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PHASE TRANSITIONS IN CERAMIC AND NANOPOWDER
DOPED ZIRCONIA

Mihai L. CRAUS"2, Adriana SAVIN', Vitaly TURCHENKO?,
Oleksandr S. DOROSHKEVYCH?, Alina BRUMAS?, Tatiana E. KONSTANTINOVA*
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Abstract

Zirconia (ZrO2) doped with rare earth are promising materials for structural applications.
The substitutions of Zr with rare earth like Y or with Ce allow the obtaining of ZrO; based materials
resistant to structural changes around room temperature and avoiding the design of stress
tetragonal to monoclinic transformation. The metastable phase formation in ZrO2 can be induced
by including in the oxide structure some vacancy defects. The influence of phase stability of ZrO:
ceramics following the doping with Y has been investigated. Two types of samples were taken
into study, obtained by means of ceramic technology and from ZrO2 nanopowder doped with yfttria
and submitted to thermal treatment. The structure of these ceramics and nanoceramics and the
phase stabilization using X-ray, neutron diffraction, Scanning Electron Microscopy (SEM) were
carried out, Resonant Ultrasound Spectroscopy (RUS) has been used to estimate the presence
of low-density regions, state of sintering and the presence and development of small cracks in
the structure.

Key words: X-ray and neutron diffraction; crystallites; zirconia-based ceramics; Ce dopants;
resonant ultrasound spectroscopy

1. Introduction

Modern medical prosthesis include a wide range of bioactive composites glasses, glass-
ceramics and ceramic-polymers. Biocompatibility properties and resistance to
mechanical stress represent the most important features when designing new materials
based on ceramics for medical implants [1]. Biocompatibility has been defined as the
ability of a material to perform with an appropriate host response in a specific application
[2]. Biocompatibility is one of the most important advantages of zirconia (ZrO2)-based
ceramics. Mechanical properties and bioinert behavior of ceramic materials based on
zirconium oxides were extensively investigated in connection with their possible
applications hip implants [3]. However, clarification is still required used annual rates of
THA [4]. ZrO2-based ceramics are preferred due to their advanced mechanical properties
[5] (high-fracture toughness and bulk modulus, resistance to corrosion, high dielectric
constant, chemical inertness, coefficient of thermal expansion similar to iron). It has been
shown that, at ambient pressure, pure zirconia exhibits three crystallographic structures
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[6,7]. Ceramics based on the tetragonal modification T-ZrOz2 of zirconium dioxide are now
one of the strongest and inert ceramics available. When the ZrO2z is mixed with other
oxides such as MgO, Y203, Ce20s3, tetragonal phase is stabilized.

The object of this paper is to obtain and to investigate the structure, mechanical properties
of Zr1x(Ce/Y)xO2 and its modifications due to the various thermal treatments and variation
of Ce/Y concentrations in the samples. The volume expansion caused by the cubic to
monoclinic transformation induces large stresses, and these stresses cause ZrO2 to crack
upon cooling from high temperatures. By combining characterization techniques based
on XRD and ND and Resonant Ultrasound Spectroscopy (RUS), a unique approach on
evaluating the physical properties of these ceramics is developed, in order to estimate
the presence of low-density regions, state of sintering, and the presence and
development of small cracks in the structure and to evaluate the elasticity matrix which
could help in advancing the understanding of properties and it's applications.

2. Materials and methods

The mechanical and chemical properties of doped with rare earth or transition elements
zirconia are intensively investigated in the last years. The chemical composition and the
phase composition of doped zirconia influence the characteristics of the resulting
materials. Zirconia doped ceramics are highly chemical and biological inert materials, but
the phase composition could suffer change due to the external mechanical factors. The
change of relative concentrations of phase volumes leads to an increase of the defaults
concentration and at limit to the appearance of splinters. If we used such materials as
implants, they must respect the corresponding standard characteristics [8]. The presence
of a small concentration of oxygen defaults could lead to a stabilization effect on ratio
between phase volumes concentrations. The substitution of Zr with small amounts of Ce
or Y allowed obtaining stabilized zirconia. However, the real effect of concentration of
oxygen vacancies on the stabilization is not yet explained. The samples with the chemical
composition ZrixCexO2 are obtained by a ceramic method and investigated by the
methods already presented [9]. Some crystallographic and mechanical features of the
samples are presented in Table 1 according to [10]. The obtained at 1500°C samples
were tested by the already mentioned methods and subjected to a thermal treatment at
1000°C by steps of 5°C, 15 hours and following the structural changes. Using ultrasound
method described in [11] Young modulus, shear modulus and Poisson ratio were
determined from longitudinal and transversal velocities, and are presented in Table 1.

Table 1. Some crystallographic and mechanical characteristics of Zr1.xCexO2 samples.

Ce Molecular Relative | Elasticity Shear Poisson Diameter| Length
concentration Density | Modulus | Modulus Ratio [mm] [mm]
(x) /Sample # (%) (GPa) (GPa)

0.09

02 127.62 84.9 132.75 51.6 0.30 10.86 10.0

05133 129.58 94.7 154.22 57.98 0.33 10.48 9.53

0.17

p4 131.53 99.7 172.82 63.54 0.36 10.34 9.17
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In agreement with these data the increase of the cerium concentration in the samples and
due the thermal treatment, lead to a variation of the mechanical characteristics (i.e. the
sample with Ce concentration of 0.17, Table 1). It means that the mechanical
characteristics are strongly influenced by the phase composition.
Two types of compact sets from ZrO2 + 3 mol % Y203 nanopowders were prepared.
Powders for two types of samples were prepared by co-precipitation method [12]. For the
first type - from zirconia oxychloride, and for the second type - from zirconia
oxynitrate. After drying in a microwave oven and subsequent calcination at 400°C
for 2 hours in a furnace of convection heating the powders was sealed by uniaxial
(P = 40MPa) and after that by high hydrostatic pressure (HHP = 500MPa). Investigated
samples after baric influence were compact sets in the form of tablets with diameter d =
16 mm and height h = 2 mm. Structure of powders and compact sets was investigated by
X-ray diffraction (XRD) using a PANalytical device. Investigation of topology breaks of
samples were carried out by scanning (SEM) and transmission (TEM) electron
microscopy using JSM640LV and JEM-200A (JEOL) devices respectively. Objects for
TEM were prepared by two-stage replicas method [13]. Moisture content in powder was
determined by thermogravimetric analysis (TGA) using a specialized weights ADS50
(AXIS) at 120°C. Some of the samples were treated in air at 1000°C for 10 hours. The
phase composition as well as type of crystal structure of powder samples were analyzed
by conventional X-ray diffractometers (Xpert Pro MPD PANalytical diffractometer
(Phillips) with CoK- radiation and a BRUCKER AXS D8- Advance diffractometer) with Cu-
K- radiation. A powder diffraction software package which includes the standards of the
Crystallography Open Database [14] was used to determine the phase composition. The
analysis of crystal structure of ceramic samples has been obtained at room temperature
with the time-of-flight method at neutron High Resolution Fourier Diffractometer (HRFD)
in experimental hall of pulsed reactor IBR-2, Dubna [15].
Resonant ultrasound spectroscopy (RUS) involves scanning of the resonance structure
of a compact specimen (in our case a ceramic cylinder) with the aim of determine its
mechanical properties [16-19]. In comparison to other ultrasound methods, resonant
techniques are particularly interesting because they allow for easy and inexpensive
detection of both internal and surface defects with a single test and has a suite of
advantages, among which its applicability to small volume specimens. RUS is based on
the principle that the mechanical resonant response of solids depend strongly on its
elastic moduli, shape and density. Resonant (or natural) frequencies of a system can be
either measured or calculated by solving equations of motion for the known shape [20].
The reverse is also true; if resonant frequencies of an object are known, its elastic
properties can be determined [17, 20, 21].
Inhomogeneity in an object may be identified from a resonant frequency spectrum by
resonant frequency shifts, peak splitting, increases in peak width and changes in
amplitude. The method is based on the estimation of resonant eigenfrequencies [22],
based on an eigenvalue and eigenfunction method described using the equation

o' Ko=E° M
where ° is a vector comprising the juxtaposed components of aj ( the coefficient of the
decomposition of the displacement fieldu ), K:%I{]pu,uldV andE=E +E, is the total
energy. Here, Ecrepresents the kinetic energy of the system, E =’k , and Ep represents
the potential energy of the system, £, :%jwc,ﬂ,ajuia,ukd!/; Cys, forms the full linear elastic

tensor for a homogeneous body (the compliance tensor), w is the angular component of
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the frequency, p is the mass density, and u is the elastic displacement field with the
direction subscripts i, j,k,/ € {1,2,3}. This problem has been solved for the interest cases.
It is evident that the solutions of the eigenvalue and eigenfunction problem can only be
found via numerical methods. The resulting small strain elastic vibrations can be

described by the wave equation solution using the tensor linear elastic constants. For
a homogeneous and isotropic body [11], the matrix C is

k+30 g 26 g 26 4 4
3 3 3
k=29 k39 (20 4 o o
3 3 3
_ 2
C=|k-20 k26 k435 ) 4 @
3 3 3
0 0 G 0 0
0 0 0 G O
10 0 0 0 G
where K is the bulk modulus, K =———— and G is the shear modulus, G:L, E
3(1-2v) 2(1+v)

represents the Young’s modulus and v is Poisson’s ratio.
3. Results and discussions

3.1. Structural parameters of sintered and treated samples doped with ceria

The substitution of Zr** (0.98 A, CN=8) with Ce** (1.11 A, CN=8) should lead to an
increase of lattice constants or/and to structural change, implicitly to a change of phase
composition. On other hand, the appearance of Ce3* cations (1.283 A), increases the
vacancies concentration of oxygen and stabilizes the tetragonal phase, usual observed
in compounds like ZrO1.99 [23]. For the investigated by X ray diffraction untreated
samples, when the Ce concentration increases we observed:

1) a monotonously increase of unit cell volume, of the concentration of the tetragonal
phase, of the average size of the crystalline blocks and a decrease of microstrains
(Table 2);

2) a monotonously decrease for the monoclinic phase concentration until zero
(x=0.17) and of the average size of crystalline blocks, while the unit cell volume
increases (Table 2). In the same time the microstrains corresponding to tetragonal
phase decrease with the Ce concentration;

The treated samples present always a large concentration of monoclinic phase.

1) The XRD data for all treated samples, including that corresponding to x = 0.17,
indicate the presence of large amounts of monoclinic phase (Table 2);

2) The unit cell volumes of tetragonal and monoclinic phases decreases with the
increases of Ce concentration of the samples, this decrease being due probably
to the increase of the Ce* concentration with the increase of the total concentration
of Ce in the samples.
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A complete transition from the monoclinic to tetragonal phase was not observed [9], for
the treated samples (Table 2), a maximum for the tetragonal phase concentration
correspond to x=0.13.

The unit cells volumes of both tetragonal and monoclinic phase decrease with the
increase of the Ce concentration in the samples. This effect is due to a larger
concentration of Ce3* in some untreated samples. The microstrains decreases at treated
samples with the increase of the Ce concentration.

The experimental points, calculated profile and difference curve of neutronograms are
presented in Figure 1.

Table 2 The crystalline parameters (a, b, c, f), unit cell volume (V), average size of the crystalline
blocks (D) and microstrains (€) for concentrations of Ce (x) in Zr1-«CexO2

Tetragonal
Veatment | SG | b cd) | A9 |VAY o) || B
(%)
0.09/ P2i/c 51911 | 52204 | 53691 | 99.08 | 143.68 | 1400 | 0.0011
untreated | p4,mc | 3.6254 | 3.6254 | 5.2145 | 90.00 | 68.68 302 | 0.0493 65
0.13/ P2i/c 5.1948 | 52220 | 5.3808 | 99.08 | 144.14 | 365 | 0.0037 o1
untreated | p4,nmc | 3.6254 | 3.6254 | 52145 | 90.00 | 68.84 | 484 | 0.0031
0.17/ P2i/c
untreated | p4ynmc | 3.6442 | 3.6442 | 52443 | 90.00 69.65 | 1606 | 0.0006 100
0.09/ P2i/c 51990 | 52188 | 5.3697 | 98.92 | 143.92 | 1199 | 0.0015
treated | p4,nmc | 3.6257 | 3.6257 | 5.2198 | 90.00 | 68.62 | 412 | 0.0018 14
0.13/ P2i/c 51923 | 52191 | 53715 | 99.07 | 143.74 | 1294 | 0.0016
treated | P4,nmc | 3.6243 | 3.6243 | 5.2242 90 68.62 859 | 0.0011 %
0.17/ P2i/c 5.1843 | 52109 | 5.3561 | 99.15 | 142.85 | 598 | 0.0007 15
treated | P4onmc | 3.6259 | 3.6259 | 5.2127 | 90.00 | 68.53 458 | 0.0006

Table 3. Structural and refinement parameters of Zr1.xCexO2 (x= 0 — 0.17) at room temperature
obtained by processing the data measured with HRFD, Dubna.

Composition Xx=0 x=0.09 X=0.13 X=0.17
Parameters monoclinic monoclinic tetrahedral tetrahedral tetrahedral

a, (A) 5.1453 5.2039 3.6233 3.6358 3.6452
b, (A) 5.2091 5.2148 -- - --
c, (A 5.3116 5.3767 5.2159 5.2378 5.2471

B,° 99.2252 98.9383 -- - -
Vv, (A3) 140.522 14414 68.476 69.237 69.720
Rup, % 9.53 14 10.4 10.4
Rexp, % 7.35 6.62 4.2 4.5

X2 1.68 4.44 6.16 5.4

The phase composition obtained by XRD is due to a thin layer on the samples surface,
while the data obtained by neutron diffraction correspond to the entire volumes of the
samples. The untreated samples corresponding to x=0.17 are formed by a thin layer and
an inner core with the same tetragonal structure. A small difference was observed
between the unit cell volumes corresponding to these regions.

An important difference there is between the sample corresponding to x=0.09 and x=0.13:
The first and second sample have surface layers formed by a mixture of monoclinic and
tetragonal phases;
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The inner volume of the first sample (x=0.09) contains a monoclinic and a tetragonal
phases, while the second sample (x=0.13) contain only a tetragonal phase.
The average values of microstrains for the entire samples [9] corresponding to x=0.13

and x=0.17 is about 0.0023.

- ]
= o
o z
= 2
= z
i 5
- \\ I A
o LR YT Y
RN TP YIRTRTY N -
T T T T T T : L L ! I 4
a 30 40 50 50 70 80 b 30 4 s 0 7 %0
26, degree

20, degree

Fig. 1 Diffraction patterns: a) ZrO, — 3 mol % Y203 powder, (1), the compact P = 40 MPa (2) and the
compact P = 500 MPa (3) for Cl (samples);
b) the powder (1), the compact P = 40 MPa (2) and the compact P = 500 MPa (3) for N (b) samples.
A smaller dependence of microstrains on the Ce concentrations as in the thin layers on
the surface of the same samples appeared [9] (Table 2).

3.2, Structural parameters of sintered and treated samples

TEM images of powders obtained from chloride and nitrate precursors and corresponding
microdiffraction patterns are shown on Figure 2a and Figure 1 a1, and Figure 2 b and

Figure 2 b1 respectively.

-

(a)

Fig. 2. TEM images of powder system ZrO, — 3 mol % Y203, 400 °C obtained from chloride (a) and nitrate
(b) precursors, and corresponding microdiffraction patterns for this powders (a1, b1 respectively).
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The first one is slightly aggregated, but aggregates in both cases are loose, particles are
relatively weak interconnected and can be easily separated by low-energy mechanical
fields [24]. Microdiffraction structure (Figure 2, a1, Figure 2, b1) is identical for both types
of powders. The presented microdiffractograms do not allowed to obtain a difference
between cubic or tetragonal phases. Structure corresponds to reflections of Fluorite-like
face-centered lattice of cubic crystal system with tetragonal distortions Fm3m or
tetragonal (P42 / nmc) modification. The samples CL1 and N1 (Figures 1, a1; 1, b1)
contains only one phase. This phase can be identified as cubic (Fm3m) or tetragonal (P42
/ nmc), but a mixture between these phases cannot be excluded [25].

This type of structure is also characteristic for compacts obtained using low pressures

(curves Ne2: CL2, N2: Figures 1,a 2 and 1,b 2). After influence of HHP in both samples
small amount (16 and 14% for Cl and N samples, respectively) of monoclinic (secondary)
phase can identified, which is typical for these materials at high pressures [26]. The cubic
phases differ from the tetragonal ones by the dimensions of the mosaic blocks (about 11-
12 nm for the cubic phases and 6 — 7 nm for the monoclinic ones) and microstrains
(0.0028-0.006 for the cubic phases, respectively 0.0034-0.0043 for the monoclinic ones
(Table 4-5)). Unit cell volumes vary slightly with applied pressure. In agreement with the
TEM data, initial powders derived from both chloride and nitrate precursors were relatively
uniformly distributed in volume of samples and have a single phase (t-ZrOz) with average
particles size d = 9 nm. The data obtained by TEM measurements are characteristic for
a very thin layer (around 100 nm or 1000 A), while the XRD gave information concerning
a thicker layer (10 — 100 um).

Table 4 Variation of lattice constants (a, b, c), B angle, unit cell volume (V), average size of
crystalline blocks (D), microstrains (g) and space group (SG P42/nmc) for CL samples

Code a(A) b(A) c(A) °(9 VA) | D) |e SG
CL1 5117¢ |5.117s | 5117 |90.0 |134.0, | 130.3 | 0.0060 | Fm3m
CL2 5103, |5.103, |5.103, [90.0 |132.9; |124.6 |0.0056 |Fm3m
CL3_cubic 5128, |5.128; |5128, |90.0 |134.8, |114.8 |0.0060 | Fm3m
CL3_monoclinic 5176, |5.165, |5.322, |99.18 |140.4, |66.9 |0.0034 |P2/c

Investigation of electrical properties of powders by the electrochemical impedance
spectroscopy (EIS) was conducted in [15]. The EIS-data shows that the surface
component of nanoparticles conductivity for samples obtained from nitrate precursor is
on a three orders of magnitude lower than that for samples obtained from chloride

precursor (0n=6.58 10¢ Ohm™ m'; ¢ = 1.87 10° Ohm™ m' respectively).

Table 5 Variation of lattice constants (a, b, c), § angle, unit cell volume (V), average size of
crystalline blocks (D), microstrains (g) and space group (SG P42/nmc) for N samples

Code a(A) b(A) c(A) °(9 V(A2 DA) |e SG
N1 5109; | 5109 |5.109s | 90.0 133.4, 111 0.0028 | Fm3m
N2 5.126, | 51264 |5.126, | 90.0 134.7, 125 | 0.0052 | Fm3m
N3_cubic 5.105; | 5.105; |5.105; | 90.0 133.0; 102 | 0.0060 | Fm3m
N3_monoclinic 5.183; | 5.225; | 5.268; | 99.18 | 140.8, 70 0.0043 | P2i/c

It can be seen that mass fraction of water in samples obtained from chloride precursor is
almost on two times higher than in samples obtained from nitrate precursor: 11.5 and 6.4
wt% respectively. Water in case of oxide nanoparticles is most likely adsorbate [27, 28],
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however, surface in case of particles obtained from chloride precursor coated with a more
dense layer of ionized water than in case of powders obtained from nitrate precursor.
Consequently, chemical prehistory determines physical properties of nanoparticles
surface, in particular its degree of hydration.

3.3 Resonant ultrasound spectroscopy

The calculation of vibration modes of elastic objects with free boundaries is a classic
problem in mechanics. Unfortunately, exact analytical solutions exist only for few cases
such as isotropic spheres, cylinders and certain models of a parallelepiped [29]. In most
cases, approximation methods as finite element method (FEM) or Rayleigh-Ritz method
must be used for estimating the eigen-frequencies of normal modes [30].

Using finite element method, vibration modes are obtained, the amplitude of signal in in
spectra has dependence by properties (especially to the crystallographic structure and
density) of the sample. The simulated information [10] is very important to determine which
of the resonances are observables for investigated spectra and correspond to those
experimentally obtained. The inhomogeneities inside the material can be identified from the
resonance spectrum, by changes of the resonance frequency, splitting of peaks/increasing
of their width, and modifications in amplitude [19]. The main elastic properties of the sample
are obtained by used the inversion of data, that implying conjugate gradient method
minimizing the objective function [10]. The optimization problem was numerically solved
using Matlab 2014. The inversion was applied only for determination of E and G, and not
for geometrical dimensions and respectively for densities of the cylindrical samples made
from zirconia. The variation of crystallographic structure from sample modifies the position
of the peaks from spectrum as well as their amplitude. Figure 3 presents the resonance
spectrum between the 260 kHz and 340 kHz.

70

60

Amplitude[dB]

960 270 280 290 300 310 320 330 340
Frequency [kHz]

Fig. 3 Resonance ultrasound spectra for samples p2—p4.

4, Conclusions

The Zri1xCexO2 samples treatments parameters can strongly changes the phase
composition, lattice constants, microstrains and average size of the crystalline blocks.
A treatment at low temperature could induce an increase of monoclinic phase
concentration. Always there are two region in the samples, with will differ one to another
by the concentrations of monoclinic and tetragonal phases.
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Nanopowders doped with yttrium have a much smaller average size of crystalline blocks
as compared with the doped cerium zirconia powders. On other hands, we have another
phase composition in the case of nanopowders. It seems that such nanopowders are
formed by a thin layer with a possible tetragonal structure and a core volume with a cubic
structure. For some nanopowders, the presence of a small amount of foreign phase,
attributed to a monoclinic structure was observed. The Resonant Ultrasound
Spectroscopy had emphasized the material inhomogeneities by identification in
resonance spectra of splitting of peaks/increasing of their width, and modifications in
amplitude.
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Abstract

Lock-in thermography and pulse thermography are some conventional active thermography techniques.
Pulse compression is a relatively new signal processing thermal imaging technique for defect detection.
A frequency modulation excitation signal in pulse compression technique is expected to improve the
defect detectability. However, the quantification of detected defects are challenging due to the nature of
data that requires processing of entire video. An algorithm for signal to noise ratio (SNR) calculation
for a given defect is proposed here.

Keywords: Thermal NDT, pulse compression, SNR calculation

1. Introduction

Lock-in thermography [1,2] and pulsed thermography [3,4] are both conventional active thermography
techniques for defect detection. For a pulsed thermography the test-piece is exposed to a very high
intensity light for a short duration. Lock-in thermography comprises of a modulated excited signal
where the signal varies periodically with time. The frequency of modulation is known as lock-in
frequency. The change phase and amplitude of the resultant thermal waves are studied [5]. A parameter
known as diffusion length determines the deep defect detectability. Diffusion length is defined as the
distance where the sample temperature reduces to 1/eth of that on the surface.

2k

k= wpc

Where 4 is the diffusion length, & is thermal conductivity,  is the angular frequency, p is density and ¢
is the specific heat.

The Frequency modulation [6,7] is an extension of lock-in frequency where a band of frequencies are
incident on a sample. The frequency range of the excitation source produces thermal waves with
diffusion range that covers the range of defect range to be detected. The pulse compression is
a relatively new thermal imaging technique [8,9] . The original idea of pulse compression thermal wave
imaging is based on the signal processing technique used in RADAR [10]. Herein, the chirped response
of the sample is correlated with the reference signal to generate a compressed pulse thermal response.
The abstract describes the application of a pulse compression based defect detection technique.
The paper explores the role of different pulse compression parameter for defect quantification. Further,
a SNR calculation algorithm for defect quantification is presented.
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2. Experiment Set-up

The basic set-up comprises of a test piece, a set-up to record the reference signal, an infra-red camera,
an excitation source along with its modulation circuitry and a computer. Fig. 1 depicts the complete
experimental set-up. The CFRP test-piece sample is shown in figure 2.

A 40 W LED source is the excitation source with a relay that turns on-off to modulate the source.
An 1dr records the reference signal at an interval of 10msec. A FLIR Silver 5000M infra-red camera is
used to record the sample response. The camera has a resolution of 320 x 240 and the samples are
acquired at a rate of 10 frames per second.

L=

LDR

LED. T IR CAMERA

\IODL‘L-\HO\ CIRCUIT

Fig I Experiment Set-up

The excitation signal is a linear up-chirp with frequency varying from 0.01 - 0.09 Hz with corresponding
diffusion length from 8.1 to 2.7 mm respectively. The following CFRP thermal parameters are used for
thermal diffusion length— thermal conductivity 4 W/m °C, density 1600 kg/m’, specific heat 1200 J/kg °C.
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Fig 2 CFRP sample
Post-processing-

The chirped experiment for duration of 900 sec is processed off-line. Both the reference signal and the
recorded thermal response of test-piece are polynomial fitted to remove the dc component. The resultant
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Pulse Coefficient

offset-removes signals are cross-correlated in frequency domain to obtain the resultant compressed
pulse signal.

3. Results

The resultant compressed pulse is described in figure 3(a) for a single pixel. The thermal image of the
sample from the processing technique is described in figure 3(b).

x10°

-400 -300 -200 -100 0 100 200 300 400
time (sec)

Figure 3 (a) Timing diagram for a single pixel (b) thermal image for a frame from the resultant Compressed Pulse

A defect is quantified in pulse compression with different pulse compression parameters like pulse peak
amplitude, peak side-lobes and pulse peak time.

A SNR calculation based on pulse peak amplitude is described here. Since SNR for a given defect is
dependent on the way a signal is defined, well formulated algorithm is required for its calculation—

1 The first step is to remove the non-uniformity in heating. The thermal images are considered as a 2-
D surface with temperature representing the z-axis. A polynomial surface fitting of the image
removes the surface non-uniformity arising due to non-uniform heating. A non-uniformity removed
surface is depicted in Figure 4 (a)

2 Each defect location is identified manually, and a gaussian surface is fitted individually to defects
(Figure 4(b)). The step 1 and 2 are applied to each frames separately. The variation of the fitted
Gaussian surface amplitude with time is plotted in figure 5 for individual defects. The curve
resembles a contrast curve in pulse thermography. The peak in the curve is considered as signal.

3 The background noise is determined by identifying and removing the defective zones.

Figure 6 shows the variation of SNR with defect depth for defect with diameter 4 mm and 6 mm
respecrtively. The figure shows that SNR reduces considerably with defect depth. The results resemble
with pulse thermography.
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Figure 4 (a) Surface polynomial fitting for non-uniformity removal with the thermal image in red and fitted
surface in green (b) A gaussian fitting for a defect with diameter 4mm and depth 0.25 mm
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Figure 5 Variation of fitted gaussian surface with time (frames) for a defect diameter of (a) 4 mm (b) 6 mm at

different defect depth
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Figure 6 Variation of SNR with defect depth for diameter 4 mm and 6 mm

Conclusion

The application of pulse compression for defect detection is a new and effective technique. However,
a defect analysis and quantification is carried out by a sequence of steps. The implementation of the
SNR calculation algorithm for defect quantification will further help in comparing the pulse
compression technique with the prevalent techniques. An efficient SNR calculation algorithm is
described in the paper. The results are similar to pulse thermography. Additionally, the pulse
compression parameters like pulse amplitude and peak side-lobe levels and peak time can be used for
defect quantifications.
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Abstract

1t has been long known that there is a significant potential for industrial radiography personnel to receive
non-trivial occupational exposure. In order to ensure safety of personnel working in industrial radiography,
it is of utmost importance to guarantee proper education and qualifications in the area of occupational
radiation protection.

The international experts group organized by the International Atomic Energy Agency (IAEA) has
suggested to create an online tool, the Information System on Occupational Exposure in Medicine, Industry
and Research: Industrial Radiography (ISEMIR-IR) to assist NDT companies with implementation of the
optimization principle in occupational radiation protection. Training of industrial radiographers and other
personnel and the general training requirements were recognized as one of the key areas relevant for
maintaining appropriate radiation protection of workers, public and the environment.

ISEMIR-IR online system was launched in 2017 based on the data from an extensive research of and results
of the worldwide surveys. In 2010, three questionnaires were developed and sent to three different actors.
Responses were received from 432 industrial radiographers from 31 countries, 95 NDT companies from
29 countries, and 59 national regulatory bodies.

All three questionnaires confirmed that education and training of radiographers is a major requirement in
ensuring safety of personnel working in industrial radiography. The shortcomings identified in the surveys
were for example emergency procedures training of radiographers who perform on-site radiography, and
insufficient practical exercises for creating a safe situation or in source recovery.

Since its launch in 2017, one of the main areas for data collection is radiation protection training and
qualifications of industrial radiographers.

Key words: radiation protection, optimization, education, training

Introduction

Industrial radiography provides a means of verifying the physical integrity of equipment and
structures such as vessels, pipes, welded joints, castings and other devices. The structural integrity
of such equipment and structures affects not only the safety and quality of the products but also
the protection of workers, the public and the environment V. Industrial radiography by its nature
is carried out under difficult working conditions, in remote or urban areas, with little supervision,
and with strong radiation sources.
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It accounts for approximately half of all the reported accidents for the nuclear related industry in
developed and in low to middle income countries®. If performed in a safe manner, X-radiography
equipment and gamma-radiography equipment used in industrial radiography pose no health benefits.

In some cases, the use of radioactive sources could lead to occupational exposures, both in normal
operations and in accident situations. Related accidents and incidents occur in the NDT industry,
and the dose rates received to a source or a device may be high enough to cause overexposure of
extremities, and could potentially result in the loss of a limb®. As an outcome, occupational
radiation protection is often scrutinized and not optimized.

Failure to adhere to working procedures or a lack of training are the potential causes of safety
failures and higher exposures in the NDT industry . The information about radiation protection
training of industrial radiographers and other personnel and the general training requirements in
this area is useful for drawing conclusions related to safety arrangements.

The exchange and analysis of information about individual and collective occupational radiation
dose as well as about existing dose reduction techniques among operators, regulators, related
experts and dosimetry services is essential for implementing effective exposure control
programmes based on the proper training needs (.

In order to address these gaps on a worldwide level, the IAEA has decided to conduct a worldwide
survey, and to subsequently develop an international database called ISEMIR.

2. Worldwide survey of occupational radiation protection

2.1 WGIR and the Method

As a response to the inadequate radiation protection of staff in industrial radiography, the WGIR
group of professionals with experience of working for NDT companies, client companies, NDT
societies, technical service organizations, including education, training and inspection, and
regulatory bodies, was established in 2010.

WGIR’s main goal was to scrutinize internationally-accepted good practices and shortcomings in
occupational safety in industrial radiography. The group was established to particularly define
actions on how to improve occupational radiation protection, harmonize monitoring procedures,
and to set up a global system for a regular collection and analysis of individual doses .

The main activity of the group was to develop a worldwide survey. The data from the survey was
later used to create an international database for optimizing occupational radiation protection.

In order to gain as much information as possible about the global situation in industrial radiography,
the WGIR designed three different types of questionnaires. These were sent to national or state
regulatory bodies responsible for radiation protection, NDT companies, and individual industrial
radiographers. The survey was distributed for a period of one year, from 2010 until 2011.

The questionnaire for individual industrial radiographers consisted of 14 main questions while the
NDT company questionnaire and the regulatory body questionnaire were more complex, comprising
of 31 and 29 main questions. As for the training and qualifications’ section, the regulatory bodies
received the highest number of questions, 4 with 11 sub questions. The emphasis was given to the
regulatory body role in training following the requirements of the IAEA Basic Safety Standards,
which states that: “The regulatory body shall ensure the application of the requirements for education,
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training, qualification and competence in protection and safety of all persons engaged in activities
relevant to protection and safety” (. In comparison, the industrial radiography questionnaire
contained 4 questions and 3 sub questions; and the questionnaires for operating companies contained
2 questions and 4 sub questions.

Topics addressed by each questionnaire included training in radiation protection; incidents; safety
of the radiographer, the public and sources; inspections; emergency plans; and individual
monitoring .

Questions about radiation protection training addressed:

- facilitation of radiation protection training for staff by NDT companies and participation of
staff in such training

- training being included into the NDT training or as a separate training

- the level of the training (level 1-3 based on the internationally recognized standards, ISO 9712)

- obtaining of formal qualification and/or certification

- undertaking theoretical and practical training and a refresher training

- procedures for emergencies being included in training.

To help facilitate the access to information in various regions, the radiographer’s questionnaire
and the NDT company questionnaire were translated into Chinese, English, French, German,
Portuguese, Russian and Spanish, with the addition of Dutch for the radiographer questionnaire®.

2.2 Survey Results

Responses were received from 432 industrial radiographers, 95 NDT companies and 31 regulatory
bodies from different countries. In the case of all three questionnaires, the highest number of
responses was received from Europe. NDT companies and regulatory bodies from the Asia and
Pacific region provided the second highest number of responses for two types of questionnaires.
Industrial radiographers from North America ended up second in responding to the individual
radiographers’ questionnaire, right after Europe.

The data showed that the main safety breaches in all world regions were related to a lacking use
of collimators/diaphragms, survey meters not as widely available as they should have been, a high
frequency of incidents, occupational doses received by radiographers varied considerably with no
correlation to a radiographic workload. The complete data is published in the IAEA Technical
Document 1747.

The high occurrence of incidents and accidents was also confirmed by the survey with
a discrepancy between the responses of individual radiographers and NDT companies. While the
companies reported on average 0.03 accident and 0.05 near miss per one radiographer in five years,
individual radiographers reported on average 0.04 accident and 0.1 near miss per in five years (1.

Collimators, which should be used frequently, reduce radiation levels and subsequent occupational
doses to workers. For X-ray radiography, almost 80% of NDT companies stated that they required
the use of these devices, but the radiographer responses suggested that some radiographers were
not using diaphragms/collimators despite the company requirement .

Radiographers’ occupational doses varied with 35 radiographers having their annual effective
doses under the minimum detection limit of the personal dosimetry system. 90 radiographers
reported to have between 5 and 10 mSv annually, and two radiographers between 30 and 50 mSv
©), The biggest area of improvement was registered in the dose variation.
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2.3 Survey Results Related to Training and Qualifications

All three questionnaires confirmed that a training of radiographers is a key in ensuring safety of
personnel working in industrial radiography. Safety can be further strengthened by developing and
improving the right skills of the industrial radiographers and other personnel involved in the
process.

The survey confirmed that the need for and requirements of the radiation protection training
appears to be generally well accepted by radiographers, operating companies as well as by the
regulatory bodies. Most of the companies and regulatory bodies integrate some form of training in
their requirements for personnel working with radiation sources. In the ideal situation, all NDT
companies should have the training integrated as a part of the NDT training or as a separate training,
but the result is nonetheless very much towards the desired situation V.

The IAEA Basic Safety Standards recommends that the regulatory body’s role should be in
ensuring the application of the requirements for education, training, qualification and competence
in protection and safety ). Despite the fact that the regulatory bodies perceive a different level
of acceptable training, they all acknowledged the importance of the integration of such training to
the NDT training in the companies or as a separate training received by the operators.

The inconsistencies appeared in specific trainings for emergency and insufficient training of
radiation protection officers. More detailed results are described in sections 2.4-2.6.

2.4 Individual Radiographers’ Responses

Most of industrial radiographers confirmed that radiation protection training was included in their
NDT training, 89 % confirmed to receive the lowest stage of training, level 1 in accordance with
the internationally recognized standards, ISO 9712 ®. Only 8 out of 432 radiographers (2 %)
appeared not to have any radiation protection skills, either as an outcome of a separate training or
as a training during the job ©.

Even though almost all radiographers felt well trained for the job, only 53 % of radiographers are
trained for level 3 and thus, should be able to direct the NDT operations in a specific NDT method®.

Training of radiographers who perform on-site radiography in emergency procedures appeared to
be insufficient, with 10% of individual radiographers admitting that they did not feel well prepared
for an emergency situation. This might be related to the less established training for emergency in
the companies (please see the section 2.2).”

2.5 NDT Companies’ Responses

The IAEA Basic Safety Standards recommends that the relevant principal parties, which have
responsibilities in relation to protection and safety, shall ensure that all personnel have appropriate
education, training and qualification so that they understand their responsibilities and can perform
their duties competently, with appropriate judgement and in accordance with procedures ¥,
All companies recognized their responsibility in providing training to their staff, however some
discrepancies were recorded through the survey questionnaires.

The survey registered inconsistencies between the theoretical and practical radiation protection
trainings in NDT companies, both in regard to initial and refresher trainings.

Nearly all NDT companies, 96 %, confirmed to provide initial theoretical training, either outside
or inside the company, which lasts on average 37 hours. A lower number of companies provided
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initial practical training in radiation protection, 82 % with an average amount of 30 hours. Such
practical training could be crucial for conducting of radiographers’ tasks but the majority of
companies do recognize its importance by providing such training ).

83 % of companies provide refresher theoretical training and 16 companies provided no refresher
training to their staff. The need for strengthening training might be seen in the practical refresher
training. Just over half companies provided refresher practical training, with 39 companies not
providing any at all ©.

2.6 Regulatory Bodies’ Responses

All regulatory bodies confirmed the significance of training in radiation protection. Except of one,
all stated that they require a person wishing to perform on-site radiography to have training on an
acceptable level, which for 70 % meant radiation protection training included in the general NDT
training. 80 % of regulatory bodies considered radiation protection training conducted as a separate
training acceptable (%,

Only 70 % of regulatory bodies require the radiation protection training to include practical
exercises for creating a safe situation until the source is able to be recovered. This number also
reflects that in many countries the source recovery is restricted to specialised persons 9.

Radiation protection officer (RPO), a specialist in radiation safety and regulatory matters, should
be well-trained for his or her duties. The survey showed that 30 % of regulatory bodies do not
require a higher level of radiation protection training for the RPO than for a radiographer. This is
an area essential for improvement, especially in the NDT industry with considerable amount of
accidents and incidents (D,

2.7 Discussion

It is to be assumed that most of the received responses are from the NDT companies and individual
radiographers with better working practices. This is mainly because of the voluntarily nature of
the questionnaires.

One quarter of all industrial radiographers’ responders were the only responders from a particular
NDT company. Only in the case of two companies, more than 20 operators from the same company
responded to the questionnaire. Hence, we can assume that the single person responses were likely
to be of a RPO, or at least of a person with an advanced knowledge in radiation protection .

The discrepancy of the responses between companies and individual radiographers prove that even
though initial and refresher radiation protection training is in place, the responsibility on site lies
with the individual radiographer. In some specific situations, industrial radiographers are pressured
to complete a given task in a specific time period and hence work under pressure which increases
the risk of safety being compromised .

As aresult, it is recognised that the survey results cannot be considered truly representative of the
worldwide practice of industrial radiography and all results must be interpreted with this caution
©6)
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3. Worldwide database

3.1 Design

The questionnaire data further showed a clear need for an improved optimization of occupational
radiation protection in industrial radiography worldwide. As a next step, WGIR recommended
to establish an online system collecting data focused on dose comparisons for specific
occupational roles and conditions, and assessments of the impact of radiation protection actions.

During the design phase, objectives of the IAEA online database ISEMIR-IR were identified as:
- to facilitate the implementation of ALARA practices and effective exposure management;

- to provide efficient collection and maintenance of data on occupational exposure, radiation
practices and incidents; including training and qualifications;

- to allow NDT companies to benchmark their own facility and individual radiographers’
performances against global or regional data with training being one of the monitored areas,
to define follow-up actions to address identified gaps and disseminate lessons learnt;

- to contribute to minimizing the likelihood of accidents, e.g. by identifying precursors, user
feedback and experience (¥

The main database metric was defined as a mean dose per radiographic exposure - calculated based
on the annual staff doses and the associated workload (number of exposures).

The actual data collection and questions were designed based on the gaps identified in the
worldwide questionnaires. The data collection and questions part is divided into two sections, one
identifies company main features, procedures, sources and incidents or accidents. The other part
is dedicated to the information about the occupationally exposed workers.

The questions about the radiation protection training are included in the workers’ section, which
is called personnel information. After creating an entry for a particular occupationally exposed
worker, the coordinator fills in his or her employment status and title. This and other data entry in
ISEMIR-IR are anonymized and entered by NDT company coordinators, who are either company
managers or RPOs, on an annual basis.

The information related to training and qualifications of the staff include questions about a valid
radiation protection qualification, an initial and refresher radiation protection training, and training
for emergencies.

Apart of the training questions, ISEMIR-IR collects data about individual industrial radiographers
including their occupational doses, radiographic workloads, sources used, percentage of site
radiography, use of collimators and survey meters, a number of incidents in a particular year. Ata
company level, different sections of ISEMIR data entry are dedicated to annual occupational doses,
compliance inspections of radiographers, and preventive maintenance of devices.

As an outcome of the data entry, a NDT company is able to benchmark company data or
radiographers’ performances against global or regional data based on the main metrics,
occupational dose per radiographic exposure, and to assess the effectiveness of its occupational
radiation protection. One module of the system enables access also to individual radiographers.

The international database supports three types of analyses. All of these show also the possible
relation with the training received:
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- occupational doses per radiographic exposure for a given industrial radiographer as a function
of personnel and facility attributes;

- benchmarking;

- trends with time (per radiographic exposure over successive years) 1%,

3.2 Launch and Data Collection

ISEMIR-IR has been developed in stages and the complete database has been launched in June
2017. It assists NDT companies in implementation of the optimization principle in occupational
radiation protection.

Many data entry fields were made voluntary in order to enable participation of all interested parties.

The IAEA is currently collecting the anonymous data from all world regions. After more than one
year since the official launch, 34 companies regularly participate in the data collection and others
have expressed their interest.

Once the data reaches a significant level, the IAEA plans to publish a report, which will identify
areas for improvement and corrective actions that should lead to enhancements in radiation
protection worldwide.

4. Conclusions

In order to improve radiation protection optimization worldwide, an international database called
ISEMIR-IR has been launched by the IAEA in 2017. NDT companies from all around the world
can anonymously participate and contribute with their data focused on radiation protection
elements including training and qualifications. The data has been designed based on the 586
questionnaires collected from various countries from Africa, Asia and Pacific region, Europe,
Latin America and North America.

The 2010-2011 questionnaires confirmed that training and qualifications of industrial
radiographers play a significant role in optimization of occupational radiation protection. The
awareness about safety is generally well established among operators, NDT companies and the
national regulatory bodies even though they perceive a different level of acceptable training. The
inconsistencies in results appeared in specific trainings for emergency and insufficient training of
radiation protection officers.

ISEMIR-IR, once fully utilized, could be used as a valuable resource for dose benchmarking of
national, regional and international practices. With ISEMIR-IR’s help, the IAEA plans to identify
gaps that currently exist in the international practice of industrial radiography, the use of radiation
sources, training and the use of protective equipment.

NDT companies all around the world are encouraged to participate in the database to enable it to
become a viable tool for implementing optimization of occupational radiation protection.
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Abstract

The measurement of velocity of ultrasound propagation and spectral characteristics of the received
scattered pulses in steel samples cut out of a pipeline that has been exploited during a long time
period have been carried out. The correlation between the velocity of ultrasound propagation and
the degree of degradation of mechanical properties of the material is established.

Key words: ultrasound, mechanical properties of materials, velocity, spectral characteristics

Main oil pipeline is one of the examples of objects exploiting in cyclic loading conditions.
The main changes that are happen with the material of the pipeline usually associated
with a change in the density of dislocations [1]. The utilization over the lifetime of the
most grades of pipe steel is resulted in the significant changes of the dislocation
structure. The data about the changes of the density of dislocations in pipe steel of main
oil pipelines that are happen during their usage is shown in the Table 1.

The results in the table were obtained with the help of electron microscopy.

Table 1. Changes in the density of dislocations in pipe steel [1]

Steel grade Working The density of
lifespan year dislocations, cm
in perlite in ferrit

17GS Initial state 12,4 8,1
12 13,1 13,4
19 17,8 19,0
29 30,9 31,4

14HGS Initial state 12,0 6,9
12 14,9 7,2
24 16,2 14,3
30 16,8 16,7
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When the density of dislocations are over the certain value, the various dislocation
mechanisms of microcracks formation start activating.

The microcracks can appear when the dislocation cross the slipbands, during the
accumulating the boundary dislocations in a row. Hereafter such microcracks can turn
to large cracks that poses threat for exploiting pipelines.

Thus the identification of high density areas of dislocations in steels for building main oil
pipelines with the help of NDT is of practical importance.

For studying the characteristics for ultrasound propagation, hardware and software suite
“Astron” [2] was used. It is designed to generate and receive acoustic impulses as well
as it has the capabilities for measuring their characteristics and conducting spectrum
analysis. The scheme of the device id the following (Fig. 1).

PULSE GENERATOR TIME-DELAY LINE DISPLAY AND
ANALYSIS BLOCK

| I FORMATION AND |

AMPLIFICATION BLOCK
|

SENSOR

STUDYING OBJECT

Fig. 1 The scheme of experimental assembly

Basic pulse produced by the generator of electrical pulses is applied to the block
formation and amplification. After amplification the electrical pulse, it is converted and
supplied to piezoelectric converter that starts generating elastic vibrations at the
selfresonant frequency. In order the plate generate the limited number of impulses, it is
damped. Thus, the vibrations generated by the plate gradually fade, but manage to
excite elastic vibrations of the surface of the studying material, which are then distributed
in the interior of the material. Further, the pulses reach the boundaries of the sample,
they are reflected and sent back where they cross with the surface of piezoelectric-
crystal plate they are converted into an electrical signal and fed to the display and
analysis. The device allows you to see the reflected signals, which makes it possible to
estimate the amount of attenuation. In addition, the device allows a high precision
measurement of time intervals between the reflected ultrasonic pulses, what makes it
possible, knowing the thickness of the test sample, to determine the velocity of
propagation of elastic waves in it. Also, the device has a built-in program for the analysis
of the spectral characteristics of the received signals. Thus, this device allows the entire
set of studies of acoustic signals.

With the help of “Astron”, the experiment was conducted to study the characteristics of
the propagation of ultrasound in four samples cut from the pipeline being for a long time
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in operation. All samples were made of steel 09G2FB. Physical and mechanical
characteristics of the samples are listed in the Table. 2.

Table 2. Physical and mechanical characteristics of the samples

# of the The limit of Yield limit Conclusions by the results
sample macroelasticity MPa of metallography
MPa
2 336 454 Normal state
10 195-236" 377-415 Highly weakened state
16 234 413 Weakened state
18 259-308° 371-433° Slightly weakened state

* - the data was obtained by the results of several experiments.

During the experiment the velocity of propagation of ultrasound was measured and the
spectral characteristics of the reflected pulses were received. For the experiment used
a sensor of longitudinal waves with the central frequency of spectrum 6 MHz.
Measurements of the thickness of the samples were made with a micrometer.
Measurement inaccuracy was related mainly to the precision of detection of the sample
thickness and was about 20 m/s.

The results of the measurement of ultrasound velocity propagation are shown in Fig. 2.
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Fig. 2 The velocity of ultrasound propagation in samples

From the Fig. 2 it follows that with account of measurement inaccuracy the velocity of
ultrasound propagation in samples #18 and #2 is approximately the same. In samples
16 and 10 the value of ultrasound velocity propagation is anomalously high — more than
6000 m/s.

In accordance with the theoretical model proposed in [3, 4], increasing the velocity of
propagation of ultrasound in the material indicates an increase in the dislocation density
in the material. The obtained experimental results support this hypothesis. A comparison
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of the experimental data with the real properties of the samples is hampered by large
spread of information regarding the macroelasticity limit and yield strength of samples
10 and 18. However, averaging the physical and mechanical properties of the samples
shown in Table. 2, the samples can be arranged in descending order of their original
characteristics as follows: a sample 2, further sample 18, then, with almost equal
characteristics, samples 10 and 16. This arrangement substantially corresponds to the
order obtained by measuring the velocity of the samples. This may serve as
a confirmation that measure the velocity of ultrasound propagation in the material can
serve as a basis for the evaluation of physical and mechanical properties of objects, in
which the main changes occurring in the course of its utilization are caused by the
change in the density of dislocations. During the experiment the spectral characteristics
of the reflected signal was obtained as well (Fig. 3).
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Fig. 3 The examples of received signals spectra: (a) sample 2, (b) sample 10, (c) sample 16,
(d) sample 18

It is easy to see that the spectrum of the signal in the sample #2 substantially different
from the spectra of the signals from three other samples; spectra of signals in the
samples #18 and #16 look quite similar; spectrum of the signal in the sample is similar
to the spectra of signals #10 samples #18 and #16, but has additional harmonic
undetected on other samples.

By analysing the results of experiments, it can be noted that, despite the limited nature
of the data, the results are in good agreement with the assumptions made in [3, 4]
to describe the propagation of elastic longitudinal waves in solids with dislocations.
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Abstract

Assessment of concrete structures by non-destructive testing (NDT) has always been
problematic simply because of the complex nature and the heterogeneity of the material.

This paper explores a promising NDT method used in today’s civil and mining industry.
The technique is based on the study of the reflection system of low frequency (20-50 kHz)
body waves. The propagation of low frequency waves is well suited for heterogeneous
materials because the waves suffer less attenuation which is typically promoted by absorption
and scattering. The paper describes the MSR Impact-Echo (Miniature Seismic Reflection
Impact-Echo) technique and discusses its capabilities in situ assessment of concrete
structures.

This paper presents an in situ investigation performed on the crest slab of a spillway section of
a concrete gravity dam in Québec, Canada. The focus of this article concentrates on the
investigation of a recently performed restoration of a spillway section where unexplained
surface opening cracks have formed on the top side of a spillway’s concrete slab. The MSR-IE
method was used to evaluate the extent of the damage caused by the surface bearing
fissures. The investigation revealed that the vertical cracks were limited to the depth of the
repaired section and that some regions of the slab clearly showed signs of a debonded
interface between old and new concrete layers. The results of the in situ investigation led to
cost-effective repair strategy.

Keywords: Dam, Cracked Concrete structure, NDT, NDE, Impact-echo, MSR

1. Introduction

Concrete structures are typically subjected to various types of forces which could cause
cracking, spalling, and swelling. The deterioration could be due to excessive external
stresses, thermal gradients, seepage, Freeze-thaw, rusting steel reinforcement,
chemical reaction of concrete, etc.

Nondestructive testing of concrete has always been difficult to perform consistently due
to the nature of the material itself [Sansalone et al, 1986]. The MSR Impact-Echo
(Miniature Seismic Reflection Impact-Echo) technique has proven to be very beneficial to
concrete NDT [Hassani et al, 1997 and 2001, Momayez et al, 2002]. As opposed to high
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frequency ultrasonic pulse-through testing, MSR-IE testing is based on the propagation
and reflection of low frequency longitudinal wave pulses. The use of the reflection
principle enables one to utilize the method on only one exposed test surface as opposed
to two opposite test surfaces which are required for standard ultrasonic investigations
[Saleh et al, 1997; Guevremont et al, 1999].

Hydro-Québec is one of the major providers of electrical power in North America and
has more than 100 concrete dams under management. Recently, one of its concrete
dams underwent a major restoration, where a significant part of the work was
performed on the crest slab in the spillway section (Figure 1).

Figure 1: Investigated Spillway section of the hydroelectric plant

The repairs to the spillway section of the dam included the partial replacement of the
crest slab which spans the total spillway section. In order to simplify the repair
procedure and ensure the safety of the workers, only the top half of the spillway slab
was removed and replaced with a new concrete. The new concrete layer is
approximately 150 mm (6 in.) thick. The remaining original supporting layer of concrete
averaged 180 mm (7 in.) thick (Figure 2).

The new repaired concrete was poured as a continuous slab spanning some of the
support abutments. Following a brief period in service, the new repaired concrete
began to exhibit unexpected signs of cracking. Surface-opening cracks began to
appear in the new concrete layer. Subsequent to the elimination of basic causes which
could promote such deterioration, the focus was put onto the assessment of the
structural safety of the concrete slab. Additional concern was raised because of the
use of the spillway that as a service throughway for the rest of the power station.

The MSR-IE method was seen as a cost effective technique for performing the condition
assessment of the crest slab. The investigation spanned a distance of 6 m (19.7 ft) of
the spillway. The visible cracks on the surface of the slab spanned the upstream to
downstream directions. The main problem was to determine if the surface opening
cracks propagated completely through the slab. Time restrictions at the site prohibited
the authors from performing an extensive ultrasonic testing campaign which would have
assisted to reveal the accurate depth of the surface cracks. Therefore, the impact-echo
(IE) method offered a quicker solution to the problem of evaluating the fissures.
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Additionally, the use of this system could assist the investigators in determining if there
is any occurrence of debonding between the two layers of concrete.

Repaired slab layer
Upstream Downstream

0.150 m « v ~5
0.180 m - . Crest slab
L

Original concrete slab

<€

= =~6m
'\ \ s

Figure 2: Cross section of the spillway crest slab (drawing not to scale)
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2. Background

The MSR-IE method is based on the study of the propagation and reflection of elastic
body waves in a heterogeneous material such as concrete. Of main interest is the
propagation of longitudinal waves [Sadri et al, 1997]. A stress wave system is
introduced into the test medium with the help of a mechanically spring loaded impact
device equipped with a spherical impact tip (Figure 3).

The spherical tip allows for the introduction of a hemispherical system of waves into the
test medium. This type of impact generates stress waves with frequencies up to 50 kHz.
The low frequency longitudinal wave suffers less absorption and scattering when traveling
through concrete because the generated wavelengths are typically larger than the largest
aggregate size in the test medium. The velocity of longitudinal waves varies
approximately between 3000 m/s (9840 ft/s) to 5000 m/s (16400 ft/s) in concrete.
The velocity depends on the amount of voids and water in the concrete and the amount of
internal reflectors (aggregates, honeycombing, etc...). The use of low frequency waves
enables one to study concrete as a semi-homogeneous material. These body waves
provide a better energy distribution over the lower frequency range, which results in an
enhanced penetration ability into concrete. The longitudinal wave velocity (Cp) in
a medium can be expressed as [Timoshenko and Goodier, 1970]:

EQ -v)
¢ = Q)
\/p(l + (1 - 2v)
Where E is the dynamic modulus of elasticity in GPa, u is the dynamic Poisson’s ratio
and r is the density of the medium in kg/m3. The velocity C, is used to evaluate the
thickness of concrete elements or the depth of internal anomalies. A broadband
normal displacement sensor is used to capture the plate response due to successive
returns of the incident stress wave into the medium. The response is then digitized and
converted to the frequency domain by using an FFT routine. In most cases, MSR-IE
testing produces frequency spectrums with high signal to noise ratios, therefore there
is no need for using signal processing techniques such as multiple signal averaging for
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the reduction of incoherent noise in the captured signal. The frequency of repeated
longitudinal wave arrivals (f,) is related to its wave velocity C, by the following
relationship:
f, =
= 2

Where T is the thickness of the element or the depth of an anomaly and the coefficient
Y% is added to take account of the double travel distance of the longitudinal wave
because the MSR-IE method is a one side test.

MSR-IE testing has been shown to be well suited for the detection of inclined crack
profiles [Hassani et al., 2001 Momayez et al, 2002], evaluating the profile of
hydraulically induced fissures in concrete slabs [Saleh et al., 1997], and detecting the
thickness of shotcrete layers in underground mines [Guevremont et al., 1999] among
other applications.

l Impact source

Dynamic

E, v,
i Shear,

| Bulk

Amplitude

Frequencies
for P and S waves

Figure 3: Schematic of the Impact Echo MSR system

3. In situ investigation

Upon arrival at the inspection site, the authors were quick to assess the situation and
realized that five (5) sections of the spillway were going to be part of the investigation.
In order to simplify the extent of the study due to time restrictions on site, the test
procedure involved a reflection based methodology. The stress waves were generated
on one side of the opening cracks while the broadband sensor was positioned on the
other side. If the crack is shallow, multiple reflections of the longitudinal wave should
be observed which originate from the diffracted tip of the crack. If the crack propagates
completely through the concrete slab, it would be obvious that no stress wave
reflection will occur towards the awaiting sensor. A reflection of the longitudinal wave
will occur if there is an occurrence of debonding at the interface of the two layers of
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concrete that form the new refurbished slab due to the difference in acoustic
impedance at the interface location.

4. Methodology

The MSR-IE method is considered a point-by-point technique that is somewhat time-
consuming but is one of the most accurate NDT methods available for in situ work on
concrete to date. The limitations are related to the instrumentation (sensor coupling
requirements) and sometimes to difficult data interpretation. The typical method of
implementing an MSR-IE campaign is to identify the location of series of test points or
a potential test grid. For the application discussed in this paper, series of positions
were identified along the thirteen opening cracks of interest to the dam safety
engineers on site (Figure 4). To ensure repeatability of the acquired signals and of the
analysis, a minimum of three (3) signals were conducted at each of the 121 test
positions, which covered the 5 sections (1, 2, 5, 6 and 7) of the spillway.

UPSTREAM

'} service rails

53 52 51 =6 m (19.68 ft) 2-5

72 7-1 6-2
-

=~ 8 m (24.25 ft) 23 j 21

7 6 5 4 3 2 1

Abutment 7-6 Abutment 6-5 Abutment 5-4 Abutment 4-3 Abutment 3-2 Abutment 2-1
DOWNSTREAM

Figure 4: Top view of the position of the cracks and the spillway section numbers

5. Results

This section presents the results of the investigations performed within the five (5)
spillway sections under consideration (sections 1, 2, 5, 6 and 7). A spillway section is
considered to be the span between two abutments of the spillway (Figures 1 and 4).

The first spillway section to be investigated possessed one significant crack (Figure 4:
Section1, crack 1-1) which spanned in a direction perpendicular to the river banks (i.e.
parallel to the longitudinal axe of the dam). The analysis of the MSR-IE test data
shows that this crack did not completely pass through the slab and reach the
underside of the slab.

The second spillway section to be investigated shows definite signs of excessive
cracking. Five major surface opening fissures were identified and studied. Two cracks
crossed the complete width of the slab (no. 2-4 and 2-5). At all test locations along the
cracks, the longitudinal wave reflections were easily detected and captured by the
MSR-IE data acquisition system. However, some areas of concern were observed.
The signal analysis showed dominant longitudinal reflections at afrequency of
11.72 kHz. The longitudinal wave velocity of the concrete was evaluated as 3545 m/s.
The detected frequency shows that an anomaly is detected at a depth of 0.151 m
(0.495 ft) deep. The depth also corresponds to the thickness of the repaired section of
the concrete slab as shown in Figure 2. In the frequency spectrum, the magnitude of the
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frequency that corresponds to the repeated longitudinal wave reflections leads one to
conclude that there is a significant change in acoustic impedance at the interface
between the two layers of concrete (Figure 5). The change in acoustic impedance is
possibly due to the debonding of the repaired layer. Since the interface is occasionally
undetected, this seems like a plausible explanation. The frequency spectrum of test
point P8L105 along crack 2-5 shows no sign of debonding at the interface; however the
interface is still detected. The frequency spectrums of points P8L110, P8L115 and
P8L120 along the same crack clearly show the frequency of the dominating reflected
longitudinal wave oscillations.

PSL120 PSLI1S

PSL110 PSL105

Freguency = 11720 k- 0151 m (0.495 ft)

—
0.5 m typ.
\ (1.64 ft) __

Old concrete layer

Figure 5: Sample data from the investigation of the 2" section of the spillway, crack no. 2-5

The third tested section (section 5) to be investigated focused on the study of three
important surface bearing cracks, two of which spanned the complete width of the
repaired slab of 6.0 m (18.3 ft.). Once again, it was found that the opening cracks did
not pass through the thickness of the slab. Along the length of two of the cracks, an
interface at 0.146 m (0.479 ft.) and one at 0.151 m (0.495 ft.) were clearly intercepted.
It is interesting to note that most of the detected interfaces occurred in proximity to
positions of the supporting abutments.

This could suggest that the top slab section (i.e. the repaired layer) has been
subjected to tensile forces which could be caused by thermal effects or excessive
loading conditions between the abutments. The result of which would lead to
debonding of the repaired concrete layer with respect to the original concrete layer.
Figure 6 shows all the frequency spectrums of the data obtained along the crack no. 5-
2 shown in Figure 4. Figure 7 shows a close-up of four frequency spectrums from the
same crack as in the previous figure. The test positions P11L220 and P11L230 show
the detection of the interface while the other two samples do no exhibit the dominant
reflection frequency from the interface
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Figure 6: Frequency spectrums obtained along crack no. 5-2 on spillway 5
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Figure 7: Sample data from the investigation of the crack no. 5-2 on the spillway 5
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Notice the recurring high magnitude frequency peaks more than 12 kHz. Two of the
spectrums clearly show the frequency that corresponds to the repeated oscillations of
the longitudinal wave between the top surface of the slab and the interface.

On the sections 6 and 7 that were investigated, two cracks of importance were
observed in each of the sections. Once again, none of the cracks propagated to the
bottom side of the slab based on the MSR-IE test results. On this occasion however,
three of the four cracks propagated completely across the 6.0 m (18.3 ft.) width of the
slab in an upstream to downstream direction.

The interface between the thin replaced thickness of concrete and the old concrete
slab was observed in three of the four cracks investigated. As opposed to the other
sections of the spillway, the interface was detected in the center of these two spillway
sections. Note however that the thickness of the top layer of concrete on the sixth
section of the spillway was observed as thickness of 0.160 m (0.525 ft.) which was
calculated with a longitudinal wave velocity of 3545 m/s.

6. Discussion

The MSR-IE method was used to assess the condition of cracks in five sections of a
crest slab which span the spillway section of a dam. The nondestructive investigation
proved to be a quick and efficient method which enables owners of the infrastructure
to better assess the condition of their aging installations.

The results of this particular study effectively show that NDT impact-echo method have
improved significantly over the last decade for a number of in situ applications. It was
discussed that all the investigated fissures did not propagate through the complete
thickness of the slab. The study also revealed an important aspect that could be a
precursor to cracking. The interface between the old and new concrete is clearly
visible due to a sudden change in acoustic impedance which was shown in the
magnitude of the frequency that corresponds to the repeated longitudinal wave
reflection from the interface. The fact that the interface is not detected at all test
locations leads to the conclusion that debonding of the top layer is not an overall
occurrence throughout the spillway section. Figure 8 shows the perimeters of the
debonded areas that were detected during this study.
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Figure 8: Perimeters of debonded zones detected by MSR-IE tests

It is important to note that the fissures observed in the slabs could be caused by other
physical forces aside of those caused by dynamic deformation of the slab. According
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to technical drawings of the dam, there seems to be a lack of reinforcement in the
repaired section of the concrete slab which could perhaps prevent surface cracking of
such a thin layer of concrete. The dam is situated in the western of the Province of
Québec (Canada) were the temperatures can reach at minimum — 40°C (- 40°F) during
the winter season. Another possible problem is the lack of expansion joints for such a
long continuous layer of concrete that forms the top section of the slab. Without
expansion joints cracks can be caused by concrete shrinking. There may be a
variation of the shrinking rate of the old and new concrete which may cause internal
stress variations in the concrete. As discussed previously and as shown in Figure 4
the discussion that brings one to the conclusion of layer debonding between the two
interfaces is the high signal to noise ratio observed in the power density spectrums at
frequencies that correspond to the

7. Conclusion

The assessment of the condition of the cracks in the spillway section of the
hydroelectric plant took approximately five hours of data acquisition and another five
hours of data analysis. As opposed to the other alternative assessment methods for
concrete such as coring, the MSR-IE method has proved much less costly and less
time consuming as an investigative tool.

In addition to these benefits, the investigation helped to avoid an underside
investigation of the spillway section which could lead to heavy inspection costs and
higher risks for the employees.

The study lead to the evaluation of the thickness of the top layer and to the
confirmation that the surface opening cracks did not spread completely through the
complete thickness of the spillway slab. Based on the results of the MSR-IE tests, the
dam safety engineers have determined that the crest slab of the spillway section is still
structurally sound. At this time, Hydro-Québec expects to use impermeable products
to cover the crest slab in order to eliminate water infiltration and limit cracking caused
by ice water expansion during the winter months.
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Abstract

Acoustic Emission (AE) testing is considered as integrity evaluation of Carbon Fiber Refrain
forced Plastics (CFRP) pressure vessels during proof tests and several standards for the
evaluation such as from ASME that has been already established. The AE Testing is
examined also as an intensity evaluation of pressure vessel and it is generally used the
Felicity Ratio (FR) as well as an ASME standard. In our past research, we analyzed the
frequency of AE signal waveform in the tensile test, and investigated change of frequency in
each load state. We confirmed the frequency center-of-gravity (F.C.O0.G) was changing
before the load in which FR became down. There are some papers that the frequency
analyses have been done to the specimen with the artificial notch or delamination. In this
time, we examined the AE testing in hydrostatic test to actual CFRP pressure vessel.
As a results, frequency of AE signals were change before the pressure which FR became
down. Moreover, we obtained the tendency that tank was broken after occurring the low
frequency signals. Therefore, we report regarding the method of evaluating damage by the
frequency.

Key words: Acoustic Emission, CFRP, Frequency Center of Gravity, Felicity Ratio, Carbon
Fiber Refrain forced Plastics, hydrogen fuel tank.

1. Introduction

CFRP were increasingly used in several engineering fields such as fuel tanks of
space rockets and hydrogen cars. CFRP materials have high specific strength and
excellent corrosion resistance compared to iron and steel materials. However the
damage evaluation of CFRP was difficult because it could not be detect the several
damages such as matrix crack, delamination, and fiber cut from conventional method
on the metal material.

We had been studying the damage evaluation method during the tensile test for
CFRP materials by AE testing [1]. We reported previously that there were some
possibilities to detect a sign of delamination [2]. In this time, to confirm the
applicability of our method in CFRP pressure vessel, we examined the AE testing to
hydrostatic condition. The result of the AE testing was the same tendency as the
tensile test. We could confirm the damage sign of the AE signals by CFRP pressure
vessel.
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2. Analysis method

The Kaiser Effect was extended to general state stress in AE testing. This
phenomenon should that a material under load emitted acoustic waves only after
a primary load level was exceeded. This effect could be quantified by using the FR,
which was the load where considerable AE resumes, divided by the maximum
applied load. This method was established as ASME standard [3]

The results of AE testing by CFRP tensile test were shown in Fig. 1 as an example.
The relationship between AE Hits and tensile load were shown in Fig. 1(a). In the 2"
load, AE signals were not detected until the maximum applied 1st load and FR was
1.0. In the 3rd load, Felicity ratio less than indicate a distortion of the Kaiser effect.
Therefore, CFRP was damaged in 2nd load. To confirm the tendency of AE signals
from occurring damage, three AE signals were picked up from 2nd load. The picked
waveforms of I I Il show the Fig. 1(b). In the frequency range between 150 kHz
and 400 kHz, peak frequency became gradually high with load increase. On the other
hand, at the frequency less than 150 kHz, the peak frequency became gradually high
with load increase (from waveform I to waveform 1), but the peak frequency
became low by waveform II. From these results, we were studying an analysis
method using F.C.O.G in less than 150 kHz of frequency band [4].

The result of F.C.0.G was shown in Fig. 1(c). In the 1st load, F.C.O.G increased to
about 110 kHz with load increase. In 2nd load which could think damage occurred,
frequency decreased to 80 kHz. We confirmed that this phenomenon was just before
delamination occurred in our past research.
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Fig. 1 Exampl results of AE testing by CFRP tensile test
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3. CFRP Pressure Vessel

We made the CFRP Pressure vessel in order to examine AE testing to hydrostatic
pressure test by as an actual tank. Carbon fiber was applied the T700 made by Toray.
It was manufactured by filament winding and material of liner was polystyrene. The
thickness of the CFRP was approximately 20mm in order to break at pressure of
120MPa. At the size of pressure vessel, the outside diameter was 298mm and the
length was 1,102mm.

AE sensor setting was shown in Fig. 2. Three AE sensors were set on the
circumferential direction by pitch of the 120 degree and set in three points in the
longer direction. In the part of the dome, each three sensors were set in the injection
side and the end side. AE sensors were applied the VS150-RIC made by Vallen
system GmbH. This sensor was type of integrated preamplifier. Frequency filter was
set between 20 kHz and 120 kHz in order to detect the low frequency signals less
than 150 kHz.

Injection Side

154 ‘
I T

Fig. 2 Sample image of CFRP Pressure vessel and sensor settings

Cylinder 591mm

Picture of the pressure vessel after broken was shown in Fig. 3. (a) shows in picture
of the whole tank, (b) was taken picture from the end side. From theses picture, it
was confirmed that the position of broken part was the part of the dome in the end
side. In other part of CFRP, damages could be not detected.

Injection Side

End Side

Fig. 3 Picture of pressure vessel after broken
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4. Results of the Acoustic emission

In order to confirm the pressure when the damage was occurred from FR, we
repeated loading and unloading at eight times until the pressure vessel was broken.
Time histories of AE Hits and pressure were shown in Fig. 4. The horizontal axis
showed the test time, gray lines and the left vertical axis showed Hits / sec., black
lines and the right vertical axis showed pressures. In the 6th and 7th loading, AE
signals were detected during keeping loads. Pressure vessel was broken at 8th load,
and the pressure was 135 MPa.

AE Hits in each loading were shown in Fig. 5. The horizontal axis showed pressure,
the vertical axis showed Hits / 0.1 MPa. AE signals were not detected until previous
maximum pressure before 6th load. In the 7th load, FR was 0.7 and pressure vessel
was broken at the next load of 8th load. Therefore, it was thought that the damage of
pressure vessel was occurred during 75 MPa to 100 MPa.

125 MPa Burst |40
5000 4 135MiPa 120
4000 55MPa 100MPa_, L 100

ool | | sMEa /1 / / o

ol | AVAV, /
o ﬁ (N o1/ / o
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Hits
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Fig. 4 Tendency cy of AE Hits (Hits and pressure vs time)
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’ 5th 7th
£ 3000 - 5th load
= 6th
= 6,000 -
= 6th load
= 4,000 th
2,000 - i 7th load
S L SRV Y.
o 20 40 60  s0__ 400 120 140 8th load
Pressure [MPa] Burst
135MPa

Fig. 5 Felicity Ratio (Hits vs Pressure)
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Next, we considered the frequency analysis results. The result of the F.C.0.G was
shown in Fig. 6. The horizontal axis showed pressure, gray circles and the left axis
showed F.C.O.G by each AE signals. Black squares showed the concentrated parts
of each F.C.0.G. Concentrated parts were become higher than 100 kHz from
90 kHz. And next, AE signals of F.C.0.G were concentrated to 95 kHz until 50 MPa.
In the pressure during 50 MPa to 70 MPa, it was gradually lower to 80 kHz. When the
pressure exceeded around 80 MPa, it was concentrated on near the 80 kHz until
broken.

Theses results of F.C.0.G were the same tendency of tensile test. Therefore, we
thought that the pressure which occurring damage was during 70 MPa to 80 MPa,
because signals concentrated on 80 kHz after frequency became low. It was the
same results of pressure using FR.

< F.C.0.G OConcentrated part.

F.C.0.G [KiIz]

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140
Pressure [MPa]

Fig. 6 Results of F. C. O. G

5. Conclusion

In this paper, we investigated the application properties of our proposal method using
F.C.0.G to the CFRP pressure vessel. Frequencies of signals were become higher
than 100 kHz from 80 kHz with pressure was rising. When the pressure was more
than 60 MPa, frequency was became low to 80 kHz. When the pressure rises above
80 MPa, frequencies of signals were continuously concentrated on near the 80 kHz
until the broken. These results were the same tendency of tensile test. Finally
concentrated part of 80 kHz was thought the damage sign, because it was occurred
after the FR was became low. Therefore, we thought the method using F.C.0.G was
applicable to CFRP pressure vessels. Moreover, the damage evaluation of CFRP
tanks was able to possible less the loading and unloading.

In the future, we will plan to investigate the cause of frequency changes.
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Abstract:

At present, a fundamentally new NDT method based on the use of the magnetic memory of metal (MMM) is
more commonly applied in practice. It uses the natural magnetization formed during the products fabrication
and service life. The article considers the capabilities of the MMM method for assessment of the stress-strain
state (SSS) and non-destructive testing (NDT) of various-purpose industrial equipments, in order to detect
the segments where the development processes of fatigue damage are intensively propagate. Based on the
100% inspection of metal components using the MMM method, detection of all potential dangerously-
affected zones — the stress concentration zones (SCZs), and the removal of these zones during repair, are
carried out. Thus, there is a real opportunity to ensure the safe operation and lifetime extension of metal
components based on their actual state.

Keywords: defect, diagnostics technique, magnetic memory of metal, non-destructive testing, stress
concentration, stress-strain state,

1 Introduction

The concept of "Metal Magnetic Memory" was first introduced by the author in 1994. Before that
time it was not used in the technical literature. The following terms and concepts were known:
"Magnetic Memory of the Earth" - in archeological studies; "Magnetic Memory" - in sound
recording; "Shape Memory Effect", due to structural and phase transformations oriented by internal
stresses in metal products.

Fundamental differences of the metal magnetic memory (MMM) method from other magnetic non-
destructive testing (NDT) methods were repeatedly reported in articles [1, 2], in the training
handbook [3].

Theoretical studies were reported in researches [4, 5, 6]. Based on the established correlation of
dislocation processes with the magnetic phenomena physics, the concept of "metal magnetic
memory" was introduced in products’ metals and a new method of diagnostics was developed. The
uniqueness of the metal magnetic memory method is that it is based on use of the self-magnetic
leakage field (SMLF), occurring in zones of steady strips of dislocations sliding, stipulated by
working loads action. SMLF occur because of domain boundaries formation at accumulations of
high-density dislocations (dislocation walls). It is impossible to obtain an information source like
a self-magnetic field at any conditions with artificial magnetization in working constructions.
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Such nformation is formed and can be obtained only in a weak external field, as the Earth’s
magnetic field is, in loaded constructions when deformation energy is a cut above the energy of the
external magnetic field. It is shown in practical works that MMM can be used both at the equipment
operation and after working loads relief during the repairs. Magnetic texture, formed under the
action of working loads, becomes, so to say, "frozen" after unloading by virtue of the "magnetic
dislocation hysteresis". Thus, there appears a unique possibility to evaluate the actual stress-strained
state of the equipment and to reveal at an early stage maximal damage zones in metal by reading
this information using special tools.

Physical fundamentals of SMLF occurrence are principally different compared to magnetic leakage
fields (MLF) occurring on defects of products at their artificial magnetization used in well-known
magnetic NDT methods. SMLF occurs in local zones (from 0,1 up to tens of microns) on the
surface and in depth layers of products metal. Nobody has never performed investigation of SMLF
and the physical fundamentals of its occurrence till "birth" of MMM (the 90-s of the last century).
There was no such task at all! Researches reported in [2-6] gives more detailed description of the
mechanism of SMLF formation in ferromagnetic products.

However, in connection with arising till date issues of metrological nature and those associated with
the role of the MMM method with regard to its practical application [7], it became necessary to give
answers to the most urgent of them.

Firstly, the main purpose of the MMM method is detection on equipment and structures of stress
concentration zones (SCZs) - the main sources of damages development - in the express control
mode using specialized instruments and scanning devices.

SCZs are not only pre-known areas where the design features create different conditions for
distribution of stresses caused by an external load, but these are also randomly located areas, in
which due to the initial metal heterogeneity combined with off-design additional workloads large
strains (as a rule, shear strains) occur.

Geometric feature of magnetic anomalies that characterizes SCZs is the distance between self-
magnetic field extreme values multiple of the standard size of a product (thickness, width,
diameter). This distance corresponds to the minimum distance between the adjacent glide pads or
the shell critical size occurring, for example, at the pipe stability loss.

Inspection by the MMM method is carried out without metal dressing and artificial magnetization.
The method uses residual magnetization formed naturally during the products manufacture and in
the course of their operation.

Of course, one can doubt the possibility of SCZs and various metal defects detection by magnetic
anomalies on products with unknown prehistory [7]. However, it is known that the criterion of the
truth is practice! Numerous studies carried out by the authors of the method at manufacturing plants
showed that all products of the same type, made of the same steel grade and under the same
technology, have almost the same distribution of the residual magnetization, and magnetic
anomalies are only identified during the inspection in the areas of residual stress concentration and
different structural irregularities on individual products. And this is not surprising, since during
formation, for example, of thermoremanent magnetization of products in the course of their
manufacture, internal stresses, and not the weak external geomagnetic field, play the decisive role.
In the course of products operation the initial residual magnetization (RM) is redistributed under the
effect of workloads, and magnetic anomalies, caused by geometric displacements and product
standard size, occur in SCZs.

If local SCZs do not occur in the same-type products under the effect of workloads, it the RM
distribution pattern in them is practically the same. To make sure of this, it was necessary to inspect
thousands of same-type units and products! Based on the established regularities and substantial
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practical experience in inspecting various units of equipment and structures, the authors proposed
a methodology of standardless calibration of inspection equipment and methods, as well as their
respective metrology [3].

2 Diagnostics parameters in the MMM method.

1. In accordance with ISO 24497 [8-10] the MMM method is a non-destructive testing method
based on recording and analysis of the distribution of the self-magnetic leakage fields (SMLF) that
occur on products and equipment in stress concentration zones (SCZs).

SMLF that reflects residual magnetization formed naturally during the product manufacture should
be distinguished from magnetic leakage fields (MLF) occurring on metal defects and cracks at
artificial magnetization of a product (for example, in the course of the magnetic particle inspection).
2. For quantitative assessment of the level of stress concentration (sources of damages), the gradient
of the normal (H¥) and/or tangential (H*) SMLF components is determined:

Kin =|AHy| / Ax, at Ax->0 Kin=dH / dx, (1)

where Ax - is the distance between the adjacent points of inspection.

In some cases during the inspection of equipment stress-strain state (SSS) the resulting SMLF

gradient is used:

ﬁ:\JH\:+H:‘+H_.".
3. Among the basic calculation diagnostic parameters the MMM method uses the parameter m that
characterizes the ultimate strain capability of the material:
m= Kinmax /I(mave, (2)
where K;,"*" and K;;*¢ are the maximum and the average values of the field gradient, respectively,
which are determined during the inspection by the MMM method of the same-type equipment units.
Industrial and laboratory tests on the specimens established the relation between the limiting values
of magnetic and mechanical parameters:
Miim = Kin'"™ | K™ = Kinhm | Kid = Stim | Ot, (3)
where the values of Ki,/"** and K™, obtained as a result of the same-type equipment units
inspection, correspond to the values ofK:"™ and K;', obtained as a result of tensile testing of
specimens made of the same steel grade at achieving, respectively, the ultimate true strength at
failure o7i» and nominal tensile strength o..
Experimental studies also established that if the actual parameter mac: > muim, then in this case the
limiting (critical) state occurs in the controlled equipment unit metal, at which a macrocrack forms.
Physical substantiation of the parameter m, can be found in papers [3, 4, 5]. Illustration of the
relation (3) can be represented on the example of the results of a steel specimen tensile testing at
a constant strain rate up to its rupture with simultaneous measuring of the specimen’s SMLF by the
MMM method.
The relation (3) is used in the MMM method for assessment of the limiting state, at which a main
macrocrack occurs and the damage development begins in the SCZ. According to evaluation in [5],
the maximum detection accuracy of SCZs with the limiting state of the metal by the MMM method
is not less than 90%.
Figure 1 shows the c-g diagram combined with the graph of the resulting field Z|A H| gradient
modular values variation depending on strain &, where the total value X|A H| was obtained by stage-
by-stage summation of |AH| changes on individual sections from the beginning of tests in the
point 4 to the final point K - the moment of the specimen rupture.
Let us use this example to calculate the value of the parameter m by the relation (3) between the
magnetic and mechanical characteristics.
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Figure 1. o-¢ diagram combined with the graph of the magnetic field X|AH| gradient total value variation due
to strain for specimen No.3.

o-¢ diagram section from point G, corresponding to the tensile strength o, to point K shows in
a dotted line variation of the true stress in relation to the varying section in the specimen’s neck
right up to the limiting (breaking) o (Figure 1). For this specimen the value of o, recorded on the
tensile testing machine diagram, is equal to 458 MPa, and the design stress o in relation to the
final section area in the neck turned out to be equal to 990 MPa.

Then the value of parameter i, for mechanical characteristics will be:

Miim = Glim | 61 = 990MIIA / 458MIIA = 2,16, (4)

Then the value of parameter my;,» for magnetic characteristics will be:

miim = Z|A Hiim| / Z|A H| =214/ 106 =2,02, (5)

where X|A Hj| u Z|A Hjim| - are total variations of SMLF modular gradients obtained when achieving
of nominal tensile strength o, and ultimate true strength o, respectively.

Thus, this experiment with steel specimen tension resulted in obtaining of a good confirmation of
the relation (3) between the magnetic and mechanical characteristics.

Studies [5] demonstrate that the square root of the ratio 6 / 6/ s equal to the average value of non-
uniform strain €,..» in the neck area:

d= G’ite,:.w (6)

Ve
Relations (4) and (6) suggest the magnetomechanical relation, which characterizes the limiting
strain capacity of the metal:

d,

i =M (D)

where djim - 1s a mechanical parameter characterizing the limiting strain capacity.

The MMM method uses the relations (6) and (7) for assessment of the metal’s limiting state, at
which a main macrocrack occurs and the damage development begins in the SCZ.

According to evaluation in [5], the maximum detection accuracy of SCZs with the limiting state of
the metal by the MMM method is not less than 90%.

It should be noted here that the opening of macrocracks at achieving the metal’s limiting state
amounts to fractions of a millimeter, which is a dead zone for the majority of NDT methods.
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Therefore it is incorrect to compare the results of inspection by the MMM method, for example,
with the results of UT, X-ray or VT. And any comments about the MMM method on over reject or
under reject are not acceptable. The methods used for confirmation of the results of inspection in
SCZs with the limiting state of the metal are: metallography, hardness measurement or control
performed, for example, by ultrasound at the search level.

If the values of the actual magnetic parameter m.c are significantly higher than mym, i.e. mac: > miim,
the size of cracks or various defects in SCZs become commensurable to the reject values in
accordance with the existing norms for UT, X-ray, etc. And in this case, in the course of additional
inspection by other NDT methods, such defects can be detected.

Combination of the results of inspection by the MMM method with other NDT methods
dramatically increases the efficiency of inspection. At present the MMM method is widely used
exactly in such complex inspection of the base metal and welded joints. SCZs are detected on the
inspection object (I0) by the MMM method in the express-control mode without any surface
preparation, then they are classified by the SMLF gradient and by the design parameter m, and after
that the specified SCZs are additionally inspected by ultrasound or other NDT methods.
Classification of magnetic anomalies by sizes of defects located on the surface and inside the 10
metal depth is possible, and the techniques of specific equipment units inspection using the MMM
method are being developed in this area.

It should be noted that in various industries different standards for unacceptable defects in the non-
destructive testing exist for identical inspection objects. Moreover, sizes of acceptable and
unacceptable defects in the existing regulatory documents, as a rule, are insufficiently substantiated
from the viewpoint of fracture mechanics. In this regard, it should be noted that an important feature
of the MMM method is that it allows, using the parameters of magnetic anomalies in SCZs that
already contain macrocracks of unacceptable sizes, to assess the extent of their danger, and to draw
conclusions about the direction and intensity of their development. In conditions when the
increasing number of metal damages on the long-term operated equipment has unexpected, fatigue
nature, the MMM method, intended mainly for the early diagnostics of such damages, has obvious
advantages over other NDT methods.

At present, more and more attention of experts is aimed at development of the technical diagnostics,
lifetime and risk assessment, and monitoring the condition of the equipment. However, the
"tragedy" of the situation is that, when assessing the limiting state of hazardous industrial facilities
(HIF), experts working in this field face the fact that the existing regulations do not contain a clear
definition of this concept from the viewpoint of fracture mechanics and materials science. Papers [5,
6] provide from the standpoint of modern knowledge of fracture mechanics a definition of such
concepts as the “limiting state of metal” in a local SCZ of a structure and the "limiting state of the
structural member itself". The MMM method allows to perform the equipment’s actual state
assessment, adequate to the above concepts, in practical diagnostics based on (3, 6, 7).

From the standpoint of modern knowledge in the field of fracture mechanics and materials science
about the metal’s and structural element’s limiting state, it is also necessary to develop new
regulatory documents on technical diagnostics, monitoring and HIF lifetime and risk assessment.

In conditions when it becomes possible, using the MMM method, to perform 100% equipment
inspection and to identify all potentially hazardous zones, suspected to the damages development,
lifetime and risk assessment becomes more specific and predictable [11].

In 2010 JSC STC "Industrial safety" supported by RSNTTD developed and put into effect
a guidance document SDOS-05-2010 "Regulation on the certification of personnel in the field of
stress-strain state non-destructive testing". Rosstandard TC-132 prepared and put into effect
anumber of national standards on "SSS Control". The demand for control of technical devices’
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stress-strain state was featured in the "Rules for audit of industrial safety", approved by
Rostekhnadzor Order No.538 of November 14, 2013. "Stress Control" as a new type of NDT was
introduced in a series of guidance documents of PJSC "Gazprom" and other industries.

However, in relation with the topic "Stress Control" there is still a lot of controversy when using in
practice different methods and inspection devices for SSS control [12]. According to [13, 14], the
main efforts of experts working in this field should be aimed at detecting SCZs - the main sources
of damages development.

Currently the MMM method, to the author’s opinion, is the most suitable for the SCZs detection in
practical diagnostics of equipment and structures. At the same time the MMM method allows to
carry out assessment of the actual SSS of all structural elements in the express-control mode based
on 100% examination.

Capabilities of non-contact magnetometric diagnostics (NCMD) of buried pipeline sections are of
particular note. NCMD is also based on the regularities identified by the MMM method during the
contact inspection. NCMD records magnetic anomalies in the geomagnetic field distribution caused
by variation of the pipeline metal magnetization in stress concentration zones and in the areas of
developing corrosion-fatigue damages.

Inspection of buried (or underwater) pipelines using NCMD must find an answer to the question:
"When and where to expect damage or an accident?" Application of NCMD combined with the
additional inspection of pipelines in the "prospect holes" (UT, eddy current, etc.) is aimed at
solution of this problem. It is currently not possible to detect and classity developing defects in
pipelines only based on the results of NCMD without any additional inspection in prospect holes.
However, it should be noted that if, based on NCMD results, additional inspection detected
unacceptable defects only in a few SCZs of a multitude of detected SCZs, such a result is
sufficiently effective! Because it is known that even the one prevented accident, for example, on
a gas or oil pipeline, covers all costs of NCMD performing.

3 Conclusions.

The main purpose of the MMM method and its application scope should be noted:

o Quick screening testing of mechanical engineering products' quality for metal defects and local
SCZs detection;

o carly diagnostics of corrosion-fatigue damages and residual lifetime assessment of equipment
and structures;

o defects detection (lamination, casting defects, etc.) in the deep layers of metal through the use
of SMLF geometric parameters conditioned by dislocations glide pads in SCZs;

e 100% inspection of 10 to detect local SCZs - sources of damages development;

« improving the efficiency of 10 NDT due to application of the MMM method in combination
with other NDT methods;

o reduction of material costs for performance of inspection due to refusing the use of artificial
magnetization of 10 and surface dressing (and in some cases - of insulation removal from 10).

The use of the MMM method provides the opportunity to study the metal’s structural and
mechanical properties at the physical level during specimens laboratory testing.

The use of the MMM method applies to any products made of ferromagnetic and paramagnetic
material. At present in power engineer, petrochemical, oil, gas and other branches of Russian
industry the MMM method is included in a number of guidance documents and industry standards
(more than 50 documents).
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Abstract

Industrial pipelines paly a very important role in the petrochemical, refining, steel and power
generation industries. Most of these pipelines are buried and their integrity is highly important.
Defects like corrosions and cracks destruct the integrity of pipeline and can cause highly
dangerous damage results. In Taiwan, the explosion of buried pipelines in Kaohsiung in 2014
has had a major impact on public safety. The issues related to pipelines inspection and safety
management have been the focus of attention in the past few years. The guided ultrasonic
wave technique can provide the possibility for rapid screening in long pipelines with corrosion.
Especially the torsional mode T(0,1) of guided waves has been used in the cases of the pipe
in the hidden region substantially. In this study, several cases included aerial river crossing,
corrosion under insulation, corrosion under pipe support, and soil to air corrosion were shown
and the screening strategy of guided wave testing in different cases were discussed.
The results showed that using guided wave as a screening tool and combining other NDT
techniques can provide 100% volumetric coverage of the pipe wall. Areas having limited
access for conventional NDT were also able to be inspected by guided wave.

Key words: guided wave, corrosion, screening, pipeline

1. Introduction

In a petrochemical plant, pipelines are used to transport all kinds of fluids, and specific
kinds of pipes, such as coated pipes, are selected in response to different
environmental conditions. Although pipelines can withstand high temperature, fire and
remain stable under such conditions, water can easily penetrate the gap between the
pipe and the coating material, resulting in a wide range of general corrosion mixed with
localized corrosion. Inspection in these cases is extremely difficult. The picture in
Figure 1 indicates an area of severe localized corrosion, circled by white chalk,
embedded in the general corrosion environment. There are a variety of inspection
methods, such as conventional ultrasonic testing, radiography testing, eddy current
testing and magnetic flux leakage testing for pipe inspection. However, as for the long-
range pipe inspection with those ordinary non-destructive testing methods are
expensive, time-consuming, and do not perform a 100 % screening of the pipe.
Especially in the cases of the pipe in the hidden region, i.e., insulated, buried, coated
or other inaccessible regions cannot be easily inspected without expensive preparatory
work. Contrary to the localized inspection methods, an alternative ultrasonic technique,
guided ultrasonic waves, provides the possibility for rapid, reliable, 100 % coverage,
and inexpensive nondestructive assessment of the pipelines. “Guided waves” is a type
of wave propagation in which the wave is guided by the geometry of structures when
the constructive interference of bulk waves happened. The pipe wall acts as a guide.
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The advantages of guided wave include rapid screening, in service inspection,
significant reduction of access costs, larger versatility owing to dispersive and
multimodal nature, and 100 % volumetric coverage of the pipeline cross-section and
the allowance of evaluating the inaccessible areas of complex structures. Those
advantages make the technique sit high on the roster of non-destructive testing tool
for inspecting long sections of pipe.

Alleyen and Cawley [1] developed dry coupled length-expander piezoelectric
transducer based arrays bonded on the surface of the pipe axisymmetrically for
emitting the longitudinal modes in the pipe at frequencies in the 50-70 kHz range. Site
trials of the portable, dry-coupled piezoelectric transducer system showed the ability of
the L (0,2) mode of propagating over distances approaching 50-m in a 6-inch steel pipe
[12]. A substitute for the L(0,2) mode is to use the T(0,1) mode. The T (0,1) mode had
been employed at lower frequencies to perform the rapid screening of long sections of
pipe and this was implemented in the WaveMaker Pipe Screening system developed
by Guided Ultrasonics Limited [3]. In the meantime, Sheard and McNulty [4] carried
out comprehensive trials applications of guided wave inspection operating in the field
under different site conditions. Cawley et al. [5] had discussed the progress of guided
wave testing design for long-range inspection of pipe from research work to
a commercial testing system at frequencies below 100 kHz.

Fig.1 Severe corrosion on pipes.

There are various ways to generate guided wave on pipe. The generation of guided
wave modes depends on the characteristics of the excitation source. The commercial
system WaveMaker Pipe Screening System G3 is used by Taiwan Metal Quality
Control Co. Ltd. (TMQC) to generate the T (0,1) mode by wave structure matched
method in this study. The transducer elements clamped to the pipe surface with a collar
are dry coupled piezoelectric transducers and constructed using shear-polarized PZT
elements. The transducer rings are classified as either solid ring (used for 4-inch pipe)
or inflatable ring (used for larger than 6-inch pipe). The WaveMaker Pipe Screening
System G3 consisting of ultrasonic guided wave transducer ring, the WaveMaker
instrument, power supply, computer and cables is shown in Figure 2. To perform
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a guided wave testing, the transducer ring is wrapped around the pipe and inflated to
20 psi firstly as shown in Figure 3. After connecting the ring, the instrument and the
computer, signals with different frequencies were used to generate the torsional mode
T(0,1) propagating forward and backward on the pipe. Features such as bends,
supports, welds and defects reflect the guided waves, while the reflected signals are
received by the same transducer ring. All features in the scanning section of pipe are
detected at the same measurement and the results are presented by the A-scan and
C-scan display. The circumferential location is measured in a counter-clockwise
direction in the forward direction of wave propagation and the axial location is
measured from the distance between the transducer ring and the feature. In Figure 4,
the lower part shows the A-scan display, the upper part is the C-scan display and
a gray band between the A-scan and C-scan represents the schematic diagram of the
pipe system under test. On the gray band, a black short line is marked as a weld,
a triangle is marked as a pipe support and a rectangular band is marked as a pipe
elbow. The processed results lines in the A-scan display are plotted in black for T (0,1)
mode and in red for F(1,2) mode. The green bar is the dead zone of the measuring
distance. The signal in the dead zone at zero distance cannot be collected and the
gray area next to the dead zone is the near field of the transducer ring. It should be
noted that the amplitude of the reflected signal in the near field cannot be measured
for calculation. The horizontal axis is the distance from the position of the transducer
and the vertical scale is the reflected amplitude in mill-volt in the figure. There are also
two dashed lines called distance amplitude correction (DAC) lines, one of them is the
weld level DAC and the other is the call level DAC. The results in C-scan display show
the circumferential distribution of the indications around the pipe. In the C-scan display,
horizontal axis denotes the distance from the position of the transducer, and the vertical
axis denotes the circumferential location around the pipe. The images of the C-scan
display processed by imaging algorithms show the amplitude of reflected signals over
the unwrapped wall of the pipe.
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Fig.4 A-scan and C-scan representation of the GW signal

2. Case Study of Corrosion under Insulation Inspection by GWT

Guided wave testing was used to inspect insulated pipelines. The following details the CUI
case of a pipe insulated by a more than 15 years insulation, where the pipe is prone to
corrosion due to the combined effect of a corrosive atmosphere and a humid environment.
The guided wave inspection was conducted on a 29 m-long section of 16 inch sch30
pipe between two elbows. As shown in the Figure 5, the array ring was set on the pipe
section with removing the old insulation and configured to generate and receive the
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torsional mode, T (0,1). Wavemaker G3 system was used to generate the signal and
the laptop showed the collected data as the A-scan and C-scan. In Figure 6, each peak
in the A-scan display represents a reflection from a pipe feature, such as pipe elbows,
welds and the expected corrosion; the reflection of the welds shows a high amplitude,
while the reflection of the corrosion shows a lower amplitude. There is a butt weld of
the elbow at about 6.1 m from the ring labeled here as +F2. This was an important
reference position for reporting and follow-up tests. Two possibility of severe corrosion
indications can be seen at 4.7 m and -12.35 m, labeled on the schematic diagram as
C1 and C3 respectively. The two signals show peaks in both the black and the red
signals, indicating that the feature is non-axisymmetric. The C-scan shows the
indications occurs at the bottom of the pipeline. Interpretation of the C1 and C3 signal
amplitudes indicated an estimated cross-section loss of about 5% and 6% of the cross-
sectional area of the pipe. Indications C1 and C3 are normally not uniform around the
circumference, so they cause mode conversion. Thus, the peaks of red line get closer
to the black line.

A visual testing and 3D Laser scanning technique were adopted to follow-up the severe
indication C3. As shown in Figure 6, the picture of the severe corrosion can be seen
at the location of C3 after removing part of the insulation and cleaning the pipe surface.
The VT result showed one localized corrosion with a depth 6.5 mm and diameter 50
mm was founded at the bottom of the pipe. In Figure 7, the data of the pipe corroded
surface was collected by a portable 3D laser scanner. The depth and the size along
the axial and circumferential direction of the corrosion was measured by a virtual pit
gauge method. The result showed the size of the corrosion is 6.53 mm in depth, 63.6
mm in axial length, and 58.5 mm in circumferential length.

G

Fig.5 Case I: 16 inch pipe CUI Inspection by GWT
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Fig.7 Using 3D Laser Scanning result to verified the indication C3.

3. Case Study of Corrosion under Welded Support Inspection by
GWT

In Taiwan, according to the explosion by buried pipe leakage, the buried pipe safety is
the focus of the requirements over the pass two years. For long-range pipelines,
unburied section is easy to be corroded especially located at the pipe support on river
crossing section. Guided wave testing was used to inspect the coated pipelines.
The following details the CUS case of a pipe, where the pipe is prone to corrosion due
to the broken bitumen coating and the water from the river.

62 DEFEKTOSKOPIE 2018



The guided wave inspection was conducted on a 18 m-long section of 4 inch sch40
pipe under the river. As shown in the Figure 8, the array ring was set on the pipe section
with removing the old bitumen coating and configured to generate and receive the
torsional mode, T (0,1). In Figure 9, each peak in the A-scan display represents
a reflection from a pipe feature, such as pipe welds, longitudinal welded supports and
the expected corrosion; the reflection of the two welds show a high amplitude, while
the reflection of three pipe supports show a lower amplitude. There is a butt weld at
about 1.5 m from the ring labeled here as +F1. This was an important reference
position for reporting and follow-up tests. One possibility of severe corrosion
indications can be seen at -2.0 m, labeled on the schematic diagram as S4.
Considering the reflection behaviour of the longitudinal welded support, the big
reflection should be dominated beyond the beginning of the pipe support [6]. However,
by comparing the two signals of pipe support S4 and S5, at the exact beginning location
of the welded support, S4 shows a bigger reflection (11%) than S5 (<3%). The signal
show peaks in both the black and the red signals, indicating that the feature is non-
axisymmetric. The C-scan shows the indications occurs from 6 o’clock to 11 o’clock of
the pipeline. Interpretation of the S4 signal amplitude indicated an estimated cross-
section loss of about 11% of the cross-sectional area of the pipe.

A visual testing was adopted to follow-up the severe indication S4. As shown in Figure
9, the picture of the severe corrosion can be seen at the location of S4 after removing
part of the coated bitumen and cleaning the pipe surface. The VT result showed
corrosion patch with a maximum depth 3.0 mm.

Fig. 8 Case Il: 4 inch pipe CUS Inspection by GWT
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4. Case Study of Soil Interface Corrosion Inspection by GWT

The third case is also for long-range pipelines, aerial river crossing section is very
important because the pipeline is under the bridge which many vehicles passing
through the bridge every day. Once an explosion occurs on pipeline, it will directly
affect the safety of residents. Most of the interface between the buried section and the
aerial river crossing section would be covered by soil and loosen concrete. Water and
Oxygen are easy to get together at the interface and induce the corrosion on pipeline.
The following details the soil interface corrosion (SIC) case of a pipe, where the pipe
is prone to corrosion due to the loosen soil and concrete and the water from the rain.

The guided wave inspection was conducted on a 12 m-long section of 6 inch sch40
pipe under the river. As shown in the Figure 10, the array ring was set on the pipe
section and configured to generate and receive the torsional mode, T(0,1). In Figure
11, each peak in the A-scan display represents a reflection from a pipe feature, such
as pipe welds, pipe supports and the expected corrosion; the reflection of the two welds
show a high amplitude, while the reflection of pipe support show a lower amplitude.
There is a butt weld at about 4.2 m from the ring labeled here as +F2. This was an
important reference position for reporting and follow-up tests. Two possibility of
corrosion indications can be seen at 7.8 m and 8.0, labeled on the schematic diagram
as +F3 and +F4. The +F3 signal show peaks in both the black and the red signals,
indicating that the feature is non-axisymmetric. The C-scan shows the indications
occurs from 5 o’clock to 6 o’clock of the pipeline. Interpretation of the +F3 signal
amplitude indicated an estimated cross-section loss of about 7.5% of the cross-
sectional area of the pipe. The +F4 signal show peaks with bigger black signal and
smaller red signal, indicating that the feature is non-axisymmetric. The C-scan shows
the indications occurs from 10 o’clock to 2 o’clock of the pipeline. Interpretation of the
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+F4 signal amplitude indicated an estimated cross-section loss of about 11% of the
cross-sectional area of the pipe. Comparing the two signal +F3 and +F4, +F3 was
marked as severe corrosion indication because the ratio of red/black is close to 1
although the +F4 signal shows bigger black signal than +F3.

A visual testing was adopted to follow-up the indication +F3 and +F4. As shown in
Figure 11, the picture of the severe corrosion can be seen at the location of +F3 after
removing part of the loosen soil and concrete. The VT result showed a corrosion with
a hole at the location of +F3 and corrosion patch with a maximum depth 3.0 mm
distributed on the top surface of the pipeline.

GW Ring

- —
™

Fig.10 Case llI: 6 inch pipe SIC Inspection by GWT
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Fig.11 SIC GWT results and VT results
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5. Conclusion

In Taiwan, the safety of long distance pipeline is paid close attention to in recent years.
Besides the anticorrosion potential measurement and long distance pipeline
anticorrosion monitoring mentioned in NACE specifications, we TMQC used guided
wave testing technique to provide another scheme for checking the unburied section
of pipeline service safety. The result in this study showed that using guided wave as
a screening tool is typical of the best application of the technique in the field. For long-
range insulated pipeline, GWT screened the whole pipeline with removing part of the
insulation and called the indications to identify the follow-up location. Areas having
limited access for conventional NDT were also able to be inspected by GWT.
The combination of GWT and other NDT techniques can implement effective
inspection in the pipeline safety management.
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Abstract

This paper discusses the methods that detect the leakage of the pneumatic circle of the bus door,
shedding light on a new approach to determining the leakage. Difficulties that face the leakage
detection process are related to the complicated circle, and the available methods for detection.
Applying different methods of non-destructive testing and distinguishing between them through
acoustic emission. The study concentrates on the analysis, investigation, performance, and the
new applications of the pneumatic circle of bus door. An artificial leak is made in the circle which
is controlled manually to determine the quantity and location. The necessary parameters for
comparison have been selected after analysing the signals that were obtained from the tests.
Root mean square (RMS) of acoustic emission signal, frequency spectrum and time describe the
different responses and changing in the signal with and without leakage related with the behaviour
of the signal during open and close the door.

Due to more stringent safety requirements, buses used by public transport companies and private
operators have had safety controls fitted to protect their passengers and to reduce the hazard of
accidents in the traffic.

Key words: Acoustic Emission, Root Mean Square, Frequency Spectrum, Leakage.

1. Introduction

Acoustic emission testing is a method of non-destructive testing (NDT). Elastic stress waves
generated by the energy released when microstructural changes occur in a material propagated
through the pipe wall and recorded by using acoustic sensor [1]. Fundamental principles of AE
leak detectors rely on the fact that escaping gas or liquid through a small breach creates a high
frequency sound wave that travels through the enveloping system via an acoustic leak path [2].
Partitioning between transmitted and reflected waves in the leakage detection depends on the angle
of incidence and relative material acoustic impedances [3]. The efficiency of the acoustic methods
for the leakage detection was studied and the problem of the use of threshold was discussed to
determine the leakage sources [4].
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Pneumatic actuators convert fluid energy into straight line motion (linear actuators). Pneumatic
systems are used in various fields of technology, for different purposes, to achieve different tasks.
Compressed air has been used to drive a variety of tools: air hammers, polishing, drilling,
transportation of loose materials, pneumatic brake systems and door opening [5].

Door control on bus door has three input and two output signals. Each output is functionally
connected to all inputs and analytical represents a logical function of three variables upon which
the entire system be described [6].

A variety of defects can occur, which could lead to a catastrophic failure. Therefore, it is important
to detect as soon as possible. Those defects include leakage, leaks in motion, galling and
mechanical defects. Leakage can be caused by the deterioration or loss of sealing function, damage
of the seals within the components. defects cause high cycle fatigue damage from an external force
[7]. The results were compared to find distinctive differences between the damaged and
undamaged cylinders. The frequency spectrum, counts and events were not sufficient to identify
all defects. The frequency spectrum was replaced later by the RMS. The results of the research
proved the relation between RMS and leakage. For the AE signal, the most frequently used AE
parameters are the RMS [8].

=T

]

_© 1.@

Figure 1 Basics of pneumatic installation bus for transport [6]

2. The experiment

The experiment was conducted in a specialized laboratory at Brno University of Technology. The
experiment platform contains testing devices and some equipment including cylinders, AE sensors
which are installed on different positions of the cylinder, air pressure supply, pneumatic control
system, the linear potentiometer and the AE monitoring system by analyser DAKEL — Zedo and
components of installation opening and closing the door on the buse.
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Figure 2 Related components of installation opening and closing the door on the buses [6]
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Figure 3 Simulation of the pneumatic driving circle to open the door

3. Results and discussion

The signals were obtained by two sensors, one of them on the right (A) and the other on the left
(B). using a pen test before each measurement to ensure that the sensors have the same amplitude.

The relation between RMS and displacement explains the steps of movement of piston of cylinder
and the changing of signal according to initiation and end of stroke and damping area.

In progress stroke, the piston starts to move without any changing on the signal, which is steady
and smooth. When the head of piston arrives to the cushion area the signal changes as shown in
the figure 4, until the head of piston impacts the head cap cushion and stops for 0.1second and
returns to make the retreat stroke in the same way.
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Figure 4. The relation between RMS and displacement for undamaged cylinder No.33

However, undamaged and damaged cylinders were compared to find distinctive differences
between them. the data was normalized. All cylinders had the same throttling adjustment before
and after creating the artificial defect. In case of damaged cylinder, the time of the stroke was

extended. The stroke time should be the same but the defect in the cylinder causes this delay.
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When the door is closed and there is no leak in the port of cylinder

In the progress stroke, the load and the pressure are in the same direction. After the valve is opened
by the digital input, the air hits the piston and makes a peak in the signal. There are some effects
on the signal at the beginning due to the air passing through the throttle nozzle; the piston vibrates
at the beginning of its movement then the speed of its movement becomes steady until the initiation
of the damping phase. The high amplitude of AE near sensor A is a result of the damping that
happened in the head cap of the cylinder. When the head cushion piston impacts the head cushion
cap, a small peak in the signal appears, and after that the air is expelled.

In the retreat stroke, the load and the pressure are in different directions. After the valve is opened
by digital input, the air impacts the piston and makes a peak in the signal. There is a delay in the
movement and the signal at the beginning because it needs enough pressure to move the piston.
Following that, the speed of its movement becomes steady until the initiation of the damping phase.
The high amplitude of AE near sensor B is a result of the damping that happens in the rear cap of
the cylinder. When the rear cushion piston impacts the rear cushion cap, a small peak in the signal
appears. After that air is expelled.
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35
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Figure 7 When the door is closed and there is no leak in the port of cylinder

(1) the valve is opened by the digital input to let the air pass through the port, (2) the impact of the
air at the cushion piston, (3) the initiation of movement, (4) the initiation of the damping phase
21.7mm before the TDC, (5) when the cushion piston impacts the cushion cap, and stops, (6) the
end of venting air and relaxing and the end of the stroke.
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When the door is opened and there is no leak in the port of cylinder

In the progress stroke, the load and the pressure are in different directions, it acts in the same way
as in the previous example. In the retreat stroke, the load and the pressure are in the same direction,
and it also acts in the same way as the previous example.

3
Y-S : . - : 100
] ———Sensor A |
18- I \ ——Sensor B \ 4\
. I —— Displacement mm ‘\\‘
: 3 =~ dighal gt &
16+ . (= =" digiial input} 80
1
14 Progress I lRetreat|
: 1
E
1
12} 19 160 E
> “u |/ 5
4L
= 1 E
74 ! 2
L 1 al
08 : 40 g
1
061 i
5 1
04F / 6 ] 120
."rll -‘fj |
0.2 [/ 1
{ f
¥
0 0
0 0.5 1 15 2 25 3 35 4
Time s

Figure 8 Load 1 kg was applied above the undamaged cylinder

When the door is closed and there is leak in the port of cylinder

When the load is below the cylinder. In the progress stroke, the load and the piston movement are
in the same direction; the leak is in port B and the air is expelled through port A, so there is a huge
amplitude of RMS from sensor B, and there is a signal from sensor A. The leak continues flowing
from port B after the piston stop, so the signal from sensor B is bigger than from sensor A.

In the retreat stroke, the load and the piston movement are in different directions; the leak is from
port A and the air is expelled through port B, so there is a huge amplitude of RMS from sensor A,
and there is a signal from sensor B. The leak continues flowing from port A after the piston stops,
so the signal from sensor A is bigger than from sensor B.
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Figure 9 When the door is closed and there is leak in the port of cylinder

When the door is opened and there is leak in the port of cylinder

Displacement mm

When the load is above the cylinder. In the progress stroke, the load and the piston movement are
in different directions; the leak is in port B and the air is expelled through port A. The RMS from
sensor A and the RMS from sensor B are in the same amplitude, and the leak continues flowing
from port B after the piston stops, so the signal from sensor B is bigger than from sensor A. In the
retreat stroke, the load and the piston movement are in the same direction, and the leak is from

port A and the air is expelled through port B. The RMS from sensor A and the RMS from sensor

B are in the same amplitude. The leak continues flowing from port A after the piston stops, so the

signal from sensor A is bigger than from sensor B.
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Figure 10 When the door is opened and there is leak in the port of cylinder

4. Conclusion

Current results show good conformity and reproducibility. Acoustic emission application
in this domain of diagnostics brings higher quality results than currently used methods. Acoustic
emission detectability of leakage depends on detection sensitivity, detection selectivity,
differential pressure, and leak size. The Acoustic emission can be applied to detect and locate leaks
if there is enough pressure fluid acting across the leak. The obtained results prove significant
sensibility of acoustic emission signal in this application domain.

When there is a leak in the port of the cylinder, the peak of the signal appears during the stroke,
not only in the damping phase.

The RMS parameter can be used as an important criterion for the evaluation of pneumatic
cylinders, particularly in combination with other monitored parameters.

The specific ratio between maximum RMS from sensor B and sensor A in the retreat stroke can
determine whether the cylinder is damaged or undamaged.

This project in the beginning of the research, and this is the first step to collect data and measuring
and the research will be continued.
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Abstrakt

Aditivni vyrobni technologie 3D tisku (AM — Additive Manufacturing) se v soucasné dobé
klasické vyrobni postupy. 3D tiskarny tavici kovové préaSky pomoci laserovych Ci
elektronovych paprski (LBM, EBM) vyZaduji spravnou volbu mnoha nastavitelnych
parametru. Nevhodné zvolené vyrobni podminky maji za nasledek vznik zéarodecnych
defektd, jako jsou vysoka porozita, neprotavené oblasti (,trhliny“) v kladenych vrstvach apod.,
které maji za nasledek Spatné mechanické viastnosti a mohou vést k poruSeni soucasti.
Optimalizace parametri vyZaduje zpétnou vazbu na zakladé NDT/E metod ke
kvantitativnimu hodnoceni vyskytu poruch. Komplikovana geometrie a vnitfni struktura dilt
omezuji moznosti pouZiti standardnich, relativné jednoduchych a levnych NDT/E metod.
V prispévku jsou diskutovany vysledky nedestruktivniho testovani prizmatickych vzorki
z materialu Ti-6Al-4V vyrobenych 3D tiskem (EBM) s uméle vytvofenymi vadami (porozita,
centraini trhliny“). Vzorky byly testovany nelinearnimi ultrazvukovymi metodami NEWS
(nelinearni ulfrazvukové spektroskopie). Ke kvantitativni kalibraci stochastické porozity zjiSténé
NEWS metodami (0,2 — 25%) byly vzorky nasledné hodnoceny pomoci metalografickych
vybrust. Nejlepsi vysledky klasifikace porozity byly ziskany pomoci metody NWMS (nelinearni
vinovd modulace) a ESAM (analyza symetrickych excitaci). Jako velmi jednoduché kritérium
porozity se ukazal také Sirokopasmovy prenos signaltl rozmitanych v rozmezi 100-300 kHz.

Klicova slova: 3D tisk kovovych soucasti, nedestruktivni hodnoceni, nelinearni ultrazvukova
Sspektroskopie.

Abstract

Additive manufacturing (AM) of metallic parts (3D printing) becomes today very effective
technology for production complicated metallic parts. 3D printers, melting metallic powders
using laser or electron beams (LBM, EBM), require setting of many variable parameters,
which determine quality and performance of printed parts. Inappropriate conditions lead to
presence of incipient defects, like high porosity, cracks, etc., which can result in bad
mechanical properties and failures. AM process optimization requires a feedback from
nondestructive testing and evaluation (NDT/E). Complicated internal structure, complex
geometry and internal structure limit applicability of standard, easy, and cheap NDT/E
techniques to quantitatively assess the initial faults. In this contribution are discussed NDT
results obtained by NEWS methods (Nonlinear Elastic Wave Spectroscopy) to classify
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presence of pre-determined defects in Ti-6Al-4V prismatic samples fabricated by EBM
printer. Quantitative calibration of porosity (0.2 to 25 %) was additionally realized by
metallography. The best porosity classification results were obtained by NWMS (Nonlinear
Wave Modulation Spectroscopy) with chirp excitation and ESAM (Excitation Symmetry
Analysis). Very simple and reliable is also the overall chirp energy transfer in frequency band
100 to 300 kHz.

Keywords: additive manufacturing of metals, 3D printing, Non-Destructive Evaluation,
nonlinear elastic wave spectroscopy.

1. Introduction

3D printing builds objects by joining materials one layer at a time, usually building
them from the bottom up [1], which provides freedom to design parts, optimizes their
functionality and eliminates conventional manufacturing processes. Manufacturers
introduce their own unique technologies generally divided into categories defined in
the ISO/ASTM 52900:2015 Standard. This paper focuses on printing of metals using
Electron Beam Melting (EBM) manufacturing technique [2]. This technique implies
complicated processes with many variable parameters determining the performance
and resulting product quality, which needs NDT/E methods as for online process
control as for NDT of final products. Principles and characteristics of used test
methods are specified in the standard 1ISO 17296-3:2014, and review of NDT/E
methods applied in AM is in the study [3]. Mostly used are e.g. visual methods, X-ray
radiography and computed tomography, neutron diffraction, shearography,
thermography, profilometry, digital image correlation, and acousto/ultrasonic methods.
Acousto /ultrasonic methods ranging from simple tap tests to C-scanning and
acoustic emission provide automated quality control and defect detection [3],
nevertheless the presence of complex internal structure, mixed materials, and
complex shapes limit their standard procedures applicability. Most frequently
investigated defects are in the AM literature defects like porosity and internal voids or
cracks, difficult to evaluate and classify. Therefore, our research was focused on
nonlinear ultrasonic, especially to Nonlinear Elastic Wave Spectroscopy (NEWS),
which was not yet used for that purpose. NEWS methodology is less expensive and
less complicated than computed tomography and similar methods. All NEWS
procedures at ultrasonic frequencies consist in excitation of samples by transmitting
transducer(s) and recording the response by receiving transducer(s). Transmitter is
emitting elastic waves of fixed or variable frequencies with constant or growing
amplitude as to excite nonlinear effects due to presence of defects exhibiting local
nonlinear elastic behaviour [4].

2. 3D printed samples with artificial defects

The goal of this study was to ascertain potentialities of NEWS methods to detect
manufacturing defects in 3D printed metallic samples from Ti-6Al-4V alloy. In the
Fraunhofer Institute IFAM-DD in Dresden (IFAM) were prepared two sets of prismatic
test specimens of two sizes: a) 60 x 15 x 10 mm, and b) 100 x 20 x 15 mm. Samples
contained artificially created internal defects of two types along with dense samples
without defects. Both printed series were fabricated by EBM on an Arcam Q20+
machine operating at acceleration voltage of 60 kV and a helium pressure of
4-10°% mbar. Powder with a nominal particle size from 45 ym to 105 ym was supplied
by Arcam AB. The fresh powder chemical composition of Ti alloy was 6.25 % Al,
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4.23 % V and 1200 ppm O. The build process began with the preheating of the steel
start plate to ~700 °C. Fresh powder was applied in 90 um thick layers, which were
heated by fast scanning with a defocused electron beam. For the fabrication of dense
titanium samples the standard parameter set was used. A beam current between
3.5 mA and 28 mA depending on scan length was employed. The lateral distance
between parallel scan lines was 220 ym. The beam was not used with its smallest
diameter below 200 ym, but defocused. Scan speed was adjusted such that line
energy (i.e. beam power relative to scan speed) of ~800 J/m resulted.

Two types of created artificial defects were 1) disc-shaped free volumes with 5 mm
diameter and thicknesses between 200 uym and 500 ym (one per sample) were
omitted from melting. Because overhanging surfaces tend to sink in, the real
geometry of these artificial cracks was less defined and their thickness is somewhat
smaller. The second type of defects was created by the line energy reduction down to
200 J/m within a volume of 30 x 9 x 6 mm size centered within the samples in the set
a) and shifted to one end in set b). This leads to a formation of lack of fusion defects.
This type of porosity has irregular shape and is randomly distributed within the
sample volume. The samples of both series and their defects are listed in Table 1
(set a) and Table 2 (set b), and shown in Fig. 1 and Fig. 2.

Table 1: Set a) of tested samples

Circular defects
#0.dense sample

#1.circular defect @5 mm, 200 um max. thickness
#2.circular defect @5 mm, 300 ym max. thickness
#3.circular defect @5 mm, 400 ym max. thickness

#4.circular defect @5 mm, 500 ym max. thickness
Porosity

#5.dense sample

#6. average stochastic porosity 0.9 %

#7. average stochastic porosity 10.1 %

#8. average stochastic porosity 14.3 %

#9. average stochastic porosity 25.0 %

Fig. 1: Samples of set a). Defects schema
(up) and photos of grinded samples (down)
Table 2: Set b) of tested samples

Porosity - shifted along the z-axis (asymmetry)
#A. stochastic porosity (little)

#B. internal volume with stochastic porosity (more)
#C. internal volume with stochastic porosity (max)
#D. dense sample

Circular defects - rotated 15° around x- and y- axis

#E. circular defect & 6 mm, 250 ym max. thickness
#F. circular defect @ 10 mm, 250 um max. thickness

Fig. 2: Samples of set b) with one grinded side

At the beginning were samples tested by standard ultrasonic NDT with direct probes
4 to 8 MHz in both Pulse/Echo and Pitch/Catch modes from all sides. Due to internal
microstructure inhomogeneity all AM samples (including “dense”) exhibited a lot of
internal reflections, so that it was not possible reliably distinguish various sample
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damages. After that, the NEWS tests were realized with various procedures.
The elastic nonlinearities are classified as “classical” or “non-classical” (hysteretic),
which may be caused by presence of defects. Such nonlinear wave (dynamic) effects
are manifested e.g. by resonant frequency shifts, generation of harmonics and
subharmonics, odd harmonics enforcement, frequency mixing (intermodulation),
nonlinear wave front reversal (time reversal nonlinearity), amplitude dependent
attenuation etc., and nonlinearity is quantified by various parameters. The mentioned
types of defects are illustrated in Fig. 3 and Fig.4. Fig.3 shows circular defects of max
thickness 200 and 500 um in samples similar to #1 and #4 made in parallel with set
a), and observed on their metallography sections. Fig.4 shows four metallographic
cross sections performed after measurements on the sample #7 of set a), which

illustrates stochastic porosity of average evaluated from figures as 14.3 %.

¥
N

Fig. 3: Circular defects of diameter 5 mm and maximal thickness of 200 (leff) and 500 (right) um,
respectively. Cross sections of defects are shown on metallography of samples similar to #1 and #4.

Porosity [%] = 6.5

-

Fig. 4: Metallographic cross sections of the sample # 8 with average porosity 14.3 %.

3. Experimental setup and procedures

Experimental setup in series a) used for NEWS methods was relatively simple. It is
shown in Fig.5. To the sample shown in left part were to opposite sides glued by
cyanoacrylate two piezoelectric transducers DAKEL IDK 09 (6 mm diameter),
one for transmitting and second for receiving of ultrasonic waves in frequency band
100-600 kHz. Excitation amplitudes used in NEWS tests were relatively low (dynamic
displacements of the order 10 to 10* m). Signals were generated by arbitrary
waveform generator (AWG) of the TIE-PIE HS5 combined USB device (digital
oscilloscope and AWG) and amplified in power amplifier up to 70 V output. Second
transducer detected waves passing through the sample length and the output signals
were recorded with one HS5 oscilloscope channel and stored to PC where they were
evaluated in MATLAB and damage indicators were derived.
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Fig. 5: Equipment used for NEWS tests in a) series and the sample with glued transducers.

Similar arrangement was used in the series b) tests where transducers were not
glued to samples but only pressed with constant force through Si-vaseline. In some
tests was also used a laser Doppler vibrometer as receiver for the sample scanning
along its length.

Three different NEWS procedures were applied in measurements:
1. Harmonics growth analysis with growing excitation amplitude [4]
2. Nonlinear wave modulation spectroscopy (NWMS) [5]
3. NEWS Excitation symmetry analysis (NEWS- ESAM) [6]

Three another NEWS procedures were also tested - Nonlinear Resonance Spectroscopy
(NRUS) [4], Scale Subtraction Method (SSM) [7], and Pulse Inversion (PIl) [6], but they
gave not satisfactory results. All tested methods were more successful in
classification of porosities and less in the case of circular defects.

4. Results of NEWS testing methods

4.1. Harmonics growth analysis

Each specimen of set a) with porosity defects (#5 - #9) was tested five times while
the transmitting transducer was always reattached. Samples were excited by the
chirp function 150-400 kHz with 25 V amplitude. The response was recorded at
10 MHz sampling frequency. Then, the spectrogram was computed using cosine
tapered window 2.5 ms long. Excitation frequency is almost constant in such window
and harmonic frequencies can be extracted. The samples exhibited a strong
resonance between 150 to 250 kHz, and the optimal range for nonlinear analysis was
found between 300 to 400 kHz. Sample nonlinearity was revealed by emphasized
harmonics. The results show that nonlinear ultrasonic analysis can be used to
distinguish degree of porosity. Attenuation of the material increases with porosity
as well, which is documented by decrease of fundamental amplitude in Fig.#6a),
second harmonic also decreases (Fig. 6b), but the third harmonic increases (Fig.#6c)
and the ratio of 3™ to 2" harmonics reliably indicates porosity growth, which can be
used as a simple damage criterion (Fig.#6d) If we compare that diagram with
average stochastic porosity evaluated from metallographic sections (Fig.#6e), we
obtain directly porosity calibration curve (Fig.#6f). These dependences are caused
by increasing hysteretic nonlinearity of the porous materials.
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Fig. 6: Amplitude changes of fundamental and harmonics with growing porosity at samples #5 to #9.

4.2. NWMS (Nonlinear Wave Modulation Spectroscopy)

NWMS, the nonlinear wave mixing procedure [5] consists in sample excitation with two
different relatively prime fundamental frequencies f; (lower) and f2 (higher) with growing one
or both their amplitudes. Resulting spectra contain together with both fundamental
frequencies also their higher harmonics like in previous case and also intermodulation side
bands: (2f;,3f1,...), (f2 £ fi. f>  2f1, ..., 2f% fi,... ). This procedure allowed classification of
samples with circular gap defects but not completely unambiguously. For the tests of series
a) samples #0 to #4 (maximal gap thickness 0, 200, 300, 400, and 500 pm) were chosen
mixing frequencies f1= 62 kHz and f2= 116 kHz, which were summed to create excitation
signal with frequency f =f;+f, and amplitude A(f) = A(f;)+A(f.) (ratio 1:1). Resulting signal was
transferred to AWG and through the power amplifier emitted to the sample by only one
actuator. The input amplitude was growing step by step from 0.02 V up to maximum 1V.

Responses were different as each sample has different attenuation at different frequencies.
Spectral values of sidebands resulting from 50 measurements with growing excitation
amplitude were fitted by straight lines, and their normalized slopes were used for samples
classification. The most promissing results for defect classification exhibited first order
intermodulation around the 3 harmonic of frequency f2: 3f, + f,. The resulted slopes with

growing excitation amplitude are plotted as column diagrams in Fig. 7.

sl | ¥ DA4TIx+ D 328T ?_

sf2—f1 i 3f2+f1

,o | 286 kHz

| 10 -'-H.OkaI/
. | [ I i I
o 1 3 £ 4 |

Fig. 7: Slopes of 3f2 + f1 intermodulation sideband growths at samples #0 to #4 with circular defects.
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Left diagram in Fig.7 clearly distinguishes samples with growing artiticial circular detect
thickness. Remarkable is a high difference at the sample #4 with 0.5 mm gap compared to
others, namely to sample #3 with 0.4 mm defect, which is out of virtual polynomial or
exponencial trend. It is even more pronaunced in the right sideband 3f2+f1 (right in Fig.5)
where the sample #3 is completely out of linear trend. It should be noted that the gap
thicknesses were determined only approximately due to their irregular forms and the used
excitation amplitudes were much lower than the maximal gap thickness.

A different NWMS procedure was applied to the a)-series samples #5 to #9 with dispersed
porosity defects, which are much smaller than circular gaps. The first exciting frequency f1
was continuously growing using the linear chirp function fi(t) in frequency range 50 to
300 kHz, while the second frequency was held constant 2 = 191 kHz. Both signals were
mixed in PC, and then sent to AWG. Relatively long chirp was used as to input enough
energy for all sample resonances. Recorded test results were analyzed in spectrograms.
In Fig. 8 left are plotted log-magnitudes of the chirp’s 4" harmonics at 127.5 kHz for all
5 samples #5 to #9. Results are normalized on the “dense” sample #5. The added quadratic
interpolation of logarithmic data shows calibration dependence on sample porosity. In the
middle part of Fig. 8 is diagram of overall spectral energy of each sample normalized on
sample #5. It embodies linear fall with growing porosity, which can also serve as a sample
porosity measure. The linear drop of the overall energy transfer corresponds to growing
attenuation, which can be also used for quantitative evaluation of dispersed porosity
(see calibration curve right in Fig. 8).

% 10 Calibration
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4 ¥eOTh
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Fig. 8: Sample #5 to #9 porosity changes characterized by normalized 4" harmonics of instantaneous
chirp frequency 127.5 kHz (left) , and total chirp energy transfer (middle) with calibration curve (right).

4.3. NEWS - ESAM +Excitation Symmetry Analysis Method)

It permits extraction of a nonlinear parameter N3 from the nonlinear response y on
excitation x. The response is considered to be a 3™ order polynomial function of variable x:
Y(t) = Nax(t) + Nox2(t) + Nax (t) (0

Then, three phase shifted excitations (shifted by 120°), corresponding to the irreducible
representations of point group C?, are used to suppress linear and quadratic terms and 3
order nonlinear part extraction. Suppression of the original excitation x is performed by the
energy calculation:

Egs = j‘xS(t)‘zdt Es= j‘N3X3(t)‘2dt =Ny’Eos @

which allows determine nonlinear parameter Ns. For excitation of samples #A to #F of second
series b) were used three phase shifted variations of tapered sine signal with frequency
333 kHz and amplitude 25 V: S1 (0), S2(2r/3), and S3(4 /3). All signals were sampled by
20 MHz and three-times repeated. ESAM parameters Ns; were evaluated by energy
summations of all three responses S71(0)+S2(2np/3)+ S4(4mp/3). Fig. 9 (left) shows N;
averages at all 5 samples: #D — without defects, #A to #C — growing porosity (not directly
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evaluated), #E and #F — two samples with circular defects of diameter 6 and 10 mm
respectively, and the same maximal thickness 250 um. The same samples were also tested
by procedure similar to previous one on total chirp energy transfer in frequency band 100-
300 kHz. Results of those tests are also in Fig.9 (right). Both tests show consistent results.
Nonlinearity parameter is growing with sample porosity (left diagram) and growing is also
attenuation (right diagram). An interpretation of only two samples with circular defects of
different diameters is not clear and better specification of that defects would be necessary.
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Fig. 9: NEWS-ESAM nonlinear parameters of series b) samples #A to # F with different defects (left).
Results of the total chirp (100-300 kHz) energy transfer on the same samples (right).

5. Conclusions

Four nonlinear and linear elastic wave spectroscopy NDT methods were applied to evaluate
and classify artificially made defects during additive manufacturing (3D printing) of prismatic
metallic samples. Relatively simple experimental arrangements was used to interrogate
samples and record their response by piezoelectric transducers or laser vibrometer
at ultrasonic frequencies of tens to hundreds kHz. Two different defect types need different
NDT techniques: circular gaps of various thicknesses 0.2 — 0.5 mm cannot be easily
distinguished by applied very sensitive NEWS methods. On the other hand, the stochastically
dispersed small scale porosities, which are difficult to be quantitatively evaluated by other
NDT methods, were successfully evaluated using nonlinear harmonics analysis, NWMS and
NEWS-ESAM procedures. Also wide-band sweeping chirp energy transfer (attenuation) can
be effectively used for simple porosity classification. Quantitative porosity evaluation requires
calibration with some direct physical measurements like e.g. destructive metallography.
Some NEWS procedures may be applicable also for in-situ AM process monitoring. Further
development of NEWS methods for NDT/E of AM parts needs tests on parts with more
complicated shapes, materials, and manufacturing conditions to optimize the methodology.
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Abstract

A long-term structural monitoring system concerning the serviceability limit state for vibration
in a telecommunication base station building in Stuttgart, Germany, is presented.
The monitoring system was deployed in 2014 to verify whether the vibration caused during the
construction work of a 19-floor 50,000 square meters commercial building, located in front of
the monitored building, could lead to damaging or malfunctioning of the telecommunication
equipment. The monitoring campaign is divided into two phases; the first is running since 2014
and comprises the monitoring of the building’s vibration velocity according to DIN 4150-3, while
the second began in 2018 to measure the telecommunications equipment’s peak acceleration
to shock response according to ETSI EN 300 019-1-3. The specificities of the monitoring
system are discussed. Acceleration sensors installed in different levels and rooms of the
building transfer the collected data in real-time to an online server, where it can be organized
for visualization, and a set of alarms and warnings based on the standards’ limit values can be
configured. Since the monitored building is a telecommunication base station, wireless network
for the communication between the sensors was not allowed, nor was the utilization of the local
internet connection to transfer the monitoring data. To overcome these limitations,
a combination of LTE mobile router and powerline network is used.

Key words: Structural health monitoring, Vibration monitoring, Telecommunication,
Serviceability limit state

1. Introduction

Construction sites can generate high level of vibration due to the construction process
and the use of heavy equipment. This may cause disturbance, limit certain activities
and damage the adjoining buildings, specially in dense urban areas. To assess the
actual influence of such vibration on a specific building or equipment, a direct vibration
measurement at or near the affected object must be deployed (1).

A vibration monitoring system of a telecommunication base station (TBS) building in
Stuttgart, Germany, is presented. The monitoring campaign started in 2014 due to to
verify whether the vibration caused during the construction work of a 19-floor 50,000
square meters commercial building, located in front of the monitored building, could
lead to damaging or malfunctioning of the builnding and telecommunication equipment.
The monitoring was divided into two phases; the first is running since 2014 and
comprises the monitoring of the building’s vibration velocity according to DIN 4150-3,
while the second began in 2018 to measure the telecommunications equipment’s peak
acceleration to shock response according to ETSI EN 300 019-1-3.
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2. Vibration monitoring according to DIN-4150-3

2.1. Procedures

The DIN-4150-3 norm addresses the effects on buildings’ structure due to vibration by
comparing the measured vibration velocity and frequency to recommended limit
values. The vibration monitoring can be done by direct measurement using either
seismometer for displacement, velocity or acceleration, and is divided into two
procedures: one for short-term, and another long-term vibration. Since the building
described in this paper is subjected to aleatory vibration caused by a nearby
construction site, only the short-term procedure will be described.

During the monitoring of short-term vibration, the horizontal vibration velocities at the
highest slab must be considered, where the maximum value of the two main horizontal
directions will be considered as critical and compared with the limit values.

As an alternative, the monitoring of short-term vibration can be done at the building’s
foundation level. In this case, the maximum vibration velocity value vimax Of the three
main directions i = x, y, z will be used.

A table with the recommended limit values for the vibration velocity is given in function
of the building’s type, the sensors’ location, and the vibration’s frequency interval
(Table 1). While the recommended limit values for the vibration velocity are fixed for all
frequencies when the highest slab level is monitored, the limit values varies according
to the frequency interval when the vibration at the foundation is measured.
For a residential building, e.g., the vibration maximum velocity measured on the
foundation cannot exceed 5 mm/s for the frequency interval 1 to 10 Hz. To better
illustrate the limit values at the foundation, a complementary graphic is presented with
the limit values for each building type and frequency interval (Figure 1).

The vibration frequency is obtained by Fourier transform. First, the maximum vibration
velocity of a time interval is identified. Then, the main segment of the vibration signal is
extracted. Before the transformation to the frequency domain, a Hanning window function
is obtain from the signal main segment. Finally, a discrete Fourier transform to the frequency
domain is completed. With the knowledge of the vibration velocity and frequency.

Table 1. Recommended limit values for the vibration velocity (see DIN-4150-3 for the
complementary notes, translation (2).

Limit values for the vibration velocity v; . in mm/s

ildi Highest slab level
Class Building type Foundation level - '8 -
Horizontal Vertical
1 Hz to 10 Hz| 10 Hz to 50 Hz | All frequencies| All frequencies
Comercial, industrial
1 20 20to 40 40to 50 20

and similar structures

Residential or similar
2 (also during 5 5to 15 15to 20 20
construction)

Buildings that due to
vibration sensitivity
3 e 3 3to8 8to 10 20
cannot be classified

aslor2
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Figure 1. Graphic representation of the velocity limits at the foundation level from Table 1 (2).

2.2. Monitoring system

The monitoring system according to DIN-4150-3 for Class 3 buildings is composed by
three triaxial vibration velocity seismometers installed on the building’s foundation
level. The main specifications are showed in Table 2. Each seismometer was
connected to a node with a processing board and a mobile modem, which sends the
measure data via LTE network to a server for storage (Figure 2).

Table 2. Veloget 3d seismometer specifications.

Fabricant Solgeo
Model Veloget 3D
Frequency range 1-315Hz
Measure range +/- 12,5 mm/s at 1000 S/s
Dynamic range >130dB
Spectral noise 55 nm/s
Sensitivity 40 V/Im/s

An online application with tools such as live visualization of the measured data,
alarming setup with SMS and e-mail notification, and remote configuration is available
with both full control for the administrators and read-only for costumers or guests.
The monitoring system runs continuously, with event-triggered measurements at
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1000 S/s. The application has a built-in software that calculates the vibration frequency
associated with each vibration velocity peak using the Fourier transform and checks if
a measured data is above the DIN’s limits. It is possible to visualize the summary
measurements of a time interval or events at specific time point.

ensor
Remote server

—_———
\\ @

"‘"~-_¢

Base with LTE ))) - ! D
modem

~=7 User control interface

D G ——

~~--_———

Figure 2. Scheme of the monitoring system for vibration velocity.

Figure 3 shows the correlation between the measured vibration velocities and its
corresponding frequencies in the three directions of one sensor. The data corresponds
to the time interval from October 22 to 24, 2017. It can be observed, that although
peaks of vibration where detected, the majority stayed below the limit values for the
DIN-4150-3 Class 3.
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Figure 3. Correlation between frequency and velocity of the measured vibrations. Time interval from
October 22 to 24, 2017.
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However, it can be noted that two points, corresponding to the directions X and Y,
presented values above the limit for Class 3. The above limit value at Y direction is
showed in Figure 4. The velocity was recorded on October 23, 2017, at 11:59:55 hours,
with a time offset from 1500 ms to 1800 ms. The vibration’s peak occurs at time offset
1536 ms, with a velocity of 5,737 mm/s.

To assess whether the vibration is above the limits given by DIN-4150-3, the measured
vibration must be transformed from the time domain to the frequency domain using
discrete Fourier transform. The spectral analysis is showed in Figure 5, where the
frequency 5,86 Hz can be extracted. According to Table 1, the maximum velocity for
frequencies between 1 and 10 Hz for Class 3 building is 3 mm/s. Hence, the measured
velocity of 5,737 mm/s is above the stated limit. This event trigged an alarm via e-mail,
sent to both the system’s administrator and to the building’s manager.

6 1536 ms, 5.736852
mm/s

Velocity (mm/s)
N

1500 1550 1600 1650 1700 1750 1800
Time Offset (ms)

Figure 4. Recorded velocity at Y direction.
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Figure 5. Spectral analysis of the recorded velocity at Y direction.

3. Vibration monitoring according to ETSI EN 300 019-1-3

3.1. Procedures

The ETSI specifies the environmental conditions for telecommunications equipment.
It defines classes of environmental conditions and their severities to which
telecommunication equipment may be exposed. The environmental conditions
specified are climatic, biological, chemically, mechanically active substances,
mechanical, and earthquake. In this paper, the mechanical condition is the objective
of the monitoring system.

The mechanical conditions are divided into stationary and non-stationary vibration,
given in terms of maximum amplitude, acceleration, duration, frequency range and the
environmental classes (Mechanical conditions ETSI EN 300.). For this case study —
vibrations on telecommunication equipment caused by a nearby construction site,
class 3M1 —the non-stationary vibration is appropriated. A maximum peak acceleration
of 40 m/s? — for all frequencies — with a maximum duration of 22 ms are specified for
the environmental class of the monitored telecommunication station. Since the
threshold is a parameter that can be obtained by direct measuring using
accelerometers, no further calculation is necessary.

94 DEFEKTOSKOPIE 2018



Table 3. Mechanical conditions ETSI EN 300 (3).

NOTE 2:
NOTE 3:

NOTE 4:

3.2. Monitoring system

The monitoring system for acceleration after the ETSI EN 300 is composed of six
accelerometers (Table 4) installed in different rooms direct on the telecommunication
equipment. For security reasons, the use of the local network nor the wireless data transmission
was permitted. To overcome this limitation, a powerline communication (PLC) network was
created using Devolo’s dLAN® Powerline adapters with power over (PoE) ethernet technology.
Each sensor node is connected via ethemet cable to a powerline adapter; a second powerline
adapter is installed in a room without any telecommunication equipment, e.g. a deposit room,
with mobile reception; finally, a mobile LTE router is connected to the powerline adapter,
providing intemet access to all sensors connected in the PLC network (Figure 6). This system

mechanical levels of IEC class 3M3 may be chosen.
Units are peak displacement amplitude (mm), peak acceleration amplitude (m/s?) and frequency range (Hz).
For definition of Model Shock Response Spectra (First Order Maximax Shock Response Spectra) see

IEC 80721-3-3 [1], and Maximax see |EC 60068-2-27 [2].
Random vibration is often a more realistic vibration characteristic compared with sinusoidal. Test severities for
random vibration are given in EN 300 019.2.3 [5] and these represent all types of vibration found in practice.
Random vibration is therefore recommended to be used as an environmental parameter unless significant
sinusoidal vibration is known to be present in a particular application. IEC 80721-3-3 [1] presently has no data for

random vibration levels experienced in praclice.

Environmental parameter Unit Class
31and 3.6 3.2and 3.3 34 and 3.5 special 3M3
(see note 1) (see note 1)
a) [Stationary vibration, sinusoidal
(see notes 2 and 4)
displacement amplitude mm 0,3 1.5 3,0 15
acceleration amplitude mis? 1 5 10 5
frequency range
Hz |2to8 |8t0200 |2to8 [8t0o200 |2t08 |91t0o200 |2t08 |8 to 200
b} |Mon-stationary vibration, including
shock (see note 3)
shock response spectrum type L,
peak acceleration (&) mis? 40 40 70
duration ms 22 22 22
shock response spectrum type I,
peak acceleration (&) m/s? 250
duration ms [}
NOTE 1: When the consequences of mechanical failure are minor, or the probability of high mechanical stresses is rare, the

uses the same online application as the system for vibration velocity.
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Figure 6. Scheme of the monitoring system for vibration acceleration.
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Table 4. BMA280 accelerometer specifications.

Fabricant Bosch
Model BMA280
Acceleration range +/-16g
Sensitivity 512 LSB/g
Resolution 1.953 mg/LSB

4. Conclusion

The vibration monitoring of a building or equipment requires the correct selection of
sensors and proceedings to meet the expected assessment of potential damages or
malfunction. In this work, two different approaches were presented: the vibration effect
on a telecommunication base building, and the vibration effect on the
telecommunication equipment. The first concerns the structural effects on the building,
where the vibration velocities and frequency spectral were measured using velocity
seismometers and compared with the recommended limit values given by the norm
DIN-4150-3. The latter comprises the effects on the telecommunication equipment,
where accelerometers were installed direct on the equipment to control the
acceleration according to ETCI EN 300 019-1-0 standard.

A complete continuous long-term monitoring system was deployed for both cases, with
real-time data visualization, alarm triggering and remote configuration. Both systems
allow the building’s manager to keep track of the effects on the building structure and
the telecommunication equipment due to the vibration caused by the large construction
site nearby.
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Abstract

This paper presents complementary methods for noninvasive evaluation of an exotic class of
alloys possible to be used in medical prosthetics. The interest in this study is the analysis of Ti
alloys with different concentration of Mo and Si, in order to make the elastic modulus and
Poisson ratio reach values appropriate with human bones. The both methods, acoustic
emission and resonant ultrasound spectroscopy are proposed as complementary methods for
nondestructive evaluation of entire sample volume.

Key words: Ti alloys, acoustic emission Resonant Ultrasound Spectroscopy, biocompatible

1. Introduction

In last decades, high progress in medical devices for endoprosthetic applications has
been carried out. Nowadays, due to this progress in medical technology, it is possible
to replace about every joint in the human body. Most of the implant is modular [1],
assuring the possibility to adapt the geometry of the prosthesis to the joint morphology
of the patient. Modular components (metal augments) of various size and shapes are
used to restore bone defects, and should be able to support a revision. The size and
placement of augments are highly dependable on the bone loss pattern. Theses
augments are secured with multiple screws for rigid bone fixation. This solution
provides more flexibility during primary surgery and simplified revision procedures [2].
All of these innovative joint prostheses require new materials for loading element such
as hip steam, the acetabular coup and the sliding apparatus etc. The respective
material has to exhibit excellent biocompatibility, mechanical strength and resistance
to compression and bending loads along with high corrosion-resistance and wear-
resistance. Generally, very few grades can satisfy these requirements [3], and there
were selected a special group of titanium/titanium alloy, CoCrMo alloys for implants
based of steels along with ceramics. Titanium alloys are particularly biocompatible and
enhance osseointegration. Ti-Mo-Si alloys have gained the attention of biomedical
industry due to specific strength and corrosion resistance and the best biocompatibility
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among metallic materials used in medical prostheses. Depending on the application,
parts of the prostheses are used with suitable surface finishes and coatings. The elastic
modulus of oo and a+° Ti alloys is much higher [4] than of natural bone (10-30GPa).
Intense researches are known in the domain of development of new bio-functional
alloys based on Titanium [5] and fatigue endurance [6], considered more appropriate
of human bones as mechanical bio-functioning compared with polymers and ceramics
biomaterials [7-8]. In order to characterize the material, the experimental determination
of elastic matrix, mechanical wear and the probability of appearance and propagation
of thin cracks are imposed.

This paper proposes to examine mechanical properties of biomaterials based on Ti
used in medical prosthetic with different ratios between alloying elements, i.e Mo 15-
20%, Si 0.5-1% to improve the bio-functional characteristics of the materials. For this
investigation, we used alternative methods such as scanning electron microscopy and
microstructure characterization, acoustic emission (AE) and resonant ultrasound
spectroscopy (RUS) as nondestructive methods. EDX are involved, to choose the best
concentration of elements with the aim to improve of mechanical properties.

2. Materials and Methods

2.1. Materials

Titanium properties, i.e. tenacity, low density, resistance to corrosion, stiffness, etc.
made it together with its alloys in combining other alloying elements (Fe, V, Mo, etc.)
a good replacement of steel pieces also in automotive industry ( engine components —
valves, connecting rods, drive shafts, crankshafts). Due the biocompatibility, titanium
alloys have broad applications in medical implants and prosthetic devices. Fabrication
techniques, approaches to improve mechanical properties, studies on controlling cell
and tissue responses, and alloys are recently analyzed [9]. Studies about titanium and
titanium-based alloys for orthopedic applications are more and more nowadays
emphasized. When the prostheses are implanted to reconstruct the bone, to prevent
bone resorption and to obtain adequate remodeling, their Young's modulus must be
close to that of the bone. Using high purity elements Ti-99.8%, M0-99.7% and Si-99.2%
as starting materials, the Ti 84 Mo 15 Si 0.75 alloy was prepared with vacuum arc
melting furnace, in argon atmosphere. The advantages of using this equipment are
very high melting temperatures can be achieved, the possibility of vacuum melting the
metallic samples under a protective atmosphere and can create alloys with uniform
composition.

Ti-Mo alloys being a viable alternative for prostheses, compatible biomechanical and
biochemical, having mechanical features compatible to the human bones, the best
being the ° Ti alloys with central cubic crystalline structure (bcc), because the titanium
atoms are not dense packaged as in the case of o with dense closed packed (hcp)
structure. Molybdenum has been selected as alloying element, secondary as ratio,
because it not producing toxic reaction and is non-allergic, being in balance with the
human body. The mechanical properties are improved by alloying Ti with ° isomorph
stabilizers (i.e Mo), alloying that improve the resistance to corrosion. For the acoustic
emission and RUS analysis, from the studied probe, a cube sample with 10mm side
has been cropped using MAXIEM 1530 device, which provides high-pressure water
jetting with a precision of 0.1mm/ml.
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2.1.1. Ultrasound characterization of sample

After preparing the samples by mechanical grinding and polishing, the propagation
speeds of the longitudinal and transverse ultrasound waves through the samples were
determined using the echo pulse method. Young modulus, shear modulus and Poisson
ration have been obtained from recorded data and they are presented for sample #1
(Ti15Mo) and sample #2 (Ti15Mo00.5Si) in Table 1.

Table 1

Sample | Composition | length | Density | Young Shear | Poisson | C Ci

[mm] | [g/mm3] | modulus | modulus ratio [m/s] | [m/s]
[GPa] [GPa]
#1 Ti15Mo 10 4958.6 | 112.96 42.16 0.34 | 5981 | 2916

#2 Ti15Mo0.5Si | 10.07 | 5055.39 | 118.44 44.53 0.33 | 5962 | 2968

For titanium alloy cube samples, having 10 mm sides, in order to determine mechanical
parameters such as Young modulus E, shear modulus G and Poisson ratio, the
propagation speed of ultrasound waves were measured using impulse - echo method.
Longitudinal velocity wave was measured using a sensor G5KB GE with central
frequency of 5 MHz, the coupling being assured by coupling gel. The transversal wave
velocity was determined with a sensor MB4Y GE with central frequency of 4 MHz.
The Panametrics PR 5073 Pulser Receiver is used for the emission impulses and
the reception of the signals. The digitizing of the signals and the measurements of the
time of flight was made with the digital oscilloscope Le Croy Wave Runner 64Xi.

2.1.2. Microhardness measurement

The measurements of microhardness were performed by Vickers method, with a load
of 100gF (HV100) in 25 seconds, on faces of the sample after cutting with method
mentioned above. The Vickers microhardness remains approximately constant at all
faces of the sample at value HV 322 for sample #1 and HV 294. The results obtained
from the experimental researches on TiMoSi alloys, was compared with the classical
biomaterials as the Ti6Al4V alloys and CoCrMo alloys and the results are in according
to the literature [10].

2.1.3. SEM evaluation

For characterizing the structure (TiMoSi), SEM and EDX analysis have been
performed. Relevant information about influence of Si concentration over structure are
obtained. A Scanning Electron Microscope (QUANTA200 3D) operating at an
acceleration voltage of 20 kV has been used of the topographical characterization of
the specimens. SEM images emphasize that the Ti alloys is compact (Figure 1).
A further confirmation of the local atomic percentage of the elements in sample
composition is given in Figure 2.
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Fig. 1 SEM analysis of TiMoSi alloy Fig. 2 EDAX of specimen

2.2. Resonant ultrasound spectroscopy

Resonant ultrasound spectroscopy (RUS) involves scanning of the resonance
structure of a compact specimen (in our case metallic cube) with the aim of determine
its mechanical properties [11-12]. RUS is based on the principle that the mechanical
resonant response of solids depend strongly on its elastic moduli, shape and density.
Resonant (or natural) frequencies of a system can be either measured or calculated
by solving equations of motion for the known shape [13]. Inhomogeneity in an object
may be identified from a resonant frequency spectrum by resonant frequency shifts,
peak splitting, increases in peak width and changes in amplitude.

Let v be an isolated body, that is, one bounded by a closed stress free surface. Let Cixi
be its elastic stiffness tensor and let ° be its density; both quantities may vary with
positionin v. Let @ be a non-negative real number, and i (7) be a real valued function

at position 7 in v. Then, the combination {w,u} is a free oscillation or resonance if the
real-valued displacement field

S(7.1) =R (@(7)exp(jer)) (1
where j=x/—_1 , satisfies the elastic equations of motion in v and the stress-free

boundary condition on its surface. The potential energy Ep associated with the
displacement field & is given by the strain energy14

1
E,=> [0 uduar )
Q
where ui, i=1,2,3 are the Cartesian components of & and we are using the summation

convention for repeated indices. Cy,forms the full linear elastic tensor for

a homogeneous body (the compliance tensor), w is the angular component of the
frequency, p is the mass density, and u is the elastic displacement field with the

direction subscripts i,j,k,le{1,2,3}. The corresponding kinetic energy, E: of the
system is
E =o'k with K :% [ uuav @3)
The quantity
I=w’k—E, (4)
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is stationery if and only if @ and & are a resonance of ° [15], i.e. the value of | does
not change if we replace u with w+du , where du is any small displacement. This is
the Rayleigh-Ritz method [16].
The method is based on the estimation of resonant eigenfrequencies, based on an
eigenvalue and eigenfunction method described using the equation

w'Ka=Ea (5)
Relation (5) is a standard form for the generalized symmetric eigenvalue problem. Both
k and E are real and symmetric, and k is positive definite. This problem has been
solved for the interest cases. It is evident that the solutions of the eigenvalue and
eigenfunction problem can only be found via numerical methods. The equipment
configuration is shown in Figure 3.

Fig. 3 Experimental set-up for RUS: a) scheme; b) sample placement

The probe is fixed between the emission transducers (excites an elastic waves with
constant amplitude and variable frequency for specimen) and reception transducers
(that detects response in US frequency of sample) in order to accomplish the condition
of stress free surface. The equipment allows the setting so that for the established
position of the cylindrical sample, the contact on the edge assures the excitation of
a maximum number of possible resonances for the fixed geometry.

2.3. Acoustic emission

Acoustic Emission (AE) is the class of phenomena whereby an elastic wave, in the
range of ultrasound usually between 20 kHz and 1 MHz, is generated by the rapid
release of energy from the source within a material [17]. Useful for the investigation of
local damage of materials, AE is used successfully for monitoring mechanically,
thermally, etc., stimulated materials and structures. These "events" are occurring
during the processes of mechanical loading of pieces and structures, being
accompanied by structural changes that generate local "sources" of elastic waves. The
AE is very sensitive method to recognize a damage mechanism during the deformed
of the small pieces, can be used to identify running failure modes and to verify various
damage models.

Several methods for material characterization were used before the mechanical
compression testing with registration of continuous AE. The influence of Mo/Si
concentration in the TiMoSi alloy on AE due to formation and propagation of
microcracks was studied. Due to the high sensitivity of piezo-transducers, AE is
a technique widely used to identify failure initiation, the initial stages of damage,
damage propagation, and catastrophic failure of the material. The samples having
10mm?3 were used for compression loading by INSTRON 100 KN testing machine at
the constant displacement velocity rate 0.2 mm/min. Small dimensions of the samples
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not allowed direct 9 mm diameter transducer attachment, and a hard metal cover was
used as a waveguide. The USB oscilloscope with 2 MHz sampling rate was used
instead of specialized AE analyzer for continuous AE signal recording analyzed in
MATLAB after the test. The experimental setup is presented in figure 4.

Fig. 4 Experimental setup for compression test with AE monitoring

The frequency band of transducers was relatively flat (10 dB) in 30-500 kHz range.
The small dimensions of the sample did not allow direct attaching of transducer. The
transducer were glued with cyanoacrylate onto a hard metal plate cover, playing the
role of waveguide from transducer, toward the sample. A support plate was also used
on the bottom, to avoid damage the surface of loading clamps by the small and very
hard specimen.

Electrical signal coming from piezoelectric transducer (Dakel IDK-09) was amplified
with 20dB gain (PAC 2/4/6 preamplifier) and then streamed by USB oscilloscope
(TiePie HS-5) to PC with the sampling frequency 1MHz. During the continuous
recording of AE activity, the basic signal parameters as numbers of eight threshold
crossings and RMS per each second were computed, together with the level of stress
and strain available at loading machine analog outputs. All oscilloscope control
settings, data recording and computations were carried out in Matlab 2017a software
by original optimized code.

3. Experimental results

The non-destructive techniques as RUS and AE are used for increasing the confidence
coefficient in the test analysis. The micro cracks accumulate with cyclic loads, the
preexistence of the voids can be transformed into the propagation crack. It is very
important to know, in order to obtain and characterize the materials that the
perturbations of material properties (density and especially the elastic constants
tensor) affect the resonance frequencies and especially how they affect. To evaluate
what resonances will be observed in an experiment of the sample is very important to
simulate the response sample at these. The experiment shows that it is useful to use
resonance eigenvalues and eigenvectors in prediction.
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3.1. AE test results and their interpretation

Diagrams with AE activity of Ti alloy sample are presented in figure 5.

AE activity during tests of Ti alloy samples Ti-15Mo and Ti15Mo 0.5Si, were compared
with actual stress and strain measured by the loading machine — Figure 5. Both signals
show linear dependence of AE activity (illustrated by RMS) on increasing of applied
stress within the range of elastic deformation. The loading was driven by linearly
increasing strain, so the beginning of non-linear change in stress curve envelope
shows the level, at which the plastic deformation starts (marked up by the blue dot).
However, in case of Ti-15 Mo-0.5 Si such level was not reached due to the limits of
loading machine. Decreasing of AE activity in the range of plastic deformation of
specimen probably reflects the changing dynamics of structural changes. After
stopping of displacement (highest peaks of stress curves), the material started to relax
and produced only weak and decreasing sporadic acoustic emission.

Ti-15 Mo. //-— —‘ a :\

Ti- 15 Mo- 0.5 5i

rosy v
E S5 F S8
AE RMS [V]

AE RS (V]

Fig. 5 Acoustic emission activity

3.2. RUS

Inhomogeneity in an object may be identified from a resonant frequency spectrum by
resonant frequency shifts, peak splitting, increases in peak width, and changes in
amplitude. The method is based on the estimation of resonant eigenfrequencies [16],
based on an eigenvalue and eigenfunction method [18] . For these, we have used an
equipment configuration as the one shown in Figure 3. The TiMoSi alloy cube sample
is supported by two piezoelectric ultrasound transducers, for emission and reception
respectively, placed at opposite corners of the metal cube. The resonance spectra
were traced for the samples denoted #1 and #2 according to Table 1.Therefore it can
be concluded that every mode must fall into one of the three classes [14] : extensional
axisymmetric mixtures of compression and shear motions, flexural modes through
a long pass that are tilted with respect to the axis, (the flexural modes occur in pairs
named doublets, both members of which have the same resonance frequency) and
torsional (the frequencies of these modes depends entirely upon the samples shear
velocity) mode.

Figure 6 shows the resonant spectra for the sample #1 and #2 in the frequency range
120 k Hz and 200 kHz. The RUS spectrum describes a large amplitude response
detected when the frequency corresponds to one of the samples eigenfrequencies.
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Fig. 6 Resonance ultrasound spectra for sample #1 and #2

Figure 6 describes the typical response for the two tested samples, in a frequency
range comprised between 120 kHz and 200 kHz chosen based on our preliminary
analysis performed on similar materials.

The oscillation eigenfrequencies were calculated using/based on the parameters set
presented in Table 1 using SolidWorks 2014, Simulations Toolbox. For these samples,
considered axisymmetric, isotropic and homogeneous, a mesh of 62280 nodes and
43215 elements has been used. Figure 7 shows the vibration modes obtained by
simulation, for the frequencies between 120 kHz and 200 kHz. The resonance
frequencies obtained by simulations correspond to those experimentally obtained.

a b
Fig. 7 Resonant modes for sample #2 : a) extensional mode — 148kHz; b) flexural mode — 197kHz

The inhomogeneities inside the material can be identified from the resonance
spectrum, by changes of the resonance frequency, splitting of peaks/increasing of their
width, and modifications in amplitude. In order to determinate, in the basis of
experimentally measured resonance spectra, of the main elastic properties of the
sample, the inversion of data was used, implying conjugate gradient method [11],

minimizing the objective function
2

Fzzwi(fi(p)_ﬁ(m)

where fi?) are the computed frequencies, ™ are the measured frequencies, w; are the
weights, which characterize the confidence we have in the measurements.
The optimization problem has been numerically computed in Matlab 2014a. Because
the number of peaks and the corresponding frequencies is relatively small, the
inversion was only applied to determine the Elastic (E) and shear (G) moduli and not
the geometrical dimensions of the cube samples made from TiMoSi alloy.
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4. Conclusions

The success in implant depends on several parameters that may improve considering
both biological and mechanical criteria. According to Regulation (EU) 2017/745 on
medical devices (the MDR) and Regulation (EU) 2017/746 on in vitro diagnostic
medical devices (the IVDR), high quality and safety should be reached for medical
devices, by obtaining performant materials.

Choosing the biocompatible alloys from TiMoSi system with different Mo/Si
concentrations, the selection of materials with optimal structural and mechanical
properties of the samples made from these complex alloys with different Mo/Si
concentration is being followed. The porosity of the alloy is determined by mechanical
properties compatible with human bone. The requirements in medical domain are
taken into consideration at the realization of samples, delivering an alloy system to
correspond and frame into the necessary limits (elastic modulus 20-60Gpa, strength
15-25%, stain 5000-1000MPa, stress 600-1000MPa).

RUS is a reliable technique, which emphasizes the eigenfrequency intervals, which
exhibit a slight change as a function of samples composition, for monitoring structural
modifications related to sample density. Slight material anisotropy leads to splitting of
the higher modes but not of the fundamental torsion mode. In the case of the studied
samples, whose ratio is around the unit, the interpretation is favorable because the
torsional mode is the lowest one, well separated from the others for %2> 0, allowing
immediate extraction of the shear modulus and its damping. The initiation of fracture
of metal alloy elements can be due to the presence of low-density zone-containing
dispersed high-density agglomerates in the volume and any deformation, which will be
immediately apparent through changes in the resonance modes, with deviations from
the normal spectrum. If the elements are discontinuities, with a density smaller than
the prescribed value and the elastic and shear moduli smaller, modifications appear in
the shape of the spectrum and the resonance frequencies.

Future research should focus on the SEM analysis regarding the modified percent of
Mo (20%) and Si (0.5-1%), and their effect in alloying.
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Abstract:

At the moment computed tomography is the only available technology to give an insight on quality,
geometrical features and process quality of highly complex additive manufactured parts. With different
application examples I will show the challenges for the quality of AM parts and influences by design
and production process.

Keywords: Radiographic testing (RT), Computed Tomography (CT), Metrology, Process Optimization,
Additive Manufacturing (AM)

1. INTRODUCTION

Computed tomography (CT) goes light years beyond regular 2-D X-ray technology to
deliver accurate three-dimensional images of scanned objects, including their voids and
areas of differing density. It has become one of the most important and powerful non-
destructive testing (NDT) methods - an achievement resulting from the continuous
improvement of CT scanning and reconstruction methods.

Today, CT is used for research and development, failure analysis, process and quality
control, small series inspection, combined DR-CT inspection, defect and material analysis,
assembly checks and, becoming more and more important, metrology, i.e. dimensional
measurements.

2. EXPERIMENTAL METHOD

The experiments were performed either with a standard laboratory dual-source micro-CT or
with a customized high-power industrial CT. Depending on the material, geometry and wall
thickness of the additive manufactured (AM) part we chose the most suitable solution to
achieve the best results.
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Figure 1: Different x-ray and CT solutions for different applications: Cheetah EVO, FF20 and FF85.

3. CHALLENGES FOR ADDITIVE MANUFACTURING

Different application examples from different industries will be presented during the
presentation to show challenges, problems and typical defects for this production method.

Due to the free part complexity in the AM production process the parts can have a complex
outer shape and a lot of internal features like lattice structures or a complex network of
channels. This complexity leads to increased demands for the inspection of such parts.
In a lot of traditional manufactured parts the 2D x-ray inspection already gives a sufficient
level of information about the part and the associated production process steps. For the
majority of AM parts the inspection by Computed tomography is the only method that
delivers a sufficient level of information.

Figure 2: Flow measurement nozzle with internal defects.

Figure 3: Air probe with internal defects (closed channels).
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Figure 4: Cranial implant with powder residue in the lattice structure. Acetabular hip implant with inclusions.

Industrial X-ray and CT are powerful inspection methods for the final part. In this more
traditional way you can assure the final quality of a part. With the high depth of
information delivered by CT this method can also be used to give a deeper understand of
the production process and single process steps.

This reaches from the CT analysis of powder which is the raw material in the powder bed
fusion AM printing process to the inspection of test cubes used for the parameter
development.

With the inspection of a small portion of raw powder the CT analysis can deliver
information on the powder particle volume, porosity and sphericity. This information
delivers insight into the condition of the powder and the powder production and recycling
process.

Figure 5: Powder particle volume analysis for a metal powder.

Another very interesting application is the CT inspection of test cubes for the parameter
development. At the moment the users have to make a lot of effort in developing the right
printing parameters and materials for their products. For this development the user is
printing hundreds of test cubes with variances in printing parameters to find the optimum
parameter setting. In the following analysis this cubes are often inspected with standard
metallographic analyses like microscopic analysis of micro sections or density
measurements. These analyses can be done much faster with the CT scanning of such test
cubes. This procedure is not only much faster but also gives more information from every
single cube over the complete volume not only the single micro section.
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Figure 6: CT results for different test cubes for a printing parameter study.

4. CT METROLOGY

With the right system configuration CT is a technology to do highly precise and repeatable
measurements for geometrical features. Especially for additive manufactured parts with
their complex internal features like cooling channels, bionic and lattice structures it is
crucial to measure internally.

In this example a bionic optimized helicopter bell crank with a lot of free form surfaces is
shown is shown with different types of measurements.

Figure 7: CT metrology for an optimized 3d printed helicopter bell crank.

5. CT AS A TOOL FOR PROCESS OPTIMIZATION

During the presentation different examples how to use an industrial CT scanner as a tool for
process optimization for the additive manufacturing production process will be shown.
With all the previously mentioned analyses reaching from the raw powder over the process
parameter test cubes and the inspection of the final part the industrial x-ray and CT is
a powerful tool to get more insights into the additive manufacturing production process and
gives opportunities to improve this process regarding quality and production time.
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CT as a tool for process optimization
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Figure 8: CT as a tool for process optimization.

6. RESULTS

With the presentation of these applications from additive manufacturing and the x-ray and
CT inspection it was demonstrated how the performance of a today’s x-ray and CT devices,
can support the analysis and inspection tasks for quality assurance, metrology and process
optimization for additive manufactured samples through different process steps.
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Abstract

In computed tomography common artefact correction methods generally address one type of
artefacts, thus in praxis usually a combination of different methods is used. Without expert
knowledge the user of 3D X-ray scanners is frequently over-challenged figuring out what kind
of correction method should be used and when. Simulation based artefact correction in
contrast is capable of dealing with multiple kinds of artefacts simultaneously. This includes
e. g. beam hardening, partial volume artefacts, off-focal radiation and scatter. The simulation
based approach uses prior knowledge about the specimen and the X-ray parameters for
calculation of artificial projection images. While in medicine the structure of the specimen
(patient) is generally unknown, in field of none destructive testing and quality assurance
specimens often exists in form of design data. During simulation based artefact correction
artificial images are calculated for every measured projection. Aim is the identification and
correction of corrupted projection integrals. A common example is scatter correction, where
scatter distribution is determined by Monte-Carlo simulation. For correction the scatter is
subtracted from measured projection data, resulting in reduced inconsistencies and enhanced
signal-to-noise ratio (SNR). Subsequently, the corrected image data is used for
3D reconstruction. Although simulation based artefact correction is capable of enhancing
3D image quality, physically correct simulation of projection data can be challenging in terms
of accuracy and runtime. Especially when the simulation includes a large variety of artefacts.
The aim of this paper is to show the potentials and limitations of simulation based artefact
correction algorithms and to discuss the need for full Monte-Carlo method. Furthermore, the
requirements for optimal simulation results are determined.

Key words: Artefact Correction, Monte-Carlo-Simulation, Computed Tomography

1 Introduction

In computed tomography (CT), inconsistencies in measured projection images P lead
to artefacts in 3D image reconstruction that can be recognized as brightness curves
as well as light and dark stripes on high-contrast edges. With the emergence of the
first CTs, procedures have been developed to correct artefacts. Most approaches
address one specific type of artefacts. For example, linearization techniques [HER79,
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KAS05, KACO06] as well as iterative reconstruction techniques [MED83, WAN96,
OEHO07, PAR16] address beam hardening artefacts while scatter kernel are used for
scatter correction [LOV87, SEI88, BAE12]. In GESTEBY [GJE16] a comprehensive
overview of different artefacts and the correction methods is given. With advancing
computer technology and faster hardware, simulation based correction
methodbecoming more and more popular. The approach allows the prediction and
identification of artefacts by physically correct simulation of artificial X-ray images.
Disadvantage of the method is the need of prior knowledge about the X-ray imaging
setup. In contrast to medical applications, in industrial metrology the parameters are
usually well known. Thus, the Information about the specimens can be obtained from
construction data.

2 Method

In this work, the simulation based artefact correction approach consists of simulating
a polychromatic projection image P® and an ideal monochromatic projection image P}
for each projection image P measured [MAI16]. The simulation is based on prior
knowledge about specimen, X-ray parameters and projection geometry. The geometry
information and the material composition of the specimens are specified by a virtual
model. The simulated polychromatic projection images P® contain the weakened
polychromatic intensities |y as well as inconsistencies that lead to artefacts in
3D reconstruction. The ideal projection images P{, on the other hand, are free of
inconsistencies. The difference image P, of the projection images P and P® contain
deviations from the specimen to the model. To a certain extent, a target/actual
comparison takes place. The deviations are set off against the ideal projection
images P, for an artefact-reduced 3D reconstruction. The algorithm follows the
approach presented in MELNIK [MEL17a]. The processing steps of the simulation
based artefact correction approach can be seen in figure 1. First the virtual model of
the specimen is created. Subsequently the registration step is performed, whereby
the transformation of the model to the measured projection images P is determined.
With the known transformation artificial images are calculated, which are used for
image correction. Finally, the corrected images are reconstructed to a volumetric
dataset. In the following, the processing steps are described in detail.

1 2 3 4 5
Artificial Image Image
Modelling —>» Registration image —> g_ —> & .
- correction reconstruction
calculation
[

Figure 1:  Processing steps of the simulation based artefact correction approach

2.1 Modelling

There are different approaches for modelling virtual specimens. The first method is
based on mathematical basic bodies, so-called solids, and allows the modelling of
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virtual test bodies with high precision. This means that the determination of radiation
lengths n and point-in-solid-tests can be carried out very precisely. Disadvantage
of this method is that only models of low complexity can be created. The modelling of
foams or porosity for example is nearly impossible and leads to an unmanageable
amount of solids. If the modelling is too complex for mathematical description,
a voxel-based approach can be used. Thus, the modelling can be done by segmenting
a CT scan of a master component. As alternative CAD surface data can be converted
into a voxel-model, enabling very complex specimens to be modelled with relatively
little effort. In that case the user have to make sure that each material region is
assigned a correct material. The accuracy of the model depends on the resolution r of
the voxel-model. It should be noted that the memory consumption rises with increasing
resolution r. Next to the described methods native surface models can be used without
conversion. Surface data is usually presented as triangular nets. For intersection tests
or the calculation of the radiation lengths n the beam has to be tested against each
triangle. This procedure is very accurate, but takes a lot of computing time t since the
tests usually have to be performed for all triangles.

2.2 Registration

For calculation of artificial projection images the position of the model relative to the
measured projection images B shall correspond to the specimen. For this purpose
usually a registration is performed, whereby the transformation Tz is determined.
Figure 2 shows the base coordinate system with model and one projection image.

Tb2i

image

Toz
Trnai "

Figure 2: Base coordinate system with model and one projection image

The transformations Tmzi, Teem ana Tb2i indicate the relative positioning between the
components. The model can either be registered to measured X-ray projections P or
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to an initial 3D-reconstruction. A combination of both methods is also possible. In this
work the model was registered to an initial 3D reconstruction using the ELASTIX
software [STE15]. In experiments it was determined that accuracies of subvoxel
precision can be archived. Depending on parametrization, for large spatial deviation of
specimen and model or in presence of strong artefacts, inaccuracies of several voxels
can occur. In case of an inaccurate registration the artificial projection images are not
calculated completely congruent to the measured projection images P. This
circumstance leads to an error-prone correction, whereby deviations from the model
are incorrectly recognized and corrected like artefacts. Therefore the major technical
risk of the presented method is the assurance of a precise correspondence between
the positional relationship of the virtual model and the specimen. This is especially
important in metrology where high accuracy requirements apply. In theory, for robot-
guided systems registration is not necessary, since the position of the specimen can
be determined via robot kinematics. However, sufficient positioning accuracy of the
robot must be ensured. That means the repeat accuracy of the robot should be subvoxel
accurate. Otherwise, there will be deviations in the calculation of the projection images.
As an alternative to the registration process, the model can be created by segmentation
of an initial 3D reconstruction. In this way the transformation T between actual and target
corresponds. The greatest source of errors are artefacts in 3D dataset, which make
a voxel-accurate segmentation difficult.

2.3 Artificial projection images

For calculation of artificial projection images, two different methods were implemented:
MC simulation and forward projection. The MC method is the most common approach
for simulating artificial X-ray images. During simulation the propagation of each
individual photon is tracked and the interaction with matter is calculated by taking the
physical model into account. The intensities |; of the projection images approach the
expected values with increasing number of simulated photons. This means for a high
image quality of artificial projection images a large number of photons must be
simulated. Due to low efficiency of image calculation, where only a small part of the
photons hits the detector, MC methods are generally computation- and time-intensive
[KAL81, BAE12]. In addition, the MC method suffers from quantum noise, as does the
actual measurement process. In addition to the MC simulation, a forward projection
according to the Lambert-Beer law was implemented [ING88]. The calculation of the
intensity |y is done according to equation 1, with attenuation coefficient p and initial
intensity |,.

|1 = |0 - e’Hn Eq1
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During forward projection the weakened intensity |; per pixel is calculated for an
infinitesimally thin needle beam. This does not correspond to the physical conditions,
since in practice the measured intensities |, are averaged over the width of the detector
elements. However, in this way the mixing of partial intensities is avoided when
calculating ideal projection images P;. Another advantage is that the calculation
according to the Lambert-Beer law does not consider scattered radiation. For this
reason forward projection is preferable over MC simulation for calculating the ideal
X-ray projections P}. The calculation of the polychromatic X-ray images P° by means
of forward projection is only practicable if the possibility exists to simulate scattered
radiation in another way or if the proportion of scattered photons is negligibly small.
Partial volume artefacts can be simulated by multiple sampling of pixels.

When calculating the corrected image data, mono- and polychromatic images are set
off against each other. Due to the energy dependence of the attenuation coefficient u
a contrast adjustment should be performed. Otherwise, it may happen that in
reconstructed image data the same material is represented by different grey value
distributions. The reason for this is the mixing of mono- and polychromatic
intensities I;. Since X-ray parameters for simulation of projection images P°® are
determined by the measured projection images P, the contrast ratios are adjusted
during the simulation of the monochromatic projection images P;. For this purpose, an
attenuation coefficient un is searched for each material, which has the greatest
agreement with the polychromatic attenuation coefficient u. Two methods were used
to determine the attenuation coefficient un: linear regression and grey value analysis.
For contrast adjustment using linear regression, a straight line is sought that minimizes
the RMS error € to the projection integrals p of a material over the radiation length n.
The procedure is similar to the linearization technique for beam hardening correction.
The found straight line can be used to calculate the attenuation coefficient pn for the
monochromatic projection images Py, which leads to the greatest conformity with
the projection integrals p [MEL17b]. The problem with this method are differences
in the non-linearity of the projection integrals p as a function of the radiation length n
and the photon energy E. Due to this, the regression line yields results of different
quality. The non-linearity of the polychromatic attenuation coefficient p is large,
especially with short radiation lengths n and strong absorbers. The linear regression is
only suitable for specimens made of one material and provides the best results with
relatively uniform radiation lengths n. Alternatively, the contrast can also be adjusted
by skilfully selecting the monochromatic photon energy E.

Contrast adjustment using histogram analysis, is based on the assumption that
materials in the 3D reconstruction are represented by a grey value distribution. The
expected value e is calculated for the grey value range of each material. Due to
performance reasons, for each material only a subset of randomly selected voxels are
reconstructed. The affiliation of the voxels to a certain material region can be
determined based on the model. The expected value e has the greatest conformity to
all other grey values of the material region. The smaller the variation of the grey values
around the expected value e, the better the contrast adjustment. In 3D reconstruction,
the individual attenuation coefficientsy are usually reconstructed physically
inaccurate. The reconstructed grey values therefore only indicate the relations
between the attenuation coefficients u. As a result, the projection images P{ are
adapted to the simulated polychromatic images P° by linear scaling. A general problem
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of contrast adjustment are artefacts in the difference image P,. Artefacts are not
corrected in image regions in which the specimen deviates from the model.
For example, cupping in uncorrected image regions leads to a brightness curve in 3D
reconstruction. The adaptation of contrast conditions to a material with a brightness
curve is not easily possible and is quickly perceived as visually disturbing.

2.4 Image correction

The image data is corrected according to equation 2. Compared to the other
processing steps, the actual correction can be implemented very efficiently. For this
purpose, the ideal projection images P} are set off against the difference image P, of
measured and simulated projections.

Peorrected = P — PS + P|s Eq. 2

3 Results

For evaluation, an X-ray scan was performed using the Metrotom 800 from CARL
ZEISS INDUSTRIAL METROLOGY GMBH, Oberkochen. A total of 750 projection images P
were measured on a 360° circular path. The acceleration voltage was set
to Ug = 90 kVp with a tube current Is = 100 pA. For maximum beam hardening
artefacts, pre-filtering was dispensed with. Based on simulated projection data an
artefact correction for an aluminium step cylinder was performed. In figure 3 two
slices of the reconstructed step cylinder are shown. Figure 3a depicts the original
slice and figure 3b the corrected slice. For 3D reconstruction the FBP algorithm was
used [FEL84]. It can be seen, that the beam hardening artefacts were corrected. Only
a few cone beam artefacts can be noticed due to cone beam geometry and the
approximative 3D-reconstruction algorithm. Since the cylinder consists of
homogeneous material, linear regression was used for the contrast adjustment.

Figure 3: Reconstructed slices of an aluminium step cylinder; a) uncorrected b) corrected
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4 Conclusion

In summary it can be stated that the approach presented is capable of simulating
a large variety of artefacts occurring in CT. Artefacts can be identified and corrected
on basis of artificial X-ray images. Artificial images can be reused once they have been
created and the measurement setup remains the same. This enables efficient
correction in applications such as inline-CT, where the measurement setup rarely
changes. The correction of individual specimens is currently not considered
economical due to the long calculation time t. An implementation on the graphics cards
may solve this issue. The choice of modelling technique depends on the complexity of
the specimen as well as timet and accuracy requirements with the mathematical
description being the most accurate. The greatest challenge of the simulation based
approach is the subvoxel accurate registration of the virtual model to the specimen.
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Abstrakt:

Prehled diplomovych, bakalarskych a doktorskych praci v toku casu 15 predchdzejicich let v oblasti
ultrazvuku. Prdce spojujici témata, rozvoj poznatkii s aplikacemi — Zakaznickd témata vesici diléi vy-
robni problémy. Shrnuti, zdvér, nereSené naméty pro budoucnost — nedostatek studentii technickych
oborii — kombinované doktorské studium — zahranicni studenti.

Abstract:

Survey of master’s, bachelor’s and doctoral thesis during 30 years in ultrasound field. These works are
united with topics, knowledge development with applications. Topics from customers solving partial
manufacturing problems. Resume, conclusions, still unsolved topics for future - lack of students of
technical disciplines — combined doctoral study - students from abroad.

1. Uvod

Prispévek predklada v tematickych okruzich teze a nékteré zajimavé vysledky 22 diplomovych
a bakalafskych praci v oblasti vyuziti ultrazvuku. Prace vznikly dle zadani projektd, firem
a specializace pracovisté katedry materialu SF TU v Liberci.

Poctem tvofi zhruba tfetinu vSech obhajenych praci vedenych doc. Skrbkem.

Nelichotivy vyvoj ¢etnosti D+B praci obhéjenych s ubihajicimi léty L ukazuje obr. 1. Vystizné
jej charakterizuje pro interval let 2000 az 2018 polynomicka kiivka (1). Dle grafu obr. 1. napfi-
klad vletech 2000 a2001 bylo dohromady obhajeno Sest studentskych zavérecnych praci
avletech2010a 11 praci 11.

D+B =0,95*L - 0,072*L? + 6,25 [1] €))

Hlavnim vyzkumnym okruhem na katedfe materialu je nedestruktivni strukturoskopie, prede-
v§im slévarenskych slitin. Proto se ji zabyva 13 praci; z toho 7 fesi vlastnosti litiny. Klasicka
defektoskopie je namétem 7 praci, strukturni porézitou se zabyvaji 2 prace.
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Pocet obhajenych (D+B)*P vedenych doc.
Skrbkem za 15 let po 2 letych intervalech.

D+B za 2 roky

y =-0,072x? + 0,95x + 6,254

0 2 4 6 8 10 12 14 16 18
dvouletky

Obr. 1. Pocet praci obhajovanych v r. 2000 az 2018.

2. Ultrazvukova strukturoskopie

Diplomova prace (1) vznikla zadanim ATG a.s. Praha s konzultanty: Ing. Jifi Blahusek,
Ing. Petr Tichy. Na bohaté Skale vzorki oceli provedena méfeni utlumu a rychlosti zvuku
pfi riznych frekvencich.

Provedenymi experimenty bylo zji$téno:

UT metoda

- zihaci struktury maji vy$si hodnotu Gtlumu nez kalici a zuslechténé

- mezi zu$lechténymi vzorky neni vyznamny rozdil v hodnoté Gitlumu

- s rostouci velikosti zrna roste hodnota tGtlumu

- rozdil v hodnot¢ utlumu zihanych a kalenych nebo zuslechténych vzorki roste s frekvenci

- méfenim rychlosti zvuku nebyly zjiStény vyraznéjsi zmény

- nebyla zjiSténa jednoznaCnad zavislost mezi hodnotami pevnosti a koeficientem utlumu
a totéz plati o nameéfenych hodnotach tvrdosti

ET metoda
- je mozné odlisit nezpracovany vzorek (ptivodni stav) od tepelné zpracovanych vzorkl

- velikost zrna nema zfetelngjsi vliv na odezvu materialu

RTG metoda
- tato metoda neprokazala moznost rozliseni rizné tepelné zpracovanych vzorku.

Povrchové kaleni oceli bylo namétem praci (12, 16) na popud firmy TEDOM a SKODA-AUTO ass.

Ondieje Ruzicky. Zaveéry bakalarské prace:

1. Hloubku zakaleni vackové hiidele nakladniho automobilu TEDOM je nutné, dle rozboru
struktury, méfit ultrazvukovou metodou. Méfici sestava USLT 2000 vyzaduje dvojitou son-
du s frekvenci vyssi nez 10 MHz.

2. Tvrdost zakalené vrstvy vackové hiidele méfené piistrojem MIC 10 se sondou MIC-205L je
mozné méfit pouze na stykovych plochach. Tato méfici sestava je nachylna na kolmost.
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3. Hloubku zakaleni klikové hiidele automobilu SKODA z LKG je nutné méfit ultrazvukovou meto-
dou. Pouzita sestava USLT 2000 vyzaduje také dvojitou sondu s frekvenci vyssi nez 10 MHz.

4. Sondu nutno vést velmi pfesné s konstantnim naklonem k povrchu, aby se ziskal odraz
od zrn pfechodové oblasti.

V ramci magisterské prace byl navrzen polohovaci ptipravek v imerzni vané.
Poznatky:

a) Pfi méfeni nedestruktivnimi metodami se zkonstruovany polohovaci piipravek ukéazal
jako plné funkeni a pro laboratorni zkouseni zcela dostacujici. Je v ném mozno presné
upnout a polohovat méfici snimace téchto metod vici zkoumané strojni soucasti — vac-
kové htideli rozvodu motoru TEDOM.

b) Be&zné uzivana destruktivni metoda urovani topografie zakalenych vrstev na vackové
htideli rozvodu motoru TEDOM je dle provedeného vyzkumu zcela funkéni, nicméné je
také velmi ¢asoveé narocna.

¢) Dle metalografického rozboru struktury vackové htidele rozvodu motoru TEDOM je
pro topografii zakalenych vrstev vhodné vyuzit ultrazvukovou metodu méteni.

d) Pro dal$i vyvoj je nutno pouzit sondu o frekvenci az 25 MHz a priméru mens$im nez
5 mm. Také bude tfeba opatfit ultrazvukovy pfistroj s frekvenénim rozsahem ptijimace
az do 25 MHz.

e) Pro odstranéni silného ruchu provazejiciho méfeni je doporuceno pokusit se aplikovat
analogové-digitalni pfevodnik signalu a dale také pouzit Wienerav filtr.

Ukolem diplomové prace (2) bylo provést ultrazvukovou diagnostiku vytvrzeni slévarenské
Al slitiny KS 1275 na vzorcich pistii, kter¢ byly podrobeny riznym stupfiim tepelného zpracova-
ni — vytvrzeni. Zadani firmou SKODA MOTORY Jablonec konzultoval ing. Karel Selepa.

Pouzity frekvence sond 2 az 12 MHz. Hodnoty atlumti vypocitanych pro koneény stav méfenych
vzorkl se pohybuji piiblizné v rozmezi od 0,3 do 0,7 dB/mm a nepfedkladaji zadné presvédcujici
zavislosti ani ve vztahu k naméfenym tvrdostem ani k teplotam tepelného zpracovani.

Nejlepsi vysledky dosahly frekvence okolo 12 MHz, pficemz frekvence pod 5 MHz uz velice
zkresluji vysledné hodnoty. Pro stanoveni idedlni frekvence by bylo vhodné provést dalsi meé-
feni a vzajemné je porovnat.

Pro dalsi aplikace ultrazvukové diagnostiky odrazovou impulsovou metodou, doporucuje
diplomant znénu pribéhu zkousky, kterd by se méla zaméfit na sledovani vytvrditelné sléva-
renské slitiny ve dvou krocich. Prvnim krokem by bylo sledovani slitiny v okamziku bezpro-
stiedné po zakaleni z teploty rozpoustéciho zihani, a druhym krokem zkousky by bylo sledo-
vani jiz vytvrzené slitiny.

Vysledky NDT struktury netradi¢nich slitin v (22) prokazuji pouzitelnost pfedevsim ET a MT.
Zmény akustickych vlastnosti souvisely vérohodné se zménami struktury tepelnym zpracova-
nim hlavné u hlinikovych bronzt.

2.1. Vlastnosti litin

Prace vénované litinam (pfevazné odlitkim s lupinkovym grafitem) technicky navazuji.
Zakladni vypoctové vztahy a metodiku stanoveni konstant pro méfeni modulu pruznosti Eo
(zékladni parametr pro rozliSeni jakosti grafitickych litin) pfimo na odlitcich slévaren, které
o UT diagnostiku svych produktii projevily zajem, predklada (3).

DEFEKTOSKOPIE 2018 125



Tab. 1. Pritmérné hodnoty jednotlivych veli¢in litin produkovanych slévarnami.

Slévarna u p [g/em?] K HB
Moravské Zelezarny Olomouc 0,256 7,2709 458,06 226
VOS Pisek 0,331 7,1914 410,72 195
FERREX Liberec 0,304 7,1134 427,71 232
AGS Ji¢in 0,342 7,0687 398,82 227
CKD Hradec Kralové - Plotisté | 0,285 6,34 430,0 209

Eo = (L/L,*K)

[MPa]

2)

L...skute¢na tloustka stény; Ly...ultrazvukem (kalibrovanym na ocel) méfena tloustka stény.

..............

'.
: AMJ@.F

T:

Obr. 2.

Experimentalnim materidlem byly standardni zkuSebni tyce d 30 x 210 mm. Pouzity piimé
sondy 0,5 az 2,25 MHz. Vyuzito transformace podélné viny na pfi¢nou odrazem o valcové ste-
ny tyce. Projevi se na zobrazeni A ndsobnymi echy za 1. koncovym echem — obr. 2.

Stejny experimentalni material a metoda vyuzita v pracich (9, 11) kurceni vlivu tepelného
zpracovani a legovani Cu a Si na hodnoty E, litin.

Meéteni zmén akustickych vlastnosti litin po nerovnovazném TZ ukézalo vétSinou vyznamny pokles
v rychlosti §ifeni podélnych i pii¢nych vin. Hodnoty se také lisily dle toho, zda byla litina s LLG
nebo LKG. Proto je nutno pfi ultrazvukové strukturoskopii dbat na odliseni TZ a litych vzorki.

Na zakladé méfeni nevelkého mnozstvi vzorku nelze délat jednoznacné zavéry, ale i pfesto lze
tvrdit, Ze modul pruznosti je jen minimalné ovliviiovan legurami Si ¢i Cu.

o rozsah pouiiti levného ceského UZ tlouét’koméru DIO570 k méfeni na litinach se pokusila

vvvvv

pouziti — tab. 2.

Tab. 2.
SONDA LITINA Jakost EN Rozsah tloustek [mm]
SEB 2 LLG GJL 200 5az120
LKG GJS 500-6 6az 200
PQ2/10-2C LLG GJL 200 4az8
LKG GJS 500-6 4azl5
PQ2/10-4C LLG GJL 200 Neni vhodna
LKG GJS 500 -6 4az 10
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Stejny student David Bilek po dvou letech se ve své magisterské praci (14) vyvojem matema-
tickych modelt podilel na realizaci patentovaného kombinovaného strukturoskopu TELIT
v ramci projektu MPO pro slévarnu SKS Krnov. TELIT sestava pravé z DIO570 (Lu), posuv-
ného mefitka (L) a magnetického tvrdoméru DOMENA B3 (HBM). Z méfenych hodnot Ly, L
a HB TELIT fidicim PC pocita pevnost Rm, Eo, HB a podily volitelnych strukturnich slozek.

V praci doporuéeny nejvhodnéjsi tvary plochych vzorkt pro simulaci metalurgickych pomért
ve sténach odlitkd.

Obr. 3. Strukturoskop TELIT 1.

Rozsiteni NDT mechanickych vlastnosti a tvaru grafitu pfesnych litinovych odlitka
pro potieby TK slévarny IEG Jihlava obsahuje (18). Doporucuje vytvofit matematické mo-
dely pro vypocet Rm, HB, E; a % GVI na miru vzdy pro ur¢ity druh odlitku. Univerzalni
modely se neosveédcily.

Rozlozeni hodnot E, Rm, HB v silnych (L nad 40mm) sténach odlitkti métila prosttedky
NDT pro firmu TEDOM a.s. prace (20). Jeden z mnoha poznatkl: Napf. u odlitku silného
60—-80 mm jakosti CSN 42 2430 (setrvaénik motoru) lze o&ekavat v tepelné ose litinu jen
trochu méné pevnou (v tomto pfipadé o 13 MPa), zato v povrchové partii je litina vice
jak o tidu jakostngjsi (42 2435). Konkrétné o 64 MPa. Tento pas kvalitni litiny je vice jak
15 mm S$iroky, je Skoda ztracet tento kvalitni pas zbytenym obrabénim. Prib&éhy mecha-
nickych vlastnosti vyrazné zmiriiuje legovani litiny, napiiklad médi.
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3. Defektoskopie

Cilem diplomové prace (4) pro ATG Praha bylo navrzeni funkce a ¢innosti osttiku pfi aplikaci
prichodové ultrazvukové metody. Navrzeny ostiik mél slouzit k rychlé a spolehlivé kontrole
dild z kompozitnich materiali pouzivanych v letecké technice.

NavrZeny ostFik je vhodny pro kontrolu sklolaminatovych ¢i uhlikovych kompozitd, véetné
kompoziti s vostinovym jadrem. U vzorkl s vostinovym jadrem byly detekovany vSechny va-
dy majici velikost vetsi nez primeér pouzitého vodniho sloupce. U vzorkti bez vostinového jadra
byly detekovany i vady majici rozméry mensi nez pramér pouzitého vodniho slupce.

NavrZeny ostfik neni vhodny pro kontrolu kompozitu s pénovym jadrem, nebot’ pouzivana
péna je velmi porézni material a neni ultrazvukem prozvucitelna. Planované uziti automatizo-
vaného ultrazvukového manipulatoru by mélo odstranit ¢i omezit vétSinu neptiznivych vlivi,
které se projevily pii experimentalnim ovéfovani funkEnosti navrzeného ostiiku. Automatizo-
vany manipulator vS§ak nebyl v dob¢ vzniku této diplomové prace k dispozici.

Diplomova préace (5) vedena rovnéz v ATG se zabyva nahrazenim neekonomické destruktivni
kontroly plastovych vik motori vhodnou nedestruktivni metodou. Konkrétné se jedna
o pevnostni kontrolu zalisovaného spoje: mosazna zavitova vlozka x plast (polyamid PA 66).

Pfes v praci zminované komplikace se zvolena impulsni odrazova ultrazvukova metoda jevi
jako vhodna k detekci zaplnéni drazky mosazné zavitové vlozky plastem a tim i k urceni pev-
nosti sledovaného spoje. Jeji vyuziti v praxi je realné a z finan¢niho hlediska piijatelné (maxi-
malni profit pfi nahrazeni destruktivniho ovéfovani nedestruktivnim). Navrhované feSeni lze
na zékladé dosud provedenych operaci pokladat za realizovatelné, jsou vSak nutné jesté dalsi
vyvojové a ovéfovaci prace.

Na zéakladé provedeného experimentu (6), ktery slouzil védeckému tymu pracovniktit KMT byl
pravdépodobné prvni svého druhu u alumnidd, je mozné konstatovat:

o Slitiny FeAl 15 az 40 vykazuji vysoky utlum, ktery je o jeden fad vyssi, nez maji oceli a az
o dva fady vyssi, nez ma Al (pii srovnatelné frekvenci ultrazvukového vinéni).

e Nejvhodnéjsi, alesponl pro orientacni zkouseni téchto materidld, jsou sondy s jmenovitou
frekvenci 2 MHz, pti zkouseni vzorkti mensich rozmérua nejlépe dvojité. Pro vzorky vétsich
rozmért by mély jeste 1épe vyhovovat sondy o jmenovité frekvenci 1 MHz.

e Rychlost zvuku (rychlost Sifeni podélnych ultrazvukovych vin) u materialu typu Pyroferal je
zhruba o 10 % nizsi, nez je rychlost zvuku u oceli.

e Chovani nahradnich vad zkouSenych u materialu typu Pyroferal je mozné oznacit
za standardni. Um&mné rostouci velikosti vady roste i vadové echo.

o Jesté lepsich vysledku by bylo dosaZeno pii pouziti vzorkll vétsich rozmért (napf. moznost
sestaveni DAC ktivky). Vzorky uréené pro DAC a strukturoskopii by mély obsahovat co
mozna nejmensi mnozstvi redlnych vad.

e Vzhledem k neexistenci podkladii pro ultrazvukovou kontrolu aluminidl Zeleza, byl cely
experiment koncipovan spise jako seznameni se s tim, jak se tyto materialy chovaji pii ultra-
zvukovém zkouSeni. Vysledky zkouseni je tedy mozno chapat spise jako orientacni.

e Ziskané informace by mély pomoci pii pifipadném budoucim seriéznim zajmu
o ultrazvukovou kontrolu vyrobkll z danych materiald. Pomoci mohou také pracovnikiim
vyvoje materiald na bazi FesAl napf. pii kontrole vzorkt uréenych k mechanickym zkous-
kam, kdy je tfeba odhalit vady, které by mohly vysledky téchto zkousek znehodnotit.

128 DEFEKTOSKOPIE 2018



Urceni optimalni nedestruktivni ultrazvukové metody, s jejiz pomoci maji byt spolehlivé odha-
leny nespojitosti na rozhrani litinova vlozka — Al — blok motoru SKODA-AUTO
s konzultantem Ing. Richardem Regazzo si kladla za cil (8). Vlozky pro vétsi plochu kontaktu
z blokem jsou drazkované. Detekovana vyska opakovaného echa pfechodové zony.

V zavéru praktickée casti (8) je predstaveno jiz hotové zafizeni s oznaCenim K-Scan dodavané
firmou Krautkramer a vyuzivajicim pulsni odrazovou uz. metodu v imerznim prostiedi zameéte-
né praveé na zadanou kontrolu. Toto zafizeni je podkladem pro realizaci automatizovaného meé-
ficiho stanovi$té. Bloky motoru se zakladaly do vany s vodou nebo olejem. Poté rotujici sonda
snimajici plochu vélce dava informace ptes defektoskop poéitaci, ktery by vyhodnocujel kvali-
tu zaliti a spojeni.

Diplomova prace (10) se zabyva UT vnitini jakosti valcovych katod pro PVD povlakovani
v zafizenich SHM Sumperk. Prakticka ast se zabyvé zji§tovanim a zkoumanim vad, tj. jaka je
velikost vady, jeji typ, Cetnost vad, a také vztahem mezi nahradni a realnou vadou. Zkousky
rotujici katody v imerznim prostiedi s vypoctenym naklonem imerzni ptimé sondy 10 MHz.

Opakovana detekce neptipustnych dutin v litych katodach vedl k realizaci dodavek tvarenych
valcovych katod.

Ultrazvukové zkousky provadéné defektoskopem omniScanMX (15) s vyuzitim techniky Pha-
sed Array - sfazované soustavy (PA) odhalily nespojitosti materidlu v kovovych (ocel, litina,
hlinik atd.) a nekovovych (polymery, napf. polyamid) objektech. Typy zobrazeni, které mame
k dispozici béhem méficich testl, nazorné prezentuji lokalizaci a pfedpokladanou velikost va-
dy. Cilem (15) bylo otestovani zapdj¢eného (OLYMPUS) ultrazvukového defektoskopu
OmniScanMX a vypracovani navodu k obsluze pro laboratorni cviceni pfedmétu DPD (defek-
toskopie a provozni diagnostika).

Bakalatska prace (19) pojednava o nedestruktivni diagnostice litych hornin (¢edi¢ a korund -
produkty firmy EUTIT s.r.o) pfevazné ultrazvukovou metodou. vyrobou a v praktické casti
jsou vysledky méfeni ultrazvukovym pfistrojem DIO 562 pti pouziti IMHz a 4MHz sondy.

Vyrobky jsou prozvuditelné. Doporucena kontrola ve vodni lazni. Trubka celd ponofena
do vody se bude méfit pies vodni akustickou vazbu a bude se otacet v rolnach.

Na vzorku ¢edi¢ové cihly byl vytvoten tvar DAC kiivky pro rutinni kontrolu ¢edi¢e na vnitini
vady.

Diplomova prace (21) je zaméfena na stanoveni tloustky stén dutych lopatek plynovych turbin
ze zéropevnych Ni a Co slitin litych v 1. Brénské strojirné Velkéa BiteS. V ptipadé dodanych
vzorkl turbinovych lopatek se vSak jedna pouze o tzv. superslitiny Ni, konkrétné¢ Inconel 713
LC u lopatek 02 a 05 a MAR-M 247 v piipad¢ lopatky T40. Déle se diplomova prace zabyva
porovnanim vysledkt neékolika metod (UT, ET, MT), pficemz ma prace poskytnout nahled ja-
kym smérem vést piipadny dalsi vyzkum méfeni tlousték stén dutych lopatek.

Meéfeni probihalo pomoci ¢tyt pfistrojui a to: Dio 562, Nortec 1000, NDT1 K5 a Domena B3.

Experiment diplomové prace prokazal moznost méteni tloustek turbinovych lopatek vSemi me-
todami, avSak s rozdilnou pfesnosti a pouzitelnosti. Jako metoda s nejlepsimi vysledky se jevi
meéfeni s tloustkomérem NDT1 KS5. Nejlepsich vysledkd bylo dosazeno pii pouziti litinovych
$pon jako pomocného feromagnetického média. V této kombinaci pfistroje a média bylo dosa-
zeno pruméru odchylek jednotlivych méteni od 3,85 do 6,54 %, absolutni odchylky vychazeji
od 0,052 do 0,115 mm a smérodatné odchylky od 4,66 do 9,35 %.
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3.1. Disperzni vrstvy - porézita

Bakalarska prace se zabyva zkoumanim porézity a tloustky naspékané bronzové vrstvy
na loziskovych panvich prostiednictvim nedestruktivnich metod testovani. Prace vyhodnocuje
vhodnost a spolehlivost pouzitych nedestruktivnich metod k odhalovani miry porézity.

Bakalatska prace (13) se zabyva zkoumanim pordzity a tloustky (0,2 az 2 mm) naspékané
bronzové vrstvy na loziskovych panvich motori TEDOM prostiednictvim nedestruktivnich
metod testovani. Prace vyhodnocuje vhodnost a spolehlivost pouzitych nedestruktivnich metod
k odhalovéani miry porézity.

Hodnoty ptedpokladané (spocitané) porovitosti od té skutecné 1isi v priméru pro akusticky
utlum o 1,158 % a pro rychlost zvuku v priméru o 1,136 %. Akustické vlastnosti velmi dobfe
koreluji s porovitosti vrstev.

Cilem prace (17) zadané slévarnami liti Al slitin pod tlakem bylo pomoci nedestruktivni meto-
dy ultrazvukové defektoskopie urcit vztah pordzity a akustického utlumu u Al slitin.
K experimentu byly odlity hranoly s konstantni vnitini pérovitosti katedrou slévarenstvi
na polské Politechnice Czestochowské.

Defektoskop Dio 562 pracoval s postupné pripojovanymi dvojitymi sondami o frekvenci 1, 2, 4
a 10 MHz.

Tab. 3. Stiedni hodnoty vysledkii, kontaktni sonda 10MHz d6mm, méieni na bronzovych vrstvach loZisek.

zjisténa fiktivni atlum rychlost pronikani ultrazvuku | elektricka vodivost
pérovitost ultrazvuku bronzovou vrstvou bronzové vrstvy

[%] [dB/m] [mis] [S/m]

3,0 229.5 5377 36308000
34 281.5 5954 32198000
4.0 300,8 4 405 31513000
12 483,2 3923 23977000
19 1279,5 3558 2740000

Nejtésnéji charakterizuje porezitu Al odlitkii méteni atlumu pii 4 MHz — obr. 4.
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Akusticky Gtlum ultrazvuku pfi
pouZiti 4MHz sondy :
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pordzita [%]

akusticky utlum ultrazvuku [dB/m]
@

Obr. 4. Porozita slitiny Al mérend utlumem UZ vin.

Kontrola porézity tlakovych odlitkl akustickym Gtlumem dle zjisténého matematického mode-
lu 1ze aplikovat pfi automatické kontrole hromadné odlévanych odlitka.

4. Zavér
Ukoly pro dalsi prace:

Mefit povrchové kalené vrstvy hfideld na vyvinutém pfipravku se sondami min. 25 MHz
s vyuzitim Wienerova filtru.

Mefeni vytvrditelnych slitin ve dvou krocich (hodnotit rozdil vlastnosti obou stavi): IThned po
zakaleni z teploty rozpoustéciho zihani a po vystarnuti (vytvrzeni).

Pro piesnéjsi urceni zmén akustickych vlastnosti tepelnym zpracovanim litin by bylo vhodné
provést méfeni na vice vzorcich stejného slozeni.

Zohlednéni vlivu pozice na stromecku na mechanické vlastnosti presné litych litinovych odlitkd

Experimenty s aluminidy zaméfit na pouziti nékterych specialnich sond, pfipadné i na jiné me-
tody zkouseni ultrazvukem.

Za finan¢ni podpory firmy EUTIT s.r.o. bude mozno vyvinout kontrolni tlohy k provozni kon-
trole vyrobkti EUTIT s.r.o0.

Pied ptipadnou konkrétni aplikaci metod méteni tloustky stén turbinovych lopatek v 1. BS
bude nezbytny aplikacni vyvoj, ktery by stanovil pfesné podminky méfeni, zajistil by presné
polohovani sondy a sestavil korekéni kiivky.

Kriticky nedostatek studentl prezenc¢niho studia se c¢astecné nahrazuje ziskavanim studenti
kombinovaného studia (dvouleté studium bakalait na inzenyry, doktorska studia).

This publication was written at the Technical University of Liberec as part of the project
"The study and evaluation of the material's structure and properties" with the support of the
Specific University Research Grant, as provided by the Ministry of Education, Youth and
Sports of the Czech Republic in the year 2018.
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Abstrakt.

Prispevok sa zaoberd skusenostami ziskanymi s pouzivanim infracervenej kamery FLIR SC7500
pri nedestruktivnych skiskach na Katedre aplikovanej mechaniky Strojnickej fakulty Zilinskej univerzity
v Ziline. Predmetom zdujmu je detekcia trhlin v kovovych a kompozitnych materidloch. Pri takomto type
merani je merany objekt budeny zdrojom ultrazvukovym, optickym, alebo inym zdrojom budenia
a infracervend kamera shizi ako detektor, ktory snima vyZiareni energiu z povrchu meraného objektu.
Ziskana odozva z budeného objektu je spracovana metodou lock-in. Okrem problematiky detekcie trhlin
Je taktiez mozne s uvedenym typom detektoru urcit' deformdcie analyzovaného objektu alebo vlastné
frekvencie a tvary kmitov.

Keywords: NDT, lock — In, aktivna termografia

Abstract:

The paper deals with the experience gained with the use of the FLIR SC7500 infrared camera in non-
destructive tests at the Department of Applied Mechanics of the Faculty of Mechanical Engineering of
Zilinskd univerzita in Zilina. The subject of interest is the detection of cracks in metallic and composite
materials. In this type of measurement, the measured object is excited by a source of an ultrasonic, optical,
or the other source of excitation, and an infrared camera serves as a detector that receive the radiated
energy from the surface of the measured object. The signal received from the excited object is processed by
the lock-in method. In addition to crack detection, it is also possible with this type of detector to determine
the deformation of the object or its natural frequencies and modal shapes.

Keywords: NDT, lock — In, termography

1  Aktivna termografia

Aktivna termografia je vdcSinou zaloZena na riadeni stimulacie tepelnej viny v telese,
naslednom snimani rozloZenia teplot IR termografickym systémom a analyzou signalu.
Defekty v podpovrchovej vrstve sa prejavia rozdielmi v rozloZeni povrchovych teplot. Zdrojom
tepla méze byt halogénova lampa, pulzny laser, xenénova vybojka alebo teply pudiacim
vzduch. Pri znamych vlastnostiach materialu je mozné z tepelného obrazu vyhodnotit’ rozsah
a hibku podpovrchovych porich teoreticky alebo porovnanim s etalénom. [1]
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IR. termograficky systém

Obr. 1. Schéma systému aktivnej termografia

2 Lock — in metoda

Lock — in termografia je zalozena na modulacii riadeného tepelného toku dopadajiiceho
na diagnostikovany objekt. Tepelna (obvykle sinusova) vina prenikd dovnutra telesa a v mieste
zmeny prostredia, t.j. anomalie/odchylky v Struktire materialu testovaného objektu odraza sa
spét’ k povrchu. Na povrchu objektu dochadza k interferencii objektom vyzravaného a na objekt
dopadajiiceho toku ziarenia (tepelného), ked potom termogramy snimané termografickou
kamerou su modifikované tepelnou vlnou emitovanou zvnutra diagnostikovaného objektu.
Rozborom signalu z kazdého pixelu detektora kamery je mozné stanovit’ oddelene amplitidu aj
fazovy posuv odozvy. Vyhodnotenie amplitudy a fazy obrazového signalu je mozné docielit’
réoznymi spdsobmi, najcastejSie sa pouziva spracovanie Styroch o 90° fazovo posunutych
obrazov. [1]

S1 | LSy
! ‘s, is; |

t

Obr. 2. Princip vyhodnotenia amplitudy a fazy, pricom I je budiaca vina, S je Ziarenie dopadajiice na detektor.
3  Vybrané merania pomocou NDT na ZU

V nasledujucich kapitolach st popisané niektoré z merani, pomocou aktivnej termografie,
ktoré sa uskutocnili na katedre aplikovanej mechaniky Zilinskej univerzity v Ziline.
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Obr. 3. Ultrazvokovy systém budenia a termokamera FLIR SC7500

3.1 Vzorka pre tinavové skisky

V spolupraci s Katedrou materidlového inzinierstva sa vykondvalo nedeStruktivne meranie
vzorky po tnavovej skuske, na ktorej sa nachadzala inavova trhlina. Po spracovani nameranych
dat, metddou Lock — in, dostavame pét typov termogramov, ktoré su reprezentované ako obraz:
komplexny, imaginarny, realny, amplitidovy a fazovy. Kazdy z tychto termogramov sa pocita
odlisne, pricom pri kazdom merani moze lepSie zobrazovat dani anomaliu iny z tychto
termogramov. Na Obr. 4 m6zeme vidiet’ ako sa v trhline po excitacii ultrazvukovym systémom
generuje teplo a taktiez mozeme vidiet' termogramy, amplitidovy, imaginarny a realny, ktoré
najlepSie zobrazovali dant trhlinu. Na uvedenych snimkach je prezentovana detekcia
existujucich trhlin na vzorke.

Real IR

Obr. 4. Model vzorky pre unavové skusky a vysledné termogramy zobrazujuce trhlinu na vzorke
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3.2 Zlievarenska forma

V spolupraci s Katedrou technologického inzinierstva sa vykonavalo nedestruktivne meranie
zlievarenskej formy scielom vyhladania problémovych oblasti na meranom objekte.
Po spracovani nameranych dajov boli poskodené miesta formy lokalizované a nasledne
podrobené d’al$ej analyze. Z Obr. 5. je zrejmé, kde sa poskodené miesta formy nachadzaji.

 ReallR

Obr. 5. Zlievarenskd forma a vysledné termogramy zobrazujiice poskodené miesta

3.3 Zubova spojka

V spolupraci s Ustrednym  defektoskopickym = strediskom Zeleznic ZSR sa vykonavalo
nedestruktivne meranie zubovej spojky s ciel'om lokalizovat’ poskodené zuby.

Komplex IR

Obr. 6. Zubova spojka a vysledné termogramy zobrazujiice poskodené zuby
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Zaver

Ciel'om prispevku bolo priblizit' informacie o tom, ¢o je aktivna termografia a ako sa vyuziva
voblasti NDT. V ¢lanku boli ukazané, niektoré vybrané vysledky z merani, ktoré sa
uskuto&iiujii na katedre aplikovanej mechaniky na Zilinskej univerzite v Ziline. V prispevku
sme sa obmedzili na prezentaciu detekénych schopnosti systému, ked boli detegované trhliny
v ocel'ovych objektoch. Za pozornost’ stoji moznost’ detekcie aj na tvarovo zlozitych objektoch,
ako je dno vtokového kanalu na forme alebo pita zubu. Ide ojeden zo spdsobov
nedestruktivneho skiiSania, ktory moze roz$irit bezne pouzivané detekéné postupy
v strojarenstve, ked’ ako detektor odozvy systému na budenie bola pouzitd infracervena
kamera. Niektoré d’alSie podrobnosti je mozné najst’ v [2,3,4,5].

Tento c¢lanok vznikol s podporov projektov VEGA 1/0795/16, KEGA 017ZU-4/2017 a Agentury pre
podporu vedy a vyskumu ¢. APVV-0736-12.
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Abstrakt

Vyhodnocovani nanoindentace a vrypovych zkousek spoléha prevazné na analyzu zaznamii hloubky a zatéze
v case. Tento pristup se ukdzal dostatecny ve veétsiné pripadii pro nejriznéjsi materialy (tenké vrstvy, mikro-
objekty, kompozity, atp.). AvSak je mnoho situaci, kde indentacni krivky resp. zaznamy hloubky a zatéze v case
neposkytuji dostatek informaci pro pochopeni a zachyceni komplexnéjsi deformacni odezvy materialu. I presto,
Ze mikroskopickd pozorovani zbytkovych vpichii resp. vrypil prispiva k rozsifeni moznosti vyhodnoceni testii,
nevysvétluje to dynamiku studovaného procesu ci fenoménu, coz se tyka predevsim netransparentnich
materiali. Na druhé strané zdznam akusticko-emisnich vin tento nedostatek odstraiiuje poskytnutim
nedestruktivniho zpisobu ziskani dopliujicich informaci.

Akustické viny generované v pribéhu mechanickych testii na nano-mikro tirovni jsou bohatym zdrojem
informaci o deformacnim chovani testovaného materialu, coz plati predevsim pro iniciaci a propagaci trhlin
na testovaném povrchu ¢i povrchové vrstvé. Proto analyza akustické emise poskytuje lepSi pochopeni
a komplexnéjsi interpretaci vysledkii ziskanych nanoindentaci a vrypovym testem.

Sila AE metody bude demonstrovana pro tvrdé ochranné SiCN povrchové vrstvy nanesené na silikon zkoumané
pomoci vrypové zkousky. Kombinace AE a nanoindentace bude prezentovana na kiemiku a riznych typech
skla, vietné vytvrzenych skel. V obou pripadech bude analyza AE uddlosti korelovana se standardnimi
pristupy.

Uvod

Utelem tohoto textu je ukézat, e pro nanoindentaci a vrypové testy tenkych povrchi dokéze
akusticka emise pii spravném technickém vybaveni a pouziti doplnit komplementarni informace
k tradi¢nim parametrim vyhodnocovanym pii téchto metodach a pfinést tak mnohem vice informaci
vedoucich k pfesnéjsim vysledkim danych méficich zkousek.

Pro vlastni nanoindentaci a vrypové testy byl pouzit pfistroj NanoTest verze Platform 3 od firmy
MicroMaterials, umoziujici provadét nanoindentaci, mikroindentaci, vrypové (scratch), dynamické
a zatézove zkousky.

Nanoindentor byl dodatecné¢ vybaven specidlnim na miru vyrobenym snimacem firmy DAKEL
v podobé drzédku vzorku (viz obr. 1), ktery lze Sroubem pfipevnit na misto ptivodniho pasivniho
kovového bloku. Vlastni drzdk je konstruovan tak, aby piezoelement uvnité tohoto bloku mél
co mozna nejlepsi akusticky kontakt s horni plochou drzaku, na ktery se lepi vzorek a tudiz, abychom
dokazali zachytit i velmi jemné a jinak velmi siln€ zatlumené vibrace vznikajici poruSovanim tenké
vrstvy na substratu vzorku.
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Akustickou emisi sice ke svym pfistrojim nektefi vyrobci nanoindentorti jiz po né&jakou dobu
dodavaji (zpravidla jako volitelné vybaveni), nicméné¢ tato je Casto realizovana pomoci snimace
umisténého na drzédku indentorového hrotu, coz znamena, ze veskeré akustické viny musi piijit
z materidlu pfes velmi tenkou Spicku indentorového hrotu, coz zplsobuje velmi silné zatlumeni
signalu a tudiz ji spousta uzivatelll nepouziva a povazuje za velmi malo citlivou pro dany typ testd.
V nasem pfipadé se snazime ukazat, ze pifi spravné konfiguraci, umisténi a citlivosti celého
AE systému je tato metoda i pro nanoindentaci a vrypové testy velmi uzitecna a pfinosna.

V piipadé zde ukazanych konkrétnich méfeni bylo pro snimani a vyhodnocovani dat pouzito systému
DAKEL IPL (4x 12-bit AE kanal na 2 MSPS se zesilenim 0-80 dB) pfi¢emz signal z drzaku vzorku byl
rozdélen na vSechny 4 kanaly s riznymi zesilenimi pro lepsi dynamiku signalu. Snima¢ v drzaku v sobé
navic obsahuje integrovany 43 dB nizko-Sumovy ptedzesilovac¢ DAKEL AS4.

Vyhodnocovani vrypovych testtl a tenké vrstvy

Vrypové (scratch) testy na tenkych vrstvach se délaji predevsim jako zkousky adheze a koheze,
jejichz cilem je zjistit kritické zatéze, pfi kterych zacne material selhavat. Indentor je tahnut
po povrchu pii zvySujici se zatézi, pti cemz v testovaném materialu postupné vznikaji komplikovana
pole napéti, vedouci k nejriznéjsim zplisoblim poruSeni materialu. Dvéma z hlavnich ur¢ovanych
parametrt je jednak tzv. dolni kriticka zatéz (Lci nebo jen Lc), coz je zatéz, pii které se objevi prvni
trhlina, a ur€uje miru kohezni sily povrchové vrstvy. Druhym parametrem byva tzv. horni kriticka
zatez (Lc2), coz je zatéz, pii které dojde k totalnimu odtrzeni povrchové vrstvy od substratu, a urcuje
miru adhezni sily povrchové vrstvy k danému substratu. [1,2]

Mezi obvyklé zplsoby vyhodnocovani takovych zkouSek se pocita pfedevSsim vizualni analyza
zbytkové ryhy po vrypu pomoci skenovaciho elektronového mikroskopu (SEM) nebo konfokalniho
skenovaciho LASERového mikroskopu (LSCM), viz obr. 2 nahote.

Druhym nejobvyklejsim zpisobem vyhodnocovani je analyza kiivek hloubky a zatéze (obr. 2 dole
silna kfivka, v tomto pfipadé se zatéz od jisté¢ vzdalenosti linearné zvysuje od 0 az po 500 mN) na
vzdalenosti (resp. ase, coZ je pro konstantni posuv ekvivalentni). Zpravidla se pro kontrolu generuje
nejprve topologie povrchu pted testem, tedy de-facto vryp s minimalni konstantni zatézi, kterym
ziskame hloubkovy profil testovaného mista pfed testem (na obr. 2 dole spodni tenka kiivka). Po té
kiivka hloubky pronikani indentoru pii vlastnim testu, kterd byvd hodnotové nejvétsi, nebot
v materialu ¢asto dochazi k ¢astecné vratné plastické deformaci (na obr. 2 dole horni tenka kiivka).
A nakonec topologie zbytkové stopy po vrypu. Analogicky jako v piipadé pocatecni topologie tim
ziskame hloubkovy profil zbytkového vrypu po testu (na obr. 2 dole prostiedni tenka kiivka).
Nejjednodussim zptisobem, jakym lze pro ucely vrypovych zkousek vyhodnotit signal akustické
emise je vygenerovani obalky AE signalu s néjakym rozumnym cCasovym rozliSenim. V nasem
pripadé méfeni trva 45 s s konstantnim posuvem 10 pm/s a kiivky, které ze systému nanoindentoru
dostaneme, maji néjakych 267 bodu, tedy pfiblizné 6 Hz, coz odpovida rozliseni piiblizné 1,6 pm.
Jako pouzitelny kompromis mezi velikosti (a tedy pfedev§im také zobrazitelnosti) dat a pfesnosti
bylo zvoleno 2000 bodt obalky na zkousku, coz odpovida ptesnosti 0,225 pm.

Po doplnéni obalky signalu akustické emise se v idealnim pfipadé vSechny analyzy shoduji,
viz obr. 3. Kdyz se ale podivame napt. na hodnoty dolni kritické zatéze pro rizné varianty filmu
amorfniho silikon carbon nitridu (a-SiCN) urcené bud’ z vizualniho pozorovani konfokalnim
mikroskopem, nebo pomoci kiivky hloubky anebo pomoci obalky akustické emise (viz obr. 4),
uvidime nékolik véci. Za prvé, ze ne vzdy hodnota dolni kritické zatéze urcena témito tfemi zplisoby
musi vzajemné odpovidat. A za druhé, ze ve vétsiné ptipadd jednoduché pouziti obalky akustické
emise odhali tuto mez nejdiive a tudiz to vypada, Ze v mnoha pfipadech je tato metoda z danych tii
nejcitlivejsi. Kazdopadné srovnani téchto tii zplisobli ndm poskytuje hlubsi nihled do dynamiky
poruseni danych vrstev a pouhé mikroskopické vizualni pozorovani ¢i vyhodnocovani zatézovych
kiivek mize byt zavadéjici.
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Akustickd emise totiz detekuje i podpovrchové praskani, které nemusi byt vidét ani vizualné
(napf. pokud je trhlina planarni delaminace nebo sméfuje pouze smérem doli a ne k povrchu) ani
na k¥ivce hloubky (viz obr. 3a a 3b). Pro nékteré povrchové materialy mtizou dokonce jak povrchovy
snimek, tak kiivky hloubky a zatéze vypadat uplné stejné a bez jakychkoliv detekovatelnych prasklin
¢i odloupnuti, jako napf. u CrN a AICrN. Nicméné pii zapojeni akustické emise zjistime, Ze CrN ma
vyrazné podpovrchové praskliny uz téméf od zacatku zatézovani, zatimco AICrN nikoliv.

Nanoindentace a praskani skla

Jedna z aplikaci nanoindentace pro riizné varianty skla spociva v zjisténi jeho odolnosti viici realnému
mechanickému poskozeni v terénu pomoci ostrého bodového kontaktu s diamantovym hrotem
(Berkovicova pyramida). Pfi¢emz zkouska byva rozd€lena na 3 faze. V prvni fazi se zatéz linearné
zvétSuje od nuly do stanoveného maxima (tzv. loading), pak se po néjakou dobu drzi zatéZ na stanovené
maximalni hodnot¢ (tzv. creep) a ve tieti fazi zat€z opét linearné klesa na nulu (tzv. unloading). Zkouma
se, pii jaké zatézi sklo poprvé praskne a jakym zplisobem (napt. radidlné smérem ven od hran hrotu nebo
lateralné podél stén hrotu), z cehoz lze pak odvodit modul pruznosti.

Na obr. 4 mizeme vidét devét rliznych variant skel zatézovanych stejnym zpsobem, pokazdé s jinou
odezvou. Pro kazdou tuto variantu i obalka akustické emise vypada jinak a da se z ni snadno zjistit, zda a
pii jaké zatézi dané sklo praskne bez ohledu na to, jak vlastné vypada vysledny mikroskopicky snimek.
Pro néas bude v tuto chvili zajimava pfedevSim varianta s oznaenim K10, pro niz prib¢h obalky
akustické emise mizeme vidét na obr. 5. Na tomto vzorku je predev§sim zajimavé to, Ze pfi vizualni
inspekcei neni vidét viibec zadna prasklina. Tudiz by se na zakladé pouze tohoto standardniho pozorovani
mohlo velmi mylné zdat, Ze tento vzorek je ze vSech deviti testovanych vzorkl nejodolngjsi. Na druhou
stranu, pfi i pouze zevrubném pohledu na obalku akustické emise je naopak jasné, ze toto sklo praska
hned od zacatku zatézové faze. Nicméné se v tomto piipadé jedna o tzv. medianové trhliny, které se §iii
pouze od hrotu smérem dolti a ne do stran ani k povrchu mimo misto vpichu (viz obr. 6) a tudiz nejsou
standardnim pozorovanim detekovatelné, zatimco akustickou emisi ano.

Posledni ukédzka na obr. 7 jsou vysledky indentace vzorku Gorilla glass (které se pouziva napf. jako
ochranné sklo pro mobilni telefony). Na této ukazce je videét, ze kromé obalky akustické emise Ize stejné
efekty zachytit i pomoci pokrocilejsiho zpracovani pies spektrogram akustické emise, kde jsou dané
udalosti taktéZz zachytitelné a navic lze timto zptisobem délat i dalsi kvalitativni analyzu riznych typt
poskozeni.

Detekce brzkého mechanického poskozeni

Dalsi snahou pii zkouskach zde popisované alternativni konfigurace systému akustické emise od firmy
DAKEL pro nanoindentaci a vrypové zkousky bylo pokusit se néjakym vhodnym zptisobem automaticky
v korelaci s vizualni detekci na mikroskopu a kfivkami hloubky vrypu zachytit co nejdiivéjsi poSkozeni
materialu pii vrypovych zkouskach, u kterych v daném materidlu nedochazi na zacatku (anebo v celé
zkousce) k zadnému praskani. Takovym materidlem je napi. oxid titanicity (TiOz). Z mikroskopické
vizualizace rezidualni stopy na obr. 8 (dole) se ukazuje, ze k prvnimu mechanickému poskozeni vrstvy
dochazi na pozici nékde kolem 5 pm, coz bychom radi akustickou emisi zachytili.

Pti pohledu na standardni obalku signalu akustické emise vidime, Ze kolem 5 pm se nic zajimavého
nedéje. Teprve az nékde kolem 8 —10 um se zacnou néjaké drobné udalosti tu a tam trousit
a vyznamny narust obalky detekujeme az teprv nékde po 32 pm, kdyz se vrstva TiO; prorazi a hrot
zacne ryt do substratu (viz obr. 9). Analogicky je pohled na tentokrat dalsi klasické zpracovani
akustické emise, tedy na kumulativni kifivku po¢tu hitd v ¢ase (viz obr. 8), ktera navic je$té zavisi na
hodnot¢ nastaveného prahu detekce hitli. (Je-li nastaven pfili§ nizko, detekujeme pouze Sum a kiivka
velmi strmé roste i uz v dobé, kdy na hrot jesté ani nezacala plsobit zadna sila. Je-li pak sila
nastavena vys, je vidét pouze to, co vyplyva z pohledu na obalku nebo horsi.)
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V tomto piipad¢ dokonce ani celkovy spektrogram signalu akustické emise nepfinese na prvni pohled
zadné lepsi informace. Nicméné se ukazuje, ze v daném spektrogramu pouze na jistych vybranych
frekvencich specifickych pro dany material (ale které lze automaticky vybrat napf. pomoci
STV algoritmu, v nasem ukazkovém piipadé je to frekvence 31 kHz) lze vysledovat zonu plastické
deformace daného materialu pomoci zmény smérnice regresni kiivky, ktera je az do t¢ doby nulova.
Zaroven se minimaln¢ v tomto pfipadé také ukazuje, ze kubicka regresni kiivka prolozena hloubkou
topologie rezidualni stopy ma inflexni bod v misté, kde dojde k Gplnému prorazeni povrchové vrstvy
a zacne ryti do substratu. Cela situace je zobrazena na obr. 10.

Zavér

Akusticka emise je pfi spravném pouziti a konfiguraci systému velmi silny nastroj v materidlovém
vyzkumu i na nano a mikro urovni. Tato nedestruktivni technika dokaze vhodné dopliovat destruktivni
techniky, jako je nanoindentace a vrypovy test, ke kterym muze byt vhodnym spolehlivym zdrojem
unikatnich informaci o povrchovém i podpovrchovém poskozeni. Lze ji snadno pouzit a je zde moznost
bud’ pouze jednoduché klasické analyzy anebo i pokrocilejsich technik, pficemz i ta pouze jednoducha
analyze miZe ve vyhodnocovani testd velmi vyrazné pomoct. S pomoci akustické emise lze také
detekovat velmi brzké poruseni materialu jesté pred vytvofenim trhlin.
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Obr. 1: Bézné vyhodnocované parametry vrypovych zkousek. Nahore vizudlni obrazek ze skenovaciho konfiokalniho
mikroskopu. Dole v grafu v ¢ase vynesend krivka zatéze a pak postupné odshora kiivka hloubky pri zatézi, pri topologii
po vrypu (tedy davajici profil hloubky rezidualni stopy) a pri topologii pred vivpem (tedy tvar povichu pied testem).
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Obr. 2: Detail na miru vyrobeného drzdiku vzorku s vestavénym snimacem akustické emise a prikladem na ném
nalepeného vzorku (v tomto pripadé se jedna o bulkovy vzorek, ne o tenkou vrstvu).
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Obr. 3: Prikladem, kdy vizudlni analyza rezidudlni stopy z konfokalniho mikroskopu (nahore) i kiivky hloubky (dole)
se shoduji s obalkou akustické emise (uprostred) pri vrypovém testu, je vzorek borem dopovaného nanokrystalického
diamantového filmu. Svisla prerusovand céara ukazuje spodni kritickou zdtéz.

340

Critical load, mN
"
H

B lel vis

L1 depth mLc AE

0OSIC D4siCH

ORSIN 165iCN 32SICN ABSICN

Obr. 3a: Srovnani detekce dolni kritické zatéze (Lci) pomoci vizudlni inspekce konfokdlnim mikroskopem, analyzy kiivky
hloubky a obadlkou akustické emise na riiznych variantach a-SiCN filmii. Ve vétsiné pripadit AE detekuje drive.
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Obr. 3b a 3c: Na téchto dvou prikladech si miizeme podrobné ukdzat, Ze akustickd emise detekuje jiz prvotni praskdni,
dokonce i podpovrchové, které vizudlné neni viibec vidét a na kiivce hloubky obcas jen nepatrné. Na snimkdach
z mikroskopu je taktéz pékné videét zpétné odtrhnuti velkého kusu vrstvy i za indentorem.

Obr. 4: Nanoindentace Berkovicovym hrotem do riiznych variant skla produkuje riizné varianty a miry poskozeni.
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Obr: 5: Nanoindentace Berkovicovym hrotem do skla K10 vizudlné nevykazuje Zadné znamky prasklin. Akusticka emise

vSak jasné ukazuje, Ze k podpovrchovému praskani dochazi jiz velmi brzy v zacatku zatézové faze.
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Obr. 6: Mechanismus vzniku riznych typii trhlin v kiehkych materidalech pri nanoindentaci. [3]
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Obr. 7: Ukazka mikroskopickych indentit do Gorilla glass pri riiznych maximalnich zatézZich. A ukazka adekvatniho
zdaznamu obalky akustické emise a k tomu korespondujici spektrogram signalu akustické emise, kde jsou dané uddlosti
také patrné viditelné, ale Ize z nich vhodnym zpracovanim potencidalné vytahnout vice informaci.
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Obr. 8: Graf kumulativnich hitit (nahore) zavisi hodné na sprdavném nastaveni prahii detekce hitii, ale i s nejlepsim
moznym nastavenim neukdze pocdtek zény plastické deformace TiO; materidlu, kterd podle vizualizace z konfokdlniho
mikroskopu (dole) zacina nékde kolem 5 um.
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Obr. 9: Z klasického vyhodnocent obalky akustické emise také nelze v tomto pripadé urcit pocatek zony plastické
deformace TiO; materidlu.
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Obr. 10: Pocatek zony plastické deformace TiO; materialu pii vrypové zkousce detekovand pomoci nariistu smérnice
regresni krivky v rezu spektrogramu na 31 kHz (fialova) a zdaroven oznaceni inflexniho bodu na kiivce hloubky
pro topologii vrypu. Dany bod urcuje misto priirazu povrchové vrstvy a pocatek ryti do substratu.
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Abstrakt

Cldnek je zaméren na nedestruktivni testovdni betonu péti receptur, rozdilnych v pouZitém
kamenivu, degradovanych vysokymi teplotami. Testovani je provedeno pomoci méfeni rychlosti
prachodu ultrazvuku a kladivkovou metodou Impact-Echo. Nedestruktivni vysledky jsou
porovndny s konvencnimi destruktivnimi zkouskami. Pevnost vtahu a hustota je porovndna
s rychlosti ultrazvuku v zkouseném materidlu, s rezonancni frekvenci zkousenych téles a zménou
akustické impedance. Srovndni zméfené akustické impedance v zavislosti na rezidudlni tahové
pevnosti teplotné degradovaného betonu poukazuje na zajimavou Zz&vislost téchto velicin
a polemizuje nad moZnosti zkoumani tohoto typu poskozeni skrze zménu akustické impedance.

Klicova slova: nedestruktivni testovani, beton, vysoké teploty, vibroakustika, akustickd
impedance, impact-echo, rychlost prichodu ultrazvuku

Abstract

The paper is focused on non-destructive measurement of high temperature degraded concrete
test specimens of five mixtures different by the use of coarse aggregate. Testing is done by
ultrasonic pulse velocity method and Impact-Echo method. Non-destructive results are compared
with destructive tests. Ultrasonic pulse velocity, dominant resonance frequency and acoustic
impedance are discussed and compared with changes in density and tensile strength of concrete.
The paper suggests possible assessment of degraded concrete by the change in acoustic
impedance dependent on residual tensile strength.

Key words: non-destructive testing, concrete, high temperature, vibroacoustic, acoustic
impedance, impact-echo, ultrasonic pulse velocity method
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1. Uvod

Akustické nedestruktivni metody mohou byt dobfe pouzity pro odhalovani vad a poruch,
jako jsou praskliny, dutiny, kaverny nebo delaminace v prostém, vyztuzeném nebo
i pfedpinaném betonu. Lze je téz vyuzit pro posouzeni stavu konstrukce, kterd byla
komplexné degradovana rGznymi vnéjsimi &initeli (Epasto, Proverbio, & Venturi, 2010).
Vibroakustické metody mizeme rozlisit na aktivni a pasivni z tGhlu pohledu buzeni signalu.
Aktivni metody vyuzivaji umélé vneseni mechanické viny do zkouseného materialu pomoci
budi¢e a nasledné zaznamendni signdlu zménéného prichodem materidlu zkouseného
prvku pfijimac¢em. Budi¢ mGze mit rizné podoby od sférickych kladivek po piezoelektrické
budice. V pfipadé pfijimacl Ize pouzit kontakini piezoelektrické snimace nebo bezkontaktni
vysoce citlivé mikrofony. Pasivni metody vyuzivaji vznik akustickych mechanickych razd
bud od uvolfiovani vzniklého napéti v konstrukci, nebo od samotného provozu konstrukce.
Tato publikace se bude vénovat aplikaci metodam aktivnim.

V priibéhu testovani nedestruktivni vibroakustickou metodou, jako je napfiklad Impact-
Echo nebo méfeni rychlosti prlchodu ultrazvuku, je posuzovana zména signalu
vytvofenym prdchodem mechanické viny zkouSenym materidlem. Nej¢astéjSi nastroj
pro posouzeni téchto signdlu je Fourierova rychld transformace, kterou lze ziskat
frekvenéni spektrum a posuzovat tak rGzné vlastni rezonanéni frekvence zkousené
konstrukce. Timto zplsobem Ize ziskat vlastni frekvence podélného f., ohybového
fir a fz @ kroutivého vinéni f.. Zména ve frekvenénim spektru mize indikovat zménu
ve fyzikalné mechanickych vlastnostech konstrukce.

Dal$i akustickou nedestruktivni metodou je méfeni rychlosti prlichodu ultrazvuku je
zaloZzena na presném zdznamu €asu signdlu vybuzeného a €asové prodlevy, kterou
zabere mechanické viné prostoupit zkouSenou konstrukci. V takové sestavé
ultrazvukovy buzeny puls ma tendenci cestovat nejkrat§i moznou trasou skrze
zkouSenou hmotu. Vystupem z této metody je rychlost Sifeni ultrazvuku v testovaném
materidlu v.. V pfipadé degradovaného materidlu, kde vznikly mikrotrhliny a material
se stava vice kfehkym, ultrazvukovy puls je donucen cestovat delSi trasou.

2. Akusticka impedance

Pfi degradaci materidlu komplexnim ¢initelem, jako je napfiklad zvySena teplota, dochazi
ke zméné jak fyzikaln& mechanickych, tak fyzikalné chemickych vlastnosti. Kromé ¢asto
posuzovanych veli€in jako vlastni prvni druha, popf. tfeti rezonanéni frekvence a rychlost
zvuku v materidlu je akustickd impedance Z. Tato veli¢ina v sobé kloubi hustotu materialu
D a rychlost prlichodu mechanické viny.

Z=D-vy, (1)

Akusticka impedance hraje ddlezitou roli v mechanismu prostupu akustické viny
testovanym materidlem.
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Mechanicka vina se §ifi v materidlu v podobé podélného vinéni, kieré se sklada ze ¥
slozek vinéni — podélného vinéni (P vina), smykova vinéni (S vina) a povrchové vinéni
(vina R), téZ nazyvana Rayleighova vina. Pomérné srovnani rychlosti Sifeni jednotlivych
slozek vinéni jsou zndzornény na obrazku €. 2. Tyto viny se Sifi v materidlu ve formé sfér,
které nardzi na trhliny, defekty a ¢asti materidlu, které dosahuji rlzné objemové
hmotnosti. V momenté ndrazu mechanické viny na rozhrani materidlu s rGznou
akustickou impedanci, dojde bud’ k ¢astenému pohlceni, odrazeni nebo lamani viny.
Kazdé takové rozhrani tedy slouzi jako dal$i zdroj mechanického vinéni. Tento proces je
znazornén na obrazku €. 1 a je dale popsan rovnici 2.

Zy—7

"= (2)
Kde je Z; je akusticka impedance prvniho media a Z: je akusticka impedance druhého
media. Vypoctem poméru R, pak mGzeme zjistit, jak se mechanické vinéni v daném misté
zachova.
Pokud se mechanicka vina pohybuje zkuSebnim télesem zhotovené naptiklad z betonu’
a dojde k narazu mechanické viny na vnéjSi hranici télesa, vzduchem naplnéné pory
nebo praskliny dojde k odrazeni mechanické viny. Zaznamenany signal je tedy souctem
mnohocetného odrazu mechanického vinéni uvnitf zkuSebniho télesa.

e o OdraZzena
opadajici
p_v?na ’ Shyina Odrazena
P-vina
i,
B .m0 UDER
R-vina ’ R-vina
1. prostredi — y
2, prostiedi .
odraZzena P-vina
1.00*
B 062* P-vina
S-vina
i Lomova
Lomova P-vina ) — -
S-vina *Cisla znazorfuji relativni rychlast viny
Obr. 1. Odraz a lamani mechanické viny pii Obr. 2. Rizné typy vin (Malhotra & Carino, 2004).
prostupu materidlem (Malhotra & Carino, 2004). Fig. 2 Different types of mechanical waves [2]

Fig. 1. Reflection, refraction and fraction of
mechanical waves on interface of two different
mediums (Malhotra & Carino, 2004).

Akustickd impedance tak v sobé kloubi dva parametry cementovych kompozitQ, které
jsou vyrazné ovlivnény vysokymi teplotami.

1 Beton ma akustickou impedanci Z=9-10-106 kg-m2:s' a vzduch méa Z=0,413 kg-m2:s!
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3. Proces degradace betonu

Beton je heterogenni cementovy kompozit, ktery se obecné skldada z plniva, pojiva,
ptisad, pfimési a zdmésové vody. Plnivo mGzeme rozliSit na jemné plnivo o frakci
0,063 mm az 4 mm a hrubé kamenivo, které se udava od 4 mm do 32 mm. NejCastgji
pouzivand maximalni frakce hrubého kamenivo je 32 mm. Kazda ze slozek betonu
reaguje na zvySené teploty jinym zplsobem a projevuji se i tzv. synergicky efekt
jednotlivych slozek. Z pohledu materidlu mizeme rozliSit reakci betonu na diléi reakce
kameniva, cementového kamene a fyzikalné a chemicky véazané vody.

3.1. Kamenivo

Reakci kameniva mizeme rozlisit dle geologického plivodu a prevazujici slozky. Kameniva
s vysokym obsahem kfemicitého podilu jsou vyrazné ovlivnény fazovou zménou B-kfemen
na a-kfemen pfi 573 °C. Kfemenné krystaly béhem této teploty zméni svou krystalickou
strukturu doprovazené zvétSenim objemu o 0,86 — 1,00 %. Uz pfi teploté 300—400 °C
zacina vznik prasklin, coz vede k zvySeni porozity a vodni absorpce.

Kamenivo bohaté na vdpenec je méné odolné vici niz§im teplotdm, ale v porovnani
s kiemic¢itym kamenivem je jejich odolnost témérf totozna. Nad 700 °C vSak projevuje
vapenité kamenivo lepSi odolnost vici vysokym teplotdm hlavné diky dodate¢nému
vypalovani vapence CaCO; —» CaO + CO,". Po prekroceni teploty 900 °C vykazuji oba
typy kameniva velice podobné chovani (Savva, Manita, & Sideris, 2005).

3.2. Cement

Reakce cementového kamene byla zevrubné studovéna v pribéhu uplynulych dekéad.
Proces degradace cementového kamene mlzeme rozdélit na 3 hlavni mechanismy.
Odchod fyzikdlné a chemicky vazané vody s tim spojeny rozklad slozek jako jsou CSH
gely, ettringit CasAl(SO4)3(OH)12-26(H20) nebo portlandit Ca(OH).. Schéma sloZeni
hlavniho predstavitele struktury cementového kamene v zatvrdiém stavu je CSH gel,
jehoz struktura je znéazornéna na obrazku €. 3.

Voda v mezivrstvé

CSH ¢astice (5 nm)

csHveva__ |

Menovrsiva
adsorbovang ]
vody

Obr. 3. Struktura CSH gelu (Pinson, a dalsi, 2015).
Fig. 3. tructure of CSH gel (Pinson, et al., 2015).
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Tyto slozky jsou bohaté na chemicky vazanou vodu, kterd se postupné pfi zvySené teploté
pfeménfuje na paru. Pogatek prvni degradace cementového kamene tedy nastava jiz od
100 °C, kdy se zacina rozkladat ettringit CasAlx(SOu)s(OH)12-26(H20), ktery je vétSinou
v malém mnozstvi pfitomen v cementovém kameni. Zaroveri od 100 °C za&ina rozklad CSH
gelt. Chemicky vazana voda ddle odchazi z jednotlivych slozek, kdy pfiblizné okolo 420—
500 °C dochazi krozkladu portlanditu. Tyto degradacni procesy zpusobuji popraskani
a smrsténi cementového kamene (Zhang & Ye, 2012). Tento proces opét pfispiva ke vzniku
prasklin a vytvoteni dal$ich vzduchovych pfekazek mechanickému signalu.

4. Navrh experimentu

Predmétem této publikace je porovnani nedestruktivné ziskanych parametrli a jejich
porovnani z pohledu akustické impedance. V ramci tohoto experimentu byly porovnany
vysledky ztestovani zkuSebnich téles 5 rGznych receptur. Kazda receptura se poté
skladala z 63 zkuSebnich téles tramcd o rozmérech 100 x 100 x 400 mm.

ZkuSebni télesa byla palena na teploty 200 az 1200 °C po 200stupnovych krocich. Teplotni
narast byl nastaven na 300 °C-hod™ a teplota byla udrzovana po dobu 1 hodiny. Poté byla
ponechana k samovolnému vychladnuti v peci. Kazda teplotni sada byla pfed vypalem
pfedsusena na 110 °C, &imz byla odstranéna fyzikalné vazana voda v kapildrach a pdrech
betonu. Timto krokem se predchazi explozivnimu odpryskavani, ke kterému by jinak mohlo
dojit uvnitf uzavfené pérové struktury betonu. Voda v kapalné fazi prechazi pfi pfekroCent
teploty 100 °C do plynného stavu a jeji tlak v uzavienych pdérech roste az do situace, kdy
prekro€i tahovou pevnost cementové matrice a kameniva a dojde k ¢astenému nebo
explosivnimu odprysknuti povrchovych vrstev (Zhao, Zheng, Peng, & van Breugel, 2014).
Testované receptury se skladaly pfevazné z tézeného kiemicitého jemného plniva frakce
0/4 mm z lomu Zabgice a hrubého drceného kameniva frakce 4/8, 8/16 a 11/22 mm z lomu
Olbramovice. Prvni tfi receptury byly navrzeny s ohledem na promeénlivou kompozici hrubého
kameniva, posledni dvé receptury byly vyrobeny s odliSnym cementem zalozené na
kompozici hrubého kameniva receptury B. V tabulce 1 jsou uvedené konkrétni kombinace.

Tab. 1 SloZeni testovanych receptur.
Tab. 1 Mixture designs.

Mnozstvi na 1 m® pro jednotlivé

Slozka receptury [kg]

A B C D E
Cement CEM 1 42.5 R 345 345 345 - -
Cement CEM II/A-S 42,5 N - - - 345 -
Cement CEM 152,5 R - - - - 345
Kremigity Pisek Zabgice 0/4 mm 848 934 813 934 | 934
Hrubé kamenivo Olbramovice 4/8 mm - - 1010 - -
Hrubé kamenivo Olbramovice 8/16 mm 980 521 - 521 521
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Hrubé kamenivo Olbramovice 11/22 mm - 355 - 355 355
Superplastifikator Sica Viscocrete 2030 2,8 2,5 3,1 3,1 3,1
Zameésova voda* 160 173 176 155 183

Pro vypal zkuSebnich téles byla vyuZzita keramickd pec Rhode KE. ZkuSebni télesa byla
po odbednéni ponechana ve vodnim prostfedi po dobu 28 dnll. Poté byly ponechany
1 tyden na vzduchu. Po vypalu byly vychladla zkuSebni télesa umistény do laboratornich
podminek se vzdusnou vlhkosti v rozmezi 50-60 % a teplotou 19 -21 °C.

5. Pouzité metody testovani

Pro méfeni rychlosti prlichodu ultrazvukového signdlu (dale UZ) zkousenymi télesy byl pouzit
pristroj “Pulse analyser 58-E4900”. P¥i tomto méfeni se postupovalo dle CSN 73 1371 (CSN
73 1371, 1983). Zkusebni téleso bylo umist&éno na gumovych podlozkach a méfeni probihalo
ve tfech rovinach kolmo na smér hutnéni. Ze ziskanych tfi ¢asu byly zvoleny nejkratsi ¢as,
ze kterého byla nasledné spocétend rychlost prlichodu ultrazvuku v;.

P¥i méfeni metodou Impact-Echo (ddle IE) byl pouzit digitéini osciloskop “Handyscope HS3”
s nastavenou zaznamovou frekvenci na 200 KHz a piezoelekiricky snima¢ MIDI 446s12.
Mechanicky impuls byl vnaSen do zkuSebniho télesa pomoci sférického kladivka vazici
70,5 g. Zkusebni t&leso bylo poté testovdno dle CSN 73 1372 (CSN 73 1372, 1993). Byla
zjisténa rezonanéni frekvence v podélném, pricném a kroutivém sméru zkouseni.

Pro porovnani nedestruktivnich parametr(i byly provedeny kontrolni destruktivni zkousky
na jednotlivych recepturach. Z kazdé teplotni sady jednotlivych receptury byly vybrany tfi
trdmce pro uréeni pevnosti v 4bodovém tahu za ohybu dle CSN EN 12 390-5 (CSN EN
12 390-5, 2009).

5.1. Vypocet rychlosti

Metoda Impact-Echo ve stavitelstvi byla pdvodné vyvinuta v roce 1980 pro ucely méfeni
tloustky betonovych desek ale postupné nasla $iréi uplatnéni. Postup stanovujici zjisténi
rezonanéni frekvence a rychlosti mechanické viny je uveden v americké normé ASTM
C1383-15 (ASTM C1383-15, 2015). Detailné popisuje odecitani ¢asu ze ziskanych
signald a urovani vrcholl jednotlivych rezonanénich frekvenci. Obsahuje t€z vzorec pro

vypocet frekvence z rychlosti podéiné P viny:
C

f=o @)
kde:
f rezonanéni frekvence [Hz],
Cop ... rychlost viny v homogennim materidlu [ms],
T tloustka zkouseného elementu [m].
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V této rovnici se poc€itd, Ze mechanickd vina prochazi homogennim materidlem
prismatického tvaru, coz v pfipadé heterogennich materidll jako je beton neplati. Je tedy
potfeba upravit rychlost viny C, o korekéni faktor ktery zohledni testované médium.
Ve své publikaci z roku 1997 (Sansalone, Lin, & Street, 1997) uvadi J. M. Sansalone
a kolektiv vztah pro vypocet frekvence s bezrozmérnym korekénim faktorem 0,93 ktery
byl experimentalné ovéfen. Rovnice pak dostava tvar:

fe €, 0,93 @

2T

Pro G€el porovnani akustické impedance vramci této publikace bude tedy pouzita
rychlost zobou dvou metod testovani. V pfipadé metody UZ je vzorek vystaven
frekvencim budi¢e od 20 KHz do 0,1 MHz. V pfipadé metody IE je je vzorek vystaven
nizkym frekvencim od uderu kladivka v rozsahu od 300 Hz do 20 KHz. Pro vypocet

rychlosti Cr ze zaznamenané dominantni frekvence pro danou sadu Ize odvodit vzorec:
f-2T

% =003 )

Pro pfehlednost tedy zavedeme oznaleni akustické impedance spoétené pomoci
rychlosti prdchodu ultrazvuku jako Zuz a akustickou impedanci spotenou pomoci
rychlosti podéIné viny spoctené z rezonanéni frekvence Ze

6. Vysledky méfeni

Objemova hmotnost zkusebnich téles ve vyzralém stavu po 28 dnech dosahovala hodnot
v rozmezi 2210-2380 kg-m=3. Vyvoj zmén objemové hmotnosti jednotlivych receptur je
uveden na Obrazku €. 4. V prlibéhu vypalu pak dochazelo k postupné ztraté zihanim, a to
az 0 9 % v pripadé receptury C a E. Lze zpozorovat vyrazny pokles mezi referenénimi
sadami a sadami exponovanymi na 200 °C. Ten je hlavné zpisoben odchodem fyzikalné
vazané vody a rozkladem ettringitu. Nasledujici poklesy jsou spojeny s odchodem
chemicky vézané vody a s poc¢atky rozkladu CSH gelu (Zhang & Ye, 2012).

Z pohledu kompozice navrzenych receptur je zajimavy rozdil ve vyvoji objemovych
hmotnosti receptur A, B a C, které maji riznou kompozici hrubého kameniva, ale stejny
rychlovazny cement CEM | 425 R. Zména jejich objemové hmotnosti ma s mirnymi
odchylkami stejny trend. Naopak diametralné odliSny vyvoj v objemové hmotnosti maji
receptury C a D. Receptura D s pouzitym smésnym cementem CEM II/A-S s obsahem
vysokopecni strusky odolava teplotdam az do 800 °C, po které pfichazi strmy pokles
pfi 1000 °C. Receptura E naopak zaZziva strmy pokles mezi 400 a 600 °C. V tomto
teplotnim rozsahu dochdzi k rozkladu portlanditu Ca(OH)., ktery je povazovan za hlavni
nosny element pevnosti cementového kamene.
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Fig. 4 Relative change of density. Fig. 5 Resonance frequency of longitudinal waves.
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Obr. 6 Rychlost priichodu ultrazvuku. Obr. 7 Pevnost v tahu za ohybu.
Fig. 6 Speed of ultrasound. Fig. 7 Flexural tensile strength.

Vysledky z méFeni rezonanéni frekvence v podéiném sméru jsou uvedeny na obrazku €. 5.
Frekvence referenénich sad v8ech receptur se pohybuje v rozmezi od 4,8 do 5,4 KHz.
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Fig. 9 Comparison of acoustic impedance computed by speed of ultrasound v;.

Nejvyssi referenéni frekvence dosahuje receptura B, a to 5,4 KHz. S rostouci zatéZovou
teplotou klesa rezonanéni frekvence a vSechny receptury vykazuji podobny trend.
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Rezonanéni frekvence vSech teplotnich sad dosahuje minima v teplotnich sadach
vypalenych na 1000 °C, kde se pohybuje v rozmezi 615-815 Hz. Nejvyraznéjsi pokles
ve frekvenci nastdva mezi teplotami 400, 600 a 800 °C, ktery koresponduje se zménami
v mikrostrukture.

Velice podobné vysledky méfeni vykazuje i méfeni rychlosti prchodu ultrazvuku, které je
znazomneéno na Obrazku ¢&. 6. Je zde vidét, Ze rychlost referenénich sad se pohybuje v rozmezi
4188-4646 m-s', coz odpovida zdravému vysoko-pevnostnimu betonu. Vyvoj v rychlosti
nejvice koreluje s rezonanéni frekvenci, kde se koeficient korelace pohybuje v rozmezi 0,9797-
0,9979. Lze tedy prohlasit, ze méfeni v podélném smeéru rezonanéni metodou podava velice
podobné vysledky ve srovnani s méfeni rychlosti prichodu ultrazvuku.

Obrazek 8 a 9 se vénuje porovndni akustické impedance Zy, spoctené z rychlosti Siteni
ultrazvuku v, a akustické impedance Zi spoctené z rychlosti podéiné viny Cr z méfeni
Impact-Echem. Na grafech jsou uvedené akustické impedance jednotlivych teplotnich
sad v8ech testovanych receptur v zavislosti na pevnosti v tahu. V obou pfipadech Zuz i Zie
je datova sada proloZena polynomickou kfivkou a je spoéteny koeficient spolehlivosti R?.
Pocatecni referenéni sady dosahuji rlznych tahovych pevnosti v rozptylu 5-7 MPa
a akusticka impedance dosahuje hodnot v rozmezi 9-11-10% kg-m?-s™'. Pfi vypalu
na 200 °C dochazi k mirnym zménam v mikrostrukture, prlmérnd hodnota akustické
impedance vSech receptur mirmné klesa, ale vlastnosti zkuSebnich téles nejsou vyrazné
ovlivnény. Od sady exponované na 400 °C se méfené hodnoty zacinaji shlukovat do
uzsiho datového svazku, ktery vice odpovida prolozené polynomické kfivce. Teplotni
sady exponované na 400, 600, 800 a 1000 °C jsou uz v jasné rozeznatelnych skupinach.
Tento vyvoj plati pro obé zobrazeni Zy; i Zg, pro které dosahuje koeficient korelace
hodnot vysSich jak 0,98. Tento zplsob intepretace tedy dovoluje pomérné spolehlivé
posoudit teplotné exponovany beton dle jeho akustické impedance zjisténé bud pomoci
rezonanéni metody Impact-Echo nebo pomoci méfeni rychlosti prichodu ultrazvuku.

Zaver

Prezentované vysledky nedestruktivnino méfeni variace navrZzenych receptur betonu
ukdzaly zajimavou zdavislost akustické impedance na pevnosti vtahu a rezidualni
pevnosti v tahu teplotné exponovanych sad. Hodnota 9-11 - 10 kg - m?-s"'bézné uvadéna
pro beton je tak upfesnéna pro Ucel intepretace nedestruktivnino meéfeni teplotné
exponovaného betonu. Je jisté, Ze uvedend zavislost bude platit pro charakteristicky
prosty beton o objemové hmotnosti vdaném rozsahu svymi vlastnostmi podobnymi
testovanym recepturam (lehké a tézké betony budou mit pravdépodobné jiny pribéh
akustické impedance). Tato zavislost by se dala pouzit pro poc€ate¢ni kategorizaci
poskozeni betonu vysokou teplotou. P¥i tomto posouzeni je potfeba ziskat rychlost
mechanické viny, a to bud’ z rezonanéni frekvence podélného vinéni, nebo pfimo pomoci
méfeni rychlosti prichodu ultrazvuku.
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Tato metoda porovnava materidlové vlastnosti zkouSeného celku a tvar prvku neni
zohlediiovan. Rezonan¢ni frekvence je totiz pfimo zavisla na tvaru testovaného télesa.
Praveé to je nejvétsi nevyhoda pouziti |IE pfi testovani zkusebnich téles rizného rozméru —
napfiklad télesa ziskané zjadrovych vyvrtl maji ¢asto atypické rozméry. Pro vyuZiti
v praxi se dale vybizi obdobny postup zjiSténi akustické impedance testovaného betonu
napfiklad z ohybového nebo kroutivého vinéni. V pfipadech kdy je zajistén pristup
ke konstrukci pouze zjedné strany je potfeba vyuzit pravé tohoto vinéni pro ziskani
rezonanéni frekvence prvku.

Podékovani

Tato publikace byla zpracovana v ramci projektu ,No. LO1408 AdMaS Up - Advanced
Materials, Structures and Technologies”, pod projektem GACR No. 16-02261S a pod
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EPITAXIE, SPOJOVANI A TRENi
EPITAXY, JOINING AND FRICTION
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Abstrakt

Na zacatku 19. stoleti si mineralogové vsimli, ze nékteré nerosty sristaji prednostné v urcité vzdjemné
orientaci. A drzi pak spolu tak dobre, jako by to byl jeden krystal, jedna ldatka a ne konglomerdt dvou
riznych materialii. Podstaté toho jevu lidé porozuméli az po objevu (s pomoci) rentgenové difrakce
r. 1912 a svij ndzev — epitaxie — ziskal az roku 1928. Dlouho potom jesté trvalo, nez si inZenyri
uvedomili, zZe epitaxie miize byt vyhodné vyuzita i v technice: v souvislosti se spojovanim a trenim.
Coz je predmétem tohoto prispévku.

Klicova slova: epitaxie, strukturni koherence, spojovani, treni

Abstract

At the beginning of the 19th century, mineralogists noticed that some minerals grow together
preferentially in certain mutual orientations. And hold then together so well, as if they were
a homogeneous crystal, a single substance, and not a conglomerate of two different materials.
The essence of this phenomenon has been seized only after discovery (and with the help) of x-ray
diffaction in 1912 and its name — epitaxy — has been coined only in 1928. Since then engineers have
yet long to go to grasp that epitaxy can be to advantage used in technics in connection with joining
and friction. Which is the subject of this contribution.

Key words: epitaxy, structural coherency, joining, friction

1. Uvod

Kdyz r. 1889 postavili Eiffelovu véz (v té dobé nejvyssi ,,staveni® na svéte), spojili jejich
15000 dileti 2,5 miliony nytd. Tehdy to jinak neuméli. A kdyz v letech 1932 — 1934
Skodovacky inzenyr FrantiSek Faltus postavil pfes feku Radbuzu tehdy prvni svafovany
most na svété, némecky spolek inzenyri mu s pohorSenim napsal, Ze je to piece neseriosni
(ten most dodnes stoji a znamenité slouzi pfes to, Ze kromé natéru a vozovky na ném
nikdy nic neopravovali). Pro lidi bylo spojovani tvrdym ofiSkem jesté sto let po tom, co si
mineralogové v§imli, Zze n€které mineraly sristaji (v pfirodé, bez zasahu ¢lovéka, tedy)
samovolné v urcité zakonité vzajemné orientaci a jejich spojeni byva velice pevné.
Difrakce rentgenového zateni vysvétlila, ze je to zptisobeno koherenci mezikrystalového
rozhrani [1] a teprve r. 1928 byl tento jev pojmenovan jako epitaxie [2]. Ale az
v sedmdesatych letech minulého stoleti, hlavné¢ diky pracim Bollmannovy skoly [3,4],
bylo toto vysvétleni vSeobecné akceptovano. Dnes uz vime, ze vétSina reakci v pevnych
latkach je epitaxialni. A protoze epitaxie podminuje pevnost (spolehlivost) spojeni, jedna
se o fenomén, ktery ma pro NDT nemaly vyznam.
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2. Mikrostrukturni podstata

Epitaxialni relace pfedpoklada strukturni podobnost rovinnych motivii disposice atomti obou
krystall, mezi kterymi epitaxidlni relace existuje, vroviné, ve které ty dva krystaly
epitaxialngé sristaji. Aby ke srGstu doslo, musi ovSem ty dva krystaly byti vici sobé
orientovany zcela ur¢itym zakonitym zptsobem. Mluvime o retikularné (retikulum = sitka)
fizené epitaxialni orientaci, jez je ve vé&tSiné pfipadd charakterizovdna dvojrozmérnou
strukturni analogii v hrani¢ni roving [5].

Epitaxie se vyuziva pfi vyrobé moderni elektroniky (optoelektroniky) v celé fadé technologii,
které pak to oznaceni ,,epitaxie” nesou ve svém nazvu: epitaxie molekularnich svazkd, epitaxie
zplynné faze, epitaxie zkapalné faze, fotoepitaxie, epitaxic v pardch organokovovych
slouCenin, chemoepitaxie, epitaxie z par generovanych pulsnim laserem atd. Takovymi
postupy se dnes nanasi vrstva po vrstvé sendviCové struktury tvofené az nékolika tisici
monomolekularnimi  vrstvami libovolného slozeni a v jakékoli zvolené posloupnosti
s obrovskou presnosti, kterou predstihuje pouze technika Langmuir — Blodgettovych vrstev.
Na druhé strang, epitaxie fidila krystalisaci viibec prvni tuhé latky, ktera se pted tfemi a pil
miliardami let objevila na povrchu této Zemé: ¢edice. Ten je tvoten krystaly pyroxenu augitu,
pohiizenymi do skelné aluminosilikatové matrix v poméru asi tak 1:1. A na vybrusu
pofizeném z Cedice vidime zfetelné, Ze trsy jehlicovitych krystalt monoklinického augitu
vyrustaji z drobnych kosti¢ek krychlového magnetitu, ktery jako nejvySe tavna akcesoricka
soucast cediCe vykrystalizoval z tuhnouciho magmatu prvni, aby pak poslouzil jako nukleator
pro hlavni krystalickou slozku — augit. Byt se svou strukturou — globaln¢ vzato — od augitu
dalekosahle lisi, v ur¢ité projekci (totiz pfi vhodné vzajemné orientaci obou krystald) je
magnetit augitu velmi podobny, a to je pro moznost epitaxialniho sristu dvou minerald
rozhodujici. Jedna se o to, aby se nasla né&jaka rovinnad osnova magnetitu, ktera by méla
stejnou mezirovinnou vzdalenost jako urcitd rovinnd osnova augitu. Pfi vhodné vzajemné
orientaci krystall obou minerdli poslouzi tato rovinna osnova o spolecné hodnoté
mezirovinné vzdalenosti, ,,prorustajici z magnetitu do augitu, jako vazebné pouto, které
snizuje energii meziroviného rozhrani (obr. 1), a to pravé nuti oba krystaly, aby vici sobé
zaujaly onu zcela specifickou vzdjemnou orientaci. Zmenseni plo$né hustoty energie
mezifazového rozhrani ¢ pak snizi energetickou bariéru nukleace augitovych krystalki
na magnetitovych zarodcich (ktera je imérna o) a urychluje tuhnuti edi¢e. Opravdu, na
rentgenovém difraktogramu Cedice (obr. 2) je patrné, ze existuji tfi rovinné osnovy augitu,
totiz (221),(310) a (311), jejichz mezirovinné vzdalenosti (3,00 A ; 2,96 A a 2,91 A) jsou
blizké mezirovinné vzdalenosti 2,97 A rovinné osnovy (220) magnetitu (odpovidajici
difrakéni linie jsou od sebe nedaleko a Castecné se prekryvaji), a dale jesté existuji tii jiné
rovinné osnovy augitu (131), (002) a (221), jejichz mezirovinné vzdalenosti (2,57 A; 2,56 A
a2,53 A) jsou blizké mezirovinné vzdalenosti 2,53 A rovinné osnovy (311) magnetitu, takze
existuje mnoho zpusobu realisace epitaxidlni vazby mezi magnetitem a augitem skrze
jmenované rovinné osnovy s blizkymi hodnotami mezirovinnych vzdalenosti.
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Obr. 1. Podminkou epitaxie je spolecnd hodnota mezirovinné vzdalenosti rovinnych osnov dotykajicich se
krystali, které pak viastné ,,proristaji*“ skrze rozhrani a zprostredkuji pevnou vazbu mezi krystaly.

Fig. 1. A necessary condition for epitaxy is a common value of interplanar spacings of some plane families of
the contiguous crystals, which, in this way ,, grow through* the interface, mediating a strong bond between the

two crystals.
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Obr. 2. Difraktogram cedice poukazuje na moznost epitaxidlni vazby mezi magnetitem a augitem, nebot tyto dva
minerdly maji urcité rovinné osnovy, jejichz mezirovinné vzddlenosti jsou si blizké (odpovidajici difrakéni linie
Jjsou nedaleko od sebe a castecné se prekryvaji).

Fig. 2. Diffraction pattern of basalt points out a possibility that the bound between magnetite and augite is
epitaxial as these two minerals have some plane families with near values of interplanar spacings (the
corresponding diffraction lines are not far from each other and even partly coincide).

Rikali jsme uz, Ze epitaktické reakce jsou nejroziifendjsim typem reakci v pevnych latkach [6 — 9].
Je to hlavné proto, Ze jsou energeticky vyhodné: strukturni analogie krystald na jejich
rozhrani znamena, Ze pti vhodné vzajemné orientaci bude kontakt ve tfech aktivnich centrech
(atomech) znamenat kontakt v celé siti ekvivalentnich bodi — pfi rozméru koherentnich
oblasti okolo 1 mikrometru to znamena kontakt v cca 10* - 10* = 10® bod (obr. 3).
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Obr. 3. Periodicita dvojrozmérné struktury rozhrani zpiisobuje, Ze kontakt ve dvou bodech znamena kontakt
v celé siti ekvivalentnich bodii a nasledné obrovské snizeni energie mezifazového rozhrani.

Fig. 3. Periodicity of the two-dimensional structure of the interface implies that a contact in two active centers
means automatically a contact in a whole network of equivalent points and, consequently, a huge decrease of
interface energy.

Synergicky uc¢inek transla¢ni symetrie snizi takto aktivacni energii epitaxialni reakce a urychli
ji o mnoho dekadickych fadd. Proti tomuto, ryze geometrickému ucinku je vliv chemického
(prvkového) sloZzeni mnohem slabsi: imérny rozdilu silového pisobeni mezi riznymi pary
partnerskych® atomt na kontaktnim rozhrani, feknéme 10-krat nebo 100-krat. To je druha

epitaxialné vaze na stl kuchynskou a nylon nebo vitamin Bi2 na kiemen (tab.1). ...

Tab. 1. Vybér z tabulek [10]. Oznaceni ,,Host“ znamend podloZku a ,,Guest* krystal, ktery na této podloZce
epitaxidlné nariistd. Uvedeny jsou krystalografické roviny a sméry, které urcéuji vzdjemnou orientaci srostlych
krystali, jakoZ i odpovidajici vzdalenost atomii a jejich rozdily (., Misfit“). Z udajii je patrné, Ze k epitaxidalni
vazbhé dochazi i mezi latkami, které jsou chemicky velice odlisné.

Host Guest Planes Directions Spacings [A] Misfit
Host Guest Host  Guest Host  Guest [%]

NaCl Au ©o1)  (111) [iio]  [1To] 798 864 8,3
a-Fe a-Fe:05  (011)  (0001) [t00] [1T.0] 287 291 1,4
a-Fe Fe;04 (100)  (100) [001] [O11] 2,87 297 3,5
a-Fe &-FesN 11y (ooo) [iT1] [10.0] 496 4,67 5,8
Al AlIPO, (0o1)  (10T0) [100] [21.0] 4,04 427 5,7
Ge GaAs ary amy 11 11 694 692 -03
a-kfemen nylon 6,10 (10T0) (010) [01.4] [001] 2220 22,40 0,9
a-kfemen  vitamin Bi>  (0170)  (100)  [00.1] [001] 1622 15,92 1,8

Zapominat nepatii ani na spojeni kryptoepitakticka [11]. To jsou spojeni pevna tak jako
epitaxialni, pfes to, ze vzajemna orientace krystald, které spojeni tvofi, se od idealni vzajemné
orientace krystaltl tvoficich epitaxialni spojeni, mirné li$i. Podrobnym zkoumanim zjistujeme,
ze to souvisi s akomodaci, pfizpiisobenim usporadani atomd na kontaktnim rozhrani, kde se
potencial meziatomového ptisobeni méni skokem. Odchylky atomti od idealni polohy (tedy
polohy atomu uvnitf krystalu), které timto zpisobem na rozhrani vznikaji, ¢ini v primeéru asi
15% meziatomové vzdalenosti (obr. 4). Koherence rozhrani je v tomto piipadé dosazena
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lokalng, v zoné Siroké asi tfi atomové vrstvy, na ukor odchylky globalni, makroskopické
vzajemné orientace téch dvou krystali od idealni epitaxialni disposice v piipadé, ze by
k lokélni akomodaci nedoslo (ale pak by to spojeni nebylo pevné tak, jak epitaxialni spojeni
byvaji).

= [001]

|
(10) Au | 40784

Obr. 4. Akomodace usporadani atomii na dodekaedrickém povrchu zlata, urcena pomoci difrakce pomalych

elektronii. Struktura je zakreslena v méritku a je z ni patrné, jak velice se mohou atomy na povrchu vychylit

ze svych rovnovaznych poloh relaxaci (rekonstrukci) v diisledku toho, Ze vné krystalu chybi silové piisobeni
sousednich atomii.

Fig. 4. Accomodation of the arrangement of atoms on a dodecahedral surface of gold, as determined by LEED.
The structure is drawn in scale, revealing how much the atoms on a surface may deviate from their equilibrium
position by relaxation (reconstruction) for lack of the force from the missing near-by atoms.

3. Spojovani

Podstatou fenoménu epitaxie je strukturni koherence v pevnych latkach. Proto, abychom tento
jev mohli racionalné vyuzivat a fidit, potfebujeme nastroj, ktery by nam strukturni koherenci
umoznil snadno kvantifikovat, resp. rozpoznat. Takovym nastrojem je rentgenova difrakce
[12]. Jak jsme to ilustrovali na piikladu ¢edice, latky (augit — magnetit), mezi kterymi miize
dojit k pevné epitaxidlni vazb&, maji ve svych difraktogramech silné ¢ary (difrakeni linie), jez
se prekryvaji nebo téméi piekryvaji (jsou na difraktogramu blizko sebe, maji stejnou nebo
blizkou polohu). Kazd4 ¢ara na difraktogramu odpovida totiz jedné rovinné osnové, jejiz
mezirovinnd vzdalenost d urcuje polohu té ¢ary na difraktogramu (podle Braggova vztahu

A=2d.sin?},

kde A je vlnova délka pouzitého rentgenového zateni a 22 je odleskovy uhel mezi primarnim
a difraktovanym svazkem rentgenovych paprskt — urcujici polohu pfislusné difrakcni ¢ary na
difraktogramu). Aby doslo k epitaxidlnimu spojeni dvou krystalli, musi ve své strukture kazdy
z nich mit urcitou rovinnou osnovu s toutéz hodnotou d. Ty krystaly se potom mohou natocit
tak, aby zminéné rovinné osnovy byly rovnob&zné a ,proristaly” rozhrani krystald,
zabezpelujice jejich dobrou vazbu. Jedna a tatdz (spoleénd) hodnota d ve spektru
mezirovinnych vzdalenosti rliznych rovinnych osnov téch dvou krystali znamena, Ze
v difraktogramech obou téchto krystalll se musi nachazet linie (¢ara), kterd ma jednu a tutéz
polohu. Cim vice je spoleénych Gar (Sar odpovidajicich stejnym resp. blizkym hodnotdm
mezirovinnych vzdalenosti), tim vétsi je pravdépodobnost, ze mezi krystalky téchto latek
dojde k epitaxialnimu sristu. A ta pravdépodobnost bude zvlasté velka, kdyz odpovidajici si
difrakéni linie budou hodné intensivni. Podle vzorce, zndmého ze strukturni analysy, je totiz
elektronova hustota p v bod¢ r
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harmonickych slozek s vlnovymi délkami rovnymi mezirovinnym vzdalenostem duu
aamplitudami F(hkl) umémymi (odmocnindm intensit) I(hkl) jednotlivych difrakei
(difrakénich linif); r,,, je vektor kolmy krovinné vlng exp[—Zﬂ'i (r,r,;(,)J, ktery ma
velikostl/duwu; V je objem zakladni buiiky krystalové struktury. Cim vétsi je amplituda dané
rovinné viny, tim vétsi je podil elektronové hustoty, ulozené v této harmonické komponenté.
Cim vice maji dva krystaly spoleénych hodnot d (difrakci, jeZ maji stejnou resp. blizkou
polohu) a ¢im vétsi jsou intensity téch odpovidajicich difrakci, tim vétsi bude podil
elektronové hustoty, kterd se mize ucastnit na vytvafeni epitaxidlnich (silnych, zdravych)
vazeb mezi sousednimi krystaly ,,naptic* jejich rozhranim (obr. 1). Pro tucely identifikace
krystalickych latek se pouziva database PDF (Powder Diffraction File) Mezinarodniho centra
pro difrakéni data v Pensylvanii. V této databasi jsou shromazdény udaje o polohach (d)
a intensitach (/) difrakénich linii vice nez 900 000 latek. Mluvime o (d, I) — udajich, jez pro
kazdou krystalickou latku predstavuji ,,otisk palce, na zaklad¢ kterého se ta latka da
identifikovat.

Podle toho, co jsme praveé uvedli, da se database referencnich difrakénich (d, /) — udaji vyuzit
také v inzenyrstvi pevnych latek, kdyz hledame material, ktery by se na néjakou danou latku
pevné (epitaxidln¢) vazal; bude to material, kterd ma s danou latkou co nejvice spolecnych
(blizkych ,,odpovidajicich) d — hodnot a pro kterou je pfitom soucet pfislusnych / — hodnot
co nejvétsi. Kupfiikladu: zirkonoxid, naneseny jako zarovy nastiik na ocel, nedrzi dobfte;
mnohem lepsi vysledky dostaneme, kdyz na ocel naneseme nejdfive mezivrstvu NiCr
a zirkonoxid stiikdme az na tuto mezivrstvu. KdyZ porovname rentgenové difraktogramy
ZrOz, NiCr a a-Fe, pochopime, pro¢ tomu tak je (obr. 5): zirkonoxid ma s feritem spolecné
pouze dv¢ rovinné osnovy, pficemz celkova intensita odpovidajicich difrakénich linii je 60,
zatimco s chromniklem ma zirkonoxid spole¢né tii rovinné osnovy, kterym odpovida celkova
intensita (difrakénich linii) 160. Chromniklova mezivrstva tedy zlep$i pevnost vazby mezi
keramickym zirkonoxidovym povlakem a oceli 2,7-krat.

ZrO, (220) (222) (400) (422)
NiCr  (111) (200) (220) (222)
Fe (110) (200) (220)

Bzrog—wice _ I(220) + fa00) + Jraz2) 160

Bz:0,-Fe Ii222) + I(a22) 60

=27

Obr. 5. Pevnost B epitaxialni vazby mezi dvéma krystaly je imérna intenzité I prekryvajicich se difrakcnich linii
téchto krystalii.

Fig. 5. Strength B of epitaxial bond between two crystals is proportional to the intensity I of the overlapped
diffraction lines of these crystals.

Pridavek 2,5 % Cu do duplexni oceli COR 13-6 (obsahujici 13 % Cr a 6 % Ni) zpisobi

zvySeni podilu austenitu z (25 + 30)% na (30 + 40)%. Pricinou je epitaxie: struktura médi je
totiz vice podobna struktufe austenitu nez feritu. Svéd¢i o tom difraktogramy téch tii fazi:
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nejintensivnéj§imu difrakénimu maximu médi odpovida rovinna osnova (111) s mezirovinnou
vzdalenosti 2,08 A, ktera je blizsi mezirovinné vzdalenosti rovinné osnovy (111) odpovidajici
nejintensivngj$imu difrakénimu maximu austenitu (2,09 A) neZ mezirovinné vzdalenosti
rovinné osnovy (110), kterda odpovida nejintensivnéjsimu difrakénimu maximu feritu (2,03
A). Méd ma mnohem niz§i teplotu tani neZz Zelezo, ve kterém se malo rozpousti.
Pii krystalisaci taveniny se méd’ koncentruje v tekuté fazi mezi rostoucimi dendrity, takze po
utuhnuti ji nachdzime na rozhrani austenitickych zrn. Tato zrna pak méd’ na jejich rozhrani
brani pfed feritizaci, nebot' rozhrafiové napéti mezi médi a austenitem je mens$i nez
rozhrafiové napéti mezi médi a feritem.

Na epitaxii spociva také opatieni, které umoznuje zlepsit kvalitu povrchu odlitkl ze Sedé
litiny uhlikatymi pisadami do formovaci smési. Uginkem vysoké teploty roztaveného kovu se
uhlikata piisada rozklada a vznikajici plynné pyrolytické produkty se usazuji na inaktivnich
plochach kiemenného zrna, kde vytvaieji tenké blanky tzv. lesklého uhliku. Leskly uhlik je
nesmacivy tekutym kovem a brani jeho pfimému styku s formou, coz vede ke zlepSeni
povrchové jakosti odlitkt [13, 14]. Uginnost tohoto opatfeni je déna strukturni podobnosti
mezi grafitem (jako idealni aproximantou produktii pyrolysy uhlikatych ptisad) a kiemenem;
analogii, ktera je patrna z porovnani jejich difrakénich udajti — viz tab. 2.

Tab. 2. Difrakcni udaje grafitu a a-kiemene. Rovinnd osnova s indexy (hkl) ma mezirovinnou vzdalenost d
a odpovidajici difrakcni linie ma relativni intenzitu I/11.

grafit a-kfemen
d[A] UL hkl d[A] UL  hkl
338 100 002 4,26 35 100
2,139 2 100 334 100 101
2,039 6 101 2458 12 110
1,807 <1 102 2282 12 102
1,681 4 004 2,237 6 111
1,548 1 103 2,128 9 200
1,234 3 110 1,980 6 201

1,817 17 112
1,801 <1 003

A jest¢ jeden ptiklad praktického vyuziti epitaxidlni relace v medicing: implantaty
z austenitické oceli dobfe srlstaji s kostni tkani, ptes dramaticky rozdil v prvkovém slozeni,
diky strukturni, tedy geometrické podobnosti austenitu a hydroxylapatitu (mineralni slozky
kostni tkan€) vrovin€ jejich kontaktu pii nélezité vzdjemné orientaci. Coz je patrné
z porovnani jejich difraktogrami — viz tab. 3.

4. Treni

Epitaxialni relace mezi mikrostrukturou dvou krystali je predpokladem pevnosti jejich
spojeni. Pro pohyblivé spoje je tudiz epitaxidlni relace nezadouci, nebot’ zvétSuje tfeni. Coz
ilustruje vztah mezi mezirovinnymi vzdalenostmi vzijemné si odpovidajicich rovinnych
osnov Zeleza, mé&di a hliniku (tab. 4) a adhesni silou tiecich pari Fe — Fe (> 4,0 mN), Fe — Cu
(1,3 mN) a Fe — Al (2,5 mN) [15].
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Tab. 3. Difrakcni udaje odpovidajicich si rovinnych osnov itu a hydroxylapatitu. Symbol 2,07 11
znamend, e mezirovinnd vddlenost rovinné osnovy (111) austenitu je 2,07 A a relativni intenzita difrakéni
linie, ktera té rovinné osnové odpovidd, je 100%. Mezirovinnd vzddlenost rovinné osnovy (222)
hydroxylapatitu je 1,950 A a relativni intensita odpovidajiciho difrakéniho maxima je 30 %. Kritickd hodnota
relativniho rozdilu A mezirovinnych vzdalenosti odpovidajicich si rovinnych osnov jest 15 %.

austenit hydroxylapatit A[%]

2,07}, 1,950%,,,, 6

1,803, 1,8420,,5) 2

Tab. 4. Difrakcni udaje odpovidajicich si rovinnych osnov Zeleza, médi a hliniku:

Fe—a Cu Al
2,03* (110) 2,09% (111) 2,03° (200)
1,432 (200) 1,432 (220)
1,172 (211) 1,17' (222)
1,01" (220) 1,01° (400)

Tuha maziva, grafit, molika (molybdenit MoS) nebo teflon (C2F4)n jsou latky anisotropni,
jejichZz mechanické vlastnosti se v riiznych smérech velice 1i$i. A vnéj$imu zatéZovani, které
je orientovano v ur¢itém sméru, t€zko odolavaji. Vlivem vzdjemného pohybu kontaktnich
povrchli se proto jednotlivé casteCky tuhého maziva, jez je od sebe oddéluje, snadno
premistuji, nataceji, deformuji a lamou. Tak, aby prace stim spojend byla co nejmensi.
Vznika a stale vyrazngjsi se stava textura, pfednostni orientace ¢asteéek tuhého maziva v tom
sméru, ve kterém je jejich deformace a lom s ohledem na orientaci vnéj§iho zatéZovani co
nejsnaz§i. Vzajemné se pohybujici kontaktni povrchy timto zptisobem ovliviji strukturu
tuhého maziva tak, aby se tfeni mezi povrchy, zprostiedkované vnitinim tfenim maziva,
minimalizovalo. Mastek ma sice vyrazné anizotropni, vrstevni strukturu stejné jako grafit
nebo molybdenit, ale jako tuhé mazivo se neosvéd¢il; pravdépodobné proto, ze vici styénym
povrchim (oceli) neni dost reaktivni. Nelpi na nich, coz je nezbytné pro efektivni ndhradu
ptimého kontaktu nosnych ploch kontaktem mezi molekulami maziva. Grafit v§ak lpi na oceli
dobte, strukturni koherence mezi grafitem a Zelezem je mnohem leps$i nez strukturni
koherence mezi mastkem a Zelezem — viz tab. 5.

Tab. 5. Strukturni koherence mezi Zelezem (Fe—a) a grafitem je mnohem lepsi neZ strukturni koherence mezi
Zelezem a mastkem MgsSis010(OH)2, jak o tom svéddi difraktogramy téch litek:

grafit Fe-a mastek
3,37%(002) 2,03*(110) 9,35%(002)
2,13°(100) 1,43%(200) 4,594(020)
2,04°(101) 1,173211) 3,124(006)
1,80°(102) 1,01'(220) 2,48%(132)
1,68'(004) 0,906'(310) 1,53%060)
1,54°(103)
1,23'(110)
1,16'(112)

1,12°(006,105)

Vedle objemového mazani, kdy je vrstva maziva podstatné tlustsi nez nerovnosti povrcht, jez
oddé€luje, mohou vyrazné snizit koeficient kluzného tfeni i velmi tenké vrstvy maziva.
Predstavuji vice nebo méné usporadané agregaty amfifilnich (difilnich) molekul, podobné
Langmuirovym vrstvam povrchoveé aktivnich latek na rozhrani voda/vzduch. Jeden konec
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(,,hlava®) amfifilni molekuly jevi vétsi afinitu k opérnym plocham nez zbytek molekuly
(,,pata®), ktery ma vétsi afinitu k objemovému mazivu, jez vypliiuje mezeru mezi opérnymi
plochami. Spigky ,.patni ¢asti difilnich molekul maziva se vzdjemné odpuzuji a proto je
smykova pevnost tenké vrstvy, ktera participuje na pienosu hybnosti mezi opérnymi
plochami, mala. Velice se v§ak mazivost tenké vrstvy snizuje rozvétvenim molekul, které ji
tvoii. Jednak proto, ze v disledku rozvétveni nedokazi tenké vrstvy maziva tplné pokryt
kontaktni plochy a tim je od sebe oddé€lit. Misty pak dochazi k bezprostfednimu kontaktu
nosnych ploch, ¢imz tfeni mezi nimi a jejich nasledné poSkozeni vzristd. A molekuly
protilehlych vrstev maziva zméni v disledku rozvétveni také svou vzajemnou polohu:
nebudou uz namifeny pfesné proti sobé, takze se jejich ,,$picky* budou méné odpuzovat, ¢imz
se tfeni zvétsi. Strukturni nekoherence je v tomto piipadé mazacimu uéinku tenké vrstvy
maziva nepiizniva.

Vydiranim tfecich ploch na jejich vyvySenindch dochazi k extrémnimu mechanickému
namahani materialu a jeho rozdroleni. Uvolnéné Glomky jsou velmi malé a tedy (ve smyslu
Herringova zékona) také velmi reaktivni. Nékterd aditiva mazaciho media je pak nasledné
napadaji. Takto kombinovanym mechanickym a chemickym plsobenim vznikd tixotropni
agregat viceméné beztvarych castic. Jeho stavba, hustota a soudrznost (tuhost, viskosita) se
velice méni vlivem mechanického zatizeni. Je proto strukturalizovan (obr. 6): v hrani¢nich
partiich je epitaktickym ucinkem opérnych ploch uspotadan (,.krystalizuje®), v stfedové Casti
je pak jeho stavba nepravidelnd (chaoticka, ,,amorfni) [16]. V zavislosti na rostoucim
zatizeni roste exponencidln¢ odpor, ktery klade vrstva maziva sblizovani opémych ploch
(v disledku tixotropniho charakteru agregétni struktury maziva [17] pfibyva totiz se zatizenim
jeho ,,amorfni slozky — solu, ktery je idsi nez slozka ,krystalicka“ — gel). Cimz se tfeni
atfeci opotfebeni zmenSuje. V tomto piipadé¢ je tedy ztrata koherence (,,amorfizace®)
mazacimu u¢inku pfizniva.

Obr. 6. Duplexni struktura mazaciho media metamorfovaného reakci jeho aditiv s kontaktnimi plochami.
Fig. 6. Duplex structure of a lubricant modified by reaction of its additives with contact surfaces.

5. Biologie

Adhese mezi krystalickymi latkami, jejichz prvkové slozeni je zcela odlisné, schopnost
takovych latek vytvafet spojeni, jehoz pevnost si nezada skohesi, v disledku toho, Zze
rozlozeni atomu téch latek je v kontaktni roviné geometricky shodné, ilustruje universalni
rozsifeni epitaxie. Epitaxii miZeme ,roubovat® latky v nejbizarngj$ich kombinacich —
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a dosahovat neslychané technologické uzitné parametry — napf. organické polymery
na kovovy substrat, CoSiz a NiSi2 na kfemik, polyetylén na slidu, polyamid na grafit nebo
nukleové kyseliny ¢i proteiny na jilové minerdly: pfiroda asi timto zplisobem vyuzila jilové
Castice jako mikroreaktory prebiotické syntézy biomolekul pravé na principu epitaxie.

Svédei o tom to, Ze mnohé proteiny a nukleové kyseliny tvoii krasné, dobfe vyvinuté krystaly
na sristech s jilovymi mineraly, zatimco jinak se krystaly téchto bioorganickych latek daji
vypéstovat jen velmi obtizné. Kdyz pak byla pomoci rentgenové difrakce urcena struktura
proteinii a nukleovych kyselin, zjistilo se, ze je v ur€itych fezech podobna struktufe jilovych
minerald (obr. 7). V disledku toho pak ty jilové mineraly slouzi jako velmi efektivni
krystaliza¢ni zarodky, na nichz krystalky proteinti a nukleovych kyselin vyriistaji epitaxialn¢
[18]. Puvod neskuteéné dokonalé shody mezi strukturou téchto bioorganickych latek
a strukturou jilovych mineralt, které jsou s hlediska chemického (prvkového) slozeni
od proteinli a nukleovych kyselin diametrdlné¢ odli$né, je tieba hledat pfed tfemi a pul
miliardami let v pobfeznich mél¢inach pravékych moti. Zde doslo k syntéze proteini
a nukleovych kyselin z purinovych a pyrimidinovych basi v mezivrstvach jilovych minerald,
jez do takto se formujici zivé hmoty ,,otiskly” svou strukturu [19, 20]. Timto zpisobem
epitaxie sehrala klicovou tlohu v udalosti, o niz hovoii 1zaia$ v 8. ver$i 64. kapitoly svého

jakoz i jemného bahna v pobfeznich vodach, jsou jilové mineraly, fylosilikaty).

5 x Capofylit = 79,0 -‘S‘l

V.
Clysozym = 37,9 A

3 % [110)apotyiic = 38,1 A

1 X Giysosym = 79,1 A

Obr. 7. Velky obdélnik predstavuje basalni fez zakladni burikou krystalové struktury lysozymu, coz je enzym
vyskytujici se v lidskych slzach. Patndact malych obdélnickii vkreslenych do toho velkého obdélniku predstavuje
Fez miizkou apofylitu; apofylit je jilovy mineradl, na néjz lysozym dobre (epitaxialné) nakrystalovava. Shoda
koincidencni miizky obou Fezil je iiZzasnd.

Fig. 7. The large rectangle presents a basal sectional view on the elementary cell of the crystal structure of
lysozyme, which is an enzyme occuring in human tears. The fifteen small rectangles drawn inwards the large
rectangle displays a setion through the lattice of apophyllite; apophyllite is a clay mineral, on the surface of
which the lysozyme well (epitaxially) crystallizes. Agreement of the coincidence lattice of both sections is
astonishing.

Epitaktickymi reakcemi, retikularni adaptaci je fizena syntéza strukturné koherentnich
kompositnich tkani zivych organismi, jez svymi parametry, laci a slozitosti budou jesté asi
dlouho vyzvou naSim ,,nejinteligentnéj$im* materialim [21,22]. Napiiklad ostny a schranky
jezovek tvoti nékolik centimetri dlouhé, velmi dokonalé monokrystaly kalcitu, interkalované
monomolekularnimi vrstvami kyselych glykoproteini v poméru 0,5 mg/g. Kombinace tuhé
anorganické slozky a tvarné slozky organické proptjcuje tomuto kompositu, jenz jeZzovku
spolehlivé chrani pfed predatory, vyjimecné dobré mechanické vlastnosti diky epitaxii, ktera
mineralizaci pivodné meékke, Cisté organické tkané ostnokozce pii jeho ristu fidi. Zakladem
je B-vlakno glykoproteinu, na které se navazi vapenaté kationty z vodniho prostfedi v mistech
karboxylovych skupin jednotlivych aminokyselin. Jezovka pak piekryje tento skelet vrstvou
molekul kyseliny fumarové, které se koordinuji pies vapenaté kationty se strukturou
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glykoproteinu. A posléze CO: z vodniho prostiedi pfeméni fumarat vapenaty na uhlicitan
vapenaty. Uvolnéna kyselina fumarova je recyklovana a vrstva kalcitu se postupné rozsituje.
Vsechny tyto pfemény, odehravajici se ,,spontanné™ v télicku jezovky, jsou epitaxialni:
zachovava se pii nich orientaéni vztah mezi produkty a vychozimi fazemi s pfesnosti, kterou
se pfi laboratorni simulaci nepodatilo dosdhnout.

6. Zavér

Pii nedestruktivnim testovani hledame necelistvosti. Coz je tim obtiznéjsi, ¢im jsou ty
snazime ty necelistvosti zacelit. A opét, je to tim obtizngjsi, ¢im jsou ty necelistvosti mensi
a Castéj$i. Epitaxie je projevem spontdnni rekonfigurace atomové struktury smeéiujici
k minimalizaci necelistvosti v atomovém méfitku, tedy téch nejmensich, nejpocetnéjsich
atudiz nejhife zjistitelnych a nejobtiznéji napravitelnych necelistvosti. Znalost atomové
struktury fazi, které tvofi dany material, umoziuje optimalizovat jeho slozeni a vyrobni
technologii. Vyuzit lokalni meziatomové¢ interakce, které jsou mnohem uéinnéjsi nez vnéjsi,
globalni makroskopické zasahy at’ mechanické nebo tepelné, které jsou v podstate ,,naslepo®.
V deseti gramech Zeleza je cca 10%* atomd. Ale jen nepatrny zlomek z nich jsou ty atomy,
které se zhcastni procesu, jenz posléze vyusti v havarii. Prace, kterou je tfeba vykonat,
abychom pfitom zménili vzdalenost dvou sousednich atomli o 10%, je nékolik elektronvolti.
Kdybychom chtéli podélit vSechny atomy v deseti gramech Zeleza takovou energii, musili
bychom ten kus Zeleza ohrat na nékolik desitek tisic stupiid Celsia. ..
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Abstrakt

Pocet konstrukci z betonu (a dal$ich materidli na bdzi cementu) se po celém svété neustdle
zvysuje, tak jako pocet konstrukci, u nichZ dochdzi z rdznych duvodi ke vzniku vad. Tento
¢lanek se zabyvd experimentem, jehoZ cilem je rozsiteni znalosti v oblasti vzniku trhlin
ve struktufe cementovych materidll. Prispévek také ukazuje vysledky detailni analyzy signald
akustické emise zachycenych pfi zkouskdch pevnosti v tlaku jemnozrnnych kompoziti na bazi
cementu s riznym vodnim soucinitelem a s/bez plastifikaéni pfisady. Predbézné vysledky
ukdzaly, Ze nizsi vodni soucinitel vykazuje mensi mnoZstvi prekmitt signall akustické emise pri
stejném zatiZeni, jak vzorky s vy$sim vodnim soucinitelem.

Klicova slova: akustickd emise, jemnozrnny kompozit, cement, vodni soucinitel, pevnost
v tlaku

Abstract

The number of concrete structures (and other structures made of cement-based materials) is
as constantly increasing all over the world as the number of contructions where are (from
different reasons) created some defects. This article discusses an experiment aimed at
extending the knowledge in the field of cracks. The paper also shows the results of a detailed
analysis of the acoustic emission signals captured in the compression strength tests of fine-
grained cement-based composites with different water-cement ratio and with/without
plasticizers. Preliminary results have shown that lower water-cement ratio exhibits lower
overshoots of acoustic emission signals at the same loading type as specimens with a higher
water-cement ratio.

Key words: acoustic emission, fine-grained composite, cement, w/c ratio, compressive strength
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1. Uvod

Vodni soucinitel neboli pomér vody a cementu (w/c) je, co se tyCe betont a dalSich
kompozitd na bazi cementu, velice dulezity a tvofi zaklad technologie jejich vyroby.
Snizovanim vodniho soucinitele Ize zpravidla dosahnout vySSi pevnosti a trvanlivosti
materialu. Tento soucinitel pfimo ovlivfiuje napfiklad kone€nou objemovou hmotnost,
mechanické vlastnosti ¢i pdrovitost. Je mozné Fict, Zze teoretické minimum vody pro
Uplnou hydrataci je w/c = 0,25 [1, 2].
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Obr. 1 Graf zdvislosti pevnosti v tlaku na vodnim souciniteli [3].
Fig. 1 Relationship between compressive strength and w/c ratio [3].

S vodnim soucinitelem pfimo souvisi i pouziti nékterych druhl superplastifikatord, které
umoznuji vyrobu betonu (a dal$ich kompozit( na bazi cementu) s niz§im obsahem vody
bez zhorSeni zpracovatelnosti. Pevnost vtlaku materidlu, kterou ur€uje blizkost
cementovych &astic v cementové hmoté, se obecné zvySuje s poklesem poméru vody
a cementu (w/c). S pocate¢nimi mechanickymi vliastnostmi kompozit( jsou primarné
spojeny prvni vytvotené hydraty, které se vyvijeji na povrchu €astic cementu [1, 2].

Tento ¢lanek se zabyva tématem testovani nékolika typl kompozitt na bazi cementu
pomoci akustické emise (AE) v prabéhu destruktivni zkousky. AE je metodou
nedestruktivni. V praxi je nékdy vyuzivana zejména pro sledovani danych stavebnich
objektl v delSim ¢asovém intervalu v souvislosti s Udrzbou téchto konstrukci. Vyznam
této metody neustale roste [4].

AE Ize povazovat za metodu s vysokym potencidlem pro monitorovani a hodnocenfi
souCasného stavu konstrukci. Pouziva se k detekci vad nejen v raném stadiu
konstrukci, ale také pfi jejich pozdéjSim zatéZovani, protoze diky AE metodé je mozné
rozpoznat vady konstrukce dlouho pfedtim, nez struktura uplné selze [5]. Tato metoda
se nékdy pouziva pfi zkouskdach zatézovani mostl (nap¥. pfi méfeni mostnich pilifd) [6].

Metoda AE je zaloZzena na detekci elastickych vin senzory pfimo pfipojenymi (s vyjimkou
bezdotykovych senzor() k povrchu vzorku. Tyto viny jsou definovany jako viny AE a jsou
generovany v dlsledku prudkého uvolnéni energie z lokalizovaného zdroje uvnitf
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materidlu. Timto zdrojem AE mohou byt deformaéni procesy, jako je rist trhlin nebo
plasticka deformace. Vznik a tvorba trhlin jsou ovliviiovany zejména typem a podminkami
zatéZovani [7]. Poloha vyslednych vad mdze zaviset na vnitfnich trhlindch, trhlinach
vzniklych béhem zatéZovani a na mechanickém chovani vzorkl [8,9]. Zjistovani
poskozeni rdznych druh( materidlu pfi tlakovém zatizeni pomoci akustické emise je
pomeérné bézné a popularni mezi nékterymi vyzkumniky [10, 11, 12, 13].

2. Popis experimentu

Hlavnim cilem provedenych experimentl bylo porovndni AE signdll pfi zkousce
pevnosti v tlaku provedené na vzorcich ve stafi 3 dnd. Za timto ucelem byly vyrobeny
jemnozrnné cementové kompozity, které se liSily vodnim souc€initelem a obsahem
plastifikdtoru. SloZeni &erstvého kompozitu vychazelo z normy CSN EN 196-1 [14]
pro testovani pevnostnich vlastnosti cementu. Kompozity s ozna¢enim "M" byly
vyrobeny z kfemenného pisku frakce 0-2 mm, z cementu CEM | 42,5 R (Cementarna
Mokra, Ceska republika) a vody v poméru 3:1:0,4 a 3:1:0,5 (pisek:cement:voda).
Slozeni kompozitl s oznagenim "MP" bylo upraveno pfidanim superplastifikatoru
na bazi polykarboxylatu Sika Viscocrete (spole&nost Sika, Ceska republika) v mnoZstvi
1 % z hmotnosti cementu. Ostatni slozky byly stejné. V Tab. 1 je zobrazeno slozeni
kompozith. Z kazdé malty byla pro ucely experimentu vyrobena tfi zkuSebni télesa
0 rozmeéru 40x40x160 mm [15].

Tabulka 1. SloZeni cerstvé malty
Table 1. The composition of the fresh mortar

SlozZeni
Oznacdeni Mnozstvi
kompozitl pisek:cement:voda superplastifikatoru
na hmotnost cementu [%)]
42_M_040 3:1:0.40 -
42_M_050 3:1:0.50 -
42_M_040 +p 3:1:0.40 1
42_M_050 + p 3:1:0.50 1

V8echny télesa byly po vyrobé zakryty PE fdlii a ulozeny v laboratornich podminkach
pfi teploté (21 + 2) °C a relativni vihkosti (60 + 10) % az do doby testovani. Pfi zkouseni
pevnosti v tlaku bylo kazdé téleso umisténo do zatéZovaciho lisu FORM + TEST DELTA
6-300 s rozsahem 0-300 kN, jak je znazornéno na Obr. 2. Na kazdé téleso se potom
umistily pomoci v€eliho vosku 2 snimace akustické emise (typ IDK 09) s 35 dB
predzesilovadi. Signaly AE byly zaznamenavany méficim zatizenim DAKEL-XEDO.
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Obr. 2 Vzorky 42_MP_050 (vlevo) a 42_MP_040 (vpravo) po zkousce
Fig. 2 The specimens 42_MP_050 (on the left) and 42_MP_040 (on the right) after the test

3 Vysledky méfeni

Pro popis parametrt signalll AE zaznamenanych béhem testu pevnosti v tlaku byla
pozornost zameéfena zejména na kumulativni pocet pfekmitli, dobu trvani, amplitudu
a energii téchto signald.

Je zndmo, Ze rGzné typy trhlin vytvareji rdzné typy AE signall, tyto rozdily mohou
souviset s vlastnostmi materidlu [16, 17]. Doba trvani akusticko-emisniho signalu je
definovana jako ¢asovy rozdil mezi prvnim a poslednim ptrekro€enim prahu (prahové
napéti bylo na staveno na 200 mV). Amplituda je nejvétSi zaznamenané napéti signalu
AE, tento parametr je ddlezity pfi posuzovani AE, protoze ur€uje detekovatelnost
signald. Signaly s amplitudami, které jsou pod minimdlnim stanovenym prahem, se
nezaznamenadvaji. Poslednim sledovanym parametrem byla AE energie, kterd je ptimo
umeérna plose pod obalkou AE signdlu:

AEenergie; = f:ol V;(t)?dt, (Ret)

kde to je €as ptichodu signalu, t; je as konce signalu a V; je okamzitda hodnota amplitudy.
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Obr. 3 Zavislost kumulativniho poctu prekmita signadlt AE na zatéZovaci sile F
Fig. 3 The dependence of the cumulative number of AE overshoots on the loading force

Na Obr. 3 je zobrazen kumulativni pocet prekmitll signdld AE v zdvislosti
na zatézovani u zkoumanych kompoziti. Nejvy$si pevnost v tlaku byla dosaZzena
u vzorkud vyrobenych ze smési s w/c = 0,40 a s ptidanim plastifikatoru. Na druhé strané
kompozit sw/c = 0,50 s plastifikdtorem vykazovala nejniz8i stanovenou pevnost
v tlaku. Z hlediska vysledkll metody AE lze z grafu vydist, Ze nejmensi mnoZstvi
vytvofenych trhlin v intervalu 12-30 kN bylo na télesech s w/c = 0,50 s plastifikatorem.
Nejvétsi mnozstvi trhlin pak bylo v tomto intervalu zaznamenano u vzorkd s w/c = 0,50
bez plastifikatoru. VySe uvedené skutecnosti jsou pravdépodobné spojeny se silou
vazby v cementové matrici materialu. Malty s niz&§im w/c maji sice pevné&jsi vazbu, ale
tato vazba je kfehka (k porucham u malt dochazi na rozhrani cementového kamene-
kameniva). Tento ucinek je zvlasté patrny u kompozitu s w/c = 0,40 bez plastifikatoru,
kdy vzorky vykazujici velmi prudky narlist po¢tl prekmitd AE v okamziku selhani.
Je ovSem mozné, ze vysledky jsou ovlivnény i segregaci malty po vlozeni do forem.
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Obr. 4 Primérnd délka signadlu AE
Fig. 4 The duration of AE signals for each specimen

Obr. 4 ukazuje pramérnou délku signalt AE pro jednotlivé malty v pribéhu zatézovani.
Je zfejmé, ze vzorky s niz§im w/c vykazuji mensi utlum signdlu AE nez vzorky
s vy$Sim w/c. To je pravdépodobné zpUsobeno celkovou strukturou materidlu (napf.
hydratovand cementova zrna jsou tésnéji u sebe nez v pfipadé vzorkl s vySsi
hodnotou w/c).
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Obr. 5 Amplituda zachycenych signdlu AE
Fig. 5 The amplitude of AE signals for each specimen

Obr. 5 znazornuje velikost pramérnych amplitud zaznamenanych signala AE. Vys$si
hodnota amplitudy u vzorkd s vy$Si hodnotou w/c ukazuje na tvorbu vétsich (z pohledu
velikosti) poruch béhem zatézovani. To je zplisobeno skute¢nosti, Ze vazba cementové
matrice vzorkd s vy8§8im w/c je vice nachylna k poskozeni.
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Obr. 6 Energie zachycenych signéli AE
Fig. 6 The energy of AE signals for each specimen

Vypocitané hodnoty energie (dle Rce 1) zachycenych signald AE jsou na Obr. 6.
Je zfejmé, Ze nejvy$si hodnota AE energie byla u vzorkd s w/c = 0,40 s plastifikatorem.
Tato energie je prevazné spojena se zplsobem selhani vzorku, kde vzorek s nejvyssi

energii selhal "vybusné" na vice kusl. Ostatni vzorky se viceméné nerozletély, pouze
se jen rozpadly (viz Obr. 2 vpravo).

4. Zavér

Experimenty ukazuji, Zze metoda akustické emise mlze vyznamné pfispét

k podrobnéj$imu poznani chovani kompozitnich materidlt a konstrukci b&hem jejich

Zivotnosti. Zda se, ze tato metoda je zajimavou doplhkovou metodou pro méfeni

chovani kompozitd rizného slozeni ¢i celych konstrukci, jak pfi jejich vyrobé, tak i pfi

jejich zatézovani.

Na zéakladé provedenych experiment(l Ize konstatovat, Ze:

- vy88i pocet akustickych emisnich signall pravdépodobné odpovida vytvofeni
vétsiho poctu novych trhlin nebo mikrotrhlin;

- vy88i hodnota amplitudy AE signdld nebo uvolnéné energie AE signall
pravdépodobné odpovidaji vyznamnéjSim strukturdlnim zménam, ke kterym
dochazi uvniti materidlu;

Vétsi (z hlediska velikosti) strukturalni zmény béhem testovani byly pozorovany

u vzorkd s vy$Sim wi/c.
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Abstrakt

Vhodné rozmisténi snimacu je klicovym krokem a zdroveri predpokladem pro dostate¢né presny
odhad polohy zdroje akustické emise (AE). Optimalini konfigurace senzort v pfipadé sloZitych tvard
konstrukcr je jednim ze stéZejnich kol expertti v oblasti AE. Reseni problému vede k numerické
analyze zavislosti mezi chronologii pfichodu signadlu ke snimacdm a soufadnicemi emisniho zdroje.
Pomoci algoritmu pro hledani nejkratsich cest v diskrétné zadanych télesech je mozné navrhnout tfi
paralelni nastroje pro vyhodnocovani problematickych oblasti, jmenovité mapy citlivosti, podobnosti
a nejednoznacnosti, které Ize urcovat i pro nesouvisla nebo anizotropni télesa. Analogicky ke
globdinimu polohovému systému se pii lokalizaci emisnich zdroju setkdvdme s efektem tzv. snizeni
prresnosti viivem geometrie (GDOP). Podobné jako GDOP parametr ukazuji neddvno zavedené
citlivostni mapy oblasti se silnou citlivosti lokalizacnich vysledk( na zmeénu &asu pfichodd nebo
chyby v méreni. Dalsi dvé zmiriované metody ilustruji topologii prostoru ¢asovych diferenci a mozné
nejednoznacnosti lokalizace emisnich zdrojd. Pro ovéfeni numerickych predpovédi lokalizacnich
moZnosti byly teoretické vysledky srovnany s daty naméfenymi na rediném zdsobniku pary.

Klicova slova: Akustickd emise, lokalizace zdroju AE, geometrické vlivy.

Abstract

Proper sensor placement is the crucial step and a premise for precise acoustic emission (AE)
source location estimate. Optimal sensor configuration in cases of complex structure shapes is
one of AE expert challenges. It leads to numerical analysis of relations between the signal arrival
chronology and the coordinates of emission sources. Using the algorithm for finding the shortest
ways in discretely defined bodies it is possible to design three parallel tools how to evaluate
problematic areas, namely the location sensitivity, similarity and ambiguity maps, available even
for discontinuous or anisotropic bodies. Analogically to Global Positioning System, localization of
AE sources meets the geometrical dilution of precision (GDOP) phenomena. Similarly to GDOP
parameter, recently introduced sensitivity map shows critical regions characterized by strong
sensitivity of localization results to signal arrival time changes or errors. Remaining two mentioned
methods illustrate the topology of arrival time differences space and possible ambiguities of source
location. To check the numerical forecast of localization capabilities for given sensor configuration,
theoretical results were compared with the data measured on the real steam pressure vessel.

Key words: Acoustic emission, AE source location, geometrical effects
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1. Uvod

Rozmisténi snimac¢l akustické emise (AE) preduréuje moznosti této metody
lokalizovat potencidlni defekty ve sledované konstrukci. Nevhodné polohy senzord
mohou v jistych ¢astech télesa znemoziovat ur€eni mista emisniho zdroje, zejména
pokud vlivem zmény jeho soufadnic nedochazi ke zmeéné chronologie pfichodu
elastické viny k jednotlivym snimaddm. Takové konfigurace vedou k numerické
nestabilité lokalizaéniho algoritmu, zvySené citlivosti na chybu pfi uréovani zacatku
signall a v neposledni fadé k nejednoznaénému odhadu polohy emisniho zdroje.
Problém nestability lokalizace zdroje plynouci z geometrie rozmisténi snima¢d ma
svou analogii napf. v oblasti satelitni navigace. Zavadi se zde parametr zvany ,snizeni
presnosti vlivem geometrie® (GDOP—geometrical dilution of precision) [1, 2], ktery
vyjadfuje, do jaké miry ovliviiuje chyba méfeni odhad zemépisné polohy:

A(vyslednd lokalizace )

A (namérend data) (1)
Obdobné pokud pfi sledovani AE mald zména namétenych dat (napt. ¢asové diference)
nezplsobi velkou zménu vyslednych soufadnic zdroje, pak metoda neni citlivd vaéi
chybam meéreni, tj. uréeni za¢atkd signall nebo rychlosti elastické viny apod. Hodnota
parametru GDOP zavisi pouze na rozmisténi snimacll a pozici zdroje. V oblastech
s vysokymi hodnotami GDOP tedy nelze ocekavat stabilni lokalizaci emisnich zdroju.
Predevsim v ¢astech télesa mimo konvexni obal poloh snimacu.

GDOP =

Dalsim indikatorem o€ekdvané presnosti lokalizace mlze byt parametr nejistoty
polohy (LUCY - Location Uncertainty) [3]. Popisuje, jak dobfe odpovida vypocitana
poloha zdroje naméfenym ¢asovym diferencim ptichodl signald. Mdze byt pouzit jako
vybérové kritérium pro rozlieni zdroji podle miry lokalizaéni pfesnosti.

VySe zmifiované pristupy jsou teoreticky pfipraveny k aplikaci pro obecné tvary
konstrukci. Jejich nasazeni je nicméné v praxi omezeno zdsadnim pozadavkem
znalosti nejkratSich cest mezi emisnim zdrojem a snimadi. Nasledujici kapitoly se
zabyvaji vypocetnim aparatem potfebnym pro analyzu pfesnosti lokalizace pomoci
dané experimentélni konfigurace a konfrontuji numerické predpovédi s vysledky na
realné naméfenych datech.

2. Parametrizace chronologie prichodt elastické viny ke snimaciim

Za nejcastéji pouzivanou metodu uréeni polohy emisniho zdroje Ize povazovat
analyzu ¢asového zpozdéni prichodl elastické viny k jednotlivym snimacédm. Tato
chronologie muize byt kromé& nejastéji pouzivanych ¢&asovych diferenci
parametrizovéna vice zplsoby. Bez Ujmy na obecnosti demonstrujme nové navrzenou
analyzu lokalizaénich moznosti dané konfigurace N snimadl na tzv. ¢asovych
profilech (ATP), definovanych jako vektor &isel p;:

N
IWZ:: t,—tS—]WZl‘—t z,—lﬁgz, @)
T

T T
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Casovy profil P=(p,,pn) relativizuje (viz obr. 1) chronologii pfichodl elastické viny
predstavovanou zacddatky signalll odhadnutymi jakozto Casy t; pfi¢emZ ¢as iniciace
zdroje ts neni nutné znat. Naopak je pro tuto verzi €asovych profild potfeba urcit
kalibraéni dobu T, po kterou se elasticka vina &ifi mezi dvéma pevné& danymi body,
napf. snimaci. Snadnou numerickou Upravou lze déle ukdzat, Zze ¢asovy profil nabyva
stejnych hodnot i pfi dosazeni vzdalenosti d; (tj. zdroj-snima¢) namisto T; (€as Sifeni
viny od zdroje ke snimadi) a prislusné vzdalenosti D za T, pfi¢emz se neméni ani
vlivem zmény rychlosti Siteni viny. Dostavame tak uzite¢nou univerzalnost, kdy mohou
byt predpocitané vektory P v bodech adekvatné pokryvajicich téleso srovnavany
s redlné naméfenymi hodnotami. Vyslednou lokalizaci pak udava bod na télese, jehoz
¢asovy profil uréeny na fyzickém, ¢ numerickém modelu, je nejblize k predlozenému
realnému.

CASY PRICHODU CASOVY PROFIL
P P Py P
T, 2 1 4 P3
S4 T S4
SS . S3
T,
Sz T Sz
1
S1 S1
> T T
ts t2 t1 t4 t3 [s] -1 0 1

Obr. 1 Relativizace chronologie ptichodu elastické viny casovym profilem.
Fig. 1 Relativisation of arrival-times by arrival-time profile.

3. Numericka analyza lokalizaénich moznosti dané konfigurace senzort

Pro potteby dalSich vypoctl je nutné znat trajektorii Siteni nejrychlejsi viny. Pokud se
v télese tato (nejkratsi) cesta nerealizuje jako pfima spojnice zdroje a snimace (zejména
v pfipadé otvor(i v materidlu), je nutné aplikovat algoritmus pro hledani nejkratsich cest,
jako napf. metodu vychazejici z Huygensova principu, optimalizovanou pro
diskretizovana télesa [4].

Citlivostni mapa

Analogicky ke GDOP Ize definovat parametr citlivosti lokalizace (SM). Kvuli numerické
nestabilité v oblastech kritickych pro lokalizaci, kde pfi zméné soufadnic zdroje
dochazi jen k nepatrné zmeéné prislusného Casového profilu, je vyhodnéjsi brat
prevracenou hodnotu GDOP. Pro kazdy ,pixel* Xa predstavujici materidl
diskretizovaného télesa a jeho okoli Na zavedeme miru SM(X,) - viz obr. 2. Schéma
v pravé ¢asti obrazku znazorriuje vybrany detail télesa s moznym tvarem vypocetniho
okoli Na. Vzdalenosti pixeld k i-tému snimaci jsou spocteny algoritmem pro hledani
nejkrat$ich cest. Hodnoty parametru SM pro v8echny ,pixely” materidlu télesa vytvareji
dohromady tzv. citlivostni mapu. Vysoké hodnoty na této mapé vyjadfuji potencialné
dobrou presnost lokalizace, zatimco v oblastech s malymi hodnotami, zplsobenymi
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vy§8im rozptylem polohy zdroji ve srovndni s variabilitou €asovych profild, Ize
oCekavat horsi pfesnost lokalizace.

d,(P(X,),P(X P
SM(XA) = mean %} (3) SO0 D Materialovy pixel
e e = O OIO00) ®  Aktualni pixel X,=[x,,y,]
kde 2 ClO|® 00 [] Tvar okoli Na aktuainiho pixelu
P(X ,)—ATP pro pixel X , = L 8 8 8 O @ Pixely pro vipodet ... X=pxy]
P(X)—ATP pro pixel X v '
d(...,...) — Eukleidovskd vzddlenost A [] Pixely mimo tsleso

Obr. 2 Definice citlivostnitidrPaPmetru SM.
Fig. 2 Definition of sensitivity parameter SM.

Podobnost casovych profilti

Ddlezitou informaci z hlediska posuzovani moznosti lokalizace jsou rovnéz zmény
chronologie ptichodli elastické viny (parametrizovand napt. casovymi profily)
vzhledem k poloze zdroje. Topologie prostoru ¢asovych profild mize byt velmi
komplikovand, jak doklada obr. 6, kde kazda barva zvyrazfiuje oblast zdroju s téméf
shodnymi chronologiemi. Podlouhlé oblasti v tzv. podobnostni mapé charakterizuji
zény s omezenymi, €i az neexistujicimi moznostmi jednoznaéné lokalizace.

Mapa nejednoznaénosti

Patrné nejvice vypovidajici uhel pohledu na problematiku ur€ovani polohy zdroje
vychazi z aspektl hledani prisecikd dvou hyperbol pfi lokalizaci na zakladé ¢asovych
diferenci mezi tfemi snimadi. Tyto kfivky se mohou protinat ve dvou bodech, coz
predesila moznou nejednoznacnost, kdy dvé rizné polohy zdroje generuji identickou
chronologii pfichodl vin ke snima¢im. Tato nejednoznacnost je obecné zpusobena
nedostate¢nym podtem senzord a pfi ndvrhu konfigurace emisni aparatury je nutné
brat v Uvahu redlné moznosti konkrétniho rozmisténi snimacd na daném télese. Pro
detekci ve vySe uvedeném smyslu kritickych oblasti je potfeba nalézt takové relativné
vzdalené body, které jakozto emisni zdroje generuji téméf stejnou chronologii
ptichodl elastické viny, potazmo €asovy profil. Pro kazdy pixel X = (x,y) v t€lese jsou
hledany pixely X;, které sice nejsou jeho nejbliz§imi sousedy, ale maji v jisté toleranci
shodné ¢asové profily. Mira lokalizaéni nejednoznaénosti LAM(X), ktera svymi malymi
hodnotami detekuje problematické oblasti, je pomoci Eukleidovské vzdalenosti deg(.,.)
definovana nasledovné:

LAM (X)) = MEAN —dE(P(X)’P(X'))
d
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3. Vysledky na realném télese

Pro ovéfeni metodologie byly provedeny experimenty sbuzenim AE na redlném
slozitém télese, konkrétné laboratornim zasobniku pary se zabudovanymi méfidly
tlaku a teploty, vinovody a podpérami (viz obr. 3). Numerickd predpovéd presnosti
lokalizace méla byt konfrontovana s vysledky uréovani poloh deviti sad pen-testll na
povrchu hlavni ¢asti zasobniku.

Obr. 3 Experimentaini téleso.
Fig. 3 Experimental body.

Po dvou snimacich bylo umisténo na vinovodech, povrchu télesa a podpérach.
Schéma rozmisténi senzor( a mist provadéni pen-testd ve 3D spolu s rozvinutym 2D
zobrazenim uvadi obr. 4. VSechny podptrné vypoéty nejkratSich cest byly provedeny
na rozvinutém povrchu télesa s pripadnym pfic¢tenim konstantni délky vinovodd nebo

pozice snimace na podpéfe.
Sz

Srimace na vinovadach

ROZVINUTY POVRCH TELESA

Al

w fomt)

Obr. 4 Schéma konfigurace experimentu.
Fig. 4 Experimental setup scheme.
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Pro demonstraci ilustrativnosti vySe zavedenych metod byly vybréany dvé zamérné
rozdilné skupiny tfi senzor(, které byly pouzity pfi lokalizaci pen-testd. O vhodnosti
volby usuzujme na nasledujicich obrazcich. Oblasti s mensi presnosti lokalizace jsou

patrné jiz na citlivostnich mapach — viz tmavé oblasti zobrazujici malé hodnoty a linie
ostrych prechodl na obou ¢dstech obr. 5.

CITLIVOSTNI MAPA

_ylpinei]

oy [pixe'¥] )

+
.p5

+ o4
p2

* [pixely] x [pixely]

Obr. 5 Citlivostni mapy pro dvé vybrané kombinace tii senzord.
Fig. 5 Sensitivity maps for two selected combinations of three sensors.

Podle ocekavani jsou oblasti s moznosti nejstabilngjsi lokalizace v konvexnim obalu
uml’sténl’ snimacq, pFi(‘:emz d|’|(:|’ singularity a problémy s numerickou stabilitou mohou

y [pixely]

S 1o 150 2o 2R

6180 00 280 300 360
x [pixely]

X [pixely]

Obr. 6 Podobnostni mapy pro dvé vybrané kombinace tfi senzord.
Fig. 6 Similarity maps for two selected combinations of three sensors.
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Findlni srovnani moznosti obou konfiguraci snimacl ptindsi velmi ilustrativni mapy
sestavené z hodnot miry lokalizaéni nejednoznacnosti a uréené odhady pozic pen-
testd na zékladé porovnani skuteénych a modelovych ¢asovych profild (obr. 7 a 8).

LOKALIZACNT MAPA
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Obr. 7 Mapa nejednoznacnostf versus lokalizacni vysledky pro snimace 1-4-6.
Fig. 7 Location Ambiguity Map versus location results for sensor group 1-4-6.
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Obr. 8 Mapa nejednoznacnosti versus lokalizacni vysledky pro snimace 1-3-6.
Fig. 8 Location Ambiguity Map versus location results for sensor group 1-3-6.
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4. Zavéry

Po zdznamu deviti sad pfiblizné padesati pen-testt Sesti kandly emisni aparatury bylo
klicovym krokem urcit odhad zacatka signall. Béhem testovani se jako nejstabilnéjsi
osvédcila expertni metoda detekce prvniho nasazeni [6]. DalSim problémem bylo
nastaveni rychlosti Sifeni vin v riznych komponentach télesa, vyrobenych z rdznych
materidl(, na kterych byly pfipevnény snimace. Rychlosti byly oproti redlnému méfeni
korigovany tak, aby nejvice souhlasila vysledna poloha pen-testu s pfislusnou nejlepsi
hodnotou mapy nejednoznacnosti (tj. poloha 1 pro konfiguraci 1-3-6 a poloha 5 pro
skupinu 1-4-6). Optimalni rychlosti se poté pohybovaly kolem 5km/s.

Srovndnim obrazkd 7 a 8 Ize fici, Ze vérohodnost lokalizace emisnich zdroju je velmi
dobfe ilustrovana mapami nejednoznacnosti, nebo podobnosti. Zejména v pFipadé
konfigurace senzor(l 1-3-6 odpovida vysledny rozptyl odhadnutych soufadnic zdroje
vyvoji hodnot miry lokalizaéni nejednoznaénosti (LAM). Dostalujici pfesnost nastava
jen v poloze 1, zatimco v polohéach 2 a 3 lokalizace postupné selhava. Vysledny maly
posun na pozici 4 je ziejmé zpusoben lokalni citlivosti detekovanou jistymi ostrymi
prechodovymi liniemi prochazejici odpovidajicimi pixely mapy nejednoznanosti.
Vysledky pro zbyvajici polohy nejsou zobrazeny kvdli pfili§ velkému rozptylu a posunu.
Zavérem lze Fici, Ze uvedené mapy citlivosti, podobnosti a nejednoznaénosti velmi
dobfe pfedznamendvaji lokalizaéni moZnosti dané konfigurace snimaca.
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Abstrakt

Jen stéZi se najde Fidic motorového vozidla, ktery by se nikdy nevyjadfoval ke stavu té ¢i oné
pozemni komunikace. Nejcastgji si pak vsimame mnoZstvi a velikosti vytluki na vozovce. A& se to
mozZnd nékomu nezdd, pravidelné kontroly stavu vozovek zabezpecuje i viastnik nebo sprdvce
dot¢ené komunikace a o jejim vysledku vede zdaznam. Tyto prohlidky maji vétsinou charakter
vizudini kontroly a podle rozsahu se déli do CtyF kategorii. Nejkratsi interval maji bézné prohlidky,
na dalnicich se provddi kazdy pracovni den, na silnicich . tfidy 2x tydné, na silnicich nizsich tfid jiz
méné Casto. BéZnou prohlidkou se zjistuje hlavné sprdvnd funkce dopravniho znaceni,
bezpecnostniho zafizeni a zdvady ve sjizdnosti. Naopak podrobnéjsi diagnosticky prizkum
Zpravidla pfedchdzi pldnované opravé Ci rekonstrukci vozovKky a slouZi jako podklad pro pfipravu
projektové dokumentace. Nékterd méreni se také provddi pred uvedenim nové vozovky do
provozu. K tradiénim zkoumanym parametrim patii méreni protismykovych viastnosti vozovky,
méfeni prahybu a hodnoceni unosnosti prostfednictvim rdzového zatizeni FWD, ¢i odbér
jadrovych vyvrti a jejich analyza v laboratofi. Mezi novéjsi metody Ize zafadit georadar, s jehoz
pomoci je moZné stanovit tloustky vrstev vozovky. Laserové skenovani umoZriuje méfit proménné
parametry, jako je pficnd a podélna nerovnost a diky termokamere Ize mimo jiné urcit teplotu
asfaltové smeési pfi poklddce vrstev asfaltovych vozovek.

Kli¢ova slova: prohlidky silnic, georadar, termokamera, rdzové zafizeni FWD

Abstract

It is hard to find a driver of a motor vehicle who would have never commented on conditions of
this or that road. Most often we notice the amount and sizes of potholes on roads. Even if it
may seem strange, regular inspections of road condition is performed by the owner or
administrator of the road and the results are recorded. These inspections are mostly visual
and divided into four categories. General inspections are performed on shortest intervals,
every working day on motorways, twice a week on first class roads, and less often on lower
class roads. General inspection is mainly focused on the right operation of road signing and
marking, safety devices and defects on road pavements. In contrast, a more detailed
diagnostic survey usually precedes a planned road reconstruction and is used as a basis for
the project documentation. Some measurements are also performed before a new road is put
into operation. Typical measured parameters include anti-skid properties of road pavement,
deflection measurement and the evaluation of bearing capacity using a Falling Weight
Deflectometer, and extraction of drill cores and their analysis in the laboratory. Regarding
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more recent methods, a georadar can be used to determine thicknesses of pavement layers.
Laser scanning allows for variable parameter measurements, such as transverse and
longitudinal unevenness. In addition, it is possible to determine the temperature of hot asphalt
mixture when laying asphalt pavement layers thanks to the thermal camera.

Key words: road inspections, georadar, thermal camera, Falling Weight Deflectometer

1. Uvod

Tento ¢lanek popisuje procesy a metody slouzici k monitorovani stavu &i k diagnostice
pozemnich komunikaci. Autofi ¢lanku se osobné prfes 3,5 roku podileli na provadéni
béznych prohlidek silnic I. tfidy v Jihomoravském kraji a provedli mnoho diagnostik na
pozemnich komunikacich v Ceské republice. V prvni &&sti ¢lanku jsou charakterizovany
typy jednotlivych prohlidek provadénych na pozemnich komunikacich v Ceské
republice. Nasleduje prehled tradi¢nich diagnostickych metod a dale i téch novéjSich.

2. Prohlidky pozemnich komunikaci

Vykondvani prohlidek nafizuje a upravuje zdkon o pozemnich komunikacich
€. 13/1997 Sb. Vném se mimo jiné piSe, Ze vlastnik nebo spravce pozemni
komunikace zajisfuje jeji prohlidky. Prohlidka se zaméfuje na posouzeni dopadl
zejména stavebnich, technickych a provoznich vlastnosti pozemni komunikace na jeji
bezpecnost. Vyhlaska ¢. 104/1997 Sb. rozliSuje &tyfi kategorie prohlidek podle
rozsahu a frekvence provadéni: bézné, hlavni, mimofadné a bezpec€nostni inspekce
komunikaci zafazenych do transevropské silniénf sité

Z vySe zminénych, jsou nejcastéji provadény bézné prohlidky, které se soustfedi
predevsim na spravnou funkci dopravniho zna&eni, bezpecnostniho zafizeni a zavady
ve sjizdnosti. Na dalnicich jsou vykonavany kazdy pracovni den, na silnicich I. tfidy
2x tydné, na silnicich Il. tfidy 2x mési¢né a na silnicich Ill. tfidy 1x mési¢né.

Bézné prohlidky jsou vykonavany zjedouciho vozidla. V pfipadé, ze inspektor
zahlédne néjakou poruchu, odstavi bezpe¢né vozidlo a jde ji zaznamenat. V dobé, kdy
zameéstnanci Centra dopravniho vyzkumu, v. v. i. (CDV) provadéli bézné prohlidky
silnic I. tfidy v Jihomoravském kraji, byl zdznam poruch provadén pomoci chytrého
mobilniho telefonu. Pfi pofizeni fotografie poruchy doSlo zaroven k automatickému
zaznamenani polohy diky GPS. Po doplnéni komentafe byly zdznamy odesilany
odpovédnym osobam na Reditelstvi silnic a délnic (RSD).

Mezi nejCastéji zaznamenané poruchy patfily vytluky, vytrzené nebo poni¢ené
smérové sloupky, vyvracené znacky a poSkozena svodidla. Rychlost opravy se liila
podle typu poruchy a stfediska &i cestmistrovstvi, ke kterému naleZel Usek silnice, na
némz se nachdzela porucha. Dle naSich zku$enosti byla vétSina vytlukd obratem
opravena. Horsi situace panovala v pfipadé poSkozenych svodidel, ty €asto ¢ekaly na
opravu nékolik tydn(l az mésic(.

Cilem hlavni prohlidky je zjisténi stavebné technického stavu komunikace, véetné
jejich souéasti a pfisluSenstvi. Hlavni prohlidka se provadi nejméné jednou za 5 let,
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jinak vzdy pfi uvedeni nového nebo rekonstruovaného tseku komunikace do provozu
a pfed skoncenim zaruéni doby. Hlavni prohlidka se provadi formou pochlzky a je pfi
ni sledovan stav vozovky a télesa komunikace véetné krajnice. U poruch se zjistuje
jejich rozsah (plocha, délka) a umisténi na vozovce. Jevy zjisténé v pribéhu hlavni
prohlidky jsou dopInény o dostupné ldaje proménnych parametr(i (drsnost, podéina
a pficnd nerovnost, zbytkova zivotnost), zméfené a vyhodnocené na zakladée
ptislugnych CSN.

Mimo¥éadnou prohlidku zajistuje vlastnik nebo spravce mimo terminy béznych a hlavnich
prohlidek, a to zejména pfi nahlém poskozeni vozovky (napf. dopravni nehodou, Zivelni
pohromou), pfi vyrazné zméné dopravniho zatizeni (napt. v disledku nafizeni objizdky)
nebo pfi nutnosti ziskat vstupni data pro systémy hospodafeni svozovkou. Jak
u hlavnich, tak i u mimofadnych prohlidek silnic byvaji ¢asto pouzity nékteré z nize
uvedenych diagnostickych metod.

3. Protismykové vlastnosti vozovky

U vétSiny dopravnich nehod je za vinika oznacovan Fidi€ dopravniho vozidla. Jako
pfi¢ina nehody se v takovych pfipadech €asto uvadi nepfiméfena rychlost. V lepSich
pfipadech kon&i nehody jen pomackanymi plechy, v téch nejhorSich naopak az tézkym
zranénim nebo smrti. Otazkou je, jestli tato dan neni az pfili§ vysoka, obzvlast, pokud
zranény ani nebyl vinikem nehody. Nekvalitni vozovka se Spatnymi protismykovymi
vlastnostmi zvys$uje riziko smyku a prodluzuje brzdnou drahu az o desitky metr(.

Protismykové vlastnosti zasadnim zplsobem ovliviiuji bezpeénost silniéniho provozu.
Prokdzaly to rizné vyzkumné projekty, které porovndvaly pocty dopravnich nehod se
stavem protismykovych vlastnosti povrchu vozovky. Z porovnani vyplynulo, Ze na usecich
silnic I. tfidy s hodnocenim protismykovych vlastnosti povrchu vozovky klasifikaénim
stupném 5 — havarijni stav je 16x vice nehod nez na Usecich s hodnocenim klasifikagnim
stupném 1 — velmi dobré protismykové vlastnosti. V sou€asnosti se €asto pouziva termin
Lodpoustéjici silnice”, coz znamenad, ze pokud fidi¢ udéla chybu, tak by silnice méla byt
v takovém stavu, aby fidi€ mél moznost svoji chybu napravit, pfipadné aby nasledky
dopravni nehody byly minimalizovany [1].

Zhor$eny stav vozovky hodnoti bézny Fidi€C vétSinou podle nerovnosti ¢i mnozstvi
vytluks. Spatné protismykové vlastnosti naopak asto poznd, az kdy? je pozdé. V praxi
se k méfeni uziva vozidlo TRT (obr. 1).
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Obr. 1 Mérici vozidlo TRT [2]

Pro zjisténi kontinuélniho prabéhu soucinitele podélného tfeni se pouziva jednokolovy
zavés s meéficim kolem rovnobéznym se smérem pojezdu umisténym v levé jizdni
stopé. Hydraulicky ovladané brzdéni méficiho kola umoziuje pfi méfeni na pozemnich
komunikacich nastaveni pomeéru skluzu na 25 %, coz odpovida systémim ABS
v automobilech. Snimace méfi rychlost vozidla a rychlost méficiho kola. Staly kontakt
méfici pneumatiky se zkouSenym povrchem lIze nastavit v rozmezi 700 - 1300 N.
Ridici a regulaéni technika ve vozidle umoziiuje automaticky provoz méficiho zatizeni
ve zvoleném rezimu, vypocletni technika se stard o zdznam a vyhodnocovani
méfenych veli¢in v redlném ¢ase. Méfeni se provadi na vodnim filmu tloustky 0,5 mm,
proto je vozidlo vybaveno davkovacim zafizenim a nadrzi s vodou.

4. Diagnostika a hodnoceni unosnosti vozovky

Diagnostika a hodnoceni vozovek z hlediska jejich uUnosnosti se obvykle provadi
mérenim prahybl povrchu vozovky razovym zafizenim FWD, které zatéZuje vozovku
stacionarnim impulznim zatizenim. Razové zafizeni FWD umoZfiuje nastavit
parametry zatizeni tak, aby se blizily redlnému zatizeni kol pohybujicich se vozidel.
Skute¢nému prahybu vSak nejvic odpovida prihyb méfeny pfi pohyblivém
dynamickém zatizeni. NejnovéjSim zafizenim splfiujici toto kritérium je zafizeni TSD
(Traffic Speed Deflectometer), které umozfiuje méfit pfi rychlosti provozu na pozemni
komunikaci.

Razové zafizeni FWD (Falling Weight Deflectometer, obr. 2) je tradiéni zafizeni
pouzivané pro méteni prihybd, které zatéZuje povrch vozovky tlumenym rdzem
odpovidajicim zatizeni kolem napravy nakladniho vozidla (je generovano padem
bfemene na gumové tlumice a ptenasi se pfes kruhovou zatézovaci desku na povrch
zkouSeného mista vozovky), zarovenh méfi odezvu vozovky na toto dynamické
zatizeni. Omezenim pro méfeni zatizenim FWD jsou predevsim teplotni podminky.
Teplota povrchu vozovky pti méfeni musi byt v rozsahu 5 — 30 °C.
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Vystupem z méfeni na diagnostikovanych bodech (obvykle s odstupem 25 m mezi
jednotlivymi body) jsou hodnoty prihybu v riznych vzdalenostech od osy zatizeni
tvorici prihybovou kfivku (obr. 3).

wiiv podiod

viiv pockladnich vrstev
it keytu

Obr. 2: Rdzové zafizeni FWD pro méfeni Obr. 3: Prihybova kiivka vynesend z vysledki méreni
prahybl vozovek, zdroj: CDV rdzovym zafizenim FWD pfi pouZiti 9 snimacd
pruhybu, zdroj: CDV

Cilem méfeni je vyhodnotit Unosnost konstrukénich vrstev vozovky a jejiho podlozi na
zakladé zmeéfenych dat. Na hodnoceni unosnosti vozovek se pouZivaji komplexni
vypoctové programy. Zjistuje se zbytkova zivotnost vozovky a tloustka potfebného
zesileni, pfiemZz se pocitd srazovymi moduly pruznosti vrstev urenymi zpétnym
vypoctem z prihybové kiivky zméfené na povrchu vozovky.

Zesileni, pfipadné rekonstrukce vozovky, se navrhuje v pfipadeé, Ze je vozovka
hodnocena jako neudnosnd. Tloustka zesileni se odviji od predpoklddaného dopravniho
zatizeni, kvality materidlu zesilujici vrstvy, Uinavovych proces( ve vozovce apod.

Pro hodnoceni unosnosti z méteni prihybl vstupuji do vypodtu rdzovych modultd
pruznosti tloustky vrstev vozovky. Ty se obvykle zjidtuji odbérem jadrovych vyvrtli po
pravidelnych vzdalenostech (napf. po 250 m). Tento pfistup vS8ak nemUlze zaruCit
optimalni vysledky, nebot vnitini skladba konstrukce vozovky je zndma pouze v misté
odebrani jadrového vyvrtu.

Sou€asna praxe ukazuje na nezbytnost dopinéni informaci zjadrovych vyvrtQ
o kontinudlni mérfeni georadarem (kapitola 6) pro pribézné stanoveni tlousték vrstev
vozovky a nalezeni jejich pfipadnych anomalii, coz pozitivné ovlivni vypocet rdzovych
modulll pruznosti, optimalizaci navrhu a snizeni finan€nich nakladd na opravu konstrukce
vOZOVKy.

Traffic Speed Deflectometer (obr. 4) slouzi k zjisfovani prahyb( povrchu vozovky
pfirychlosti 40 — 80 km/h. Prlhyb, ziskany pfi pohyblivém (dynamickém) zatizeni,
vyvolany pohybujicim se kolem vozidla, nejvice odpovida skute¢nému prihybu pfi
zatizeni nakladnimi vozidly pohybujicimi se rychlosti dopravniho proudu. Zafizeni TSD
tak vnasi do konstrukce vozovky béhem jizdy podobné dynamické zatizeni (velikost, doba
trvani) jako ostatni nakladni vozidla pohybuijici se v redlném provozu.
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Vyhodou je také moznost zaznamenat prihyb vozovky v celé linii prijezdu vozidla, coz
neomezuje pouze na méfeni lokalnich mist, jako je tomu u rézového zafizeni FWD.

Z vysledk( zafizeni TSD ziska uzivatel kompletni informaci o unosnosti vozovky v celém
méfeném Useku. Odpadd také problém somezovanim provozu na pozemnich
komunikacich jako pfi méteni zatizenim FWD, které mlze v pfipadé vysokych intenzit
dopravy zpUsobit znaéné dopravni problémy. ZvySuje se bezpecnost Ucastnikll silni¢niho
provozu a posadky méficiho zafizeni béhem méfeni. Velkou vyhodou je rovnéz vysoka
kapacita méfeni, ktera umoziiuje méfit az nékolik set kilometrd vozovek denné. Kvdli
laserovym snimaclim nelze méfeni provadét za desté nebo na mokré vozovce.

888°88888 § g

Obr. 4 Schéma ndveésu zafizeni TSD s tuhym nosnikem a Doppler-laser snimaci [3]

Zatizeni tvofi jizdni souprava tézkého ndkladniho vozidla skladajici se ze standardniho
tahace naveésu a z modifikovaného navésu. V klimatizovaném ndvésu je umistén tuhy
nosnik s pfislusnym poctem laserovych snimac¢l pracujicich na bazi Dopplerova jevu,
které snimaji povrch vozovky pravé stopy vozidla v ose dvojmontaze navésu.

5. Jadrové vyvrty

Odbér vzorkQl vrstev vozovky umoznuje vysvétlit pfi€iny poruch vozovky a ziskat
doplfujici informace pro navrh opravy. Slouzi ke zjisténi stavu konstrukce vozovky,
jejiho krytu, podkladnich vrstev a podlozi. Jadrové vyvrty jsou odebirany za ucelem
zji$ténf typu, tloustky a stavu poruseni stmelenych vrstev konstrukce vozovky a zéroven
pro potfebu ziskani dostate€ného mnozstvi materidlu asfaltovych vrstev pro jeho
laboratorni posouzeni. V silniéni laboratofi Ize zjistovat napfiklad kvalitu spojeni
jednotlivych vrstev, obsah asfaltového pojiva a zrnitost smési kameniva, mezerovitost
asfaltové smeési, miru zhutnéni a mezerovitost vrstvy, odolnost asfaltové smési proti
trvalym deformacim &i vlastnosti zpétné ziskaného asfaltového pojiva.

Na jadrovych vyvrtech odebranych z cementobetonového krytu a Ize ur€it pevnost
betonu v tlaku a v tahu za ohybu. V CDV jsme déle schopni nad ramec stanoveni
fyzikalné mechanickych vlastnosti provadét analyzu vzorkd polariza¢nim mikroskopem
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(petrografie  kameniva), skenovacim elektronovym mikroskopem, energiové
disperznim analyzatorem a petrografickym ¢i chemickym rozborem.

Jadrové vyvrty jsou nejbéznéji odebirany prosttednictvim silniéni vrtacky postavené na
podvozku privésu. Soucasti je nadrz s vodou o objemu 200 | na chlazeni jadrové
korunky pfi vrtani. Pro pohon vrtatky se pouziva benzinovy motor o vykonu 5 kW,
ktery je také soucasti soupravy (obr. 5).
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Obr. 5 Odbeér jadrového vyvrtu, zdroj: CDV Obr. 6 Jddrovy vyvrt, zdroj: CDV

6. Georadar

Tato metoda je zalozena na opakovaném vysildni  vysokofrekvenéniho
elektromagnetického (EM) signalu v rozsahu od nékolika set MHz do nékolika GHz do
zkoumaného prostfedi a zdznamu odrazu €asti energie tohoto signalu od rozhrani vrstev
a rlznych materidlll [4]. Nejc¢ast&jsi aplikace v oblasti dopravni infrastruktury jsou
nasledujici stanoveni tlousték konstrukénich vrstev vozovek, detekce dutin pod krytem
vozovky, detekce nadmérného obsahu vody v konstrukénich vrstvach vozovek apod.
Tloustky konstrukénich vrstev vozovky se poditaji ze zméfeného ¢asu priichodu
signalu konstrukénimi vrstvami vozovky a z ur€ené rychlosti Sifeni EM signalu.
Obvykle se pro ucely stanoveni rychlosti $iteni EM signdlu jednotlivymi konstrukénimi
vrstvami vozovek provadi minimalné jeden jadrovy vyvrt. Timto zplisobem se kalibruji
stanovené tloustky vrstev. Pfesnost pii stanoveni tlousték konstruk&nich vrstev
vozovek se pohybuje v rozsahu 3-15 %, v zavislosti na poruSeni vrstev, druhu
materidlu jednotlivych vrstev a pozadovaném hloubkovém dosahu pouzité antény.
Dle naSich zkuSenosti jsou pro ucely kontinualniho méfeni tlousték krytovych vrstev
vozovek vhodné trychtyfové antény s centraini vysilaci frekvenci 1 az 2 GHz (obr. 7).
Pro ucely méfeni tlousték podkladnich vrstev vozovek je vhodné pouZiti antény s centralni
vysilaci frekvenci 400 az 900 MHz, idealné v kombinaci s méfenim trychtyfovou anténou.
Mé&Feni je mozné provadét za vysokych rychlosti az 80 km/h s krokem méfeni od 5 cm,
viz zdznam z méfeni na obr. 8.
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Obr. 7 Priklad zafizeni pro méfeni tlousték vrstev Obr. 8 Zdznam tlousték konstrukcnich vrstev
vozovky, zdroj: CDV vozovKy - radargram, zdroj: CDV

7. Laserové skenovani

Moderni méfici vozidla jsou vybaveny technikou pro zaznamendvani proménnych
parametr(l vozovek a snimani jejich povrchu - naptiklad systém RST snima podélny
profil a makrotexturu ve tfech stopach. Systém LCMS dokaze skenovat povrch ve 3D
s rozlisenim lepSim, nez jeden milimetr, pfi€emz zvlada jeden pfi€ny sken kazdych
5 mm i pfi rychlosti 90 km/h. Vozidla také mohou disponovat systémem automatického
rozpoznavani a klasifikace poruch vozovky (pfedevsim trhlin). Vyhodou je, Ze vSechna
meéfeni mohou probihat soucasné, jsou synchronizovédna a georeferencovana.
Systém funguje pfi béznych rychlostech silniéniho provozu, neni proto potfeba nijak
omezovat dopravu na meéfené komunikaci. Laserova méfeni nejsou zavisla na
svételnych podminkdach, avSak nelze méfit na mokré vozovce.

Automatizované zpracovani dat poskytuje objektivni informace o stavu silniéni sité.
Méfici vozidlo vybavené laserovym systémem dokaZe v kratkém Case poskytnout
zasadni informace pro vlastniky a spravce komunikaci pro oblast kontroly a planovani
bézné udrzby a systémy hospodafeni s vozovkou.

V praxi se méfeni provadi zejména u novych vozovek pfed jejich pfejimkou, opakované
se kontroluji parametry vozovek v prabéhu zaruénich Ihit. Diky rychlosti méfeni Ize
kontrolovat stav vozovek béhem jejich Zivotnosti i u rozsahlych siti komunikacf [5].

/7 GFsantny = Inescidini
B ';‘””" b [ zadni
Piedni ~ / \,  lednotka \ VORI

wideokamara . J LS .

Clove[:L

DEAGHOSTINA

akeelarnmatry RST

Obr. 9 Multifunkéni méfici systém - CleveRa Car [5]
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8. Termografie

V CDV se zabyvame vyzkumem v oblasti pouziti termografie pfi diagnostice vozovek
pozemnich komunikaci. Pfi méfeni pouzivame jak ruéni termokameru, tak i termokameru
pfipevnénou na mefici vozidlo. Vysledkem méfeni jsou termogramy znazoriujici povrchové
rozloZeni teplot na vozovce. Ukazuje se, Ze na nékterych termogramech jsou naptiklad
trhliny ve vozovce (obr. 10) Iépe rozeznatelné, nez na bézné kamefe.

Asi vice praktické je vyuziti termokamery pfi pokladce novych asfaltovych vrstev
vozovek (obr. 11). V této aplikaci se jiz termokamera v nékterych zemich pouziva.
Pti pokladce asfaltovych vrstev je dulezité, aby asfaltovd smés méla spravnou teplotu.
PFili§ studena smés zhorsuje zpracovatelnost, snizuje se schopnost asfaltovou vrstvu
dostate¢né zhutnit. Vysledkem je zvyS8ena mezerovitost, kterd potencidlné mize vést
k budouci tvorbé poruch. Pfipadné mlze dochdzet k problémim spojenych
s pritomnosti vihkosti v konstrukci.

Hlavni pFi¢iny nadmérného vychladnuti smési jsou pfili§ dlouhy ¢asovy interval mezi
nakladkou a vykladkou, nespravné naloZeni nakladu a absence plachty ¢i jinych
prosttedkd uréenych k omezeni nadmérného ochlazovani smési béhem prepravy.

Termokameru lze vyuzit jako nastroj pro ovéfeni spravné teploty asfaltové smési
pfi jeji pokladce a tedy i pro kontrolu kvality prace. Termografie mize do jisté miry
pfispét k prodlouzeni Zivotnosti asfaltovych vozovek a zarovef pomoci snizit naklady
na budouci opravy.

J o3 =
Ay &-{ -

Obr. 10 Termogram povrchu vozovky, zdroj: CDV ~ Obr. 11 Termogram pofizeny pfi poklddce
asfaltové vozovky, zdroj: CDV
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Abstrakt

Koercitivni sila zkoumanych vzorkii oceli 15CH2NMFA se vlivem jejich cyklického zatéZovani az na

Jjinym zpuisobem. Domnivame se, Ze neménnost koercitivni sily béhem cyklického zatézovani je stejné
Jjako neménnost mechanickych vlastnosti projevem rovnovahy mezi dvéma procesy: strukturalizaci pole
dislokaci a parakrystalickou distorzi.

Klicova slova: uinava, koercitivni sila, dislokace, parakrystalické distorze

Abstract

With the exception of an initial excursion, coercive force of the examined samples of steel 15CH2NMFA
has not changed much in the course of cyclic loading. Which confirmed the results of our previous
measurements that were executed in a different way. We suppose that the invariability of the coercive
force during cyclic loading, similarly as the constancy of the mechanical properties, reflects the
equilibrium between two processes which are effective during cyclic loading: differentiation of the
dislocation field and paracrystalline distortion.

Key words: fatigue, coercive force, dislocations, paracrystalline distortions

1. Uvod

Koercitivni sila feromagnetika je velice citliva na jeho strukturu [1]. Kdyz jsme ji vSak méfili
béhem cyklického zatéZzovani, ménila se malo [2]. A proto jsme provedli dalsi, jinak
uspofddané meéteni. Vysledky tohoto experimentu a jejich diskuze jsou predmétem
predkladaného ptispévku.

2. Vysledky méfeni

Koercitivni silu jsme méfili u ctyf vzorkl oceli 15SCH2NMFA, které byly (vSechny stejn¢)
cyklicky zatézovany v ohybu az do 200 000 cykli. Zatézovani bylo pterusovano po kazdych
10 000 cyklech az do 100 000 cykld, nasledné pak po kazdych 20 000 cyklech az do 200 000
cykli. Béhem kazdého preruSeni byla zméfena koercitivni sila (v A/m); pak byl vzorek
zmagnetovan a koercitivni sila zméfena jesté jednou. Na obrazcich 1 — 4 jsou zakresleny
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pro kazdy vzorek hodnoty koercitivni sily bez zmagnetovani (a) a po zmagnetovani (b). Vzorky
jsou oznaceny Cisly 3, 4, 5 a 6. Celé méfeni bylo provedeno béhem dvou dni.
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Obr. 1. Koercitivni sila nezmagnetovaného a zmagnetovaného vzorku (a) a (b) v zavislosti
na poctu zateznych cyklii pro vzorek 3.

Fig. 1. Coercive force of non-magnetized and magnetized sample (a) and (b) as a function
of the number of loading cycles for the sample 3.
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Obr. 2. Koercitivni sila nezmagnetovaného a zmagnetovaného vzorku (a) a (b) v zavislosti
na poctu zatéznych cyklii pro vzorek 4.

Fig. 2. Coercive force of non-magnetized and magnetized sample (a) and (b) as a function
of the number of loading cycles for the sample 4.
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Obr. 3. Koercitivni sila nezmagnetovaného a zmagnetovaného vzorku (a) a (b) v zavislosti
na poctu zatéznych cyklit pro vzorek 5.

Fig. 3. Coercive force of the non-magnetized and magnetized sample (a) and (b) as a function
of the number of loading cycles for the sample 5.
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Obr. 4. Koercitivni sila nezmagnetovaného a zmagnetovaného vzorku (a) a (b) v zavislosti
na poctu zatéznych cyklii pro vzorek 6.

Fig. 4. Coercive force of non-magnetized and magnetized sample (a) and (b) as a function
of the number of loading cycles for the sample 6.

3. Porovnani s piredchozim méfenim

Koercitivni silu jinych Sesti vzorki oceli ISCH2NMFA jsme pfi cyklickém zatézovani v ohybu
mefili jiz diive [2]. Tehdy bylo zatézovani pierusovano po kazdych 10 000 cyklech az do
160 000 cykli a pak po kazdych 20 000 cyklech az do lomu. Béhem kazdého preruSeni byla
zméfena koercitivni sila (v A/m) a kromé toho také Sitka rentgenové difrakéni linie (211) feritu
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v poloving jeji vysky (FWHM) pomoci zafeni CoK, (v uhlovych stupnich odleskového
whlu 2¢%). Na obr. 5 jsou pro jeden ztéchto vzorkll (X2) zakresleny zmétené hodnoty
koercitivni sily (spodni kfivka x) a Sitky difrakéni linie (211) feritu (horni kiivka y) v zéavislosti
na poctu zatéznych cykli. Zavislosti zmétené na ostatnich péti vzorcich mély podobny prubéh.
Celé méfeni trvalo 2'5 roku. Koercitivni sila byla tehdy méfena pomoci téhoz pfistroje a timtéz
¢loveékem jako v ptipadé méfeni, jez jsme popsali v minulém odstavci.
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Obr. 5. Koercitivni sila (x) a §itka difrakcni linie (211) feritu v polovicee jeji vysky (v) v zavislosti na poctu
zatéznych cyklit pro vzorek X2.

Fig. 5. Coercive force (x) and full width at half maximum of the diffraction line (211) of ferrite (v) as a function of
the number of loading cycles for the sample X2.

Z porovnani obr. 1-4 a obr. 5 je patrné, ze zavislost koercitivni sily na poctu zatéznych cyklu,
zméfena v obou pokusech (dvoudennim a 2% ro¢nim) je podobna: po jistém pocate¢nim poctu
zatéznych cykll se koercitivni sila uz pfili§ neméni. Na rozdil od rentgenové difrakce, ktera se
po celou dobu cyklického zatézovani méni rytmicky.

4. Diskuze

Mechanickym zatéZzovanim télesa se méni jeho mikrostruktura. Zvlasté se to tyka dislokaci [3—5]
a parakrystalickych distorsi [6-9]. Pokud jde o dislokace, mize energie vnasena mechanickym
zatézovanim aktivovat jejich vznik, ale stejné tak i zanik anebo rizné zmény v uspotadani
disloka¢niho pole (shlukovani dislokaci, tvorbu vrstevnych poruch jakoz irozhrani
mosaikovych blokll a krystalitt). Parakrystalické distorze predstavuji objemovou poruchu
idealni struktury, kterd vzniké paradoxné jako kontraproduktivni u¢inek rekrystalisace, tedy
spontanniho procesu, jimz se ma idedlni krystalova struktura, deformovand zejména
dislokacemi, restituovat (obr. 6). Je to Sisyfova prace: pfi napravé jednéch poruch vznikaji
poruchy jiné, jejichz kombinaci se tvoii opét ty poruchy plvodni, aby byly napravovany
procesem, ktery vSak zaroven produkuje ty produkty dfive jmenované atd. Kdyz piibyva
dislokaci, struktura télesa se zjemiuje; ale tim se zvétSuje jeho mezipovrchova energie, coz
vede ke hrubnuti struktury. Kdyz vsak struktura télesa hrubne, zvétsuje se jeho parakrystalicka
energie a to pak zplsobi rozpad velkych mosaikovych blokl a nasledné zjemnéni struktury.
Z tohoto zacarovaného kruhu je jedinou Unikovou cestou Unavovy lom: podobné jako pfi
tuhnuti odlitku, uzaviou mezi sebou mozaikové bloky, rostouci pfi rekrystalizaci, necelistvost,
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ktera je nadkriticka; coz jest jev nahodny, jehoz pravdépodobnost roste s poftem zatéznych
cykla [10].
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Obr. 6. Pri ristu krystalu dochazi obéas k chybé, odchylce od pravidelného usporadani atomii. Pokud se takova
chyba neodstrani, dokud je jesté na krystalizacni fronté, kde je struktura rozvolnénd a ndprava defektu snadnd,
ziistane v krystalu prakticky natrvalo. Strukturni poruchy tohoto druhu nazyvame parakrystalické distorze. Jejich
tvorba je nevratnd; pouze pribyvaji.

Fig. 6. Sometimes an error, departure from the regular arrangement of atoms arises during growth of a crystal.
If such an error is not removed while it is still at the crystallization front where the structure is loose and its
rectification easy, it remains in crystal virtually for ever. Structural defects of this kind are called paracrystalline
distortions. Their formation is irreversible; their number only increases.

Hnaci silou stfidavého hrubnuti a zjemnovani mikrostruktury télesa, které pozorujeme na
zaklad¢ sledovani rentgenové difrakce a elektrochemického potencialu [11, 12], je elasticka
deformacni energie, ktera se v t€lese hromadi nasledkem jeho cyklického zatézovani. To, Ze se
pfitom mez kluzu ani koercitivni sila (feromagnetika) neméni, dokazuje, ze celkovy sumarni
termodynamicky potencial vSech mechanicky a magneticky aktivnich strukturnich defektd
télesa zlstava b&hem cyklického zatézovani, pfi neustalych, rytmickych zménach jejich
konfigurace, (po pocatenim nab&hu) konstantni. (KdyZz je pak dosaZzen mezni limit
strukturnich defektd, je disipace deformacni energie, pfivadéné do télesa jeho cyklickym
zatézovanim, pfesmérovana jinam.)

5. Zavér

Na rozdil od rentgenové difrakce a méfeni elektrochemického potencidlu se koercimetrie pro
monitorovani procesi, které probihaji ve struktufe cyklicky zatéZovaného feromagnetika,
nehodi.

Vysledky prezentované v této praci jsou soucasti vysledkii projektu VUT v Brné FSI na podporu
studentit DS ¢. FV18-54 ,, Prehled NDT metod a jejich vyuziti“ a projektu VUT v Brné FSI ¢islo
FSI-S-17-4428 “Development of technology for the production of fast magnetoreological
valves”
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Abstrakt

Neobvykly pohled do historie vyuZiti ultrazvuku a ultrazvukového zkouseni materidli a vyrobki
od antiky po dnesek. Zamysleni a pfipomenuti ddavnych, zapomenutych objevd, které mély vliv
na vyvoj ultrazvukovych metod a jejichZ souvislosti se v odborné literatufe objevuji zFidka.
Priblizeni velikanu filozofie a fyziky po nichZ jsou nazvdny nékteré pojmy, pouZivané
v ultrazvukové defektoskopii.

Klicova slova: historie, nedestruktivni zkouseni, ultrazvuk, zkouseni materidli a vyrobkd,
akustika, fyzika

Abstract

An unusual look at the history of ultrasound and ultrasonic testing of materials and products
from antiquity to today. Reflections and reminders of ancient, forgotten discoveries that had an
impact on the development of ultrasound methods and whose connections are rare in the
literature. Approaching the Greats of Philosophy and Physics, which are called some terms
used in ultrasonic defectoscopy.

Key words: history, non-destructive testing, ultrasound, testing of materials and products,
acoustics, physics

Historie klasické akustiky — zakladni kamen teorie ultrazvuku

Vyznamnym objevim ¢&asto pfedchazela genidlni idea. Nejinak tomu bylo i pfi
objevovani v oblasti ultrazvuku. Ultrazvuk patfi do védniho oboru akustiky, jedné
z nejstar8ich fyzikalnich disciplin. Historie klasické akustiky se datuje uz od antickych
¢asl. Jeji vyznam spocival od samého pocatku ve spojeni s naukou o slySenfi
a hudbou. Dlouhou dobu, tj. az do konce 19. stoleti, se povaZzovala akustika a optika
za velmi blizkd odvétvi fyziky, protoze se soudilo, Ze svétlo jsou pruzné viny
hypotetického éteru. Zakony objevené v akustice se proto automaticky ptrenasely
na optiku a naopak.
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Nejstar§i poznatky o vySce ténu ve vztahu k délce struny a jejimu napéti pochazeji
z antiky od PYTHAGORASE ZE SAMU (570-510 BC), legendarniho feckého filosofa,
matematika a astronoma. Pythagoras jiz v 6. stoleti BC védél, ze vyska ténu je nepfimo
umeérna délce struny. ARISTOTELES ZE STAGIERY (384-322 BC) byl filozof
vrcholného obdobi fecké filozofie, nejvyznamnéjsi zak Platondv a vychovatel
Alexandra Makedonského. Aristoteles ve 4. stoleti BC se spravné domnival, ze zvuk
se §iti pohybem vzduchu, ale mylné tvrdil Ze vysokeé tény se Sifi rychleji nez hluboké.
Aristotelova filozofie — hypotéza ze 4. stoleti BC se uplatnila vfadé pozdéjSich
fyzikalnich experimentd. MARCUS VITRUVIUS POLLIO (70-25 BC), fimsky architekt,
autor slavného dila ,Deset knih o architektufe” spravné popsal mechanismus Siteni
zvuku a vyznamné prispél ke stavebni akustice divadel. ANICIUS MANLIUS
TOQUATUS SEVERINUS BOETHIUS (480-525 AD), kiestansky teolog a filozof,
nékdy oznadovany jako ,posledni Riman“ a zéroveri ,prvni filozof stredovéku®
zdokumentoval nékolik mySlenek, tykajici se hudebni védy, v€etné tvrzeni, Ze lidské
vnimani zvuku zavisi na velikosti frekvence.

Princip nezavislosti zvuk( od jednotlivych zdrojd, jako souéast principu superpozice,
pochazi od LEONARDA DA VINCIHO (1452—-1519), genidlni renesanéni osobnosti.
Roku 1638 objevil GALIELO GALILEI (1564-1642), ¢asto uvadén jako ,otec moderni
astronomie®, ,otec moderni fyziky“ a dokonce ,otec védy“, Zze vySka ténu je ddna jeho
frekvenci a intenzita ténd jejich amplitudou. MARIN MERSENNE (1588— 1648),
francouzsky matematik, hudebni teoretik, fyzik a filozof studoval vibrace z napjatych
strun, vysledky téchto studii shrnul ve ttech Mersenniovych zékonech. Mersenne zjistil,
ze frekvence ténu struny je pfimo umérna odmocniné z napinaci sily a nepfimo
umérna odmocniné zlineadrni hustoty struny. Objevil také existenci vy8Sich
harmonickych slozek vydavanych souc¢asné se zakladnim ténem struny. Byl rovnéz
prvni, kdo se pokusil zméfit rychlost zvuku ve vzduchu. Pokusy s kanénem naméfil
rychlost 428 m/s. Mersennovo dilo ,Harmonie universelle* (Paris, 1636) se stalo v té
dobé zakladem pro moderni hudebni akustiku.

Rychlost zvuku ve vodé poprvé pomérné presné zmefili JEAN DANIEL COLLADON
a CHARLES STURM. Na Zenevském jezefe postavili vroce 1827 dvé& lodky
do vzdalenosti 13487 m. Specidlni zafizeni uhodilo do zvonu, ponofeného do vody
a odpdlilo naloZ stfelného prachu. Pozorovatel na druhé lodce naméfil rozdil mezi
akustickym a optickym signédlem 9,4 s, coz odpovida 1435 m/s.

Védci, po nichz jsou pojmenovany nékteré zakladni pojmy v teorii
ultrazvuku

Rayleightv rozptyl - slozka utlumu ultrazvuku, vyuZivana k hodnoceni struktury.

LORD RAYLEIGH — John William Strut (1842-1919), anglicky fyzik, nositel Nobelovy
ceny za fyziku (1904), objevil argonu, se =zabyval akustikou, optikou,
elektromagnetickym rozptylem svétla, objevitel jednoho z vyzafovacich zakond.
Rayleigh svoiji teorii rozptylu publikoval v roce 1871. VySel z pfedpokladu, Ze svétlo
rozptyluji pfimo molekuly vzduchu a vypodital, Ze intenzita rozptyleného svétla zavisi
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na jeho vinové délce. Soudasti této teorie je vysvétleni, pro¢ je obloha modra. Modré
svétlo ma nejkratsi vinovou délku. Plvodni Rayleighova mySlenka byla ovéfena
experimenty na kovech.

Rayleighova vina - povrchova vina.

Rovnéz tato vina, kterd nese nazev pro lordu Rayleighovi hraje dnes vyznamnou ulohu
pfi zkouSeni ultrazvukem i pfi analyze seismickych jevd. Teoretické zaklady akustiky
a ultraakustiky popsal lord Rayleigh ve své obsahlé dvojdilné knize , Theory of Sound*
v roce 1877.

Snellav zakon lomu — zékladni zékon, popisujici $ifeni vinéni, které pfechazi lomem
z jednoho prostfedi do jiného prostfedi.

WILLEBORD SNELLIUS (1580-1626) byl nizozemsky matematik a astronom. Navrhl
a uvedl do praxe novou metodu vypoctu poloméru zemé. NejznaméjSi je svym
zdkonem lomu svétla (obecnéji elektromagnetického zafeni) na rozhrani dvou
prostfedi o rGznych indexech lomu. Pozdéji vSak bylo zji§téno, ze zakon lomu jiz znal
muslimsky matematik IBN SAHL (940-1000) z Bagdadu, jehoz nalezené manuskripty
z roku 984 dokazuji jeho objev.

Huygenstiv princip — zékon vinéni, odvozen z myslenky, Zze z kazdého bodového
zdroje vInéni se §ifi elementarni kulova vina a obalka téchto elementarnich kulovych
vin vytvéfi vyslednou vinoplochu.

CHRISTIAN HUYGENS (1629-1695) byl vyznamny holandsky matematik, fyzik,
astronom i autor rané science fiction. K jeho zasluham patfi teleskopicka pozorovani
vesmirl, diky nimz vysvétlil povahu prstencd kolem Saturnu a objevil jeho mésic Titan,
dale pokusy, tykajici se méfeni €asu, vynalez kyvadlovych hodin & vyzkumy optiky
a odstfedivé sily. Jeho mysSlenka, Ze svétlo je tvofeno vinénim, byla kli€ova pro
pochopeni duality ¢astice a vinéni.

Fresnelova zéna — blizké pole vyzatovaného ultrazvukového svazku, vyznadujici se
maximy a minimy akustického tlaku.

AUGUSTIN JEAN FRESNEL (1788-1827) byl francouzsky fyzik, jenz vyznamné
prispél k ustanoveni teorie vinové optiky. Vyvinul specidlni ¢ocku dnes zvanou
Fresnelova, jako nahradu za zrcadla, kterd se pouzivda dodnes. Byl ¢&lenem
Francouzské akademie a jeho jménem je pojmenovana fada aplikaci, které vytvofil
(FresnelQv hranol, Fresnelovo ¢&islo, Fresnelova difrakce, Fresnelova lampa a;.).

Fraunhoferova zéna - vzddlené pole vyzafovaného ultrazvukového svazku
vyznacujici se pozvolnym klesanim tlaku.

JOSEPH VON FRAUNHOFER (1787-1826) byl némecky optik, fyzik a astronom.
Byl objevitelem spektraini analyzy. Ve spektrech vesmirnych objektl objevil tmavé
¢ary, které se dnes nazyvaji jeho jménem. Teoretické vysvétleni puvodu
Fraunhoferovych €ar podal pozdéji némecky fyzik GUSTAV ROBERT KIRCHHOFF
(1824-1887), ktery ma rovnéz vyznamné misto v historii ultrazvuku svym vysveétlenim
Sifeni pfi€nych i podélnych vin v ty&ich.
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Besselova funkce — matematicka funkce pro vypocet akustického tlaku mimo osu
kruhového ménice.

FRIEDRICH WILHELM BESSEL (1784-1846) byl némecky astronom, matematik,
geodet. Jako prvni ¢lovék zméfFil paralaxu hvézdy a vypogital jeji vzdalenost od zeme.
Vypocital rovnéz drahu Halleyovy komety.

Fourierova transformace - obraz komplexniho spekira ultrazvukového impulsu.
JOSEPH FOURIER (1768-1830) byl francouzsky matematik a fyzik. Nejvice se
proslavil zkoumani matematickych fad, které byli nazvany jeho jménem a jejich
aplikacemi k problém(m toku tepla. Je rovnéz objevitelem sklenikového efektu (1824).
Byl €lenem Francouzské akademie.

Objevil se pojem ULTRAZVUK

Jako pocatek objevu ultrazvuku Ize snad datovat rok 1794. Tehdy vyznamny italsky
biolog a psycholog LAZZARO SPALLANZANI (1729-1799) si povSimnul pfi studiu letu
netopyrd v kostelnich vézich, Zze se ve tmé zcela bezpetné vyhybaji zvonim
a nejrlznéj$im prekazkam v kopulich. Ve své knize ,Opuscoli di fisica“ uvedl, Ze tento
jev nesouvisi se zrakovymi vjemy, ale dosud neznamymi, lidskym uchem
neslysSitelnymi zvukovymi vibracemi, které netopyfi za letu trvale vydavaji. Po odrazu
od prekazky je zpétné vnimaji a podle nich se orientuji i v nej¢lenitéj§im prostoru.
Obdivuhodny pfedpoklad tohoto védce potvrdily svymi vyzkumy u netopyr(i zoologové
GALAMBOS (1942) a GRIFFIN (1944) az o 250 let pozdéji.

V roce 1830 FELIX SAVART urcil rozsah slySitelnosti lidského ucha od 14 — 16 Hz do
24 kHz, tj. asi 11 oktdv. Pojem ultrazvuk se pak ustdlil u frekvence zvuku nad
16 pripadné 20 kHz. Era moderniho ultrazvuku zagala kolem roku 1917 s vyuzitim
vysokofrekvenénich akustickych vin Langevinovych kfemennych rezonatord pro
detekci ponorek.

Casto oslavovan jako otec ultrazvukového zkouseni, SERGEJ Y. SOKOLOV, slavny
soveétsky védec, pusobici v Elektrotechnickém institutu V. I. Uljanova (Lenin) v Leningradé
(nyni zase St.Petersburg) se narodil v roce 1897 rovnéz v St. Petersburgu.

Prvni jeho napad vyuziti ultrazvuku k detekci vad se zrodil jiz v roce 1920, ale v této
dobé jesté neexistovala potfebnd technologie. V roce 1928 podal v Némecku patent,
ktery je mozno oznadit jako prvni patent z oboru ultrazvukové defektoskopie. O nékolik
let pozdéji prokazal prlichodovou technikou moznost zjiSténi vad v kovech. V roce
1935 Sokolov zvefejnil podrobnosti o experimentech s kiemennymi generatory
a o riznych metoddach generovani ultrazvukové energie ve zku$ebnich vzorcich.
Navrhl rovnéz prvni ultrazvukovy mikroskop, jehoz rozliSeni bylo stejné jako
u optického mikroskopu.

Historie vyvoje na tomto fascinujicim poli védy, snad i uméni, je velmi bohata
a mnohokrat by jeji popis pfekonal uréeny rozsah tohoto ¢lanku. Historicky vyvoj od

oznacéeny kurzivou) na tomto poli uvadim pouze v pfehledu a odkazuji na vybér
z literatury.
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Nékteré vyznamné udalosti v novodobé historii ultrazvukového
zkouseni

1830

1842
1845
1860
1866
1876
1877
1880
1881

1890
1903

1912
1912

1914

1915

1921
1922
1925
1926

1927
1928
1928
1928

1930

Savart vyvinul velké ozubené kolo pro generovani frekvenci 24 kHz — prvni
ultrazvukovy generator.

Joule objevil magnetostrikéni jev umozniujici generaci ultrazvuku do 200 kHz.
Stokes zkoumal vliv viskozity na utlum.

Tyndall vyvinul citlivy plamen k detekci vysokofrekvenénich vin.

Kundt pouzil prachu v tubé k méfeni rychlosti zvuku.

Galton vynalezl ultrazvukové pistalky o frekvenci 80 000 Hz.

Rayleighova , Theory of Sound* stanovila zaklad pro moderni akustiku.

Bratti Curieovi objevili pfimy piezoelektricky jev.

Lippmann teoreticky zduvodnil piezoelektricky jev, bratii Curieovi objevili
neptimy piezoelektricky jev

Koenig studoval limity slySitelnosti, vyrobil vibrace az 90 000 Hz.

Lebedév a spolupracovnici vyvinuli kompletni ultrazvukovy systém pro studium
absorpce vin.

Potopeni Titaniku vedlo k navrhiim na vyuZziti akustickych vin k detekci ledovc.

Richardson podal prvni patent pro detekci podvodnich ech od ponofené &dsti
Ledovce

Fessenden postavil prvni sonar systém pro odhaleni ledovcl ze vzdalenosti
dvou mil.

Langevin dal vznik moderni védé o ultrazvuku vyvojem kfemennych ménicu
prodetekci ponorek.

Cady objevil kfemenny stabilizovany oscilator.
Hartmann vyvinul ultrazvukovy generator proudu vzduchu.
Pierce vyvinul ultrazvukovy interferometr.

Boyle a Lehmann objevili vliv bublinek a kavitaci v kapalindch pomocf
ultrazvuku.

Wood a Loomis popsali u€inky intenzivniho ultrazvuku.
Pierce vyvinul magnetostrikéni ménic.
Herzfeld a Rice vyvinuli molekularni teorii disperse a absorpce zvuku v plynech.

Sokolov navrhl vyuZiti ultrazvuku k detekci vad — zdklad ultrazvukové
defektoskopie.

Debye, Sears, Lucas a Biquard objevili difrakci svétla pomoci ultrazvuku.
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1930

1931

1937
1938
1939
1940

1940
1940

1940
1941
1942
1944
1945
1945
1946
1947
1949

1950
1954
1959

1961

1962

1963

1973

1974

214

Harvey podal zpravu o fyzikdlnich, chemickych a biologickych ugincich
ultrazvuku v makromolekulach, mikroorganismech a burikach.

Mulhauser ziskal patent na pouziti dvou ultrazvukovych ménica pro detekci vad
v pevnych latkach.

Sokolov proved! ultrazvukovy obraz trubky.
Pierce a Griffin detekovali ultrazvukové skieky netopyrd.
Pohlman zkoumal terapeutické vyuZiti ultrazvuku.

Firestone, ve Spojenych stdtech a Sproule, v Britanii, objevili nezavisle na sobé
ultrazvukovou impulsni detekci vad

Sproule polozil zaklady ke konstrukci dvojité sondy

Troost sestrojil zafizeni, pfivadeéjici kontinualné kapalinu na sondy — zaklad
immersnich metod

Sonar extensivné vyuzivan k detekci ponorek.

Firestondv Reflectoscope - meznik vyuZivani ultrazvuku v NDT

Bratfi Dussikové provedli prvni pokus o lékafské zobrazovani pomoci ultrazvuku.
Lynn a Putnam Uspésné pouZili ultrazvukové viny ke zni¢eni mozkové tkané zvitat.
Objeveny nové piezoelektrické keramiky (titani¢itan barnaty).

Zagatek vyvoje silovych ultrazvukovych proces(.

Branson a Bloch vyrobili prvni ultrazvukovy tloustkomér

Mason a McSkimin urcili zavislost utlumu ultrazvuku na frekvenci

J. a H. Krautkrémerovi vyvinuli prvni moderni ultrazvukovy defektoskop pro
rutinni pramyslové pouZiti

Kaiser objevil zaklady akustické emise.
Jaffe objevil nové piezoelektrické keramiky (titani¢itan-zirconat olovnaty).

J. Krautkrdmer uvefejriuje AVG diagram — zdklad rutinniho kvantitativniho
hodnoceni vad ultrazvukem.

Pappadakis zkoumal vliv ultrazvuku na hodnoceni struktury - zaklad NDE
(hodnoceni materidlu ultrazvukem, pouziti ultrazvuku nejen k dosavadnimu
ucelu vyhledavani vad, ale i k hodnoceni materidlovych vlastnosti oceli).

Krautkrdmer vyrobil prvni ultrazvukovy tranzistorovy bateriovy pfistroj.

V Anglii za€al vychazet ULTRASONICS - dodnes nejvyznamnéjsi periodikum
v8ech oborud vyuZiti ultrazvuku.

Biendle ULTRASONICS INTERNATIONAL se stavaji nejvyznamnéj$im
védeckym férem vSech ultrazvukovych obor(.

Macovski poddvd patent na phased array.
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Abstrakt

ISO 9001, jedna z nejzndméjsich a nejuZivanéjsich certifikaénich norem v Cesku i ve svété
v zaFi 2018 piné nahradila rozsahla revize, kterd se dotkne v celé oblasti vyroby a poskytovani
sluzeb. Rovnéz NDT v oblasti jak zkouseni, tak personalini certifikace, tak akreditace zkuseben
nedestruktivniho zkouseni ovlivni postupy mandatorniho prokazovédni shody. Co zavddéni této
vyznamné revize pfinesla a v budoucnu pfinese je pfedmétem diskuze a vymény zkusenosti
s implementaci na fadé védeckych i populdrnich konferenci a seminditi v celém svété.
Prispevek zhodnoti nékteré zkusenosti a kritiku praktického zavddéni pfedevsim na useku
destruktivniho a nedestruktivniho zkouseni materidld, vyrobki a konstrukci.

Abstract

ISO 9001, one of the most well-known and most widely used certification standards in the
Czech Republic and the world in September 2018, has fully replaced the extensive revision
that will affect the whole area of production and service delivery. Also NDT in the area of both
testing and personnel certification as well as the accreditation of non-destructive testing
laboratories will influence mandate compliance procedures. What the introduction of this
significant revision has brought, and in the future will bring them the subject of discussion and
exchange of experience with implementation at a number of scientific and popular conferences
and seminars around the world. The paper will evaluate some experience and criticism of the
practical implementation, especially in the field of destructive and non-destructive testing of
materials, products and constructions.

Historie managementu systému dle ISO 9001

PUvodni verze normy z po¢atku 90. let obsahovala 20 popisnych kapitol. Jeji aplikace
do praxe byla pomérné slozita a procesni pfistup se v ni hledal téZzce. Revize z roku
2008 jiz plné "vsadila" na procesni pfistup. Norma obsahovala 8 kapitol, z toho
5 provéfovanych béhem auditd. Pokud organizace spravné nastavila své popisy do
procesl, jasné definovala odpovédnosti za jejich fizeni a definovala metriky pro
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sledovani jejich vykonnosti, pfechod na nové pozadavky normy ISO 9001:2015 by mél
byt plynuly.

Hlavni rozdily proti dosavadni normé ISO 9001:2008

Nova norma ISO 9001:2015 obsahuje jiz 10 kapitol, z toho 7 provéfovatelnych. Kdyz
se hloubéji podivame na strukturu jednotlivych kapitol, tak zjistime, Ze se proti
dosavadni normé v realizacnich procesech pfili§ nelisi, hlavni zmény, dodatky jsou
v Fidicich a podplrnych procesech. Nékteré pozadavky jsou rozmeélnény a zddraznény
ve vicero kapitolach, na nékteré bude kladen vétsi ddraz. Objevuji se v ni sice nové
pojmy, jako napf. ,dokumentovana informace" nebo ,externé poskytované sluzby*, ale
osobné si myslim, ze se neni ¢eho obavat.

Problémy mohou nastat u dokumentovanych systém(, které jsou popsany klasicky
v Ptiru€ce kvality a dale jen textové rozepsany do smérnic a dokumentovanych
postupl niz&i urovné. Tady se obavam, Ze pokud firmy budou chtit zachovat strukturu
dokumentace v této formé, tak budou muset zfejmé& své dokumentované postupy
upravit a to se tyka i firem, poskytujici sluzby nedestruktivniho zkouseni, Skoleni
a zkouSeni personalu nedestruktivnich metod.

Tato rozsahla aktualizace stdvajicich pravidel spatfila svétlo svéta v zafi 2015. Oproti
té staré klade nova verze vétsi dliraz na rizikovy management a procesni pfistup, je
obecngjsi a snaze aplikovatelna.

Nova podoba normy zavedla oproti té stavajici dva vyznamné pozadavky ke kontextu
organizace: Pochopeni organizace a jejiho kontextu a Pochopeni potfeb a o¢ekavani
zainteresovanych stran. Pfedpoklada se totiz, Ze dlouhodoby uspéch podniku Ize
docilit jediné pfi zohlednéni pozadavk( vSech relevantnich subjektd, které mohou mit
vliv na urcité rozhodnuti nebo ¢innost organizace nebo jimi mlze byt organizace sama
ovlivnéna nebo se jimi citi byt ovlivnéna.

Co to znamend? Mimo jiné napftiklad to, Ze povinnosti organizace/podniku bude
posoudit potfeby a oCekavani téchto stran a vyhodnotit a vypofadat se s vnitfnimi

Na rozdil od normy ISO 9001:2008, v normé ISO 9001 zdirazhuje velka aktualizace
zroku 2015 prijeti ,vyraznéj$iho“ procesniho pfistupu pfi vyvoji, implementaci
a zlepSovani efektivity systému managementu kvality. Dba zejména na definovani,
meéfeni a spravné posouzeni vstupl a vystupU kazdého procesu, predev§im vSak
definovani, méteni, monitorovani kritérii vykonnosti kazdého identifikovaného procesu
organizace.

Nedestruktivni zkouseni patfi do kategorie specialnich procestl, kde pozadavky
na dostupnost kalibrovanych zafizeni, na pouzivané externé nakupované
materialy a sluzby, odbornou zptisobilost personalu, véetné fizeni a uchovani
u standardniho vyrobniho procesu. Sledovat je tfeba nejen vyrobky, ale také
informace a specifikace, které se vyrobniho procesu tykaji.

218 DEFEKTOSKOPIE 2018



Co by méla nova norma pfinést dle zpracovatell (technickd komise ISO/TC 176
Management kvality a prokazovani shody)?

Cas a penize navic (snad?!) —diky zvy$eni efektivity, produktivity a ziskovosti podniku

Mensi rizika (idedlni stav) — vSechny vase produkty a sluzby budou mit droven kvality,
kterou zakaznici oekavaji

Vyssi konkurenceschopnost (diskutabilni, certifikat ma vice nez 1 milién firem) —
certifikovany management kvality je konkurenéni vyhodou v soutézich

Certifikat ISO 9001:2015 by nemél byt jen ,razitkem®, ale cestou, jak svij byznys udélat
jesté lepsi.

Nova verze oproti té staré vypousti specifické pozadavky na ,preventivni opatfeni”
Jaky je dlivod? Systém managementu kvality by mél totiz fungovat jako prevence sém
o sobé. Novinka naopak klade dlraz na identifikaci a hodnoceni rizik. Dirazné
doporucuje, aby podnik vyuzil analyzu rizik vztahujicich se k celému obchodnimu
procesu. A tim i identifikaci rizik v oblasti nedestruktivniho zkouseni.

Toto umozni spole¢nosti nejen urcit faktory, které mohou zpUsobit odchylky systému
fizeni kvality od planovanych cilG, ale také preventivné reagovat na negativni jevy.

ISO 9001 jako interaktivni model podnikani

Moderné popsany systém fizeni firmy vyzaduje vyuzit SW prostfedkd. Zpracovani je
pak vyrazné rychlej§i a umoznuje systém ,prolinkovat* hypertextovymi odkazy.
Pouzivani systému, hledani informaci a realizace zmén je pak velmi snadna a rychla.
Takovy systém se i velmi snadno pouZziva na tabletu nebo i v chytrém telefonu. Firma
pak Setfi dny v roce a tim naklady.

Ve firmach se takto popsané systémy velmi osvédCuji a se systémem je schopen velmi
dobfe pracovat kazdy pracovnik na rliznych stupnich tizeni firmy. Je pravda, zZe
certifikaéni auditofi s takovymi systémy zatim nemaji mnoho zku$enosti a mlze jim
¢init problémy nalézt pfi certifikaénim nebo dozorovém auditu hledané informace.
Auditofi doposud byli zvykli se "prohrabovat" ve stozich dokumentace, a kdyzZ jim
predloZite jasné a struéné zdokumentovany systém, tak maji pocit, Ze to nemdze byt
v8echno, Ze tam musi néco chybét. Prosté se jim to néjak nezda. Tady je vSak dllezita
role poradce nebo predstavitele managementu, aby jim pozadované informace
predlozZil.

Uz jsem zazil ptekvapeni auditora, ktery misto nékolika tlustych $anon( dostal tenky
sesit a jeden pdf soubor. V prvnim momentu komentoval, Ze néco takového nem(ize
splnit pozadavky na systémy managementu ISO. Po ukonceni auditu odchazel bez
jediné pfipominky a systém pochvalil. Systém musi prosté pIné respektovat
podnikatelsky zamér klienta a pomahat mu jednodus$e dosahovat podnikatelskych cil.
Systém neni uréeny pro ,ISO Ctenare”.

Abychom mohli procesy efektivné Fidit, tak je nutné nastavit kritéria a ukazatele pro
jejich hodnoceni. Sledované vystupy jsou pak vyhodnocovany a pravidelné sledovany
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v rdmci pfezkoumani systému vedenim. Procesy, které mi funguji a vykazuji rostouci
znaky vykonnosti, tak dale sleduji a fidim. Naopak procesy, u kterych se projevi
problémy, na né se zaméfim a oveéfu;ji jejich ¢innosti napt.: formou internich auditd,
aplikaci napravnych nebo preventivnich opatfeni apod.

Jaka je dnes situace v oblasti certifikaci, resp. neprerostla nam certifikace
managementu kvality i jinych systémi, mirné fe¢eno, pres hlavu?

V zacatcich zavadéni certifikaci ISO: 9001,9002, 9003, tj. pfed jednatficeti lety, musela
firma, ktera chtéla mit certifikat, nejprve projit tzv. pfedcertifikanim auditem. Tim si
certifikaéni spole€nost ovéfovala, zda je firma dostate€né pfipravena. A ne kazda byla
nakonec k certifikaénimu procesu pfipusténa. Vlastnictvi certifikatu bylo proto prestizi
pro kvalitni a velké firmy. A to i diky tomu, Ze zde v této dob& v Ceskoslovensku
pusobily pfevazné jen velké a renomované zahrani¢ni certifikaéni spole¢nosti, jako
napt. RW TUV, LRQA, DNV a dalsi.

Posléze prisli ,chytfi“ lidé na to, Ze se z certifikaci mize stat dobry byznys. Certifikacni
a poradenské spole¢nosti se mnozily jako houby po desti, pfedevsim po vstupu do EU.
Vzniklo néco, ¢emu se v hantyrce fika ,krabicové” ISO za jednotnou cenu. Zplsob
LKrabicového" ISO predstavuje kopirovani dokumentace z firmy do firmy, kdy se jen
prosté vyméni loga. Ale také nekvalitni poradce, a tedy i nevhodné ¢&i smyslené audity.
Mimochodem, v té dobé se stal certifikat ISO podminkou vybérovych fizeni. Stadilo se
potom domluvit s poradenskou firmou, ta s certifikani spole¢nosti — a certifikat byl na
sveté. Dochdzelo pak k situacim, kdy se najati obchodnici (vétSinou to nejsou poradci),
aby ziskali zakazky a splnili limity ,obratu®, zacali podbizet cenou. Mam-li tedy
odpovédét na otazku, zda nam certifikace 1ISO neprerostla pfes hlavu, tak odpovéd je
ano! Prerostla a hodné davno. Vzdyt dnes maji akreditovany certifikdt managementu
i firmy s jednim ¢lovékem, coz je absurdni. Ale zékaznici v EU v8ech obor( podnikani
certifikdt managementu akreditovanou organizaci, pfip. certifikat laboratofi NDT
dle EN ISO/IEC 17025 (v automobilovém a Zelezni€nim prdmyslu zvlasté) stdle
vyZaduji a tento vzity systém jim nikdo nevymluvi.

Nemél byt zarukou kvality certifikaénich firem Cesky institut pro
akreditaci (CIA)?

Vstupem do EU CIA udélila akreditaci pro certifikaci systému vétsimu poétu
certifikacnich spole¢nosti nez je akreditovanych certifikaénich organd v Némecku.
Ktomu neni treba komentafe. Ano, CIA chodi na audity, ale je otazkou, zda
za existujicich podminek kontroluje skute¢né vysledky prace, nebo jen papiry. Také
proto se dnes potkdvam s majiteli firem, ktefi nevyvazeji do EU a certifikaci
managementu systému, pfedevSim environmentu a bezpecnosti rusi. Nenasli nic, co by
jim pfinesla. Zejména, kdyz na jednu stranu vah daji cenu certifikace, dohledové audity
a cenu za poradce, a na druhou pfinosy této investice, kdy jim i po zavedeni systému
stale nefunguje obchod, marketing, vypofadani se s environmentalni zatézi apod.
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Splnuji tedy viibec udélované standardy kvality ISO svuj pavodni cil
— deklarovat spolehlivost a divéryhodnost, spoleéné s neustalym
zlepSovanim poskytovanych sluzeb?

Podle mé, kdy jsem zazil v@ibec prvni certifikace v této republice dle ISO 9001 a 48 let
pracuji v oblasti systému kvality a NDT, ma ISO:9001 stale smysl, jen by prokazovani
shody systém( potfebovalo transformaci a odstranéni byrokracii EU pfi tomto
prokazovani shody. V téchto normach totiz najdete to, jak fidit projekt, lidské zdroje,
efektivné analyzovat neshodné procesy a produkty, Fidit outsourcing, hodnotit
spokojenost zdkaznikd, jak zavést konfiguraéni management a fadu dal$ich postupt,
ziskanych ze zku$enosti, které jinde bézné neziskate. Je vSak tfeba transformovat
poradce, poradenské spolecnosti, certifikacni spole¢nosti a domnivam se, zZe
i samotnou CIA. Vysledkem by bylo vic tisp&&nych firem, majitelé firem by netesili tolik
reklamaci a neshod a méli by také vic ¢asu na své zakazniky i zaméstnance.

Poznamka: Ndzory uvedené v tomto ¢ldnku nejsou pouze mé viastni, ale vétsinové
ndzory z mezindrodnich i tuzemskych setkdni s lidmi odpovédnymi za zavadeni
a udrZovani systému managementu.
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LOKALIZACE MiSTA ZDROJE AKUSTICKE EMISE
ACOUSTIC EMISSION SOURCE POSITION LOCATION

Vojtéch MAXERA, Lubo$ PAZDERA

Vysoké uceni technické v Brné, Fakulta stavebni
Contact e-mail: vojtech.maxera@vut.cz

Abstrakt

Velkou vyhodou metody akustické emise je to, Ze umisténi zdroje akustické emise miZe
mozné lokalizovat. Tyto metody uréeni polohy zdroj akustické emise jsou podobné metoddam
pro uréeni stfediska zemétieseni. V redlném pripadé vsak neni tak snadné jako v teoretické
oblasti. V tomto &ldnku je napsdno nékolik slov o poloze akustického zdroje emisi polohy.

Klicova slova: akustickd emise, lokalizace, zdroj, snimac, vinéni

Abstract

A great advantage of the acoustic emission method is that the location of the acoustic
emission source can be possible mainly on the theoretical idea. Those location methods are
similar as methods for determining an earthquake center. However, in real it is not so
easy as in theoretical area. In this article, a few words about a location of position
acoustic emission source is described.

Key words: acoustic emission, location, source, sensor, wave

1.  Uvod

Teoreticky je lokalizace mista zdroje akustické emise jednoduchd. Lze pouZit stejné
lokalizaéni metody, které se pouzivaji pro lokalizaci centra vybuchu napfiklad sopek
¢i zemétfeseni. NejCastéji pouzivané metody vyuZzivaji znalosti pfichodu signalu
k snimaci pfi znamé rychlosti Siteni vinéni. Jestlize signal akustické emise
ptichazejici ze zdroje je &isty, je snadné urcit rozdil ¢asu ptichodu k jednotlivym
snimacim. Proto pro lokalizaci zdroje v jednorozmérném pripadé staci dva snimace,
pro dvojrozmérné tfi snimace a prostorové Ctyfi snimace. V tomto teoretickém
ptipadé je nejvhodnéj8i sledovani pfichodu podélné viny. JelikoZz v praktickych
aplikacich toto byva velmi obtizné, |ze sledovat pfichod Rayleigh (povrchové) nebo
Lamb (deskové) viny. Dalsi dllezitou podminkou je znalost rychlosti Siteni vinéni
v daném prostfedi. K ziskani po¢ate¢nich informaci je vhodné provedeni takového
buzeni, které vyvola signal podobny signalu akustické emise. Provadi se casto
pouzitim Pen-testu nebo generatorem.
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2. Lokalizace zdroje akustické emise

Jak bylo dfive uvedeno pro lokalizaci v télese, které mlZeme povazovat za
jednorozmérné, staci pouziti dvou snimacl. Pak pfi znalosti rychlosti Sifeni vinéni c,
polohy snimacl x1 a xz Ize polohu identifikovat z rozdilu ¢asli pfichodd Ati2 mGzeme
z nasledujici rovnice ziskat polohu x zdroje akustické emise

(x = xq) = (x - xp) = ¢ - Aty

Ve vSech pfipadech budeme predpokladat, ze na prvni snimac (poloha x1 pro linearni
lokalizaci, (x1, y1) pro rovinnou a (x1, y1, Z1) pro prostorovou lokalizaci).

Obdobnym zplisobem muzeme uréit polohu zdroje akustické emise v piipadé
rovinného vzorku, tj. takového, jehoz dva rozméry jsou mnohem vétsi, nez je rozmér
tfeti napf. deska. Umistéme snimade do poloh (x1, y1), (x2, y2) a (xs, ys). Polohu
zdroje predpokladejme v bodé (x.,y). Rozdil ¢asli pfichodu mezi prvnim a druhym
snimacem je Atz a mezi prvnim a tfetim Atis. Pro feSeni tedy dostaneme soustavu
dvou rovnic

Vi = x9)2+ (y = y1)2 = V(x = x2)2 + (¥ = y2)2 = (c - Atyp)

V(x - xq)2+ (y = y1)2 = V(x = x3)2 + (¥ - y3)2 = (c - Atqy)
Analogické feSeni bude v ptipadé prostorového télesa. Soufadnice jednotlivych
snimacud budou (x1, y1, z1), (X2, y2, Z2), (X3, y3, Z3) a (xa, ya, z4). Rozdily pfichodu ¢ast
k prvnimu snimadi budou Ati2, Atiz a Ati4 obdobné jako v pfipadé plosné lokalizace.
Opét budeme pro zdroj akustické emise v poloze (x, y, z) fesit tfi rovnice

Vi = x0)2+ (¥ = y1)2+ (2 = 21)2 = V(x = %)%+ (y = ¥2)2 + (2 - 2p)? = (c - Atyp)

‘/(X - X1)2+ (Y -y1)2+(z-2z1)2- \/(x - x3)%+ (y - }’3)2+ (z - 23)2= (c - Atqg)

\/(x —x1)2+ (y - y1)2+ (2 - 21)%- ‘/(X - x0)%+ (¥ - ¥a)? + (2 — 24)? = (c - Atqy)
Resgeni téchto nelineérnich rovnic bude numerické.

Pfesnost lokalizace zdroje bude v tomto pFipadé zaviset na ptesnosti uréeni rozdill
¢asl prichodl, uréeni rychlosti $iteni, velikosti snimacl, vzdalenosti a rozmisténi
snimacu. Vyznamnym prvkem bude také pocet snimacu.

Pro eliminaci nékterych Sumovych signdld Ize pouzit dalsi ochranny (guard) snimac.
Napt. pro linearni lokalizaci je vhodné pouzit dva snimace. Pfedpokladame, Ze zdroj
akustické emise bude mezi snimaci v polohach x1 a x2. Ochranné snimace pak
umistime do poloh xo a xs tak, Ze pofadi snimacu je v polohach xo < X1 < X2 < Xa.
Pokud je signal nejdfive zaznamenan na kterémkoliv ochranném snimaci znamena
to, Zze zcela urcité priSel vné sledované oblasti.

Tab. 1 Teoretické rychlosti Sifeni vinéni ve vybranych materidlech
Tab. 1 Theoretical velocity of propagation in different materials

Rychlost podéiné viny [mm/us] Rychlost pfiéné viny [mm/us]
Hlinik 6,4 3,1
Ocel 5,9 3,2
Beton 4,0 2,6
Voda 1.4
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V ptipadé dostate€ného mnozstvi snimacd, ptipadné pfi pozadavku mensi pfesnosti
lokalizace, Ize pouzit tzv. zénovou lokalizaci. V tomto pfipadé se pocita pouze kolik
signalt akustické emise bylo zaznamendno prvnim snimacem. Prvni snimac je
mysleny ten, ktery ze zdroje zaznamenal prvni signal.

3. Sifeni vinéni s pohledu lokalizace

Jak je zfejmé z obr. 1 je teoreticky mozné urcit vzdalenost zdroje také pomoci utlumu
vinéni v pribéhu jeho prichodu sledovanym vzorkem. Komplikaci je, Ze rGzné
frekvence maji rdznou velikost utlumu. Vina o velké frekvenci je utlumena vice nez
vina mensi frekvence.

E B B B _E
A

@

Obr. 1 Utlum vinéni (signalu akustické emise) se vzdalenosti od zdroje [1]

Fig. 1 Attenuation waves (acoustic emission signal) with distance from the source [1]
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Obr. 2 Skuteény signal akustické emise z betonového vzorku
Fig. 2 Real acoustic emission signal of a concrete specimen
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Obr. 3 Vyrez zobr. 2
Fig. 3 The detail of Fig. 2
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Obr. 2 ukazuje skute¢né zméfeny signal akustické emise. Zfejmy je Sum predchazejici
vlastni déj akustické emise (do 0,21 ms). Tento signal je velmi pékny — dle detailu na
obr. 3 Ize rozliSit prichod podéIné viny (prvni Sipka) a pficné viny (druha Sipka).

Zde se nabizi lokalizace pomoci rozdilu pfichodu téchto vin. AvSak detekce podéiné
viny neni az tak pfesna.

4. Realita lokalizace

V redlném experimentu je vhodné si uvédomit zejména rychlosti Siteni vinéni.
Z tabulky 1 je zfejmé, Ze u betonu pfi chybé urCeni pocatku pfichodu vinéni 1 us
odpovida vzdalenosti 4 mm pro podélnou a 2,6 mm pro pfiénou vinu. Pfi¢emz
nezapomenme, Ze rychlost §ifeni byla vybrana z literatury. Dle obr. 3 Ize odhadnout
polohu podélné viny s pfesnosti 3 us, tedy 12 mm. V tomto pfipadé, bylo vzorkovani
provedeno frekvenci 2 MHz, tedy s konstantnim ¢asovym krokem 0,2 ps .

Dale je nutné uvazovat presnost synchronizace jednotlivych kanald méticiho zatizeni,
tedy jak pfesné urcit zaznamenani digitalniho signalu akustické emise v celkovém
Casu.

V &lanku se nezabyvame nutnosti nastaveni stejného zesileni signalu. Tedy pen-test

u snimacl by mél dat stejné signaly jak z hlediska amplitudy, tak z hlediska ¢asu.
To znamena stejna Uprava fetézce od snimace pres predzesilovace, zesilovace,

kabely az do zdznamového zaftizeni.
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Abstrakt:

Tato prdca pojedndva o zistovani skutoénych hodnét modulu pruZnosti, medze pevnosti
a tvrdosti na dosadacich doskdch hldv valcov TEDOM. Parametre boli zistované na novej
hlave valcov, ktord nikdy nebola v prevddzke a hlave, ktord je v prevddzke od roku 2014.
Modul pruznosti zdsadne ovplyvriuje deformdcie hlavy valcov v prevddzke, ¢o md vplyv na
Zivotnost dielov pouZitych v hlave ako napriklad sedld ventilov a ventily. Pomocou
ultrazvukovej metddy, meranim ultrazvukovej a skutoCnej hrubky dosadacej dosky, sa
z nameranych hodnét dopocital modul pruznosti. Vo vybranych miestach sa zmerala tvrdost
a matematicky sa odvodila medza pevnosti vo vybranych Castiach. Na zdver sa vypocital
Eichebergov faktor na zistenie odolnosti voci tepelnej unave.

Kiliicové slova: Nedestruktivne testovanie, modul pruZnosti, tepelnd tnava, hlava valcov,
liatina s lupienkovym grafitom

Abstract:

Dad work handle about investigate with real values modulus flexibility, purview strongholds
and hardness on contact boards heads cylinders TEDOM. Characteristics were investigate
with on new head cylinderswhich will never wasn't into service and headwhich is into service
since 2014. Modulus of elasticity in principle works deformation head cylinders into service,
what has influence over service life part used in head such as saddle valves and valve. By
the help of ultrasonic method, metering ultrasonic and real thickness abut portfolio, from
measured values keep count of modulus of elasticity. In choice, seats measure hardness and
mathematically derive strength. Lastly calculated Eichelerguv factor on found out immunity in
face of heat fatigue.

Key words: Non-destructive testing, Young’'s modulus, thermal fatigue, head of cylinder,
cast-iron with lamella’s graphite
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1. Uvod

Hlavu valcov tvori veko valca a zdroven Gast spalovacieho priestoru. Prendsa plny
spalovaci tlak plynov, je tepelne namahand a ma tlakové predpétie, vyvolané
spojovacimi skrutkami. Hlavy valcov su z hladiska konstrukcie a technolégie vyroby
velmi zloZitou ¢astou.

Za behu motora su r6zne ¢asti hlavy valcov naméhané rozdielne, ¢o v tak zlozitom
odliatku pdsobi velmi nepriaznivo. Steny hlav, ktoré tvoria spalovaci priestor su
vystavené okamzitej teplote az 2000°C a na druhej strane je stena vystavena vplyvu
chladiacej kvapaliny steplotou 30 — 90°C. ostatné steny su jednak v styku
s chladiacou kvapalinou ana druhej strane s teplotou okolitého vzduchu. Steny
vyfukovych kanalov su vystavené teplote az 1000°C. nerovnomerné rozdelenie teplot
jednotlivych stien hlavy spoésobuju vnutorné namdhanie, ktori pri nevhodnom
chladeni vedie k prasknutiu steny.

1.1. Konstrukény prehlad’hlavy valcov

Hlava valcov TEDOM sa pouzivaju pre plynové aj naftové motory (Obr. 1). Hlava je
spolo€na pre dva valce. Na kazdy valec pripada jeden saci a jeden vyfukovy ventil.
Spalovaci motor vyuziva rozvodovy mechanizmus typu OHV. Rozmery hlavy su
320x280x120 mm.

Obr. 1 3D model hlavy valcov TEDOM

2.  Material hlavy

Ako materidl sa pouziva liatina s lupienkovym grafitom CSN 42 2425. Struktura je
tvorena perlitom (s malym mnozstvom feritu) a lupienkovym grafitom. Stredna
hodnota stupia eutektickosti sa vypocita podla zndmeho vztahu (1).

_ %C _ _
Se = 4,23-03 (% Si+% P) 0,87 -0,93 (1)
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Stanovenie reélnej hodnoty stupria eutektickosti S,

Se=——2% 093 )

~ 4,23-0,3 (1,9+ 0,055)

Hodnoty do vzfahu (2) su vybrané z Tab. 4. kde su vypisané aritmetické priemery
jednotlivych prvkov z tavieb za rok 2017.

Tab. 1 Vybrané mechanické viastnosti LLG pre standardné rozmery 15 — 30 mm

Teplota [°C] -60 -40 -20 0 100 200 300 400 500 600
Medza pevnosti R 207 263 258 | 254 | 242 232 241 246 199 126
[MPa]
Vrubova huzevnatost
59 6,2 6,7 7,2 7,8 8,1 8,1 7.9 7.4 7,0
KC [J.cm?]

Tab. 2 Vybrané mechanické viastnosti LLG

Priemer skuSobnej ty€e [mm] 15 20 30 45 60 90
Hrubka steny odliatku [mm] 4-8 8-15 15-30 30 - 45 45 - 80 80 -120
Modul pruznosti Eq[GPa] 144 134 125 119,9 110 103,5
Pevnostv tahu Rm [MPa] 300 280 250 220 195 170

min
) 200 - 180 - 170 - 160 - 150 -
Tvrdost HB 220 - 280 260 240 230 220 210

Tab. 3 Vybrané mechanické vlastnosti LLG pre Standardné rozmery 15— 30 mm

Teplota [°C] 20 100 200 300 400 500
Modul pruznosti E [GPa] 1259 | 123,8 121,3 118,9 116,5 114,2
Hustota p [kg.m™] 7230 7210 7180 7150 7120 7090
Merna tepelnd kapacita cp
* 473 490 511 532 561
[J.kg-1.K"]

Teplotny sugcinitel roztaznosti o . 12,6. 10 12.3.10% | 13.10° 13,4 .10 13,6.
[K-T] 6 6 10-6

Tepelna vodivost At [W.m".K"] 49.4 47,3 44 .4 41,9 38,9 36,4

Konduktivita Ae [MS.m"] -
Linedrne zmrastenie pri tuhnuti [%] 1,2

*plati v rozmedzi tepl6t od 20°C do uvedené teploty

Tab. 4 Aritmeticky priemer hodnét jednotlivych prvkov z tavieb za rok 2017

C Si Mn P S Cr Sn Cu
3,4 1,9 0,645 0,055 0,06 0,08 0,08 0,9

Prvok [%]

2.1. Teplotna odolnost

Mechanické pnutia vytvorené pri nerovnomernom ochladzovani (alebo brzdenych
tepelnych dilataciach) a ohrevu réznych casti jednej sucasti, mozu viest k trvalym
deforméacidam za danej teploty a k tepelnej tnave. Odolnost voéi tomuto namahaniu
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charakterizuje Eichelberglv faktor EF (3).
EF = (22,1000 [W/m] ©)

Cim vyssia je hodnota EF, tym je materidl odolnej§i vo&i tepelnej tinave (kokily, hlavy
valcov, vyfukové potrubia, skrine turboduchadiel, brzdové a spojkové kotuce). U hlavy
valcov je kritickym miestom mostik medzi ventilmi, kde dochadza k najvac¢siemu
tepelnému namahaniu [1].

2.2. Akustické vlastnosti liatin

Akustické vlastnosti materidlov popisuju rychlosti Sirenia pruzného prie€neho alebo
pozdizneho kmitania atémov (molekiil) okolo rovnovaznej polohy a ich Gtim. Rychlost
Sirenia akustickej viny ¢ zvuku je funkciou modulu pruznosti E, mernej hmotnosti p
a Poissonovho &isla p. Pre pozdiznu rychlost zvuku plati vztah (4).
_ 2[( (E/p).a-w
= ((1+y).(1—2u)) [m/s] ()

Cim viac Utvary grafitu matricu oslabujd (&im su &tihlejSie a dihsie, tym vadsia je
hodnota akustickej drahy L; v porovnani s priamou drahou (hribka prezvucenej
steny) Ls. Rychlost zvuku €, tak klesd podla vztahu (5).

s = 5920 Z—S [m/s] (5)

CL = CLO E

C,,---rychlost zvuku ocelovej matrice liatiny.

Upravou (3) je mozné ziskaf zjednodugeny vyraz

E= (K. (f—i))z[MPa] (6)

Hodnotu K je mozné vypoditat z vysledkov akustickych merani na $tihlych tycéiach [1].

3. Experiment

Meranie ultrazvukovej hrubky sa uskutoCnilo v bodoch vyznagenych na Obr. 2.
Na novej hlave bola hustota meranych bodov niZz8ia ako na hlave z prevadzky
(60 bodov). Pri€om k stanoveniu relativnej rychlosti Sirenia ultrazvuku Vi = Lg/L, je
potrebné zmerat hribku materidlu posuvnym meradlom v meranom mieste Lg a dobu
navratu vyslaného signdlu po odraze, vyjadrend hodnotou hribky L,. Meranie
ultrazvukovej hrubky sa uskutocnilo ultrazvukovym defektoskopom DIO562 s dvojitou
sondou 5 MHz a priemerom meni¢a 10 mm.

Po zmerani ultrazvukovej hribky sa zmerala skuto€nd hodnota hribky pomocou
klieStinového mikrometra. Ndsledne sa vo vybranych bodoch merala tvrdost HB.
Tvrdomer bol nastaveny na 187,5 [kp] a indentor bola kalena guliCka s priemerom
5 mm. Namerané hodnoty su Statisticky spracované do Tab. 4 a v Tab. 5.
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Vztahy pouzité na vypoget:

Stanovenie hodnoty modulu pruznosti v fahu E,

E, = (453,2. (fi))z[MPa] 7)

U

Stanovenie hodnoty pevnosti liatiny v fahu Rm
Lo\2278
Rm=1,37. (7,211. (i) ).(HB)°'75 — 64,25 [MPa] ®)

Ly — Ultrazvukova dizka

Ls — Skutoéna dizka

HB — Tvrdost podl'a Brinella

Ar — Tepelnd vodivost [W.m . K1

o — Sucinitel tepelnej roztaznosti [K1]

B54 ElLe Bls Tis 8ls

e s Tha BTe

[1

=l

Obr. 2 RozloZenie meranych bodov
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Namerané hodnoty:

Tab. 4 Namerané hodnoty dosadacej dosky hlavy valcov z prevadzky

234

Ly Ls E, Rn EF
BOD [mm] | [mm] | [MPa] HB [Mpa] [W/m]
1 |17,49|13,84 | 128609 | 213 | 258,92 | 11,324
2 [18,88| 15,50 | 138433 | 217 | 292,12 | 11,870
3 [18,40| 15,18 | 139794 | 209 | 286,10 | 11,512
4 |16,56| 13,95 | 145750 | 221 | 318,87 | 12,306
5 |15,36| 12,28 | 131279 | 224 | 279,31 | 11,968
6 |[14,15|11,46| 134721 | 216 | 280,06 | 11,694
7 [13,69| 11,06 | 134055 | 220 | 282,87 | 11,869
8 |14,90| 11,68 | 126210 | 210 | 248,72 | 11,085
9 |15,25| 11,84 | 123807 | 218 | 250,64 | 11,388
10 |14,25| 11,58 | 135634 | 217 | 283,93 | 11,775
11 |1536| 12,10 | 127458 | 218 | 261,24 | 11,529
12 |17,58| 13,92 | 128772 | 215 | 261,66 | 11,430
13 |15,58| 16,76 | 237680 | 210 | 579,34 | 13,711
14 19,99 16,64 | 142318 | 217 | 303,54 | 11,997
15 |19,06| 15,48 | 135480 | 217 | 283,48 | 11,770
16 |17,76| 13,98 | 127265 | 216 | 258,44 | 11,423
17 |14,99| 12,00 | 131625 | 215 | 269,90 | 11,534
18 |14,25|11,48 | 133301 | 204 | 261,66 | 11,041
19 |15,27| 11,98 | 126420 | 210 | 249,31 | 11,093
20 |17,39| 13,96 | 132358 | 212 | 268,50 | 11,411
21 |19,99| 15,80 | 128312 | 211 | 255,80 | 11,214
22 |20,91|17,10 | 137361 | 207 | 276,70 | 11,331
23 |19,06| 15,82 | 141497 | 215| 298,59 | 11,870
24 114,99| 11,78 | 126843 | 206 | 246,00 | 10,909
25 |13,61| 11,20 | 139091 | 210 | 285,35 | 11,540
26 |14,15| 11,78 | 142350 | 213 | 298,53 | 11,797
27 |15,56| 12,72 | 137257 | 217 | 288,68 | 11,830
28 [17,39| 14,52 | 143190 | 207 | 293,23 | 11,519
29 |19,24| 15,94 | 140976 | 205 | 284,39 | 11,347
30 |19,43| 15,58 | 132059 | 211 | 266,47 | 11,350
31 |17,58| 14,64 | 142437 | 213 | 298,79 | 11,799
32 |11,66| 9,65 | 140682 | 213 | 293,69 | 11,743
33 |12,568| 9,90 | 127201 |212| 253,77 | 11,222
34 |11,84| 9,92 | 144178 | 209 | 298,65 | 11,652
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35 12,21 10,28 | 145591 | 209 | 302,70 | 11,695
36 |12,21)| 10,56 | 153630 | 210 | 327,27 | 11,982
37 [11,84| 9,90 | 143597 | 214 | 303,45 | 11,887
38 [12,03| 9,98 | 141354 | 219 | 303,22 | 12,066
39 [12,95| 10,26 | 128924 | 215 | 262,10 | 11,436
40 [12,30| 10,04 | 136848 | 211 | 280,16 | 11,516
41 |13,32| 10,98 | 139565 | 216 | 294,20 | 11,857
42 [13,02| 11,02 | 147137 | 221 | 323,02 | 12,349
43 |13,69|10,98 | 132123 | 220 | 277,18 | 11,801
44 |12,77|10,72 | 144740 | 215| 308,08 | 11,973
45 |12,12| 10,18 | 144901 | 215| 308,55 | 11,978
46 |13,14|10,68 | 135685 | 216 | 282,87 | 11,727
47 |13,32| 10,68 | 132043 | 218 | 274,61 | 11,698
48 |12,77|10,60 | 141517 | 222 | 307,48 | 12,222
49 |12,40| 10,90 | 158705 | 211 | 343,48 | 12,174
50 |12,40| 10,38 | 143923 | 211 | 300,51 | 11,745
51 |12,21|10,30 | 146158 | 216 | 313,55 | 12,067
52 |12,77)|10,64 | 142587 | 216 | 303,05 | 11,955
53 |12,40| 10,36 | 143369 | 222 | 313,02 | 12,281
54 |12,77|10,40 | 136227 | 207 | 273,50 | 11,293
55 |24,80| 20,42 | 139248 | 215 | 292,03 | 11,797
56 |22,21)|18,15| 137163 | 211 | 281,06 | 11,526
57 |17,39|14,45| 141813 | 217 | 302,05 | 11,981
58 |15,91| 13,18 | 140952 | 211 | 291,95 | 11,651
59 |14,62| 11,98 | 137911 | 202 | 272,03 | 11,095
60 |13,60| 11,18 | 138799 | 205 | 278,27 | 11,277
61 |12,21| 10,16 | 142212 | 211 | 295,58 | 11,691
62 |12,58| 10,55 | 144452 | 230 | 326,51 | 12,714
63 |12,75| 10,27 | 133260 | 226 | 287,56 | 12,138
64 |12,58| 10,28 | 137153 | 222 | 294,45 | 12,076
65 |12,40| 10,40 | 144478 | 226 | 321,48 | 12,516
66 |12,21|10,08 | 139981 | 205 | 281,59 | 11,315
67 |12,21| 9,96 | 136668 | 215 | 284,52 | 11,710
68 |12,03| 9,96 | 140789 | 207 | 286,41 | 11,443
69 |12,21|10,42 | 149584 | 210 | 315,54 | 11,866
70 |12,49| 10,20 | 136979 | 215| 285,43 | 11,721
71 [19,60| 15,40 | 126797 | 217 | 258,21 | 11,455
72 [11,47| 9,80 | 149936 | 219 | 328,74 | 12,333
73 12,21 10,30 | 146158 | 215 | 312,24 | 12,017
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74 114,34\ 11,04 | 121736 | 211 | 237,18 | 10,959
75 [13,51(10,82| 131742 | 218 | 273,73 | 11,688
76 |13,22| 10,66 | 133546 | 219 | 280,19 | 11,802
77 [12,95| 10,76 | 141796 | 215 | 299,47 | 11,880
78 |14,25| 11,24 | 127786 | 205 | 247,49 | 10,894
79 |13,32| 10,80 | 135026 | 215| 279,75 | 11,654
80 [12,58| 10,30 | 137687 | 207 | 277,62 | 11,342
81 |12,77| 10,68 | 143662 | 205 | 291,97 | 11,432
82 [13,51| 10,86 | 132718 | 213 | 270,71 11,473
83 [12,95| 10,44 | 133488 | 211 | 270,54 | 11,400
84 |12,40| 10,28 | 141164 | 211 | 292,56 | 11,658
85 [13,14| 10,76 | 137725 | 219 | 292,49 | 11,946
86 |12,95| 10,54 | 136057 | 208 | 274,24 | 11,338
87 [12,77|10,50 | 138860 | 217 | 293,37 | 11,884
88 [12,77| 10,24 | 132068 | 211 | 266,49 | 11,350
89 [(12,95| 10,54 | 136057 | 207 | 273,02 | 11,287
90 [12,77| 10,29 | 133361 | 219 | 279,65 | 11,795
Tab. 5 Namerané hodnoty dosadacej dosky novej hlavy valcov
Ly Ls E, Rm EF
BOD [mm] | [mm] | [MPa] HB [Mpa] [W/m]
1 |20,54| 16,54 | 133183 | 205 | 262,53 | 11,088
2 |20,36| 16,38 | 132939 | 208 | 265,42 | 11,230
3 |19,24| 15,76 | 137810 | 204 | 274,25 | 11,194
4 |17,76| 14,94 | 145343 | 199 | 288,77 | 11,176
5 |17,39| 13,94 | 131979 | 201 | 254,42 | 10,843
6 |17,76| 14,44 | 135778 | 207 | 272,23 | 11,278
7 |18,69| 15,02 | 132648 | 209 | 265,78 | 11,271
8 |19,99| 15,92 | 130269 | 204 | 253,23 | 10,934
9 |20,73| 17,12 | 140084 | 206 | 283,15 | 11,370
10 |21,56| 17,46 | 134701 | 207 | 269,19 | 11,241
11 (22,21]17,80 | 131924 | 210 | 264,90 | 11,295
12 (22,58 18,20 | 133437 | 208 | 266,82 | 11,248
13 |22,39|17,96 | 132155 | 208 | 263,20 | 11,203
14 |21,84|17,58 | 133080 | 203 | 259,85 | 10,983
15 (21,47|17,14 | 130899 | 205 | 256,15 | 11,007
16 |15,73| 12,34 | 126402 | 202 | 240,26 | 10,692
17 |14,99| 12,14 | 134714 | 201 | 261,95 | 10,938
18 |14,80| 11,96 | 134128 | 203 | 262,75 | 11,019
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19 |15,00| 12,28 | 137656 | 207 | 277,53 | 11,341
20 [17,95| 14,42 | 132551 | 207 | 263,13 | 11,167
21 |15,17| 12,26 | 134150 | 209 | 270,04 | 11,323
22 [15,73| 12,62 | 132203 | 205 | 259,79 | 11,054
23 |20,54| 16,50 | 132540 | 195 | 248,77 | 10,558
24 |15,73| 13,08 | 142016 | 198 | 278,28 | 11,022
25 [16,28| 13,22 | 135436 | 198 | 260,26 | 10,809
26 |22,76)| 18,36 | 133654 | 200 | 257,82 | 10,851
27 |15,07| 12,44 | 139957 | 226 | 307,76 | 12,369
28 |20,36| 16,70 | 138184 | 209 | 281,51 | 11,459
29 |22,66| 18,36 | 134836 | 207 | 269,57 | 11,246
30 |22,58| 18,28 | 134612 | 208 | 270,15 | 11,289
31 |22,21|17,92 | 133708 | 206 | 265,19 | 11,157
32 |22,21|17,68 | 130151 | 207 | 256,39 | 11,081
33 |21,55|17,38 | 133593 | 204 | 262,47 | 11,052
34 |21,84|17,72 | 135208 | 206 | 269,41 | 11,208
35 |21,65|17,88 | 140087 | 206 | 283,16 | 11,370
36 |20,20)| 18,16 | 166000 | 206 | 357,24 | 12,105
37 |21,28)| 16,98 | 130771 | 208 | 259,30 | 11,154
38 20,36 16,28 | 131321 | 205 | 257,33 | 11,022
39 [18,87| 15,60 | 140374 | 204 | 281,43 | 11,277
40 [18,69)| 14,96 | 131590 | 207 | 260,43 | 11,133
41 18,97 | 15,04 | 129104 | 208 | 254,61 | 11,093
42 (19,80 16,14 | 136476 | 206 | 272,97 | 11,251
43 |20,91)| 16,90 | 134167 | 202 | 261,65 | 10,970
44 118,87 | 15,26 | 134321 | 202 | 262,08 | 10,975
45 |14,62| 12,02 | 138833 | 200 | 272,08 | 11,023
46 |14,25| 11,66 | 137514 | 199 | 267,19 | 10,929
47 |14,25|11,58 | 135634 | 198 | 260,80 | 10,816
48 [14,90| 12,00 | 133220 | 202 | 259,04 | 10,937
49 |16,10| 13,06 | 135149 | 203 | 265,59 | 11,054
50 |15,91|12,88 | 134608 | 202 | 262,87 | 10,985
51 |20,91| 16,82 | 132900 | 202 | 258,15 | 10,926
52 |15,36| 12,34 | 132565 | 204 | 259,61 | 11,016
53 |14,99| 11,88 | 129006 | 205 | 250,88 | 10,939
54 |14,06| 11,30 | 132668 | 219 | 277,61 | 11,771
55 [15,36)|12,35| 132780 | 211 | 268,52 | 11,375
56 |16,19| 12,77 | 127781 | 205 | 247,47 | 10,894
57 122,39|18,04 | 133335 | 207 | 265,34 | 11,194
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58 |21,65|17,50 | 134196 | 208 | 268,97 | 11,274
59 |22,58| 18,34 | 135497 | 201 | 264,11 | 10,964
60 |22,58| 18,15 | 132704 | 202 | 257,61 | 10,919

3.1. Diskusia vysledkov

4.

Kritické miesto z pohladu relativne nizkeho modulu pruznosti v mieste mostiku
medzi ventilmi bliZzSie k zapalovacej svieCke, kde lokdlne minimum modulu
pruznosti dosahuje hodnotu 121,7 GPa.

Meranim tvrdosti bolo dokdzané, Ze nenastavaju zmeny tvrdosti materidlu
vplyvom prevadzky.

Rozptyl modulu pruznosti v novej hlave valcov sa pohybuje 126,4 do 145,3 GPa.
Rozptyl modulu pruznosti v hlave valcov z prevadzky sa pohybuje 121,7 do
158,7 GPa.

Grafické znazornenie modulu pruznosti na novej hlave je na Obr. 3.

Grafické znazornenie modulu pruznosti na pouzivanej hlave je na Obr. 4.
Hodnota Eifelbergovho faktora je najnizSia v miestach vystavenych najvyssej
tepelne] zafaze a to na mostiku medzi ventilmi, pri zapalovace] svie¢ka a pri
vyfukovom ventile.

Vizudlne zobrazenie Eichelbergovho faktora je na Obr. 5 a na Obr. 6.

Zaver

Meranie dokazalo ze prevadzka ma vplyv na mechanické vlastnosti dosadacej dosky
hlavy valcov TEDOM. Namerané vysledky budu pouzité pre pocitacové simuldcie
deformdcie celej hlavy valcov.

Meranie modulu pruznosti pred apo prevadzke v su€asnej dobe nie je mozné
pretoZze na meranie je nutné odfrézovat dosadaciu dosku ¢o kompletne znehodnoti
hlavu. Preto bude meranie opakované na Statisticky vyznamnom mnozstve hlav.

Podekovanie

This publication was written at the Technical University of Liberec as part of the project
"The study and evaluation of the material's structure and properties" with the support
of the Specific University Research Grant, as provided by the Ministry of Education,
Youth and Sports of the Czech Republic in the year 2018.
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Obr. 3 Grafické zndzornenie rozptylu modulu pruznosti na novej hlave valcov
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Obr. 4 Grafické zndzornenie rozptylu modulu pruZnosti na pouZivanej hlave valcov
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Obr. 5 Grafické zndzornenie Eichelbegoveho faktoru na novej hlave valcov
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Obr. 6 Grafické zndzornenie Eichelbegoveho faktoru na pouzivanej hlave valcov
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Abstrakt

Tento ¢ldnek pojedndvd o mozZnostech LMS (Learning Management Systems) pfi zkouseni
persondlu NDT. Konkrétné se zabyvdm moZnosti vyuZiti téchto systému pfi provddéni obecné
a specifické &dsti zkousky podle CSN EN ISO 9712 bez ohledu na poZadovany stuper’.
V ¢lanku uvadim poZadavky na tyto systémy. PoZadavky jsou rozdéleny do nékolika kategorii.
Priprava pfed zkouskou (tah otdzek) — konkrétni provedeni zkousky, vyhodnoceni pisemné
cdsti zkousky a jeji statistické zpracovani. Ndroky na statistické zpracovani jsou rozdéleny
podle potfeb ZkuSebniho stfediska a podle potfeb Certifikacniho organu. Na zdvér je
nastinéna moZnost provddéni zkousSek na ddlku pouze za pfitomnosti pracovnika dohledu
u zkousky.

Klicova slova: ISO 9712, LMS, zkousky pracovniki NDT, statistika zkousek pracovniki NDT

Abstract

This article discusses the possibilities of Learning Management Systems (LMS) in examination
NDT personnel. Specifically, the possibility of using these systems to perform the general and
specific part of the examination according to CSN EN ISO 9712, regardless of the level
required. The article describes the requirements for these systems. Requirements are divided
into several categories. Pre-test preparation (pull of questions) - concrete implementation the
examination, evaluation of the written part of the examination and its statistical processing.
The statistical processing is divided according to the needs of the Examination Centre and
according to the needs of the Certification Body. In conclusion, it is described the possibility
of implementation the examination at a distance only in the presence of the invigilator of the
exam.

Key words: ISO 9712, examination NDT personnel, examination statistic NDT personnel
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1. Uvod

V dnedni dobé, kdy je digitalizace na postupu a prosazuje se ve vSech oborech lidské
¢innosti, je vhodna doba zacit uvaZzovat i o0 mozném nasazeni vypocetni techniky
pfi provadéni zkousek persondlu defektoskopie.

Mezinarodni norma CSN ISO EN 9712 je na vstup poditaéi do hdjemstvi zkousek
personalu malinko pfipravena.

LMS - Learning Management Systém. Jde obecné& o systémy slouzici k fizeni
a organizaci vyuky. Soucasti téchto systémd je i modul uréeny k ovéfovani znalosti
uchazecu. A pravé o tomto modulu bude v nasledujicim ¢lanku fec.

2. Moznosti elektronického ovéfovani znalosti z pohledu CSN EN
ISO 9712

Co vlastné tato norma fikd o moznostech elektronického pfezkuSovani?

Tak vél. 8.2.4.1: ,Podle volby certifikacniho organu mohou byt pouzity elektronické
hodnotici systémy, které automaticky s¢itaji body za odpovédi uchazece podle uloZzenych
dat a oznamkuji dokon&enou pisemnou zkousku podle pfipravenych algoritmd.”

Déle pak v €l. 8.4.4. ,Pokud se pouziji elektronické hodnotici systémy, které vybiraji
otazky predstavujici ,pisemnou zkouSku“ s jejich zobrazenim uchazeci na pocitaci
a nasledné hodnoti zkousky, musi byt tyto elektronické hodnotici systémy validovany
a schvaleny certifikaénim organem.”

A na konec v €l. 8.4.5: ,Pisemné (elektronické nebo konvenéni) a praktické zkousky
musi byt dozorovany zkuSebnim komisafem ...*

Jak je uvedeno, norma CSN EN ISO 9712 nam narysovala ptdorys pro zavadéni
vypocetni techniky do praxe zkusebnich stfedisek.

Pokusim se nyni definovat zakladni pozadavky, které musi systém uréeny k ovéfovani{
teoretickych znalosti uchazec¢u o certifikaci v oblasti NDT splfiovat.

3. Pozadavky na zkusebni LMS

Co vlastné od pisemného ovéfovani znalosti (test(l) a jejich provadéni vyzadujeme?
Pfedevsim nestranné ovéfeni znalosti v celé §ifi pozadovanych védomosti. A samozfejmé
pfi hodnoceni nestranny, nezavisly a spravedlivy pfistup ke vSem uchaze¢dm.

Naplnéni téchto pozadavkl za¢ind u tvorby a struktury databaze zkusebnich otazek.

3.1 Pozadavky na databazi uvazovaného LMS

Uvazovany LMS by mél pfi tvorbé databaze otdzek minimalné umoznovat:
a) zadavat otézky jednotlivé i po davkach (v obecné dostupném formatu napt.
docx nebo xlIsx)
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b) editaci jiz viozenych otazek, zmény textd u odpovédi, zmény spravné odpovédi
c) kazdou otazku/otdzky je nutno opatfit jednoznaénym identifikdtorem
(manuadlné/automaticky), tento identifikdtor nasledné slouzi pro statistickou
analyzu
d) kazdou otdzku/otdzky opatfit volitelnym klicem, tento kli¢ slouzi k tvorbé tahu
testl
Zastavme se kratce u jednotlivych polozek.
ad a) tento bod nestoji ani za diskuzi. Bud'jiz existujici databazi doplfiujeme po jedné
¢i dvou otazkach. Nebo ji plnime sadou mnoha otazek. Oboji by mélo byt mozné.
ad b) zde plati totéz co u bodu a), moznost editace otéazky i odpovédi je zasadni
ad c) identifikatory slouzi, jak jiz bylo fe€eno, pro potfeby statistiky. Statistickym
funkcim bude vénovdn samostatny odstavec tohoto ¢lanku. Statistika zkousek
pokrodilejsi urovné (nejen kolik bylo dany den uspésnych/nedspésnych) je nezbytnou
soucasti prace zkuSebniho stfediska ale také zpétna vazba pro Skoleni.
ad d) pro tvorbu tahu testd potfebujeme kli¢, podle kterého tyto testy volime. Databdze
musi umoznit vkladat mnoziny a podmnoziny otdzek, které budou uréeny
jednoznaénym kli€em. Tento kli¢ by mél obsahovat alespon tyto informace:

typ testu (obecny, specificky, zakladni zkouska)
metoda (UT, UT-PA, MT, RT...)

pozadovany stupen (L1, L2, L3)

sektor (w, f, t, MS,...)

typ otazky (vypoctova, obecna)

rozliSeni obtiznosti

o0 wh -

Jako samozfejmé povaZzuju moznost vkladat a volit otdzky obsahujici obrézky. DalSi
nezbytnosti je moznost vkladat a volit tzv. scénare. Tedy otdzky dotazujici se na zadanou
modelovou situaci. Tyto otdzky musi byt pevné svazany s pFisluSnym scénafem.

Po naplnéni (vytvofeni) pozadované strukturované databdze mlzeme nas systém
zacit pouzivat.

3.2 Pozadavky na tvorbu testt

Pfed zahajenim zkous$ek je nutné provést tah testu. Jsou systémy, které umozni podle
zadanych pozadavkud vytvofit jedine€ny test pro kazdého uchazece. Jsou systémy,
které udélaji jeden tah pro danou zkusebni skupinu. Zde zalezi na vkusu kazdého
Certifika¢niho organu nebo Zku$ebniho stfediska. Pro zvolenou variantu tahu testu
slouzi vySe jmenovany kli¢. Tento kli¢ jednozna¢né definuje mnozinu otazek, ze které
bude tah provadén a mél by idealné obsahovat Sest zakédovanych pozadavku.
Vybér otdzek musi byt nahodny. Modelové si mizeme uvést ptiklad tahu testu pro
obecny test, metodu UT, multisektor, stupen 2.
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Kédovani kli¢e mlze vypadat napt. takto:

VYPO/TEOR
OBTIZNOST
AA/YY/LX/CC/J/N
OB/SP
LEVEL

Pak by zadani pro volbu vy$e uvedeného testu vypadalo nasledovné:
OB/UT/L2/MS/V/3

Pfelozeno: obecny test ultrazvuku pro stupen 2, multisektor, vypoctova otdzka vysoké
obtiZnosti.

Po zadani tohoto pozadavku doplnéného poétem otdzek musi byt pouzivany LMS
schopen vytvofit nahodny tah testu.

Takto vytvofeny tah testu musi byt systémem archivovan s dal§imi ur€ujicimi udaji,
aby bylo mozno jej béhem desetiletého archivaéniho obdobi, kdykoliv vyvolat,
vytisknout, ale pfedevsim ztotozZnit s konkrétnim uchazeem.

4. Provedeni zkousky uchazec¢e pomoci LMS

Test vytvofeny podle pozadavkl uvedenych v pfedchozi kapitole mlze byt tedy
zobrazen na monitorech uchazecu. Ptistup k zahdjeni testu je vhodné o$etfit pomoci
jedine¢ného pfistupového hesla. Toto heslo pak slouzi k dohledani v§ech testd, které
uchaze€ v daném obdobi vykonal.

Nékteré LMS umoziuji zkouSeni na tzv. zabezpe€ené obrazovce. Pfi zahdjeni testu
systém neumozni jakékoliv jiné ,brouzdani“ a hledani v pogitaci. Navic jakykoliv pokus
ohlasi zkusebnimu komisafi nebo dozoru zkousek.

Uchaze€ ma na obrazovce nami vybrany test, kromé otdzky a moZnych odpovédi,
musi byt informovan, kolik ¢asu mu jesté zbyva. Je vhodné, aby systém dokazal
poskytnout i informaci o poctu nezodpovézenych otazek.

Po uplynuti €¢asu musi systém test uzavfit a znemoznit tak jakékoliv Upravy.
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ZkuSebni komisaf musi mit na svém pocitai moznost nahlédnout na test kazdého
uchazece. O tom, ze ma k dispozici spravné odpovédi neni tfeba diskutovat. Nemuze
v8ak Zadnym zpusobem ovlivnit vysledek ¢i hodnoceni testu.

Po ukonceni test, af jiz uchazec¢em (odpovédél na véechny otdzky a vybral moznost
ukongit test), nebo vypréenim ¢asové |lhity, musi se zkuSebnimu komisati zobrazit
procentudlni vysledky jednotlivych uchaze&u.

Pokud se vyskytnou béhem testu jakékoliv dotazy a zkuSebni komisar je vyhodnoti jako
relevantni, mél by sytém umoznit pfipojit k dané otédzce poznamku pro dals$i posouzeni.
Testy jsou ukonéeny, mizeme pristoupit k jejich hodnoceni.

5. Vyhodnoceni provedenych testi a statistika

Je samoziejmosti, Zze vSechny LMS dokazi podle ptedem stanovenych kritérif
vyhodnotit test VYHOVEL/NEVYHOVEL plus uvést procentudlni ohodnoceni podle
pozadavkd CSN EN 1SO 9712.

Moderni LMS by mél umét zaznamenat a archivovat celkovy ¢as trvani testu kazdého
UCastnika zkousky.

Pro zhodnoceni obtiznosti konkrétni otdzky je vyhodné zaznamenavat i ¢as, ktery
uchazeg potfeboval k odpovédi.

Zajimavé moznosti nabizeji komeréni LMS.

Jako zpétnd vazba pro Skolici stredisko i pro certifikaéni orgdn je vhodnd funkce tzv.
mortalita otdzky. Jde v podstaté o jednoduchou funkci, kdy na zakladé zvolenych
kritérii dostavam prehled o procentudlni nelspésnosti jednotlivych otdzek doplnény
o pocet, kolikrat na danou otazku bylo odpovidano.

P¥i podezfeni z neetického jednani je zase vyborny udaj nejen o celkové dobé,
za kterou uchazed test ukongil, ale také doba, kterou vénoval té které otazce.

Udaje o celkovém &ase testu jsou vhodnym doplnénim k procentudini Uspé&nosti uchazede.

6. Zavér

Tento €lanek nema za cil doporucit konkrétni LMS. Ani rozhodnout, zda je lepsi
na miru vytvoreny LMS nebo komeréni. Kazda varianta ma sva pro a proti.

V tomto €lanku jsem se pokusil nastinit hlavni funkce, které by mél zvoleny LMS
spliovat. Definoval jsem poZadavky na databazi otazek, jeji strukturu a kddovani. Dale
jsem popsal zplsob tahu testl a samotné provadéni testovani. Zde je zminéna
i moznost ,zabezpe€ené obrazovky*“.

V samotném zavéru jsou popsany pouze nejzakladnéjsi statistické a vyhodnocovaci
funkce, které by mél zvoleny systém splfiovat.
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Abstrakt

Pro ucely testovdni metod byla vyrobena sada homogennich betonovych trdmeckd, jejiz
vzorky byly vystaveny riznému stupni tepelného poskozeni. Na vyrobenych vzorcich byly
testovdny jak konvenéni metody nedestruktivniho zkouseni — méfeni doby prichodu signalu
¢i rezonanéni frekvence — tak metody nelinedrni spektroskopie elastickych vin — nelinedrni
rezonanéni metoda a metoda dvoufrekvencniho smésovani. Nelinedrni rezonanéni metoda
spocivd v méreni frekvencni charakteristiky zkusebniho vzorku pfi nestejné budici amplitudé,
zatimco metoda dvoufrekvenéniho smésovani je zaloZena na vyhodnoceni intermodulaéniho
zkresleni v testovaném trdmecku.

Konvenéni nedestruktivni metody podavaji informaci o elastickych viastnostech materidlu,
metody nelinedrni spektroskopie jsou zaloZeny na méfeni elasticko-plastické odezvy
zkouseného materidlu, jejiZ plastickou sloZku zptisobuji mikrotrhliny. Cdst této odezvy miZe
byt zplsobena nehomogenitou samotného materidlu Ci nelinearitou pouZitého zkusebniho
zafizeni, kterou bylo potrfeba pfi méfeni minimalizovat. Celkova nelinedrni odezva se béhem
tepelné degradace zvysila, coZ odpovidd naristu poctu mikrotrhlin.

Nameérend data z nedestruktivnich metod byla porovndna s vysledky destruktivnich zkousek
na vzorcich bez tepelného poskozeni a na vzorcich vystavenych teplotdam 500°C a 600°C po
dobu cca 2 hodin. Cilem tohoto prFispévku je vybér optimaini metody & kombinace metod pro
kontrolu degradace betonu v provozu.

Klicova slova: beton, stdrnuti betonu, degradace betonu, nedestruktivni zkouseni betonu,
nelinedrni spektroskopie elastickych vin

Abstract

For the purpose of testing the non-destructive methods, a set of homogeneous concrete
prisms was produced, whose samples were subjected to different thermal damage.
Conventional non-destructive testing methods — determination of ultrasonic transmission time
and fundamental frequency — as well as non-linear elastic wave spectroscopy — nonlinear
resonance acoustic spectroscopy and non-linear wave modulation spectroscopy methods
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were tested on the produced samples. The non-linear elastic wave spectroscopy consists of
measuring the frequency characteristics of the test specimen at unequal excitation amplitude
while non-linear wave modulation spectroscopy is based on evaluation of the intermodulation
distortion in the test specimen.

Conventional non-destructive methods provide information only about the elastic properties
of the material, non-linear spectroscopy methods are based on the elastic-plastic response of
the material whose plastic component is caused by microcracks. Part of this response may
be caused by inhomogeneity of the material itself or the non-linearity of the test system used,
which was to be minimized in the measurement. The total non-linear response increased in
thermal damage, which corresponds to the increase in the number of microcracks.

Measured data from non-destructive methods were compared with the results of destructive
tests on test specimens without thermal damage and on samples exposed to temperatures
of 500°C and 600°C for about 2 hours. The aim of this paper is to seek an optimal method or
a combination of methods for testing concrete degradation in service.

Key words: concrete, concrete aging, concrete degradation, non-destructive testing of
concrete, non-linear elastic wave spectroscopy

1. Uvod

Zvysovani bezpecnosti a prodluzovani Zivotnosti struktur je jednim ze zakladnich cild
vyzkumu a vyvoje nedestruktivniho zkou8eni betonu. Mezi hlavni oblasti zkoumani
patti hodnoceni integrity, zména mechanickych vlastnosti a starnuti. Stav betonu Ize
zkoumat tradiénimi objemovymi metodami, napf. meéfenim doby prichodu
a rezonanéni frekvence, které poskytuji osvédcené vysledky. Velmi perspektivni se
zda byt rovnéz ovSem skupina metod zalozena na hodnoceni nelinearni ultrazvukové
odezvy, tzv. nelinedrni spektroskopie elastickych vin (NEWS).

Vykazuje-li materidl nelinearni chovani, znamena to, Ze nema odezvu pfimo
umérnou buzeni. Odchylka od idedIni linearni zavislosti se pak oznacuje jako
nelinearita. Na elementdrni Urovni je nelinedrni chovani materidlu zpdsobeno
superpozici mikrotrhlin, které se vlivem akustického tlaku zaviraji a otviraji. Pokud
harmonicka vina pfijde do styku s mikrotrhlinou, zptisobi zménu jeji kontaktni plochy
— pfi rGstu akustického tlaku kontakini plocha roste a pfi poklesu akustického tlaku
klesa. Tento jev méni fazi a amplitudu signalu [1].

Pro ucely porovnani metod byla vybetonovdna sada 9 betonovych tramecka
orozmérech 40x40x160 mm zcementu CEM Il 32,5, vody a normovaného
kfemicitého pisku frakce 0+2,5 mm. Vyrobené tramecky byly prozkouseny metodami
a nasledné rozdéleny na 3 skupiny. Prvni trojice vzorkd byla ponechana
neposkozend jako reference, druhd skupina byla v peci vystavena teploté 500°C
po dobu 3 h a tfeti skupina byla vystavena teploté 600°C po dobu 2 h (viz obr. 1).
Po vystaveni tepelné degradaci byly vzorky opét prozkouSeny a nasledné byla
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provedena destruktivni zkouska pevnosti v tahu ohybem a v tlaku na lisu Controls
50-C9030.
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Obr. 1: Detail zkusebniho vzorku B2 — povrch pred zahidtim (vlevo), povrch po zahiéti na 600°C (vpravo)
Fig. 1: Detail of the test specimen B2 — surface before heating (left), surface after 600°C heating (right)

Po tepelné degradaci zlstala skupina vzorkd vystavend 500°C kompaktn{
s vlasec€nicovymi trhlinami o maximalni itce 0,1 + 0,2 mm. Vzorky vystavené 600°C
byly méné kompakini, ¢asto se objevovaly otevfené trhliny o Sifce 0,2 mm a na
nejvice poskozeném vzorku B2 az 0,3 mm.

2. Méreni rychlosti priichodu

Jednou z méfenych veli€in je rychlost prochazejicich ultrazvukovych (UZ) vin.
Rychlost Siteni UZ vin zavisi na elastickych konstantdch prostfedi a také na
rozmérech prostfedi. V trojrozmérném prostfedi, jaké predstavuje téleso tramecku
40 x 40 x 160 mm, je rychlost Siteni podélnych vin dana vztahem:

1-p . Epy (1 )

L= J@mazm s

kde En, — dynamicky modul pruznosti betonu stanoveny dle rychlosti ultrazvuku, p —
hustota prosttedi, u — Poissondv pomér pfi¢né a podélné deformace.

Modul pruznosti Ep, |ze vyjadfit ze vztahu (1) rovnici:

(1+p)(1-2p)
Eyy = ———p v )

Modul pruznosti Ew ur€eny pomoci ultrazvuku byl porovnan s moduly Epi a Eor
stanovenymi rezonanéni zkouSkou v dal$i kapitole.
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3. Méfeni rezonancéni frekvence

Pro porovnani Ggink( tepla je vhodné pouzit princip rezonanéni metody impakt-echo.
Jedna se o pomérné novy pristup k méfeni rezonanénich kmito¢tll pevnych téles
o definovanych rozmérech.

Betonovy tramecek 40 x 40 x 160 mm byl podepfen zhruba v poloviné své délky
meékkym polystyrenem, aby bylo zaru€eno jeho volné kmitani. Nasledné byla v ¢ele
tramecku na jeho povrch umisténa akustickd sonda s rozsahem méfici frekvence
0 — 20 kHz. Na opaéném konci tramec¢ku bylo vybuzeno kmitani pomoci kladivka
s tuhym tézkym zakonéenim. Tramecek se volné rozkmital svou vlastni frekvenci.
Timto zplsobem byla zmétena podélna rezonanéni frekvence f..

Obdobné bylo vybuzeno i torzni kmitani a uréena tzv. kroutiva frekvence f.
P¥i podepfeni ve ¢tvrtindch délky trdmecku bylo mozné naméfit pticnou frekvenci .

Zplsob buzeni a umisténi sond odpovidal kyzené frekvenci. Pro podélny kmitoCet
stalo kladivko i senzor proti sobé, na obou koncich tramecku. Pfi torznich kmitech
byly vyuzivany protéj§i rohy tramecku. Pficné kmitani bylo vybuzeno a snimano
na obou volnych koncich tramecku, kolmo na jeho podélnou osu.

Z kazdé z naméfenych frekvenci bylo mozno stanovit dynamicky modul tramecku.
Dynamicky modul pruznosti Ize stanovit z podélné frekvence jako Eo

Epr, =4p- L*f, 3)
kde L — délka tramecku, p — hustota prosttfedi, f. — podélna rezonanéni frekvence.
Dynamicky modul pruznosti tramecku Ize stanovit také z p¥icné frekvence jako Ep

Epry =590 p- 27+ (14 0,1665), (4)

kde h — vyska tramecku, f; — pfi€na rezonanéni frekvence.
Dynamicky modul ve smyku G Ize stanovit z rovnice (5),

Gpr = 4p- 1,187 - I2f2, (5)
kde f; — kroutiva (torzni) rezonanéni frekvence.

Porovnani stfednich hodnot a smérodatnych odchylek dynamickych modulli
pruznosti Eu, Eo, Eor pro pfipady poskozeni betonu 500°C, 600°C a pro referenéni
vzorky je na obrazku 2. Dynamicky modul ve smyku G je pro stejné pfipady
znazornén obrazkem 3.
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Obr. 2: Porovndni stfednich hodnot a smérodatnych odchylek dynamickych modult pruznosti Epy, Ebn.
a Ews pro pfipady poskozeni betonu 500°C, 600°C a pro vzorKy bez poskozeni

Fig. 2: Mean values and mean square errors of dynamic moduli Ep., Evy and Ess for damage caused
by the heat 500°C, 600°C and for the reference samples
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Obr. 3: Porovnani stfednich hodnot a smérodatnych odchylek dynamického modulu ve smyku Gy, pro
pfipady poskozeni betonu 500°C, 600°C a pro vzorky bez poskozeni

Fig. 3: Mean values and mean square errors of dynamic modulus G- for damage caused by the heat
500°C, 600°C and for the reference samples

V8echny méfrené moduly jsou po poskozeni teplem 500°C resp. 600°C — 6x resp.
20x niz8i oproti pdvodnim &i referenénim hodnotam (obr. 2 a 3).
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4. Metoda dvoufrekvenéniho smésovani

Principem metody dvoufrekvenéniho sméSovani (NWMS) je michani dvou rdznych
budicich signald o frekvencich f; a f, uvnitt zkouSeného materidlu. Nelinearni chovani
se pfi tomto typu zkouSeni projevuje vznikem intermodulaéniho produktu f;2
o souctové a rozdilové frekvenci f; + f.. Pfi zkouSeni byva ¢asto zkouman pomér
amplitud vzniklého intermodula¢niho produktu a obou budicich frekvenci, ktery je
oznacovan jako nelinearni parametr 3 [2] dany vzorcem:

B = V) (6)

A -Ay

kde A — amplituda intermodulaéni frekvence fi. = f; + f, [V], A7 — amplituda
odpovidajici budici frekvenci f; [V], A2 — amplituda odpovidajici budici frekvenci £z [V].

Nedostatkem vztahu (6) je zavislost nelinearniho parametru B na budicim napéti
a rovnéz neprenositelnost naméfenych vysledkd na jiny méfici systém. Nicméné je-li pfi
naslednych méfenich téhoz vzorku pouzivan tyz meéfici systém stymz rozmisténim
piezoménicl, Ize porovnanim dvou naméfenych hodnot 8 a B’ ziskat hodnotu zmény
nelinedrniho parametru ', ktera je bezrozmérna a nezavisla na méficim systému:
ﬂ*z%zﬁ.ﬂ[_]_ (7)

A1 Aqr-Ayr

Experimentalné byl parametr 8 stanoven zvySovanim amplitudy budiciho signalu
o frekvenci f; = 153 kHz v rozmezi 7,5-225 V na generatoru PXI-5421, ktery byl
zesilovan pomoci zesilova¢e AR-150A100B. Napéti na druhém budici o f. = 180 kHz
bylo generovano konstantni na 225V stejnym pfistrojovym vybavenim. Kazdy ze
signald byl samostatné zesilovan a pfeménovan pomoci piezoméni¢d Dakel MDK-13
na akustickou energii a ke smésovani dochdzelo az v testovaném vzorku. Odezva
obsahujici pfipadné intermodulaéni produkty byla sbirdna pomoci 24 bitového
osciloskopu PXI-5922 a z diskrétni Fourierovy transformace jejiho pribéhu bylo
ur¢eno amplitudové spektrum. Ve spektru byly hledany intermodulaéni produkty
druhého fadu zplsobem, pfi kterém je hledano maximum v intervalu +20 vzorkd
v okoli jejich pfedpoklddaného vyskytu fiz = f; + f> = 333 kHz.

Pokud méla zavislost amplitudy intermodulaéniho produktu A;» na budici amplitudé A,
monoténné rostouci prdbéh, byla odeétena hodnota nelinedrniho parametru 8 na zakladé
vztahu (6); byl-li pozorovan pouze Sum, bylo nutné méfeni zopakovat. Cely tento postup byl
proveden 4x pred poskozenim a 4x po poskozeni vzorkl v peci. Z vyslednych primémych
hodnot 8 a B'byla podle vztahu (7) ziskdna zména nelinedmiho parametru 3.

Zku8ebni vzorek B2, vystaveny teploté 600°, vykazoval poSkozeni takového rozsahu,
Ze jej nebylo mozné testovat v celém objemu, nybrz pouze na méné poskozené
poloviné. Naméfenad zmeéna nelinedrniho parametru B* proto mohla byt u tohoto
vzorku podhodnocena. Primérna zmeéna nelinedrniho parametru B* pro skupiny
podle stupné poskozeni je vynesena v obrazku 4.
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Obr 4: Porovndni stfednich hodnot a smérodatnych odchylek zmény nelinedrniho parametru B* pro
vzorky poskozené 500°C, 600°C a pro vzorky bez poskozeni

Fig 4: Mean values and mean square errors of non-linear parameter change B* for damage caused by
the heat 500°C, 600°C and for the reference samples

5. Nelinearni rezonanéni metoda

Principem nelinearni rezonancéni metody (NRUS) je meéfeni frekvenénich
charakteristik vzorku v ur&itém frekvenénim intervalu [3]. P¥i tomto typu zkouSeni se
nelinearni chovani projevuje poklesem rezonancni frekvence Af, vzorku pfi rostouci
budici amplitudé:

Af, = fr,max - f‘r.min [Hz], (8)

kde f.max — rezonancni frekvence pfi nizké budici amplitudé [Hz], f.mi» — rezonanéni
frekvence pfi vysoké budici amplitudé [Hz].

P¥i experimentu byl posun rezonanéni frekvence méfen na intervalu 5-20 kHz
zvySovanim amplitudy budiciho signdlu v rozmezi 40-400 V pomoci generatoru PXI-
5421. Budici signal byl zesilovan pomoci zesilovate AR-150A100B a pfeménovan
piezoméni¢em Dakel DK15kryo na akustickou energii.

Pro mérteni frekvenénich charakteristik vzorkd bylo pouZito 6 rlznych hodnot
budiciho napéti — 40, 80, 160, 240, 320 a 400 V. Pro kazdou z nastavenych amplitud
budiciho signdlu bylo generovano napéti harmonického pribéhu kmitoétove
rozmitané v diskrétnich krocich o velikosti 2 Hz. B&éhem kazdého kmitoctového kroku
byla zaznamenana odezva. Pro kazdou odezvu byla vypocitana efektivni hodnota
jejiho prabéhu a z téchto hodnot bylo zkonstruovano frekvenéni spektrum odezvy (viz
obr. 5). Pro kazdy vzorek bylo méfeni provedeno 4x a z vyslednych prdmérnych
hodnot f.ma @ fomin byla ziskdna hodnota poklesu rezonanéni frekvence Af. podle
vztahu (8).
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Obr. 5: Posun rezonancni frekvence vzorku B2 pro budici napéti 40-400 V (oznacena kiizkem)

Fig. 5: Resonant frequency shift at the excitation voltages 40—-400 V (marked with a cross)

Tramecky bez tepelné degradace nevykazovaly prakticky zadny posun rezonanéni
frekvence Af;; primérnd hodnota posunu c&inila 12 Hz, coz Ize interpretovat jako
Sum. Po zahfati na 500°C se objevila zména rezonanéni frekvence 7+1 Hz, po
zahtati na 600°C c¢inil tento posun v praméru 13x3 Hz. Velky rozptyl pro skupinu
600°C je zpusoben nehomogenitou skupiny, jejiz vzorky vykazovaly nestejnou
uroven poskozeni; u nejvice poskozeného vzorku B2 byl naméfen posun 18 Hz.
Prdmérné hodnoty posunu rezonanéni frekvence Af, jsou vyneseny v obr. 6.
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Obr 6: Porovnani stfednich hodnot a smérodatnych odchylek posunu rezonancni frekvence Af, pro
vzorky poskozené 500°C, 600°C a pro vzorky bez poskozeni

Fig 6: Mean values and mean square errors of resonant frequency shift Af, for damage caused by the
heat 500°C, 600°C and for the reference samples
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6. Destruktivni zkousky

V8echny sledované tramecky byly po nedestruktivnich zkouskach nejprve zlomeny
tfibodovym ohybem. Vzniklé zlomky byly rozmackany v hydraulickém lisu.

Vysledkem tfibodového ohybu je zvySovani napéti na krajnich tazenych vlaknech
betonového tramecku dokud nedojde k jeho porudeni. Ziskana hodnota je maximaini
sila F. Pevnost v tahu Ry je vypocitana podle vztahu (9),
3FpeLe
Ry = 2541 ©)
kde L. — rozpéti obou podpér tramecku pfi tfibodovém ohybu, Fy — maximalni sila
vyvozena uprostfed rozpéti tramecku, b a h — Sitka a vySka tramecku.

Porovnani stfednich hodnot a smérodatnych odchylek pevnosti v tahu Ry pro pfipady
poskozeni betonu 500°C, 600°C a pro referenéni vzorky je na obradzku 7. Vysledky
pevnosti v tlaku pro betonové tramecky poSkozené teplem 500°C a 600°C jsou
v obrazku 8 porovnany k referenénim hodnotdm vzork( bez poskozeni.

[=2]

o

ST~
I
I

Pevnost v tahu za ohybu [mem?‘]

LI | s Lt =
bez poskozeni 500°C 600°C

0

Obr. 7: Porovndni stfednich hodnot a smérodatnych odchylek pevnosti v tahu Ry
pro vzorky poskozené 500°C, 600°C a pro vzorky bez poskozeni

Fig. 7: Mean values and mean square errors of tensile strength Ry for damage caused by the heat
500°C, 600°C and for the reference samples

Z obrazku 7 je ztejmé, Ze po zahtati na 500°C, resp. 600°C dosahuje pevnost v tahu
zhruba pétinu, resp. desetinu plvodni pevnosti.

Pevnost v tlaku na zlomku R, se vypoéita jako pomér maximalni sily F, a tlaéné
plochy Aes.
Fp

Ry =70 (10)

kde F, — maximalni sila pfed porusenim vzorku, Ae — tlacend plocha vzorku.
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Obr. 8: Porovndni stfednich hodnot a smérodatnych odchylek pevnosti v tlaku Rs
pro vzorky poskozené 500°C, 600°C a pro vzorky bez poskozeni

Fig. 8: Mean values and mean square errors of compressive strength R, for damage caused by the
heat 500°C, 600°C and for the reference samples

Hodnoty pevnosti v tlaku po 500°C, resp. 600°C jsou zhruba 2x, respektive 2,5x nizsi
oproti hodnotam neposkozenych vzork(.

7. Srovnani vysledku nelinearnich a konvenénich metod

Vysledky modulli pruznosti z ultrazvukové zkousky E., z podélné respektive pFicné
rezonanéni zkousky Euw resp. Evr @ smykového modulu G z torzni rezonanéni
zkousky jsou shrnuty vtabulce 1. Porovndni vysledkd nelinedarni spektroskopie
NRUS, resp. NWMS (Af,, resp. 5%) s vysledky destruktivnich zkou$ek (pevnost v tahu
Rt a pevnost v tlaku Ry) jsou v tabulce 2.

Tab. 1: Porovndni stfednich hodnot dynamickych modulti Ev, Ewi, Exra Ger pro vzorky bez poskozeni (28°C)

se vzorky poskozenymi 500°C a 600°C

Tab. 1: Mean values of dynamic moduli Ep., Epn, Enr and shear modulus Gy of reference samples
compared with samples damaged by the heat 500°C, 600°C

T Ebu Eor Eort Gir
[°C] | [GPa] | [GPa] | [GPa] | [GPa]
28 304 | 282 | 274 | 11,6
500 5,3 41 4,0 1,9
600 2,1 1,2 1,1 0,4
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Tab. 2: Porovndni vysledku nelinedrnich nedestruktivnich metod NRUS, resp. NWMS s vysledky
destruktivnich metod — s pevnosti v tahu Ry a pevnosti v tlaku R, pro vzorky bez poskozeni (28°C) se
vzorky poskozenymi 500°C a 600°C

Tab. 2: Results of non-linear non-destructive methods NRUS (Af,) and NWMS (B*) compared to the
results of destructive methods — tensile strength R, and compres-sive strength R, for reference
samples and samples damaged by 500°C or 600°C

T Af, B* Re R
['C] | [Hz] | [-] |[MPa]|[MPa]

28 1 2 4,6 42
500 8 17 0,9 22
600 13 164 0,3 18

Metoda NWMS vykazuje recipro¢né-exponencidlni zavislost na pevnosti v tahu ¢i
tlaku, stejné jako na ostatnich mechanickych parametrech betonu (s klesajicimi
hodnotami bé&zné& méfenych mechanickych vlastnosti betonu exponencidlné roste
koeficient §*). Zd4 se byt tedy velmi citlivym ukazatelem stavu materidlu. Sum je
relativné maly, coZz umoZfiuje pouzivat pomérné nizka budici napéti Fadové
v jednotkdch voltd. Na druhou stranu tento typ zkou$eni umoziiuje hodnotit stav
betonu pouze pfi kontinualnim méfeni; jediné méfeni ma malou vypovédni hodnotu,
nebot muze byt ovlivnéno lokalnimi nehomogenitami.

Metoda NRUS koreluje s naméfenymi hodnotami pevnosti nepfimou Uimérou a jevi
se byt relativné malo citlivym ukazatelem zmény struktury betonu. Nizka citlivost je
zplsobena i pomérné vysokym Sumem pfi stanoveni frekvenéniho spektra odezvy,
kvlli éemuz neni mozné pouzivat budici napéti mensi nez desitky voltl. Vyhodou
této metody je, Ze pfi nizkém stupni poskozeni ukazuje nulovou zménu rezonanéni
frekvence a pro prokdzani zmény struktury tedy odpadd potfeba srovndvaciho
méfeni. Kromé toho je tento typ zkouSeni relativné malo ovlivnén lokalnimi
nehomogenitami.

8. Zavér

Byla vybetonovana sada 9 trameckl z kfemicitého pisku, cementu a vody, na kterych
byla testovéna nelinearni rezonan¢éni metoda (NRUS), metoda dvoufrekvenéniho
smésovani (NWMS), ultrazvukova prlichodova metoda a rezonanéni metoda. Tyto
nedestruktivni metody byly porovnany pomoci destruktivnich zkouSek v tahu
a v tlaku.

Na zakladé vysledkd obou nelinedrnich i v8ech konvenénich metod je moZno
prokazat degradaci materidlu tepelnym poskozenim. Vyhodou nelinedrnich metod
oproti konvenénim metodam je vysoka citlivost na zmeény struktury zkouSeného
materidlu. Jejich nedostatkem je vysoky Sum, ktery omezuje dynamicky rozsah
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méficiho systému zdola. Shora je dynamicky rozsah limitovan pouzitymi piezoménici,
které Ize budit napétim maximalné ve stovkdch voltd. Zvysit dynamicky rozsah
systému je ovSem mozné pouzitim pfedzesilovace €i vykonnegjSich piezoménica typu
Langevin. Nasazeni metod nelinearni spektroskopie v Sir§im méfitku prozatim brani
komplikovany sbér dat a jejich dalsi zpracovani.

Tento ptispévek byl vytvorfen s finanéni pomoci projektu VI20152018016 z Programu
bezpednostniho vyzkumu Ceské republiky 2015 - 2020 Ministerstva vnitra.

Préace byla realizovana na velké infrastrukture SUSEN, ktera je finanéné podporena
Ministerstvem 8kolstvi, mladeze a télovychovy - projekt LM2015093, vybudované
v ramci projektu CZ.1.05/2.1.00/03.0108 a CZ.02.1.01/0.0/0.0/15_008/0000293.
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Abstrakt

Cldnek se zabyvd technikami zkouseni magnetickou prdskovou metodou (MT).
Je vysledkem obdobi vyvoje magnetizérd pro zkouseni ¢el, koncu a vnéjsiho povrchu trubek
praskovou metodou. Zaméfuje se magnetizacni techniky a kombinace magnetizacnich technik,
kterymi Ize dosdhnout véesmérové magnetizace zkouseného povrchu, nebo Zddané oblasti.
Vétsina zminénych technik byla ovéfena primym experimentem. Cldnek déli oblasti zdjmu na
vnéjsi povrch trubky, svar a TOZ (Tepelné Ovlivnénda Zona), konec trubky vcetné vnitiniho
povrchu konce. Dalsim thlem pohledu je promér trubky. Clének se vénuje trubkdm o priméru od
40 mm do 1,5 m a to samostatnym trubkdm pied svarenim do potrubniho systému.

Klicova slova: Magnetickd prdskova metoda, trubky, konce trubek, techniky zkouseni

Abstract

This article deals with various techniques used for magnetic particle testing. It is a result of
long period of development of magnetic particle benches for testing of tube bodies and tube
ends. It is focused on magnetization technics and combination of techniques which result into
combined magnetization of required surfaces or areas. Most of the techniques were verified
by direct experiment. The article divides the areas of interest to outer surface, weld and HAZ
(Heat Affected Zone), end of the tube including the inner surface. The other point of view is
the diameter of the tube. It shows techniques for automated testing of single tubes
from 40 mm up to 1.5 m in diameter before welding with other tubes.

Key words: Magnetic particle method, tubes, tube ends, test techniques

1 Uvod

VétSina pozadavkd na zkouSeni MT vychazi pfimo z pozadavki vyrobcl trubek
atrub, ktefi se bud pfimo snazi ndsledovat pokynt norem [1] [2] [3] [4], nebo
vytvareji své vlastni. Vedle zkouSeni polotovarl pro vyrobu trubek a koncl hotovych
trubek pomoci ultrazvuku a radiografického zkou$eni svar(l na trubkach vétSich
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primérd, je magneticka praskova zkouska hojné uzivana pro nedestruktivni zkousenfi
povrchd, koncll se zavity, nebo ploch pfed svafenim.

V8echny hodnoty intensity proudu a magnetického pole jsou uvadény jako efektivni
hodnoty. Mnoho ze zminénych technik pouziva dvé ze tfi fazi distribuéni sité. Tato
nevyvazena zatéz mulze v siti zplsobovat nezadouci fazové posuvy, které je treba
pfi velkych vykonech kompenzovat.

2 Zkouseni vnéjsSiho povrchu trubek

2.1 Civka ve tvaru koryta

MP-Priifung der AuBenoberfliche
abschnittsweise mm)

Podélna magnetizace
Obradzek 1 - Civka ve tvaru U [4].

Korytova civka s nékolika paralelnimi podélnymi segmenty a nékolika segmenty
kolmymi na osu trubky Ize pouzit pro zkou$eni vnéjsiho povrchu. Trubka je unaSena
podél své osy a#soucasné okolo ni rotuje. Béhem tohoto pohybu je polévana detekéni
suspenzi. Segmenty civky paraleini s osou trubky zplsobuji cirkularni magnetizaci.
Zbylé segmenty slouzi k podélné magnetizaci. Takovéto rozlozeni je vhodné pro
trubky v rozsahu primérd od 20 do 700 mm. Maximalni ptikon je 90 kW [5].

2.2 Oteviena civka a pomocny vodi¢

Obrdzek 2 — Otevrend (polovicni) [8]. Obrdzek 3 — Pomocny vodic [9].
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Kombinaci zminénych technik Ize dosahnout vSesmérové magnetizace povrchu
trubky. Zkou$end oblast je omezena prostorem pod a viésné blizkosti zavitl
poloviéni civky. Centralni vodi¢ magnetuje cirkuldrné povrch po celé délce trubky.
Pro snizeni potfebného vykonu lze pouzit i vodi¢ umistény k horni &asti vnitfniho
povrchu. Proudy pro napdjeni obou magnetiza¢nich prvkd musi byt fdzové posunuty.
V tomto pfipadé je dostadujici rozdil fazi poskytovany siti, tedy 120°. Naptiklad
trubka o priiméru 220 mm a tloustce stény 8 mm vyzaduje miniméalni proud 1,5 kA do
pomocného vodi¢e a alespofi 3 kA do oteviené civky. S takovymi proudy Ize
dosahnout na zkouSeném povrchu intensity mag. pole 2 kA/m. Tedy minimalni
hodnoty vyzadované v Obecnych principech pro MT [6].

Obrdzek 4 - Experiment s pomocnym vodicem [7].

3 Zkouseni svaru

Pokud neni trubka tazend, tedy bez svaru je tfeba ji vyrobit z polotovaru plechu.
Obdélnikovy plech je v lisu ohyban na kruhovy profil a nasledné podélné svafen.
Prvni druh svaru je tedy rovny, podélny. Druhym zpUsobem jsou spirdlové svary,
které se pouzivaji pro vyrobu trubek vétSich primér( z plechového svitku.
Nasledujici techniky jsou uréené pro lokalni zkouSeni. Lze je proto pouzit pro oba
dva zminéné typy svarl. Rozdil je pouze v manipulaci s trubkou. Pro spirdlové svary
je kromé pohybu v ose (pohybuje se trubka, nebo magnetizér) nutna i rotace.
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3.1 Kf¥izové jho

magneticky obvod
z transformétorovych plechd

civka

zkousena oblast

Obrazek 5 — KiiZové jho.

Pravdépodobné nejjednodussi cestou zkou$eni svaru, kterou lze také snadno
automatizovat je pouZziti kfizového jha. Jedna se o kombinaci dvou jednoduchych jeh
a dvou parl civek napajenych fazové posunutym stfidavym proudem. Ackoli vyrobci
uvadeji stfidavé proudy s fazovym posunem 90 °, konstrukce s pfijatelnymi naklady
vede k pouziti dvou sffovych fazi, tedy posunu o 120 °.

3.2 Prilozny vodi¢ a pfilozna civka

Obrdzek 6 — PodéInd magnetizace priloznou civkou [7].  Obrdzek 7 — Cirkuldrni magnetizace priloznym vodicem [7].
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4 Zkouseni koncu trubek

Polotovary plecht pro vyrobu trubek jsou obycéejné zkous$ené pomoci ultrazvuku.
Tato technika v8ak neni vhodna pro konce plechl. Po svinuti a svafeni je na konci
trubky Casto obrobena fazeta. VSechny zminéné procesy mohou dat vzniknout
novym vadam materidlu. Na oblast budouciho svaru jsou kladeny zvl&stni naroky.
Minimalnim pozadavkem je zkouSeni navarové plochy (Cela trubky) na obvodové
vady, které mohou vzniknout odhalenim laminarit plechu pfi obrobeni fazety.
Rozsitenym pozadavkem je kontrola budouci tepelné ovlivnéné oblasti a pfilehlych
ploch, tedy vnéjSiho povrchu trubky do vzdalenosti nékolika centimetrd od okraje
(podle prdméru trubky). Maximainim pozadavkem byva zkou$eni koncl trub na
vnitinim povrchu do vzdalenosti az nékolika desitek mm, obyc€ejné do hloubky
shodné s pozadavkem na vnéjsi povrch. U trubek malého priméru je logické
pozadavek na hloubku zkou$eni vnittniho povrchu omezit polovinou vnitfniho
praméru. Ve vétsi hloubce je vizudlni kontrola pfipadnych indikaci obtizna.

4.1 Kfizové jho s amplitudové regulovanymi zdroji s fazovym posunem

Obrdzek 8 — KriZové jho s fazovymi posuny, numericky model a experiment [7].

K¥izové jho tohoto typu se skldda z magnetického obvodu obdobného jako v (4.1)
aze Ctyf samostatnych civek napdjenych C&tyfmi zdroji s nezdvislym féazovym
posunem a amplitudou. Kombinace fazovych posunl a amplitud je navrzena tak, aby
na zkouSeném povrchu doSlo k vSesmérové magnetizaci. K navrZzeni vhodnych
fazovych posuvl pro dany typ trubky (primér a tloustka stény) bylo pouzito
optimaliza¢nich algoritmd v numerickém modelu.

Standardnim kfizovym jhem (4.1) Ize dosahnout v8esmérové magnetizace na
povrchu €ela, nikoli v§ak sou€asné na Cele a vnitfnim a vnéj$im povrchu. Zkousena
oblast je omezena mezi pdly jha. Pro moZnost zkouSeni béhem rotace, jezto je
podminkou dodrzeni pozadovaného vyrobniho taktu, je tfeba, aby mélo jho
dostate€né rozméry. ZkouSend oblast (oblast aktivniho rotujiciho pole) musi byt
vzhledem k rychlosti rotace trubky dostate¢né rozsahla, aby mohla pfipadna indikace
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na povrchu vzniknout jesté v aktivnim poli a pfebytek suspenze v tomto poli jesté
stadil odtéci. Pfi malé oblasti aktivniho pole hrozi smyti vytvofené indikace, nebo
s nutnym zpomalenim rotace nedodrzeni vyrobniho taktu.

Vlivem elektromagnetické vazby dochazi, podobné jako u transformatoru, k indukci
proudl z jednotlivych civek do ostatnich vétvi. Navrzeni fazovych posuvd a amplitud
tedy neni trividinim uUkolem. Protoze kfizové jho zasahuje do apertury trubky, je
pouzitelné pouze pro praméry pfiblizné od 200 mm, podle velikosti jha. Vizudlni
kontrola se provadi tésné po vystupu oblasti z aktivniho pole, napfiklad pfenosem
obrazu z fadkové kamery na monitor operatora.

4.2 K¥izové jho - klestové

.:/\/obvodve tvaru C

>

t >

obvod ve tvaru U

Obrazek 9 — Klestové kriZové jho [7].

KFtizové klestové jho ma vyrazné jednodussi Fizeni nez jho s Etyfmi zdroji (5.1). Jedna
se o dva modifikované magnetické obvody, kazdy s parem civek. Obvod ve tvaru U
vytvaFi cirkularni (obvodovou) magnetizaci a pole efektivné zasahuje pfiblizné do
hloubky rovné poloving vzdalenosti pdlovych nastavcl. Pdlové nastavce je tfeba
prizpUsobit tvaru ¢ela, naptiklad zkosenim v ptipadé fazety, jak je vidét na obrazku
(Obrazek 9).

Magnetizace podélna s osou trubky je realizovana magnetickym obvodem ve tvaru
pismene C. Pro minimalizaci vzduchové mezery je tfeba umoznit pohyb jednoho pdlu
ve svislém sméru. Hloubka je pak omezena délkou ramene mag. obvodu.
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Jho je napdjeno ze dvou fazi sitového napéti. Civky na jednotlivych mag. obvodech
jsou zapojené do série. Obvod tvaru C opét zasahuje do apertury trubky a proto je
vhodny od priiméru 300 mm. Velikost maximalniho priméru neni omezena.

Obrdzek 10 — Indikace na mérkdch SHIMS na vnéjsim povrchu, Cele a vnitinim povrchu [7].

4.3 Civka a pomocny vodi¢

Obrdzek 12 - Cirkuldrni magnetizace
pomocnym vodicem.

Spojenim magnetiza¢nich technik pomoci civek a pomocného vodi¢e je zkouska
celého povrchu realizovana v jednom kroku. Tvar intenzity magnetického pole (H) je
pro obé techniky zvlast viezu patrny na vySe uvedenych obrdzcich. Podélna
magnetizace muze byt pro zvySeni efektivity doplnéna o celni zavit, ktery je
zndzornény pouze ve schematické Casti obrazku (Obrazek 11). Civka je tvofena
jednim vodi¢em a lIze ji navinout i zpevného materidlu. Takova civka je pak
samonosna. Nevyhodou je nizky rozsah zkouSenych priimér( vzhledem k rigidnimu
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sadou civek pro rdzné priméry. Protoze ale magnetuje cely obvod nardz bez
nutnosti rotace, Ize timto zptsobem dosahnout kratkého taktu.

P¥i cirkularni magnetizaci prochazi proud st&nou trubky. Je proto nutné zajistit dobry
elektricky kontakt, aby nedochazelo k opalim. Pro zachovani zkousSeni celého
povrchu konce trubky v jednom kroku, je tfeba umistit vnitfni vodi€ jako centralni.

4.4 Soustava civek

Obrédzek 13 - Numericky model soustavy civek  Obrdzek 14 - Indikace na mérce SHIM
s trubkou [7]. pti experimentu [7].

Magnetizace pomoci soustavy civek je vhodna pro zkou$eni koncl trubek v celém
rozsahu zminéného v Uvodu kapitoly 5, tedy vnéjSiho i vnitfniho povrchu a cela
soucasné. Cely dil je zkouseny v jednom kroku bez nutnosti rotace. Pfi posunu
trubky v jeji ose je tento zpUsob vhodny i pro zkouseni vnéjsiho povrchu po celé jeho
délce, tedy i svaru podélného i spirdlového.

Soustava sestava z tfi az Ctyf civek, kde dvé jsou ve svislé poloze kolmé na sebe
navzdjem. Dal$i civka je umisténa vodorovné. Tato mlze byt doplnéna o dalsi
vodorovnou civku uloZzenou symetricky vzhledem ke stfedu soustavy. Soustava je
podobné popsana i v patentu [8]. Kazdd civka je napdjena jednou fazi sitového
napéti. Vodorovné civky, jsou-li pouZity obé, jsou podle moznosti vinuti v sérii, nebo
paralelné na spole¢né fazi. Pro Uplnost zmifime, Zze smér intenzity mag. pole
ve stfedu civky je rovnobézny s jeji osou. V tomto rozlozeni tedy kombinujeme ftfi
smeéry intenzity mag. pole s vzajemnym fazovym posunem.

Pro tento pfipad je plocha apertury soustavy civek (otvor, kterym prochazi trubka)
ptiblizné poloviéni vic¢i apertufe jedné zcivek soustavy. Pomér prlfezu trubky
a plochy apertury soustavy civek musi byt v rozsahu 0,2 - 0,7. Pro pomér menS§i nez
0,2 neni dil fAdné v8esmeérové zmagnetovan, pro vétsi pomér neprojde aperturou
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soustavy (neni kruhovd). Soustava je vhodna pro kontrolu vnitfniho povrchu, nebot
jej zadna z ¢asti mag. obvodu nezakryva.

5 Zaveér

Z uvedenych magnetizaCnich technik se, s pfihlédnutim ke v8em urovnim
pozadavk(, jevi jako nejuniverzalnéjSi technika s pouzitim soustavy civek, kterd je
s urCitymi omezenimi pouzitelnd pro v8esmérové zkouSeni celého povrchu trubky
vyjma ploch vnitfniho povrchu ve vzdalenosti vétsi, nez 20 cm od konce trubky.
Pro prdméry trub od 1 m by rozméry civek a pozadavky na zdroj vyznamné vzrostly,
proto je vyhodnéjsi lokalni magnetizace pomoci nékterého z typl kiizového jha.
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Abstrakt:

vdnesni dobé se stdle vice uZivaji alternativni metody k metodam prozafovdni pomoci
radionuklidd. V prdmyslu jsou vsak stdle jesté oblasti, ve kterych je metoda prozarovdnim
nejvhodnéjsim Ffesenim. Gamagrafie vyuZivajici radionuklidd jako je Ir-192, Se-75 nebo
Co 60 spojuji vyhody jednoduché manipulace, které nevyZaduji komplikované nastaveni, jak
umoZriuje prozafovat tlustsi materidly, neZ jaké dovoli napfiklad rentgenografie. Prozafovani
pomoci radionuklidi nabizi sama pfiroda na zdkladé pfirozené radioaktivity nékterych prvku.
V pfispévku nastinime uvodni informace nezbytné pro pochopeni viastnosti subatomdrnich
cdstic. Ndsledné se zaméfime na vyrobu ruznych radionuklidovych zdroji pro ucely
gamagrafie.

Klicova slova: prozarfovani, rentgenografie, gamagrafie, radionuklidy, radioaktivita

Abstract:

Nowadays alternative methods to radionuclide’s penetrating radiation are increasingly being
used. However there are still areas in industry where the method of penetrating radiation is
the most appropriate solution. Gamma radiography typically uses radionuclides like Ir-192,
Se-75 or Co-60 to combine the advantages of simple handling with no requirement of
complicated set up as it is in more sophisticated devices or systems. In addition energy of
gamma quantum allows to go through thicker materials than it is provided by
roentgenography. The radionuclide radiation is based on the natural radioactivity of some
elements. In the paper we will outline the introductory information necessary to understand
the properties of subatomic particles. Consequently we will focus on the production of
various radionuclides used for gamma radiography.

Key words: penetrating radiation, roentgenography, gamma radiography, radionuclide,
radioactivity
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1. Uvod

Radionuklidové zdroje jsou vyrabény aktivaci vhodnych materialll v reaktoru,
popfipadé v urychlovadi nabitych &astic. Pro vyrobu uzavfenych radionuklidovych
zdroji je pak aktivovany radionuklid zavafren do pouzdra. Tato pouzdra jsou
vyuzivana jako zdroje gama zafeni v projektorech pro ucely prozafovani.

2. Fyzikalni princip

Podobné jako u planetarniho modelu atomu, kde se elektrony vyskytuji na urcitych
drahach kolem jadra atomu, si Ize pfedstavit, Ze v jadfe atomu se nachazeji neutrony
a protony téz na ur€itych energetickych hladinach pfipominajici slupky. Neutrony
a protony jsou na téchto hladinach vazany silnymi interakcemi. Pokud se jadru doda
energie, mohou byt nukleony (protony a neutrony) excitovany na vyssi energetické
hladiny, nebo mohou uniknout z jadra, pokud je energie dostate¢nd. Excitované
nukleony se vrati na nizsi volnou hladinu za sou¢asného vyzareni ¢astic tak, aby byly
zachovany pfislusné zakony zachovani. Samovolny proces premény, ktery v jadie
u nékterych nuklidi nastavd, se nazyva pfirozena radioaktivita. Ta je zplsobena
nékolika nasledujicimi mechanizmy.

U tézkych jader, kdy silnd interakce jiz nedokdze kompenzovat odpudivé
elektromagnetické sily mezi protony, dochazi k ,odlomeni* alfa ¢astic. DalSim typem
radioaktivity je radioaktivni pfeména beta. Ta nastava pod vlivem slabé interakce,
pfi které dochazi k pfeméné kvarkl ,u“ a ,d“ v nukleonech. To ma za nasledek, ze se
neutron mlZe preménit na proton, elektron a elektronové antineutrino. Proton v jadfe
zlistava a elektron je emitovan z jadra jako beta minus ¢astice spolu s elektronovym
antineutrinem. Dal8i moznosti je, Ze i jinak stabilni volny proton, se ve vdzaném
stavu vjadre muUzZe pFfemeénit na neutron, pozitron (anti¢astice k elektronu)
a elektronové neutrino. Pozitron je pak emitovan zjadra jako beta plus ¢astice
tentokrat s elektronovym neutrinem. Posledni moznosti beta radioaktivity je
elektronovy zachyt.

Nejdllezitéjsi radioaktivni preména pro ucely NDT je pfeména gama. V podstaté se
nejedna o pfeménu, ale o deexcitaci jadra, pfi které se vyzari foton ve formé gama
kvant. Radioaktivita gama je vzdy nasledovana po pfeméné alfa nebo beta.
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Obr. 1 Radioaktivni prteména
Fig. 1 Radioactive decay

3.  Postup vyroby radionuklidovych zdroja

Radionuklidy nachazime v pfirodé, nebo je mozné je vyrabét v jadernych reaktorech
a urychlovacich nabitych ¢astic. Pro ucely NDT jsou radionuklidy, jako je Ir-192, Se-75
nebo Co-60 vyrdbény v jaderném reaktoru aktivaci neutrony. Proces je nasleduijici.

Stabilni isotop, jakym je napfiklad iridium, se vlozi do reaktoru, kde je nasledné
bombardovan tokem neutronli o pfislusné energii. Pokud jadro stabilniho isotopu
zachyti jeden nebo vice neutron(, vznikne tak novy isotop, ktery ma sice stejny pocet
protond, tedy stejné atomové &islo, ale vice nukleond (protony + neutrony), tedy vétsi
nukleonové Cislo. Efektivita tohoto zachytu je umérna uginnému prafezu reakce
a hustoté neutronového toku.

Noveé vzniklé isotopy mohou byt stabilni nebo radioaktivni. V pfipadé iridia se pouziva
pro aktivaci pfirodni iridium, které obsahuje 37% Ir-191 a 63% Ir-193. Pro vyrobu Ir-192
je dllezité pouze Ir-191, které se zachytem jednoho neutronu preméni na Ir-192.
Zachytem dal$ich neutron( v Ir-191 nebo v Ir-193 vzniknou nechténé radionuklidy,
které maji nastésti kratky polocas radioaktivni pfemény a brzy se vyzafi. Jak jiz bylo
feceno, jednim z parametrd, ktery ovliviuje efektivitu zachytu neutronu v daném
isotopu, je ucinny prafez reakce. Ten se da ovlivnit naptiklad optimalizaci energie
bombardujicich neutrond, upravenim tvaru a rozméru bombardovaného ter¢iku, nebo
zejména zvySenim obsahu zadouciho isotopu. Tedy pokud chceme, aby se co
nejvétsi mnozstvi iridia pfeménilo na pozadované Ir-192 je nutné pfirodni iridium
isotopicky obohatit, aby obsahovalo vice Ir-191. Toto je dosti komplikovana a draha
procedura, ktera se ale samozfejmé pouziva, pokud chceme vyrobit zdroje o malych
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ohniskach s relativné vysokou aktivitou. Pro vyrobu standardnich zdrojli postacuje
pfirodni iridium bez isotopického obohaceni.

Jind situace je u selenu. Pro vyrobu Se-75 je prakticky nemozné vyuzit ptirodni
selen, nebof obsahuje pouze 0,89 % Se-74. Tedy je nutné ho pfed aktivaci
v reaktoru isotopicky obohatit. U kobaltu je naopak témeéf veskery pfirodni kobalt
slozen z Co-59, tim padem je mozné ho pfimo aktivovat v reaktoru podobné jako
ptirodni iridium.

V nasich horkych komorach vyrabime zejména iridiové zdroje tim zplsobem, Ze
aktivované iridiové disky zavafujeme do nerezovych pouzder. Findlni zdroje prochazi
kontrolou kvality, béhem které jsou testovany na tésnost a povrchovou kontaminaci.

Ir-192 ma polo¢as radioaktivni pfemény 74 dni a energii emitovanych gama kvant
vrozsahu 206-612 KeV. Pfi prozafovani je vhodné ho vyuzit pro materidly
o ekvivalentu tloustky oceli od 12 do 70 mm. Se-75 méa deldi polocas
radioaktivni pfemény, ktery je 120 dni. Energie gama kvant je mékei a je v rozsahu
97-401 KeV. Z dlvodu niz8i energie gama je jeho vyuziti zhruba obdobné, jako
u rentgenografickych systému, avSak na rozdil od nich, nepotfebuje vnéjsi zdroj
elektrického napajeni a neni potfeba zadné dodate¢né nastaveni. Prozafovat Ize
ocel od 8 do 30 mm. Ze zdrojl, které se standardné pouzivaji pro defektoskopii ma
Co-60 nejdel$i poloCas radioaktivni premény. Ten je 5,27 roku. Zaroven ma
i nejvyssi energii emitovanych gama kvant vrozsahu 1173-1333 KeV. Vysoka
pronikavost zafeni gama umozniuje prozafovat ocel o tloustce od 50 do 120 mm.

4. Zavér

Stdle jsou jesté oblasti, ve kterych je metoda prozafovanim pomoci radionuklidd
nejvhodngj§im feSenim a jiné dostupné metody, neposkytuji v téchto pfipadech
uspokojivé vysledky. Zejména se to tyka prozafovani tlustSich vrstev materidlG.
Ukazuje se, Zze vyroba radionuklidl pro gamagrafii je stédle perspektivni, nebot
poptéavka po téchto produktech trva. Z tohoto dlivodu proces vyroby iridiovych zdroju
neustdle zefektiviiujeme a po vice nez desetiletych zkuSenostech jsou nase zdroje
vyuzivany v oblasti gamagrafie po celém svéte. V sou€asnosti pracujeme rovnéz
na vyzkumu a vyvoji s cilem vyrabét vlastni selenové zdroje.
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Obr. 2 Radionuklidové zdroje
Fig. 2 Radionuclide sources ecay
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Abstrakt

Aditivné vyrabéné materidly se stdle Castéji pouZivaji v riznych typech inZenyrskych aplikaci.
Posledni prdce z této oblasti se zamérovaly pfedevsim na zlepseni kvality takto vyrabénych
materidld. Cilem bylo dosdhnout stejnou nebo lepsi kvalitu jako je u materidli konvencné
vyrabénych. To pfindsi potfebu efektivniho testovani.

Prezentovand prdce vyhodnocuje a srovndva unavové procesy aditivné vyrobeného a odlitého
materidlu vyuZitim metody akustické emise. PouZitou aditivni technologii je selective laser
melting (SLM). Testovanym materidlem je hlinikovd slitina AISi9Cu3. Oba materidly byly
testovdny v litém resp. v ,as-built” stavu bez jakékoliv tepelné upravy. VSechny vzorky byly
podrobeny zkouskdm unavy v ohybu ve vysokocyklové oblasti a vysledky byly vyhodnocovany
pomoci metody akustické emise. Hlavnim cilem prdce je analyzovat odezvu akustické emise
na unavové poskozovdni a tak srovnat unavové chovani liteho a aditivné vyrdbéného
materidlu.

Vysledky ukazuji, Ze unavovd Zivostnost SLM materidlu je lepsi, neZz u materidlu odlitého
s blizkym chemickym sloZenim. Akustickd emise umoZriuje detekovat fdze unavového
poskozovani.

Klicova slova: unava materidlu, akustickd emise, hlinikové slitiny, selective laser melting

Abstract

Additively manufactured (AM) parts are more and more used in different types of engineering
applications. The latest studies were mainly aimed at improving the quality of the material
produced by AM in order to achieve the same or better quality as conventional materials,
resulting in the need for testing these materials.
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Presented study evaluates and compares the fatigue processes of AM and cast materials using
acoustic emission method. The used additive technology is selective laser melting (SLM).
Tested material is aluminium alloys AISi9Cu3. Both materials were tested in as-cast or as-built
condition without any heat treatment. All samples were subjected to fatigue bending tests in
high-cycle regime and the results were evaluated by acoustic emission measurement.
The main goal is to analyse the acoustic emission response to fatigue damage and to compare
fatigue behaviour of cast and AM material.

Results show that fatigue life of SLM material is better than casting material with similar
chemical composition. Acoustic emission detects stages of fatigue process.

Key words: material fatigue, acoustic emission, aluminum alloys, selective laser melting

1. Uvod

Technologie addtive manufacturing (AM) nebo rapid prototyping (RP) se pomalu
zalinaji fadit mezi bézné vyrobni technologie. Hlavni vyhody jsou zfejmé, rychla
vyroba komplikovanych dill v relativné kratkém &ase a za vyhodou cenu. Tu se
podafilo snizit diky intenzivnimu vyzkumu a rozvoji téchto technologii v poslednich
letech. Selective laser melting (SLM) se fadi mezi technologie AM, které umoznuji
vyrabét kovové dily.

Princip SLM je ukazan na Obr. 1 [1]. Tenké vrstvy kovového prasku jsou roztaveny
a spojeny pomoci laserového paprsku. To umoznuje vyrabét dily komplikovanych
tvard, nicméné kvalita vysledného materidlu mlze byt relativné nizka. To je spojeno
predevS§im s vyskytem vnittnich vad, jako jsou pFedev§im dutiny zplsobené
nedostatkem materidlu [2], nebo trhliny, které vznikaji vlivem velkého teplotniho
gradientu béhem vyroby. Tyto defekty je mozné eliminovat optimalizaci vyrobniho
procesu [3,4] nebo tepelnym zpracovanim [5,6]. Brandl a kol. ve své praci [5]
zpracovava slitinu AISi1OMg. Bylo ukdzano, Ze pfi pouziti optimdlnich vyrobnich
parametr(l je mozné dosahnout lepsi odolnosti vi¢i Unavé, nez ma standartni (lity)
material.
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Obr. 1 Princip technologie SLM [1]
Fig. 1 SLM principle [1]

Nase posledni studie [6] ukdzala, ze technologii SLM neni mozné zpracovavat
v8echny slitiny hliniku (Al). Unavova odolnost SLM materialu AICuMg1,5Ni byla
nesrovnatelné nizsi nez u extrudovaného materidlu s blizkym chemickym slozenim.
Srovnani vysledkd stejnych testl slitiny AISi10Mg ukazalo, ze technologie SLM je

vhodng&jsi pro slitiny, jejichZz chemické sloZeni se blizi k eutektickému.

Metodu akustické emise [AE] Ize pouzit pro on-line monitorovani procesu unavového
namahani a ristu praskliny [7,8]. Bylo dokdzano, ze Ize identifikovat 3 Unavova stadia
— kumulace poskozeni, iniciace a rast trhliny a tim popsat postup tnavy. Srovnani
signalu AE béhem unavového zatizeni SLM a extrudovaného materidlu ukézalo, jak
moc se li§i [6]. Hlavni rozdily Ize pozorovat v poméru jednotlivych stadii. Zatimco
u SLM materidlu je nejdel§im stadium rlstu trhliny, zatimco stadium kumulace
poskozeni je relativné kratké, v pfipadé extrudovaného materidlu toto stadium zabira

nejvetsi ¢ast zivotnosti vzorku, viz obr. 2 [6].
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Obr. 2 Zdznam AE z unavového zatizeni extrudovaného (a) a SLM materidlu (b), slitina
AlCu2Mg1,5Ni. A — kumulace poskozeni, B — iniciace, C — rust trhliny [6]

Fig. 2 AE record of extruded (a) and SLM material (b), alloy AICu2Mg1.5Ni. A — pre-initiation stage,
B — initiation stage, C — post-initiation stage [6]
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2. Material a metody

2.1 Material

Na zakladé pfedchozi studie [6] byla pro testovani vybrana slitina AISi9Cu3. Tato
slitina se bé&Zné pouziva pro odlévani a jeji chemické sloZeni se blizi k eutektickému.
Referenénim materidlem byl gravitaéné odlity vzorek ze stejného materialu. Pevnost
v tahu byla 485 MPa u SLM a 177 MPa u litého materidlu.

Srovnani mikrostruktury obou materidlu je ukdzano na obr. 3. Mikrostruktura litého
materidlu obsahuje vyznamné mnozstvi fazi s ostrymi okraji. U materidlu SLM se tyto

materidlové faze nevyskytuji, vidime zde pouze malé kulaté péry a hranice vyrobnich
vrstev.
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Obr. 3 Mikrostruktura litého (a) a SLM materidlu (b)
Fig. 3 Microstructure of cast (a) and SLM (b) material

2.2 Testovani inavy a méreni AE

Oba materidly byly testovany v litém stavu, resp. ve stavu as-built, bez jakéhokoliv
tepelného zpracovani. Celkem bylo testovano 11 vzorkd z SLM a 12 vzork( z litého
materialu. VSechny vzorky byly obrobeny do tvaru dle geometrie na obr. 4a a testovany
na odolnost vic&i unavé. Zkousky byly provedeny na elektro-rezonanénim zatizeni
RUMUL Cractronic 8204 za pokojové teploty. Unavovy cyklus byl sinusovy
s koeficientem nesoumeérnosti R = -

Pro snimani AE byl pouzit monitorovacim systémem DAKEL-XEDO se dvéma
piezoelektrickymi snimaci DAKEL MIDI s 35 dB pfedzesilovaci. Systém XEDO
umozriuje 12-bitové synchronni vzorkovani s frekvenci 2 MHz. Sensory byly ptilepeny
na obou koncich vzorku. Celd méfici stanice je na obr. 4b.
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Obr. 4 Geometrie obrobeného vzorku (a) a méfici stanice (b)

Fig. 4 Geometry of machined sample (a) and measuring station (b)

3. Vysledky a diskuse

Vysledky zkousek Unavy byly srovnavany pomoci S-N kfivek v soutadnicich log-log,
viz obr. 5. Odolnost vi¢i unavé SLM materidlu je o trochu lep$i. To je pravdépodobné
zplsobeno ostrymi fazemi, kterou byly pozorovany pouze v mikrostruktufe litého
materidlu.
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Obr. 5 S-N kfivky SLM a litého mateirdlu
Fig. 5 S-N curves of SLM and cast material

Zaznamy signalu AE jsou zobrazeny na obr. 6 a 7. V obou pfipadech jsou jasné
viditelna 3 typicka stadia unavy. Stadium kumulace poskozeni — je charakterizovano
vyraznou aktivitou AE, ktera je zplsobena mikrostrukturnimi zménami. Potom aktivita
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AE kles3, zadina stadium iniciace — B a vznikaji mikrotrhliny. Aktivita AE opét nar(ista
ve stadiu rustu trhliny — C.

Hlavni rozdily mizeme pozorovat v poméru jednotlivych stadii. Zatimco u litého
materialu jsou stadia téméf rovnomérné rozdélena na celou dobu Unavové Zivotnosti,
délka stadii u SLM se IiSi. Stadium A je nejkratSi a C nejdelSi, to zabird témeérf pllku
z celkové zivotnosti. To naznaduje, Ze unavovy proces se u obou materidlu lisi
mechanismem rastu a $ifeni trhliny. U litého materidlu je hlavni trhlina iniciovana
predevsim mikrostrukturnimi zménami, u SLM materidlu jsou pdry spojovany pomoci
mikrotrhlin.
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Obr. 6 Zdznam AE u litého materidlu, amplituda zatizeni 132 MPa
Fig. 6 AE records of cast materidl, stress amplitude 132 MPa.
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Obr. 7 Zdznam AE u SLM materidlu, amplituda zatiZeni 142,6 MPa
Fig. 6 AE records of SLM materidl, stress amplitude 142.6 MPa

Detailnéj$i analyza signalu AE je ukdzana na obr. 8. Mezi SLM a litym materidlem lIze
pozorovat jasny rozdil. U stadia A litého materidlu se €as trvani udalosti AE pohybuje
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vétsinou mezi 1000 a 2000 s, v pfipadé SLM materidlu to je mezi 1000 a 4000 us.
U stadia B je rozdil v amplitudé uddlosti. U SLM materidlu se tato hodnota vétSinou
pohybuje mezi 200 a 500 mV. U litého materidlu je rozptyl téchto hodnot daleko vétsi,
ale vétSina udalosti je mezi 200 a 1000 mV. To podporuje hypotézu o rozdilném
mechanismu iniciace a rlstu trhlin.

a A: Kumulace poskozeni b B: Iniciace
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Obr. 8 Cas nabéhu (us) a amplituda (mV) uddlosti AE, (a) stadium A, (b) stadium B
Fig. 8 Rise time (us) and amplitude (mV) of AE events. (a) pre-initiation, (b) initiation stage

Testovani unavy a méfeni AE bylo doplnéno fraktografii lomovych ploch u SLM
materidlu. Fotografie ze skenovaci elektronového mikroskopu jsou zobrazeny na
obr. 9. Misto iniciace trhliny je lokalizovédno v defektu tésné pod povrchem vzorku
(Cerveny krouzek na obr. 8). Na povrchu trhliny Ize pozorovat velké mnozstvi por(,
nékteré z nich jsou propojeny mikrotrhlinami.

Obr. 9 Lomovd plocha SLM mateirdlu

Fig. 9 Fracture surface of SLM material

4. Zavér

Byly prezentovany vysledky testd unavy s méfenim akustické emise u materidld
vyrdbénych technologii SLM a gravitaénim odlévanim. Chemické slozeni obou
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materidld odpovidaji standardu AISi9Cu3. SLM materidl ma o trochu leps$i tnavovou
zivotnost nez materidl odlity.

Vyrazné rozdily byly pozorovany v zaznamu signalu AE. Oba materidly maji 3 typicka
stadia Unavy — kumulace poskozeni, iniciace a rlist magistraini trhliny, ale lisi jejich
pomeérem k celkové Zivotnosti. Toto pozorovani spolec¢né s fraktografii lomovych ploch
SLM materidlu naznacuje rozdilny mechanismus v iniciaci a rastu hlavni trhliny.
U litého materidlu je hlavni trhlina primarné iniciovdna zménami v mikrostruktufe
materidlu, u SLM materidlu je prostfednictvim spojovani vyrobnich vad mikrotrhlinami.

Podékovani

Autofi prace by chtéli podékovat Vysokému u&eni technickému v Brné za finanéni
podporu projektd ¢. FV 17-54 ,Ptehled NDT metod a jejich vyuZiti“.

Tato studie byla za podpory CNDT prezentovana v anglické verzi na konferenci 12th
ECNDT v Géteborgu.
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Abstrakt:

V prispévku je popsan zpiisob tlakové zkousky nadoby vyrobené z austenitické oceli typu AIST
304. Jako nedestruktivni kontrolni inspekce byla pouzita metoda akustické emise. Na vnéjsim
povrchu nadoby byla rozmisténa sit snimacii AE zahrnujici cely objem nadoby. V normalnim
provozu tato tlakova nadoba pracuje v kryogennich podminkach (-160° C). Pri viastni tlakové
zkouSce dusikem byla registrovand zvySend emisni aktivita, zejména ve valcové Casti nddoby.
Jednotlivé emisni uddlosti nebyly lokalizovany do dilcich zdrojii (klastrii), ale rozlozeny
v celém objemu plasté. Toto zpusobilo komplikaci pri hodnoceni stavu tlakové nadoby dle
stavajicich platnych norem pro hodnoceni signalii AE. Dalsi analyzou bylo zjisténo, Ze se
Jedna o registrované AE signaly vyvolané fazonou transformaci austenitu na deformacni
indukovany martenzit, véetné reverzniho procesu v lokalnich mistech.

Klicova slova: Tlakova zkouska, Akusticka emise

Abstract:

The paper describes a method of pressure testing of a vessel made from austenitic steel type
AISI 304. The method of acoustic emission was used as a non-destructive inspection tool.
On the outer surface of the vessel was placed a network of AE sensors comprising the entire
volume of the vessel. In normal operation, this pressure vessel operates under cryogenic
conditions "(-160 ° C). During the pressure test with nitrogen, increased emission activity was
registered, especially in the cylindrical part of the vessel. The individual emission events were
not located in sub-sources (clusters), but were distributed throughout the shell volume. This
caused a complication in evaluation of the pressure vessel according to the current valid
standards for the evaluation of the AE signals. By further analysis has been found that the
registered AE signals were induced by phasone transformation of austenite to deformation-
induced martensite, including the reverse process at local sites.

1. Uved

Bylo provedeno méfeni akustické emise, které bylo realizovano pii nahradni tlakové zkousce
dusikem.

Cilem meéfeni akustické emise bylo posouzeni integrity télesa tlakové nadoby a identifikace
ptipadnych emisnich zdroji, které by svoji charakteristikou odpovidaly aktivnim defektim
a které mohly vzniknout v disledku piisobeni provoznich zatézovacich parametrii béhem
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dlouhodobého provozu. ZvySenad pozornost byla vénovana ptredevsim tlakové nadobég, kde
byla opakované¢ za provozu detekovana netésnost, a existovalo podezieni, zda tato netésnost
neni zptisobena prichozim defektem typu trhlina v materialu télesa tlakové nadoby, k jejimuz
rozevirani dochazi v pribéhu zmeény zatézovacich parametri pii ndb&hu na provozni
parametry — tlak do 3,3 MPa, teplota cca -160°C).

2. Prubéh

Na tlakovou nadobu bylo na valcovou ¢ast instalovano celkem 12 sond AE + 1 sonda na
pfivodni potrubi u dolniho ptlkulového dna, které byly rozmistény v trojihelnikové meéftici
siti (4 fady sond po 3 sondach po obvodu) a pokryvaly celou plochu télesa tlakové nadoby
a umoziovaly plo$nou lokalizaci zdroji emisnich signalii nejen z valcové €asti, ale i z obou
palkulovych den. Vzdalenost jednotlivych fad byla 1 000 mm, vzdalenost sond v fadé po
obvodu 1090 mm. Kalibra¢ni méfeni potvrdilo vysokou citlivost méfeni a optimalni
lokalizaci zdrojii AE v souladu s nornou CSN EN14584,

Pouzita méfici technika:
- 2x 20 kanalovy méfici systém AE ACES IDT04
- piezoelektrické sondy AE typ PETO04, fi. = 250 KHz s integrovanym
predzesilovacem

- fidici pocitace s procesorem Pentium 4, 1,8 GHz
- propojovaci signalové PETK kabely

Analogovy signal ze sondy AE je uveden propojovacim kabelem do méfici aparatury AE IDT
04, kde je dale zesilen a je provedena obalkova analyza signalu.

U méfeni v rezimu plo$né nebo linearni lokalizace je zaznamendna posloupnost pfichodu
signalu k jednotlivym sondam métici sité, véetné At Casii a na zakladé znalosti podminek
Sifeni signdlu a na zakladé znalosti geometrie rozmisténi sond AE je provedena v redlném
Case lokalizace zdroje signalu.

Kalibra¢ni méfeni bylo provadéno za ucelem:

a) kalibrace jednotlivych sond — zjiSténi citlivosti a nastaveni korekce zesileni jednotlivych
meéficich kanalt

b) stanoveni rychlosti Sifeni

¢) ovéteni piesnosti lokalizace.

Kalibrace sond AE byla provadéna pomoci zlomeni mikrotuhy tvrdosti 2H (pentest)
u jednotlivych méficich mist, kde byly naméfeny hodnoty amplitudy v rozmezi 92 az 95 dB.
Korekce zesileni jednotlivych méficich kanald byla nastavena na stfedni hodnotu 93 dB.
Prahova hodnota pro detekci diskrétnich emisnich signalt byla nastavena na 30dB. Hodnoty
amplitudy na vzdéalenych sondach v sousedni fad¢ byly u naddoby v rozmezi 71 az 74 dB.
Rozmisténi sond AE, resp. max. vzdalenost mezi jednotlivymi sondami, je v souladu
s normou CSN EN14584.

Pro ovéteni lokalizace byl proveden pentest v nékolika bodech méfici sité. Podle vysledku
lokalizace a vysledkdi méfeni rychlosti $ifeni byly pro vyhodnoceni zvoleny nasledujici
rychlost $ifeni:

Nadoba - 3 420 m/s
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3. Méreni AE

Meteni AE bylo realizovano na tlakové nadobé FA309 v pribéhu dvou tlakovych cykld.
Tlakové médium byl dusik.

Casovy pribsh 1. Tlakového cyklu na tlakové nadobg, veetnd vyznageni délky prodlev na
maximdalnim tlaku je na obr. 3.1.

Tlakova nadoba
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Obr. 3.1~ Casovy priibéh 1. tlakového cyklu na tlakové nadobé

4. Vyhodnoceni vysledkii

V ramci hodnoceni naméfenych dat byly z celkového poc¢tu naméfenych emisnich udalosti
(EU) odfiltrovany ty, jejichz piivod lze povazovat za rusivy. Jednalo se pfedev§im o rusivé
elektrické signaly a dale signaly od fluktuujiciho pozadi, jehoz $picky kratkodobé prekrocily
nastavenou prahovou hodnotu pro detekci diskrétnich emisnich signalt. Z namétenych dat
pak byly dale vylouceny emisni udalosti, kde hodnoty vnitinich parametri jako pocet
prekmiti — Nc, Sitka pulsu — Width, doba nab&éhu — R.time a amplituda — Ampl, neodpovidaji
realnym emisnim udalostem ve formé ostrych diskrétnich signalt tvaru tltumenych kmita.
Rovnéz byly z naméfenych dat vylouCeny emisni udalosti, které se nepodafilo na zdklade
zméfenych At ¢astl, posloupnosti ptichodi k jednotlivym sondam méfici sité a jeji konfiguraci
lokalizovat.
Vysledky méfeni jsou zpracovany pro tlakovou nadobu ve formé mapy plosné lokalizace
emisnich udalosti na rozvinutém plasti a casovych prubéhl emisni aktivity, amplitudy EU
a tlaku.
Mapy zobrazuji body - lokalizované udalosti AE, kde barvy od
modré > > zelené > oranzové > po Cervenou vyjadiuji zavaznost boda dle:

- bud’ vysoké lokalni aktivity udalosti (hustoty bodii-udalosti)

- nebo vysoké intenzity udalosti
Piipadné shluky udalosti AE (pfedev§im pak ty s Cervenym ¢i oranzovym jadrem) jsou
vybrany a oznaéeny jako lokalné¢ koncentrované zdroje udalosti AE a jsou v mapach
lokalizace oznaceny jako emisni zdroje Z1 az Zn. Fialové jsou oznaCena mista
s instalovanymi snimaci AE.
Pro v/v potrubi jsou vysledky zpracovany ve formé grafi linedrni lokalizace emisnich
udalosti, resp. rozlozeni Cetnosti emisnich udalosti po délce meéfen¢ho useku potrubi
a Gasovych pribéht emisni aktivity, amplitudy EU a tlaku.
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Podle normy CSN EN 14584 jsou emisni zdroje vzhledem k zatéZovacimu stimulu (tlaku)
klasifikovany do 3 tiid podle nasledujici tabulky.

Klasifikace Definice DalSi postup
zdroje
Z4dna dal§i &innost neni nutnd, zdroj se zahrne
1 Nevyznamny zdroj | do  protokolu pro porovndni s naslednou
zkouskou.
Pokud zdroje souvisi se specifickymi ¢astmi
2 Aktivni zdroj tlakového zafizeni, doporucuje se dalsi NDT

(napriklad svarové spoje, piivafované soucasti).
Pfed uvedenim tlakového zafizeni do provozu
musi byt provedeno dal$i vyhodnoceni pomoci
vhodné NDT

Kriticky aktivni
zdroj

Klasifikaci je provadéna podle celkové aktivity, trendu aktivity, intenzity, trendu intenzity, dle
znalosti ru$ivého ptivodu zdroji AE a pfedevsim porovnanim s ¢asovym prub&hem stimulu
poruseni, kterym je v tomto piipadé narust tlaku a prodlevy na maximalnim tlaku.

Pii vyhodnocovani namétenych dat bylo vzato v uvahu, ze na nadobé byl jiz v kratkém
¢asovém horizontu pied méfeni AE aplikovan N pocet zatéZovacich tlakovych cyklii na
tlak 3,5 a 4.0 MPa pii tésnostnich tlakovych zkouskach, souvisejicich s opakovanym nabéhem
po identifikaci netésnosti a pii jejim hledani pomoci héliového testu. To ma zasadni vliv na
posuzovani zavaZnosti detekované a lokalizované emisni aktivity na obou tlakovych
nadobach.

Tlakova nadoba

Na valcové casti tlakové nadoby byla v obou tlakovych cyklech detekovana pomérné vysoka
emisni aktivita. Jak je patrné z nize uvedenych map lokalizace a asovych pribéhii emisni
aktivity, emisni udalosti jsou v obou tlakovych cyklech lokalizovany po celém povrchu
valcové Casti, s vétSi hustotou v horni poloviné. Vysledky lokalizace v obou tlakovych
cyklech ale nepotvrdily koncentraci emisnich udalosti do ostrych lokalnich emisnich
zdroju se zvySenou Cetnosti a intenzitou emisnich udalosti, které by ukazovaly na mozny
lokalni pevnostni problém materialu télesa tlakové nadoby, tj. pritomnost aktivnich
defekti typu trhlina.

Z casovych prubehii emisni aktivity je patrné, ze zvySena Cetnost emisni aktivity nastava po
prekroceni tlaku 2,8 az 3,0 MPa. Kontinualni nartist emisni aktivity byl zaznamenan i v obou
Casovych prodlevach, pficemz s naristem Casu neni, zejména ve druhém tlakovém cyklu,
patrny pokles ¢etnosti emisni aktivity v prodleve.

VétSina emisnich udalosti vykazuje nizkou aZ stfedni intenzitu, nizky pocet intenzivnich
emisnich udalosti s amplitudou nad 60 dB neni koncentrovan do emisnich zdroji. Kompletace
zvySeného poctu emisnich udalosti z hitll nizké a stfedni intenzity je umoznéna z divodu
vétsiho poctu sond AE, mensi vzdalenosti mezi sondami a tim i niz$iho Gtlumu signalu AE
a také z divodu velmi nizkého Sumového pozadi béhem zkousky. Tyto skutecnosti pFispély
k tomu, Ze méieni bylo provadéno s vysokou citlivosti detekce emisnich signald.

Prestoze vysledky obou tlakovych cykld nepotvrdily lokalizaci lokalnich emisnich zdroju, je
vysoka emisni aktivita v obou tlakovych cyklech a jeji narust i v obou prodlevich
porusenim Kaiserova efektu, ktery predstavuje vyznamné kritérium pro posuzovani
zavaznosti emisni aktivity a lokalnich emisnich zdroji, zejména s ohledem na jiz dfive
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aplikované tlakové cykly. Ocekavany vysledek by proto byl, ze v obou tlakovych cyklech

bude emisni aktivita minimalni.

Na zékladé vySe uvedenych skutecnosti je, 1 pfes absenci lokalnich emisnich zdrojt, emisni
aktivita na valcové &asti klasifikovana v souladu s normou CSN EN 14548 jako zivaZni,
resp. podle Cetnosti a intenzity emisni aktivity v obou prodlevach klasifikovina stupném 3 -
»Kriticky zdvazna“. Z této klasifikace vyplyva i doporuceni na provedeni dodate¢nych NDT

kontrol.

V oblasti obou pulkulovych den byla v obou tlakovych cyklech detekovana minimalni emisni

aktivita bez koncentrace do emisnich zdroji

— = = o

Obr. 4.1.1 — Mapa lokalizovanych emisnich udalosti — valcova cast-- tlakovani a prodleva

na max. tlaku — 1. tlakovy cyklus

Tlakova nadoba
Tlakovéni na 3,5 MPa a prodieva na tlaku

- tiakovy cykius

Suma Ne, = 207

Suma Ne, = 450

18:14:24 18:43:12 10:12:00

Time

10:40:48

20:00:368

20:38:24

Ampliuda EU [65]
Tiak [MPe]

Obr. 4.1.2 — Casovy pritbéh emisni aktivity, amplitudy EU a tlaku — valcova cast,

1. tlakovy cyklus
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Obr. 4.1.3 — Mapa lokalizovanych emisnich uddlosti — valcova cast-- tlakovani a prodleva na max. tlaku — 2.

tlakovy cyklus
Tiakové nédoba
Tiakovy cyklus na na 3,5 MPa a prodieva na tlaku 22.102015
1200 . tiakovy oyklus 20] 2
Suma Ne, = 637 Suma Ne, = 552 e 110
1000
800
2 g
=
g o0 % s
@ D F
400 -
200
o o
12:57:36 13:12:00 13:26:24 13:40:48 13:55:12 14:09:36 14:24:00 14:38:24 14:52:48 15:07:12
Time

Obr. 4.1.4 — Casovy priibéh emisni aktivity, amplitudy EU a tlaku — vélcova cdst, 2. tlakovy cyklus

5. Zavér

1. Na valcové &asti tlakové nadoby byla v obou tlakovych cyklech zaznamenana pomérné
vysoka emisni aktivita a to jak ve fazi zvySovani tlaku, tak i v ¢asovym prodlevich
na maximalnim tlaku, kdy s nardstem ¢asu v prodlevé nedochazi k poklesu emisni aktivity.
Vétsina emisnich udalosti vykazuje nizkou az stfedni intenzitu. Nizky pocet intenzivnich
emisnich udalosti s amplitudou nad 60 dB neni koncentrovan do emisnich zdroju.

2. Emisni udalosti v obou tlakovych cyklech jsou lokalizovany po celé valcové plose, s vasi
hustotou v horni poloviné nadoby, ale bez koncentrace do lokalnich emisnich zdroji, které by
signalizovaly meoZny lokalni pevnostni problém materidlu télesa tlakové nadoby,
tj. piitomnost aktivnich defektii typu trhlina.
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3. Vysoka emisni aktivita v obou tlakovych cyklech a jeji nariist i v obou prodlevach je
porusenim Kaiserova efektu, ktery predstavuje vyznamné Kritérium pro posuzovani
zavaznosti emisni aktivity, zejména z ohledem na jiZ di'ive aplikované tlakové cykly.

4. Prestoze vysledky lokalizace nepotvrdily pritomnost lokalnich emisnich zdroji, je emisni
aktivita na valcové c¢asti podle Cetnosti a intenzity emisni aktivity vobou prodlevach
klasifikovana v souladu s normou CSN EN 14548 stupném 3 - . Kriticky zavazna“.

5. ZvySe uvedené Klasifikace vyplynul jednozna¢ny pozZadavek na zjiSténi priciny této
kriticky zavazné emisni aktivity pomoci vhodnych NDT kontrol, aplikovanych predev§im
na vnitinim povrchu, véetné provedeni metalografického Setfeni.

6. NDT kontroly, které provedl VUZ-PI SR, nezjistily Zadné trhliny ani jiné nepfipustné
defekty v matrialu télesa tlakové nadoby.

7. Metalografickym Setfenim byly zjistény znamky plastické deformace za studena a také
deformacné indukovany martenzit.

8. Zdrojem zvySené emisni aktivity na tlakové nadobé FA309 je tak s nejvétsi
pravdépodobnosti detekce lokalnich fazovych transformaci martenzitu v objemu
materialu télesa tlakové nadoby v priibéh aplikovaného tlakového zatiZeni a ne indikace
trhlin a jinych aktivnich defekti.

9. Zvyzkumnych praci je znamo, ze metoda AE je schopna zaregistrovat fazovou transformaci
austenitu na deforma¢né indukovany martenzit a i reverzni proces.

10. To Ze byl tento proces detekovan i p¥i tlakovych zkouskach v provoznim prostiedi bylo
zpusobeno zvolenou Kkonfiguraci méfeni (vétSi pocet sond AE, menSi vzdalenost mezi
sondami a tim nizky titlum signalu AE) a pFiznivymi podminkami béhem zkousky (nizka
hladina Sumového pozadi), coZ umozZnilo provadét méreni s vysokou citlivosti. Pii méreni
za realnych podminek p¥i nabéhu nebo odstaveni nelze ale takové podminky ocekavat.

Zdroje:
[11 ZEMLICKA, F., SVOBODA, V. VYSLEDKY MERENI akustické emise na télese nadoby
behem tlakové zkousky. PREDITEST s.r.o., Praha: 2015

[2] CSN EN14584 Nedestruktivni zkousen - Zkouseni akustickou emisi - Zkougeni
kovovych tlakovych zafizeni b&hem prejimaci zkousky - Planarni lokalizace
zdrojl akustické emise
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Abstrakt

Byla provedena analyza ukolit méreni tloustky soucasnych a vyvijenych kovovych a dielektrickych
Sfunkcnich poviakii pouzivanych v leteckém, kosmickém a strojirenském priimyslu.

V  prispévku jsou zkoumdny fyzikalni principy bezkontaktnich aktivnich termografickych,
virivoproudych a rentgenovych metod, zajistujicich méreni tloustky, vodivosti, magnetickych
viastnosti a také kontrolu souvislosti poviakii ve vyrobnich podminkich s normovanymi
metrologickymi charakteristikami a potlaceni viivu interferencnich parametrii vyrobkii a vnéjsich
faktori.

Prispévek obsahuje priklady pristrojii a technologii, realizujicich zkoumané metody a vysledky jejich
poucziti ve vyrobdch se Spickovymi technologiemi.

Klicova slova: funkcni poviaky, tloustka povlaku, elektrofyzikalni vlastnosti poviakii, souvislost
povlakii

Abstract

An analysis of the tasks of thickness measurement of current and developed metallic and dielectric
functional coatings used in aviation, aerospace and engineering industries was carried out.

The proceeding examines the physical principles of contactless active thermographic, eddy current
and radiographic methods to measure coating thickness measurement, conductivity, magnetic
properties and also continuity inspection of coatings in manufacturing conditions with normative
metrological characteristics and the suppression of interfering parameters of products and external
factors.

The proceeding contains examples of devices and technologies that implement the examined methods
and results of their application in high technology manufacturing plants.

Key words: functional coatings, coating thickness, electrophysical properties of coatings, coatings
continuity

V poslednich letech se v piednich primyslovych odvétvich vyrazné rozsifil sortiment
pouzivanych povlakid a materiali vyrobkd, na které se tyto nanasi. Také se zvysily pozadavky
na kvalitu.
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Jak je znamo, povlaky jsou vrstvy, uméle ziskané na povrchu kovovych a nekovovych
vyobkt, chranici pfed korozi, opotfebenim nebo jim ptidavaji zadané funkéni vlastnosti:
pevnost, odéruvzdornost, tepelnou ochranu, radioabsorpci, snizeni tfeni a dal$i. V zavislosti
na materialu povlaku je mozné je rozdé¢lit na nékolik zakladnich skupin: kovové, nekovové,
neorganické, barvy a laky, plastové, kompozitni, povlaky ze specialnich materiald.

Jeden z hlavnich parametrd kvality povlaku je tloustka 7, ktera se piedepisuje pro konkrétni
typy vyrobkd a je jednim z hlavnich métenych parametrii pfi nedestruktivnim testovani
(NDT) jejich kvality.

Pro tlohy méfeni T je mozné zformulovat nasledujici kombinace povlak/podklad:

1) feromagnetické vodivé povlaky na vodivych feromagnetickych podkladech;

2) neferomagnetické vodivé povlaky na vodivych feromagnetickych podkladech;
3) dielektrické povlaky na vodivych feromagnetickych podkladech;

4) feromagnetické vodivé povlaky na vodivych neferomagnetickych podkladech;
5) neferomagnetické vodivé povlaky na vodivych neferomagnetickyh podkladech;
6) dielektrické povlaky na vodivych neferomagnetickych podkladech;

7) feromagnetické vodivé povlaky na dielektrickych podkladech;

8) neferomagnetické vodivé povlaky na dielektrickych podkladech;

9) dielektrické povlaky na dielektrickych podkladech.

Je znama velka skupina Uloh méfeni tloustky povlakl, nedovolujicich nebo vyrazné
limitujich moznost mechanického kontaktu primarnich méficich sond s povrchem vyrobku
v procesu kontroly. V souvislosti s tim se v soucasné dobé stale vice rozvijeji metody
bezkontaktniho rezimu méfeni 7, jako vifivoprouda fazova metoda, aktivni termograficka
metoda, rentgenova (radiometricka) flourescentni a metody 3 zpétného rozptylu.

Uvedeme kratkou charakteristiku téchto NDT metod, které se aplikuji na vySe uvedené tlohy
méteni tloustky.

Vifivoprouda metoda NDT je zaloZena na analyze interakce vlastniho elektromagnetického
pole vitivoproudé¢ sondy s elektromagnetickym polem vifivych proudd indukovanych
v objektu kontroly (v objektu a povlaku) a zavisejicich na elektrofyzikalnich a geomterickych
parametrech hlavniho kovu a povlaku. V zavislosti na tiloze méfeni a vlastnostech materialu
podkladu a povlaku se mohou aplikovat rizné funkce zmény elektromagnetického pole v Case
(zkuSebni energie) a rtizné primarni informativni parametry, definované zptsobem ziskani
primarni informace. Do praxe bezkontaktniho méteni 7 pevné vstoupily vifivoproudé
tlouStkomeéry realizujici fizovou metodu méfeni, jez ma fadu vyhod.

S pouzitim fazové metody vifivoproudého NDT je mozné provadét bezkontaktni méfeni 7:

- vodivych neferomagnetickych povlaki na vodivych feromagnetickych podkladech;
- vodivych feromagnetickych povlakl na vodivych feromagnetickych podkladech;
- vodivych neferomagnetickych povlaki na vodivych neferomagnetickych podkladech.

Na obr. 1 je zobrazen model citlivého elementu vifivoproudé transformatorové primarni
méfici sondy trojiho vinuti s feritovym jadrem nad dvouvrstvou strukturou kovovy povlak -
kovovy podklad, jez realizuje fazovou metodu méfeni tloustky kovovych povlakil, véetné
feromagnetickych na kovovych podkladech.
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vifivoprouda primami
méfici sonda trojiho
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Obr. 1. Model citlivého elementu viFivoproudé transformdatorové primarni mérici sondy trojiho vinuti nad
dvouvrstvou strukturou

Hlavni vyhodou vifivoproudé fazové metody je moznost vyvoje sondy s frekvenci excitatniho
proudu od desitek Hz do desitek MHz pro méfeni tloustky povlakd v rozsahu od jednotek
mikrometri do desitek milimetrd s moznosti potlaceni vlivu mezery, drsnosti povrchu
povlaku a podkladu a také poloméru podkladu. Nedostatky zahrnuji zavislost tdaju na fadé
interferen¢nich parametri: vodivost ¢ a permeabilita p podkladi a povlakl. Také je fada
omezeni v moznych kombinacich povlak - podklad.

Tepelna metoda NDT je zaloZena na analyze parametrii tepelnych poli kontrolovanych
objekti.
Aktivni synchronni termografickd metoda, jejiz obecné schéma je uvedeno na obr. 2,
umozihuje provadét méfeni T

- dielektrickych povlakii na kovovych podkladech;

- dielektrickych povlaki na dielektrickych podkladech.

termodynamicky
senzitival
element

lampa - blesk

pulzni
proud
tepeiného
zifeni

infralervené zafeni

poviak

[//

podilad

£

Obr. 2. Obecné schéma mériciho konvertoru, realizujici aktivni synchronni termodynamickou metodu méreni
tloustky dielektrickych poviakii na kovovych a nekovovych podkladech
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Vyhodou metody je moznost bezkontaktniho méfeni v rozsahu tloustek od nékolika
mikrometri do 1 mm. Nedostatkem je zavislost vysledki méfeni na termofyzikalnich
(soutinitel tepelné vodivosti A, tepelna vodivost C, hustota °, koeficient teplotni vodivosti a =
M°C, tepelna setrvatnost e = MCp)"?, odraznd schopnost povlaku) a geometrickych
(pfedevsim drsnost povrchu Rz) parametrii povlaku a podkladu a také adheze povlaku
k podkladu.

Radia¢ni metoda NDT zejména vyuziva fotonové (vCetné rentgenového), neutronové
a elektronové zafeni.

Rentgenova fluorescencni metoda je radiometricka metoda nedestruktivniho testovani, uréena
k méfeni T kovovych tenkych a ultratenkych povlakd na kovovych a dielektrickych
podkladech, zejména malé velikosti. Také se pouziva pro méfeni vicevrstvych povlaki.
Naobr. 3 je uvedeno obecné schéma meéficiho konvertoru realizujiciho rentgenovou
fluorescen¢ni metodu méfeni tloustky povlaku.

rentgenovi trubice

E_l :
e

primdrni
rentgenoveé
zafeni

detektor

kolimator
- — S
\S 'y

Y sekundarni
f ; rentgenové
S ¢ zateni

3 )
‘ pm']zik S
¥

/7

podklad

Obr. 3. Obecné strukturni schéma mériciho konvertoru realizujictho rentgenovou fluorescentni metodu méreni
tloustky povlakit

Pomoci radiometrické metody [ zpétného rozptylu, jejiz konvertor ma obecné schéma
zobrazeno na obr. 4, je mozné méfit 7
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dielektrickych povlakid na kovovych a dielektrickych podkladech;
kovovych (véetné vicevrstvych) povlakl na kovovych a dielektrickych podkladech.

detektor

zdroj 1

\ |
odraZené | Jl
Gdstice ¥ \ )

clonovy kruh

V l,
povlak
I 1]

')

podklad

Obr. 4. Obecné strukturni schéma primarni mérici sondy, realizujici metodu beta zpétného rozptylu
pFi méreni tloustky poviakii

Metoda umoziiuje provadét méfeni v rozsahu od setin do stovek mikrometru.
Interferencnimi parametry pro radiometrické metody jsou hustota p a atomové cislo Nat

materialtl povlakd a podkladi, drsnost Rz.

Vsechny vySe uvedené bezkontaktni metody meéfeni 7' ochrannych a funkénich povlaki
uvazovanych druhi NDT jsou nepiimymi metodami. To znamend, Ze nastaveni, ovéfeni
a kalibrace méficich prostiedkd se musi provadét za pouziti etalonovych mérek tloustky,
imityjicich méfeny fyzikalni parametr v rozsahu jeho zmény pfi znamych stabilnich
interferen¢nich parametrech. Také je téeba brat v Gvahu, Ze kazda zvlast popsana metoda
uvazovanych druhi NDT fesi omezeny okruh tloh méfeni a je charakterizovana riznymi
interferencnimi parametry.

V souladu s vétSinou vytvorenych schémat navaznosti (schémat ovéteni) se jako pracovni
prostiedky méfeni pouzivaji mérky tloustky a tloustkomeéry povlaki, uskupené podle pouziti
v zavislosti na druhu materialti povlakd a podkladi méfenych objekti.

Na obr. 5 je uvedeno devét typu tloustkomérti a schémat navaznosti (schémat ovéfent).
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Tloustkoméry polovadiéovych
povlakd na dielektrickych
podkladech

5+ 30 pm
A=04<10pm

Tioudtkoméry
dieletkrickych poviaka
na polovidi¢ovych podkladech

1+5pm
A=04+<10pm

Tioutkoméry nemagnetickych
vodivych povlaki
na magnetickych podkladech

4 + 1000 pm
A=1,5+100,0 pm

TlouStkoméry nemagnetickych
vodivych poviakl na
nemagnetickych vodivych
podkladech

2 =500 pm
A=04+20,0pum

Tloutkoméry magnefickych
poviakld na nemagnetickych
vodivych podkladech

5100 um
A=0.4+10,0pm

Thoutkoméry magnefickych
povlakl na magnetickych
podkladech

5100 ym
A=0,5+10,0um

Tloustkoméry vifivoproudé pro
dielektrické poviaky na
nemagnetickych vodivych
podkladech

2 = 20000 pm
A=1+200pum

Tloustkoméry magnetické pro
dielektrické povlaky na
magnetickych podkladech

2 = 20000 pm
A=1+200pm

Tloustkoméry nemagnetickych
vodivych poviaki na dielektriciych
podkladech trubkovych (primér 0,6 <
1.5 mm)

5+ 100 um
A=50pum

Obr. 5. Pracovni mérici prostredky podle platného schématu ovérent

Vyse byly zformulovany kombinace povlak/podklad, jejichz analyza ukazuje, ze v platném
schématu ovéfeni nejsou nasledujici tloustkomery:
- dielektrickych povlakl na dielektrickych podkladech;

- feromagnetickych povlaki na dielektrickych podkladech.
V souladu s platnymi schématy ovéfeni jsou zakladnim prosttedkem ovéfeni tloustkoméru
povlakt etalonové mérky tloustky povlaku a zafizeni pro ovéreni magnetickych a vifivoproudych

tloustkomera dielektrickych povlak, jejichz ptiklady jsou uvedeny na obr. 6.

vodivych poviaki na
magnetickych podkladech

4= 1000 um
& = (0,1+0,025h) um

Merky tloustky nemagnetickych

Mérky tioustky nemaagnetickych
vodivych poviaki na
nemagnetickych vodivych
podkladech

2 =500 ym
0 =(0,3+0,025h) ym

Mérky tloutky magnetickych
povlakl na nemagnetickych
vodivych podkladech

5 =100 pm
8 = (0,1+0,025h) pm

Obr. 6. Etalony druhé kategorie podle platného schématu ovéreni

Vyse uvedené bezkontaktni metody tii druhtt NDT, pouzité pii vyvijeni méficich sond
tloustkoméri ochrannych a funkénich povlakti maji zéklad v zavislosti nékterého
informativniho parametru na 7. OvSem vyse bylo uvedeno, Ze informativni parametry zavisi
nejen na méfené veli¢ing, ale i na celé fadé interferencnich parametrd, které jsou uvedeny pro
kazdou z vySe uvazovanych metod NDT. Zaroven v souladu s platnou normativni
dokumentaci pfi vyrobég, kalibraci a ovéteni existujicich mérek tloustky se kontroluji pouze
jejich geometrické parametry: tloustka povlaku, rozdilna tloustka, drsnost povrchu, neberou
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se v uvahu interferen¢ni parametry, které maji pfimy vliv na vysledek méfeni bezkontaktnimi
tloustkomeéry a urcuji pfitom skute¢nou hodnotu 7 a nejistotu vysledku méteni. V tomto
ohledu se zda byt nezbytné vytvofit nové normy na mérky tloustky a také zdokonaleni
schématu ovéteni nebo vytvoreni nékolika lokalnich schémat ovéfeni.

Analyza soucasné standardizace NDT kvality povlakd bezkontaktnimi metodami ukazala, ze
dnes existuji normativni dokumenty na druhy a metody NDT, které definuji pozadavky
k terminim a definicim, ale nejsou uvedeny pozadavky k méficim prostiedkiim a ovéfeni.
Proto je nutné vyvinout normativni dokumenty na bezkontaktni metody, které budou urcovat
pozadavky k tloustkomériim, mérkam tloustky a také pozadavky jejich ovéfeni a kalibrace.
Analogicky s mezinarodnimi normami, napt. ISO 16859 Kovové materialy - Zkouska tvrdosti
podle Leeba, vytvofené v tiech Castech: 1 - ZkuSebni metoda; 2 - Ovéfovani a kalibrace
zkusebnich piistroji; 3 - Kalibrace referen¢nich zkusSebnich desti¢ek, se nabizi nasledujici
struktura norem:

1. Bezkontaktni metoda NDT tloustky povlaki. Zakladni ustanoveni.

1 Oblast pouziti

2 Normativni odkazy

3 Terminy a definice

4 Metoda méfeni

5 Tloustkomery

6 Pozadavky k objektim méfeni
7 Méfeni tloustky povlaka

8 Hodnoceni nejistoty méfeni

9 Protokol méfeni

2. Tloustkoméry, ovéfeni, kalibrace

1 Oblast pouziti

2 Normativni odkazy

3 Zékladni podminky

4 Ovéfeni tloustkoméru

- Obecna ustanoveni

- Variaéni koeficient

- Odchylka tloustkomeéra
- Nejistota méteni

5 Interval mezi ovéfenimi
6 Kalibra¢ni list

3. Mérky tloustky, ovéteni a kalibrace

1 Oblast pouziti

2 Zékladni podminky

3 Vyroba etalonovych mérek tloustky

4 Ovéfeni etalonovych mérek tloustky
- Obecné pozadavky
- Metrologicka navaznost

5 Postup ovéfeni

6 Pocet méfeni

7 Nejistota méteni

8 Znaceni

9 Doba pouzitelnosti
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Interferencni parametry pro kazdou bezkontaktni metodu jako i tloustka povlaku se musi
kontrolovat ve fazich vyroby a ovéfeni méficich prostiedki, jak je uvedeno na obr. 7,
v takovém piipade bude zajisténa metrologicka navaznost a jednota méfeni.

Geometricke
charakteristiky

TRy 50

Elektromagneticke
charakteristiky

Tloustkoméry
povlakn

Tepelné-fyzikdlni
charakteristiky

Fyzikalni
charaktenstiky

Obr. 7. Schéma pienosu velikosti jednotky od mérek k tloustkomérim povlaki s ohledem na kontrolu
interferen¢nich parametrtl pro kazdou bezkontaktni metodu NDT

Pouziti pfistroji, jez realizuji uvazované metody méfeni a také navrhované principy

metrologického zajisténi, umozni provadét bezkontaktni techniky méteni pii zajisténi jednoty
méteni a také zvysit spolehlivost vysledki.
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1. Uvod

Sprava Zelezniéni dopravni cesty, statni organizace (dale jen SZDC) v ramci
zvySovani technické urovné diagnostiky Zelezniéni dopravni cesty, v lofiském roce
dokongila pfipravu nového systému defektoskopie kolejnic. V ramci tohoto zaméru
byla u SZDC potizena diagnostickd jednotka pro nedestruktivni kontrolu kolejnic
(dale jen DJ NDT), méfici vozik systému vitivych proudl a dalsi technické prostfedky
lokalni diagnostiky kolejnic. VS8echny tyto méfici systémy jsou provozovany
Technickou Ustfednou dopravni cesty v Hlavnim defektoskopickém stredisku SZDC
se sidlem v Pardubicich. V pribéhu roku 2018 do$lo k zahajeni pIného provozu
jednotky DJ NDT a néasledné i ke zméné v systému defektoskopické kontroly kolejnic
na vSech urovnich jejiho zajisténi.

2. Systémova opatieni

Pro zavedeni pravidelného méfeni jednotkou DJ NDT na tratich SZDC bylo nutné
zpracovat a provést opatteni, spocivajici v Upravach internich predpisu tak, aby byly
splnény veSkeré nalezitosti tykajici se zakladni defektoskopické kontroly kolejnic
stanovené Vyhlagkou &. 177/195 Sb. Vydanim Pokynu SZDC PO-13/2018-GR
LZasady pro zajisténi zakladni kontroly kolejnic diagnostickou jednotkou DJ NDT*
a Vynosu &. 3 k predpisu SZDC (CD) S 3/4 ,Nedestruktivni zkougeni kolejnic* byly
stanoveny zakladni podminky, za kterych je jednotka DJ NDT provozovana.
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3. Stavaijici kontrola pomoci ruénich defektoskopickych pristrojt

Doposud nedestruktivni testovani kolejnic bylo u SZDC zajistovédno vyhradné
pochlizkovou kontrolou pomoci ruénich defektoskopickych pfistroji. V praxi
vykonavaji defektoskopickou kontrolu obvykle dvouc¢lenné skupiny vyskolenych
a certifikovanych pracovnikd. Kontrola je vykondvana ve dvou stupnich. Pfi stupni
»zakladni kontrola“ se pomoci jednoucelovych kolejnicovych defektoskopl
kontinudlné provéfuji kolejnice, srdcovky a jazyky vyhybek, pfi¢emz nedilnou
soucasti kontroly je i podrobna vizudini prohlidka v§ech svard. Pokud je pfi zakladni
kontrole pfistrojem indikovana pfitomnost vady, podrobi se misto dikladné vizualni
prohlidce. Takto jsou zjistény vSechny vady, které jiz vybihaji na povrch zkouSené
soucasti. Jestlize neni vizualné zji§téna Zadna vada, pfistupuje se ke druhému
stupni ,,podrobna kontrola®“. Pfi ni se univerzalnim ultrazvukovym defektoskopem
provéfuji vS8echna mista se skrytymi vadami bez ohledu na délku indikace
pti zakladni kontrole u srdcovek a jazykd vyhybek, v kolejnicich pak v8echna mista
del§i nez 1 m. Je-li vada potvrzena, upfesni se jeji typ a rozsah.

U SZDC se v soudasné dob& pouzivaji digitalni ptistroje Seské firmy Starmans.
Jiz od roku 1998 je to defektoskopicky dudlni defektoskop DIO 562 - 2CH
a od poloviny roku 2018 novy pf¥istroj druhé generace DIO 1000-SFE-2CH.

Pochuzkovd kontrola ruénimi defektoskopickymi pfistroji
Hand inspection by hand defectoscopy devices
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4. Diagnosticka jednotka DJ NDT

Kompaktni diagnosticka jednotka DJ NDT je slozena ze tfi vozidel — hnaciho vozidla,

fidiciho a méticiho vozu.

Diagnostickd jednotka pro nedestruktivni kontrolu kolejnic
Diagnostic unit for non-destructive control of rails

Hnaci vz - zékladem vozu je puvodni étyfndpravovy motorovy viz fady 851, ktery
byl kompletné modernizovany. Kabina strojvedouciho je konstruovana pro praci
3 osob (strojvedouci, pilot a obsluha lokalizaéniho systému HOST). Na Fidicim
stanovidti je umisténo centrdlni ovlddani vozidla s vicendasobnym Fizenim
a diagnostikou vozidla, v€etné vlakového zabezpecovale a radiostanice site¢ TRS
a GSM-R. Je zde zabudovan systém snimani obrazu trat¢ s jeho pfenosem

do kabiny strojvedouciho a na stanovist¢ méfich. Obytny prostor je umistén
ve stfedni ¢asti.

Sklada se ze dvou jednolizkovych kupé a socidlniho zatizeni, zasedaci mistnosti,
kuchyné a jidelniho koutu.

Méfici viz je rozdélen na méfici mistnost a prostory pro pomocna zafizent,
tj. elektrocentrdlu, nadrze na technologickou vodu (8 x 1 000 litr(l), sklad a dilnu.

Ridici vz - na &ele vozu je umisténo Fidici stanovisté strojvedouciho. Ve voze
jsou dale tfi obytna kupé, socidlni zafizeni, obytny prostor pro péti ¢lennou
osadku. V zadni €asti vozu jsou osazeny dal8i nadrze s technologickou vodou
(4 x 1 000 litrd).
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Zakladni technické udaje jednotky DJ NDT:

nejvyssi pfepravni rychlost 110 km.h"
rychlost soupravy pfi méreni az 70 km.h!
celkova hmotnost soupravy 150,36 t
celkova délka soupravy pres narazniky 73,80 m
brzda DAKO-P

motor HV Caterpillar C27
vykon motoru 655 kW
hydrodynamicka prevodovka H750M
radiostanice T-CZ V67
rychlomérna souprava UniControls TRAMEX RE1
navestni opakovagd Mirel VZ1
teplovodni nezavislé topeni Hydronic D16WN, elektricky kotel
klimatizace RA C40 a EK 14 000-30 07

5. Diagnostické systémy DJ NDT

Diagnosticka jednotka DJ NDT je urCena pro nedestruktivni defektoskopické
méfeni vad kolejnic a to pomoci nasledujicich diagnostickych systéma:
e systému ultrazvukové kontroly kolejnic s podporou vizualniho snimani

(dale jen UT);
e systému kontroly kontaktné unavovych vad vifivymi proudy (dale jen ET).
Diagnostické systémy jsou umistény v ramci DJ NDT na méficim voze. Tento v(z
je vybaven specidlnim meéficim podvozkem, na kterém jsou osazeny méfici
komponenty.
Soucasti jednotky jsou nadrze s 12 tisici litry technologické vody pro zajisténi vazby
UT systému, tak aby bylo moZno provadét kontinualni UT méfeni v rozsahu
tydenniho méfeni bez nutnosti tankovani vody.

Naméfend data jsou pfenesena na vyhodnocovaci pracovis§té HDS. Po zpracovani
a vyhodnoceni jsou archivovdna v centralnim dlozisti dat. V pfipadé potreby
je mozno vysledky méfeni vyhodnotit i pf{imo na jednotce. Pfi nejednoznacnosti
rozhodnuti o klasifikaci vady ve vyhodnocovacim stfedisku HDS jsou tyto vady
dohledavany pfimo v trati dohledacimi ¢etami HDS. Tyto ety jsou pomoci softwaru
informovany o potfebé dohledani vad, Po editaci jednotlivych nezatfidénych vad tyto
informace zaSlou zpét do databaze, kde jsou jiz pfipraveny k vloZzeni do hlaSenek
v informacénim systému provozniho stavu sité trati.
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Technicky popis méficich systému
Diagnostické systémy jsou umistény v ramci DJ NDT na méficim voze. Sondy

a snimace méficich systémud jsou zabudovany na méficim podvozku vyrobeném
spole¢nosti MAV KFV Fit.

Technické udaje méficiho podvozku:

Rozchod 1435 mm
Pramér kol 460 mm
Celkova délka 2488 mm
Celkova Sitka 1970 mm
Rozvor 1900 mm
Minimalni polomér oblouku 150 m
Hmotnost (véetné méficich systém) 2200 kg

Systém ultrazvukové kontroly kolejnic

UT systém se sklada ze dvou lizin, které jsou namontovany na méficim podvozku.
Na kazdé liziné je umisténo celkem 9 ultrazvukovych sond pro kazdy kolejnicovy pas.
Sondy jsou prostfednictvim kabel(l spojeny s ultrazvukovym defektoskopem. Poloha
a natoceni UT sond umoznuje kontrolu kolejnicovych pdst nejen v ose kolejnic ale
i v celé Sifce hlavy kolejnice.

Systém ultrazvukové kontroly kolejnic na méficim podvozku
Ultrasound track inspection system on the measuring chassis
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Technické parametry UT:

Rychlost méfeni (bezstykova kolej)
Rychlost méfeni (stykovana kolej)

Rychlost méfeni (jizda do odbocky ve vyhybce)
Metody kontroly

Typ ultrazvukové viny

Jmenovita frekvence

Opakovaci kmitocet sledu impulst

Rozsah nastaveni zesileni

Dynamicky rozsah registrovanych signall
Rozsah provoznich teplot pfi méfeni
Kapacita pamétovych diskl (bézné méteni)

Vizualni snimani kolejnic

0—-70 km.h"
0 —30 km.h"
0 —30 km.h"

Odrazova impulzni a prlichodova
Podélna a pticna

2,5 MHz

100-4800 Hz

min. 96 dB

min. 48 dB

-5°C az + 55°C

4 tydny

Systém pro vizudlni kontrolu kolejnic je umistén na bézném podvozku méficiho vozu.
Tento opticky systém je podpdrnym prosttedkem pfi vyhodnocovani vad zjisténych
ultrazvukovou kontrolou. Vysokorychlostni, bezkontaktni systém je tvofen Etyfmi
fadkovymi kamerami s LED osvétlenim, které zajistuje dostateéné mnozZstvi svétla
pro kratké expoziéni doby. Je uréeny pro trvaly zdznam snimkd povrchu obou stran
kolejnic. Na zakladé vizudlniho snimani je mozné ve vétSiné pfipadl rozeznat
vizualni projev vady a tim podpofit spravné pfifazeni kédu vady podle prfedpisu
SZDC S67, zaroveh slouzi pro ruéni odfiltrovani kolejnicovych stykil, svardi a otvor(
pro spojkovy Sroub. Systém tedy zajistuje podporu prace hodnotitele p¥i zpracovani
vysledkd méfeni a interpretaci nameéfenych dat z UT systému.
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Zjistovdni a klasifikace wvad
wvada & 211 A — ,pfFicnd trhlina v hlavé kolejnice®
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Priklad — zjisténi vady ¢&. 211 A - ,PFicnd trhlina v hlavé kolejnice”
Example - Fault finding 211 A - "Transverse crack in the rail head"

Mérici systém vitivych proudt

Metoda zkouseni pomoci ET je primdrné uréena pro zjisfovani povrchovych vad.
U SZDC je systém optimalizovan pro vyhleddvani vad 2221 Head Checking. Hodnoceni
této vady je mozno provadét az do hloubky 3 mm.

ET systém je mechanicky uchycen kramu méfictho podvozku a napojen na
pneumaticky systém vozu, ktery umozZiuje automatické zvedani (napf. ve vyhybkach
a vyhybkovych konstrukcich).

Ke kontrole pojizdénych ploch kolejnic slouzi vzdy 4 snimace vifivych proudd na kazdé
kolejnici.
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Mérici systém vitivych proudi
Eddy Current Measurement System

Graficky vystup ze systému ET
Graphic output from the ET system

6. MéFici vozik systému vifivych proudu

Pro méfeni v oblastech pfejezdl a vyhybkovych konstrukci, kde je systém ET
na DJ NDT pro eliminaci rizika jeho poskozeni automaticky zvedan, vyuzije
v odlivodnénych ptipadech SZDC métici vozik ET. Vozik byl naptiklad v lofiském
roce vyuzit pro diagnostiku vyhybek jako podklad pro zadani strojniho opravného
brouseni kolejnic ve vyhybkach.
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Ruéni vozik pro méfeni systémem ET
Hand-held trolley for ET measurement

ET — umisténi méficich snimacd
ET - location of measuring sensors
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7. Ruéni diagnostické prostiedky pro expertni méfeni vad kolejnic

Pro Cinnost expertnich méfeni vad kolejnic bylo pofizeno nékolik ruénich ptistroju.
Jednim z nich je Olympus Omniscan MX2, ktery umoznuje méfeni jak konvenénim
ultrazvukem, tak i metodou Phased Array (PA). Technologie PA vyuziva vice
ultrazvukovych ménicu a elektronické ¢asové zpozdéni pro vytvafeni paprskd, kterym
Ize Fidit, skenovat zadané rozpéti uhli a elektronicky zaméfit (fokusovat) do urcité
hloubky materidlu a pIné ukladat data spolu s protokolem o méreni.

Technologie PA poskytuje pomoci nameéfenych dat vizualizaci zjisténé vady
materidlu pfimo v pfistroji nebo na pocitaci pomoci k tomu uréenému softwaru.

¥ omni

e 31.0 -

[}

-

2

N
i

__,.
<

Pristroj Olympus Omniscan MX2
Olympus Omniscan MX2

8. ZAVER

Zavedenim nového systému zakladnich kontrol kolejnic s vyuzitim jednotky DJ NDT
dochézi zasadnim zplisobem ke zvyseni efektivity diagnostiky vad kolejnic u SZDC.
Stavajici systém je rozSiten o systém diagnostiky kolejnic s vyuZzitim vifivych proudd
ET, rozS8ifeni ultrazvukového systému UT (ze stavajicich 3 na 9 sond) a umozhuje
snizeni vlivu lidského faktoru pfi vlastnim identifikaci defektoskopickych vad.
RozSifenim soucasnych technickych mozZnosti v odhalovani vad kolejnic doSlo
zéroveri i ke zvy$eni bezped&nosti Zelezniéniho provozu u SZDC.

Naslednou a v€asnou udrzbou je zaroven docileno vyssi efektivity vyuZiti finan¢nich
prostiedkl a snizeni ndklad( na opravné a udrzbové prace po dobu Zivotnosti koleje.
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Abstrakt

Korozni poskozeni je jednou z hlavnich pfic¢in poruseni heterogennich svarovych spoju
v oblasti energetiky. Cilem nedestruktivniho zkouseni je zjistit vady vzniklé plisobenim koroze
pod napétim v raném stadiu a umét je odlisit od vad zplsobenych unavovym namahanim.
Cilem experimentu bylo vytvorit dostate¢né agresivni prostredi v kombinaci s aplikovanym
namahanim, které povede k rozvoji korozniho poskozeni na iniciacnich vrubech vzorku.
Jednotlivé druhy vzorki z pohledu materidli a vyrobniho zpracovani byly exponovdny
v roztoku nebo solné mize. Exponované vzorky Ize ddle délit z pohledu zatiZeni na vystavené
ohybovému napéti v pfipravku, nebo bez vnéjsiho zatizeni.

Pro nedestruktivni hodnoceni vzniku a rozvoje korozni vady byla vyuZivdna technika Phased
Array ultrazvukového zkouseni. Destruktivné byly vzorky podrobeny metalografickému
hodnoceni struktury a rozvoje vady typu trhliny z iniciacniho vrubu EDM vyrobeného jiskfenim.

Klicova slova: heterogenni svarové spoje, koroze pod napétim, ultrazvukové zkousent,
Phased Array technika, EDM vrub

Abstract

Corrosion damage is one of the main causes of failures of dissimilar metal welds in the energy
sector. The goal of non-destructive testing is to identify defects caused by stress corrosion
cracking at an early stage and to be able to differentiate them from defects caused by fatigue
stress. The aim of the experiment was to create a sufficiently aggressive environment
in combination with the applied stress that will lead to the development of corrosion damage
at the initiation notches of specimens. Individual types of specimens from the point of view of
materials and production were exposed in solution or salt spray. The exposed specimens can
be further subdivided from the point of view of the load on the exposed bending stress in the
jig or without external load.
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Non-destructive evaluation of corrosive defects was developed using Phased Array ultrasonic
testing. Destructively, the specimens were subjected to a metallographic evaluation of the structure
and expansion of a crack-type flaw pattern from the initial notch produced by sparking (EDM).

Key words: dissimilar welding joints, stress corrosion cracking, ultrasonic testing, Phased
Array technique, EDM notch

1. Uvod

Mezi vhodné metody, které jsou schopny v dostate€ném predstihu pfed porusenim
komponenty odhalit korozni poruSeni materidlu, patfi i ultrazvukova metoda. Pro svarové spoje
zejména v energetice je v posledni dobé s vyhodou vyuzivana technika Phased Array (PAUT).
Je zndmo, Ze korozni namahani spole¢né s tinavovym namahanim svarovych spoji vedou
nejcastéji k poruseni za provozu. Cilem experimentu bylo u heterogennich svarovych spoju
vytvorit vhodné podminky k rozvoji koroze pod napétim a vyuzit PAUT pro zjigtovani tohoto
rozvoje oCekavaného v oblasti umisténi vychoziho vrubu EDM (Electric Discharge Machining)
za danych koroznich podminek a stavu vnéjsiho mechanického namahani.

2. Zkusebni vzorky

Zakladni rozméry vzorkl jsou 80x20x5 mm se zna¢enim umisténym z ¢ela vzork(. Znaceni
obsahuje pismeno vztahujici se k typu oceli a pofadové €islo 1 az 4. Vzorky Ize rozdélit do
2 zékladnich skupin, homogenni a heterogenni vzorky. Ve skupiné homogennich vzorku byly
testovany 4 sady po 4 vzorcich v sadé, jedna se o sady oznacené pismeny K, L, O a S bez
svarovych spoju. Hlavni pozornost byla soustfedéna na 2 sady heterogennich vzorku
oznacenych LS a OK se svarovym spojem. EDM vrub tvaru V o hloubce 1 mm pres celou $itku
vzorku a vrcholovém uhlu 45° byl u heterogennich vzork( vyjiskfeny v kofeni svaru, obr. 1.

0+K

{7 3 A%

Obr. 1 Vychozi stav vzorki ozna¢enych OK
Fig. 1 Initial status of specimens marked OK
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Kazda sada vzorkl byla ddle rozdélena na polovinu pro rozdilné korozni zatizeni a v kazdé
poloviné vzork( byl jeden vystaven sou¢asné mechanickému zatizen, blize tabulka 1.

Tab. 1 ZkuSebni vzorky
Table 1 Testing specimens

Oznaceni .. Korozni zatizeni Mechanické
vzorku Material zatizeni
korozni cela | miZna komora

K1 22K X

K2 22K X X
K3 22K X

K4 22K X X
L1 304L X

L2 304L X X
L3 304L X

L4 304L X X
LS1 304L + 3235 X

L3S2 304L + 3235 X X
LS3 304L + 3235 X

LS4 304L + 5235 X X
o1 08Ch18N10T X

0z 08Ch18N10T X X
03 08Ch18N10T X

04 08Ch18N10T X X
OK1 08Ch18N10T + 22K X
OK2 08Ch18N10T + 22K X X
OK3 08Ch18N10T + 22K X
OK4 08Ch18N10T + 22K X X
S1 5235 X

S2 5235 X X
S3 5235 X

54 5235 X X

V kazdé sadé vzorky oznacené ¢islem 1 a 2 byly vystaveny pusobeni korozniho roztoku v cele
a vzorky s ¢islem 3 a 4 korozni mize v komore. Ddle vzorky s &isly 2 a 4 byly v pribéhu

korozniho zatiZzeni jesté vystaveny plsobeni mechanického ohybového namahani. Vzorky
byly pomoci pFipravkil predepnuty roubem na prithyb 0,25 mm, v souladu s normou CSN I1SO
7539-2. Strana s EDM vrubem tak byla vystavena tahovému zatizeni.

3. Parametry korozniho a mechanického namahani

Pro korozni zatéZovani vzorku byla pouzita korozni cela a mlzna komora. Parametry korozniho
prostiedi byly shodné pro obé korozni zatizeni:
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e roztok 5 % hm. NaCl v destilované vodé, pH 6,5 - 7,2

e doba plsobeni — 1. etapa = 264 hodin, 2. etapa = 816 hodin

e umisténi vzorkl — vrubem V nahoru, pod sklonem umoznujici odtok korozniho média
Pro zvySeni agresivity korozniho prostfedi byla doplnéna kuchynska sal (NaCl) a postupovalo
se v souladu s CSN EN SO 9727.
Korozni cela byla napInéna vodnym roztokem s nucenou cirkulaci a nucenym okysli¢ovanim
roztoku. Pritok ¢erpadla 500 litrG / hod a teplota roztoku 26 + 2°C.
MIzna komora byla uzaviena bez nucené cirkulace se vzdu$nou atmosférou. Spad roztoku na
sbéradi o ploe 80 cm? byl 1,5 ml/hod a teplota korozniho média 35 + 2°C.

4. Nedestruktivnhi hodnoceni vzorku

Z&akladni metodou hodnoceni stavu vzorkd po prvni i druhé etapé korozniho i korozné/mechanického
namahdni byla vizudlni kontrola. Po ocisténi vzorkdl byl hodnocen cely povrch s ohledem na typ
korozniho napadeni, tj. zda doslo k ploSné nebo bodoveé korozi, rovnomérnost koroze, stav povrchu,
ubytek hmotnosti. Vysledky téchto hodnoceni nejsou predmétem tohoto Elanku.

Hlavni NDT metodou hodnotici pfipadny rozvoj koroznich trhlin byla ultrazvukova zkouska
s vyuzitim techniky Phase Array. Vznik a rozvoj trhlin byl pfedpokliadan v misté EDM vrubu.
V8echny vzorky byly podrobeny PAUT ve vychozim stavu a po 1. i 2. etapé zatizeni. Prvni
etapa trvala 264 hodin (11 dnf), druha etapa celkem 816 hodin (34 dni). Méfeni bylo provedeno
na pristroji Dynaray 128/128 PR firmy Zetec a byla pouzita PA sonda ozna¢ena AS-10 MHz.
Kontrola PAUT se vzdy provedla na v8ech 4 vzorcich sou€asné se zaznamem polohy pomoci
enkéderu. Zkouseni bylo provedeno z povrchu bez EDM vrubu a z obou stran svarového
spoje, nebo podélné osy vrubu. Pfi zkouseni homogennich vzork( byly strany oznageny L a P
(leva a pravad) vici sméru zkouseni a pro heterogenni vzorky byly oznac¢eny F a A (F — uhlikova
ocel a A — nerezova ocel), obr. 2.

® smér zkouseni

Obr. 2 Vzorky OK1 aZz OK4 vychozi stav — oznaceni strany a sméru zkouseni
Fig. 2 Specimens OK1 up to OK4 initial state — mark of sides and testing direction
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Souhrnné vysledky PAUT vS8ech sad vzork(, v€etné metody hodnoceni, jsou uvedeny
v tabulce 2. V tabulce je uvedena strana, u které byla hodnocend vyska EDM vrubu vyssi.
Vétsinou se jednalo o levou stranu, nebo stranu zna€enou F (uhlikova ocel). Vyjimkou jsou
vzorky K1 a OK1, kde bylo hodnoceni provedeno z pravé strany u vzorku K1 a ze strany
nerezové oceli u vzorku OK1.

Tab. 2 Shrnuti vysledkid PAUT vsech 6 sad vzorku
Table 2 Summary of PAUT results of all sets of specimens

PAUT - PAUT - po 1. etapé PAUT - po 2. etapé
Omatent metoda wychozi stav metoda korozniho namahani metoda korozniho namahéni
vzorku hodnoceni hodnoceni 264 hod (11 dni) hodnoceni 816 hod (34 dni)
tip tip
diffraction L/F diffraction L/F drop 6 dB L/F
K1 X 0,7 X 0,7 x 1(P/A)
K2 X 0,8 X 0,8 X 0,75
K3 X 0,8 X 0,8 X 0,5
K4 X 0,6 X 0,8 X 1
L1 X 0,9 X 0,9 X 1,1
L2 X 0,9 X 0,8 X 0,9
L3 X 1 X 0,8 X 0,9
L4 x 0,9 X 0,9 x 0,9
LS51 X 1 X 0,6 X 1
Ls2 vada vada vada
LS3 X N/A X 0,5 X 0,75
LS4 X N/A X 0,7 X 1
01 X 0,9 X 0,9 X 1
02 X 0,8 X 0,7 X 1
03 X 1 X 0,7 X 1
04 X 1 X 0,6 X 1
0K1 x N/A X 0,8 x 1(P/A)
oK2 x 0,8 x 0,8 x 0,8
0K3 X 0,7 X 0,5 X 1
OK4 drop 6 dB 1,1 drop 6 dB 1,1 X 0,8
S1 X 0,8 X 0,8 X 0,75
52 X 0,7 X 0,7 X 1
S3 X 0,8 X 0,8 X 1
54 X 0,8 X 0,7 X 1

Hodnoceni pomoci pfimého odrazu od vrcholu EDM vrubu, tzv. tip diffraction bylo bréno jako
prioritni, je-li difrakéni echo pfitomno, pfed hodnocenim pomoci poklesu echa na 50 % maxima
vysky echa (pokles o 6 dB). Dlvodem je vy$si pfesnost mérené vysky vady.

Vyska EDM vrubu méfenim PAUT byla vyhodnocena pro v§echny vychozi vzorky a stav po
1. etapé koroze, kromé vzorku OK4, pomoci tip diffraction. Naopak v§echny vzorky po 2. etapé
koroze byly hodnoceny poklesem o 6 dB. S ohledem na metodu hodnoceni Ize srovnat zménu
vySky vrubu po 1. a 2. etapé korozniho a korozné&/mechanického namahani s vychozim
stavem vzork(.
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U vzorku LS2 je v tabulce 2 zaznamenana vyrobni vada svaru s vySkou dosahujici témér
tloustky vzorku. Oznacéeni N/A v tabulce znamend, ze EDM vrub byl detekovan velmi slabé
a nebylo mozné urcit jeho vysku, jednalo se o ve vychozim stavu o vzorky LS3, LS4 a OK1.

Nize uvedené zaznamy PAUT se tykaji vzorkd sady OK, vyrobenych z materidll nejcastéji
pouzivanych v oblasti jaderné energetiky, jmenovité oceli 08Ch18N10T a 22K. Vzorky OK1
a OK2 byly vystaveny uéink(im vodného roztoku a vzorky OK3 a OK4 solné mize.

Stav vzork( po 2. etapé a jejich ocisténi je dokumentovan na obr. 3. Vizudlné je pozorovatelny
plosny ubytek oceli 22K, zejména u vzorkd OK1, OK3 a OK4.

DK OK7 DE 3 0K

Obr. 3 Vzorky sady OK po 2. etapé koroze a ocisténi
Fig. 3 Specimens set OK after 2nd period of corrosion and cleaning

U vzorku OK1 na rozhrani oceli 22K a svarového spoje se koroznim tbytkem oceli 22K vytvofil
schod z obou povrchll. Na povrchu bez EDM vrubu koroze vytvotila schod dosahujici vysky
az 0,5 mm, obr. 4.

Obr. 4 Bo¢ni pohled na vzorky OK1 a OK4
Fig. 4 Side view of the specimens OK1 and OK4

Pro bliz§i rozbor byly vybrany vysledky PAUT vzork( OK1 a OK4, které byly zaznamenany pfi
méreni svarového spoje ze strany uhlikové oceli. Zdznamy vychoziho stavu a po 2. etapé
korozniho zatizeni jsou uvedeny na obr. 5 a 6. Stav po 1. etapé zatizeni se vyznamné
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neodliSoval od vychoziho stavu, a neni proto dokumentovan. DGvodem je zfejmé relativné
kratkd doba plsobeni korozniho prostredi.

U vzorku ,OK1 vychozi stav” bylo detekovano velmi slabé echo od EDM vrubu, a nebylo tak
mozné vyhodnotit jeho vySku. Po 2. etapé zatézovani nebyl vrub EDM detekovan diky
koroznimu ubytku oceli 22K a vytvofenim schodu v blizkosti svarového spoje, obr. 4 a 5.

slaba odezva od EDM

a2 -
Il | A scan

L

*H VCsectorial scan

T E [T

—_— £ Rt

hodinach — chybéjici odezva od EDM " w
r m:m-.mm 18 ¢ s "

Obr. 5 Vzorek OK1 — PAUT ze strany F vychoziho stavu (nahofe) a po 2. etapé koroze (dole)
Fig. 5 Specimen OK1 — PAUT result from side F of initial state (up) and 2nd corrosion period (down)
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U vzorku ,OK4 vychozi stav* byl detekovdn EDM vrub s vyskou 1,1 mm. Po 2. etapé
zatézovani byl vrub EDM detekovan a hodnocena vySka 0,8 mm, tab. 2. Pfi hodnoceni je
nezbytné vzit v vahu ubytek oceli 22K, ktery vytvofil na rozhrani se svarovym spojem schod
o vysce 0,1 mm, obr. 4 a 6.

Obr. 6 Vzorek OK4 — PAUT ze strany F vychoziho stavu a po 2. etapé koroze
Fig. 6 Specimen OK4 — PAUT result from side F of initial state and 2nd corrosion period
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5. Destruktivni hodnoceni vzorku

Makroskopické hodnoceni povrch( vzork(, stav EDM vrubu a méfeni tloustky vzorkd bylo
provedeno po 1. etapé korozniho a korozné/mechanického namahani.

Homogenni vzorky oznacené K, L, O a S vykazovaly rovhomérny plosny ubytek materidlu,
ktery po 1. etapé zatézovani neprekrodil vysku 0,15 mm.

U vzorkl s heterogennim svarovym spojem LS a OK byl pozorovan také plosny ubytek na
obou typech oceli, kde nejvétsi ubytky byly méfeny na strané uhlikové oceli s maximem
v blizkosti rozhrani se svarovym spojem. Ze skupiny vzork(l LS doséhl nejvétSiho ubytku
0,19 mm meéfeno vici nerezové oceli. Ze skupiny vzorkd OK dosahl maximalniho ubytku
0,34 mm vzorek OK1, obr. 7.

I W
u

| 08Ch18N10T  |!

Obr. 7 Makroskopické hodnoceni vzorku OK1
Fig. 7 Macroscopic evaluation of specimen OK1

Po 1. etapé zatéZovani nebyl u vzorku zjistén rozvoj koroze v oblasti EDM vrubu. Vzorek OK4
vykazoval pocatek rozvoje Stérbinové koroze na rozhrani oceli 22K se svarovym kovem,
obr. 8. Pfitomnost korozni spary nebyla detekovana PAUT, viz obr. 6.

Obr. 8 Makroskopické hodnoceni vzorku OK4
Fig. 8 Macroscopic evaluation of specimen OK4

Makroskopicka hodnoceni vzorku po 2. etapé zatéZzovani budou provedena.
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6. Shrnuti

Vzorky vSech Sesti skupin rozdélenych dle typu materidlu vystavené plsobeni korozniho
a korozné-mechanického zatizeni vykazovaly po 816 hodinach expozice v koroznim prostfedi
stopy plodné koroze. Jiz vizualné byly zjistény vyS8Si ubytky uhlikovych oceli na vzorcich
homogennich i heterogennich a tyto byly potvrzeny méfenim hmotnosti i makroskopickou
analyzou jednotlivych vzorkd. Nejvétsi lbytky u heterogennich vzorkd byly zméfeny na
vzorcich LS1 a OK1 na strané uhlikové oceli. Oba vzorky byly podrobeny koroznimu namahani
v korozni cele. Vliv na korozni Ubytek mélo umisténi vzorkl v blizkosti obéhového cerpadla
a zvySend intenzita proudéni tak pfispéla k vyraznému ubytku uhlikové oceli ve srovnani
s ostatnimi vzorky.

Vzorky, u nichz bylo korozni namahani kombinované s mechanickym, nevykazovaly vyssi
korozni Ubytky ve porovnani s korozné namahanymi a nemely ani vétsi tendenci k rozvoji
koroznich trhlin v iniciaénim EDM vrubu.

Nedestruktivni kontrolou technikou Phased Array vzork( ve vychozim stavu byla u vétsiny vzorkd
detekovana pfitomnost EDM vrubu. U vzorki OK1, LS3 a LS4 byl EDM vrub slabé detekovatelny.
U vzorku OK4 odezva od vrubu téméf zanikd v odezvé od geometrie povrchu svaru.
Po 816 hodinach plsobeni korozniho prosttedi byly u vzorku OK4 technikou PAUT detekovany
vyrazné odezvy od EDM vrubu, ale zatim nelze presné urcit mozny rozvoj poskozeni korozi pod
napétim. Pfipadny vznik poskozeni je nezbytné ovéfit destruktivné makroskopickou analyzou,
kterd bude provedena v dal$i etapé experimentu. U vzorku OK1 po expozici 816 hodin nebyl EDM
vrub detekovan z diivodu odkorodovani uhlikové oceli v takovém rozsahu, Ze se vytvoril schod
o vysce 0,5 mm na rozhrani svarového spoje a uhlikové oceli. Zména geometrie rozhrani svarovy
spoj — uhlikova ocel znemozfiuje provedeni PAUT. Srovndanim vysledkd PAUT vzorki
podrobenych koroznimu namahani v korozni cele a v mlzné komore nebyl zjistény vyznamny
rozdil. Stejné je tomu pfi srovnani vysledkl PAUT u vzorkd podrobenych koroznimu namahani
a korozné-mechanickému namahani. Ani jedna zjmenovanych skupin nevykazovala vySSi
tendenci k rozvoji koroznich trhlin. Mé&feni PAUT po expozici 816 hodin neprokézalo negativni vliv
ohybového namahani na vznik koroze pod napétim.

Destruktivni makroskopicka analyza vzork(l provedend po 1. etapé, ti. po 264 hodinach
neprokazala rozvoj trhlin z EDM vrubd a samotné vruby ve srovnani s povrchem vzorkd
nevykazovaly vy$Si korozni napadeni. Sou¢asné byl zaznamenany vznik Stérbinové koroze
u heterogennich vzork(l na rozhrani svarového spoje a uhlikové oceli, rozvijejici se z povrchu
umisténi EDM vrubu.

7. Zaveér

Vysledky PAUT budou po 2. etapé korozniho a korozné-mechanického namahani ovéfeny
makroskopickou analyzou. Technikou PAUT lIze detekovat EDM vrub a odliSit zmény
v intenzité odezvy po expozici 816 hodin ve srovnani s vychozim stavem. Nebyla potvrzena
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pfitomnost koroznich trhlin. Vysledky makroskopické analyzy i PAUT vedou pro dalsi
pokra¢ovani experimentu umistit EDM vrub do pfechodové oblasti svarovy spoj — uhlikova
ocel, kde je jiz nyni identifikovan rozvoj Stérbinové koroze. P¥i stavajicim uspofadani zmény
geometrie rozhrani svar — uhlikovd ocel neumoznuji provedeni PAUT, viz vzorek OK1.
Pro dal$i experimenty je uvazovéno se zvySenim mechanického naméhani, které by
v kombinaci s koroznim prostfedim a novym umisténim EDM vrubu mélo vést k rozvoji koroze
pod napétim a vzniku koroznich trhlin.
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Abstrakt

Cléanek se zabyva monitorovanim cyklické degradace vidknovych uhlikovych kompozitnich materidhi
v tribodovém ohybu a ctyrbodovém ohybu s vyuZitim nedestruktivni metody testovani (akustické emise
— AE). Testovany materidl se lisil zpiisobem provazani uhlikovych vidken, orientaci vildken, plosnou
hustotou vrstev a poctem vrstev. Experimentalni data byla nasledné analyzovana tak, aby byly popsdany
typické jevy v ramci kazdého méreni. Vysledky ukazuji, Ze sledovani zdrojii AE miize byt pouZito
k usnadneéni diagnostiky casného poskozeni a vytvoreni prognozy selhani. Jedna se o studium zmén
uvniti kompozitnich materidli.

Klicova slova: akusticka emise, unavové zatézovani, Sireni trhliny

Abstract

This work is focused on monitoring a cyclic degradation of carbon fibre reinforced composites in three-
point and four-point bending test with a non-destructive testing method — acoustic emission (AE).
Examined material was distinctive in a manner of carbon fibre weaving, their orientation, planar density
of layers and their count. Experimental data were analysed to describe the phenomena typical for
individual courses of testing. Results show that observation of AE sources could be used for facilitating
of early damage diagnostics and estimation of possible material failure. This provides a valuable
information on the internal composite structure and its changes in time.

Key words: acoustic emission, fatigue testing, fissure spread

1. Uvod

Charakteristickym rysem dnes$ni doby je dynamicky technologicky pokrok ve vech oblastech
lidské ¢innosti, ktery je podminén zejména vyvojem a aplikaci novych typt materialti. Rychlé
vycerpavani tradi¢nich zdroji energie, nartst sklenikovych plynt a dal$i zavazné ekologické
otazky jsou hlavnimi divody, pro¢ je dnes kladen velky diraz na Gisporu hmotnosti pouzivanych
soucasti [1]. Jednou z moZnosti feSeni tohoto problému je zavadéni kompozitnich materiald.
Nejvétsi potencial v této kategorii maji kompozitni materialy vyztuzené uhlikovymi vlakny,
ktery jakoz nejpevnéjsi a zaroven nejleh¢i material vede k energetickym usporam v celé fadé
inzenyrskych aplikaci. Dlouha vlakna se mohou v kompozitech vyskytovat ve dvou podobach,
bud’ jako samostatné vlakna (tzv. monovlékna), nebo ve svazcich obsahujicich stovky ¢i tisice
vlaken (multivlakna) [3]. Pouziti uhlikovych vlaken v kompozitech s epoxidovou matrici je
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podminéno jejich nizkou hustotou, vysokym modulem pruznosti a tahovou pevnosti, dobrou
tepelnou a elektrickou vodivosti a nizkym soucinitelem teplotni roztaznosti [2].

materialu je zaméteno na soucasti, které jsou podrobené opakovanému ptsobeni vnéjsich sil,
zejména tedy na materialy v oblasti automobilového, leteckého a energetického primyslu [4].
Pro hlubsi pochopeni tinavového procesu je nutné znacnou pozornost vénovat oblasti
nizkocyklové inavy, kdy dochézi k lomu soucasti pfi nizkém poctu zatéznych cykla v disledku
kumulujici se cyklické mikroplasticity [5, 6]. Nalezeni ptislusnych tinavovych charakteristik,
které vyjadfuji schopnost materidlu odolavat cyklické plastické deformaci, je hlavnim tkolem
v pochopeni unavového chovani kazdého materialu.

Béhem cyklického zatéZovani dochazi v materialu k fad¢ strukturnich zmén, které mizeme
vizualné v dany moment jen tézko zachytit ¢i zaznamenat a které jsou béhem zkousek
ovlivilovany mnozstvim faktorti (napf. podminky zatézovani nebo stav mikrostruktury). Jedna
z moznosti, jak hodnotit a monitorovat tyto procesy je vyuziti metody akustické emise (AE).
Jedna se o jednu v posledni dobé rychle se rozvijejici metodu nedestruktivniho testovani (NDT),
ktera nachazi Siroké uplatnéni nejenom v technickych oblastech [4, 5].

Unavové poskozeni v kompozitech je velmi komplexni problém. Kviili riznym mechanickym
poskozenim vyskytujicich se v riznych mistech laminatu. Mechanizmy poskozeni muzeme
rozdélit do péti zakladnich typd: trhliny v matrici, pietrZzeni vlaken, seskupovéani se trhlin,
iniciace delaminaci a rist delaminaci. Néasledkem tohoto poskozeni se kompozitni materialy
v podstaté neporusi vlivem jedné velké trhliny (jako je bézné u kovovych materialu) ale jejich
poskozeni je zptisobené sérii vzajemnych zavislych mikro poskozeni [7].

2.  Experimentalni zaFizeni

Vsechny tnavové zkousky byly provedeny na univerzalni trhacim zatizeni MESSPHYSIK
BETA 50-4/6x14 Zwick. Zatizeni umoziuje zatéZovat vzorky v tahu-tlaku. VSechny testy byly
provadény s posuvnou rychlosti 2mm.min™'. Obrazek 1 prezentuje jednotlivé typy cyklického
testovani.

Obr. 1 Cyklické zatizeni kompozitniho materidlu tiibodovy ohyb (vlevo), ¢tyrbodovy ohyb (vpravo)
Fig. 1 Cyclical load of composite material three-point bend (left), four-point bend (right)

3. Experimentilni material

Testovany kompozitni material byl zesilen uhlikovymi vlédkny, ktery dodala spolec¢nost
CARBONSTAR. Typ vlékna je T300J 3K v platnové tkaning s hmotnosti 280g/m?. Testované
materialy byly lisovany za tepla pro experiment byla pouZita stohovaci sekvence, konkrétné
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[(0°,90°)] 4s, kde (0°, 90°) piedstavuje jednu vrstvu kompozitu. Testované vzorky byly fezany
vodou chlazenou diamantovou pilou. Rozméry vzorku jsou zobrazeny na obrazku 1 a jsou podle
CSN EN 2562 zkouska ohybem ve sméru vlaken [8].

150

Obr. 2 Rozméry pouzitého vzorku pro zkousku vinavy
Fig. 2 Dimensions of the used fatigue test

4. Metodika méreni

Byla pouzita tfibodova a ¢tyibodova ohybova zkouska. Pi téchto zkouskach se plochy vzorek
podepte na dvou koncich a zatizi sttedovym bfemenem (tfibodova zkouska) — dvé podpéry
a zatézujici trn uprostied jsou usporfadany dle Obr. 1 RovnobéZznost podpér a trnu musi byt
v rozmezi £0,02 mm. Polomér R1 trnu a polomér R2 podpér musi byt nasledujici: R1=5 mm +
0,1 mm, R2=2 mm £0,2 mm pro tloustky zkusebniho télesa 3 < mm. Dale dvéma symetricky
umisténymi bfemeny (étyibodové zkouska). Ctyfbodova ohybova zkouska je modifikovéana o
dvé prilozky pod zatézujicimi podporami. Je to kvuli tomu, aby nedochazelo k neptiznivému
vlivu (otladeni, odieni povrchu vzorku) zatézujicich podpér na povrchu vzorku pii cyklickém
zatizeni. Stfedové bfemeno pfi tiibodovém ohybu vyvold ohybovy moment v testovaném
vzorku, ktery se méni linearné od nuly u podpor k maximalni hodnoté uprostied.

Pro detekci napétovych vin na povrchu materialu byly pouzity dva pasivni piezoelektrické
snimace typu IDK 09. Méfeni signalu AE bylo provedeno na zafizeni XEDO. Oba snimace
byly upevnény piimo na vzorku. Rozmisténi bylo zvoleno tak, aby bylo mozné na zéakladé
porovnavaci studie ptichozich signalu z jednotlivych snimaci zachytit zdroje jednotlivych
vznikajicich poskozeni a lokalizovat tak udalosti dle casovych zpozdéni detekce hiti AE.

5. Vysledky a Diskuze

Vysledky potvrzuji, ze deformace nastava béhem prvnich cykli testovani. Tuhle analyzu
potvrzuje i zachyceni signalu akustické emise. Protoze vzorky byly testovany vyssim napétim,
vzorky selzou brzy po spusténi experimentu. Na nasledujicich Obr. 3 a Obr. 4 lze vidét
jednotlivé cyklické zatizeni v zavislosti na rostoucim zatizeni. V diagramech jsou soucasné také
zahrnuty aktivity akustické emise z pohledu udalosti RMS. Na spodni a horni horizontalni ose
je vynesen cas (t) [s]. Na levé svislé ose je vyneseno napéti () [MPa] a na pravé svislé ose
(RMS) [mV].
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Obr. 3 Diagram cyklického zatizeni s akustickou emisi RMS vzorku pro tribodovy cyklicky ohyb
Fig. 3 Cyclic load diagram with acoustic emission rms sample for three-point cycle bend

Pii pocate¢nim rlstu zatizeni lze pozorovat vyskyt vyssi aktivity AE. Ta ma za nasledek
poskozovani na rozhrani vlakna-matrice a jsou detekovana jiz pfi poc¢ate¢nim zatizeni. Prvni
mikrotrhlinky vznikaji v matrici jiz v prvnim cyklu zatizeni. Akusticka aktivita se dale navySuje
razantnji u 5-6 cyklu kde lze pozorovat vyznamny narist detekovanych signalu poruseni
mezifazového rozhrani, a to spojovani trhlin, které je potvrzeno udalostmi RMS. Zacatek
konec¢ného selhani 1ze spatfit u 7 cyklu zatizeni vzorku s vyznamnou udalosti AE kde dochazi
k pfetrzeni vlaken.
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Obr. 4 Diagram cyklického zatizeni s akustickou emisi RMS vzorku pro ctyrbodovy cyklicky ohyb
Fig. 4 Cyclic load diagram with acoustic rms sample emission for a four-point cyclic bend

U c¢tyibodového cyklického zatizeni lze spatfit obdobné pocatecni chovani aktivity AE. Ktera
se zintenziviuje az do 7 cyklu kde doslo k nejvyssi detekované akustické aktivité. Soucasné je
vyvolano rovnomérné rozdélené interlamindrni smykové napéti po celé délce vzorku. To muize
zpusobit pfedcasné poruseni vlivem nizké interlaminarni smykové pevnosti kompozitt. Dvé
symetricka bfemena pii ¢tyfbodovém ohybu vyvolaji ohybové momenty linearné rostouci od
nuly na podpofe k maximalni hodnot¢ pod btemenem. Ohybovy moment mezi bfemeny ztstava
konstantni. V tomto piipadé nevznika zadné smykové napéti mezi biemeny a tato ¢ast nosniku
je tedy namahana Cistym ohybem. Interlaminarni napéti jsou vyvolana pouze ve vnégjSich
Castech rozpéti, tj. mezi bfemeny a podporami. Z hlediska stavu napéti je proto ctyfbodova
ohybova zkouska vhodngjsi, kdezto tfibodova ohybova zkouska je snaze proveditelna. Urceni
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spravné hodnoty pevnosti v ohybu vyzaduje, aby poruSeni nastalo pfetrzenim vlaken, a nikoliv
interlaminarnim smykem. To je zaji§téno pii velkém pomeéru rozpéti k vysce vzorku a lze to
urc¢it nalezenim interlaminarniho smykového namahani nosniku.

V prvni etapé zatiZzeni dochazi k praskani matrice. Praskani se nejprve objevuje ve vrstvach
s orientaci vlaken 90° a poté v dalSich vrstvach s orientaci 0°. Je to zplsobeno koncentraci
napéti v mezifazovém rozhrani uhlikové vlakno-matrice. V prvni fazi vznik trhlin s orientaci
90° nema zasadni vliv na mechanické vlastnosti kompozitniho materialu. Po vzniku prvnich
trhlin dochazi k jejich §ifeni na hranice s vrstvami s podéIng orientovanymi vlakny. Celo trhliny
pusobi na rozhrani obou vrstev jako koncentrator napéti. Zvysuje se interlaminarni napéti mezi
vrstvami a v zavéru faze se iniciuji delaminace. Pfi pokracujicim cyklickém zatizeni dochazi
u vlaken s orientaci 0° k zvySovani napéti. Dochazi k izolovani jednotlivych vlaken s orientaci
0° a tim k ristu delaminaci. Jednotlivé vrstvy kompozitu se zacinaji oddélovat coz piispiva ke
snizeni tuhosti kompozitu. Vyrazny rust delaminaci je u vlaken namahanych tlakem u bfemene,
kde dochézi ke ztraté soudrznosti s matrici. proces porusovani pokracuje dél, az dojde k finalni
poruse kompozitniho materialu. Je mozné z finalniho poruseni urcit, zda se kompozit porusi
diive na stran¢ s tlakovym napétim diky ztraté vzpérné stability jednotlivych vldken v disledku
pretrzeni vlaken.

Obr. 5 Detaily mist poruseného vzorku v orientaci vidken 90° po ohybové iinavové zkousce
Fig. 5 Details of broken sites in fiber orientation 90 ° after flexural fatigue test

6. Zavér

Testované kompozitni materidly byly testovany tfibodovym a c¢tyibodovym cyklickym
ohybem. U vzorkii vyztuZzenych uhlikovym vlaknem byla pouzita stohovaci sekvence,
konkrétné [(0°, 90°)] 4s. Vysledky tnavy u tiibodového i ¢tyfbodového je tieba interpretovat
s opatrnosti, protoze byla zaznamenana znacna akusticka aktivita, kterd vykazuje vznik
deformaci v kompozitni struktuie béhem experimentu, ktera vSak neméla vliv na mechanickou
pevnost testovanych vzorkd. Detailni a kontinudlni monitoring mechanického stavu materialu
se jevi vedle ekonomickych hledisek jako jedna z kli¢ovych podminek pro adekvatni nasazeni
modernich kompozitnich materialti, jako jsou vlaknové uhlikové kompozity, ve vétsim objemu,
nez je tomu doposud. Monitoringem mechanické kondice dilti za provozu lze také predikovat
zbytkovou zZivotnost materialu ¢i soucasti, resp. je mozné presnéji planovat intervaly oprav nebo
vymény jednotlivych soucasti, coz pfispiva k vyssi konkurenceschopnosti a snizovani naklada
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na servis i udrzbu. Do dal$iho testovani by bylo vhodné analyzovat zmény v signalu AE, které
by mohly reflektovat pocatecni prechodova stadia unavového procesu, popisovat odpor
materialu proti cyklické deformaci a iniciaci trhlin.
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Abstrakt

3D skenovani patfi mezi dynamicky se rozvijejici obory, které nachazeji vyuZiti v &im dal sirsim
spektru technologickych odvétvi. Prindsi zcela nové moZnosti pro rozmérovou kontrolu
komponent a nabizi komplexni moZnosti hodnoceni jejich kvality. V soucasné dobé je vyvoj
3D skenert sméfovan zvldsté pro aplikace v automobilovém primyslu a skenovani se zacind
prosazovat i v oblasti energetiky. Na trhu jsou k dostdni rizné typy skenerd, nejlepsi
kombinace pfesnosti a variability pro pouZiti v energetice se podafilo dosdhnout s laserovym
ramenovym skenerem. PFi skenovdni se uplatriuje zejména ptechod od bodového méreni
k integrélnimu plosnému a objevuji se i zcela nové nestandardni aplikace. Dostate¢né vysokd
presnost skenert a ndstroje post-processingu umoZriuji hodnotit povrchové vady materidlu
a 3D skenovani je tak mozZno zafadit mezi doplrikové NDT metody. Tento pFispévek se
pfevazné vénuje pouZiti laserového ramenového skeneru v energetice a dalsim specialnim
aplikacim.

Kliéova slova: 3D skenovani, dulkova koroze, te¢eni materidlu, kavitace

Abstract

3D scanning is one of the dynamically evolving industries that find use in a wide scope of
technology branches. It offers new possibilities for dimensional examination of components
and offers comprehensive possibilities for evaluation of their quality. Currently, the
development of 3D scanners is focused especially on automotive industry applications and 3D
scanning is becoming increasingly used in the power industry. Different types of scanners are
available on the market, and the best combination of precision and variability for the energetics
use has been achieved with the laser arm scanner. In particular, transition from the point
measurement to the integral surface scanning takes place. New non-standard applications
also appear. Sufficiently high accuracy of scanners and use of post-processing tools make it
possible to evaluate surface defects of material, and 3D scanning can thus be classified as an
additional NDT method. This paper is mainly addressed to the use of a laser arm scanner in
power engineering and to other special applications.

Key words: 3D scan, pitting, creep, cavitation
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1. Uvod

Technologie 3D skenovani v sou¢asnosti zazivd nebyvaly rozmach, nebot diky
neustéle se zvysujici pfesnosti skenerl nachazi uplatnéni v mnoha prdmyslovych
avSak zalind se prosazovat i v oblastech jako napf. textilni primysl, kde po
naskenovani povrchu lidského téla software generuje stfihy pfesné podle typu postavy,
v zemedélstvi, kde 3D skener navadi automatickou odsavacku mléka, archeologie,
kde se roboticky skenuji celé komplexy chodeb v pyramidach, ve stavebnictvi, kde je
bézné skenovani domd, mostd, historickych objektl i celych mést statickymi skenery,
skenery na dronech ¢i pfipadné vétsi laserové skenery na letadle.

3D skenovani v oblasti energetiky tvofi nékolik specifickych aplikaci, s unikatnim
zplisobem méteni a hodnoceni. NDT laboratof spoleénosti CVR s.t.0. se zamé&tuje mj.
na sluzby vefejného vyzkumu spojené s prodluzovanim zivotnosti komponent
jadernych, klasickych a vodnich elektraren, které zahrnuji zejména defektoskopické
kontroly, hodnoceni stavu povrchu, opotfebeni, a monitorovani rozvoje nejen
koroznich defektl, kde 3D skenovdni nabizi nové moznosti hodnoceni zbytkové
zivotnosti technologii a predikci rozvoje stavu pfi dalSim provozu.

2. Metody 3D skenovani

V ramci projektu se spole¢nosti CEZ a.s. s vyuZitim

informaci z EPRI jsme testovali vétSinu typl skenerl

sohledem na pfesnost zafizeni a jeho pouZitelnost za

geometrickych omezeni, plynoucich z provoznich podminek

[1]. Jako nejuniverzalngjdi jsme zvolili velmi presny

ramenovy skener s integrovanym laserovym skenerem RS4,

ktery snima az 752 000 bodid za sekundu s pfesnosti

stanoveni bodd 28 pm. Diky 7 kloubdm je velmi variabilni

a umoznuje méfeni i velmi malych prostor(i. Pomoci nékolika

specidlnich stativ(i, vyrobenych v CVR s.r.o., je mozné jej \.L
upnout i na tvarové sloZité plochy feromagnetickych 1
materidld. V provozu jsou skenované dily ¢asto zabudovany .
v technologii a neni mozné je vymontovat nebo je umistit na ' o
nehybnou plochu. Méfeni probiha vétsinou z leSeni nebo ve RN
stisnénych prostorech bez jakéhokoliv pevného bodu, které

naprosta vétsina skenerd vyzaduje. Pro kazdou takovouto

dlohu proto mame k dispozici specidlni pripravek. Obr. 1 Ramenovy laserovy skener
Fig. 1 Laser arm scanner
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Pro nékteré aplikace pouzivame opticky skener, ktery ma horsi skenovaci parametry
nez ramenovy skener. Snima 210 000 bodu za sekundu s pfesnosti stanoveni bod(
50 ym a vyzaduje neustdly vizudini kontakt mezi trackerem a skenerem v prostoru
cca 2 m3. Jeho vyhodou je moznost skenovat nestabilni objekty pomoci infradiod
pfipevnénych na méreném objektu. Tracker je tak schopny detekovat pohyb objektu
zplUsobeny napt. vibracemi a posun okamzité kompenzovat automatizovanym
dopoctem souradnic.

Velmi dobrych vysledk(i se podafilo dosahnout v projektu zaméfeném na detekci
koroznich dulkd na lopatkach nizkotlakych 200MW rotord na klasickych elektrarnach.
Ve spolupraci s Vyzkumnym a zku$ebnim ustavem Plzen s.r.o. jsme kvalifikovali
metodu méfeni hloubky koroznich dalkd ramenovym skenerem a vytvofili metodiku pro
monitorovani stavu lopatek a jejich vyvoje s dobou provozovani [2]. Cilem téchto
méfeni je identifikace lopatek postizenych timto degradaénim mechanismem
v dostate¢ném €asovém predstihu a dal$i monitorovani téchto mist, pfipadné je mozno
doporucit vyménu a minimalizovat tak nezadouci finanéni ztraty vlivem havarie
a neumeérného prodluzovani odstavek.

Obr. 2 Fotografie lopatky s koroznimi dtilky
Fig. 2 Photo of a blade with corrosion pitting

Pomoci 3D mérfeni jsme schopni stanovit hloubku
dalka, pokud pfesahuje 50 pym, zméfit jejich Sitku
a pfesnou pozici na lopatce. Vyzkumny a zkuSebni *
Ustav Plzen s.r.o. pak na zakladé naskenovanych dat Obr. 3 Sken koroznich dulk
hodnoti kritiénost jednotlivych dulks podle napétové  Fig- 3 Scan of corrosion pitting
analyzy lopatek [3].

Na projekt monitorovani diilkové koroze navazal dalsi vyzkumny projekt CVR s.r.o.
zabyvajici se skenovanim lopat obéznych kol na vodnich elektrarnach. Projekt byl
zaméfen na hodnoceni kavitaci na lopatdch Francisovy turbiny a sledovani ubytk
v kritickych mistech ob&Zzného kola [4]. Na rozdil od klasickych elektraren nema
odstaveni vodni turbiny zésadni dopad na celkovou zivotnost lopat kvdli rozdilnym
degrada¢nim mechanismdm. Rozvoj degradacnich procestd na lopatdch vodnich
turbin je tak mozné sledovat v kazdoro¢nich pravidelnych odstavkach a podnikat v€as
opravy €i jind opatteni. Pfi velkych dbytcich materidlu na lopatéch je mozné navafit
materidl a dosahnout tak plvodniho tvaru dle CAD modelu nebo skenu nulového stavu
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ziskaném skenovanim pred prvnim spusténim. Pro zjednoduSeni prace svéfece je
mozné vytvorit tvarovou $ablonu na 3D tiskarné.

R EENNT

§

O O

Obr. 4 Odchylky na lopaté Francisovy turbiny od idediniho tvaru
Fig. 4 Deviations on the Francis turbine blade from the ideal shape

Oproti klasickym elektrarnam jsou v jaderné energetice kladeny obecné daleko vétsi
pozadavky na bezpecnost persondlu i technologii. Kromé& Spatné ptistupnosti
a komplikovaného uchyceni skeneru je zde navic faktor radiace, ktery omezuje ¢as na
provadéni kontrol a vSeobecna moznost kontaminace jak lidi, tak technologii.

Na JE Temelin bylo ramenovym skenerem provadéno meéfeni drazek tésnéni hlavni
délici roviny a vika reaktoru [5]. Na hlavnim vyrobnim bloku €. 2 bylo méFeni provedeno
letos podruhé a bylo tak mozné sledovat vyvoj otlakll po jednom roce provozu.
Vyhodnoceni probihalo ve 27 fezech kolmych na drazku tésnéni, kde je mozné méfit
odchylky od idedlniho CAD modelu nebo proti datlim z posledni odstavky, pokud jsou
k dispozici. N
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Obr. 5 Rez drdzkou hlavni délici roviny
Fig. 5 Cross-section of the groove of the main dividing plane
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Vyhodou této metody je, Ze na rozdil od sou€asné bodové metody méfeni (kuliCkou
s Uchylkomérem) Ize monitorovat cely profil drazky a zkoumat, kde pfesné dochazi
k deformacim. Vyhodnoceni dat z 3D skenovani je diky sklonu, ktery sviraji stény
drazek s hlavni délici rovinou, zatizeno 2x mensi chybou zarovnani délici roviny nez
ruéni méfeni. Pfi 3D méfeni je navic ziskana informace o pfipadnych defektech po
celé hlavni délici roviné, jejichz pozici a rozméry Ize pfesné odmeéfit.

Mezi dal$i ulohy vhodné pro 3D méreni patfi hodnoceni geometrie nové vyrobenych
komponent a jejich shody s vyrobni dokumentaci, dodrzeni toleranci zasadnich pro
funkci zafizeni a dodrzeni bezpecnosti jadernych zafizeni. Kontrola geometrickych
toleranci je €asto obtizna pro ruéni méfeni mikrometry. Takto bylo méfeno dodané
grafitové tésnéni pro kompenzator objemu JE Temelin s cilem zjistit, zda odpovida
pozadavkim zakaznika na kruhovitost a rovinnost. Na zakladé reportu z 3D méfeni
bylo mozné komponenty reklamovat. Navic skenovani jiz pouzitych tésnéni pomohlo
podle stupné deformace odhalit nerovnosti stykovych ploch, které samotné nelze
skenovat [6].

Obr. 6 Grafitové tésnéni
Fig. 6 Graphite seal

Skenery dokazi zastat vizualni kontroly v mistech, kam se ¢lovék nedostane z dlivodu
vysoké radiace nebo nepfistupnosti. Pro méfeni malych defektd v nepfistupnych
mistech pouzivame videoskop s moznosti 3D méfeni. Pomoci sond o priméru 6 mm
a délce 3 m nebo 6 m je mozné se dostat do velmi malych prostor, kde kromé klasické
vizudlni kontroly Ize méfit rozméry a hloubku defekt(.
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Tento pFistup nachdzi vyuziti v bazénu vyhotelého paliva na reaktoru LVR-15 v Re¥i,
kde je nutné sledovat svary hlinikovych plech( stinéni na sténach a stav armatur uvnitf
bazénu. Za standardnich podminek je kontrola provadéna jednou za 5 let pomoci
replikace povrchu, kdy je zbazénu vypusSténa voda. Pomoci videoskopu
s 3D skenerem je mozné provadét kontrolu kazdy rok a ziskat lep$i pfehled o stavu
technologie. V tomto pfipadé byla zkoumana i davka, kterou je schopen kamerovy
systém vydrzet. Maximdlni Unosnd ddvka je omezena na 3 Gy a pfi vy$Sich davkach
dochazi k jiz velmi vyraznému zrnéni obrazu, kdy uz hodnoceni neni mozné a dale
k nevratnému pos8kozeni kamery.

Na zavér zmifime pouziti optického profiloméru VKX 100 na principu laseru
v kombinaci s optickymi objektivy, ur¢enymi pro méfeni hloubkovych profild, linearni
a plo$né drsnosti. Profilomér je vybaven motorizovanym stolkem a umoznuje skladani
vice snimk{, ¢imz |ze ziskat profil vétsiho vzorku v detailnim rozli§eni. Tento profilomér
dosahuje pfesnosti 5 nm, ale v praxi se da vyuzit pouze pro vzorky, které se vejdou
pod mikroskop. V kombinaci s replikami povrchu Ize ovSem kontrolovat i detaily
velkych komponent. Replika dokaze pfenést strukturu povrchu materidlu s pfesnosti
0,1 pm, coz pfinasi velmi detailni moznosti zkoumani riznych typl defektl typu trhlin,
koroznich dulkd nebo tvarovych odchylek.

4.000

2.000

um
0.000 p nog 10,000 20.000 20000 40.000 47.222

Obr. 7 Méreni hloubky trhliny na replice
Fig. 7 Depth measurement of a crack on the surface replica
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3. Zavér

3D skenery jsou velkym pfinosem pro energetiku, pfedevS§im pro hodnocenfi
bezpecnosti komponent elektraren. Je pravdépodobné, Ze si v budoucnu ziskaji jesté
silngjsi pozici a ¢asem najdou pravoplatné misto i v ramci nedestruktivniho testovani.
Nejdfive vSak bude nutné tuto metodu normalizovat jako ostatni defektoskopické
metody.

Prezentované vysledky byly finanéné podpofeny Ministerstvem Skolstvi, mladeze
a télovychovy - projekt LQ1603 Vyzkum pro SUSEN. Prace byla realizovana na velké
infrastruktute UdrZitelnd energetika (SUSEN) vybudované v ramci projektu
CZ.1.05/2.1.00/03.0108.
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Abstrakt:

Tepelné indukované strukturni zmény (béhem vyroby ¢i béhem provozu) jsou Uzce spjaty se zménou
rozloZeni napéti, které jsou dobre méritelné konvencnimi technikami UT. PouZité konvencnich sond vsak
nardzi na urcitd omezeni, kterd uZivateli komplikuji prdaci predevsim ve Spatné pfistupnych mistech, napr.
pfi inspekcich na tlakovych zarizenich. Tento cldnek si klade za cil analyzovat moZnost nahrazeni
konvencnich sond sondami Phased Array, srovndvd citlivost méreni obéma typy sond a ddvd do vztahu
s efektivitou vyuZiti pfi redlnych aplikacich.

Klicovd slova: phased array, ultrazvukové zkouseni, creep, zbytkové napéti

Abstract:

Thermally induced structural changes (during production as well as during operation) are closely related
to change of stress distribution that is well measurable by conventional UT techniques. Conventional UT
probes have some limitations that complicate the work for the operator, especially in difficult-to-access
areas, e.g. inspections on pressure equipment. The goal of this article is to analyze the option to replace
the conventional probes with Phased Array probes and compares the measurement sensitivity between
both types of probes in relation to usability during real applications.

Keywords: phased array, ultrasonic testing, creep, residual stress

1. UvoD

Tepelné indukované zmény struktury materidlu, jako je (ve vyrobnim procesu) fizené tepelné
zpracovani, dokaze efektivné prizpGsobit vlastnosti materidlu zamyslenému vyuziti pfi
provozovani dané soucasti. Provozovani prumyslovych zafizeni za vysokych teplot mdze na
zakladé stejnych principQ, ale za mnohem delsi doby trvani, vlastnosti danych material( zménit
v neprospéch jejich vyuziti.
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Tedeni je jednim z hlavnich degradaénich procesdi odpovédnych za kolaps lakovych zafizeni
provozovanych za vysokych teplot. Teceni je spojeno se synergickym efektem zmén
mikrostruktury a akumulace deformace, které vedou k nukleaci, ristu a kolaescenci mikrodutin
vedouci k naslednému kolapsu zafizeni. Prodluzovani technického Zivota slozitych technickych
celkl je klicové pro zafizeni provozovana za vysokych teplot. O¢ekdvana doba Zivotnosti je dana
schopnosti materidlu uchovat svoji mez pevnosti pfi te¢eni po dobu minimalné dvojnasobku
navrhované Zivotnosti zafizeni. Vyvoj novych metod, které budou schopny ovéfit stav materialu
je proto nezbytny [1].

Razné nové techniky NDT byly vyvinuty pro detekci teceni, pocinaje akustickou emisi, pres
termografii, méreni rychlosti Sifeni ultrazvukovych vin ¢i Utlumu, aZz po vifivé proudy [2,3].
Akusto-elastické a akusto-plastické efekty reaguji na napéti v elasticky deformovaném télese
ana zbytkové pnuti vyvolané makroskopickou deformaci. Vzhledem ktomu, Ze vétsina
zbytkového pnuti je zplsobena plastickou deformaci a teceni je dlouhodoba plasticka
deformace vyvoland v dusledku soubézného pulsobeni vysokych teplot a tlak(, akustickd méreni
zbytkového pnuti jsou vhodnymi kandidaty pro zamyslenou aplikaci detekce teceni.

Pro urceni stavu zafizeni je v tomto pfipadé potfeba méfit velikost vnitfniho pnuti pfimo, nebo
vyuzZit mozZnosti srovnani potencidlné degradované soucasti s referencnimi hodnotami
neovlivnéného materidlu. Vyzkum firmy ATG se zabyvd druhou zuvedenych moZnosti.
V nasledujicich kapitolach budou shrnuty dosavadni poznatky z predchozich praci a diskutovana
moznost pouZziti modernich technik jako je Phased Array pro presnéjsi a efektivné;jsi sbér dat.

2. SHRNUTI DOSAVADNICH POZNATKU VYZKUMU VE SPOLECNOSTI ATG

Jak popisuje Obraz [4], rychlost Sifeni ultrazvukovych vin je funkci napéti o. Pfiklad pro prosté
jednoosé namahani zkusebni tyce v tahu zavislost napéti Ize popsat nasledovné:
ot — (:BT + OlT)AT
o=
1 (1)
BJ + E

kde 6t = At/t, je pomérna zména Casu prichodu ultrazvukovych vin materidlem (TOF), ar a fr
jsou koeficienty teplotni roztaznosti, AT je zména teploty, B, je akustoelasticky koeficient a € je
pomérné prodlouzeni.

Pokud predpokladame AT — 0 (tj. zména teploty je zanedbatelna), vztah Ize zjednodusit na:

ot

o=

- 1 (2)
:Bo + €

V tomto pfipadé Ize vyuzit TOF jak podéinych, tak pri¢nych vin. Pokud se tyto hodnoty daji do
pomeéru, vztah Ize dale prevést na:
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tor _tr

to, ¢
o= 01L t - t (3)
LiTtor , tr
Bor + ) [tOL + tL]

kde tor/tor je pomér TOF zkousené soucasti pred zatizenim a tr/t; po zatiZeni.

Tento vztah nicméné lze velmi Spatné vyuzit béhem inspekci na primyslovych zafizenich,
protozZe:

1) Plvodni nezatizeny stav zafizeni neni dostupny k porovnani.

2) Pomérné prodlouZeni € nemUzZe byt vypocteno, protoZe nejsou znamy presné rozmeéry
zafizeni v dobé inspekce.

3) Napéti na soucasti provozovaného zafizeni je viceosé, nikoliv jednoosé (zvlasté kdyz
uvazujeme vliv procesu teceni).

To znamend, Ze navzdory tomu, Ze dochdazi k pomérné zméné TOF v disledku dodaného
vnitfniho pnuti, tento stav nemdze byt béhem primyslovych jednoduse méfen pfimo. Z toho
vyplyva, Ze pfesné méreni napéti o nemUze byt pouZito a je tfeba vyuzit srovnavaci méfeni se
sérii referencénich vzorka.

Budeme-li predpokladat, Ze objem zkousené ¢asti dané soucasti ma izotropni chovani, Ize vyuzit
skutecnosti, Ze vztahy pro rychlost Sifeni podélnych a pricnych vin lze napsat v jejich
zjednodusené formé, a to:

E 1—v
p(1+v)(1—2v)

6 _|E 1
= o T Jp2a v

kde E je Younglv modul, G je smykovy modul p je hustota a v je Poissonovo Cislo.

C, =

(4)

Je zndmo, Ze rychlost Sifeni podélnych vin c;roste s rostoucim napétim v oblasti elastickych
deformaci, zatimco rychlost Sifeni pficnych vin klesa. Jak prokazal experimentdlné tym z Det
Norske Veritas [5], rUst rychlosti Sifeni podélnych vin je omezeno dosazenim urdité kritické
hodnoty deformace a poté za¢ne opét dochazet k poklesu. Stejného poznatku docilil i Kobayashi
o pricnych vinach [6]. Toto chovani je dlsledkem anizotropie v elastickych vlastnostech
a nehomogennim rozloZeni plastické deformace To miZe zahrnovat vznik bodovych poruch
a skluzovych rovin odpovédnych za degradaci Youngova modulu [7,8].

Této skutecnosti Ize s vyhodou vyuzit, kdyZ uvedené rychlosti budou dany do poméru c; /cy
(také pomér L/T, bezrozmérnid veli¢ina). Situace se pak zjednodusi na rovnici o jedné neznamé
(Poissonovo cislo) s monoténné rostouci charakteristikou:
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(5)

To mUze pomoci urcit soucasny stav napjatosti neprimo, jak uvadi Kumar et al. [7] ve své praci
o zavislosti rychlosti Siteni podélnych a pricnych ultrazvukovych vin na Poissonové Cisle.
Youngliv a smykovy modul maji tendenci se ménit ve stejném sméru pro vétSinu béznych
material(. Proto zména Poissonova Cisla je zavisla pouze na tom, do jaké miry bude kazdy modul
ovlivnén. Pro izotropni pevné latky Ize rozsah hodnot Poissonova cisla omezit na 0 < v < 0.5 [8].
Cim vét$i je hodnota, tim men$i zména objemu nastavd béhem deformace (pro v = 0.5
nedochazi k zddné zméné). Graf vztahu (7) je znazornén na Obr. 1. Pro Poissonovo Cislo
v = 0.25 + 0.30, bezné pro konvencni konstrukéni oceli, je zndzornéna odpovidajici o¢ekdvana
hodnota poméru L/T, tj. ¢, /c;y = 1.73 + 1.87.

40+

30 +

L/T ratio [-]

Obr. 1: ¢, [cy jako funkce Poissonova Cisla v pro izotropni kontinuum. Oblast hodnot typickd pro konstrukéni oceli
(v = 0.25 =+ 0.30) vyznacuje adekvdtni rozsah ¢, /cr = 1.73 + 1.87 [9].

Jak prokazal Zavadil [9] ve své praci pfi méfeni poméru L/T na laboratornich vzorcich 3 typl oceli
tridy 12 (12021 / C16E, 12040 / C35 a 12060 / C55) tepelné zpracovanych za rlznych teplot
kaleni a popousténi, stfedni hodnota poméru L/T se drzi vintervalu naznaceném na Obr. 1
a tyto hodnoty jsou na neovlivnéném materidlu dobfe méritelné, jak uvadi Tab. 1 (viz uréena
smérodatna odchylka méreni).

V dalsi své praci [10] Zavadil ovéfil, Ze uvedené hodnoty namérené na laboratornich vzorcich
odpovidaji s malymi odchylkami i stavu redlného materidlu po dlouhodobém provozovani
v oblastech, kde nedochézelo k makroskopické deformaci (libovolnou formou, tj. bez deformace
mechanické ¢i vdasledku degradacnich procest jako je teceni). Na téchto vzorcich bylo
prokdzano i to, Ze dlouhodobé tepelné zatizeni bez degradace tecenim vedou
(v pfedpoklddaném dusledku zotaveni struktury) ke snizeni poméru L/T. Oba tyto predpoklady
jsou uvedeny na Obr. 2.
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Tab. 1 NaméFené stiedni hodnoty poméru L/T a smérodatné odchylky pro rizné oceli tfidy 12 mérené na vzorcich
tepelné zpracovanych pfi teplotdch kaleni 850 °C a 950 °C a teplotdch popousténi 400 °C, 500 °C, 600 °C a 700 °C.
Posledni sloupeéek uddva oéekdvany rozsah hodnot poméru L/T pro riizné oceli tfidy 12 na zdkladé provedenych
meéreni v prdci [9].

Typ oceli Stfedni hodnota Smérodatna odchylka Ocekavany rozsah
<c/er> Su/t <cyfer>x3 51
12020 / C16E 1.818 0.003 1.809 =+ 1.827
(CSN 412020)
12040/ €35 1.820 0.003 1.811 + 1.829
(CSN 412040)
12060 / €55 1.823 0.005 1.808 + 1.838
(CSN 412060)
I
s B T
—_—t—_—— 57—65
”5’8’5 ””””””””””””””””””””””””””””” —) ]
1,95

@=Qmm |S-1-A  em=Om=MS-1-B

L/T ratio [-]

0 100 200 300 400 500
z [mm]

Obr. 2: Namérené hodnoty poméru L/T na neovlivnéné Edsti membrdnové stény z oceli P265GH zkolabované
v disledku teceni (o otdpénd strana A, © neotdpénd strana B). Spojnice bod(i nereprezentuji Zddnou zdvislost, slouzi
k pouhé lepsi orientaci.

Ve stejné prdci [10] Zavadil také prokazal, Ze ¢3ast zafizeni, kde doslo k vzniku makroskopické
trhliny v disledku koalescence mikrodutin béhem procesu teceni vykazuje hodnoty poméru L/T
vyrazné vyssi, nez hodnoty uvedené na Obr. 2, resp. Tab. 1. Méfeni probihalo na materidlu
P265GH, které je sloZzenim blizké oceli 12020 z prace [9]. Hodnoty poméru L/T rostly od
nominalni hodnoty pro neovlivnény material 1.820 + 0.027 aZ po své maximum na Cele trhliny
2.080 + 0.047, viz Obr. 3. Pro laboratorni vzorky z ¢lanku [9] predstavujici referenc¢ni hodnotu
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materidlu vyslo méreni neovlivnéného materidlu v toleranci uvedené v Tab. 1, zatimco hodnoty
na degradovaném materialu u cela trhliny stfedni hodnotu pro laboratorni material presahovaly
0 67s [9], coz znamend, Zze pomér L/T degradované struktury je na principu srovnavaciho
méreni zcela jednoznacné méfritelny.

120 2,15

20-40-60 mm

65

%

e=O==7 = 60 mm ===z =40 mm e=Q==z =20 mm

Obr. 3: Vzorek zkolabovany v dusledku coalescence mikrodutin behém tec¢eni s naméfenymi hodnotami poméru L/T
v rovinych R1 (modrd), R2 (¢ervend) and R3 (zelend). Spojnice bodu nereprezentuji Zddnou zdvislost, slouzi k pouhé
lepsi orientaci.

3. POUZITi PHASED ARRAY SOND PRO MERENi POMERU L/T

Hlavni komplikaci predchozich méreni byla potfeba pouziti dvou konvencnich pfimych sond,
jedné pro podélné ultrazvukové viny a druhé pro pricné ultrazvukové viny, pro méreni poméru
L/T. Pozadavkem v takovém pfipadé je, aby se obé dvé viny Sitily po stejné draze (tj. stejné
dlouhé a skrz stejnou oblast). Pokud zanedbame vliv zmény struktury v disledku Spatného
umisténi, je tfeba zajistit, aby drahy byly minimalné stejné dlouhé.

V pfipadé, kdy drahy pro podélné a pficné viny nejsou stejné, musi byt vztah (5) doplnén
o korekéni faktor (inverzni pomér obou drah). Vzhledem k obecné nezndamé tloustce zkousené
provozované soucasti a nezndmému stavu vnitfniho povrchu je mozné, Ze nepresné umisténi
obou sond povede k nejednotné draze kazdé z nich. Nebot rozdil drah neni konstantni, zalezi na
umisténi jednotlivych sond na dany materidl a stavu povrhu na zadni sténé i z hlediska
mikroobjemu, je mozné, Ze vztah (5) nebude mozno spolehlivé vyuZit bez znacnych casovych
ztrat nutnych pro kompenzaci této nepresnosti.

Je proto Zadouci nalézt vhodny zplsob, umoznujici méfeni poméru L/T takovym zpUsobem, aby
se oba typy vInéni Sifily pfes zkoumanou oblast zajmu po stejné draze, nebo po drahach, které
od sebe nejsou vyrazné vzdaleny a jejichz rozdil je konstantni. Nasledujici ¢ast tohoto ¢lanku se
proto zabyva experimentalnim ovéfenim pouZiti vhodné buzenych sond Phased Array
s predsadkou za Ucelem méreni poméru L/T.
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4. NAVRH EXPERIMENTU

Pro experiment byl pouZit pfistroj Sonatest VEO+, sonda: T1-PE-5.0M32E0.8P - 5 MHz,
32 ménicl, 0,8 mm rozte¢ ménicl, predsddka: D1AW-N57S a PA-Splitter- IX64 to 1X32:32.
Pristroj byl nastaveny tak, aby generoval dva rlzné typy sken(, oba v reZimu P&C - pitch-catch
(prachodova technika). Prvni nastaveni pouziva k vysilani aperturu 4 ménici nastavenych tak,
aby v materidlu vznikla podélna vina. PouZiti pouze 4 ménicu zajisti velké rozevreni svazku a tak
se materidlem Sifi jak vina lateralni (pro nas ucel nepouzitelna), tak vina, které se odrédzi od zadni
stény - princip TOFD. Druhé nastaveni vyuZiva jinou skupinu opét 4 ménici tak, aby se
v materidlu Sifila pficna vina. Jednotlivé skupiny ménicud jsou svoji polohou voleny tak, aby bod
vystupu vysilajici predsadky a bod vstupu pfijimajici predsadky byl pro oba typy viny pokud
mozno stejny. Vystupem jsou dva signdly prochazejici po stejnych drahach, pouze jeden pro
podélnou vinu a druhy pro pfi¢nou vinu, viz Obr. 4. Méfena byla doba prichodu koncovych ech
(odrazenych od zadni strany vzorku). PouZiti principu techniky TOFD mad zajistit ¢aste¢nou
netecnost nastaveni vic¢i zméndm rychlosti, kterou by ¢isté techniky PA nemohla dosdhnout.

generovani podélnych UZ vin v materialu pod thlem o

Obr. 4 Princip méreni pomoci sond Phased Array pfi konstantnim w.

Mé&Feni probihalo na vzorcich z 3 typ( oceli: P265GH, C45 a 54SiCr6 o tloustce t = 15 mm.
Kazda ocel byla zastoupena 5 vzorky 320 x 320 mm, na kazdém vzorku bylo provedeno
5 méreni podél podélné osy x vzorku vzdjemné vzdalenych o 60 mm, dle Obr. 5. Je predpoklad,
Ze v téchto mistech v budoucich experimentech bude proveden fez a vzorky opétovné svareny
s riznymi hlavnimi svafovacimi parametry za ucelem docileni rizné tepelné ovlivnéné oblasti
atim i rGzné vnitini struktury a zbytkového napéti pro dalsi méreni. Vysledky experimentu
v tomto ¢lanku budou poté slouzZit jako referencni hodnoty neovlivnéného materialu.

X ["';gg mista méFeni umisténf sond oblast z&jmu budouc svar méfent pres svar
3001 |7 0 o | o i i 0 i
< < < H < < &
|
240 o , ! i
w6 | :
120 ! I
(? vysila¢ | piijimac I o vysila¢| B | pfijimac
60 (s} I o
i T | =
0

Obr. 5 Princip méreni pomoci sond Phased Array, mista méreni, rozloZeni sond, ndvrh budouciho svarového spoje.
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Mérena byla doba TOF jednotlivych typl vin (t;, t;) s pfesnosti méreni na setiny us. Ovéfovana

byla presnost méreni pomoci daného uspofadani ve srovnani skonvencnim ultrazvukem
diskutovanym v kapitole 2.

5.  VYSLEDKY
Méreni pfi zachovani konstantni vzajemné vzdalenosti mezi predsadkami

Vzdalenost mezi predsddkami byla konstantni w = 55mm, hloubka fokusace h = 10mm,
tloustka vzorkd t = 15 mm, Ghel $ifeni vinéni v materidlu a = 77,5° byl uréen na zakladé
maximalniho echa. Data t;, t; byla méfena s pfesnosti na 0.01 us a dana do inverzniho poméru.

Tab. 2 Data oceli P265GH ve sméru vdlcovdni y a kolmo na smér vdlcovdni x (budouci osa svaru). Ocel
P265GH vykazovala hodnoty P265GH poméru L/T vrozsahu c;/cy = 1.8055+ 0,0012. Smérodatnd
odchylka s = 0.067 %. Ocel nevykazovala Zddny trend hodnot v ose vdlcovdni y ani v ose kolmé x.

A-1 A-2 A-3 A-4 A-5
160 mm | 480 mm | 800 mm | 1120 mm | 1440 mm | <ci/cr> | sur
60mm | 1,8059 | 1,8067 | 1,8054 1,8059 1,8045 1,8057 | 0,0007
120 mm | 1,8067 | 1,8058 | 1,8066 1,8066 1,8058 1,8063 | 0,0004
180 mm | 1,8067 | 1,8019 | 1,8054 1,8059 1,8040 1,8048 | 0,0017
240 mm | 1,8071 | 1,8058 | 1,8040 1,8051 1,8050 1,8054 | 0,0010
300 mm | 1,8080 | 1,8046 | 1,8055 1,8049 1,8046 1,8055 | 0,0013
<c/fer>| 1,8069 | 1,8049 | 1,8054 1,8057 1,8048 1,8055 -

s,r | 0,0007 | 0,0017 | 0,0008 | 0,0006 | 0,0006 - |o0,0012

x/y

P265GH

Tab. 3 Data oceli C45+N ve sméru vdlcovdni y a kolmo na smér vdlcovdni x (budouci osa svaru). Ocel C45+N
vykazovala hodnoty P265GH poméru L/T v rozsahu ¢ /cy = 1.8077 + 0,0011. Smérodatnd odchylka s = 0.058 %.
Ocel nevykazovala Zadny trend hodnot v ose vdlcovdniy ani v ose kolmé x.

B-1 B-2 B-3 B-4 B-5

160 mm | 480 mm | 800 mm | 1120 mm | 1440 mm | < ci/cr > Syt
60mm | 1,8061 | 1,8092 | 1,8088 1,8088 1,8076 1,8081 | 0,0011
120 mm | 1,8076 | 1,8080 | 1,8093 1,8093 1,8076 1,8084 | 0,0008
180 mm | 1,8067 | 1,8080 | 1,8093 | 1,8093 | 1,8059 | 1,8078 | 0,0014
240 mm | 1,8080 | 1,8076 | 1,8071 1,8071 1,8067 1,8073 | 0,0004
300 mm | 1,8085 | 1,8075 | 1,8067 1,8067 1,8064 1,8071 | 0,0008
<cafer>| 1,8074 | 1,8081 | 1,8082 1,8082 1,8068 1,8077 -
S 0,0009 | 0,0006 | 0,0011 0,0011 0,0007 - 0,0011

x/y

C45+N

Tab. 4 Data oceli 54SiCr6 ve sméru vdlcovdni y a kolmo na smér vdlcovdni x (budouci osa svaru). Ocel P265GH
vykazovala hodnoty P265GH poméru L/T vrozsahu c;/cy = 1.8022 + 0,0007. Smérodatnd odchylka s = 0.040 %.
Ocel nevykazovala Zdadny trend hodnot v ose vdlcovdni'y ani v ose kolmé x.

C1 C-2 C3 Cc-4 C-5
160 mm | 480 mm | 800 mm | 1120 mm | 1440 mm | < ci/cr > SuT
60mm | 1,8020 | 1,8029 | 1,8015 | 1,8024 | 1,8020 | 1,8022 |0,0005
120mm | 1,8020 | 1,8029 | 1,8012 | 1,8029 | 1,8025 | 1,8023 | 0,0007
180 mm | 1,8008 | 1,8024 | 1,8024 1,8019 1,8029 1,8021 | 0,0007
240 mm | 1,8016 | 1,8034 | 1,8029 1,8024 1,8024 1,8025 | 0,0006
300mm | 1,8015 | 1,8019 | 1,8003 | 1,8024 | 1,8029 | 1,8018 | 0,0009
<afcr>| 1,8016 | 1,8027 | 1,8017 | 1,8024 | 1,8025 | 1,8022 :

syr | 0,0005 | 0,0005 | 0,0009 | 0,0003 | 0,0003 - 0,0007

x/y

54SiCré
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= 1,8040-1,8050 = 1,8050-1,8060 = 1,8060-1,8070 = 1,8070-1,8080 = 1,8000-1,8010 = 1,8010-1,8020

= 1,8060-1,8070 = 1,8070-1,8080 #1,8080-1,8090 #1,8090-1,8100 *1,8020-1,8030 =1,8030-1,8040
1120 1440 1120 1440 1120 1440
160mm  480mm 800mm  mm mm 160mm  480mm 800mm  mm mm 160mm  480mm 800mm  mm mm

300 mm 300 mm 2

240 mm

180 mm B

120 mm

60 mm
(a) P265GH. (b) C45+N. (c) 54SiCr6.

Obr. 6 Zobrazeni rozloZeni poméru L/T. Na plechdch nebyl patrny Zddny trend poméru L/T.

6. DISKUSE

Cilem experimentu bylo ovéfit pfesnost méreni poméru rychlosti Sifeni podélnych a pfi¢nych
ultrazvukovych vin L/T pomoci dvojice sond Phased Array, kde jedna sonda byla vysila¢ a druha
prijimac. Vysilaci sonda byla buzena vybranymi elementy tak, aby bylo docileno stejného uhlu
lomu podélnych a pri¢nych vin na rozhrani predsadka-material a minimalnimu posuvu V-drahy
ve sméru prozvucovani.

Nominalni hodnoty

Namérené vysledky poméru L/T vykazovaly hodnoty nizsi o 0.02, tj. o 1.09%, neZ odpovida
Tab. 1, i historickym zaznam(m [9, 10] uvedenych na Obr. 2. Na vzorku A-3 bylo proto
provedeno referencni méreni za pouZiti konvenénich pfimych ultrazvukovych sond pro podélné
a pti¢né viny, které zaznamenalo realny pomér L/T ve vysi 1.824 (tj. dle oekdvani). Vzhledem
k tomu, Ze zkousené vzorky oceli P265GH byly dodany z vyroby, bez vlivu dlouhodobého
tepelného zatizeni v provozu, a namérené hodnoty poméru L/T nevykazovaly zadny trend, jak je
vidét na Obr. 6, Ize predpokladat, Ze vznikla chyba prameni v nepfesném nastaveni.

Moznym ddvodem muze byt nevhodna volba méni¢i pro generovani podélnych a pfi¢nych vin.
Ovérenim bylo prokazano, Ze vybér jinych ménicl ved| ke zméné poméru L/T v dlsledku posunu
V-drahy ve sméru prozvucovani (bez zmény uGhlu lomu a). Vybrané menice pro tento
experiment mély nejblizsi hodnoty ocekavanym vysledkdm z prace [9]. LepSich vysledki by bylo
patrné mozné docilit pouZitim sondy s vice ménici, ktera by umoznovala jemné;jsi déleni.

Pfesnost méreni

Namérend data pro vSechny typy oceli vykazovala dobre kontrolovanou smérodatnou odchylku
méfeni s, ,r, kterd vysla pro jednotlivé oceli dle Tab. 2, 3 a 4 men3i nez 0.067%. Lze tedy
usuzovat, Ze lze docilit dostatecné presnosti méreni k detekci strukturnich zmén vyvolanych
dlouhodobym pGsobenim teplot a tlak(, které obecné dosahuji hodnot radové jednotek
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procent [7, 8]. Vzhledem k vyse diskutovanému omezeni méfeni nominalni hodnoty poméru L/T
je mozno mérenim hledat kritickd mista srovnanim s pomérem L/T méfeném na referenénim
vzorku, nebo pfenasobenim vhodnym koeficientem po ovéreni skute¢ného poméru L/T pomoci
konvencnich pfistroji. Tyto moznosti je vsak tfeba v budoucim vyzkumu jesté ovérit a budou
soucasti budouci prace autor(.

7. ZAVER

Clanek si kladl za cil ovéfit, zda je mozno vyuzit sond Phased Array k monitorovani degrada¢nich
mechanismU vyvolanych dlouhodoby teplenym zatéZzovanim (tj. napt. teceni). Za timto ucelem
byla provedena série méreni, ktera méla za ukol ovéfit, zda jsou sondy Phased Array schopny
méfit sprdvné nomindini hodnotu poméru rychlosti Sifeni podélnych a pficnych ultrazvukovych
vin L/T, zda jsou tento pomér L/T schopny méfit s dostatecnou pfesnosti (tj. s dostate¢né malou
smérodatnou odchylkou na idealizovanych vzorcich) a zda tyto hodnoty nemohou byt zkresleny
nevhodnym nastavenim systému.

Cldnek prokazal, 7e spravnych nominalnich hodnot poméru L/T Ize docilit spravnym nastavenim
kombinace parametrd, které zajisti stejny uhel lomu i bod lomu na rozhrani predsadka-material
pro podélné, i transformované pficné viny. Je predpokladano, Ze velky vliv hraje vybér budici
sondy (resp. poc¢et ménica).

Soucasné bylo zjisténo, Zze méfeni hodnot poméru L/T na idealizovanych vzorcich vykazuje
smérodatnou odchylku srovnatelnou s méfenim konvencnimi pfimymi sondami pro podélné
a pricné viny a tato smérodatna odchylka (v fadu setin procent) je dobfe kontrolovana vzhledem
k odchylkam vyvolanym zménou struktury (obecné v fadech jednotek aZ desitek procent). Sondy
Phased Array proto lze pouzit pro méfeni poméru L/T na souéastech odpovidajici velikosti.

Dalsi vyzkum autorl se zaméfi na ovéreni schopnosti detekovat strukturni zmény na vyse
vzorcich, které budou svafeny pfi rdzném nastaveni hlavnich svafovacich parametr(
(tj. pfirGzné TOO a mikrostrukture).
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Abstrakt

Skoleni a praxe jsou jediné dvé &dsti kvalifikacniho procesu, které umoZfiuji uchazeci ziskat znalosti
a dovednosti k zajisténi zpusobilosti k vykonu cinnosti NDT. Vétsina kvalifikacnich systémi vcetné
certifikaénich orgdnd (pro 1SO 9712) vsak pfistupuje k problému praxe neadekvdtné. Tento &ldnek
shrnuje jednotlivé pristupy kvalifikacnich systému jak ovérit skutecnou praxi NDT persondlu s dirazem na
pristup norem SNT-TC-1A, EN 4179 a ASME ANDE-1, kde NDT Level 3 hraje ustiedni roli, a navrhuje
postup pro interni zajiSténi praxe obhajitelné pred zdkaznikem ¢i béhem auditi (NADCAP, TPG).

Klicova slova: kvalifikacni proces, praxe, NDT Level 3

Abstract

Training and experience are the only two parts of the qualification process that enables the applicant to
gain knowledge and skills for achieving competence for performing NDT tasks. Majority of qualification
systems including certification bodies (for ISO9712) however assess the experience issue non-adequately.
This article summarizes the approaches of individual qualification systems how to verify the real
experience of NDT personnel with focus on EN 4179 and ASME ANDE-1 standards, where the NDT Level 3
plays a key role, and proposes approach for internal experience verification that is trustworthy for the
customer or during audits (NADCAP, TPG).

Key words: qualification process, experience, NDT Level 3

1. iuvoD

Zakladni povinnosti kazdého dodavatele na evropsky trh je dodavat na tento trh pouze
bezpecné vyrobky. Pro uspokojeni tohoto pozadavku (tzv. deklarace bezpeénosti v CE marking)
musi pramyslové firmy zajistit odpovidajici kvalitu svych vyrobka, aby byly bezpecné alespon na
takové Urovni, Ze pfi dodrZovani predepsanych pravidel provozovani doddvaného zafizeni Ci
jeho soucasti nebude ohroZen jeho personal ¢i lidé v jeho okoli. Za timto Ucelem musi Casto
takovy dodavatel zajistit adekvatni kontrolu kvality, ktera je realizovana mimo jiné
i nedestruktivnim zkousenim.

Nedestruktivni zkouseni za svou existenci proslo dlouhou cestou a stalo se robustnim systémem
ovérovani kvality pramyslovych vyrobkd a jejich soudasti. Byl vytvoren cely systém, ktery
ke spravnému fungovani vyzaduje, aby zahrnoval minimalné nasledujici ¢asti:
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1) Odpovédnou osobu schopnou fidit proces NDT

2) Kvalifikovany personal schopny provadét jednotlivé svérené Ukony spravné, svédomité
a odpovédné

3) Vhodné pfistrojové vybaveni schopné nalézt odpovidajici nehomogenity

4) Vhodné spotfebni materidly pro toto vybaveni umoznujici zafizeni spravné fungovat

5) Adekvatni postupy pro zajisténi jednotné a dostatec¢né kvality kontroly

Proces NDT stdle nelze plné automatizovat a nepredpokldada se, Ze v dohledné dobé jej
automatizovat v plném rozsahu bude mozné. Velky vliv na vysledek ma tedy lidsky faktor,
tj. personal, ktery kontrolu provadi. Pokud je personal neadekvatné kvalifikovany, nezkuseny,
nebo nevykonava svoji praci svédomité a odpovédné, mize cely proces NDT selhat ve svém
hlavnim uUkolu — tj. maximalizovat bezpecnost provozu zafizeni tim, Ze nalezne v€as maximum
zavaznych vad omezujicich bezpecny provoz zkouseného zafizeni. Z toho dlvodu je v NDT
kladen velky diraz na kvalifikaci personalu, kterd je popsédna fadou mezinarodné platnych
predpistl (ISO 9712, SNT-TC-1A, EN4179/NAS410, ASME ANDE-1, ASNT ACCP a dalsi).

2. PROKAZOVANi PRUMYSLOVE PRAXE A JEJi ZNEUZIVANI

Je tfeba si uvédomit, Ze spravnd praxe, a to znamena metodické a pfimé vedeni/vychova NDT
operdtora, je tim nejpodstatnéj$im prvkem kvalifikace personalu. Skoleni pouze ut¥idi
a provede spravnou interpretaci ziskanych poznatk(, znalosti a dovednosti béhem odborné
praxe a zkousky pouze verifikuji ziskani zakladni zpGsobilosti.

Proto v dnesni dobé je ¢im dal ¢astéji diskutovana problematika praxe NDT personalu, a to jak
z pohledu pozadavku na ziskani certifikace, tak i z pohledu zpUsobilosti k vykonu ¢innosti.
| presto, Ze praxe je pozadovana a kvantifikovana (v drtivé vétsiné pripadl pouze po¢tem hodin
prace v oblasti NDT — viz. ISO 9712 odst. 7.3.1, SNT-TC-1A odst. 6.3.1). Za dostatecnou praxi
odpovidad zaméstnavatel, ktery tuto odpovédnost mize prenést na svou odpovédnou osobu,
kterou je v NDT (Responsible) Level 3. BohuzZel, zaméstnavatelé Casto prokazani praxe
podcenuji a své zaméstnance prihlasuji na kvalifikacni kurzy bez praxe (praxe je pouze
potvrzena podpisem ¢isla poc¢tu hodin na papife) a po pripadném ziskani certifikatu je ihned
umistuji do ostrého provozu.

Timto vSak zaméstnavatelé prokazuji zpUsobilost svého personalu, a pokud to neni pravda
a dojde ksoudni pfi, potom zaméstnavatel nese plnou odpovédnost, nikoliv kvalifika¢ni ci
certifikacni organ. | presto, Ze tento ,,podvod” muze byt jednoduse viditelny, nemaji kvalifika¢ni
organy nastroje k tomu, aby zasahly. Na zakladé nestrannosti a nezavislosti kazdy, kdo formalné
uspokoji pozadavek deklarovany certifikacniho orgdnu, ma pravo na Skoleni, absolvovani
zkousky a pripadné udéleni certifikdtu. A timto poZadavkem obecné je pisemné potvrzeni
zaméstnavatele, Ze uchaze¢ ma pozadovany pocet hodin praxe.

Rizené falSovani praxe v AQB certifikaéniho organu PCN

Nejvétsi skandal soucasnosti v souvislosti falSovani praxe NDT persondlu se projevil
v nedavné dobé u britského certifikaéniho organu PCN (pro vice informaci ¢téte napft. [6]).
Tento organ je nejvétsim certifikacnim orgdnem dle 1SO9712 na svété a provozuje celou fadu
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(50 k 12.10.2018 [7]) autorizovanych kvalifikacnich organ (tzv. AQB) a autorizovanych
Skolicich stredisek (tzv. ATO) po celém svété. Kazdy takovy organ je odpovédny za cely proces
kvalifikace az po certifikaci, kterou vtomto pfipadé zajistuje PCN. V pfipadé AQB NDT
International PTE Inc. z Indie doSlo k zdvainému fizenému podvodu, kdy tato povérend AQB
a vsech jejich 7 ATO (Skolicich stfedisek) pomahalo personalu i zaméstnavatelim falSovat praxi
a v nékterych pripadech dokonce i pribéhy Skoleni a zkousek. (Toto téma bylo diskutovano
na konferenci APCNDT2017 v Singapuru, kde vystoupili pfimo i zastupci certifikacniho orgénu
PCN). PCN, i presto, Ze tuto skutec¢nost znalo, nezasahlo po nékolik let — idajné z diivodu sbirani
ddikazl. V dobé zésahu v roce 2017 pak doslo k odebréni licence na AQB/ATO spole¢nosti NDT
International PTE Inc. a odebrani certifikatd cca 3000 lidi, které byly vinkriminovanou dobu
vydany.

Zaméstnavatel takto certifikovanych operdtord mlze mit velké problémy suzndnim svého
personalu zakaznikem i nékolik nasledujicich let. Je pfitom nasnadé, Ze ne vsichni postizeni se
podileli na podvodu a ne vsechny firmy vysilaly nezplsobily persondl na zkousky. PCN
pozadovalo pro navraceni certifikatd novou zkousku, kterou si ucastnici/jejich zaméstnavatelé
zaplati na vlastni naklady i presto, Ze za bezproblémovy chod AQB bylo pfimo odpovédné PCN.
| pfes zdsadni pochybéni, kdy nepfislo na fizené podvody pres pravidelné audity a nezasahlo
okamZzité pfi jejich zjisténi, PCN opétovné ziskalo akreditaci od UKAS (United Kingdom Accreditation
Service) potvrzujici v o¢ich mnoha , bezchybny proces fizeni certifikacniho organu®.

Reakce svéta NDT- takové zneuZivani je nepfipustné a musi byt feSeno. Reakce rliznych organt
byly razné.

Své stanovisko, le¢ velmi opatrné, poskytlo ASNT:

ASNT is currently reviewing all PCN certificate holders that may also hold an ASNT
certification. Each one is being rigorously checked and identified to ensure that all

2

experience and training can be verified to ASNT’s high standards.

které ujistovalo, Zze problém vnima a fesi ve spolupraci s BINDT [8], dale ASME v ramci fady
prohlaseni béhem prednasek k ANDE-1 a PRI (Performance Review Institute) — odpovédny
za akreditaci NADCAP:

For any Nadcap audit in this region, Auditors are requested to verify that if individuals are
certified to EN4179/NAS410 based upon the possession of a current 1SO9712 (PCN)
certificate, that they ensure the current PCN Certificate is valid.

Indicky trh se nyni mnohem castéji obraci na zbylé certifikacni organy z divodu snizené davéry
k PCN.

3. JAK RESIT NEDOSTATECNOU PRAXI NDT PERSONALU

Historicky ve vSech kvalifikacnich systémech se praxe definovala vyhradné poctem hodin,
nikoliv deklaraci, Ze operator nebo uchaze¢ skutecné ziskal urcité schopnosti a dovednosti.
Nékteré kvalifikacni predpisy (EN4179/NAS410 ¢i ASME ANDE-1) proto dnes maji zpfisnéné
pozadavky na prokazani praxe. Cilem je zajistit, Ze praxe bude prokazatelna a v dostate¢né mire
tak, aby bylo mozno ovéfit zpUsobilost NDT personalu.
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EN4179 odst. 6.3 (doplnéna PRI NADCAP AC 7114) pozaduje, aby praxe byla evidovana
a potvrzena odpovédnou osobou. Tento pozadavek ma za cil zajistit, Ze personal se skutecné
podilel na jednotlivych ukonech a splnil normativni poZzadavek hodin (pfipadné poZadavek
interni Written Practice). Bylo by velmi naroc¢né falsifikovat kazdy jednotlivy den praxe, i proto,
Ze letecky primysl (pouZivajici predpis EN4179/NAS410) a predevsim velci odbératelé (Rolls
Royce, GE Aerospace, ...) vyzaduje plnou dohledatelnost vSech jednotlivych tdkond béhem
procesu kontroly jednotlivych leteckych dili. Tento problém vsak fesi pouze rozsah praxe,
nefesi ale jeji obsah, pokud zaméstnavatel neuzplsobi spravnym zplsobem svou Written
Practice.

Pristup predpisu ASME ANDE-1 nepozaduje Zzadné splnéné hodiny praxe, namisto toho vyZaduje
prokazani praxe ve vSech dulezitych bodech procesu NDT pro danou NDT metodu. Odpovédna
osoba zaméstnavatele v tomto pripadé musi prokdzat, Ze uchazec o certifikaci ma praxi a umi
vse, co spravny operdtor umét ma a stvrzuje tak svym podpisem pro kazdou takovou ¢innost.
| presto, Ze i zde by bylo mozné falsifikovat praxi, tento predpis ve svém principu umoziuje
prokazani dmyslu podvodu — pokud by totiz operator neumél béhem inspekce to, co dle
pozadavk( v tzv. Qual Card umét musi, je prokazatelné, Ze firma falSovala praxi a mGze tedy byt
hnana k odpovédnosti jednoduseji. V pfipadé poZadavku na pouhy pocet hodin je vymozZeni
odpovédnosti zcela nerealné.

4. INTERNi ZLEPSOVANI PRAXE - ULOHA RESPONSIBLE LEVEL 3

Kdo je Responsible Level 3

Kazdy zvlastni proces by mél mit svoji odpovédnou osobu, kterd odpovida vici zaméstnavateli,
zakaznikovi, inspekénimi dozoru apod. za cely zvlastni proces. Responsible Level 3 je osoba
kvalifikovand v NDT ve stupni 3 a povéfend zaméstnavatelem byti odpovédna za proces NDT
ve spolec¢nosti, a tudiz mimo jiné i za kvalifikaci interniho NDT personalu. Tato osoba by méla
byt plné zplsobilda prevzit tuto odpovédnost a zndt vsechny nezbytné souvislosti svych
rozhodnuti. Znamena to, Ze Responsible Level 3 by nemél byt pouze odbornik na metody NDT
zavedené ve spolecnosti, ale mél by mit dostatecné znalosti, zkuSenosti a schopnosti pro fizeni
tymu lidi dané velikosti.

Co je Written Practice a k cemu slouzi

| pfesto, Ze normy ve vétsiné pripadl nafizuji pro splnéni praxe pouze uréity pocet hodin, nic
nebrani odpovédné osobé tyto pozadavky navysit, pokud chape duleZitost a filosofii/podstatu
kvalifikace personalu a odpovédnosti vici zaméstnavateli. V zaméstnavatelskych systémech
(SNT-TC-1A odst. 5.0, EN4179 odst. 4.1) je pro tento ucel urcen dokument Written Practice,
ktery dale rozsifuje a upresnuje kritéria pro kvalifikaci persondlu uvniti spolecnosti
zaméstnavatele. Zde je mozné pfihlédnout na rozsifené mnozZstvi hodin, pridkaznost
absolvované praxe, nebo i zohlednit v ¢em konkrétné personal musi ziskat praxi, aby mohl byt
povéren ke konkrétnim ukonim. Tento dokument vytvafi a spravuje Responsible Level 3.
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Responsible Level 3 a Written Practice u nezavislych kvalifikaénich systému

Nékteré kvalifikacni systémy pojem Responsible Level 3 ¢i Written Practice neznaji (1ISO 9712,
1SO 20807, ASNT ACCP a dalsi). PoZadavek na odpovédnou osobu vsak vychazi jiz z 1ISO9001 [5],
ktery poZzaduje, aby kazdy proces mél pravé jednu odpovédnou osou, ktera je plné zpUsobila
nést tuto odpovédnost. Z vySe uvedeného Ize tedy fici, Ze ve vSech kvalifikacnich predpisech je
pozadavek na urcitou formu ,Responsible Level 3“ i presto, Ze v nékterych pfipadech nemusi
byt takto nazyvdna a nemusi byt kvalifikovdna v NDT ve stupni 3. Tato osoba md poté pravo
definovat vnitini smérnici pozadavky na kvalifikaci vlastniho NDT personalu, ktery v dlsledku
bude plnit Glohu Written Practice a maze dale definovat pozadavky na praxi, dodate¢ny on-the-
job training a dalsi.

Autorizace personalu NDT

Certifikace neni jedinym poZadavkem pro to, aby mohl personal zacit provadét NDT
pro zaméstnavatele. Bez ohledu na kvalifikacni systém je vidy nezbytné persondl autorizovat
(viz napf. ISO 9712 odst. 5.5.5, ASME ANDE-1 odst. 1-3.5d, nepfimo SNT-TC-1A odst. 9.0,
EN4179 odst. 3.23). DGvodem je, Ze pozadavky na kvalifikaci personalu jsou univerzalni pro
vsechny uchazece u dané certifikani autority (certifikacni orgdn pro nezavislé kvalifikacni
systémy, zaméstnavatel pro zaméstnavatelské kvalifikaéni systémy) a pouze zaméstnavatel,
resp. jeho odpovédna osoba vi, co konkrétné musi uchazec pro ziskani zplsobilosti védét, znat
aumét ovladat a taktéZ jako jediny zna dalsi vlastnosti kazdého konkrétniho zaméstnance
(tj. napf. peclivost, rozvaznost, zbrklost ...). Vyslani zaméstnance k provedeni inspekce u zakaznika
je autorizace zaméstnance k vykonani takové Cinnosti a zaméstnavatel je za jeho zpUsobilost
odpovédny.

Certifikace je tedy podminkou nutnou, nikoliv dostacujici k autorizaci (povéreni) a jako takova
Zzadnou osobu neopravriuje kvykonu cinnosti pro zaméstnavatele ¢i zakaznika. Autorizaci
personalu by zaméstnavatel mél udélovat pouze v momenté, kdy si je dle svych moznosti
dostatecné jisty, Ze je dana osoba pro vykon takové Cinnosti zplsobild — tj. mimo jiné i to, Ze ma
dostate¢né mnoizstvi praxe.

V pfipadé dodavek sluzeb NDT pro zékaznika autorizaci stvrzuje smlouva o doddvce takovych
sluzeb. Zakaznik ma pravo pozadovat prokazani zpusobilosti a klast pozadavky nad ramec
certifikace (napf. praxe v NDT ve vyssim stupni, praxe min. 5 let apod.) pro podepsani takové
smlouvy. Vice se této otdzce vénuje kapitola 6.

5. EXTERNIi ZLEPSOVANi PRAXE — ULOHA CERTIFIKACNIHO ORGANU

| certifikaéni orgdny nezévislych kvalifikaénich systémd' maji moZnost svym spravnym
nastavenim internich procesl zvysit transparentnost ziskavani a prokazovani praxe v daném
odvétvi. Kvalifikacni predpisy davaji certifikacnimu organu pravo prizplsobovat své pozadavky

1 Vzhledem ktomu, Ze u zaméstnavatelskych systémi certifikuje zaméstnavatel, jeho moZnosti jsou shrnuty
v kapitole 4.
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pro udéleni certifikdtu (viz napf. 1ISO 9712 odst. 5.2.2). Tim se soucasné certifikacni organ
soucasné muize ¢asteéné chranit proti situaci podobné situaci PCN.

Nastroju pro ovéreni praxe personalu je cela fada. Certifikaéni organy napf. mohou poZadovat
podrobnéjsi ¢asovy rozpis realizované praxe v navaznosti a dobu, jak dlouho byl uchazec
u zaméstnavatele zaméstnan tak, aby se zabranilo certifikaci persondlu bez praxe. Mlze také
definovat oblasti, v kterych musi mit uchaze¢ praxi a vjakém rozsahu, pripadné co za praxi
uznava a co nikoliv.

Navic mUZe poZadovat (nepfimé) ovéreni praxe pfi provedeni kvalifikacni zkousky. Toho mize
docilit nékolika zplsoby. MlzZe poZadovat strukturu otazek (pro vseobecny a specificky test)
orientovanou na pochopeni problému namisto memorovani a hledani v normach. Béhem
praktické ¢asti mize zpfisnit pravidla hodnoceni pro Ukony, které s praxi nezbytné souvisi
a nejsou shiranim bod{ za opsani zadani (tj. napf. zvysit podil ziskatelnych bodl za kalibraci
pfistroje), nebo poZadovat duslednéjsi dodrzovani casovych limith praktické zkousky (uchazec
s dostatec¢nou praxi by nemél tapat béhem zkousky).

VSechny tyto kroky by vsak certifika¢ni orgdn mél délat uvazlivé a ve spolupraci se svymi ATB
a AQB a nastavit tento systém tak, aby zkouska ovérovala ziskané znalosti béhem Skoleni,
nikoliv aby Skoleni bylo ohybano dle vrtochl certifikacniho orgdnu tak, aby uchazed pres
zkousku prosel a nikoliv aby se naucil dilezité véci pro svoji budouci praci.

VSechny tyto opatreni vSak neméni nic na tom, Ze nezavisly certifikacni organ nikdy neprebira
odpovédnost za Cinnost certifikovaného operatora. To by si zaméstnavatel mél uvédomovat
a nezit v predstavé, ze operator s platnym certifikditem ho ochrani od pfipadnych problémi
s neadekvatné provedenou NDT kontrolou.

6. PROKAZATELNOST PRAXE PRED ZAKAZNIiKEM €I AUDITOREM

Zakaznik ocekdva od svého dodavatele zajisténi adekvatni kvality, Casto vcetné spravné
provedené NDT kontroly. V nékterych situacich pak muiZe poZadovat prokazani zpUsobilosti
dodavatelova NDT personalu. Typicky se tak stdva béhem v leteckém ¢i petrochemickém
/ energetickém primyslu, a to prostfednictvim sklil testd, béhem zdkaznickych auditd, nebo
v rdmci nezavislych auditt dle napt. ASME, PRI NADCAP ¢i PRI TPG.

Prokdzani zpUsobilosti se z hlediska praxe sklada z:

1) Prlkaznosti realizované praxe

2) Prokazani zpuUsobilosti na zakladé whitness auditu

3) Prlbéiného ovérovani zplsobilosti personalu prostfednictvim Performance Evaluation
/ Annual Maintenance

Tyto pozadavky jsou béhem auditu standardné posuzovany dohromady, tj. pro uspokojeni
pozadavk( auditora je vétSinou tfeba prokazat vsechny 3 body.
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PoZadavek a priikaznost praxe vede k pozadavku evidovani vykonané prace personalu, ktera je
zaclenéna do systému fizeni kvality procesu dané NDT metody u dodavatele. Dle EN4179 odst.
6.3 musi byt evidovdno min. jméno, uloha, datum, délka a v pfipadé personalu ziskavajici praxi
i podpis persondlu odpovédného za dohled. Vzhledem k monitorovani specidlnich
procest v leteckém pramyslu je pfipadné falSovani vyrazné zkomplikovano.

Béhem whitness auditu zakaznika ¢i auditora napt. PRI musi persondl demonstrovat zpusobilost
provedenim zkousky dle predpisu (tj. napf. ndvodky) na redlném vzorku pfimo pred auditorem.
Posuzovéno je provedeni i feSeni pripadnych nestandardnich situaci. Auditor mliZze pozadovat
demonstraci postupu v pfipadé, kdy se vnéjsi podminky zméni. Podpora interniho Level 3 i
jiného (zkusenéjsiho) personalu neni béhem whitness auditu mozna. V pfipadé, Ze personal ma
nedostateCnou praxi, auditor takovou situaci vétSinou jednoduse odhali. NezpUsobilost
personalu prokazana pti auditu je zasadni pochybeni, které mize vést az ke ztraté zakazky pro
dodavatele.

Personal by se mél svym svéfenym ukolim v oblasti NDT v pribéhu roku vénovat tak, aby si
stale udrzoval zpUsobilost pro vykon ¢innosti. Pro interni ovéfeni zpUsobilosti je moZno vyuzit
Performance Evaluation / Annual Maintenance, kdy jsou dovednosti personalu interné ovéfeny,
ptipadné prezkouseny. V pfipadé nedostatecné zplsobilosti mliZze byt pozadovano dopliikové
Skoleni, ¢i docasné odebrani autorizace po dobu opétovného nabyti potfebnych dovednosti.

7. ZAVER

Praxe v NDT je v posledni dobé casto diskutované téma. Na problémy s praxi upozornil nedavny
skandal britského certifikacniho organu PCN a jeho AQB v Indii, tento pfipad ale neni ojedinély
a fizena manipulace s praxi se déje u zaméstnavatele i dalSich certifikacnich organu. Je nezbytné
nutné problém praxe FeSit. Takové FeSeni musi pfijit ve dvou rovindch — vétsi dislednosti
zaméstnavatele, ktery nebude potvrzovat praxi personalu, kterd nema realnou praxi, a zméné
ptistupu certifikaénich organd, které budou prokdzani praxe pozadovat ddslednéji (tj. budou
pozadovat rozpad provedené praxe v rozsahu i obsahu) a zaméfi se na ovéreni deklarované
praxe béhem zkousky. Zména ve findle prospéje vSem, jak certifikacnimu orgdnu, ktery se spiSe
vyhne problémim podobnym PCN, uchazedi, ktery bude |épe ptipraveny pro vykon ¢innosti,
i zaméstnavateli, ktery nebude riskovat ztratu zakazky z divodu nezpUsobilosti personalu.
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Abstrakt:

Technika Phased Array a s ni souvisejici vybaveni se stale castéji vyuziva pro konvencni primyslové
aplikace pri zkouSeni ultrazvukem. Jeji hlavni prednosti je predevsim uspora casu a ndkladi pri
opakovaném zkouseni. Technika Full Matrix Capture / Total Focusing Method vyznamné rozsiruje
potencidl techniky Phased Array diky moznosti detailni analyzy zkouSenych soucasti na nehomogenity.
Mezi jeji prednosti patii schopnost presnéjsiho zjisteéni velikosti a tvaru (orientace) nehomogenit
i schopnost detekce nehomogenit ve vzajemném zakrytu. Tento clanek si klade za cil sezndmit odborniky
v oblasti UT s touto novou technikou, jejimi vyhodami a omezenimi a objasnit princip jejiho fungovani na
pristrojich Sonatest v tzv. offline modu.

Kli¢ova slova: phased array, full matrix capture, total focusing method, ultrazvukové zkouseni

Abstract:

Phased Array technique and related equipment is increasingly common for conventional industrial
applications while using ultrasonic testing. The main advantages are time and expenses savings during
serial testing. Full Matrix Capture / Total Focusing Method technique significantly extends the potential
of Phased Array technique due to ability of detailed analysis of tested parts for presence of defects.
The main advantages include more detailed shape, size and orientation measurement of defects and the
ability to detect defects in in mutual cover. The goal of this article is to introduce to the UT experts this
new technique, its advantages and limitations and explain the principle of operation on Sonatest
equipment in so called offline mode.

Keywords: phased array, full matrix capture, total focusing method, ultrasonic testing

Phased array technika zaZiva v posledni dob& pomémé velky rozmach. Rada firem touto technikou
nahrazuje klasicky konvenéni ultrazvuk nebo dokonce radiografickou kontrolu. Spolu se zdjmem
zakaznikid se zvysuje 1 nabidka vyrobct ptistroju z hlediska hardwaru i softwaru. Jednou z aplikaci,
ktera se v posledni dobé objevila v nabidce vyrobct pfistroji je i technika Full Matrix C apture
(FMC) / Total Focusing Method (TMF).

Full Matrix Capture je relativné nova inovativni technika sbéru dat, ktera ve spojeni s algoritmem
zpracovani téchto dat (Total Focusing Method) umozni detailni analyzu nalezenych indikaci
a vyrazné tak rozsituje detekéni a vyhodnocovaci schopnosti phased array pfistroju.
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Tento ¢lanek si klade za cil seznamit ¢tenate s podstatou sbéru dat FMC a hlavné s detekénimi
a zobrazovacimi moznostmi TFM. Shrnuje zakladni vyhody, nevyhody a omezeni této techniky.
V ¢lanku nejsou diskutovany ,,pod-techniky* jako HMC (Half Matrix Capture), STF (Sectorial
Total Focusing) apod.

1  Princip

Zakladem techniky FMC/TFM je sbér dat. Data jsou sbirana takovym zptisobem, aby jich bylo

mozné nasledné pouzit k analyze materialu resp. jsou sebrana data tak, aby z nich bylo mozné

nasledné rekonstruovat jakykoliv svazek, jakykoliv smér, ktery je samoziejmé dostupny sondé

a ptipadné i pouzité predsadce.

Princip sbéru dat dokumentuje nasledujici obrazek.
B Vysilaci

B Piijimaci
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Obr. 1 Princip sbéru FMC dat

Sbér dat probihd tak, ze kazdy element phased array sondy vysle signal, ktery nasledn¢ vSechny
elementy zpétné pfijmou (v¢etné vysilajiciho), a signal je digitalizovan.
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Tato data mohou byt nasledné pouzita k vypocétu jakychkoliv danych svazkd (apertura, uhel,
fokusaéni bod). S témito daty mize byt v soucasné dob¢ nalozeno dvéma zpiisoby.

D

2)

Data jsou ihned pouzita na vypocet potfebného zobrazeni. Vysledkem je ,,zivy* obraz
situace pod sondou (ve vybrané oblasti). K tomuto je nutné pouziti vysokorychlostniho
hardwaru, ktery je schopny s obrovskym mnozstvim dat pracovat vrealném case.
Vyhodou je samoziejmé ono ,,zivé* zobrazeni. Toto zobrazeni je mozné nahrat jako
klasicky sken phased array. Nevyhodou je, Ze dat je mnoho, a tak jsou ,,surova™ data
ihned po pouziti zahozena a nejsou uz k dispozici pro dalsi zpracovani. To mize
zpusobit problém v tom, ze nékteré indikace nejsou viditelné pii piepoétu podle jedné
sady pravidel a je nutné pouzit jiny prepocet. Data ale pro jiny piepocet nejsou
k dispozici, pokud nedojde znovu k nahrani novych dat.

Druhy zplisob surova data uklddd pro naslednou analyzu a ihned nezobrazuje
pfepocitany vysledek. Operator tedy zpravidla vidi pouze FMC data, kterd ale nelze
pohledem nijak interpretovat. Je tedy vhodné pouzit jesté néjaké dodatecné beézné
phased array zobrazeni. UloZena data je pak mozné piepocitavat podle riznych pravidel
a provést tak detailni analyzu zkousSené oblasti. Navic je mozné i oblast redefinovat, tedy
v ramci nahrané délky Casové zakladny s oblasti zajmu posouvat, ménit pozadované
rozliseni apod. Nevyhodou tohoto feSeni je samoziejmé absence ,,zivého* obrazu a tim
zpomaleni inspekce. Vyhodou je ale to, Ze data je nutné nahrat pouze jednou v dané
oblasti z4jmu a naslednd analyza muize probihat rliznymi zpisoby pouzitim stale
stejnych dat (ekvivalent znovunasnimani dané oblasti).

obr. 2 Data FMC

Data, kterd jsou sbirdna, jsou neusmérnéné A-skeny. Je tieba, aby byla dostupnd informace o fazi
signalu, aby bylo mozné vypocitavat, zda doslo k interferenci v daném bod¢€ konstruktivni nebo
destruktivni. Signaly samozfejm¢ nemohou byt vyhlazené, tato funkce neni pro neusmérnény
signal dostupnd.

Minimalni pozadovana hodnota digitaliza¢ni frekvence by méla byt 100 MHz a neméla by byt
pouzita zadna forma komprese, i kdyz pii velkych rozsazich ¢asové zékladny je nevyhnutelna.
Detailni vzorkovani je pro post procesni zpracovani zasadni.
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Pii sbéru dat vysle kazdy méni¢ signal, ktery je nasledné zpracovavan zpét. Pti sondé€ s 16 ménici
je poslano 162, tedy 256 A-skenti, pii sondé s 32 méniéi je to uz 1024 A-skenti atd. Z tohoto
divodu neni mozné pouzivat zadny druh primérovani, protoze samotny sbér dat je pomérné
Casoveé narocny.

Hodnota kvantovani by méla byt min 12-bitd, nebo leps$i, protoZe jsou zpracovavany malé
amplitudy a niz8i stupen digitalizace neni ptesny.

Nejvétsi vyhodou tohoto sbéru dat je velky potencidl v nasledném zpracovani nasbiranych dat.
Nevyhodou je to, Ze sebrana data jsou pomérné velkd a tak je prace s nimi obtizna. Naptiklad,
pokud budeme mit sondu s 64 elementy, bude sbirdno 4096 A-skenli, pokud kazdy bude
obsahovat 8192 bodii pfi 12-bitové digitalizaci, pak velikost souboru pouze s jednim celkovym
snimkem bude mit cca 64 MB. Pokud budeme zkouSet svar o délce 250 mm s rozliSenim
enkodéru na 1 mm, potom velikost souboru bude cca 16 GB.

2 Nedostatky FMC

- Malé nebo zadnd moznost zmény zesileni. Zesileni je obvykle stejné pro kazdy A-sken

- Zatim neexistuje zadny obecné uznavany zptsob kalibrace — piistroje obvykle neobsahuji
zadny zpusob kalibrace, nebo FMC sken pfebird kalibraci z nastaveni paralelniho
klasického phased array skenu (nikoliv vSak citlivost)

- Bez moznosti filtrace signalu (pomoci Filtru s kone¢nou impulzni odezvou — FIR —
digitalni filtrace). Filtrace analogovymi filtry je samoziejmé mozna

- Neni mozné pouzit primérovani
- Technika neni podporovana zadnym obecné uznavanym standardem, i kdyz existuje
skupina, pracujici na zavedeni této techniky do ASME V.
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3 Porovnani klasického phased array s FMC/TFM

Vyhodou FMC/TFM v porovnani s klasickym phased array je mnohem detailn€j$i a ndzornéjsi
zobrazeni pozadované oblasti. Porovnani zobrazuje nasledujici obrazek skenu mérky ASTM type B.

¢ ;OOOO

Klasické Phased Array FMC/TFM

Obr. 3 Porovnani klasického phased array a FMC/TFM

Navic, na dobie nastaveném FMC se nezobrazuji opakovana echa od indikaci, které by sice
kazdy zkuSeny operator mél rozeznat, ale navic nedojde ani k zakryti indikaci pod pfipadnou
vadou blize k povrchu.
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Zkouseny dil

SOOI v T . AP P LA IO AT

Opakovana
echa  od
prvni

indikace

Zobrazeni klasického phased array Zobrazeni FMC/TFM
obr. 4 Zobrazeni indikaci pomoci phased array a FMC/TFM, které jsou v "zakrytu"

Je mozné si v§imnou i toho, ze délka mrtvého pasma, je v porovnani s klasickym phased array
podstatné mensi. Pouzita phased array sonda je opatiena piedsadkou.

4  Zaklady vypoctu TFM

Pro rekonstrukci obrazu TFM potiebuje soustavu A-skenti ziskanych pomoci FMC. Algoritmus
TFM vygeneruje skalarni zobrazeni I(P) zkouSené oblasti, kde je sken zafokusovan do kazdého
pixelu. Intenzita kazdého pixelu v zobrazeni se ziska:

Ne
I(P) = z Sij(Tip + Tjp)
=1
Kde S;; je ziskany signal,
Ty a Tjp, jsou Casy nutné pro dosazeni bodu P pro i-ty resp. pro j-ty ménic.
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Sbér dat — FMC Zpracovani — TFM

Soutet amplitud viech ziskanych signald
v zévislosti na vypotitaném ase

Sit

© Ei(xi;zi Ri(xj;z
se |
o |9
: P(x;z
. )
s |2 ﬁ
© \ :\/M
'

Obr. 5 Zakladni princip TFM

Pii pouziti predsadky je méni¢ oddéleny od zkouSené¢ho materidlu vrstvou jin¢ho prostredi, bud’
pevnym materidlem predsadky, nebo pfi imersnim zkouSeni vrstvou vody. V tomto ptipadé¢, pii
priichodu vinéni dvéma materialy s riznou rychlosti $ifeni dochazi na rozhrani k lomu. Cas $iteni
k bodu P se pak vypocita podle rovnice:

Jo—x) sz (i = 22
+

€1 C2

TEip =

Kde ¢, resp. c, je rychlost Sifeni v piedsadce resp. zkouseném materialu
(x;; z;) je pozice i-tého ménice
(xl-/ ; 0) je pozice bodu lomu
(x; z) je soutadnice bodu P

Ei(xi;zi)
Piedsadka (voda) — ¢
I (x5 Materidl - 2
0)

P (x; 2)

obr. 6 Lokalizace bodu pri pouziti predsadky

DEFEKTOSKOPIE 2018 365



X-ova soutadnice bodu lomu se vypocita podle klasického Snellova zakona podle rovnice:
X — X{ X[ —x;

cl\/(xi—xl-’)2+zi2 cz\/(xi’—x)2+zz

4.1 Typy prepocti TFM

Obraz je mozné ziskat tzv. ,,on the fly“, tedy vSechny A-skeny jsou ziskany a ihned pouZity,
pricemz data jsou okamzité¢ smazana, aby se ziskal volny prostor pro dalsi sbér dat. Pokud jsou
data ulozena a vypocet je proveden az nasledné, potom je stejny soubor dat mozné pouZzit pro
vypocet riznymi zpusoby, pro rizné rezimy $ifeni. Pro kazdy vypocet pak mizou byt pouzita
riizna kritéria TFM jako je pozice a velikost ramce, nebo riizné rezimy Sifeni. Rizné TFM ramce
je pak mozné spojit a vytvofit detailnéjsi zobrazeni pro lepsi analyzu zdznamu.
Data potfebna pro zadefinovani TFM

- oblast, pro kterou bude TFM pocitana — je urcena jako oblast vzhledem k sondé

- rozliSeni, na které bude zadan4 oblast rozd¢lena — pocet bodt které budou pocitany

- rezim Sifeni, pro ktery budou data pocitana, resp. jaka rychlost, pfipadné¢ kombinace

rychlosti §iteni budou k vypoétu pouzity
i~ 1 LU i \ . / ‘_ - -

. -— V
Zkoudena
soucast

N
3

Zvolend oblast
o 2éjmu o)

Obr. 7 Postup TFM zpracovani dat
2

obr. 8 Oblast zajmu TFM

Oblast je rozdélena na pocet bodi, ktery odpovida velikosti oblasti a rozliseni. Algoritmus potom
vypocita kazdy svazek tak, aby fokusaci odpovidal kazdému z bodl v oblasti. Kazdy bod je tedy
ve vysledku dokonale zafokusovan, pokud to odpovida fyzikdlnim moznostem. Ani u této
techniky samozfejmé neni mozné fokusovat za hranici blizkého pole, ktera je definovana
velikosti apertury (virtualni apertury) dané sondy, frekvenci, rychlosti §iteni, pouziti predsadky
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atd. Pixely za hranici blizkého pole budou samoziejmé vypocitany a budou mit ,,obsah®, ale ten
bude odpovidat moznostem klasického phased array.

Oblast pokryti TFM mé svoje omezeni. Neni mozné pouzit jakykoliv rezim Sifeni pro celou
vybranou oblast. Omezeni, které plati pro phased array sondu plati totiz i pro TFM. Pokud ma
tedy sonda omezeny uhlovy dosah, potom ho bude mit i TFM.

Pozice indikace Pozice indikace

. N

Indikace  bude
detekovana

Indikace nebude

detekovana

Obr. 9 Oblast dostupnad a nedostupnd pro FMC/TFM

Na obr. vySe je patrné, jak rezim $ifeni ovlivni detekovatelnost indikace. V poslednim ptipadé,
pokud v oblasti kryci vrstvy na strané od sondy bude indikace, nebude mozné ji detekovat. Pro
detekei v této oblasti by bylo nutné zvolit jiny typ Sifeni viny. Je tedy velmi dulezité, v piipadé
,,Z1vého* zobrazeni dat, spravné zvolit typ Sifeni viny, nebo v ptipadé dat ulozenych pro pozdéjsi
zpracovani, zvolit vice druhl Sifeni, protoze nékteré indikace budou viditelné jen v nékterych
ptipadech.

5  Volba a moZnosti rozliseni TFM algoritmu

Jak jiz bylo uvedeno vyse, TFM algoritmus vypocita pokud mozno zafokusovany svazek pro
kazdy pixel v oblasti zajmu. Tento pixel potom dostane barvu ze zvolené palety podle amplitudy
signalu ziskaného z tohoto mista. Algoritmy TFM zpravidla fokusuji svazek do stfedu daného
pixelu a zde se muze projevit jev podobny tomu, co popisuje tzv. Nyquistiv teorém, ktery je
znamy z digitalizace signalu.

Stejné jako pfi digitalizaci, pokud zvolime nizkou digitaliza¢ni frekvenci, mame velkou $anci, ze
signal nebude digitalizovan vzdy ve své maximalni hodnoté, tak i zde, pokud bude rozliSeni
pozadované oblasti malé, nemusime vzdy ziskat maximalni amplitudu.
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Ctyinasobek

(5 MHz p¥i 20 MHz digitalizace) — chyba a7 3 dB

Pétinasobek
(10 MHz pii 50 MHz digitalizace) — cca 1 dB

Desetinasobek

(10 MHz p¥i 100 MHz digitalizace) — 0,5 dB

Dvacetinasobek

(10 MHz p¥i 200 MHz digitalizace) — 0,03 dB

obr. 10 Vliv digitalizacni frekvence na velikost chyby odectu

Problémem je, Ze pokud se v dané oblasti objevi (s¢itaji) dva a vice signall, ale stfed pixelu
nevychazi optimalné tak, aby se signaly secetly s maximalni moznou amplitudou, ziskame
amplitudu mensi, nez by mohla byt. Nebezpe¢i, ze mineme maximalni amplitudu, roste se
zvétSujicim se pixelem v oblasti zdjmu. Z tohoto hlediska vychazi 1épe systémy, které maji
definované rozliSeni oblasti zajmu jako velikost pixelu (tedy hodnotu X x Y) oproti systémtm,
které maji rozliSeni definované naptiklad jako 256 x 256 bodl. U téchto systémd samoziejmé
roste pixel s ristem oblasti zajmu.

Rozdil mezi zachycenou a nezachycenou maximalni amplitudou zobrazuje nasledujici obrazek.
Pokud se bude velikost pixelu snizovat, potom je Sance na ziskani maximalni amplitudy ve&tsi.
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Phased array sonda
0° - podélné viny

Nevhodna

Nam¢étené
amplitudy -4

Obr. 11 Chyba méreni amplitudy pri nizkém rozliseni

Nizké rozliseni
(0,6x0,6 mm)
Max. amplituda
43,8 % FSH

Vyssi rozliseni (0,1x0,1 mm)
Max. amplituda 57,3 % FSH

Rozdil oproti ptredchozimu
ptipadu +2,33 dB

obr. 12 Namérené hodnoty pri malém a velkém rozliseni
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6  Vliv volby médu Siieni ultrazvukové viny

Jak jiz bylo feCeno vySe, volba typu viny, pro kterou bude vypocitdvany vysledny obraz, je
zésadni. Nektera zobrazeni totiz mohou minout nékteré typy indikaci, ptipadné nékteré pozice
indikaci. Software Sonatest — UTStudio+, ktery je vyuzity pro ptrepocet zde zobrazovanych dat
disponuje deseti rezimy Sifeni vin. Jsou to:

Oznaceni

LL \V‘\‘ Vysilana vina PODELNA, odrazena vina PODELNA
I .,y , vy ,
TT \V‘\ Vysilana vina PRICNA, odrazend vina PRICNA
I , , vy .,
LT \V\ Vysilana vlna PODELNA, odrazena vina PRICNA
I , , vy
LTL e Vysilana vina PODELNA, transformace viny podéIné na PRICNOU,
zpét tranformace na vinu PODELNOU
I , , , ,
LLT "\I Vysiland vlna PODELNA, odrazena vlna PODELNA, tranformace
/ na vinu PRICNOU
LTT -_— - Vysiland vina PODELNA, transformace viny podéIné na PRICNOU,
\'}\ odraz viny PRICNE zpét
— 2 r 7. r 2 r
LLL \ \I Vysilana vina PODELNA, odrazena vina PODELNA — PODELNA
I vy , vy , vy ,
TTT \ ‘\I Vysilana vlna PRICNA, odrazena vina PRICNA — PRICNA
I , , , . , .
LLLL . Vysilana vlna PODELNA, odrazena vina PODELNA — PODELNA -
PODELNA
I Ly , vy , vy ,
TTTT . Vysiland vina PRICNA, odrazeni vlna PRICNA — PRICNA —
PRICNA

Tak naptiklad, pokud zvolime pro thlovou sondu rezim pouze TT, indikace u horniho povrchu
nemohou byt zobrazeny, protoze sonda s pfedsadkou nema thlovy dosah do 90°, tedy indikace se
nemuze zobrazit. Pro zobrazeni indikaci u horniho povrchu je zapotiebi rezim TTTT, ale indikace
kolmé na povrch bez kontaktu s povrchem opét ani pro tento rezim pravdépodobné nebudou
zobrazeny a projevi se nejspiSe pro rezim LLT (znama technika z konvené¢niho ultrazvuku).
Pro techniku LLT se ale indikace zobrazi pouze, pokud budou ve specifické vzdalenosti vici
sond¢, takze ani zde neni, pro jednu pozici sondy, detekce indikace zarucena. Je tedy vhodngjsi
danou oblast nacist a nechat si vypocitat vice pohledd, resp. vice rezimi $ifeni, abychom ziskali
vetsi piehled o rozlozeni pfipadnych indikaci v materialu.

370 DEFEKTOSKOPIE 2018



Prikladem je nasledujici obrazek. Zde je na prvnim obrazku vidét indikace na hornim povrchu
svaru na klasickém phased array zobrazeni. Na zobrazeni FMC/TFM neni tato indikace vibec
patrna.

Na druhé sadé¢ obrazki jsou jiz data piepocitana jinak a indikace se objevi.

AZs: LROSmm §ha: 28.9%mm e W e T

PPy YRV SUPCPCP 1 PP o PUVCOURS o FOOIC P PO TN o BCPUICT

Klasické PA Rezim $iteni TTTT

Obr. 13 Vybér vhodného rezimu Sireni

Podobny jev je na dalSich obrazcich. Zkousenou soucasti je v tomto pfipadé mérka s vyvrtem
s plochym dnem podobné konstrukce, jako by byla pouzitda pro kalibraci konvenéniho
ultrazvukového systému pro techniku LLT. Mérka obsahuje vyvrt s plochym dnem orientovanym
kolmo k povrchu, na kterém se pohybuje sonda.
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e —
LLT rezim TTTT rezim

obr. 14 Detekovatelnost indikace pri vhodném a nevhodném rezimu Sireni

Nevhodna volba rezimu ale nemusi vést pouze ke skryti nékterych indikaci, ale k zakryti uplné
vS$ech indikaci, resp. operator ziska naprosto nesmysiné vysledky. Na nasledujicim piikladu jsou
zvoleny dva typy Sifeni. V prvnim ptipadé, protoze byla pouzita thlova piedsadka, je zvoleny typ
siteni TTTT, v druhém ptipad€ je zvoleny typ LLLL, ktery je teoreticky stejny, pouze misto
pticné vlny je pocitano zobrazeni pro podélnou vinu.
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Rezim $ifeni LLLL Rezim Sifeni TTTT

Obr. 15 Vhodny a nevhodny rezim Sifent

V tomto piipad¢ sonda nedokaze pozadovany rezim Sifeni, v kombinaci s pouzitou predsadkou,
spravné sfazovat a tak nelze data spravnym zptsobem interpretovat.

7 Zavér

Technika FMC/TFM je schopna detekovat celou fadu indikaci, které jsou pro klasické phased
array nejasné, pripadné naprosto nedetekovatelné a které by za normalnich okolnosti vyzadovaly
dopliikovou zkousku jinou technikou, nebo dokonce jinou NDT metodou. Princip sbéru a ulozeni
dat pro pozd¢jsi analyzu dava této technice potencidl v tom, ze na jednu sadu dat je pak mozné
aplikovat celou fadu technik, které by za normadlnich okolnosti bylo nutné provést oddélené
pfimo na zkouSeném kusu. Usnadni a urychli tedy analyzu indikaci, které¢ by bylo nutné napiiklad
ovéfovat tandemovou, nebo LLT technikou, coz s sebou nese pomérné velké ¢asové naroky.
Klasické phased array nadale pravdépodobné ziistane hlavnim nastrojem pro detekci indikaci, ale
technika FMC/TFM je vhodnym podplirnym nastrojem pro piesnéjsi interpretaci indikaci.
Poskytne operatorovi informace o nalezené indikaci, které je mozné pouzit k detailni analyze
materidlu, zjiS$téni mozného mechanismu vzniku vad apod. Vzhledem k technickym omezenim,
kterd v soucasné dobé FMC/TFM ma4, neni vhodné 100%ni nasazeni pouze této techniky ke
kontrole materialu i pies nesporné¢ vyhody v zobrazeni, které jsou této technice vlastni. VeEtsi
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nasazeni této techniky lze ocekdvat v budoucnu, kdy bude vypocetni technika schopna
zpracovavat a uchovat takové mnozstvi dat, jaké vyzaduje FMC/TFM.

Prekazkou, ktera také brani vétSimu nasazeni této techniky v praxi je absence kalibracnich
postupti a standardl pro vyhodnoceni indikaci a tak je zatim ani neni mozné vyuzit moznosti
FMC/TEM k celkovému hodnoceni materialu. Na novych standardech pro FMC/TFM by mél
pracovat IIW, a skupina ASME, ktera vysledky hodla uvefejnit v nejbliz$im vydani ASME V.
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November 6 - 8, 2018 - City Conference Center, Prague, Czech Republic

FOCAL SPOT AND X-RAY IMAGING

Jan BRESSENDORFF
YXLON Copenhagen

Abstract

The focal spot is the core in all X-ray systems but often overseen. However the importance of
the focal spot cannot be underestimated. The focal spot has board and significant impact on
various areas, ranging from performance limitations across image quality to work procedures
and efficiency.

Focal spot size is a central parameter when determine the appropriate procedure for execu-
tion of an X-ray inspection but how the focal spot is defined, measured and how does it looks
will be explained together with the factors that influence the image quality and the day-to-day
X-ray inspection work.
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EVALUATION OF EFFECTIVE ELASTIC MODULUS
OF OPTICAL FIBER BY USING FBG SENSOR

Dae-Hyun KIM *{, Bonyong KOO **

*Dept. of Mechanical and Automotive Engineering, Seoul National University of
Science and Technology (SeoulTech.), Seoul, South Korea
**Dept. of mechanical convergence system engineering** Kunsan National
University, Kunsan, South Korea
1 Contact e-mail: dkim@seoultech.ac.kr

Abstract

Tensile tests of optical fibers and vibration tests of optical fiber rings have been conducted to
measure the exact physical properties of optical fibers and optical fiber sensors. However,
there have been few studies using optical fibers themselves as measurement sensors. In this
study, we propose a free vibration test using an FBG sensor embedded in an optical fiber and
a method to estimate the mechanical properties of the optical fiber sensor from the measured
natural frequency. The proposed method does not require additional equipment such as tensile
tester and can easily evaluate the mechanical characteristics even with the FBG sensor strain
measuring equipment already provided. Therefore, it is expected to be used for checking the
physical properties of the optical fiber itself and the properties of the recoated optical fiber and
the sensor. In order to analyze the natural frequency of the optical fiber, we compared the
experimental results with the analytical solution, the Rayleigh-Ritz method, and the finite
element method, and evaluated the elastic modulus, which is mechanical property, from the
natural frequency of the optical fiber.

Key words: Optical fiber, Elastic modulus, FBG, Vibration test
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TENSILE FORCE MEASUREMENT TECHNIQUE FOR PSC
GIRDER BRIDGES USING EMBEDDED EM SENSOR AND
RBFN

Junkyeong KIM*, Minsu PARK*, Byung-Joon YU*, Seunghee PARK*

*Sungkyunkwan University, Suwon, Korea
Contact e-mail: junk135@nate.com

Abstract

The tensile force of PSC structures is the key to managing their safety because the tensile
force of PS tensions determines the performance of such structures. As problems increase
according to the age of PSC bridges, such as the loss of tensile force in the Seoul
Jeongneungcheon Highway in 2016, many studies have been conducted to verify the safety
of PSC bridges. However, it is difficult to directly measure the tensile force of PS tendons using
conventional methods. In this study, a tensile force measurement technique for PS tendons of
PSC structures using an embedded EM sensor and machine learning method is proposed to
measure the tensile force of the hidden part of PSC structures. The magnetic hysteresis
curves, which change with the stress introduced to a ferromagnetic material, were measured
using an embedded EM sensor to measure the tensile force introduced into the ferromagnetic
PS tendons of a PSC girder. The measured magnetic hysteresis curves were quantified as an
area ratio, and the tensile force on the PS tendons was estimated using the radial basis
function network (RBFN), which is machine learning method. The real-size PSC girder test and
actual construction site test were performed to confirm the field applicability of the developed
technique. The results show that the tensile force of a PSC girder can be measured using the
developed technique in the field.

Key words: Tensile force measurement, Embedded EM sensor, Machine learning, RBFN,
PSC
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MAGNETIC SENSING TECHNIQUE INCORPORATING WITH
GPR BASED 3D INTERNAL IMAGING MODEL FOR
ENCASED TENDON NDE

Ju-Won KIM*, Jihwan PARK**, Junghyeon Lim**, Seunghee PARK*

* School of Civil, Architectural Engineering and Landscape Architecture,
Sungkyunkwan University, Suwon 2066, Korea,
**Department of Convergence Engineering for Future City, Sungkyunkwan
University, Suwon 2066, Korea
Contact e-mail: malsi@nate.com

Abstract

For the inspection of steel wires in encased PS (pre-stressed) tendons, magnetic sensing
techniques based NDE (Non-destructive evaluation) and internal 3D model generated using
GPR (ground penetrating radar) were applied. To obtain the 3D shape model include the shape
and configuration of steel wires, the PS tendon was scanned using the GPR technique that
can see through objects occluded by coating and grouting. On the other hand, the MFL
(magnetic flux leakage) technique was used to detect the local damages of the steel wires in
PS tendon. A multi-channel MFL sensor head optimized for the PS tendon was fabricated by
using the Hall sensors and the permanent magnet yokes. The magnetic flux signals were
measured from the steel wires of the PS tendon using MFL sensor head and quantified through
a series of signal processing processes. Finally, the inspection results of magnetic sensing
based NDE was mapped to a GPR based 3D Internal Imaging model to provide intuitive
diagnostic results.

Key words: Ground penetrating radar, Magnetic flux leakage, Pre-stressed tendon, Non-
destructive evaluation
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KONTROLA SVARU ELEKTRONOVYM PAPRSKEM POMOCI
RADIOGRAFICKE METODY

TESTING OF THE ELECTRON BEAM WELDS USING
RADIOGRAPHIC METHOD

Bohuslav KOLAR

ATG s.r.o.
Contact e-mail: kolar@atg.cz

Abstrakt:

Cilem tohoto clanku je prezentovat moznosti FeSeni kontroly svari elektronovym paprskem pomoci
radiografické metody (RT). Clanek se zabyvd kontrolou svari o velice malych tloustkach (desetiny
a setiny milimetru) pouzivanych zejména v kosmickém primyslu a kontrolou svarii elektronovym
paprskem na dilech pouzivanych v leteckém primyslu (nap¥. ndboje turbinovych kol). Clanek shrnuje
radiografické techniky pouzivané pri kontrole takovychto svarii, jako je napriklad pocitacova tomografie
(CT), a také se standardizovanymi pravidly pro kontrolu a vyhodnoceni kontroly svari, respektive
poukazuje na nékteré nedostatky téchto pravidel. Soucasti je i i realny priklad provedeni a vyhodnoceni
takovéto kontroly na zdakladé zkuSenosti z praxe.

Kli¢ova slova: svary elektronovym paprskem, radiografickd kontrola, pocitacova tomografie, letecky
primysl

Abstract:

The goal of this article is to present the process of testing of electron beam welds using radiographic
method. The article will address testing of welds with very small thicknesses (tens or hundreds of
micrometers) which are mostly used at space industry and also testing of electron beam welds which are
often used for parts manufactured for aviation industry (for example turbine wheel hubs). The article
summarizes radiographic techniques for testing of these types of welds, as is Computed tomography
technique. The article also follow up the standardized rules for testing and acceptance criteria, or some of
its insufficiencies respectively. The real example of application of electron beam weld testing will be also
part of this article; this example is based on practical experience.

Keywords: electron beam welds, radiographic testing, computed tomography, aerospace
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UPLATNENI STROJOVEHO VIDENI PRI AUTOMATICKE
VIZUALNI KONTROLE

USE OF MACHINE VISION FOR AUTOMATIC VISUAL
INSPECTION

Zuzana KOMARKOVA

ATG s.r.0.
Contact e-mail: komarkova@atg.cz

Abstrakt:

V soucasné dobé dochazi stale castéji k nahrazovani lidskych zdrojit pomoci strojii prostrednictvim
automatizace a robotizace. Vyjimkou neziistava ani oblast vizudlni kontroly. Pomoci strojového videni
a vhodného vyhodnocovacitho apardtu Ize provadeét nepretrzitou vizudlni kontrolu bez rizika dopadii
unavy zraku, ¢i ztraty pozornosti operdtora. Dalsi vwhodou je sjednoceni zavérii z vizualni kontroly,
které se v pripadeé nékolika riiznych operdtorii nezridka lisi. Cilem tohoto clanku je poskytnout strucny
prehled o typech pouzivanych kamer a zkusebnich podminek v jednotlivych aplikacich vizudlni
kontroly, shrnout moznosti zpracovani obrazu a automatické detekce, kategorizace a vyhodnoceni
nasnimanych defektii.

Kli¢ova slova: vizualni zkouseni, strojni vidéni, zpracovani obrazu

Abstract:

Nowadays, there is an increasing number of cases where human resources are being replaced by
machines through automation and robotization. The field of visual inspection is not an exception.
Machine vision and a suitable evaluation device can be used to carry out continuous visual testing
without the risk of fatigue of sight or operator’s inattention. Another advantage is the unification of
the conclusions from the visual inspection, which is often different for individual operator. The goal of
this article is to provide a brief overview of the types of cameras and test conditions used in individual
visual testing applications, to summarize the possibilities of image processing and automatic
detection, categorization and evaluation of the displayed defects.

Kli¢ova slova: visual testing, machine vision, image processing
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NEW APPROACH FOR LOCALIZATION AND MASS
ESTIMATION OF LOOSE PARTS IN REACTOR COOLANT
SYSTEM BASED ON CYBER PHYSICAL SYSTEM

Seongin MOON*, To KANG and Soonwoo HAN

Korea Atomic Energy Research Institute
Contact e-mail: simoon21c@kaeri.re.kr

Abstract

Loose parts can cause component damages and material wear on nuclear power plants;
thus localization and mass estimation of the loose parts are crucial to safety management.
Various methods have been proposed, such as hyperbola method, circle method, triangular
intersection method, etc. for the localization and centre frequency method, frequency ratio
method, etc. for the mass estimation, which mostly rely on analytical computation and
simplified geometry. Also, the methods do not reflect recent improvement and availability of
computational capacity. Recently, a model-based diagnostic approach is becoming one of
noticeable techniques to predict fault behaviours of mechanical components. In this paper,
cyber physical system (CPS) for a downsized steam generator in nuclear power plant was
constructed to simulate impact wave propagation behaviour, and then that was validated the
usefulness. Furthermore, this paper proposed a new methodology for localization and mass
estimation of loose parts using machine learning technique based on simulation data from
CPS, which can be applicable to an arbitrary geometry. In the proposed methodology, time-
of-arrival (TOA), amplitude, and cross-correlation coefficient from measured and simulated
impact waves are used as feature vectors. It is expected that the developed CPS and
proposed methodology can be utilized in model-based prognostics for localization and mass
estimation of loose part in nuclear power plants.

Key words: Loose part, Localization, Mass estimation, Cyber physical system, Impact wave
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RISK ANALYSIS IN THE INDUSTRIAL RADIOGRAPHY
PROCESS USING THE ANALYTIC HIERARCHY PROCESS
AND BAYESIAN BELIEF NETWORKS

José Cristiano PEREIRA*, Luciano Azeredo LUIZ **

* Petrépolis Catholic University and Scientific Computing National Laboratory,
Petrépolis, Brazil
**Petrépolis Catholic University, Petrépolis, Brazil
Contact e-mail: josecristiano.pereira@ucp.br / jpereira@Incc.br

Abstract

This paper proposes a method for identifying the high-level risks in the Radiographic
Inspection Process, using Analytic Hierarchy Process (AHP) and Bayesian Belief Network
(BBN). The combination of probability and the impact identified the most significant risks,
which needs to be addressed to improve quality and safety of inspection. The radiographic
inspection of parts in the manufacturing and services industry is very critical. The correct
control of variables in the process to ensure inspection process reliability is very important
and can avoid part failure and costly accidents. As a methodological approach, the
estimated risk probabilities for the risk factors were loaded into Bayesian Belief Networks
software to assess the probability of occurrence of undesirable events and AHP was utilized
to rank the relative importance (effect) of risks. The combination of probabilities and the
effects identified the most significant risks. As far as the authors are aware, this is the first
time this method is being used in this specific process. The novelty of the paper is the
combination of Bayesian Belief Networks with AHP to select the most significant risk in the
inspection process. In this study a total of 22 risks and 66 risk factors were analysed.
The most relevant risks identified were the preparation and definition of radiographic
parameters, and the processing and development of the film. The paper proposes responses
to these risks aiming at preventing the occurrence of failure in the radiographic inspection.
It contributes to the literature in the field non-destructive inspection of parts during
manufacturing or services. The proposed model has also practical implications and is an
invaluable source for non-destructive inspection professionals, safety engineers, quality
managers and decision makers in companies to augment their information and to identify
critical risks in the radiographic inspection of parts. The identification and prioritization of risk
factor makes it easier to allocate resources to prevent parts failure and improve product
quality and ensure safety.

Key words: NDT, Industrial Radiography, Analytic Hierarchy Process, Bayesian Belief
Networks
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HIGH FREQUENCY GUIDED WAVES EVALUATION OF
PLATE-LIKE STRUCTURES USING ULTRASONIC PHASED
ARRAY TRANSDUCERS

M. J. RANJBAR and S. SODAGAR’

Department of Mechanical Engineering, Petroleum University of Technology, Iran
*Corresponding author e-mail: sodagar@put.ac.ir

The characteristics of the ultrasonic wave field radiated by a linear phased array transducer and
the echo information of the inspected area are the main basis of designing a phased array
inspection system. In this paper, a novel ultrasonic phased array method is proposed for guided
waves evaluation of surface and in-depth defects in a plate-like structure. For this purpose, in
a plate-like structure, the ultrasonic high frequency guided wave modes resulting from a linear
phased array transducer is modelled using finite element method. The numerical results are
employed to study the effects of phased array parameters on the guided wave modes for an
effective guided waves evaluation. To investigate reliability and efficacy of the proposed
approach, the phased array experimental results for a variety of surface and in-depth defects
using Ao, A1, So and S;modes are studied and compared.
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ROBOTIZED ULTRASONIC TOMOGRAPHY FOR SAFETY
AND SAFEGUARDING OF SPENT NUCLEAR FUEL

Dmitry SEDNEV*, Andrey LIDER*, Michael KROENING*, Yana SALCHAK*

National Research Tomsk Polytechnic University
Contact e-mail: sednev@tpu.ru

Abstract

Nowadays, nuclear waste and its’ disposal is one of the relevant topics. IAEA puts a lot of
efforts in order to develop the robust technology for safe operation with nuclear waste,
especially with spent nuclear fuel or SNF. SNF contains a lot of nuclear material that potentially
could be used as core material for nuclear weapon or dirty bombs. Therefore, SNF has to be
safeguarded by IAEA. Typically, containment and surveillance (C&S) are in use for this
purpose. However, following 3S synergy trends of IAEA and many publications
on vulnerabilities of various sealing and tagging technologies, there is a growing demand on
technique that could provide information for safety and safeguard areas. Moreover,
safeguarding should be based on intrinsic features of material, that couldn’t be replicate or
copied. Tomsk Polytechnic University has developed such technology based on robotized
ultrasonic tomography.

The core idea is the following: to use weld seam as unique fingerprint of SNF cask. So, with
one procedure of nondestructive testing we could obtain data for safety — flaws of wed seam
and for safeguards — unique fingerprint of a cask. The study has shown that obligatory
requirement for robust application of ultrasonic tomography is positioning accuracy. Therefore,
articulated robotic manipulator was applied in tomographic system. Beside this, data for 3-d
real-time reconstruction was collected with Digital Focusing Array method.

Obtained results have shown a good stability of cask recognition with the same weld seam
and high sensitivity for point reflectors. In the paper the methodology and system is described
in details.

Key words: ultrasonic tomography, fingerprinting technologies, spent nuclear fuel, robotized
ultrasonic systems.
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OVERENI MOZNOSTI APLIKACE MAGNETICKE PAMETI
MATERIALU PRO KONTROLU PREDEPJATE VYZTUZE
V MOSTNICH KONSTRUKCICH

VERIFICATION OF METAL MAGNETIC MEMORY
METHOD FOR INSPECTION OF PRE-STRESSED STEELS IN
BRIDGE STRUCTURES

Viaclav SVOBODA!, Frantisek ZEMLICKA!

"Preditest Ltd., Pod Visiiovkou 1662/23, 14000 Praha 4, Czech Republic
svoboda@preditest.cz

Abstrakt:

Metoda magnetické paméti materialu nachazi stale vétsi uplatnéni v diagnostice kovovych konstrukci.
Umozije z hlediska principu metody urcovat mista v zatézovanych kovovych komponentach, kterd
vykazuji zony zvySené koncentrace namdhani. V téchto mistech pak viivem provoznich zatézujicich
podminek miize dochazet k prednostnimu poskozovani kovu, které vede ke vzniku defektii typu trhlina
ajejich postupnému Siveni az do ztraty stability konstrukce. Uvedend metoda byla aplikovina
na detekci poskozeni predepjaté vyztuze zabudované v betonovém loZi mostni konstrukce. Bylo
provedeno opakované méreni metodou MPM bezkontaktnim zpiisobem na havarovanych segmentech
Trojské lavky. Dale pak byla tato metoda aplikovana na existujicich lavkach obdobného typu, pres
Feku Labe ve mésté Nymburk a pres reku Moravu ve mésté Kromériz. Tyto namérené vysledky
umoznily provést dilci srovnani z hlediska urovné mérenych signdlii ve vztahu k poSkozovacim
procesiim v kovové vyztuzi.

Kli¢ova slova: Mostni konstukce, Metoda magnetické paméti materidalu

Abstract:

Metal Magnetic Memory Method is becoming increasingly used in the diagnostics of metal structures.
1t allows, in the light of the principle of the method, to determine the location of zones of increased
stress concentration in the loaded metal components. In those places, due to the operational loading
conditions, preferential metal damage can occur, resulting in crack type defects and their gradual
spread until loss of structural stability. The MMM method was applied for detection of damage to the
prestressed reinforcement embedded in the concrete bed of the bridge structure. Repeated
measurements were made by the MMM method in a non-contact way on the crashed segments of the
Trojska lavka brigde. Furthermore, this method was applied on existing bridges of a similar type,
across the Elbe river in the town of Nymburk and across the river Moravia in town of Kromériz. These
measured results made it possible to perform partial comparisons with respect to the level of the
measured signals in relation to the damaging processes in the metal reinforcement.
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DEVELOPMENT OF HIGH SPEED INVERSION TECHNIQUE FOR
THE CHARACTERIZATION OF FULL-FIELD MATERIAL
PROPERTIES BASED ON QUANTITATIVE LASER
ULTRASOUND VISUALIZATION SYSTEM

Sheng-Po TSENG' and Che-Hua YANG'.

'Institute of Mechanical and Electrical Engineering, National Taipei University of Technology,
Taipei, Taiwan
Contact e-mail: tseng3392@gmail.com

Ultrasonic guided waves become an important tool for nondestructive evaluation of structures
and components. Guided waves are used for the purpose of identifying defects or evaluating
material properties in a nondestructive way. While guided waves are applied for evaluating material
properties, instead of knowing the properties directly, preliminary signals such as time domain
signals or frequency domain spectra are first revealed. With the measured ultrasound
data, inversion calculation can be further employed to obtain the desired mechanical properties.

This research aims at the development of high speed inversion calculation technique for
obtaining full-field mechanical properties from a quantitative laser ultrasound visualization system
(QLUVS). The QLUVS and inversion process have been investigated before, however, suffer the
drawback of excessive computation time. This research introduces two important tools to improve
the computation efficiency. First of all, graphic procession unit (GPU) with large amount of cores
are introduced. Furthermore, combining the CPU and GPU cores, parallel procession scheme is
developed for the inversion of full-field mechanical properties based on the QLUVS data. The
newly developed inversion scheme is applied to investigate the computation efficiency for
single-layered and double-layerd plate-like samples. The computation efficiency is shown to be 80
times faster than the un-parallled computation scheme. The developed high speed computation
scheme is ready for applictions where full-field mechanical properties are needed in a
nondestructive and nearly real-time way.

Key words: Nondestructive evaluation, material characterization, guided waves, inversion,
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UCEL KVALIFIKACNI ZKOUSKY V KVALIFIKACNIM
A CERTIFIKACNIM PROCESU NDT PERSONALU

PURPOSE OF THE QUALIFICATION EXAM IN THE
QUALIFICATION AND CERTIFICATION PROCESS OF NDT
PERSONNEL

Tomas ZAVADIL

ATG s.r.o., Touzimska 771, Praha 9
Contact e-mail: zavadilt@atg.cz

Abstrakt

Kvalifikacni zkouska je hlavnim tridicim kritériem uchazecii o NDT kvalifikaci k ziskani certifikatu.
Vysledek zkousky tak musi jasné informovat odpovédny organ (certifikacni organ ci zaméstnavatel)
o zpiisobilosti uchazece k vykonu cinnosti, tj. ovéFit jeho teoretické znalosti, schopnost pouzivat normy
a zachdzet s patricnym pristrojovym vybaveni a implementovat proces kontroly spravné a kompletné.
Pristupy ke kvalifikacni zkousce se lisi jak podle kvalifikacnich systému (ISO9712, SNT-TC-1A4,
EN4179 atd.) tak podle pozadavkii odpovédného organu. Tento clanek vymezuje skutecny ucel zkousky
a definuje hlavni faktory ovliviwjici spravny pribéh na zdkladeé dlouhodobych zkusenosti a standardni
praxe spolecnosti ATG.

Kli¢ova slova: kvalifikacni proces, certifikace, odborna zpusobilost, kvalifikacni zkouska

Abstract

Qualification exam is the key sorting criteria od applicants for NDT qualification and certification.
The exam result shall clearly inform the responsible body (certification body or the employer) about
competence of the applicant for performance of given tasks, i.e. confirm his knowledge of theory, ability to
use standards and use appropriately the equipment as well as implement the testing process correctly and
in completely. Approaches to the qualification examination differ based on qualification system
(ISO 9712, SNT-TC-14, EN 4179 etc.) as well as acc. to requirements of the responsible body. This article
defines the purpose of the exam and defines the main factors affecting the correct execution based on
long-time experience and standard practice of ATG company.

Keywords: qualification process, certification, competence, qualification exam
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