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a b s t r a c t

The paper focuses on the influencing parameters to the plastically affected depth and maximum residual
stress of the metallic target after laser shock peening. Firstly, by using a new coupling analysis method,
the shock pressure characteristics including peak pressure and pressure duration are given. Secondly,
based on the deduced pressure profile, dimensional analysis method is employed to find the controlling
parameters, and the relationships of plastically affected depth, maximum residual stress versus peak
pressure, pressure duration and laser spot size are given. Thirdly, a two dimension axisymmetric finite
element model based on LS-DYNA package is built, and the dynamic responses of metallic target subject
to laser shock processing are computed with different input parameters. The result shows that the
plastically affected depth is proportional to pressure duration, whereas the maximum residual stress is
independent with it; the plastically affected depth and the maximum residual stress are not affected by
laser spot size within a certain range, whereas have approximate linear relationships with peak pressure
after reaching to a certain level; maximum residual stress and plastically affected depth increase
significantly for a thin target configuration in laser shock peening system.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Laser shock peening (LSP) is an advanced surface enhancement
technique for metallic materials to improve fatigue, corrosion and
wearing resistance [1,2]. In LSP process, high-amplitude shock
waves are generated through rapid expansion of high-temperature
plasma inducedby the interactionbetweenhighpowerdensity laser
pulse and the material surface. While the shock wave propagates
into the material, plastic deformation occurs to a depth where the
stress no longer exceeds the Hugoniot elastic limit of the material,
which induces residual stresses throughout the affected depth
[3e5]. Theplasticallyaffecteddepth Lp andmaximumresidual stress
smare twobasic parameters to evaluate the effects of LSP process. As
a practical technique, most of the researchwork in this field focused
on experiments on various metallic alloys, while some compre-
hensive modeling capacities based on analytical models and
dynamic finite element models have been established to simulate
LSP in the last fewdecades [6e15]. The shock pressure profile, which
affects Lp and sm, is very important for the effects of LSP. Fabbro et al.
[16] established a physical method to predict the peak pressure
based on the energy conservation. Sollier et al. [17] introduced the
mass conservation into Fabbro’s model, in which some variables of
plasma canbe analyzed. Recently,Wu andYung [18] proposed a self-
All rights reserved.
closed thermal model considering most of physical processes. The
effects of material constitutive model and strain rate on the shock
pressure profile are not considered in those researches though.
Furthermore, as LSP is a complex process with multiple variables,
such as the pressure pulse magnitude and its profile, spot size and
shape,material parameters and so on, an effectivemethod is needed
to predict the effect of LSP. Hu et al. [19] studied the parameters
effect on residual stress in LSP based on numerical simulations and
orthogonal experiments. Gulshan [20] proposed an optimization
method to deal with the mixed-variable problem like LSP.

The article is organized as follows. A new coupling analysis is
firstly proposed to get the characteristics of shock pressure profile.
Then, the influences of LSP parameters such as peak pressure, laser
radius and laser duration on the plastically affected depth and
maximum residual stress are systematically analyzed using the
dimensional analysis and dynamic finite element method.

2. Pressure analysis

LSP can usually be decoupled into two sequential physical pro-
cesses: (1) pressure is firstly generated by the interaction of laser
and coating confined by overlay materials and (2) shock wave
propagates in the target material and induces plastic deformation
and residual stress. Obtaining the pressure profile is the first step in
simulating LSP process. In the previous models [16e18], a linear
relationship between the shock pressure and the particle velocity is
assumed, i.e. p¼ Zu, where Z¼ rc is equivalent impedance and u is
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boundary particle velocity. The material related effects to the shock
pressure profile are not considered in those models therefore the
constant Z is taken. For LSP, assuming uniaxial strain state [11], the
stress wave velocity can be written as

c ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ð1� nÞ
rð1þ nÞð1� 2nÞ

ds
d3

s
;

so the equivalent impedance can be derived as

Zi ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ð1� niÞri
ð1þ niÞð1� 2niÞ

dsi
d3i

s
;

where ni and ri, i¼ 1,2 are Poisson’s ratio and density for target and
transparent overlay respectively. This indicates that the equivalent
impedance Z is associated with material constitutive model and
strain rate, and therefore stress state related. From this point of
view, a new coupling analysis method of the pressure is proposed,
in which the effect of material constitutive model and strain rate is
considered by taking a nonlinear relationship between the particle
velocity and the pressure. The particle velocity depends not only on
the pressure value, but also the pressure change rate.

Considering a Gaussian shape laser pulse with irradiation time
20 ns, the plasma is assumed to be generated instantaneously with
the initial length L0 and the pressure is uniform in the plasma. The
plasma expands with length L(t). The particle velocities at the target
boundary and the transparent overlay boundary are u1 and u2
respectively, which depend on the pressure p and the pressure
change ratedp=dt. The solution time is set to 50 ns, inwhich there are
two stages namely laser irradiation stage during irradiation time and
plasma’s adiabatic cooling stage during the remaining solution time.

For t� 20 ns, energy conservation is employed at this stage.
Mass conservation equation

dLðtÞ
dt

¼ u1 þ u2 (1)

Energy conservation equation

IðtÞ ¼ pðtÞdLðtÞ
dt

þ d
dt
½EiðtÞLðtÞ� (2)

where Ei(t) is the internal energy of plasma per unit volume. The
first item of Eq. (2) is the work of pressure, and the second is the
increase of internal energy. Considering the thermal energy ET(t)
Fig. 1. Pressure analysis process with d
takes a constant fraction a of internal energy and the other fraction
of the internal energy being used to generate plasma, pressure p(t)
is related to the internal energy Ei(t) by the relation

pðtÞ ¼ 2
3
ETðtÞ ¼ 2

3
aEiðtÞ (3)

Eq. (2) can be written as

IðtÞ ¼ pðtÞdLðtÞ
dt

þ 3
2a

$
d
dt
½pðtÞLðtÞ� (4)

Boundary conditions

u1 ¼ f1

�
p;
dp
dt

�
; u2 ¼ f2

�
p;
dp
dt

�
(5)

where f1 and f2 are the certain functions of particle velocity of the
transparent overlay and target material with applied pressure and
its change rate respectively.

For 20 ns< t< 50 ns, the laser beam is switched off, and the
plasma is considered as adiabatic cooling. The mass conservation
equation and the boundary conditions are same as Eqs. (1) and (5) in
thefirst stage; and the adiabatic cooling equation of plasma is taken.

pðtÞ ¼ pðsÞ
�
LðsÞ
LðtÞ

�g

(6)

where p(s) and L(s) are the pressure and length of plasma at the end
of the first stage.

The analysis couples the expansion of the plasma and the
deformation of the target material and its thickness effect. The an-
alysis procedure for two different stages of the plasma is shown in
Fig.1. After getting the relationship between the particle velocity and
the pressure for the target and transparent overlay by using LS-DYNA
and LS-propostd for every time step, pressure value can be obtained
by finite differential equations (1), (4) and (5) or (1), (5) and (6) for
different stages at the next time step.

The coupling pressure analysis method is validated with
experimental results [6] as Fig. 2. It gives the relationship between
peak laser power density and peak pressure under the irradiation of
Gaussian shape laser with FWHM 25 ns. The experimental results
are measured with VISAR technique; and the simulation results are
calculated by using the present method in which a and L0 take 0.2
and 10 mm respectively. The analysis results have good agreement
with the experimental results.
ifferential equations and LS-DYNA.



Fig. 2. The relationship between peak pressure and peak laser power density obtained
from present analysis model and experiment respectively.

X. Wu et al. / International Journal of Impact Engineering 38 (2011) 322e329324
The calculated shock pressure profiles for different initial lengths
and thermal internal energy ratios are shown in Fig. 3, where L0 is
initial length of plasma, and a is the thermal internal energy ratio.
The results from Fabbro’s pressure model are also included as
a comparison. The peak pressure increases with decreasing the
initial length and increasing the thermal internal energy ratio for
both the present model and Fabbro’s model. Also, the time to reach
the peak pressure only depends on the initial length, and decreases
with it for both models. This is probably because the analytical
model neglects the formation process of the plasma. Because of the
Fig. 3. Shock pressure profile with different initial plas
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�/�
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consideration of the interaction of elasticeplastic wave and non-
constant impedance, the peak pressure from the present analysis is
larger than that of Fabbro’s model. This difference decreases quickly
while increasing the initial length from 1 mm to 10 mm.

Compared with the previous models, it can be found that the
model in the present research takes more factors into account. The
expansion velocity of plasma is associated with not only its
pressure state and material constitutive model of target and
transparent overlay, but also the geometry model, such as the
thickness of target and transparent overlay, to take the influence
of free surface boundary into account. However, there are two
variables a and L0 in the present analysis model, which can be
determined by considering the laser ablation and the evolution
process of plasma.

3. Dimensional analysis of LSP process

The LSP process has many variables, such as the pressure pulse
magnitude, spot size and shape, material parameters and so on.
Dimensional analysis is a widely used method to solve this kind of
problems with multiple variables. Through appropriate analysis
of the relationship between dimensionless variables, the causality
of physical phenomena can be highlighted [21].

According to the P theory of dimensional analysis [21], for
a problem with n independent variables a1,a2,.,an, the dependent
variable a can be written as

a ¼ f ða1; a2; a3;.ak; akþ1;.anÞ (7)

If there are k independent dimensionless variables, a1,a2,a3,.ak,
then the following relations can be derived
ma length L0 and thermal internal energy ratio a.

an
r2
2 .arkk

�
!

(8)



Fig. 4. The related parameters in dimensional analysis system.
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It can be divided into two categories of variables in the LSP
system (Fig. 4): pressure related parameters and material related
parameters. The pressure related parameters are peak pressure P,
pressure duration s, the radius of laser spot size R. For materials
describedwith JohnsoneCook constitutivemodel [22], the effective
stress can be written as

sy ¼ �
Aþ B3p

n��1þ C ln _3*
�

where 3p is equivalent plastic strain; _3* ¼ 3p=_30

,

is normalized
equivalent plastic strain rate and _30 ¼ 1 s�1, A, B, C and m are
material constants, and n is the work hardening exponent.

The Material constitutive model related parameters are elastic
modulus E, density r, Poisson’s ratio n, constitutive parameters A, B,
n, C and equivalent plastic strain 3p. The material geometry related
parameter is the thickness of the target LT.

For a semi-infinite target, the thickness of the target LT is not
taken into account in the analysis. The plastically affected depth Lp
(the depth where radial compressive stress is zero) and maximum
residual stress sm (maximum radial compressive stress) are func-
tions of those parameters and can be written as

Lp ¼ f ðP; s;R; E; r; n;A;B;n;C; 3pÞ (9)

sm ¼ gðP; s;R; E; r; n;A;B;n;C; 3pÞ (10)

If using Hugoniot elastic limit sH and the plastic modulus E0 to
Fig. 5. The two-dimensional finit
describe the elastic and plastic dynamic behavior of the material,
sH ¼ ð1� nÞ=ð1� 2nÞsy, E0 ¼ dsy=d3p, Eqs. (9) and (10) can be
rewritten as

Lp ¼ f
�
P; s;R; E; E0; r; sH

�
(11)

sm ¼ g
�
P; s;R; E; E0; r;sH

�
(12)

With dimensionless analysis, there are four inherent dimen-
sionless parameters

ffiffiffiffiffiffiffiffiffi
E0=r

p
=
ffiffiffiffiffiffiffiffi
E=r

p
, P=sH, sH=E and ðR= ffiffiffiffiffiffiffiffi

E=r
p Þ$ð1=sÞ.

Considering an unchanged material system, the material related
dimensionless parameters

ffiffiffiffiffiffiffiffiffi
E0=r

p
=
ffiffiffiffiffiffiffiffi
E=r

p
and sH=E are excluded in

the analysis. Consequently, three instinct relations can be obtained,

Lp ¼
ffiffiffiffiffiffiffiffi
E=r

p
$s$f

 
P
sH

;
Rffiffiffiffiffiffiffiffi
E=r

p $
1
s

!
(13)

Lp ¼ R$f *
 

P
sH

;
Rffiffiffiffiffiffiffiffi
E=r

p $
1
s

!
(14)

sm ¼ P$g

 
P
sH

;
Rffiffiffiffiffiffiffiffi
E=r

p $
1
s

!
(15)

Eqs. (13) and (14) show the plastically affected depth Lp is
proportional to pressure duration s and laser spot radius R when
dimensionless parameters P=sH and ðR= ffiffiffiffiffiffiffiffi

E=r
p Þ$ð1=sÞ are constant;

from Eq. (15), at the same condition, the maximum residual stress
s is proportional to peak pressure P and not affected by pressure
duration s and laser spot radius R.

4. FEM simulations

The three-dimensional simulation with LS-DYNA explicit and
implicitmethod for single andmultiple LSPhas beenproposed byHu
et al. [15]. With convergence mesh configuration, the simulation
results are well correlated with the available experimental data. For
a circular shaped laser spot, the 2D simulation is an efficient way
becauseof less computational requirements [20]. A two-dimensional
e element simulation model.



Fig. 6. Residual stress comparison between simulation and experiment data.
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axisymmetric finite element model is developed using LS-DYNA
package, and the dynamic responses of the metallic target without
opaque overlay subject to LSP are simulated. The FE model repre-
sents a cylindrical target with a circular shaped laser spot and is
depicted in Fig. 5. The model consists of a 3� LT mm2

fine meshed
rectangular area with 120,000 2D solid elements surrounded by
5� LT mm2 relative coarsemeshed rectangular areawith 120,0002D
solid elements, where LT is the thickness of target. The John-
soneCook constitutive model without considering the effect of
temperature [20] is used.

Firstly, the simulation is conducted for Tie6Ale4V alloy and
compared with the experiment data as shown in Fig. 6. The simu-
lation parameters used in our model and the experiment data are
all from Amarchinta et al. [14]. The residual stress distributions for
two different peak pressures were calculated. The simulation for
peak pressure 8.3 GPa matches with the experimentally deter-
mined stress profile especially at the region close to the surface,
while the simulation for peak pressure 5.5 GPa shows much higher
residual stress at the surface. Other than this, for the two peak
pressures, the simulation is able to predict the trends for the entire
depth of 1.0 mm, indicating the consistency of the simulation
model.

To validate the conclusions derived in Section 3, a parametric
study was conducted using the model above. The distributed

pressure, pðr; tÞ ¼ pðtÞe� r2

2R2 , is applied on the upper boundary [23],
where R is the radius of laser spot, p(t) is calculated from the
coupling method in Section 2. The right boundary is non-reflected
boundary condition to define unbounded domain. The computa-
tion time is set to 10,000 ns as suggested by Ding and Ye [24] to
make sure the saturation of residual stress field. The 45 steel is
chosen as the target material and the material properties used in
the simulation are shown in Table 1.
Table 1
Basic material data for 45 steel [25].

Material properties, units Value

Young’s modulus, E [GPa] 206
Poisson’s ratio, n 0.3
Density, r [kg/m3] 7850
Parameter A [MPa] 507
Parameter B [MPa] 320
Parameter C [MPa] 0.064
Parameter n 0.28
Five groups of simulations are conducted and the parameters
are shown as the following,

I. P¼ 4 GPa, and ðR= ffiffiffiffiffiffiffiffi
E=r

p Þ$ð1=sÞ is constant, R¼ 0.25 mm,
s¼ 10 ns; R¼ 0.4 mm, s¼ 16 ns; R¼ 0.5 mm, s¼ 20 ns;
R¼ 0.6 mm, s¼ 24 ns;

II. P¼ 4 GPa, R¼ 0.5 mm, s is 20 ns, 40 ns, 60 ns and 80 ns
respectively;

III. P¼ 4 GPa, s¼ 20 ns, R is 0.1 mm, 0.25 mm, 0.4 mm, 0.5 mm,
0.6 mm and 1 mm respectively;

IV. s¼ 20 ns, R¼ 0.5 mm, P is 2.5 GPa, 4 GPa, 6 GPa, 8 GPa
respectively;

V. s¼ 40 ns, R¼ 0.5 mm, P¼ 4 GPa, thickness LT is 1 mm, 2 mm,
3 mm, 4 mm, 5 mm, 6 mm respectively.
5. Results and discussion

Simulation results for case I are shown in Fig. 7. As shown in
Fig. 7(a), the plastically affected depth Lp changes significantly with
various s and Rwhen the dimensionless parameter ðR= ffiffiffiffiffiffiffiffi

E=r
p Þ$ð1=sÞ

keeps constant, that is consistent with Hu et al.’s result [19], whilst
the maximum residual stress sm keeps at a similar level and
changes slightly, which is consistent with Eq. (15). Fig. 7(b) shows
Fig. 7. Results of case I: (a) Distribution of sr in depth at the central location.
(b) Relations between Lp and s, R.
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that Lp is linear with s and R, that is in a good agreement with Eqs.
(13) and (14). Because R and s change proportionally, the depen-
dence of Lp on s or R cannot be determined uniquely just from this
case and will be discussed in the next case.

Fig. 8 shows the simulation results for case II. From Fig. 8(a), Lp
clearly increases for different pressure durations, but sm is almost
unchanged. While s varies from 20 ns to 80 ns, Lp changes from
0.278 mm to 0.766 mm, and sm keeps at about 720 MPa. From Fig. 8
(b), it can be found that Lp is proportional to pressure duration, and
sm is almost constant with it. As Lp is linear with s and R that is
derived at case I, and Lp is proportional to s with different dimen-
sionless parameter ðR= ffiffiffiffiffiffiffiffi

E=r
p Þ$ð1=sÞ, while the material system

unchanged, more simple relations can be derived as follows,

LP ¼
ffiffiffiffiffiffiffiffi
E=r

p
$s$f

 
sH
P
;

Rffiffiffiffiffiffiffiffi
E=r

p $
1
s

!
¼

ffiffiffiffiffiffiffiffi
E=r

p
$s$f

�sH
P

�
(16)

sm ¼ P$g

 
P
sH

;
Rffiffiffiffiffiffiffiffi
E=r

p $
1
s

!
¼ P$g

�
P
sH

�
(17)

Eq. (16) shows the plastically affected depth has linear rela-
tionship with pressure duration, while not affected by the laser
Fig. 8. Results of case II: (a) Distribution of sr in depth at the central location.
(b) Relations between sm, Lp and s.
spot size. Eq. (17) shows maximum residual stress is only affected
by the peak pressure. For EPP materials, Ballard et al. [11,12]
proposed an analytical solution of plastically affected depth,
LP ¼ ðCelCpls=ðCel � CplÞÞððP � sHÞ=2sHÞ, where Cel and Cpl are
elastic and plastic wave velocity. So the plastically affected depth
is linear with pressure duration. Eq. (16) indicates that there is
a similar conclusion for strain hardening and strain rate affected
materials.

Fig. 9 shows the simulation results for case III. From Fig. 9(a), it
shows that when R exceeds 0.25 mm, residual stress distributions
in depth are almost identical, and when R is smaller than 0.25 mm,
results change significantly. Fig. 9(b) shows that Lp slightly
increases from 0.2 mm to 0.3 mm and sm slightly decreases from
700 MPa to 750 MPa when R increases from 0.25 mm to 1 mm. It is
to say in that range of laser spot size, those results are consistent
with Eqs. (16) and (17) which indicate that Lp and sm are not
affected by R. But while R is smaller than 0.25 mm, Lp and sm
decrease sharply. It is consistent with Peyre et al.’s result that the
plastically affected depth could be strongly reduced with a small
impact configuration [26]. This phenomenon can be ascribed to
transverse unloading effect on the boundary of the laser spot when
R is not large enough compared with the thickness of material. The
uniaxial strain assumption is not valid at such a condition that will
be discussed in case V.

Simulation results for case IV are shown in Fig. 10. Fig. 10(a)
shows that sm and Lp are affected by the peak pressure P largely, the
Fig. 9. Results of case III: (a) Distribution of sr in depth at the central location.
(b) Relations between Lp, sm and R.



Fig. 10. Results of case IV: (a) Distribution of sr in depth at the central location.
(b) Relations between sm, Lp and P.

Fig. 11. Results of case V: (a) Distribution of sr in depth at the central location.
(b) Relations between sm, Lp and LT.
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higher peak pressure, the larger smand Lp,which agreeswith results
of Clauer [8], Peyre et al. [26] andHu et al. [19]. FromFig.10(b), while
the peak pressure exceeds 4 GPa, sm and Lp are almost linear with
P. Maybe if peak pressure exceed 4 GPa in this LSP system, the
dimensionless parameter P/sH affected sm and Lp slightly, that is
similar with Ballard et al.’s analytical solution [11,12].

The analysis above is based ona givenpressure characteristics and
the analyzed parameters are independent with each other. For the
laser with identical energy and wavelength in the LSP system,
different laser spot size and duration will lead to the change of the
laser power density, which would change the shock pressure char-
acteristics and consequently the effects of LSP. From Fabbro’s equa-
tion, P ¼ Aða=ð2aþ 3ÞÞ1=2Z1=2I1=2,whereA is absorption coefficient,
a is the thermal internal energy ratio, Z is equivalent impedance, and I
is laser powder density. For the same laser shock system, If J/(sR2)
and pf I1/2, therefore pf J1/2/(s1/2R). When the laser energy is
constant, the shock pressure has inverse proportional relationship
with R and s1/2. If the laser spot size decreases 50%, the pressure will
bedoubled and twiceof laserdurationwill lead to adecreaseof30% in
the pressure. As shown in Eqs. (16) and (17), the change of laser spot
and thepressuredurationwill affect theplasticallyaffecteddepthand
the maximum residual stress for a given laser energy system.
Consistently, Fabbroet al. [27]andPeyre et al. [9] found themaximum
surface residual stress could be achieved with a short laser pulse.

The influence of the target material thickness is shown in Fig. 11.
It can be found that the residual stress distribution in depth is very
similar with various material thicknesses from Fig. 11(a). And the
result with the smaller thickness flutters quickly that reveals that
the complex interaction of stress waves in a thin material. Fig. 11(b)
shows maximum residual stresses and plastically affected depths
with different thicknesses. It shows obviously that the maximum
residual stress and plastically affected depth change significantly
when the thickness becomes smaller. The smaller the thickness is,
the larger the maximum residual stress and plastically affected
depth are. It also implies that a good shock effect can be achieved
with a thin material configuration in LSP. But it may lead to unex-
pected deformation after the LSP process due to the relaxation of
residual stress. The thin target must be constrained by somemeans.

6. Conclusions

In this paper, the dependence of the plastically affected depth
and maximum residual stress on LSP process parameters are
investigated by dimensional analysis and numerical simulations.
The main conclusions are as follows:

1. An improved new coupling analysis method of shock pressure,
which considering the nonlinear relationship between shock
pressure and particle velocity and the effect of target thickness,
is proposed. More experiments will be carried out to validate
this method in the future.
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2. The dependent dimensionless parameters of the plastically
affected depth and maximum residual stress are derived using
dimensional analysis, which provide a possible method of
systematic investigation for LSP process.

3. The major parameters P/sH and ðR= ffiffiffiffiffiffiffiffi
E=r

p Þ$ð1=sÞ that control
the LSP effects are found for a given pressure characteristics
with FEM simulations. The results are in good agreement with
dimensionless equations.

4. The influence of material thickness is investigated by FEM
analysis, which shows that, a good shock effect can be achieved
with a thin material configuration. But the target must be
constrained to avoid the relaxation of residual stress.
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