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Abstract - Laser material processing is a novel technique employed to process and deform plates and sheets metals such as 
steels, aluminium, magnesium and titanium, with the uniqueness of high thermal expansion coefficient. This technique has 
large applications in shipbuilding, automotive and aerospace industries. Laser beam forming is a rapid heating and cooling 
process that evolve with unique microstructures at different processing conditions. However, processing at high temperature 
may be desirable depending on the application and ability to control the process. The crystal structure of low carbon steel is a 
body-centered cubic (BCC) structure whereby little percentage carbon content can dissolve in ferrite at room temperature. 
Upon heating, the Body Centre Cubic (BCC) ferrite transforms to Face Centre Cubic (FCC) austenite at 912oC. These crystal 
structures impart different properties to the steel material. Improving the strength and mechanical properties of materials i s 

achieved by processing it to bring about the desired deformation and further refine the grain structures. The heat treatment 
processes improve the strength further. This study report on the effects of grain sizes on the deformation of laser formed 
sheet steel. The result revealed that the grain sizes measured at the LBF sample 24 were refined at about 38% when 
compared with the parent material while a grain refinement of 2% for LBF sample 9. 
 

Index Terms - Deformation, Grain size, Laser Material Processing and Microstructure. 

 

I. INTRODUCTION 

 
The manufacturing industry is observed to be 

evolving in this modern world of technological 

advancement. One of the positive changes among 

others that have transformed the manufacturing 

sector is the use of laser in the manufacturing 

process and automating the manufacturing process. 

LASER is an acronym for the Light Amplification 

by Simulated Emission of Radiation. The theory of 

stimulated emission was first presented by Albert 

Einstein in 1917 while the first laser that emitted 

light in the visible range was constructed in 1960 by 

Theodore Maiman, a physicist at Hughes Research 
Laboratories. The work on the laser beam forming 

commenced in the mid-1980s [1], [2] The laser 

beam, like all other light waves, is a form of 

electromagnetic radiation. Light may be simply 

defined as electromagnetic radiation that is visible to 

the human eye; it has a wavelength range of about 

0.37–0.75 μm but often with 0.55 μm and a 

frequency of 1015Hz, and between the ultraviolet 

and infra-red radiation [1]. The process of the 

application of lasers to manufacturing has its source 

from the flame bending process commonly 
employed in the ship construction. With this, the 

application of laser in forming metals started and this 

form a research interest to academics and scientist.   

 

The South Africa government recognises the 

importance of manufacturing industries in the 

economy, hence, the development of strategies to 

boost the success of manufacturing industry [3]. It 

was reported that the manufacturing industry 

contributes over 18.7% of the National Cross 

Domestic Product (GDP). Materials and 

manufacturing are highlighted as two of the most 
critical components that are crucial to the success of 

the manufacturing industry. To achieve the perceived 

growth in the manufacturing sector, new research 

initiatives and highly skilled personnel that would be 

able to work in the modern world system are crucial. 

Among so many manufacturing processes are 

welding, additive manufacturing processes, forming, 

and machining. 

Forming is the manufacturing process employed to 

change the size and shape of components through the 

application of load or heat, or the combination of 

both to induce stress into the component. The 
deformation process that would lead to failure is 

achieved when the applied load far exceed the yield 

strength of the material. This is often not a 

recommended process window for component 

manufacture [1]. Some of the common conventional 

forming techniques are mechanical press forming, 

hot break forming, roll forming, deep drawing, and 

more have been employed for specific 

manufacturing applications for many years and are 

still relevant. However, some improvements have 

been made over the years. Conventional forming 
employs dies and presses while modern 

manufacturing processes employ robots for the 

process and can have more than one process in a 

manufacturing process.  

Laser beam forming is a non-contact thermo-

mechanical process of bending and shaping of 

metallic and non-metallic materials using the laser as 

a source of heat. The study into laser beam forming 

was first conducted by Namba [4] and Geiger et al. 
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[5]. A schematic of a laser beam forming process is 

shown in Fig. 1. 

 
Fig. 1: Schematic diagram of laser beam forming process [6] 

 

Where, 
P1 = Laser power 

V1 = Feed rate 

Z1 =  Focal length 

B = Width of the material 

ly = Lateral length of the material 

d1 = Spot diameter   

t1 = Sheet thickness 

 

Laser beam forming involves the process of scanning 

the beam over the surface of the material, creating a 

thermal expansion, which subsequently produces 

thermoplastic deformation. The scanning induces 
temperature gradient in the material, which generates 

non-uniform thermal stresses, distortions and 

internal stresses along the adjacent layers of the 

gradient developed [7]-[9]. One of the controlling 

factors in an experimental research is the process 

parameter; this has been being demonstrated in laser 

beam forming process in particular [10], [11]. Laser 

beam forming being a complex laser material 

processing and the thermo-mechanical process has a 

significant number of influencing factors such as the 

laser power, scan velocity, spot size, absorption 
coefficient, the number of scan irradiation and 

cooling rate, sheet thickness and sheet width, 

thermal, physical and mechanical properties [12]-

[14].  

It is important to highlight that in as much as the 

application of technology to manufacturing 

processes has brought great gain, lasers in 

manufacturing process demand that the appropriate 

process parameter is employed to have an expected 

product to be acceptable. This is the reason why the 

quality or the structural integrity of all manufactured 

components is a major factor considered 
The investigation into deformation reveals that 

metals commonly used for manufacturing various 

products are composed of many individual randomly 

oriented crystals (grains). Metal structures that are 

not single crystals are called polycrystals. Rapid 

cooling produces smaller grains; while slow cooling 

produces larger grains. Each grain exists either as a 
single crystal for pure metals or as polycrystalline 

aggregates for alloys. The behaviour of a single 

crystal or single grain can be anisotropic, but the 

typical behaviour of a piece of polycrystalline metal 

is isotropic because the grains to have random 

crystallographic orientation. Consequently, its 

properties do not vary with the direction of testing. 

In practice, this situation rarely exists [15], [16]. 

Grain size significantly influences the mechanical 

properties of laser formed metals. The influence is 

most commonly expressed in a series of constitutive 

equations described by the Hall-Petch. Over the 
range of regular grain sizes, the values of typical 

mechanical properties increase with the reciprocal 

root of the grain size. Large grain size is associated 

with low strength and ductility. Large grains, 

particularly in sheet metals, also result in a rough 

surface appearance after being stretched. The yield 

strength is the most sensitive property; and it can be 

related to the grain size by the Hall-Petch equation, 

as illustrated in equation 1 [15].   

 

 
 
Where, 

= True yield strength. 

= Constant (Hall-Petch slope indicating the extent 

to which dislocation is in the form of piled up 

barriers). 

= Material constant. 

d = Mean grain size diameter. 

 

The vast application of the Hall-Petch equation has 
made it one of the most important constitutive 

relations in material science and most common in 

mechanical metallurgy. Due to the difficulty in 

conducting tensile testing on the formed sample; in 

this research work, the Hall-Petch equation will be 

used to determine the yield strength of the formed 

samples. The role of temperature in all laser material 

processing is critical in the evolving of the material 

property of the processed material. However, the 

processing parameters would be controlled and 

monitored for an acceptable structural integrity of 

the processed material. The major task will be the 
determination of the optimal process parameters 

among others to have processed component with 

acceptable structural integrity.  

 

The material properties contribute immensely to the 

laser beam 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 
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size of the irradiated surface would increase rapidly 

thereby decreasing the average temperature of the 
material resulting in plastic straining, hence the 

bending. This study focuses on the effect of grain 

size deformation on the properties of the processed 

material at elevated temperature. 

 

II. MATERIALS AND EXPERIMENTAL 

METHOD 

 

A. Materials 

The material used in this research is AISI 1008 steel 

sheet, with a test sample size of 200 x 50 x 3 mm3 

shown in Fig. 2. The chemical analysis of the test 
samples was conducted through the emission 

spectrometer (wt %). 

 
Fig. 2: Schematic of a test sample 

 

B. Experimental method 

The experiment was performed at the Council of 

Science and Industrial Research-National Laser 

Centre (CSIR-NLC), Pretoria, South Africa. The 
laser system employed for the experiment is a 4.4 

Nd: YAG laser system, the experimental setup is 

shown in Fig. 3. Three sets of laser power (1.8kW, 

2.4kW and 3kW) were used, giving corresponding 

cumulative line energies  (84, 144 and 300 J/m 

x103), which is a measure of the temperature.   

 

 
Fig. 3: Experimental Setup 

 

C. Temperature measurement 
The temperature measurements were conducted by 

using a USB TC-08 Thermocouple Data Logger. The 

USBTC - 08 software is a data acquisition tool that 

collects, records, displays and analyses the measured 

temperature data. The photo of the set-up is shown in 

Fig. 4, indicating the position of the thermocouples 
on the samples and the connection to the Laptop.  

 

 
Fig. 4: Photo of the temperature measurements 

 

III. RESULT AND DISCUSSION 

 

This study report on the effect of grain sizes 

deformation on the property of the laser formed 

sheet. Presented in Table 1 (a) and (b) are the 
elemental composition of the parent material and the 

laser beam formed (LBF) samples 

 
Table 1 (a) and (b): Elemental composition of LBF sample 

(a) 

Elements C Si Mn 

% by wt 0.025 0.029 0.222 

Elements P S Cr 

% by wt 0.0084 0.0082 0.012 

(b) 

Materials C Si Mn P 

9 0.087 0.054 0.406 0.023 

18 0.084 0.049 0.337 0.019 

24  0.101 0.053 0.568 0.046 

Materials S Cr Mo Ni 

9 0.032 0.076 0.025 0.014 

18 0.028 0.068 0.029 0.013 

24 0.058 0.096 0.005 0.032 

 

It is observed from Table 1 (a) that the dominant 

alloying element from the chemical analysis is 

Manganese (Mn). Hence, the steel may be referred to 

as manganese alloyed steel because it improves the 

hardness, ductility, wear resistance, eliminates the 

formation of harmful iron sulphides and increases 

strength at elevated temperature. All these made this 
steel desirable for manufacturing purposes such as 

forming applications.  

 

The elemental compositions of the LBF samples 

confirm the presence of the alloying elements, which 

were improved after the process. The improvement 
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is an indication of enhancement in the mechanical 

properties in the LBF. The observed increase in the 
formation of carbide in the three samples is a sign of 

increased hardness and strength. The observed 

percentage increase in specific elements, such as 

silicon, manganese, chromium, molybdenum and 

nickel further confirm the strength and hardenability 

of the LBF sample are not destroyed at elevated 

temperatures.   

 

A. Tensile Behaviour 

The tensile test for the parent material was 

conducted, and from the stress-strain graph, the 

average UTS was found to be about 324 MPa, and 
YS of about 260 MP and percentage elongation was 

46%. It is important to highlight that the heating and 

cooling as found in LBF could affect its mechanical 

properties. Hence, the YS of the LBF samples were 

estimated from the model formula of Knupfer and 

Moore [17], expressed as equation 2. 

 

 
 

Where,  

H is the microhardness and n is the strain-hardening 

index (0.21).  

The summary of the estimated values of the YS for 
the laser formed sample is presented in Table 2. The 

results of the microhardness measurements and the 

tensile tests showed that the magnitude of hardness 

and yield strength are dependent on the mutually 

interactive influences of the resistance offered to the 

motion of dislocations, and the plastic deformation 

capability of the steel sheet. 

 
Table 2: Summary of estimated YS of LBF samples 

  

Ave 

Bend 

angle 

(o) 

Cummulative 

line energy 

(J/m) x103 

HV 

Estimated 

YS 

(MPa) 

PM  97 267.91 

9 3.3 81 138.3 277.97 

18 8.1 144 148.1 298.32 

24 12.7 300 156.6 315.44 

 

The results of the calculated values of the yield 

strength of the LBF samples showed an increase, 

which was in agreement with other published work 

[18]-[22]. It was also observed that the line energy 

also increased as the HV and YS increases. This can 

be attributed firstly to the cold work of the material 

induced by the bending strains due to the laser 
forming. For higher line energies, the increase in 

hardness at the surface is even more pronounced 

because, in addition to the cold working and 

recrystallization, small carbon particles have the 

tendency to dissolve from the pearlite and form 

around the ferrite grain boundaries at elevated 

temperatures, thereby resulting in strain hardening of 

the material.  
The measured grain sizes of the formed the samples 

24 deformed most because the grains were smaller 

when compared with those of the LBF samples. 

Furthermore, the measured grain sizes were found to 

be deformed at different percentage changes when 

compared with the parent material. The average 

grain size reduction in LBF samples 9, 18, and 24 

are 24%, 28% and 31% respectively.  

  

B. Microstructural Analysis 

The LBF, being a process of rapid heating and 

cooling cycles can cause severe microstructural 
changes, such as phase transformation or dynamic 

recrystallization in the generated microstructural 

zones if the process is not well controlled. Hence, it 

is extremely important to characterize its effect on 

the mechanical properties and the microstructure of 

the material if the benefits of the laser forming 

process are to be optimally maximized. The SEM 

micrograph of the microstructure of the parent 

material and the measured grain sizes are shown in 

Fig. 5.  

 

 
Fig. 5: SEM photo of parent material sowing the measured 

grains and the microstructure. 

 

The darker background is the ferrite while the lighter 

coloured pigments are the pearlite. It was observed 

that the lighter pigments are distributed mostly 

across the grain boundaries. The average grain size 
measured across a specified area bounded with the 

yellow circle is 9.87μm. The SEM photo of the LBF 

samples 9, 18 and 24 are shown in Fig. 6 (a), (b) and 

(c) respectively. 

  
(a) 
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(b) 

 

 
(c) 

Fig. 6 (a), (b) and (c): SEM photo of LBF samples 9, 18 and 24 

showing the measured grain sizes 

 

The Pearlite was observed distributed along the grain 

boundaries in the three LBF samples with the ferrite 

elongated. This change as compared to the parent 

material can be attributed to the effect of the 
increased cumulative line energy resulting in the 

deformation and recrystallization of the grains. The 

LBF process of steel can best be explained with the 

Iron-Carbon equilibrium diagram to understand the 

phenomenon behind the thermo-mechanical process.  

The Iron-Carbon equilibrium diagram shown in Fig. 

7, show the phases in iron with its carbon contents 

and temperature under equilibrium condition [23]. 

Iron undergoes three phase changes when heated 

from room temperature to liquid. For example, from 

room temperature to 912OC, pure iron exists as 

ferrite (alpha iron - α); from 912 to 1394OC, it exists 
as austenite (gamma iron - γ); from 1394 to 1538OC, 

it exists as ferrite again (delta iron δ). Temperature 

above 1538OC is liquid.   

 

 
Fig. 7: Iron-Carbon Equilibrium diagram [23]  

 

Whenever Iron is heated, iron undergoes allotropic 

phase transformations from ferrite to austenite at 

912OC, austenite to ferrite at 1394OC, and ferrite to 
liquid at about 1538OC. Each transformation is 

accompanied by a change in the crystal structure of 

the iron atoms in the crystal lattice. As an 

illustration, pure iron as ferrite has a Body Centre 

Cubic (BCC) arrangement, while Austenite has an 

FCC arrangement. Upon heating, the BCC ferrite 

will transform to Face Centre Cubic (FCC) austenite 

at 912OC. These crystal structures impart different 

properties to the steel material. It is worth noting that 

since pure iron is very soft and of low strength, it 

would be of little interest for commercial 
application. Therefore, carbon and other alloying 

elements are added to enhance the properties of the 

iron. Adding carbon to pure iron has a profound 

effect on the ferrite and austenite behaviour. 

Furthermore, the mechanical properties of steels are 

strongly connected to the microstructure obtained 

after the heat treatment processes that are performed 

to achieve an excellent hardness and tensile strength 

with sufficient ductility [24], [25]. The effect of the 

laser forming process is evident with the volume 

fraction of the ferrite grains increasing with the 

decrease of the temperature, while the ductility 
grows as well. However, in the hot ductility, 

minimum austenite and nuclei of ferrite grains are 

present in the structure during deformation at 900OC. 

In the zone of hot ductility, the minimal 

microstructure is changed to the Widmanstätten 

ferrite on the prior austenite grain boundaries, and 

bainite with acicular ferrite [17].  

The microstructural changes may be explained by 

the process of heating the steel sample above its 

upper transformation temperature (912OC) and the 

cooling, thereby recrystallizing the ferrite grains. 
Hence, the microstructure is transformed to 

elongated grains. The maximum measured 

temperature during the process was 967OC; as such, 

this microstructural composition was not achieved. 
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Considering the iron-carbon phase diagram, when 

the steel sample 9 are heated from room temperature 
to an elevated maximum temperature of 477.5OC, a 

pure iron ferrite can be observed. Similarly, the 

maximum temperature developed during the forming 

of sample 18 was 666.84OC. Hence, ferrite iron was 

also developed according to the Iron-Carbon 

equilibrium diagram. During the forming of sample 

24 at a maximum of 966.7OC, the ferrite irons were 

then transformed to austenite at 912OC. This was the 

only allotropic phase transformation recorded. The 

transformation undergoes a change from the BCC 

structure to the FCC structure.  

On cooling, the change is reversed with a BCC 
structure formed. The importance of this reversible 

transformation lies in the fact that only 2% carbon 

can be dissolved in the FCC iron, forming a solid 

solution; while in the BCC iron, no more than 0.2% 

carbon can be dissolved. The rate at which the 

microstructure would change will depend on the heat 

inputs, and perhaps the cooling rate.  

The result of the work of some research investigation 

on the microstructure of the formed sample [26]-[28] 

showed that the grain structure of a formed sample is 

refined after the laser forming process with cooling, 
or without cooling. However, some other authors 

were able to establish further that with cooling a 

finer grain structure is formed than is the case 

without cooling, although in both cases the 

deformation and peak temperature reached are about 

the same.  

 

CONCLUSION 

 

The LBF of the sheet steel was successfully done at 

the set parameters, and the properties of the formed 

samples were characterised. The result of the 
evaluated tensile test data of the LBF samples in 

comparison with the parent material show that the 

yield strength of the LBF samples increases with an 

increase in the cumulative line energy, and with a 

greater value of the microhardness. This can be 

attributed to the fact that the magnitude of hardness 

and the yield strength are dependent on the mutually 

interactive influences on the motion of dislocations, 

and the plastic deformation capability of the steel 

sheet. 

 
Also, the microstructural evaluation revealed that 

there are structural changes in the laser formed steel 

samples, which was confirmed with the deformed 

pearlite and ferrite grains. This increasing 

cumulative line energy is responsible for the 

developed structural changes in the LBF samples. It 

was observed that there was grain sizes refinement 

of about 2% at the LBF sample 9 while a refinement 

of about 38% was measured at the LBF sample 24. 

The measured grain sizes further established that the 

percentage of grain deformation experienced by the 

formed samples increases with the line energy. 
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