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Abstract— Surface enhancement of stainless steel by laser 
peening has been studied. Especially, in this study, effects of 
control of plasma confinement layer on have been 
investigated. The plasma confinement layer for the laser 
peening is usually used the transparent medium to the laser 
wavelength, such as a glass and water. The confinement 
ability depends on the acoustic impedance of the medium. In 
this study, the acoustic impedance of the water has been 
controlled by dissolving sodium chloride (NaCl). Second 
harmonic of Nd:YAG laser having the pulse duration of 4 ns 
has been used for the laser peening experiments. 
Commercial SUS316L stainless steel has been adopted as a 
sample. The samples were investigated under nanosecond 
laser shock loading in plasma confined by aqueous sodium 
chloride solution. Vickers hardness test and X-ray 
diffraction method are used to probe work hardening and 
residual stress due to plastic deformation induced by laser 
peening. Through hardness and residual stress 
measurements, it is found that optimal concentration of the 
sodium chloride solution has been existed for the laser 
peening. 
 
Keywords— Laser peening, Plasma confinement layer, 
Stainless steel, Plastic deformation, Acoustic impedance, 
Residual stress 

I. INTRODUCTION 
Laser peening has already demonstrated great 

potential to enhance the reliability of safety-critical 
components in a variety of industrial applications. Effects 
of the laser peening is imparted by the production of a 
layer of compressive residual stress due to plastic 
deformation caused by intense shock wave resulting from 
the expansion of a plasma with a high-peak power laser 
irradiation. In order to increase the efficiency of the 
technique, it is essential to have the mechanistic 
understanding of the influence of the parameters 
associated with laser peening on the plastic deformation 
of the material that causes hardening and residual stress 
production. At laser intensities exceeding 109 W/cm2, a 
shock wave is generated by the ignition and explosive 
expansion of plasma. The plastic deformation caused by 
this shock wave as it propagates through the metal 
hardens the metal surface and generates residual 
compressive stresses in the surface region. The effects of 
the shock wave can be enhanced by coating the surface of 
the target material with a confining layer that is 
transparent to the laser light [4]. Such a layer increases 
the shock wave intensity because it prevents the laser-
produced plasma from rapidly expanding away from the 

surface, thus creating a high-amplitude, short-duration 
pressure pulse [4, 5]. 

The plastically deformed layer by the laser peening is 
proportional to the product of pressure of shock wave and 
shock loading time [2], that is, 

 
PE  sLP   ,                             (1) 

 
where s is the shock loading time and P is the 

pressure of shock wave. Eq. (1) indicates that the 
mechanical impulse on the target materials has to be high 
enough to achieve efficient laser peening. Current studies 
on laser peening mainly focus on the magnitude of the 
compressive residual stress and hardness of the materials 
achieved by the laser peening treatment. However, it is 
necessary to conduct systematic studies on the numerous 
parameters that affect laser peening to increase the 
efficiency of the technique.  

Many researchers have studied about the pressure of 
laser-induced plasma generated by ablative material in 
plasma confinement medium [2-6]. Acoustic impedance 
of plasma confinement layer is important factor which 
controls the amplitude of the resulting pressure [3]. A 
water is usually used as the material of plasma 
confinement layer for the laser peening. The acoustic 
impedance of the water can be controlled by dissolving 
some kinds of solute. 

In this paper, effects of control of plasma confinement 
layer on laser peening have been described. Sodium 
chloride is dissolved in water to control the acoustic 
impedance of plasma confinement layer. The conditions 
desirable for efficient laser peening are considered on the 
basis of experimental results. 

 

II. PRINCEPLE OF LASER PEENING 
Figure 1 shows a schematic representation of the 

mechanism by which laser peening generates residual 
stress [7]. The surface layer evaporates instantaneously 
through ablative interaction when a focused-laser pulse is 
irradiated on the surface of material. Moreover, the vapor 
is immediately ionized to generate plasma by inverse 
bremsstrahlung. The laser-induced plasma becomes high 
pressure state because the liquid prevents it from rapidly 
expanding from the surface. The plasma confined by 
liquid generates a shock wave which impinges on the 
material with an intensity exceeding the yield strength of 
the material. Then, the plastic deformation is caused by 
pressing surface of the metal through the dynamic 
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stresses of the shock wave. As a result, the compressive 
residual stress layer and the cured layer are formed in the 
vicinity of the metal surface [2, 6, 8-9”]. The depth of the 
compression reaches 1 mm or more from the laser peened 
surface. 

 

 
Fig. 1  Mechanism for residual stress improvement  

using laser-induced shock wave. 
 

III. PLASMA CONFINEMENT LAYER 
The difference between confined plasma and free-

expansion plasma has been studied by many researchers 
[2, 5-6]. The plasma pressure is enhanced by the exiting 
the plasma confinement layer such as water in Fig. 2. 
Water is applied to suppress the plasma from expanding 
away off the surface of material thereby increasing the 
pressure of laser-induced shock wave. 

 

 
Fig. 2  The difference between confined  

plasma and free-expansion plasma. 

 
According to Hong’s method [5], the pressure of 

laser-produced plasma P is expressed by 
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where A is a constant, α is the ratio of the internal 

energy is converted into thermal energy. Zi is the acoustic 
impedance of target material (i=1) and the confinement 
layer (i=2). Zi is defined as Zi=divi, where di and vi are the 
density and the sound velocity, respectively. It is shown 
that acoustic impedance of the plasma confinement layer 
is dominant factor to determine the pressure of plasma. 
Performance of plasma confinement layer is shown 
analytically by the products of two factors depending on 

the sound velocity and the density of the plasma 
confinement layer, that is, 
 

    SLC vdZF  2          (2) 
 

where FC is the factor regarding the effect of plasma 
confinement layer on laser peening, dL is the density of 
and vs is the sound velocity of plasma confinement layer. 

 

IV. EXPERIMENTAL METHOD 
Second harmonic of Nd:YAG laser having the pulse 

duration and wavelength of 4 ns and 532 nm, respectively, 
has been used. We have adopted the laser peening 
method developed by Y. Sano et al. [10, 11], which can 
be used to introduce compressive residual stress in metals 
without a protective coating layer. In addition this method 
can drastically reduce the laser energy required for 
peening by increasing the number of laser shots irradiated 
per unit area. 
 

 
Fig. 3 Experimental layout to obtain laser-peened  

stainless steel in NaClaq. 

 
Figure 3 shows the schematic diagram of laser 

peening experiments. Austenitic stainless steel SUS316L 
with the size of 25 mm × 25 mm × 5 mm was used as a 
test sample. The samples were electro-polished and stress 
relief annealed (3 hour treatment at 900 degree) to 
remove the residual stress before laser irradiation. 

In the experiments, imaging optical system by using 
three convex lenses has been constructed. Image of 
apodized laser beam at the aperture shown in Fig. 3 is 
relayed to the surface of the target sample by following 
optics. 

The position of the sample can be controlled using 
precision XYZ stages connected to a computer. The 
power meter and CCD camera shown in Fig. 3 can be 
used to measure the laser energy and laser beam profile 
on the target surface. The diameter of focal spot was 
estimated to be 200 µm. The laser peak intensity is fixed 
to be 5.0 GW/cm². The coverage is kept constant to be 
900%. The concentration of NaCl in water for the plasma 
confinement layer is varied from 0 to 24% in order to 
increasing the acoustic impedance that depends on the 
sound velocity and the density. The acoustic impedance is 
related linearly to the concentration of NaCl [12, 13]. For 
example, the acoustic impedance of sodium chloride 
solution 24% in concentration is about 1.4 times larger 
than the water. Laser irradiated region is adjusted to be 10 

mm × 10 mm by controlling the position of the XY stages. 
The repetition rate of the laser pulse is 10 Hz. 

The work hardening resulting from laser peening 
treatment was evaluated using the Vickers micro-
hardness test. The hardness of the surface was measured 
by using a load of 1.961 N for 10 s. The residual stress 
was measured by X-ray diffraction method [14] using a 
sin2ψ law, in which the X-ray beam diameter was about 1 
mm. 

V. RESULTS AND DISCUSSION 
Figure 4 shows the Vickers hardness of the surface of 

SUS316L as a function of the concentration of NaCl in 
water. The hardness is determined by the average of ten 
indentations at the same laser irradiated region. Initial 
surface hardness was 162 HV. There was increase in 
hardness in case of dissolving sodium chloride. The 
hardness of surface increased linearly with increase of the 
concentration of NaCl up to 6% in Fig 4. The hardness 
decreased with the concentration of NaCl exceeding 
about 6%. In addition, it was subjected to residual stress 
measurement in order to ascertain whether the pressure 
has been introduced. 

 
Fig. 4 Surface hardness as a function  
of the concentration of NaCl in water. 

 
Figure 5 shows residual stress as a function of the 

concentration of NaCl in water on 20 µm in depth. The 
surface is polished 20 µm in order to remove the tensile 
stress appeared in the surface. The maximum value of the 
residual stress is obtained at the concentration of 9%. The 
residual compressive stress decreased with the 
concentration of NaCl exceeding about 9%. Residual 
stress had the same behaviour to the concentration of 
NaCl as the results of hardness profile shown in Fig. 4.  

Figure 6 shows residual stress as a function of the 
depth for various concentration of NaCl. A tensile stress 
remains on the surface of sample. In Fig. 6, it is 
suggested that the tensile stress on the sample surface 
remained due to thermal effect [2]. A residual 
compressive stress is given over 250 µm in depth. 
Residual stress distribution shows a similar trend at each 
concentration. 

 
Fig. 5 Residual stress as a function of the concentration of NaCl in 

water. 

 

 
 

Fig. 6 Residual stress as a function of the depth  
under various concentrations of NaCl in water. 

 
From the results shown in Fig 4-6, it was observed 

that enhances the hardness and residual compressive 
stress by controlling the speed of sound and density of the 
plasma confinement layer. Desired concentration of NaCl 
for laser peening should be around 6%. According to Eq. 
(1), pressure is expected to increase with increasing the 
acoustic impedance of confinement layer, amount of the 
plastic deformation is increased. Therefore, the 
experimental results indicates that hardness and residual 
compressive stress are increased owing to improvement 
of the ability of plasma confinement layer. However, 
laser peening did not efficient with the concentration of 
NaCl exceeding about 6%. This is considered to be due to 
the influence of optical breakdown of aqueous sodium 
chloride solution at under irradiated laser beam. The 
conductivity increases by dissolving the sodium chloride 
to water, there is a possibility that the change of the 
absorption characteristics, and the optical breakdown 
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stresses of the shock wave. As a result, the compressive 
residual stress layer and the cured layer are formed in the 
vicinity of the metal surface [2, 6, 8-9”]. The depth of the 
compression reaches 1 mm or more from the laser peened 
surface. 

 

 
Fig. 1  Mechanism for residual stress improvement  

using laser-induced shock wave. 
 

III. PLASMA CONFINEMENT LAYER 
The difference between confined plasma and free-

expansion plasma has been studied by many researchers 
[2, 5-6]. The plasma pressure is enhanced by the exiting 
the plasma confinement layer such as water in Fig. 2. 
Water is applied to suppress the plasma from expanding 
away off the surface of material thereby increasing the 
pressure of laser-induced shock wave. 

 

 
Fig. 2  The difference between confined  

plasma and free-expansion plasma. 
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where A is a constant, α is the ratio of the internal 

energy is converted into thermal energy. Zi is the acoustic 
impedance of target material (i=1) and the confinement 
layer (i=2). Zi is defined as Zi=divi, where di and vi are the 
density and the sound velocity, respectively. It is shown 
that acoustic impedance of the plasma confinement layer 
is dominant factor to determine the pressure of plasma. 
Performance of plasma confinement layer is shown 
analytically by the products of two factors depending on 

the sound velocity and the density of the plasma 
confinement layer, that is, 
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where FC is the factor regarding the effect of plasma 
confinement layer on laser peening, dL is the density of 
and vs is the sound velocity of plasma confinement layer. 
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method developed by Y. Sano et al. [10, 11], which can 
be used to introduce compressive residual stress in metals 
without a protective coating layer. In addition this method 
can drastically reduce the laser energy required for 
peening by increasing the number of laser shots irradiated 
per unit area. 
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stainless steel in NaClaq. 
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peening experiments. Austenitic stainless steel SUS316L 
with the size of 25 mm × 25 mm × 5 mm was used as a 
test sample. The samples were electro-polished and stress 
relief annealed (3 hour treatment at 900 degree) to 
remove the residual stress before laser irradiation. 

In the experiments, imaging optical system by using 
three convex lenses has been constructed. Image of 
apodized laser beam at the aperture shown in Fig. 3 is 
relayed to the surface of the target sample by following 
optics. 

The position of the sample can be controlled using 
precision XYZ stages connected to a computer. The 
power meter and CCD camera shown in Fig. 3 can be 
used to measure the laser energy and laser beam profile 
on the target surface. The diameter of focal spot was 
estimated to be 200 µm. The laser peak intensity is fixed 
to be 5.0 GW/cm². The coverage is kept constant to be 
900%. The concentration of NaCl in water for the plasma 
confinement layer is varied from 0 to 24% in order to 
increasing the acoustic impedance that depends on the 
sound velocity and the density. The acoustic impedance is 
related linearly to the concentration of NaCl [12, 13]. For 
example, the acoustic impedance of sodium chloride 
solution 24% in concentration is about 1.4 times larger 
than the water. Laser irradiated region is adjusted to be 10 

mm × 10 mm by controlling the position of the XY stages. 
The repetition rate of the laser pulse is 10 Hz. 

The work hardening resulting from laser peening 
treatment was evaluated using the Vickers micro-
hardness test. The hardness of the surface was measured 
by using a load of 1.961 N for 10 s. The residual stress 
was measured by X-ray diffraction method [14] using a 
sin2ψ law, in which the X-ray beam diameter was about 1 
mm. 

V. RESULTS AND DISCUSSION 
Figure 4 shows the Vickers hardness of the surface of 

SUS316L as a function of the concentration of NaCl in 
water. The hardness is determined by the average of ten 
indentations at the same laser irradiated region. Initial 
surface hardness was 162 HV. There was increase in 
hardness in case of dissolving sodium chloride. The 
hardness of surface increased linearly with increase of the 
concentration of NaCl up to 6% in Fig 4. The hardness 
decreased with the concentration of NaCl exceeding 
about 6%. In addition, it was subjected to residual stress 
measurement in order to ascertain whether the pressure 
has been introduced. 

 
Fig. 4 Surface hardness as a function  
of the concentration of NaCl in water. 

 
Figure 5 shows residual stress as a function of the 

concentration of NaCl in water on 20 µm in depth. The 
surface is polished 20 µm in order to remove the tensile 
stress appeared in the surface. The maximum value of the 
residual stress is obtained at the concentration of 9%. The 
residual compressive stress decreased with the 
concentration of NaCl exceeding about 9%. Residual 
stress had the same behaviour to the concentration of 
NaCl as the results of hardness profile shown in Fig. 4.  

Figure 6 shows residual stress as a function of the 
depth for various concentration of NaCl. A tensile stress 
remains on the surface of sample. In Fig. 6, it is 
suggested that the tensile stress on the sample surface 
remained due to thermal effect [2]. A residual 
compressive stress is given over 250 µm in depth. 
Residual stress distribution shows a similar trend at each 
concentration. 

 
Fig. 5 Residual stress as a function of the concentration of NaCl in 

water. 

 

 
 

Fig. 6 Residual stress as a function of the depth  
under various concentrations of NaCl in water. 

 
From the results shown in Fig 4-6, it was observed 

that enhances the hardness and residual compressive 
stress by controlling the speed of sound and density of the 
plasma confinement layer. Desired concentration of NaCl 
for laser peening should be around 6%. According to Eq. 
(1), pressure is expected to increase with increasing the 
acoustic impedance of confinement layer, amount of the 
plastic deformation is increased. Therefore, the 
experimental results indicates that hardness and residual 
compressive stress are increased owing to improvement 
of the ability of plasma confinement layer. However, 
laser peening did not efficient with the concentration of 
NaCl exceeding about 6%. This is considered to be due to 
the influence of optical breakdown of aqueous sodium 
chloride solution at under irradiated laser beam. The 
conductivity increases by dissolving the sodium chloride 
to water, there is a possibility that the change of the 
absorption characteristics, and the optical breakdown 

Journal of Engineering and Technology
Vol.4 No.1  January - June 2016

35



becomes likely to occur. Since the energy of the laser did 
not reach efficiently the sample, desirable laser-induced 
pressure was not obtained. In the future, there is a need to 
examine the conductivity of the sodium chloride aqueous 
solution, and measure laser-induced pressure. 

 

VI. CONCLUSIONS 
Effect of control of plasma confinement layer on laser 

peening has been investigated through hardness and 
residual stress measurements. The reasonable 
concentration of NaCl solution as a plasma confinement 
material is to be 6% for introducing efficient plastic 
deformation. 
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Abstract—The research aimed to prepare Zinc-doped TiO2 
photocatalyst by impregnation to reduce nitrate ion by UVC 
irradiation. The effects of Zn loading, ethanol concentration 
and hydrogen peroxide addition were examined. During the 
reaction test, the nitrate concentration was determined by 
UV-vis spectrophotometry. Then, the conversion was 
analyzed to evaluate nitrate reduction for the catalyst 
performance. The catalyst characterization was measured 
for the surface area and particle size by BET and Laser 
particle size methods, respectively. Among various results, it 
was found that 12%wt. Zn-doped TiO2 photocatalyst with 
0.06 M ethanol gave 31.62% for nitrate reduction. It had the 
surface area of 10.62 m2/g and the particle size about 7.62 
microns. It was speculated that ethanol became the hole-
scavenger reagent to increase the nitrate reduction while 
H2O2 enhanced the efficiency of photolysis. Therefore, it can 
be concluded that Zn-doped TiO2 photocatalyst can reduce 
nitrate ion. The chemical kinetic of this result will be studied 
further. 
 
Keywords— nitrate reduction, photocatalysis, wastewater 
Treatment 
 

I. INTRODUCTION 
Nitrate is one of the important nutrients (NPK) from 

fertilizer for vegetation and agriculture in the farms. It is 
also available from nature in nitrogen cycle and in the 
animal waste [1], [2]. The excess amount of nitrate in 
agriculture can permeate to underground water and leach 
to public water resource. Then it caused water pollution as 
eutrophication and damage animals [3] including human 
threat on drinking water [4]. Then, the EU regulation for 
nitrate content in groundwater was limited at 50mg/L [5], 
and WHO had specified nitrate content at 50mg/L [6], [7]. 
In Thailand, Pollution control department had regulated 
the nitrate content at 4 mg/L for the bottled drinking water 
[8]. The allowed nitrate content is the important parameter 
for water quality control. Then, the method to reduce 
nitrate is the challenging issue.  

One method to reduce nitrate is the application of 
photocatalysis. The well-known photocatalyst is TiO2 
with various transition metals doping for water pollution 
control [9], [10]. The previous report on Ag/TiO2 
photocatalyst for phenol photoconversion, it reduced 
phenol to 53.7% by H2O2 + 5% Ag/TiO2 photocatalyst 
[11]. The presence of Ag increased particle agglomeration 
and increased active sites for phenol adsorption. Zn/TiO2 
clay photocatalyst could degrade methyl green in aqueous 
solution. And the various parameters played role on the 
catalyst activity such as pH, catalyst dosage, and the 
presence of oxidant [12]. In case of indigo carmine 
photodegradation [13], it was examined by Zn/TiO2 

photocatalyst with Ti: Zn ratio of 5:1 had 12.3% 
conversion. And it was found that sunlight with 
unmodified TiO2 showed 87% conversion. Gold/Gold ion 
doping on TiO2 photocatalyst could photodegrade 
methylene blue with the visible light irradiation [14]. The 
presence of gold decreased energy band gap below 3.2 eV.  

As mentioned above nitrate ion was the selected ion 
and the proper condition to find out for Zn/TiO2 
photocatalyst became the crucial parameter for the 
optimum performance. The research aimed to prepare Zn-
doped TiO2 photocatalyst by impregnation and to test its 
performance with nitrate ion. The effects of Zn/Ti ratio and 
the type of irradiation were also examined with the 
addition of ethanol and H2O2. It was postulated that 
ethanol had some function similar to that of 
H2O2 on photocatalysis. The results will show the 
optimum condition to reduce nitrate in the aqueous 
solution and it will be the solution to control water 
pollution. 
 

II. EXPERIMENTAL PROCEDURE 
The research consisted of 3 main sections. There were 

catalyst preparation, catalyst characterization and catalyst 
testing. The chemicals for catalyst preparation were TiO2 
supplied by Carlo Erba and ZnCl2 by Fisher Scientific 
Co.Ltd. While ethanol and hydrogen peroxide (H2O2) 
were provided by Carlo Erba. The nitrate ion from NaNO3 
solution was derived from Rankem Co.Ltd. P25 was the 
commercial TiO2 produced by Aeroxide-Evonik Pte.Ltd.  

The catalys preparation involved ZnCl2 solution and 
the impregnation on 5 g of TiO2 powder. The weight 
percent of Zn was varied 12%, 6.38% and 1.0%, 
respectively. After impregnation, the conditon for drying 
occurred at 120oC 2 hr and calcination at 400oC 6 hr. 
The catalyst testing was conducted in the photoreactor 
with UVC irradiation was produced from 15W*3 bulbs 
[15]. Using 100 ppm of nitrate solution, the solution from 
the beaker was transferrred to determine the absorbace by 
UV-vis spectrometer with 𝝀𝝀 203 nm. Then, the nitrate 
conversion was calculated by Eq.1. And the list of 
experiment also tabulated in Table 1. 
 

% nitrate reduction =  𝐶𝐶0− 𝐶𝐶1
𝐶𝐶0

 × 100      Eq.1 
 

Co and Ct represented the initial concentration and 
instantaneous concentration, respectively. 
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