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Nondestructive evaluation of bilayer metal-composite structures using finite

element simulation of guided Lamb wave propagation

Yousef Parvari!, Hasan Ramezani?, Siavash Kazemirad'

1- School of Mechanical Engineering, Iran University of Science and Technology, Tehran, Iran
* P.0.B. 16846-13114, Tehran, Iran, skazemirad@iust.ac.ir

Keywords Abstract

Guided waves, Lamb wave, Composite Nondestructive evaluation (NDE) of the mechanical properties and thickness loss of bilayer structures is
coating, Coated structures, Finite of great importance for health monitoring purposes. This study aimed to propose an NDE method based
element modeling on the Lamb wave propagation for the inspection of bilayer metal-composite structures. The finite

element model of a steel substrate coated with a layered composite material was developed, where the
composite coating constituted by chopped strand glass fiber mat and woven roving glass fiber cloth layers.
The fundamental antisymmetric Lamb wave mode (Aq) with different excitation frequencies were
generated and propagated on the modeled bilayer specimens. The dispersion curves for the Ao Lamb wave
mode were obtained for the simulated specimens, considering different thicknesses and a range of
material properties decay for the metal substrate and composite coating. The obtained results showed that
the effect of the thickness and decay in the mechanical properties of the substrate on the Ao Lamb wave
mode velocity was more than the effect of the thickness and decay in the mechanical properties of the
composite coating. Besides, the estimation of coating thickness was performed more accurately at low
frequencies, while the decay in the mechanical properties of the coating and substrate was better
evaluated at higher frequencies. It was concluded that the simulated Lamb wave propagation method can
be used as a virtual lab for the development of methods for nondestructive evaluation of bilayer metal-

composite structures with different material properties and thicknesses.
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Fig. 2 The tensile test setup via Santam STM-150.
plow &8 55 STM-150 oSws 5l oolazl b zis sinles! ol 2 s

©ous (6 ibwani-4-2

liz! it 5o oo sl ol 59 %o 03k ol g Laglell o5l
s as Gloj sl Jobo andl oo cued 0digd Culan zlsal 1S sgaee
O 1y ol Zlaal S sgaome sl ] (silhands soue Slawle
Wl oo Caws a4 (1) dolee Bllas oS o

~ (le )min _ 1

At =
Cp 2Ofmax (1)

Jae o pledl o3lail 0 1868 (LeImin < gilej o3l Jsb AL ()T o a8

Gl goe Sy 5 Jleel Ll diiny finax i sl
@ @l g Slwbre 285 (adl 1y S92 50 @l Bk Grizren WBkoe
@ azg L [29 28] o)ls g0 zae Job y2 40 055 10 5525 edel s
O bl ol JelisS (6)Lad glsel 4 Sl (B p Elosl goe Jobo oS

Amin Cs

l, = ~
20 20fmax 2

ol 2 el Sy gee g Cs 5 zee Jsb Amin ol o &5
—o¥8 Vg b o cwd el B3RS iludnd gl anllas
rizmen b oolitul T s pd Sl b GugSLT bl 5l Cojgrels
3 oS Ll I3l 5 50 (iluoand CojorelS-o¥sh Y 5o gladised awain
el 0 wals ylas 3 IS

Cglite (owgi (2l Sl 0500 igei )3 el zge Slml (6l
s 3l glegeze 5 0b Jloel diged 4 ¥ Rlae o ;5 1 MM atals |
2 SuieeelS g Vs Y g0 el Gl sl b abas;le
A plil 20-110 KHZ 5,56 slo uils 13

5 Time Interval length
5 Implicit solver
7 Actuator

Sladiges glate (o el Caws 4 iiS Giolesl 5l el LS 9,90
wsle SilKe polss shaasin sy ond ail 5 aad iy 2uemels
093 1) =Sml 0y 3 B 9550 ez Tl badiged Cle sl o
(g3 onl 5o ond odlital (Sl (03 £ 4 4z L g 0d9ed 1jg ph
O b e 0 03933 1 4 15 4 100 535 Cod b oariS i
aiBs 5,90 200 ceps b g 4880 5 ST Gae @ el yla SIS
090 4 e lyiome ( Sle (05 o al B plal Sl amy ad plmil oS 5
4335 oy ool 5 6N ey Sl oS Jizie M galaime
ezl 5l 050 sleay G ab a8 Ll 0 1ombar jLes
55 B ol aalsl o aiad anBEE LS 5 end odyy oot amdly g das
oMLS S g (n)) w55 4 gapld jlesliul b pladyy (e 45 0ud
28,5 0y a0 50 GLI S35 s b slY CojeelS b o aiel
by oad ools I8 oo (55, S 4 S Lagl daaz )y (iluansll 5l ey
O gyl g clie mg A S B oad mje () oS 1 eolinud
5 STl Su bl 3 08 Jeols pliabl la Jleiol lacl>
200 o0 Jloel b laaiges cankad jo gy calbius o)) cuvs &
SselS sbadiges w3 )T 1E L cou abe G D 4 e
YaS b SO T slgl 9o ys a8 cleds ools plas 1 S 48 oo aisle
o Ay 4 1S olfiws SB Al 4o ol ca] 5l 65 el sl

ol 00 0l

Fig. 1 The fabricated mat and woven composite specimens.
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Fig. 5 The elements type used in the model.
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Fig. 3 Geometry of the steel-composite specimens simulated in
ABAQUS.

955 LT 158l 5 10 (o5l CujaaalS-0Ysh (sladiges dwain 3 i

Cyzmad g el Solul Jas 0 ol zge Ag 050 ol a5 bl
ol 15 53 ) ety oIS 3 55 ) 3m A 9m
Saddlas ol po s oo (Lis il oly g Culs i 4 95 Lon
e 30 ol liabsl gl el ond eslitul ol ze 350
(25508 @) VL 5o o0 Sy 20 el L oolod ;5 (A 950 0yl
ol e e Lalpd g ab plxil g (Y58 V) b )3 eo g
Slas | caxin Jolgd o oK b osls 18 o] g0 4 laad
03l )18 digal gl (59, AL 0y aod 90 5B Lt o Al Cz
2 6lp cd e Ap D50 B s 098 o oalin 4 IS o 4 Wl
Al g pSoslail o K jo 8L 10 zae 18 S Sl eoliiwl b diged

Olgee ) Rog (nl 5o addllas 3550 CujenelS-3Y9d Vg sladises
Cwlis Jol 09,5 )3 13,5 Guiupeadi 09,5 50 & Laa¥ Culs Wl 5
SisealS by Culks g ud 485 Sl s cli 4 MM osYes 4
ped 09,5 40 b ad S LA o piie e Lo 316 52 1 0 polie
Y Cubs g ol 48,3 a0 colb 316 MM 2 5elS ibe Cwlks
Goglodl b 4S5 o suiie e e B 56 A 2 olis co¥sh
RS Uy il pal5 LS | sleb cote S eaSe s
ol peas B Sy a8 al eslatwl I8 ol 0 (C3D8R) i celws
Ded o 090 by Lall

Ao @

=)o

o smrronn

Fig. 4 The position of the actuator and sensors on the specimens.
.L{M.'v,,e.'v &9 Lb)f.wa 9 )flo.c Kl 4 JS.&

! Sensors



OSen 5 (59 sy

ol gl u i Zlgel (b piunS dgazme gl (6 jlwdunds oS 43 o jemolS— 38 Y 90 (Glojlw o ol (S 55

O zee 4z BB Lullal sl el ol cplcnl (so¥gd 4 5l S 55
Pomre LSS j0 (SujorslS Ady g OVsh axmbo Siie gl
B) L A ss0 5wl 5 culis g5l abom 51 wigml iyl b5
slojls i gl Glp QLSS Gz @m0 delie
5 Sl el &5 Gloj ohy 4 iten cwlie oad (BRI
Sglite 425 BB sk 4 (DjeelS (g g 50V azmio (SituS]

sl

g ool dBl gt ujemelS slaay (go¥ed amio S pelym 1 Jeus

(SeeelS sl b
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Fig. 8 A snapshot of the simulated waveform of Lamb wave mode 4,
in the specimen at the frequency of 100 kHz. The deformation scale
factor is 1x108 in this figure.
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Fig. 9 A snapshot of Z displacement component of the simulated Lamb
wave mode A, in the specimen at the frequency of 100 kHz. The
deformation scale factor is 1x10° in this figure.
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Fig. 6 The dispersion curves of Lamb wave modes obtained using the
GUIGUW software for a 4 mm thick carbon steel plate coated with a
3.16 mm thick composite coating.
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Fig. 7 The dispersion curves of Lamb wave modes obtained using the
GUIGUW software for an 8 mm thick carbon steel plate coated with a
3.16 mm thick composite coating.
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Fig. 10 The dispersion curves of the A; Lamb wave mode obtained for a
4 mm thick carbon steel plate coated with a composite coating with
different thicknesses.
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Fig. 11 The dispersion curves of the A, Lamb wave mode obtained for
a carbon steel plate with different thicknesses coated with a 3.16 mm
thick composite coating.
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Table 2 The Lamb wave phase velocity of the specimen obtained using
the FE simulations and the GUIGUW software.
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Fig. 12 The dispersion curves of the 4, Lamb wave mode obtained for
a 4 mm thick carbon steel plate coated with a 3.16 mm thick composite
coating, where the coating material underwent different percentages of
stiffness decay.
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Fig. 13 The dispersion curves of the A,Lamb wave mode obtained for a
4 mm thick carbon steel plate coated with a 3.16 mm thick composite
coating, where the substrate material underwent different percentages
of stiffness decay.
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