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ABSTRACT 

Laser surface treatment has found successful applications in various fields. Surface 

contaminants such as corrosion products, paint, and salt can be efficiently removed by 

laser cleaning. However, an appropriate laser-based cleaning technique for larger size 

structures is still lacking. Although laser surface treatment has the potential to achieve 

better surface conditions, higher scanning speed and laser power are required to improve 

the treatment efficiency when targeting a large structure. A new method using high-power 

continuous-wave (CW) laser is proposed in this study as an alternative surface preparation 

technique for large steel structures. However, when using a high-power CW laser to clean 

a corroded structure, the laser beam will affect the base metal to a certain degree, owing 

to intense laser ablation effects and uncertainty in human operation. The major concerns 

of laser surface treatment are surface defects could result from laser irradiation, as long 

as oxide formation and microstructure modification on the steel surface. Thus, the 

durability and safety of steel structures could be affected by the high-power CW laser 

surface treatment. 

To evaluate the effects of laser treatment on the surface properties and tensile behavior 

of the base metal, this study adopted a rotating high-power CW laser equipment to 

irradiate bare carbon steel plates. A modified calculation method for laser-induced peak 

temperature distribution considering overlapping effects was proposed. Different laser 

processing parameters were adopted, representing lower to higher laser thermal effects. 

The surface morphologies, iron oxide and microstructures after laser irradiation were 

evaluated using optical microscope, electrochemical test, SEM-EDX and XRD studies. 

Furthermore, tensile behavior of laser-treated steel coupons also tested to investigate the 

thermal effects on the mechanical properties of carbon steel.  

The results showed that the peak temperature distribution obtained from the modified 

calculation method properly describes the re-melted zone depth in laser-treated specimens. 

The modified calculation method could help to optimize laser processing parameters to 

reduce melting of base material and avoid surface defects. Higher laser power density and 

interaction time result in denser iron oxide formed on the steel surface, which is the main 

reason for the improved corrosion resistance. The laser condition with proper processing 
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parameters will bring desirable laser ablation effects without damage the base metal. 

However, when the laser thermal effects increased, surface defects and modified 

microstructures will affect the mechanical properties of carbon steel, and result in 

decreasing elongation. Proper laser processing parameters are suggested in this study 

basing on the temperature calculation method and experimental analysis.  
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CHAPTER 1 INTRODUCTION 

1.1 Background 

Surface preparation is a common procedure for steel-structure maintenance. Abrasive 

blasting is a widely used technique for surface preparation. However, there are problems 

such as environmental concerns and flash rust on the steel surface after abrasive blasting. 

Similar problems can also be observed in chemical preparation methods [1]. Besides, the 

residual salts and contaminators on steel surfaces after abrasive blasting would damage 

the durability of the coating layer, as shown in Figure 1-1. Oxygen and moisture will 

permeate through the coating layer, then the residual contaminators act as solvents and 

inducing osmotic blistering. Eventually, the corrosion occurred and destroyed coating 

layer [2]. As a result, repainting processes would have to be carried out after several years 

of service [3][4].  

 

Figure 1-1 Coating failure due to insufficient surface preparation and underlying 

corrosion. 

Among the widely used constructional steels, weathering steel (WS) are expected to 

have corrosion resistance due to protective corrosion layer formed on the surface [5]. 
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However, some of the WS structure located in a highly corrosive environment by airborne 

sea salt may suffer from severe corrosion problems. Recent researches on WS corrosion 

had progressed on corrosion evaluation and prediction method [6], yet a practical surface 

preparation method for WS structure still lacks consideration. Figure 1-2 shows an 

example of severely corroded WS bridge. Layers of corrosion products appeared on the 

surfaces of truss frame and bolted joint, and pitting corrosion occurred underneath rust 

layers. Thus proper surface preparation is required for this kind of situation to maintain 

the durability of steel structure. Using the traditional abrasive blasting method, it is 

difficult to completely remove compact corrosion products formed on the weathering 

steel, not to mention the narrow positions where difficult to apply abrasive blasting. 

 

Figure 1-2 Corrosion problem of weathering steel bridge. 

To overcome these problems, laser cleaning has been drawing attention as an 

alternative surface preparation method. Laser cleaning has found successful applications 

in various fields [7][8][9]. Surface contaminants such as corrosion products, paint, and 

salt can be efficiently removed by laser cleaning. The mechanism of laser cleaning mainly 

contributes to the expansion and evaporation of contaminants on the steel surface. These 

effects are known as laser ablation [10]. Due to the high effectiveness of laser ablation, it 

had been adopted as a practical method for surface preparation in industrial production 

[11][12]. With enough laser output power, the compact corrosion products of weathering 

steel can also be removed. An example of surface salinity on corroded steel member 

before and after laser surface treatment is shown in Figure 1-3. The results after correction 

showed residual salts on the steel surface dropped from 156 to 1.3 mg/m2. In addition, the 

standard requirement for residual salts in steel bridge field is 50 mg/m2 according to 

Japanese Steel Bridge Anticorrosion Manual. Thus a desirable surface cleanliness is 

expectable through laser surface treatment.  
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Figure 1-3 Residual salts on the steel surface before and after laser treatment. 

Although various studies have been carried out to study the practicability and effects 

of laser treatment on the electrochemical and mechanical properties of metallic materials, 

these studies revolve around the industrial applications, of which, pulse laser is the most 

popular object of studies [13][14][15]. For the purpose of utilizing the laser surface 

treatment in larger objects, such as steel structures in the construction field, high treatment 

efficiency and effectiveness are essential requirements. In addition, the laser equipment 

should be optimized for hand-held operations to provide flexibility in practical 

applications. To date, few reports on high-power and high-efficiency laser treatment for 

large-scale structures have been presented. Compared to pulsed lasers, continuous wave 

(CW) lasers may be more appropriate for improving the treatment efficiency. 

However, when using a high-power CW laser to clean a corroded structure, the laser 

beam will affect the base metal to a certain degree, owing to intense laser ablation effects 

and uncertainty in human operation. From the example of high-power CW laser cleaning 

shown in Figure 1-3. The laser treatment showed excellent cleaning effects for removing 

corrosion products and contaminators. Meanwhile, the appearance of the base metal 

suggested that the laser beam may also interact with the steel material below the corrosion 

products. The intense laser power will induce thermal effects on the steel surface, 

combined with the laser ablation effects, the surface morphologies, electrochemical and 

mechanical properties could be impacted. Thereby the concerns about durability and 

reliability of steel structures affected by the higher power CW laser, as well as the 

feasibility of this new technique should be evaluated carefully.    
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1.2 Objectives and scope 

The primary objective of this dissertation is to evaluate the influence of thermal 

effects result from rotating CW laser on the surface and mechanical properties of carbon 

steel. To confirm the feasibility of this CW laser treatment for steel structures, surface 

properties, including surface morphology, iron oxide formation, electrochemical 

properties of the laser-treated steel plate, and the mechanical properties of carbon steel 

after laser irradiation should be established. Any possible defects on the surface or 

mechanical properties could damage the durability of steel structures during service. On 

the other hand, the surface properties give reference for decision of the following 

treatment, to remove laser-affected layer before coating, or just leave the layer even 

without coating. The dissertation specially focused on three laser parameters, which were 

power density, interaction time and the exclusive feature of rotating CW laser: laser beam 

overlapping effects. The thermal effects of CW laser beam were established by modifying 

the temperature calculation method, and experimental analysis on surface and mechanical 

properties. Surface morphologies and defects induced by laser irradiation were evaluated, 

as well as the performance degradation of mechanical properties under various laser 

conditions were also investigated. Proper laser treatment condition were proposed basing 

on the theoretical and experimental results.  

This dissertation is organized basing on the objectives listed below: 

(1) Evaluate the thermal effects induced by rotating CW laser irradiation. To 

understand the thermal effects more specifically, temperature field during laser 

irradiation is an essential factor, especially peak temperature in the steel material 

during thermal circle. In this case, a widely used temperature field calculation 

method in CW laser treatment was adopted for modification. The laser beam 

overlapping effects resulted from rotation was taken into consideration during 

temperature field calculation. The calculated peak temperature field during 

rotating laser irradiation helps to explain resulting surface properties and 

microstructures. The appropriate laser processing parameters thereby suggested 

by the modified temperature calculation method.  

(2) Surface properties and the microstructures after CW laser treatment are directly 

impacted by thermal and laser ablation effects. Potential surface defects and 
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modification of microstructures could take place in the steel material and thereby 

impact the electrochemical and mechanical performances. With different laser 

processing parameters, the thermal and laser ablation effects may induced various 

degrees of influence. Thus the surface morphologies, oxide layer and 

microstructures were evaluated after laser irradiation, to establish relationship 

between laser processing parameters and surface properties, and identify the 

possible defects result from laser irradiation. Furthermore, a few cases in field 

application of rotating CW laser also considered, the proper moving speed of laser 

equipment and availability for steel surface with corrosion pit were confirmed. 

(3) The iron oxide and modified microstructures on laser-irradiated surface not only 

result in various surface morphologies, the electrochemical properties of carbon 

steel after laser irradiation could also been affected. The early corrosion behavior 

of laser-treated steel should yield the combination effects of oxide layer and 

modified microstructures. Furthermore, the integrity and amount of iron oxide can 

be further identified by the electrochemical test. Analysis on the electrochemical 

properties of the laser-treated steel surface helps to identify whether the surface 

condition is suitable for temporary storage, or even has the potential to act as 

protecting layers for steel structures.  

(4) Possible degradation in mechanical properties of steel material is another concern 

relating to high-power CW laser treatment. The surface defects caused by laser 

irradiation and modified microstructures could improve or reduce the mechanical 

properties of steel material. The reliability of steel structures is thereby another 

important objective for the application of high-power CW laser in field usage.          

  



INTRODUCTION 

6 

 

1.3 Literature review 

1.3.1 Surface cleaning for corroded steel structures 

Current surface cleaning method for steel rust including chemical and physical 

techniques. The chemical method usually use acid or alkaline solution to remove rust 

layer, in which the principle of acid solution is basing on the different dissolution rate 

between rust and steel material. The common acid solution for rust removal are 

hydrochloric acid [16], sulphuric acid [17], and tannic acid, etc. The advantage of 

chemical technique are the low cost and relatively high treatment efficiency, yet the base 

steel material could also been corroded by the acid solution [18]. On the other hand, the 

alkaline solution like sodium hydroxide and potassium hydroxide were also used for rust 

removal. Unlike the acid solution, alkaline solution combine with the ferric ion and 

separate the rust layer from base steel. Compare to the acid solution, alkali treatment have 

the similar efficiency and cost, however, no interaction with the base steel material can 

be expected. At the same time, application of chemical rust removal have environmental 

concerns. The waste liquid containing ferric ions, heavy metals and acid will lead to 

health hazardous and pollution [19]. The same problems can be found in the rust removal 

using alkaline solution. Besides the environmental concerns, the acid treated base steel 

will suffer flush rust more easily [20], which will be harmful for the following painting 

process. Therefore, chemical processing is not desirable in the field application. 

Abrasive blasting is the most common surface cleaning method in construction field 

[21]. The corrosion products and contaminators are removed from the base steel material 

through the high pressure abrasive stream, meanwhile, underlying metal will been 

affected and resulting in surface microcutting [22]. However, the emission of rust 

products and abrasive materials will contaminate the environment. Especially copper slag 

or coal slag which might contain heavy metals and toxic substance [23], the collection for 

the abrasive materials is rather difficult to perform in the process of construction. 

Furthermore, more severe corrosion was identified after abrasive blasting due to the 

presence of surface microcutting [24], the reliability of abrasive blasting had been 

challenged by the environmental protection and durability issue.      

To date, the surface cleaning method for corroded steel structures all have 

environmental or efficiency problems, more appropriate method with less emission and 
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higher efficiency are demanded. The laser surface treatment is another option for rust 

removal of steel structures, however, the research on this new technique is still lacking 

[1]. The advantages of laser treatment including environmental friendly, high treatment 

efficiency and applicability in the construction field. Furthermore, researchers suggested 

that the laser-treated steel material has no concerns for the flash rust after irradiation, due 

to the presence of passive layer. The difficulty of laser technique for the surface cleaning 

of steel structures is the high cost and electricity consuming [25]. There are still many 

obstacles to overcome in the development of laser surface treatment fur steel structures.   

1.3.2 Laser surface treatment 

Basing on the output laser beam, there are two main types of laser equipment currently 

used in the surface preparation and industrial fields, which are pulsed-wave laser and 

continuous-wave laser. The power of laser intermittent output at given interval time are 

called pulsed-wave laser. Mode-locking, pulsed pumping and Q-switching are the most 

common controlling method for the pulsed-wave laser [26]. Pulsed laser are usually 

applied to surface texturing, fabricating of nanofilms, precision cleaning for the electronic 

component, or obtain biocompatible thin films [27]. On the contrary, the output power 

maintaining at a fixed value during the whole irradiation period are called continuous-

wave laser. CW laser equipment usually cheaper and lighter than pulsed-wave laser 

because it does not need capacitor. Also, higher power and quicker energy output can be 

obtained in the CW laser [26]. They are commonly been used in the automobile and 

aerospace filed, for manufacturing purpose such as welding or drilling, or the painting 

removal [7]. The operating mode of pulsed-wave laser and continuous-wave laser is 

shown in Figure 1-4.   
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Figure 1-4 Output power and duration for the pulsed and continuous wave laser. 

Laser surface cleaning is the process to remove contaminators remained on the 

substrate or coating layers [28]. Most of the current application of laser surface cleaning 

can be found in automotive industry [7]. Less environmental concerns and emission 

makes the laser cleaning has the possibility to replace traditional chemical cleaning 

method in the coating removal procedure [29][30]. With precise control of operation 

parameters in the pulsed-wave laser, the laser cleaning has the capability to remove 

coating laser without damage the substrate. In addition, the coating quality after laser 

cleaning was proved to have better adhesion attributed to smoother surface condition and 

finer microstructures on the laser-treated surface [7]. Besides the application in 

automotive industry, Zhou et al. [31] used a picosecond and nanosecond pulsed laser to 

clean the aluminum surface before welding. The results showed that both laser conditions 

can achieve desirable cleaning effects, thereby improving the welding quality. Zhang et 

al.[32] found that laser ablation was the predominant cleaning mechanism during low 

energy density. There are thresholds for initial cleaning and complete cleaning of Al 

alloys.  

To date, the surface cleaning method using laser technology mainly adopt pulsed-

wave laser as the output source. Indoor application for relatively small size of target is 

the current application status as mentioned above. Moreover, the low efficiency of pulsed 

wave laser may not applicable when targeting a large scale object (e.g. steel bridge). An 

appropriate laser-based cleaning technique for larger size structures is still lacking [1]. 
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Although laser cleaning has the potential to achieve better surface conditions, higher 

scanning speed and laser power are required to improve the treatment efficiency when 

targeting a large structure. One of the major concerns of laser cleaning is that surface 

defects could result from laser irradiation. High-power laser treatment creates melt pools 

and heat-affected zone on material surfaces. In fact, laser additive manufacturing and 

laser welding relied on these thermal effects [33][34][35]. Therefore, the thermal effects 

on base material may affect mechanical properties [36][37]. When applying laser cleaning 

to a steel structure in the construction field, surface defects are undesired because they 

can give rise to stress concentration and decrease in fatigue lifetime [38]. Controlling the 

melting of base material during laser cleaning is required for practical applications to 

avoid detrimental phenomena [1].  
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1.4 Organization and outline 

The dissertation is divided into six chapters, including this introduction.  

In Chapter 2, the newly developed rotating CW laser equipment for surface treatment 

of corroded steel structures was introduced, main laser processing parameters were 

selected for following test and application. Then, a widely used temperature field 

calculation method for CW laser was adopted for modification, and the calculation 

method for peak temperature distribution along deepness direction in the steel material 

during laser irradiation was proposed. The modified peak temperature calculation method 

considered the overlapping effects of rotating CW laser beam, all the related parameters 

during laser processing were taken into the calculation. The surface morphologies and re-

melted zone, heat-affected zone were observed in order to use as verification for the 

calculation method.   

In Chapter 3, the surface properties and near-surface microstructure after laser 

irradiation were evaluated. The area suffered from more severe laser overlapping effects, 

and the average overlapping effects area was observed separately. Optical microscope and 

laser microscope were used for the surface morphologies and roughness inspection, SEM-

EDX, XRD were adopted to observe the oxide layer on laser-treated steel surface. 

Relationship between laser processing parameters and the surface properties were 

established by comparing the test results referring to laser conditions. In addition, two 

cases that might be induced during the application of rotating CW laser in the construction 

field were also considered, to verify applicability of this new laser technique. Through 

the result, proper laser processing parameters were proposed.  

In Chapter 4, the electrochemical properties of laser-treated steel plates were tested, 

including potential-time measurement, Potentiodynamic polarization test, and 

electrochemical impedance spectroscopy. The electrochemical test results were compared 

under different laser conditions, and associated with surface properties and modified 

microstructures. Changing corrosion properties and the iron oxide was further discussed 

in this chapter, to provide reference for following surface preparation procedure.   

In Chapter 5, the tensile properties of steel coupon after laser irradiation were 

evaluated, together with the fractography after tensile test. The laser-treated steel coupon 

and unirradiated steel coupon were both tested under the identical monotonic tensile 
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condition. The test results were evaluated in association with surface properties discussed 

in Chapter 3. The influence of laser thermal effects on mechanical properties of steel 

coupon was established. 

Chapter 6 summarized the work presented in this dissertation, future research topics 

emerged from this work were also proposed. 

The flowchart of work in this dissertation is shown in Figure 1-5. 

 

 

Figure 1-5 Flowchart of the dissertation. 
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CHAPTER 2 PEAK TEMPERATURE DISTRIBUTION IN 

STEEL MATERIAL DURING LASER IRRADIATION 

2.1 Introduction 

Analyzing the temperature field generated by a laser beam can help to evaluate the 

melting and laser ablation effects on materials. A numerical simulation method was 

proposed by Gao et al.[39] to investigate the temperature distribution law in molten pool 

during laser cladding. The simulation results described track dimensions and laser-

induced temperature correctly in comparison to experimental results. The simulation 

method helped to optimize laser-processing parameters and reduce experimental costs. 

Lambiase and Genna [40] developed a finite element model to evaluate the effects of 

defocusing and position of laser beam on temperature field distribution. The results 

showed that laser beam defocusing reduces the temperature peak, and that the laser beam 

position can modify the thermal field. Nguyen et al.[41] investigated the temperature field 

and melt pool under different laser welding processing parameters. The measured 

temperature explained crack propagation and formation of an intermixing boundary of 

elements. The relationship between processing parameters with melt pool microstructure 

and defects was thus established. In addition to numerical simulation methods and 

experimental investigation, a calculation method developed by Ashby and Easterling[42] 

for describing the temperature field during laser irradiation was proved to achieve 

reasonable accuracy according to various studies [43][44][45][46]. Bendoumi et al.[43] 

evaluated the re-melted zone (MZ) and heat-affected zone (HAZ) in laser re-melted and 

laser-borided specimens. They also assessed the calculation results using equations 

developed by Ashby and Easterling. The calculation results showed good agreement with 

the experiments, confirming the feasibility of using these equations to estimate the 

thermal effects induced by laser treatment.  

In this study, a newly developed CW laser was adopted as an alternative surface 

cleaning method for usage in the steel structures. The laser beam was rotated at given 

radius and speed to improve the treatment efficiency. In addition, frequent overlap of the 

laser beam was achieved during irradiation. This could contribute to higher thermal 
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effects on base material. Aiming at estimating the MZ in base material and optimizing 

laser-based cleaning processing parameters, equations by Ashby and Easterling were 

modified to consider the effects of overlap on the laser-induced temperature field. The 

calculation results were verified with an experimental method. Furthermore, surface 

morphologies of laser-treated specimens under different processing parameters were 

adopted to investigate the surface defects resulting from laser treatment. After laser 

treatment, the surface morphologies of laser-treated specimens were evaluated by optical 

microscopy (OM). The microstructures on the cross-section of specimens were observed 

after etching with 2 % nital to identify the MZ and HAZ.  

2.2 Laser equipment and processing parameters used in this study 

During laser surface treatment, the CW laser beam was rotated by a prism inside laser 

equipment, and projected to a target surface. The laser ring was manipulated to move at 

a given speed and direction until covering the entire area of the target surface, as shown 

in Figure 2-1. The laser-beam scanning speed vB in Figure 2-1 refers to linear speed of 

rotation, and moving speed vR describes the movement of the laser ring. There were two 

overlapping regions during laser treatment, as shown in Figure 2-1. In the processing of 

surface treatment specimens under given laser conditions, the laser ring overlapped 50 % 

of the ring diameter every time shift at vertical direction, the overlapping rate was 

calculated by dividing the overlapped width of laser ring by the ring diameter. The 

overlapping rate of the laser beam is represented by the ratio of overlapped width of laser 

beam and the beam diameter[47][48], which is changed with the processing parameters. 

Laser devices with power of 2 kW and 3 kW were used for surface treatment. The radius 

of laser beam rB was 215 μm for 2-kW device, while 3-kW device operate at different rB 

of 430 μm and 215 μm, labeled as LC and LD respectively. The rotation radius rR of the 

2-kW device was fixed at 5 mm, and for 3-kW devices, the radii were 10 mm and 13 mm 

for LC and LD conditions respectively. Various laser conditions with different scanning 

speed, rotation period, and moving speed were selected.  
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Figure 2-1 Schematic illustration of rotating CW laser treatment. 

To identify the most important parameters for thermal effects of laser surface 

treatment, the laser power density (calculated by dividing the laser power by the area of 

the laser beam) and interaction time (defined as the beam radius divided by the scanning 

speed) were chosen based on references [42][43][49][50]. The overlapping rate of the 

laser beam was selected as the characteristic parameter of rotating laser beam. Processing 

parameters of laser conditions were shown in Table 2-1. Higher laser power density and 

longer interaction time contribute to more energy transfer from laser beam to steel 

material, and the laser beam overlap might enhance the thermal effects furthermore. The 

LA and LB treatment conditions were conducted with the 2-kW laser device, in which the 

LA condition exhibited longer interaction time. The LB and LC conditions had different 

laser power density, but similar interaction time and identical laser beam overlapping rate. 

The LD1, LD2 and LD3 treatment conditions were conducted with the same 3-kW laser 

equipment, where LD3 condition exhibited much higher laser beam overlapping rate.  

Table 2-1 Processing parameters of different laser treatment conditions. 

Laser condition 
Power density 

q (kW·cm-2) 

Interaction time 

(μs) 

Laser beam overlapping rate  

(%) 

LA 1377 103 50 

LB 1377 58.6 50 

LC 516 58.7 50 

LD1 2066 31.6 50 

LD2 2066 31.6 75 

LD3 2066 31.6 86 
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The laser power density were all Gaussian distribution, where LA and LB conditions 

had the same laser power distribution, LC condition had the largest beam size and lowest 

peak value of power density. LD1, LD2 and LD3 conditions had the same laser power 

distribution and highest peak value, as shown in Figure 2-2.   

 

Figure 2-2 Laser spot size and energy distribution for different laser conditions. 

2.3 Analytical equations for temperature field produced by CW laser 

When a CW laser beam is applied to the surface of a solid, the material is heated by 

absorb the laser energy. The temperature field produced by the laser irradiation must 

satisfy the equations of heat flow. Assuming the thermal properties of the material do not 

affected by the temperature, the governing differential equation is:  

 ∇2𝑇 −
1

𝛼

d𝑇

d𝑡
+

𝑞𝑣

𝜆
= 0 (2-1) 

where  is the thermal diffusivity,  is the conductivity, and qv the rate at which heat is 

supplied to the solid per unit time and volume. For a CW laser beam with energy q and 

radius Rb, scanning the semi-infinite solid surface with velocity vB (that is, solutions 

describing a laser beam tracked across the surface of a solid), the solutions are in the form 

of difficult integrals or multiple integrals. Which are too cumbersome to allow the 

analysis of a CW laser. This problem is overcome by Ashby and Easterling [42] through 

developing an approximate solution to the same laser thermal problem. The accuracy of 
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this approximated method was verified by comparing to integral solutions.  

The total power in the beam of laser irradiation is considered a cylindrical beam of 

radius rB delivering a power density qs (x, y): 

 𝑞 = ∫ ∫ 𝑞𝑠𝑑𝑥𝑑𝑦
∞

0

∞

0

 (2-2) 

in case of a Gaussian power density: 

 𝑞𝑠 = 𝑞𝑚𝑎𝑥exp − (
𝑥2 + 𝑦2

𝑟𝐵
2 ) (2-3) 

rB is the distance from the beam center at which the power density has fallen to 1/e of 

qmax. 

The temperature field caused by a point source can be written:  

 T = 𝑇0 +
𝐴𝑞

2𝜋𝜆𝑟
exp − {

𝑣𝐵

2𝛼
(𝑥 + 𝑟)} (2-4) 

 

 

Figure 2-3 The geometry of the integral method for calculating the heat cycle at the 

point P. 

The diffuse laser beam is now divided into small segments of area RddR, as shown 

in Figure 2-3. Then the temperature field can be calculated by integrating. At a point P 
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below the surface: 

 𝑇 = 𝑇0 + ∫ ∫
𝐴𝑞

2𝜋𝜆𝑟′
exp − {

𝑣𝐵

2𝛼
(𝑥′ + 𝑟′)} 𝑅 𝑑𝑅 𝑑𝜃

2𝑥

0

∞

0

 (2-5) 

where 

 x′ = x − 𝑅 cos𝜃 (2-6) 

and 

 𝑟′ = [(𝑥 − 𝑅 𝑐𝑜𝑠𝜃)2 + (𝑦 − 𝑅 𝑐𝑜𝑠𝜃)2 + 𝑧2]1/2 (2-7) 

The calculation here is too slow for the scanning CW laser beam, in this case, Ashby 

and Easterling developed an approximate calculation method for the temperature field. 

Assuming a diffuse beam with a Gaussian energy distribution, scanning in the x direction 

with velocity vB. When the velocity vB of the beam is high enough, it can be equivalent to 

a line source with finite width and infinitesimally small length. An analytical solution for 

the temperature field T (y, z, t) is written:  

 𝑇 = 𝑇0 +
𝐴𝑞/𝑣𝐵

2𝜋𝜆[𝑡(𝑡 + 𝑡0)]1/2
exp −

1

4𝛼
{

𝑧2

𝑡
+

𝑦2

𝑡 + 𝑡0
} (2-8) 

where 

 𝑡0 =
𝑟𝐵

2

4𝛼
 (2-9) 

That is a major change of equation (2-4) which separate laser beam heat in y direction. 

The new parameter t0 is simply the time taken for heat to diffuse over the beam radius, rB. 

For calculation point far from the heat source where 𝑧2 + 𝑦2 ≫ 𝑟𝐵
2  and  𝑡 ≫ 𝑡0 , the 

equation reduces to the result for a point source. But this equation leads to infinite 

temperatures at the surface encountered with laser beam. Due to the line source 

assumption means that energy is injected into the solid at t=0. In purpose of describing 

laser surface treatment approximately, the width of the beam in both the x and y directions 
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must be considered.  

To do so, Ashby et al. assume that the laser beam has radius rB, then energy is injected 

at a given point on the surface over a interaction time: 

  𝑡𝐵 =
𝑟𝐵

𝑣𝐵
 (2-10) 

The interaction time describe heat conduction on the solid surface, not only injected 

from the laser beam, but also draining away by the underlying material. Therefore, the 

surface temperature can be limited to a finite value. Ashby et al. allow for this by replacing 

the real source in the plane z = 0 by an apparent source in the plane z = z0 above the 

surface, so that： 

 𝑇 = 𝑇0 +
𝐴𝑞/𝑣𝐵

2𝜋𝜆[𝑡(𝑡 + 𝑡0)]1/2
exp −

1

4𝛼
{

(𝑧 + 𝑧0)2

𝑡
+

𝑦2

𝑡 + 𝑡0
} (2-11) 

or immediately below the center of the beam, y = 0: 

 𝑇 = 𝑇0 +
𝐴𝑞/𝑣𝐵

2𝜋𝜆[𝑡(𝑡 + 𝑡0)]1/2
exp − {

1

4𝛼

(𝑧 + 𝑧0)2

𝑡
} (2-12) 

The heating and cooling rate are given by differentiating with respect to time: 

 
d𝑇

d𝑡
=

𝑇 − 𝑇0

𝑡
{

(𝑧 + 𝑧0)2

4𝛼𝑡
−

1

2
(

2𝑡 + 𝑡0

𝑡 + 𝑡0
)} (2-13) 

The first term in the brackets describes heating; the second describes cooling. The 

peak temperature, Tp, is at the point dT/dt = 0, when: 

 
𝑡(2𝑡 + 𝑡0)

(𝑡 + 𝑡0)
=

(𝑧 + 𝑧0)2

2𝛼
 (2-14) 

Two limits were taken into account to evaluate z0.  

(1) The limit 𝑡 ≫ 𝑡0. In this limit the equation (2-14) simplifies to  
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 𝑡 =
(𝑧 + 𝑧02)2

4𝛼
 (2-15) 

and the peak temperature is  

 𝑇𝑃1 = 𝑇0 +
2𝐴𝑞/𝑣𝐵

𝑒𝜋𝜌𝑐(𝑧 + 𝑧01)2
 (2-16) 

when 𝑧 ≫ 𝑧01which reduces to the Rosenthal equation for a point source scanning across 

a thick plate. 

The depth at which a given peak Tp1 is reached: 

  𝑧 + 𝑧01 = (
2

𝜋𝑒
)

1/2

{
𝐴(𝑞/𝑣𝐵𝑟𝐵)𝑟𝐵

𝜌𝑐(𝑇𝑃1 − 𝑇0)
}

1/2

 (2-17) 

To determine z01, a fixed laser beam with intensity of 𝑞/𝜋𝑟𝐵
2, applied for a time tB, 

produces a peak surface temperature Ts given by: 

 𝑇𝑠 = 𝑇0 +
2𝐴𝑞

𝜋3/2𝑟𝐵
2𝜆

{𝛼𝑡𝐵}1/2 (2-18) 

Equating this to equation (2-16) with z = 0 gives: 

 𝑧01
2 = (

𝜋1/2

𝑒
) {

𝛼𝑟𝐵

𝑣𝐵
}

1/2

𝑟𝐵 (2-19) 

The cooling rate beyond the peak also means the first term in equation (2-13) is 

negligible: 

  
d𝑇

d𝑡
= −

2𝜋𝜆(𝑇 − 𝑇0)2

𝐴(𝑞/𝑣𝐵)
 (2-20) 

(2) In limit of 𝑡 ≪ 𝑡0, the equation (2-8) beacomes: 
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 𝑡 =
(𝑧 + 𝑧02)2

2𝛼
 (2-21) 

and the peak temperature is  

 𝑇𝑃2 = 𝑇0 + (
2

𝑒
)

1
2 𝐴𝑞/𝑣𝐵

𝜋𝜌𝑐𝑟𝐵(𝑧 + 𝑧02)
 (2-22) 

and the depth at which a given peak Tp2 is reached: 

 𝑧 + 𝑧02 = (
2

𝑒
)

1
2 𝐴𝑞/𝑣𝐵𝑟𝐵

𝜋𝜌𝑐(𝑇𝑃2 − 𝑇0)2
 (2-23) 

equating equation (2-21) to equation (2-18) gives z0, in this limit, as: 

 𝑧02
2 = (

𝜋

2𝑒
) (

𝛼𝑟𝐵

𝑣𝐵
) (2-24) 

the cooling rate beyond the peak is: 

 
d𝑇

d𝑡
= −

𝜋2𝜆𝜌𝑐(𝑇 − 𝑇0)3

2[𝐴(𝑞/𝑣𝐵𝑟𝐵)]2
 (2-25) 

For a laser beam with energy q and radius rB, the calculation method can be used to 

exam whether the laser energy inducing surface melting or contribute the surface 

temperature to exceed a critical value Tc. From the equation (2-16) this is: 

 
𝑞

𝑣𝐵𝑟𝐵
=

𝜋3

4
[
(𝑇𝑐 − 𝑇0)𝑟𝐵

𝐴
]

2
𝜆𝜌𝑐

𝑞
 (2-26) 

Ashby et al. demonstrate that this new approximation (2-8) for the temperature field 

T (y, z, t) of a CW laser beam gives more precise solutions for temperature field 
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calculation. Furthermore, the approximate field equation (2-12) is verified with the 

double-integral equation (2-5). Desirable result can be obtained through this simplified 

calculation method.  

The peak temperature of equation (2-12) is always close to the smaller of equation 

(2-16) and (2-22) and is well approximated by: 

   𝑇𝑃(𝑧) =
(𝑇𝑝1 + 𝑇𝑝2)𝑇𝑝1𝑇𝑝2

𝑇𝑝1
2 + 𝑇𝑝2

2  (2-27) 

Equations (2-12) and (2-27) describe temperature field and peak temperature 

distribution below the center of laser beam. Some assumptions were applied for the 

approximate peak temperature calculation:  

(1) Physical properties such as absorptivity A, material density ρ, specific heat c, and 

thermal conductivity λ were deemed constant during laser treatment; 

(2) Ambient temperature was also deemed constant and kept at 293 K. 

The accuracy of these equations had been verified with experimental results in the 

works of Bendoumi et al. [43]. However, these solutions did not consider the overlapping 

effects. As for rotating laser surface treatment used in this study, the temperature field in 

overlapped area may differ from single path laser scanning, especially for frequent 

overlapping irradiation. The temperature field under laser beam may superposed within 

heating and cooling circle, result in improving peak temperature during laser irradiation. 

As for purpose of heat effects evaluation during laser treatment, the peak temperature 

among laser irradiation is the key factor for discussion of laser ablation, microstructure 

of steel material and surface morphologies after laser treatment. Therefore, to simplify 

calculation method, and also for practical purpose in this study, only the peak temperature 

calculation equations of steel material during laser irradiation was investigated. 

2.4 Calculation for peak temperature distribution of rotating CW laser 

2.4.1 Peak temperature distribution considering laser beam overlapping effects 

The thermal circle during laser irradiation are rapid process [51] that usually in 

millisecond scale. To visualize the heat and cooling speed during CW laser treatment, the 
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laser conditions adopted in this study are used to calculate the approximate temperature-

time curves base on equation (2-12). The calculation considered center portion on the 

surface of carbon steel encountered with CW laser beam. The laser energy injected into 

the surface during interaction time, inducing heating process at the calculation portion, 

and then cooling process take place with leaving laser beam, as shown in Figure 2-4. 

Carbon steel of SM490A basing on JIS G3106 are chosen as the target material, physical 

properties of SM490A are listed in Table 2-2. The calculation here only considered a 

single laser scanning track without overlapping effects. The scanning track within a 

heating and cooling circle are treated as line source in consideration of extremely fast 

moving speed and negligible laser beam diameter. 

 

Figure 2-4 Schematic illustration of calculation portion and period for the temperature-

time curves. 

Table 2-2 Physical properties of SM490A carbon steel used for laser treatment. 

 
Density 

ρ (kg·m3) 

Specific heat 

c (J·kg-1·K-1) 

Thermal conductivity 

λ (W·m-1·K-1) 

Absorptivity 

A 

SM490A 7850 422 45 0.36 

The temperature-time results of various laser conditions are described in Figure 2-5, 

as the LD1, LD2 and LD3 are using the same parameters but different laser ring moving 

rate, the heat effects of these conditions are the same within single scanning track. The 

temperature of steel surface at the center of laser beam are improved rapidly, and reach 

the peak temperature in under 0.1 ms. From the partial enlarged detail around 0 to 0.3 ms, 

the highest peak temperature are reached in LA condition, created 4860 K in approximate, 

followed by LD condition of 4136 K and LB condition of 3739 K. The LC condition 

possessed lowest peak temperature value of around 1600 K. Thus it can be seen that 
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temperature result from CW lase irradiation are related to combined action of laser 

parameters. Higher laser output power does not means higher temperature induced on the 

steel surface, because the beam diameter limits the power density, which means smaller 

beam owns higher power density and more potential for significant laser heat effects. On 

the other hand, scanning speed of laser beam determined the interaction time of steel 

surface and laser beam, higher speed restrict the time for steel surface to absorb laser 

energy, thus lead to lower heat effects. However, when the laser beam leaving from 

calculation portion, cooling process are taken into place and the cooling rate of all the 

laser conditions are extremely fast, just like heating process. After 3 ms of the thermal 

circle, temperature of all the laser conditions tend to be stable at a certain values, which 

still higher than the initial temperature of 293 K (ambient temperature). Noticing that the 

rotation period of laser conditions are range from 9 to 15 ms, it is nonnegligible that the 

temperature between rotation period of laser beam could superposition and further 

improve the initial temperature before a new rotation circle.     

 

Figure 2-5 Temperature-time curves of laser conditions used in this study for carbon 

steel SM490A. 

To take the overlapping effects of rotating laser beam into consider of temperature 

field calculation, heating and cooling circle is the critical factor since temperature would 

accumulate before cools down.  Equations (2-11) and (2-12) describe the heating and 
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cooling circle during laser irradiation. The cooling process is dominated by thermal 

conduction of the material as the laser beam moves away. Moreover, the thermal circles 

are unsynchronized along the depth direction, which means that a deeper layer may still 

be undergoing a heating process while the upper layers begin to cooling. Generally, the 

overlapping effects on temperature distribution can be attributed to the accumulation of 

initial temperature due to repetition irradiation. The second term in equations (2-11) and 

(2-12) describes temperature evolution with time-lapse. Assuming that the temperature 

field is dominated by the heating effects of subsequent irradiation, the initial temperature 

before a repetition irradiation should be the accumulation of temperature increment of 

previous repetition irradiations. For laser irradiation with overlapping process, the 

temperature increment at the beginning of the last repetition irradiation n can be derived 

from equation (2-12) as follows: 

   𝑇𝑛−1(𝑧) = 𝑇0 + ∑
𝐴𝑞

2𝜋𝜆𝑣𝐵√[𝑡𝑖(𝑡𝑖 + 𝑡0)]
exp [−

(𝑧 + 𝑧0)2

4𝛼𝑡𝑖
]

𝑛−1

𝑖=1

 (2-28) 

where T0 is the initial temperature (K), which usually refers to the ambient temperature; 

n is the number of repetition irradiation in an overlapping region; and ti is the time interval 

of each repetition irradiation (s).  

Then, the initial temperature for the last repetition irradiation n is replaced by Tn-1(z), 

and the temperature distribution of the last repetition irradiation is given by the following 

expression: 

   𝑇𝑛(𝑧, 𝑡) = 𝑇𝑛−1(𝑧) +
𝐴𝑞

2𝜋𝜆𝑣𝐵√[𝑡(𝑡 + 𝑡0)]
exp [−

(𝑧 + 𝑧0)2

4𝛼𝑡
] (2-29) 

Therefore, the peak temperatures of Tp1 and Tp2 within two limits are expressed as 

follows: 

   𝑇𝑃1(𝑧) = 𝑇𝑛−1(𝑧) +
𝐴𝑞√2/𝑒

𝜋𝜌𝑐𝑣𝐵𝑟𝐵(𝑧 + 𝑧01)
 (2-30) 

and 
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   𝑇𝑃2(𝑧) = 𝑇𝑛−1(𝑧) +
2𝐴𝑞

𝑒𝜋𝜌𝑐𝑣𝐵(𝑧 + 𝑧02)2
 (2-31) 

Finally, the peak temperature distribution considering overlapping effects can be 

obtained by substituting the results of equations (2-30) and (2-31) into equation (2-27). 

2.4.2 Application of approximate calculation method for rotating CW laser 

treatment 

The laser treatment used in this study was a rotating laser beam that traveled with the 

movement of the rotation center. Consequently, there were various overlapping areas 

including laser ring and beam overlaps, as illustrated in Figure 2-1. However, the time 

interval of laser ring overlap was in the range of 3–30 s, depending on the moving speed 

of the laser ring. For laser beam overlap, the time interval was approximately equal to the 

rotation period, which was in the order of milliseconds. Considering the extremely fast 

cooling rate during laser irradiation (approximately 103–108 K/s)[51][52], the thermal 

effects of repetition irradiation were dominated by a laser-beam overlapping process. 

Therefore, the laser-ring overlapping effects were ignored in the temperature calculation. 

The combination of rotating laser beam and moving laser ring produced non-uniform 

overlapped areas, as shown in Figure 2-6 (a). The concept of diagrammatic drawing here 

was employed to compare the overlapped areas at each position within one rotation period 

separately. In this case, the laser beam returned to its previous spot with horizontal 

displacement owing to the movement of the laser ring. When the laser beam reached the 

middle position of the laser ring, the overlapped area contained both the traveled and 

covered areas, denoted as A1’ and A1 in Figure 2-6 (a), respectively. Similarly, the 

overlapped area at top position was composed of A2’ and A2. It is evident that the scanning 

laser beam traveled through a previously irradiated area within a rotation period, causing 

repetition irradiation. The same effects took place at any position of the laser ring because 

the scanning speed vB was much faster than the moving speed vR. Therefore, a rotating 

laser beam creates different overlapped areas during irradiation, even if the laser ring 

moves at a certain speed. In the example here, the overlapped areas fulfilled the inequality 

A1<A2. 
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Figure 2-6 Diagrammatic drawing of overlapped areas during rotating laser irradiation. 

Although it was difficult to consider varying overlapped areas in the calculations, the 

number of repetition irradiation n in equation (2-28) was easier to obtain. Note that the 

overlapped areas at each repetition irradiation decreased with the movement of the laser 

ring. In a study by Ashby and Easterling [42], the interaction time of the laser beam was 

defined as the beam radius divided by the scanning speed owing to the low-power density 

around the edge of the laser beam. To decide the number of repetition irradiation n, the 

varying overlapped areas during repetition irradiation were assumed to possess the same 

thermal effects until the overlapped width exceeded the beam radius rB, as shown in  

Figure 2-6 (b). It is evident that the overlapped width at middle position started to exceed 

the beam radius when the laser ring displacement l1 equaled rB. However, a longer 

displacement l2 was required for top and bottom positions. Here, the top/bottom and 
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middle positions were selected to calculate the peak temperature distribution as 

representatives of maximum and minimum temperature values, respectively. For fixed 

rotation period tR and moving speed vR, the number of repetition irradiation n is expressed 

as follows: 

   𝑛 =
𝑙

𝑣𝑅𝑡𝑅
 (2-32) 

where l is the displacement of the laser ring when the overlapped width of the laser beam 

equals the beam radius (m); vR is the moving speed of the laser ring (m·s-1); and tR is the 

rotation period of the laser beam (s). 

According to Figure 2-6 (b), the displacement of the laser ring l at middle position is 

given by the following expression: 

   𝑙1 = 𝑟𝐵 (2-33) 

The top/bottom position has an l expressed as follows: 

   𝑙2 = √(𝑟𝐵 + 𝑟𝑅)2 − 𝑟𝑅
2 (2-34) 

Note that the interval time ti in rotating laser treatment is a fixed value and equals the 

rotation period tR. Therefore, equation (2-28) can be simplified as follows: 

   𝑇𝑛−1(𝑧) = 𝑇0 + (𝑛 − 1) {
𝐴𝑞

2𝜋𝜆𝑣𝐵√[𝑡𝑅(𝑡𝑅 + 𝑡0)]
exp [−

(𝑧 + 𝑧0)2

4𝛼𝑡𝑅
]} (2-35) 

Then, the peak temperature distribution can be obtained from equations (2-30), (2-31), 

and (2-27). 

2.4.3 Verification of analytical equations for peak temperature distribution 

produced by rotating CW laser 

Carbon steel plates (JIS G3106 SM490A) were used as the irradiation target for 

verification analysis. The dimensions of steel plates were 150706 mm. Before laser 
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treatment, steel plates were pretreated by abrasive blasting to remove the mill scale on 

surface and also to reduce the laser reflectivity [53] and create similar surface conditions 

for irradiation targets. During laser treatment, the steel plates remained perpendicular to 

the ground, and fixed at an XY-axis motorized stage and moved in a given direction and 

speed to acquire designed laser parameters, as shown in Figure 2-7. At the meantime, the 

rotational axis of the laser beam was kept parallel to the ground. After laser treatment, the 

surface morphologies of laser-treated specimens were evaluated by optical microscopy 

(OM), and the surface roughness was measured with a laser microscope. The 

microstructures on the cross-section of specimens were observed after etching with 2 % 

nital to identify the re-melted zone (MZ) and heat-affected zone (HAZ).  

 

Figure 2-7 Experimental setup of laser irradiation using XY-axis motorized stage. 

 The surface conditions of specimens after rotating CW laser irradiation are shown 

in Figure 2-8. Region A (blue zone) represents the area with minor overlapping effects. It 

refers to the middle position as described in the previous section, while Region B (green 

zone) represents the top/bottom positions with the highest overlapping effects. Basically, 

Region B appeared as the boundary of the overlapped laser ring paths. No evident 

differences in surface appearance could be observed from the photos of LA and LB 

specimens, both conditions revealed surface morphologies with clear laser scanning paths, 

and obvious overlapped boundaries. Implying the temperature distributions of these two 

laser conditions may trigger severe laser ablation effects. When using LC condition, 

which also represent the lowest laser output power density, result in a surface condition 

with less features of overlapped laser boundary. Meanwhile, the line at Region B appears 

to be more flat instead of sags and crests. On the other hand, the laser ring moving speed 
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are decreased in LD2 and LD3 conditions, which means more overlap times during the 

laser irradiation. As a result, the specimens presented a wider Region B in comparison to 

the LD1 specimen. In addition, all of the laser-treated steel surfaces presented oxide luster, 

implying possible oxidation induced by the laser beam. Among the specimens, LC and 

LD1 conditions revealed even bluer surface luster, while the other conditions contribute 

to a darker surface luster. The change of surface luster suggesting a different levels of 

laser heat effects under different operating parameters.  

 

 

Figure 2-8 Surface conditions of laser-treated specimens. 

 

The OM surface morphologies of specimens are shown in Figure 2-9. In Region A of 

LA, LB and LD1 specimens, the rotation paths of the laser beam were observed, while 

LC specimen presented no obvious laser scanning tracks, except for craters formed on the 

steel surface. Less laser scanning tracks might be attributed to lower power density and 

fast laser beam moving speed, hence the among of heat transfer was limited by the power 

supply and interaction time. The surface morphologies of the LD2 and LD3 specimens 

were significantly different from LD1 specimen. A rougher surface without clear rotation 

paths were presented in the LD2 and LD3 specimens. Note that the LD2 and LD3 
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conditions had the slower moving speeds. Therefore, the overlapping effects could be 

significantly improved according to equation (2-32), and higher roughness was achieved. 

Micrographs of the cross-section under the LA, LB and LC conditions show smoother 

surfaces than those of LD1, LD2 and LD3 specimens. However, no distinct surface 

defects were observed in Region A of all specimens.  

The OM morphologies of LA, LB, LD1 and LD2 specimens in Region B clearly 

showed the boundary between laser ring paths; note that the rotation path of the laser 

beam at top/bottom positions was perpendicular to the middle position. While the LC 

specimen presented most flat and smooth surface features than the other laser conditions, 

this might be the result of minimal thermal effects. Concerning the LD3 specimens, the 

boundary vanished and was replaced by an extremely irregular bulge. Micrographs of the 

cross-section clearly show the outstanding bulges that appeared under LD2 and LD3 

conditions; micro cracks were also found in the bulge area. In contrast, smaller bulge was 

found in the LD1 specimen, which also represent the faster laser ring moving speed in 

LD conditions. Generally, a bulge structure is considered as the result of ripples, 

undercuts, step structures, and martensite needles induced by laser irradiation [54], but 

the sizes of bulge attributed to these reasons were very small, as a-a and b-b cross-sections 

show in Region B. Therefore, the outstanding bulges in LD2 and LD3 specimens could 

also result from improving the overlapping effects. In this case, the specimen surface 

absorbs more laser energy, thereby leading to a larger melt pool. The steel plates were 

perpendicular to ground during laser treatment. Hence, liquid flowing of melt pool may 

occur before resolidification, resulting in outstanding bulges formed in Region B, as 

shown in Figure 2-10.  
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Figure 2-9 OM surface morphologies and microstructures on cross-section of laser-

treated specimens at Region A and Region B. 
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Figure 2-10 Schematic illustration of laser-melted pool and bulge formation. 

Figure 2-11 shows the microstructures on cross-sections perpendicular to the laser 

ring moving direction. A layer-laminated microstructure was observed in the non-

irradiated specimen. This structure represents the initial microstructure of steel plates 

before laser treatment. When the surface of the material underwent a melting process, the 

original layer-laminated microstructure disappeared and reformed the MZ [55], as shown 

in Figure 2-11. Furthermore, a certain depth of material below the MZ was also impacted 

by thermal effects and created the HAZ, which consisted of a refined layer-laminated 

microstructure. Note that the depth of the MZ improved when decreasing the scanning 

speed according to the LA and LB specimens. By contrast, microstructures of the LD1, 

LD2 and LD3 specimens indicated that a slower moving speed of the laser ring also 

contributed to the MZ formation. The MZ of laser-treated specimens in Region B was 

deeper than that in Region A, in which the LD2 and LD3 specimen presented an 

extraordinary improvement in the MZ. On the other hand, the microstructure of LC 

specimens presented no indication of MZ or HAZ. The least thermal effects was observed 

under LC condition, which is consistent with the surface observation results in Figure 2-8 

and Figure 2-9. The calculated peak temperature distribution in the following section 

further explains the evolution of the MZ in laser-treated specimens. 
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Figure 2-11 OM cross-section of unirradiated and laser-treated specimens. 

The number of repetition irradiation n for various laser treatment conditions according 

to equation (2-32) is listed in Table 2-3. The repetition irradiation at the middle position 

of the laser ring was chosen to represent Region A. The results verified that more 

repetition irradiation took place in Region B, where the LD3 specimen possessed the 

largest number of repetition irradiation, followed by the LD2 specimen. The calculated 

peak temperature distributions of laser-treated specimens are presented in Figure 2-12. 

The theoretical results are compared with the MZ in the OM microstructure to verify the 

accuracy of the calculation method. A melting point of 1698 K [56] for SM490A carbon 

steel was adopted to identify the MZ in calculated results; a boiling point of 3273 K[57] 

is also illustrated in the graph as a reference to evaluate laser-induced thermal effects. 
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According to Figure 2-12, the MZ obtained from the calculation method is in good 

agreement with the MZ in the OM microstructure. The results for Region B corroborated 

the suitability of this calculation method, providing a good indication of the overlapping 

effects. By contrast, the OM microstructure presented a slightly deeper MZ than that from 

the calculated results. In real situations, the surface material would start evaporation once 

the temperature exceeds the boiling point. Note that the peak temperature near the surface 

exceeded the boiling point in all laser conditions except for LC conditions, as shown in 

Figure 2-12. In this case, part of the surface material will be removed owing to laser 

ablation effects [58] and the liquid flow of melt pool. Then, the underlying layer was 

exposed to the laser beam directly, thereby leading to deeper MZ formation. Besides, 

increasing the material temperature also resulted in higher laser absorptivity, and hence 

the thermal effects further improved [59]. As for LC condition, the calculation method 

also revealed a suitable results to explain the less laser tracks appearance on the surface 

observation in Figure 2-9. Laser-induced surface peak temperature just exceed the 

melting point of steel material, therefore the laser ablation effects are restricted under this 

circumstance. A melting dominate effects rather than ablation effects are taken in place 

under LC condition. To assess the accuracy of the calculation method quantitatively, the 

MZ depth in Region A and maximum MZ depth in Region B of the specimens were 

measured and illustrated in Table 2-4. The MZ depth in Region A was obtained by 

averaging the depths in five equidistant positions. The calculation method presented 

reasonable accuracy for estimating the MZ depth, according to Table 2-4.  

Table 2-3 Number of repetition irradiation n in different laser treatment conditions. 

 LA LB LC LD1 LD2 LD3 

Region A 2 2 2 2 2 4 
Region B 8 8 7 11 22 40 
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Figure 2-12 Peak temperature distribution on the cross-section of laser-treated 

specimens. 

Table 2-4 Comparison of MZ depth obtained from OM microstructure and calculation 

method. 

Laser condition LA LB LC LD1 LD2 LD3 

MZ depth in 

Region A (μm) 
 

 
 

Experiment 88.0 49.5 0 33.1 42.2 92.9 

Calculation 67.0 38.0 0 32.0 34.0 73.0 

Cal./Exp. 0.761 0.767 - 0.967 0.810 0.786 

MZ depth in 

Region B (μm) 
 

 
 

Experiment 137 110 0 58.5 155 976 

Calculation 115 74.0 7 54.0 112 974 

Cal./Exp. 0.840 0.673 - 0.924 0.723 0.998 
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Concerning the surface morphologies of laser-treated specimens, laser overlapping 

effects have the potential to cause surface defects. When the repetition irradiation reaches 

a higher state, extremely deep MZ formation is likely to take place. This was the case of 

the MZ in Region B of the LD3 specimen. Inhomogeneity and micro-cracks in the MZ 

could damage the mechanical properties of laser-cleaned structures. Therefore, the 

approximate calculation method could be helpful in optimizing the processing parameters 

of laser cleaning, to acquire a thinner and uniform MZ on the cleaned surface while 

reducing the risk of generation of surface defects. 
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2.5 Summary 

A newly developed rotating CW laser treatment was considered as a surface cleaning 

technique for usage in construction structures. To investigate the thermal effects of the 

laser beam on base material, an approximate calculation method for peak temperature 

distribution considering laser-beam overlap is proposed. The overlapping effects of laser 

irradiation were considered by introducing the number of repetition irradiation into the 

calculation method. The surface morphologies and microstructures in cross-section of 

laser-treated specimens were evaluated and used for comparison with the calculation 

method. The main results in this chapter were summarized as follows: 

(1) Inspection of laser-treated specimens confirmed that the overlapping laser 

beam improves the thermal effects and causes surface defects. In which LC 

specimen only present pores instead of laser scanning tracks left on the steel 

surface after irradiation. The other laser parameters present fewer overlap 

effects region and obvious overlap effects region, which is in the center 

portion and top/bottom portion of laser ring. In the top/bottom portion, laser 

overlapping effects will induce bulge formation, and micro cracks are found 

inside the bulges in higher laser output power cases. From the surface and 

cross-section observation, the overlapping effects are supposed to affect the 

mechanical properties due to the presence of bulges, micro cracks and heat-

affected zone.    

(2) The modified calculation method properly describes the peak temperature 

distribution under rotating CW laser irradiation. Depths of calculated MZs 

are in good agreement with observations of laser-treated specimens. The 

overlapping effects, namely the repetition irradiation can be well considered 

in the calculation equations. This calculation method could be useful to 

optimize the processing parameters, control the base material melting, and 

avoid surface defects during laser cleaning.  
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CHAPTER 3 SURFACE PROPERTIES AND 

MICROSTRUCTURES OF LASER-TREATED CARBON 

STEEL 

3.1 Introduction 

The laser ablation induced surface breakdown is illustrated as a schematic in Figure 

3-1. When the CW laser beam hits the steel surface, the material absorbs laser energy, and 

the thermal motion of some particles is accelerated. Once the sublimation temperature of 

steel material is reached, these particles evaporate and become vaporized particles, 

resulting in ablated craters [58]. Owing to the high-power density and long irradiation 

period of the CW laser, a thin layer of steel material melted and formed the re-melted 

zone (MZ) after cooling. Below the MZ, the laser beam still impacts the substrate and 

modifies a certain depth of microstructure, which then forms the heat-affected zone 

(HAZ). The surface morphologies of steel plates are changed because of laser ablation 

effects, the surface patterns created under moving laser beam may be different according 

to different parameter combinations. Even when the surface temperature induced by laser 

beam was lower than the boiling point of steel material, once the melting point is reached, 

the original surface characteristics are still affected by the melting effects. Thus 

examining the surface properties are essential for laser heat effects evaluation. The main 

surface properties after laser irradiation including: surface morphologies and surface 

oxidation. There are concerns about the surface oxidation induced by laser irradiation, 

due to the presence of oxide layer could damage the surface intact, also the 

electrochemical properties and coating qualities [60]. On the other hand, microstructures 

below the surface will also modified by the laser ablation effects. In the MZ layer, 

completely different microstructures might reform after solidification [61]. As for HAZ 

layer, the effects of laser ablation including thermal and non-thermal contents (i.e. shock 

wave generated by laser ablation), the size and compositions of microstructures may also 

be changed in this area. Evaluate the microstructures also important for the mechanical 

and electrochemical analysis, because the chemical and physical properties of steel 
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material are dominated by the shape and compositions of microstructures.   

     

Figure 3-1 Schematic diagram of laser ablation effects. 

In consideration of field application, most of the laser processing parameters were 

predetermined and unable to change. Consequently, human operation during the laser 

treatment only holding the laser equipment and controlling the laser ring moving speed 

vR as shown in Figure 2-1. As a result, the gap between adjacent laser ring could create 

untreated area due to the laser ablation only affect certain range of area. Assuming a laser 

operator handling the equipment to clean a corroded steel surface rapidly, as shown in 

Figure 3-2, the excessive laser ring moving speed turned out to be an improper parameter 

that leave untreated areas. Which reduce the efficiency of laser surface treatment, and 

leaving residual salts or contaminators on the laser-treated surface. Thus an appropriate 

laser ring moving speed, or in other words, an upper limit for the laser ring moving speed 

is required.  

     

Figure 3-2 Untreated area under higher laser ring moving speed. 
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Also, the high power CW laser aims for severely corroded steel members. Deep 

corrosion pits exit on the steel surface are tough issues for the surface preparation. An 

example of corrosion pits on severely corroded steel member is presented in Figure 3-3. 

The steel member is removed from rock shed which exposed at coastal region of 

Kagoshima (Lat. 315351N, Long. 1301320E) for 41 years. Corrosion pits were 

observed on the steel surface, causing irregularity appearance, and diamond disc grinder 

was managed to remove top rust layers only in consideration of avoiding damage on base 

metal. Therefore, corrosion products inside large pits still remained after the cleaning 

treatment. The corrosion pits containing salts and rust which is difficult to remove 

completely, therefore damage the durability of repainted coating. Besides, the irregular 

surface profile will also induce laser defocus, which might decrease the laser ablation 

effects.  

     

Figure 3-3. Surface conditions of severely corroded steel member before and after 

removing the rust layer. 

Laser defocus is a common problem during laser treatment [62], the deep corrosion 

pit which exists in severely corroded steel surface may induce power attenuation, and 

affect laser treatment efficiency. There are two kinds of laser defocus, one induced inside 

the bottom of corrosion pit, known as positive defocus; the other occurs on the top of 

corrosion products, known as negative defocus. Studies from other researchers had 

proved that negative defocus only have a little effects on the power distribution [62][63], 
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desirable laser heat effects can be still obtained. Besides, the outer rust layer is less dense 

and easier to remove. However, positive defocus decrease the energy distribution of laser 

beam sharply, and that is the main type of laser defocus induced on corroded steel surface.   

     

Figure 3-4. Laser defocus on the severely corroded steel surface. 

 In the surface properties and microstructure observations, all the laser conditions 

evaluated in CHAPTER 2 were adopted for laser surface treatments. According to the 

parameters of each laser condition, the LA and LB refers to different interaction time, 

while LB and LC imply varying laser power densities. The LD1, LD2 and LD3 conditions 

are the same laser parameters with different moving speed of laser ring, which means 

different laser overlapping effects occurred under these conditions. Thus the evaluation 

of surface characteristics and microstructures of laser-treated steel plates were based on 

the laser parameters analysis of interaction time, power density and overlapping effects. 

The surface morphology, iron oxide, microstructures and hardness of laser-treated steel 

plates were evaluated.  

Concerning the field application of laser surface treatment, the laser treatment 

coverage under different laser ring moving speed is observed under LA and LD conditions. 

On the other hand, LA condition was chosen for the surface irradiation of steel plate with 

artificial corrosion pits, to verify the effects of laser positive defocus on the laser ablation 

effects.  

3.2 Experimental 

Carbon steel plate according to JIS G3106 SM490A with dimensions of 150×70×9 

mm is prepared for the laser irradiation. The mill scale were removed by abrasive blasting 

before laser irradiation to achieve identical surface condition before laser irradiation. All 
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laser conditions listed in Table 2-1 were used for specimen preparation. To identify the 

surface crystalline phases and elemental distribution, the laser-treated specimens were 

prepared as bulk samples for X-ray diffraction (XRD, model: SmartLab, Rigaku) and 

scanning electron microscope-energy dispersive X-ray spectrometry (SEM-EDX, model: 

SU3500, Hitachi) evaluation. Due to the difficulty of spotting observation position using 

the SEM-EDX equipment, only Region A as described in CHAPTER 2 was observed. 

The measurement area in XRD study including Region A and Region B. The XRD 

measurements were performed with Cu-Kα radiations (λ=1.54 Å) X-ray source under 

generator settings of 40 kV and 30 mA, and the data was collected over a range of 20 to 

90. The cross-sections of laser-treated specimens were prepared, polished, and etched 

with 2 % nital, and the microstructure of the specimens was observed under optical 

microscopy (OM, model: VHX-1000, Keyence). The surface roughness of laser-treated 

specimens were measured using laser scanning microscope (model: OLS4500, Olympus), 

the surface profile in Region A and Region B were observed after laser irradiation, every 

profile measurements were conducted in sampling length of 10mm for 11 times. Vickers 

hardness (HV) of the cross-sections in Region A and Region B along thickness direction 

were tested under 100 gf test force and 15 s holding period. 

In order to simulate the insufficient laser surface treatment induced by hand-hold 

operation, various laser beam overlapping rate result from different laser ring moving 

speed were adopted. The overlapping rate were ranged from 50% to -200%, namely, the 

distance between laser spot centers of repetetive irradiation changed from the beam radius 

to twice the beam diameter. The laser absorption of specimen surface would changed due 

to various factors [53], such as the surface roughness, chemical composition and 

environment temperature, etc. In order to acquire basic laser ring moving parameters for 

the field application, the smooth surface with lowest absorptivity is designed as the 

surface condition for laser beam overlapping rate observation. In this case, milling 

process was taken to remove the mill scale and provide smooth surface before laser 

irraddiation. LA and LD conditions were adoped as the laser conditions, where the laser 

paths only scan the specimens surface once, thus no laser ring overlap in these specimens. 

Between parallel laser ring paths, interval time was prepared for the steel plates to return 

to room temperature before next irradiation. 
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Figure 3-5 Specimens under different laser beam overlapping rate. 

On the surface of severely corroded steel plate, various shapes of corrosion pits are 

included. The main control variables which affect laser surface treatment most are pitting 

depth and width. The depth of corrosion pit induces laser defocus at the bottom, which 

may weaken the laser output power density. On the other hand, a narrow corrosion pit 

only allows short irradiation period inside the pinhole, thus limiting heat transfer from 

laser beam to the bottom of corrosion pit. In consideration of irregular corrosion 

morphology on the steel plate, the corrosion depth and pinhole width are regarded as 

separate parameters for evaluation of laser treatment effects. Carbon steel plate of 

SM490A is prepared for artificial corrosion pit processing. A flat drill was used during 

drilling processing, in order to acquire smooth bottom for surface analysis. To compare 

the laser effects at upper surface and inside the artificial pit, milling process was adopted 

before drilling to remove mill scale and provide similar surface conditions for both 

positions. For specimens with different corrosion depths, the same pitting diameter of 4 

mm is chosen, and the pitting depths are range from 2 mm to 8 mm. The same pitting 

depth is manufactured in a line, and different depth of artificial pits was separated to avoid 

mutual interference when irradiating adjacent corrosion pits. During surface treatment, 

laser ring scanning across the line of corrosion pits at given speed, then interval time was 

prepared between each irradiation, allowing steel plate cooling down to room temperature. 

The same laser treatment method was applied to the specimen with different pitting width, 
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in which the pitting depth maintain at 4 mm. Only LA condition is used in the laser 

irradiation. The OM photos of specimens with artificial corrosion pits were takened to 

verity the laser ablation effects, and SEM-EDX surface inspection on the element of Fe 

and O also conducted to further verify the thermal effects of laser irradiation inside the 

various size of artificial corrosion pits. Figure 3-6 shows the specimens with artificial 

corrosion pits and laser irradiation method.  

     

Figure 3-6 Specimens with artificial corrosion pits and laser irradiation path. 

3.3 Surface morphology of laser-treated carbon steel plates 

Figure 3-7 shows the high magnification OM surface morphologies of the specimens. 

Two regions on the specimen surface were observed according to Figure 2-8, in which 

Region A implies the area encounter less laser overlapping effects and the Region B is 

area suffered more laser overlapping effects as described in the CHAPTER 2. In Region 

A, the Laser scanning tracks were observed in LA, LB and LD1 conditions, yet LC 

presented no distinct scanning tracks, except for some small pores. The reason for pore 

formation instead of ablation craters in LC conditions is the escape of gases during 

resolidification [64]. Under a lower power density and interaction time, the melted 

materials resolidified before the liquid can fill the pores caused by escaping gases [65]. 

LA, LB and LD1 conditions possessed higher power density and interaction time than LC 

conditions. Thus, more energy transformation is acquired [66]. The peak temperature on 
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the steel surface as discussed in CHAPTER 2 also verified the thermal effects under LC 

conditions only induced melting of steel material, and the other laser conditions provided 

peak temperature exceed boiling point of steel material. Consequently, deeper and wider 

ablation craters are formed in the LA, LB and LD1 conditions, and appear as scanning 

tracks on the surface. Among the laser tracks appeared on the steel surface, LA condition 

tend to have wider tracks than the LB condition, notice that LA and LB conditions used 

the same laser beam generator but different rotating speed and laser ring moving speed, 

the faster rotating speed of LB condition presented less time for laser beam to interact 

with steel surface, thus a narrower tracks were presented in LB condition. The gap 

between laser tracks also indicated laser ablation effects only effective in a given range 

of the Gaussian power distribution, rather than the whole area inside laser beam. On the 

other hand, when the moving speed of laser ring drop down to a certain value, the surface 

morphologies of steel plate after laser irradiation presented irregular patterns as shown in 

LD2 and LD3 specimens. Laser scanning tracks were vanished and replaced by wave-

like surface features. This is assumed that slower moving speed of laser ring causing more 

overlapping effects, and reduce the distance between the adjacent laser tracks. The 

resolidified steel materials could be remelted by the adjacent laser scanning tracks, and 

irregular ablation craters were formed on the steel surface.  

In Region B, all of the laser conditions revealed top/bottom position in rotating laser 

irradiation but LC condition. Only pores can be observed on the LC specimen surface as 

presented in the Region A, implying the laser overlapping effects had few impact in this 

portion. The peak temperature in LC condition as shown in Figure 2-12 confirmed only 

melting can take place in this region rather than laser ablation effects. In contrast with the 

LC condition, LA, LB and LD1 conditions showing the boundary of top/bottom position 

and middle position in two laser ring moving paths. The middle position of laser ring 

revealed surface features with clear laser scanning tracks as shown in Region A, on the 

contrary, top/bottom position presented a surface morphologies without laser scanning 

tracks, but rather irregular patterns. According to the overlapping effects as described in 

CHAPTER 2, more repetition irradiation was arose in the top/bottom position, repetitive 

melting and solidification will occurred in this region, leading to irregular surface patterns. 

When the laser ring moving speed slow enough, extremely severe overlapping effects 
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were presented in the top/bottom position as shown in the LD2 and LD3 specimens. Bulge 

structures were observed around the boundary line, and surface defects were included in 

it, the main reasons for bulge structures were discussed in CHAPTER 2 and Figure 2-10.   

 

 

Figure 3-7 OM surface morphologies of specimens. 

In general, from LA and LB specimens, less laser interaction time contributed to a 

similar surface morphologies, only narrower laser scanning tracks were observed. Laser 

power density is a more important parameter responsible for the laser-treated surface 
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features, according to LB and LC conditions. Where lower the laser power density to the 

level of LC, the laser ablation effects decreased and showing no obvious laser scanning 

tracks. When the moving speed of laser ring decreased (i.e. more severe laser overlapping 

effects), surface morphologies of laser-treated steel plate changed significantly, irregular 

patterns were presented on the steel surface, result in obvious cratered surface. The bulge 

structures were formed on the higher laser overlapping effects area, Region B, due to 

severe laser heat effects induced by repetitive melting and solidification. 

The cross-section profile of laser-treated steel specimens were illustrated in Figure 

3-8. The roughness distribution in Region A were similar from LA to LD2 specimen, with 

increasing laser overlapping effects, the cross-section of LD3 specimens in Region A 

presented obvious improving roughness. Associate with the irregular surface features 

observed in Figure 3-7, more obvious peaks and valleys structures were dominate this 

area and improved the surface roughness. Compares to the other profile observed in 

Region A, broader peaks were presented with less micro roughness characteristics. The 

less detail profile may be attributed to the more repetition irradiation, repetitive melting 

and solidification result in higher peaks and valleys, and eliminate the laser ablated craters 

and cracks. As for the cross-section profile in Region B, LC and LD1 conditions presented 

similar trends to the Region A, while the other laser conditions revealed less detail profile 

as described before. It is worth noting that peaks and valleys in LD2 and LD3 specimens 

were significantly improved, 2 times and 8 times of the range were observed respectively.      
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Figure 3-8 Cross-section profile of laser-treated specimens. 

The most common expression for average peak hight is Ra which is the arithmetical 

mean deviation of the assessed profile, the calculation: 

   𝑅𝑎 =
1

𝑙
∫ |𝑍(𝑥)|𝑑𝑥

𝑙

0

 (3-1) 

where l is the sampling length, Z(x) the ordinate value within the sampling length.  

The measured roughness Ra of all laser conditions were presented in Figure 3-9, the 
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results showed similar trends to the cross-section profile observation. In which, Region 

B possessed higher roughness than Region A. For laser conditions LA, LB and LC, Ra 

less than 10 m regardless of the measurement region. When the laser overlapping effects 

significantly increased, as shown in LD1 to LD3, the roughness rose dramatically. Ra in 

Region B of LD3 specimens even reached 80 m, which is 8 times larger than the other 

laser conditions.  

 

Figure 3-9 Surface roughness of laser-treated specimens. 

The rough surface features generally considered as a beneficial factor for improving 

the adhesion of organic coating. Long term corrosion protection of the coating rely on its 

integrity, in this case, prevailing hypothesis is the corrosion protection improved with the 

adhesion property. In construction field, high adhesion strength is the essential 

requirement for a coating system to remain effective protection. In fact, the relationship 

between adhesion and durability of coating system still under study, particularly when it 

comes to surface roughness. By contrast, the thickness of coating is straightforward factor 

that affect durability of coating layer. Long term corrosion protection of the organic 

coatings requires the thickness in millimeter scale. In the area of infrastructure, the 

limitation for surface roughness is to control the thickness of coating layer. Thicker 

coatings are supposed to have better corrosion protection, and the coating are supported 

better by the metal substrate when the rough surface protrudes more into the coating. But 

there are limits for the surface roughness, a very rough surface might possessed defects 

on it, and the coating layer is difficult to fill the deepest valleys thus leave cavity between 

the coating and substrate surface. On the other hand, the thickness of coating at highest 
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peaks might be decreased and thus damage the durability of coating system [67]. Hence, 

the bulges formed under higher laser overlapping effects not only changes the surface 

morphologies, but also affect the durability of coating layer to a certain state. Besides, 

micro cracks could affect the mechanical properties of steel material as well.   

3.4 Evaluation of oxide layer on steel surface after laser treatment  

3.4.1 SEM-EDX surface elements analysis 

From the SEM-EDX results shown in Figure 3-10, oxygen is observed on the steel 

surface after laser treatment. Oxygen mainly exists inside the small pores of the LC, and 

the center of the laser scanning tracks of LA and LB. Semi-quantitative analysis of SEM-

EDX revealed that the oxygen content on the laser-treated surface was 20.0, 14.3, and 

9.72 wt% for LA, LB, and LC specimens, respectively. The variations in the oxygen 

content of LA and LB conditions are caused by the varying interaction times. Longer 

interaction time of LA results in more laser energy absorbed by the steel surface to initiate 

oxidation. The relatively smaller power density and interaction time of LC limited the 

laser heating effects, presenting the lower surface oxygen content.  

Compares to the other specimens, LD1 condition possessed lowest oxygen content on 

the surface. Then, the oxygen content increased with increasing laser overlapping effects. 

It is showed that LD1, LD2 and LD3 have oxygen content of 4.87, 11.7 and 18.7 wt% 

respectively. This would be attributed to the fast scanning speed of LD conditions, the 

interaction time of LD among the other laser conditions is the shortest of 31.6 µs, which 

is half the LB and LC conditions and one third of LA condition. The principle of laser 

ablation is based on melting and vaporization. When the laser beam hits steel surface, the 

material absorb laser energy and start to melt or vaporize, depending on the temperature. 

Larger power density causes higher temperature on the heated material, and shorter 

interaction time limits the heat conduction during laser ablation, therefore the ablation is 

enhanced, resulting in larger volumes of removed material from steel surface. In this case, 

the power of LD1 is large enough to produce a relatively ablation dominated processing 

mechanism. The heated materials in higher temperature were ablated, and took away most 

of the energy by themselves. Therefore, the remaining energy in the base metal could be 

relatively small, resulting in clear laser paths and less oxygen on the surface. With 

increasing laser overlapping effects, repetitive melting and solidification replace the 
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ablated surface features with resolidification features as shown in LD2 and LD3 of Figure 

3-10, thus a higher oxygen content is presented in the higher overlapping effects laser 

conditions.  

 

Figure 3-10 SEM-EDX analysis on surface of specimens. 

Concerning the laser treatment parameters, shorter interaction time restrict the surface 
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oxidation reaction as shown in LA and LB specimens, as well as decreasing the laser 

power density according to LB and LC specimens. On the other hand, increasing laser 

overlapping effects contribute to the oxidation reaction during laser treatment.   

3.4.2 Iron oxide evaluation using XRD diffraction patterns 

To further clarify the composition of the oxide film, XRD patterns of the specimens 

were obtained and are illustrated in Figure 3-11. From the peaks observed, XRD results 

corresponding to the SEM-EDX analysis. The surface contain more oxygen presented 

more iron oxide patterns. Different iron oxide compositions were identified in all laser-

treated specimens. Patterns of wustite (FeO) were observed in all of the laser-treated 

specimens, while LA and LB specimens presented patterns of magnetite (Fe3O4) or 

maghemite (γ-Fe2O3), which are indistinguishable by XRD [68]. While LC specimen 

surface only possessed wustite diffraction patterns. On the other hand, LD1 specimen 

revealed even lower wustite peaks than LC specimen, and the patterns of magnetite or 

maghemite appeared and increased in LD2 and LD3 specimens.  

 

Figure 3-11 XRD diffraction patterns of laser-treated specimens. 

Semi-quantitative analysis based on relative intensity ratio (RIR) [69] was performed 

to verify the oxide component on laser-treated specimens, Figure 3-12 presented the 

weight ratio of α-Fe, FeO and γ-Fe2O3/Fe3O4. It can be seen that a higher proportion of 

iron oxide was achieved in LA and LB conditions, where LA possessed more γ-

Fe2O3/Fe3O4 than LB. LC showed the lowest iron oxide proportion, containing 9 wt% 

FeO. In the case of LA and LB conditions, the same power density and longer interaction 
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time of LA contributed to a slightly higher oxide proportion. On the other hand, the LC 

condition has a similar interaction time with LB but a lower power density, leading to an 

obvious decrease in oxygen content and oxide components. Therefore, increasing the 

power density and interaction time will amplify the laser ablation effects on surface 

morphology. Meanwhile, improved heat transfer from the laser beam to the specimen 

surface promoted the formation of iron oxide at a higher oxidation state (i.e., γ-

Fe2O3/Fe3O4), in which the surface oxide formation is significantly affected by the laser 

power density. When the laser overlapping effects increased, as shown in LD1, LD2 and 

LD3 specimens, the amount and components of iron oxide increased. In which higher 

state oxide of γ-Fe2O3/Fe3O4 appeared at LD2 and LD3 conditions. Among all the laser-

treated specimens, LC possessed the least iron oxide, while LD3 presented higher iron 

oxide content on the surface.  

 

Figure 3-12 XRD semi-quantitative analysis of iron oxide formed on specimen surface. 

It can be seen that longer laser interaction time contribute to more oxide formation, 

as LA and LB specimen shows. While decreasing the laser power density restrict 

oxidation reaction on the steel surface, less oxide content were revealed, as shown in LB 

and LC specimens. The laser overlapping effects dramatically promote oxidation during 

laser irradiation according to LD1, LD2 and LD3 specimens. Under the same laser 

equipment parameters, the iron oxide content on the steel surface would rise from 13 % 

to 97 % due to improving laser overlapping effects.  
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3.5 Evaluation of microstructure and hardness distribution on cross-

section of laser-treated specimens 

The OM microstructures in the MZ and HAZ under different laser conditions are 

shown in Figure 3-13. The microstructure distribution on Region A and Region B were 

similar to each other, only revealed depths difference, thus only the cross-sections in 

Region A were discussed in this section. From the microstructure of the base metal, the 

constituents of SM490A grade steel are characterized as ferrite and perlite. It can be seen 

that besides LC specimen, the other laser conditions reveled certain depth impacted by 

the laser treatment. The main reason for microstructure changes are attributed to the laser 

ablation effects, as for LC condition, only melting can be induced by the laser beam, thus 

no laser ablation effects result in less change in the microstructures. On the other hand, 

other laser conditions presented similar microstructure distribution, only different depths 

were observed. As for the microstructure distribution in the MZ of laser-treated specimens, 

refined microstructures were observed owing to the rapid heating and cooling rates of 

laser treatment. Although the phases in the MZ are difficult to identify through OM 

microstructures, martensite and bainite are very likely to exist because of the high 

temperature gradient and the non-equilibrium rapid solidification phenomena [70]. The 

melt pool of the laser-irradiated area undergoes different cooling rates in the depth 

direction, and the microstructure may transform into upper bainite, lower bainite, or 

martensite [71]. Similar microstructure distribution after laser treatment can also be found 

in the works of Bendoumi et al.[43] and Zhou et al.[72]. Beneath the MZ layer, refined 

ferrite and pearlite were observed, representing the HAZ in laser-treated specimens. 
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Figure 3-13 OM microstructure on cross-section of laser-treated specimens. 

Figure 3-14 shows the HV on the cross-section of laser-treated specimens. The cross-

section of MZ&HAZ were presented on the side of HV results as comparison. The center 

of Region B and nearby Region A were chosen for the Vickers hardness test. With longer 

laser interaction time, the depth of MZ&HAZ increased, as shown in LA and LB 

specimens. In which LA shows approximately 500 μm MZ&HAZ deepness in Region B, 

and 300 μm deepness in Region A, where the depths in LB specimen were 250 and 200 

μm respectively. No visible MZ&HAZ can be observed in LC specimen due to the lowest 

laser thermal effects. With increasing laser overlapping effects, as shown in LD1, LD2 

and LD3 specimens, the depth of MZ&HAZ were significantly increased. In which the 

MZ&HAZ deepness increased from 50 to 500 μm in Region A, and 50 to 1500 μm in 

Region B. The changing MZ&HAZ are supposed to affects the mechanical properties of 

steel material, as the essence of these layers is the microstructure changing. The hardness 

of metallic material were generally considered as a representative parameter for the 

mechanical properties, actually, the yield strength and ultimate tensile strength are 

proportional to hardness [73]. According to Figure 3-14, the hardness mostly improved 

within the MZ&HAZ layer, in the Region B, the improving hardness are more noticeable 

under LA, LB and LD2 conditions. Hardness improvement of approximately 50 HV were 

presented in these specimens. When it comes to LD3 condition, opposite hardness results 

were presented Region A and Region B. Higher hardness distribution was observed in 
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Region A of the LD3 specimen, and relative lower hardness were presented in the Region 

B. It was considered that the grain size in MZ of Region B grown under higher laser 

overlapping effects of LD3 condition, the repetitive irradiation restrict cooling speed of 

the laser-melted materials, as a result, the solidification of liquid materials slow down and 

formed larger microstructure [74], as shown in Figure 2-11. It is obvious that MZ layer 

in Region B of LD3 specimen is significantly deeper, reaching 1200 μm in approximately, 

thus the composition of MZ&HAZ in LD3 is mostly composed by MZ. Usually, larger 

grain size contribute to lower hardness in steel materials [75]. As a consequence, the 

hardness in Region B of LD3 decreased.       

 
Figure 3-14 HAZ and HV on cross-section of laser-treated specimens. 

3.6 Consideration of laser effectiveness in field application 

3.6.1 Evaluation of appropriate laser ring moving speed for hand hold operation 

The surface conditions of steel plates after laser irradiation were exhibited in Figure 
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3-15. The observation spots were selected at the center of the laser scanning paths, where 

the coverage of repetitive irradiation should be the lowest as illustrated in Figure 2-6. In 

this case, if the laser coverage in this position reached whole area, there will be no 

untreated area in the laser scanning path. On the opposite, even small untreated area was 

spotted in the path center still means more untreated areas were existed at the upper 

portion of the laser scanning path.  

From the surface condition observed, the surface coverage of both laser condition 

reached whole area when the laser beam overlapping rate was equal or greater than 0%. 

With the laser ring moving speed accelerate, the untreated area were observed in both 

laser conditions from -100% overlapping rate, and keep growing with less laser beam 

overlapping rate (i.e. higher laser ring moving speed). Although the laser absorptivity of 

corrosion product may higher than the milled steel surface, the fundamental research are 

lacking to give a certain laser ablation effects for the corrosion product. To be on the safe 

side, the proper laser ring moving speed was selected as the resulting laser beam 

overlapping rate higher than 0%, to ensure comprehensive treatment. Take LA and LD 

conditions as examples, the laser ring moving speed were expected to lower than 29 and 

36 mm/s, respectively.  

 
Figure 3-15 Surface condition of steel plate after laser treatment with varying laser 

beam overlapping rate. 
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3.6.2 Effectiveness of laser surface treatment for the carbon steel with severe 

artificial corrosion pits 

Two positions as upper surface near the edge of corrosion pit, and bottom surface at 

the center of corrosion pit were selected to observe the surface morphology, as shown in 

Figure 3-16. The surface upon corrosion pit was used as comparison to identify the effects 

of corrosion pits on laser surface treatment.  

    

Figure 3-16 Observation positions on specimen with artificial corrosion pit. 

The results of surface morphology and corrosponding contour plots are shown in 

Figure 3-17. From the surface morphologies of specimen with different corrosion depths, 

the laser paths were observed in every depth of corrosion pits, demonstrating effective 

laser irradiation for all corrosion depth investigated in this study. The positive defocus of 

laser beam on the corrosion pit bottom enlarges the size of laser spot, thus laser defocus 

is likely to reduce power density in case of larger spot size. The laser surface treatment is 

mainly depending on thermal effects induced by laser beam, thus lower power density 

will limit the interaction between laser beam and target surface. Less effective laser 

ablation could induced by the decreasing laser power density. However, on the basis of 

surface morphology observed inside corrosion pit up to 8 mm depth, an acceptable laser 

ablation effect was provided. 

Basing on the surface morphologies inside corrosion pits with different pitting width 

as shown in Figure 3-17. Although the laser scanning paths were also presented at the 

bottom, a blurry image of laser path is shown inside corrosion pit with 2 mm diameter. 

Among the corrosion pits with different width, identical laser defocus are ensured because 
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of the same artifical pitting depth. On the other hand, steep wall of pinhole results in 

discontinuous in upper surface and the corrosion bottom, thus reduce the thermal effects 

during laser irradiation. In addition, high-density fumes and particles also generated and 

confined in the narrow pit hole during laser irradiation, then act as a sheilter and reduce 

the thermal effects of laser beam reaching the bottom surface [76]. In fact, the laser energy 

will be absorbed by fume present in the laser scanning path. As a result, further defocues 

and scattering can be the consequences of the present fume in the laser path. In the 

research of Shcheglov et al. [77] confirmed the maximum laser beam attenuation by the 

vapor fume was estimated to be up to 40%. It is known that fiber lasers are unlikly to 

undergo attenuation by the generation of plasma as other laser equipments [78]. Therefore, 

the fume is responsible for the laser beam attenuation. Evidence of the fume generation 

during CW laser irradiation is provided in the high speed camera photo of Figure 3-18.  

 

Figure 3-17 Surface morphology of laser-treated specimens with artificial corrosion pits. 
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Figure 3-18 High speed camera of the fume generated during CW laser irradiation. 

Besides the fume generation, any slight oblique angle of laser beam towards the 

corrosion pits would result in blocking effect by the discontinuous surface, narrow pit 

width are more likely to block the laser beam, as shown in Figure 3-19. Thereby the laser 

power is restricted due to the laser beam reached pit bottom is actually reflection. On the 

other hand, the size of corrosion pits also limited the irradiation time of rotationg laser 

beam, thus preheating effects were confined under smaller pit width. As the laser 

absorptivity of steel material will improved with improving temperature [79], the laser 

energy transfer to bottom surface of corrosion pit might be lower due to shorter irradiation 

time and preheating process.    

 

Figure 3-19 Schematic illustration of the effects of pitting width on laser irradiation. 
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The element distribution of Fe and O on the laser-treated steel surface is presented in 

Figure 3-20 of SEM-EDX observation results. From the amount of oxygen presented, the 

oxygen reduced with deeper corrosion pit. However, the content is still similar to upper 

steel surface as presented in Figure 3-10 of LA specimen. However, the oxygen tend to 

lower under the condition of 2 mm pit width. The result is corrosponding to the surface 

morphologies illustrated in Figure 3-17.  

 

Figure 3-20 SEM-EDX analysis on laser-treated specimens with artificial corrosion pits. 

However, the laser paths still confirmed effectiveness of laser treatment inside 

corrosion pits with different width and depth. Take the residual salts into account, the 

melting point and boiling point of NaCl are 1074K and 1738K respectively, much smaller 

than the steel material (melting point 1698K, boiling point 3273K). This level of laser 

power still enough to remove residual salts inside the corrosion pits. 
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3.7 Summary 

In this chapter, the surface characteristics and microstructure of laser-treated steel 

plates were evaluated using OM microscope, SEM-EDX and XRD diffraction. The 

effects of laser ring moving speed on treatment coverage were investigated basing on the 

surface appearance of laser-treated carbon steel. Steel plates with different depths and 

widths of artificial corrosion pits are manufactured to evaluate the laser defocus influence 

on treatment effectiveness. Basing on the result, the following summary can be drowned: 

(1) Surface morphologies of the laser-treated specimens indicating the laser 

scanning tracks are dominated by the combined effects of processing 

parameters. Generally, higher laser power density and longer interaction 

time contribute to more thermal effects, while under the same laser power 

density, shorter interaction time result in laser ablation dominate surface 

features (i.e. laser scanning tracks). The area in moving laser ring was 

divided into Region A (middle portion) and Region B (top/bottom portion). 

Due to laser overlapping effects, Region B possessed more irregular 

patterns than Region A, therefore surface roughness in Region B also 

increased. When the laser overlapping effects increased to a certain value, 

surface defects will take place as shown in LD2 and LD3 specimens.    

(2) Iron oxide formation during laser irradiation is related to the thermal effects 

induced by laser beam. As a result, higher laser power density improve the 

oxidation. The longer interaction time and higher power density are the key 

factors that result in surface oxidation. Furthermore, laser overlapping 

effects contribute to the repetitive melting and solidification, result in 

increasing iron oxide formation on the steel surface. XRD result revealed 

that greater heat transfer from the laser beam to the specimen promotes the 

formation of iron oxide at the higher oxidation state of γ-Fe2O3/Fe3O4. 

Higher laser power density and more overlapping effects are the reasons for 

improving oxide content.  

(3) The microstructure of laser-treated steel plates modified by the laser 

thermal effects, when the laser parameter could not satisfy the condition to 
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lead laser ablation as LC specimen shows, the microstructure near laser-

irradiated surface mostly remain unchanged. For the other laser conditions, 

both MZ and HAZ were observed and presented similar components but 

different deepness. The microstructure in MZ layer changed after laser 

irradiation, martensite and bainite could be formed due to the rapid laser 

heating and cooling process. In the HAZ area, refined ferrite and perlite 

were observed, attributed to the thermal and non-thermal combination 

effects of laser ablation. The hardness within the MZ&HAZ was mostly 

improved, except for Region B in LD3 specimen. More laser overlapping 

effects were considered as the reason for decreasing hardness due to larger 

grain size generated in repetitive irradiation. Basing on the changing 

microstructure and surface characteristics, the electrochemical and 

mechanical properties of steel materials could be affected, which will be 

discussed in the following chapters.   

(4) Surface morphologies in different laser beam overlapping rates suggested 

the appropriate laser ring moving speed should satisfy at least 0% of the 

overlapping rate. Desirable laser treatment effectiveness is expected inside 

corrosion pits up to 8 mm depth in this study. Small width of corrosion pit 

will limit the thermal effects of laser irradiation, due to fume concentration 

and shelter effects of discontinuous surface. Yet promising cleaning 

efficiency of laser irradiation is still worth expecting.    
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CHAPTER 4 ELECTROCHEMICAL PROPERTIES OF 

LASER-TREATED CARBON STEEL SURFACE 

4.1 Introduction 

During field application of the high-power CW laser equipment, the laser beam could 

affect the base metal to a certain degree, due to human operation error and the purpose of 

acquiring comprehensive treatment. Extremely high temperature was induced by the laser 

beam during irradiation as analyzed in CHAPTER 2, the microstructure of base steel 

material and surface oxidation could take place due to the thermal effects. Therefore, laser 

treatment can also modify the corrosion properties of metallic material. It was found that 

the corrosion resistance of ferritic alloy improved after laser treatment, due to the 

formation of a protective oxide film [80]. A similar result was reported by Zhang et al. 

for Al Alloy [81]. On the other hand, the variation in microstructure may also affect the 

corrosion properties of the laser-treated materials [82][83]. The corrosion resistance of 

steel materials after surface preparation may be improved or reduced, relating to the 

surface morphology, surface strain, and surrounding environment [84][85]. 

In fact, the corrosion of metallic materials is an electrochemical process involving 

redox reaction. Electrons were released from the steel material, and caught by the 

elements in surrounding environment during corrosion process. Therefore, the flow of 

electrons can be controlled electronically to evaluate the corrosion properties of metallic 

materials. One of the useful techniques is potentiodynamic polarization test, which 

including working electrode (testing specimen), counter electrode, reference electrode 

and electrolyte solution. All the electrodes are immersed in electrolyte solution that 

represent the corrosive environment, and connected to a potentiostat. Electrochemical 

potential is applied between the electrodes in respect to reference electrode. And the 

current flow in the cell was constantly monitored. The corrosion current (icorr) and 

corrosion potential (Ecorr) can be defined by polarization test. The open circuit potential 

(Eocp) is the potential of working electrode in respect to reference electrode without 

impressed current through the working electrode (i.e. open circuit). Stable Eocp implying 

the electrochemical cell reached steady state in the open circuit condition. Another 
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commonly used electrochemical test is electrochemical impedance spectroscopy (EIS), 

EIS measure the impedance of the surface layer at different frequencies, this method used 

to evaluate the surface coverage of coating layer. With appropriate evaluation, EIS is an 

indication of protective effect of the surface. More intact passive layer on the steel surface 

contribute to higher impedance results.  

To further evaluate the formation of oxide layer, and the effects of laser treatment on 

corrosion properties of the base metal, this chapter applied electrochemical test for laser-

treated carbon steel. All the laser processing parameters were used during the irradiation 

procedure, including LA, LB, LC and LD1, LD2, LD3. The electrochemical test results 

were evaluated and compared with surface morphologies and microstructures after laser 

treatment, to establish the effects of the laser treatment on the corrosion properties of 

carbon steel plates, and the status of oxide layer.  

4.2 Experimental 

Before the electrochemical test, the specimens were degreased and cleaned using 

acetone and deionized water. The test surface was then covered by an electrochemical 

sample mask and exposed to a 100 mm2 area to serve as the working electrode. A three-

electrode system was adopted, with Ag/AgCl in a saturated potassium chloride solution 

used as the reference electrode, and platinum foil was embedded as the counter electrode. 

All electrochemical tests were conducted using a potentiostat (VersaSTAT 4, Princeton 

Applied Research) at room temperature. Naturally aerated 3.5 wt% NaCl solution 

prepared with deionized water was used as the electrolyte. The setup of electrochemical 

test is shown in Figure 4-1. 

 

Figure 4-1 Equipment setup of the electrochemical test. 
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The Eocp of the specimens was measured for 1 h, till it reached a stable value. Then, 

the polarization curves were tested in the range of Eocp ± 250 mV, with a scanning speed 

of 10 mV/min. The icorr and Ecorr were determined using the Tafel extrapolation method, 

commercial software VersaStudio (Princeton Applied Research) was used for the analysis 

of polarization results. EIS spectra with 10 mV signal amplitude were performed in the 

range of 10 mHz to 100 kHz with respect to Eocp. Commercial software ZSimpWin 

(AMETEK) was used for the simulation analysis of the EIS results.  

4.3 Electrochemical test results of laser-treated and unirradiated 

specimens 

4.3.1 Potential-time measurements of specimens 

The potential-time measurements of laser-treated and unirradiated specimens in 3.5 

wt% NaCl solution are shown in Figure 4-2. Decreasing trends in potential for all 

specimens were observed, indicating a typical active dissolution of the specimen surface 

[86]. The laser-treated specimens exhibited nobler potential values under different 

processing parameters in comparison to unirradiated specimens, indicating a less 

tendency of corrosion for laser-treated steel surface from thermodynamics point of view 

[84]. As for similar surface roughness specimens of LA, LB and LC conditions according 

to Figure 3-9, the electrochemical changing would mainly attributed to the oxide layer 

and modified microstructures. From the 1 h Eocp measurement shown in Figure 4-2(a), 

LA and LB specimens possessed similar potential values and trends, while LC presented 

more cathodic values than the laser-treated specimens. Associated with the oxide 

component results illustrated in Figure 3-12, potential shifting after laser treatment can 

be attributed to the presence of iron oxide formed on the steel surface [87]. The Eocp during 

the initial phase mainly depends on the oxide proportions. More γ-Fe2O3/ Fe3O4 is related 

to higher potential values. In fact, γ-Fe2O3/ Fe3O4 is considered an important component 

of the protective layer [88]. A longer immersion time of 24 h was also conducted on the 

laser-treated and unirradiated specimens, as shown in Figure 4-2(b). From the transients 

obtained, it is obvious that laser-treated carbon steels maintain nobler potential values 

than the unirradiated carbon steel with time lapse. Abrupt potential decay during the first 

two hour of immersion was observed in the unirradiated specimens, after which the 

equilibrium state at which the oxidation equals reduction was achieved. On the other hand, 
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the laser-treated samples presented a delay to reach the equilibrium state, showing 

approximately 8 h, 16 h, and 20 h for LC, LB, and LA specimens, respectively. Eventually, 

the Eocp of LA reached the highest stable value of -622 mVAg/AgCl, followed by LB of -655 

mVAg/AgCl and LC of -665 mVAg/AgCl. The unirradiated specimens possessed the most 

cathodic values of -683 mVAg/AgCl at the equilibrium state. In addition, martensite and 

bainite are found to have nobler potential than ferrite [89][90][91], as well as a more 

refined grain size [92][93]. After 24 h of immersion in aggressive 3.5 wt% NaCl solution, 

the oxide film on laser-treated steel surfaces could be dissolved, especially in the lowest 

oxide content situation in LC specimens. Therefore, the MZ or HAZ may be exposed to 

the electrolyte and may partially contribute to the nobler potential value. 

 

Figure 4-2 Potential-time measurements of laser-treated and unirradiated specimens 

immersed in 3.5 wt% NaCl solution for (a) 1 h and (b) 24 h. 

When the laser overlapping effects increased, the surface roughness changed 
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significantly as shown in the LD1, LD2 and LD3 results of Figure 3-9. In the short time 

immersion test as shown in the 1 h potential-time measurements of these specimens, all 

of the potential values of the specimens presenting similar values, and higher than 

unirradiated specimen. It is considered that the iron oxide still playing an important role 

in the short time immersion test, because most of the iron oxide remained after 1 h 

encounter with the electrolyte. However, the content of iron oxide only one influence 

factor among the others. Noticing that LD1 has much more deeper MZ than LC specimen, 

and the MZ layer suppose to provide part of function for improving Eocp. 1 h potential-

time measurement of LD3 specimen indicating the nobler potential value are mainly 

attributed to the presence of iron oxide, especially γ-Fe2O3/ Fe3O4 content in the oxide 

layer. In the longer immersion time of 24 h, as shown in Figure 4-2(b), LD3 specimen 

maintaining the highest potential value of -569 mVAg/AgCl, followed by LD1 specimen of 

-644 mVAg/AgCl and LD2 specimen of -679 mVAg/AgCl. The equilibrium state of LD1, LD2 

and LD3 were delayed compares to unirradiated specimen, and presenting approximately 

8, 9 and 12 h for LD3, LD1 and LD2 conditions respectively. The high iron oxide amount 

in the LD3 specimen was considered as the principal cause of noblest potential value 

among all the laser treatment conditions. However, LD2 condition also possessed higher 

iron oxide content in comparison to LD1 condition, more cathodic potential value was 

observed in this laser condition. From the cross-section profile and surface roughness 

presented in Figure 3-8 and Figure 3-9, LD2 specimens possess more obvious grooves on 

the surface, and the roughness is higher than the other laser conditions either in Region A 

or Region B. The rougher surface condition and grooves on the surface will trap the 

corrosive ions and products inside, and inducing more severe pitting corrosion [94]. 

Consequently, the corrosion are more prone to occur in the surface defects and grooves 

[95]. Also noted that the LD2 has similar MZ&HAZ depth with LD1 condition as shown 

in Figure 3-14. The amount of iron oxide and modified microstructure is not enough to 

resist pitting corrosion in the surface grooves, thus an abrupt decrease was presented after 

15 h of immersion due to the dissolution of iron oxide and the underneath, and the 

potential value become relatively unstable after then. The extremely deep MZ&HAZ and 

large quantity of high state iron oxide on the surface of LD3 ensured the nobler potential 

with time lapse.  
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Overall, the effects of laser surface treatment on the Eocp of carbon steel are combined 

influence of surface roughness, iron oxide content and modified microstructures. The 

presence of iron oxide and modified microstructures provided the factors that nobler will 

obtained. The surface roughness, amount of iron oxide and deepness of the modified 

microstructures decided stability of the Eocp with time lapse. Generally, larger and higher 

state iron oxide, deeper modified microstructures and lower surface roughness 

contributed to a nobler and stable Eocp.       

4.3.2 Potentiodynamic polarization curves of laser-treated and unirradiated 

specimens 

The potentiodynamic polarization curves of laser-treated and unirradiated specimens 

after 1 h immersion in 3.5 wt% NaCl solution are presented in Figure 4-3. From the test 

results of all laser conditions, the Ecorr illustrated in the polarization curves corresponds 

with Eocp. As for the potentiodynamic polarization of LA, LB and LC specimens, the 

highest Ecorr value was obtained under LA conditions. It is seen that the anodic current 

densities are reduced after laser treatment, whereas the cathodic current densities are 

similar for both laser-treated and unirradiated specimens. The reduction of anodic current 

density is higher under LA and LB conditions, which leads to a more positive shift in Ecorr. 

The Ecorr of LD1, LD2 and LD3 specimens also cooperate with the Eocp in 1 h immersion. 

Similar Ecorr values were observed in these laser conditions, as the dominant factor for 

noble Ecorr is the presence of iron oxide. However, the anodic slope of LD3 specimen 

exhibited higher than the other laser conditions, with decreasing in the current density. 

This phenomenon indicated an inhibition effects of anodic dissolution of the specimen 

surface own to the protective iron oxide layer formation and modified microstructures[96]. 

Under higher thermal effects of LD3 condition, the amount of iron oxide and deepness of 

modified microstructures layers reached highest level, thus more protective effects 

presented in this laser condition.   
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Figure 4-3 Potentiodynamic polarization curves of laser-treated and unirradiated 

specimens in 3.5 wt% NaCl solution. 

Table 4-1 lists the fitted electrochemical properties based on the anodic polarization 

curves. The corrosion protective efficiency (PEF) of the modified surface after laser 

treatment was calculated using the following equation [97]: 

   𝑃𝐸𝐹 =
𝑖𝑐𝑜𝑟𝑟,0 − 𝑖𝑐𝑜𝑟𝑟,𝐿

𝑖𝑐𝑜𝑟𝑟,0
 (4-1) 

where icorr,0 is the corrosion current density of the unirradiated specimens and icorr,L is the 

corrosion current density of laser-treated specimens. This equation gives a simple 

indicator of the integrity and stability of the iron oxide and modified microstructure layers.  

Table 4-1 Fitted electrochemical parameters of specimens in 3.5 wt% NaCl solution. 

Surface treatment 
Ecorr 

(mVAg/AgCl) 

ba 

(mV/decade of current) 

icorr 

(μA/cm2) 

PEF 

(%) 

Unirradiated -566 64.3 24.0 / 

LA -420 48.9 10.0 58.1 

LB -440 76.5 11.2 53.1 

LC -443 40.4 18.0 25.2 

LD1 -443 41.0 17.3 27.9 

LD2 -453 44.3 19.6 18.3 

LD3 -456 65.1 13.1 45.4 

From the icorr listed in Table 4-1, the laser-treated specimens possessed lower current 

density values as compared to the unirradiated specimens. Generally, icorr is one of the 

most important parameters for evaluating corrosion performance. A lower icorr indicates 
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better corrosion resistance [98]. The calculated PEF using icorr gives a rough represent for 

the early corrosion resistant of laser-treated specimens. From the calculated PEF, LD3 and 

LD2 specimens possessed the highest and lowest PEF of 63.7 % and 18.3 %, respectively, 

while LB specimens had similar PEF with LA specimens, similar values were presented 

in LC and LD1 conditions. The improved corrosion resistance after 1 h of immersion 

mainly contributed to the formation of iron oxide on the steel surface. According to the 

XRD results shown in Figure 3-11 and Figure 3-12, the oxide content in LA and LB are 

similar, same as LC and LD1 specimens. Considering the 1 h potential-time measurement 

results, the oxide film of LA and LB specimens acted as the main passive layer during 

this period, also LC and LD1 specimens. Besides, the LD3 specimen possessed highest 

iron oxide content, with most noble Eocp in longer immersion period. Therefore, the PEF 

is mainly attributed to the content of iron oxide. Similar oxide content resulted in close 

PEF. However, the decrease in PEF of LD2 specimens may be derived from the rough 

surface condition. Although a relatively higher iron oxide content was observed on the 

LD2 surface, but the presence of grooves and surface defects might induce localized 

corrosion, and lower the protection efficiency of iron oxide and modified microstructure 

layers. The potential-time measurement also revealed a similar trends of the unstable film 

of LD2 laser condition. In addition, the LD3 specimen has the roughest surface condition, 

but at the same time the most iron oxide content and deepest modified microstructures 

insured the protective efficiency of the laser modified steel surface.  
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Figure 4-4 Surface morphologies of specimens before and after potentiodynamic 

polarization test. 

Figure 4-4 shows the surface conditions of the specimens after the polarization test. 

The unirradiated specimen was observed to suffer more severe corrosion than the laser-

treated specimens. It can be observed that with increasing laser power density and 

interaction time, the corroded area on the steel surface was gradually restricted according 

to LA, LB and LC conditions. From the corrosion status revealed in the laser-treated 

specimens, most of the corrosion locations appeared near the laser scanning tracks in LA, 

LB and LD1 conditions, or around the pores in the LC condition. Note that the oxygen 

contents in the above-mentioned positions are lower according to the EDX results 

presented in Figure 3-10. It can be assumed that corrosion on the surface of laser-treated 

specimens was initiated in the regions with less protective oxide film formation. This 

result also consistent with the previous potential-time measurement and potentiodynamic 

analysis, iron oxide formation is the most important passive layer for the laser-treated 

specimens. Among the laser-treated specimens, LD3 specimen presented a surface 

condition with the slightest corrosion, only the surface gloss was changed after 

potentiodynamic test. The surface of LD2 specimen after test exhibited most severe 
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corrosion within the laser-treated specimens. Original surface features of irregular oxide 

luster was vanished and replaced by corrosion products. The less protective laser-treated 

steel surface is thereby confirmed through the potential-time measurement and 

potentiodynamic test.     

4.3.3 EIS analysis on the laser-treated and unirradiated specimens 

The EIS results of the laser-treated and unirradiated specimens are shown in Figure 

4-5. From the Nyquist plots illustrated in Figure 4-5 (a), nonstandard semicircles were 

observed in all specimens, which may be the consequence of unevenness and roughness 

of the steel surface [99]. The diameter of the Nyquist loops of laser-treated specimens 

was larger than that of the unirradiated specimens, which indicates that the laser treatment 

had positive effects on the early corrosion resistance. For laser condition of LA, LB and 

LC, the semicircle diameter of the LA specimen was significantly larger than that of the 

others, followed by the LB specimen. Particularly, the LC specimen exhibited semicircles 

similar to those of the unirradiated specimens, showing the least laser effects on the steel 

surface. When the laser overlapping effects increased, as shown in the results of LD1, 

LD2 and LD3 specimens, the semicircle of Nyquist plots presenting the diameters 

descending order follow the sequence of LD3, LD1, and LD2. Where LD3 exhibited the 

larger semicircle than the others, attributed to the iron oxide and modified microstructures 

as discussed in the previous section. The LD1 condition created a laser-treated surface 

with a Nyquist plot as large as LB condition, besides the iron oxide layer, the underneath 

microstructure also contribute to a more stable passive layer, due to the refined grain size 

and gradient distribution. However, the decreasing in the semicircle of LD2 specimen 

should be attributed to the rough surface condition with relatively less iron oxide 

formation and modified microstructure layer, as the same reason for more cathodic Eocp 

and larger icorr.  

EIS spectra in the form of Bode plots express absolute impedance |Z| are shown in 

Figure 4-5 (b) and (c). As can be seen in the plot, the absolute impedance |Z| of the laser-

treated specimens was higher than that of the unirradiated specimens. As for LA, LB and 

LC laser conditions, the absolute impedance of LA specimen was much greater than that 

of the other two. For the LD condition in different overlapping effects of LD1, LD2 and 

LD3, evident higher |Z| were presented in all of the conditions. However, the LD3 
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condition still possessed the highest |Z| value, while the LD2 specimen has lowest |Z| 

value.  

The Bode plots of phase angle of specimens were illustrated in Figure 4-5 (c). Within 

the laser condition of LA, LB and LC, it can be seen that LC and unirradiated specimens 

possessed higher phase angles around -60° to -63°, in the frequency range of 

approximately 3 Hz to 8 Hz, confirming the formation of a less protective oxide film on 

the steel surface [100]. Moreover, the phase angles of the LB, LC, and unirradiated 

specimens shift significantly at approximately 20 kHz, manifesting a less protective oxide 

film at higher frequencies. In contrast, LA specimens showed a stable protective layer 

across the examined frequency range. The phase angle plot of LD1, LD2 and LD3 

exhibited a similar higher angle for unirradiated and LD2 specimens in the range of -60° 

to -63°, at around 3 to 8 Hz frequency range. Indicating the less protective laser-treated 

surface under LD2 condition.    
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Figure 4-5 EIS results of laser-treated and unirradiated specimens in 3.5 wt% NaCl 

solution showed by (a) Nyquist plots, (b) Bode plot of magnitude Z and (c) 

Bode plot of phase angle. 

To further investigate the surface modification effects after laser treatment, two types 
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of equivalent circuits were adopted to analyze the EIS data, as shown in Figure 4-6. The 

EIS data of the unirradiated specimens were fitted by the equivalent circuit, as illustrated 

in Figure 4-6 (a), representing the situation of the steel surface without the iron oxide film. 

The data of laser-treated specimens were fitted in the equivalent circuit of Figure 4-6 (b) 

to describe the existence of laser-affected layer (i.e. iron oxide film and modified 

microstructures). These equivalent circuits were proved to be adequate for specimens 

with or without the passive layer on the surface [87][99][101]. As a result, the 

electrochemical properties of different surface conditions can be compared. The 

equivalent circuits used in this study were composed of solution resistance (Rs), constant 

phase element of the oxide film (CPEf), resistance of the oxide film (Rf), constant phase 

element of the double electrical layer (CPEdl), and the charge transfer resistance (Rct). 

 
Figure 4-6 Equivalent circuit used to fit EIS data of (a) Unirradiated specimen and (b) 

Laser-treated specimen. 

The surface coverage (θ) of the iron oxide can be calculated using the polarization 

resistance (RP) of the specimens[87]: 
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   𝜃 = 1 −
𝑅𝑝

0

𝑅𝑝
 (4-2) 

in which the RP is calculated by: 

   𝑅𝑝 = 𝑅𝑓 + 𝑅𝑐𝑡 (4-3) 

where 𝑅𝑃
0  is the polarization resistance of the unirradiated specimens and 𝑅𝑝  is the 

polarization resistance of the laser-treated specimens.  

A denser and less defective surface will lead to a higher θ [102], resulting in improved 

corrosion resistance of laser-treated specimens. From the θ results of LA, LB and LC 

conditions listed in Table 4-2, the LA specimen possessed the highest θ among the laser-

treated specimens, presenting 71.8 % coverage. LB specimens have a relatively lower 

value of 29.9 % coverage compared with LA specimens. The lowest θ was found to occur 

under LC conditions, with 3.70 % coverage. The surface coverage results correspond with 

the XRD semi-quantitative results of iron oxide formed on the specimen surface, as 

illustrated in Figure 3-12. Confirming the modified corrosion resistance is mainly 

attributed to the presence of iron oxide after laser treatment, and a higher proportion of 

oxide content leads to better corrosion resistance. The results are consistent with the study 

of Maharjan et al.[103]. Their work on the corrosion behavior of laser hardened steel 

suggests that improving corrosion resistance is mainly related to the oxide film. However, 

the lower surface coverage and oxide content in LC specimens suggest that modified 

microstructures under the oxide film have beneficial effects on the corrosion resistance. 

In fact, some of the microstructures have been proven to obtain better corrosion resistance, 

such as bainite and perlite [104]. Although the microstructures in the MZ of the laser-

treated surface are complicated owing to the gradient temperature distribution and non-

uniform heating-cooling process, it is possible that these microstructures may further 

improve the corrosion resistance of carbon steel according to the electrochemical test 

results.  

The θ of LD1, LD2 and LD3 specimens presenting a higher value of 64.4% obtained 

under LD3 condition, which is also attributed to the iron oxide formation. On the other 
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hand, the LD1 and LD2 specimens have similar θ value, despite of the higher iron oxide 

content in LD2 condition. Noticing that the surface coverage θ is a parameter showing 

the surface integrity and density, the surface defect presented in the LD2 and LD3 

conditions could be a damage for the θ value. Thus a less intact surface were observed in 

these two laser conditions basing on the EIS analysis.   

Table 4-2 Fitted impedance parameters from EIS of laser-treated and unirradiated 

specimens. 

Specimens 
Rs 

(Ω cm2) 

CPEf 

(Ω-1 sn cm-2 ) 
n 

Rf 

(Ω cm2) 

CPEdl 

(Ω-1 sn cm-2 ) 
n 

Rct 

(Ω cm2) 

θ 

(%) 

Unirradiated 30.0    3.1110-4 0.806 1969  

LA 16.4 1.3410-5 1.00 18.9 1.4010-4 0.763 6963 71.8 

LB 15.4 1.7410-4 0.842 94.1 9.3810-5 0.846 2716 29.9 

LC 29.2 2.0110-4 0.883 61.7 1.6110-4 0.826 1983 3.70 

LD1 13.1 3.0410-5 1.00 17.0 2.5310-4 0.791 3040 35.6 

LD2 14.2 2.7210-5 0.973 9.47 3.2810-4 0.718 2841 30.9 

LD3 19.5 8.8610-5 0.679 75.1 9.2610-5 0.761 5453 64.4 

Overall, the electrochemical analysis on the laser-treated specimens confirmed a 

better early corrosion resistance of carbon steel after laser irradiation. The main 

contribution for improving corrosion properties is the presence of iron oxide, and the 

modified microstructures. However, the surface roughness and defects also play an 

important role when the laser overlapping effects improved to a higher level. The surface 

defects remain on steel surface will result in a weaken area, where the localized corrosion 

take in place. The contour plots of laser-treated steel plates before and after 

potentiodynamic polarization test are shown in Figure 4-7. From the appearance it is 

obvious that most of the laser-treated specimens has similar corroded profile after the 

polarization test, except for LD2 condition. Increasing altitude difference was presented 

on the LD2 specimen surface, from 55.8 μm ascended to 79.7 μm. The altitude difference 

represented deepness of pitting corrosion, as shown in Figure 4-7. Therefore, more severe 

pitting corrosion was confirmed on the LD2 surface, which is the evidence of decreasing 

corrosion resistance as described in Table 4-1 and Table 4-2.  
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Figure 4-7 Contour plot of laser-treated specimens before and after potentiodynamic 

polarization test. 

The corrosion progress of steel plate irradiated by different laser condition were 

illustrated in Figure 4-8. As for LA, LB, LC and LD1 conditions, the steel surface after 

laser irradiation presenting smoother features. Under the presence of iron oxide, 

aggressive chloride and oxygen were isolated by this protective layer. The improving 

corrosion resistance is depended in the amount and component of the iron oxide layer. As 

different early corrosion properties showed in the LA, LB, LC and LD1 specimens with 

different iron oxide content. The change in iron oxide amount of these laser conditions is 
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related to laser power density and interaction time. Higher power density and longer 

interaction time contributed to more iron oxide formation. When the laser overlapping 

effects increased, as shown in LD2 condition, the amount of iron oxide reached higher 

level, with slightly deeper modified microstructures. Yet a rougher surface with grooves 

existence concentrate of the corrosive ions [105], the localized corrosion destroyed the 

passive layer all the way down to the base metal easily. Thus a less protective laser-

affected surface is presented in the LD2 condition. When the laser overlapping effect goes 

up, the oxide layer and modified microstructures further increased. Although the rough 

surface still induce localized corrosion, the extremely deep laser-affected layer protect the 

base metal throughout the test period, as shown in Figure 4-8.     

 

Figure 4-8 Schematic illustration of corrosion progress under different surface 

condition. 

On the basis of all the above-mentioned test results, the surface of laser-treated carbon 

steel is confirmed to have better corrosion resistance. Under appropriate laser condition, 

no distinct damage to the surface morphology and corrosion properties manifest that laser 

cleaning is a promising preparation method for steel structures, and the improved 

corrosion resistance can be regarded as temperate corrosion protection on some occasions. 

However, the oxide film on the laser-treated steel surface may affect the coating quality 

if a repainting process is required. Future studies need to assess the the coating qualities 

of specimens before and after removing the laser-induced oxide film. 
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4.4 Summary 

To determine the effects of high-power CW laser irradiation on the electrochemical 

properties of carbon steel plates, as well as the status of laser-affected layer. The potential-

time curves, potentiodynamic polarization test and EIS of laser-treated carbon steels were 

investigated. From the test results, the following conclusions can be drawn: 

(1) Electrochemical test results indicated that CW laser-treated specimens have 

better corrosion resistance. The improved corrosion resistance was mainly 

attributed to the laser-induced oxide film formation. In less laser overlapping 

effects, denser and fewer defects in the oxide film were obtained under 

higher laser power density and interaction time. The results of the specimen 

with the least oxide film protection suggest that the modified microstructures 

also have beneficial effects on the corrosion properties.  

(2) The irregular surface profile and defects result from higher laser overlapping 

effects induce localized corrosion on the laser-treated steel surface, and 

weaken the protection effects of oxide film and modified microstructures. 

Thus a limit for the laser ring moving speed is required to restrict surface 

defect during laser irradiation. The calculation method for peak temperature 

distribution in CHAPTER 2 could be useful to avoid severe thermal effects 

derived from laser surface treatment.  

(3) Although the laser-treated carbon steel has corrosion resistance attributed to 

laser-affected layers, future research should further investigate the corrosion 

protection of laser-affected layer through atmospheric exposure test or 

accelerate corrosion test, due to the presence of oxide layer may induce 

pitting corrosion. The practicability of laser surface treatment would be 

improved if the laser-affected layer possess desirable corrosion resistance in 

long-term exposure.  
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CHAPTER 5 TENSILE PROPERTIES OF LASER-

TREATED STEEL COUPON 

5.1 Introduction 

Although laser surface treatment has the potential to achieve desirable surface 

conditions, heat effects during laser irradiation may damage the material and influence 

the mechanical properties of steel members. Moreover, the input laser energy may also 

affect some components of steel structures, for example, the bolted connections and 

narrow positions. In the surface treatment area using laser technology, pulsed laser is the 

common equipment due to the treatment object is often small size, precise members, such 

as the titanium alloys used in aerospace and medical sectors [106], or aiming at the 

shallow oxide layer removal [107]. Compares to the high power CW laser used in this 

study, the pulsed laser possessed relatively lower thermal effects. The modification of 

pulsed laser on the metallic surface has limited effects, usually surface oxidation and 

superficial hardened layer can be formed after pulsed laser irradiation. No obvious surface 

defects can be observed after pulsed laser irradiation, cause the laser ablation effects 

induced by pulsed laser is approximate mechanical cutting rather than thermal effects 

[108]. Studies concerning the mechanical properties after pulsed laser irradiations 

presenting almost unchanged after laser irradiation [107]. But the laser peening technique 

contribute to a hardened layer [109], which might be beneficial for improving fatigue life 

of the laser-treated metallic materials. In same cases, microstructures on the laser-treated 

metal surface will transform into a gradient distribution along the direction of depth 

[110][111], consequently improving the mechanical properties of the metal surface.   

To date, there is no study concerning the high power CW laser surface treatment on 

the mechanical properties of steel material, the combined effects of thermal and non-

thermal in laser ablation procedure are worried to be harmful to the mechanical properties 

of steel materials. This study applied high-power CW laser to irradiate the carbon steel 

surface, and compared it with non-thermal abrasive blasting method. The relationship 

between changes in mechanical properties and laser energy density is established using 

tensile test and high vacuum SEM fractography. 
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Basing on the fractography, fracture can be described in terms of the macroscopic or 

microscopic details of the fracture surface, that is, macrofractography and 

microfractography respectively. On a macrofractography, ductile and brittle fracture 

surfaces as shown in Figure 5-1 can be described by various fracture features. High 

amounts of plastic deformation prior to fracture is the characteristics of ductile fractures. 

The cup and cone, slant fracture features are the common fracture surface of ductile 

failure as shown in Figure 5-1. On the other hand, the brittle fracture presenting a square 

fracture, on account of less plastic deformation before fracture. In microfractography, 

ductile fractures usually initiate from voids, or inclusions, forming distinct equiaxed or 

elongated dimples [112]. While the brittle failure will generate from two different 

mechanisms, cleavage fracture and intergranular fracture. The cleavage fracture occurs 

across crystallographic planes creating distinct river patterns, which helps to determine 

the crack progression. In intergranular fracture, also known as rock candy fractures, are 

low energy failures that occur along the weak grain boundaries [113].  

 

Figure 5-1 Schematic of macrofractography of the fracture surface. 

5.2 Experimental 

Carbon steel coupon (JIS G3106 SM400A) were manufactured based on JIS Z2201 

for surface treatment and tensile test, as shown in Figure 5-2. All specimens were abrasive 

blasted according to ISO Sa 2.5 before laser irradiation to achieve identical surface 

condition, and the steel coupon only treated by abrasive blasting were also used as 

comparison to laser surface treatment. Basing on the previous analysis, the thermal effects 

on LA and LB specimens are similar to each other, major difference is the surface oxide 

compositions. The thin oxide layer on steel surface only affects electrochecmial 

properties rather than mechanical properties. In consideration of the relationship between 
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mechanical properties and heat affected layers, the laser conditions adopted for the 

surface preparation were LA and LC, to represent the varying laser power density and 

interaction time, also LD1, LD2 and LD3 to investigate the laser overlapping effects on 

the mechanical properties of steel material. The laser irradiation were conducted on both 

side, interval time was prepared before irradiate the other side to prevent unstable heat 

conduction realated physical properties, for the purpose of similar thermal effects on the 

both sides. Three identical coupons of each surface treatment condition were prepared for 

the tensile test.  

 

Figure 5-2 Size of tensile specimens basing on JIS Z2201. 

During tensile test, all specimens were subjected to universal tension machine under 

displacement control of 0.03 mm/s, a Ω extensometer was utilized to track the elongation. 

The fractography was proceeded under macroscale and microscale observation, in which 

SEM was performed for microscale fracture morphology.  

5.3 Tensile test results 

The fracture types of each tensile test are exhibited in Figure 5-3. All the steel coupons 

shown similar fracture features from the appearance under the same surface preparation 

method, in the pictures here only typical images were presented. The photo shows obvious 

necking region occured at lower heat effects laser coditions of LA, LC and LD1. Then 

the necking becomes less noticeable under higher laser heat effects of LD2 and LD3 

conditions. Especially for the LD3 condition, there was almost no necking phenomenon 

can be observed from the appearance. Usually, only ductile materials presenting necking 

after tensile test，and there is no necking region in brittl materilas, the material will 

simply fracture with a relatively flat plane at the fracture area. Since the material used in 

the tensile test is the same mild steel SM400A, different degrees of necking may suggest 

that laser thermal effects does impact the mechanical properties. In addition, basing on 
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the fracture position presented in LD2 and LD3 specimens, the initial failure portion may 

near the top/bottom portion where the surface defects and changing mechanical properties 

were observed as evaluated in CHAPTER 3. In this case, the laser overlapping effects are 

supposed to impact the tensile properties of steel material due to the surface defects. 

 

Figure 5-3 Fracture portions of specimens after tensile test. 

The nominal stress-strain curves of specimens at room temperature are illustrated in 

Figure 5-4. It can be found in unirradiated and lower heat effects conditions, that the 

curves are similar to each other. Such as LC, LD1 and LD2 specimens, an ultimate tensile 

strength of appxomatly 400 MPa and similar elongation were presented in those 

specimens. However, tensile results of LA and LD3 specimens exhibited smaller 

elongation, and slight increase in the plastic stress-strain curve compared with the other 

specimens. Especially in LD3 speicmen, a sharp decrease in the elongation was presented. 

From the nominal stress-strain curve of the unirradiated specimens. The steel coupon 

deformed elastically until 0.11 % of the nominal strain in initial portion. From the stress-

strain curve, the upper-yield and lower-yield point phenomena indicate a transition from 

elastic to plastic deformation. The deformation in the unirradiated steel coupon is 

distinctly inhomogeneous at this time, known as Lüders band. During this period the 

specimens are partially yielded, the Lüders band develops along with tensile process and 
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eventually covered the whole area. The Lüders band of unirradiated specimen starts at 

0.11 % of strain from the gripped portion of the steel coupon where the stress is 

concentrated, and it covered gauge length at 2.00 % of the strain level. The total strain 

from upper-yield point to lower-yield point also known as Lüders strain. In case of 

unirradiated steel coupon, the Lüders strain is approximately 1.89 % in average. From the 

stress-strain curve of LC and LD1 specimens shown in Figure 5-4, similar tensile 

properties with unirradiated specimens are observed. Under LC condition, the upper-yield 

point appeared at 0.15 % of strain, and the lower-yield point was reached until 2.00 % of 

strain, showing a Lüders strain of 1.85 %, which is close to unirradiated specimens. 

Similar upper-yield point, lower-yeild point and Lüders strain were presented in LD1 

specimen as 0.15 %, 2.04 % and 1.89 % respectively. When the laser heat effects 

enhanced, as the stress-strain curve of LA, LD2 and LD3 specimens shown in Figure 5-4. 

The upper-yield point, lower-yield point and Lüders strain appeared 0.15 %, 1.50 % and 

1.35 % in LA, 0.16 %, 1.69 %, 1.53 % in LD2 0.25 %, 1.63 %, 1.38 % in LD3 specimens. 

Smaller Lüders strain were observed in steel coupon treated by higher laser heat effects 

condition. 

 

Figure 5-4 Nominal stress-strain curves of specimens. 

The length of the Lüders strain mainly decided by the strain history and manufacturing 

method the of the tested steel materials and is not an intrinsic material property. The 
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chemical composition, microstructures, strain ageing and heat treatment are commenly 

considered to related to the Lüders strain [114]. In this study, chemical composition and 

strain ageing are the same for all the steel coupons as the same batch was used to 

manufacture the tensile test coupons. Thus, heat treatment and modified microstructures 

near laser-irradiated surface are the main reason responsible for decreasing Lüders strain. 

Besides, this difference in Lüders strain will change the cyclic and seismic performance 

of steel material to some extent [115]. 

The average yield strength, tensile strength, elongation, Young’s modulus and 

Poisson’s ratio of specimens extracted from tensile test are reported in Table 5-1. No 

obvious variation in most of the tensile properties can be observed in the results. The 

ultimate tensile strength were located around 400 to 430 MPa, and the yield strength were 

varying within 266 to 299 MPa. However, the elongation of the laser-treated steel coupons 

seems to decrease compares to the unirradiated specimens. The LD3 specimen even reach 

19.3 elongation value which is the three fifths of unirradiated steel coupons.  

Table 5-1 Average tensile test results and standard deviation 

Specimens 
Tensile strength 

(MPa) 

Yield strength 

(MPa) 

Young’s modulus 

(GPa) 
Poisson’s ratio 

Elongation 

(%) 

Unirradiated 423  10.3 289  6.84 210  6.01 0.285  0.005 33.3  3.71 

LA 430  2.01 282  3.74 199  8.18 0.262  0.006 27.9  1.12 

LC 416  1.41 266  2.31 202  3.60 0.268  0.004 32.0  1.49 

LD1 424  8.25 299  5.51 206  2.97 0.296  0.010 31.6  0.60 

LD2 416  5.86 277  5.47 197  4.02 0.291  0.002 29.7  1.10 

LD3 400  4.10 281  2.54 197  8.00 0.286  0.003 19.3  0.72 

Average  Standard deviation 

To take various laser thermal effects into account, a simple indicator is demanded to 

express the total heat that steel coupons had absorbed during the laser irradiation. 

Considering the output power of laser conditions were fixed at a given value during the 

irradiation process, and the total irradiation time were also decided by the moving speed 

and direction of XY-axis motorized stage. Thus the amount of spend energy for each laser 

condition is a definite value. Although laser heat effects on the detail surface 

characteristics is still related to different power density, interaction time and overlapping 

effects, the depth of MZ&HAZ were deemed to a result of total laser thermal effects. And 

the changing microstructures, micro cracks and surface defects inside MZ&HAZ were 

primary causes of mechanical properties degradation. Thus the output energy during laser 
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treatment divided by irradiated area was defined as energy density, to represent a total 

laser thermal effects, as shown in Figure 5-5. 

 

Figure 5-5 Schematic illustration of energy density result from laser irradiation. 

Using the laser energy density as described in previous section, the tensile strength, 

yield strength and elongation were used to produce a graph with laser energy density as 

shown in Figure 5-6. From the plotted mechanical properties, the tensile strength and 

yield strength of steel coupons after laser irradiation remain steady state, while notable 

variation of mechanical property is the decrease in elongation. The elongation and laser 

energy density exhibit decline relationship, from 600 (LC) to 4615 (LD3) J/cm2. The 

result here manifest laser thermal effects does impact the mechanical properties of steel 

material, and higher energy density result in decreasing elongation. As described in the 

CHAPTER 3, the surface defects and modified microstructure near laser-irradiated 

surface were considered responsible for the decreasing elongation. The following study 

on fractography of tensile tested specimens will give further explanation of the 

relationship between laser thermal effects and the mechanical properties changing.  

 

Figure 5-6 Relationship between laser energy density and mechanical properties. 
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5.4 Fractography and fracture mechanism of specimens 

The macroscale fracture morphologies of specimens are shown in Figure 5-7. It can 

be seen the fracture morphology changes significantly under laser conditions with higher 

thermal effects. For unirradiated specimen, a typical cup-and-cone fracture surface is 

presented, indicating ductile failure [116]. The same macroscale fracture morphology is 

found in LC specimen, demonstrated lower laser energy (600 J/cm2 in this case), and the 

consequence of shallow MZ&HAZ depth had limited impact on the fracture mechanism 

of steel coupons. However, the macroscale fracture pattern of LA, LD1 and LD2 

conditions showing slant fractures instead of cup-and-cone feature. Although this kind of 

fracture morphology still represents ductile failure, meanwhile, it indicates the fracture 

mechanism of these specimens might be changed by laser thermal effects. Also, the 

fracture patterns in the edge of LA, LD1 and LD2 specimens are worth noting that both 

LA and LD1 specimens presenting the shear lip, while the LD2 specimen presenting flat 

plateau in the edge. Usually the shear lips indicating a typical internal ductile fracture 

initiation, and the flat plateau might suggest that LD2 specimen undergoing an opposite 

fracture progress. On the other hand, the fracture of LD3 specimen revealed brittle 

morphology of square features instead of ductile type fracture morphologies. Noticing 

that the fracture position on steel surface were located on the top/bottom portion of both 

laser-treated side. It is considered that the surface defects and microstructure changing in 

the intense laser overlapping effects area of top/bottom portion could be harmful to the 

fracture mechanism of steel material. The distinct defects may causing stress 

concentration, and changing hardness of microstructure may also contribute to the uneven 

distribution of stress transmission.      
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Figure 5-7 Fracture surface of specimens. 

The SEM fractographs showed in Figure 5-8 exhibit microscale fracture 

morphologies of specimens. Two observation spots within fracture surface were adopted 

in this study, in which central portion labeled as Center and edge portion near laser-

irradiated surface labeled as Edge in the figures. Typical rough surface with fairly 

equiaxed dimples is observed in central portion for unirradiated specimens, with 

elongated dimples were presented at the edge of all inspected samples, indicating internal 

ductile fracture initiation [117]. Similar microscale fracture can be observed in LA, LC 

and LD1 specimens, manifesting lower laser thermal effects have limited influence on the 

fracture mechanism of steel coupons. It can be found in microfractography that similar 

small and deep dimples were presented in the unirradiated, lower thermal effects of LC 

and LD1 specimens, while the LA specimen presented large and shallow dimples. On the 

edge of fracture surface, alike elongated dimple distributions are exhibit in unirradiated, 

LC and LD1 specimens, yet LA specimen present fewer elongated dimples with partial 

equiaxed dimples. To be specific, larger size and elongated dimples representative of 

better plasticity [118]. Changes of microfractography at the edge and center portion 

provided the visual evidence of relatively poor plasticity of laser-treated steel coupon 

when under higher laser thermal effects. From the above mentioned results, laser thermal 
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effects will not necessarily change the fracture mechanism of steel material, but the 

presence of heat affected layers will definitely influence the plasticity. The higher thermal 

effects were supposed to decrease the plasticity of laser-treated steel coupons.  

From the microfractographies of LD2 specimen, elongated dimples were observed in 

the center portion, and deep equiaxed dimples were presented at the edge region. The 

distribution of equiaxed dimples and elongated dimples just the reverse of unirradiated, 

LA, LC and LD1 specimens. As a result, surface initiation of the fracture [117] is 

confirmed under LD2 laser condition. The shifting fracture initiation might be attributed 

to the presence of surface defects under LD2 condition as shown in Figure 2-9. Stress 

concentration take place in the cracks of top/bottom portion, and the laser-treated steel 

surface reached ultimate tensile strength at first, then the fracture propagate from the 

surface to center of cross-section. Resulting in equiaxed dimples on the edge, and 

elongated dimples in the center.   

The microfractograpies of LD3 specimen in the center portion showing a typical 

brittle characteristics of river patterns [119], while the edge portion is the similar 

morphologies as LD2 specimen. Indicating the fracture mechanism of LD3 specimen just 

like LD2 condition, surface initiation was take in place under this laser condition. 

Compares to LD2, the LD3 specimen possessed distinctly deeper MZ in Region B as 

shown in Figure 2-9. The depth of MZ in LD3 is 1200 μm deep with a keyhole shape. 

From the hardness presented in Figure 3-14, relatively lower hardness were observed in 

the MZ region, and the surrounding hardness in Region A presenting higher hardness 

values. Noticing that ultimate tensile strength is directly proportional to the hardness 

value, thus the Region B is weaker than Region A in the heat affected layers. Combined 

with the surface defects remained in the bulges of LD3, the stress concentration level was 

significantly improved inside the keyhole MZ area. As a result, the fracture initiate at the 

Region B surface, and develop rapidly from the surface to the inner, eventually a brittle 

fracture occurred in the LD3 specimen. The brittle fracture mechanism also decreased 

elongation of the LD3 specimen.  
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Figure 5-8 SEM observation position and fractographs of specimens. 
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The SEM fractographs illustrates the main fracture mechanism for tested specimens 

is the coalescence of micro-voids [120], despite surface treatment method. However, the 

fracture mechanism of steel coupons with higher laser thermal effects were different from 

unirradiated and lower thermal effect conditions. As for the cup and cone fracture features 

exhibited in unirradiated and LC specimens, larger quantities of small and deep dimples 

were observed in the central portion of fracture surface, The small and deep dimples were 

the results of low stress triaxiality induced by distinct necking effects. The radial 

component stress of specimen is very small due to low stress triaxiality, therefore, most 

of the micro-voids are developed along loading direction, then become small and deep 

dimples [120]. Consequently, a cavity appeared at the center of necking portion and the 

final cup-and-cone fracture occurred [116], as the illustrative sketch of fracture 

mechanism shown in Figure 5-9 (a). When it comes to slant fracture of LA, LD1 and LD2, 

large and shallow (approximate 20 μm in width) dimple features are the main fracture 

morphologies. The stress triaxiality of these specimen were relatively higher than the 

other specimens because of the presence of deeper MZ&HAZ. The micro-voids suffered 

larger radial component stress at the high stress triaxiality, which accelerates voids in the 

shear band growth along the radial direction and coalescence with adjacent each other. 

Finally, the ductile failure with large and shallow dimples on the slant fracture surface 

was appeared at LA, LD1 and LD2 specimens, as shown in Figure 5-9 (b). Moreover, the 

fracture strain decreased with increasing stress triaxiality, causing smaller elongation of 

these specimens exhibited in Figure 5-6. 

 
Figure 5-9 Illustrative sketches of fracture mechanism from thickness direction. 

When the laser overlapping effects increased to a certain extent, as the tensile results 

shown in LD3 specimens, the fracture mechanism of the steel coupons were dominated 

by the surface defects and modified microstructures. Fracture initiate on surface due to 

outstanding surface defects, combining with the microstructure modification, the stress 
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concentration phenomena improved and leading to a rapid fracture develop, consequently, 

brittle failure occurred as shwon in Figure 5-9 (c). The significant decreasing in 

elongation also attributed to the brittle fracture.  

 

Figure 5-10 Schematic illustration of hardness and MZ&HAZ on cross-section of laser-

treated tensile specimens. 

To further discuss the laser thermal effects on the mechanical properties, the depth 

and distribution of MZ&HAZ with the hardness were presented in Figure 5-10. The 

influence of modified microstructure on the mechanical properties basically relied on the 

hardness changing, as the hardness is directly related to ultimate tensile strength and yield 

strength [73]. The first consideration is the thickness of MZ&HAZ. To evaluate thickness 

of hardness changing layer, the Rule of Mixture (ROM) [121] is a simple and reliable 

method for quantitative analysis of the ultimate tensile strength or yield strength of a 

gradient mixed material. Basing on the ROM, the overall strength can be regarded as the 
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summation of the strength of MZ&HAZ and base metal layers:  

   𝜎𝑅𝑂𝑀 = 𝑉𝑀𝑍&𝐻𝐴𝑍𝜎𝑀𝑍&𝐻𝐴𝑍 + (1 − 𝑉𝑀𝑍&𝐻𝐴𝑍)𝜎𝑏𝑎𝑠𝑒 (5-1) 

where the σROM is the integrated strength calculated by ROM, VMZ&HAZ is the volume 

fraction of the MZ&HAZ layer, σMZ&HAZ is the strength of MZ&HAZ layer, σbase is the 

strength of base metal. 

Assuming the MZ&HAZ depth in Region A and Region B are constant, the average 

depth can be used as substitute. Then the volume fraction of the HZ&HAZ layer is the 

percentage of thickness. On the other hand, the ultimate tensile strength or yield strength 

can be obtained from the hardness testing basing on the relational equations [73]. Noticed 

that Region A and Region B had different heat affected layer depth, and the hardness in 

these regions either rising or decrease, depending on the overlapping effects. Thus both 

calculation for these two regions should be made in case of predict the strength after laser 

irradiation, weaker region decide the final integrated strength. However, the depth of 

MZ&HAZ is rather shallow compares to the thickness of tensile test coupons according 

to Figure 3-14. The volume fraction of the major laser conditions only presented a value 

lower than 1/12. And the improving on hardness still no large enough to bring noteworthy 

strength variation.  

In this case, the effects of changing microstructures for a thicker steel plate (12 mm 

in this study) is combining to the surface defects and hardness distribution, overall effects 

of these factors causing stress concentration on the steel surface. From the distribution of 

hardness in Figure 5-10, the LA and LD1 conditions generate an ignorable MZ&HAZ 

depth compares to the steel thickness, thus a steady state mechanical properties is 

presented after tensile test, except for the elongation as discussed in previous sections. 

When the outstanding MZ&HAZ layer is formed in the Region B, the adjacent material 

remain lower hardness values as shown in the LD2 specimen. Thus the stress 

concentration between Area 1 and Area 2, together with surface defects in Region B 

induce the fracture initiate on surface. In the LD3 specimen, the hardness near MZ in 

Region B is significantly higher than the hardness in Region B as shown in Figure 5-10. 

Thus the stress concentration is more severe in this laser condition, leading to a brittle 
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fracture mechanism instead of ductile fracture. It should be noticed that for a thinner steel 

coupons, the volume fraction of MZ&HAZ after laser irradiation is an innegligible issue, 

the ultimate tensile strength and yield strength are supposed to improve according to the 

ROM.  
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5.5 Summary 

To investigate the heat effects of laser irradiation on mechanical properties of carbon 

steel, tensile test and fractography were adopted. Compares to the surface and cross-

section inspections in CHAPTER 3, the results are summarized as follows: 

(1) Tensile test results indicated that laser surface treatment has no distinct 

effects on most of the mechanical properties, except for decreasing 

elongation in higher laser thermal effect condition. Laser energy density 

could be a preferable parameter to represent overall laser thermal effects. 

The decreasing elongation showed negative correlation to the laser energy 

density.  

(2) Fractography of specimens indicated the laser-treated steel coupons 

undergo ductile failure under lower laser thermal effects. In which the 

fracture mechanism of LA, LD1 and LD2 specimens changed due to deeper 

HAZ formed on the surface, and finally results in decreasing elongation. 

In higher laser thermal effects of LD3, the fracture mechanism of steel 

coupon presented brittle characteristics according to the SEM 

microfractography.  

(3) Surface defects, micro cracks and hardness distribution after laser 

irradiation are the main reason for decreasing elongation. Stress 

concentration take place due to distinct surface defects and MZ&HAZ 

depth, resulting in final brittle fracture.  
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CHAPTER 6 CONCLUSIONS AND FUTURE WORK 

6.1 Main conclusions and innovations 

(1) A new surface treatment technique for corroded steel structures using rotating CW 

laser was present in this work, the potential degradations in steel material 

performance due to laser thermal effects were established.  

(2) A modified peak temperature calculation method for rotating laser surface 

treatment was proposed, parameter optimization for laser irradiation can proceed 

before surface treatment. 

(3) Higher laser thermal effects result in steel surface with rough features and defects. 

Oxide layer formed on the laser-treated steel surface, content and integrity 

improved with laser output power. However, the oxide layer should be removed 

before coating to maintain quality. Refined microstructure was presented near the 

surface after laser treatment, higher laser overlapping effects contributed to deeper 

modified microstructure.  

(4) The electrochemical properties and mechanical properties of carbon steel affected 

by the surface properties and microstructures after laser treatment. Oxide layer 

contributed to improved corrosion resistance, yet surface defects would damage 

the protective efficiency of laser-affected layer. Surface defects and modified 

microstructure will induce stress concentration, and reduce the elongation of 

carbon steel.  

(5) To ensure complete treatment and avoid damage in the steel performance, proper 

laser processing parameters were suggested basing on peak temperature 

calculation, laser-treated surface properties and mechanical properties.   

6.2 Summary 

In this dissertation, a newly developed high-power CW laser equipment for surface 

treatment of corroded steel structures was adopted, the thermal effects result from laser 

beam were discussed in aspects of temperature field, surface properties, microstructure, 

electrochemical properties and mechanical properties of laser-treated steel material. 
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6.2.1 Peak temperature distribution in carbon steel during laser irradiation  

A modified peak temperature calculation method was proposed to analyze the thermal 

effects of given laser conditions, the accuracy of the calculation method was verified 

using experimental result. Results showed that the modified calculation method described 

peak temperature distribution in good agreement with the experimental results. Higher 

laser overlapping effects definitely increasing the laser thermal effects, significantly lifted 

peak temperature in severe overlapping region induced surface defects on the irradiated 

steel surface. The modified calculation method was expected to provide a method for 

parameter optimization, in order to avoid severe laser thermal effects, and guarantee 

desirable laser ablation effects at the same time. 

6.2.2 Surface properties and microstructure affected by laser irradiation 

From the surface morphologies and roughness, higher laser power density and longer 

interaction time increased the laser thermal effects, thereby more irregular surfaces were 

obtained, yet the laser overlapping effects contributed to much more severe thermal 

effects that result in surface defects. With increasing laser thermal effects, higher state 

iron oxide and content were presented on the laser-treated steel surface. Meantime, the 

deepness of modified microstructures was increased with improving thermal effects, 

gradient distribution was observed in the cross-section of laser-treated steel plates. The 

application test indicated proper laser beam overlapping rate is higher than 0%, to ensure 

complete surface treatment. And the depth of corrosion pits has no obvious effects on the 

laser ablation effects, but narrow width of corrosion pit may trap fume inside and shelter 

the laser beam that reduce laser ablation effects as consequence. 

6.2.3 The presence of oxide layer resulted from different laser conditions 

Electrochemical test results indicating an improving corrosion resistance after laser 

irradiation, which is mainly attributed to the oxide layer formed on the surface. Although 

increasing laser thermal effects will bring more iron oxide formation, yet the resulted 

surface defects damage the corrosion properties. However, the integrated iron oxide can 

only provide temperate protection, pitting corrosion and re-coating quality are 

disadvantages under the presence of oxide layer. Thus, following procedure is expected 

after laser irradiation to remove the iron oxide. 
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6.2.4  Degradation of tensile properties in carbon steel after laser irradiation 

Results from tensile test indicated that laser surface treatment had obvious effects in 

decreasing elongation of steel material under higher laser thermal effect condition. 

Fractography of specimens indicated the laser-treated steel coupons undergo ductile 

failure in lower laser thermal effects, and brittle failure was identified under higher laser 

thermal effects. Surface defects, micro cracks and hardness distribution after laser 

irradiation are the main reason for decreasing elongation. Stress concentration take place 

due to distinct surface defects. 

6.2.5 Proper laser processing parameters 

The laser processing parameters mainly contain two parts, those been set before the 

laser equipment assembled, and the laser ring moving speed (i.e. movement of handhold 

operation). The first step of parameter determination should adopt the modified peak 

temperature calculation method, to prevent deep MZ&HAZ formation in Region A and 

Region B, also ensure the temperature should higher than boiling point of the targeting 

material in order to obtain laser ablation effects. For the recommended depth of 

MZ&HAZ, the difference between Region A and Region B should lower than a factor of 

2 according to Chapters 2, 3 and 5. For recommendation of laser ring moving speed, 

according to surface morphologies, electrochemical properties and tensile test result, the 

laser ring moving speed should ensure comprehensive treatment, which is higher than 0% 

laser beam overlapping rate, while the overlapping rate should lower than 75% to avoid 

degradation in corrosion resistance and tensile property.   

6.3 Recommendations for future work 

This dissertation had evaluated the laser thermal effects and suggested proper laser 

processing parameters for field usage. However, limitations existed in the work which 

worthy for future work:  

(1) This work adopted bare steel plates for the evaluation, lacking consideration in 

the presence of rust layer. The thermal effects on base metal may take place before 

removing the rust layer through heat conduction. Future work should prepare 

corroded steel plate for laser irradiation, to evaluate the actual laser thermal effects 

for corroded steel members. However, the preparation for identical uniform 
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corrosion could be a challenge to realize.   

(2) The effects of oxide layer on following coating quality, as well as approach for 

the iron oxide removal should be discussed in future research. Furthermore, other 

metallic materials such as weathering steel, stainless steel and aluminium alloy 

should be considered for CW laser treatment to expand the application of this 

technique. In addition, atmospheric exposure and accelerated corrosion test may 

be conducted for the laser-treated metallic material to evaluate the corrosion 

properties, due to possible improving corrosion resistance for weathering steel or 

aluminium alloy after laser irradiation.    

(3) The same thickness of specimens is used in this study, lacking consideration of 

relationship between plate thickness and laser thermal effects. In future study, the 

effect of plate thickness on the mechanical properties of laser-treated steel 

members should be investigated. 

(4) Although the degradation in elongation and corrosion resistance of carbon steel 

treated by higher laser thermal effects is discussed, this study only provide a 

parameter optimization method to avoid surface defects. Other method like repeat 

irradiation at intervals should be investigated for acquiring more clear surface 

condition under lower thermal effects.  
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