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ABSTRACT 

 

Full Name : [Adesina Akeem Yusuf] 

Thesis Title : [Flexural Analysis and Material Characterization of Laser Welded 

316L Steel Blanks] 

Major Field : [Mechanical Engineering] 

Date of Degree : [September 2013] 

 

Modal test for flexural analysis and metallurgical characterization of laser welded 316L 

Austenitic Stainless Steel (ASS) blanks are considered, since laser welding offers considerable 

advantages over the conventional welding techniques such as high precision of operation, 

increased welding speed, and narrow heat affected zone. Laser welding also provide improved 

mechanical and metallurgical properties of the weld section, due to localized high intensity 

heating, as compared to those produced by the conventional techniques. Despite these 

advantages, the high cooling rates associated with laser welding process results in 

microstructural changes which eventually changes the mechanical and flexural response of the 

welded region. Consequently, it is necessary to investigate the metallurgical changes, the effect 

of the laser welding parameters and mechanical properties, such as the hardness of the weld 

sections. In addition, the effects of workpiece thickness on the laser weld quality and 

metallurgical changes in the fusion zone are studied. Flexural analysis technique in which the 

natural frequency is use to characterized flexural response of the welded region is employed. For 

the modal testing, data acquisition system coupled with a physical flexural experimental set-up 

was used to capture the natural frequency of the welded blanks. The quality of the weld and the 
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CHAPTER ONE 

1.0 INTRODUCTION 

1.1 Background 

The exceeding merits of laser welding, which include noncontact welding process with minimal 

thermal distortion, high precision and relatively high welding speed/high energy density, had 

increased its applications over the past two decades. In addition, fine grain structure/excellent 

weld quality, low costs and increased productivity were also responsible for its adoption in 

automobile, aircraft, marine, aerospace and medical device manufacturing industries substituting 

other welding techniques. Material versatility of laser welding is another advantage that has 

made the process more acceptable to the industries. Low carbon steels are considered good 

candidate for laser welding processes because high carbon content can promote solidification 

cracking. The 316L stainless steel is an extra-low carbon version of grade 316, it minimizes 

harmful carbide precipitation due to welding. Due to this property (low carbon: 0.03% max) 

amongst other austenitic stainless steels, 316L steel has become an important material both to 

researchers and manufacturers.  

This research aims to investigate the effects of laser welding and the geometry parameters on 

laser welding of 316L steel blanks. This study was carried out by analyzing the mechanical and 

metallurgical properties of full penetration laser welded materials. Also, the modal analysis is 

conducted to investigate the effects of these parameters on the welded materials. The natural 

frequency which is a modal parameter is then used to characterize the welded materials. Micro-

hardness testing and optical microscope, Field Emission Scanning Electron Microscope 
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(FESEM), Elemental Dispersion Spectroscopy (EDS), X-ray Diffraction (XRD) are utilized to 

study the mechanical and metallurgical characteristics accordingly.  

The following sections of this chapter give an overview of the principles and processes of laser 

welding and modal analysis:  

1.2 Laser Welding  

Laser welding is a high energy-density, low heat input process with specific advantages over the 

conventional fusion welding process. In some applications, laser welding is commonly replacing 

MIG, MAG and resistance spot weld process, it is a kind of evolution  that  cannot  be  avoided  

[1, 2]. The following sub-section discusses the principle, types, mechanism of laser welding as 

well as some laser welding considerations such as laser welding parameters, material selection 

and microstructure of laser welded materials. 

1.2.1 Principle of Laser Generation 

Laser generation is the result of energy emission this is associated with the transition of an 

electron from a higher to a lower energy level or orbit within an atom[3]. 

The generation of a laser beam is essentially a three step process that occurs almost 

instantaneously as follows: 

When an atom is irradiated with photons, the electrons are excited or stimulated to a higher 

energy level by absorbing the energy of the incident photons. This process is referred to as 

absorption or stimulated absorption. The energy absorption rate depends proportionally on the 

number of atoms at the lower energy level and the energy density of the incident photons. Due to 

the excitation of electrons to higher energy levels, the atom becomes unstable and seeks to return 

to the ground state, thereby emitting some of its energy as photons. The emission is because the 
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atom always seeks to return to the ground state and if left alone, they would return, just a matter 

of time before they do. The emission process can occur in two ways, either by spontaneous 

and/or stimulated emission. 

The spontaneous emission happens when the transition from a higher energy level to a lower 

energy level occur naturally without being stimulated by incident radiation. If the atom is fully 

stable in its excited state, then no spontaneous emission will occurs.  

If the atom in its excited state is irradiated again with photons, the photons will stimulate the 

atom to undergo a transition to the lower energy level. This is what is called stimulated emission. 

The energy release due to this transition in form of photons is the same as the incident 

stimulating photons, and it is superimposed on the incident photons, hence strengthening the 

emitted photons.  This results in stimulated emission, where the incident and emitted photons 

have the same characteristics and are in phase, resulting in a high degree of coherence, and the 

direction, frequency, and state of polarization of the emitted photons are essentially the same as 

those of the incident photons[3]. The two photons can generate an avalanche of photons within 

the atom by repetitive occurrence of the stimulated emission also referred to as amplification by 

stimulated emission as illustrated in Figure 2. 

1.2.2 Laser Welding Types 

Laser welding is a process that melts and joins metals by heating them with a laser beam. The 

laser beam is produced using a gas mix of  CO2 , N2 and He, which is continually excited by 

electrodes, to produce a collimated photon beam [4]. Laser welding became invoke in the 

industry due to its various meritorious advantages ranging from higher speed/precision, welding 

of complex joint geometry, low heat application which means less microstructural alterations, 

low thermal distortion  and relatively cavity-free welds. 
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Figure 1: Schematic of (a) absorption, (b) spontaneous emission, and (c) stimulated emission[5]  

 

 

Figure 2: Amplification by stimulated emission[5] 

 

The often use laser for welding are the CO2 and neodymium:yttrium-aluminum-garnet 

(Nd:YAG) Lasers. CO2 Laser is conventionally used for continuous welds because high power 

(a) 

(b) 

(c) 
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continuous wave (CW) beams are achieved by using CO2 lasers. Not until recent advancement in 

high-power continuous wave Nd:YAG lasers, Nd:YAG have been used for spot welding of small 

components like medical instruments, razor blades etc.[6] 

1.2.3 Material Selection Consideration 

As with other joining technologies where certain materials are not favored, laser can weld wide 

range of materials but some materials are more suitable for laser welding as well as there exist 

materials that are difficult or impossible to weld with laser. The deterministic material properties, 

specific to laser welding are; a) the material reflectivity, b) the effect of the high thermal cycling 

and c) the vaporization of volatile alloying elements. The most widely laser welded material is 

steel, and the general rule is to keep its carbon content below 0.12% [7]. Welding gas plays a 

major role in the laser welding as it increases the welding speed and enhances the mechanical 

properties of the weld. 

1.2.4 Laser Welding of Steels 

As earlier mentioned, laser is generally suitable for welding low carbon steels. However, an 

increase in the carbon content above 0.25% may require heat treatment before the actual welding 

to avoid the formation of brittle microstructures due to the high cooling rate that usually happens 

while welding with laser. On the contrary, high cooling rate can be beneficial in producing fine-

particle strengthening as in high-strength low alloy (HSLA) steels but during arc welding of 

HSLA this result in strength reduction [3]. 
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1.2.5 Laser Welding Parameters 

The major parameters that affect laser welding process include the laser power, the traverse 

velocity, the shielding gas, the joint type, the beam characteristics and the focusing distance 

which is the distance between specimen and the optical focal points. It was reported that the 

penetration depth increases with increasing laser power ( 

Figure 3). Laser power has a less influence on both weld profile and HAZ width in comparison 

with its effect on penetration depth [8]. The welding speed plays a significant role in the size and 

shape of the fusion zone. An increase in the welding speed will lead to an increase in the weld-

depth to width ratio which means a decrease in the fusion zone size. The welding (shielding) gas 

often  plays  an  active  role  in  the  welding process,  such  as  increasing  the  welding speed   

and   improving   the   mechanical properties of the joint [6]. 

 

 

 

Figure 3: Effect of laser power on penetration depth of type 304 and type 316L steel welds [8] 
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1.2.6 Mechanism of Laser Welding  

When the laser beam is irradiated on a workpiece surface, a significant percentage of the beam 

energy is reflected away while the remaining percentage is absorbed by the surface. The 

absorbed energy heats up the surface thereby increasing it temperature. With raise in 

temperature, the surface absorptivity increases which helps increasing the temperature further. A 

level is reached where melting and possible evaporation of the metal are localized which creates 

a vapor cavity within the metal. Hence, laser welding can be of two types based on the 

mechanism: 

a. The conduction mode (Conduction Limited) welding 

b. The keyhole (Deep Penetration) welding 

The conduction mode is usually employed for welding foils and thin sheets, while keyhole mode 

welding is used for relatively thick workpiece. Both mechanisms are hereby described briefly: 

a. The Conduction Mode Welding  

This mode of laser welding occurs at a low power density (less than 10
6 

W/cm
2
) with minimal 

workpiece vaporization. The laser beam is first focused on the surface and then transferred to the 

surroundings by conduction.  This results in forming a nugget that is shallow and wider heat-

affected zone as compared to keyhole welding. Figure 4 illustrates a conduction mode welding. 

The shape of the weld pool in a conduction mode welding is primarily determined by the flow in 

the weld pool and due to influence of surface active elements [3, 6]. 
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Figure 4: Schematic of Conduction Mode Welding [3] 

 

b. Keyhole Mode Welding 

This is characterized by deep narrow welds. A high power density of above 10
6
 W/cm

2
, the 

workpiece material is vaporized to form a cavity (the keyhole), which is surrounded by molten 

metal, which in turn is surrounded by the solid material. The molten material fills the cavity 

which contains vapor, plasma (or both) as the laser beam progresses along the joint [6, 9, 10]. 

 

Figure 5: Schematic of the keyhole mode laser welding process: Illustration of bending of the keyhole in the direction 

of workpiece travel [10]  
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marine industries[11] is another motivation for this work. This study is aimed at filling this 

literature gap and investigates a new method for characterizing welded joints. 

Modal analysis is employed in this study to characterized laser welded 316L steel blanks.   

1.5 Objectives and Approach 

1.5.1  Objectives 

The main objectives of this research are to: 

1. Characterize the flexural response of the welded samples 

2. Characterize the microstructure and morphology of the welded section 

3. Simulate mechanical response of the welded region through predicting the stress states 

1.5.2  Approach  

1. Conducting the modal analysis to capture the natural frequencies of the samples with 

the aid of data acquisition setup interfaced with LabVIEW software. 

2. Enumerating numerically the natural frequencies of the unwelded samples for 

comparison with the modal analysis experimental results. 

3. Characterizing the welded samples using the following techniques:- (a) Optical light 

microscopic (b) SEM (c) EDS (d) XRD (e) Micro-hardness indentation test. 

4. Using the FEM ANSYS code to: 

a. simulate the temperature distribution and residual stresses of laser welding of 

316L Steel blanks 

b. simulate the effect of the weld runs on modal parameters 
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CHAPTER TWO 

 

2.0 LITERATURE REVIEW 

The review of literatures in this research has been categorized into three sections based on the 

area of study that will be carried out. The first section of this chapter reviews modal testing for 

flexural analysis during laser welding while the second section presents the microstructural 

investigation of laser welded materials. The third section includes numerical study of laser 

welding and post-weld stress analysis. 

2.1 Modal Testing for Flexural Analysis 

Several authors have studied the effect of welding and heating on the modal parameters and 

flexural behavior of mechanical structures. In 1966, Dickinson observed that there was up to 

20% changes in the frequency when a rectangular plate was welded [15] and Kaldas et al  

performed a theoretical and an experimental study of the effect of weld runs on the flexural 

characteristics of a rectangular plate[14]. They utilized finite difference method for the 

prediction of residual stresses in centrally welded plate to evaluate the induced in-plane stresses, 

including shear and both components of normal stress. The plates were of different configuration 

with respect to location of the weld: the central welds, the single edge weld and two parallel edge 

welds.  

AlZaharnah  investigated the flexural motion of a cantilever assembly heated at the fixed end and 

the effect of the size of heat affected zone (HAZ) in the flexural motion was simulated by 

correlating it with the frequency and amplitude of the motion employing the finite element 

method[17].  He assumed a temperature heat source with varying size at the fixed edge while an 
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impulsive load is applied at the cantilever free end. He found that because of the temperature 

field in the plate during heating which modifies the modulus of elasticity of the plate, the 

maximum amplitude difference increases with the size of the heat source. This increase is steep 

for a small heat source size and as the heat source increases it becomes gradual, though the 

thermal non-linearity was not included in this analysis. In another study  the same author et al 

examined the flexural motion of a cantilever plate heated at the fixed end with a moving laser 

heat source[18]. The Finite Element software ANSYS was used to examined the effect of the 

moving laser heat source on the flexural characteristics by computing the displacement 

difference for heating and no-heating situations and the time shift between peaks while 

considering different heat source speeds. They simulated the moving laser heat source by 

dividing the total time for heating into equal time steps. Then all the nodes at the fixed end were 

fixed to the melting temperature of the plate for time duration equal to a single time step. Only 

the mechanical non-linearity was considered during the simulation process. They found out that 

due to increase in energy transfer time as a result of low heat source speed, the magnitude of 

displacement increases for low heat source speed and similarly reduce with increasing heat 

source speed. They also examined variation of amplitude of the flexural motion with the moving 

heat source speed and found that at low speed (1cm/sec) of the heating source, the amplitude 

remain high while it reduces as the speed increases to 3cm/sec. They observed that this behavior 

is affected by temperature distribution particularly in the near region of the moving heat source 

and that the flexural characteristics of the plate changes significantly once the large variation 

occurs in a narrow region next to the heat source as it speed increases.  

In a separate study, AlZaharnah et al presented how the flexural wave characteristics at the free 

end during the welding of one end of a bar depends on the heating duration. The finite element 
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software ANSYS was used to compute the wave characteristic as a function of time[19]. The 

temperature of the heat source was maintained at the melting temperature of the bar material and 

with the temperature dependent elastic modulus, the process was simulated. It was found that 

temperature decays rapidly in the region next to the heated zone in the early period and gradually 

as the heating progresses. Also, by increasing temperature in the heated region of the bar lowers 

the modulus of elasticity and this becomes significant as the heating extend towards the free end 

of the bar with progressing heating period. The characteristics of flexural waves (amplitude and 

frequency) due to heating and no heating situations is almost the same at time 0.05s when the 

impulse force is applied, i.e. slight variation in amplitudes is observed for both flexural waves 

corresponding to heating and no heating conditions. The flexural wave amplitude is smaller for 

no-heating situation than that of heating situation due to the change in the modulus of elasticity 

with temperature. However, difference in amplitude of both waves is more pronounced for  

heating periods of 0.1s and 0.25s, this is because of the variation in modulus of elasticity, which 

results in change of flexural wave characteristics. It was as well found that sharp decay in the 

temperature in the region close to the heated zone results in sharp changes of the modulus of 

elasticity, hence the large difference in the maximum amplitude difference. 

Investigation into the effect of heat source location on the flexural characteristics of a bar 

subjected to welding-liked process was carried out [20]. They adopted a temperature heat source 

along the width of the bar with temperature-dependent mechanical properties and constant heat 

source to predict the flexural characteristics using ANSYS finite element code. Their results 

show that temperature attains high values at the location of the heat source and decays steeply as 

the distance in the vicinity of the heat source increases along the x-axis with an evenly 

temperature gradient around the region consequent upon constant heat source. They considered 
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direction (along x-axis) except the initial peak. It was noted that the magnitude of equivalent 

stress in the transverse direction is less because of lower displacement in the transverse direction 

than its counterpart corresponding to axial direction.  

Another study analyzed the thermal stresses developed in a substrate subjected to laser heating 

process and the flexural wave propagation due to axial stress component in the surface vicinity 

of the substrate [22].  Analysis of the wave behavior using Fast Fourier Transformation (FFT) 

showed that the displacement vector of each uniform element was transformed from time domain 

into frequency domain. Responses from the transformations were then solved using Finite 

Element Method (FEM) and an inverse FFT was used to recover the response. They found that 

the wave amplitude varies with time though no dominant pattern was observed because the initial 

wave form at the centre of the workpiece is modified as it travels along the workpiece due to: i. 

the dispersion effect of the workpiece material ii. overlapping of the wave modes, and iii. the 

reflected wave from the free ends of the workpiece that interfere with the traveling wave. They 

stated that amplitude of the traveling wave vanishes as it travels towards the free end of the 

workpiece though the wave appears at the free end as a high frequency mode. This is because the 

traveling wave has low amplitude in these location and reflected waves modify easily the 

travelling pattern. The stress normal component was shown to vary with time and it has two 

maxima, one is the heating cycle and the other is the cooling cycle, and it takes a value as high as 

20MPa less than the yield stress of the workpiece material at the surface vicinity.  

The stress field developed during the flexural motion of workpiece when ablated by a laser beam 

was considered by Yilbas et al[23]. Both the normal pressure force and the resulting amplitude 

and frequency of the flexural waves as well as the stress levels in the substrate material were 

computed using the finite element method (FEM). In the study, third element aluminum was 
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introduced to understand its influence on flexural properties while adopting two geometrical 

arrangements. The displacement of the surface at the central position of the workpiece was found 

to be higher for the cantilever case than for the case where both ends are freely supported due to 

the cantilever arrangement, in which case the workpiece moves freely from one end thereby 

enhancing the amplitude of the surface displacement. When both ends of the workpiece are 

simply supported, the amplitude of displacement dies out with time, resulting from the simply 

supported system; this forces the displacement to decay rapidly.  They found out also that the 

additional element only influence the displacement difference at the early stage, while this 

difference decays with time for both cantilever and both-ends-supported arrangement. The 

equivalent stress (stress component) was also study; it was observed that it attain a high value in 

the early period and decreases to zero before reaching it second peak. The zero equivalent stress 

corresponds to when the workpiece straighten i.e. displacement decreases to zero. In a similar 

study, the authors carried out a 3D flexural wave analysis for a locally imbedded single 

aluminum cell in steel substrate, to study the effect of the location of this impurity element on the 

flexural wave motion of the substrate by varying its location[24].  The displacement was found 

for the sixth location to attain high value at certain periods provided that it reaches its peak value 

at about 3ms after the laser pulse ends. In the transverse direction, flexural motion does not 

change significantly due to lesser displacement in that direction. The time at which the highest 

values for displacement and displacement difference occur does not coincide since the 

displacement difference reaches its peak at about 4ms after the pulse ends. After observing the 

flexural behavior of seven different locations for the third element, they concluded that the 

displacement difference is influenced significantly by the axial locations of the additional 

element and that this behavior reduces as the additional element location moves close to the free 

end. 
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different welds and also the residual stresses at the weld pool increases in all situations to the 

tone of its yield strength at the center in the case of steel-kovar weld.  

In a related research, the authors presented an investigation of the intermetallic compound (IMC) 

layers formed in a defocused laser beam welded low carbon steel and aluminum alloy in a lap 

joint[27]. X-ray diffraction analysis and Transmission electron microscope with EDX analyzer 

(TEM-EDX) were used for the characterization of the IMC layer, the use of TEM-EDX was due 

to the thin IMC layer compared to the beam diameter. They found that the IMC layer at the weld 

lack a band-like morphology and that higher percentage of the IMC layer is mainly Al5Fe2 at the 

central region while Al13Fe4 was observed at the interface. Also the interface between IMC layer 

and the solidified A6111 was found to have average grains size of about 500 nm and an ultra fine 

grain size at the SPCC interface while at the central region of the layer grain size reaches 1mm. 

Some authors had previously investigated the tensile strength of the lap joint  using an Instron-

type tester under a cross-head speed of 1.7x10
-5

ms
-1 

at room temperature and the relationship 

between the morphology of the IMC and the joint strength[28].  

Yao et al developed a new method for the laser welding of copper and low carbon steel by 

controlling the dilution ratio of Cu to be lower than 7.2 wt% to solve the problems of material 

mismatches inherent in welding these dissimilar metals, the dilution ration of Cu was controlled 

by carefully monitoring the laser beam interaction with Cu plate[29]. Optical  microscopy  (OM) 

was used to study the weld morphology while the elemental distribution at microstructural level 

of the interface were characterized by using scanning electron  microscopy  (SEM) with an 

embedded energy dispersive spectroscopy (EDS).  They found that the joint was defect-free and 

hence had good strength due to limited amount of copper that dissolved in the steel. Also the 

microstructural analyses of the interface shows a transition zone having huge amount of gradual 
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that the movement of the workpiece is related to the temperature distribution inside the 

workpiece, as its speed increases the temperature contour becomes more non-uniform unlike at 

lower workpiece speed where the temperature extend further inside the substrate. They also 

found that during the cooling cycle, the rise and the decay of the surface temperature becomes 

rapid at low workpiece speed and vice visa. This is due to the fact that the workpiece movement 

enhances the heat conduction in the direction of motion and the convective cooling increases in 

the direction of motion because of no-slip condition generated at the workpiece surface due to 

the workpiece motion. A numerical analysis was performed to study residual stresses of a butt-

weld of two plates using ABAQUS and ANSYS software packages [36]. In order to increase the 

accuracy and efficiency of the welding process analysis, a shell/3D modeling capability were 

adopted using the sequential thermal-stress solution procedure. Solid elements were used close to 

the weld where the temperature gradient are high while shell element were used for areas of less 

prominent temperature gradient further from the welding area. Mechanical and thermal non-

linearities were incorporated in the model. It was observed that combination of the three-

dimensional and the shell model could be applied very efficiently for a detailed study of welding 

processes. They therefore conclude that this modeling technique which involves the transition 

from the shell model to the 3D model discretization with a finer mesh of elements is very 

efficient for this purpose, in which case show no significant deviation when the residual stress in 

the weld were modeled with the full 3D elements in both packages. Also it was found that the 

temperature field in ANSYS model gives a slightly higher value in the root of the weld which 

quickly disappears by moving towards the plate ends. 

The electron beam welding process was numerically simulated using the finite element 

method[37]. The authors analyzed the thermal field generated by the process, determined the 
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heat-affected zone and the residual stresses in the joint. They modeled the heat source using the 

disk heat source and a hemi-spherical heat source which assume the symmetry of the weld pool 

with respect to the axis going through the middle of the heat source. They found that the 

temperature gradient in the area corresponding to heat source causes increase of effective 

thermal stresses and that the maximum value of the stresses occur beneath the area of the heat 

source and depend on the yield stress of the welded material at given temperature. Turaa et al 

conducted the numerical simulation of the thermal and stress fields during the laser welding of a 

stainless CrNi steel type AISI 304 using a pulsed Nd: YAG laser[38]. A 3-dimensional finite-

element model employed in ANSYS program was used for simulating the welding while the heat 

source was parameterized by the combination of a circular disk source with a Gaussian 

distribution of thermal flux with center on the top surface and a line source through the thickness 

of workpiece. They found that for the weld pool formation 23.4 % power transferred from the 

total laser beam power is needed. 

Kazemi and Goldak developed a very simple 3-dimensional finite element method model for 

laser full penetration welding[39]. The heat source was modeled in relation to the time stepping 

such that when the heat source moves to the next load step, the former load step is deleted. After 

the first load step, the heat source moves forward to the next position in a distance equal to the 

element length. They showed that the heat source model developed can predict the weld cross 

section in deep penetration laser welding, especially in the case of full penetration welding, 

though with certain limitation of failing to predict the weld width in depth near the top surface. 

Also noted that the most sensitive parameters to the model in predicting weld shape are Peclet 

number, the conductivity of material and absorption coefficient of material used for the circular 

disk source. Osamah performed numerical heat transfer analysis during a laser spot welding 
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process aimed at using the double ellipsoidal representation of the laser beam, thereby including 

volumetric heat input from a heat source[40]. He considered temperature dependence of the 

material properties, phase change phenomena, and convective and radiative heat losses from all 

the surfaces of a sheet during the welding process. The FEM software ANSYS 10.0 was utilized. 

He realized that the temperature gradients during laser welding are usually very large and a very 

high temperature at the center of the workpiece was observed. Also, that the thermal residual 

stresses around the laser spot due to plastic strains were very small and localized within 1.0 mm 

range.  

Andrea et al investigated the numerical procedure for the thermal and mechanical simulation of 

the welding process using a 3D FEM model in ANSYS[41]. In this report a non-uniform gap is 

considered for laser and TIG welding of INCONEL 625 and AISI 316 respectively. Temperature 

dependent material properties, radiation and convention effects were considered and the birth 

and death procedure were used. They performed during the thermal simulation a sensitivity 

analysis of the parameters and found that the welding speed is one of the most important 

parameters. The mesh size seems to have a minor effect and to ensure that same maximum 

temperature is attained for all welding process a good analysis of the power becomes important. 

Literatures on numerical studies of the flexural analysis of a laser welded steel considering the 

post-weld effects like residual stresses and possible defects within the weld zone are not well 

developed. Few works were found in this area. Some works on the modeling of the flexural 

analysis of an unwelded sample were done to show that the problem of the deflections of a 

cantilever beam in both the case of large and small deflections can be handled using simple, 

easy-to-assemble and low-cost experiment, a study was performed to analyzed these deflections 

using a simple physical system [42, 43]. They initially obtained the differential equation 
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Table 6: Samples with varied geometry only 

Sample # Thickness Power (W) Feed(mm/min) 

Set A 

12 1.5 3000 400 

76 2 3000 400 

140 2.5 3000 400 

Set B 

15 1.5 4000 300 

143 2.5 4000 300 

207 3 4000 300 

 

 

 

 

 
 

Figure 7: Laser Welded Samples of 316L steel plates 
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achieved  for  the  proper  acquisition of data is presented. The acquired data are written 

in a text file from which later they are read in order to be processed. 

 

Figure 13: The block diagram of the virtual instrument achieved for data acquisition 

 

 

Figure 14: Window of Labview software with three different plot displays 
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Figure 15: Modal Analysis experimental set-up 

 

3.3   Material Characterization 

After welding, the samples were visually inspected then sectioned across the width parallel to 

welding direction to reduce the sample into a square like sample to ease further preparation for 

material characterization and mechanical testing. 

3.3.1 Sample Preparation 

These samples (square-like) were again sectioned transversely i.e perpendicular to the welding 

direction resulting into two parts labeled X and Y for each sample. All samples (X of each 

sample only) were then hot-mounted using Buehler transoptic powder (polymer) in a mounting 

machine (Evolution, IPA 40 Remet, Bologna, Italy) at temperature of 200
0
C for about 35min 

including cooling time, to enable handling during grinding and polishing. The samples were then 

grinded using Buehler roll grinder (Handimet 2 Roll Grinder Buehler, Japan) with 240, 320, 400 

and 600 grits and polished on Buehler grinding and polishing table until a mirror-like plane 
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           Figure 16: IPA 40 Remet Mounting Machine                                   Figure 17: Vickers Microharness Tester 

 

 

Figure 18: Metallurgical optical microscope used for optical micrograph 
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Figure 19: LYRA3 XM FIB-FESEM used for the Characterization 

 

 

Figure 20: XRD D8 Advance 

 











51 

 

 

Figure 22: AISI 316L Temperature Dependent Thermal Material Properties[11]  

 

 

Figure 23: Film Coefficient[11] 
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4.1.3 Heat Source Model 

From the review of literatures, it is noticed that research is in progress focused at developing an 

accurate heat source model for laser welding process. Knowledge of the heat transfer from the 

welding source to the base material is essential for determining the molten pool or bead shape 

and the subsequent solidification pattern[51] 

Researchers have employed different heat source model; the Gaussian distribution of heat flux 

(W/m
2
) deposited on the surface of the workpiece as shown in Figure 25, 3D conical Gaussian 

profile as shown in Figure 26 and the double-ellipsoidal heat source model (Figure 27) [37, 40, 

51, 54-56]. A recent study concentrated on the modification of these heat source model to 

accurately account for the physical phenomenon[57].  In this study, the double ellipsoidal heat 

source model was used due to its capability of simulating laser beam welding on a thin plate [58, 

59]. 

Definition of the Double Ellipsoid Heat Source Model 

The double ellipsoidal heat source model entails two dissimilar power sources of the same 

geometrical shapes but of different dimensions.  These two different components of the model 

define the front and the rear of the heat source, respectively.  The mathematical  equation  that  

describes the front of the heat source models its steep shape, resulting from the movement of the  

heat source while that of the rear heat source is adapted to the smooth gradients of the heat flux 

[53]. In essence, the heat source is a combination of two different semi-ellipsoids described by 

separate equations:  

For a point (x, y, z) in the front semi-ellipsoid of the model, the governing equation of the power 

density (W/m
3
) is:  
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Figure 25: Gaussian distribution of heat intensity[55] 

 

 

Figure 26: 3D Conical  Gaussian distribution of heat source[51] 

 

 

Figure 27: double Ellipsoidal representation of the heat source[56] 

 

 

z 

y 
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Table 7: Number of Elements and Nodes of FE Models  

FE Model Number of Elements 

1.5 19712 

2 21320 

2.5 22880 

3 22880 

 

 

      
 

Figure 29: Finite Element Models (a) model 1.5 (b) model 2 (c) model 2.5 (d) model 3 

 

(b) (a) 

(c) (d) 
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4.2 Structural Analysis 

The FEM structural analysis carried out in this study use the sequential thermal-stress solution 

procedure in which the transient thermal analysis is followed by the thermal stress analysis. 

Resulted temperatures distributions from the thermal analysis were used as loading for the 

thermal stress analysis. This means that at the end of the thermal analysis, all nodal thermal 

results, for every time-step, were written in the result file and inputted as the body load in the 

structural analysis. In a coupled field analysis, the accuracy of the structural analysis is rested on 

the correctness thermal analysis results, however the following important procedures must be 

implemented to achieve reliable structural results: 

1. Must ensure geometrical compatibility by adopting the same FEM model and mesh used 

during thermal analysis for the structural part 

2. A corresponding thermal element type must be used for the structural analysis. 

3. Mechanical temperature dependent properties must be used and the optional deletion of  

the thermal properties, in order to free the solver unnecessary information 

4. The transient structural analysis must be exactly the same with the transient thermal 

analysis, meaning that the exact number of time steps and time intervals must be used for 

both analyses in order to avoid confusion and erroneous results. 

5.  For each time step, the load is read from the thermal result file and inputted as body load 

in the structural analysis. 

Also, Zhu and Chao[60] has indicated that the yield stresses at all temperatures are the most 

important parameter in welding simulation and that its value has significant effect on the residual 

stress. 
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accelerometer was incorporated in the model of the tested sample as shown in Figure 31. Ansys 

finite element Solid 5 which is a 3-D element with eight nodes and up to six degrees of freedom 

with thermal and structural capability. A total of 197,107 elements were used, this number of 

elements satisfy the mesh independency test at reasonably computational time. Figure 32 shows 

the natural frequency plots from numerical modeling of unwelded plates for different sample 

thicknesses. It is found that the natural frequency increases as the thickness of the sample 

increases while the deflection decreases from 7.5 to 6.5mm as the thickness of the sample 

increase from 1.5 to 3mm respectively. This trend is consistent with theory of modal analysis 

presented in [47, 48]. This behavior is link to the sample thickness direct influence on the 

moment of inertia of the plate, which increment will cause the flexure resistance of the system to 

rise and thereby increasing the natural frequency as stated earlier. 

 

 

Figure 30: Natural Frequency of unwelded samples of different thickness 

 

 

Sample Thickness 
(mm) 
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                2.0 
                2.5 
                3.0 
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Figure 31: Geometrical model of unwelded sample and accelerometer 

 

Therefore, larger sample thickness indicates higher natural frequency due to the subsequent 

effect of the sample thickness on the inertia of the system. Several readings of the modal testing 

of these samples were averaged to compare with results obtained numerically. Table 8 shows the 

comparison with 9.65% maximum percent difference for the 1.5mm thick blank. The comparison 

and variation are clearly shown in Figure 33. These differences are still within acceptable range 

to conclude that the numerical results are in agreement with the results acquired from the 

experimental test. Hence welded samples with different parameters as shown in tables 3 through 

6 are then investigated.  

Figure 34 shows the natural frequency peaks of a welded sample using different beam power 

while other welding parameters are kept constant (see table 5). It is noticed that the natural 

frequency of the welded samples are similar to that of the unwelded sample of the same 

thickness. This is an indication of defect-free weld and less distortion of welded region 
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accompanying laser welding process. It is also observed that the natural frequency increases as 

the laser beam power increases as shown in Figure 35 in which variation of the natural frequency 

as a factor of the beam power is shown. This behavior is associated with the fact that as the beam 

power increases, the coarser the microstructure becomes [8, 62], and the more coarse the 

microstructure of a material is, the more easily deforming the material becomes. This results in 

large grains and less grain boundaries that aid in hindering deformation. 

Effects of welding speed (feed rate) of the beam on the natural frequency peaks are shown in 

Figure 36. It is found that at a lower feed rate (200mm/min) the natural frequency is 122.88Hz. 

An increase in the welding speed (feed rate) to 300mm/min results in a decrease of the natural 

frequency (107.52Hz). Accordingly, El-Batahgy [62] reports that the higher the welding speed, 

the finer the microstructure. This is attributed to an increase in both solidification and cooling 

rates due to the low heat input that results from a higher welding speed. Fine microstructure 

indicates more resistance to deformation and increased material stiffness, hence the lower natural 

frequency. Similar trend is also observed as shown in Figure 37 where different set of parameters 

are investigated. This seems to be true for first two results but on further increase in the weeding 

speed the natural frequency increased rather than decrease as expected. Further increase of the 

welding speed to 400mm/min results in a natural frequency of 117.76Hz. This behavior can be 

attributed to the fact that at a higher welding speed attenuation of beam energy by plasma is less 

significant. This results in relatively more exposure of the laser beam on the sample which in 

turn increases the heat dissipation on the workpiece. It is also worth mentioning that natural 

frequency is again within the range of the unwelded sample of same thickness indicating the 

absence of distortions and defect-free welds. These variations of frequency with welding speed 

are illustrated in Figure 38 for both cases.  
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Effects of the variation of the thickness of welded samples on the natural frequency were 

examined and shown in Figure 39, where other welding and geometry parameters (welding 

speed, beam power etc and length, breadth respectively) are held constant. Figure 40 shows the 

variation of the natural frequency of investigated samples with sample thickness. The sample 

thickness varies directly as the natural frequency. This can be explained thus; an increase in the 

sample thickness results in an increase in the moment of inertia of the system, which directly 

relates to the natural frequency. 

The natural frequencies obtained from modal analysis testing are then used to calculate the 

stiffness and elastic modulus of the welded blanks. Table 9 shows the calculated stiffness and 

elastic modulus of all samples. It is found that the values of the calculated elastic modulus are 

similar to that of the base material. Considering the welding and geometry parametric influence 

on the elastic modulus, the noticed difference may be due the modification of the material 

microscopic properties during the welding process. 
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Figure 32: Numerical plot of the Natural Frequency of unwelded samples for different sample thickness:(a) 1.5mm (b) 2mm (c) 

2.5mm (d) 3mm thick 

 

 

 

 

 

 

 

 

 

 

 

 

(c) (d) 

(b) (a) 
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Figure 34: Natural Frequency of 1.5mm thick samples welded with 400mm/min using different Beam Power 

 

 

 

Figure 35: Natural Frequency variation with Beam Power 
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Figure 36: Natural Frequency of 1.5mm thick samples welded with 3KW using different feed rate  

 

 

Figure 37: Natural Frequency of 2.5mm thick samples welded with 4KW using different feed rate 
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Figure 38: Natural Frequency variation with welding speed 

 

 

Figure 39: Natural Frequency of samples welded using 3KW power and 400mm/min welding speed for different thickness 
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follows similar trend and is in agreement with the measured natural frequency. The little 

deviation observed result from the effect of the welding speed, which has less contribution to the 

accuracy of the model. If ST and LP are held constant, the deviation of the model from the 

measured natural frequency becomes high as illustrated in Figure 42. The sample thickness been 

the major influencing parameter of the natural frequency is another indication of the defect-free 

weld joint resulting from the laser welding process. 

Table 10: Best Subsets Regressions

 
 

 

Table 11: Regression Equation 

 

 

 

Best Subsets Regression: NF versus WS, ST, LP 

Response is NF

Vars R-Sq R-Sq(adj) Mallows Cp S WS ST LP

1 93.9 93.1 21.3 13.314 X

1 49.1 42.8 220.1 38.338 X

2 98.1 97.5 4.6 7.998 X X

2 95.3 94 16.7 12.405 X X

3 98.7 98 4 7.2106 X X X

The regression equation is

NF = - 47.4 - 2842 WS + 85678 ST + 0.0168 LP

Predictor Coef SE Coef T P VIF

Constant -47.43 17.74 -2.67 0.037

WS -2842 1759 -1.62 0.157 1.06

ST 85678 5782 14.82 0 1.43

LP 0.016753 0.004367 3.84 0.009 1.5

S = 7.21063   R-Sq = 98.7%   R-Sq(adj) = 98.0%

PRESS = 784.224   R-Sq(pred) = 96.61%
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Figure 41: Measured and Predicted Natural Frequency variation with (a) Laser Beam Power (b) Sample Thickness 

 

 

Figure 42: Measured and Predicted Natural Frequency variation with welding speed 

 

 

(a) (b) 
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Figure 43: Optical Micrograph of the cross-section welded samples with varied feed rate (a) & (b) 200mm/min (c)300mm/min 

(d) 400mm/min (X5) (Laser beam Power = 4kW, Sample thickness = 2.5mm) 

(b) 
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Figure 44: Variation of (a) Weld Zone width (b) Depth/Width ratio of the weld zone, with welding speed 

 

 

Figure 45: SEM micrograph of welded samples with varied power (a) 2kW (b) 3kW (c) 4kW 

 

 

(a) (b) 
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Figure 46: Variation of (a) Weld Zone width (b) Depth/Width ratio of the weld zone, with Laser Power 

 

 

Figure 47: Optical Micrograph of the cross-section of samples welded with varied Power (a) 2kW (b) 3kW (c) 4kW (X5) 

(Welding speed =400mm/min, Sample thickness = 1.5mm) 

 

 

 

(a) (b) 
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(b) Effect of laser power  

Figure 45 shows the SEM micrograph of welded samples with varied laser power while other 

parameters were held constant (see table 5). It was observed from Figure 46 that the measured 

width of the welded zone decreases while the thickness/bead width ratio increases as the laser 

power increases. This behavior is associated to the amount of heat absorbed by the surface, 

solidification and cooling rates. Thereby, as the surface is irradiated with a higher power, more 

heat is absorbed especially at a low welding speed, leading to higher temperature gradient across 

the welding line. This in turn results into a higher solidification rate with a reduced weld-affected 

area (weld zone). Although in previous studies [8, 62], it was observed that the laser power has 

less significant influence on the fusion zone shape and on the depth/width ratio. But since the 

welding in this study was done at low scanning rate (400mm/min), it might be responsible for the 

significant contribution noticed. The optical images of these welded samples are shown inFigure 

47 revealing clearly the decreasing nature of the weld width as the beam power increases. 

(c) Effect of blank thickness 

The geometrical thickness of the welded plate also influences the fusion zone size during 

welding as previously illustrated in [34]. Table 6 shows the blank thickness variation examined. 

Figure 48 shows the bead width and the thickness/bead width ratio variation with thickness, a 

sharp decrease in the width of the welded zone was noticed as the thickness increases from 

1.5mm to 2.5mm. This is caused by the decrease in the power per bulk material which 

consequently decreases the peak temperature while also reducing the temperature gradient. In 

addition, the solidification and cooling rates thus increases thereby reducing the interaction of the 

affected area with the beam power which then results in the observed reduction in the bead width 

size. However, investigating all samples reflects that the width decrease was less significant after 



80 

 

2.5mm (as shown in Figure 48(a)). This could be as a result of higher thermal efficiency 

accompanied by increase in the thickness of the workpiece as stated in [34], which is required for 

a sound weld. As the thermal efficiency increases, the power per bulk material increases thereby 

more materials are interacted with due to the increase efficiency. Hence, the smaller the effect of 

the beam power on the bead width size at a large sample thickness. The optical micrograph of 

fusion zone shape of different thickness is shown in Figure 49 for samples welded using 4kW 

laser beam power at 300mm/min welding speed. The symmetry along the welding line is obvious 

except for some irregular enlargement noticed due to the aforementioned possible reasons. 
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5.2.2 Microstructure of the Welded Samples 

SEM micrographs showing different regions of weld cross section are obtained to analyze the 

post-welding microstructures. For all investigated samples, it is observed from the micrograph as 

shown in figures 50 and 51, that there are microstructural variations within the fusion zone. It 

was noticed that dendritic microstructures are formed in the near neighborhood of the fusion 

zone because of the relatively higher cooling rate than in the fusion zone.  

The SEM micrographs in figures 51 and 52 show clearly the fusion and heat affected zones 

respectively. The weld section displays both cellular and dentritic microstructures, which 

contains the austenitic phase. This behavior is primarily due to variation in the solidification rate 

and temperature gradient across the fusion zone. The solidification rate is lowest (almost zero) 

along the fusion boundary (boundary between solid-liquid interface during welding) and 

maximum along the centerline due to its high temperature and very low temperature gradient. As 

the solidification process moves towards the fusion boundary, the temperature gradient 

decreases, while the solidification rate increases. This variation in temperature gradient and 

solidification rates towards the center line result in an increased tendency toward cellular growth, 

i.e., a transition from planar to cellular growth occurs, resulting in columnar grains that are 

noticed close and around the center line. Further towards the centerline, there are increase 

reduction in the temperature gradient and increases in the solidification rate. This results in 

subsequent transition of some of the cellular structures to dendritic structures around the 

centerline in the fusion zone. However, the absence of microcracking during solidification of the 

fusion zone and fusion boundary indicates that the solidification strains are well below the 

ductility of the weld material. 
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Figure 50: SEM cross-section at the neighborhood of HAZ  

 

 

 

Figure 50-1: XRD diffractogram 
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Figure 51: SEM cross-section across the weld zone from (a) to (c) showing both the columnar and dentritic microstructures  

 

 

 

 

 

a 

 

b 
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Figure 52: SEM micrograph showing fusion boundary and HAZ of welded samples 

 

 

Figure 53: SEM micrograph of showing grain coarsening in HAZ of welded sample  
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The microstructure of welded samples with different laser beam power indicates grain 

coarsening with an increase in laser output power (figure 55). This is also due to increase in the 

heat input subsequent to increase in the beam power which decreases the cooling and 

solidification rates. In addition, more heat input also favors grain growth which is attributed to 

the coarse nature of the microstructure at an increased beam power.  

The effect of the thickness on the microstructure is shown in figure 56. The microstructure of the 

samples becomes coarser as the thickness of the blank increases possibly because the thermal 

efficiency increases as the blank thickness increases due to higher heat absorption rate. This 

consequently causes a higher temperature gradient and decreases the solidification rates, hence 

the resulting coarse microstructure at a higher sample thickness. 
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Figure 54: Microstructure of laser welded samples at 3kW laser power at different welding speed: (a) 200mm/min (b) 

400mm/min (X50) 

Figure 55: Microstructure of laser welded samples at 400mm/min welding speed with different laser power: (a) 2kW (b) 4kW 

(X50) 

Figure 56: Microstructure of laser welded samples using 4kW beam power and 400mm/min welding speed with different blank 

thickness: (a) 1.5mm (b) 2mm thick (X50) 
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per mass density in the sample which plays an important role in the microstructural development 

at the fusion zone and the HAZ. It should be noticed that tempering at the HAZ necessitates the 

reduced hardness and it effect decreases with sample thickness which results in the higher 

hardness noticed for the sample with 2.5mm thickness. 

In general, the microhardness falls between 198 HV and 211 HV for the fusion zone (FZ), 

between 186 HV and 199 HV for the heat affected zone (HAZ) and between 191 HV and 200 

HV for the base metal (BM) for all samples investigated in this study. This illustrates that the 

welded joint has an improved mechanical property as compared to the base material; however, 

the high hardness in the FZ is attributed to both fine microstructure and the inherent stresses 

developed during welding process. 
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Figure 57: Microhardness at different locations across fusion zone (welding speed = 400mm/min, Sample thickness = 1.5mm) 

 

 

Figure 58: Vickers Micro-Hardness variation with Welding Speed for the FZ, HAZ and BM (BP=3kW & ST = 1.5mm) 
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Figure 59: Microhardness variation with Beam Power for the FZ, HAZ and BM (WS = 400mm/min & ST =1.5mm) 

  

 

Figure 60: Vickers Micro-Hardness variation with Sample Thickness for the FZ, HAZ and BM (BW =3kW & WS = 

400mm/min) 
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5.4 SIMULATION RESULTS 

5.4.1 Thermal Analysis 

The simulation of the temperature fields during laser welding were conducted using the heat 

source model described in section 4.1.3. Finite Element Software ANSYS 14.0 was used to 

perform the simulation. Heat flux is applied on element faces to simulate the moving heat source; 

this was achieved by using the ANSYS Parametric Design Language (APDL) module available 

in ANSYS software. When the current load is shifted to the next load step the previous one is 

deleted. Figure 61 shows the flowchart of the APDL module. The simulations were conducted 

with four different workpiece thicknesses while varying the beam power and welding speeds for 

each model. Three different beam powers and four welding speeds were considered during the 

simulation process. Figure 62 shows the temperature field on the workpiece at four different load 

steps during the welding process for one of the welding conditions: 2000W beam power and 

200mm/min welding speed. It is observed that there is high temperature field along the welding 

direction and it also shows the cooling of the workpiece away from the heat source.  

Temperature gradients during laser welding are usually very large, this is due to the high beam 

power density and the localized heating nature of laser beam[40]. Figure 63 shows the high 

temperature gradients across the weld line during the laser welding using 2000W beam power at 

200mm/min welding speed. It can be seen clearly that the temperature is symmetrically 

distributed across the workpiece and it decays sharply in the surface region, and as the depth 

below the surface increases temperature decay becomes sharp and further increase in the depth 

results in gradual decay of temperature. The rapid temperature decrease to ambient temperature 

on the surface indicates a highly localized heating zone within a range of 1.52mm.  
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Figure 61: Flowchart of the APDL module for the thermal analysis 
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Figure 62: Temperature field for workpiece welded with 2000W at 200mm/min at different load steps 
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Figure 63: Temperature profile (a) across weld line (radial direction) (b) along the thickness (depth), for beam power 2000W at 

200mm/min welding speed 

 

 

Figure 64: Temperature histories at the weld center on the top surface for sample welded with 3000W at 300mm/min 
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Figure 65: Temperature profile plots with 2000W beam power at welding speeds; (a) 200mm/min (b) 300mm/min (c) 

400mm/min (d) 500mm/min 

 

(b) Effect of Laser Power on the weld bead width and temperature field 

Figure 67 shows the temperature distribution for different beam power welded at 400mm/min 

welding speed. The profile shows a wider temperature field as the laser beam power increases. 

This is so because as the beam power increase at the same welding speed, the workpiece 

absorbed more heat hence there is an increase in the conduction and interaction rate between the 

workpiece and the absorbed heat. Figure 67(d) shows the temperature-distance plots across the 
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Figure 66: Temperature profile across weld line (radial direction) with 2000W beam power at different welding speed 
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Figure 67 (Continue) 

 

 

Figure 68: Temperature Profile variation with sample thickness welded using; Laser Power = 2000W, Welding Speed = 

200mm/min 
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Figure 69: Comparison of the bead widths from simulation and experimental results for different welding speed 

 

 

Figure 70: Comparison of the bead widths from simulation and experimental results for different beam power 
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Figure 72: Von Mises Stress plot for samples welded using 3000W power at different welding speed (a) 200mm/min (b) 

300mm/min (c) 400mm/min (d) 500mm/min 
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Figure 73: Longitudinal Stress distributions along the x-direction for sample welded with 2000W power at 300mm/min welding 

speed 

 

 

Figure 74: Transverse Stress distributions along the z-direction for sample welded with 2000W power at 300mm/min welding 

speed 
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Figure 75: Variation of Longitudinal Stresses along the x-direction with welding speed (welded with 3000W Power) 

 

 

Figure 76: Variation of Transverse Stresses along the z-direction with welding speed (welded with 3000W Power) 
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Figure 77: Variation of Longitudinal Stresses along the x-direction with Laser Power (welding speed = 500mm/min) 

 

 

Figure 78: Variation of Transverse Stresses along the z-direction with Laser Power (welding speed = 500mm/min) 
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3. Analysis of microstructural development during laser welding of stainless steel alloys. The 

understanding of the metallurgical changes during welding is crucial to the resulting mechanical 

properties of the weldment.  
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