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Abstract—A method for testing the products with a flat and curved surface using surface ultrasonic
waves in the immersion version is proposed. Theoretical and experimental studies have shown that
with the length of the testing zone from 20\ to 50\, the combined application of the echo pulse
method together with the amplitude and time variants of the shadow method makes it possible to
detect both cracks and defects with a smooth profile with a depth of fractions of a wavelength on flat
and curved surfaces. The research results were used in the development of an automatic rail monitor-
ing system in the production flow; its tests confirmed high sensitivity and noise immunity of the
immersion testing with surface waves.
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INTRODUCTION

The eddy current method and nondestructive testing means implementing it are used to solve problems
related to high-performance testing of the surface of long products, such as rails, under conditions of their
industrial production. Their inherent disadvantages and limitations are low sensitivity in relation to certain
types of defects, relatively low noise immunity in relation to the electromagnetic background of a metal-
lurgical enterprise and residual magnetization of a test object, difficulties in using curved sections of the
profile, the need to place eddy current sensors almost right up to the moving test object, as well as the small
depth of penetration of eddy currents into ferromagnetic metals and alloys initiate intensive search for
alternative methods and means of detecting surface and subsurface defects in long products.

One of such alternatives, potentially removing most of the limitations inherent to eddy current testing,
is the use of surface ultrasonic waves.

Rayleigh-type surface ultrasonic waves are widely used in solving flaw detection problems [1]. From a prac-
tical point of view, the advantages of Rayleigh waves propagating along the free surface of a solid are pri-
marily related to their localization in the surface layer and, consequently, high sensitivity to surface defects
and an amplitude decay with distance slower than for bulk waves. Surface imperfections that occur both
in the manufacture and operation of metal products (cracks, hairlines, slivers, prints, etc.) have diverse
shape and not only lead to a change in the amplitude and time parameters of the transmitted signal, but
also create scattered Rayleigh and bulk longitudinal and transverse waves, making it possible to use both
echo-pulse and shadow methods of ultrasonic testing. It is also important that Rayleigh-type waves can
propagate along curved (convex and concave) surfaces; this makes it possible to detect inhomogeneities
on complex shaped surfaces [2].

At the same time, Rayleigh waves are characterized by high sensitivity to the contact of the surface with
another medium [3], in particular to the presence of a liquid layer or local droplets and contaminants on
the surface, resulting in scattering in the contact zone (which causes interference), as well as the transfor-

679



680 DIMKIN et al.

mation of a Rayleigh wave in the contact zone into an inhomogeneous wave carrying away energy into the
medium in contact with the surface leading to a decrease in the length of the sounding surface area.

This disadvantage causes interest in the possibility of performing testing in the immersion version,
i.e., when the test object is immersed in a liquid medium, which, of course, will reduce the length of the
tested area, but at the same time exclude conditions for scattering of surface waves on local surface
contamination.

Surface waves on the flat interface between a solid half-space and a liquid layer of finite and infinite
thickness are theoretically and experimentally investigated in the works by I.A. Viktorov [5, 6], where ana-
Iytical expressions are obtained and estimates of the dispersion of the phase velocity of waves and attenu-
ation are given. The regularities and efficiency of the transformation of surface waves into bulk longitudi-
nal waves emitted into a liquid in contact with a solid were studied in [7], where the authors limited them-
selves to solving a two-dimensional problem. The finiteness of the emitter size in the plane perpendicular
to the plane of incidence determines the direction of the field of the excited Rayleigh wave, studied by
I.A. Viktorov [8] in relation to the pulse mode.

Studies of the interaction patterns of Rayleigh waves with rectangular slits and semicylindrical grooves,
as well as their propagation over a surface of complex geometry (for example, sawtooth or rough) are pre-
sented, in particular, in the experimental works [9, 10]. It was shown in [11] that for a rectangular groove

of shallow depth, the reflection coefficients (R,) and transmission coefficients (D,) in steel and duralumin
differ only slightly; this allows one to compare experimental data obtained for the air-steel interface under
laboratory conditions and the data obtained in [9] for the air-duralumin boundary.

The presence of these fundamental theoretical and experimental results creates the necessary basis for
studying echo-pulse and shadow methods of the immersion testing of products with a nonplanar surface
with surface quasi-Rayleigh waves.

In order to study the patterns of propagation, reflection, and passage of surface waves when the product
islocated in an immersion medium, consider a solid body located in a liquid, with the body surface having
flat and cylindrical (convex or concave) sections. A surface wave excited on a flat section of the solid by
the wedge method using a straight piezoelectric transducer located in the immersion liquid at the Rayleigh
angle propagates in a direction perpendicular to the cylinder generatrix, encountering a surface defect in
the form of a narrow rectangular (crack model) or semicylindrical (roughness model) groove located on a
curved or flat surface area oriented perpendicular to the wave propagation direction and covering the
entire width of the surface wave beam.

Further, let us consider acoustic paths for this problem. When deriving analytical expressions for the
amplitudes of the shadow and echo signal, we assume that: a homogeneous, isotropic and ideally elastic
solid is located in an ideal liquid; the curvature radius of the solid surface is much larger than the wave-
length; the path from the emitting and receiving transducers to the surface of the solid traversed by a wave
in the liquid does not exceed the value of the near zone of the transducer; and defect models are located
in the localization layer of surface waves (approximately one and a half wavelengths) and are removed from
the points of excitation and reception of surface waves at a distance considerably exceeding the wave-
length. The possible length of the acoustic path during immersion testing by surface waves (the test zone
size) is determined by the attenuation of surface waves due to emission into the liquid [5]. The theoretical
and experimental evaluation of a drop in the amplitude of a surface wave with distance (Fig. 1) shows that
in the immersion version of testing, the presence of a thick layer of liquid on the surface of the product
dramatically (from 0.01 to 0.5—0.6 dB per wavelength) increases the attenuation of the amplitude of the
propagating surface wave. At the same time, the physical properties of the immersion liquid have a negli-
gible effect on the attenuation of a surface wave and, accordingly, on the possibilities of ultrasonic testing.

Thus, the length of the effective zone of immersion testing by surface waves for the applied testing
methods ranges from 20A to 50\ and, with practically realizable parameters (active zone size, frequency,
distance to the test object in the immersion liquid) of the ultrasonic transducer, is mainly in the near field
zone. In order to solve the engineering problems set out in this paper, we will limit the analysis of the
acoustic path to the energy approximation, which gives sufficient accuracy.

Experimental studies of methods of immersion testing by surface waves carried out in this paper to ver-
ify and supplement theoretical estimates were performed using dedicated flaw detection equipment and
serial devices, piezoelectric transducers for contact and immersion testing with operating frequencies of
1-3 MHz, and an immersion bath with positioning mechanisms. Grooves of rectangular and cylindrical
shape were made in steel research samples at various depths by milling. All measurements were performed
repeatedly while excluding sharply deviating values. The average values and 95% confidence intervals
shown in the figures with experimental data were calculated according to the measurement data.
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Fig. 2. General scheme of the acoustic path of the shadow method of surface wave testing (a); defect models: semicylin-
drical groove (b), rectangular groove (c); acoustic path model (d).

SHADOW METHOD

The presence of surface damage causes a change in both the amplitude and time parameters of the
pulses of surface ultrasonic waves propagating through a product section. Recording these changes, which
are a sign of the presence of a defect, is the basis of the amplitude and time shadow methods.

Figure 2 shows a general scheme, defect models, and a model of the acoustic path in the shadow
method on which a curved section of the solid is marked.

The following designations are used in the figure: p,4 and py, are the densities of the liquid and the
solid, respectively; s,,,4 is the velocity of a longitudinal wave in the liquid; ¢y and cg, are the velocities of
surface waves in the solid bordering the liquid on its flat and curved surfaces, respectively; x is the length

of the acoustic path (from the emitter to the receiver) covered by a surface wave; and x, is the length of a
curved (convex or concaved) cylindrical section of the surface with radius 7.
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The acoustic path in the amplitude shadow method is characterized by the ratio of the amplitude of
the signal that has passed a path with a defect (Ash) to the amplitude of the signal in the defect-free section
(Ag h), that is, by the defect detection coefficient:

K™ = 43" /45" (1)

In the energy approximation, we write the intensity 7 jh of the surface wave signal that has passed
through the acoustic path shown in Fig. 2d in the form of:

13" = 1,0(b,x)Dy(hy, ) K ()P (x, 7, X,), 2)

where /, is the intensity of the wave emitted into the solid and 0 (b, x) is the coefficient characterizing the
decrease in intensity due to the divergence of the surface wave beam during propagation. For the near
zone, where the wave front can be considered flat, Q(b, x) =1 and for the far zone (cylindrical front),

~ 2 ~ ~
0(b,x)= bﬂ; D, (hy,s,) is the coefficient of transmission through the defect in terms of intensity; K, ()

is the coefficient of the axial concentration of the field of surface waves emitted by the transducer of

2
0.5 (2—7‘) b
width b, which takes the value K, = 1 for the near zone and K, = 3 3 A 3 for the far
cos(%b) +7"b : Si(xnb) -1

zone; ¥ (x,r,x,) is the coefficient characterizing the decrease in intensity due to the attenuation of the
surface wave as it propagates along the boundary with the liquid (see Fig. 1) and the re-emission of bulk
waves on a section of the concave curved surface [4].

The energy losses and, accordingly, the values of the transmission coefficients when a surface wave
bends crack-like and shallow defects are caused by reflection of the surface wave from the bends (angles)
of the surface encountered in its path, additional attenuation due to the emission of bulk waves when the
wave propagates along a concave section of the surface, as well as scattering in the form of bulk waves
resulting from diffraction by sharp angles and areas with a radius less than the wavelength [12].

Taking into account the adopted assumptions and the expressions for losses at the liquid boundary and
on the concave curved surface in [4, 7], the formulas for the shadow signal amplitudes and detection coef-
ficients of extended rectangular (K 3?“) and semicylindrical (K 3:1(1) grooves oriented perpendicular to the
beam can be written as

K;r};t = Da'rcu (3)

where D, ., is the amplitude transmission coefficient for the narrow rectangular groove of shallow depth,
the expression for which is obtained in [10];

st
Keia = expl—~(0tg + 0Ls) (84, = $4) + Ols, Sy — O, Sy, 1, 4)

where 0., and o are the attenuation coefficients of the surface wave when propagating along the solid-air
and solid-liquid interface, respectively; o and 0., are the coefficients of additional attenuation of the
surface wave on concave cylindrical sections of the surface with radii » and r,, respectively, providing, as
follows from [4, 9], acceptable accuracy for both large and small wave radii of curvature; and s, is the
path length along the surface of the groove.

It should be noted that the above formulas do not take into account the diffraction effects leading to
the transformation of surface waves into bulk ones scattered by a defect.

The results of experimental studies on the dependence of the amplitude attenuation of the shadow sig-
nal on the depth of rectangular and semicylindrical grooves performed in this work, as well as the data cal-
culated according to (3) and (4) presented in [9], are shown in Fig. 3.

It can be seen that the experimental data for the detection coefficients of a rectangular groove on the
free surface of the steel sample and during immersion testing (see Fig. 3) are in satisfactory agreement with
the calculations by formula (3) for small defect depths and with the results obtained in [9] for aluminum
samples. The difference between the theoretical results and the experimental data for groove depths
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Fig. 3. Detection coefficients of narrow (s; /A — 0) rectangular (¢, <) and semi-cylindrical (s, /A = 5) (®, O) grooves
of depth #4; with the shadow method of surface wave testing: ¢, O steel—air; ¢, ® steel—water.

greater than half the wavelength is, apparently, due to the use of an approximation that does not take into
account the influence of waves that bypass the crack (rectangular groove) propagating along its edges.
With an increase in the ratio 4,/s,, the detection coefficients for a rectangular (crack-like) and smooth
groove with a semi-cylindrical bottom become close.

In the course of experimental studies of the shadow method, it was also found that a decrease in the
efficiency of excitation of a surface wave in the case where the defect is in the zone of the incident beam
has a more significant effect on the amplitude of the shadow signal than scattering of the propagating sur-
face wave by the defect. This effect, which manifests itself in a decrease in the coefficient of conversion of
a longitudinal wave in the liquid into a surface wave, is a “parametric” effect that is predetermined by the
shape of the surface defect and the ratio of the defect size to the excitation zone and is not amenable to
analytical evaluation, but can be effectively used in practical testing.

The results of the conducted studies of the acoustic path of the amplitude shadow method of immer-
sion testing by surface waves show that:

1. The detection coefficients of crack-like (rectangular groove) and smooth (semicylindrical groove)
surface defects depend weakly on the acoustic characteristics of the metal and the medium the tested sur-
face is in contact with.

2. When the metal product is located both in air and in water, the detectability coefficient acceptable
for practical problems of flaw detection is provided for defects perpendicular to the wave propagation
direction with a depth of more than (0.3—0.5)A.

To assess the influence of the groove geometry and size on the time shift Az of the transmitted surface
wave pulse, which is a sign of a defect in the time-domain shadow method, we calculate the propagation
time assuming [4] that the trajectory of the pulse propagation repeats the defect shape.

In this case, assuming that the surface wave propagates successively along the front and back faces of
the rectangular groove with a negligible opening (s, — 0), the difference between the propagation times
of the signal in the defective and defect-free sections can be determined using the simple formula

Aty =2l S0 2hy (5)

s Cs Cy

For a semicylindrical groove, it is also necessary to take into account the fact that the velocity of a sur-
face wave on the curved groove surface depends on the curavture radius, while the velocity correction,
according to [4, 9], is valid for both small and large radii. At the same time, in the range of the practically
important groove radii, the change in the velocity of the surface wave is negligible (less than 0.04).

Calculating the length s, of the pulse path along the surface of the semicylindrical groove

with width s, and depth 4, and using the results in [4], we obtain analytical expressions for the propaga-
tion time of surface waves along the section containing the groove that allow one to analyze the pat-
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Fig. 4. Dependence of the time shift of a transmitted surface wave signal on the wave depth 4, /A of rectangular (— ) and
semicylindrical (—) grooves.

terns of the influence of the groove size on the time shift (A7, ) of the transmitted signal recorded by
the shadow method,
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where s = \/k,ze —kl;q = \/k,zg —k; e, = exp[2arccoth(q/kg)]; e, = exp[2arccoth (¢/kg)); and k,, k, and
kg are the wave numbers of transverse, longitudinal, and surface waves, respectively.

X

The result of calculation using expression (6) is shown in Fig. 4.

The analysis of the time version of the shadow method allows one to conclude that the dependence of
the time shift (delay) of a surface wave pulse during its passage through both rectangular and semicylin-
drical grooves depends almost linearly on the wave groove depth 4,/A and that the time shift decreases
considerably with an increase in the semicylindrical groove width.

Figure 5 shows the dynamic envelopes of the amplitude and time shift of a signal received during testing
that has passed over the surface of the product containing two defects.

It can be seen that the decrease in the amplitude of the past (shadow) signal is accompanied by an
increase in its propagation time; this confirms the effectiveness of the joint use of amplitude- and time-
domain versions of the shadow method of surface wave testing. Recording two parameters helps improv-
ing the noise immunity of testing and provides potential opportunities for assessing the depth (size) of the
detected defect.

ECHO PULSE METHOD

For an echo method of testing by a single crystal probe for an infinitely extended groove, we can adopt
an acoustic path model that differs from the above model for the shadow method in that there is a need to
take into account not the coefficient of transmission but the coefficient of reflection from the defect, and
the geometric difference is that for the echo method, the distances traveled by the wave on all sections of
the path from the emitter to the defects and back are equal (Fig. 6).
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Fig. 5. Dynamic envelopes of the amplitude (a) and time shift (b) of the shadow signal when moving along the product
surface containing two defects.
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Fig. 6. Model of the acoustic path of the echo method of ultrasonic testing by surface waves.

By analogy with the expression given earlier for the shadow method (2), we write the intensity of the
echo signal due to defect in the form

15 = 1,0(b, x,) R, (hy, ) K ,(DYP (x4, X, 7). (7)

When the defect is located on the transducer’s acoustic axis, K, = 1. In this case, for the far zone, the
amplitude of the echo signal can be written as

A;cho — Ae(l/xd)Rd eXp[—Z(OCR + aS)xd - 20(5,(xd - xp)]~ )

At distances not exceeding the value of the near zone of the transducer, for which Q(b, x;) =1, the
amplitude of the echo signal takes the form:

A;cho — AeRd eXp[—z(OCR + (X'S)xd — 20(5,(xd - xp)]- (9)

In actual testing, sensitivity adjustment is performed based on the echo signal from a reference reflec-
tor. It is customary to use a right dihedral angle in a sample of the tested material as a reference reflector
for surface waves [13]. Let us assume that the distance from the excitation—reception point of surface
waves to the reference reflector is chosen to be minimally sufficient for separate observation and measure-
ment of the probing and reflected pulses. In this case, the effect of attenuation of surface waves is practi-
cally absent even in the case of contact of the surface with the liquid, ¥ = 1. To assess the possible influ-
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Fig. 7. Coefficients of detection of narrow (s, /A — 0) rectangular (®, ¢) and semicylindrical (s; /A = 5) (®, O) grooves
of depth 4, with the echo method of surface wave testing: ¢, O steel—air; ®, ® steel—water.

ence of contact with the liquid on the reflection coefficient of a surface wave from the right dihedral angle
(R,,;), an experiment was conducted that did not show any considerable change in the amplitude of the
echo signal from the right dihedral angle when the sample was immersed in water. In this regard, (R, ) is

assumed to be equal to the value obtained for a Rayleigh wave [11] and the amplitude 4, of the reference
echo signal from the reference reflector equal to

Ay = 0.674,. (10)

As aresult, taking into account [7], for the coefficient of detection of a defect located in the transducer
near field zone we obtain

K;cho — 3/2Rd exp[_z(aR + aS)xd — 20(‘Sr(xd - Xp)]. (11)

The resulting general expression can be used for a detailed analysis of the acoustic path of the echo-
pulse immersion testing by surface waves.

For a defect model in the form of a rectangular groove, it should be supplemented with the formulas
for R, in [11].

The calculation results and the experimental values for the coefficient of detection of rectangular and
semicylindrical grooves on a flat surface in air and in water are shown in Fig. 7.

There is a satisfactory qualitative and quantitative agreement between the results of experiments per-
formed in this paper with the theoretical and experimental data by other authors [9, 11]. At the same time,
the absence of oscillations on the calculated curve for a rectangular groove is explained, just as for the
shadow method, by the energy approximation used in [11].

It can be seen from Fig. 7 that the detection coefficients for the options of testing in air and in an
immersion medium differ only slightly; the detectability of a semicylindrical groove by the echo method
is close to the detectability of a rectangular groove at depths of a wavelength or more; the values of detec-
tion coefficients acceptable for practical purposes are provided for crack-like defects deeper than 0.2A and
defects with a smooth profile deeper than 0.6\.

The effect of the width of a smooth defect on its detectability is illustrated by the data presented in Fig.
8. As can be seen, both the echo-pulse and amplitude shadow methods critically reduce the detectability
of semicylindrical grooves the width of which exceeds the depth by an order of magnitude or more.

Based on the performed studies of immersion ultrasonic testing by surface waves,

— The possibility of using the echo-pulse method, as well as the amplitude- and time-domain variants
of the shadow method for immersion surface-wave testing of flat and curved (convex and concave) sur-
faces of products of complex cross-sectional shape has been substantiated.

— A technique for combined application of the methods is developed and the requirements for the
equipment of immersion ultrasonic testing by surface waves for detecting defects with a smooth profile
and crack-like surface defects with a depth of fractions of wavelength are substantiated.
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Fig. 9. General appearance of the NORDINSCAN-RAIL-S (Nordinkraft) installation of ultrasonic quality control of
rail surface in the line of acceptance testing of rails at a metallurgical enterprise.

— The NORDINSCAN-RAIL-S installation was created (Fig. 9) (Nordinkraft) for automatic immer-
sion ultrasonic quality control of the rail surface, including a multichannel flaw detection hardware and
software complex with piezoelectric phased antenna array blocks [14] that allows one to perform accep-
tance testing of railway rails and rail rolling of all types in the production flow in order to detect defects
along the entire perimeter of the surface (including in areas inaccessible to eddy current testing).

Figure 10 shows examples of real defects (cracks, prints, slivers, shells, and grooves) identified using
the techniques and equipment described in the article.

CONCLUSIONS

The results of the research presented in the article and its implementation in the creation of equipment
and technology for ultrasonic monitoring of rails in order to identify surface defects

— Have formed a methodological basis for the combined application of the echo-pulse method
together with amplitude- and time-domain variants of the shadow method of immersion testing by surface
waves.

— Have shown a high sensitivity, an increased noise immunity, and additional capabilities for testing
curved surfaces of complex shaped products using immersion technology of surface ultrasonic waves.

RUSSIAN JOURNAL OF NONDESTRUCTIVE TESTING  Vol. 58 No.8 2022
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Fig. 10. Examples of unacceptable surface metallurgical defects of rails detected during immersion testing by surface
waves: (a) 30-mm—long mark on the rolling surface in the rolling direction (a); (b) ~12 X 10 mm imprint at depth 1.0 mm
on the head rolling surface; (¢) ~12 X 17 mm sliver at depth 0.8 mm on the foot; (d) crack on the edge of the rail foot blade.

— Have expanded the possibilities of using ultrasonic surface waves for problems of flaw detection with
underwater position of a test object and in immersion techniques.
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