#) 32 2 3R Acta Phys. Sin. Vol. 71, No. 16 (2022) 164301

RS R ELR B — M R R A 1 i

gED  F R

o

Fhx) EHY

1) (ks st TAR2ERE, Kb 410075)
2) (BRI, N FHE T ELAFREE, L5 100084)
3) (THHER, W FHARMIT L, JE3 100084)

(2021 4F 12 H 31 HYEI; 2022 4F 4 H 19 HUEIE )

O i DR A 2 A P R T 14 SRS XA, A SO Al e 4% 1 ) P 1 o094 6 S50 P AS A 5 A 1 A, SR IS %
FoR M0k, ST R TATIE A A 2 M B e K i D7 R O (RHIE B A Sl A R T I P P e A 4 X
PR B, I R T U R A T2 A R 05 I S BRI M T 4 1 B AT IROTARE R, A3 A% i {ELFY)
T ELAS R S AR AT A R AP, Bl 17 A% SCAR LR 3R 1T D F0 00 v . AR S A A B 2 R, BT T AR
AT P4 A AR 2k 28 B e 1, 45 SR - SR — U 0 ey SR AR S AR SRARIAL B, 1l 5 K Tk
AW B A AR ELAR AR OG5 25900 i 28 07 10 6 B 2 R T B, 32350 0 3 0 o 1 L 2 00 0 40— 008 D W (LK
e Ah, B AN T Y AR Lt R BCIAAE IE FEOGFR % L1 5C 38 e APRE B B 3P 2R 00 i . AR SCIR ST IR
SR T B ) A2 R A P S L2 o A eV R S SRR, X 48 Sl R T A9 S PR T B — s T

KR ARRMER T, Mk, LR ARRoTiiR

PACS: 43.25.Fe, 04.25.Nx, 43.25.Dc, 43.25.Ba

1 3

UEARR, ARLRMERE P BIE FIBORTR 2 T2 1Y
5T, FEAE Tk IO A0 A I 5T % 1 A SR 1,
PR AR LA 2 00T i B s e RO R -4
P S0k, PRI g 0 i A R P £ e T
W, AT O I A PEAN 8 57 143 . P4 | Rl
O3 )2 R ERE A BB 15 5L 23, AT ARZ R A A
0 3 R PN 1 Z gl BT 22 kgl 161 AL S 0 )
PO, Hoh AR R i B A L IR I | gt
A& v A AR R, S P T S BRI I
AR SRS ISR RIS 38 32 G TE.

FEARZPEFR I A N 7 1, [ N Sh 5 T
TRV TAE. G4, 38 A e 2 v s 5 1
AR ITEE T, R T DR A 2 T 1 47 A v

i

DOI: 10.7498/aps.71.20212445

I B FHOC S e R WIAR L MR T P R B S BB Y
BRI A AR B S TEAHSC 1T, e A, ) P s AR S
TR SR L B AR I, AT AL IX I3 A R S
IO B A R R EE A 405 00, SR, 2 RTARZe e
THT 906 P9 S 36 T 57 3 3 00 A 471X B RO AR RS AR 2
FAU, TR EAIR SR AT AR AR AR I 2R
VEFEME, 38 1 UL 12 3 B AR AR AR PR (1),
AASCHIFFE R, J i I A A 4 X AR 2 R AL
AT LIRS BB R EBEA T PR, SR RERS
XERERFR I IR A5 45 HEA T B e M B TRk
M T 2 %o 2 i i A 2 2R R AT A BRI At
PR BA ERAIILES, M 5T AR L e i e Ao
BRI X IO 0 75 v PRI O P 2
PP AL LR E AR BIRA R 1Z A
208 B AR R A AR LN AT EAN ]
AIINIR, B2 Y HITAH OGBS 22 S 0O s | ME LA SR

*ER HRBIAREESE (EES 51805554) R K2 e m A S AR 55 3% (HLHES: 202122ts0175) 5% B AR

t iBIE1E#E. E-mail: jia-lu@mail tsinghua.edu.cn
1 BIE1EE. E-mail: sz_zhang@csu.edu.cn
©2022 HEHEFS Chinese Physical Society

http://wulixb.iphy.ac.cn

164301-1


http://doi.org/10.7498/aps.71.20212445
mailto:jia-lu@mail.tsinghua.edu.cn
mailto:jia-lu@mail.tsinghua.edu.cn
mailto:sz_zhang@csu.edu.cn
mailto:sz_zhang@csu.edu.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 2 3R Acta Phys. Sin. Vol. 71, No. 16 (2022) 164301

THT I8 24 X AR £ 1 2R B T e — 25 B S 60
Xt AR L O ) A WS AT T, — R
%, DA R ESRESA R oo &M, HirZ
T 52 2 85/ W 75 05 A3 5 e M o i 19 55—
FEIEATIE, AT LG H B V) R v i e
RUfR . HiT S0 7R T R B AL, A M R S
B, PR RS TE o BT RIS B 2k [l R
B AR, (e LU S, A5 W B SR 2 1) ) BAR B R
RIERGE AR SRR ) BRA L. AHLLZ T, SRAEZ
T IR ) AT A, X TR SR R | T
T AN R I A R R B B

B X R Yo T 9 A A 7 A 4 e 2 T SR A 1
R, A I e R OO S ki TS, (A
SRS 100 2 3R T P T U8 7 A RO T AL SRR
WP & T Z2a R M AEL M R, BIFRAH
FLARBRIN 7. Herrmann 45 171 JEF 75 R % 1Y
NP e S R T AR R B A X R B
I oA 2, 7 TR S P A5 3] — 2 hi .
Masurkar F1 Tse 18 48 H}{SUFI HIZR T DA o3t 4
SRR BN LI MR LM R B, AT AR 7
R PARLR A T A 2, JF e —
o000 e L ) SR T AR e R K, SR
D S HUETE A, JCT i R I BB 5 14 in 17%) 28
FUARONE , HLAS BB 1A 2 1A U8 ) B I A A R

BIST M ATIEST HF AN I, AR SCTE HEZR I BRIE A
AR T I SRR LM R I AL R R SY, TRk
T RSt REoE LAEL. R T Rets AT
B AR MR N R TR A, SIS R AL
TR AR LM R TP B SR T, 455 3R
TS5 PRI 1 SR A 2 1T I8 L U0 R B A,
HE TR 3 T ARk R SO 3Rk =K
B UEEE SR AR IER M, 5 AL FROTAL AR5 EG)
L P R T AR AR A TR, A R A
FAE I UGB I AR R TR 5T LR R
PERBEE R, e SRR m R R 5 & R
N FH BB S AR .

2 # #®

21 ZHriE&ERER A ERES TR
ARIC BT TOBRA | 4% 1o [R] P ) 1] (A

T3 1) o LR 14 P R I8, RIVE A0 Anfal 1Y

TR ARAE TR FR R, AR R TR I 21 7 [ 124k,

R ES]

Z1
T2 - = -
Z3

Bl R AR R

Fig. 1. The coordinate for the propagation of the surface wave.
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Fig. 2. Schematic diagram of two-dimensional (2D) finite

element model for nonlinear surface wave.
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Table 1.

aluminum and three aluminum alloys.

po/ Aoow/ A} B CJ

SR =P G Y2 L AN S A

Densities and elastic coefficients of pure

A

(kgm?®) GPa GPa GPa GPa GPa
A1 2700 51 26 -350  -155 -95
A12024P 2780 56.9 277 305 146 31
Al606127 2705 59.5 26.1 337 -129.5 16.5
Al707528 2800 549 265 -351.2 -149.4 -102.8
3.2 ARTEEKE

N T BUEA GRS S H0E | SRS B R
] 20 A B A, T AR R E PR
RRALL Y TR S 56 SR FH R WA J P 3 B S 1
T A B LAY 1 P A% . AT S A% F B 8L 4
P 3 i, IR R 1 AN LA A T
.5 31 WML, ITEMRSEEE R E AL, i
AP, A% 2 R IR I A AR Rz 3 %
AT BAE B [H)IC 5% 21 J7 T A%

SRR A 3.088 mm
N\ 1 e
jﬁ% *ﬁttﬁw{%;g R — o
T3 40 mm v X

B3 AELR M 4 BROTRR R R
Fig. 3. Schematic diagram of 2D finite element model for

the nonlinear longitudinal wave.

TRETPBIAT 7 L R Al rh B — U i b
R AR IB DL AN & 4 . S0 R (A 7E A5 1%
RIS, A IRE R 10 nm, 5 TSI
SRV T R TR ARAT s U i P Pt P 2 S P4
I, TR A, JE 0 #RIEEk A AE B R 2

HRAE 7R (34), UK IR (B -1 425 B B3 () AR
PR RN R UG K /8, I FLA5 R4 G LA
o By Ry BRI (R P S B3 BRI, R S5 5
T A W (AR A7 X BB E . 0000 35 06 1 1
9.98 nm, M5 EZEHR K 10 nm. AR LR
BRGNS, U5 AR 5Ie 3, Mg
UE T2 5 FAR R AR e M 75 AL A R PR A4
AT 5.
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Fig. 4. Simulation results for the nonlinear longitudinal wave: (a) Typical signal at 15 mm propagation distance; (b) plots of funda-

mental wave and second harmonic amplitude versus propagation distance, where blue points denote the simulation results, and the

yellow solid line denotes the fitting line.
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Fig. 5. Simulation results for the nonlinear surface wave: (a) Typical signal at 15 mm propagation distance; (b) plots of fundament-
al wave and second harmonic amplitude versus propagation distance, where blue points denote the simulation results, and the yel-

low solid line denotes the fitting line.
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W 22 5, R U Ny ok F AR ZR M 2 1 A%
TR, Hizad #2549 R e A0 X B K.
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2 IR SRR 2 X 1T S0 3k NGB 3 Ik L 5 e

Table 2. The effects of initial conditions and propagation distance on the amplitudes of out-of-plane component and the
second harmonic longitudinal wave.
ZUIE DR
T AEREEEESr/m  BUEf/MHz  FEBIEE A1 /nm

/ Az /nm Ag /nm ul(Q)/nm
1 0.2 1 1 2.91x10°3 3.05x10° 3.80x10*
2 0.2 0.2 1 1.16x10 6.11x10°° 1.52x107°
3 0.2 1 5 7.28%x10°2 7.62x10* 9.48x10°3
4 0.5 1 1 2.91x1072 1.22x10* 3.80x1073

e AR IF AR e X L AR
R (36) MR (34), SR 1 Ak pt 2
B, 3 TR [RITH S PRI 48 L 5 0 22 T 0 T
M, DL T4 2 T G\ 4 U i D
{l, G 2 Fro.

e 2 T, SRk 5 T £ A RV D
VIR u® PR W | A A R B B 2
TS TE MG, BT MR B AL HB R . SR 1T, FE AT
SPEF, T Rm MR, A2
—ANECR G ESTRR AR R SE A 4 P AR
Y T T IR TR PR, AR
P AR A LA T 3 0 (0 . AR B ki
W AS WEAE e A/ NFT S 2%, BLAT R f 5 i
TR A L B0 RV v 2, PRI S B f o
A L) 20

4.2 JHRMERBIHEER

AN ARYE R 1 P AR SR, TGN
FME ALt REGEUE LS R IF TR LA, 7R
ZHT, B S s RN R 2 W LR SR kR
LM RBOE X, A LB R Herrmann 45 [17)
BT ARZe M SR AP o3 i A AR

- (2) 2
8iu n 2k
f=—"2— l—r 1 (42)
K2 (ug’l))2 ke (2k2 — k2)

EGRE (38), Ho AR AR M: R8T £ N
o ik (2K — k)
ﬁr - IW

Shull %5 B J:F Zabolotskayal'dl [ FIIE AR

DU o BE VS B IR A v (0 = 1,2, ) /E R IF R AR

i, SETREN, & CRMmP AL RE BN

_ 2cwy  A4pSt

ko (pe2”’

(43)

Pu

(44)

BRS¢ BIPEAR3550 ILSCHR [31], v
AU ZR 10
() 2k7 — K¢
S22 — k- 2p¢
GEA TR (38), iR (44) AT AR (45), AIfE3ET
ul 5E M B FR
5, - SmSu 20—k
Cpct 2k2 — ki —2n¢
Masurkar F1 Tsel'8 Sf — B IR ek I 77 i 28 5
FAIE— 253 R, $E P 3T ST BRI R
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SRR —fk, R

u?

or = — ! (kesm,€) (47)
(1)
Us

(45)

U = INWu

(46)

LA F (keym, ©) JEHHIERREL, HARGRIA UL SCHR [18].

W 1 A FhE R MRS EURA T2 (39).
TR (43). Jr AR (46) AT AR (47) HItE FRARDC
AL R B, AR 3 .

®3 ORI AFRPRIARLRIE R R

Table 3. Nonlinear parameters of four materials listed in
Table 1.
LZLi) A B B Bu
Al 14.670  24.672 4.740 1.166  22.191
Al2024 9.680 15.799  3.044 0.674  13.892
Al6061 9.695 14.753  2.860 0.733  14.444
Al17075 13.723 22271 4.293 1.024  21.227

H 2 3 ATAL BBUEEL Bk, T Bua AU B
AN IR T B e A B R T S
P ARNRAE, HILHES A EfE el A3 ] SEBril
TG IR AM RS i 1B O, or 1 B A B AR IR,
{HXT L 72 (47) R R (39), AN 1 5 ok A AT 55
BN, Or 23 B A) 1 45 1 A% 495 B 25 1 A2 A T
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Abstract

The properties of ultrasonic nonlinear surface wave in the quasilinear region are investigated. In this work
the governing equation of particle displacement potential is employed for surface wave in isotropic elastic solid
with quadratic nonlinearity. Then, the quasilinear solution of the nonlinear surface wave is obtained by the
perturbation method, and the absolute nonlinear parameter of the surface wave is derived. Subsequently, the
main components of the second harmonic surface wave solution are discussed. A finite element model for the
propagating nonlinear surface wave is developed, and simulation results of the nonlinear surface wave
displacements agree well with the theoretical solutions, which indicates that the proposed theory is effective.
Finally, the properties of wave propagation and the characteristic of the nonlinear parameter for the surface
wave are analyzed based on the theoretical solutions. It is found that the second harmonic surface wave consists
of cumulative and non-cumulative displacement terms. The cumulative displacement term is related to the self-
interaction of the longitudinal wave component of the surface wave. However, its amplitude is larger than that
of the pure longitudinal wave when the initial excitation conditions and propagation distances are the same.
The nonlinear parameters for surface and longitudinal waves are related to each other, and an explicit
relationship is found, which can be determined by the second-order elastic coefficients of the material. The
propagation properties of nonlinear surface waves and the measurement method of absolute nonlinear

parameters are also discussed, which will benefit the practical application of nonlinear surface waves.

Keywords: nonlinear surface wave, perturbation theory, nonlinear parameter, finite element modeling

simulation
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