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Outline

1 Research background and objectives

 State of the art

4 Part I: Lamb wave based nondestructive evaluation/structural
health monitoring (NDE/SHM) systems and methodologies
— Lamb wave fundamental study

— Lamb wave wavefield analysis methods
— Development of a noncontact/remote laser system

4 Part Il: Various NDE/SHM applications

— Applications on aerospace structures
— Applications on nuclear structures

[ Conclusions, major contributions, and future work
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Research background and motivation

O Structure components are designed with a certain service life. Damage may
?ccur due to aging or any unexpected events, which may result in structural
ailure.

0 NDE methods are means that diagnose the structural health in a noninvasive
manner. In situ NDE, also known as SHM, normally integrated with the
structure, performs online NDE and monitors the target structure in a periodical
manner.

O Effective NDE and/or SHM are critical through their service life to ensure
structural components and systems perform their function in a reliable and
cost-effective fashion.

Bird strike impact damage Stress corrosion Robotic inspection on a fuselage
cracking in a steel tube

T N

https://metrology.news/robotic-inspection-
to-allow-safer-more-cost-effective-aircraft-
manufacturing-processes/

https://www.osti.gov/servlets/purl/1115103 (Cattant et al., 2008)
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Lamb wave based NDE/SHM

O Lamb waves are specific type of guided
waves that propagate in plate-like
structures

1 Advantages

— Lamb waves can propagate long distance

— Lamb waves are sensitive to various defect
and damage types

— Many damage detection results are
promising

Material loss detection

Crack detection

-t

Si=EaSSRIEERSSs
Symmetric Lamb Wave

Anti-Symmetric Lamb Wave
(Roy et al., 2014)

Impact damage detection
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Lamb wave NDE/SHM challenges

L Complex damage is difficult to quantify with its full profile
iIncluding their sizes and shapes

4 Current excitation and sensing systems need to be
improved towards more flexible applications

U The reliability and effectiveness of the Lamb wave based
systems and methodologies in real world applications are
still need to be investigated and evaluated

Out-of-plane wrinkles in Stress corrosion cracking

in a carbon steel structure
'37'?."7 = == ot —- 1_.,: iy e

Impact damage evaluation

composite structure
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(Tian et al., 2015) (Hallander et al., 2013) (ieitvogel et a.Ir., 2014)
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Research work

Part I: Lamb wave NDE/SHM system and Actuator network system
methodology development ET—— A complex letter cluster damage
#N-1 . - .
4N g L : f | 3 Unit: mm

O Lamb wave based actuator network imaging
system and method that can quantify Damage,
damages with complex profiles #1@

Inspection area
® ®

O A reliable noncontact/remote NDE system
combined with effective imaging methods o Actuior

Part |I: Various NDE/SHM applications to prove Non-contact PL-SLDV system
the system and methodology reliability
DAQ [——|Wavefield |

#2

Scanning area

0 Complex damage profile quantification with
great details B el i
O Crack quantification with the developed i e {PChead | 1GE 450 |—{arewiton]

noncontact NDE systems waves

Q Vari tvpical ite defect luati (Ma and Yu, 2019)
arious typical composite defects evaluation . . .
with effective NDE system setup and \Wrinkle defectin composites

imaging algorithms

. . Court f NASA Langley R h Cent d
A Typical nuclear structure damage evaluation (Couriesy GTRASA Langley Research Genter and Boeing)

such as SCC quantification and material Curved composite plate SCC in welded steel plate
thickness identification with reasonable ,
accuracy : ‘
(Courtesy of NASA Langley Research
Center and ACP members )
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State of the art

1 Transducers for Lamb wave actuation and sensing

_ Optical fibers
Ultrasonic probes : PZT transducer( _ Compact

Contact “-&w. g _ ~ Light
type éﬁgﬁ*@ 4 .3% \ z - Actugtion and
0 . sensing

s

https://www.bakerhughesds.com/waygate- 4
technologies/ultrasonic-probes-transducers/immersion-probes

\ / SLDV system \

https://www.fiberguide.com

Pulsed laser

Electromagnetic acoustic Air-coupled

Transducers (EMAT) transducers (ACT)
L0 '

Noncontact
type

https://www.quantel-laser.com

\ J \ https://www.polytec.com /
»> SLDV system

— Based on the Doppler effect

— Measure multi-dimensional wavefield data
with high spatial resolution

http://www.starmans.net/product/air-coupled

https://www.olympus-ims.com

» Pulsed laser
— Based on thermal-elastic effect

— Generate high energy wide band Lamb
waves in a noncontact and remote manner
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State of the art

d Lamb wave wavefield actuation and sensing strateqgies

PZT-SLDV system PZT-SLDV system

Specimen
Partial by
LeCroy
noncontact ..~ PSV-Z:040
system ’ T e -
y TS«A 1{240 OFV-3001 e
unction Vibrometer - i
Generator Controller Function - 4
J
aserbanm £t "~ (Yuetal, 2013)
(Staszewski et al., 2004)
Pulsed laser-laser Doppler ACT-LDV system
vibrometer (PL-LDV) system <4 Q.
ll Test mnl‘rnllcrﬁ
Ghini - ' Specimen
LDV Ml.-‘.(,% ] ! i .P
Fully s
Noncontact
system

(An et al., 2013)
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State of the art

O Lamb wave based NDE/SHM imaqging algorithms

iltering i ' ilteri uction i [ venu i i
Filtering imaging Filtering reconstruction imaging Wavenumber imaging

— 90 1 90 3.4
i e Z 32 ¥
. { . 70 § 3 §
Single actuator - - ps § - B
employed e “,E.' 50 04 5 % 50 26 i)
f : = b e
\ 40 Er g
% 0.2 & 24 2

2.2

* 200 10 0 10 20 ° 2059 100 )10 20
(Sohn et al., 2011) * {mm) v

Tian et al., 2015
(Tian et al., 2015) (Tian et a )

Phased array imaging Tomography imaaing Sparse array imaging

:
100 I{J b y | ’.
Multiactuator 06 : »
-

200

j{mim)
Position (mm}

employed

Normalized Intensily

- I
_2@0“ = T“'Ir:lllj L 20 = = P(.m'il'mnrmm)15 2y
(Tian et al., 2019) (An et al., 2013) (Michaels, 2008)
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Part I: Lamb wave NDE/SHM system and
methodology development

Lamb wave fundamental study




Lamb waves in two-layer structures

Dispersion curves on a 1-mm
(one layer) aluminum plate

One-layer isotropic plate
0 Lamb wave are dispersive and multi-modal

10

A
O General solutions of Rayleigh-Lamb wave equations: B
u, = e" & ¥ (ifsinn, yA, +if cosnpyA, +ing cosngyB, —ing sinngyB,) % § )
u, = e (n, cosn,yA; —npsinn,yA, + EsinngyB, + £ cosngyB,) ”"g 4 A
0, = e 2ipén, cosn,yd, — 2ipén, sin npyA, +ipn(E0 —ng)sinngyB, +in(§* —ni)cosngyB,| £ | - :
o, = et [u<g2_n§)SinnPyAl+u(£2—ng)cosnPyAz+2,u£175 cosnsyB, — 2uéngng sinnSsz] ) Sﬁ/ S S, ;AZ
(Giurgiutiu, 2008) 0 1000 2000 3000 4000 5000 6000
TWO-laver plate Frequency (kHz)
Two-layer structure (each layer is isotropic d
with different materials) 2
O Model assumption:
— The two layers are perfectly bonded together
— Straight crest waves propagating along x A/ﬁ,’; & > X
direction 4~ > X2
— z-invariant problem % 7,
O Boundary conditions: Dl Boundoaryl condltlgns %a;
— At top and bottom surface of each layer: stress T =0, =0 T by =0 = s
2 2 Nz
free ) _ Oy |yz:0: 0, Oyy |yz:0: 0 o Oy >
— At the interface: the displacement and stress are 1 Y U2 zx o
continuous * =07 Ta lyy=dy> By In=0"" "y lyy=d, o
. . 1 e 2 1 = 2 (0} Y
O Analytical method: Global matrix method T bu=0= Ty bomay> Ty b0 = Ty ey =
A = N
7= UNIVERSITY OF 12
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Characteristic equation and solutions

O General solutions for each layer O Boundary conditions

u, =" (i€sinn,yA, + i€ cosnpyA, +ing cosngyB, —ing sinngyB,) J’IW n=d = O’U;y y=q,= Y

u, = €< (n, cosnpyA —1p sinnpyd, + EsinngyB, + £ cosng yB,) —> 0y l,20=0,0;,|,,4=0

0 =€ 2ipgn, cosnpydy — 2ipny sinnpyd, +ip(€¥ —ng)sinngyBy i€ —ng)cosngyBy | uy | o=ul|, o ull, o=ull,

7, =eE #(52 —né)sinnPyAl + u(fz —né)cos NpyA, +21€ng cosng yB, —2uéngng sin nSsz} g}cy 0= Jiy yy=d, 90-;1)/ n=0—" Uiy n=d,
O Characteristic equation O Solutions

——> D, w)| 4, 4,B,B, 42, £,B,B ] =0 == |D(£,0)|=0 —

. f w
——>Q Frequency wavenumber pairs £, ——> QO Phase velocity ¢, = 3
. dw
O Group velocity ¢, = —
Q Global matrix D(&, w)
[ 28n,, cosn,d, —2¢n,, sinn ,d, (& _Uszl)Sinﬂsldl (& —7731)C0S 1,4, 0 0 0 0
(& - 77521)Sin Nad, (& - nfl)cosnpldl 28n, cosn,d —2&n, sinn,d 0 0 0 0
2/11677;;1 0 0 /11(52 _77.31) _2xuz'§77p2 005771)20'2 2/125771;2 Sin77pzd2 —H (682 _7732)Sin N2d, _ﬂz(é:z —U.fz)COSUszdz
D(§ a)) _ 0 H (52 - 77;21) 2/‘15’%1 0 —H, (6“:2 - 77Av22)Sin 77p2d2 _,uz(‘fz - 77522)COS 77pzd2 _2#2%&7]:2 cos 77s2d2 2ﬂ2§77s2 sin ’7.';2d2
0 I M 0 —&sin Upzdz —&cos 77pzdz =1, €08 177,d, N, sinn,d,
M 0 0 g —7],, COS 77pzd2 p2 sin 77pzd2 =&sinn,,d, =& cos,d,
0 0 0 0 2¢n,, 0 0 £ -n
0 0 0 0 0 £, 26n, 0
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Dispersion curves in a two-layer structure

Material properties of each layer (Nafchietal., 2012)

Layer Material Thickness (mm) Pressu:‘i(wn:l/\sz;e i Sheal;‘:‘;:r/es)speed
1 Steel-T304 1.2 5900 3190
2 Aluminum-2024-T3 04 6350 3130
Phase velocity dispersion curves
My calculation Literature calculation
Frequency-wavenumber ?
. 20 ‘ (1.911,20)  (4.608,20)
(f-k) dispersion curves =l i RS —
10 | — o . ) —m2 18 : ',l : |
[—mi1] L] - R [
— M2 —_ L X 6.623 H l' I I“ ‘ | e
8 } | @0 —mb Y 1;) : 12 ) I A 7 ————s
_ﬁ é& 10 Im=m7l - xdlss \ Ew (2‘248\?10% (4‘57\?‘10) %(6.632,10) L
e © Y 10 Y 10 & - ‘.\' \
g6 | —m S i‘, R Sy
E ‘_m.',: 5 s [P e S "..:-. :-_. ,:l-:_"‘::::;_q
~ 4 2 | T
= OK 0 /k
0 2 4 6 8 0 4 6 8 10 1
2! fd (MHz-mm) fh (Mhz.mm)
(Nafchi et al., 2012)
o ; o ; r . O Difference of the selected points:
f (MHz) 0.15%,0.04%,0.85%, 0.21%,0.13%
O The analytical method is verified
NE
—

777 UNIVERSITY OF 4
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Dispersion curve sensitivity study

O 1 mm aluminum
substrate structure

with coating layer as; . Auminum*Znc

Aluminum + Silver

5
zinc, silver, platinum ) )
and gold - -
Ej3 E3
. E E
O Layer thickness E E
<2 =2
—1 mm Al + 0.0 mm Zinc JR—" Al+0.0 Sil
- O mm —— 1 mm Al + 0.1 mm Zinc —1::AI:O.12:S:I:::
1 1 mmAl+02mm Zine || 1 1 mm Al +0.2 mm Silver| |
—_ 0.1 mm — 1 mm Al + 0.3 mm Zinc =1 mm Al + 0.3 mm Silver
0 500 1000 1500 2000 0 500 1000 1500 2000
- 02 mm Frequency (kHz) f (kHz)
— 0.3 mm Aluminum + Platinum Aluminum + Gold
5 5
 Only the first mode . ;
Is interested - -
3 Es
E £
B g
<2 <2f
— 1 mm Al + 0.0 mm Platinum T
=1 mm Al + 0.1 mm Platinum — 1'mm Al+0.0 mm Gold
1 1 mm Al + 0.2 mm Platinum 1 — 1 mm Al+0.1 mm Gold| |
——1 mm Al + 0.3 mm Platinum 1.mm Al +0.2 mm Gold
—— 1 mm Al + 0.3 mm Gold
0 500 1000 1500 2000 0 500 1000 1500 2000
f (kHz) f (kHz)

O Each two-layer structure has its unique dispersion curves
O The dispersion curves vary with the coating layer thickness for each plate

,

B
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i SOUTH CAROLINA 15 w -

A

¢



Part |: Lamb wave NDE/SHM system and
methodology development

Lamb wave based NDE/SHM methodoloqgy

PZT-SLDV system
Scanning area
............. » DAQ »\Vavefield —
.............. ; ¢
.... .-._I SLDV head 4’---;;;56---'—----5 g 50 .
,,ZT. Amplifier Je—j" unction
generator

(Ma and Yu, 2019)



PZT-SLDV Lamb wave SHM/NDE system

L Actuation: PZT wafer transducer

O Wavefield v(t,x) sensing: Polytech
PSV-400 SLDV system

— Measure out-of-plane particle velocity
based on Doppler effect

— Can measure multi-dimensional wavefield
data with high spatial resolution

— The wavefield data contains a wealth of
wave characteristics and wave damage
interaction signatures

Experimental setup of the PZT-SLDV system

PZT mounted on
the cher side

e

:

Reflective

Q
Q

Specimen: 1 mm aluminum 2024-T3 plate

Actuation: 3-count toneburst at 120 kHz
amplified to 50 V,,

Sensing: 1 mm spatial resolution

1D line scan

2D area scan

Scanning area

2D wavefield

Distance (mm)

L
= -1
20 40 60 80
Time (ps)

3D wavefield

Function tapes E
generator ] o
| Yo}
‘ : y
: - * PzT
v
A
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Filtering reconstruction imaging

O Multidimensional 3D wavefield 1 Wavenumber spectrum
. . == ! _V(f.k)
Fourier analysis: o At ="
V(if,k)= I I V(t,x)e—i(bzﬁ—k-x)dtdx gjz IZ‘I > i_os / )
T 30 - //‘/giao o NeW gt 0.2
<0 . wavenumber A0/l
J (mm) ! o k}r (ra%:‘mm) °e !

O Filtering reconstruction imaging:

Ve (FRO=V(LOF(fK) == v (3= [ v 0e" " Hdsdk
27 J—o0d —
—> E(x)= I—v (r,x)dr

Filtering wavefield Filtering

reconstructed imagin
Lowpass fllter |:> Filtering spectrum |:> at 50 us IZ> aing
1 F(f,k) V() 2af Vi (2, X) :
05 ,"’/"5\‘\‘ . 0.5 . \‘ 50 | p— [ 60
T 0 . | T 0 \ | £ 0 £
i C, i - ;"; ; =40 =40
05 s R 05 \\\ . 30| 30
02 Quartz'edge 008
2 A 20 20
4 05 0 0.5 1 ? -1 05 0 0.5 1 10" ‘ : -y 10
k_ (rad/mm) k, (rad/mm) -20 0 20
* x (mm)
N
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Wavenumber imaging

S (%, £, k)= f_ Z f_ Zv(t, )W, (1, x —X)e " ¥V drdx

Wavefield windowing (10 mm by 10 mm)

80
70
60 |
ESD
=40
30
20 (0,30)

10

-20 0 20
X (mm)

3D FFT @

Wavenumber spectrum (120 kHz)

2 1

Maximum intensity wavenumber

imaqging (120 kHz)

80 1

Quartz
70 4 09
4 - ; 60 \ 4 08
k'(X. f) =argmax|S,(X.f.k)| - o '
» E (.'

>~40 ] 0.6
‘k|:.fkf+kf; 0.5

30
0.4

20
-20 0 20 03

X (mm)

QIS /1) [k]

Weighted sum wavenumber

imaging (120 kHz)

k'(X, f)=-*
X -0.011503 0.8 i Z|S(ia fak)|
1 Y 0.72491
£ : : >
g 0.6
o0
8 k|= & +k;
= 0.4 | x y
-1 0.2
-2
-2 1 0 1 2
kx (rad/mm)
A
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Actuator network imaging

O With the previous one
actuator step, only certain
side/direction of the damage
can be illuminated by waves
with strong energy

1 The strongest wave damage
iInteraction happens at the
energy illuminated side or

direction

Single actuator scheme

Strongest wave
damage interaction

PZT®

p(x) = E(x)

3
E

>

Filtering reconstruction
imaging result

100

70

60
0.04
50

30

-20 0 20

1 Actuator takes turn to excite
signals and corresponding
wavefield is recorded

d Waves can illuminate the
inspected damage from all

directions

1 More wave-damage
interaction will be captured

Actuator network scheme

Test specimen
P

#N o

Damage

#1@®

IllSpCC 1011 arca

#20 ®

® - Actuator

E(x)
p,(X)= { K (x)

U

p,(x)
P=3 Zlmax(p ®)

(Yu et al, 2019)
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Synthetic imaging through filtering reconstruction

0.8 0.8 0.8 0.8
0.6 0.6 0.6 0.6
0.4 0.4 0.4 04
. Only part of
, o i @ S ) e profile is
30 20 -10 0 10 20 30 30 20 -10 0 10 20 30 30 20 10 0 10 20 30 30 20 -10 0 10 20 30 uantlfled
(mm) x (mm) X (mm) X (mm) q
—— 1 1 30 1 !
'
0.8 08 20 N— 0.8 0.8
10
0.6 06 o 0.6 0.6
1
O ‘\N_/I
0.4 0.4 0.4 0.4
-10
0.2 0.2
-20 0.2 0.2
-30 0 ) 0 -30 0 -30 0
30 20 -10 0 10 20 30 3 20 <10 0 10 20 30 30 20 -10 0 10 20 30 30 20 -10 0 10 20 30
x (mm) X (mm) X (mm) X (mm)

Synthetic imaging result

1

#7 ®
#8 ® @-rzr | & (X) 08 cull i
= O D, _ ull protiie
A &0 P)=—2 — © quantified
#1 R=70mm N =1 maX(pn (X)) 04
o i e
#2 .#3 0

(US patent pendlng) %0 20 .1ox(fnm)m 20 30

o
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Part |: Lamb wave NDE/SHM system and
methodology development

Noncontact/remote PL-SLDV laser system development

Scanning area
........... » DAQ »\Wavefield
......... é
e @ rerrnnrnnnnnans :
““““ USLDV head Trigger,
ThermoelasﬁzTiil """"""""" RPEQtBU‘ Q-switch
waves g




Noncontact PL-SLDV system development &

. Wavefield obtained with SLDV line scan 10
D ACtuatlon- by Quantel CFR4OO Aluminum foil to 100 mmm at 0.5 mm space resolution on
Nd:YAG pulsed laser (Q-switch) i a 1 mm aluminum plate
i 100 : 2
— 100 mJ energy g \ :
— ~7 mm beam diameter S\ 1
— 0.7 mm thick aluminum foil E’}& i <. i
bonded on the excitation surface = 5
. 240
O Sensing: by Polytech PSV-400 B 2
SLDV system 20
- 10 averages ’
Time (us)
Laboratory setup of PL-SLDV system L
m B ] O — f-k spectrum
I i\ ) - %
o e .\ ) T 0.8
£ Low frequency .-~
£ components// 06
uuuuu 3 ,,,’ ’ ’/,”/ 0.4
N -
~~~~~~ z ' g /,/” 0.2
T ' Oo - 500 1000 1500
(Ma and Yu, 2020) Frequency (kHz)
-

e
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Proof of concept study on an aluminum plate &

1D inspection

d Specimen: 1 mm
aluminum 2024-T3
plate

— Pristine

— Damage: surface
bonded quartz rod
at 70 mm away
from the excitation

O Sensing: 10 to 100
mm away from the
excitation

Bonded quartz

Pristine

plate

Damage
plate

Distance (mm)

Distance (mm)

Wavefield
100 v,

80

60 7/

40 '

20

0 20 40 60

Time (us)

8

~0 200

Wavenumber (rad/mm)

Wavenumber (rad/mm)

f-K spectra

400 600 800
Frequency (kHz)
3 1
0.8
0.6
0.4
2 0.2

-3
0 200 400 600
Frequency (kHz)

800

(Ma and Yu, 2019)
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2D inspection: wavefield analysis results

&

Wavefield at 26 ys

90
80
70
T
Pristine <
plate =
40
30
-20 0 20
x (mm)
90 ; 2
Wave scattering
80
;
Damage - "
£ 60 0
plate <
50
-1
40
30 -2
-20 0 20
x (mm)

ky (rad/mm)

ky (rad/mm)

Wavenumber spectrum
at 90 kHz
i+ Incident A,
05+ _—
0 :, ':\/ SO "
05} -_--"‘AO
“1r
1 OI.5 0 0i5 1
kx (rad/mm)
P 5 - . 1
1 Incident A,
0.8
05+
T‘ \ 06
0} . l
0.4
05+

/&' Scatter

wavenumb@{

(Ma and Yu, 2019)

Ro

0

y (mm)

y (mm)

Filtering reconstructed Wavenumber image

image (90 kHZz)
100 1 100 1
90 90 04
0.8
80 80| 0.8
70 70
06 _ 0.7
60 E 60
E 0.6
50 = 50
04 = -
40 40 '
04
30 0.2 30
20 20 f 0.3
10 4] 10 = : — 0.2
-20 0 20 -20 0 20
x (mm) x (mm)
100 1 100 1
Q0 90 0.9
0.8
80 80 ’
08
70 70 {'*\"
1
o 06 - 07
60 E 60
E 0.6
50 = 50
04 A
40 40 | Quartz edge :
Quartz edge =
- " g 30 aty=65mm 0.4
at y=65 mm 0.2
20 20 0.3
10 Q 10 =+ = - 0.2
-20 0 20 -20 0 20
X (mm) x (mm)

%<<<<

UNIVERSITY OF
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On a composite plate e

O Specimen: 2.54 mm thick plate 8-ply quasi-isotropic CFRP
composite plate with layup [0,45,90,-45],

Bnded quartz Wavefield Wavenumber spectrum Filtering Wavenumber
- at 90 kHz reconstructed image image (90 kHz)
100 . 100 100 j
’ i Incident A0 ||’ 1 "
1.5 0.7
80 . o é 0.8 80 0.8 80 0.6
T — o5 E 1 " 06 — 06 ~ i
(S ' \
Pristine ¢ o 5 : ; E = E”
plate > 0.5 ;; l\ / 04 7 04 =
40 1 é . 40
] 0.2 0.2
20 1.5 1 20
2 0 0 .
-1 -0.5 0 0.5 1 -20 0 20 -
kx (rad/mm) X (mm)
2 . 1 100 1
e ! Incident AO
: 0.8 80 i
_ 0.5
Damage :5 E =R 0 £ a | [°° =
S 0 ! ' £ E
plate . % v 5 0.4 - 04 >
’ = \ (4 40
4 05 oo~ 'New Quartz
ik / wavenumber®®? edge &
’ 11 Scattered A0 .
4 05 0 05 1 ° -20 0 20
(Ma and Yu, 2020) =@M S
=
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Analytical study of laser generated waves

Excitation enerqy E; effect
Laser beam radius r. effect

O Analytical model

Laser input q(r,z,1)
r

Cylindrically — m|\ O g
Symmetric half  2{g

, space o
r — radius 5
z —depth o
6 — angle X.
u — displacement v u(rz)

z

U Governing equations of thermo-elastic field

VZT—l or 1 0T _ ¢
Kk Ot ¢} ot k
1 (lz—ibz—i
2 2
Vig——¢ =B,T with ‘L Cs
L 34+2u
2 1 b= A+2u
Vv ——ZV/ =

q — laser heat source density
A+2u Ny
T — temperature field ¢ = p —longitudinal wave speed

¢ = \/Z —shear wave speed
P

A, u— Lamé constants

k — thermal conductivity
k — thermal diffusivity

7, — thermal relaxation constant
= \Jk/7, — heat wave speed

U Displacement and stress in terms of potential

2 2
_%, %y 5(¢ @'//j u 002w 10y
oz 0z or r or

u
" or 8r62 or
2
o, ==By(A+2u)T+AV’¢p+2u g(@_[al/@rla_l//jj

0z or* r or

oo &Ee )52 (W—ﬂﬂ\
oz \ or 0z or\ oz or r or

Q Laser input expression
q(r,t,z) =FE, (l—R ye f

2,2 Spatial proflle f(r) Temporal profile g(t)
1 2 (=
f(r)==Ze
21 15
[
glt)=—er
()=
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Solving the governing equations

O Governing equations of thermo-elastic field
VT ——. . =4 o2, 22 S |7 _9:
K ot ¢ 6t2 k E(P tas +;<jT PR
1 . .: ...................................
Vg——¢=pT ; = o = i
¢ Cf¢ Py ;(p2+azsz)¢—2f:—ﬁoT
vy Lo Laplace transform and ‘ L= LT
_E"”_ Hankel transform | (p2 +b2s2),;_5a‘/2/ -0 |
> : z :
O Boundary conditions (stress free surface) , 1 ,,_ 1 e ——— ;
or e T avu @ :OE
— =0 P ooz -
GZ z=0 s B - 0 .......... PCRECCRETIITEL PP TELPE P TEL LI PEICCLRRE .
A2 T+ AV 42 oo (@y 1ov . & | :—ﬂo(/1+2y)];"+(/1+2,u)?;¢ _Ap ¢+zyp2%_‘/’ _ 0}
=— + + 22— ——| —+— = i 4 4 H
Ozl TTROLATAH Yele o e ) : ) i
. = (L0 v L=l :
| o a( 81//) o(op (y 1oy o, |Z-0—MP[26—+ o TP W] =0
O, =Ml —|—|¢+— ||+ | = | 5+ =0 : i :
#=0 ela” &) ale \a ra))| et uremseeeneeemsesaneseemsnesentseeese e seRs e sane seeE e on e seeEanemant sene s emanennes ;
O Solved potential in the transformed domain
2 2 2
= 1 1 - 2 2 +
T = 2Q7/ > (—e” ——652}; W= ’820Q72 4(772 P ) {f(l_l}r 21 . (l_lﬂe’”
S -y g y =< (772+p2) —4lnp* LS ¢ &) &=r\¢ 7
= por | (F+p) k(1 1) 1 (11 k(1 .1 (11
¢ =" —— — | = e +—|—eT——e* |+ —— | —e"——e”
y =< (772+p) —4eprLs\¢& & C—y &y s\ ¢ ¢ &=y \r g
\w
A\ﬁ"’ UNIVERSITY OF 28 &H/M“f
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Analytical solution: temperature and displacement

O Displacement in terms of potential

y 8¢ 82 0 +5_l// Laplace transform and ﬁr =—p (Z+ 8_1//) l;
" or araz o Oz Hankel transform z
= — -~
op (0w 10y 1 3/1+2y ~ 0¢ ~
u, =——| =+~ N Sk AT ¢
oz [Gr r or S o “: Oz i
N . _por (r+p) Hi_l) ! [i_lﬂ
ey gz z Al 2 2 2 2 2
u, ——ZP(Ale _nz+pz de” +Azj V=8 (P +p) —agpp’Ls\E € ATy
~ é’p with A, = ﬂon}/z {E[leg —legz)+ 5 ! 5 le 4 —le{ H
u, =—§A1e752 4 A4 r=&s\¢ ¢ &-r\r
n+p’ 3_ﬂ0Q72 [5( o) 1 (- )}
r’=&Ls &=y
O Surface temperature and displacement field
= or* (r'-¢") Inverse Laplace 0=0.0,0. 0= (1 R)
2=0 E2—y? transform (Guizar- P
( ) 2) - Sicairos and Qp:H(f(r)):\/Z_e $
. 2 P+ p’)b’s ) 1 ) Gutiérrez-Vega, d
7|, -2 — { (¢ 1)+ (er 1—1)} 2004) T(r 1 0, = Lig) ~——
y' =< (77 +p) —4¢np LS é 7 — (7", )‘ ' TZ(S+1/T)2
Inverse Hankel s s 9 S s s gy
) Q,BoKbZS(ﬂz +pz)(§§71 _1) transform u, (I”,t)‘ . E=pras’ = 0’ =p b
| (r—>o)= - (Abate and L .. 30+2u
-~ (7 + ) —anp’ Whitt, 2006) SR A
(Truong et al., 2018)
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Numerical and experimental parametric study

d Material: aluminum 2024-T3

O Experimental setup:

— Epicenter displacement is measured on 1 mm aluminum plate by SLDV

— PL excitation with selected energy and focused to selected radius using a point
focusing lens

O Excitation energy E; : 1.3, 2.6, 3.9, and 5.2 mJ, with r;=2 mm
O Laser beam radius r; : 1.5, 2.0, 2.5, and 3.0 mm, with E;=3.9 mJ

» Mechanical properties » Thermal properties
E =73.1 GPa a =2.32x107; thermal expansion coefficient (K™)
p = 2780 kg/m’ k =121; thermal conductivity (W/m-K)
v=0.33 x =5x107; thermal diffusivity (m2 /s)
» Laser parameters R, =0.9; reflction index (dimensionaless)
r =8 laser pulse rise time (ns) ¢, = 875; specific hear capacity (J/kg - K)

tp://asm.matweb.com/search/SpecificMaterial.asp?bassnum=MA2024T3
tps://www.gabrian.com/2024-aluminum-properties/
tps://refractiveindex.info/?shelf=main&book=Al&page=Rakic

(Scruby and Drain, 1990)
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Comparison of energy E; effect

Epicenter displacement Peak to peak variation
at different energy with energy change
° —_E=13ml o $ 6.94
................................. — —E=26mJ g /
b =6 5.21
"E-'E ——-E=39mJ _%
. E. R R E=52md :E 347
Numerical s _ : 2
54 & 1.74
results 2 | et et T e %2 0
B 2 :, e’ = 0
] 1.3ml 2.6mlJ 39 mJ 52m]
Energy E;
30 27.56
= ERY ﬂes
. E ::’ - 19.19
Experimental E ‘- 13.77
results 5 5
2 -
, 1.3mJ 2.6 mJ 3.9mJ 52ml
time (j:s)
Energy E;

O Both the numerical and experimental results show that the excitation
energy increase results in the epicenter displacement increase

Y/

A
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Laser beam radius r effect

Epicenter displacement Peak to peak variation Peak arrival time variation
at various r;

10 T
| r.=15 mmL 10 9.23 1.2
& = =
» = =, .92
at |—— fg=2mm | El 8 s 1 ~ 0.9:
’E“ — Iy =25mm 2 ¢ 208 0.75
. = | A P 4 s 0 d= o
Numerical = 6 o™ 2 306
£ —— = 504
o] i : ;
results 2l E I l %02
- = A &
2 0 0
2+ 1.5 mm 2 mm 2.5 mm 3 mm 1.5 mm 2 mm 2.5mm 3 mm
Laser beam radius rg Laser beam radius rg
0- . )
1.5 2
35 _. 3 2.8
40r 230 \ e ;
=3 ~ 55 - ] 198
E a0 2 20.73 g 2 1.67
Experimental = g
xperimental € »- E1s N E 13
& = 10 : g 1
results £ % S0
LA_A_A_ L\ 4 o S 5 g 0.5
=9 ~
& 0 0 = 0
- ot ; 1.5 mm 2 mm 2.5 mm 3 mm 1.5 mm 2 mm 2.5 mm 3 mm
0 1 2 3 4 5 5 Laser beam radius rg Laser beam radius g

time (u5)

O Both the numerical and experimental results show that the increase of the
laser beam radius results in the epicenter displacement decrease

O Both results show that the increase of the laser beam radius results in the peak
arrival time delay

-QV'?-
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Part [I: NDE/SHM applications on

aerospace and nuclear structures
on aerospace metallic structures




Case 1. complex damage evaluation

d Specimen: 1 mm aluminum 2024-

T3 plate Triangular mass loss ~ Bonded letter cluster
— Damage 1: machine milled triangular : Unit: il
mass loss

— Damage 2: bonded letter cluster ‘USC’

O Method: actuator network imaging
using the same setup as in the
demonstration

Actuator network setu Wavenumber spectrum at 120 kHz _ _
P on pristine plate with a PZT Comparison petween the experimental
Test specimen actuator at the origin and theoretical wavenumber curves
®:7 — 1 S
#8. .#6 ) . experimental A0 . experimental A,
Damage o p(f,0)=argmax|V'(f.r.0) | theoreticalA,
~ 05 a 05| I e
] [ E 10.6 — £ - "
5 = . £ , ,
wl g 0 k,=rcos6, k,=rsinf 3 o i ;
= |04 | - £ 3 f
.Inspection area® 44 * 05 < 05!
L2 ([ il 0.2 eeere
#3 #
®-- PZT actuatot — 0
4 05 0 05 1 —
B RSN Ak (rad!mm)‘

(Ma and Yu, 2020)
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Triangular mass loss evaluation with single actuator

U Imaging method: filtering reconstruction imaging

1 1 1
0.8 08 08 10
06 E 0.6 0.6 T
£ E 0
04 X 0.4 0.4 -
0.2 0.2 0.2
7= 10
L
0 0 0
-10 0 10
x (mm)
1 1 1
0.8 0.8 0.8 10
£ 06 g 0.6 E 06 €
£ E E E O
- 04 X 0.4 - 0.4 -
0.2 0.2 0.2 10
0 0 0
-10 0 10 -10 0 10
x (mm) x (mm)

Only part of the profile is quantified

(Ma and Yu, 2020)
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Actuator network imaging results

1 Triangular mass loss

#2 Imaging by 8 actuators

1 15

~y (mm)

-20 0
X (mm) x (mm)

(Ma and Yu, 2020)
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Case 2: crack quantification

4 Specimen: 1 mm aluminum 2024-T3 plate ;. hine

— machine milled notch (0.5 mm wide, 10 mm milled notch  Hairline fatigue crack
long) .

— “hairline” fatigue crack (1 mm initial hole and
total length ~30 mm long)

d System: noncontact PL-SLDV system : = S
O Method: filtering reconstruction imaging Crack tip

Initial hole

s

Machine milled notch imaging (frequency study)

210 kHz

90 12
11
80
Best 10
i 9
—~70 — 70 _—
8
60 i
- 6
50 5
4
40 3
- - 0 -20 -10 0 10 20
x (mm)

¥ (mm
¥ (mm

A =6.3mm
Fﬁ%}\ UNIVERSITY OF 37
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Hairline fatigue crack evaluation (210 kHz)

Hairline fatigue crack Normal inspection (PL-1) Parallel inspection (PL-2)
|niti_’a| [ ] : B sy T 5] 4 505 \ T 6

z 3

= A 4
2NN o o 2 0 \ _ Trapped waves
B - X . oy < 9 _ | _ \ 2

Crack tip < E g, L s E o ‘~. : .
> > - =,

Q Fatigue crack growth was g ) ¢ & 4 : 2
initiated with a 1 mm ’ \
diameter hole D |

-4 — 6

U Cyclic fatigue loading is
applied at 4 Hz using
MTS machine, with the
load level between 6.5%
to 65% of the yield
strength

~28 mm
g

~31 mm
-5

vp'o\ﬂ %

Initial hole

Actuation and sensing

Imaqing results
y (mm)

Imitial hole

-30 -20 -10 0 10 20 30 -30 =20 =10 0 10 20 30
x (mm) x (mm)
QO Initial hole highlighted, both QO Initial hole highlighted, left tip is
crack tips are captured not quantified
O total length quantified with Q total length quantified with
~3.3% error ~6.7% error

=
A
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Part Il: Applications on aerospace and

nuclear structures
on aerospace composite structures

Top surface Reference region

Wrinkle region ;

Bottom surface PEL " g
< 60-260 mm along x direction >
(Courtesy of NASA Langley Research Center and Boeing)

(Courtesy of NASA Langley Research
Center and ACP members )



Case 1: wrinkle defect evaluation

O Specimen: 20-ply CFRP plate

with unknown material

properties

O Inspection system: nonintrusive
PZT-SLDV system with honey

as PZT couplant and wipe-off

reflective spray for SLDV light

enhancement

O Actuation: 3-count toneburst at

50 Vpp at 120 kHz or 210 kHz

Sensing setup

2SI
sm#t

k LBOEWG - W Ri1vKIE=A
| m.SA
A ¢

0! 1
|

Y Wrinkle region ! Reference region

N :

306
(Courtesy of NASA Langley

Research Center and Boeing)

120 kHz

210 kHz

To

surface

Bottom surface

Location (mm)

Location (mm)

90

g 8 3 8

g 3

Wrinkle region ;

Thickness view

PEZT " :
60-260 mm along x direction

(Courtesy of NASA Langley Research Center and Boeing)

Wavefield

Time (us)

1D inspection results

Waveform

----- 0.1r T
. 1% packet

0.05 \

-0.05

Velocity (mm/s)
o

0.1- : :
0 20 40

Time (1)

2% packet

o

60 80

0.

- : :
1% packet N

0

Velocity (mm/s)

_0' 5 (S . L
0 20 40

Time (us)

60 80

acket
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Wavefield analysis and group velocity estimation @y

Wavefield snapshot at 29 us

Top surface Bottom surface
140 ¢ R T o = B 1 140 ¢ —— o 1
Straight T - Straight |} ﬁ :
"crest waves § ‘ ik - 130 lcrest waves {2 .
120 FHH I i 120}
£ i ! E
£110] t l i B4 0 £ 110 0
> N ItN B th 7 >,
100 r i : A a 100 &
E, \& N — 0.5 -0.5
%) B LILIR B 90 |
80~ 1 L 4 ‘ R M SO - -1 80 © L L b ! '. ..___ -y -1
60 80 100 120 140 160 60 80 100 120 140 160
X (mm) X (mm)
O Adaptive wavefield imaging method
Waveforms Group velocity estimation
2 2 100
N R - 52
o (X) = c £ QO—VUVWWVWWWU =
—_ (3]
vlst (ta X) _ V(t, X)Vme (t) % 75 - | z
75+
TO_QJGVVWVUWUWWN
[ 70 . |
vlnsata & (f , X) = Mmax |V1 st (f R X)| % 20 40 60 80 43 44 45 46 47 48

t (us) t (us)

lst
c,’ =5.249 mm/us

Y/
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Adaptive wavefield imaging results

&

Adaptive wavefield imaging

Zoom in results
140 140
120 120
Top E E
surface X > 100
80 80
60 80
140 140
120 120
Bottom ¢ £
£
surface < £
100 100
80
60

80
80

Detected wrinkle ranges: 80-130
(Courtesy of NASA Langley Research Center and Boeing) mm along x direction
%
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Case 2: delamination evaluation in curved plates &

Specimen: three composite plates with different Actuation and sensing setup
radius of curvature (R) Unit: mm

Imaging method: weighted sum wavenumber
imaging method

Actuation: 3-count toneburst at 50 V,at 150 kHz
with two excitations at the center of €ach wing

Sensing: 2D area scans in the accessible areas on
both surfaces of the plate

— The scanning angle effect due to the curvature is neglected

o O O O

Specimen #1 Specimen #2 Specimen #3
(R=40 mm) (R=20 mm) (R=10 mm)

SLDV y
head

(Courtesy of NASA Langley Research Center and ACP members )

\
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Wavenumber imaging: Sample #1 (R=40 mm) &

Excitation at O, Excitation at O,
2.2 2.2
Dl :l 2 2
T_QQ 18 18
surfact O, 16 6 Total three delamination
in the plate: D1, D2, and
14 1.4 D3
12 12 The delamination exists
. in the range 40-110 mm
1 60 s 100 120 140 along x direction
X (i) D1 is close to top
22 surface, while D3 is
Botton 2 close to bottom surface.
surface D2 might be in the

middle plane

Y/
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Imaging results on sample #2 and #3 e

Sample #2 (R=20 mm) Sample #3 (R=10 mm)
Excitation at O, Excitation at O, Excitation at O, Excitation at O2
Top
surface ”
Bottom 8

surface £«

30
20

10

X (mm)

O Sample #2: Total 5 delamination in the plate, with D1 close to top surface, D3, D4 and D5 close to the
bottom surface, and D2 likely in the middle plane

O Sample #3: Total 4 delamination in the plate, with D1 close to top surface, D3 and D4 close to the bottom
surface, and D2 likely in the middle plane

O Overall, the delamination are visualized in all three plates including the one the smallest radius of curvature

V
—
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iy SOUTH CAROLINA 49 @




Case 3: “pillow” defect evaluation

0 Specimen: ~13.3 mm thick Results on the
composite plate with unknown top surface
“pillow” defects

O Imaging methods: maximum
intensity wavenumber imaging
method

QO Sensing: three area scans for
each excitation on each surface

160} %

Actuation and sensing setup

150@
= -,

40

ww Gee

y (mm)

(Courtesy of NASA Langley Research Center and ACP members )
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Results on the bottom surface e

10 circular defects are
detected with 5 of
them close to the top
surface and 5 close to
the bottom surface

O The quantified
diameters of the
defects are 38 mm, 25
mm, 19 mm, 13 mm,
and 6 mm respectively

Center and ACP members )

7

~
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Automatic PL-SLDV system e

System layout Experimental setup
Test specimen y- ST
Scanmng gnd
_Response | Dﬁﬁcii‘%;a' . = Wavefield \
‘ : ea ] ‘
H | .- fISLDVh dT Trigger
e ——— | e} —{ oo |
Alignment lasers Alignment lasers locating the

excitation points
Laser output i =

Alignment
lasers

PL excitation
position

(Ma and Yu, 2020)
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Evaluation on a composite plate e

Q Specimen: 2.54 mm thick plate 8-ply quasi-isotropic Actuation and enSinq setup
CFRP composite plate with layup [0,45,90,-45]s ‘

L Actuation: PL excitation at four locations PL-1, PL-
2, PL-3, and PL-4 from four directions

PL-1 PL-2

: 2[ncident
y W/ "swaves
10 b 10

-
oa,
» -

-
'.-'

Scattered

-

y (mm)

Lo Scattered: Network imaging

Incident waves 20

-20 -1 0 10 20 ) -20 -10 0 10 20
x (mm) x (mm) 15
PL-3 PL-4 10

0.8
Incident waves 5 06
£
E o
=
5 0.4
-10
0.2
-15
-20 0
-20 -10 0 10 20
X (mm)

7
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Part Il: Applications on aerospace and
nuclear structures

on nuclear structures

V1: 5.82" or 14.8 cm




Case 1: stress corrosion cracking

Specimen

0 Welded steel plate by joining two A285 carbon steel SCC inspected by magnetic particle test
plates using GMAW procedure

O The specimen was not heat treated to relieve the

residual stress after welding V1: 582" or 14.8 cm
Welding of steel plates Starter cracks
154.4 . ) 154.4 R
Steel plate > < Steel plate §I
38.1 EI g_l
308.8 stpeappepsnin

Unit: mm

(Lam et al., 2005)

Actuation and sensing setup using PZT-SLDV system

PZT-2

Unit: mm

UNIVERSITY OF 51
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Filtering reconstruction imaging results

V1 imaqing results V2 imaqing results

o

Normal
inspection

- R W Ok o D ~ 0 W =
y (mm)

Parallel
inspection

o = N oW B omo®
y (mm)

A
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Case 2: material characterization on metallic plates

JI

3

Pulsed laser

A

Focused PL-SLDV system setup

1 Actuation:

SLDV

: BFL Specimen
: BFL: back focal length

:Scanning
line

by

Focused line source

focused PL line
source (10 mJ
energy) with
~0.2 mm width
and 7 mm length

O Sensing: line
scan

PL-lens-specimen schematic

“ Alignment laser

peC|men

. Focusing |
lens

f-k spectrum on an

aluminum 2024-T3 plate

5

I
|
|
|
(7))
(=)
N
o
o

w

N

Wavenumber (rad/mm)

-

o

500 1000 1500
Frequency (kHz)

2000

V
S
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Thickness estimation

d Specimen: four aluminum 2024-T3 plates with 0.508 mm,
0.635 mm, 0.810 mm and 1.016 mm thickness

f-k spectra results Comparison between experimental and
0.508 mm 0.635 mm theoretical A, dispersion curve
5 - 1 5 Em——————— 1 4 - - . -
——0.508 mm ——0.508mm| - .l e; =
——0.635 mm ——0.635 mm . T
4 0.812 mm 0.8 T4 0.812 mm T 0.8 E
E —1.016 mm E - 5 3|
© © ~
E3t 06 £3 06 g
2 z =
[}
£, 04 E» 0.4 g 2
= o
g 3 2
] © @
=1 02 =1 02 31
f / =
0 0 0 - 0
0 500 1000 1500 0 500 1000 1500
F kH F kH 0' : . - .
HIERSr e ) fl> 0 200 400 600 800 1000
081 2 mm 1 01 2 mm Frequency (kHz)
5 : 1 5 - — 1
——0.508 mm ——0.508 mm 72" theoretical A0—0.508 mm
——0.635 mm ——0.635 mm i
T4 0.812 mm 0.8 4 0.812 mm 0.8 —— theoretical A;--0.635 mm
= ——1.016 mm £ ||——1.016mm ;
3 = theoretical A --0.812 mm
- ©
E3 0.6 = 3 0.6 ——theoretical AO-1.016 mm
S 2 )
E 2 6 = - - - —experimental A0—0.508 mm
o § - — —experimental A0—0.635 mm
© © 2
=10 0.2 = x 0.2 - — —experimental Ao-0.812 mm
f - — —experimental A0—1.O16 mm
0 0 0 = o 0
0 500 1000 1500 0 500 1000 1500
Frequency (kHz) Frequency (kHz)
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Theoretical parametric study

= Dispersion curve sensitivity to

Young’s modulus (E), density . ,Matf;ii" e A'“mi“‘;;“f““'"
H H oung’'s moaulus a .
(’0) and POlSSOﬂ ratlo (V) Poisson ratio 0.33
— =20%, =10%, 0, +10%, +20% Density (kg/m?) 2780
Young’s modulus Density Poisson ratio

——0.8E
——0.9E

1.0E
31 |—1.1E
1.2E

Wavenumber (rad/mm)
N
Wavenumber (rad/mm)
Wavenumber (rad/mm)
N

00 500 1000 1500 OO 560 1(;00 1500 0 500 1000 1500
Frequency (kHz) Frequency (kHz) Frequency (kHz)
Wavenumber change at 500 kHz Wavenumber change at 500 kHz
with different Young’s modulus with different densities
AE (%) k (rad/mm) Ak (%) Ap (%) k (rad/mm) Ak (%)
220 1.790 +7.5 -20 1.550 -6.9
-10 1.723 +3.5 -10 1.610 3.3
0 1.665 0 0 1.665 0
+10 1.615 3.0 +10 1.717 +3.1
+20 1.571 -5.6 +20 1.767 +6.1
Nz _
£4 &

s

%
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Conclusions: Part |

Q0 An actuator network Lamb wave imaging algorithm that can

quantify damage with complex profiles is developed

— Can provide multidimensional wavefield data from different
perspective

Actuator network setup and proof

of concept imaging results

Test specimen

#Ne

Damage. [
L]

o#N-1

15

¥ (mmm)

— Can quantify great details of complex damage

A noncontact/remote PL-SLDV NDE system is developed
and evaluated for damage inspection on both metallic and
composite plates

— Can excite and measure Lamb waves in noncontact and remote
manner

— Is reliable for damage detection and evaluation on both metallic
and composite structures

0 Thermoelastic modeling of pulsed laser actuation on
isotropic half space structures is derived and numerical and
experimental parametric study is performed

— Reducing the laser beam radius will increase the epicenter
displacement

— Increasing the excitation energy will increase the epicenter

[ ]
Inspection area

® ® 05

#2

® - Actuator X
-30 -20 -10 0 10 20 30

X (mm)

Noncontact/remote PL-SLDV system

DAQ |——|Wavefield |

Scanning area

Trigger

Thermoelastic
waves

‘ ....................... El PL head H ICE 450 Q*SWEtCh|

Imaging results on

a composite plate
100
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Conclusions: Part |

Complex letter cluster

O The developed NDE/SHM systems damage quantified

and methodology are applied on
aerospace and nuclear structures,
the suitable experimental setup
and imaging methods within each
case for reliable damage detection
purpose are demonstrated

Imaging of fatique crack with

initial hoe and length quantified
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— Complex damage in aluminum plates: Wavefield defect visualized

Full 2D profile is quantified with great
details b crest vfaves

— Fatigue crack in aluminum plates: both
initial hole and length quantified

— Various composite defects: all detected =«
with effective imaging methods -

— Stress corrosion cracking: all detected
with length quantified S
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Major contributions

A high-resolution actuator network imaging method
with demonstrated capabilities of imaging damage with
complex profiles with great details

A reliable noncontact/remote laser based Lamb wave
NDE system accompanied with effective evaluation
methods for both damage detection and material
characterization purpose

d Modeling and parametric study on the pulsed laser
actuation on isotropic half space structures

1 Systematic study of Lamb wave based NDE reliability
and effectiveness on various real-world applications
including typical damage and defects
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Future work

4 Further study and investigation of the actuator network imaging
method is recommended, including investigating different
schematics of actuator number and arrangement, trying out other
imadge fusion techniques, and performing inspection frequency
study .

O Analytical study and/or FEM modeling of laser excited Lamb
waves as well as the excitation mechanism is recommended for
iInvestigation in order to set up better experimental parameters
for laser based NDE.

[ Investigation of the Laser based NDE method sensitivity for
material characterization as well as extending to multi-layer
structures are recommended.
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Conference and other Publications

O Conference papers
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U
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