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Abstract Bending fatigue of aluminium alloy was characterized by acoustic nonlineatity of narrow band
laser-generated surface wave. The higher harmonic components generated intrinsically by arrayed line laser beam
were analyzed theoretically and acoustic nonlinearity was measured successfully on the surface of fatigue damaged
aluminium 6061 alloy. The acoustic nonlinearity increased as a function of fatigue cycles and has close relation
with damage level. Consequently, the nonlinear acoustic technique of laser-generated surface wave could be
potential to characterize surface damages subjected to fatigue.

Keywords: Laser, Surface Wave, Narrow Band, Bending Fatigue, Acoustic Nonlinearity

1. M2 ALATALE o) g3t} TATHYoIROE W o]
Atk Fojzl AAF FH4E 2E AFYe &

A Ane) MAYVNEAE AN QAT 2 S BRE AFS 29 Wz S4E 2E 1
o Ay APoz AP WFAALYAN dg A A WE ARY S R WA FA5E 2
HEAgdor Jepiy o Zeldes Axr & 2E&vke ARl MPRYSHO Hepy FR3
2R F A8go] MURH ABS e A AEEY Aoz A8l FAYe] WA
94 Yebe Saolth o2, A4 1A ARY Bk mA ARZFNEY wFe) sgehe 1%
AAZ AAE ZHEHE 27 Raw vzst 23 ARl Wasl Boh ol¥d 1A X3
S4¢ Uit gude oad MzsEde  Ave BUgoz u4 Az wHIAY 3

[A54: 2010. 1. 7, £4Y: 2010. 4. 12, AANTALY: 2010. 4. 16] *SFF NG AFAFE, “*qFdea 71433
%, TCorresponding Author: School of Mechanical Engineering, Hanyang University, Seoul 133-791, Korea
(E-mail: kyjhang@hanyang.ac.kr)



140 B, A4S, A8Y, 2AA, olHE

M

HEE #A g8 Yelue oz g9 AF
o ZA EaA Hrz 1A Aso BAIAL
JehfiAl gt dukdez 1A A7/ H¥EE u)
Age AEEA F 23 @4AFE A9 WAt
SAY HHEIg Aow hFsth AT 23 ©@A
Agel Bl dRHR FA= vl A% 34 &
43 BAASE ZA WA Bk g o3
DAGAATF ESE wXZIAE o] &3y
A wAIHQ WEE Hriete Aol wW$ &
g AR AZHT FHZ B 77 A R
B JoH1-5]. oldF go] v wMFHL
ZS3 AEe A ARFTFERAY & 23
o] Ao WHE FHe] Jor A= Qg A
AAA W A Ee] B3, "R}, Hel= 1
A3 4484 T 2L aAAE o ARAT:s
o] Hld¥HuE] JFL vlAA He AR
A= A rH6-8].

FHTe 71E9] B2 HAang o83 Sy
= 28 2484 AZd JoiM # 7HA E AH
o] ik WA ZTHIE 7|29 A= Zo] Y
Age 4% WL ol&ste AF & ¥F WA
E ZS9E 2NN P HME F4A8
T84V e ¥k gely o]23F Axe
3 #F AH{Ao] gdsich hksiH AFelA
T2E WFZ9 Ho| AgHo|7] i o
BN FhEA Sl Ao 7Hed BHHs)
ul- fE)Ey] WEolct T viAZ, B x|
o FEe g 38 F 3 el
AFHo AAsng Mgl vuste & udg
BEHE JeERA A5 dushd iR A
TEARY HZ2EgL dirEez g YRR
Ue WA ZHEAS A @) wiolo vt
o2, ¥¥ve Wave blaste ouxy &4
ol ol ZFAE AHsEE BRFHAY Qe F
ZE] §&o] 7h5sith

7189 AU ARAAE Y8 B9
A HEuAE o)gst AH AFs= WS A}
3t} webd WA R & due 4Y 43
od vl¢- Fag Wz ZALEA Aok ol i)
HHE AFo] 75 #olAE o) &3 2y ¢
AL o]HT HHAM HEFAE HET F 3
o B3, % HAE AZA SAFARMY A
Z&3E& A3 Ao Hulg 29 2o ¥
L343, o] Fud NEE A5 o) EA e

fr dm e

dlo

& ARAFIER A3 O AEHE IAE
T gtk ol#id FAUY 289 29L& TEde
Hel wjg &, Auld £RE o] &3 LA
=)

A7dde Aud dojxoes oy &
HE AN ZUFHY 3 vAY AS
sto] FRlWzed SFuy F29 9H=g93
Hrystazk gtk 2en vAdy seEvEE
sHo g 437 JME 23 12 JE
A s A3 Per) glemg B AT
22} nzy Fog R FAFHFE

A% PRLAE FAR ) AEHAT,

o 4w

N

fe o e

].

o
=

RAE AN O )

fr

ol ir

2. O|2H uig

2.1, 2ll0|ME O|8% YUY mHO L

g

go|Ael g 2gde] TA WAUEL 7]& 9
HE HE2AE 08 2&79 2 dYgE
A e EAL 7Y 78 AF gEAe
gAFI A o3t 7IAH AEE P FH
Hom Az 1 AT FZE B3 239E ¢
AAZIE gy HolHE o] &7 2Eae] LAY
2 Fojx wo] Mg THd YALgel wat TA
s 4 7)dgch AAG A7ie #HolA H
o] A7 FH EAHW BHL £HHoE v}
EHA dggo] HAstn olo] 7 AME WF
2 Az e #4d=5s dWA A Eoh Fig 12
ol HMud &3 viiad o3 ZHI dA
< Uehd 2"elth 74 de 4 €R9 4,
we €89 99 X, A& 34 Euse] spgoldh

Mask Slit

Generated
Wave

Wavelength (1)

Fig. 1 Schematic diagram of generation of surface
wave by arrayed line laser beam



Bl 7] AL} 2] A 30 B Al 2 & (2010 49) 141

A% A7 oA s Asst deR7EIL
Wel X BEE dod o, &3 via3s S33
el #olA R qmiEdl vlHse ZFEE 7}
Ax d9ez AgsA Gk oA qnE o)
Aol AAEQ AZIREE Ve, [(1) F7F
J AREE Jedt 47 £3E Siste
HolARL £ & wrl 83 Ao, &3¢
AAZAY g3 FUHOBTE JFSAR BE, A
oz QE29 B¥(q)—8(1), LEHHR)E 7t
Avn F % ik FENA 28 e A
239 FolA o) tha 2 YBx gHe o
AR, ATNN t=pat)/a 2, 1S SAAA, o
FAse ATEES et dol4 Ho] 5
He AR ARG Aze) o FAR YA}
O olo) os WA= HHye] WeEY h(y
AN Zo] YehlotH10,11].

X2

fr o o2 rlo

B(t)oc g€ )

ol ¢ €Y A BES JRE oAy
Akl WE AAZzHoZ AIRET Y A A=
o} W¥o] 1x mEFHE JYeh}r) wFolth o
Log 7vd dg /A NAY o)A wWo] Auj
d EEXE o720 AtEtT Fuhd, AuE go|
A ol 2% WYWY ge 2(2)9) 2o Jeh)
o d 4 Qlth

KQ
=

1
M=

h(t—nAt) 2

3
I
-

a71M Ate d/kE AZFFH o2 Uelhd wgnA
< 9ugh o] gyl e Fld WIS T3
A "olA W ogt XWve) Fui4 AdHE
d GHE 72 & Atk

G(f) = NH(HS(f) @)

H(f)= @4 #ojA Rl ofsf 2Aste s}
o Fog 2¥EY, s(fHE dudel 5464
B HlEdeE Uit (e A @)% 2o
W RN A% &5 o, WERE d, S9
o] 7§ Nl ej& gt

_ sin (7 NfAt)
S(f)= Nein(nfAD) @

Fig. 2& ©Y #dolAs# bF golAgez 2
AHE 250t FUAH UGS Ze o]&3
Fue AHEYS YeATh 9714 Fig. 2@)e
a=0.7 mm, N=10, d=1.66 mm, cx=2900 m/s ¥ ull
o] HE)S}+ S(HE vebd 2dojth o5 Ao
2 dAEE A golA W o3 gHde 2
HEY G(f)= Fg 2(b)°l Jetlditk o] A=
g #HolAE o) 83td Z1R¥e Fue 7}
w/d @ FU9 ZHERE HANZ 9SS Y
Bt} ol S(H)e kol f=1/At ¥ w AHUGE
HgE As A4 & o g3 Aol

714 wjde] S Nol F7igel wet sl
AtelEz B gho] ZAsWA WAHE FWI
GiHE 9% Fug ANzz WA "ok Agze
2 £3E o] 83 HolA drEde BAdHoR
2y JEE x¥eA vk Fig 20)AM Fot
F =175 MHzE 7HXe 7123 AR oledx
35 MHz9] 23} 725 A%, 2831 525 MHz9] 3

A 2z 4Eel EATE B 4 A &7, o

H(f) (a)
1 ﬂ X
s(f)
0.8 /
[
k-]
206
[
o
©
=04
6.2
% 1 2 s 4 5 & 71 8
Frequency (MHz)
Fundamental (b)
1 frequency
0.8
]
3 086 Second harmonic
"E" « frequency
o
©
=04
0.2
/Third harmonic
frequency

0 1 2 3 4 5 & 71 8
Frequency(MHz)

Fig. 2 Theoretical frequency spectra  showing
single beam and multiple beam generation:
(@) H) and S(f), (b) HH and G(f)



%, BN, olHEF

Saie QAEE ol
95 fANGeRH 1 278 AR
s Rel e

2.2, BB EHIIOl S8 ulMEA

oo

¢: B1e~queik(z—ct) (5)

d}: Cle-kszeik(z—ct) (6)

= /1-Lf = [1-<£ -2

where q—\/l CL,s \/1 CT,c y
2L By, GE A A5 o o= 22t
3o} gte] S5 uam, k, wo ok A2 B

wate] W4, AFIe, 227 WosEol
Eashe F3sh 3ske) YUK 2A Y 74
Aol TS wE Ansls E4L 2E AL 1
oz ¥

Hatel Wel AES 47 oo gt 4%
€ 39 thgel 47 go] Uk 4 ok

u, = A, (re” % —2sge™*" )cos {kz —wt) (7)

u, =iA,;q{—re” ¥ +2e”*)cos (kx — wt) (8)

C,
where 4, =k2—;, r=2(sq)"?

205 —92sge” %) cos 2(kx — wt) )
u, = i Ayq(—re " + 2% )cos 2 (kz —wt) (10)
f‘]'gl BF u o uolE Foet Fuk PEo)

. 2@, o] $3Ageln 23]
%@t NABAE 2E B35 Pohe £F WA

g9e 3-} BAASY dRAeR Qs FAIHo
3 4 dtH3) mebd EdEshe) £ MARYe
uLo) AejstA Hel o)y YurH B3}
Ay B4 KA Bk

ol A BATE 28 nEte A A,E
g v 4,9 Agel M Ao

(

3

glx
o "
_&fL o

242
= Bk“xA{ 11
8
714 g HAdE dEvEHen re AFGA
oltt.
3. HE Y

31, Xz E OjZAE

AH AFLE A = 330x30x20 mm & =
718 e 920F 6061-T6S A183llen, 9z
g3 AFe 2% wAY FAreE wwdr) 9
3 27|/ W 4ty AHE 47 F8Eoh

Hzgss BAAI7] A3 Fig. 3% 2] 33
FUANEAF S $Y3AT, 1YL FAZAIH AL
3 AN¥Eg 2A(FAE Jdepd Aotk S
13 kN, $8H R=01% 10x10° Alo]E F¢t whi
A713ALE AR sHR §¥E FRHO
e B4 Ax Ho$He AHY W F
oA 147 MPa o|lem Hu&Hol éﬂwi
23 WYe FYozHE A9 20 mmAH
Aoz Jehgth =3 vjdsle] diF AdS
] & Z7A 5x10° Alo]Z o] HIEEES
74 AEE FHlSHh

ro, :\9 ro ol -{m o

3.2. #lo|x oi7|®#HD AF

Aufd #HolA A2 o83 HIFEFA FAERE
A7) 7] 8t Fig. 49 2& Al2dlE FF3}
Aok AHEE F8 FHEZE NdYAG B2 go)A
(FHF 1064 nm, BAZ 5 )9t &8 vlAIE ALE
FAch 3 waae HolAe HA-aRs A st
7] 98t AlE #Ee] FHAZTE ofn] 21904
o2 oz AWME Hig Zo] #oA7} 1.66 mme]
AL e AE £90E& S8t AJHo 24}



]9} 234 8k 8] %)

A30BA235

| Al6061-T6

Fig. 3 The fixture and
bending fatigue test

specimen  of

3~point

o Pzr
¥ Transducer

Fig. 4 Schematic diagram of acoustic nonlinearity
system

47

175 MHz iy Fd35 2442 5 glo
Fig. 2), °|€ S4F94 35 MHzY AHS
19 qA2AE o835t FAFY ol
a AdEe] BN 35 MHzE-29 &
AW slstr] Agelt F4A AiE lﬂ/\1/
(Panametrics PRS00)E o] &3] FZA)7)
QAR AFZ(Lecroy WS452)9)4 A/D
FEAAM Fi¢ E43H0. Fo5
1% Feld WES o] g3l 7Ey
27} 3z QR AFozRE A
EE A At
1ol st 2ol HAHE sepulg e 718
v JEe W 2 gl A
gt éfﬂoﬂ/\i sest AdAE 49F
At W= ASHAY 7Euel 243
Zozg {%‘8}04 Ui 22 AARd
18 B & Atk

e
}:1

&

Do 7o
n}L;‘oH

|
mlm Dy

N>

A IR U A
o

ox F'{E 22 -{o{

e

o 2

3
RO
I
_Y__l‘

off Mr x e O o>
r

Lo
2o &
4019*‘

rﬁ~

-
{Yna
oF 1o

[

] A3

“

se}w
AZ

" (12

W
il
Ll X

(2010 49) 143

Azgsle] o2 vAy sy & F
A3 =gt AT AlH st A frﬁ@
stgon, olwf Ao Ay Mz 2
2 RS 1A A3 Y 2AS wrxl 3
=2 39tk Fg 5904 27 Z7IAMFH 10x10°
Atolge] 2 Al tiste] 4418 ¥Wute] F
o 29 ER S JeRiSith ZH7be] adeA &8
Zt7 d=1.66 mmol &3 1.75 MHzo|A] 71& F3
T AR e 8S B 4 1o, 35 MHz
AA 2z nzu FEe] YelgS 08 4+ ok
A2ZAIEA AJHY AFFAAN el dA
3 Bo AZS e axT AR A9 ERE o
u] o]EF oz FA3 uke}l o] HolA 29 9
3 2dxozm v uAY AFRo] 2AFS ¢
ojgth E£3, 72y JERD 52 I AS
& B Ao uHy seluleg 33
g3t7] 93 22k nzdte] FAFHEE 2
¥ PARAE AHEEY) "ol Zzte
of et wdE vl 7o g =&
e, H2AEA AF disids (B )n0=0.013
aga 92 Apo]Fo] N=10x10°9] GatA|AIME
(B Ine10a06=0.0192 #2E3} T ¢ & nxd 1
ZHuE g e A ¢+ Ut

i
lw

o

N=10x10°

8 b
S -

Magnitude
2

100

o 7Y 3
© 05 1 15 2 25 3 35 4 45 &

Frequency(MHz)

Fig. 5 The typical frequency spectrum of N=0 and
N=10x10° cycles showing increase in
magnitude of second harmonic wave



144 ¥, AN, B3AY, AR, olHE

4.2, Fst HAE AEZio| Hlw

HRAFA AAF H&  A}o]Fo] N=5x10°,
N=10x10° 91 ©AEZ 334 FIF=AEL AA
AHe) it A" gFuse] F04 EAS E
& vAd seivlg B9 g AN Fig 6914
A2ZAPA A B e AT AS ABEE Ug
Uitk olm #HeolAY Arwsteg F& dH¥AE
o Z71E WA 7Y ASsgoh dAdes
#olHe A7t AXNE 71" EAHY] F7) &
3 AAE Aoz et WA AMHA Al
A F7ke 483 F71E Rolm IYSS I}
& £ gtk gE A% A9 BAIE JYAE
arle] 7ol B A¥HA FAZ B F 3o
o, Ay gduE 79 e APB3E FHM9
7N1&719 #oE AR 4 oy 43 @AE n
A% gEnlele] F& Fig. 791 YehRdch B|A ¥
setv|E B 9 g N=09 Z<$ 0.0265 N=5x10°
o] A% oF 16%9 F7+3 0.0285 N=10x10°9] 3

J000 3000 4000 5000 6000 7000 8000 9000 10000 11000
A
Fig. 6 A’ vs A showing the linearity with input
power at N=0 specimen

0055

0 1g* 107 10° _10* 10° 10° 107 10°
Cycles

Fig. 7 Nonlinearity parameter as a function of
fatigue cycles

ZE 718 AR oF 88% F718 0.04752 A
2t Z713He 4&838HA e 4 sl

5.1

n

Ho

71E9 AH HEH GALAE AHEsE A
gARz}, GRALAG AJAZY) AW, JENAE, T
SANAA 5 FEA2EH JEse] B I

g & gt £3589 nEn Jrol A €

o8 wAse FUHHY 1z9
AR FAEol Bk 2y A2ERHTG Foj
Aol AuF vln Hridxe FEALHC g
1§ nzg RS A FAY 7 gled
H}E 2329S oo vagd J& I3A
=9 B7pt 7hssiA |

a3 FARAE ol&dE B¢ 24, FEH
NNZA T s=dold 849 P dBHA #
A% F Qo= FH2Ae AlHALel o] AW E I
HEojdel 2% dFE LAA A= wif
AdH etk ole] whal £ AeA HolHE o]&
e A9 BAFog vFFo|n wEA AW
Zol} FE& A JFE AAY + YT, FEL
A7t BEZE Po3A ¥ AF AAZE @
o] HEz FFA2H] o3 AT FAL
F AL o)]EFH Aoz AT F U
th@3l Fig 2% Fig. 5. 23y I A JdiY
3L A7) A3 AR widel o3 nxvvp @
AsHA Ah(F 2 Fig. 13} Fig. 5). 230 HP4A
TATG o]d nxm JEL &Y FFFAT &
e Aoz deistern wabd &3 HAFEAY
AU Bt e olzg dEHA fAN FE &
ol o3 FFS AAY & Uoh a2dH £R &
YEZL SN WEse Aol op2g ZAA
o2 B AFdA ALF MHdAE o 22
Hog EAste X 4Eol d7le it A
Frtle 4% vAA gornz nHE AZ
et & 5 ok

T detEez Are S I A3
WS 1z F37)E vg vosie £ A
o WIBRE FFol HE Fgol w2 WHEe] =
A Hi S HAEALS FgsA AT + o
ok metx oldl tig o drtshe] A7y

0

[ =

N



H o3 H4ALE 3 A A 30 A A 2 3 (2010 49) 145

TA BEE IA A qdd AsAYIY F
o] FYH Atk T¥H Sl ojv] FE3I &

9 geu) nEsbL 249t sl
Dzt 4R FEAT BAL AR Hu,
e}

2ol AHRES PUHAE e

K
:N_A“
2

B A7 e gojA drgusg o] 8sto
FALHAN BASA He W8 ARG
@gHE Jede THNE & Jde qdge
2RFE FgHo2 WA FUY FolA
q7)EH YA Yebe 2449 129 48
< clEHoR F4sa FUMIZEFE AleOsl
3o ¥HoERE ¥ wAY geluygs AP
Hog ZASAT 445 F2ato)Fe F7l
et 5% HldE seEHE 34 SHRR
&4 A=t g 4HE #AE R Ao
2 2 GFA Agste dolA 97" R
HIAE ) Heddd mueshEvtd b
+ &Holta ddtgt.

7|

m

2 d7e a5HeR e AAzE A
g A4 7 ed Bobe] AFAdoR off
JH LY (2008-2003505)

k]

K4

3

[1] A. Kumar, C. J. Torbet, T. M. Pollock and J.
W. Jones, "In situ characterization of fatigue
damage evolution in a cast Al alloy via

nonlinear ultrasonic Acta

measurements,"
Materialia, Vol. 58, pp. 2143-2154 (2010)

[2] H. Ogi, M. Hirao and S. Aoki, "Noncontact
monitoring of surface-wave nonlinearity for
predicting the remaining life of fatigued
steels," Journal of Applied Physics, Vol. 90,
No. 1, pp. 438-442 (2001)

[3] G. Shui, J. Y. Kim, J. Qu, Y. S. Wang and
L ]

measuring  the

Jacobs, "A mnew technique for

acoustic nonlinearity  of

[4]

(6]

Ol

(11]

[12]

[13]

materials using Rayleigh waves," NDT&E
International, Vol. 41, pp. 326-329 (2008)

J. H. Cantrell and W. T. Yost, "Nonlinear
ultrasonic ~ characterization ~ of  fatigue
microstructures,” International Journal of
Fatigue, Vol. 23, pp. 487-490 (2001)

J. Herrmann, J. Y. Kim, L. J. Jacobs, J. Qu,
J. W. Littles and M. F. Savage, "Assessment
of material damage in a nickel-base
superalloy using nonlinear Rayleigh surface
waves,” Journal of Applied Physics, Vol. 99,
124913 (2006)

oA, olelF, FAY, " &F WA
¥ EAL o83 xHdzgs} o, vuty
ZAAEHE] |, Vol. 29, No. 5, pp. 415-420 (2009)
ojAf ], AT, oleiE, FAY, '®wHHY &
F uXEAY AEH 54 AS, WgAHA
3}3] %], Vol. 29, No. 4, pp. 344-350 (2009)

C. S Kim, I. K Park and K. Y. Jhang,
"Nonlinear characterization  of
thermal degradation in ferritic 2.25Cr-1Mo
steel," NDT&E International, Vol. 42, pp.
204-209 (2009)

S. Kenderian and B. B. Djordjevic, "Narrow

ultrasonic

band laser-generated surface acoustic waves
using a formed source in the ablative
regime," Journal of the Acoustical Society of
America, Vol. 113, pp. 261-266 (2003)

C. E. Duffer and C. P. Burger, "Narrow
band laser ultrasonic NDE," Review of
Progress in Quantitative Nondestructive

Evaluation, Vol. 15, pp. 593-600 (1996)

Y. H. Berthelot and J. Jarzynski, "Directional
laser generation and detection of ultrasound
with arrays of optical fibers," Review of
Quantitative  Nondestructive
Evaluation, Vol. 9, pp. 463-470 (1990)

J. L. Rose, Ultrasonic Waves in Solid Media,
pp- 44-92, Cambridge University Press, New
York, USA (1999)

A. N. Norris, "Symmetry conditions for

Progress in

third order elastic moduli and implications

in nonlinear wave theory,"

Elasticity, Vol. 25, No. 3, pp. 247-257 (1991)

Journal of



