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Abstract—Automation is a topical issue in the development of methods and equipment for ultrasonic
nondestructive testing. The conditions of modern industrial production require the development of
ultrasonic testing equipment that would be sufficiently flexible for a wide and changing range of manu-
factured products, which, as a rule, have a complex shape. This paper proposes a technology for ultra-
sonic flaw detection of complex shaped objects. Within the framework of this technology, it is proposed
to use six-axis robotic manipulators to ensure the required angle of input of ultrasonic waves into the test
object at each measuring position. The correct trajectory of robot’s movement during scanning is
ensured by reconstructing the surface profile of the test object using optical profilometry and determin-
ing the location of the test object relative to the robotic manipulator using an electric probe. The effec-
tiveness of the developed technology is verified experimentally within the framework of this work.
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1. INTRODUCTION

Ultrasonic testing methods are widely used in flaw detection of various materials and products [1—6].
Today, the development of automated equipment of ultrasonic flaw detection is an urgent task aimed at
increasing the productivity of this type of inspection. Obviously, the development of such tools should not
reduce the likelihood of detecting defects in comparison with manual inspection techniques.

The probability of detecting defects depends on their type, size, shape, and orientation in the test
object. In addition, this probability can also be influenced by such factors as the shape of the surface of
the tested product, its condition (roughness and presence of damages), the condition of ensuring acoustic
contact, as well as the angle of input of ultrasonic waves into the test object. Modern industrial production
includes a wide range of products, which, as a rule, have a complex shape. Thus, an urgent issue of
increasing the productivity of ultrasonic testing is the development of automated control systems that are
flexible to the changing geometry of the test objects.

Within the framework of automated testing of spatially complex objects, the required angle of input of
ultrasonic waves can be ensured, firstly, by using manipulators that provide not only linear but also angular
displacement of the transducer during the scanning process, and secondly, by accurately taking into
account the surface of the test object. On this basis, of great interest are industrial six-axis robotic manip-
ulators, which today are increasingly used in new-generation automated ultrasonic testing systems [7—11].
Obtaining the surface profile of the test object ensures precise positioning of the transducer at each point
of the scanning path. This problem can be solved by creating hybrid systems that include methods of
acoustic testing and optical profilometry [12, 13].

In addition, in order to ensure stable acoustic contact, the placement of the test object in an immersion
bath has become widespread within the framework of the development and application of automated
acoustic inspection systems. This approach cannot be applied, for example, when monitoring large-sized
products and materials that lose their properties under the influence of water; this makes the task of find-
ing alternative ways to ensure stable acoustic contact urgent.
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Fig. 1. Location of defects in test objects.

Thus, the purpose of this work is to develop a technology for automated ultrasonic testing of spatially
complex metal products. This technology implies the use of optical profilometry methods to accurately
determine the surface profile of the tested product, the use of six-axis robotic manipulators for precise
positioning of the ultrasonic transducer at all points of the scanning path, as well as the use of devices for
providing local immersion, eliminating the need to place the test object in an immersion bath.

2. RESEARCH TECHNIQUE
2.1. Technology of Automated Ultrasonic Testing of Spatially Complex Metal Products

The technology proposed in this work consists of the following stages:

(1) Determination of the location of the test object in the basic coordinate system of the robotic manip-
ulator using an electric calibration probe;

(2) Obtaining a profile of the surface of the test object and building a scanning trajectory of the product;
(3) Scanning the test object and obtaining and analyzing the results.

A KUKA KR 10 R1100 sixx WP six-axis industrial manipulator was used for experimental verification
of the developed technology. As part of approbation of the technology, an electrical calibration probe
SPU-40 (TORMACH), an optical scanner HP 3D STRUCTURED LIGHT SCANNER PRO S2, as
well as a device for local immersion, inside which an ultrasonic transducer OLYMPUS A306S-SU (oper-
ating frequency 2.25 MHz, piezoelectric plate diameter 13 mm), was located were sequentially installed
on the manipulator.

Within the framework of experimental verification, a cylindrical steel casting made of 20 GL steel, con-
taining artificial defects in the form of side drilled holes 4 mm in diameter, was used as a test object. The
location of the defects is shown in Fig. 1. To carry out experimental verification, a testing zone was deter-
mined on the lateral surface of the cylindrical sample, and characteristic points necessary to determine
the location of the test object in the basic coordinate system of the robotic manipulator were identified on
the edges (Fig. 2). The electric probe was installed on the manipulator and moved until it touched the
characteristic points; this made it possible to determine their coordinates in the basic coordinate system
of the robotic manipulator (see Fig. 2).

To obtain the profile of the test object, the optical scanner was installed on the robotic manipulator
and a regular grid was projected onto the test object (Fig. 3). By distorting the scanner’s regular grid, all
possible distortions of the shape of the surface of the product were determined and recorded. The result
of multiple projection of the regular grid onto the test object and subsequent processing of the obtained
data is a 3D model of the surface of the test item.

After that, it seemed possible to generate a scan path of the product with the required step of ultrasonic
transducer’s movement. Based on all the data on the geometry of the test object and its calibration
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Fig. 2. Appearance of product (/) with test area (2) and with three characteristic points (3, 4, 5) applied to the test area.

Fig. 3. Regular grid of the product obtained from optical 3D scanner.

obtained from the electric probe and the optical scanner, a scanning trajectory was formed with a given
step of movement of the manipulator with a device for providing local immersion over the surface of the item.

2.2. Local Immersion System

A device for providing local immersion was developed to ensure acoustic contact between the ultra-
sonic transducer and the test object without the need for a bath with water. The schematic diagram of this
device includes:

(1) the device holder;

(2) the ultrasonic transducer;
(3) the immersion layer;

(4) the matching layer.

For the immersion material we used PTB 12 12-ABCH-RE-S (ABRO Industries) silicone rubber with
the specific acoustic resistance of Z; = 1.1 MPa s/m and with the velocity of longitudinal acoustic waves
of 1100 m/s. The immersion layer thickness 7, was determined by the formula

C:
=r, 0, (D)

Cio

fim

where ¢, is the speed of sound in the immersion layer, £, is the thickness of the test object, and ¢,, is the
speed of sound in the test object [1, 14].
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Fig. 4. Inspection results in the form of C-scans: (a) depth 22.5—27.5 mm, (b) depth 47.5—52.5 mm, (c) depth 72.5—77.5 mm.

By applying (1) and proceeding from the fact that the test object was a steel casting made of 20GL steel
(the longitudinal wave velocity is 5850 m/s) with a thickness of 104 mm, the thickness of the immersion
layer turned out to be 19.55 mm.

For acoustic matching of the immersion layer and the test object, the material of the matching layer
should be selected on the basis of the formula [14, 15]

Zc = ZIZZ’ (2)

where Z, is the specific acoustic resistance of the immersion layer and Z, is the specific acoustic resis-
tance of the product.

Thus, by using the acoustic resistances of silicone and steel grade 20GL (1.1 and 45.6 MPa s/m, respec-
tively) in (2), the required acoustic resistance of the matching layer is 7.1 MPa s/m. The F-4 K 20 fluoro-
plastic has a similar acoustic resistance and has been used as a matching layer. The thickness of the match-
ing layer was chosen based on the relation

h=-=-, 3)

where A, is the wavelength in the matching layer.

Thus, at the operating frequency of the transducer, equal to 2.25 MHz, and with the velocity of longi-
tudinal ultrasonic waves in the fluoroplastic equal to 1350 m/s, the thickness of the matching layer should
be 150 um.

RESULTS AND DISCUSSION

To present the results in the form of images, one needs a set of echo signals obtained at each point of
the scanning trajectory, the coordinates of these points, the velocity of ultrasonic waves in the test object,
and the transit time of ultrasonic waves in the device for providing local immersion. To improve the qual-
ity of the results obtained, spatio-temporal processing of the recorded signals was carried out using algo-
rithms based on the Synthetic Aperture Focusing Technique. Figure 4 shows the result of testing in the
form of C-scans for various product depth ranges, and in Fig. 5 the results are presented in the form of a
B-scan.

In the B- and C-scans, the amplitude is designated by color in accordance with the selected colormap.
The coordinates of the points of the test object are given along the two axes of the C-scans, with the points
corresponding to the length and width of the scanning area. The length of the scanning area and the depth
of inspection are set along the two axes of the B-scan. Thus, on the basis of the results obtained, it can be
concluded that using the developed technology it was possible to reveal all defects in the tested sample.

The results obtained can serve as a basis for further research and development. First of all, this research
should be aimed at increasing the information content of the testing results. For example, an important
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Fig. 5. Inspection results in the form of a B-scan.

issue is the development of approaches that ensure the high efficiency in the problem of comparing the
real product with the results of its testing in order to localize the discontinuities identified in it. Another
direction in the framework of the problem of increasing the information content of inspection results is
the introduction of advanced coherent signal processing methods, which will allow obtaining high-reso-
lution images of defects in test objects.

CONCLUSIONS

This paper proposes a technology for ultrasonic testing of spatially complex products. This technology
is flexible and can adapt to the changing shape and dimensions of the test object, which is achieved via the
operation of a six-axis industrial robot as the manipulator, via the use of optical profilometry methods,
and via the use of a device for providing local immersion. The developed ultrasonic testing technology
includes determining the location of the test object in the basic coordinate system of the robotic manipu-
lator, reconstructing the surface profile of the test object using optical profilometry and automated ultra-
sonic testing of the product. The device for providing local immersion creates a stable acoustic contact
between the transducer and the test object. The experimental results obtained demonstrate the ability of
the developed technology to solve the problems of ultrasonic flaw detection.
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