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Abstract— Due to the rise of concern for recycling, waste 
paper to produce recycled paper and paperboard is 
recovered in individual countries of the world. The global 
recovery rate is around 58% in 2014. But some paper such as 
beverage paper containers and the low quality waste paper 
are not suitable to the material for recycling. The utilization 
of the above paper as a solid biofuel to replace coal is 
considered to be reasonable from the standpoint of cascade 
cyclic utilization of waste biomass. The waste paper is mainly 
composed of cellulose and has a good property of low water 
content, but its heating value is two-thirds of coal. In the 
present study, the cellulose is reformed by the torrefaction 
and it is assumed that the torrefied biofuel from cellulose is 
utilized for the biomass and coal co-firing at existing coal 
power plants. There are two objectives in the present study. 
The first one is to correlate the energy properties of torrefied 
cellulose with the mass yield. The second one is to clarify the 
optimum mass yield condition to produce torrefied biofuel 
from cellulose using the modified energy analysis model. 
From the results, it is found that torrefaction has a positive 
effect on the reduction of carbon dioxide emission in the case 
that the energy consumptions for production and 
transportation of torrefied biofuel are relatively high. 
 
Keywords— Solid biofuel, Torrefaction, Cellulose, Waste 
paper, Energy properties 

I. INTRODUCTION 
Due to the rise of concern for recycling, waste paper to 

produce recycled paper and paperboard is recovered in 
individual countries of the world. According to RISI 
annual review 2015 [1], the global recovery rate is around 
58% in 2014. But some paper such as beverage paper 
containers and the low quality waste paper are not suitable 
to the material for recycling. The utilization of the above 
paper as a solid biofuel to replace coal is considered to be 
reasonable from the standpoint of cascade cyclic 
utilization of waste biomass. The waste paper is mainly 
composed of cellulose and has a good property of low 
water content, but its heating value is two-thirds of coal.  

As one of the solid fuels derived from waste paper, the 
refuse paper and plastic fuel, which is usually abbreviated 
RPF, is well known and utilized in industrial boilers. The 
RPF is a mixture of paper and plastic, and has the 
following advantages. The heating value of waste paper 
can be raised by blending the waste plastic, and moreover 
the heating value of RPF can be adjustable by changing the 
blending ratio of waste paper and waste plastic [2]. The ash 
content of RPF is much smaller than that of coal, and the 

range of ash content is 5-10 mass% [2-5]. However, the 
more the waste plastic is blended in RPF, the less the 
reduction of carbon dioxide emission becomes, because 
the property of carbon neutrality for waste paper is 
cancelled if the blending ratio of waste paper decreases.  

In the present study, the utilization of upgraded solid 
biofuel derived only from waste paper is investigated. 
Among several upgrading methods, torrefaction has come 
to attract attention as an effective upgrading method of 
biomass, because the biomass reformed by the torrefaction 
has a feature of high energy yield that is defined as the ratio 
of energy content of torrefied biomass to that of untreated 
biomass [6, 7]. The torrefaction process was devised in 
1998 by Honjyo and Sano [8, 9]. Since then, many studies 
have been conducted, and several detail reviews on 
torrefaction have already been reported [10-12].  

The main component of waste paper is cellulose, and 
therefore the cellulose powder reagent is used as an 
experimental sample. The cellulose is reformed by the 
torrefaction and it is assumed that the torrefied biofuel 
from cellulose is utilized for the biomass and coal co-firing 
at existing coal power plants. The energy properties of 
torrefied cellulose such as elemental contents, higher 
heating value and energy yield are correlated with the mass 
yield using the same method proposed by Sawai et al. [7]. 
Based on the energy properties, the effect of torrefaction 
on the reduction of carbon dioxide emission is examined 
by modifying the previous energy analysis model [7]. In 
the modified energy analysis model, an increase in mixture 
ratio of torrefied biofuel from cellulose is incorporated, 
since the torrefaction process performs functions of 
grindability [13]. According to Ooiwa [14], it is reported 
that the mixture ratio of torrefied biomass can be increased 
by two or three times, because the torrefaction of biomass 
reduces the load applied on a coal mill.   

There are two objectives in the present study. The first 
one is to correlate the energy properties of torrefied 
cellulose with the mass yield. The second one is to clarify 
the optimum mass yield condition to produce torrefied 
biofuel from cellulose using the modified energy analysis 
model. 

II. EXPERIMENTAL SAMPLES AND PROCEDURES 
Fig.1 shows the variation of the mass yield YM of 

torrefied cellulose with pyrolysis temperature T. As seen 
in the figure, the pyrolysis temperature condition is divided 
into three regions. In the temperature below 220 deg. C., a 

slight decrease of YM occurs due to the elimination of free 
water. In the temperature above 350 deg. C., YM is lower 
than 0.4, and the mass decreasing rate against T is small. 
In the temperature range between 220 and 350 deg. C, the 
drastic mass reduction occurs due to the emission of 
volatile organics and chemical bound water. The pyrolysis 
in the above temperature range is called “torrefaction” 

Fig.2 shows the torrefied cellulose samples for various 
mass yield. The color of sample changes from light brown 
to black as the pyrolysis proceeds.  
 

 
Fig. 1 Variation of Mass Yield with Pyrolysis Temperature 

 

 
Fig.2 Torrefied Cellulose Samples 

 

III. ENERGY PROPERTIES OF TORREFIED CELLULOSE 
Fig.3 shows the variation of carbon, hydrogen and 

oxygen contents of torrefied cellulose with YM. The linear 
relationship between them is confirmed, and the following 
relations for carbon, hydrogen and oxygen are obtained. 
As the pyrolysis proceeds, the content of carbon increases, 
while the contents of oxygen and hydrogen decrease. 
 

  9.864.44% M  YC   (1) 
 

  97.231.3% M  YH   (2) 
 

  33.98.41% M  YO   (3) 
 

 
Fig. 3 Variation of C, H, O with Mass Yield 

 
One of typical experimental correlations to estimate 

the higher heating value (HHV) of biomass is shown in 
eq.(4) where C, H, S, O, N and A represent carbon, 
hydrogen, sulfur, oxygen, nitrogen and ash contents and 
the unit of HHV is MJ/kg, which is proposed by 
Channiwala et al. [15]. 
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Chen et al. [12] has shown that the above relation is 

also applicable to the estimation of HHV of torrefied 
biomass. Substituting eqs.(1), (2) and (3) into eq.(4), HHV 
of torrefied cellulose can be expressed by the following 
linear equation of YM.  
 

87.3292.15  MYHHV (5) 

From the above equation, HHV1 and  HHV0 which are 
defined by HHV at YM=1 and YM=0 can be obtained as 
follows. 
 

95.161 HHV  MJ/kg  (6) 
 

87.320 HHV  MJ/kg  (7) 
 

HHV1 represents HHV for untreated cellulose in oven-
dry, while HHV0 is a virtual HHV and defined as the limit 
of HHV when YM approaches zero. Using eqs. (6) and (7), 
HHV of torrefied cellulose can be rewritten as follows. 
 

87.32)95.1687.32(  MYHHV  (8) 
 
Dividing eq.(8) by HHV1, the improving ratio of HHV of 
torrefied cellulose to that of untreated cellulose, RH is 
obtained and RH is expressed by the following linear 
equation of YM. 
 

94.1)194.1( M  YRH   (9) 
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The energy yield of torrefied biofuel, YE that is defined 
as the ratio of energy content of torrefied cellulose to that 
of untreated cellulose is defined by 
 

MHME YRYHHVHHVY  )( 1 (10)
 
Substituting eq.(9) into eq.(10), the following quadratic 
equation of YM is obtained for YE of torrefied cellulose. 
 

  MME YYY  94.1)194.1(       (11) 
 

From the above results, it is found that the energy 
properties of torrefied cellulose such as elemental contents, 
HHV, RH and YE can be correlated with YM. Fig.4 shows 
the variation of RH and YE with YM. The solid and broken 
curves represent the results of torrefied cellulose and 
Japanese cedar. As compare with Japanese cedar obtained 
in the previous study [7], RH and YE of torrefied cellulose 
at a given YM are larger than those of torrefied Japanese 
cedar. In the case that YM=0.7, RH and YE of torrefied 
cellulose are 1.28 and 0.90, while RH and YE of torrefied 
Japanese cedar are 1.19 and 0.83.  
 

 
Fig. 4 Variation of RH and YE with YM of torrefied cellulose 

 

IV. ENERGY ANALYSIS OF TORREFIED BIOFUEL FROM 
CELLULOSE 

In the same manner as the previous study [7], the net 
energy of torrefied cellulose to replace fossil fuels, ΔEN is 
given by  
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where MB is the gross mass of cellulose used to produce 
torrefied biofuel and EC is the energy consumption per unit 
mass required for transportation, comminution, 
torrefaction and molding of biofuel. The first and second 
term in the right hand side represent the gross energy 
content of torrefied cellulose and the gross energy 
consumption for production and transportation, and the 
difference between them becomes the net energy. It is 
noted that MB is changed by the mixture ratio of torrefied 
biofuel for co-firing, and given by the following relation 
 

CFBB rMM  0 (13) 
 
where MB0 is the gross mass of cellulose for the basic 
mixture ratio of torrefied biofuel, 3.0 mass% and rCF is the 
increasing ratio of mixture ratio to the basic mixture ratio 
3.0 mass%. Introducing rCF in eq.(13) makes it possible to 
examine the effect of increase in mixture ratio of torrefied 
biofuel on ΔEN. Dividing ΔEN by HHV1 and MB0, the 
dimensionless net energy of torrefied biofuel, ΔE is 
obtained by 
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where C represents the non-dimensional energy 
consumption and defined by the following relation. 
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Table 1 shows the analysis condition to examine ΔE 
for various YM. In the case A, it is assumed that the mixture 
ratio of torrefied biofuel from cellulose increases linearly 
with decreasing YM, since the torrefaction process 
performs functions of grindability. The maximum mixture 
ratio is 6.0 mass% at YM=0.25. In the case B, the mixture 
ratio of torrefied biofuel from mixture ratio of torrefied 
cellulose is kept to be 3.0 mass% regardless of YM.  
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Fig. 5 Variation of ΔE with YM 

 

 
Fig. 6 Variation of optimum YM with C 

 
Fig.5 shows the variation of ΔE with YM for the case A 

and case B. Fig.5a and 5b are the results for C=0.1 and 0.5. 
The cross symbol represents the maximum of ΔE for each 
analysis condition. In the case of C=0.1, shown in Fig.5a, 
which corresponds to the condition of low energy 
consumption, ΔE for the case B decreases monotonously 
with decreasing YM. This means that the carbon dioxide 
emission of torrefied biofuel becomes larger than that of 
untreated biofuel at YM=1, that is the torrefaction has a 
negative effect on the reduction of carbon dioxide 
emission. But ΔE for the case A has a maximum at YM =0.6, 
which means that the carbon dioxide emission of torrefied 

biofuel at YM =0.6 is smallest. In Fig.5b, it is shown that 
both ΔE for the case A and B have maxima at YM =0.55 
and 0.75. When the non-dimensional energy consumption 
C is 0.5, the effectiveness of torrefaction in reducing the 
carbon dioxide emission are confirmed for the case A and 
B. 

Fig.6 shows the variation of optimum YM with C for 
both cases. The optimum YM is defined as the mass yield 
when ΔE has a maximum. When the optimum YM is below 
unity, the torrefaction has a positive effect on the reduction 
of carbon dioxide emission. In the case B, the optimum YM 
decreases monotonously, and becomes below unity when 
C is above 0.1. Therefore, the torrefied biofuel becomes 
effective in reducing the carbon dioxide emission, when 
the non-dimensional energy consumption C is relatively 
high. In the case A, the optimum YM is in the range between 
0.6 and 0.45 for all conditions of C. From the results, it is 
found that the torrefaction has a positive effect on the 
reduction of carbon dioxide emission regardless of C, 
when the mixture ratio of torrefied biofuel increases with 
decreasing YM. 

V. CONCLUSIONS 
Energy properties of torrefied cellulose correlated with 

mass yield, and the optimum mass yield condition to 
produce torrefied biofuel are investigated. The results 
obtained in the study are as follows. 
(1) The improving ratio of HHV of torrefied cellulose to 

that of untreated cellulose is expressed by the linear 
equation of mass yield. The energy yield of torrefied 
cellulose is correlated with the quadratic equation of 
mass yiels. The improving ratio of HHV and energy 
yield of torrefied cellulose at a given mass yield are 
larger than those of torrefied Japanese cedar. 

(2) The modified energy analysis model to examine the 
net energy of torrefied biofuel from cellulose, ΔE is 
proposed by taking into account the mixture ratio of 
biomass for co-firing. In the case of low energy 
consumption, ΔE decreases monotonously with 
decreasing mass yield, which means that the 
torrefaction has a negative effect on the reduction of 
carbon dioxide emission. But in the case of higher 
energy consumption, ΔE has a maximum, which 
shows that the torrefaction has a positive effect on the 
reduction of carbon dioxide emission.  

(3) When the mixture ratio of torrefied biofuel for co-
firing increases with decreasing mass yield, the 
torrefaction has a positive effect on the reduction of 
carbon dioxide emission regardless of the non-
dimensional energy consumption. 

REFERENCES 
[1]  Annual Review of Global Pulp & Paper Statistics. BOSTON: 

RISI, 2015. 
[2]  X.-R. Li, W.-S. Lim, Y. Iwata, and H. Koseki, “Thermal 

characteristics and their relevance to spontaneous ignition of 
refuse plastics/paper fuel,” Journal of Loss Prevention in the 
Process Industries, vol. 22, no. 1, pp. 1–6, Jan. 2009. 

[3]    Z. Kadirova, Y. Kameshima, A. Nakajima, and K. Okada, 
“Preparation and sorption properties of porous materials from 
refuse paper and plastic fuel (RPF),” Journal of Hazardous 
Materials, vol. 137, no. 1, pp. 352–358, Sep. 2006. 

[4]    J. Kobayashi, K. Kawamoto, R. Fukushima, and S. Tanaka, 
“Woody biomass and RPF gasification using reforming 

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 10

0.2

0.4

0.6

0.8

1

1.2

YM

Δ
E

C=0.1
 case A
 case B

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 10

0.2

0.4

0.6

0.8

1

1.2

YM

Δ
E

C=0.5
 case A
 case B

0 0.2 0.4 0.6 0.8 10.2

0.4

0.6

0.8

1

C

Y M
op

t

 case A
 case B

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

30



The energy yield of torrefied biofuel, YE that is defined 
as the ratio of energy content of torrefied cellulose to that 
of untreated cellulose is defined by 
 

MHME YRYHHVHHVY  )( 1 (10)
 
Substituting eq.(9) into eq.(10), the following quadratic 
equation of YM is obtained for YE of torrefied cellulose. 
 

  MME YYY  94.1)194.1(       (11) 
 

From the above results, it is found that the energy 
properties of torrefied cellulose such as elemental contents, 
HHV, RH and YE can be correlated with YM. Fig.4 shows 
the variation of RH and YE with YM. The solid and broken 
curves represent the results of torrefied cellulose and 
Japanese cedar. As compare with Japanese cedar obtained 
in the previous study [7], RH and YE of torrefied cellulose 
at a given YM are larger than those of torrefied Japanese 
cedar. In the case that YM=0.7, RH and YE of torrefied 
cellulose are 1.28 and 0.90, while RH and YE of torrefied 
Japanese cedar are 1.19 and 0.83.  
 

 
Fig. 4 Variation of RH and YE with YM of torrefied cellulose 

 

IV. ENERGY ANALYSIS OF TORREFIED BIOFUEL FROM 
CELLULOSE 

In the same manner as the previous study [7], the net 
energy of torrefied cellulose to replace fossil fuels, ΔEN is 
given by  
 

CBMBEN EMYMHHVYE  1 (12) 
 

where MB is the gross mass of cellulose used to produce 
torrefied biofuel and EC is the energy consumption per unit 
mass required for transportation, comminution, 
torrefaction and molding of biofuel. The first and second 
term in the right hand side represent the gross energy 
content of torrefied cellulose and the gross energy 
consumption for production and transportation, and the 
difference between them becomes the net energy. It is 
noted that MB is changed by the mixture ratio of torrefied 
biofuel for co-firing, and given by the following relation 
 

CFBB rMM  0 (13) 
 
where MB0 is the gross mass of cellulose for the basic 
mixture ratio of torrefied biofuel, 3.0 mass% and rCF is the 
increasing ratio of mixture ratio to the basic mixture ratio 
3.0 mass%. Introducing rCF in eq.(13) makes it possible to 
examine the effect of increase in mixture ratio of torrefied 
biofuel on ΔEN. Dividing ΔEN by HHV1 and MB0, the 
dimensionless net energy of torrefied biofuel, ΔE is 
obtained by 
 

CFME rCYYE  )( (14) 
 
where C represents the non-dimensional energy 
consumption and defined by the following relation. 
 

1

C

HHV
EC  (15) 

 
Table 1 Mixture ratio of torrefied biofuel  

from cellulose for co-firing 

 
 

Table 1 shows the analysis condition to examine ΔE 
for various YM. In the case A, it is assumed that the mixture 
ratio of torrefied biofuel from cellulose increases linearly 
with decreasing YM, since the torrefaction process 
performs functions of grindability. The maximum mixture 
ratio is 6.0 mass% at YM=0.25. In the case B, the mixture 
ratio of torrefied biofuel from mixture ratio of torrefied 
cellulose is kept to be 3.0 mass% regardless of YM.  
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0.30 5.8 1.93 0.30 3.0 1.00
0.35 5.6 1.87 0.35 3.0 1.00
0.40 5.4 1.80 0.40 3.0 1.00
0.45 5.2 1.73 0.45 3.0 1.00
0.50 5.0 1.67 0.50 3.0 1.00
0.55 4.8 1.60 0.55 3.0 1.00
0.60 4.6 1.53 0.60 3.0 1.00
0.65 4.4 1.47 0.65 3.0 1.00
0.70 4.2 1.40 0.70 3.0 1.00
0.75 4.0 1.33 0.75 3.0 1.00
0.80 3.8 1.27 0.80 3.0 1.00
0.85 3.6 1.20 0.85 3.0 1.00
0.90 3.4 1.13 0.90 3.0 1.00
0.95 3.2 1.07 0.95 3.0 1.00
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Fig. 5 Variation of ΔE with YM 

 

 
Fig. 6 Variation of optimum YM with C 

 
Fig.5 shows the variation of ΔE with YM for the case A 

and case B. Fig.5a and 5b are the results for C=0.1 and 0.5. 
The cross symbol represents the maximum of ΔE for each 
analysis condition. In the case of C=0.1, shown in Fig.5a, 
which corresponds to the condition of low energy 
consumption, ΔE for the case B decreases monotonously 
with decreasing YM. This means that the carbon dioxide 
emission of torrefied biofuel becomes larger than that of 
untreated biofuel at YM=1, that is the torrefaction has a 
negative effect on the reduction of carbon dioxide 
emission. But ΔE for the case A has a maximum at YM =0.6, 
which means that the carbon dioxide emission of torrefied 

biofuel at YM =0.6 is smallest. In Fig.5b, it is shown that 
both ΔE for the case A and B have maxima at YM =0.55 
and 0.75. When the non-dimensional energy consumption 
C is 0.5, the effectiveness of torrefaction in reducing the 
carbon dioxide emission are confirmed for the case A and 
B. 

Fig.6 shows the variation of optimum YM with C for 
both cases. The optimum YM is defined as the mass yield 
when ΔE has a maximum. When the optimum YM is below 
unity, the torrefaction has a positive effect on the reduction 
of carbon dioxide emission. In the case B, the optimum YM 
decreases monotonously, and becomes below unity when 
C is above 0.1. Therefore, the torrefied biofuel becomes 
effective in reducing the carbon dioxide emission, when 
the non-dimensional energy consumption C is relatively 
high. In the case A, the optimum YM is in the range between 
0.6 and 0.45 for all conditions of C. From the results, it is 
found that the torrefaction has a positive effect on the 
reduction of carbon dioxide emission regardless of C, 
when the mixture ratio of torrefied biofuel increases with 
decreasing YM. 

V. CONCLUSIONS 
Energy properties of torrefied cellulose correlated with 

mass yield, and the optimum mass yield condition to 
produce torrefied biofuel are investigated. The results 
obtained in the study are as follows. 
(1) The improving ratio of HHV of torrefied cellulose to 

that of untreated cellulose is expressed by the linear 
equation of mass yield. The energy yield of torrefied 
cellulose is correlated with the quadratic equation of 
mass yiels. The improving ratio of HHV and energy 
yield of torrefied cellulose at a given mass yield are 
larger than those of torrefied Japanese cedar. 

(2) The modified energy analysis model to examine the 
net energy of torrefied biofuel from cellulose, ΔE is 
proposed by taking into account the mixture ratio of 
biomass for co-firing. In the case of low energy 
consumption, ΔE decreases monotonously with 
decreasing mass yield, which means that the 
torrefaction has a negative effect on the reduction of 
carbon dioxide emission. But in the case of higher 
energy consumption, ΔE has a maximum, which 
shows that the torrefaction has a positive effect on the 
reduction of carbon dioxide emission.  

(3) When the mixture ratio of torrefied biofuel for co-
firing increases with decreasing mass yield, the 
torrefaction has a positive effect on the reduction of 
carbon dioxide emission regardless of the non-
dimensional energy consumption. 
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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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