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Abstract. The results of modeling the work of a phased array
probe in a liquid medium are presented in this paper. Reflec-
tions from a smooth and periodically rough bottom surface are
investigated. The amplitudes of the signals reflected by the bot-
tom rough surface are presented. An approach to estimating the
bottom rough surface by the amplitude of the reflected signal is
proposed.
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1. INTRODUCTION

In recent years, the technique with a Phased Array Probe (PA) has been
used more often at ultrasonic testing of materials. It allows software control
of the input ultrasonic beam axis angle, the focal length and spot width, as a
result control of complex shapes in a shorter time [1+-3].

In the present article the beam spread of a phased array transducer is rep-
resented by means of the method of modeling the propagation of ultrasonic
waves in a liquid medium. It is enough widely used in solving a number of
practical issues for non-destructive testing, as well as an experimental method
of confirming the number of theoretical results for the calculation of the char-
acteristics of the wave propagation in homogeneous environment [4 =-6].

At a theoretical model, the beam spread in a liquid medium is investigation,
i.e. emitted pulse-signal with preset characteristics, its spread to a reflective
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surface (discontinuity), reflection of it, and forming an information signal that
carries information about the liquid medium and the discontinuity.

The purpose of the present paper is to study the spread of the ultrasonic
waves emitted by the PA in liquid and their reflection (back scattering) on flat
or rough surfaces.

2. ULTRASONIC BEAM EMITTED BY THE PHASED
ARRAY PROBE IN LIQUID MEDIA

For theoretical modeling of the spread of the ultrasonic waves emitted by
the PA in a liquid medium it is necessary to consider the particulars given
below:

— Only longitudinal waves propagate in liquid.

— Typically, the process of signal propagation for the single-element transducer
is regarded as stationary. It is assumed that the length of the pulse is
realized by a sufficiently large number of oscillations. In this article the
process of signal propagation is investigated as non-stationary, considering
the interference signals emitted from any point of the single-element probe
and signals emitted from individual elements of the PA at a preset sequence
of emitted signals.

— The models are made for a pulse-echo method with bell impulse in the form
of sine wave, whereby the sequence (time delays) emitted from the individ-
ual elements in the arrays is represented by the following relationship:

A1, At) = Ag.eHeo (=) +el=52 oo (=)l (1)

where Ap is the maximum amplitude of the emitted pulse (in any case of the
submitted work in this theoretical model the maximum value of the amplitude
of the emitted pulse signal from the probe is conditionally accepted for one
Ay = 1), j — imaginary unit, wg = 2.7.fp — circular resonance frequency, fo
— linear resonance frequency, t — time of spread impulse, ¢; = k;. (r — H) —
phase shift between two waves, spread in one medium, r and H — distances
in which the impulses of the first and second wave propagate in the medium,
respectively, from the emitted to the received impulse, k; — wave number of
ultrasonic wave in medium with number i, 79 = r/Cr; — time of impulse
received for the first (basic) wave, corresponding to the maximum amplitude,
Cr; — values of the longitudinal ultrasonic wave propagated in the medium
i, B = \/In(2)/m.ny — the coefficient of impulse shape, ny — the number of
impulse oscillations at amplitude level A = Aj/2.
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The values of the ultrasonic beam P received by a transducer, acting on
an arbitrary point in space, are written in the following form [4-+-6]:

P

— =19
P

, (2)
where P, is the pressure of emitted impulse, I — the change of ultrasonic
pressure of beam, spread from the probe in axial direction, ® —the beam spread
of the probe leads to the attenuation of the ultrasonic pressure, encounters
the elementary point receiver, placed on the same distance from the probe
depending on the spread angle between the acoustical axis and the ray toward
the reflector (beam width).

In Figure 1 one of the possible focal lows of PA is schematically shown by an
active group (aperture) which consists of Na number of elements with length
la and spacing between centers of elements p = la/Na. They are arranged in
a linear array with width Ip equal to the length of the individual element.
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Fig. 1. Scheme of virtual aperture with individual pulsing linear array elements

The ultrasonic beam emitted from a virtual active group of PA, its spread
along ultrasonic axis I8 $ (Zgr, Or) and transverse to it (beam width) ®¥4 (F, 6)
are calculated according to the theoretical model given in [7, 10]:

max [Z A (ZgF, QF)]

I]PYK (ZGFa‘gF) = max [ZA(F,HF)] ) (3)
o R = W

where max {Z A(Zyp, HF)} is the maximum of the summed amplitude em-
mited by each one element from active group of PA at point with distance Zyp
from center O of PA and angle 0 from acoustical axis Z, max {Z A (F, HF)]
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is the maximum of the summed amplitude emmited by each one element from
active group of PA at point D with distance F' from center O of PA and an-

gle O from acoustical axis Z, and max {Z A (F, 0)] is the maximum of the

summed amplitude emmited by each one element from active group of PA at
point D with distance F' from center O of PA and angle 6 from acoustical
axis Z.

The ultrasonic waves propagate in a liquid medium (water) with the ve-
locity of the longitudinal ultrasonic wave C,, = 1.5 km/sec and a nominal
frequency f = 5 MHz. The amplitudes of the received signal are referred to
the emitted signal in relative dimensionless units along the axis, as shown in
Fig. 2(a). The amplitudes of the beam width are referred to the maximum
amplitude of the axis beam of the calculated distance Z in dimensionless units,
as shown in Fig. 2(b). The distance along the ultrasonic axis Z of the probe
is applied in mm along the abscissa in Fig. 2. The beam width is calculated
according to the active axis Y (length la) of the phased array probe (Fig. 1),
and the length la of the rectangular one element probe from the beam spread
angle 0 in degrees along the abscissa in Fig. 2(b).

The ultrasonic beam emitted by an active group of PA with characteristics
of each elements — length la = 19.2 mm, width Ip = 10 mm, number of
elements Na = 32, center-to-center distance between two successive elements
(pitch) p=la/Na=0.6 mm, near field length in water is N=la?/4.A=307 mm,
orientation of the ultrasonic beam axis to Z axis at § = 0 degrees, is calculated
using theoretical model (3) and (4) given in [7, 10]. The amplitude of ultrasonic
beam [ to axis Z is shown in Fig. 2(a) for unfocused phased array probe with
focus length F' = 10000 mm and for the focused PA using function Dynamic
Depth Focusing (DDF) focused on each point of axis Z from 0.5 mm to 1200
mm. The ultrasonic beam wavefront (width) ® shown in Fig. 2(b) is calculated
with the same characteristics and the equations for unfocused phased array
probe with focus length F = 10000 mm and the focused PA with F' = 30 mm
and F' = 400 mm.

In Figure 2(a) the gain coefficient of the amplitude:

K = IN$ (Zgr,0F) /1IN (Z for unfocused PA,6)

is also shown for DDF PA related to unfocused PA.
The beam emitted by one rectangular element probe (conventional probe)
with the size similar to those of the active group of PA is calculated using
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Fig. 2. Ultrasonic beam for PA and conventional rectangular single
element pulse probe: (a) along the axis; (b) wavefront (width)

equations in [4-+-6]:

VA
V22 +m.(la/2)

1(2)=|A(Zt) -

.4 [\/Z2 tm (a2t |, (5)
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sin [%“k: sin 9}

d(9) =
(6) %‘l.k.sinﬁ

(6)

where k = 2.7/X is the wave number, A = C/f — length of wave propagated
in material, m — aspect ratio constant related to Ip/la (when lp/la = 0.5 then
m =~ 1.01) [1], Z and 6 — beam axis distance and spread angle from center of
transducer element to elementary received point, respectively, placed in plane
OYZ in space of ultrasonic beam.

The comparision of the results of the conventional single-element probe
with PA is performed under the following conditions: the amplitude of emitted
ultrasonic fields from each single-element is conditionally accepted for one, and
dimensions of the linear array for PA and of the rectangular element for one
crystal probe are identical.

Figure 2(a) shows that the ultrasonic beam for the unfocused PA and the
conventional rectangular single-element probe are largely similar after approx-
imately three N-near fields in the test media. Figure 2(a) also shows that the
gain coefficient is K = 1, when the ultrasonic axis distance is Z = 600 mm
(approximately two N-near fields for water medium).

In Figure 2(b) it is shown that the ultrasonic beam wavefront is similar
for PA and the rectangular single-element probe according to grating lobes.
It should be noted that the similarity is valid only for the focus length F' of
PA, and the calculation is performed only for the long side of the rectangular
element and the linear phased array la.

As well known for PA the greatest distance for which can be used phased
delays for focusing is the one near-field length N. The near-field length N of
PA is equal to the near-field length of the single rectangular element transducer
under the same characteristics and acoustical environment.

We assume that to study the ultrasonic beam spread in a liquid medium
for the far field of the probes, the field of PA can be replaced with some
approximation from a field emitted by the one rectangular element probe.

3. INVESTIGATED TASK
3.1. Back scattering echo from an infinite plane

The back scattering echo from an infinite plane is solved by using the
method of the imaginary source. Each point of the transducer element 1
can be replaced in an analogous manner to obtain an imaginary element 2
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with the same emitted characteristics, located mirror-like at a distance 2.ry,
from the element 1.

In Figure 3 the ultrasonic beam which consists of emitted waves from the
probe 1, spreading at a distance r,, in water to the axis O Z is shown schemat-
ically with a solid line. The waves propagate normally to the surface of the
material (steel) with acoustic impedance Zs ~ 45 acoustical ohms.

The ultrasonic field reflected from an infinite plane and received in the
probe 1 is replaced by an imaginary source. Part of it corresponding to the
normal falling down to the surface of the material is denoted by a dotted line,
and another part that overlaps with the reflection of the boundary liquid-solid
medium is marked with a solid line.

The echo signal from upper surface material is written in the form:

% = I.Rys.e 20w, (7)
where Py is the pressure of emitted pulse, P — the pressure of received echo,
1= IﬁA“ (Zop = 2.1,0F = 0 deg) — the value of ultrasonic beam along its axis
Z, calculated using equation (3) for PA and I = I (Z) — the value of ultrasonic
beam along its axis Z, calculated using equation (5) for conventional single-
element probe. 0, is the attenuation coefficient in water, r,, is the distance in
water from the probe to the reflected material surface, R, is the amplitude
reflection coefficient of ultrasonic waves, which normally fall to the border of
the liquid-solid body.
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Fig. 3. Ultrasonic beam investigated
with task 2.1
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The reflection coefficient R, is written in the form:

Cs — py.C
Rws — pS S pw Q,U7 (8)
ps-Cs + pw-Cw
where p,, and p, are the density of the liquid and solid body, respectively.
Cy and Cs — the velocity of the ultrasonic wave in liquid and solid body,
respectively.

3.2. Back scattering echo from an infinite plane (steel bottom)

When the ultrasonic field emitted by the transducer element 1 falls on the
top surface of the material (steel), ultrasonic waves are partially reflected in the
case 2.1, and are partially transmitted in the second environment. Transmitted
ultrasonic waves, denoted by a double solid line, to the second (bottom) surface
are reflected and again are transmitted to the border solid medium-liquid
before falling into the transducer 1.

The difference in the velocities of ultrasonic waves in both environments
modifies the nature of the orientation of the ultrasonic field propagated in the
liquid after crossing the border liquid-solid. In this case it is again appro-
priate to use the method of the imaginary source, as such an ultrasonic field
is considered only in a solid medium, a liquid medium is replaced by a solid
medium.

The replacement of the ultrasonic field, emitted by the transducer 1 in
liquid with a field in a solid medium, can be represented as a field emitted by
the imaginary transducer 3 denoted by a double dashed line in Fig. 4. It is
situated at a distance from the upper surface of the material equal to n.ry,
where n = C,,/C is the ratio of the velocities of the ultrasonic wave in the
liquid and solid environments. The characteristics of both the transducer 1
and 3 are similar.

The reflection from the bottom surface of the steel can be represented by
a field, emitted by an imaginary transducer 4 indicated in Fig. 4 with dashed
single and double lines. It is located symmetrically and mirror-like of the
emitting imaginary transducer 3 to the boundary solid medium-liquid (bottom
steel surface). The ultrasonic field of the imaginary transducer element 4 is
denoted by the single dashed line that overlaps the material with a thick
double line and double broken lines. It is analogous to the field emitted by the
transducer 1 in the liquid, which is transmitted in the material and is reflected
from the bottom after transmition from a solid medium in the liquid taken
again from the transducer 1.
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Fig. 4. Ultrasonic beam for investigated
task 2.2

The back scattering signal from the bottom infinite plane is written in the

form: P
— = [.D.Ryy.e” 200wrutoars), (9)
Py
where o o
Pw-Cw — Ps-Cs
Ry ="—"——12"22, 10
v pw-Cw + ps-Cs ( )
4.05.Cy.pp-
D— Ps-Cs.pu.Cy (11)

(ps-Cs + Pw~0w)2 7

rs is the thickness of solid material (steel), d; — the attenuation coefficient
in steel, D — the energy transmitting coefficient at the boundary liquid-solid
body, Rs, — the reflection amplitude coefficient at the boundary solid body-
liquid, the other characteristics as described in equations (7) and (8).

3.3. Back scattering echo from rough surface at boundary
liquid-solid body

It is assumed that periodic roughness is formed from the same type of
discontinuity, located in the test medium periodically. It changes the spread of
the ultrasonic field depending on the geometrical characteristics, which modify
information characteristics of the received pulse-echo in comparison with the
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same characteristics of the reflected pulse-echo from the free of discontinuity
boundary medium [8, 9].

The ultrasonic waves emitted by the element of the transducer 1 propagate
normally in the liquid to roughness, the same as in Fig. 3. The ultrasonic
waves reflected from roughness are diffracted and change the ultrasonic field
spreading, marked with a solid line in Fig. 5. As a result, a smaller part of it
falls back into the transducer 1 and changes the characteristics of the received
signal compared to the same from the smooth surface.

ol 1
Ty
w7 | Steel
2. f /2
Y '-5‘02 |
vz

Fig. 5. Ultrasonic beam investigated
with task 2.3

The changes of the pulse-echo amplitude from an rough surface compared
to a smooth surface can be represented by the amplitude reflection coefficient
Ruys. In [8, 9] it is shown a possibility of using the values of this coefficient
Ru,,s for evaluation of the geometric characteristics of the reflective rough
surface. The coeflicient is defined using two theoretical approaches:

e The modification method of small perturbation and the Kirchhoff approxi-
mation model are used for rough surface with RMS height Ra < A/16 and
surface correlation length A < A\/16, where X is wave length. In the classical
theory the back scattering signal from rough surface is not sensitive to the
correlation length A. In [9], the modified model allows the change of corre-
lation length A to be included into the equation. This gives the possibility
to see the influence from A to the amplitude of reflected signal.

e The Huygens—Fresnel principle of diffraction is used for development of
Kirchhoff approximation model in Geometrical Theory of Diffraction for
roughness with characteristics Ra > \/16 and A > \/16.
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Estimations for the case in Fig. 5 are obtained as dependence (7) multiplied
by the reflection coefficient Ru,,s from the rough surface.

3.4. Back scattering echo from rough surface at boundary
solid body-liquid (steel bottom)

The task for back scattering echo from rough surface at boundary solid
body-liquid (steel bottom) is solved by means of dependence (9) multiplied by
a reflection coefficient of the rough surface Rug,, at the solid-liquid boundary.
The schematic change of the spread ultrasonic field reflected from roughness
in this case, again using the method of imaginary source, is shown in Fig. 6.

Fig. 6. Ultrasonic beam for investigated
task 2.4

4. EXPERIMENTAL INVESTIGATION
4.1. Experimental samples

Ultrasonic investigations have been carried out on prepared Comparative
Samples (CSs) 4 and 6 of mild steel. There are rough areas with triangular
notches on one of their surfaces. The notches are done by a sharpened cutter
to a preset angle. The characteristics of the CSs are given in Table 1. The
surface of the CS with Rt = 0 mm has a roughness Ra =~ 6 pm.
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Table 1. Characteristics of comparative samples

cs Dimensions Apex angle of Height of roughness, Size of rough
[mm] roughness, v [°] Rt [mm] area [mm)]

4 | 165x88x38.8 120 0.2; 0.4; 0.6; 0.8; 1.0; 1.2 38x38

6 | 165x88x38.6 60 0.2; 0.4; 0.6; 0.8; 1.0 38x38

4.2. Ultrasonic equipment and technique for testing

The ultrasonic testing is carried out in immersion mode with ultrasonic
equipment OmniScan MX2 and PA 516411 with linear electronic scanning.
The incidence angle of the longitudinal ultrasonic wave in water is 0 degrees.
Phase shift of the arrays elements is used to focus the system over roughness on
the upper and the bottom surfaces of the samples, respectively. The number of
elements in the active group is Na = 32, the step of electronic linear scanning is
0.6 mm equal to the center-to-center distance between two successive elements
(pitch) p. The size of the active axis is la = 19.2 mm (corresponding to 32
number of elements at distance p = 0.6 mm each) and of the passive axis
is Ip = 10 mm (length of elements in PA). The position of PA is recorded
using an encoder, according to the reference point in order to mark on the
comparative sample.

The scheme of testing for task 3.1 and 3.3 is shown in Fig. 7. The ultrasonic
system includes: 1 — PA 5L64I1, 2 — encoder, 3 — immersion container with
distilled water, 4 — comparative sample, 5 — reflector type triangular notch.
The ultrasonic equipment is denoted by 6.

(ﬂcﬁ‘re 17) Y y
// /f
M A RO e

4
(scan direction, passive plane) X
(ultrasonic wave direction)

6
Ultrasonic equipment / E/
OmniScan MX2
| \ \
T,

Fig. 7. Scheme of semi-automatic ultrasonic immersion testing
with phased array probe
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The schemes for task 3.2 and 3.4 are identical, as the top surface of CS is
flat. The roughness identified with 5 is on the bottom material surface.

One encoder is used to record the position of the moving PA to axis X,
as active Y-axis and Z-axis have no mechanical moving of probe. The size
of electronic scanning Y-axis is 19.8 mm for 0.6 mm pitch (corresponding
to 33 focal lows with the same characteristics of focusing). Both CSs are
placed successively on the X-axis, as the beginning of CS 4 matches with the
reference point Oy. The length of the scanning X-axis is 360 mm with step
1 mm. The distance of the forehead probe to the upper surface of the sample
to Z-axis is 112 mm. Information signals are recorded in digital form and can
be represented as A, B and C scan.

4.3. Experimental results

Many A-scans are recorded as the probe is moved electronically to the
passive X-axis with step 1 mm and to the active Y-axis with step 0.6 mm
from reference point Op. The typical amplitude C-scans (top view) for CSs 4
and 6 are recorded and shown in Fig. 8 in color code. The shown C-scans are
for the task 3.4, when the roughness is on the bottom steel surface.

-I L o 1 ?r

] .
. 1
| | |
Rt=0.2mm, R( 0.6mm. Rt"1mm Rt 01mm - ‘
| | e | e
J_ 1 eg
MMM " ALMA AALIMA AN TAMAAAS TALAS AN T MMM

‘IIF

Fig. 8. C-scan of CS 4 and CS 6 for reflection from bottom roughness surfaces
in immersion mode

| | |

From C-scans shown in Fig. 8, with software TomoVIEWER 2.7 R4, the
amplitudes of the back scattering echo from a rough surface related to the
back scattering echo from a flat surface are investigated.
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The results from the investigation of echo amplitudes from the upper rough
surface are presented in Fig. 9 for wave length A = 0.3 mm with PA-5L6411
(60 deg) and PA-5L6411 (120 deg) for apex angle of roughness v = 60 degrees
and v = 120 degrees, respectively. The results of echo amplitudes from the
bottom rough surface are indicated with PA-5L6411 (60 deg)-b and PA-5L6411
(120 deg)-b for wave length A = 1.18 mm.

The results of echo amplitudes from the bottom rough steel surface for
wave length A = 1.47 mm are shown in Fig. 9 also, done in contact mode by
ultrasonic equipment EPOCH 600 and conventional one crystal normal beam
probe K4N with f =4 MHz and diameter of element 10 mm. The results are
shown with NP-K4N (60 deg)-b and NP-K4N (120 deg)-b for apex angle of
roughness v = 60 degrees and v = 120 degrees, respectively [9].

The ordinate indicates the echo amplitudes A in dB, and the abscissa is a
ratio of the roughness height Rt to the ultrasonic wave length A in dimension-
less units.

In Figure 9 the echo amplitude dependence from the rough surfice related
to the smooth surface is observed repeatedly at testing with a single element
probe and PA [9]. It is assumed that small differences in dependencies are as
a result of different forms of ultrasonic transducers.

—e— PA-5L6411(120deg) —& = PA-5L6411(60deg)
—a— NP-K4N(120deg)-b — 3¢ — NP-K4N(60deg)-b

—¥—PA-56411(120deg)-b  — & — PA-5L6411(60deg)-b

Fig. 9. Amplitudes of echoes from reflector type
triangular notches with height Rt

5. CONCLUSION

The ultrasonic beam for unfocused PA is approximately equal to the ul-
trasonic beam from a conventional single rectangular element probe in the far
field for the same material.
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In the near field on the ultrasonic axis of PA the amplitude has no oscilla-
tions looks smooth and is higher according to the single rectangular element
probe. This is one of the basic advantages of PA over the conventional trans-
ducer when testing is done in the near field in the material.

In the present paper a possibility of calculating the amplitude of the echo
signal from a rough surface for an ultrasonic beam emitted from PA is pre-
sented by means of the theoretical approach to spreading beam in liquid and
the method of the imaginary source.

The amplitude of the recevied signal is proposed as a new characteristic
used to assess the surface roughness.

The nature of the echo signal amplitude dependencies from rough to smooth
surface obtained with the single crystal probe K4N is confirmed by the exper-
imental results obtained with focused PA in immersion mode.
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