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Laser shock peening (LSP) is a competitive innovative surface treatment
technique, which can induce compressive residual stresses in metal mate-
rials. In this investigation, a modified explicit finite element analysis
(FEA) method was used to predict the residual stress distribution in 2050-
T8 aluminum alloy induced by LSP. The laser shock sequence was pro-
grammed by VDLOAD ABAQUS subroutine. Simulated residual stresses
from FEA showed good consistency with open literatures. Based on the
method, the effects of LSP parameters such as overlapping percentage,
number of impacts, laser power density, laser spot size on the average
surface residual stress and average in-depth residual stress of 2050-T8
aluminum alloy were analyzed.
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1 INTRODUCTION

Over the past decades, laser shock peening (LSP) has been proposed as a
competitive surface treatment technique [1], which can generate deeper com-
pressive residual stress compared to those characteristics of the conventional
shot peening, improve fatigue life [2], stress corrosion [3] and wear resistance
[4] of metallic materials.

*Corresponding author’s e-mail: gfsun@seu.edu.cn

99



100 R.ZHU et al.

With the development of laser technology, square shaped laser spot has been
used in LSP. It has shown more efficient coverage, overlapping, uniform packing
and improved surface quality for a layer of treatment as compared to the round
shaped spot [1]. In order to predict the residual stress field and optimize LSP
parameters, many experiments and analytical models have been reported in the
literatures [5-10]. In the meantime, a number of finite element models (FEM)
have been applied to simulate the confined LSP process. The conventional
method involves two distinct steps using both explicit and implicit solving tech-
niques to obtain an absolutely steady residual stress field. Braisted and Brockman
[11] first adopted the combined approach to predict the residual stress distribution
induced by LSP technologies in Ti-6Al-4V and 35CD4 steel in 1999. From then
on, several researchers have used this method to analyse the laser shock waves
propagated into different metallic materials, and predict residual stress distribu-
tion and surface deformation of the metal targets [12-17]. However, when there
are multiple laser shocks, the above-mentioned method becomes difficult to be
carried out. In order to meet the requirements of practical industrial applications,
a variety of LSP parameters need to be considered for multiple laser shocks.

In view of the above-mentioned facts, this investigation adopted a modi-
fied explicit procedure [18] to predict the distribution of residual stress
induced by LSP. Basic simulation for the LSP treatment of 25 impact load-
ings was calculated and validated. In addition, the influences of different LSP
parameters such as overlapping percentage, number of impacts, laser power
density, laser spot size were investigated.

2 3-D FEM AND VALIDATION

2.1 LSP analysis procedure

The modified explicit simulation approach adopted for LSP contains two
analysis steps [18]. The first is used for each LSP with a short duration explicit
approach until the kinetic energy approximates zero. The second is used for
the final shot with an extended-duration explicit approach instead of implicit
analysis. The modified explicit simulation approach should adopt infinite ele-
ments as non-reflecting boundaries and it is based on the observation that the
redistribution of residual stress field drops when a transient stress state is
steady. For a multi-shot simulation, the pulse shock sequence was imple-
mented into ABAQUS/Explicit by using VDLOAD subroutine. The proce-
dure of LSP simulation is shown in Figure 1.

2.2 High pressure pulse for LSP process

During an LSP process, a high intensity laser pulse vaporizes an absorbent
layer, forming plasma and producing an extremely high pressure on the mate-
rial surface with a short duration pulse pressure. The expression for the peak
pressure P is given by Fabbro et al. [19]:
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FIGURE 1
Laser Shock Peening Simulation Procedure.
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where o is the efficiency of the internal energy devoted to the thermal energy,
1, is the absorbed laser power density, Z is the reduced acoustic impedance
between the target Z,,,,,, and the confining medium water Z,,,...The model
considers the plasma to be a perfect gas and the impedance between two
materials is defined by the relation:

1 1
= +
Z

Zwater target

@)

N



102 R.ZHU et al.

— 20 ns width at half-maximum

0.1]

D ' . i -4 - i i [ L

0 20 40 60 80 100 120 140 160 180 200
tins)

FIGURE 2

Normalized pressure pulse induced by a 8-10ns laser pulse used in ABAQUS.

For the aluminum target, we take Z,,,.,= 1.5 x 10° g/cm® s and Z,,,,, =
0.165 x 10° g/cm? s in the calculation, The value of o varies in a range of 0.2
to 0.5, and it just depends on the transparent confining layer and the other
processing conditions [20]. o. =0.35 is used and the peak pressure is given in
Equation (3):

P(Gpa) =1.65\1,(GW / cm?) 3)

Owing to the fact that square spot shows better homogenous in intensity,
the spatial distribution of shock pressure is presumed to be uniform. The
typical profile of pressure pulse history evolution obtained from experiments
is given in Figure 2 [21].

In the work, we imposed a fixed number of pressure pulse impacting a
target material successively as shown in Figure 3. The averaged residual
stresses G,, = G;; at the surface and along the depth of the target were con-
sidered. In addition, the overlapping percentage R% was defined by R%=
Ad/d with d = laser spot size and Ad =distance between two adjacent laser
impacts.
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FIGURE 3
(A) The geometry of LSP, (b) schematic illustration of overlapped LSP.

2.3 Constitutive model and material properties

In LSP processes, the strain rate is in the order of 10%s. In order to accurately
predict the material response, the Johnson-Cook model was adopted as the
constitutive model to deal with high strain rate problems. Due to the fact that



104 R.ZHU et al.

TABLE 1
Mechanical properties of 2050-t8 aluminum alloy[21].

Material A (MPa) B (MPa) n C g (/s) E (Gpa) 0 p kg/m3
2050-T8 510 200 0.45 0.02 0.01 72 0.33 2750

thermal effect in LSP process is minimal, the thermal part of Johnson-cook
model could be removed in the finite element simulations. Therefore, the
equivalent Von Mises flow stress is given by:

o=(a+Be" )ll + CLn(éﬂ )

where ¢ is the equivalent plastic strain, € represents dynamic strain rate, and
i—:o is the quasi-static strain rate, A, B, C and n are considered to be the material
constants (A is the yield stress at 0.2% offset strain, B is the work hardening
modulus, n represents the work hardening exponent and C represents the
strain rate sensitivity). 2050-T8 aluminum alloy is the material considered for
this investigation. The material property parameters required for FEM simu-
lation are illustrated in Table 1.

2.4 Modeling of the LSP process

A three-dimensional (3D) dynamic FEM was developed to simulate the
process of 25 square laser spots impacting on the target surface. Corre-
sponding 3D model is shown in Figure 4(a). For the element type, two
types of elements (C3D8R for finite elements and CIN3DS for infinite
elements) are used, as shown in Figure 4(b). The infinite elements are
used as non-reflecting boundaries, which will prevent shock wave reflec-
tions on free surfaces from backing into the finite element area and also
can reduce the computational time. Up to 2532495 continuums three
dimensional eight-node with reduced integration elements were used to
mesh the FEM. An element size of 150umx150umx100um was used
within the shocked region.

2.5 Modified method validation

The modified method is validated by comparing computed results with avail-
able experimental data and FEA results from Hfaiedh et al [21], in which a
specimen of 2050-T8 aluminum alloy with a size of 25Smmx25mmx5mm was
treated by 25 laser impacts. In the literature, the spot size of 1.5mm, the over-
lap of 50%, the laser power density of 3.5 GW/cm? , and laser pulse of 10ns
were used in the LSP process. Figure 5 shows the kinetic energy history from
the LSP simulation. It can be seen that kinetic energy approaches zero for
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(a)

FIGURE 4
(A) 40mmx40mmx5mm 3-D model, (B) 3d fem mesh.

each LSP shot when the short duration reaches 8 x 10%. Therefore, 8 x 10s
can be selected as the short duration and 4 x 107s is selected as extended
duration.

The comparison of surface residual stress G, is shown in Figure 6. It
shows the simulated values (in grey lines in Figure 6a and b) from different
data extraction lines and average simulated values (black line in Figure 6a
and b). Similarly, the comparison of in-depth residual stress ¢, (Figure 7)
also corresponds to average simulated values. The comparison shows a good
similarity between simulations and the data from literature. Therefore, it
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FIGURE 5
Kinetic energy history in each short duration.

could be concluded that the modified calculation method is reliable to simu-
late residual stress and can be used further to predict residual stress distribu-
tion in the target induced by LSP.

3 RESULTS AND DISCUSSION

3.1 Influence of overlapping percentage

Figure 8 shows the residual stress distributions of 25 impacts on 2050-
T8 aluminum alloy when laser power density is 3.5GW/cm? , laser spot
size is 3 mm, laser pulse is 10 ns, and overlapping rate is 5%. The aver-
age simulated values of residual stresses ¢, at the surface and along the
depth of the target were considered using the inserted black dot lines
(Figure 8 a and 8b).

Overlapping percentage can drastically affect the surface residual stress
distribution and depth of residual stress during massive LSP impacts. 5% and
50% overlapping rates were applied to investigate the influence and other
parameters used in the simulations were: laser power density of 3.5 GW/cm?
, laser spot size of 3mm and laser pulse duration of 10ns.

Figure 9(a) shows that the surface residual stress across overlap regions
tends to increase with overlapping percentage. The surface residual stress
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FIGURE 6

Comparison of surface residual stress G;;, (a) modified calculation method, (b) reference values [21].

distributions of 50% overlap are more uniform than those of 5% overlap in
the overlap regions. The non-uniformity of the residual stress field caused by
the focusing of the radial stress waves has been considered, which can be
defined by the following equation:
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Comparison of in-depth residual stress , (a) modified calculation method, (b) reference values [21].
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where ¢ is the fluctuation ratio, ™ is the maximum surface residual stress
and of§™¢" is the surface residual stress of the spot center in the overlap
regions. Table 2 shows the results of surface residual stress with different
overlapping percentages obtained by numerical simulations.
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FIGURE 8
Residual stress distributions of simulated data, (a) surface residual stress, (b) in-depth residual stress.

Figure 9(b) exhibits the simulated in-depth residual stress. It indicates
that the in-depth residual stress and plastically affected depth increase with
the increase of overlapping percentage. The reason is that the overlap
regions with an overlapping percentage of 50% suffer repeated LSP impacts.
It can be seen that the number of LSP impacts reaches four across the over-
lap regions with 50% overlap. The residual stress and plastically affected
depth generally increase with the increasing LSP impacts in a certain range.

3.2 Influence of multiple impacts
The surface and in-depth residual stress distributions that result from
different numbers of impacts are shown in Figure 10. The LSP parame-
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FIGURE 9

Influence of overlapping percentage on residual stress distribution, (a) surface residual stress, (b)
through-thickness residual stress.

ters such as laser power density, laser spot size, laser pulse duration, and
overlapping percentage used in the simulations were defined to be 3.5
GW/cm?, 5mm, 10ns, and 50%, respectively. Fig. 11 shows a schematic
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TABLE 2
Results of surface residual stress with different overlapping rates in the overlap regions.

Overlappingrate  (x, 61" (mm, MPa) (x, o{"" (mm, MPa) ¢

1. 5% (9.45, -416.8) (4.65,-123.1) 70.4%
2. 5% (9.45, -416.8) (7.5, -147.8) 64.5%
3. 5% (9.45, -416.8) (10.35,-143.5) 65.6%
4. 50% (7.86, -450.5) (6, -355.1) 21.2%
5. 50% (7.86, -450.5) (7.5,-391.3) 13.1%
6. 50% (7.86,-450.5) (9,-372.3) 17.3%

of 25 overlapped LSP shots for 50% overlap. As shown in Fig. 11, 1, 2,
3 and 4 represent four square spots. A represents the overlapped region
of four square spots. When the overlapping percentage is 50%, the over-
lapped region suffers four impacts on the trace of laser shock for the
first impact and twelve impacts on the trace of laser shock after the third
impact. This explains why the stress after 3 impacts was lower than 1
impact in the overlapped area.

As shown in Figure 10(a), the surface residual stress of overlap regions
decreases slightly with the increase of number of impacts on the same loca-
tion. This result can be attributed to that surface deformations increase with
the increasing number of impacts and it will induce the stress relaxation in the
heavily deformed region. Literature [22] gave the similar results. Figure
10(b) shows that in-depth residual stress increases with increasing number of
impacts, which is already evidenced analytically by Wei et al [12]. Hence,
multiple impacts can have a beneficial effect on in-depth residual stress dis-
tributions.

3.3 Influence of laser power density

The peak pressure as a function of laser power density has been defined in Equa-
tion (3). It will create plastic strain when the peak pressure exceeds the shock
yield strength(or Hugoniot limit HEL) ,which can be defined according to [21]:

1
PH=§P><C61><UF (6)

With C,=elastic wave velocity=6000m/s, p=2750kg/m®, U,=free surface
velocity=170m/s, we obtain Hugoniot limit value Py=1.4 GPa.

The power density used for the simulation was assumed 1.5 GW/cm?,
2.5 GW/cm?, 3.5 GW/cm?, and 4.5 GW/cm?, corresponding to estimated
peak pressures 2GPa, 2.6GPa, 3GPa, and 3.5GPa using Equation (3). In
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Influence of number of impacts on residual stress distribution, (a) surface residual stress, (b) in-
depth residual stress.

addition, the simulation for each case was accomplished using the same
LSP parameters (Smm spot size,10ns laser pulse duration and 50% over-
lap).

Figure 12(a) shows that surface residual stress increases with increasing
power densities. The variation becomes small when laser power density
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FIGURE 11
Schematic of overlapped 25 LSP shots for 50% overlap.

increases to 3.5 GW/cm”. When the laser power density is in the range of 2.8
to 4.5 GW/cm? , corresponding peak pressure is between 2.8GPa and 3.5GPa,
which is within the (2 to 2.5) x Pyrange. The phenomenon is consistent with
literature [23], which indicates that P= (2 to 2.5) x Py is the optimum pres-
sure for treatment of materials.

Figure 12(b) shows the residual stress along the depth of the target. As
reported by Peyre [23] more than 20 years ago, the plastically affected depth
increases with increasing power densities. Therefore, laser power density is a
very important parameter to be optimized for generating residual stress fields.

3.4 Influence of laser spot size
In order to analyze the influence of spot size on residual stress distribution,
the spot size was assumed to be 3mm, 4mm, and Smm. The 3.5 GW/cm? laser
power density , 10ns laser pulse duration, and 50% overlap were kept consis-
tent in the simulations.

The results in Figure 13(a) show that surface residual stress distribu-
tions of overlap regions are quite similar to the variation of the laser spot
size. However, the surface residual stress of laser shocked boundary



114 R.ZHU et al.

o] (a) — 1.56Wiem’
- = 3 EGWiCm™

- = = 35GWiem’

-100 4 — - =4 SGWiEm"

= 200 Overlap regions
6 Y
W
E«w-\..\ - I ‘.
o 4\. . - - - i
. B ' - ; !
00 = _'J N -"'{, o _ e SVatge
L “ o :i." ./llu _(‘ | L
\A s A .
500 - - “t \-
0.0 25 s0 75 100 126 15.0
X(mm)
(b)
u..
— -100 4
1]
S
== i ’ .o /.’ - — 2.5 GWlem®
pe " i - -+ 3.5GWiem’
@ B - i — - = 4.5GW/cm’
g 300 r i .
w g @
ot * v 8
e &
s e [
= =
0.0 0.5 1.0 15 20 25
Depth (mm)
FIGURE 12

Influence of laser power density on residual stress distribution, (a)surface residual stress, (b) in-
depth residual stress.

increases with increasing spot size. Increasing the laser spot size can also
increase the depth of the residual stress. Figure 13(b) shows the distribu-
tion of in-depth residual stresses for d=3mm, 4mm and S5Smm, respectively.
It can be seen that plastically affected depth is increased by 36% as a
result of increasing the laser spot size from 3 mm to 5 mm, which is evi-
denced by Peyre et al [24].
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Influence of laser spot size on residual stress distribution, (a)surface residual stress, (b) through-
thickness residual stress.

4 CONCLUSIONS

A three-dimensional model was proposed to predict the distribution of the
average residual stresses field of 2050-T8 aluminum alloy after LSP treat-
ment with multiple square spots. The following conclusions can be made.
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(i) The modified explicit simulation was performed and verified with avail-
able results from literature. The use of VDLOAD subroutine makes the
multi-spots three dimensional LSP simulation more convenient.

(i) Compared with 5% overlap, 50% overlap can generate larger residual
stresses with good uniformity and deeper plastically affected depth.

(ii1) The surface residual stresses decrease with the increase of number of
impacts for overlap regions, while the in-depth residual stresses increase
with increasing the number of impacts.

(iv) P= (210 2.5) x Pyis the optimum pressure for LSP in this investigation.
It can generate larger surface residual stresses and deeper plastically
effected depth.

(v) The plastically effected depth increases with increasing the spot size,
which implies that a larger spot size tends to produce a larger plastically
affected depth of compressive residual stresses.
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NOMENCLATURE

Yield stress at 0.2% offset strain(MPa)

Work hardening modulus(MPa)

Strain rate sensitivity

Work hardening exponent

Peak pressure induced by laser beam(GPa)

Reduced acoustic impedance(g/cmzs)

arget  ShOck impedance of the 2050-T8 aluminum alloy(g/cm?s)
waer  Shock impedance of the water(g/cm®s)

Elastic modulus(GPa)

Absorbed laser power density (GW/cm?)
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R% Overlapping percentage

d Laser spot size(mm)

Ad Distance between two adjacent laser impacts(mm)

(0] Fluctuation ratio

C, Elastic wave velocity(m/s)

Ur Free surface velocity (m/s)

Py Hugoniot limit value(GPa)

Greek symbols

o™  Maximum surface residual stress in the overlap regions(MPa)

of¢"e  Surface residual stress of the spot center in the overlap regions(MPa)

P Density of the 2050-T8 aluminum alloy( kg/m?)

c Equivalent Von Mises flow stress(MPa)

v Poisson's ratio

€ Equivalent plastic strain

€ Dynamic strain rate

€, Quasi-static strain rate

o Efficiency of the internal energy devoted to the thermal energy
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