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Abstract — A metal rod is used in the high temperature testing
for ultrasonic propagation and heat output, but the trailing ech-
oes generated by ultrasonic penetration through the metal rod
seriously affect the recognition and extraction of characteristic
signals. According to the phenomenon, the Finite Element
Method ( FEM ) is used to analyze ultrasonic penetration
through a metal rod, the reason of the trailing echoes and the
regularity of ultrasonic signals. The motion equation of ultra-
sonic propagation in a metal rod is established and calculated,
then the simulation signals and instantaneous cartographies of
the process are obtained. Based on the results of the analysis, it
can be concluded that the intervals of the trailing echoes are de-
termined by the rod’s diameter and wave velocity. In practical
applications, the FEM is used to analyze ultrasonic propagation
in the designed buffer rod at first. Based on the characteristics
of the simulation signals, the material and dimension are ad-
justed and selected, aiming to identify the characteristic echo
and trailing echoes in time domain and extract characteristic
echo from the ultrasonic signals available.
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1 Introduction

Ultrasonic testing is effective for measuring
thickness, flaws and de-bonds at normal tempera-
tures. Some practical manufacturing processes
require on-time testing. It may be performed at rig-
orous temperatures, ¢. g. 700 C for aluminum die
castingm , at 200~400 C for polymer extrusion >,
and even at temperatures higher than 1 500 C for
molten glass and steel® . Since a normal tempera-
ture is required for the common Ultrasonic Trans-
ducer (UT), a metal rod is used as the buffer rod

linking up the UT and the tested object in the appli-
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cation”’ for its merits of less attenuation, heat out-
put and more convenience for being fixed. But, due
to the impact of the rod’ s boundary on ultrasonic
propagation, the ultrasonic signals present trailing
echoes, which seriously affect recognition and ex-
traction of characteristic signals, and even com-
pletely submerge the characteristic echo. This has
greatly limited the application. In this paper, the
process of ultrasonic propagation through a metal
rod is emulated by Finite Element Method (FEM).
FEM is an existing technology for analyzing
stress wave and ultrasonic propagationm] . The steps
of FEM for analyzing ultrasonic propagation are: (D
dividing the structure into finite elements; @ ana-
lyzing the stress and strain functions of the ecle-
ments; @ calculating the structure matrix, including
stiffness matrix, inertial matrix and load matrix; @
establishing and solving the motion equation.

2 Discretization of a metal rod and
analysis of the element displace-
ment

Based on the symmetry axiality of the structure
of the metal rod, the cylindrical coordinate is used
in this paper. z axis is the symmetry axis. All stress,
strain and displacement are the function of variables
r and z without relation to variable 0. Each node
displacement can be expressed as vector addition of
the radial displacement u and the axial displacement
v. Fig. 1(a) illustrates the discrete triangular mesh
of rz cross-section and its numbering method. Any
element of the metal rod shown in Fig. 1(b) can be
regarded as an annulus formed by a triangular ele-
ment around the z axis, and any load can also be

Project supported: This work was supported by the National Natural Science Foundation of China(No. 60672005), the Shanxi Provincial
Foundation for Returned Scholars (Main Program), China (No. 69) and the Science Program of Shanxi Province, China

( No0.20110321029).

Corresponding author: You-xing CHEN(chenyouxing@nuc. edu. ¢n)



Vol.2

You-xing CHEN, Zhao-ba WANG , Yong JIN, et. al. 313

viewed as acting on the circle with the nodes. In
Fig.1(a), the numerals are the serial numbers of
nodes and the numerals in square brackets are the se-
rial numbers of the elements.
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Fig.1 Discretized mesh of a metal rod with symmetry axiality
Fig. 2 illustrates a cyclic elements in rz cross-
section, where i, j, m are the nodes of the element
and u, v are the axial displacement and the radial
displacement respectively.
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Fig.2 Three nodes cyclic element in cross-section

So, the node displacement vector of the element

is
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Based on the mode of the linear displacement in
Ref. [10], Eq. (2) can be obtained as
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lating functions, A =~ 1 r; z| is the area of
1 r, zn,

the triangle element, a; = rjz,, — r,z;, b; =z; = z,,,
¢;=r,—rj,and (r;,z;) is the coordinate of i node.
The element strain vector is
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The element stress vector is
o,
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(i,5,m), Al:ﬁ, AZZ%, E is Young

modulus and v is Poisson ration.
On the border of r =R, the element stress must
require the boundary condition'""
6, = o.=0. (5)

r rz

3 Composition and calculation of the
structure matrix

There are three main structure matrixes. They
are structure stiffness matrix K, structure inertial
matrix M and structure load matrix P. They are
composed of element stiffness matrix K°, element
inertial matrix M and node load matrix P° respec-
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tively,
K=>K,M=>M,P=>PFP. (6)

3.1 Element stiffness matrix

The element stiffness matrix of the rod with
symmetry axiality is

K* :J B'DBdAV = zn[ B'DBrdA. (7)
v JA

e

Based on the element structure in Fig. 2,
Eq. (8) can be obtained as

Jr%r = %(ri +r, + ) s

,\2%;:%<zi+zj+z,,,>, (8)
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The explicit expression of element stiffness ma-
trix can be obtained by Eq. (7) and Eq. (8).

K; sz K,,
K =2mB'DBA = | K, K, K, |, (9
K, K, K,
where K, 2mrB!DBA = 5A (ﬁEJr( 11};(?_72{})
K, K; .
[Kz KJ’ (ros = i,7,m),Ky = bb, + f.f. +

Al(b,-f.s- + frbs) + Ay, K, = Alcr(bx + fs) +
Asbe,, Ky = Ayc (b, + fr> + Aye by, Ky = ¢y +
A, b,b,.

3.2 Element inertial matrix

The element inertial matrix of the rod with
symmetry axiality is
M = 24 ONTNAV = 2an NTNrdA. (10)
\%

A

e

Based on the relation of the nodes’ coordinate
in Fig.2, the explicit expression of the element iner-
tial matrix can be written as

. A
M =55
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0 6r +4r; 0 6r — 1, 0 6r — r;
6r — 1y, 0 6r +4r; 0 6r — 1y 0
0 6r — 1, 0 6r + 4r; 0 6r — 1y
6r — 0 6r — r, 0 6r +4r, 0
0 6r —r; 0 6r — r; 0 6r +4r,
(11)

where p is the density of the metal.

3.3 Element load matrix

The element load matrix of the three nodes is
P.
' T,
P= P | = 27{N1 { ’ }rdA.
P I

m

(12)

When the transducer is exciting ultrasonic, side

pressure g acts on the front surface of the rod, as
shown in Fig. 3. Taking the direction of pressure to
boundary as positive, the element surface force can
be written as

(13)

-7 2]

m(¥m, Zm)

J(r, 2)

L.

Fig.3 Side pressure g acting on the element(z; =z, , 1y = ;)

Taking Eq. (13) into Eq. (12), the node load of
the front surface can be obtained as

i(ri, zi)

0
P, Qr, +r,)
PO RPN B P
P, 0
(r, +2r,)

Owing to no load acting to the other node,
P =0.

4 Motion equation of the system

Based on the balance equation, the motion
equation can be obtained as
Ma, + Ka, = P,, (15)
where a,, a, and P, are the node displacement vec-
tor, node acceleration vector and structure load ma-
trix respectively in the time of ¢. Based on the cen-
tral difference method, the acceleration can be writ-
ten as

1
a, = F(alﬂﬁl - Za/ + a1+Az>’ (16>

where Az is the time step. Taking Eq. (16) into
Eq. (15), Eq. (17) can be obtained as
a, = MM (P, ., — Ka, »,) +2a, », — @, 5, -
(17)
An aluminum rod with the diameter of 15 mm,
length of 100 mm is studied, in which longitudinal
and transverse wave velocities are 6 420 m/s and
3 040 m/s, respectively. A transducer with the center
frequency of 2.5 MHz and diameter of 14 mm is set
on one end of the rod, which sends and receives the
ultrasonic wave. In FEM simulation system, the
space step is A/ = 0.1 mm and the time step is
At = 0.1 ps, therefore the structure is divided into
150 %1 000 =150 000 circular elements with isosceles
right triangle in rz cross-section. Fig. 4 (a) is the
simulation signals after 5 000 time steps and
Fig.4(b) shows the experiment signals under the
same condition of simulation.
From Fig.4, the simulation signals are in accor-
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dance with the experiment signals, and the 1st echo,
2nd echo and higher-order echoes are aroused with
equal intervals. Fig. 5 illustrates the instantaneous
cartographies of ultrasonic penetration through the
rod. Fig.5(a)~ (c) represents the state of the time
4.57 ps, 16.22 ps, 31.75 ps respectively.
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(a) The simulation signals
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Fig.4 The simulation signals with FEM
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Fig.5 The instantaneous cartographies of ultrasonic penetration
through the aluminum rod

5 Analysis

As shown in Fig. 5, ultrasonic waves propagates
along the aluminum rod from the front (left) surface
of the rod at the zero time, and the longitudinal
wave front and the reflected transverse wave front
are aroused as shown in Fig.5(a). The longitudinal
wave front propagates at a speed of the longitudinal
wave velocity along the axial. The reflected wave
front spreads at a speed of the transverse wave ve-
locity and offsets from the axial with a fixed angle.
Mode conversions are occurring as the waves are ar-
riving at the border. Since the propagation direction
and velocity of the longitudinal wave are different to
those of the transverse wave, the state of Fig.5(b)
is formed as ultrasonic propagation along the alumi-
num rod. The longitudinal and transverse waves oc-
cur alternately, and forms the Ist wave front, the

2nd wave front, and so on, with the transverse wave
propagating the interval of the two longitudinal
wave fronts. When the 1st wave front arrives at the
back (right) surface of the rod, it is reflected by the
surface and propagates rightabout. As shown in
Fig.5(c), when the 1st wave front arrives at the left
surface again, it is received by the receiver, and
forms the 1st echo shown in Fig.4(a). With the in-
crease of the time, the 2nd wave front, 3rd wave
front and so on are all received by the transducer in
turn, and form the 2nd echo, 3rd echo, etc. as
shown in Fig.4(a). The 1st wave front propagates at
a speed of the longitudinal wave velocity along the
axial, so it takes the least time, and the interval of
each two close echoes is equal. By using the geome-
try relationship of sound beam and Snell laws, the
interval can be obtained and decided by the rod’s di-
ameter, the longitudinal wave velocity and the
transverse wave velocity.
D.\JC, - C:
C.C, ’
where D is the rod’s diameter, C,,C, are the longi-
tudinal wave velocity and the transverse wave veloci-
ty respectively.

AT = (18)

6 Conclusions

Owing to the impact of the rod’s boundary on
ultrasonic propagation in the metal rod, the ultra-
sonic signals present the trailing echoes after the 1st
echo. The trailing echoes seriously affect recogni-
tion and extraction of characteristic signal, and even
completely submerge it. The ultrasonic propagation
in the rod is analyzed by FEM. The conclusion is
that the interval of the trailing echoes is decided by
the rod’ s diameter and wave velocity. In practical
applications, the FEM is used to analyze ultrasonic
propagation in the designed buffer rod. Based on the
characteristics of the simulation signals, the material
and dimension are adjusted and selected, aiming to
identify the characteristic echo and trailing echoes at
time domain and extract characteristic echo from the
ultrasonic signals available.
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