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1. INTRODUCTION

Manufacturing high�quality products and the safe service of equipment in different branches of indus�
try are impossible without introducing new nondestructive testing (NDT) methods. Ultrasonic testing
methods are widely used when manufacturing products and during operational inspection. As the accu�
racy with which the equipment and technique allow determination of the flaw type and dimensions for
comparing them to the maximally acceptable ones becomes higher and as the number of false operations
decreases, inspection, especially operational inspection, becomes more efficient. One of the most impor�
tant parameters of a testing system is its ray and frontal resolution. The ray resolution is mainly determined
only by the echo�pulse length [1], whereas the frontal resolution strongly depends on the image�formation
method. The conventional methods of ultrasonic flaw detection that are based on scanning with single�
element transducers and recording of echo signals (ESs) without their cooperative processing do not pro�
vide a high frontal resolution. Therefore, to reliably solve the problem of classifying the detected reflec�
tors, highly qualified flaw�detection specialists are required because of the complex nature of the diffrac�
tion of ultrasonic pulses by reflectors.

Coherent processing of measured ESs can be used to obtain high�resolution images of reflectors. The
ultrasonic NDT systems that appeared in the 1980s [2–4] allow the formation of reflector images from
ESs measured with a single�element transducer, which operates in the transceiver mode and scans along
a straight line (along the x axis). In these systems, images of flaws are obtained using rather simple algo�
rithms that are based on the solution of the inverse scalar scattering problem in the Born approximation
[5, 6]. This class of algorithms includes the synthetic aperture focusing technique (SAFT) method [7–10]
and the method of projection in the spectral space (PSS), which is called the Fourier transformation syn�
thetic aperture focusing technique (FT�SAFT) in the foreign literature [11–13]. Because the main oper�
ation in the latter method is a Fourier transform, which can be performed using the fast�transform tech�
nique, it allows reflector images to be obtained at a high rate. A specific feature of the reflector images that
were reconstructed using these methods is that, owing to the large spatial aperture on which ESs are
recorded, the frontal resolution in the xz plane is approximately equal to the size of the imaginary element,
i.e., the frontal resolution may be equal to 2.0 mm and virtually independent of the depth z. If ESs are
recorded along a large number of parallel lines, the PSS method makes it possible to reconstruct an image
with a frontal resolution in the additional plane (yz plane) approximately equal to the piezoelectric ele�
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ment (PEE) size, which is also independent of the depth z, as the frontal resolution in the xz plane. Using
a PEE with a resonance frequency of 2.5 MHz and a size of 10 mm along the y axis, a frontal resolution
of 10 mm can be obtained at a 400�mm depth using the PSS method in the 3D variant, while using only the
layer�by�layer processing by the 2D�PSS method, the frontal resolution in the yz plane will be ~40 mm, since
it will be determined by the ordinary ultrasonic�beam divergence.

At the beginning of the 2000s, a number of flaw detectors that operate according to the technology of
phased antenna arrays (PAAs) or matrices appeared on the market [10–14]. The application of such
devices allowed a change from the analysis of a single ES, as in conventional flaw detectors, to the analysis
of a high�quality S�type image. This allowed the testing quality to be improved in the presence of appro�
priate techniques. Because the dimensions of the aperture of 32�element antenna arrays (AAs) are seldom
more than 30 mm, the frontal resolution of a PAA image at depths of >50 mm will be much worse than
that obtained using the PSS method. In addition, at present, the 3D coherent processing of data obtained
with PAA flaw detectors cannot be performed with any existing commercial instrument. Antenna arrays
can be used, but they usually have even smaller apertures along the x and y axes and, consequently, their
frontal resolution is even lower. The modern technologies for developing AAs allow the production of an
AA with dimensions of 32 × 32 elements for 5 MHz, but its control requires equipment with 1024 inde�
pendent transmission and reception channels, whose cost currently exceeds 500000 euro. However, the
main fact is that the frontal image resolution at a depth of 400 mm will exceed 15 mm, if such an AA is
used.

Therefore, at present, to efficiently test thick�walled objects and articles in which ESs from disconti�
nuities are recorded after multiple reflections from boundaries, it is desirable to apply the 3D�PSS coher�
ent processing method.

2. METHOD OF PROJECTION IN THE SPECTRAL SPACE

The inverse scattering problem [6] consists in determining the function ε(r), which describes the
reflection properties of an inhomogeneity in the region S (Fig. 1), by using the known field sources q(rt,
f ) in the region St and measuring the received field p(rt, f ) in the region Sr. The integral form of the scat�
tering equation (Lippmann–Schwinger equation) at the frequency f is written as

(1)

The primary irradiating field pi(rr, f ), which is determined by the known field source q(rt, f ), is calcu�
lated from the formula

(2)
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Fig. 1. To explanation of the 2D�PSS algorithm: (a) geometry of the measurement scheme in the transceiver mode and
(b) structure of data in the spectral space.



94

RUSSIAN JOURNAL OF NONDESTRUCTIVE TESTING  Vol. 50  No. 2  20134

BAZULIN et al.

When the field p(rr, f ) can be measured only within a certain spatial region rr ∈ Sr that does not inter�
sect with the flaw�location region S (this is just the case of practical problems), Eq. (1) is divided into a
system of two equations:

(3)

(4)

Here, the functions pi(rr, f ) and pi(r, f) are assumed to be known, the field p(rr, f ) is measured, and the
rescattering coefficient ε(r) and the total field p(r, f ) in the field S should be determined. The difficulty in
solving this problem is that, apart from determining the desirable parameters of inhomogeneities ε(r), it is
also necessary to simultaneously determine the total field p(r, f ) in the entire image�reconstruction region
(IRR), thus making the problem nonlinear. Formulas (3) and (4) allow the solution of the direct problem,
i.e., calculation of the scattered field p(r, f) using the known function ε(r) and specified function of
sources q(rt, t).

The Born approximation is typically used in the practice of ultrasonic testing, when the scattered�field
amplitude is much lower than the incident�field amplitude, i.e., p(r, f ) � pi(r, f ). This condition is not
always fulfilled in practice from the rigorous mathematical standpoint, but a change from a nonlinear
problem to a simpler linear problem considerably simplifies the task for instrument designers. When ESs
are recorded in the transceiver mode, Eq. (1) can be written as the convolution

(5)

The meaning of the function ε(r), which is sometimes called the scattering potential, depends on the
type of solved problem. As was shown in [6], when solving the refraction problem that is characteristic for
the transmission operation mode, when only the velocity of sound c(r) changes in the medium, the func�
tion ε(r) has the form

If not only the velocity of sound but also the density ρ(r) changes in a tested object, problems (3) and (4)
can be reduced to finding a function that is analogous to ε(r). Then, using the dependence of the function
ε(r) on the frequency f, the distributions of the velocity of sound c(r) and density ρ(r) can be separately
found. When problems that are characteristic of ultrasonic NDT are solved a reflector can be considered
as a region at whose boundary either the Dirichlet (absolutely rigid boundary) or Neumann (absolutely
soft boundary) conditions are satisfied. If the characteristic function that is equal to zero everywhere
except for points in the reflector volume is γ(r), the scattering potential can be represented in the form [6]

(6)

In the conventional practice of ultrasonic testing, only the function ε(r) is usually evaluated.

2.1. 2D�PSS Method

The solution of Eq. (5) for operation in the transceiver mode is based on the generalized projection the�
orem [20]. Let us first consider the 2D variant of solving the problem, when sound propagates in a homo�
geneous medium at different transmission and reception velocities. We assume that during the operation
in a harmonic mode at the frequency f, the scattered field is measured along the xr axis that is turned by
the angle α in the xz coordinate system, as is shown in Fig. 1. The distance from the xr axis to the center
of the xz coordinate system is designated as R.

The essence of the 2D�PSS method is that the scattered field p(rr, f, a) is measured and its spectrum

 is calculated. The projection operator � translates the values of the function �x(p(rr, f, α)

from the point (  0) to the point (  ) = (  ); i.e., the 1D function is transformed

into a 2D function. The wave number ktr = kt + kr is equal to the sum of the wave numbers kt = 2πf/ct at
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the frequency f during transmission into the medium with the velocity of sound ct and kr = 2πf/ct during
reception of a wave with the velocity of sound cr. This approach allows the reconstruction of three images
using one set of ESs: during transmission and reception of longitudinal waves, during transmission and
reception of transverse waves, and in the case of a transformation of the wave type at the reflector. The
spectra in the region of spatial frequencies for joint processing of the measurement data for all angles must
be reduced to a common coordinate system (kx, kz) using the rotation matrix

(7)

Thus, using the measured hologram p(rr, f ), it is possible to calculate a part of the 2D spectrum of the
unknown function ε(r) on a circles of radius ktr = kt + k r. The single�frequency multiangle 2D�PSS
method for reconstructing flaw images during recording of the scattered field for N

α
 angles at the fre�

quency f can be written as

(8)

where  is the spectrum of the scattered field recalculated to the line xr for the angle αj. The

symbols �x and  designate the operators of the direct Fourier transform and 2D inverse Fourier trans�
form, respectively.

It is obvious that the larger the part of the spectrum 2  that can be reconstructed is (the hatched
region in Fig. 1), the better the reconstructed image corresponds to the shape of the reflector boundary.
For this purpose, it is efficient to use the multifrequency mode, when the images reconstructed at Nf fre�
quencies within a certain frequency range Δ f = (fmin, fmax) are summed:

(9)

As a rule, the modulus of the complex function ε(r, Δf ) is analyzed, which is subsequently called the image
of flaws:

(10)

The following very important aspect should be noted. When reconstructing the images of flaws from
ESs that were measured with an actual contact transducer, it is necessary to take the following circum�
stance into account: sound propagates in a prism on which a PEE is pasted, whose coordinates relative to
the front edge of the prism are (xw, zw). Using the method of angular spectra [21], it is possible to recalcu�
late the field spectrum (8) from the depth zw to the tested�object surface and take the PEE shift by xw into
account. To do this, the lower line in formula (8) must be replaced by the following:

(11)

where kw =  is the doubled wave number in the prism material. In this case, the maximally focused

image can be obtained with correct coordinates of reflections along both the x and z axes upon locking the
beginning of the aperture Ax to the coordinate system of the tested object by the front edge of the prism.

In the practice of ultrasonic testing, it is usually possible to measure the field p(rr, f, α) only over the
surface of the tested object, i.e., for a single angle α = 0. In this case, only a segment with the width deter�
mined by the maximum and minimum angles of the transducer directivity characteristic remains of the
circle (the upper segment in Fig. 1).
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2.2. 3D�PSS Method

The change to the 3D processing using the PSS method (3D�PSS) is performed through an increase
in the dimensionality of the Fourier transform and consideration for the third coordinate of the wave vec�
tor along the y axis. The projection operator � in the 3D variant translates the values of the 2D spectrum

of the function p(rr, f, α) from the point (   0) to the point (   ) =

 on the Ewald sphere; thus, the 2D function is transformed into a 3D func�

tion. Instead of formula (8), to calculate the image at the frequency f, we apply the formulas

(12)

where  is the operator of the inverse 3D Fourier transform. To recalculate the 2D field through the
transducer prism, instead of formula (11), we use the formula

(13)

where �xy is the operator of the 2D Fourier transform in the xy plane. The image will be calculated at sev�
eral frequencies using formula (9) but in the 3D variant.

2.3. Requirement for the Transducers for the 3D�PSS Method

In contrast to transducers for manual testing that must have a directivity characteristic that is as narrow
as possible, the transducers that are used to record ESs with the purpose of the further reconstruction of
reflector images using the PSS method must have a directivity characteristic that is as wide as possible in
the main xz plane. This will allow one to obtain information on the spectrum of the scattering potential
ε(r) in a large region of the spectral space and, thus, the image reconstruction with a higher frontal reso�
lution. Therefore, when manufacturing transducers for the efficient operation of the 2D�PSS method,
PEE elements with dimensions of 4 × 12 mm are used, which have a directivity�characteristic width of
~30° at a frequency of 2.5 MHz. In the additional xy plane, the directivity characteristic will be the same
as for an ordinary transducer. The transducers with such a PEE are intended for reconstructing images of
reflectors using the 2D�PSS method.

For the efficient operation of the 3D�PSS method, the directivity characteristic must be also suffi�
ciently wide in the additional plane. Unfortunately, manufacturing such transducers causes difficulties.
The use of round PEEs with diameters smaller than 6 mm leads to a sensitivity loss. The best way out of
this situation is to create a transducer that somehow focuses the field to the surface of the tested object. In
this case, a wide directivity characteristic can be obtained in all planes and a high testing sensitivity can be
preserved, because the PEE size may exceed 10 mm. However, manufacturing a high�quality focusing
contact transducer is a rather complex problem.

2.4. Interpolation during the Projection Operation in the Spectral Space

The application of the PSS method includes the interpolation operation because the spectrum of the
scattering potential is calculated on a rectangular mesh and the projection operator � calculates it for a
circle or sphere. The zero�order operation leads to the appearance of false reflections in an image. Their
amplitude is especially great if bottom ESs or signals from structural elements are recorded. The applica�
tion of a linear interpolation allows an increase in the signal�to�noise ratio (SNR) in the 2D PSS variant
[22] by more than 12 dB. Therefore, a linear interpolation of the spatial spectrum was also used at the pro�
jection stage in the 3D variant of the PSS method.

kx
tr

, ky
tr

, kx
tr

, ky
tr

, kz
tr

kx
tr

,ky
tr

, ktr( )
2

kx
tr( )

2
ky

tr( )
2

––( )

ε r f,( ) �xyz
1– ε

αj
kx ky kz, ,( )

j 1=

N
α

∑⎝ ⎠
⎜ ⎟
⎛ ⎞

,=
�xyz

ε
αj

kx ky kz, ,( ) � p kx
tr ky

tr f αj, , ,( )( )= ,
�xy

p kx
tr ky

tr f αj, , ,( ) e
ikz

tr
R
�xy p r f αj, ,( )( ),=

�xy

�xyz
1–

p kx
tr ky

tr f αj, , ,( ) e
kw

2
kx

2
ky

2––i zw ikxxw+
�xy p r f αj, ,( )( ),=

�xy



RUSSIAN JOURNAL OF NONDESTRUCTIVE TESTING  Vol. 50  No. 2  2014

APPLICATION OF 3D COHERENT PROCESSING IN ULTRASONIC TESTING 97

2.5. Elimination of the Influence of Backlash in the Scanning Device

ESs were recorded under raster scanning with a transducer with a small (~1–2 mm) pitch along the
axis of a welded joint (WJ), i.e., along the y axis. To reduce the testing duration, ESs were recorded during
the transducer movement toward the seam and back. In this case, the backlashes in the scanning devices
and clamps lead to a systematic shift of the PET along the x axis in even and odd layers. During the layer�
by�layer processing of ESs using the 2D�PSS method, such shifts may slightly impede the data interpre�
tation. However, during the 3D coherent processing, a systematic coordinate shift is equivalent to the
reconstruction of two images, which are coherently added together, on meshes that are slightly shifted rel�
ative to each other. As a result, the speckle�noise level significantly rises and the information on the actual
reflectivity and length of a reflector is distorted. Figure 2 shows an image of D�type ESs that are reflected
from a groove with a depth of 1 mm and a length of 50 mm in a 18�mm�thick steel plate after multiple
reflections from its boundaries. It is clearly seen that ESs in even and odd layers have a systematic shift
along the x axis, which is caused by a backlash in the scanning system.

This problem can be solved via the development of a backlash compensation algorithm. Let us assume
that the shift between ESs in even and odd layers is constant for the entire file with ESs (during testing of
one WJ or when a local scanning track is set). The ESs with whose use the shifts between layers are com�
pared correspond either to structural reflectors (seam root and groove) or to scattering by the metal micro�
structure. ESs that are sampled during recording are designated as p(nt, nx, ny). The backlash value is esti�
mated from the form of the correlation function between the ESs p(nt, nx, ny) and p(nt, nx, ny + 1) from
neighboring layers along the y axis. To improve the estimation accuracy, the correlation function will be
calculated using not a single ES from a layer but for 3–4 ESs with different x coordinates that are com�
bined into a composite ES, which is denoted as p(nt, ny).

The normalized correlation function R(m(ny), ny) is calculated from the formula

The time shift m(ny) between neighboring layers is defined as the value at which the maximum value of
the correlation function R(m(ny), ny) is reached. To refine the time shift, m(ny) must be calculated for sev�
eral values of ny over the entire aperture. The median of the entire set m =  will be the esti�

mate of the systematic shift between the even and odd layers. Thus, the backlash in the scanning system
can be compensated at the expense of a shift of all ESs in odd layers by m counts.

Figure 3a shows the result of the groove�image reconstruction from ESs recorded with a backlash using
the 3D�PSS method. The effect of coherent summation of two slightly shifted images resulted in a signif�
icantly increased level of “side lobes,” so that it is virtually impossible to measure the reflector length. The
groove length can be evaluated from this image as 100 mm. The correction of the scanning�device back�

R m ny( ),ny( )

p nt ny,( )p nt m ny( )+ ny 1+,( )
nt

∑

p nt ny,( )2p nt m ny( )+ ny 1+,( )2
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∑
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median m ny( )( )
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Fig. 2. A D�type image of echo signals from a groove in the plate. A systematic difference in the arrival times between even
and odd layers is noticeable.
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lash on the basis of the proposed algorithm resulted in a substantially improved image quality (Fig. 3b):
the side wall of the plate became clearly observable, the noise level decreased by more than 12 dB, and the
groove length can be evaluated as being 47 mm, which differs from the actual length by less than 10%.

3. EXPERIENCE OF PRACTICAL TESTING

At the ECHO+ Research and Production Center, a special modification of the AVGUR�T automated
ultrasonic testing (AUST) system was developed for NDT of objects with reconstruction of reflector
images from measured ESs using the 3D�PSS method. This system included a scanning device that pro�
vided displacements of an angle PET with an effective frequency of 2.5 MHz along the x and y axes with
a pitch of 0.3 mm.

47 mm

120 mm

Groove

Plate wall

(a) (b)

Fig. 3. A C�type image of a 50�mm�long groove with a height of 1 mm in a plate obtained using the 3D�PSS method (a)
without and (b) with backlash correction.

Collar
Scanner

Shell

Plate

Track

T�branch

Fig. 4. A welded T�branch with overlaid plates with the set track and scanner of the AVGUR�T scanner.
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3.1. Testing of Welded T�Branches with Strengthening Plates

The use of the 3D�PSS algorithm in the AVGUR�T system allowed the solution of the problem of test�
ing “branch pipe–shell” internal WJs of welded T�branches with strengthening overlaid plates (WTPs). A
typical picture of a T�branch is shown in Fig. 4. Efficient testing of a “branch pipe–shell” internal WJ of
a T�branch, which is installed in a gas pipeline, using the existing conventional methods is impossible
because of the presence of a strengthening overlaid plate on the branch and a collar on the T�branch. The
overlaid plates do not provide direct access to this WJ.

To solve the problem of testing a “branch pipe–shell” internal WJ at a required sensitivity level and a
high resolution in the AVGUR�T system, a method based on the effect of sound propagation with multiple
reflections from parallel boundaries is used (Fig. 5). For this purpose, the initial ESs are recorded on the
surface of the T�branch over a large 2D aperture with a transducer�positioning accuracy no less than
0.1 mm at a significant distance (> 300 mm) from the WJ and then are processed with the 3D�PSS algo�
rithm. The images of reflectors obtained as a result of processing have the high resolution and the high
SNR. Note that as the distance between the tested object the ES recording region increases, the advan�
tages of such processing become more noticeable.

Such an approach during inspection of objects of the WTP type allows very efficient detection and eval�
uation of the dimensions of flaws along the WJ axis but does not allow determination of the dimensions
and locations of flaws in the transverse cross section because of the large number of transmission–recep�
tion schemes that arise during multiple repeated reflections [23]. Because the orientation of the seam axis
with respect to the longitudinal scanning axis changes during scanning, several azimuthally turned trans�
ducers with angles of –15.0° and 15° to the x axis are used to detect longitudinal flaws in the entire WJ.

x

z

“Branch pipe – L�shell”

Overlaid plate on the branch pipe

internal WJ

Fig. 5. Automatic ultrasonic testing of the “branch pipe–shell” internal WJ. The transducer is shown at the beginning and
end of the scanning aperture.

Seam of the
Segment

Side

reflectors

hole
drilled

strengthening plate

Fig. 6. The result of reconstruction of the reflector images in a specimen using the 3D�PSS method.
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To improve the informativeness of an image, the initial cube of numbers is transformed into a matrix
by replacing the line along the z axis by its maximum value. Such images will be hereinafter called maxi�
mum�combined images (MCIs). Figure 6 shows the MCI for a specimen with artificial reflectors, which
are manufactured as segment reflectors in different parts of a WJ: on the T�branch–WJ melting boundary,
in the region of the WJ root, and on the WJ–shell melting boundary. The performed tests of the AVGUR�
T system showed the following:

(i) All flaws in the form of segment reflectors are reliably detected at an SNR of > 12 dB;
(ii) The dimensions of flaws along the WJ axis can be measured with an error of at most 3 mm.
The necessity of evaluating the quality of a WJ on the basis of the sensitivity levels, which are set in

terms of equivalent areas of a flat�bottom reflector, required that the functional of the estimate of the
amplitude of reconstructed images be realized in area units. This became possible as a result of solving the
problem of establishing the relationship between the image amplitude and the equivalent area of the max�
imum acceptable flaw in a WJ and the problem of compensating for the sensitivity nonuniformity over the
image area. This method for estimating the amplitudes of images in the equivalent�area units was also used
when solving the problem of AUST of WJs of thick�wall objects.

The AVGUR�T AUST system is introduced into the summary register of facilities that are admitted for
use on objects of the gas transport during repair and diagnostics works, and Temporary Instruction on
Ultrasonic Testing of Welded Joints and the Base Metal of Welded T�Branches with Overlaid Plates using
the AVGUR�T System was introduced into the summary register of technologies that are admitted for use
on objects of gas transport during repair and diagnostics works. The AVGUR�T systems are installed at
several factories where diagnostic works on the inspection of WTPs, which are mounted in gas�main pipe�
lines, are carried out. The inspection was performed in accordance with the instruction on ultrasonic test�
ing of WJs and the base metal of T�branches.

More than 400 T�branches were inspected altogether, and unacceptable flaws were detected in more
than 50 of them (in internal “T�branch–shell” WJs). As an example, Fig. 7 shows a maximum�combined
C�type image of a region of a 1440�mm�diameter T�branch with a thickness of the branch and shell wall
of 26 mm with a strengthening plate and without it. Two extended defective regions in the internal WJ are
seen (green and red). The length of each region along the WJ axis exceeds 100 mm. Flaws exceed the test�
ing level but are lower than the rejection level. One region is under the strengthening plate, and the other
is beyond it.

3.2. Testing of Objects of Chemical Machine Building

Another problem that was solved via application of signal processing using the 3D�PSS algorithm is the
AUST of thick�wall WJs with thicknesses of 200 mm or more, which is characteristic for constructions in

Seam of the

Flaw in front of the

Flaw under the

strengthening plate

strengthening plate

strengthening plate

Fig. 7. The result of reconstruction of the reflector images using the 3D�PSS method in the WJ of an equal�passage WTP.
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chemical industry. In this case, we provided reliable detection of reflectors with an equivalent area of
3 mm2 and more at a 200�mm depth at a frontal resolution of no worse than 5 mm in the additional plane.
Figure 8 shows images of a flat�bottom reflector with an area of 5 mm2 positioned at a depth of 190 mm
at an angle of 40° to the bottom surface. Black lines form a mask of the specimen and flat�bottom hole on
a B�type image. B�type images are maximum�combined. It is seen that after processing with the 3D�PSS
method, the amplitude of a reflection from the reflector increased by more than 12 dB as compared to the
image reconstructed by the 2D�PSS method and the frontal resolution in the additional xy plane increased
by a factor of almost 10 and reached 5 mm.

Another example of testing a region of a 200�mm�thick WJ with a length of 1000 mm after processing
of echo pulses with the 3D�PSS algorithm is shown in Fig. 9. Reflections of slag inclusion are observed in

5 mm

 3D�PSS 2D�PSS

Bottom
surface

(a) (b)

Fig. 8. Images of a flat�bottom reflector with an equivalent area of 5 mm2 positioned at angle of 40°, which were recon�
structed using the (a) 3D�PSS and (b) 2D�PSS methods.

Contours of

Bottom

Slag

Reflection from the

surface

inclusions

build�up boundary

seam grooving

Fig. 9. An image of slag inclusions at a depth of 140 mm.
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it at a depth of ~140 mm. Regions of intensified noise along the boundary of the WJ grooving and the bot�
tom surface are also seen. The signal with the largest amplitude corresponds to the geometrical structural
corner reflector, which is formed by the boundary between the anticorrosive bottom plate and the shell
bottom.

3.3.Testing of Threaded Studs

Testing of studs with lengths of >100 mm and diameters of >50 mm is a difficult problem because of the
low resolution of the reflector images at such depths. The AVGUR�T system was used to inspect speci�
mens of studs that fix the cap of a hydraulic unit. Testing was performed from the stud end because there
is an urgent problem of conducting NDT without dismounting the hydraulic�unit cap. The manual testing
with a single�element transducer is hindered by the difficulty of identifying a signal from a discontinuity
against a background of signals from structural reflectors (threads and junctions) and the difficulty of eval�
uating the reflector dimensions. In addition, during manual testing, it is impossible to completely docu�
ment the measurement results.

Cut�off
Scanning

thread
surface

(a) (b)

Fig. 10. Studs (a) nos. 43 and (b) 10490.

Groove 1
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20
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210

295
320

Groove 2

Groove 4
Groove 1

Groove 2

Groove 3

Groove 3

Groove 4

Groove 5
Groove 5

Groove 6

Groove 6

Fig. 11. The diagram of arrangement of grooves in stud no. 10490.
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It is advisable to test an object with a thickness of >200 mm in an automated mode using the 3D�PSS
method, which must provide uniform focusing over the entire tested volume and a small error in deter�
mining the coordinates of discontinuity flaws.

Stud no. 43 (Fig. 10a) with a diameter of 75 mm and a length of 250 mm had a smooth upper surface;
a part of the thread was cut off during an emergency fracture and the thread contained two flaws that
reached the thread surface. In the upper part of the second stud (no. 10490, Fig. 10b) with a diameter of
75 mm and a length of 320 mm, there was a hexagon head. Several grooves were cut in this stud: in the
threaded part for nuts, nos. 1 and 2 at depths of 55 and 95 mm; in the middle zone, nos. 3 and 4 at depths
of 125 and 200 mm; and in the body part of the thread, nos. 5 and 6 at depths of 220 and 245 mm (Fig. 11). The
length of each groove along the circle is ~35–40 mm and the width in the end projection is ~3 mm. The sum�
marized information on flaws in studs is presented in the table.

Figures 12 and 13 show B�, C�, and D�type images of stud no. 43 that were reconstructed using the
3D�PSS method. The image contrast is increased by 16 dB. The thread structure is perfectly displayed in
the upper part of the stud, the number of turns can be counted and the pitch between turns can be deter�
mined, which can be evaluated as 5 mm. Flaws nos. 1 and 2 and the centering hole in the lower part of the
stud are detected. Because the used transducer was intended for the further application of the 2D�PSS
method with a PEE with dimensions of 4 × 12 mm (see Section 2.3), the small opening of the directivity
characteristic along the y axis did not allow good reconstruction of the thread image over the entire stud
circumference. The orientation of the PEE is schematically shown in the C�type image.

Flaws in studs nos. 43 and 10 490

Stud number Flaw number Length along 
the generatrix, mm

Depth in the stud 
body, mm Depth, mm

43
1 ~15 ~4 70

2 ~10 ~3 190

10 490

1

35–40 ~3

55

2 95

3 125

4 200

5 220

6 245

5

Cut�off thread

Piezoelectric

Flaw 1

element

Fig. 12. A reconstructed image of flaw 1 in stud no. 43. The thread pitch is 5 mm.
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In stud no. 10490, no image of groove no. 1, which was located at the small depth, was obtained
because of the insufficiently wide transducer directivity characteristics. The C�type images of the other
grooves are shown in Fig. 14. These images allow determination of the flaw�location depth, its coordinate,
and the length along the circumference.

The following conclusions can be drawn as a result of the performed experiments on the reconstruction
of images of reflectors in studs:

(i) The application of 3D coherent processing makes it possible to obtain and record images of the
internal parts of studs with lengths of 250–350 mm with the possibility of detecting flaws at depths of 3
mm and more, which develop from the side surfaces of studs;

(ii) In the absence of a hexagonal head, a quite legible image of the internal part of turns of the thread
in the upper part of a stud can be obtained and its quality can be assessed;

Centering

Flaw 12
hole

Fig. 13. A reconstructed image of flaw 2 in stud no. 43 at a depth of 190 mm.

Groove no.3 Groove no.4Groove no.2

Groove no.5 Groove no.6

Fig. 14. Images of C�type flaws detected in stud no. 10490.
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(iii) Grooves at depths of 50 mm and smaller were not detected because of the small width of the trans�
ducer directivity characteristic and the presence of the hexagon head;

(iv) The SNR for the deepest groove after processing with the 3D�PSS method increased by 10 dB;

(v) During processing, it is necessary to compensate for the attenuation in the stud material, which is
equal to ~0.003 m–1.

3.4. Testing of a Fragment of a Support Billet for the Divertor of the ITER Vacuum Chamber

The divertor support consists of two parts that were welded together using the gas�static pressing (HIP).
The width of the divertor�support billet is 200 mm. The lower and upper parts of the support are made of
the 316L(N)�IG austenitic steel and XM�19 steel, respectively. Six artificial reflectors in the form of tung�
sten disks (1–3) with a diameter of 5 mm and thickness of 0.5 mm and aluminum oxide (Al2O3) disks with

Scanning

Fragment of the

device

divertor support

Fig. 15. A view of a fragment of the divertor�support billet with introduced flaws and the scanning system.

3D�PSS2D�PSS

Boundary

1

2

3 4

5

6

3 3

(a) (b)

Fig. 16. Images of discontinuities in a specimen reconstructed using the (a) 2D�PSS and (b) 3D�PSS methods.
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a diameter of 3 mm and thickness of 1.1 mm were inserted into the 70�mm�wide WJ of a fragment of the
divertor�support billet.

Echo signals were recorded at longitudinal waves with a 5�MHz transducer with an angle to the normal
of ~10°. Figure 16a shows images that were obtained using the 2D�PSS method and Fig. 16b (on the right)
shows images obtained using the 3D�PSS method with maximum�combined B� and C�type images. The
noise level of the image that was obtained using the 3D�PSS method is 12 dB lower than that for the 2D�
PSS method. The boundary of the WJ and all six flaws are perfectly seen despite the fact that owing to the
transducer orientation, flaws 1, 2, and 3 are “irradiated” to a higher degree. The D�type image demon�
strates an increase in the frontal resolution of flaw 3 in the yz plane by a factor of more than 5, from 30 to
4 mm. The presented image shows that flaws 1–3 have lengths along the y axis of ~5 mm, and the lengths
of flaws 4–6 are ~3 mm.

Figure 17 shows the image similar to that presented in Fig. 16b but with a halftone gray palette for
attaining a higher similarity to the data from radiographic testing. Flaws 1 and 2 are reconstructed in the
form of two reflections corresponding to the edges of the introduced disks. The image of flaw 3 allows
observation of the entire disk surface, because pulses reflected from its plane can be detected. Flaws 4–6
are reliably identified.

Figure 18 shows the result of the radiographic testing of a fragment of the divertor support, in which all
of the six introduced flaws and the boundary between the upper and lower parts of the divertor support can
be seen. Flaws 1–3 are seen as darker blinks because of the enhanced absorption of X rays by tungsten pel�
lets and flaws 4–6 are imaged as lighter blinks because of the decreased absorption of X rays by aluminum
oxide pellets.

The results of two types of testing that are shown in Figs. 17 and 18 indicate the comparability of the
images obtained using the ultrasonic and radiographic testing techniques. The necessity of using special
expensive high�power facilities (linear accelerators) and, as a consequence, a higher hazard for the per�

1

2

3 4

5
6

3

Fig. 17. The results of testing the specimen using the AVGUR�T system.

Boundary

6

4

5
1

2
3

Fig. 18. The result of the radiographic testing of a fragment of the divertor support (presented by T.M. Gur’eva, Efremov
Research Institute of Electrophysical Equipment).
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sonnel are considered as disadvantages of the X�ray radiography method for testing similar objects with
thicknesses of >300 mm. As a result of such testing, images of discontinuity flaws are obtained only as projec�
tions in a single plane, thus impeding the analysis. However, images possess the highest resolution in compari�
son to other testing techniques and allow determination of the character of a discontinuity (Fig. 18).

The data that result from testing with the AVGUR�T system are characterized by a lower resolution
than that inherent in X�ray radiographic testing and do not allow evaluation of the discontinuity–material
property. However, testing with the AVGUR�T system provides higher safety for personnel and the
obtained images are of a 3D nature, thus allowing evaluation of not only the width and height but also the
flaw extent.

4. CONCLUSIONS

The results of our investigations allow the following conclusions to be drawn.
(1) The techniques and instruments for ultrasonic testing that utilize the 3D coherent processing of ESs

can be applied in actual problems of ultrasonic testing of thick�walled tested objects.
(2) The most efficient application of the 3D�PSS method requires the development of a specialized

PET that provides a wide directivity characteristic in the main and additional planes of the transducer.
(3) The image of reflectors that was reconstructed with the 3D�PSS method has the frontal resolution

in the additional plane that is several times higher than that in the additional plane in the case of applying
the 2D�PSS method (depending on the reflector location depth).

(4) The use of the 3D�PSS method increases the SNR by more than 6 dB.
(5) The use of the 3D�PSS method provides better results, as the thickness of a tested object increases.
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