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Abstract - Residual stresses in manufactured components are caused by material plastic deformation, induced steep thermal 
gradients and phase transformation among others. Laser beam processing being a complex thermo-mechanical process is 
influenced by different process parameters. The process of making a desired shape configuration through laser beam may 
take a process of combining different process parameter to manufacture a component with good structural integrity. The 
thermo-mechanical phenomena involve heating and cooling phases whereby setting up temperature gradients through the 
thickness of the material and consequently induces thermal stresses. The X-ray diffraction method is a non-destructive 
technique for the measurement of residual stresses on the surface of the material and few microns into the material. X-ray 
diffraction techniques take advantage of the fact that when a metal is under stress, either applied or residual stress, the 

resulting elastic strains cause the atomic planes in the metallic crystal structure to change their spacing’s. This study reports 
on the effect of process parameters on the developed residual stresses in the laser processed steel component. The result 
confirms that the generated residual stresses were the aftermath of the non-uniform thermal expansion and contraction. A 
significant change in the stress tensor was measured in the processed sheet steel at a high laser power of 3.0kW. Similarly, 
the stress tensors were also measured for the parent material and the processed sheet steel at a low laser power of 1.8kW. 
Both transverse and longitudinal stresses are tensile and dominant in the longitudinal direction for the laser beam processed 
sheet steel while compressive for the parent material. 
 

Index Terms - Residual Stress, Structural Integrity, Thermo-Mechanical, and X-ray Diffraction. 

 

I. INTRODUCTION 

 

The experimental method has been one of the 

acceptable approaches of research investigation. 

However, there had been a significant improvement 

over the last decades the research methodology, 

which has led to alternative approaches that may also 

complement the experiments such analytical, 

statistical, empirical and finite element FEM 
approach that has continued to grow in its application 

in almost all spheres of industrial applications. The 

experimental methodology has been an acceptable 

approach for laser beam forming process. However, 

being a complex thermo-mechanical process, the 

experimental approach using the process parameters 

has not been able to sufficiently describe the 

phenomenon of the process though there had been 

extensive research investigation in this regard [1]-[6]. 

Processing parameters are one of the main controlling 

factors during experimental research, and that has 
been demonstrated in laser beam processing in 

particular [7-8]. Laser beam processing being a 

complex thermo-mechanical process has a significant 

number of influencing factors such as the energy 

factors (laser power, scan velocity, spot size, 

absorption coefficient, number of scan irradiation and 

cooling rate), geometrical factors (sheet thickness and 

sheet width) and material factors (thermal, physical 

and mechanical properties) [9]-[11]. The challenge 

with this process is the determination of the optimal 

process parameters among all the operating 

parameters to have processed component with 

acceptable structural integrity. This has made the 

study into laser beam forming more intense and 

interesting [12]-[14]. Several types of materials have 

been investigated with the aim of having a good 

understanding of the process and potential 

applications [15]-[17]. 

Laser beam forming process is based on the energy 

absorption into the sheet during the heating of the 

metal surface with the laser beam and the subsequent 
cooling. During this process, the heat flux is 

generated on the surface of the irradiated sheet, the 

heat flux followed the normal distribution and 

expressed as a function of the influencing parameters 

that were previously highlighted.  

 

 
Where: 

Q = Heat flux density 

 = Absorption coefficient of the sheet material 

P = Laser beam power 
R = Beam radius. 

r = Distance from the centre of the laser beam 

 

The study of Vollertsen [16] revealed that laser power 

and the scanning speed are the primary critical 

parameters involved in the process of energy 

absorption. While, Scully [15] in his study, found that 

the beam diameter and cooling effect are less 

important parameter when compared with the primary 

factors in the laser beam forming process. During 
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laser beam forming, thermal stresses are induced in 

the material creating material interaction with the 
laser beam, which is demonstrated by the absorption 

behaviour of the material. Vollertsen [16] 

demonstrated in one of his studies that the laser 

intensity has a strong influence on the absorption 

behaviour. Also, the rate of absorption is strongly 

dependent on the material properties such as the 

mechanical properties, thermal conductivity, poison 

ratio, specific heat capacity, the surface condition of 

the material and the wavelength of the laser source.   

The literature [7], [8] shows that there is a linear 

relationship between the laser power and the bend 

angle and an inverse relationship with the radius of 
curvature of the formed component. It was reported 

that the bend angle increases to a certain point before 

it decreases as the laser power is increased. This 

phenomenon is attributed to the development 

microstructural changes, which is evident in the 

recrystallization of the grains. This therefore 

established that an optimal laser power would 

ultimately yield a maximum bend angle. Hence, the 

desired bending angle may be achieved when the 

laser power is correctly chosen and controlled. 

 
Scan speed is viewed as one of the critical process 

parameters during laser beam forming process. It 

controls energy absorption resulting from the laser 

material interaction during laser beam forming 

process. Several researchers [3], [18], [19] have 

reported the relationship between the scan speed and 

the bend angle to be an inverse relationship. The scan 

speed is seen to control the resulting bend angle 

because, at a slow scan speed, the temperature field is 

homogenous due to the more laser-material 

interaction time allowing for more heat conduction 

into the material thereby generating plastic strain. On 
the other hand, a steep temperature gradient is 

developed in the sheet at a fast scan speed whereby 

creating a plastic compression.  

 

The material properties contribute immensely to the 

laser forming process because of the rapid heat and 

cooling that in turn induces thermal stresses and 

strains into the material. The thermal conductivity of 

materials determines the magnitude of the 

temperature gradient along the cross-section of the 

sheet. A material with high thermal conductivity, the 
size of the irradiated surface would increase rapidly 

thereby decreasing the average temperature of the 

material resulting in plastic straining, hence the 

bending.  

 

Some of the causes of locked-in stress that is also 

known as residual stresses during laser beam forming 

process are mechanical loads, thermal loads, phase 

changes and non-uniform deformation [20]. The 

subject of residual stresses has been widely 

investigated and reported [26]-[29] [20]-[23] based 

on the findings of researchers. Kannatey-Asibu [21] 

defined residual stresses as stresses that continue to 

exist in a material even when no external forces are 
acting on it. He believed that such stress could be 

produced in some ways, some of which occur during 

welding, grinding, bending, forming, and heat 

treatment processes. Withers [22] reported that 

residual stresses arise as a result of misfits between 

different regions of a processed material or 

component. The Welding Institute (TWI)  [23] on the 

other hand, considered residual stresses as being 

caused by incompatible internal permanent strains 

that may be generated at every stage of the lifecycle 

of the component. Rossini et al. [20] reported that 

residual stresses originated from some sources, which 
are introduced during manufacturing or in-service 

loading. These stresses can be present even in the 

unprocessed raw material. Furthermore, they 

suggested that the origin of residual stresses could be 

classified according to different plastic flow, 

differential cooling rates and phase transformation 

with volume changes.  

The investigation into developed residual stresses of 

laser processed material has been of interest to many 

researchers [20]-[27] because if its impact on the 

strength of the processed material, which could be 
positive or negative. The adverse effect typically 

produces significant tensile stresses, which may cause 

the following, reduce the performance, lead to failure 

of the processed material, increase the rate of damage 

by fatigue or creep. The compressive residual stresses 

are beneficial but cause a decrease in buckling load 

[22].  

 

Owen et al. [26] investigation into the residual strain 

in two 0.8 mm thick aluminium alloy specimens laser 

beam formed at line energies of 23 and 53 J/mm 

employ the transmission synchrotron x-ray 
diffraction. The studies show that an increase in the 

magnitude of the tensile strain in the longitudinal 

direction (i.e. parallel to the laser scan direction) was 

observed at the higher line energy. Similarly, Topic et 

al. [26] established in their study a strong relationship 

between the residual elastic strain and the 

microstructural transformations, during the laser 

beam forming of high-strength steel. Synchrotron X-

ray diffraction method was employed for the residual 

stress analysis. The two techniques can be used to 

evaluate the interaction between the high-energy laser 
and engineering structure of processed materials. 

Since the transverse residual strain through the 

thickness is of particular interest in laser forming, 

Topic et al. [26] performed a through-depth 

synchrotron X-ray diffraction strain mapping on a 8 

mm thick laser beam formed mild steel plate for three 

laser passes at a single line energy of 133 J/mm. 

Considering the studies conducted by researchers in 

areas of residual stresses of laser beam processed 

material, investigating the roles the processing 

parameter could play in the resulting developed 
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residual stresses that may influence or contribute to 

the likely failure is crucial. 

 

II. MATERIALS AND EXPERIMENTAL 

METHOD 

 

The mild sheets were laser beam processed at CSIR-

NLC using a 4.4 Nd: YAG laser system, the 

experimental setup is shown in Figure 1. 

 

 
Fig. 1: Experimental Setup 

 

The laser beam processed steel sheet is machined into 
test pieces for residual stress measurement as shown 

in Figure 2 (a) and (b).  
 

 

 
(b) 

Fig. 2 (a) and (b): Samples of residual stress measurement Test 

piece  

 

The residual stress measurements were conducted at 

the South African Nuclear Energy Corporation 

(NECSA) facility and an X-ray diffractometer - 

Bruker D8 Discovery/Advance. The experimental set-

up for the residual stress measurement is shown in 

Figure 3. The measurements were taken at the three 

points as indicated in Figure 2. The diffractometer is 

equipped with a standard Bragg-Brentano geometry 
with Cu tube and a detector. The 2θ scan range was 

set from 20 to 70o at 10o per step. The measurement 

for every azimuth angle φ has a set of tilt angle ψ 

between (0-70o) in stepwise stages of 10o each. The 

beam optics includes the graphite monochromator 

and a 0.8mm diameter collimator mounted on the 

primary side.   
 

 
Fig. 3: Residual Stress measurement in the diffractometer 

 

 
Table 1: Parameters of the laser beam processed steel 

 

III. RESULT AND DISCUSSION 

 

This study intends to show the effect of varying 

process parameter on the resulting residual stresses 

during a laser beam-material processing sheet steel 

component. The process parameter employed was 

broadly categorised broadly into low and high 

parameters with the aim of establishing the varying 

changes in the resulting residual stresses. The major 

input parameters are laser power, beam diameter, 

scan velocity and the number of scan tracks while the 

resulting output considered is the bend angle. It was 

observed that the highest bend angle was achieved at 
the high process parameters of laser power of 3000W 

and number of scan tracks of 5. However, the 

analysis of the percentage contribution of process 

parameters reveals that the contribution of the 

number of scans tracks is considered the most 

important parameter to the resulting bend angle 

during the process because it provides a good laser-

material interaction. Both claims were in agreement 

with published literature [10], [19-20]. 

A. Residual Stress at low parameter setting 

As the steel sheet is scanned with the laser beam, the 
local severe temperature gradient developed produces 

compressive yielding around the heated surface, 

changing the thermal stress state to tensile. 

Furthermore, it was noted that the yield strength 

decreases rapidly as the temperature increases making 
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the compressive stress to diminish around the scan 

tracks. On the other hand, the yield strength increases 
at cooling producing tension residual stresses around 

the heat affected zone. It was observed that the 

compressive stress changes to tensile from the parent 

material to the two set of laser beam processed sheet 

steel at low and high process parameter. These 

changes are attributed to the increasing heat input 

from the high parameter-giving rise to higher line 

energy, which increases the longitudinal residual 

strain until a threshold is reached and the sheet yield 

in tension [28].  

 

The sheet steel at a low process parameter was 
formed with line energy 16.36 x 103 J/min and five 

laser scans per track. The change in the stress tensor 

across the three measurement locations between the 

parent materials (-310.7±27.5, -299.8± 28.4 and -

297.0±29.2) and the laser beam processed sheet steel 

(46.5±41.8, 146.7±48.3 and 20.7 ±49.8) can are 

attributed to the rapid heating and cooling during the 

process and to the increasing energy with the multiple 

scans. This was found to be in agreement with 

published literature. Furthermore, the observed 

differences in the values of the tensile stresses 
between the three-laser beam processed sheet steel 

are attributed to the effect of the flow stress, 

temperature and the cooling rate. The consistently 

high values of the stress at point 2 are correlated with 

the high temperature measured at this point, and the 

laser material’s interaction phenomenon occurred 

during the forming beam processing. A closer look at 

the stress values captured at the three locations: was 

theoretically, point 2 is believed to be the point of 

maximum deformation, hence the maximum strain. 

At low scan velocity and low temperatures, the flow 

stress associated with it is high. Therefore, the stress 
is higher than those at higher velocity. However, on 

the other hand, at high temperatures the associated 

flow stress becomes low. 

 

B. Residual Stress at high parameter setting 

The laser beam processing was achieved with line 

energy of 60 J/min and five laser scans per track. The 

measured stress tensor across the three measurement 

locations between the laser beam processed sheet 

steel at low and the high parameters are presented as 

(46.5±41.8, 146.7±48.3 and 20.7±49.8) and 
(15.7±41.7, 169.7±49.0 and 125.8±112.0) 

respectively. The measured values of the stresses 

show to be all tensile, hence, at high temperature, the 

stress change caused by the strain rate change is 

significant. Also, this remarkable increase in the 

stresses between the low (48 J/min) and high (60 

J/min) parameters processed sheet steel has been 

partly attributed to the increase in the line energies.  

Similarly, the second location of measurements is 

believed to be the point of maximum deformation 

based on the higher strain experienced consequently 

leading to higher deformation. This is in agreement 

with the published work reported [29]-[30] that the 

line energy increases from a low to high parameters, 
which changes the stresses at the two instances. It 

was noted that the higher the line energy, the larger 

the bend angle which consequently increases the 

residual stresses that were developed. This finding 

was in agreement with the result of Li and Yao [30]; 

they found that the residual stresses are lower for 

samples scanned at higher velocities than at lower 

velocities. 

 

CONCLUSION 

 

The laser beam processing of the sheet steel was 
successfully conducted at low and high process 

parameters, and the residual stress measurement was 

also carried out using the X-ray diffraction. The result 

reveals that laser power, beam diameter, scan speed 

and the number of scans is the parameters that are 

prominent. However, number of scans was confirmed 

to have the most influencing contribution. The input 

parameters were responsible for the output, which is 

the bend angle and also controls other phenomena. 

The developed residual stresses changes from 

compressive state to tensile as the process parameter 
changes from the parent material through to low and 

high parameter. It was noted that the line energy 

increase as the parameter changes from low to high. 
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