beam increases from 0.2 mm to 1.2 mm.  
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Table 3.2. and Figs. 3.7-3.9. Welding appearance of the bead and melt pool generated 

by a 4 kW Nd: YAG laser with 1030 nm wavelength, an incident angle of 90° and a 

travel speed of 40 mm/s in various spot diameters. The length of the scale bars in the 

pictures are 1 mm. 

Spot Diameter 

(mm) 

Spot Area 

(mm2) 
Welding Appearance 

0.2 0.031 
 

0.6 0.283 
 

1.2 1.131 
 

The dimensions of the weld pool generated are plotted in Fig. 3.10. The length of the 

melt pool generated by a laser beam with a diameter of 0.2 mm is 3.25 mm, while the 

melt pool generated by a beam with a diameter of 0.6 mm is 6.22 mm long. Delivering 

the most dispersed energy density, the beam with a diameter of 1.2 mm generates a 

melt pool with a length of 4.95 mm. 

Higher power density leads to concentrated power dissipation, and the formation of a 

keyhole. It can be observed from Fig. 3.11(a) that the laser beam fully penetrates the 

sheet, and the power absorption rate of the material surrounding the spot is lower than 

the case when the diameter is defocused to 0.6 mm. The area of the spot with 1.2 mm 

diameter is four times larger than the area of the spot with 0.6 mm diameter, therefore 

less power is dissipated to per unit area of surface due to the lower power density and 

less metal is melted. A keyhole is not formed, and the process operates in conduction 

mode. Heat dissipation in the workpiece increases. 

 
Fig. 3.10 Bead width as a function of spot diameter for a 4 kW Nd: YAG laser beam 

with a 1030 nm wavelength, an incident angle of 90° and a travel speed of 40 mm/s. 
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The still frames representing the welding process for different beam sizes are 

displayed in Fig. 3.11(a)-(c). The ejection paths of the plasma plumes are all 

perpendicular to the direction of welding. When the laser beam is at the focal point 

such that the spot diameter is 0.2 mm, most of the plume ejects from the bottom, along 

with severe spattering, which implies that much of the power is wasted (Khan, et al., 

2022). As a reference, the energy loss through the keyhole during laser welding of 

zinc coated steels is estimated to be around 40% (Pan, 2011). As the spot diameter 

increases, the plume ejects more from the top surface and less from the bottom, it is 

worth noticing that the plasma cloud above the surface can absorb the laser energy 

(Schaefer M. , Kessler, Scheible, Speker, & Harrer, 2017). It is estimated that the 

energy loss combined with losses by reflection, radiation and convection is around 8% 

(Pan, 2011). When the spot diameter is expanded to 1.2 mm, the plume only exits 

from the top surface, indicating that the welding mode switched from keyhole mode 

to conduction mode. The corresponding cross section macrostructures of the fusion 

zones are displayed in Fig. 3.11(d)-(f), and the dimensions measured are plotted in 

Fig. 3.12. It is indicated that the most concentrated heat source of 0.2 mm spot 

diameter penetrates the steel sheet fully, resulting in a thinnest catenoid keyhole, 

where the top width is 0.92 mm, the bottom width is 0.88 mm, and the waist, where 

the keyhole is the narrowest, is 0.50 mm wide, located a distance from the surface of 

0.93 mm. The plasma plume in the welding process where the spot diameter is 

increased to 0.6 mm ejects from both surfaces of the steel sheet, as shown in Fig. 

3.11(b), the open keyhole is corroborated in the microstructure in Fig. 3.11(h). The 

top width is now 1.67 mm, the bottom width is 1.66 mm, and the waist is 1.08 mm 

wide, located 0.771 mm below the top surface. The increasing standard deviation of 

the waist width with spot diameter indicated the extent of turbulence caused by the 

collision of the fluid flow in the melt pool (Ai, et al., 2018) (Xue, et al., 2022). 

Compared to the laser with 0.6 mm size that creates a symmetric catenoid keyhole, 

the laser of 0.2 mm size passes through the keyhole with a lower absorption rate 

compared to the defocused beams. The laser with 1.2 mm spot diameter generates a 

wider bead but lacks penetration, because of the laterally dissipated power. It can be 

seen that the columnar grains grow towards the top surface in a region ±0.63 mm from 

the centerline, which corresponds to the region where the laser impinges on. As the 

growth direction of the grains represents the highest thermal gradient (Liang, 2024), 

it is inferred that the laser power is dissipated on the surface instead of penetrated 

deeply into the weld pool in this case, i.e. conduction mode. 

As shown in Fig. 3.11 (d)-(f), the extent of deformation of the top surface decreases 

as the beam size increases, due to the reduced recoil pressure generated during the 

vaporization of surface metal (Kumar, Mukherjee, & Bandyopadhyay, 2017). A 

concentrated heated area undergoes more vaporization associated with a higher recoil 

pressure. 
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Fig. 3.11. Still frames during the welding process showing the plasma plume ejection 

with a beam spot diameter d of (a) 0.2 mm, (b) 0.6 mm, (c) 1.2 mm and the 

corresponding cross section macrostructure when d equals to (d) 0.2 mm, (e) 0.6 mm, 

(f) 1.2 mm at a 4 kW Nd: YAG laser beam with a 1030 nm wavelength, an incident 

angle of 90° and a travel speed of 40 mm/s. 

 
Fig. 3.12. Dimensions of the cross section of the bead corresponding to different spot 

diameters for a 4 kW Nd: YAG laser with 1030 nm wavelength, an incident angle of 

90° and a travel speed of 40 mm/s. 

 

Among the three beam spot diameters evaluated in the experiment, a diameter of 0.6 

mm will ensure full penetration, and less power is lost. The experimental investigation 

on the influence of the incident angle on the welding process was conducted with a 

constant spot diameter of 0.6 mm. 
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3.3 Impact of Incident Angle in Longitudinal Direction 

The adjustment in the incident angle of the laser beam influences the power density 

distribution and dissipation along the longitudinal direction. In addition, as displayed 

in Fig. 3.13, a tilted laser beam supplies more power onto the walls of the keyhole and 

affects the behavior of molten fluid flow within the melt pool (Kumar, Mukherjee, & 

Bandyopadhyay, 2017) (Khan, et al., 2022). To maintain a constant beam width in 

transverse direction, the object distance, defined as the distance between the top 

surface of the steel sheets and the laser optics for the experiments studying the 

interaction of the laser beam with different incident angles are equivalent to the case 

when a diameter of d=0.6 mm is applied at an incident angle of 90°. The travel speed 

is maintained at 40 mm/s to ensure the heat input stays at 100 J/mm. Table 3.3 provides 

an overview of the incident angle applied, the calculated spot diameter and the 

resulting appearance of the laser beads. 

 
Fig. 3.13. Schematic illustration of the weld pool when the incident angle (a) α>90°, 

(b) α=90°, (c) α<90°. 

 

The Fresnel equation of absorptivity (eq.6) states that the absorptivity of laser energy 

changes with varying incident angles. According to Johnson et al., at a wavelength of 

1030 nm, 𝑛 equals to 2.9421 and k equals to 3.9094 for iron (Johnson & Christy, 1974). 

The absorptivity values of iron as a function of incident angles are listed in Table 3.3 

as well. 
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Table 3.3. Fig. 3.14-3.18. Welding appearance of the bead and melt pool generated by 

a 4 kW Nd: YAG laser with 1030 nm wavelength, a spot diameter of 0.6 mm and a 

travel speed of 40 mm/s in various incident angles. The length of the scale bar 

represents 1 mm. 

Incident 

Angle 

Major 

Axis 

(mm) 

Absorptivity 

(Fe) 
Welding Appearance 

45° 0.8 0.38836 
 

60° 0.7 0.38296 
 

90° 0.6 0.38179 
 

120° 0.7 0.38296 
 

135° 0.8 0.38836 
 

 

Among the five welding samples, the welding process by laser beams with incident 

angles of 45° and 60° are observed to cause the least spattering, while the welding 

process involving a beam of an incident angle of 135°, caused the most severe 

spattering. This observation of the spattering phenomenon is also reflected in Fig. 3.19 

where the standard deviation in the width of the wave-like fusion line is the largest, 

referring to a more erratic process.  
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Fig. 3.19. Dimensions of the bead width as a function of the incident angle for a 4 kW 

Nd: YAG laser with 1030 nm wavelength, a spot diameter of 0.6 mm and a travel 

speed of 40 mm/s. 

 

As shown in Fig. 3.20 (a), when the incident angle α is equal to 45°, the vapor and 

plasma are ejected vertically from the top surface and no plumes are observed at the 

bottom surface, indicating a conduction mode. When the incident angle is tilted to 60°, 

the angle of the plume ejection is inclined to around 60° as well, showing the starting 

of a transition keyhole mode that the inclined front wall changes the ejection angle of 

the plume, (Khan, et al., 2022) and the plasma cloud above the surface will cause 

absorption of the laser power. It can be concluded that the recoil pressure generated 

by a laser beam that α=45° is not sufficient that it remains in conduction mode. The 

fusion zone displayed in Fig. 3.20(f)-(g) also indicated that the laser does not fully 

penetrate the steel sheet when the incident angle equals 45° and 60°, and the columnar 

grains grow in the direction towards the centerline of the bead along the maximum 

temperature gradient. As the incident angle increases, full penetration is achieved. The 

still frame Fig. 3.20(c) showed that the plasma plume ejects from both surfaces of the 

steel sheets, the open keyhole indicating a penetration keyhole mode is corroborated 

in the microstructure in Fig. 3.20(h), where the fusion zone showed a catenoid shape 

with a difference between the average top and bottom widths less than 0.88%. This is 

the lowest among all angles that achieve full penetration, as displayed in Fig. 3.23. 

For these configurations, the epitaxial columnar grains grow in the direction towards 

both the top and bottom surface centerline of the bead. As the incident angle tilts 

beyond 90°, the keyhole distorts more severely. In Fig 1(d) where α is tilted to 120°, 

an open keyhole is maintained and the majority of vapor and plasma plume exit the 

top, while a smaller plume exits from the bottom surface at an angle of 120°. 
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As displayed in Fig. 1.1(h)-(j), compared to the keyhole generated by a 90° impinging 

laser beam, the keyholes generated by 120° and 135° incident angles have a narrower 

bottom width, and the waists are also further away from the top surface. Especially 

for the keyhole generated by an 135° incident angle, a distinction is observed between 

the keyhole top and root. It can also be seen that the undercut, which is the depressing 

occurring at the edge of the fusion zone, is most severe when welding at incident 

angles of 90° and 120°. 

 
Fig. 3.20. Still frames during the welding process showing the plasma plume ejection 

with an incident angle α of (a) 45°, (b) 60°, (c) 90°, (d) 120°, (e) 135° and the 

corresponding cross section macrostructure when α equals to (f) 45°, (g) 60°, (h) 90°, 

(i) 120°, (j) 135° for a 4 kW Nd: YAG laser with 1030 nm wavelength, 0.6 mm spot 

diameter and a travel speed of 40 mm/s. 

 

When the incident angle α is tilted to 135°, the keyhole turns to be erratic, presenting 

a cyclical opening and closing behavior. As Fig. 3.21(a)-(d) shows, when the laser 

beam impinges on the top surface at the start of the welding process, the keyhole is 

closed, and the plume ejects only from the top surface with an 100°-105° angle. After 

a brief period of time, the keyhole opens at the bottom and the plume shortly ejects 

from the bottom vertically for 7.5 milliseconds on average, after which the keyhole at 

the bottom surface closes again, and the ejection angle of the plume is enlarged. In the 

last step, the keyhole bottom opens permanently with most of the plume ejecting from 

the top surface at an angle of around 135°, while a small portion of the plume ejects 

from the bottom surface at approximately 135° as well. The final stage lasts for 35.6 

milliseconds on average. The average remaining time for an opened keyhole is 

0.043±0.033 s and 0.029±0.043 s for a closed keyhole. Fig. 3.22 also shows the shapes 

of the fusion zones in various stages. It can be seen that the bottom width in Fig. 3.22 

(a) and (c) are narrower than the bottom width in Fig. 3.22 (b) and (d). 
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Fig. 3.21. Still images of the distinct stages of the plasma plume ejection in sequential 

order when α is 135°. (a) The laser beam impinges on the top surface and the keyhole 

is closed, the plume ejects only from the top surface with an 100°-105° angle, (b) The 

keyhole opens in the bottom and a small part of plume ejects from the bottom with an 

angle close to 90°. This stage lasts for approximately 7.5 ms on average, (c) The 

keyhole bottom closes again, and the ejection angle of the plume is enlarged, (d) The 

keyhole bottom opens, and most of the plume ejects with an angle around 135°, a 

small portion of plume ejects from the bottom with an angle close to 135° as well. 

This stage lasts for 35.6 ms on average. 

 

 
Fig. 3.22. Cross sections of the TRIP steel sheets being welded by an 135° impinged 

laser beam. 
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As shown in Fig. 3.23, the waist width, which is defined as the narrowest width of the 

keyhole cross section, becomes narrower when the incident angle increases from 90° 

to 120°, as it is concluded from Fig. 3.20 (d) (e) that, the amount of plasma plume 

ejected from the bottom is less than the perpendicular impinging case. Additionally, 

the standard deviation of the waist widths shows an increasing trend with the incident 

angle, revealing that the extent of erratic process behavior becomes more severe as 

the incident angle increases in a trailing configuration. 

However, when the incident angle increased to 135°, where the keyhole transformed 

into an unstable state, the waist width of the keyhole fluctuated drastically. The 

minimum width is 0.397 mm, while the maximum width reaches 1.212 mm, which is 

wider than the keyhole waist generated by an incident angle of 90°. 

The distance between the top surface of the metal sheet and the waist of the keyhole 

reflects the extent of heat transfer along the thickness. Fig. 3.23 (a) demonstrated that 

as the incident angle increases within a trailing configuration when the incident angles 

α are lower than 90°, the top surface-to-waist distance shows an increasing tendency. 

For the welding configuration with incident angles of 45° and 60°, full penetration 

was not generated along the weld. This phenomenon can be explained by considering 

that the laser beam impinges on the rear of the inclined weld pool is reflected to the 

environment without being absorbed, and the surface tension coefficient at the 

centerline is lower than the surface tension of the surrounding liquids. The thermal 

convection through the Marangoni flow delivers heat to the trailing end and the side 

boundaries of the bead. Additionally, the recoil pressure caused by the evaporation 

pushes the molten metallic to accumulate. Therefore, the heat is not effectively 

transported in the plate thickness direction. In comparison, the obtuse incident angles 

of 120° and 135°, can create full penetration during the welding process. The 

alternating partial and full penetration can be related to the laser-metal interaction 

(Liao & Yu, 2007). Since reflection and refraction are also involved in metal-laser 

interaction (Liao & Yu, 2007).  

A laser beam in an obtuse incident angle impinges onto the keyhole wall and is 

reflected to the bottom of the keyhole. This preliminary opens the keyhole at the 

bottom surface. Additionally, more heat is supplied to the front wall of the keyhole 

(Khan, et al., 2022) and generates molten metal flow in front of the heat source (Kumar, 

Mukherjee, & Bandyopadhyay, 2017). This flow causes the cyclic collapse of the 

keyhole front wall and results in the cyclic opening and closing of the keyhole (Khan, 

et al., 2022). The interaction between the laser and the metal is also reflected in the 

angle of the plume ejection. The distorted and inclined plasma columns are shorter in 

length and bring exacerbated turbulence (Khan, et al., 2022). Due to the high cooling 

rate of steel sheets, the molten metal solidifies at a high rate (Khan, et al., 2022). Hence, 

as plotted in Fig. 3.23(b), a large deviation in the width of the bead occurred. In 

conclusion, an elliptical beam spot created by an inclined laser beam leads to an 

extended weld pool and comparing between the case when α equals to 45° and 60°, 
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the inclination of the plume enhances the extension as depicted in Fig. 3.23 (b), the 

impact on the weld pool length on the hot cracking susceptibility will be discussed in 

Chapter 3.6. 

As shown in Fig. 3.23 (a), the beads created by tilted incident angles have larger 

widths than welding with a laser beam perpendicularly to the sheet. The width is 

positively correlated to the angle between the beam and the normal vector of the 

sample surface. The molten liquid driven by the Marangoni flow is transported to the 

surface along the keyhole and brings heat to the top surface and widens the top width 

of the bead (Kumar, Mukherjee, & Bandyopadhyay, 2017). 

 
Fig. 3.23. (a) Geometrical parameters of the cross section of the bead, (b) Melt pool 

length and plume ejection angles correspond to various incident angles. 

 

3.4 Fluid Flow Behaviour 

In order to obtain in-situ observations for the behavior of the keyhole and the fluid 

flow during the welding process, a Cavitar® VCXG-15M welding camera is applied 

to capture the welding process at a frame rate of 100 FPS. The experimental setup 

used is described in chapter 2. The welding conditions studied include the variation in 

incident angle of 90° and 45°. Before each experiment, a ruler is placed on the welding 

path to serve as a scale bar for measuring the dimensions of the weld pool and the 

bead. 

 

3.4.1 Keyhole Mode 

Fig. 3.24 is a welding process using a laser beam with a 0.6 mm diameter and an 

incident angle of 90°, a travel speed of 40 mm/s at 5 mm from the free edge, to 

generate an open keyhole and a solidification crack. 

As marked on Fig. 3.24, the bright part in the bead represents the molten liquid, 

where the melt pool shows an elliptical shape, and followed by the mushy zone 

where liquid and solid coexist. The dark part represents the resolidified solid, 

because of diffuse reflection on the rough surface created by rapid cooling of the 

heated turbulent flow. The still frames in Fig. 3.24 show that, at t0+0 ms, the 

heated molten fluid flow surges up, and suppresses at t0+10 ms. It is measured that 
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the crack starts to initiate at 7.4 mm behind the end of the melt pool. Additionally, 

it could be inferred that the velocity of the solidification front, denoted by R, is 

constant if the travel speed of the beam spot remains constant. 

 
Fig. 3.24. Behavior of the welding seam and the crack during a welding process 

with a power of 4000 W, a beam size of 0.6 mm, an incident angle of 90°, a 

travel speed of v=40 mm/s, at 5 mm from the free edge. 

 

When the crack develops through the steel plate sample, the part between the free 

edge and the bead falls off and shows the development of the melt pool along the 

longitudinal cross section. But due to the high solidification rate, the liquid 

resolidifies rapidly and forms bridging between the rest of the steep plate and the 

fallen part. The teardrop shape cavity on the edge reveals the distribution of the 

liquid, since the heat is dissipated in the top and bottom surface through 

convection, and in the transverse direction through conduction as well. 

 
Fig. 3.25. Still frame of the moment when the part cut by the crack falls off during 

a welding process when P=4000 W, d=0.6 mm, α=90°, v=40 mm/s, at 5 mm from 

the free edge. 

 

3.4.2 Conduction Mode 

Fig. 3.26 shows the welding process operated in conduction mode when α is set 

as 45°. With a leading configuration where the incident angle is acute, the melt 

pool forms an elliptical shape, and the rear part of the wall fluctuates more 
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severely since more heat is delivered to the rear boundary. As shown in Fig. 3.26, 

at t0+0 ms,  the fluid in the rear part is suppressed, and at t0+20 ms, the fluid surges 

up by the heated fluid flowing from the bottom to the top. 

 
Fig. 3.26. Behavior of the welding pool and the seam during a welding process 

with v=40 mm/s, P=4000 W, d=0.6 mm, α=45° and at 10 mm from the edge. 

 

3.5 Transient Temperature 

The performance related to the absorptivity of laser energy, and the thermal 

gradient during the welding process can be reflected by the temperature field 

developed around the welding site. To observe the thermal behavior of the TRIP 

steels sheets under different welding conditions, three thermocouples, with a 

diameter of 0.25 mm are attached to measure the transient temperature during 

welding process. As shown in Fig. 3.27, three conditions are selected: (a): α=90°, 

d=0.6 mm, (b): α=135°, d=0.6 mm, (c) α=90°, d=0.2 mm. All three welding 

conditions are operated in penetration keyhole mode, the temperature in the 

centerline exceeds the melting temperature. At a distance of 1 mm away from the 

centerline, the peak temperature and maximum cooling rate recorded during the 

in-situ measurement are listed in Table 3.4. According to the heat conduction 

equation, the heat flow rate is proportional to the temperature difference between 

a high temperature region and low temperature region (Hahn & Özisik, 2012). 

Hence, the highest peak temperature is observed during the case when d=0.6 mm 

and α=135°, indicating the highest thermal gradient. The maximum cooling rate 

is recorded at 0.108 s after the temperature reached the peak in the case for d=0.6 

mm and α=135°, which is 2400 ℃/s. A minimum cooling rate of 1300 ℃/s is 

recorded at 0.142s after reaching the peak temperature in the case when d=0.2 mm 

and α=90°. Such a difference between thermal behavior can be explained by the 
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fact that a laser beam impinged at an incident angle of 135° can be reflected on 

the front wall of the keyhole and induce more reflection inside the keyhole (Liao 

& Yu, 2007). Additionally, the inclined beam provides a larger interaction area 

with the material, which enhances the absorption. In comparison, the welding 

condition with d=0.6 mm and α=90° induces less reflection because of the 

orthogonal impingement, and there is also less interaction area between the beam 

and the material. Compared to the case when d=0.6 mm, a spot diameter of 0.2 

mm generates the lowest temperatures and cooling rates, due to the high energy 

density in the weld pool center that let the laser beam penetrate through the steel 

sheet, which is not absorbed by the material and transformed into thermal energy. 

 
Fig. 3.27. Temperatures recorded at 1mm, 2mm, 3mm from the centerline as a 

function of time, at (a) α=90° d=0.6 mm, (b)α=135°, d=0.6 mm, (c) α=90°, d=0.2 

mm. (d) Peak temperature as a function of distance from the centerline during a 

welding process with different welding conditions. 

 

Table 3.4. Peak temperature and maximum cooling rate recorded at 1 mm from 

the centerline during in-situ welding tests at different welding conditions. 

Welding Condition Peak Temperature (℃) Maximum Cooling Rate (℃/s) 

d=0.6 mm, α=90° 596.0 2400 

d=0.6 mm, α=135° 639.9 4900 

d=0.2 mm, α=90° 391.3 1300 
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3.6 Hot Cracking Susceptibility 

Free-edge welding tests are conducted to quantify the hot cracking susceptibility 

among different welding conditions. The conditions that obtain full-length crack at 

the farthest distance from the free edge correspond to the highest cracking 

susceptibility. The measured crack lengths are shown in Fig. 3.28, except for the two 

cases when α=45°, d=0.6 mm and α=90°, d=1.2 mm, which are not able to fully 

penetrate the sheet. The reason why the welding condition when α=60° and d=0.6 mm 

is able to generate cracks can be explained by the heat accumulates in the region closed 

to the edge and can only dissipate by convection. This phenomenon deviates the 

dimension of the melt pool, and the accumulation enhances penetration. 

Welding with d=0.2 mm and α=90° shows the lowest susceptibility, and the condition 

when α=135°, d=0.6 mm has the second lowest susceptibility. Both 120° and 60° 

incident angles result in a full crack at a distance of 5 mm from the edge. For the 

condition of  α=90°, d=0.6 mm a full crack length is even observed for a distance of 

6 mm from the free edge and corresponds to the highest cracking susceptibility. It can 

be concluded in Fig. 3.12 and Fig. 3.23 that a spot of smaller diameter creates a 

narrower bead, the solidification shrinkage is less and induces less strain, and an 

inclined beam that prolongs the heated area, and acts as pre-heating or post-heating 

processes. This effect ensures the liquid has sufficient time to heal the cracks. 

It is worth noting that the reason the average crack in some distances nearer than 5 

mm does not reach 45 mm is because of the recovery of the resolidified material in 

the entrance of the sheet. Additionally, at the end of the welding process, when the 

welding spot moves to the boundary of the steel sheet, the part between the bead and 

the free edge does not completely fall off due to the bridging effect as Fig. 3.25 

depicted. 
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Fig. 3.28. Length of the cracks generated by welding processes with various incident 

angles and spot diameters as functions of the distance to the free edge, under a 4 kW 

Nd: YAG laser with 1030 nm wavelength, and a travel speed of 40 mm/s 

3.7 Microstructure 

Fig. 3.29 shows the microstructure obtained by SEM from a top view perspective with 

a welding direction from right to left. In fig 1a a macrograph shows the weld bead and 

the crack form. The grains in the HAZ grow in an equiaxed shape. At the fusion zone,  

the grains grow into columnar geometries. Fig. 3.29 (b), obtained with a magnification 

of 1000×, shows that the solidified material grows into columnar grains . In the region 

in front of the crack, the columnar grains bend towards the trailing end of the melt 

pool corresponding to the largest thermal gradient, but in the crack region, the 

epitaxially grown grains do not bend, and the growth direction is orthogonal to the 

crack. 

The density of solid metal is higher than the molten metal, the material within the 

mushy zone undergoes shrinkage during solidification and creates liquid channels 

between the columnar grains, hot cracking is initiated if the liquid feeding rate cannot 

compensate the shrinkage rate (Zhao, Wu, Zhang, Kong, & Liu, 2022) 
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Fig. 3.29. SEM image with original magnification of (a) ×40, (b) ×1000, (c) ×500 

unprepared sample, (d) ×1000 unprepared sample. Solidification crack generated by 

a laser beam with a 90° incident angle, a spot diameter of 0.6 mm and a travel speed 

of 40 mm/s at 5 mm from the free edge. 

 

Because of the high cooling rate and short cooling period, the solidification time is 

too short for the solution to redistribute (Lippold, 2015). The melt convection in the 

melt pool is not vigorous enough to form a homogeneous composition of the melt 

(Kou, 2003). The metallurgical effect of segregation of different compositing 

elements is considered for their various melting points. Fig. 3.30 and Table 3.5 

showed the elemental composition of Fe, Al, Si and Mn in the base material, the 

boundary of the fusion line, the fusion zone, and the centreline of welding, where the 

liquid film experiences a tensile force during crack propagation. The difference 

between the amount of Fe and Al in the base material and the centreline is 

approximately 0.4% and 1.4%, respectively. More Si is presented at the fusion zone 

boundary and the centreline, on the contrast, compared to the composition in the base 

material, Mn is less distributed in the fusion zone. It is inferred that Si is contained in 

high melting point phases, while Mn is burned off by the high temperature during 

laser welding. 

 

Table 3.5. Semi-quantitative SEM-EDS elemental analysis of different regions. 

Element 
Base Material 

(wt%) 

Boundary 

(wt%) 

Fusion Zone 

(wt%) 

Centerline 

(wt%) 

Fe 96.905±0.13 97.26±0.13 97.28±0.13 97.16±0.12 

Al 0.690±0.02 0.68±0.02 0.63±0.02 0.70±0.02 

Si 0.265±0.02 0.33±0.02 0.28±0.02 0.37±0.02 

Mn 2.135±0.04 1.73±0.04 1.81±0.04 1.78±0.03 



 
 
 

45 
 

 

 

 
Fig. 3.30. Semi-quantitative SEM-EDS elemental analysis of different regions.  

 

Fig. 3.31 and Fig. 3.32 show the grain growth orientations for different beam sizes 

and incident angles. The columnar grain widths, calculated by line intersection 

method from Fig. 3.11, Fig. 3.5, and Fig. 3.20, are listed in Table 3.6 and 3.7, and 

depicted in Fig 3.33. The refinement of grains, and thus more grain boundaries, reduce 

the strain partitioned per grain boundary (Böllinghaus & Herold, 2005), and mitigates 

the hot cracking susceptibility by preventing the liquid film from rupturing (Pellini, 

1952). 

As mentioned in Chapter 1, the product of temperature gradient G and the 

solidification rate R determines the size of the grains (Schempp, et al., 2014) (Lei, et 

al., 2023) and higher G×R refers to higher solidification rate (Lei, et al., 2023). It is 

also observed in Chapter 3.4.1 that the speed of growth of the solidification front 

remains constant if the travel speed of the laser spot remains constant. Among the 

cases of various spot sizes and incident angles, the travel speed is maintained at 40 

mm/s, the solidification rate R at the center line of the bead can be considered constant 

among all situations. As the incident angle α maintains at 90°, the difference in the 

average grain width welded by beams with spot diameter 0.6 and 0.2 mm is less than 

the standard deviation. For the spot size of 1.2 mm a grain width reduction is observed. 

As mentioned in Chapter 3.5, the welding condition when α=135° and d=0.6 mm 

corresponds to the highest cooling rate and the highest peak temperature, which gives 
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the highest G×R value. Hence, as shown in Fig. 3.33 (b), in the trailing configuration 

when α>90°, the average width of columnar grains decreases as the incident angle 

increases. 

It can be also seen from Fig. 3.33 (a) and (b) that the average width of the grains 

welded in conduction and transition keyhole mode are lower than those welded by 

penetration keyhole mode. It can be explained that the weld pool does not fully 

penetrate the steel plate, the weld pool is surrounded by solid materials with a larger 

heat conduction constant, that promotes the dissipation of heat. Additionally, at the 

leading configuration with incident angles α smaller than 90°, the thermal heat is 

delivered to heat and vaporize the rear part of the welding pool and induce 

perturbation during solidification and refines the grains 

 

 
Fig. 3.31. Optical microscopic top view of the fusion zone welded by laser beams with 

a spot diameter of (a) 0.2 mm, (b) 0.6 mm, (c) 1.2 mm, a power of 4000 W, an incident 

angle of 90° and a travel speed of 40 mm/s. 

 
Fig. 3.32. Optical microscopic top view of the fusion zone welded by laser beams 

with an incident angle of (a) 45°, (b) 60°, (c) 90°, (d) 120°, (e) 135°, a power of 4000 

W, a beam spot diameter of 0.6 mm and a travel speed of 40 mm/s. 

 

Table 3.6. Width of columnar grains among the samples welded by laser beams with 

a power of 4000 W, an incident angle of 90°, a travel speed of 40 mm/s and various 

spot diameters. 

Spot Diameter (mm) 0.2 0.6 1.2 

Grain width (μm) 38.97±8.23 41.19±9.24 19.28±4.66 
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Table 3.7. The width of columnar grains among the samples welded by laser beams 

with a power of 4000 W, a beam spot diameter of 0.6 mm, a travel speed of 40 mm/s 

and various incident angles. 

Incident Angle (°) 45 60 90 120 135 

Grain width (μm) 25.65±7.61 28.23±8.45 41.19±9.24 36.66±7.91 35.31±7.69 

 

 
Fig. 3.33. The width of columnar grains among the samples welded by laser beams 

with a power of 4000 W, a travel speed of 40 mm/s and (a) various spot diameters 

when the incident angle is 90°, (b) various incident angles when the beam spot 

diameter is 0.6 mm 



 
 
 

48 
 

 

4 Disscussion 

During the formation of cracks, the presence of a semisolid state is a prerequisite (Eskin 

& Katgerman, 2007). The difference between the density of liquid and solid results in 

solidification shrinkage followed by the nonuniform thermal contraction of the cooling 

material. When the coalescence temperature is reached in the final stage of solidification, 

tension stress is exerted when solidification shrinkage takes place (Eskin & Katgerman, 

2007). Due to the high post-welding cooling rate (Chande & Mazumder, 1984) there is 

less abundant time for the back filling liquid to heal the gaps between the solidified 

columnar grains (Eskin & Katgerman, 2007). According to Prokhorov and Rappaz et al.’s 

theory, hot cracks are initiated if the maximum mesoscopic strain rate of solidification 

shrinkage exceeds the maximum value that the semisolid can endure (Prokhorov, 1956) 

(Rappaz, Drezet, & Gremaud, A new hot-tearing criterion, 1999). 

As mentioned in Chapter 1, hot cracking is the result of a complex interaction of factors, 

including metallurgical and mechanical effects. The laser process parameters will result 

in the formation of a melt pool. When the power density increases, the distribution of heat 

in the material to be welded will shift from a conduction mode to a keyhole mode. This 

transition is related to the recoil pressure from vaporizing metal creating in first instance 

a shallow hole, which is extended when multiple reflections inside the hole will occur, as 

depicted schematically in Fig. 1.2 in Chapter 1. 

The absorption of laser energy is strongly enhanced within the keyhole, promoting full 

penetration of the sheet. In that respect, laser power and laser spot size play an important 

role in ensuring boiling of the material. If an open keyhole is realized, energy will be lost, 

and a plume will be generated at the back side of the plate. However, when the plume 

ejects from the top surface laser energy will be absorbed reducing the efficiency of the 

process.  

Another primary process parameter is the travel speed of the heat source with respect to 

the base plate. Increasing travel speed will reduce the amount of heat per unit length of 

weld and therefore affect the dimensions of the melt pool.  

The processing parameters and the resulting melt pool shape will dictate the evolution of 

the microstructure. Cooling rate and the direction of the maximum temperature gradient 

determine the grain size and texture. The restraints exposed on the solidifying melt pool 

eventually create cracks. 

In order to realize an appropriate weld bead in the 1.5 mm thick steel sheet. Preliminary 

experiments were conducted to establish the welding condition that form fully penetrated 

welds. These experiments were all conducted at a laser power of 4 kW, a spot diameter of 

0.6 mm and an incident angle of 90°, while the travel speed was varied. With an increase 

in travel speed the heat input is reduced and the weld pool width decreased as shown in 

Fig. 3.4. For the remainder of the welding experiments, a travel speed of 40 mm/s was 

selected. 
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In this study the effect of the laser beam characteristics on the sensitivity of the material 

to hot cracking is investigated. The power density can be adjusted by changing the power 

or focal spot size and by the tilting angle of the beam. In the study described in this thesis 

the power is maintained at 4 kW. The spot size varied from 0.2 to 1.2 mm. The tilting 

angle of the incident beam was changed from a trailing to a leading configuration (45° to 

135 °), with a perpendicular beam (90°) being the reference value. 

In the study of the effect of laser spot size with a 90° incident angle, when the object 

distance increases from the focal distance, where the laser spot diameter d is 0.2 mm, to 

the distance where d=1.2 mm, the power delivered to the surface is dispersed, resulting in 

a decreasing power density, which is in reverse proportion to the square of the spot radius. 

The power density corresponding to a spot diameter d=0.2 mm is 9.13 times the power 

density where d=0.6 mm, and 36.48 times the power density where d=1.2 mm. 

As shown in the still images in Fig. 3.11 (a)-(c) and the cross sections in Fig. 3.11 (d)-(f), 

a very concentrated laser beam (d=0.2 mm) leads to the formation of an open keyhole. 

This results in a relatively low energy absorption rate as much of the laser energy passes 

through the opened keyhole without being absorbed for melting metal. Pan performed 

calorimetric measurements during laser welding of zinc coated steels and estimated the 

energy loss through the keyhole to be around 40% (Pan, 2011). At the same time the plume 

is mostly created at the back side of the workpiece, which prevents the absorption of beam 

energy for enlarging the melt pool. The resulting cross section width of the bead is 

relatively small. As the area of the beam spot increases, the absorption rate of laser power 

increases. The catenoid shaped full penetration keyhole is wider. The created plume in 

this configuration is also escaping from the top surface, which might result in the 

absorption of a certain amount of energy. Pan estimated this energy loss combined with 

losses by reflection, radiation and convection to be around 8% (Pan, 2011). The direction 

of the generated plume is related to the geometrical shape of the keyhole. If the incident 

angle of the beam is 90°, the keyhole can be expected to be perpendicular to the plate 

surface, as is the plume angle. This can be seen from the images depicted in Fig. 3.5, Fig. 

3.6 and Fig. 3.11. 

The increase in energy absorption in the plate is supported by the temperature 

measurements displayed in Fig. 3.27 (a) and (c). The peak temperatures at certain 

distances from the fusion lines are significantly lower for the 0.2 mm spot diameter, 

indicating the energy loss by the open keyhole. 

For both keyhole conditions the columnar grains grow perpendicular to the fusion zone. 

A distinct centerline can be observed where the grains from both sides of the weld pool 

meet, in particular for the smallest beam diameter. Liquid metal will be present at this 

location in the final stage of solidification, which might make it prone to hot cracking. 

When the power continues to disperse as the spot diameter further increases, the power 

distributed onto a unit area reduces. Not enough heat is delivered to evaporate a significant 

amount of metal, and the welding mode is then transformed from keyhole mode to 

conduction mode. The plume created will only escape from the top surface, lowering the 
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absorption even further. The direction of grain growth is still perpendicular to the fusion 

line, but due to the shape of the melt pool, the grains at the center line have a different 

appearance by growing towards the surface centerline. In addition, the solid metal adjacent 

to the weld pool enhances heat dissipation, which increases the cooling rate and reduces 

the grain size. This is to be expected as indicated in Fig. 1.4, in Chapter 1, when G×R 

increases the size of the solidification structure decreases. As full penetration is not 

achieved under these conditions, an appropriate weld cannot be realized. This condition 

should therefore not be regarded with respect for hot cracking sensitivity. 

The width of the columnar grains in the fusion zones reflects the conditions of 

solidification. As shown in Fig. 3.33 (b), when the incident angle remains at 90°, the 

average columnar grain width for a beam with a 0.2 mm spot diameter and a 0.6 mm spot 

diameter is approximately similar to around 40 μm, within the range of standard deviation. 

When strain partitioning is considered, the conditions of the 0.2 mm beam spot would 

result in a smaller bead width, associated with less solidification shrinkage. 

It should also be mentioned that the experiments described above are at a distance of 13 

mm from the free edge, where no cracks occurred at this location. In the free edge hot 

cracking tests, the distance from the free edge is reduced, which causes heat accumulation 

at the free edge side that aids the deepening of the fusion zone. In combination with the 

stresses introduced, cracks may result. 

Considering the effect of the laser spot diameter, the hot cracking test results showed in 

Fig. 3.28. revealed that the hot cracks for a 0.2 mm spot size are not observed anymore at 

a distance of 4 mm from the free edge. For the 0.6 mm spot the distance from the free 

edge to realize crack free welds should be increased to 7 mm. If the spot size is further 

increased to 1.2 mm, the weld is only partially penetrated, and this condition should be 

omitted. To achieve full penetration in this case, the laser power should be increased or 

the travel speed decreased. This would however lead to a very wide weld pool width, 

which will promote hot cracking. 

In the study of the effect of different incident angles with a fixed beam spot size, the 

variation of the incident angle in the longitudinal direction transforms the circular spot to 

an elliptical spot. By tilting the laser beam, the spot width remains approximately 0.6 mm, 

whereas the length of the spot in the longitudinal direction is extended. As indicated in 

Table 3.3, the spot area increased when tilting the beam. The incident angle is defined as 

the angle between the beam and the original surface of the bead. It should however be 

kept in mind that when the melt pool is formed, the surface will deform, altering the 

incident angle with respect to the newly formed surface orientation. This will be the case 

when keyholes are formed. It is good to mention that over a large range of incident angles 

the difference in absorption rate can be neglected, as was indicated in Fig. 1.1 in Chapter 

1. 

During a welding process, the prolonged impingement area acts as a pre-heating process 

in case of an obtuse incident angle, where the beam is directed towards front wall of the 

melt pool. For acute incident angles, the beam impinges on the molten liquid and acts as 
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a post-heating process, as was schematically presented in Fig. 3.13. Thus, by tilting the 

laser beam the energy density distribution is affected and the location of the highest energy 

density is shifted.   

If the acute incident angle is too low, i.e. 45°, full penetration is not achieved, as shown 

in Fig. 3.32 (a) and (b). For these conditions, similar arguments compared to the 

perpendicular beam with a spot size of 1.2 mm is valid. The energy density is not enough 

to result in sufficient evaporation to initiate a keyhole by the recoil forces. The generated 

laser plume only escapes from the top surface perpendicularly, instead of in the 

impingement direction of the laser beam. The heat introduced in the plate is not efficiently 

transported to the back surface of the plate but broadens the weld pool as indicated in Fig. 

3.23 (a). The solid metal surrounding the melt pool effectively dissipates the heat 

introduced, also resulting in a relatively small width of the columnar microstructure as 

indicated in Fig. 3.33 and Table 3.7. With respect to hot cracking, these conditions should 

be neglected.  

For the condition with an incident beam angle of 90° and 120°, full penetration is achieved 

with approximately symmetrical catenoid keyhole shapes, whereas for the case of 135° a 

tapered bead shape was found. For the former cases the grains grow parallelly to the plate 

surface towards the centerline. For the latter case a distinction should be made between 

the top and the root region of the bead. In the top region the grain orientation is 

perpendicular to the inclined fusion line, towards the top surface. In the root region the 

grains grow parallel to the plate surface. In addition, it should be emphasized that at an 

135° incident angle, the process is not entirely stable resulting in variations in the bead 

shape and dimensions as displayed in Fig. 3.22. With respect to the direction of the plume 

it should be mentioned that the plume is escaping from the keyhole which direction shifts 

with the orientation of the laser beam. The plume direction is presented in Fig. 3.23 (b). 

In this figure it can also be seen that in the case of an unstable keyhole, which is the case 

of a tilting angle of 135°, the plume direction is varying significantly. 

For the 90° and 120° incident angles, the bead width is approximately the same, which 

would result in a similar solidification and thermal contraction. However, the cracking 

susceptibility is somewhat reduced for 120°. A crack free bead is obtained even at 6 mm 

from the free edge, compared to 7 mm for the perpendicular beam. It can be hypothesized 

from Fig. 3.23 (b) that the prolonged melt pool length indicating a longer heated region 

can be the reason for this reduction, for ensuring longer time for the back filling liquid to 

heal the cracks, while a opened keyhole brings the heat through fluid flow towards the 

melt pool bottom instead of broadening the bead width. It was found that the columnar 

grain width is slightly reduced at 120°. Another aspect is the fluid flow in the melt pool 

which may affect the liquid feeding towards the mushy zone. 

In the case of a trailing configuration where α>90°, more energy is delivered to the solid 

front wall of the keyhole, melting the metal in front of the heat source and generating fluid 

flows. The solid front wall also reflects the beam inside the weld pool that promotes the 

absorption of laser energy and aids the opening of the keyhole root, therefore, the peak 
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temperature in the case of an 135° incident angle is higher than the temperature in the case 

of a 90° incident angle, as shown in Fig. 3.27 (a) and (b). It is reported that a turbulent 

flow may cause the keyhole front wall to collapse periodically (Khan, et al., 2022) (Kumar, 

Mukherjee, & Bandyopadhyay, 2017). 

This could be the case for the instability of the incident angle of 135°. The topic of keyhole 

stability and dynamics is complex and would require detailed studies that are beyond the 

scope of this thesis. Such a study should include aspects of fluid flow in the melt pool, as 

this could promote liquid feeding towards the hot cracking sensitive location. The results 

of this  investigation reveal that the stability of the keyhole and thus the process can be 

estimated by the plume behavior. An erratically moving plume indicates the process 

stability is not optimal and variations in bead dimensions can be expected. 

Apart from the effects described above, also the metallurgical effect of segregation should 

be considered. The global measurements of the composition are not conclusive in this 

respect. Detailed information on the composition at the grain boundaries is required to 

estimate the effect of laser parameters on the presence of low melting point phases that 

will influence the cracking susceptibility. In this study only one material composition is 

considered. The segregation effects in case full penetration of the weld pool in the plate is 

achieved will be not significantly different for the welding conditions prevailing.  

In conclusion, the study of selecting process conditions with respect to beam shape and 

energy density distribution, i.e. laser beam shaping, to minimize the hot cracking 

sensitivity for laser welding in TRIP steel sheets, shows that a slightly tilted incident angle 

of the laser beam to a leading configuration (α<90°) is preferred. The incident angle should 

not be too low, otherwise full penetration will not be achieved. Furthermore, a smaller 

spot size appears to result in a lower hot cracking tendency. Although energy is lost via 

the open keyhole, the reduced heat input in the plate results in a narrower weld pool 

accompanied by a smaller solidification shrinkage. 
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5 Conclusion 

The study of beam shaping focuses on the modification of the beam size and the incident 

angle of the beams. Based on the results, the following conclusions can be drawn: 

1. The modification of beam size changes the density of power delivered to the surface. 

A concentrated beam generates a narrow bead, which mitigates the hot cracking 

susceptibility by reducing thermal contraction and external tension. A smaller spot 

size results in a lower energy absorption rate, i.e. larger energy waste. Hence, it is 

recommended to adjust the power at certain thickness to save energy loss while 

maintaining the size of the melt pool to not be too large so that it is easier to crack.  

2. A tilted incident beam forms an elliptical spot and extends the solidification time, 

which is beneficial for mitigating the hot cracking susceptibility though enhancing the 

back flow of liquid and healing cracks. 

3. In the case of a leading configuration of the laser beam, the penetration depth is 

decreased, leading to partial penetration, which is not acceptable for welds, But more 

heat is delivered to the mushy zone and suppresses the hot cracking susceptibility. 

Therefore, a proper acute angle should be carefully selected to ensure full penetration. 

4. In a trailing configuration of a laser beam, a tilted incident angle of 135° will lead to 

the risk of generating erratic fluid flow and producing an unstable keyhole. This 

affects the weld quality and should be avoided in industrial production. 
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