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Scaling approach to laser shock processing is studied by dimensional analysis and numerical

simulation. The essential dimensionless parameters controlling the shock effect are studied, and a

geometrical scaling law correlating the input laser parameters and the output strengthening effect

parameters is presented. The numerical results show that there is a competition controlling

mechanism between thickness of confined overlay and laser duration for the surface residual stress;

the plastically affected depth increases linearly with increasing laser duration, increases

quadratically with increasing laser power density, and is almost independent with the thickness of

confined overlay. Based on the results, a window of the optimal working parameters is presented.
VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4816487]

I. INTRODUCTION

Laser shock processing (LSP), which is an advanced sur-

face enhancement technique for metals,1–4 has been widely

adopted in aerospace and automobile industries to improve

mechanical behavior of some key components.5–9 In a typical

LSP process, followed by high power density laser irradiating

an opaque absorption layer glued on the metallic target surface

through a sheet of transparent overlay, a thin surface layer of

the metallic target is heated and transformed into plasma state

with high electron density and constrained between the trans-

parent overlay and the rest part of the target. Generally, the

plasma pressure reaches up to several GPa in tens of nanosec-

onds. After the laser switches off, the plasma pressure drops

sharply according to the rapid adiabatic expansion.3,10–13

Accompanied with the propagation of the shock pressure,

plastic deformation occurs in a surface layer of the metallic

material and leaves certain residual stress distribution through-

out the plastically affected region.14,15 Here, we define the

depth of the plastically affected region as the distance from

the point, where residual stress changes sign from negative to

positive, to the free surface. The magnitude of the depth of

plastically affected region and the residual stress are important

for evaluating the shock effects of LSP. The characteristic pa-

rameters describing the residual stress distribution include the

residual stress at the surface of the plastically affected region

rsurf, the plastically affected depth Lp, etc.

However, it is difficult to achieve optimized parameters

by theoretical analysis because LSP is a complex process

influenced by multiple parameters such as laser parameters

(e.g., laser power density, laser spot size, and shape) and ma-

terial parameters (e.g., mechanical and thermo-dynamical

properties of confined overlay, absorption layer, and metallic

target). Ballard14 derived the relationships between shock

effects and shock pressure applied on the surface of metallic

target. In his analysis, the pressure is assumed as uniform in

spatial and triangular in temporal. In addition, the elastic-

perfectly plastic behavior of target was taken into account.

Recently, Wu and Shin16 analyzed the residual stress distribu-

tion under given laser parameters by a physical model. The

shock relation was taken into account, and the inertial con-

finement effects of the transparent overlay and the metallic

target were not concerned with. The most related studies on

LSP focused attention on experiments to obtain the influence

of individual parameter such as laser spot shape and its inten-

sity, or mechanical properties of confined overlay,

etc.5,14,17–23 However, essential dimensionless parameters,

which determine the characteristics of residual stress distribu-

tion, have not been shed light on the mechanism clearly yet.

In response to the deficiency of the related issues men-

tioned above, the present paper focuses attention on the anal-

ysis of the dimensionless cause and effect relationship for

LSP. Meanwhile, the effects of bulk compressibility and in-

ertial confinement of confined overlay and metallic target are

examined in the present analysis. This paper is organized as

follows. In Sec. II, the essential dimensionless parameters in

LSP are deduced by dimensional analysis. Especially, a geo-

metrical scaling law is derived. In Sec. III, a numerical simu-

lation scheme for LSP is given, in which the effects of bulk

compressibility and inertial confinement of confined overlay

and metallic target are taken into account. In Sec. IV, the nu-

merical results are given and discussed. The geometrical

scaling law is validated, and the influence of dimensionless

parameters on shock effects is analyzed.

II. DIMENSIONAL ANALYSIS OF LSP

For the sake of simplicity, some assumptions are made

as follows. The materials of the absorption layer and the tar-

get are the same metallic material. High power density laser

deposits in a thin layer of metallic target surface in a short

time. The deposited energy is used to melt, vaporize, and

ionize a thin surface layer of the metallic target, and then

such layer is transformed into a plasma layer with high tem-

perature and high pressure instantaneously. The thin layer of

plasma continues to absorb the laser energy through inversea)Electronic mail: huangcg@imech.ac.cn1

0021-8979/2013/114(4)/043105/9/$30.00 VC 2013 AIP Publishing LLC114, 043105-1

JOURNAL OF APPLIED PHYSICS 114, 043105 (2013)

Downloaded 24 Sep 2013 to 159.226.199.8. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://jap.aip.org/about/rights_and_permissions

http://dx.doi.org/10.1063/1.4816487
http://dx.doi.org/10.1063/1.4816487
mailto:huangcg@imech.ac.cn1
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4816487&domain=pdf&date_stamp=2013-07-25


bremsstrahlung absorption mechanism until the laser light

source switches off.3 The laser absorption coefficient of the

metallic target is assumed as A. After the laser switches off,

the heated plasma layer expands adiabatically.

As the plasma is constrained between the confined over-

lay and target all the time, a shock wave propagates deeper

into the target to induce plastically toughening effect. The

mechanical behavior of the target is improved eventually

because of the effects of bulk compressibility and inertial

confinement of confined overlay and metallic target. The

Mie-Gr€uneisen equation of state (EOS) is adopted to

describe the bulk compressive behavior,

p� pkðVÞ ¼ c=V � ½E� EkðVÞ�; (1)

where p, V, and E are pressure, specific volume, and internal

energy, respectively; c is Mie-Gr€uneisen coefficient; pk(V)

and Ek(V) are pressure and specific internal energy at 0 K,

respectively. Because the relationship between the pressure

pH(V) and specific internal energy EH(V) along the Hugoniot

line can be measured by shock experiments, Eq. (1) can be

replaced by the following equation:24,25

p� pHðVÞ ¼ c=V � ½E� EHðVÞ�: (2)

Additionally, pH(V) and EH(V) can be determined with the

relationship between shock velocity U and particle velocity

u, which satisfies an empirical linear expression,

U ¼ cþ b � u; (3)

where c and b are material constants. To consider the inertial

confinement, the thickness of the confined overlay and the

metallic target is taken into account.

Based on the physical description, dimensional analysis

method is taken to analyze the glass-confined LSP process.

Note that water-confined LSP is more popular in practice.

However, glass-confined LSP experiments could be easily

controlled and repeatable. Nevertheless, we think that, the

similar analysis could be performed if taking a layer of water

as confinement by using the parameters of water instead of

BK7 glass. Through appropriate dimensionless analysis, cau-

sality of physical phenomena can be highlighted.26 The pa-

rameters controlling the effect of LSP are described in Fig. 1

and listed as follows:

High power density laser: rate of energy flow J, laser

duration (full width at half maximum, FWHM) s, and spot

area S.

Laser absorption coefficient of metallic target: A.

Confined overlay: initial density q0, Young’s modulus

E0, Poisson’s ratio �0, yield stress Y0, and thickness h0.

Metallic target: initial density q, Young’s modulus E,

Poisson’s ratio �, yield stress Y, thickness h; latent heat of

fusion Lm, latent heat of vaporization Lv, and ionization

energy Ei; Mie-Gr€uneisen EOS coefficient c, b, and c, where

the metallic target is assumed to be described by hydro-

elastoplastic model.27 Such constitutive model consists of

volumetric change part and shape distortion part. The volu-

metric change part satisfies Mie-Gr€uneisen EOS and the

shape distortion part satisfies elasto-perfectly plastic relation-

ship between deviatoric stress and deviatoric strain.

The eventual shock effects on metallic target, character-

ized by the surface residual stress at the center of the impact

region, rsurf, and the depth of the plastically affected depth

along the central axis of the impact region, Lp, should be a

function of the governing parameters characterizing the

laser, the confined overlay, and the metallic target,

rsurf ¼ f ðAJ;s;S;q0;E0;�0;Y0;h0;q;E;�;Y;Lm;L�;Ei;c;b;c;hÞ;
(4)

Lp ¼ gðAJ;s;S;q0;E0; �0;Y0;h0;q;E; �;Y;Lm;L�;Ei;c;b;c;hÞ:
(5)

Generally, in LSP the thickness of metallic target, h, is rela-

tively large enough, and thereby the metallic target can be

approximately considered as infinitely thick. While consider-

ing the effect of parameter h, a similar analysis could be

performed. Taking laser spot area S, initial density q, and

Mie-Gr€uneisen parameter c of metallic target as a unit system,

the following dimensionless relationships can be obtained:

rsurf

Y
¼ f

AJ

qc3
;

s

S1=2=c
;
q0

q
;
E0

E
;
Y0

Y
;

h0

S1=2
; �0;

Y

E
;
q�2=Y

M2
;
Lm

c2
;
L�
c2
;
Ei

c2
; c; b; �

 !
; (6a)

Lp

S1=2
¼ g

AJ

qc3
;

s

S1=2=c
;
q0

q
;
E0

E
;
Y0

Y
;

h0

S1=2
; �0;

Y

E
;
q�2=Y

M2
;
Lm

c2
;
L�
c2
;
Ei

c2
; c; b; �

 !
; (6b)

FIG. 1. Parameters of laser, confined overlay, and metallic target in glass-

confined LSP regime. The material of the absorption layer is same as the tar-

get to simplify the analysis.

043105-2 Wu, Tan, and Huang J. Appl. Phys. 114, 043105 (2013)

Downloaded 24 Sep 2013 to 159.226.199.8. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://jap.aip.org/about/rights_and_permissions



where M¼ �/c is Mach number. The physical meanings of

the dimensionless parameters are as follows:

AJ
qc3 : represents the ratio of energy deposition effect to com-

pressible effect of the target.
s

S1=2=c
: represents the ratio of loading duration to unloading

duration in the target.
q0

q ;
E0

E ;
Y0

Y : represent the characteristic density, elastic modu-

lus, and yield stress of the confined overlay, respectively.
h0

S1=2 : represents the ratio of inertial confinement effect to the

unloading effect from the free surface.
Y
E : represents the elastic deformation limit of the target.

q�2=Y
M2 : represents ratio of Cheng constant27 to Mach number.

Lm

c2 ;
L�
c2 ;

Ei

c2 : represent the ratios of fusion effect, vaporization

effect, and ionization effect to compressible effect of the

target, respectively.

c; b : are adiabatic exponent and constant of Hugoniot equa-

tion of state of the target, respectively.

�0; � : are Poisson’s ratios of confined overlay and target,

respectively.

The 12 material related dimensionless parameters in the

bracket on the right hand side in Eqs. (6a) and (6b) remain

constant, if the parameters of confined overlay and metallic

target are unchanged. Therefore, simpler relationships are

achieved as follows:

rsurf

Y
¼ f

AJ

qc3
;

s

S1=2=c
;

h0

S1=2

� �
; (7a)

Lp

S1=2
¼ g

AJ

qc3
;

s

S1=2=c
;

h0

S1=2

� �
: (7b)

It is obvious that a geometrical scaling law holds for LSP

process. For the maximum residual stress, rmax, and its

located depth, Lmax, the geometrical scaling law can also be

deduced in the same way,

rmax

Y
¼ ~f

AJ

qc3
;

s

S1=2=c
;

h0

S1=2

� �
; (7c)

Lmax

S1=2
¼ ~g

AJ

qc3
;

s

S1=2=c
;

h0

S1=2

� �
: (7d)

From Eqs. (7a) to (7d), the same distribution of residual

stress will be left in the target, while the dimensionless pa-

rameters AJ/qc3, sp/(S1/2/c), and h0/S1/2 are unchanged in

LSP.

III. NUMERICAL SIMULATION

Based on coupling behavior between the laser induced

plasma evolution and the dynamic deformation of the con-

fined overlay and the metallic target, numerical simulation is

implemented to validate the geometrical scaling law and to

understand the influence of dimensionless parameters on

toughening effects. With the high power density laser irradi-

ating the metallic target surface through the transparent over-

lay, laser energy deposits in a thin surface layer of metallic

target, and the phase of the latter changes from solid one into

plasma one with high pressure and high temperature

simultaneously. After the laser switches off, the plasma

expands adiabatically. In the whole LSP process, the laser

induced plasma is constrained between the confined overlay

and the metallic target by the bulk compressibility and iner-

tial confinement, which induces the shock effects such as

surface residual stress, rsurf, and the depth of plastically

deformed region, Lp, in the metallic target eventually.

As shown in Fig. 2, after a beam of laser with certain

wavelength and power density J(t) irradiates the surface of

metallic target through the transparent confined overlay, the

laser energy deposits in a thin surface layer of the metallic

target in a short time with a depositing rate AJ(t), where A is

the absorption coefficient of the metallic target as mentioned

in Sec. II. The deposited energy is used for melting, vaporiza-

tion, and ionization, for which the characteristic parameters

are the target’s latent heat of fusion Lm, latent heat of vapori-

zation Lv, and ionization energy Ei, respectively. The phase

transition of the confined overlay is not taken into account

because of its negligible absorption coefficient. Denote the

laser ablation velocity of the metallic surface as uT,ev(t), and

the thickness and the pressure of the plasma as L (t) and p(t),
respectively. Meanwhile, the plasma continues to absorb the

irradiating laser energy through inverse bremsstrahlung

absorption mechanism until the laser switches off, by which

the internal energy e(t) and pressure p(t) of the plasma

increase quickly. The internal energy of the plasma is com-

posed of the ionization energy ei(t) and thermal energy eT(t).
The laser power density absorbed by the plasma is

JPðtÞ ¼ AJðtÞ½1� expð�jpLðtÞÞ�, where jp is the absorption

coefficient of plasma. We assumed that the fraction of laser

power density, JTðtÞ ¼ AJðtÞexpð�jpLðtÞÞ, is deposited and

absorbed by a thin surface layer of the metallic target, and the

absorbed energy is transferred to internal energy and the

work against to the neighboring overlay and the metallic part.

After the laser switches off, the plasma, confined between the

confined overlay and metallic target, expands adiabatically,

and the shock effects on the metallic target are left eventu-

ally. At the same time, the confined overlay and the undis-

turbed metallic target are deformed under the plasma

pressure p(t), which induces moving velocities at the interfa-

ces between the thin plasma layer and its neighbors, the con-

fined overlay, and the undisturbed metal part. The moving

velocities are denoted as uC(t) and uT(t), respectively. As

depicted in Fig. 2, the reference frames Or1 and Or2 are taken

for the deformation of the confined overlay and the undis-

turbed part, respectively. The increasing rate of the thickness

of plasma is then determined by the interface moving veloc-

ities of the confined overlay and the undisturbed metallic

part.

A. Mathematical formulation of plasma evolution

With laser irradiating the metallic target energy conser-

vation governs the plasma evolution, in which the deposited

laser energy absorbed by plasma is transferred to the internal

energy e of the plasma and the external work W against to

the plasma boundaries,

AJðtÞdt¼dWþde; (8)
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where

dW ¼ pðtÞ � dLðtÞ; (9)

p(t) is the average pressure in the plasma and L(t) is the

thickness of the plasma.

Refer to Fabbro et al.,3 we assume that a fraction a of in-

ternal energy of plasma is thermal energy eT(t) and another

fraction 1 �a is the energy used to ionize the high tempera-

ture gas to form the plasma,

a ¼ eTðtÞ=eðtÞ: (10)

Assume a is constant in the laser-plasma interaction and typ-

ically take as 0.1 in the simulation. Additionally, as Fabbro

et al.,3 supposing the thermal energy of the plasma is related

with pressure p(t) and thickness L(t) of the plasma, then

eTðtÞ ¼
3

2
½pðtÞLðtÞ�: (11)

Accordingly, Eq. (8) can be rewritten as

AJðtÞ ¼ pðtÞ dLðtÞ
dt
þ 3

2a
d½pðtÞ�LðtÞ�

dt
: (12)

When the laser light source switches off, the plasma

expands adiabatically,

pðtÞ ¼ pðsÞ LðsÞ
LðtÞ

� �c

; (13)

where c is the adiabatic exponent and typically taken as 2.0,

and p(s) and L(s) are the pressure and thickness of the

plasma at the time that laser light source switches off,

respectively.

The initial conditions are

Lð0Þ ¼ 0; pð0Þ ¼ 0: (14)

The boundary conditions are

dLðtÞ=dt ¼ uCðtÞ þ uTðtÞ þ uT;e�ðtÞ; (15)

where uT,e�(t) is the propagation velocity of the laser ablation

front, i.e.,

uT;e� ¼
JTðtÞ

qðLm þ L� þ EiÞ
¼

AJðtÞexp
�
�jpLðtÞ

�
qðLm þ L� þ EiÞ

; t � s

0; otherwise

:

8>>><
>>>:

(16)

B. Mathematical formulation of confined overlay and
undisturbed metallic target

In Eq. (15), the velocities uCðtÞ and uTðtÞ are related

with the dynamic behavior of the confined overlay and

undisturbed metallic target under plasma pressure p(t),
respectively. The following relationships for the confined

overlay and undisturbed metallic target are based on

Hamiltonian variational principle,

ð
V

qC
€UCðtÞdUCðtÞdVþ

ð
V

rCðtÞdUCðtÞdV

�
ð
S

pðtÞdUCðtÞdS ¼0; (17)

ð
V

qT
€UTðtÞdUTðtÞdVþ

ð
V

rTðtÞdUTðtÞdV

�
ð
S

pðtÞdUTðtÞdS ¼0;

(18)

where UCðtÞ and UTðtÞ are displacements, and €UCðtÞ and
€UTðtÞ are accelerations of confined overlay and undisturbed

metallic target, respectively.

The initial conditions are

UCðtÞjt¼0 ¼ 0; rCðtÞjt¼0 ¼ 0; UTðtÞjt¼0 ¼ 0; rTðtÞjt¼0 ¼ 0:

(19)

FIG. 2. Sketch of the numerical model.

The model places emphasis on the cou-

pling effect between plasma expansion

and dynamic behavior of materials.

The inertial confinement of the con-

fined overlay is illuminated, which is

represented by the thickness of con-

fined overlay.
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The boundary conditions are

rCðtÞjr1¼0 ¼ pðtÞ; rCðtÞjr1¼h0
¼ 0;

rTðtÞjr2¼0 ¼ pðtÞ; rTðtÞjr2!þ1 ¼ 0:
(20)

From Eqs. (8) to (20), the velocity uCðtÞ ¼ _UCðtÞ and

uTðtÞ ¼ _UTðtÞ, as well as the surface stress rsurf_t(t) and the

plastically affected depth Lp_t(t) can be solved, where _UCðtÞ
and _UTðtÞ are velocity of confined overlay and undisturbed

metallic target, respectively. In addition, the final surface re-

sidual stress rsurf and the plastically affected depth Lp can be

obtained as

rsurf ¼ rsurf tðtÞjt!1; (21)

Lp ¼ Lp tðtÞjt!1: (22)

C. Numerical simulation method

Based on Eqs. (8) to (22), it could be found that the

boundary velocity uCðtÞ and uTðtÞ as well as the plasma pres-

sure p(t) are determined by the laser energy flow, the thick-

ness of the confined overlay and dynamic behavior of the

confined overlay and undisturbed metallic target,

uCðtÞ ¼ fCðt;AJ; s; S; q0;E0; �0; Y0; h0; q;E; �; Y; c; b; cÞ;
(23)

uTðtÞ ¼ fTðt;AJ; s; S; q0;E0; �0; Y0; h0; q;E; �; Y; c; b; cÞ;
(24)

pðtÞ ¼ fpðt;AJ; s; S; q0;E0; �0; Y0; h0; q;E; �; Y; c; b; cÞ:
(25)

Because the evolution of the plasma and the dynamical defor-

mation of the confined overlay and the undisturbed metallic

target are coupled with each other, Eqs. (8) to (20) should be

solved simultaneously. A coupling explicit finite differential

code with first order precision is developed,12 by which the

plasma pressure and the surface residual stress, rsurf, and

plastically affected depth, Lp, of the metallic target can be

calculated. The LS-DYNA explicit package28 is taken to ana-

lyze the dynamic behavior of the confined overlay and the

undisturbed metallic target under the pressure p(t). The three-

dimensional numerical models for confined overlay and me-

tallic target will be described in detail at the next subsection.

Then, the LS-PREPOSTD code is used to obtain the surface

velocities uC(t) and uT(t) for confined overlay and undisturbed

metallic target, respectively. As the laser duration s is fairly

short, the time increment is taken as Dt¼ s/100 in the simula-

tion when the laser irradiates the target. After that the time in-

crement is taken as Dt¼ s/50 when the laser switches off.

The time increments chosen in the simulation meet the con-

vergent condition Dt � Dl=c0, where Dl is the minimum

length of elements, c0 is the sound velocity of materials.

1. Finite element model

As shown in Fig. 3, three-dimensional quarter-symmet-

ric finite element models of confined overlay (Fig. 3(a)) and

metallic target (Fig. 3(b)) are developed using LS-DYNA

package, in which the dimensionless coordinates x*¼ x/ S1/2,

y*¼ y/ S1/2, z*¼ z/ S1/2, and t*¼ t/s are used. The models

represent a square area with unit value of a confined overlay

with thickness h0/S1/2 and a metallic target with infinite

thickness, respectively, both of which are shocked by the

dimensionless plasma pressure p(t)/(qc2) with uniform spa-

tial distribution. The lower boundary of the target is nonre-

flective boundary condition. The confined overlay and the

metallic target are fine meshed.

In our simulation, BK7 glass and 2024 aluminum alloy

are chosen as model materials for confined overlay and

metal target, respectively. The elastic-perfect-plastic consti-

tutive model is taken for BK7 glass with initial density

q0¼ 2.52� 103 kg�m�3, Young’s modulus E0¼ 82.3 GPa,

Poisson’s ratio �0¼ 0.209, and yield stress Y0¼ 1.6

GPa.29,30 For 2024 aluminum alloy, the power law constitu-

tive model is taken to describe the plastic flow behavior,31

ry ¼ Aþ Ben
p; (26)

where ep is equivalent plastic strain, A and B are material

constants, and n is the work hardening exponent. The bulk

FIG. 3. Three-dimensional quarter-symmetric finite element models for con-

fined overlay and metallic target. The pressure is uniformly applied on the

loading squared areas of the confined overlay and metallic target.

043105-5 Wu, Tan, and Huang J. Appl. Phys. 114, 043105 (2013)

Downloaded 24 Sep 2013 to 159.226.199.8. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://jap.aip.org/about/rights_and_permissions



compressibility of 2024 aluminum alloy is described by Mie-

Gr€uneisen EOS. Its material properties are given in Table I.

2. Validation of numerical models

The convergence of the numerical simulation results has

been validated by comparing with the experimental results

of Ref. 13. The simulated residual stresses along x/S1/2 direc-

tion are shown in Fig. 4, where the minimum length of ele-

ments f*¼ 0.05 and the time increment t*¼ 0.02. The

simulated results agree well with the experimental results,

which validates the convergence of the numerical simulation

for f*¼ 0.05 and t*¼ 0.02. Therefore, the same values of f*
and t* are taken in the simulation.

IV. RESULTS AND DISCUSSION

In this section, validation of the geometrical scaling law

will be shown, and the numerical results for the influence of

dimensionless parameters, including the laser parameters

and the metallic target parameters, on the shock effects are

analyzed. The material parameters are kept constant in the

numerical simulation and listed in Table II. According to the

parameters used in LSP technique, the variation ranges of

dimensionless thickness of confined overlay, laser pulse du-

ration, and laser power density are chosen as follows:

h0=S1=2 2 ð0:2; 0:1Þ; s=ðS1=2=cÞ 2 ð0:02; 0:16Þ;
AJ=ðqc3Þ 2 ð0:0125; 0:25Þ: (27)

First, in order to validate the geometrical scaling law

deduced in Sec. II, the shock effects for constant

dimensionless thickness and laser duration are numerically

simulated, in which three sets of the parameters (s, S1/2, and

h0) are set, i.e., (50.0 ns, 2.5 mm, 0.25 mm), (30.0 ns,

1.5 mm, 0.15 mm), and (20.0 ns, 1.0 mm, 0.10 mm), which

have the common reduction ratio (5:3:2). The simulated re-

sidual stress distribution in depth of the metallic target is

given in Fig. 5. As a squared laser spot is used in the simula-

tion, the surface stress rsurf in the center of impact region is

calculated as rsurf ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2

x þ r2
y

q
. The numerical results show

that the dimensionless surface residual stresses and plasti-

cally affected depths of the metallic target for the three sets

of parameters are all about 0.76 and 1.49. The residual stress

distributions in depth for the three sets of the parameters are

almost the same, which demonstrates that the geometrical

scaling law of LSP deduced in Sec. II surely holds. The geo-

metrical scaling law is useful in LSP experiments, because

the number of the independent parameters can be reduced

and the experimental efficiency can be improved signifi-

cantly in order to obtain an optimized parameter window.

Second, the influence of thickness of confined overlay,

laser duration, and laser power density on LSP effects is

numerically simulated and analyzed. The variation ranges of

dimensionless thickness of confined overlay, laser pulse du-

ration, and laser power density for numerical simulation are

given in formula (27), and the related dimensionless material

parameters are listed in Table II. The influence of dimension-

less thickness of confined overlay and laser duration on

dimensionless surface residual stress and plastically affected

depth is numerically simulated, and the numerical results are

shown in Figs. 6 and 7, in which AJ/(qc3)¼ 0.033 and the

other dimensionless parameters are kept constant as given in

Table II. From Fig. 6, it shows that curved surface of surface

residual stress exhibits a similar inclined saddle-typed sur-

face with an obviously peak at the center (h0/S1/2¼ 0.10 and

s/(S1/2/c)¼ 0.146). Denote a¼ h0/S1/2 and b¼ s/(S1/2/c).

Along the intersection curve of the curved surface of surface

residual stress and plane 0.14aþb¼ 0.16, the surface resid-

ual stress decreases with increasing the thickness of confined

overlay or decreasing the laser duration except the peak

value at the center of the surface, which implies that, in

terms of the surface residual stress, the shock effect is

improved with increasing the thickness of confined overlay

and decreasing the laser duration simultaneously. Along the

intersection curve of the curved surface of surface residual

stress and plane �0.14aþ b¼ 0.02, the surface residual

stress increases with increasing thickness of confined overlay

or increasing laser duration if a< 0.5 and b< 0.09.

Otherwise, the surface residual stress decreases with increas-

ing the thickness of confined overlay or increasing laser du-

ration. In other word, in terms of the surface residual stress,

the shock effect is improved with increasing or decreasing

the thickness of confined overlay and laser duration simulta-

neously backwards to the point (a¼ 0.5, b¼ 0.09).

Generally, increasing laser duration will increase pressure

duration, which will increase plastically affected depth and

increase surface residual stress finally.10,32 Based on the

simulated result as depicted in Fig. 6, the tendency between

the laser duration and surface residual stress agrees with the

TABLE I. Mechanical parameters of 2024 aluminum alloy.31

q E A B c
(kg/m3) (GPa) � (MPa) (MPa) n (m/s) b c

2.77� 103 73.8 0.3 265 426 0.34 5.33� 103 1.34 2.0

FIG. 4. Residual stresses along x/S1/2 of the present simulated results and the

experimental measurement of Ballard et al. (1991), in which the same pres-

sure and material are used in the simulation. The minimum length of ele-

ments f*¼ 0.05 and the time increment t*¼ 0.02 are used in the simulation.
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simulated results, while the dimensionless thickness of con-

fined overlay is smaller than 0.3. After that the tendency is

inhibited, indicating the effect of inertial confinement of con-

fined overlay on improving the shock effect. Note that while

the thickness of confined overlay exceeds 0.7, a slightly

inverse tendency between the surface residual stress and

laser duration is exhibited. The influence of thickness of con-

fined overlay and laser duration on the surface residual stress

implies that there is a competition mechanism, especially the

peak value at the center of the saddle-typed surface may

imply a transition of controlling mechanism, which will be

further studied in the future by experiments. From Fig. 7, it

shows that the curved surface of plastically affected depth

also exhibits a similar inclined saddle-typed surface.

However, the curvature of the curved surface of plastically

affected depth is much small compared with that of the sur-

face residual stress. The plastically affected depth increases

almost monotonically with increasing laser duration, which

agrees with the experimental results of Fairand and Clauer,33

Anderholm,34 and Peyre.22 In addition, the plastically

affected depth is almost independent with the thickness of

confined overlay when dimensionless laser duration s/(S1/2/

c) is less than 0.12. However, when laser duration s/(S1/2/c)

exceeds 0.12, the plastically affected depth slightly decreases

at the beginning and then increases with increasing thickness

of confined overlay.

The relationships between dimensionless thickness of

confined overlay and dimensionless surface residual stresses

and plastically affected depth are depicted as Fig. 8, where s/

(S1/2/c)¼ 0.1066, and AJ/(qc3)¼ 0.033, and the other dimen-

sionless parameters are the same as that in Table II. The

dimensionless surface residual stress decreases exponentially

with increasing dimensionless thickness of confined overlay.

With increase of thickness of confined overlay, the effect of

bulk compressibility and inertial confinement are reinforced,

which extends the loading duration and decreases the surface

residual tensile stress of the metallic target eventually. In the

previous studies, the temporal profile of the pressure is sup-

posed to be triangular shape, which is governed by the peak

laser power density and laser duration. However, our simula-

tion shows that the thickness of confined overlay will extend

the loading duration and affects the shock effects of the me-

tallic target. A saturation of surface residual stress is exhib-

ited when the dimensionless thickness exceeds 0.6,

indicating the saturation of bulk compressibility and inertial

confinement of confined overlay. As shown in Fig. 8, the

plastically affected depth increases with increasing thickness

of confined overlay, also owing to the reinforcement of bulk

compressibility and inertial confinement effect for a much

thick confined overlay. A saturation of plastically affected

depth is attained at h0/S1/2¼ 0.4. As h0/S1/2 exceeds 0.4, the

plastically affected depth approaches to a constant 1.63.

Generally, the bulk compressibility of confined overlay was

studied in literatures.33,35 However, our simulation results

demonstrate that the inertial confinement of confined overlay

greatly affects the shock effects. A much thick confined

overlay is benefit for LSP for a certain laser spot size, and

there is a critical thickness of confined overlay. Exceeding

the critical value the shock effect will be saturated. It will be

speculated if the critical thickness of confined overlay is the

TABLE II. Material related dimensionless parameters.

q0

q
E0

E
Y0

Y
Y
E

q�2=Y
M2

Lm

c2
L�
c2

Ei

c2 c b �0 �

0.91 0.90 6.04 3.59� 10�3 2.65� 102 3.61� 10�3 0.10 0.19 2.0 1.34 0.21 0.30

FIG. 5. Residual stress distribution in depth at the center of the impact

region for sets of the parameters (s, S1/2, and h0) are (50.0 ns, 2.5 mm,

0.25 mm), (30.0 ns, 1.5 mm, 0.15 mm), and (20.0 ns, 1.0 mm, 0.10 mm). The

other dimensionless parameters are kept constant as given in Table II.

FIG. 6. Influence of laser duration and thickness of confined overlay on sur-

face residual stress of metallic target, in which the dimensionless thickness

of confined overlay ranges from 0.2 to 0.1, the dimensionless laser duration

ranges from 0.02 to 0.16, and the dimensionless laser power density is fixed

as 0.033. The other dimensionless parameters are kept constant as given in

Table II. The curved surface obviously exhibits a saddle-typed surface with

a peak value at the center of the surface.

043105-7 Wu, Tan, and Huang J. Appl. Phys. 114, 043105 (2013)

Downloaded 24 Sep 2013 to 159.226.199.8. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://jap.aip.org/about/rights_and_permissions



same for different material system, which will be investi-

gated in future by strategical LSP experiments.

Moreover, the influence of dimensionless laser duration

on the shock effects is simulated and the result is given in

Fig. 9, where h0/S1/2¼ 0.1, AJ/(qc3)¼ 0.033 and the material

parameters are kept constant as shown in Table II. From Fig.

9, it shows that the dimensionless plastically affected depth

increases linearly with increasing laser duration for given

thickness of confined overlay and laser power density, which

is consistent with the experimental results of Fairand and

Clauer,33 Anderholm,34 and Peyre et al.,22 and the theoretical

analysis result of Ballard.14 However, the influence of laser

duration on surface residual stress exhibits two stages di-

vided at s/(S1/2/c)¼ 0.128. Before this critical value, the sur-

face residual stress increases linearly with increasing laser

duration. When the laser duration exceeds the critical value a

saturation even decrease of surface residual stress is shown

in Fig. 6, which has not been presented in the previous litera-

tures. However, based on the analysis of Ballard,14 the sur-

face residual stress will increase linearly with increasing

laser duration. Note that the critical value of laser duration

will decrease with increasing thickness of confined overlay

as depicted in Fig. 6. The mechanism of saturation of surface

residual stress while laser duration exceeding critical value

will be further studied in future. Therefore, the increase of

laser duration will lead to deeper plastically affected depth,

which is benefit for LSP effects. Meanwhile, the surface re-

sidual stress could be improved by increasing thickness of

confined overlay for much longer laser duration.

Finally, the influence of laser power density on the

shock effects of metallic target is simulated as shown in Fig.

10, in which the dimensionless thickness of confined overlay

and laser duration are taken as 0.10 and 0.1066, respectively,

and the material parameters are kept constant as given in

Table II. From Fig. 10, it shows that the surface residual

FIG. 8. Influence of thickness of confined overlay on dimensionless shock

effects, in which the dimensionless laser duration and the dimensionless

laser power density are fixed as 0.1066 and 0.033, respectively, and the

dimensionless thickness of confined overlay ranges from 0.2 to 0.1. The

other dimensionless parameters are kept constant as given in Table II.

FIG. 9. Influence of laser duration on shock effects, in which the dimension-

less thickness of confined overlay and the dimensionless laser power density

are fixed as 0.1 and 0.033, respectively, and the dimensionless laser duration

ranges from 0.02 to 0.16. The other dimensionless parameters are kept con-

stant as given in Table II.
FIG. 7. Influence of laser duration and thickness of confined overlay on plas-

tically affected depth of metallic target, in which the dimensionless thick-

ness of confined overlay ranges from 0.2 to 0.1, the dimensionless laser

duration ranges from 0.02 to 0.16, and the dimensionless laser power density

is fixed as 0.033. The other dimensionless parameters are kept constant as

given in Table II. The curved surface also exhibits saddle-typed surface with

much small curvature, and the effect of inertial confinement is slight for

plastically affected depth.

FIG. 10. Influence of laser power density on shock effects, in which the

dimensionless thickness of confined overlay and the dimensionless laser du-

ration are fixed as 0.1 and 0.1066, respectively, and the dimensionless laser

power density ranges from 0.0125 to 0.25. The other dimensionless parame-

ters are kept constant as given in Table II.

043105-8 Wu, Tan, and Huang J. Appl. Phys. 114, 043105 (2013)

Downloaded 24 Sep 2013 to 159.226.199.8. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://jap.aip.org/about/rights_and_permissions



stress and plastically affected depth increase with increasing

laser power density. While the laser power density exceeds

0.033, the surface residual stress will change from compres-

sive stress to tensile stress, which is ascribed to the excessive

shock pressure just as predicted theoretically by Ballard.14 In

addition, the relationship between the laser power density

and surface residual stress and plastically affected depth can

be fitted by quadratic functions with high correlations of

R2¼ 0.988 and R2¼ 0.997, respectively. Fabbro et al.3

deduced that the peak shock pressure p is proportional to

square root of the laser power density I1/2 by using a physical

model. From this point, the shock effects approximately

have a linear relationship with peak shock pressure, which

agrees with the analysis of Ballard,14 while the peak shock

pressure is relatively much higher than the Hugoniot elastic

limit (HEL) of metallic target.

V. CONCLUSIONS

Scaling approach to LSP has been analyzed using

dimensional and finite element method. With considering

bulk compressibility and inertial effect of confined overlay

and metallic target, the coupling mechanism between plasma

expansion and dynamic deformation of the confined overlay

and the metallic target is implemented. The main conclu-

sions are as follows:

1. Geometrical scaling law for laser shock effects, which is

crucial in LSP experiments to obtain an optimized param-

eter window, is deduced by dimensional analysis and vali-

dated by numerical simulation.

2. The influence of thickness of confined overlay and laser

duration on the surface residual stress exhibits a competi-

tion mechanism between thickness of confined overlay

and laser duration. While the thickness of confined over-

lay exceeds 0.7, the influence tendency of laser duration

on surface residual stress changes to slightly reverse

direction.

3. The plastically affected depth increases with increasing

laser duration and is almost independent with the thickness

of confined overlay when dimensionless laser duration is

less than 0.12. However, when laser duration s/(S1/2/c)

exceeds 0.12, the plastically affected depth decreases at

the beginning and then increases with increasing thickness

of confined overlay.

4. The surface residual stress and plastically affected depth

increase quadratically with increasing laser power

density.
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