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TOM TAT

Trong nghién ciru nay, mé hinh mé phéng sé bang phwong phdp phdn tir hitu han (FEM)
dwoe xdy dung dé phan tich su lan truyén ciia soéng Rayleigh va twong tdc ciia ching véi cdc vét
nirt bé mdt trén thép S45C. Véi viée sir dung xung Rayleigh bang réng tan sé 590 kHz, nhém téc gid
da tinh todn ddc tinh tan xa qua cdc ranh ¢6 dé sdu tiv 0,5 mm dén 20 mm. Két qua cho thdy si gia
ting manh bién dé vin toc hat thanh phan trong mdt phang (in-plane) tai khu viee gan khuyét tdt,
cao hon so véi thanh phin ngodi mdt phang (out-of-plane). Hién twong nay dwoc gidi thich do sie
chuyén doi ché dé séng tao ra cdc séng doc luét bé mat. Ngodi ra, viéc quan sdt cdc xung Rayleigh
dén mudn tir sw phan xa noi tai trong ranh cho phép xac dinh chinh xac do sau vét niit. Nghién ciru
cung cdp co s¢ quan trong dé t6i wu héa ky thudt kiém tra khéng phd hiy (NDT) trén vt liéu thép
ket cau.

Tir khéa: Song Rayleigh; Thép S45C; FEM; Kiém tra khéng phd hiy (NDT).
ABSTRACT

In this study, a finite element method (FEM) numerical simulation model was constructed
to analyze the propagation of Rayleigh waves and their interaction with surface cracks on S45C
steel. By employing a broadband Rayleigh pulse with a central frequency of 590 kHz, the scattering
characteristics were calculated for slots with depths ranging from 0.5 mm to 20 mm. The results
show a significant increase in the amplitude of the in-plane particle velocity component in the
region near the defect, which is greater than that of the out-of-plane component. This phenomenon
is explained by mode conversion that generates surface-skimming longitudinal waves. In addition,
the observation of delayed Rayleigh pulses resulting from internal reflections within the slot enables
accurate determination of crack depth. The study provides an important basis for optimizing non-
destructive testing (NDT) techniques for structural steel materials.
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1. TONG QUAN

Thép S45C duoc st dung rong rai trong
ché tao cac chi tiét co khi chiu tai trong cao nhu
truc khuyu, banh ring va cic bd phan truyén
dong. Trong qua trinh lam viéc, cac vét nit bé
mit c6 thé hinh thanh do tmg suit chu ky va
moi truong khic nghiét, lam giam do bén m01
va tiém an nguy co hu hong nghiém trong néu
khong dugc phat hién kip thoi [1].

Phuong phap kiém tra khong pha hiy
bang siéu am s dung song Rayleigh c6 kha
nang phat hién hiéu qua cac khuyét tat bé mit
nho ning lugng song tap trung gan bé mit vat
ligu [2] Tuy nhlen viéc xéc dinh chinh xac do
sau vét nit van gip kho khan do hién tuong
phan xa va nhiéu xa phuec tap tai vi tri khuyet
tat.

Trong nghién ctu nay, mé hinh md
phong s bang phuong phap phan tir hiru han
(FEM) duoc xdy dung dé phan tich su lan truyén
cua song Rayleigh va tuong tac cua chung véi
cac vét nirt bé mat trén thép S45C co do sdu tir
0,5 mm dén 20 mm [3]. Két qua nghién ciru
gop phan hd tro t6i wu hoa cac hé thdng kiém
tra siéu 4m trong danh gia tinh trang va tudi tho
ctia céc chi tiét co khi.

2. MO HINH VAT LIEU VA HINH HQC

Trong mo6 hinh nay, thep S45C duogc gia
thiét 1a vat liéu dan hodi tuyén tinh, dong nhit
va dang huéng. Quan hé tng suat — bién dang
dugc mo ta boi dinh luat Hooke tong quat:

o, =A0,&, +2ue, (1)

Trong do: o, vae, lan luot 1a cac tensor
(g suit Va bién dang, SJ la ham Kronecker.
Cac hang s6 Lame (A, ) dugc xac dinh thong
qua mo-dun dan hdi E va hé sé Poisson v [4]:

E Ev
pEo i A= @)
2(1+v) (1+v)1-2v)
Vi cac thong sd ddc trung cua thép
S45C bao gébm E = 210 GPa, v = 0,29 va khdi
lugng riéng p = 7850 kg/m°.

Sy lan truyén song trong méi trudng
ran dugc mo ta bdi phuong trinh Navier:

0’u

— =A+)V(V-u)+ 1V 3)
Tt phuong trinh (3), ta xac dinh dugc
van tdc cla cac loai song co ban trong thép

S45C:

Van tdc song doc (c):
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Van tbc song ngang (cS):
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Van tc song bé mat Rayleigh 1a nghiém
duong cua phuong trinh dac trung bac ba [2]:

0 —8n* +83-28)* ~16(1-f)=0  (6)
voin =c./c va B =(c/c ).

=3220 m's ®))

St dung cong thirc xap xi cua Viktorov:

Cp R C 0.87+L12v ~0,925¢, =2980 m/s (7)
1+v

Luc kich thich dugc &4p dung dudi dang
ham thoi gian 1a dao ham bac hai cia cira s6
Blackman-Harris [5], v&i phd tan s6 phan bd
dang Gaussian tip trung tai tan sd trung tim
500 kHz. Do g6i phan mém phan tir hitu han
(FEM) chu yéu tinh toan vén tdc hat, tin hiéu
vén toc hat ctia song Rayleigh thu dugc (sau khi
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1y dao ham theo thoi gian ciia d6 dich chuyén)
¢6 tan s6 trung tim dich chuyén 1én mirc 590
kHz v6i bang thong 520 kHz.

Tai tan s6 590 kHz, budc song Rayleigh
(A,) trong thép S45C twong tmg véi khodng
5.05 mm. Lyc kich thich c6 d6 rong 1 mm,
tac dong theo phuong phap tuyén véi bé mat
mau. Cac vét nit dugec mé phong voi do siu
thay d6i tir 0.5 mm dén 12 mm (budc nhay 0.5
mm) va tr 13 mm dén 20 mm (budc nhay 1
mm). Khoang cach tir ngudn lyc dén vét nut
duge c6 dinh tai 180 mm (=35.61,) dam bao
song Rayleigh té1 nam trong vung trudng xa
(far-field) dé cac bién dbi quan sat duge chi do
tuong tac truc tlep v6i vét nut.

Lu6i phan tir hitu han dugc thiét 1ap véi
mat d6 xap xi 30 phan tir trén mot bude song
Rayleigh dé dam bao do hoi tu. Bé rong vét nit
tai b& mat dugc duy tri 6 mic 1/6 mm (1/304,)
va thu hep dan vé phia dau vét nit (point-like
tip), mo phong chinh xac dac tinh hinh hoc cua
vét nit thyc té trong vat li€u thép [6].
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Hinh 1. M6 phong qud trinh lan truyén va tan xq
cua song Rayleigh tai vet nitt bé mat trén thep S45C

Két qua phan bd thoi gian - khong
gian cta cac thanh phan van tc hat dugc thé
hién qua Hinh 1. Tt két qua mé phong, c6 thé
quan sat rd rang qua trinh tuong tac gitra song
Rayleigh to1 (R,) va thyc thé hinh hoc cua vét
nut tai vi tri x = 0 mm. Tai thoi diém t = 5.5 ps,
Xung séng Rayleigh va cham véi miéng vét nit,
dan dén sy h1nh thanh cua song phan xa (R ) lan
truyen nguoc vé phia ngudn va song truyen qua
(R) tiép tuc di chuyen sang phia d6i dién. Do
mat d6 ludi dugce thiét 1ap di min, cac van song
trong ca hai thanh phan u vau déu hién thi do
phan giai cao, cho phép xac dinh chinh xac do
dbc cia cac duong tin hidu, twong img véi van
toc pha ctia song Rayleigh trong thép S45C. Su
sut giam bién do cua song truyén qua R, so vai
song t6i R, 1a minh chirmg cho vigc mot phan
nang lu.’ong da bi tan xa va chuyén doi ché do
song (mode conversion) tai dinh vét nit, tao
tién dé cho viéc phan tich d¢ sau vét nit dua
trén cac tin hiéu nhiéu xa nay.

3. KET QUA VA THAO LUAN

Trong khong gian hai chiéu (2D), song
Rayleigh vé Iy thuyét khong suy giam bién do
theo khoang cach do hi¢u rng hinh hoc. Khi
tuong tac véi mot vét nit bé mit trong thép
S45C ¢6 d0 su d > A, bi€n do song phan xa
thuong khoang 0.4 lan blen do song toi. Theo
nguyén 1y chong chap tuyén tinh, bién do cuc
dai cua truong giao thoa trudc vét nit dy kién
khong vuot qué khoang 1.4.

Tuy nhién, két qua mo phong trong
Hinh 2 cho théy mdt su khuéch dai bién do rat
16n ngay tai mép vét nit (x = 0). Hé sb khuéch
dai dat khoang 4.5 d6i v6i van toc in-plane
va 2.2 dbi véi van tbe out-of-plane, vuot xa
du doan ctia 1y thuyét chong chap don thuan.
Diéu nay cho thdy ton tai mot co ché khuéch
dai manh trong vung can truong. Hién tuong

nay dugc giai thich bai co ché chuyén doi ché &~
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do song (mode conversion) va giao thoa tang
cuong (constructive interference) véi cac song
than phat sinh tai cac goc gian doan hinh hoc
ctia vét nit, nhu duoc minh hoa cu thé trong
Hinh 3 [7].

Signal Enhancement around a3 mm crack in $45C Steel
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Hinh 2. S tiang cuong tin hiéu ciia cdc thanh phan
vdn toc hat (a) trong mdt phang va (b) ngodi mdt
phdng xung quanh vét mirt sau 3 mm trén thép
S45C
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Hinh 3. Bién dé chudn héa thanh phdn vén toc hat
trong mat phang cua song doc chuyén doi ché do
tai miéng vét nirt (do sdu 3 mm) trén bé mdt mau

Hién tuwong khuéch dai nay chi xuét
hién trong ving rat gan mép vét nit, trong khi
phia sau vét nut (x > 0) bién d6 giam manh (<
0,5), cho théy phén 16m ndng lugng da bi phan
xa hodc chuyén dbi. Két qua nay ching minh
su tap trung niang luong cin trudng va chuyén
d6i ché d6 song tai cac goc gian doan, dong thoi
cho thiy ty 1& bién d6 in-plane/out-of-plane 1a
mét chi sb nhay dé dac trung hoa vét nut bé
mat.

Trong ky thuat NDT st dung soéng
Rayleigh trén thép S45C, mdi quan hé giita
hé s phan xa va d6 sau vét nut (d) dién bién
rat phirc tap. Khi d nhé hon ntra bude song (d
<0,5},), hé ) phan xa pan dau tang theo Q(f)
sau nhung sau d6 giam dan, dat gia tri cuc ti€u
khoang 0,23. Khi d = 0,8}, doi voi xung bing
rong. Khi ’d(f) §éu vugt qua ngudng 0,8),, h¢ s6
phan xa bat dau dao dong (oscillation). Su khac
biét vé gid tri dao dong nay giita xung bang hep
va bang rong khién viéc dinh luong truc tiép do
sau khuyét tat chi dua vao bién d6 phan xa tro
nén thiéu chinh xéc [8], tham chi bat kha thi.

Ning luong ciia song Rayleigh phan b
theo chiéu sdu gan bé mit cua thép S45C, trong
d6 cac thanh phan tan sb thap c6 kha niang tham
nhap sau hon vao 16p vat liu. Vi vay, dac tinh
tan sb ciia song phan xa va truyén qua c6 lién
hé truc tiép vo1 dd sau cua khuyét tat.

Tuy nhién, phan tich ph6 tan sé gip hai
han ché chinh. Thtr nht, tin hiéu rat nhay voi
higu ung lift-off, dac biét khi str dung dau do
EMAT, do khoang cach giita cudn day va bé
mit thép anh huéng manh dén bién do thu duoc.
Thir hai, sy chdng 1an gitta cic xung Rayleigh
phan xa bac cao (reverberations) lam cho viéc
tach va phan tich phd tan sd tré nén phirc tap. Dé
minh hoa, cac thanh phan vén tdc hat dugc phan
tich tai vung lan can vét nut, trong khoang do
sau tir 0 dén 12 mm nhu trén Hinh 4 va Hinh 5.

Crack bl gniny

Hinh 4. Phan tich thanh phan vin toc hat (a)
trong mat phang va (b) ngoai mat phang cua song
Rayleigh phan xa theo do sau vét nut tir 0 dén 12 mm
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(b} Qut-oi-plane component

Hinh 5. Ban d6 B-scan cdc thanh phdn van toc hat
cua tin hiéu truyén qua thu duwoc tqi vi tri 0,4 mm
phia sau vét nirt bé mdt trén thép S45C

Bang cach do thoi diém dén (arrival
times) cua cac xung phan xa va xung truyén
qua, do sau vét nit ¢6 thé duge xac dinh truc
tiép. Cac két qua du doan cho thdy su phu hop
tt voi cac phép do thuc nghiém.

4. KET LUAN

Co ché tang cudng tin hiéu trong ving
can truong 1a sy két hop giira hién tugng giao
thoa cua song Rayleigh (t61 va phan xa) voi
cac song doc ludt bé mat (surface skimming
longitudinal waves) phat sinh tai miéng vét nut.
Trén vat liéu thép S45C, bién do cua song doc
nay ti 1€ nghich véi can bac hai khoang cach téi
vét nut, tao nén sy phan bd ning luong phirc
tap va phu thudc chat ché vao vi tri dat dau do.

Do hé sé phan xa dao dong phi tuyén
theo do sau vét nit (d), viéc su dung truc tiép
bién do phan xa dé dinh lwong kich thudc
khuyét tat 1a rat kho khan. Tuong tu, cac dac
tinh tdn sd ciing t6 ra nhay cam voi sai sd
khoang cach (lift-off). Tuy nhién, nghién ctru
nay da chimg minh rang viée st dung thoi gian
truyén (arrival times) ciia cic xung Rayleigh
phan xa va truyén qua la phuong phép tin ciy
va hiéu qua nhét dé tinh toan chinh xac do siu
vét nut trén cac chi tiét thép S45C [9].%

Ngay nhan bai: 12/3/2026
Ngay phan bi¢n: 24/3/2026

Tai liéu tham khdo:

[1]. Stephens, R. L., Fatemi, A., Stephens, R. R., &
Fuchs, H. O., “Metal Fatigue in Engineering”,
2nd Edition [M]. John Wiley & Sons. 2000.

[2]. Viktorov, 1. A., “Rayleigh and Lamb Waves:
Physical Theory and Applications” [M].
Plenum Press. 1967.

[3]. Rose, J. L., “Ultrasonic Guided Waves in Solid
Media” [M]. Cambridge University Press.
2014.

[4]. Achenbach, J. D., “Wave Propagation in
Elastic Solids” [M]. North-Holland. 1973.

[5]. Harris, F. J., “On the use of windows for
harmonic analysis with the discrete Fourier
transform” [J]. Proceedings of the IEEE.
1978, 66(1):51-83.

[6]. Zerwer, A., Cascante, G., & Hutchinson,
J., “Parameter estimation in finite element
simulations of Rayleigh waves” [J]. Journal
of Geotechnical and Geoenvironmental
Engineering. 2003, 129(3):249-261.

[7]. Gunawan, A., & Hirose, S., “Mode conversion
of Rayleigh waves at a surface-breaking
crack” [J]. Journal of the Acoustical Society
of America. 2004, 115(3):1070-1081.

[8]. Pecorari, C., “Scattering of Rayleigh waves
by  surface-breaking cracks: Numerical
simulation” [J]. NDT & E International. 2001,
34(6):411-418.

[9]. Hirao, M., & Ogi, H., “EMATs for Science
and Industry: Noncontacting Ultrasonic
Measurements” [M]. Springer. 2017.

ISSN 2615 - 9910 (ban in), ISSN 2815 - 5505 (online)
TAP CHI CO KHI VIET NAM, So6 340, thang 4 nim 2026 BEER

cokhivietnam.vn



