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Abstract

The improvement of efficiency, reliability and productivity of ultrasonic testing of objects with cohesion
between materials connected by welding, soldering, gluing, etc. is 'an important problem of the modern
production technologies. The purpose of the paper is to determine in 3D space the conditions for increasing
the sensitivity and reliability of the flaw detection in the cohesion zone between materials when the form
of defect interface can be different.

In the first part of the theoretical study the features of the formation of the acoustic fields of ultrasonic
waves scattered from solid's interface when spot of an acoustic beam crosses the boundary of the defective
region in the shape of an ellipse or a long strip have been investigated. In this case, the boundary conditions
in the defect area change discretely or linearly.

It was suggested to use a phase shift between reflected waves from the defect and defect-free interfaces
as the more informative parameter depending on the cohesion between materials. There is shown that there
are conditions to achieve sufficiently high sensitivity detection of interface defects when the scattered waves
receiving are to be at angles outside the main directivity lobe of the scattering field pattern. The evolution
features of the scattering field structure which are needed for the development of the method of evaluation
the cohesion of materials have been got.
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Biansinne reoMeTpuu M TPAHUYHBIX YCJI0BHH B 00J1aCTH
CUEIJICHUSI MAaTepPHAJIOB HA pPacCcesiHUE YJIbTPa3BYKOBBIX
BOJIH. Y. 1. Teopernueckoe moae1MpoBaHue
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[ToBwimenwe >3pGeKTUBHOCTH, HAAEKHOCTH U TPOU3BOJUTEIFHOCTH YIIBTPa3ByKOBOTO KOHTPOJIS COENHU-
HEHUSI MaTepHualioB CBapKOM, MalKOM, CKJICUBAHUEM U JIp. SIBISIETCS BaXKHOW HApOIHOXO3SIICTBEHHOU 3aj1a-
yeif. Llenb paboThI coCTOsIa B yCTAHOBIIEHUH YCIOBHH MOBBIMIEHUS YyBCTBUTEIHHOCTH M IOCTOBEPHOCTH
oOHapyxeHHus 1e(DeKTOB CIEIUICHNSI MaTepHajoB Ha OCHOBE MOJEINPOBAHUS TIOJNEH YIBTPa3BYKOBBIX MO,
paccestHHBIX Ae(eKTaMu pa3HOi TeOMETPHH.

BriepBbie B MakcHaTbHOM TIPUOIMKEHUH BBITIONTHEH PAacu€éT M aHAIH3 MOJIEH pacCesHus YIbTPa3ByKOBBIX
BOJTH TIPH TIEPEMEIIEHUH TSTHA aKyCTHIECKOTO JTyda B BHJIE AIIIUIICA WITH JITMHHOW MTOJIOCHI OTHOCUTEIHEHO
nedekTHOW 00IacTH ¢ AMCKPETHBIMU U TJIABHO M3MEHSIOIINMUCS B HEW TPAHWYHBIMHU yCIOBHAMHE. J[i1s Xa-
PaKTepUCTHKHU TIOCIEAHNX C TOYKU 3pEHUS B3aUMOJCHCTBHS YIIPYTOW BOJHBI C TPAHUIIEH CPell TTPETIOKEHO
HCITOJIB30BaTh MPEUMYIIICCTBEHHO (Da30BBIA CABUT O MEXTy BOTHAMH, PACCETHHBIMHU OT Ie(EeKTHON U 0e3-
ne(heKTHOW TpaHUIIbI, CYIIECTBEHHO CKa3bIBAIONIMIICS HA N3MEHEHUH MapaMeTPOB PE3yJIbTHPYIONIETO MO
paccestHus B ero nepudepuitHoii 3oue. T. e., 6 aBnseTcs BaXXHBIM ITapaMeTPOM, XapaKTePH3YIOITUM CTEIIEHb
CIETUICHHUST MaTePHAJIOB ¥ OKAa3bIBAIONINM TIPEBAJMPYIOIee BIMSHAE Ha YYBCTBUTEIBHOCTh MPEIaraeMoro
MeToJIa OOHAPYKECHHS CITa00 BBIABISICMBIX Me(EKTOB.

YcTaHOBIEHBI OCOOCHHOCTH JBOJIONUHU CTPYKTYPHI TIONEW paccesHUs, SBISIOMNECS TepBUYHBIMHU
JUTSE pa3pabOTKH METOAWK KOHTPOJS CIEIUIEHHS MaTeprajioB MpPeNIoOKeHHBIM MeTofoM. [Ipu mocratouno
MaJTbIX 3HAUYEHMSX YIiIa IpruéMa yIpTPa3BYKOBBIX KOJIeOaHUH B MEPUINOHATEHON TITOCKOCTH MAKCUMYM TyB-
CTBUTENFHOCTH U3MEPEHUH TOCTUTAETCS B TUHAMUYECKOM PEXHUME U MMPUEME PACCETHHBIX BOJH O] a3UMY-
TaTbHBIMHU YIJIAMH, COOTBETCTBYIOIIUMH 1-My AKCTPEMyMY IHArpaMMbl HaIPaBICHHOCTH TOJS PacCesHUs
OTIOPHOTO aKyCTHYECKOTO JTyda.

KiroueBbie ciioBa: AuarpamMma HaIllpaBJICHHOCTH, HepaS’BéMHOG COCAUHCHUC, PACCCAHUC YIIPYTUX BOJIH.
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Introduction

The development of effective methods and means
of ultrasonic testing of permanent joints (metal-to-
metal, metal-to-nonmetal, nonmetal-to-nonmetal)
allowing a reliable and safe functioning of critical
technical facilities in heating, construction and
operation of gas pipelines, in the chemical industry,
at enterprises of the auto-tractor construction,
instrument engineering and others is very relevant.
At the same time high reliability and sensitivity of
testing of weakly detectable by ultrasonic methods
defective areas of material joining (for example,
material sticking faults) in welding, spraying,
brazing, gluing and others, is an important applied
task [1].

Traditional methods of ultrasonic testing of
fixed assemblies mostly use "direct" amplitude
methods consisting in determining of amplitude
differences of acoustic signal passed or reflected
from a defective(ScS)) and non-defective (Sc.Sy)
surfaces of contacting surfaces. For this purpose
ultrasonic volume waves probing the object by
echoing, echoing, as well as shadowing can be
used. On the other hand, quality of adhesion of
materials characterized by stress tensor (c,); and
displacement value of wave (§;) on contacting
surfaces both during manufacturing and operation
of the object can be estimated by time variations of
surface, plate waves, their amplitude, phase [2—4].
And in [3, 4] detection of splits in objects with
high attenuation coefficient in polymer composites
and in multilayer adhesive structures, where low-
frequency plate mode is used as a probe, and
their velocity decreases as a result of diffraction
scattering on splits depending on "damage"
of the object, are considered. If comfortable
measurement conditions are provided, including
the condition of the object's contact surface, its
geometry, inspection performance requirements
and the instrumentation used, interferometric
measurement schemes are sufficiently sensitive to
assess the quality of material adhesion or coating
thickness gauging [5, 6].

It should be noted that combined methods
realized by using optoacoustic excitation of
ultrasonic waves and their receiving by both contact
and non-contact methods — are promising in solving
the above problems [7, 8]. In particular at pulse-laser
action a wide spectrum of waves interacting with
a defect area is excited in the object. At the same
time the "selectivity" effect allows the detection of

poorly detectable defect areas based on the signal-
response spectrum data. Increase of the method's
efficiency could be achieved by means of receiving
Lamb waves in simple electromagnetic-acoustic
way [8], if of course, the object is o a double-layer
plate with characteristic thickness #,>A,;, where A,
is maximum possible Lamb wave length. It should
be noted that by changing the configuration of
receiver measuring coil it is possible to search for the
elastic modes which are the most sensitive to defects
of splitting.

Analysis of the above methods of quality testing
of solid state joints shows that their sensitivity is
not high enough when using traditional measuring
methods, while the wuse of interferometer,
phase-frequency methods and laser technology
significantly complicates the conditions of testing.
It concerns requirements to geometry of objects,
state of their surface, etc. The authors [9] on the
basis of deterministic approach in 2D formulation
develop the method of detecting weakly detectable
defects, when the phase shift between the waves
scattered at the defect and defect free boundary
magnitude of 6 =n/4 —x. In [10] the ultrasonic
scattering fields in three-dimensional space - in
different planes of the directional cross section of
the ultrasonic scattering field DD, characterized by
equatorial (v = 0 —x) and azimuthal (y =0 —n/2)
angles are investigated. Moreover, the phase
shift between the waves scattered at the same at
the defective and defect-free boundaries time
is constant and its value varies in the range of
0=mn/4—m.

The aim of this part of the research is to carry
out a theoretical qualitative analysis of the acoustic
channel including the formation of reflected fields
of ultrasonic waves (UW) from a heterogeneous
boundary plane surface §* =S, + S, characterized
by different profile of S, boundary and phase shift
between the reflected waves and to determine
the optimum conditions for their detection and
achieve maximum sensitivity.

Note that the informative signal at the
receiving ultrasonic probe is formed only when
a moving spot of incident beam on the interface
intersects defect's boundary or defect is inside
the spot. Thus, we have possibility to observe the
more substantial changing of the UW side lobes
structure. Below the peculiarities of acoustic
scattering field formation ®(¢,y) are studied for
the case, when the defect surface S, has the form
of ellipse with eccentricity (¢ =a/b = 0.3-3) and
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area ratio S, =S,/S,=0-0.1 or as a strip, where
S, 1s the acoustic beam (4B) cross-section area of
its spot, and the phase shift between the scattered
waves changes in the range 6 =0-m. And this
variation is not only discrete, but also linear, which
is characteristic for cases of imperfect execution
of some joining technologies of materials. The
conditions for choosing the optimal scheme of
sounding are specified.

Analysis of peculiarities of acoustic channel

At this stage of development of suggested
method of diagnosing state (coupling) of contacting
materials, mainly aimed at studying peculiarities
of influence of geometry of defect area and its
position on formed ultrasonic scattering field. Also
important is the problem of detecting such defects
when the strength of "seizure" or adhesion of
materials in the defective area changes depending
on the coordinates {x, y} cS). L. e. at characteristic
angles of incidence of elastic waves on the local
zone we should expect changes in phase shift,
which is a function of 6 =0(c,, X, C,, C,, P).
And this should have some effect on the scattering
field under study. Thus the subject of the present
studies are peculiarities of DD formation in space
of scattering ultrasonic waves when a spot of an
acoustic beam with moving relative to the boundary
of the defective surface having the form of an ellipse
with varied eccentricity € = 0.3-3 or a long strip.
In this case the boundary conditions in the area
of wave incidence on the defect change discretely
or linearly vs. distance from the sport boundary
in x direction, where a and b are axes of an
ellipse (Figure la).

When variant Il is implemented, the problem
under consideration is represented as a superposition
of the fields of the two sources:

J=Jp =4S Kpo Fo(v, @) +
Ay Sp [Kg Fpo (W, 0, 0(x)) — Kzo Fop (W, 9)], (1)

where 4, is the amplitude of the acoustic wave
incident on the media boundary; K, and Kj, the
ultrasonic reflection coefficients from the defect-
free and defect bonded area of the materials,
respectively; J is the resultant scattering field of the
ultrasonic beam incident on the boundary surface
with the defect Sy=S,+Sy, Fy, Fo1, Fpy — are the
corresponding normalized integral functions where
F,, = F, s for the ScS),.

Z
ro v
0 \\1& 5 s
2 ¥
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Z 2
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Figure 1 — Illustration for the theoretical analysis and
calculation of the ultrasonic reflected waves from

I
I

For numerical calculation in axial approximation
of acoustic fields, obtained at ultrasonic reflection
from adhesion surface of materials with defect
of different profile integral expressions obtained
below were used. This allowed us to reveal specific
features of ultrasonic wave (UW) field variations
scattered in the presence of a simulated defect area
S, of different geometry (Figures 4.2—4.4), including
an ellipse, a long strip of width b <r, and a semi-
infinite plane. Further by numerical experiment the
search of such conditions is carried out, at which the
possibility of revealing of defects of incoherence
with the minimum possible reflectivity is realized.
For this purpose we suggest to use those regions of
scattering fields (or angles of UW receiving), where
the minimum and maximum of the first order angles
of DD (Qpin1> Pmax1) are located in the equatorial
plane of DD section. We suggest to measure values
of scattering field amplitudes in its vicinity and to use
the amplitude of 4., as well as (for comparison)
the value of the zero-order maximum 4.
Dimensionless parameters are used as informative
ones characterizing the sensitivity of the method and
its effectiveness:

A*={|AA( Qi) /4
|AA((Pmax0) | /Amaxo} .

A"4((pmax1)|/A

max 1’ max1°
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The scattering of ultrasonic waves when
acoustic beam spot intersects defect
boundary

In this case the calculation of the summary
scattered field is realized according to formula (1)
but it is necessary to take into account the changing
of the defect’s boundary to intersect the boundary of
the acoustical spot S,,.

The results of numerical calculations of the
considered acoustic fields, including the characteristic
dependences of amplitude parameters |AA4|/4,,,, on
the geometry of the defect area, its position relative to
the acoustic beam spot and the phase shift 6 between
the scattered UW on the defective and non-defective
surface of the material interface are presented below.
Figures 2 and 3 present the amplitude characteristics
of the UW scattering field depending on the position
of the defect area centre in the form of ellipse with
different eccentricity, determined in the equatorial
planes of the DD y=0-m/2 for the indicated
receiving angles at different values of the phase
shift. Note that the indicated amplitude parameter
|AA4|/A4,,.«,» In fact, characterizes the sensitivity of
the measurement method for various input-receive
conditions of the UW. Figures 4 and 5 show data on
the maximum sensitivity of the method, depending
on the position of the defect area when its geometry
and phase shift 6 are changed. The data on the
effect of a more complicated adhesion mechanism,
characterized by a linear change in the value in the
direction normal to the boundary of the defect area,
which has the shape of a long strip, is illustrated in
Figure 6.

When variant I1 is implemented (defect surface —
long strip), the phase shift, where is the coordinate
of a point on the surface of the SD defect, counted
in its plane normal to the amplitude characteristics
of the UW scattering field depending on the position
of the defect area centre in the form of ellipse with
different eccentricity, determined in the equatorial
planes of the DD y = 0 — n/2 for the receiving angles
at different values of the phase shift. Note that the
indicated amplitude parameter |AA|/A4,,, in fact
characterizes the sensitivity of the measurement
method for various input-receive conditions of the
UW. Figures 4 and 5 show data on the maximum
sensitivity of the method depending on the position
of the defect area when its radius and phase shift 6 are
changed. The data on the effect of a more complex
material coupling mechanism characterized by a

linear change in the value in the direction normal to
the boundary of the defect area, which has the shape
of a long strip, is illustrated in Figure 6.

|AA]
Amaxi

1.2

0.8F

0.4

|AA]|
Amaxi

|AA]|
Amaxi

xa/To

Figure 2 — Amplitude characteristics of the ultrasonic
scattering field vs the position of the defect area centre
in the form of ellipse, determined for v =0 (a), w/4 (b),
1/2 (c¢) and different angles of wave reception ¢ at phase
shift 8 =n: eccentricity of the ellipse e=1 (1), 3 (2),
1/3 (3); angle of the UW reception ¢ = Qi1 (@), @paxs (),
Praxo (€); 7o/ Ak =15; S,/S,=1/9
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Figure 3 — Amplitude characteristics of the ultrasonic
scattering field vs the position of the defect area centre
in the form of ellipse, determined for y =0 (a), /4 (b),
/2 (c) and different angles of wave reception ¢ at the
phase shift 6 =m/4: eccentricity of the ellipse € =1 (1),
3 (2), 1/3 (3); angle of the UW reception ¢ = ¢,,;,; (@),
Omax1 ()5 Praxo (€); Fo/A=15; /Sy =1/9

The presented results of theoretical analysis
of the influence of geometrical parameters of
the model defect area on the generated acoustic

scattering field of UW at its relative crossing by the
spot of the acoustic beam convincingly indicate the
effectiveness of the suggested method of evaluation
the adhesion quality of materials which consists in
the application of a "non-mirror scheme" of UW
radiation-receiving. Those, not only the angles of
UW radiation and receiving but also the planes of
incidence of the source and receiver of the ultrasonic
probe may not coincide.

|AA|
Amzlxi
2 -
L5¢
2
Ir 3
0.5t
1
0 ; [e]
0 45 90 135 0,
a
|AA]
Ame\xi 9
4 L
351
3 L
251
2 -
15} 3
1 L
1
0.5+
0 ; : ]
0 45 90 135 0,
b

Figure 4 — Maximum variation of ultrasonic amplitude at
displacement of acoustic beam spot relative to the centre
of circular defect (a) and half-plane boundary (b) as a
function of phase shift of waves scattered from the defect:
angle of ultrasonic reception in equatorial plane y = 0:

® = Omaxo (1)’ Prmint (2)’ Prmax1 (3)’ 7”0/7\, = 55 SD/SO =1/9

In case of orientation of the major axis of the
ellipse a (or "elongation") of the defect along the
x-axis (e=a/b>1) it is preferable to receive UW
in the plane determined by equatorial angle y—m/2
for @— {Qpax1> Pmins- But if the major axis of the
ellipse a directed along the y-axis then the situation
is the more preferable for ultrasonic receiving if
y—0. A similar tendency is maintained when the
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phase shift between scattered waves in a varying
range (1/8—1) m. The sensitivity of the suggested
method can significantly (by more than order
of magnitude) exceed the traditional "mirror"
version of testing. (The latter is implemented for
radiation-receiving) conditions at angles close to
each other). As seen from figures 2—5 the absolute
value of 8, = |AA4|/A,,,«, can be up to ~10 and more
times. With decreasing the defect area S, and
phase shift 6~n the value of amplitude 4 mostly
decreases irrespective of the equatorial angle. At
the same time, at phase shift 6~m and /R > 0.6, the
ambiguity of measurement can be observed if the
ultrasonic receiving is performed when ¢ — ¢, ,.;
(Figure 5).

|AA]
Am‘ax i

05¢F

0.2 0.4 0.6 0.8 Sp/So

|AA|
Aluaxi
351

25F

1.5}

05¢F

04 0.6 08 Sp/So

b

0.2

Figure 5 — Maximum signal change when the acoustic
beam spot is displaced relative to the centre of a circular
defect as a function of its radius and phase shift 0 = 7/4 (a);
7 (b); angle of ultrasonic reception in the equatorial plane:

¢ = (Pmaxo (1)7 Prmin1 (2)’ Prmax1 (3)’ 7‘0/7\, =5

It is noteworthy that in the case of defect
modeling in the form of a strip with a linearly
varying phase shift (Figure 6), which is typical

for poorly detectable defects occurring in various
material joining technologies, the maximum
sensitivity is achieved exactly when ultrasonic
scanning is received in the equatorial plane of the
DD section y =m/2 and azimuth angles close to
@— Q.- Thus, in comparison with the mentioned
classical method, the calculated sensitivity of the
suggested method is almost ~50 times greater
when the varying value of the phase shift between
the waves scattered from the defect-free and defect
material boundaries ¢ = n/4.

18010, ©
90
A
3
Am‘dxi x/ro
0 1 I
2.51 -1 0 1
2
2t
151
1
1
0.5¢
0 1 1 1 1 1
405 0 05 1 xq/ro
a
18010, ©
90
A
Amax/ x/ro
151 !
1
0.51
0 \ . . . .
1 w05 0 05 1 xa/ro
b

Figure 6 — Characteristic signal amplitude dependence of
ultrasonic scattering field vs displacement of the acoustic
beam spot centre relative to the defect area in the form
of a long strip with a linear change in phase shift in the x
direction: max(0) = (@); 14 (6); @ = Py (1); Py (2;
Qrax1 (3); 7o/A =5; defect width is of b = 2/3r,,
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Thus, based on these calculations and theoretical
analysis, the maximum sensitivity of the method is
achieved both by optimizing the parameters of the
acoustic channel in order to achieve the maximum,
and, importantly, by receiving the scattered signal
at the above characteristic angles of the primary DD
diagram of the scattering field, including y and .
If we consider the diagnostic state of the adhesion
quality of materials according to the scheme shown
in Figure 15, then in describing the acoustic path
it is necessary to take into account the features of
the ultrasonic traverse through the outer boundaries
of the object, accompanied by energy loss and the
shift of the acoustic beam due to refraction on the
boundaries. For example, when the echo method used
an acoustical signal passes twice only one external
surface of the object I. With weak divergence of
acoustic beams scattered from defective and defect-
free surfaces in the layer of object I, the condition
must be fulfilled:

0.5 hf (n cosa C,) > 1, h/L<<1,

where L is the distance from the surface I of the
object to the receiving point of UW.

In this case, as a result of refraction of the
acoustic beam at the interface I the transverse size
of the acoustic beam changes in cosp/cosa time.
Finally, the scattering field formation process takes
place exactly in the area I. If this condition is not
met, then the scattered waves incident at different
angles o, at the interface I will undergo a change
in amplitude due to the dependence D,, =D, (a,).
As a more detailed analysis of this phenomenon
shows, it will only affect some variation in the
amplitude-angle characteristics of the scattering
field which must be taken into account when
designing the measurement technique and
positioning the receiver probe with respect to the
object surface.

Conclusion

A theoretical model for detection of poorly
detectable adhesion defects based on optimization of
apertures and phases of imaginary ultrasonic sources
scattered by inhomogeneous boundary including
defects as a long strip and ellipse with variable
eccentricity (3—1/3), presence of discrete and linearly
variable phase shift between waves scattered by
defect and defect-free area is developed in axial
approximation.

Evolution features of the scattering field
structure, which are primary for the development of
techniques to evaluate the adhesion of materials by
the specified method, have been found. It is shown
that with sufficiently small values the maximum
sensitivity of the method is achieved in a dynamic way
and receiving of scattered waves under the azimuthal
angles corresponding to the first extremums of the
directivity diagram of the scattering field of the
reference signal (in the absence of defect).

In the case of numerical simulation of defects
in the form of a band with a linearly changing phase
shift, which is typical for weakly detectable defects,
the maximum sensitivity of the method is achieved
when receiving waves in the equatorial plane of the
scattering field of directivity diagram section y = m/2
and in the neighborhood of the azimuthal angle
of minimum of the first order. It is shown that in
comparison with traditional methods the sensitivity
of control of poorly detectable defects in conditions
when the phase shift between the waves reflected
from the defect and non-defective surface is tens of
degrees.
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