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H I G H L I G H T S   A B S T R A C T  
• The micro-hardness was increased by 49% 

and the surface roughness by more than ten 
folds. 

• The rate of corrosion was decreased by 
93.45% when using laser pulses as corrosion 
inhibitors with an energy of 920 mJ and 
pulse repetition of 6 Hz. 

• The results were compared with the image 
processing.  

 The purpose of the study is to inhibit the corrosion rate using the (LSP) laser 
shock processing technology with an ND-YAG laser utilizing the Q-switched 
technique with a wavelength of 1046 nm for stainless steel 304 alloy. Laser 
shock processing (LSP) is a novel surface treatment approach for strengthening 
metal materials that use a high peak power, a brief pulse, and cold hardening. 
The laser parameters’ effect includes laser pulse energy and pulse repetition rate 
on the surface properties. The qualities of sample surfaces were investigated, 
including surface roughness and micro-hardness. The X-ray fluorescence 
technique was used to analyze the chemical composition of this alloy. The 
corrosion rate was measured using the polarization method. In particular, pitting 
corrosion was the option we picked. According to the findings, laser shock 
processing appears to considerably boost the micro-hardness of the LSP-treated 
sample. The corrosion causes a decrease in the rate. The result revealed that the 
corrosion current density was decreased, and the corrosion potential was shifted 
when the laser pulse energy and the pulse repetition rate were increased. When 
the laser energy was 920 mj and the pulse repetition rate was 6 Hz, we 
discovered the lowest rate of corrosion. Digital images are usually achieved by 
changing continuous signals to digital format. Many factors can affect the quality 
of an image, such as knowledge requirements, causing noise, low contrast, and 
badly-defined boundaries, among others. Specifically, we compared the results 
with those of the image processing. 
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1.  Introduction 
Stainless steel is used in cutlery and surgical tools. In particular, stainless steel cooking utensils carry heat well, and they 

are highly durable, strong, inexpensive, rust resistant when exposed to water or stored without drying, and can be used 
indefinitely. Specifically, the stainless steel alloy is mostly made up of Fe-Cr-Ni, with minor amounts of Mo, Mn, C, and N. 
18-25 wt [1]. Corrosion of metal is the impairment of surfaces and structures caused by a reaction to several elements and 
conditions. Corrosion in metals is oxidized, and steel is deteriorated [2]. Wet and dry corrosions are the two kinds of corrosion 
processes classified according to the nature of corrosive surroundings [3,4]. Alloying, coating, anodic protection, cathodic 
protection, and recently employing the laser for this aim via surface treating of metal are viewed as techniques to improve the 
qualities of metals, such as roughness, hardness, corrosion resistance, and so on [5, 6]. The process of inhibition of corrosion is 
essential to reduce the losses caused by corrosion [7,8]. The laser technology made this method very distinguished compared 
with other sources of energy and made it the traditional technology among all other technologies (even modern ones) used in 
the heat treatment process. The laser has several special features for surface heating. The first few atomic layers of opaque 
materials absorb the electromagnetic energy of a laser beam. It was observed that no eddy currents or hot gas jets are 
associated with the known beam area, and no rays spill out. The applied energy can be accurately directed where needed on the 
surface; thus, it is described as an actual surface [9-11]. Laser shock peening (LSP) is a technique utilized to change the 
properties of the metal surface by increasing roughness, hardness, power, and reliability to the material’s presence of 
compressive residual stresses [12,13]. On the other hand, digital image processing is a method that employs computer 
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algorithms for processing digital photographs. Digital image processing provides many advantages compared to analog image 
processing. In this context, digital images are usually achieved by changing continuous signals to a digital format. However, 
describing the structure by the standard structure analysis can be difficult for any material. In this regard, many factors can 
influence image quality, including knowledge needs, noise, low contrast, and poorly-defined borders, to name a few. In 
particular, structure recognition becomes difficult when these components are present in the image. As a result, image 
processing and digital image collection have become the most important instruments in the characterization of materials in the 
recent decade. Various images from the microscope and AFM are captured. Image analysis software for computers can be 
accustomed to analyzing the image. The shape, size, and surface morphology made of microns or nanostructured materials are 
described via image processing [14].  Considering the above points, this work aims to reduce the resistance of corrosion by 
increasing the hardness surface of the 304 stainless steel alloy by changing the parameter of the laser, including the pulse 
energy and the pulse reputation rate.   

2. Experimental Methods 

2.1 Sample Preparation 
The 304 stainless steel was used in this work. Specifically, the samples were cut into circular forms using a turning 

machine with a diameter of 20 mm and a thickness of 5 mm. Then, the samples were milled using the same roughness grades 
on SIC papers (800#) to protect the sample's surface from injury and to limit the heat generated by friction between the metal 
and the papers in the presence of water.  

2.2 Chemical Composition Analysis 
The chemical content of all samples was determined using the X-ray fluorescence (XRF) technology from Oxford 

Instruments (Foundry Master Xpert). 

2.3 Laser Shock Processing (LSP) 
To generate shock waves, a Q-switched Nd-YAG laser with a wavelength of 1064 nm, 30 pulses, and a repetition rate of 2 

to 8 was utilized. The laser's energy was increased from 320 m to 920 m. Figure  1 depicts the block diagram. 

 
Figure 1: Block diagram of the LSP setup 

2.4 Microhardness Test 
 The microhardness of all samples was determined using a Vickers hardness testing machine (model HVS-1000). The tests 

were carried out with a 0.981N load for 15 seconds. Before and after the samples were treated, the surface microhardness was 
assessed. Creating a sufficient microhardness profile in the hardened layer and, as a result, a valid microhardness variation 
required taking three measurement readings and averaging them to one value. In particular, the microhardness was measured at 
the laser spot's impact center.  

2.5 Surface Roughness Test  
All samples were subjected to a surface roughness test. A surface roughness instrument (model TR220) was used within 

the micro range. Two measurements were obtained and averaged to get the required value. 
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2.6 Corrosion Test  
 The corrosion test was used to study the corrosion for all samples of the (304 stainless steel) after the effect of the laser 

shock penning technique. The preparation of the corrosion solution salty water was accomplished using 17.5 grams of NaCl 
salt that was added to a half litter of water, as shown in Figure 2. 

  
Figure 2: The corrosion cell 

2.7 Processing of Images  
Images were obtained from the microscope for samples of the (304 stainless steel) before and after the laser treatment. A 

new material hardness and corrosion evaluation-based digital image processing has been offered using the (Matlab R2018a) 
program, which was utilized to research image processing methodologies applied on samples before and after laser treatment 
and system considerations. In this regard, the Program Image J is a java-based image processing application developed by the 
National Institutes of Health in the United States, and it is built on an open-source architecture that allows for extension and 
modification using large-scale tools and recorders. In particular, many problems can be solved with written tools. 

3. Results and Discussion 

3.1 Chemical Composition Result  
Table 1 presents the chemical composition of the stainless steel alloy that was used in this work [15]. 

Table 1: Chemical composition of stainless steel 

Sample C% Si% Mn% P% S% Cr% Mo% Ni% Al% Cu% Fe% 
Shaft 0.06 0.26 1.48 0.029 0.42 17.9 0.58 8.7 0.004 0.43 Bal 

3.2 Microhardness Results 
The micro-hardness of all materials was measured using the Vickers method before and after the laser shock wave 

treatment under fixed conditions, including 30 laser pulses and a 6Hz pulse repetition rate. Before the laser shock wave 
treatment, the average micro-hardness value for the sample was around 181.61 Hv. Figure 3 illustrates the relation between 
micro-hardness and energy. Specifically, increasing the laser energy from 320mJ to 920mJ leads to increasing the micro-
hardness from 181.61 Hv to 261.05 Hv. This behavior is due to the finer grain as a result of dislocation strengthening and grain 
refinement [16]. 

Figure 4 shows the relation between micro-hardness and pulse repetition rates. In particular, the laser shock wave therapy 
of pulse repetition rate promotes the micro-hardness, which increased to 217.68Hv after the laser shock wave treatment. The 
material intensity of confined plasma peak pressure and propagating shock waves were likewise increased. This trend is 
consistent with an increase in the compressive residual stress at the material's surface [17].  
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Figure 3: The micro hardness as a function of laser energy at (30 pulses and a 6Hz pulse repetition rate) 

 
Figure 4: The micro-hardness as a function of pulse repetition rate at (920 mJ of laser energy and 30 pulses) 

3.3 Surface Roughness 
The surface roughness of all materials was measured using the Vickers method before and after the laser shock wave 

treatment under fixed conditions, including 30 laser pulses and a 6Hz pulse repetition rate. The average surface roughness 
value before the laser shock wave treatment was 0.0505 𝜇𝜇m, as shown in Figure 5, which represents the relation between the 
surface roughness and the energy. Particularly, the roughness slowly increased by changing the pulse energy of the laser until 
720  mJ, and the roughness increased remarkably at 920 mJ, where the value of roughness was 0.54. This phenomenon is 
related to ablation processes connected with the laser shock wave processing at the sample’s surface produced by an increase 
in the laser pulse energy [18]. 

Figure  6 illustrates the relation between the surface roughness and the pulse repetition rate. In particular, the roughness 
slowly increased by changing the pulse repetition rate of the laser until 6HZ, and the roughness remarkably increased at 8HZ. 
The nanoparticles at solid targets were expelled with each laser pulse due to the higher pulse repetition rate. Due to the 
increased pulse repetition rate, nanoparticles at the solid targets were ejected with every laser pulse. This process provides 
evidence of absorbing sufficient laser energy to guarantee the melting of all defects [19]. In particular, the results show the 
variation of surface roughness values from (0.057 to 0.969) μm. 
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Figure 5: Surface roughness as a function of laser pulse energy at (30 pulses and 6Hz of pulse repetition rate) 

 
Figure 6: Surface roughness as a function of the pulse repetition rate at (920mJ of laser pulse energy and 30 pulses) 

3.4 Corrosion Rate Inhibition 
A polarization approach was used to conduct the corrosion measurements. The corrosion rate was CR= (18.791 mm/y) for 

samples before the LSP treatment. After the laser treatment under various circumstances, all samples were measured using the 
same approach. Different LSP parameters were investigated to find the best LSP circumstances and the highest possible laser 
efficiency to improve the corrosion inhibitor. The energy of the Nd: YAG laser is the first factor studied to see how it affects 
corrosion resistance. Various energy levels were employed, ranging from 320 to 920 mJ. It is worth noting that the corrosion 
current density has decreased, and the corrosion potential has shifted [20]. This implies that the contact of the laser with the 
surface of all samples touching the corrosion solution boosted their corrosion resistance. Before the laser shock processing 
treatment, the polarization (tafel curve) in Figure 7 shows an increased surface hardness and, consequently, increased corrosion 
resistance. Figure  8 shows the relationships between the laser pulse energy and the corrosion rate for the samples. The effect 
of four different laser repetition rates of (2, 4, 6, and 8) on corrosion resistance was tested. As the pulse repetition rate is raised, 
it can be shown that the corrosion current density drops. As a result, the corrosion rate decreases. Specifically, the corrosion 
rate is (3.0144mm/yr) at 2 HZ, but the corrosion rate is (2.1785mm/yr) at 8 HZ, as shown in Figure 9. The build-up heat 
reaches a larger value. In this regard, the plasma created at high repetition rates is thought to be the source of the heat. 
Furthermore, plasma remains in liquid for a longer period, and its expansion and contact with the environment are high [21]. 
Before the laser shock processing treatment, Figure 10 shows that the value of the corrosion rate drops with the pulse repetition 
rate due to the increased dislocation property caused by the high surface hardening.  
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Figure 7: Polarization curve pitting of 304stainless steel alloy after LSP (A:320mJ, B:520mJ, C:720mJ, and D:920mJ) 

 
Figure 8: Corrosion rate as a function of laser energy 

 
Figure 9: Polarization curve pitting of 304 stainless steel alloy after LSP (A:2, B:4, C:6, and D:8) 
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Figure 10: Corrosion rate as a function of pulse the repetition rate for 304 stainless steel alloy pitting type 

3.5 Macrostructure  
The sheet was cut into circular shapes with a diameter of 20mm and a thickness of 5mm to make all the samples. As a 

result of the grinding machine scratch, the surface is smoother and has fewer pores. Figure 11 shows an optical microscope for 
a sample that shows the change in the macrostructure after laser and corrosion. Figure 11(a) shows the surface of the sample, 
which is smooth, before the laser treatment, while Figure 11(b) shows the surface of the sample after the laser treatment 
showing the spot of the laser. Figure 11(c) shows the surface of the sample after the corrosion showing the pitting on the 
surface of the sample. 

 
Figure 11: OM image (A: before laser shock wave treatment B: after laser shock wave treatment C: after corrosion) 

The results were simulated using MATLAB Rb2018. More specifically, the algorithm has been written in the code of the 
M-file. The results of the micro-hardness show the effect of various LSP factors on the micro-hardness value for the samples of 
the 304 stainless steel used in this work following the first effect of the laser energy for the experimental results and the image 
processing results, as shown in Figure 12. We noticed that the values are almost unchanged. However, we noticed a change in 
the hardness values at (650 to 920) mJ in actual measurement, while in the image processing-based measurement, we noticed a 
significant increase in the hardness value between (520 and 920) mJ. The effect of laser repetition is shown in Figure 13 as the 
relation between hardness and energy. From the comparative study, it is concluded that the results between the practical and 
the theoretical results are very close. 
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Figure 12: Relationship between actual results and image processing results as a function of laser pulse energy  

                          at (30 pulses and 6Hz of pulse repetition rate) 

 
Figure 13: Relationship between actual results and image processing results as a function of pulse repetition rate  

                         at (30 pulses and 920 of laser energy) 

The results of the corrosion show the effect of various LSP factors on the corrosion value for the samples of the 304 
stainless steel used in this work. In particular, for the effect of the laser energy, we note that the rate of corrosion decreases 
when the energy is increased to 520 mJ, while we note that the rate of corrosion is similar at (520 -720) mJ, but it is lower at 
920 mJ. This is shown in the visual part (image processing), while at the actual measurement, approximately an energy of 720 
is similar to the value at the energy of 920,  as shown in Figure 14  for the experimental results and the image processing as a 
comparison method. The effect of the pulse repetition rate causes a slight decrease in the value of the corrosion rate at the pulse 
repetition rate of (2,4) HZ, while it starts decreasing at 6HZ until it reaches its lowest value of 8HZ in actual measurement, 
while in the image processing, the corrosion rate has the same value approximately at (2,4) HZ, but it began to decrease at 6HZ 
and approximately 8HZ, as can be shown in Figure 15 that shows the comparison between the results. 

 
Figure 14: Relationship between actual results and image processing results for the 304 stainless alloy as a function  

                     of laser pulse energy at (30 pulses and 6Hz of pulse repetition rate) 
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Figure 15: Relationship between actual results and image processing results as a function of laser pulse  

                               The energy at (30 pulses and 6Hz of pulse repetition rate) 

4. Conclusions 
We conclude from this work that the effect of laser shock processing on the surface properties of the alloy used was clear 

since the increase of both the laser pulse energy and the repetition rate leads to an increase in both the surface roughness and 
the micro-hardness. When the laser energy increased from 320mJ to 920mJ, the value of the micro-hardness increased by 44%. 
When the laser pulse repetition rate was increased from 2 to 8 Hz, the micro-hardness values increased by 49%. In addition, 
increasing the laser energy from 320 to 920 mJ led to a nine-fold increase in surface roughness. Moreover, when the laser pulse 
repetition rate was changed from 2 to 8, the surface roughness increased more than tenfold. For corrosion inhibition, we chose 
to pit corrosion and noticed that using LSP leads to increase corrosion inhibition and an increase in corrosion resistance when 
the laser pulse energy changes or the repetition rate increases. The corrosion rate was decreased by 93.45% when the laser 
pulses were used as a corrosion inhibitor with an energy of 920mJ and a pulse repetition rate of 6 Hz. 
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