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This research paper focuses on enhancing the surface characteristics of the 316 stainless steel (SS316) al-
loy, including roughness, microhardness, and corrosion resistance. Where the application of ND-YAG laser 
technology, a highly relevant and timely area, was investigated deeply. The Q-switching Nd: YAG Laser 
was used with varying laser energy levels within the context of the laser shock peening (LSP) technique. 
The corrosion resistance of the 316 ss alloy is evaluated in a corrosive environment of 500 mL of saliva 
(with a pH of 5.6) through electrochemical corrosion testing. Corrosion rate was determined based on the 
analysis of polarization curves. The outcomes of this research reveal that as the laser energy was increased, 
there was a noticeable enhancement in the mechanical properties of the 316 ss alloy’s surface. Importantly, 
the corrosion rate experiences a signifi cant reduction, decreasing from 4.94  mm/yr to 3.59 mm/yr following 
laser shock peening (LSP) application.
Keywords: ND-YAG laser, corrosion, 316 ss Alloy, saliva.

INTRODUCTION

Corrosion, in the context of materials science, is cha-
racterized by the deterioration of metals and their alloys 
from chemical or electrochemical interactions with the 
surrounding environment1. The corrosion reactions are 
classifi ed based on the type of corrosive environments 
(wet and dry corrosion)2, 3. Furthermore, corrosion can 
manifest in different forms based on the morphology of 
the damage infl icted upon the metal. This includes general 
corrosion, crevice corrosion, pitting corrosion, intergra-
nular corrosion, de-alloying, environmentally induced 
fracture, erosion-corrosion, and galvanic corrosion4. 
Various methods have been used to protect metals from 
corrosion, such as alloying, coating, cathodic protection, 
and anodic protection. Recently, laser technology has 
emerged as a promising approach for enhancing metal 
properties, including surface roughness, hardness, and 
corrosion resistance5. Additionally, the application of 
corrosion inhibitors holds practical signifi cance, as they 
play a vital role in reducing metallic waste and mitiga-
ting the risk of material loss, which disrupt industrial 
processes and incurs additional costs6.

Laser technology has gained prominence in material 
processing, offering unique advantages over traditional 
energy sources. These advantages include automation 
capabilities, high productivity, non-contact processing, 
reduced processing costs, elimination of fi nishing opera-
tions, optimized material utilization, and improved pro-
duct quality7. One specifi c application of laser technology 
is laser peening, a cold working process that enhances 
the surface of metals by introducing compressive residual 
stresses. These compressive stresses are instrumental in 
preventing surface deterioration effects by impeding crack 
initiation. Laser peening offers control and the ability 
to access hard-to-reach areas of components, making it 
suitable for both new and in-service parts8.

The benefi ts of laser peening translate into increased 
service life, extended maintenance intervals, and reduced 

downtime–all without necessitating changes to the par-
t’s original design. Industries such as aerospace, power 
generation, automotive, maritime, heavy equipment, and 
manufacturing have embraced laser peening to optimi-
ze the performance of lightweight components while 
maintaining or improving metal fatigue strength8, 9. In 
the realm of corrosion, the categorization of reactions 
based on the corrosive environment’s characteristics 
distinguishes between wet and dry corrosion9, 10.  Stain-
less steel 316 L is an austenitic steel used in chemical 
industries, oil and gas industries, biomedical applications, 
pressure vessels, boilers, heat exchangers, etc., for its 
excellent corrosion resistance properties. The corrosion 
resistance is due to the formation of passive chromium 
oxide fi lm. The corrosion resistance is uncompromised 
in the aqueous and aerated environment. This research 
focuses on enhancing the surface characteristics of the 
316 stainless steel (316 ss) alloy, including roughness, 
microhardness, and corrosion resistance. The research 
focuses on the application of ND-YAG laser technol-
ogy, a highly relevant and timely area of investigation. 
The material of interest in this study is the 316 ss alloy. 
The Q-switching Nd: YAG Laser was used with varying 
laser energy levels, within the context of the laser shock 
peening (LSP) technique.

EXPERIMENTAL METHODS

Q-switching Nd-YaG laser
Figure 1 illustrates the experimental setup used in this 

study, featuring a Q-switch Nd-YaG laser with different 
parameters, as mentioned in Table 1. The material un-
der investigation is 316 stainless steel (316 ss), cut into 
circular pieces with a diameter of 20 mm and thickness 
of 5 mm. These samples are subsequently immersed in 
double-distilled deionized water (DDDW). In the sur-
face treatment process, the laser pulse is directed onto 
the surface of 316 ss. As the laser pulse traverses the 
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confi nement layer, it makes contact with the sample, 
resulting in the formation of plasma. This expanding 
plasma plume exerts high pressure on the surface of 
the sample, a technique commonly referred to as Laser 
Shock Peening.

samples underwent a grinding process using different me-
tallographic papers such as SiC and AlC. Furthermore, an 
additional refi nement step was carried out using polishing 
paper coated with Al2O3. This surface polishing process 
was completed using a processor polisher machine of the 
type Mopao 160 E. Subsequently, a thorough cleaning 
was performed using de-ionized water and ethanol to 
eliminate impurities and prevent metal oxidation. An 
epoxy material (A:B) was employed to securely mount 
the samples, with a mixing ratio of 2:1. This mounting 
process consists of placing the samples in a metal mold 
and allowing them to harden for approximately fi fteen 
minutes. Following the mounting process, external wires 
were attached to the samples to ensure accessibility when 
they were placed in the corrosion cells. Additionally, 
the connection between the sample and the wire was 
verifi ed using an ohmmeter device before initiating the 
corrosion procedure.

Corrosion test
Voltammetric measurements were measured using 

a potentiostat/galvanostat (DY2323, manufactured by 
Digi-ivy, Inc.), as shown in Figure 2. The evaluation of 
corrosion resistance for the deposits was performed in 
a saliva solution with a pH of 5.6, serving as the corrosive 
medium at room temperature and without agitation. The 
electrochemical cell was composed of three electrodes: 
(i) An Ag/AgCl electrode as the reference electrode, (ii) 
platinum (Pt) as the counter electrode, and (iii) The 316 
ss as the working electrode10. In order to prevent surface 
corrosion, the samples were protected with adhesive 
polymer, ensuring that only 1.0 cm² of the surface was 
in contact with the electrolyte. Linear sweep voltammetry 
(LSV) was recorded within a potential range of ±4000 
mV at a scan rate of 0.1 V/s. The data was collected 
using the Corr Tests software package, which enabled 
the calculation of corrosion parameters such as corrosion 
current density (icorr) and polarization resistance (Rp) 
through the Tafel slope method10, 11.

RESULTS AND DISCUSSIONS

Chemical Compositions
The chemical composition of the samples utilized in 

this study was determined using SPECTRO MAXx In-
struments from AMETEK materials analysis. Detailed 
information is provided in Table 2. 

Figure 1. Laser shock peening technique

Table 1. Laser shock peening parameters

Samples Preparation
The sample preparation procedure involved cutting 

them into round pieces with a 20 mm diameter and 
a 5 mm thickness with the help of a turning machine. 
Afterward, the samples were meticulously cleaned by 
washing them with distilled water and methanol. Fol-
lowing this, they were carefully dried and shielded from 
exposure to ambient air. In order to achieve a uniform 
surface texture and roughness for evaluation purposes, the 

Figure 2. The parts of the corrosion test rig
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Microhardness result
The Vickers hardness method was used to assess the 

micro-hardness of samples before and after the laser 
treatment. The laser shock processing (LSP) was conduc-
ted under consistent conditions, including a fi xed laser 
energy ranging from 200 to 1000 MJ and a DDDW of 
30 mm. Before LSP, the alloys’ average micro-hardness 
value stood at approximately 230.7 HV. Following the 
LSP treatment, the measurements exhibited variations, 
ranging from 225.9 HV (at a pulse energy of 200 MJ) to 
325.2 HV (at a pulse energy of 1000 MJ) for 316 ss, as 
illustrated in Figure 3. The laser shock processing pulse 
energy escalation resulted in more pronounced grain 
refi nement. Consequently, after LSP, the microhardness 
of the surface increased primarily due to the effects of 
dislocation strengthening and grain refi nement. This 
observed behavior aligns with the fi ndings in reference12.

an energy level of 1000 MJ, as depicted in Figure 4. This 
phenomenon can be attributed to the ablation processes 
associated with the interaction of the laser shock wave 
with the sample’s surface. Consequently, an escalation in 
laser pulse energy corresponds to an increase in surface 
roughness, aligning with the fi ndings in reference13.

Figure 3. The variation of microhardness with the applied laser 
energy

Figure 4. The variation of surface roughness with the laser 
energy

Figure 5. Microstructure of the sample after LSP for SS316 alloys applying different laser energy

Table 2. Chemical composition of 316 stainless steel

Surface Roughness 
Surface roughness measurements were conducted on 

all samples both before and after laser shock peening 
(LSP) treatment. The initial average surface roughness 
value prior to LSP processing for the samples was recor-
ded as Ra = 0.03 nm. Post-LSP, the surface roughness 
values exhibited an increase, reaching Ra = 0.18 nm at 

Microstructure Results 
In this section, it will present the results of the Micro-

structure. Figure 5 depicts an alloy’s surface microstruc-
ture after Laser Shock Peening (LSP). As laser shock 
waves interact with both the alloy and itself, their kinetic 
energy is converted into plastic deformation energy. It 
rapidly increases dislocation concentration, deformation 
twin formation, and stacking fault formation – hallmark 
features of plastic deformation in austenitic stainless 
steels14.

Disturbances contribute signifi cantly to hardening 
effects, while twin boundaries impose dislocation slip, 
as reference15 explained. Hardening reaches its pinnacle 
on surfaces where LSP-induced plastic deformation has 
reached its maximum levels. Also, it’s worth mentioning 
that the plastic deformation increases gradually with 
increasing laser energy levels.

Microstructures composed of dislocations, stacking 
faults, and deformation twins serve as convincing evidence 
of alloy resilience. When applied to 316 stainless steel 
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(316 ss) alloys specifi cally, 1250 laser pulses at various 
energy levels produce comprehensive surface coverage. 
Their visual representation evokes images resembling 
sponge-like structures with nano and microporous layers 
that resemble sponges.

Corrosion resistance results
The impact of Nd: YAG laser energy on corrosion 

resistance was investigated across various laser energy 
levels, ranging from 200 to 1000 MJ as shown in Table 3, 
immersed in saliva at pH = 5.6 for studying the cor-

rosion behavior. The corrosion rate results were found 
according to different laser energies, and what can be 
noticed through these results is that the minimum value 
of corrosion current (Icorr.) and corrosion potential 
(Ecorr.) are 34.627 μA/cm2 and 550.75 mV, respectively 
at the energy of laser = 1000 MJ. The corresponding 
experimental measurements are detailed in Table 4. Fig-
ures 6–11 present the Tafel plots for 316 alloys, revealing 
a noticeable reduction in corrosion rates. These fi ndings 
serve as an indicator of LSP’s impact on corrosion rate 
reduction. The observed reduction in corrosion rates 
can be attributed to the heightened pressure generated 
by the shock wave during laser ablation, coupled with 
the increased surface exposure to laser pulses. This 
increases the surface hardness and irregularity of the 
samples, enhancing their corrosion resistance. These 
trends align with fi ndings from prior research16, 17 . Fig-
ures 6–11 depict the relationship between laser energy 
and corrosion rate graphically. In addition, Figure 12 

Figure 6. Tafel plot of 316 SS alloy before LSP

Table 3. LSP conditions 

Figure 7. Tafel plot of 316 SS alloy at energy 200 MJ
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Figure 10. Tafel plot of 316 SS alloy at energy 800 MJ

Figure 9. Tafel plot of 316 SS alloy at energy 600 MJ

Figure 8. Tafel plot of 316 SS alloy at energy 400 MJ
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illustrates the corrosion-inhibiting effectiveness attained 
by LSP processing in a saliva medium. The corrosion rate 
decreased from 4.49 to 3.59 mm/yr, and the effi ciency 
of the inhibitor increased from 67 to 81% with a rise 
in laser energy, as shown in 12. More details about the 
fi nal results of the measurements can be seen in Table 5.

CONCLUSIONS AND REMARKS

Laser shock peening is an effective surface modifi cation 
technique, yielding notable improvements in corrosion 
resistance. Post-LSP treatment, the corrosion rate exhibits 

a signifi cant reduction, decreasing from 4.940 mm/y to 
3.590 mm/y, with variations observed at different laser 
energy levels. Simultaneously, increasing laser energies 
gradually enhanced the mechanical properties like surfa-
ce roughness and microhardness. The amplifi ed surface 
exposure to laser pulses contributes to heightened surface 
hardness and roughness, subsequently infl uencing the 
corrosion rate in a live environment. Consequently, this 
results in an overall improvement in corrosion resistance 
for the utilized alloy. Ultimately, it can be noticed that 
the corrosion effi ciency gradually increased, correspon-
ding to the laser energy employed.  Q-switching Nd: YAG 
laser is an effi cient corrosion inhibitor for 316 ss alloy 
that is immersed in saliva. The higher inhibitor effi ciency 
is 81%. In the future, investigations will use another 
inhibitor, like coating the alloy with nanoparticles that 
increase the corrosion resistance.
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