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Abstract   

This study examines the surface modification of steel through 

Nd:YAG pulsed laser processing. Laser surface hardening enables it can 

focus energy very precisely over very short periods of time it can focus 

energy very precisely over very short periods of time.  The effects of laser 

energy and pulse number were analyzed, as both parameters significantly 

affect the heating-cooling cycles and, consequently, the surface 

microstructure.  The results showed a clear increase in hardness, going 

from 240 HV in the untreated sample to 320 HV under the best laser 

conditions.  This improvement is due to phase changes, especially the 

formation of a martensitic structure.  Also, corrosion tests showed that 

laser-treated samples had a corrosion rate that was up to 97% lower than 

that of untreated steel.  The better corrosion resistance is due to the 

combined effects of the martensitic layer and the formation of a dense iron 

oxide film, which work together to protect the surface in harsh conditions. 

Keywords: Corrosion resistance, Laser surface hardening, Microhardness, 

Nd:YAG laser. 

  

1. Introduction  

Laser is light amplification by stimulated emission of radiation. It is characterized by 

monochromatic, coherent, and directional properties. These properties give it the ability to 

concentrate energy on a small, specific area
1
. It is used in many technical and scientific fields, 

including the preparation of nanoparticles, spectroscopy, and industrial fields
 2-5

.
 
Lasers are used 

in industrial fields, particularly in metals, for cutting, welding and surface treatment
6
-
8
. Surface 

treatment techniques include laser hardening, laser annealing, laser melting, laser cladding, laser 

polishing
,
 laser surface alloying and laser shock peening

9-15
. 

 

The current study is laser surface hardening; its mean surface hardening processes are used as 

metallic surfaces are treated to provide a homogenous grain structure, which improves their 

physical, chemical, and mechanical qualities. Surface hardening processes are generally divided 

into two categories: physical and chemical. Physical hardening processes include induction, 

flame, electro spark, electrolyte quench, and vapor deposition. Chemical procedures include 

nitriding, diffusion treatment, metallic cementation, carburizing, and chemical vapor 

deposition
16,17

. After evolution laser techniques, laser heat modification is performed by utilizing 

a focused laser beam to heat the surface layer of a metal to a temperature over its transformation 

point, followed by rapid self-quenching as heat dissipates into the cooler underlying material. 

Rapid heating and cooling create a hardened surface layer without changing the metal's bulk 

characteristics, improving its surface performance while keeping its overall structural integrity
18

. 

Numerous studies have demonstrated that laser hardening technology improves hardness, 

corrosion resistance, and wear resistance. A previous study demonstrated phase transformations 

in AISI 1008 steel using a CO2 laser, with a significant proportion of martensite being formed, 

improving hardness and corrosion resistance
 19

. A study using 50crMo4 steel showed that pulsed 

lasers are better than continuous lasers because the laser heats and cools the surface without 

https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0009-0002-5585-3206
mailto:mariam.fadel2204m@csw.uobaghdad.edu.iq
https://orcid.org/0009-0001-4927-135X
mailto:samir.khedr@csw.uobaghdad.edu.iq
https://orcid.org/0009-0002-5585-3206
mailto:mariam.fadel2204m@csw.uobaghdad.edu.iq
https://orcid.org/0009-0001-4927-135X
mailto:samir.khedr@csw.uobaghdad.edu.iq
https://orcid.org/0009-0002-5585-3206
mailto:mariam.fadel2204m@csw.uobaghdad.edu.iq
https://orcid.org/0009-0001-4927-135X
mailto:samir.khedr@csw.uobaghdad.edu.iq
https://orcid.org/0009-0002-5585-3206
mailto:mariam.fadel2204m@csw.uobaghdad.edu.iq
https://orcid.org/0009-0001-4927-135X
mailto:samir.khedr@csw.uobaghdad.edu.iq
https://orcid.org/0009-0002-5585-3206
mailto:mariam.fadel2204m@csw.uobaghdad.edu.iq
https://orcid.org/0009-0001-4927-135X
mailto:samir.khedr@csw.uobaghdad.edu.iq
https://orcid.org/0009-0002-5585-3206
mailto:mariam.fadel2204m@csw.uobaghdad.edu.iq
https://orcid.org/0009-0001-4927-135X
mailto:samir.khedr@csw.uobaghdad.edu.iq
https://orcid.org/0009-0002-5585-3206
mailto:mariam.fadel2204m@csw.uobaghdad.edu.iq
https://orcid.org/0009-0001-4927-135X
mailto:samir.khedr@csw.uobaghdad.edu.iq


IHJPAS. 2026; 39(3): 155-162 

156 

melting it and gives phase transformations with high hardness 
20

. Another study on the effect of 

laser surface hardening on SS316 metal using a diode-pumped fiber laser with specific 

parameters. Increasing the energy and number of pulse frequencies leads to better hardness 
21

. 

Another study confirmed that using a fiber laser on low carbon steel will lead to the formation of 

martensite and cementite, a decrease in the roughness coefficient, and an increase in hardness 

and corrosion resistance 
22

. In another work, an Nd-YAG laser was used at a power of 3.5 kW 

and a frequency of 10 Hz on AISI4130 steel. Upon microscopic examination, the formation of 

martensite and bainite phases, an increase in hardness, a decrease in the friction coefficient, and 

an increase in wear resistance were found 
23

. Laser surface hardening is used in metals used in 

biomedical applications. It was used to improve the hardness of SAE420 steel used in biomedical 

applications. The steel was hardened using a low power 300W fiber laser at a scanning speed of 

1mm/s, which improved the hardness and the wear resistance
24.

  

The goal of this study is to improve the mechanical and electrochemical properties of steel by 

using pulsed laser surface processing. Also, this work is to find the best processing parameters 

that cause good phase changes and protective surface layers by systematically looking into how 

laser energy and pulse number affect surface hardening and corrosion resistance.  The end goal is 

to find a way to make steel parts last longer in harsh service environments that is both effective 

and good for the environment. 

 

2. Materials and Methods  

The material investigated in this study was medium carbon steel with chemical composition 

given in Table1, The chemical composition was measured using Spectro max ASTM E415-14. 
Table1. Chemical analysis of medium carbon steel. (wt. %) 

C % Si % Mn % P % S % Cr % Mo% Ni% Al% Cu% Fe% 

0.425 0.221 0.723 0.014 0.011 0.024 <0.02 0.047 0.006 0.058 Bal 

 

Samples were mechanically polished using SiC emery papers with successive grit sizes of 240, 

320, 400, 600, 800, 1000, and 1200, followed by final polishing with alumina paste of 0.25 μm 

particle size. The specimens were then cleaned with acetone, rinsed with distilled water, and 

dried. Prior to laser processing, the samples were etched in a 7–10% nital solution for 10 s under 

fume hood ventilation. Chemical etching enhanced the absorptivity of the steel surface to the 

incident laser radiation by removing surface oxides and producing a uniformly darkened surface. 

Figure 1 illustrates the Nd:YAG laser system employed in this study, operating at a wavelength 

of 1064 nm with a 4 mm spot size, directed onto a 10 mm² sample area.   

 
Figure 1. Image of the laser device and system components 

 

The primary process parameters examined in the current study were laser energy and pulse 

count. A sufficient number of experiments were performed to elucidate the correlation between 
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these parameters and the resultant microstructure, as well as to ascertain the optimal processing 

conditions (Table 2). A Vickers microhardness tester with a load of 500 g was used to measure 

the surface microhardness of the area that was hit by the laser. Based on the hardness results, we 

chose the sample that performed the best for more testing. Scanning electron microscopy (SEM) 

was used to look at the microstructural features of the modified zone. Also, the corrosion 

resistance was tested by putting the untreated and laser-treated samples in a 3.5 wt.% NaCl 

solution (synthetic seawater) and comparing how they corroded in a systematic way. 
Table 2. Parameter of laser surface treatment 

Parameter Value 

Laser wavelength 1064nm 

Spot diameter 4 mm 

Pulse repetition rate 10 Hz 

Distance to sample 10mm 

Pulse duration 9ns 

 

3. Results  

This part of the research is about presenting the results of studying the effect of pulsed laser 

energy and the number of pulses on the hardness of the material. The change in hard values was 

analyzed with different laser coefficients, and then the best coefficients were selected based on 

the results of the hardness test. Thereafter, the microstructure and corrosion resistance of the 

selected coefficients were studied. 

3.1. Microhardness  

The laser was applied according to a specific number of pulses (40), and a pulse repetition rate of 

10 Hz. The average microhardness value of the untreated sample was 240 HV. Sample 

measurements after laser treatment ranged between 270 HV at a pulse energy of 800 mJ and 320 

HV at a pulse energy of 2000 mJ. Table 3 shows the different laser energies of the treated 

samples with microhardness values. 
Table3. Treated Samples different of laser energies with Microhardness hardness. 

Samples Microhardness (HV) 

Untreated 240 

800 270 

1200 289 

1600 303 

2000 320 

 

Figure 2 shows Effect laser pulse energy on microhardness. 

 
Figure 2. Effect laser pulse energy on microhardness 
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Figure 3 shows the effect of the number of pulses on microhardness. Laser processing was 

performed under constant conditions, with a laser energy of 2000 mJ and a repetition rate of 10 

Hz. Increasing the number of pulses leads to an increase in the accumulated energy, and each 

pulse carries an amount of energy.  

 
Figure 3. Effect number of pluses on microhardness 

 

3.2. Microstructure 

Figure 4 shows the microstructure of samples before and after hardening with a laser under 4000 

magnifications.  Laser processing was performed under optimal conditions, with a laser energy 

of 2000 mJ, pulse repetition rate of 10 Hz, and 40 pulses. Figure 4a: The surface appears rough, 

with raised and depressed areas and light and dark areas. Figure 4b shows the change of 

microstructure after laser hardening treatment. Phase transformations to form martensite phase. 

  
Figure 4. Microstructure of samples before a) and after Harding laser b) under 4000 magnifications. 

 

3.3  . Corrosion  

The polarization curve (Tafel) test shows high improvement in corrosion rate reduction as shown 

in Figure 5 and Table 4. The Tafel curve analysis is a powerful tool for evaluating the corrosion 

resistance of metals, as it allows the determination of the corrosion potential (E_corr) and 

corrosion current (icorr), as well as the anodic slope (βa) and cathodic slope (βc) parameters, 

which reflect the rate of anodic and cathodic reactions on the surface. In your experiment, the 
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base sample of untreated steel showed E_corr = –0.927 V and icorr = 2.447×10⁻³ A/cm², 

whereas the values improved significantly after laser surface treatment, reaching E_corr = –0.765 

V and icorr = 7.042×10⁻⁵ A/cm². This large decrease in corrosion current reflects a reduction in 

the corrosion rate from 28.37 mmpy to 2.120 mmpy. The corrosion rate was calculated using the 

equation: 

Corr. Rate = (3.272×10-3×Icorr. Eq.wt.)/(dA)              (1( 

Icorr.: The corrosion current in amperes  

EW: The equivalent weight in grams/equivalent was (7.84) 

d: Density in g/cm
3 

was (27.784)
 

A: Measurement sample area was (0.385cm
2
) 

Table 4. corrosion characteristics extract from Tafel curve for all samples untreated and treated by Laser. 

 

In Figure 5, we clearly see that the breakdown potential (Eb) refers to the voltage at which 

pitting corrosion begins, and it is a key indicator of the surface's resistance to localized corrosion. 

  
  

Figure 5. polarization curve (Tafel) test for(a) all samples base and (b)treated by Laser. 

 

4. Discussion  

 The effect of laser energy on the hardness values of the steel surface were showed in  Figure 

2, where hardness increases with energy due to cooling and heating of the steel surface 
25,26

. 

Hardness values for steel with number of pulses Increasing the number of pulses leads to an 

increase in the accumulated energy, and each pulse carries an amount of energy. When the 

number of pulses increases at the same point, energy accumulates, and due to compressive 

stresses, a layer of high hardness is formed
27 

.The microstructure had melting traces and re-

solidified areas of fine grain and minute surface cracks due to thermal stress induced by rapid 

cooling
28

. The fine-grained microstructure achieved is in accord with the greater hardness value 

of around 320 HV, and it confirms that laser-induced thermal gradients increase grain refinement 

and phase transformation. The untreated medium carbon steel surfaces used were smooth, yet 

rough, and contribute critically to the process of corrosion. The inherent microstructure of 

medium carbon steel ferrite and pearlite (a composite of softer and harder phases) does not offer 

any protective capability against corrosion. Microcracks, scratches, and strain-induced marks (as 

a result of previous machining) are surface defects that can trap stress and thereby start localized 

corrosion (e.g., pitting or crevice corrosion) locally. These surface flaws offer easy accessibility 

Eb (volt) βa (V/decade) βc (V/decade) Corr. Rate mmpy icorr. (Amp/cm2) E corr. (volt) Sample 

0.582 0.417 0.130 28.37 2.447 × 10
-3

 -0.927 Base 

1.308 0.283 0.217 2.120 7.042 × 10
-5

 -0.765 Laser 
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for corrosive ions to penetrate the steel underneath, thereby increasing the speed at which 

corrosion occurs
29,

 
30.

 

This large decrease in corrosion current reflects a reduction in the corrosion rate, indicating that 

laser treatment effectively enhanced the steel's corrosion resistance through the formation of a 

denser and more robust surface layer . The breakdown potential increased after laser treatment, 

more than doubling the value of the untreated sample. The corrosion rate was calculated using 

the equation
31

.This improvement reflects that the martensitic surface layer resulting from laser 

treatment reduces the initiation sites for pitting corrosion, thereby enhancing its electrochemical 

stability 
32

. 

 

5. Conclusion  

Laser hardening involves heating the metal surface using a pulsed laser followed by rapid 

self-cooling due to the temperature difference between the surface and the interior of the metal. 

Phase transformations occur from ferrite and bainite to martensite, which has a solid crystalline 

structure. The effect of energy and pulse number was studied because they are the most 

important variables controlling surface treatment. Increasing laser energy means that the laser 

beam energy is converted into thermal energy at the surface, and increasing the number of pulses 

means increasing the energy accumulated on the surface. SEM analysis revealed a fine granular 

structure and the presence of solid phases on the treated surfaces. These microstructural changes 

are consistent with the observed improvements in microhardness corrosion resistance. The 

results indicate that the synergistic effect of laser treatment is a promising and effective means to 

enhance surface hardness and corrosion behavior in carbon steel, making it highly relevant for 

industrial applications that require greater mechanical integration. Future work should include 

quantitative microstructural analysis (such as grain size determination and phase fraction) and 

statistical analysis of long-term effects to provide more comprehensive insights into the 

mechanisms. 
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