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ABSTRACT: Laser peening is a life-enhancing process. Radiation of laser pulse with sufficient energy
at a very short time on the surface of the material results in the penetration of shock waves into the
material and the formation of compressive residual stresses inside it. The purpose of this research is
the multi-objective optimization of the laser peening process parameters. The finite element method is
used for modeling, Taguchi orthogonal array for design of experiment and the gray relational analysis
for multi-objective optimization. The diameter, pressure, time, and overlap rate between two adjacent

laser pulses are considered as design factors that change in 4 levels and the Taguchi L16 orthogonal  Keywords:

array is used for the experiment layout. The average residual stress at the surface of first pulse, minimum 1 3ser peening

and maximum residual stress and the average of the residual stress depth in the center of two laser  Finite element method

pulses were considered as optimization target functions. By performing gray relational analysis, the  Multi-objective optimization
gray relational grade for each experiment was calculated and the optimal level of each parameter was  Grey relation analysis

obtained. The results indicate that the optimal state of each parameter of diameter, pressure, time and
the overlap rate are at the fourth, fourth, first and fourth levels, respectively which are 8 mm, 4 GPa, 30
ns, and 75%.

1. Introduction

Laser peening is one of the life-improvement processes in
which a laser beam is irradiated on a metal surface in a very
short time (several nanoseconds) [1] On the metal surface,
an absorbent coating is painted to protect it and a transparent

array and gray relational analysis for multi-objective
optimization of laser peening parameters.

2. Methodology
2.1. Simulation

overlay like water flows over it. As the laser is radiated, it
passes through the transparent overlay and encounters the
absorbent coating and evaporates it and plasma forms. The
plasma is trapped between the metal and the transparent
overlay and its expansion delayed so the pressure increases
to several Gigapascal. As a result, shock waves are generated
and penetrated into the material [2]. Shock waves result
in the deformation of the subsurface material and the
stresses exceed the Hugoniot elastic limit of material (the
compressive strength of the material under shock conditions)
and eventually, the compressive residual stress will remain
in the material [3]. Despite various studies on laser peening
modeling, few studies have been performed to optimize
this process. Amarchinta et al. [4] modeled residual stresses
generated by the laser peening by inverse optimization of
material models for the two materials Inconel718 and Ti-
6Al-4V. Wang et al. [5] optimized laser parameters by multi-
island genetic algorithm. Hamar et al. [6] also optimized the
laser parameters to improve the flexural fatigue properties of
Ti-6Al-2Sn-4Zr-2Mo alloy.

The purpose of this study is to apply Taguchi orthogonal

*Corresponding author’s email: hadi_salavati@uk.ac.ir

Ding et al report [7] is used for modeling and verification.
They used a two-dimensional model in their study, but
it is not possible to investigate effects of overlap rate on
surface stresses by two-dimensional model. In this study,
for simulation of the laser pulse, a three-dimensional
model developed which is shown in Fig 1. In laser peening
simulation, the model is divided into two zones: a finite area
where laser peening is performed in this area and an infinite

Fig. 1. 3-D Model developed in this study
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area around it that is used to damp the stress waves. The finite
area has a rectangular shape with elastic and plastic properties,
while infinite elements are used around and below the finite
area, and only have elastic properties to damp stress waves.
C3D8R square elements were used to mesh the finite area
and CIN3D8 elements were used for infinite arca. ABAQUS
explicit is used to analyze the wave propagation and residual
stresses. Also a triangular estimation was applied for loading
where the laser pressure increased linearly at half of the time
to reach the peak and then decreased linearly to zero for the
rest of the time.

2.2. Design of Experiments

The traditional design of experiment methods are very
complex, costly and time-consuming, and when the number
of parameters increases, a lot of experiments must be
performed. To solve this problem, Taguchi method greatly
reduced the number of experiments using orthogonal arrays.
These arrays are selected with specific features from the total
number of experiments in the full factorial method. As shown
in Table 1 the controllable factors include laser diameter, laser
pressure, laser time, and overlap rate between two adjacent
laser pulses that each varying in 4 levels. Accordingly, from
the proposed Taguchi tables, the L16 experiment is selected,
which provides 16 different experiments. Also, average
residual stress under the surface of first pulse, maximum
residual stress, minimum residual stress and average depth of
residual stress at the center of two laser pulses were selected
as optimization outputs.

Table 1. Laser peening parameters and their levels

Parameter  unit Level Level Level Level

1 2 3 4
Diameter M 2 4 6 8
Pressure GPa 25 3 35 4
Time ns 30 50 70 90
rc;‘t:ﬂap % 0 25 50 75

2.3. Grey Relational Analysis

In the gray relational analysis, three steps must be taken.
A) Data preprocessing: which is a computational method for
normalizing raw data to be comparative. B) Gray relational
coefficient: After data preprocessing, gray relational
coefficients must be calculated to obtain the relationship
between the normalized and the ideal data. C) Gray relational
grade: After obtaining gray relational coefficients, by
averaging gray relational coefficients, the gray relational
grade is calculated.

3. Discussion and Results
The results of calculating the gray relational coefficients

722

Table 2. Response table for the grey relational grade

factors Diameter Pressure Time  Overlap rate

1 0.5239 0.5392  0.6926 0.5631

2 0.5798 0.5926  0.5900 0.5594

3 0.6064 0.5857  0.5248 0.5853

4 0.6244 0.6171  0.5271 0.6268
Delta 0.1005 0.0779  0.1678 0.0674
Rank 2 3 1 4

and gray relational grades for various experiments are shown
in Table 1. Based on these results, experiments 6 and 16,
that gray relational grade for them is larger than the other
experiments, are near-optimal.

In order to determine the optimized level of each factor,
the average gray relational grade for each factor at each
level must be calculated. The results are shown in Table
2. According to Table 2, the optimum levels of diameter,
pressure, time, and overlap rate are at the fourth, fourth, first
and fourth levels, respectively. Therefore, when the laser
diameter is 8 mm, the laser pressure is 4 GPa, the laser time
is 30 ns and the overlap is 75%, each factor is optimized and
the best result is obtained. Also, the higher delta for a factor
means the greater effect of that factor. As shown in this table,
the difference between the highest and lowest values for the
time is 0.1678. So, this factor has the greatest effect on the
results. After that, the diameter, pressure, and overlap rate are
effective on the results respectively.

4. Conclusions
In this study, the multi-objective optimization of laser

Table 3. Grey relational coefficients and grey relational grade
for each experiment

n W e e B R
1 0.4978 0.3576 1.0000 0.3333 0.5472
2 0.4606 0.4500 0.7058 0.3917 0.5020
3 0.3788 0.5176 0.4996 0.5403 0.4839
4 0.3333  0.5838 0.3333 1.0000 0.5626
5 0.5541 0.3624 0.8917 0.4399 0.5621
6 1.0000 0.8307 0.7909 0.4019 0.7559
7 0.3451 0.5243 0.4590 0.6391 0.4919
8 0.3859 0.5373 0.4759 0.6391 0.5096
9 0.5294 0.3333 0.6705 0.5998 0.5332
10 0.4178 0.4887 0.5116 0.7404 0.5396
11 0.8469 0.8059 0.7851 0.3917 0.7119
12 04670 1.0000 0.5819 0.5139 0.6407
13 0.4580 0.3365 0.6818 0.5807 0.5143
14 0.4890 0.5902 0.6310 0.5807 0.5727
15  0.6542 0.6585 0.5626 0.7457 0.6553
16  0.8473 0.9558 0.7120 0.5067 0.7555
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peening parameters was performed by gray relational
analysis. The optimization results showed that the optimum
state of diameter, pressure, time and overlap rate were in the
fourth, fourth, first and fourth levels, respectively, which
were 8§ mm, 4 GPa, 30 nanoseconds, and 75%, respectively.
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Fig. 4. Residual stresses of S11 in the depth direction from
3.5 mm of laser center at different times

4.1.'>).a 6‘)4 ‘) d...ul.ayl.' Yeooo QLQ) ulj;‘sc UJ‘)JLJ ! od.:...u)

B8 0 il o i 4 olaws Sz pgd

Jow wixo -Y-Y

@S g 0pbioe Jow askad S50 50 55 Gl G 3,55 0 T
Joe 5B ogdice anlia [Al 4 5 Sus (LBT (2155 b ol
08 S (S sy 3 09 Jeol> licadsl 0alls &SI saman
Sgazme >l )0 ganpledl cuzr Culed o e (2 Ses 4t 5
Al oolatwl CYDAR o Scia ape oledl oo o g 50
Y ooga> 50 Bawe oo ol (,led wileww ps aSyl Ldow
oyl slows amb ol 5 09l co JuSiis adaw SGo3 (6 o le
gl Seop o ool 5550 Gloll 5SS nle 5 00 i
259 Slbl )0 aizmen duy oo fhag Se Vo x) e x) 7S94
oolazwl CINYDA coles sdass Lol Vo VD« 5l sgume 4>
el 00

alols ) 45 Wiges o slinl) 1o S, wilewsy L O S 4o
el o ol Ltales woid gl 3 3 s (6 e ke YIO
wndlys osma Gleand @l sl adaxde LB oS 4555 Jlen
2 55 Al jlodos @bt 5l o 5 les (im0 @l
el G332 @l

L sleul) ;o askd mhw ;5 S, wlowy (25 53 7SS0 9
aS &S len el oo ools ruled (3] 35 e 5l eads eols jeue

@9 oRegR ol Silednd o dabd e o Cel asii

o :—LES x100 (QRD)

T
R el ol asl i 556 Sy oS lie (e 4z 0

S8 (9 (S9y p S

-y
Wlowy 91,05 A (guwy 2 V-

2 Hses Boe linl) ;o 13 lais @l ¥ USS o
oddlie bl aS aisS ylar .l ool ool jiules calizee slayle;
slagle) ;9 9 WS (o0 3985 e S0 (o) 5950 4 A5 gl o]
ol e 055 go Jlacl e 4 (5L L aS aliglh V- - 5l jzaS
et & e g 423 18 oole DS 9a SVl ae Sl e i
S35l g Oles ere Lol g oo ool Sidly JS2
9 Moo Rl L il (nl Bes g Glime 900 4 bl Ve
Obey (85 Sl 5o (nlple Wed oo Sl slapis 4 Joos
2 1wl sl 4 gibte Jlos Jl al> o ol 43Ul ¥ -

Do ood 7 eole (59,0 (Sl S ki e o ()

------------
—tm—. L eessee®
......

et

ol e Sa el
,/"/ ..... N -
z e L — =,
P — \\3
500 ="+ X S L g
~ o S =~ ==
X e ee®
S
N\=-1000 [~
I~
)
» — 08 NS,
& 1500 —————— 50ns
‘l: —— 75ns
©» ——— 100ns
——————— 150 ns
-2000 - ————— 200 ns
............ 300 ns
— — — - 400ns
-2500 L - - .
0.0 0.2 04 0.6 0.8 1.0

Depth (mm)
VIO alols 5l axkd goe gliwl, 0 SV L3S slo pid g ¥ JS&
23 35 0 ke

Fig. 3. Propagation of dynamic stress waves of S11 residual
stress in the depth direction from 3.5 mm of laser center
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Table 7. Response table for the grey relational grade

SHLogpen ol e B Fally s
< 1OFYY +[#aY$ - [oYay RINAR \
<1004F <10%. . < 106aYF < 1OYAA Y
< [OALY <[OYTA < [OADY Rt Y
«[FYEA <1OYYY <[5V «[PYFY ¥
/- #V¥ NFYA SEAAA RARRIA (RN

¥ \ Y a5,

yary



VAT B YAV dsio YRR Jlo )+ o)lesd DY 0593 €S yuel Silo owigen il

oibly Juelod s -F-F-¥
4 0pd pazine B ed)S sl mls 55, » olyls Jelos
A dgoz o cel S0 mls sy » Olee 4z g6 e
ool al)l (g nSs glalal) sLiel (g5; 5 uib)ly Judo b
3, @ls 655 25 Ol 1y 550 e @S Gl Geb o]
Olie g 5d Hlad g Jad el 38,50 oo ,e OAAY sga> oS
=l Gy 2 e, AN g Vo8 VAV b 5 Glhgien

RV PPN RUSU IRWEIRS v GRYRC IPE= AR CC O SR W

S5 A g Guge —F

el (2955 sle el )l ddusais (g slwaige andllae (ol )0
Jow o eolaiul gileJaw Cpz dgamme slil g, 5l 088
51 5 ool Siadly olsr gl o gl SKaadly Sals - SV
23 9)93 p a9 e Jlow (6l Sl S Sl el
7556 selaie slaasl)T o oolinl askd ys,0 b Jobss
oles olid s 8 S L eslinal 50 Lisle] rhb
layeSl plgiedr il jglme b g0 e Sléses Ol
V81 alesT 51 g wiads Lol WS o i o ¥ o a8 )8
Slony (35 eSiloo 0 oolial b igloj] oLb g 255G
9 Sloy 285 (p oS il 25 Cntien (Jol b R 0
Slaezg > Olyeas b 93 55 50 )3 wlewy 5 Goe (Sl
(8 S5 (glabasl) Jodo plowil b g wiols azd )5 a5 o (g 5leat
28,5 plosl o el b (s 3bwainge

SIS o e Ll oS o (nl oaasplis gileange @l

Esbs 5 it Sbsen Clien 5 olog olid lad sle

0.72

0.70 -
0.68
0.66 -
0.64

0.62
0.60
0.58
0.56
0.54
0.52
"

0.50

Grey relational grade

« a g R S R R
A1 A2 A3 A4 B1 B2 B3 B4 C1 C2 C3 C4 D1 D2 D3 D4
Laser Peening factors level

6 7S glalay Lol G5 A S
Fig. 8. Response graph for mean Grey relational grade

21 50 i ;S B nl ey lligo T NEVA il a5 S5
SLhgred (lime 9 ,La8 Gl e e ploj 5l o)l S )
@S 9, 2 8L 2 15U Glie Ll ot A5 250 mls )
Olies B 9905 oaliinl (il ly Jelow 5l (Gl g Canncd paSuine
gl paie w55y p S e 6
250 886 oS Gl shil o SShe A S8 o
oles Bl 3 Jlid A L 8 el i ools Liyles el
&S s ailoas ools Gl DL Sligee e s C L5
2 oilesl bee ] sl S lalaly jliel iSile (T 0
S5y azgi bl peiS16 (g cll o)l )8 Aty
5 Oboy lad ld sla ) 5l S po ange Sdl> 7 Jgu 5 7
Pz 3 Jsl eilex ez gobe 0w ia Slages Ol
£ ot 32 L ince A 5l 45 e (ol i ko
VO plp Glogen e 5 asbgli Yo pln 55 Gloj (JILICS
Gt 9 39,18 18 age Sl 5o eSSl S e cansl oo

Dl oo Cawody Az

S S labal, sl 59) 2 lly Jelod @l A g
Table 8. ANOVA results on grey relational grade

DSt o F s o T e st
Sla o Sl yo
VAN - FY INARARS ofe e VY <[-YYY Y B
Velo2YE A/ ofe oY <[AYY Y Jlas
OAAYFA \PIOYYY <[+ YA /- VEY Y ooy
RARRIN Y/ovYY ole YA AR Y Sligren
YIEEH- AR [+ ¥F Y s
Voo <YPY VO &z

Yaya



VAT B YRV doio AYAQ Jlo o+ o)l @Y 0593 ¢y yuel SilSo ssiigen s

[3] M. Srivastava, R. Tripathi, S. Hloch, S.
Chattopadhyaya, A.R. Dixit, Potential of using
water jet peening as a surface treatment process for
welded joints, Procedia Engineering, 149 (2016)
472-480.

[4] J.-E. Masse, G. Barreau, Laser generation of stress
waves in metal, Surface and Coatings Technology,
70(2-3 (1995) 231-234.

[5] P. Peyre, R. Fabbro, P. Merrien, H. Lieurade, Laser
shock processing of aluminium alloys. Application
to high cycle fatigue behaviour, Materials Science
and Engineering: A, 210(1-2) (1996) 102-113.

[6] J.-M. Yang, Y. Her, N. Han, A. Clauer, Laser shock
peening on fatigue behavior of 2024-T3 Al alloy
with fastener holes and stopholes, Materials Science
and Engineering: A, 298(1) (2001) 296-299.

[7] W. Braisted, R. Brockman, Finite element simulation
of laser shock peening, International Journal of
Fatigue, 21(7) (1999) 719-724.

[8] K. Ding, L. Ye, Simulation of multiple laser shock
peening of a 35CD4 steel alloy, Journal of Materials
Processing Technology, 178(1-3) (2006) 162-169.

[9] Y. Cao, Y.C. Shin, B. Wu, Parametric study on
single shot and overlapping laser shock peening
on various metals via modeling and experiments,
Journal of Manufacturing Science and Engineering,
132(6) (2010) 061010.

[10] F. Dai, J. Lu, Y. Zhang, D. Wen, X. Ren, J. Zhou,
Effect of laser spot size on the residual stress
field of pure Al treated by laser shock processing:
Simulations, Applied Surface Science, 316 (2014)
477-483.

[11] H.K. Amarchinta, R.V. Grandhi, A.H. Clauer,
K. Langer, D.S. Stargel, Simulation of residual
stress induced by a laser peening process through
inverse optimization of material models, Journal of
Materials Processing Technology, 210(14) (2010)
1997-2006.

[12] W. Wang, J.Z. Zhou, S. Huang, Y.J. Fan, C. Wang,
J. Fan, Parameters Optimization of Laser Shot
Peening Based on Multi-Island Genetic Algorithm,
in: Applied Mechanics and Materials, Trans Tech
Publ, 2011, pp. 387-390.

yara

Foeho A plp cudja oS aib oo p)lor 9 Jol ooz o5k
2 B CE S Ohse mll g9y 2 oibyly oo uien
ONAY L 5 oy a5 098 (ateive (29,5 59, 2 Loyl 5l e

ol mlS 59) 2 el (05138 50 sy

(pl>) Lol o0l Xio(k)
Wools a3ls s st 3l ams ools X7 (k)
bzl @pe JS ggeme SST
eed $lp S slabal, sl (Sl
S S labl, Sl JS Sl
H9SE e 6 S glaba, Ll 2 Ske
o, 2515 51 (o3 Sl il g0 SSp
Sl g ye eSlee MS
il azps df
oibyly Cond F

Sl ws o

SrSs lahly oo €

rleicuye {

5t f
ks> e

&l

[] Y. Al-Obaid, Shot peening mechanics: experimental
and theoretical analysis, Mechanics of Materials,
19(2-3) (1995) 251-260.

[2] Y. Kudryavtsev, J. Kleiman, G. Prokopenko, V.
Knysh, L. Gimbrede, Effect of Ultrasonic Peening
on microhardness and residual stress in materials

SEM International

Congress and Exposition on Experimental and

Applied Mechanics. Costa Mesa, California, USA,

June 7-10, 2004.(on CD), 2004.

and welded elements, in:



VAT B YAV dsio YRR Jlo )+ o)lesd DY 0593 €S yuel Silo owigen il

roundness error in drilling of Al 6061 alloy,
International journal of lean thinking, 3(2) (2012)
67-78.

[18] M. Kowalczyk, Application of Taguchi and
Anova methods in selection of process parameters
for surface roughness in precision turning of
titanium, Advances in Manufacturing Science and
Technology, 38(2 (2014).

[19] G. Taguchi, A.P. Organization, Introduction to
quality engineering: designing quality into products
and processes, The Organization, 1986.

[20] D. Julong, Introduction to grey system theory, The
Journal of grey system, 1(1) (1989) 1-24.

[21] A. Mohammmadi, N. Molaei, Applying a Multi
Criteria Decision Making Model Based On Grey
Theory In Performance Evaluation Of Firms,
journal of Industrial management 2(4) (2010).In
Persian)

[22]B.C. Jiang, S.-L. Tasi, C.-C. Wang, Machine vision-
based gray relational theory applied to IC marking
inspection, IEEE Transactions on Semiconductor
Manufacturing, 15(4) (2002) 531-539.

[13] S. Bhamare, G. Ramakrishnan, S.R. Mannava,
K. Langer, V.K. Vasudevan, D. Qian, Simulation-
based optimization of laser shock peening process
for improved bending fatigue life of Ti—~6Al-2Sn—
4Zr—2Mo alloy, Surface and Coatings Technology,
232 (2013) 464-474.

[14] C. Fu, J. Zheng, J. Zhao, W. Xu, Application of
grey relational analysis for corrosion failure of oil
tubes, Corrosion Science, 43(5) (2001) 881-889.

[15]J. Lin, C. Lin, The use of the orthogonal array with
grey relational analysis to optimize the electrical
discharge machining process with multiple
performance characteristics, International Journal
of Machine Tools and Manufacture, 42(2) (2002)
237-244.

[16] L.K. Pan, C.C. Wang, S.L. Wei, H.F. Sher,
Optimizing multiple quality characteristics via
Taguchi method-based Grey analysis, Journal of
Materials Processing Technology, 182(1-3) (2007)
107-116.

[17] R. Sreenivasulu, C. Rao, Application of gray

relational analysis for surface roughness and

yay.



