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METALOGRAFICKE NEDESTRUKTIVNI HODNOCENI
SOUCASTI ENERGETICKYCH ZARIZENI

METALLOGRAPHIC NONDESTRUCTIVE EVALUATION
OF POWER PLANT PARTS

Zbynék BUNDA*, Zdenék CESANEK**, Josef VOLAK*

*Regionalni technologicky institut, FST, ZCU, **Vyzkumny a zku$ebni Ustav s.r.o.
Contact e-mail: zbynek.bunda@email.cz, cesanek@vzuplzen.cz

Abstrakt

Prispévek se zabyva nedestruktivni metalografii, sahajici do oblasti povrchovych
a optickych metod, ktera je vyjimecna predevsim diky své operativnosti a rychlosti. Jeji
vyuziti je velmi rozsahlé. Clanek pojednavé predevsim o aplikacich z oblasti energetiky,
tj. kotlové trubky, parovody, turbinové rotory a lopatky a také turbinova télesa. Nachazi se
zde velké mnozstvi aplikaci, kde je mozné vyuZzit hodnoceni materialu vyuZitim metod
nedestruktivni metalografie. Soucasti energetickych zafizeni jsou vystaveny extrémnim
podminkam, diky kterym material degraduje. Ke zjisténi miry degradace se hojné vyuziva
metoda replik. Na zékladé vysledkt je mozné toto poskozeni identifikovat a nasledné ucinit
népravna opatreni, ktera zabrani moznym havariim energetickych zafizeni. Tento c¢lanek
popisuje princip hodnoceni soucasti pomoci metalografickych replik a ukazuje jejich mozné
vyuZziti v realnych aplikacich.

Klicova slova: nedestruktivni metalografie, repliky, kontrola mikrostruktury

Abstract

The article deals with non-destructive metallography. This method is useful for its speed
and simplicity. Its range of applications is very wide. This contribution discusses mainly the
utilization of this promising method in the field of power plant components e.g. boiler tubes,
steam piping, pressure vessels, turbine rotors and also stator casings. There is a large
number of applications where it is possible to use the evaluation of the material by using non-
destructive metallography. Power plant parts are exposed to extreme conditions, thanks to
which the material degrades. The replica method is useful for the determination of the
degradation degree of the material. On the basis of the results of this method we can identify
the damage of the material. After that it is possible to modify the conditions, which prevents
possible accidents of power plant parts. This article describes the principle of evaluation
components by using metallographic replicas and shows their possible use in real
applications.

Key words: nondestructive metallography, replicas, microstructure inspection
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1. Uvod

V souCasném energetickém primyslu je kladen nejvétsi zietel zejména
na maximalni bezpe¢nost a ekonomi¢nost provozu. Naklady spojené s odstavkami
zafizeni, naslednou kontrolou stavu jednotlivych &asti a popf. opravou vadnych
komponent, jsou znacné. Tyto ndklady se zvétSuji s prodluZzovanim doby odstavky,
at' uz z jakéhokoli dvodu. Na jedné strané je tendence u$etfit co nejvice finanénich
prostfedkud, coz vede k tomu, Ze napf. nejsou provedeny vSechny potfebné kontroly
soustroji, na druhé strané potom stoji otazka bezpecnosti zafizeni a hlavné lidskych
zivotl. Z tohoto hlediska je naopak nutné provést co nejvice materialovych analyz
a kontrol, aby se vyloucilo selhani zafizeni. Je tfeba najit optimalni feSeni mezi
témito dvéma mantinely, které se bohuzZel v pfevazné vétsiné odviji od mnozZstvi
finanénich prostfedkl provozovatele zatizeni.

2. Metoda replik

Tato metoda se nachazi na rozhrani nedestruktivnich az semidestruktivnich
zkous$ek. Toto tvrzeni se opira o fakt, Ze je potfeba pfed hodnocenim povrch soucasti
vhodnym zpusobem pfipravit, a to zpravidla brou$enim a le$ténim, coz je urgity
zasah do materialu. Pokud si ale uvédomime, jak velké soucasti se touto metodou
v elektrarnach kontroluji, pak mGZzeme sméle povaZovat tuto metodu za prakticky
nedestruktivni. Odbrouseni nékolika desetin milimetru materialu na plose 1 cm?
u vyrobkd, jako jsou télesa turbin, parovodni potrubi nebo ventily nehraje ve své
podstaté zadnou roli. Touto metodou se hodnoti struktura a nehomogenity, které se
nachéazeji v hodnoceném materidlu. Po sejmuti repliky, se tento negativ nasledné
analyzuje v laboratofi na metalografickém mikroskopu.

3. Priklady kontrolovanych dilti
.

Obr. 1 Rotor Obr. 2 Kontrola
mikrostruktury

Fig.1 Rotor Fig.2 Microstructure Fig. 3 Low pressure rotor
inspection

Kontrolu mikrostruktury je mozné provést jak na discich rotor( a lopatkach parnich
turbin, viz obr. 1 — obr. 3, tak i na vné&jSich skfinich (horni i spodni dil), viz obr 4 —
obr. 6. Dale také na regula¢nich a rychlozavérnych ventilech, které jsou zobrazeny
na obr. 6 — 9. P¥i kontrole dobfe pfistupného dilu, je mozné k mikroskopu pfipojit
kameru a strukturu vyfotografovat bez pouZziti repliky (obr. 8).

2 DEFEKTOSKOPIE 2015
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Obr. 4 Turbinova skfin Obr. 5 Horni téleso Obr. 6 Pohled
turbiny na rozebrané soustroji

Fig. 4 Stator casing

Fig. 6 Turbo set

]
I, h
T
[} |

Obr. 7 RZ ventil Obr. 8 Dokumentace Obr. 9 Ventily
mikrostruktury

Fig. 7 Steam valve Fig. 8 Documentation Fig 9 Steam valves
of the microstructure

Bézné se provadi také kontrola svarovanych rotor(, potrubi i ventill. Pfedmétem
kontroly je zakladni material, svarovy kov, prechodova oblast a tepelné ovlivnéna
zdna svarového spoje, viz obr 10 — 12).

- “-f — b "m‘h-u:. l.‘.f:*—”-— i
Obr. 10 Kontrola Obr. 11 Detail svaru, ventilu
svaru ventilu

Fig 10 Inspection of Fig. 11 Weld of the steam Fig. 12 Steam
welds valve valve

Kotlové trubky (obr. 13), pfehfivaky a tlakové nadoby jsou kontrolovany pfimo
v elektrarnach u tuzemskych i zahrani¢nich zakaznik(. Obr. 14 byl pofizen pfi
kontrole na elektrarné v Chile. Kontrolované lokality jsou mnohdy Spatné pfistupné,
coZ je ukazano na obr. 15.

DEFEKTOSKOPIE 2015 3



Obr. 13 Kotlové trubky,  Obr. 14 Vnitfni kotlové trubky  Obr. 15 Kontrola sténového

prilez prehfivaku s jisténim
Fig. 13 Boiler pipes, Fig. 14 Inner boiler pipes Fig. 16 Inspection of the
inspection chamber pipe with belay

Dal8i pfiklady pouZiti metody na konkrétnich dilech jsou uvedeny na obr. 16 — 18.
Na obr. 19 — 21 jsou uvedeny priklady mikrostruktur pofizenych v laboratofi z replik.

Y\

| T — “ > .
Obr. 16 Vodni kruh Obr. 17 Kontrola Obr. 18 Generatorova
mikrostruktury Cu soucasti obruc¢
po zapajeni
Fig. 16 Water circle Fig. 17 Inspection of Cu Fig. 18 Generator ring

parts after soldering
4. Priprava povrchu

Povrch musi byt ddkladné ocistén, odmastén a vysuSen. To docilime opakovanym
omytim vhodnym rozpous$tédlem a osusenim horkym vzduchem. Zkoumani struktury
povrchu je mozné po vhodné pfipravé zahrnujici brouSeni, leSténi a naleptani
povrchové vrstvy soucasti. BrousSeni se provadi specialni pfenosnou metalografickou
bruskou. Nasleduje lesténi, které je mozné provést mechanickou cestou (za pomoci
metalografické brusky a lesticiho kotou€ku), nebo elektrolyticky (za pouziti pfenosné
elektrolytické lestiCky). Po téchto krocich povrch naleptame vhodnym ¢inidlem, nebo
provedeme elektrolytické leptani.

Pfi pfipravé povrchu neni nutny vétsi ubér materialu o vice nez 0,2 mm. V mnoha
pfipadech je tento ubér vyrazné mensSi. BEéhem opracovani je nutné se vyhnout
nadmérnému zahfivani povrchu. Z tohoto ddvodd nesmi byt pouzita pfili§ velika
pritlana sila. P¥i jednotlivych po sobé jdoucich stupnich opracovani povrchu je tfeba
kolmo meénit smér opracovani soucasti. Po kazdém kroku musi byt z povrchu
odstranény zbytky po brouseni.

4 DEFEKTOSKOPIE 2015



5. Kontrola mikrostruktury

Kvuli maximalni eliminaci mozné oxidace ¢i kontaminace kontrolovaného mista je
nutné odebrat repliku (otisk) co mozna nejrychleji. Otisk struktury se odebira
v souladu s navodem vyrobce replik, ktery je soucasti baleni zkuSebniho setu. Tim
vzniké otisk strukturniho reliéfu do aktivni vrstvy zéznamového média. Schématické
znazornéni principu zhotoveni otisku je na obr. 19.

Takto provedeny otisk je pfenesen na metalograficky svételny mikroskop
(napf. na transportnim laboratornim skli¢ku), kde Ize repliku predbézné vyhodnotit
pfimo v provoznich podminkach. Podrobnéjsi metalograficka analyza vcetné
fotodokumentace se provadi na laboratornim invertovaném metalografickém
mikroskopu, pfipadné na elektronovém mikroskopu v laboratornich podminkach.

folie —wr———

reliéf povrchu
vzorku

N ,
— V1

\ zkouseny P4

povrch

\\ e
\. provedeni piicny fez
otisku

- vznikly otisk

\
\
S N
 mrerewap
A
/ \
otisk otisk®
vyvySeniny  prohlubné

Obr. 19 Otisk strukturniho reliéfu do aktivni vrstvy zaznamového média [2]
Fig. 19 The imprint of structural relief to the active layer of the replica [2]

Pro zajisténi korektnich vysledkd je vhodné, aby pfipadnému opakovanému
odebirani otisku ze stejného kontrolniho mista predchazela znova cela procedura
pripravy metalografického vybrusu. Mikrostrukturu hodnotime bud pfimo na misté
za pouziti pfenosného mikroskopu, nebo odebereme otisk mikrostruktury metodou
replik a zkoumame jej v laboratofi (napf. obr. 19 — 21). NejrychlejS§i metodou je
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v soucasné dobé vyfotografovani mikrostruktury pfenosnym  mikroskopem
a naslednd analyza.

/‘ ‘ ~ ; : 100 pm
Obr. 20 Kotlova trubka Obr. 21 Obru¢ generatoru Obr. 22 Prehfivak
Fig. 20 Boiler tube Fig. 21 Generator ring Fig. 22 Over heater

6. Otisky do folii

Folie (repliky) jsou vyrobeny na bazi vhodné umeélé hmoty a musi mit nejmensi
tloustku 0,06 mm. Na folii je potfeba nanést rozpoustédlo, aby doSlo k jejimu
zmékéeni. Po urcité dobé plsobeni je folie pfilozena ke zkoumanému povrchu.
Pro zajisténi t&ésného kontaktu s povrchem musi byt folie ve sméru ze stfedu k okraji
peclivé pritlatena. To umozni Unik prebytecného rozpoustédla a zabrani nechténému
prohnuti folie nebo tvorbé vzduchovych bublin [1].

Struktura materidlu se hodnoti nej¢astéji optickym metalografickym mikroskopem.
Operator stanovuje charakter a typ mikrostruktury kontrolovaného mista se
zaméfenim na:

typ, tvar a velikost strukturnich utvar(i a zrn

obsah a rozlozeni pfitomnych fazi

typ, velikost a morfologie nekovovych slozek (grafit, vméstky apod.)
charakter a tvar pfipadnych necelistvosti.

Dale provadi dokumentaci fotografovanim. V pfipadé hodnoceni struktury
za UCelem zjiSténi degradace materidlu energetickych zafizeni vlivem kavitacniho
(creepového) poskozeni dlouhodobym provozem za vysokych teplot (teCeni
materialu) se ke klasifikaci stavu uziva pétistupriova Skala.

Pro hodnoceni postupnych strukturnich zmén, probihajicich v materialu vlivem
dlouhodobého plsobeni vysokych teplot, Ize pro uhlikové a nizkolegované oceli uzit
Sestibodovou klasifikaéni stupnici uvedenou v publikaci [2].
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7. Zavér

PFispévek podava prehled o vyuZiti provozni metalografie v praxi. Jsou uvedeny
pfiklady aplikaci na konkrétnich castech energetickych zafizeni s pfisluSnou
fotodokumentaci. | pfes zdanlivou jednoduchost ma tato perspektivni metoda
do budoucnosti velky potencial.

Literatura:

[1] DIN 54150 Abdruckverfahren fiir die Oberflachenprifung (Replica-Technik)

[2] BUNDA, Z.: Vztah mikrostruktury a zbytkové Zivotnosti dili energetickych
zafizeni, Disertacni prace, ZCU v Plzni, Plzefi 2013.
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Abstrakt

Pulzné-kompresni techniky jsou stale popularnéjsi v oblasti nedestruktivniho testovani.
Budice jsou primarné vybrany tak, aby Sitka pasma odpovidala testovaciho signalu. To je
snadno splnéno v pfipadé klasickych uzkopasmovych Tone-burst signald, ale témér
nemozné splinit v pripadé Sirokopasmovych testovacich signalt, jako je napfiklad sekvence
maximalni délky. Konstrukce budi¢e omezuje jeho uzitecnost bud’ na nizké, nebo vysoké
frekvence. Frekvenéni odezva obsahuje informace nezbytné pro vybér nejlepSiho snimace
a vysilace. Matematické funkce, jako je korelace, mohou byt pouzZity k ziskani
neparametrické frekvencéni odezvy méreného vzorku. V tomto ¢&lanku je také diskutovan
parametricky pristup ziskani pfenosové funkce, zaloZzeny na modelu Output-Error. Nakonec
Jje experimentalné ziskana frekvencéni odezva vzorku pii pouZziti snimace s ne-idealni
charakteristikou.

Klicova slova: Sekvence maximalni délky, Pulzné-kompresni signal, Prenosova funkce,
Frekvenéni odezva, Linearni cCasové nezavisly systém, Materidlové charakteristiky,
Ultrazvukové zkuSebnictvi

Abstract

Pulse-compression techniques are increasingly popular in the field of Nondestructive testing.
Transmitting transducers are selected primary to match bandwidth of the test signal. This is
easily fulfilled in the case of classical narrowband tone burst signals, but almost impossible to
fulfill in the case of broadband test signals, such as Maximum Length Sequence. Physical
construction of the transducer limits its usefulness to either low or high frequencies.
Frequency response contains the necessary information for selecting the best transducer.
Mathematical functions, such as correlation, can be used to recover nonparametric
frequency response of a measured sample. In this article is also discussed a parametric
approach to estimate a transfer function based on an Output-Error model. Finally an
experiment is conducted to recover sample’s frequency response using a transducer with
non-ideal characteristic.

Key words: Maximum Length Sequence, Pulse-compression signal, Transfer Function,
Frequency Response, Linear Time-Invariant system, Material characteristics, Ultrasonic
Testing
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1. Introduction

Ultrasonic testing is a popular technique for nondestructive investigation of solid
materials. Depending on the method, ultrasonic wave propagating through the tested
specimen can reveal mechanical properties as well as defects [1]. Conventional
ultrasonic flaw detection uses non-modulated signals formed under shock excitation
of the transmitting transducer. In order to make the flaw echo signal distinguishable
from noise [2], the amplitude of a shock-excited pulse often reaches several
hundreds volts. However, perturbation signal amplitude is limited by both generator
and the tested object itself. Also piezoelectric transducer operated at high voltage
levels has significantly shorter lifetime. Conventional UT is quite sufficient for metallic
materials. However, objects with high frequency-dependent attenuation properties,
concrete for instance, need different testing approach.

The only way to overcome attenuation difficulties is to use signals which can deliver
more energy into the specimen. The approach is in technical literature called pulse-
compression technique.

2. Non-parametric approach

Any physical system can be described by its response to a §-function signal; such
response is called an Impulse response (IR). The only nondestructive testing method
using this principle is called Impact Echo. Methods base on pulse-compression signal
are also capable of recovering the Impulse response, in following way: a coded
signal x(t), with a &-like autocorrelation function injected into a linear time-invariant
system, will be alerted and Impulse response h(t), carrying all the characteristic of the
LTI system, can be obtained by cross-correlating response signal y(t) with the
stimulus signal x(1).

y() = L{x(0)} = h(t) * x(t) = Ryy = Ryy * h(t) = h(t) (5)

Where R,,(t) is the cross-correlation operator of x and y and * denotes the
convolution [3].

Cross-correlation is in ultrasonic testing used to characterize the test system, which
is composed of many elements. Each element or a group of elements is again
characterized by their Impulse response. Using this assumption, Impulse response of
the specimen itself should be a result of deconvolution between IR with the specimen
and IR without the specimen.

3. Parametric approach

System identification toolkit in LabVIEW software offers another way how to
characterize unknown system. The toolkit has several recursive models capable of
representing complex electrical systems, such as with feedback loops. Transfer
function calculated by correctly selected model is used for adaptive system
controlling, servos...
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x(t) Unknown | Y(®) e(t)
System -
Pl
Adaptive | Y(t)
Model

Obr. 1. Rekursivni odhad modelu systému
Fig. 1. Recursive system model estimation

Unlike the application for control structures, accurate ultrasound models require
polynomials of order of hundreds to represent the system accurately. It is easy to
imagine the demands on computational time for General-linear model with
5 polynomials and delay. Simplification to Output-Error model structure with only
2 polynomials and zero delay proved to be quite accurate and less time demanding.

X(t) J|B@ y(t)
F(q)

Obr. 2. Struktura modelu Vystup-chyba
Fig. 2. Output-Error model structure

3. Experiment

In order to make the results of both methods mutually comparable, ultrasonic IR
respectively TF was recovered for the same specimen. The length of the aluminum
rod specimen was chosen so that the eigenfrequency is bellow 10 kHz. Both
transmitter and receiver piezoelectric transducers were fixed to opposite sides of the
specimen by bee’s wax. Transmitter to receiver transfer function/Impulse response
was obtained in the same fashion.

Maximum length sequence (MLS) of 16-bit length, generated at 200 kHz was used
as stimulus signal. Response signal was sampled with NI PCI 6251 card, at 1 MS/s
with 16-bit resolution. NI LabVIEW programming language was used for both signal
generation/acquisition and signal conditioning. Well defined frequency spectrum,
perfect auto-correlation and repeatability make MLS a wise choice for excitation signal.
For the test is used only one continually repeated [4] sequence. Signal to noise ratio is
improved by synchronous time averaging (25 times). Prior to acquisition, the signal
was amplified and filtered by analog bandpass filter (0,3-300 kHz). Analog filtering
is crucial to prevent frequency aliasing given by continuous sinc2 frequency spectra
of MLS [5].
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Fig. 3. Transmitter-Receiver frequency spectra
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Fig. 4. Frequency spectra of system TR, specimen, RX
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Obr. 5. Ziskané frekvencni spektrum samotného vzorku
Fig. 5. Recovered frequency spectra of the specimen only

4. Results

Both methods show the same pattern of gradually decreasing amplitudes of higher
harmonics consistent with dumped oscillation, a typical behavior for system excited
by an impulse §-function. Obviously the parametric approach yields clearer results in
all parts of the spectra. Whereas a spectrum recovered by deconvolution is very
shaky, especially in the region bellow 10 kHz. This phenomenon is visible on all
figures, but the explanation lies in Figure 3, because directly connected transmitter to
receiver is capable of transferring very little signal in the lowband region. As a result,
noise is corrupting the recovered spectra. Inherent properties of Transfer function
(TF) model, on the other hand, are smoothing the noise, because the polynomial
order is not high enough to create such oscillations. Also, by definition, system must
be described by a continuous function in the case of TF.

Signal recovered by both methods might be smoother if appropriate filtering was
used. It is not always better to use robust TF model instead of simple, time-saving
correlation/deconvolution, but when it comes to noisy low-amplitude signal, this
approach can pay off. A good example is displayed on Fig. 3, the noise in region up
to 10 kHz would be transferred and multiplied as a result of deconvolution with
second signal. Unfortunately TF model is not universally usable. For each system the
best polynomial order must be selected. System Identification Toolkit offers SubVls
for selection of the order with lowest error, but they are extremely time-consuming. In
my opinion, the best approach is to combine both methods. Use TF model to get IR
of transmitter-receiver system, but for everything else use classical
correlation/deconvolution.

5. Conclusion

In this article were presented two ways how to recover Transfer function or Impulse
response of the specimen without the influence of Transmitter and Receiver. Time-
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demanding TF model can create smooth spectra in noisy regions, but classical
correlation/deconvolution approach is faster and more versatile.
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INTERNAL BOUNDARIES AND HYSTERESIS EFFECTS
AT CYCLIC LOADING
STRUKTURNI ROZHRANI A HYSTEREZNI JEVY
PRI CYKLICKEM ZATEZOVANI

Jaroslav FIALA
University of West Bohemia Plzent CZ, New Technologies Research Centre

Abstract

Internal boundaries act as source and sink of dislocations, affecting significantly their mobility and
multiplication. This is of principal importance for anelastic behaviour and Bauschinger effect, which
are necessary prerequisites for gradual cummulation of energy and self-assembling of the dislocation
array during (and due to) cyclic loading. As the cyclic state of the loaded body and its mechanical
hysteresis depend on the materials structure, they change together with it. Which is why monitoring of
the mechanical-hysteresis loop (relation between strain and stress) brings information on the
structural changes that might increase reliability of the residual fatigue life estimates. The structural
changes experienced in course of cyclic loading manifest hysteresis, too, the materials structure in the
given moment is a function of the whole loading history, a functional of the course of loading in the
past: the dislocation arrangement expressed by the network of boundaries between mosaic blocks
alternates to fine and coarse lay-out balancing between interface and paracrystalline energy, which is
well revealed by x-ray diffraction. At ferromagnetic materials, the changes of the dislocation array
then influence the distribution of their Weiss magnetic domains (marked by Bloch walls), which entails
alteration of the magnetic hysteresis loop (relation between magnetic induction and magnetic field
strength).

Key words: fatigue, self-assembling, hysteresis effects

Abstrakt

Strukturni rozhrani, jakozto zridla a nory dislokact, vyznamnym zpiisobem ovliviiuji jejich pohyblivost
a mnozeni. To pak ma zdsadni vyznam pro anelasticitu a Bauschingeritv jev, jez jsou nezbytné pro to,
aby pri (a v disledku) cyklického zatézovani dochdzelo ke kumulaci energie a strukturalizaci pole
dislokaci. Cyklicky stav zatézovaného télesa, jeho mechanicka hystereze ovsem zdlezi na strukture
materidalu télesa a spolu s ni se méni. Monitorovani mechanické hysterezni smycky télesa (zavislosti
spolehlivost odhadu zbytkové zZivotnosti. Zmény, ke kterym béhem cyklického zatézovani dochazi ve
strukture, maji téz hysterezni charakter, struktura materialu v daném okamziku je funkci celé historie
zatézovani télesa, tedy funkciondlem puisobiciho zatizeni v minulosti: dislokacni struktura tvorend
rozhranim mosaikovych blokii se pri bilancovani povrchové a parakrystalické energie materidalu
stridavé zjemnuje a hrubne, coz Ize dobre pozorovat pomoci rentgenové difrakce. U feromagnetického
materialu pak ovliviuji zmény dislokacni struktury distribuci Weissovych magnetickych domén
(oddélenych rozhranim, tvorenym Blochovymi sténami), coz se projevuje zménou magnetické
hysterezni smycky (zavislosti magnetické indukce na magnetickém poli).

Klicova slova: uinava, spontanni strukturalizace, hysterezni jevy
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1. Uvod

Cerstvé vyrobeny strojni dilec, stejné tak jako elektrotechnicka soudastka, méni Easem své
vlastnosti. Ty promény zavisi na zpusobu, jakym byly vyrobeny a za jakych podminek byly
vyuzivany. Jejich momentalni zatézna charakteristika zalezi nejen na tom, jaké je to zatizeni
v daném okamziku, ale také na vSem, co se s nimi délo v minulosti, jaka byla jejich ,.historie®.
Dvakrat nevstoupis$ do téze feky ... Jevy jsou hysterezni.

2. Hystereze

Chceme-li napf. zjistit jak se méni magneticka indukce v zévislosti na magnetickém poli, jez
ji vyvolava, nechame protékat civkou, navinutou na jadro ze zkoumané latky, elektricky
proud I. Tim vznikne magnetické pole H, jez v jadie civky vyvola magnetickou indukci B.
Ta zprvu s proudem rychle roste podle kiivky OS (obr. 1), ale v oblasti S dojde k nasyceni.
Zacneme-li pak proud zmenSovat, indukce B neklesa podél kiivky SO, ale po kiivce SR,
po zméné polarity a nasledném zvétSovani proudu do nasyceni v oblasti S”. Kdyz potom
budeme proud opét zmensovat, magneticka indukce se méni podle kiivky S'R’, po zméné
polarity a nasledném zesilovani proudu az do bodu S. Tak dostaneme uzavienou smycku.
Hodnot¢ magnetického pole Hy odpovidaji na obr. 1 tfi rizné hodnoty magnetické indukce
(B1, By, By)

Obr. 1. Hysterezni smycka vyjadiujici zavislost magnetické indukce B jadra civky na magnetickém
poli H vybuzeném v civce prichodem magnetiza¢niho proudu.
Fig. 1. Hysteresis loop expressing relationship between magnetic induction B in the core of a solenoid
and a magnetic field H produced in the solenoid by a magnetizing current.

podle toho, jak se ménila hodnota budiciho magnetického pole pfed tim, nez dosahla hodnoty
Hy. Takovy tikaz, Ze totiz magnetickd indukce B(t) v okamziku t zalezi nejenom na hodnoté
budiciho magnetického pole H(t) vtomto okamziku, ale na vSech (nekone¢né mnoha)
hodnotach H (t), kterych magnetické pole nabylo pted tim okamzikem

B(r) = B{[H0)] .|

t=-om
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takze (Casova zavislost magnetické indukce) B = B (t) je funkcionalem [1] (Casové zavislosti
magnetického pole) H=H (t)
[B()]=B{H ()]} .
se nazyva hystereze.
Hysterezni smycka, zavislost magnetické indukce B (t) na cyklicky proménné hodnoté
magnetického pole H (t), se cyklus od cyklu (tedy v zavislosti na ¢ase ) méni a ptiblizuje
jistému ustalenému tvaru. Tomu odpovida rytmicka ¢asova zavislost B = B (t) magnetické

indukce, konvergujici k limitnimu modu mikrostrukturnich pfemén feromagnetického
materialu, vyvolanych cyklovanim magnetického pole (obr. 2).

B=B{®)

AWANYA
LAVAAVARNA

Obr. 2. Rytmicka casova zavislost magnetické indukce B = B (t), buzené cyklujicim magnetickym polem.
Fig. 2. Rhytmic time dependence of magnetic induction B = B(t), produced by a cycling magnetic field.

3. Mikrostrukturni podstata magnetické hystereze

Magnetickou hysterezi pozorujeme u feromagnetickych materiali. To jsou latky tvotfené
atomy, jejichz magnetické momenty na sebe plsobi tak siln€, Ze se mohou uspotadat (a zistat
usporadané) do jisté miry (za uritych okolnosti) samy, aniz by k tomu bylo tieba vné&jsiho
pole. Pii dostate¢né nizkych teplotach se cely objem feromagnetika rozpada na velky pocet
mikroskopickych oblasti, tzv. Weissovych magnetickych domén, které se spontanné
zmagnetovaly: vrameci Weissovy domény jsou vSechny elementarni magnety (spiny)
rovnobézné. Sméry magnetizace jednotlivych domén jsou vsak riizné, takze se jejich ucinky
navzajem rusi a feromagnetické téleso se navenek (z makroskopického nadhledu) neprojevuje
jako magnet. Teprve po vlozeni do magnetického pole se orientuji magnetické momenty
(celych) Weissovych domén do sméru vnéjsiho pole. Magnetizace je pak mnohem vyraznéjsi
nez u paramagnetickych latek. Sily orientujici elementarni magnety feromagnetik jsou
kvantového piivodu a nazyvaji se vyménné sily. Jsou to sily, které drzi pospolu par elektront,
zprostiedkujici vazbu kovalentnich latek, nebo sdilené elektrony, zprostiedkujici kohesi kovi.
Krystaly feromagnetickych latek jsou rozdéleny na Weissovy domény proto, aby se
minimalizovala energie magnetického pole zmensenim jeho prostorového dosahu (obr. 3).
Sousedni magnetické domény, zmagnetované v riznych smérech, jsou oddéleny (propojeny)
Blochovymi sténami (obr. 4). V ramci Blochovy stény nedochéazi k Gplné zméné orientace
spinu jedinym nespojitym skokem v jedné atomové roviné, ale postupné v mnoha atomovych
rovinach (u Zeleza je to asi 300 rovin).

Pfi magnetovani feromagnetika se vSechny Weissovy domény postupné orientuji ve sméru
vnéjsiho magnetického pole (coz odpovida tseku OS na magnetizacéni kiivce v obr. 1).
Nejdiive se zvétsuje objem domén, jejichZz smér magnetizace se nejvice blizi sméru vnéjsiho
pole. Déje se tak posouvanim Blochovych stén. Ke zménam v orientaci magnetizace tedy
dochézi pouze v Blochovych sténach. Proto staci k vyvolani znacnych zmén magnetizace
pomérné malé zesileni magnetického pole a magnetizacni kiivka B =B (H) na obr. 5 je strma.

DEFEKTOSKOPIE 2015 17



N N NN N S )
T T I
[
| | |
| 1 1
T thih
|
| [
|
[
| } I
I
S 'S s s SN S N
/ \ N
a) (b} (¢)

Obr. 3. Weissovy domény: V (a) mame jedinou doménu a diky volnym magnetickym polim
na povrchu krystalu bude magneticka energie | B’dV velika. V konfiguraci (b) se 4 doménami je
magneticka energie snizena asi na % energie v konfiguraci (a). V doménovém uspotadani (c) je

magneticka energie nulova diky uzavérovym doménam, jejichz vektory jsou orientovany horizontalng.

Fig. 3. Weiss domains: In (a) we have a single domain and because of magnetic poles at the crystal

surface, the magnetic energy [ B?dV will be large. In configuration (b) with 4 domains the magnetic
energy is reduced to about % of energy in configuration (a). In domain configuration (c), the magnetic

energy is zero due to closure domains with vectors oriented horizontally.

Obr. 4. Blochova sténa = rozhrani oddélujici sousedni Weissovy magnetické domény, zmagnetované
v riznych smérech.
Fig. 4. Bloch wall = interface between adjacent Weiss domains, magnetized in different directions.

Pii dalsim zvySovani intensity vné¢jSiho magnetického pole H pak vzrustd magnetizace
feromagnetika natacenim magnetického momentu jednotlivych elektronti do sméru vnéjsiho
pole vramci celého objemu a tedy ne jenom tenké povrchové vrstvy kazdé Weissovy
domény. K tomu je vSak zapotiebi mnohem vétsi pfirustek magnetického pole a kiivka
zavislosti B = B (H) jiz nestoupa tak prudce. Posléze se magnetické momenty vsech
Weissovych domén nato¢i do sméru vnéjstho magnetického pole H a magnetizace
feromagnetika se uz pii dal$im zvétSovani H vice neméni. Kdyz pak za¢neme intensitu
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Obr. 5. Prib¢h magnetovani feromagnetika urc¢uje vyvoj jeho doménové struktury. Malé Sipky
oznacuji orientaci magnetického momentu jednotlivych Weissovych domén, velka Sipka pak orientaci
vnéjsiho magnetického pole.

Fig. 5. Course of magnetization of a ferromagnetic material is determined by the development of its
domain structure. Small arrows indicate the direction of magnetic domains of individual Weiss
domains, while the large arrow shows the orientation of external magnetic field.

vnéjsitho magnetického pole zmensovat, slabne magneticka indukce pomaleji, nez piibyvala
pti zvétSovani H. Magnetické momenty jednotlivych Weissovych domén se totiz vzajemné
udrzuji v té orientaci, kterou mély pfi nasyceném stavu, i kdyz se intensita vné&jsiho
magnetického pole zmensuje. (V tom pravé spocCiva hystereze — setrvacnost konfigurace
magnetickych momenti Weissovych domén, vzorovy ptiklad projevu Le Chatelierova —
Braunova — Lenzova principu v oblasti magnetickych jevl.) Feromagnetické téleso zlstane
castecné zmagnetované i pii nulovém magnetizacnim proudu. Teprve kdyz smér proudu
obratime a jeho velikost nalezit¢ zvétSime, dokaze jim vybuzené vnéj$i magnetické pole
Weissovy domény rozorientovat (hodnotu vnéjsiho magnetického pole, odpovidajici na obr. 1
usecee OC, pii které magnetizace feromagnetika vymizi, oznacujeme jako koercitivni sila)
anasledné pak zorientovat, tentokrat ve sméru opa¢ném. Opakovanou komutaci proudu I se
po nékolika cyklech ustali hysterezni smycka z obr. 1. Jeji plocha je umérna praci vykonavané
magnetizacnim proudem pii opakované rekonfiguraci magnetické doménové struktury télesa.
Tvar hysterezni smycky pak zavisi na usporadani atomt v magnetizovaném télese, tedy na
jeho struktute [2], nebot’ ta urCuje, jak velké jsou sily, jimiz na sebe magnetické momenty
jednotlivych atomu za spoluticasti vnéjsiho magnetického pole vzajemné plisobi.

a) b)
Obr. 6. Magneticka Hysterezni smycka mékké uhlikové oceli (vlevo) a tvrdé uhlikové oceli (vpravo).
Fig. 6. Magnetic-hysteresis loop of a mild carbon steel (left) and a hard carbon steel (right).
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Obr. 7. Magneticka hysterezni smycka vyzihaného (a) a za studena tvareného (b) niklového dratu [25].
Fig. 7. Magnetic-hysteresis loop of an annealed (a) and cold-worked (b) nickel wire [25].

4. Sledovani strukturniho stavu monitorovinim magnetické hystereze

Z obr. 6 je patrné, jak rozdilny je tvar magnetické hysterezni smycky dvou oceli, lisicich se
svym slozenim jen o nékolik desetin procenta uhliku. Obr. 7 pak ilustruje citlivost tvaru
magnetické hysterezni smycky (jednoho a téhoz) materidlu na zménu jeho strukturniho stavu,
vyvolanou plastickou deformaci. Zvlast vyznamné ovliviiuji pohyblivost Weissovych domén
feromagnetického materidlu a zplsob, jakym se méni jejich rozlozeni vlivem vnéjsiho
magnetického pole, plosné strukturni defekty: rozhrani, mapujici strukturni heterogenitu
(fazova rozhrani, hranice mosaikovych bloku, vrstevné vady a povrchy vnitinich
necelistvosti) — viz obr. 8. A to jak z divodi geometrickych (pro svij velky ucinny prifez),
tak i fyzikalné chemickych: plosné strukturni defekty funguji jako efektivni pasti a zdroje
defektti bodovych a carovych, které pak afinitu strukturnich rozhrani a tim i jejich zadrzny
ucinek vic¢i Blochovym sténam vyrazné zesiluji. Malorozmérné strukturni defekty (ptimésové
atomy, intersticialy, dislokace) totiz snizuji termodynamicky potencial Blochovy stény,
na které se uchytily.
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Obr. 8. Zavislost koercitivity H. na velikosti Q krystaliti v zeleze [3]; jeden oersted (Oe) = 80 Am™.
Fig. 8. Dependence of the coercitivity H,, on the size Q of crystallites in iron [3]; 1 Oe = 80 Am™.
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5. Mechanicka hystereze

Hysterezi jevi také zavislost anelastické deformace € na napéti o, které ji vyvolava [4].
V disledku anelasticity se totiz deformace neuskuteéni okamzité po zatizeni télesa, ale az
suritym ¢asovym zpozdénim [5, 3], ¢imz pii opakovaném namahani vznikd hysterezi
smycka (obr. 9). Deformace je pro tutéz hodnotu napéti rizné velka podle toho kolik (a kdy
ajakych) zatéznych cykli uz téleso pfedtim absolvovalo (obr. 10); (¢asova zavislost)
deformace € = g(t) je funkcionalem [1] (¢asové zavislosti) napéti ¢ = o(t)
[¢(0)] = £{lo()]}

Pti grafickém znazornéni se na rozdil od magnetické hysterezni smycky, kde fidici veli¢inu
(H) vynaSime na horizontalni osu a veli¢inu fizenou (B) na osu vertikdlni, v pfipadé
mechanické hysterezni smycky pfifazuje napéti (o) poradnice na ose vertikalni a deformaci
(¢) GiseCka na ose horizontalni.

cEe o

oo
NN ——ail

4 \%zéé%ﬂ- o

=
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Obr. 9. Zavislost zatézného napéti 6 = o(t) a odpovidajici deformace € = g(t) na case ¢ (vlevo)
a mechanicka hysterezni smycka, vyjadiujici vztah mezi ¢ a € pii cyklickém zatézovani (vpravo).
Fig. 9. Dependence of applied stress 6 = o(t) and associated anelastic strain € = g(t) on time # (left) and
mechanical-hysteresis loop expressing relationship between ¢ and € upon cyclic loading (right).
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Obr. 10. Zména tvaru mechanické hysterezni smycky médi s pribyvajicim poctem zatéznych cyklu:
(a) vysoko zihany vzorek; (b) nizko zihany vzorek; (c) vzorek intensivné tvareny za studena [6].
Fig. 10. Changes in the shape of the mechanical-hysteresis loop of copper with continued cycling:
(a) fully annealed sample; (b) partially annealed sample; (c) severely cold-worked sample [6].
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6. Mikrostrukturni podstata mechanické hystereze

Plasticka deformace (&) se uskuteCtiuje pohybem (a mnozenim) dislokaci. K jejimu
zpozd'ovani za zatizenim (o) dochazi v disledku odporu, jenz pii svém pohybu musi
dislokace piekonavat. Stejné jako Weissovy domény, ovliviuji i dislokace v jejich pohybu
zvlast vyznamné plosna strukturni rozhrani (obr. 11). Rozhrani W nejenze brani dislokaci,

ktera se k nému vlivem zatizeni ptsobiciho ve sméru SD ptiblizila, v dalsim pohybu, ale

£

Obr. 11. Potencialovy profil trajektorie popisujici interakci dislokace se strukturnim rozhranim
pii reversaci zatizeni.
Fig. 11. Potential profile of the trajectory describing the interaction of a dislocation with an internal
boundary on reversing the load.
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Obr. 12. Bauschingerav jev: jak by vypadal, kdyby vSechny nory dislokaci mély stejny potencidlovy
profil (a); jak vypada ve skute¢nosti, nebot’ kazdé strukturni rozhrani (kazda disloka¢ni past) ma
obecné jiny potencialovy profil (b).

Fig. 12. Bauschinger effect: how it would appear in a hypothetical case that all dislocation sinks have
the same potential profile (a); actual appearance, as a consequence of the fact that each boundary fault
(acting as a dislocation trap) has its own, generally different potential profile.

ptipouta ji k sobé v potencidlové jameé VW, kde ji podrzi, i kdyz uz zatiZeni piestane pisobit.
Pii reversi zatizeni z SD na DS bude pak trvat uréitou dobu (zavislou na ¢asovém profilu
zatizeni, hloubce potencidlové jamy a teploté) nez se dislokace z jamy uvolni. A to prave
predstavuje ono zpozdéni € za o, jez je pfi¢inou hystereze [7].
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Pi docasné deposici uvazované dislokace v potencialové jamé rozhrani se zvysi jeji dno
z hladiny oznacené jako 0 na Groven C (napf. interakei s jinymi dislokacemi téhoz znaménka,
které se béhem casu na tom rozhrani také uchytily). Kdyz pak pii reversi vngjsiho
(makro)napéti dojde uvolnénim dislokace z potencialové jamy rozhrani k relaxaci vnitiniho
(mikro)napéti, dno jamy poklesne na pivodni hladinu a takto ziskand energie se pak pficte
kuCinku vngjsiho napéti. V disledku toho se mez kluzu pii reversi napéti snizi, coz
oznacujeme jako Bauschingerv jev (Bauschingerova asymetrie) [8], viz obr.12a. Existence
tohoto efektu je podminéna tim, ze strukturni rozhrani funguji nejen jako nory (pasti)
dislokaci, ale také jako jejich zdroje (generatory). Ze jsou schopny dislokace nejen zachytit,
ale také podrzet a pfi zméné vnéjsich podminek opét uvolnit. Vzhled pracovniho diagramu,
tak jak je uveden na obr.12a, sostie vymezenou hodnotou meze kluzu v tlakové vétvi,
neodpovida realité. Ve skutecnosti ma kazda dislokacni past jiny potencialovy profil a tedy ji
odpovida i trochu jinda mez kluzu; a vyskytuji se i dislokac¢ni pasti, které jsou velice mélké.
Ve vysledku je reversovana vétev pracovniho diagramu obla (obr.12b) a zakiivena jiz od
bodu P [8]. Jestlize se pak tahové napéti postupné zmensuje az do nuly a piejde do tlaku,
ktery zvétSujeme az do bodu F na obr. 13 a potom zase zmenSujeme az do nuly a znovu
zatézujeme tahem, bude se Bauschingeriv jev reprodukovat v obou smérech a posléze
dostaneme uzavienou hysterezni smycku [7] viz obr. 13.
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Obr. 13. Uzaviena mechanicka hysterezni smycka.
Fig. 13. Closed shape of the mechanical-hysteresis loop.

Pii cyklickém zatézovani se nekteré dislokace ¢asem anihiluji a jiné imobilizuji protinanim
s jinymi dislokacemi v pastech na strukturnich rozhranich. Disloka¢ni pole se postupné
strukturalizuje: ¢leni na (vice ¢i méné topologicky souvislé mosaikové) bloky, v nichz je ¢im
dale tim mén¢ dislokaci. Tyto dislokace se uvniti mosaikovych blokd vlivem cyklického
zatézovani pohybuji sem a tam mezi strukturnimi rozhranimi, kterd ty bloky vymezuji.
Na téchto hranicich je pak dislokaci mnohem vice nez uvniti bloki a jsou nepohyblivé (jejich
uvolnéni vyzaduje vysokou energii). K podobné strukturalizaci (dichotomisaci hustoty) pole
dislokaci v disledku jejich vzajemné interakce dochdzi i1 pfi statickém zatézovani ve
IIL. stadiu  zpeviiovani, kdy to ma za nasledek zpomaleni zpeviovani (dynamickou
rekrystalizaci) [9]. Pii cyklickém zatézovani je vSak strukturalizace pole dislokaci mnohem
rychlejsi a jeji vyvoj se projevuje postupnou zménou tvaru hysterezni smycky (obr. 10).
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Obr. 14. Mechanicka hysterezni smycka se béhem (a v dusledku) cyklického zatézovani stava
soumérnéjsi [8]; 1 Ib.in = 0,13 N.m .

Fig. 14. Under (and due to) cyclic stress loading, the mechanical-hysteresis loop becomes more
symmetrical [8]; 1 Ib.in =0.13 n.m .

Mnohonasobné opakovanou interakei ,,bludnych (pohybujicich se) dislokaci snorami na
strukturnich rozhranich, ke které dochédzi pii cyklickém zatézovani, se postupné ustaluje
systémova rovnovaha (minimalizaci termodynamického potencialu). Hnaci silou tohoto procesu
je (v lokalnim, tedy mikroskopickém méfitku obrovska) specificka energie (cca 10 eV), kterou
kazda dislokace nese. Konsumentem této energie je pak (posiéni itvarovd) konfigurace
strukturnich rozhrani (napf. jejich napfimeni) a distribuce (pohyblivych) dislokaci na kontaktu
s norami podél strukturnich rozhrani pii¢nym skluzem nebo $plhanim. A jednim z vysledkt toho

procesu je symetrizace potencidlového profilu dislokacnich pasti (prah 0B na obr. 11 bude stejné
vysoky jako prah 04 ) a nasledna symetrizace hysterezni smycky (na obr. 14).

7. Vyznam mechanické hystereze pro inavu materialu

Plocha mechanické hysterezni smycky je imérna energii, vlozené pii cyklickém namahani do
zatézovaného télesa v disledku fazového zpozdéni deformace & za pfilozenym napétim o
béhem jednoho zatézovaciho cyklu (obr. 9). Tato energie aktivuje hrubnuti mosaikové
struktury, které probiha napf. tak, ze bloky s nizsi zbytkovou hustotou pohyblivych dislokaci
(4. bloky, které maji nizsi vnitini energii, protoze nejen dislokace, ale i kazdy jiny strukturni
defekt vnitini energii bloku zvysuje) budou postupné stravovat energeticky bohatsi bloky,
v nichz je zbytkova hustota pohyblivych dislokaci vyssi. Pii hrubnuti mosaikové struktury se
ve zvétSujicich se blocich hromadi parakrystalické distorse [10]. Energie mosaikové struktury
se tim zvySuje, coz nakonec zplsobi jeji desintegraci, rozpad na drobnéjsi bloky, ¢imz
nahromadéna pnuti odrelaxuji. Zjemnénim mosaikové struktury vSak vzroste jeji
(mezi)povrchova energie [11,12] a struktura v disledku toho za¢ne opét hrubnout atd., coz I1ze
dobfte pozorovat pomoci RTG difrakce [13, 14, 15] (obr. 15). B€hem opakovaného rozpadu
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a opétného rastu (rekrystalizace) mosaikovych bloki se zvétSuje pravdépodobnost, ze ve
struktufe vznikne nadkriticka necelistvost a cyklicky zatéZzované téleso posléze praskne
unavovym lomem [12]. Ke vzniku nadkritické necelistvosti tedy neni tfeba vysokého
zatézovaciho napéti; necelistvost vznikne jako chyba procesu opakované rekrystalizace
(rekonfigurace) mosaikové struktury béhem cyklického zatéZovani.
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Obr. 15. Zavislost sitky L difrakeni linie (211) Fe-a, charakterizujici velikost mosaikovych blokt
oceli 1I5CH2NMFA, na poétu zatéznych cykla N(.10%) [16].
Fig. 15. Dependence of the width of diffraction line (211) Fe-a, characterizing the size of the mosaic
blocks of steel 15CH2NMFA, on the number N(.10%) of loading cycles [16].

8. Magnetoelasticka vazba

To, co dislokacim hlavné vadi v pohybu, resp. co jejich pohyb usmériiuje, jsou plosna
strukturni rozhrani. Mezi nimi pak maji zvlastni vyznam hranice mosaikovych blokt
krystalové struktury, které jsou vytvareny vétSinou praveé vzajemnou interakci dislokaci. Coby
architektonické prvky disloka¢niho pole funguji hranice mosaikovych blokl jako nastroj
autoregulace procesu urcujicich mechanickou odezvu materialu.

Je-1i material feromagneticky, ovliviiuji pohyb dislokaci také Blochovy stény Weissovych
magnetickych domén [17, 18, 19]. V t¢ souvislosti mluvime o magnetostrikci, obecné
o magnetoelastickém jevu [20, 21, 22]. Tento efekt objevil r. 1847 Joule a stejné jako jev
piezoelektricky, ktery popsali r. 1881 bratii Curieovi, se pouziva ke generovani a detekci
ultrazvuku [23]. Vlivem cyklujiciho magnetického pole H se feromagnetické téleso stiidave
prodluzuje a zkracuje [24] a fazovy posuv mezi vznikajici deformaci & a budicim
magnetickym polem H je pak pfi¢inou hystereze magnetoelastického jevu.

Piesto, ze tento jev mad ve svém oznaceni slovo ,elasticky”, vdé¢i za svou existenci
dislokacim, které pii (magnetické) excitaci v uré¢itém mnozstvi vznikaji, ale mezi sousednimi
Blochovymi sténami maji pii svém pohybu malo prostoru na to, aby se zacaly efektivné
mnozit. Coz plati také pro (vysokocyklovou) tnavu, ke které¢ dochéazi — podle definice — pod
mezi kluzu. Magnetostrikci k unavovému lomu arci nedochazi, ale to, ze magnetiza¢ni proces
(hysterezni smyc¢ka H-B) zavisi (leckdy velmi vyrazn€) na struktufe materidlu (a také se pro
monitorovani struktury materidlu a jejich zmén vyuzivd) [25] je dano pravé

uplatiiuje prave skrze dislokace.
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9. Zavér

Hystereze, at’ uz magneticka nebo mechanicka, je podminéna existenci vnitinich strukturnich
rozhrani. Rozhrani pfedstavuji komunikaéni bariery (pro rekonfiguraci Weissovych domén pti
magnetické hysterezi nebo dislokacniho pole pii hysterezi mechanické), které pusobi
transportni zpozdéni a nasledné fazovy posuv mezi podnétem (magnetickym polem H,
napétim o) a odezvou (magnetickou indukei B, deformaci ¢). V piipadé cyklického
mechanického zatézovani tak dochazi ke kumulaci energie, aktivaci makrocyklickych procest
a unavovému lomu. Aktivni Gcast rozhrani pfi tvorbé mechanické hysterezni smycky se
uplatiiuje jako Bauschingertv jev.
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Abstract

Principles of nonlinear ultrasonic mixing impulse spectroscopy (NUMIS) show great potential
advantages in comparison with other nonlinear ultrasonic methods. It is first of all from the
point of view of sensitivity and possibility of quick, simple and precise localization of a defect.

This paper is focused on problems for improve a signal processing, because the sensitivity of
nonlinear ultrasonic methods are limited on principle by various noise signals. The problem
of sensitivity limits and connected problem of usable dynamic range is discussed in general.
One of the important problems consists in optimisation of envelope shape of the exciting
tone-bursts. The optimization criterion is maximum suppression of the spectrum of the
excitation signal for the frequency band detection of difference frequency.

Next important task was directed to realisation of optimum digital filtration of asked signal
with differential frequency and maximum rejection of excitation signals and other disturbing
signals inclusive thermal noise. Finally, time dependences of measured signals for detection
of a defect place are shown.

Keywords: Nonlinear ultrasonic spectroscopy, mixing principle, sensitivity, burst, dynamic
range

1. Introduction

The non-linear ultrasonic spectroscopy (NUS) is developed in order to obtain more
appropriate methods in comparison with conventional ultrasonic methods. Specifically, the
goal is to achieve a particularly high sensitivity to small defects, less sensitivity to parasitic
reflections of the ultrasonic signal and capabilities for complex shapes of test objects [1].
These nonlinear methods are considered in different directions; mainly this is for case with
one [3], two or more excitation signals, excitation by continuous signal or by impulse signal.
The most published method uses the modulation principle [4-7]. The Time-Reversal
method is considered as a most progressive in this time [2].

Published results show that these methods did not achieve expected results, mainly in
terms of higher sensitivity and accuracy of localization. These problems were analyzed in
[8] and different principles were compared. This article is aimed at perfecting new methods
NUMIS, based on the mixing principle, because this principle allows the use of efficient
analog prefiltration and thus increase the equivalent dynamic range and sensitivity. The
basic block diagram of this method is shown in Fig. 1.

The main idea consists in sending two harmonic bursts with different frequencies f; and
f,, see Fig. 1 and 3. These bursts are mutually time-shifted in successive steps. When two
waves come across in the place of defect with nonlinear properties, the new frequency
component with different frequency fq will be created. The example with exciting frequencies
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f1=1.5 MHz and f, = 1 MHz and the difference frequency fy= 500 kHz was shown in [8]. This
choice of the frequency values fulfils two aims. It enables the use of sufficient analog pre-
filtration, and it also allows the sufficiently precise localization because the high of difference
frequency corresponds to a short wavelength. A solving of this problem was published in [9].

Further analysis discusses a problem of limits of the sensitivity as the one of main
property of this new NUS method. Following there are analyzed some aspects of the signal
processing.
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Figure 1. Principal block diagram of nonlinear ultrasonic mixing impulse spectroscopic
method (CU — control unit, OSC- oscillator, PA - power amplifier, T4,T, — transmitters, R —
receiver, LNA — low noise amplifier, DSP — digital signal processing) [8].

2. Analysis of sensitivity limits for NUS

Various methods of the NUS have different sensitivities. The sensitivity of a NUS method is
limited by ratio of exciting ultrasonic signals level and noise level in passband for evaluated
signal. It is necessary to discuss all important sources of this noise. These noise sources
have various origins and they depend on principle of NUS method. They can operate in
both in the part of generation of excitation signals, and in part measured signal processing.
The noise sources can be divided to these main groups:

- Higher harmonic components of the ultrasonic exciting signal (generator, exciter, contact
between exciter and DUT).

- Additive and differential harmonic components of the ultrasonic exciting signals (mixing
and modulating methods with two or more exciting frequencies for one common signal
way).

- Equivalent thermal noise of signal processing string (preamplifier, A-D converter).

- Equivalent higher harmonic components and additive and differential harmonic
components created by nonlinearity of all signal processing string (e.g. analog
preprocessing, A-D converter).

- Other special noise sources (e.g. spectrum spreading of exciting pulses and bursts).

It is evident that the sensitivity is limited by both borders, thermal noise for minimum of
processed signal and creating of new parasitic harmonic components for maximum of
processed signal. This property is generally expressed by size of possible dynamic range for
processed signal. Theoretically, the dynamic range of the signal chain is not directly
dependent on the absolute signal level. But on the other hand, it should be noted that the
sensitivity depends on the absolute level of the excitation signal and the level of thermal
noise.

The basic comparison of various NUS methods from this point of view shows that group
of methods with one exciting signal has greatest dynamic range and sensitivity limitation. In
this case we evaluate level of created higher harmonic components (e.g. 3™) for some level
of exciting first harmonic component, see (2) and Fig. 2.

fo=nfi ln=o1a. )

30 DEFEKTOSKOPIE 2015



On the other hand the excitation circuit (generator, exciter) product the same parasitic
components without possibility of substantial rejection of this effect. By this way we can
obtain dynamic range c. 30-40 dB.
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Figure 2. Principle of NUS with one exciting harmonic component.

Therefore the NUS methods with 2 or more exciting signals with different frequencies
have basic advantage that frequency of evaluated signal is different that frequencies of
excitation signals and their higher harmonics (2), see Fig. 3. A necessary condition, there are
separate paths of excitation for each excitation signal.

fr=|imflinf2|m,n=0,l,2..oc _>fr=|if1if2| (2)

It is evident that sensitivity of NUS method is based on frequency filtration of evaluated
frequency components. This frequency filtration enables suppression of spurious frequency
components in the signal evaluation, especially for systems with two or more excitation
signals as it was mentioned above. On the other hand, the frequency filtration has various
real limits. Therefore various NUS methods with 2 or more exciting frequency components
have different abilities to use the real frequency filtering.

The frequency filtering in the signal chain can be divided to three possibilities with
different properties:

- Passive ultralinear analog signal prefiltering (RLC filters)

- Analog signal filtering (RLC and ARC filters)

- Digital signal filtering

The passive ultralinear analog signal prefiltering has maximum dynamic range with
minimal danger of rise of the parasitic harmonic components. The condition is that it is in
front of analog electronics chain, especially in front of the amplifier. On the other hand it is
not simple to obtain high filtration selectivity. The analog signal filter is used in the analog
electronics chain with amplifiers. Therefore the dynamic range of this part is limited by
dynamic range of used amplifiers but his filtration selectivity is higher than previous block. It
also provides the anti-aliasing filtration for the AD converter. The third type, the digital filtering
has the greatest possibility for filtration selectivity, but it has the lowest dynamic range, due to
the limited dynamic range of used AD converter.

Various methods NUS with more excitation signals can be compared with regard to the
above frequency filtering options. We can divide these methods to two main groups, see fig.
3. In case of use exciting with one signal with low frequency f; and second signal with high
frequency f, the methods are based on so-called amplitude modulation (AM), Fig. 3 a. The
second case uses frequencies of exciting signals with little difference, see Fig. 3 b. These
methods are usually called as mixing.

As we can see, the mixing principle enables higher attenuation of excitation signals by a
simpler using of the analog linear prefiltration than AM methods. Therefore the mixing
methods can obtain higher sensitivity, because they apply evaluated signals with lower
dynamic range to chain of analog and digital signal processing. In other words, under the
condition of the same dynamic range of signal processing of both systems, the mixing
principle allows to process of input sensed signals with higher dynamic range. Therefore the
equivalent dynamic range of all system is higher than dynamic range of the analog and
digital processing chain.
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Figure 3. Principle of NUS with two exciting harmonic components: a) AM principle with high
ratio f,/f1, b) mixing principle with low ratio f,/f; and indicated filtration for rejection of signals
with exciting frequencies.

The time-reverse nonlinear methods have a little different principle. Nevertheless, the
problem limitation of dynamic range is the same, because the dynamic range of all system is
lower than dynamic range of the analog and digital processing chain.

The use of pulse (burst) NUS methods brings special problems for sensitivity limitation.
These burst exciting signals enables to solve problem of defect localization. On the other
hand the use of the exciting burst brings spreading of monochromatic spectrum to wide
band. By this way, the spectrum of exciting signals can take noise effect for detected band in
case of NUS methods with two or more exciting signals. The aim is a solution to minimize
this effect, equivalent to reducing dynamic range of the system and thus the achievable
sensitivity. It should take advantage of the two possibilities, optimizing the shape of the
excitation signal and the subsequent optimization of digital filtering of the measured signal for
obtaining the most accurate form of envelope detected pulse.

To solve the model digital frequency filtering and subsequent envelope detection of the
burst was chosen modeling in Matlab. Because the goal is to model the process nonlinearity,
the input signal was modeled as a sum of the detected pulse of 800 kHz with a unit height
and both excitation pulses of 1.5 MHz and 2.3 MHz with a correspondingly greater height (up
to 80 dB). But confirmed the assumption that the signal at 2.3 MHz is detected pulse due to
the increased frequency distance less influence than the 1.5 MHz signal. Therefore, it was
subsequently used a simpler model with no input pulse 2.3 MHz.

3. Optimisation of the exciting burst shape

As it was discussed above, the use of burst brings spreading of monochromatic spectrum to
wide band. Both signals were modeled with the desired sampling rate of 50 MHz. In the first
step, they were considered approximately estimated pulses with a rise time of about 15 ps.
However, the first modeling showed that spreading the spectrum of the excitation pulse with
a finite length and slope of the leading and trailing edges extending to the detection band
(800 kHz). Therefore, spectral analysis was made of the excitation pulse of 1.5 MHz and
finding suitable envelope function minimizes this effect. In doing so, it was used well-known
theory of window functions used for FFT or IR filtering.

The spectrum of pulse shape without limitation (rectangular window) was compared with
the originally contemplated shape sin? and available alternatives windows in Matlab. This
comparison showed a window having the smallest parasitic influence of the detected band
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800 kHz window called Nuttall (Fig. 4), which is one of the variants Blackman-Harris window.
The result of comparison of the rectangular window, and the window pulse sin? Nuttall is
shown in Fig. 4 b. Logically greater spread spectrum near the fundamental frequency us in
this case does not matter, because the band does not interfere evaluated frequency band.
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Figure 4. a) Example of burst with Nuttal shape. b) Comparison of spectrum of bursts with
various shapes: rectangular shape (red), sin?shape (blue), Nuttall shape (green).

4. The optimum digital signal processing for frequency filtering

We can consider different variants of digital frequency filters for filtration. It was chosen IIR
filter due to the simple configurability and modifiability of the parameters (order, quality factor
Q, resonant frequency, filter type). For ease of experimental modeling technology was
selected cascading band-pass 2" order blocks with a choice of quality factor Q and the same
resonant frequency f,. This frequency was set to f, — fi, therefore 800 kHz. The
approximation resulting from a cascade connection of 2™ order block with the same
parameters for the specified purpose quite comfortable with the group delay is reasonable
dependence and leads to minimal change in the shape of the detected pulse. More complex
variants of approximation (eg. Bessel) would not bring a significant improvement and
optimization process would be considerably more complicated.

During this optimization were considered excitation pulses with a final length and shape of
a given window function Nuttall (Fig. 4a), as is evident from the previous chapter. The
influence of the excitation signal has been tested only for less distant frequency of 1.5 MHz,
because the influence of the pulse is below 2.3 MHz and nonlinear effects are modeled. For
consistent optimization is needed to monitor the effect of multiple variables. An important
parameter is the level of the excitation signal. In all these cases, the maximum level is

applied excitation signal U,= 10 000xU; so U,/U;=80 dB.

For the pulse was chosen 20 signal periods, which at a frequency of 1.5 MHz,
corresponding to 13.3 pus (667 samples), so the rise time is about 6.6 ps (334 samples). The
individual options figure shows the envelope of the detected pulse of 800 kHz (blue), the total
signal as sum of excitation and detected signal (1.5 MHz and 800 kHz) after filtration IIR
(green) and the detected envelope of the filtered signal (red).

In terms of the properties of IR filtering and the 800 kHz signal detection is necessary to
evaluate influence of the order of the filter, the filter type and quality factor. To detect the
envelope of the pulse and the subsequent influence of filtering it is necessary to select other
parameters. As the most important and most sensitive proved choice of values order and
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filter quality factor, so the parameters that determine the selectivity. Due to the mutual
relation of both parameters in influencing the selectivity there were considered variations of
values of quality factor and different variations of the order of the filter.

The example in Fig. 5 a) - ¢) shows the influence of chosen values of the quality factor Q.
The effect of filtration of IIR filter is insufficient and the influence of the excitation pulse
disproportionately increases for low Q. Excessive increase in the value of Q leads to an
excessive decline in the level of the detected pulse.
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Fig. 5. Variation of Q value: a) Q = 0.75, b) Q =1, ¢) Q = 1.5, d) Comparison of filtration
efficiency for U,/U;=60 dB, 70 dB a 80 dB.

Filtration efficiency can be checked for various levels of the interfering excitation signal,
using the optimal values of the selected parameters. Fig. 5 d) shows a comparison for the
ratios U/Us = 60 dB, 70 dB and 80 dB. As shown, the influence of the excitation signal is
negligible up to 70 dB, only when it increases to 80 dB it is starting to show.

5. Practical verification

The results of shown optimization were used in the practical measurement on a real sample
with crack. We scanned the series of time responses for gradually shifted burst with
frequency 1.5 MHz. Example of one measured signal (both excitation and one scan) for time
delay 16 us is shown in Fig. 6. It is apparent that the sensor signal has value almost 1 V after
amplification 60 dB. Excitation bursts were scanned through a voltage divider 1:100.

After digital processing according to the above-mentioned results we obtain waveforms of the
envelope signal with the difference frequency of 800 kHz as shown in Fig. 7.

It is possible to determine the time offset between both bursts for the defect site as about
27us from the set of curves in Fig. 7. It corresponds to the shift 13.5 pus from middle in
direction to exciter 1.5 MHz. This is a starting point for locating of the defect [9].
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Figure 6. Example of one measured S|gnal (both excﬂatlon and one scan) for tlme delay 16ps
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Figure 7. Series of time responses for gradually shifted burst with frequency 1.5 MHz.

6. Dynamic range and sensitivity

The value of dynamic range can be expressed as relation between the maximum
exciting signal and a background noise. The maximum exciting signals are measured directly
without amplifier and its value is c. 0.1V. The measured background noise has value 1 mV
after the filtering, amplification 1000%, and above mentioned DSP. Therefore the equivalent
input value is c. 1 pV. Therefore the dynamic range has value 10° = 100 dB.

Because the level of exciting signal is limited by maximum output voltage of the power
amplifier, the sensitivity is limited by value of background noise. It is necessary to verify this
noise value and intrusion of exciting signals to evaluated dependence of signal envelope.
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Therefore there are measured and compared time dependences of signal envelope for both
exciting signals and for one exciting signal for a test of the purity of excitation signals or
parasite transmission of these signals to 800 kHz band by any of the above principles.

They are shown (drawn dashed) under the designation 29u15a (1.5 MHz), and 98u20a
(2.3 MHz) in Fig. 7 and Ou20a in Fig. 8. It is evident that the transfer of parasitic excitation
signals to the measuring band of 800 kHz is minimal and practically does not affect the
actual measured waveforms of differential signals. Thus it determines the basic equivalent
sensitivity to the value of about 1 uV at the amplifier input.
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Figure 8. Example of time responses for gradually shifted burst with frequency 1.5 MHz.
6. Conclusion

This article discusses the problems of sensitivity for methods NUS and specifically deals with
some aspects influencing the sensitivity of the new method NUMIS. It shows that this method
should be among the most sensitive. Specifically, it is focusing to some of the parameters
and factors limiting the sensitivity of this method. It deals with parasitic transmission of
excitation signals to the evaluated bandwidth for the signal with the difference frequency. It
shows that the excitation pulse bursts spread spectrum in principle and therefore it is looked
for a shape of the burst excitation so that the effect was minimal.

It also deals with the optimization of the subsequent digital processing so as to make the
most suppression of excitation spectra of bursts on the shape of the evaluated differential
signal with frequency. This is realized in an optimum manner as frequency filtering, as well
as means of obtaining the envelope function of the detected pulse. Verification of these
processes to practical measurements shows that the proposed procedures are successful
and allow us to achieve high sensitivity of this new method.
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Abstract

The papers compares acoustic non-destructive methods for testing concrete structures on the
site. Short description of 5 methods were presented. In order to evaluate which acoustic
method is the most effective in testing concrete structures on site, some criterions were
defined which allowed to compare the methods

Key words: acoustic, NDT, compare, ultrasonic tomography

1. Introduction

Non-destructive tests are well known in the construction industry, but recently a large
development is noticeable in the case of acoustic methods. Some of them are more or
less known, mainly described in the scientific literature, primarily in papers [1]-[3] and
so far there is no comparison and analysis of acoustic methods in terms of practice of
use them for testing the concrete structures at the construction site. This article
presents an analysis of five selected contemporary acoustic methods for concrete
testing on site. Briefly shows the characteristics of these methods, then properties are
listed within the established criteria. The analysis was conducted to demonstrate the
most practical non-destructive acoustic method among contemporary methods for
testing concrete structures on the site.

2. Literature review

The topic of acoustic methods for concrete testing is described in many works [1], [2],
[6] considering their theoretical background and presenting its practical application for
concrete structures i.a. [1], [4], [5]. Bearing on mind fields of science still developing,
the application of acoustic methods for testing concrete structures is also associated
with the implementation of novelties of automation, mathematics, and especially
software or computer science, which are described on the example of the latest
acoustic method which is ultrasonic tomography in [6]. In the following section every
acoustic method, chosen by the authors, is briefly described in order to present the
possibilities of application for testing concrete structures on the site.
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3. Short description of methods
3.1Ultrasonic pulse velocity measurement

Ultrasonic pulse velocity method is shortly known also as an Ultrasound Method. The
idea of the method is based on measuring the velocity of a pulse of compression
wave which propagates through a medium. The measuring set consist of a material’s
tester and two transducers: transmitter and receiver. The test equipment propagates
sinusoidal signal, transmit it through the concrete, at a distance L, receive and
amplify the pulse. The instrument display indicates the transit time, ¢, it takes for the
compression wave pulse to travel through the object. Therefore the compression

wave pulse velocity c is expressed by the equation: ¢ = %
The typical measuring set and exemplary results are presented in the Fig. 1.

45 o
30 o
A
c
15 o

=\
5 15 25 35 45 55 65

a)
= £
7“_-4 o Yl

Fig. 1 Ultrasonic pulse velocity method: a) equipment [8], b) exemplary result of
relation between ultrasound wave velocity and compressive strength
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A very important aspect of this method is that there is an obligation of use a couplant
agent between transducers and tested concrete surface to ensure a proper
transmission of ultrasound.

Ultrasound method is used for estimation of concrete strength, determination of the
elasticity modulus of concrete, but mainly for the study of homogeneity of concrete,
detecting of cracks and voids in concrete, defining the depth of a surface crack and
controlling the quality of concrete.

The maximum thickness of measured element is 300 mm and the operating
frequencies range from 25 to 100 kHz [1].

3.2Impulse Response

In that method a mechanical impact, produced by a rubber ended hammer is used for
sending stress waves through the tested specimen. The impact puts the element into
vibrations and a velocity transducer (geophone), located near the impact point,
measure the amplitude of the response. The hammer and the velocity transducer are
linked to a portable field computer with impulse-response software for data
acquisition, signal processing and storage. The typical measuring set and exemplary
results are presented in Fig. 2.
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Fig. 2 Impulse Response method: a) equipment, b) Mobility Curve generated by the
software [1]

Impulse-Response testing method is primarily used for fast screening of huge areas
of concrete structures with the purpose to control their structural integrity and to
determine the localization of suspicious areas with possible flaws for further detailed
analysis. The measurements should always be supported and verified with other
more direct examinations.

The disadvantage of that method is the necessity of interpreting the results presented
on charts, maps or as a characteristic parameters. There are four parameters used
for determination of concrete surface quality: Dynamic Stiffness, Average Mobility,
Mobility Curve and Void Index.

The range of frequencies is not big: from 0 to 800 Hz, the maximum depth of
investigation is around 500 mm [1].

3.3 Ultrasonic Echo

The ultrasonic method (also called pulse echo method) measures the time of flight of
elastic waves which are reflected inside the object. This method has very huge
advantage which is ability to examine the object only from one side.

What’s more this kind of testing is very sensitive and allows detection of very small
defects.

In general ultrasonic pulses are propagated by piezoelectric probes. Transducers
produce low frequency broadband waves and measured them. Ultrasonic echo
method gives us opportunity to scan the object and measure its thickness but also
detect foreign inclusions, holes, honeycombing, cracks and other defects inside the
concrete objects.

Basically, there are two types of equipment: transducers with planar contact on the
surface and dry point contact transducers (DPC). The first one need application of
coupling agent between measured surface and transducer which can be problematic
and gives inaccurate measurements. Nowadays dry point contact transducers are
commonly used, they can be arranged in arrays where transmitters and receivers are
working simultaneously.

The example of a tool equipped with DPC transducers is shown in Fig. 3 with the
exemplary results.
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Fig. 3 Ultrasonic Echo method: a) equipment, b) exemplary result as a chart of
frequency in time domain

The range of frequencies used in that method is from 20 to 300 kHz [1] and depend
on device and purpose of research. The maximum depth of investigation is around
400 mm.

3.4Impact Echo

Impact Echo method is based on generating a stress pulse by impact at point (by
special hammer [3] — practically by steel ball). After hitting a point the energy
propagates into a whole object in every direction, and also reflections may arrive
from many directions. For this reason, impact-echo method is usually used for testing
the thickness of concrete element where there is access only from one side. Thanks
to that method it is possible to detect internal defects, such as delamination, voids
and honeycombed concrete.

An Impact-Echo test system consists of: set of impactors — steel balls of different
sizes placed at the end of resilient arms, a computer with a data acquisition system
with appropriate software for signal analysis and data management (using Fourier
transformation), cables and piezoelectric transducers.

The typical measuring set and exemplary results are presented in Fig. 4.
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Fig. 4 Impact Echo method: a) equipment, b) exemplary results presented as a chart
of amplitude in frequency domain

The frequencies used in IE method ranges from 2 to 40 kHz and depend on size of
exciter. The depth of investigation is up to 800 mm [2].
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The IE method allows to measure the thickness of element, detecting the presence
and depth of cracks, voids and honeycombing.

3.5Ultrasonic Tomography

Ultrasonic Tomography is the development and improvement of ultrasonic echo
method. It is relatively new technique and stands out among the other acoustic
methods. The UT technique is based on exciting an elastic wave in the investigated
member. The excitation source is usually a multi-head antenna (usually a few tens of
integrated ultrasonic heads), which is also used for receiving and processing
ultrasonic signals.

SAFT algorithm is most common system to obtain ultrasonic pictures [7] which
coherently superimposes the measured signals to the pixels or voxels of the
reconstructed region. The popular tool which uses SAFT algorithm is the ultrasonic
tomograph. It uses automated acquisition of a number of parallel line scans, which
allows to build a three-dimensional volume that can be viewed in two-dimensional
cross-sections and depth sections. The device is an autonomous measuring block,
which contains a matrix antenna of 48 (12 blocks with 4 elements) low-frequency
broadband transverse wave transducers with DPC and ceramic water-resistant tips;
display and buttons for controlling the tomograph. Every transducer has an
independent spring suspension which, with DPC technology as a companion, allows
controlling the device of different surfaces.

The tomograph with exemplary results is presented in Fig. 5.

In UT method the frequency of pressure wave ranges from 50-200 kHz and for shear
wave frequency is 55 kHz [6]. The maximum detection depth is 2500 mm.

UT method is used for detection of different kinds of defects, provides high accuracy
in measuring the thickness of an object in unilateral tests, and also thanks to that
method it is possible to assess the condition of reinforcement.

b) T

| [3e |

Fig. 5 Ultrasonic tomography: a) device, b) exemplary scan B (cross-section)

4. Analysis

In order to evaluate which acoustic method is the most effective in testing concrete
structures on site, some criterions were defined which allowed to compare the
methods described above. Five criterions were proposed:
1) the way of presenting the results,
2) main drawbacks of the method,
3) comfort of use on construction site,
4) diversity of applications,
5) contemporary price of equipment.
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For every criterion the points from 1 to 6 were assigned. The following hierarchy was
implemented: 1 point for the worst characteristics, 6 points for the best
characteristics. In 4 category the rating was different: the less drawbacks (drawbacks
of small importance) the highest mark. Prices of equipment were evaluated based on
own experiences, the 1 point were assigned for the most expensive method, 6 points
for the cheapest method. The highest score indicated which acoustic method is the
most practical from the engineering point of view.

Table 1 shows the juxtaposition of wave frequencies and the maximum depth of
measurements in every method. This table will be helpful in qualifying methods in
terms of established criteria. The comparison of methods is presented in Table 2.
The score of every criterion and total score for particular method is presented in

Table 3.

Table 1 Juxtaposition of frequencies and maximum depths of measurements

No. Method range of minimal depth of maximal depth of
frec[||l(1::]c les investigation investigation
[mm] [mm]
1 UPV 25-100 10 300
2 IR 0-800 100 500
3 UE 20-300 25 400
4 IE 2-40 10 800
5 uT 50-200 25 2500
Table 2 Comparison of acoustic methods
Method way of main drawbacks comfort of use on diversity of
presenting construction site applications
the
results
estimation of concrete
the test can be an obligation to use | strength; determine
e o |actadbyconeree |2 otblngs0ent e o of
ultrasonic | the screen of | PYOPerties and other ey cers and recommended);
pulse | material's factors; need to have | yo164 surface; small checking the
velocity | tester with other sources of and light device: uniformit
hi knowledge to interpret g ’ Y .
igh accuracy a transit ime easy to conduct a of concrete, detecting
study of cracks and voids
and measure its depth
not useful in controlling structural
. evaluation of concrete integrity of concrete
g;?r}i:: 22 in structures; :Zeﬂztzgﬂ c:lc;] es not objects (e.g. piles,
fre puenc experienced operator mgteriaIS' szr eg plates) and to
impulse dor(:1ain y to conduct a study areas can begtested determine the
response | characteristics and interpret results; in a short time: the localization of areas
does not give any ’ with possible flaws
parameters, test surface can be .
mans depth drv. moist or wet (for further detailed
P indications for the y: analysis with another
flaws; low accuracy NDT method)
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Method way of main drawbacks comfort of use on diversity of
presenting construction site applications
the
results
minimal element
preparation is
ﬁl_tfgggn(ire linear defects oriented irggtgl:tegr;]g‘;ﬁ\:des measure thickness of
. parallel to the sound lts: ided the object; detect
ltrasonic point beam may go resuits; one—S|he foreign inclusions
u )
echo measurement undetected; access enoug t.o holes, honeycombing,
in interpretation of A- conduct a study; cracks and other
the time scan small devices defects
domain) equipped with DPC
do not need
couplant agent
. dimensions of
chart_W|th . impactors (balls) have
amplitude in an importance
frequency P d . fi |
domain: because etection of interna
’ waves can be defects such as
modern BAM T .
. scan gives reflected by defects useful on site but delaminations, voids,
impact the In? act- which have similar or very time consumin cavities, and
echo P greater dimensions y 9 | honeycombed
Echogram )
L2 than wavelength concrete and their
which is kind :
of (smaller defects will depths
. not be observe) ;
uItrasonlc_ preparation of
cross section
surface
handy device with detection of different
- DPC tips is very defect types, higher
clear the resulting images o h oo
visualizations: |need to be gggyﬁzggts?azirzn ;gfgleu;'sgrd testing
ultrasonic | Plan view, interpreted, utilizing | ;¢ "esigned for thicknesses of testing
tomograp | Cross-section | additional ) h
hg p views and information if measurement of object at one-side
4 isometric 3D possible; edge effect large structures, access testing ;
view can occur they need more assessment of the
space and special reinforcement
montage condition
Table 3 Evaluation of acoustic methods
Method Way of Main Comfort of Diversity of Price | Total
presenting drawbacks use on applications score
the results construction
site
ultrasonic pulse velocity 4 4 3 2 6 19
impulse response 3 3 4 2 3 15
ultrasonic echo 3 4 5 2 5 19
impact echo 4 3 3 3 3 16
ultrasonic tomography 6 5 5 5 2 23
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5. Conclusion

The analysis shows that the "best" acoustic non-destructive method for testing
concrete structures on the site is the ultrasonic tomography. Right behind UT method
there are placed: ultrasonic echo and ultrasonic pulse velocity.

It can be very simply noticed that the ultrasonic tomography is one of the most
expensive method but its very clear way of presenting the results is predominating
among the other methods. Additionally, UT can be successfully used on construction
site. Furthermore, it has the highest depth of investigation which is also the reason of
many different application.

On the other hand, there is the cheapest method which is UPV. Its biggest advantage
is the simplicity of conduction the study and light equipment. Unfortunately, many
possible uses which are offered but that method are connected with necessity of
having a proper knowledge or another sources (scientific literature, experienced staff)
to interpret a results.

Ultrasonic echo got also quite high score, | assume that it happened because the UE
was the base to put some improvements and develop the ultrasonic tomography.
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Abstract

The papers presents possibility of weak zones research in concrete elements. The concrete
specimen was tested by ultrasonic tomograph. On the basis of the results failure simulation at
ABAQUS program was performed. This allowed to accurate determination of the degree of
weakening of the structure.

Key words: acoustic, NDT, FEM, ultrasonic tomography

1. Introduction

Non-destructive methods are commonly used in examinations of concrete element in
order to make fast diagnosis of different imperfections. Nowadays, the large
development is noticeable in the case of acoustic methods. Ultrasonic tomography is
one of the newest acoustic method. This method is useful in unilateral studies of
concrete element, that’s why it can be used successfully in the laboratory as well as on
construction site during the construction process or in already existing elements [4]. The
examinations of weak zones in concrete element with the use of ultrasonic tomograph
is presented in that article. Afterwards, the obtained results are analyzed with the help
of Finite Element Method to compare the behavior of concrete element with and without
weak zone.

2. Literature review

In many papers the ultrasonic tomography was pointed as satisfactory method for
testing foundation slabs, concrete elements with irregular shapes, concrete mine lift
shaft shell and even hydrotechnical structure [1-3], [5-6]. Ultrasonic tomography is used
for testing the concrete elements such as foundation slabs, concrete floors, columns,
shell, beams etc. [4]. It is used to detect various types of imperfections, provides high
accuracy in measuring the thickness of the object at the unilateral examinations and
also thanks to that method it is possible to assess the condition of reinforcement in
reinforced concrete elements. It is also suitable for testing weak zones which are forming
in structures, for example, by incorrect vibrating of concrete during its laying or due to
improper curing during hardening process.
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3. Ultrasonic tomography — method of operation

3.1. Theoretical description
The UT technique is based on exciting an elastic wave in the investigated member.
The excitation source is usually a multi-head antenna (usually a few tens of integrated
ultrasonic heads), which is also used for receiving and processing ultrasonic signals.
The popular tool which uses SAFT algorithm is the ultrasonic tomograph. It uses
automated acquisition of a number of parallel line scans, which allows to build a three-
dimensional volume that can be viewed in two-dimensional cross-sections and depth
sections. The ultrasonic tomograph which was used in described researches is shown
in Fig. 1.

Fig. 1 Ultrasonic tomograph: a) view from the top and from the bottom, b) possible
layout of displays

According to producers, presented tomograph can operate with the frequency of
pressure wave in the range from 50 to 200 kHz, whereas in these studies shear waves
were used with frequency 55 kHz. The maximum detection depth is 2500 mm.

3.2. Concrete specisemen’s description

The object of study was a concrete element with dimensions of 1000 mm x 1000 mm
x 500 mm made of concrete C25/30 with aggregate to 8 mm, the aim was to identify
weak zones, any internal cracks, delamination or large air voids. After a preliminary
inspection of element, any voids and cracks were found on the external surface.
Measurement grid was applied to the top and front surface of the element; having a
size of 100 mm x 100 mm. The concrete element with a drawn grid and the scheme
with the dimensions are shown in Fig. 2.\

a) b)

500

| 1000 |

Fig. 2 The view of concrete specimen: a) with measurement grid, b) scheme with
dimensions
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3.3. The order of measurements

The experiment has been launched from the scanning of the top surface and front
surface. Step (movement) of tomograph was 100 mm long in one and the other
direction of the specimen. Then, ultrasonic tomograph has been rotated by 90° so it
was possible to re-scan the entire surface and obtain additional results for further

comparison and analysis. A similar order was adopted to examine the front surface of
the concrete element.

3.4. Results of measurements

In top measurements ultrasound images were obtained which revealed the clear
border of bottom surface of element at the depth of 500 mm (a red color in Fig. 3). The
light points were noticed in right upper corner which indicated the potential presence
of defects (shown in Fig. 3). B scans were considered for analysis.

a) b)
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Fig. 3 Measurement's results: a) top surface of element, b) top surface of element
after rotation of tomograph by 90°

The images obtained in front surface measurements confirmed that the weak zone is
located in upper right corner of element, shown in Fig. 4. The B scan shows a view into
the depth of 700 mm, but weak zone of concrete were detected near the edge, and for
this reason there should be awareness of the possible appearance of edge effect.
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Fig. 4 B scans: a) measurement of top surface of concrete element, b) measurement
of top surface of concrete element after rotation of tomograph by 90°
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To dispel any doubts associated with the mentioned edge effect, it was decided to
conduct a more detailed study of detected weak zone in concrete element using a
denser measurement grid.

3.5. The order of measurements of concrete weak zone
The two grids were prepared within the identified zones of poor concrete with
dimension step of 50 mm x 50 mm, starting from 400 mm on the front surface and 300
mm on side surface of concrete element. The measurement’s grid were presented in
Fig. 5.
a) b)

500

| 1000 |

Fig. 5 The scheme of grids: a) on the top surface, b) on the side surface of concrete
element

3.6 The results obtained for the weak zone of the concrete
Detailed measurements of weak zone of the concrete has proven its localization in the
concrete element. Probably, it is a result of improper compaction of concrete or its
curing during the execution. The obtained images are presented in Fig. 6. The area
with light points is visible on these pictures.

BAS. 1743 8.012015 0| | BAS. 1752 8.01.2015
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i

I | _mm | |e= 5| _mm |
Fig. 6 B scans for denser grid: a) of front surface of concrete element, b) of side
surface of concrete element
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4. FEM analysis

The FEM modelling software were used to analyze how the imperfections can
influence on strength of whole concrete element. Abaqus software was used for that
purpose. FEM analysis was based on modeling the concrete element of dimensions
1000 x 1000 x 500 mm and concrete strength C30/37 with the assumption that there
is lack of weak zone. The assumption of reduced strength of the right upper quarter of
member (500 x 500 x 500 mm) were made for next models, gradually decreasing the
elastic modulus by 10%, 20%, 30%. Simply supported plate and grid size of 250 mm
were assumed, as shown in Fig. 7.

a) top view
-
A
O
(=)
O
B
O
O
L)
-
b) side view
! | | | | | | | |
L 1000 |

Fig. 7 Concrete element model: a) top view (A - part of element executed in a proper
way, B - faulty area of element), b) side view and static scheme, ¢) FEM grid with the
element size 250mm

The distributed load equal 10 kN/m? was assumed and the maximum deflection was
recorded and summarized in Table 1. It is easy to see that even the slight deterioration
of the concrete leads to increasing the displacement. The values of these
displacements are small considering the precision of 107 m, but the element has
relatively small size of 1000 mm x 1000 mm.

Table 1. Maximal displacement in trail modelling

No. of Displacement
’ Concrete element

model [x 107m]
1 C30/37 6,213

The decrease in elastic
2 modulus in the weaker 6,421
zone of 10%

The decrease in elastic
3 modulus in the weaker 6,768
zone of 20%

The decrease in elastic
4 modulus in the weaker 7,190
zone of 30%

DEFEKTOSKOPIE 2015 51



Usually, in reality buildings and concrete structures are huge so the importance of good
execution is higher and has bigger influence in further exploitation. Trial modeling was
created for fast interpretation if there is any influence on whole concrete element if
there was implemented the change of concrete strength in some part of a sample.
Indeed, there is an essential influence so it was decided to model the concrete element
with the real dimension of weak zone revealed by ultrasonic tomography. Moreover,
the denser grid was adapted. To select adequate size of a mesh, the analysis of its
sensitivity was conducted. The analysis was made for model no. 4. The results are
presented in Fig. 8. It is seen on the chart that with compaction of FEM mesh,
the accuracy of calculation increases. For further analysis the mesh of size 50 mm
was chosen because when the mesh was still being compacted, there was no
significant improvement in results of displacement. The scheme of concrete element
and mesh of size 50 mm is shown in Fig. 9.
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£ = 6,50E-07
g  630E-07 . *
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Fig. 8 Dependence element deflection on the accuracy of model discretization

a) b)

500

Fig. 9 Scheme of concrete element a) axonometric view (A - part of element
executed in a proper way, B - faulty area of element), b) FEM mesh of size 50 mm

The same like in trial modeling, the concrete element was modeled without weak zone
and then with the decrease of concrete strength in B zone gradually 10%, 20%, 30%.
At the same value of uniformly distributed load equal 10kN/m?, the increase of maximal
displacements were noticed. Comparison of obtained results from two stages of
modeling is set together in Table 2.
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Table 2. Comparison of maximal displacement in two FEM modelings

TRIAL MODELING FINAL MODELING
No. of Displacement Displacement
’ Concrete element
model [x 107m] [x 107m]
1 C30/37 6,213 6,500
The decrease in elastic
2 modulus in the weaker zone 6,421 6,504
of 10%
The decrease in elastic
3 modulus in the weaker zone 6,768 6,903
of 20%
The decrease in elastic
4 modulus in the weaker zone 7,190 7,171
of 30%

5. Conclusions

By analyzing the values of displacements obtained in two modellings it can be noticed
that models no. 2 and 3 indicate well definitions of material properties and
characteristic in Abaqus program and maximal displacements are increasing. It may
be confusing that in trail modeling element no. 1 without weak zone had smaller
deflection than in final modeling, where, despite denser mesh, the weak zone had
smaller size and it would be obvious that maximal deflection would be also smaller.
These results are connected with the shape of discretization of a mesh, and
additionally with the fact that in the finite element method the displacements are
calculated only in nodes of the grid.

For sure, it can be said that FEM models are very helpful in understanding the behavior
of concrete element, but it has to be remembered about the kind of used software,
definitions of boundary conditions and material parameters. Furthermore, it is worth
considering the size of a mesh which is very crucial aspect in modeling as shown
in Fig. 8.

6. Summary

Thanks to experiments conducted by ultrasonic tomography the weak zone in concrete
element was localized and it was probably caused by inadequate compaction of
concrete or wrong curing. It was possible to indicate precisely the range of concrete
weak zone: on front surface 400 mm from the edge, on side surface 300 mm from the
edge.

The software using Finite Element Method was very helpful and it was possible to
model the concrete element executed in ideal conditions, but also element with the
weak zone. There was prepared a comparison of obtained calculations of maximal
displacements and analysis how the element without and with weak zone will behave.
The decision is now up to the designer, if such element meets the assumed utility
program or it needs to be repaired.

The authors recommend the ultrasonic tomography as an effective way of testing the
weak zones in concrete structures, at the same time pointing out that when it comes
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to carry out studies of small parts there should be awareness of the phenomenon
named the edge effect, which can cause incorrect interpretation of the obtained results.
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Abstrakt

Paul Langevin (1872-1946) byl vyznamny francouzsky fyzik, blizky spolupracovnik Marie
Curie-Sklodowské a po umrti Pierra Curie jeji blizky pritel. Prispévek je zamySlenim nad
pohnutym osudem objevitele kfemenného piezoelektrického ménice — zakladniho prvku
ultrazvukové sondy na zakladé dochovanych historickych faktu.

Klicova slova: Paul Langevin, fyzika, chemie, piezoelektrické desticky, Marie Curie-Sklodowska ~

Abstract

Paul Langevin (1872-1946) was a prominent French physicist, a close associate of Marie
Curie-Sklodowska and Pierre Curie, after the death of her close friend. This paper is
a reflection on the fate of troubled discoverer quartz piezoelectric transducer - basic element
ultrasound probe on the basis of extant historical facts.

Key words: Paul Langevin, physics, chemistry, piezoelectric plates, Marie Curie-Sklodowska

1. Zivot

Paul Langevin, clovék i védec, zanechava bohaty odkaz lidem i fyzikim celého svéta.
Projdéme struéné daty jeho Zivota. Narodil se 23. ledna 1872 a jiz Sestnéctilety a jako prvni
v pofadi byl pfijat (1888) na Ecole Municipale de Physique et Chimie industrielles, na ustav,
v némz pozdéji sam se stal profesorem a feditelem. Jako ,agrégé des sciences physiques”
obdrzel (1897) jednoro¢ni stipendium pafizské obce k pobytu v Cavendishové laboratori
(Cambridge), jejimz feditelem byl tehdy J. J. Thomson. Tam Langevin uzavfel prvni védecka
pratelstvi s jinymi stipendisty, na priklad s E. Rutherfordem, Townsendem a C. T. R.
Wilsonem Pobyt v Cambridgi dotvafi védecky profil LangevinGv. Dokonale vyrovnava zajmy
teoretika, ukazuje mu Siroky obor pracovnich moznosti, ale dokonale definovanych, a uci ho
kritice myslenky i prace.

Od nasledujiciho roku je stipendistou na Ecole Normale a Faculté des Sciences v Pafizi.
V roce 1900 je preparatorem fakulty, v roce 1902 tu prfedklada doktorskou tézi. Téhoz roku je
jmenovan suplujicim profesorem na Collége de France a pak profesorem titularnim.
Sougasné (od roku 1905) vyuduje na Ecole de Physique et Chimie za Pierra Curie a (od roku
1906) na divei Ecole Normale Supérieure v Sevres.V tomto Ustavu stravi v ugitelské ginnosti
vice jak Gtvrt stoleti. Jiz jako titularni profesor na Ecole de Physique et Chimie stava se
zaroven studijnim Feditelem (,directeur des études”) tohoto Ustavu a po smrti Hallerové
feditelem ustavu (,directeur de I'école”).
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Je jim az do roku 1940, kdy za némecké okupace je Némci zaten. Po osvobozeni se vSak
vraci na své misto a setrvava v ném az do smrti.

Ostatni data jsou jiz jen dlouhym vyétem poct a uznani. Uvedeme pouze z nich
nejvyznamnéjsi. Institut de France udélil mu ctyfikrat cenu (Hughesovu 1907, Felixovu 1918,
La Cazeovu 1924, Piersonovu-Perrinovu 1933); londynska Royal Society vyznamenala jej
dvakrat zlatou medaili (1915 a 1941); ceny mu udélily i ¢etné jiné instituce (Cdllége de
France, Société des Ingénieurs civils, 1926 Akademie v Praze aj.). Byl ¢estnym ¢Elenem
mnohych zahraniénich akademii. Dustojnikem Cestné legie se stal v roce 1946. Cestnymi
doktoraty poctila Langevina universita v Manchestru (1920), Leedsu (1922), Bristolu (1928),
Cambridgi (1929), svobodna Universita v Bruselu (1930), universita v Liége (1933),
Glasgowé (1946) a Oslo (1946). Universita v Buenos Aires jmenovala jej (1928) ¢estnym
profesorem.

V prosinci 1946 musil se podvolit operaci; stradanim i praci oslabeny organismus vsak
nevydrzel a 18. prosince 1946 Langevin umira v kruhu pfibuznych a spolupracovnikl
védeckych i politickych. Vlada vypravila narodni pohfeb; nad rakvi pronesl za védce projev
jeho zak Joliot-Curie, za politické pratele Cogniot a za vladu Naegelen. Jeho télo bylo
prevezeno do Pantheonu a Fizenim osudu spociva v hrobce, ktera lezi blizko hrobu Marie
Curie-Sklodowské.

2. Dilo

S Langevinovym jménem setkavame se ve vSech kapitolach fysiky, které se v uplynulém
stoleti nachazely v popfedi védeckého zajmu. Mozno Fici, Ze témér kazda z jeho praci stala
se zdrojem pro dal$i prace ostatnich fyzik(.

Prvni Langevinovy prace vztahuji se k Roentgenovu zafeni a ionisaci plynl. V disertaéni
praci (1902) stanovil, nezavisle na Sagnacovi, povahu sekundarniho zafeni vysilaného kovy,
které pred tim byly ozafeny paprsky X. Studia o pohyblivosti a difusi iontl pfivedla Langevina
k objevu velkych iontli atmosférickych, které vznikaji pfi srazkach pohybujicich se iontu
s neutralnimi ¢asticemi suspendovanymi v atmosféfe. Na Langevinovych vysledcich dosud
spocivaji nékteré technické zplsoby odstrariovani prachovych ¢astic z atmosféry. Mimo jiné
vysvétlila teorie kondensacnich jader fotoelektricky zjev v atmosféfe a tvoreni nizkych
i vysokych typl oblak.

Teorii Brownova pohybu vypracovali podrobné Einstein a Smoluchowski, ale vzorce, k nimz
dospéli, se liSily Ciselnym faktorem; elegantni feSeni Langevinovo (1908) je zcela nezavislé
na téchto predchldcich a potvrzuje vysledky Einsteinovy. V thermodynamice podal (spolu
s Perrinem) pfesnou formulaci druhé hlavni véty. Langevinovo védecké dilo pfipada
do historického rozhrani mezi ,klasickou* fyzikou a fyzikou atomovou resp. nuklearni. Jiz od
pocatku své védecké drahy uvazoval Langevin o pojmu cCasu. Spolu s Lorentzem
a Einsteinem snazil se nalézt vychodisko z obtizi, které vyvolal pokus Michelsonv.

Matematické i filosofické problémy spjaté s otazkou €asu ulozil v ¢trnacti pracich (v letech 1905
az 1942) o nejruznéjSich otazkach teorie relativity, zejména z principu setrvacnosti energie
odvozuje (1913) nezavisle na Einsteinovi a metodou zcela odli§nou slavny vztah E = mc2.
Dvacet dulezitych praci se tyka akustiky (1916 az 1935, nékteré prace spole¢né
s Chilowskim, Florissonem, Tournierem a Ishimotou).
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Vyjimecné schopnosti Langevinovy osvédCily se za prvni svétové valky v souvislosti
s technickymi problémy, na nichz méla bezprostfedni zajem Defense nationale. V roce 1915
Ministerstvo namornictvi povéfilo Langevina studiem detekce ve vodé, kdyz se neosvédcil
elektromagneticky princip Chilowského. Spolu s Tournierem a Holweckem se dal Langevin
do prace nejprve v Pafizi, od poc¢atku 1916 pokracoval v Toulonu (,Mission Langevin®), nejprve
s principem elektromagnetickym, pozdéji s principem ultrazvukovym, vychazeje tu
z poznatkl, které o piezoelektrickém jevu uéinili Curieové a Lippmann. Pouzivaje
vlastnosti resonance, elektricky efekt zesilil, aby zvétsil amplitudu, sestrojil tzv. piezoelektricky
triplet; vysledkem dil€ich praci byla konstrukce zafizeni SONAR, které umozriovalo zjisténi
ponorek pod hladinou. | kdyz ultrazvukovy detektor nezasahl jiz do prubéhu valky v zadouci
mife, stal se jinak vyznamnym navigaénim pomocnikem pfi sondach na mofském dné,
pfi zajiStovani bezpecnosti plavby a pfi komunikaci mezi ponorkami.

Za druhé svétové valky byly vale¢né lodi britské vesmés opatfeny detektory zkonstruovanymi
podle Langevina a tato zafizeni spolu s radarem maji velky podil na vitézstvi nad Atlantikem.
PFi vyzkumech byla ucinéna fada objevl, které nalezly pouziti v nejriznéjSich odvétvich.
Napfiklad zjisténi o fyziologickém a baktericidnim Ucinku ultrazvukovych kmitd (na téchto
vyzkumech pokracoval v Anglii Wood), moznost rychlé ultrazvukové kontroly kovového
materialu (za druhé svétové valky pouzivalo se téchto zplsobl rovnéz v Anglii); moznost
pouziti piezoelektrickych desticek jako frekvencnich stabilisatorli, vyznam pro méreni
okamzitych vysokych tlakl, jaké se vyskytuji ve vnitini balistice a jiné, plné prokazaly
vysokou vojenskou hodnotu Langevinovy prace na tomto Useku. Langevin byl pravé tak
schopnym experimentatorem, jako byl schopnym teoretikem.

3. Clovék

Nelze oddélit Langevina-védce od Langevina-¢lovéka. Zadna prekazka, ani nepfiznivy
zdravotni stav (trpél dlouha léta srde¢ni vadou) nemohly zabranit jeho nadSeni a energii, at
se jednalo o praci vyslovené védeckou nebo o obranu ideall lidské svobody. V roce 1932 se
nachazi v cele protifasistického hnuti francouzské inteligence (zaroven s Barbussem
a Rollandem) i v pfednich fadach francouzskeé ,lidové fronty“.

Nezapomenutelné pro nés je jeho stanovisko k udalostem z roku 1938 a 1939. Langevin
nikdy neuznal mnichovska rozhodnuti. Jeho politické nazory Cinily jej obavanym nepfitelem
nacistl. Po okupaci Francie zUstal odvazné na svém misté a byl zaten jako jeden z prvnich
francouzskych intelektualt 30. Fijna 1940. Némecky dlstojnik, ktery zatCeni provadél, pfi té
prilezitosti fekl: ,Jste pro nas praveé tak nebezpecnym, jako v XVIII. stoleti byli encyklopedisté
nebezpecni tehdejSimu rezimu®.

Jeho zet, fyzik J. Solomon, byl nacisty umucen, dcera Helena deportovana do Osvétimi, oba
vnuci uvéznéni. Vlada ve Vichy zbavila Langevina mista, pfes Cetné protesty studentl
a védcl z celého svéta. Po kratkém zalafovani za hroznych fyzickych podminek, které vSak
nezlomily jeho ducha, byl mu piikdzan nuceny a stfezeny pobyt v Troyes. Ctyficet dva
mésicu bez moznosti prace a v Uzkostech o osud dcery, zeté a vnukl jisté neposlouzilo
Langevinovu zdravi. Pfesto podporuje a spolupracuje s podzemnim hnutim a ¢&inné se
zUc€astni organizovani tzv. ,svobodné university“. V obavé o jeho zivot pomahaji mu jeho
pratelé v kvétnu 1944 uniknout do Svycarska, kde se do¢ka osvobozeni Pafize.

V zafi 1944 vraci se na své puvodni pusobisté k ¢innosti akademické. Na podzim 1945 ujal
se vedeni Revue Tchécoslovaque, organu francouzsko-Ceskoslovenského pratelstvi. Pred
svou smrti vstoupil do francouzské komunistické strany.
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4. Marie a Paul

Langevinovo manzelstvi nebylo Uspésné, jak se svéfoval rGznym pratelim. Jeho Zena,
pochazejici z délnické rodiny vedla se svou matkou kolonialni obchod, neméla pochopeni
pro jeho védeckou vasen Spatné placenou. Kdyz Paul Langevin byl na navstévé u pratel,
bylo vidét jeho pohmozdéni na tvafi, jindy jeho manzelka a matka béhem hadky hodily
na ného zeleznou zidli. Fyzik zil ve velkém napéti, pfemyslel o sebevrazdé.

Druha polovina prvniho desetileti dvacatého stoleti byla pro Marii Sklodowskou velmi
obtizna. V roce 1906, zemrel neStastné pod koly drozky milovany manzel Pierre. Po nehodé
Maria Sklodowska se zlomenym srdcem napsala: ,zhasla ve mné veSkera touha Zzit".
Navzdory tomu, o sedm mésicli pozdéji ukazala obrovskou odvahu a silu charakteru, nebot
nahradila svého manzela na prirodovédecké fakulté Sorbonny a stala se prvni Zenou,
profesorkou na této univerzité. O tfi roky pozdéji zemrel jeji tchan, ktery laskyplné
v poslednich létech pecoval o dvé dcery a byl jejich milovanym dédec¢kem. V této dobé Maria
Sklodowska vypadala starsi, jak by to ukazovat jeji vék, byla vyzabla a vyCerpana stresem
a praci.

V roce 1910 jeji pratelé vidéli na Marii pozitivni zménu. V o€ich mél znovu jiskru, namisto
¢ernych $atu, které obvykle nosila, zacala nosit bilou halenku zdobenou ¢ervenou ruzi. Brzy
bylo jasné, Ze 43 leta Marie se zamilovala do o pét let mladSiho Paula. V roce 1910 si Paul
najal pod jinym jménem apartma v blizkosti Sorbonny, kde se setkaval s Marii. Také si
vyménili milostné dopisy, z nichz ani jeden se v§ak nezachoval. Jeden z dopisu uréeny pro
védecké Ucely, ale psany intimnim zplGsobem, dokazujici bliz§i znamost, precetla
Langevinova manzelka, pohrozila rozpoutanim skandalu v novinach, a pak osobné
vyhrozovala Marii Sklodowské smrti. Paul Langevin slibil své zeng, Ze se jiz nikdy nesetka
s Marii, a ta stahla své hrozby.

Zda se, ze slib nebyl dodrzen, protoZze na zacatku listopadu 1911 se Langevin zucastnil
stejné konference, kde byla Maria Sklodowska. Byla to konference SOLVAY, vénovana
radioaktivité a kvantové teorii, na kterou byli nezavisle pozvani. Jeji organizator - primysinik
a vynalezce Ernest Solvay — pozval fyziky svétové tfidy, mimo jiné, Alberta Einsteina, Maxe
Plancka, Jeana Perrina a jedinou Zenu - Marie Sklodowskou-Curie.

V prvnich dnech listopadu 1911 v hotelu Metropole v Bruselu, Marie Sklodowska byla
obklopena novinafi, ktefi jeden po druhém ji zadali, aby se vyjadfil k ¢lanku v ,Le Journal®
s nazvem ,Love story: pani Curie a profesor Langevin, “ ve kterém byla nazvana ,Unosce
manzelt®. Clanek publikoval rozhovor s tchyni Paula Langevina a hovofil o milostnych
dopisech jako diikazu o romanku s nositelkou Nobelovy ceny s tim, Ze nevi, kde v sou¢asné
dobé par milencu zije. V ,Le Petit Journal* byl v té dobé rovnéz publikovan rozhovor se
zenou Langevina Jeanne ,Romance v laboratofi: dobrodruzstvi pani Curie a pana Langevin®,
v némz fekla, Ze vi o styku svého muze s Marii Sklodowskou od 3 let a jeden a pul roku ma
dikazy, ale nechce je sdélit, doufajice smifeni se svym manzelem.

Maria neodpovidala na otazky novinart v pribéhu konference a napsala otevieny dopis
do deniku ,Le Temps*, kde uvadi, Zze v Pafizi vSichni védi, kde bydli, a kritizuje pomluvy
o "utikajicich milencich®. Védci, ucastnici konference, Cetli rovnéz tiskové zpravy, ale
povazovali to za nesmysl. Byli pfesvédceni, ze Curie s Langevinem spojuje silné pratelstvi
dvou védcu, které manzelka Paula nemuze pochopit. Vétsina z nich také védéla
o problémech manzelstvi Langevinli. Maria odstoupila z posledniho zasedani, a vratila se
do Francie. Tam skandal se staval vaznym.
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V ,L'Intransigeant”, byl oti§tén otevieny dopis ,Pana X, fyzika“, ktery ve skute¢nosti byl
adresovan Langevinovi. V ,New York World“, napsali o nastvané Sklodowské-Curie, ktera
popira pomluvy a cituji slova Paula Langevina, ktery fekl: ,Byl jsem nucen odejit od manzelky
z ddvodu kazdodennich scén zarlivosti. Znam pani Curie pfes védeckou praci, ale nas vztah
nikdy nemél zadny jiny vyznam. Pravicovy ,L'Action Francaise* podléhajici nacionalistické
atmosféfe napsal, Ze cizinka Maria Sklodowska rozbiji domov Francouzky. Gustave Tery,
Séfredaktor ,L'Oeuvre” publikoval 12 strankovy text ,Pravda o skandalu Langevin-Curie",
ktery citoval vynatky zaloby Jeanne Langevin proti svému manzelovi, Langevina nazval
zbabélecem, a Sklodowskou-Curie - ,vestfalkou chramu radia“. Bulvar typu ,Blesku®
existoval i v této dobé.

Text Teryho zpUsobil pfed domem nositelky Nobelovy ceny se sroceni davu, ktery kiicel
,Pry¢ s cizincem!*, ,Zlodéjka manzelt!“ Také zacaly pfimé stfety. Redaktor ,Gil Blas"
v obrané Marie vyzval na souboj kordem novinafe z ,L'Action Francaise” (a vyhral), pak
Gustav Tera vyzval na souboj dal$iho redaktora ,Gil Blas“. Nakonec sam Paul Langevin
vyzval Teryho na souboj. V rozhodujicim okamziku se Ucastnici souboje neodvazili vystrelit
a tim souboj skoncil. Tyto bizarni souboje budily tsmév ve Francii i zahranici. Marie, v této
nejzhavéjSi dobé, dostala informace z Nobelova vyboru, ktery ji udéli dalsi Nobelovu cenu
za chemii.

Den poté, co Maria dozvédéla o udéleni Nobelovy ceny, Christopher Aurivillius, sekretaf
Kralovské $védské akademie v&d, snazil dozvédét od velvyslance Svédska v Pafizi, zda je
pravdou, Zze Marie Sklodowska-Curie opusti Francii s Zenatym muzem. Zaroven zprava
o skandalu dosahly Svédskou vefejnost. Po potvrzeni zpravy o romanku, Aurivillius napsal
Marii: ,VSichni moji kolegové mi oznamili, Ze nechté€ji, abyste sem pfijela. Ja vas rovnéz
prosim, abyste zUstala ve Francii, protoze nikdo nemuze predpovédét, co by se stalo, béhem
slavnostniho ptedavani cen. Cest, respekt k nasi akademii, tak i pro samotnou védu a k vasi
vlasti, zada, aby za téchto okolnosti, jste opustila myslenku pfijet si pro prevzeti ocenéni.”
O nékolik dni pozdéji Marie odepsala: ,Musim jednat podle svého pfesvédceni. Postup, ktery
mi doporucujete, se mi zda Spatnym. Myslim, Ze absolutné neni zadna spojitost mezi mou
védeckou praci a skutec¢nostech osobniho Zivota, o které dezinformovani lidé, nezaslouzici
si jakykoliv respekt, pouzivaji proti mné. Jsem velmi dotéena, zZe nesdilite mlj nazor.“ Maria
Curie jela do Stockholmu osobné prevzit cenu. Nic se nepfihodilo z toho, ¢eho se bal
Aurivillius. PFivitali ji s Gctou a laskou, a Svédska asociace Zen uéenctl usporadala banket
na jeji pocest.

Kdyz Marie pfebirala Nobelovu cenu, Paul Langevin obdrzel souhlas odlou¢eni od své
manzelky, soud mu vyméfil alimenty a denni setkani s détmi. To v8ak neni finale pribéhu.
Langevin nakonec se vratil ke své manzelce a nikdy se s ni nerozvedl. To vsak
neznamenalo, Zze manzelé znovu nalezli vzajemnou lasku a Stésti. Naopak, Paul si nasel
milenku, byvalou studentku ze Sévres Eliane Montel, ktera se stala jeho sekretarkou
a matkou jeho patého ditéte, syna Paul-Gilberta.

Osud tomu chtél, Zze v nasledujicich generacich se vratil milostny pfibéh Curie-Langevin:
vnucka Marie Curie Helene Joliot (fyzi¢ka) si vzala vnuka Paula Langevina Michaela.
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Abstrakt

Tento clanek se zabyva obecnym pohledem na aktualni stav digitalni radiografie a radioskopie
v pramyslu. P¥i diskuzi je tfeba probrat diléi aspekty, které vstupuji do procesu digitalniho zpracovani
obrazu. Pro ziskani kvalitniho snimku je rozebrana digitalizace zaznamu vcetné srovnani
s klasickym filmovym systémem. Toto srovnani je dale rozebrano v technickych parametrech snimkd,
které se rlGznymi metodami ziskavaji. Uz ziskany digitalni snimek je analyzovan pomoci
diskutovanych indikator( kvality obrazu. V poslednim dilu tohoto ¢lanku jsou diskutovany nezadouci
soucasti digitéalniho snimku véetné metod digitalniho zpracovani obrazu pro jejich potlaceni.

Kli¢ova slova: digitaini radiografie, zpracovani obrazu, NDT normy, historie

Abstract

This article is trying to offer one possible point of view to current situation in digital radiography and
radioscopy used for industrial applications. Discussion in this article is focusing on each aspect of
imaging process and how to achieve good quality. The first part of the process is digitizing the
image and comparison to standard film process. Each detail of this comparison is presented within
technical parameters and different way of image acquisition. Digital image is analyzed with
standard image quality indicators. The last part of this article and image processing chain includes
image quality enhancement and noise suppression.

Key words: digital radiography, image processing, NDT standards, history

1. Uvod

V soucasné dobé& dochazi k obrovskému rozmachu digitalni radiografie a radioskopie.
Pocatky vSak sahaji hluboko do historie. Nejprve se rozvinula digitalizace klasickych
snimkuU, az vyrazné pozdéji se rozsifila i do oblasti rentgenovych snimku. Vyvstala potfeba
prevést obrazovou informaci na velkou vzdalenost. | kdyz se nejprve jednalo o Cisté
analogovy proces, v rliznych formach se jednalo od pocatku i o pfenos v digitalni formé,
| kdyz jsme ho jesté tehdy digitalnim nenazyvali.

Historicky prvni snimek ve stupnich Sedi byl zpracovan a pfenasen jiz v roce 1920, kdy
pouze v 5 odstinech Sedi byly pfenaseny novinové ¢lanky mezi New Yorkem a Londynem.
V té dobé trvalo okolo 3 hodin, aby byl jeden snimek pfenesen. Tim mohlo byt naplnéno
uslovi, Ze jeden snimek je vice jak tisic slov.
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A jako v jinych oblastech, nejvétsi pokrok byl v oblasti vyzkumu vesmiru a tyto technologie
se pozdeji promitly do béznych oblasti. Vyzkum kosmu a predevsim Mésice znamenal
dal$i vyvoj pfenosu a predev§im zpracovani digitalnich snimk(. Byly to predevSim
algoritmy, které korigovaly nedokonalosti kamery umisténé na sondé Ranger 7. Jsme stale
v 60. letech minulého stoleti, kdy Bellovy Laboratofe spolu s MIT a dalSimi univerzitami
zacaly intenzivné pracovat na zpracovani tehdejSich cernobilych snimkld. VSe bylo
nasledné podporeno rozvojem levnéjSiho vypocetniho vykonu v letech 70. NejvétSiho
rozvoje mohlo byt dosazeno po prelomu tisicileti, kdy vykon vypocetni techniky dovolil
masoveé rozsiteni do vétsiny priimyslovych aplikaci.

2. Digitalizace

Pro zpracovani je nejprve tfreba digitalni snimek, ktery je sloZen z kone¢ného poctu hodnot,
kde kazda reprezentuje jeden pixel snimku. Digitalni snimek je tedy pouze aproximaci
snimaného obrazu. Samotna digitalizace uz zavadi do obrazu $um zpusobeny konéenym
poc¢tem krokl pro rozliSeni urovné hodnot. Bez digitalizace na druhou stranu neni mozné
pouzit dalSi digitalni zpracovani. Pokud tedy zvySime efektivni pocet hodnot, kterych mize

U digitalni radiografie mGze byt signal digitalizovan bud pfimo z kvant dopadajiciho zareni,
jak tomu je v radiografii, pomoci plochych detektort, nebo druhou moznosti je pouzit
pruzné folie citlivé na ionizujici zareni. V druhém pfipadé je davka zareni uschovana
v citlivé vrstvé o tloustkach 0,1 az 0,3 mm. V jednom i druhém pfipadé dochazi ve vétsiné
pfipadl k transformaci energie ionizujiciho zafeni na energii o nizsi hladiné.

3. Klasifikace digitalnich systému

Digitalni systémy a pfedevsim jejich medium pro zaznam zafeni v hlavni mife ovliviiuji
vyslednou kvalitu obrazu. Bez dal§i dodané informace neni mozné pouhym digitalnim
zpracovanim obrazu ziskat informaci, ktera se v zaznamu nenachazi.

Digitalni systémy mohou teoreticky poskytnout informaci ve tfech hodnotach. Prvni a asi
nejcitelngjSi je rozliSeni, tedy nejjemnéjsi detail, ktery je mozné na snimku rozeznat. Druhy
bézny udaj je intenzita dopadajiciho zafeni. Zmény v intenzité zareni poskytuji kontrast
v obraze a tim i rozeznatelnost detailll. Tretim rozmérem mlze byt spektrum dopadajiciho
zafeni. Vlastni spektrum ve svém dlsledku znamena jemnéjsi rozliSeni dopadajiciho
zareni. Zde uz nastava z pohledu pouziti rozdil v digitalnich technologii a i v moznostech
nasazeni digitalniho zpracovani obrazu.

Systémy pouzivajici pamétové folie poskytuji ekvivalent k filmovému systému, kde obraz
je zaznamenan a nasledné nacten do pocitace pro analyzu. Digitalni zpracovani obrazu
muze pracovat jen se statickym obrazem.

Elektronické systémy s plochymi detektory dovoluji Iépe kontrolovany sbér informaci
a diky tomu je mozné aplikovat SirSi spektrum nastroju pro zpracovani obrazu.

Digitalni systémy se nasledné déli podle rozsahu zaznamenanych hodnot. Nejlepsi
analogové systémy, které jsou nasledné digitalizovany, bézné pracuji s 10 bitovym
rozliSenim, které odpovida 1024 hodnotam Sedi. Toto jsou hodnoty pro analogové
predavace obrazu, kde pouziti filmového systému nenabidne vyssi hodnoty.
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Dostupné studie jiz prokazaly na konkrétnich aplikacich nahraditelnost filmi CR systémy
s dostupnymi 16 bity a tedy az 65536 odstiny Sedi. Pfima digitalizace s plochym
detektorem nabizi citlivéjSi pfistup k dopadajicimu zafeni a tak se bézné pouzivaji
detektory pouze se 14 bity a tedy 16384 odstiny Sedi. JemngjSi odstupriovani hodnot Sedi
nabizi pfi vhodném nastaveni vétsi dynamicky rozsah a tedy i vice informaci pro digitalni
zpracovani obrazu predevsim u kontroly strukturovanych odlitké pfipadné pouziti zafizeni
u bezpecnostnich slozek.

4. Normalizace a parametry kvality snimku

Normalizace u vétSiny aplikaci ionizujiciho zafeni a kombinaci se snimkovanim digitalnim
systémem uz probéhla ve vétsiné sektorl pouziti. Jednim z poslednich byla oblast
nedestruktivnino zkouseni v Evropé. VétSina pozadavkl vychazi z Americkych ASTM
norem, které se jiz dfive pouzivaly. Harmonizaci proSly pfedevSim evropské normy
EN1435 a EN 14784 coz vyustilo ve spole¢nou normu EN 17636.

Tato zména je podstatna predevsim pro kontrolu tavnych svarovych spoji. Na ptvodni
EN1435 se odvolavaji normy pro kontrolu odlitkt, které jesté nebyly aktualizovany.

Zakladem pro srovnani je pouziti bézného filmového systému a jeho rozliSeni 88,6 um.
Pro srovnani se nepocita pouziti filmového systému se zesilovacimi féliemi, které rozliseni
jesté vyrazné zhorsuji. PfestozZe je nutné brat v Gvahu dil¢i aplikaci, je ke dni vydani tohoto
¢lanku mozné ziskat CR systémy s rozlisenim az 30 um pfipadné DR systémy s plochym
detektorem s rozliSeni 50um. Rozlisenim je tedy dostupny digitalni systém srovnatelny
s béznym filmovym systémem. RozliSeni snimku je mozné ovlivnit nastavenim digitalniho
systému a tak se vyzaduje pouziti dvoj-dratkovych mérek pro kontrolu.

Vysledna kvalita obrazu je jeSté zavisla na odstupu signalu od Sumu na digitalnim snimku.
Tento parametr se vyhodnocuje pouze u digitalniho obrazu. Digitalni systémy bézné
dosahuji vySSich hodnot nez filmovy systém. Kvalita zavisi na nastaveni systému,
podobné jak je tfeba hlidat manipulaci a kvalitu vyvolavaciho procesu u filmu.

Pro kontrolu kontrastnich podminek na snimku se pouzivaji standardni indikatory kvality
obrazu jako na filmovém systému. Zde predevSim pfinasSi vyhody nasledné nasazeni
dodate¢ného digitalniho zpracovani obrazu.

5. Aplikace a pouziti technologii

Rozlieni je tfeba zvazit predevSim u kontroly svarovych spoju, kde se predpoklada
kontrola na trhliny. Svarové spoje se vétSinou nevyskytuji na rozdilnych tloustkach.
Detekovatelnost vad je v hlavni mife zavisla na citlivosti a Sumu digitalniho systému.
Bézné 14 bitoveé systémy dosahuji dostate¢nych hodnot, ale vétSinou maji horsi Sumové
vlastnosti nez 16 bitové systémy. Kontrastni snimek dovoli detekci i nejjemnéjsich detail(,
bohuzel vysSi kvality obrazu se vétSinou dosahuje pomoci horSiho rozliSeni detektoru.
To je mozné z Casti kompenzovat pouzitim geometrického zvétSeni a vhodného typu
rentgenové lampy.

Realné pouziti filmd se zesilovacimi féliemi v kone¢ném disledku vykazuje na svarech

vétSinou horsi kontrastni podminky a i rozliSeni, nez jak tomu je u dostupnych digitalnich
systém.
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vyzaduji vétSinou rozliSeni, kterym vyhovi i systémy s niz§im rozliSenim. Hlavni vyhodou je
pouziti digitalniho systému s vétSim dynamickym rozsahem, nez tomu je u analogového
systému. Kontrola mulze probihat na vétSim rozsahu tlousték pfi zachovani jednoho
nastaveni prozafovani. Pokud je navic pouzit systém pro snimkovani v realném Case, pak
je odezva detektoru dal§im dalezitym faktorem pro aplikaci digitalniho systému.

6. Digitalni obraz a jeho zpracovani

Obraz a jeho kvalita se skladaji z komponent jako je:
- vérnost podani

- kontrast

- jas

- ostrost

- Sumové pomeéry

Vyhodou digitalnich systém0( je vérnéjSi podani dopadajiciho zareni, které na druhou
stranu muze vést k saturaci lidského oka. Pro optimalni zobrazeni je tedy tfeba eliminovat
okrajové podminky podexponovani anebo preexponovani digitalniho zafizeni. Citlivost
téchto zafizeni dovoluje ziskat sluSny obraz i pfi jejich pod nebo pfeexponovani. V téchto
okrajovych situacich ale vstupuje vyraznéji Sum do kvality obrazu.

Digitalni zpracovani obrazu pouziva matematické operace pro Upravu obrazu za rdznymi
ucely. Tyto pfiklady maji dokumentovat hlavni vyhody pro¢ pouzivat digitalni techniku, kde
analogovy zaznam toto nedovoluje. Uvadime pouze nékteré:

ZlepSeni kvality obrazu

Obnovu zkresleného obrazu pfi znamém zkresleni

Rekonstrukce obrazu predevsim v pocitatové tomografii pomoci vice snimkd
Extrakce a rozpoznani detailCl v obraze

Komprese objemu dat pro uloZeni snimku

aorwb=

Hlavni vyhodou digitalniho zpracovani obrazu oproti flmim je moznost nastaveni
kontrastu ve snimku na zékladé pozadavku operatora. Naproti tomu jas je nedilnou
soucasti nahlizeni na kvalitu snimku, ale jeho hodnotu je mozné ménit i bez digitalniho
zpracovani jak na negatoskopu, tak i na monitoru. Nedilnou soucasti Uprav jasu
a kontrastu u digitalnich snimk( je ale pouziti histogramu. Tento statisticky nastroj dava
lepSi nahled na rozlozeni jasovych urovni ve snimku. Informaci ze statistického rozlozeni
jasovych drovni je mozné nasledné pouzit na kompresi dynamického rozsahu. Tato funkce
se nazyva ekvalizace histogramu. Vhodné provedena ekvalizace neplsobi jednim
zpUsobem na Sum. Slozky Sumu, které jsou mimo obsah optimalizace, budou potlageny
ana druhou stranu kontrast na Sumu, ktery je soucasti uzite€ného obrazu, mize byt
zvySen.

Rozeznani dil¢ich detailll a celkova ostrost snimku zavisi nejen na rozliSeni detektoru, ale
i na celkovém rozliSeni celé geometrie v€etné ohniska. Digitalni zpracovani obrazu nabizi
dalSi nastroj pro zaostfeni detailll v obraze. PFi nevhodné aplikaci téchto filtrd mize dojit
a dochazi k upravam, které mohou dokonce zhorsit kvalitu obrazu. Nejvétsi Cinitelem pro
znehodnoceni obrazu je Sum, ktery je vétsinou také zvyrazfovan.
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Sumové poméry v digitalnim obraze se odvijeji od riiznych zdrojti umu. Sum je obecné
vysledek nahodného procesu. Jeho zdrojem jsou fotony opoustéjici zdroj a maji
Poissonovo rozlozeni. Nasledné fotony, které projdou zkoumanym objektem a jsou
zachyceny detektorem nebo filmem, maji binominalni rozdéleni. Ve vysledku mizeme
pozorovat obraz s Poissonovym rozdélenim Sumu. Mezi nezadouci signaly v obraze patfi
mimo jiné i artefakty, které se liSi tim, Ze nejsou nahodné a vyskytuji se vzdy na stejném
misté pro danou expozici. JelikoZ se nejedna o znamy proces jejich tvorby, tak se i hufe
eliminuji nez Sum.

NejbéznéjSim artefaktem u digitalnich snimkl je aliasing. Tento jev nastava, pokud
chceme po zafizeni, aby zobrazilo vétSi detaily, nez je maximalni rozliSeni obrazu. Nékdy
se to uvadi také jako lokalni, mistni nebo prostorovy aliasing. Mame tedy informaci, ze
detaily existuji, ale na obraze je nemizeme rozeznat. Jak jeden detail splyne vizualné
s druhym, tak se stane aliasem toho druhého. Pro zjiSténi limitd rozliSeni obrazu se
pouzivaji dvoj-dratkové meérky. Vétsina digitalnich systémd ma v bézném rezimu takovou
uroven Sumu, ktera ¢asto eliminuje vznik aliasingu. Tak drobné detaily se vétSinou ztrati
v $umu pozadi. Cim je tedy zafizeni kvalitngji a dokaZe poskytnout &istsi obraz, tim je
vétsi pravdépodobnost, Ze aliasing vznikne.

7. Zaveér

Digitalni technologie se mize na prvni pohled zdat jako komplikovanéjsi oproti béZnému
filmovému systému. Ve spousté ohledt se na druhou stranu jedna o podobnou cestu
ziskani radiografického obrazu. Mezi hlavni vyhody patfi pfedevSim jednodusSsi prace
s digitalnimi snimky pro vSechny, ktefi uz bézné pro svoji praci pouzivaji pocitace.
V nékterych technickych aspektech digitalni technologie uz prekonaly bézné pouzivané
analogové systémy a ve zbytku se jim vyrovnaji. Nasazeni digitalnich systému( na vétsinu
pracovist' stoji v cesté jiz jen spravné pochopeni a vyuziti ze strany pfipadnych uzivatelu.
Tomuto problému se snazi Celit ti, ktefi pfipravuji normy pro spravnou praci v radiografii
a nabizeji metody jak pouzivat digitalni systémy s konec¢nym vysledkem odpovidajicim
zabéhlym praktikam. Kromé samotnych norem je tfeba pfed pouzitim systému seznamit
se s jeho pouzitim a nechat se proskolit ve spolupraci s lidmi, ktefi jiz kvalifikaci pro
digitalni systémy maji, protoze stéle existuje rozdil mezi teorii a praxi bézné pouzivaného
filmového systému a systému digitalniho.
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Abstrakt

Pouzitim uhlikovych nanotrubi¢ek mizeme docilit novych jedine¢nych vlastnosti stavajicich
kompozitnich material(i. Ve struktufe téchto materialli jsou vzduchové mezery, které primo
i nepfimo ovlivriuji vysledné vilastnosti. V poréznim prostredi kompozitti mohou pusobit uhlikové
nanotrubic¢ky jako mikroplniva, ktera vytvofi hutnéjsi a méné porézni strukturu [1]. Dochazi ke
zmenSeni nebo uplnému zaniku vzduchovych meziprostor v kompozitnim materialu. Smés se
tak stava homogennéjsi, projevuje se zasadni vliv na pozitivni zménu fyzikalné-mechanickych
vlastnosti. Prispévek se zabyva alkalicky aktivovanymi materialy na bazi jemné mleté
granulované vysokopecni strusky. Je sledovana zména elektrickych parametrii nanokompozitu
(geopolymeru) jako je napfr. elektricka kapacita bez a s vyuzitim uhlikovych nanotrubicek.
Vysledky mohou prispét k dalsimu vyzkumu a vyvoji alkalicky aktivovanych systém( se
zameérenim na praktické vyuZiti ve stavebnictvi.

Klicova slova: impedancni spektroskopie, dielektrické ztraty, ztratovy Ccinitel, uhlikové
nanotrubicky, struktura geopolymeru, elektricka vodivost

Abstract

Using carbon nanotubes, we can achieve a new unique properties of existing composite
materials. In the structure of these materials are air gaps, which directly or indirectly affect the
final properties. In porous media composite can act as fillers The carbon nanotubes, which
creates a denser and less porous structure. There is a reduction or disappearance air
interspace in the composite material. The mixture becomes homogeneous and show
a substantial positive impact on the change of physico-mechanical properties. The paper deals
with alkali activated materials based on finely ground granulated blast furnace slag. Itis
intended to change the electrical parameters of the nanocomposite (geopolymer) such as.
Electrical capacity and without the use of carbon nanotubes. The results may contribute to
further research and development of alkali-activated systems, focusing on practical applications
in construction.

Key words: impedance spectroscopy, dielectric losses, loss factor, carbon nanotubes,
geopolymer structure, electrical conductivity
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1. Uvod

Vysledky poukazuji, Ze aplikace uhlikovych nanotrubi¢ek v materidlech méa za nasledek
zvySeni pevnosti, pruznosti a celkové trvanlivosti [2]. Nanotrubi¢ky vykazuji nizkou
hustotu (1,3-1,4 g-cm™ dle typu uhlikové nanotrubicky), vysokou tepelnou vodivost
(1 750-5 800 W-m~"-K™") a diky delokalizovanym vazbam podél celé uhlikové vrstvy
také vynikajici elektrickou vodivost. Uhlikové nanotrubiCky jsou povazovany za
potencialni nahradu vyztuze v kompozitech, protoZze maji mechanické, elektrické,
chemické a tepelné vlastnosti lepsi nez tradicni vlakna [2].

Alkalicky aktivované materidly, resp. geopolymery predstavuji specifickou skupinu
anorganickych bezcementovych hmot. Vznikaji reakci latentné hydraulickych latek nebo
pucolant (granulovana struska, popilek, metakaoliny) s vhodnym aktivatorem. Jako
aktivatory lze pouzit roztoky rozpustnych slouc¢enin alkalickych kov(, predevSim
sodnych a draselnych, konkrétné uhli¢itand, hydroxidG nebo kifemicitan. Produktem
této aktivace jsou hydraulicka pojiva, ktera jsou po pfidavku vody vyuzitelna pro tvorbu
kompozitnich latek vybornych uzitnych vlastnosti [3]. Alkalicky aktivované materialy
mohou prakticky slouzit jako alternativy klasickych stavebnich hmot, zejména
cementového betonu, ale diky svym parametrim se mohou uplatnit v fadé ostatnich
obora (napf. pfi restaurovani pamatek apod.). Pfedev§im ve stavebnictvi je ale jejich
potencial vyuzit jen ve sporadickém méfitku, a to pfesto, Ze vyzkumy alkalicky
aktivovanych materialt probihaji jiz od Sedesatych let minulého stoleti.

Nespornou vyhodou pouziti alkalicky aktivovanych materiald jsou ekonomické
a ekologické prednosti. V téchto materialech se totiz mohou vyznamné zhodnotit
druhotné suroviny, vykazujici latentni hydraulicitu nebo pucolanovou aktivitu, pfedevsim
velkoobjemové vedlejSi produkty z metalurgie a energetiky. Pfiprava alkalicky
aktivovanych pojiv a kompozitl probiha za béznych nebo jen malo zvySenych teplot,
nevyzaduje predchazejici vypal poloproduktli na vysokou teplotu (jako je tomu napf.
u portlandského slinku), ani zpeviiovani slinovanim za vysokych teplot a omezuje se
tedy vznik CO2 ze spalovacich procesli a z rozkladu vapence. Prednosti alkalicky
aktivovanych hmot je také moznost Sirokého vyuziti Casto nestandartnich plniv, ktera
nejsou pouzivana v technologii vyroby betonu.

V tomto prispévku jsou prezentovany zakladni elektrické vlastnosti laboratorné
pfipravenych alkalicky aktivovanych kompozitnich materiald na bazi jemné mleté
granulované vysokopecni strusky s pfidavkem rGzného mnoZstvi uhlikovych
nanotrubicek.

2. Pouzité materialy
Pro pfipravu vzorkd bylo pouzito nékolik druhl vstupnich surovin. Funkci pojiva tvori
alkalicky aktivovana jemné mletd granulovana vysokopecni struska. Aktivace se
provedla roztokem vodniho skla, jehoz silikdtovy modul byl upraven 50 % roztokem
hydroxidu sodného na hodnotu Ms=2,0. Jako plnivo byl pouzit jednak normovy
zkuSebni pisek pouzivany pro pfipravu cementovych zkuSebnich téles pfi zkouSeni
pevnosti cementu, tak uhlikové nanotrubi¢ky v odliSném mnozZstvi pro rlzné sady.
Slozeni dil¢ich smési popisuje Tabulka 1.

Testovana télesa byla vyrobena o rozmérech 20x20x95 mm a byla vyrobena
v mnozstvi 3 kusy pro kazdou z péti smeési. Jednotlivé vysledky jsou porovnavany
s referenénim vzorkem.
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Slozky Ref. 0,1 % CNT | 0,2% CNT | 03 % CNT | 0,4 % CNT
struska [g] 140 140 140 140 140
vodni sklo [g] 28 28 28 28 28
pisek [g] 140 140 140 140 140
CNT [mg] 0 140 280 420 560
voda [ml] 57 57 57 57 57

Tabulka 1. Receptury jednotlivych smési geopolymeru
Table 1. Recipes individual mixtures geopolymer

3. Experimentalni usporadani

Testovani. Pfipravena testovana télesa (Tabulka 1) byla charakterizovana metodou
impedancni spektroskopie. Byly pouZity sinusovy generator signalu Agilent 33220A
a dvoukanalovy pamétovy osciloskop Agilent 54645A. Tyto pfistroje byly sestaveny dle
navrzeného schématu pro pIné automatizovaného méfeni [4-8]. Pro komunikaci
zafizeni a zpracovani dat byl vytvofeny software v programovacim prostfedi C++
Builder. Vzorky byly proméfovany ve vyuzitém frekvenénim spektru 40 Hz az 1 MHz.
Sledované veli€iny byly: ztratovy Cinitel tan & (f), imaginarni slozka impedance Im Z (f),
realna slozka impedance Re Z(f), elektrickd kapacita C a dopocitana relativni
permitivita pro zvolenou frekvenci tohoto spektra. Pro moznost provedeni impedanéni
analyzy bylo nutné umistit vzorky mezi mosazné elektrody s plochou odpovidajici ploSe
testovanych téles (20 x 95 mm) [4-8].

4. Vysledky a diskuze

Stfidavy odpor (Obr. 1) vzorku bez CNT (REF) a s koncentracemi 0,1 az 0,4 % byl
zjistén pro frekvence 40 Hz az 1 MHz. Hodnoty Re(Z) dosahuji 7x10° Q a jsou nejvyssi
pro referencni vzorek, pro ostatni vzorky byly pozorovany nizSi hodnoty. Zvlastnim
pfipadem je vzorek s CNT s 0,1% koncentraci, ktery vykazuje v prvni puli frekvenéniho
pasma nizsi hodnoty stfidavého odporu a v druhé puli se hodnoty prolinaji s hodnotami
referencniho vzorku. Hodnoty realné slozky impedance klesaji u vSech vzorkl spole¢né
a blizi se k jednotkam kQ. Pfitomnost uhlikovych nanotrubiek vytvafi ve vzorku vodivé
cesty, to odpovida snizeni elektrického odporu pro vzorky s vy$Si koncentraci CNT,
které pozorujeme v grafu na Obr. 1. Byly zméfeny hodnoty 4x10° Q, byl zjistén klesajici
trend, hodnoty se pro vzorky CNT 0,2az 0,4 % mirné prolinaji v celém spektru.
Nepresnost méfeni jako dlsledek prolinani Ize vyloucit, dokonce v oblasti 1 MHz
pozorujeme odchyleni od kFivky retenéniho vzorku, patrné v logaritmickém soufadném
systému na obou osach. Zastaveni zvySovani vodivosti s rostouci koncentraci CNT
muaze byt disledkem readlnych podminek michani jemnych CNT do cerstvé smési
geopolymeru, kdy se trubic¢ky shlukuji k sobé& a tak nejsou rovhomérné rozprostfeny pfi
sténach vzorku, na které jsou pozdéji pfikladany vodivé deskové elektrody. Podobny
disledek bude mit mozné rozbiti CNT na mensi kusy, opét jako dusledek michani.
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Obr. 1 Graf zavislosti realné slozky Obr. 2 Graf zavislosti imaginarni slozky
impedance na frekvenci impedance na frekvenci
Fig. 1 Graph of the real part of the Fig. 2 Graph of the imaginary part of the
impedance at the frequency impedance at the frequency

Pro imaginarni slozku impedance v zavislosti na frekvenci (Obr. 2) pozorujeme stejné
trendy prubéhli a urovni kfivek, zacinajici pro referenéni vzorek u nejvétsich hodnot
3x10% Q. Dale hodnoty poklesnou s rostouci koncentraci CNT. V oblasti 1 MHz se
k sobé pfiblizuji, hodnoty impedance dosahuji 6x10% Q, ale od poslednich hodnot
referenéniho vzorku se znatelné lisi.

Elektricka kapacita vzork(l pro pouZzité koncentrace CNT vykazuje narust pfiblizné
dvojnasobny nez u referencniho vzorku (Obr. 3). Vysledky u CNT s 0,1 % opét vykazuji
pfiblizeni se ke kapacité referencniho vzorku v celém spektru frekvenci. Narust elektrické
kapacity diky pfimési CNT je dusledkem schopnosti CNT pojmout elektricky naboj at' uz
ve formé volného nosice nebo vytvorenim dipdlovych elementu.
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Obr. 3 Graf zavislosti elektrické kapacity na  Obr. 4 Graf zavislosti ztratového cinitele
frekvenci na frekvenci
Fig. 3 Graf, depending on the frequency of Fig. 4 Graph of dissipation factor at
electrical capacity a frequency
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Zjisténa spektra ztratového Cinitele (Obr. 4) se odliSuji od bézné pozorovanych zavislosti
cementovych materiall. Kfivka ztratového cinitele pro referenéni vzorek zahrnuje jedno
maximum kolem jednoho kHz a dal$i kolem frekvence 2x10°% Hz. U pfimési CNT 0,1 %
tato maxima zanikaji, kfivka ma klesajici trend, odpovidajici vodivostnim ztratam.
U pfimési 0,2 a 0,3 % CNT dochazi k vytvoreni polariza¢nich maxim, ale v oblasti kolem
160 Hz a 10° Hz. Kfivka 0,4 % CNT je oproti pfedchozi vyrazné nizsi pouze do frekvence
100 Hz, déle se k pfedchozim dvéma spiSe pfimyka, ve stfedni Casti spektra jsou
hodnoty mirné vyssi, ale dale opét dochazi k prolnuti.
Elektricka relativni permitivita vypoctena pro frekvenci 1 kHz nabyla hodnoty 250 az 550
(Obr. 5). Do koncentrace CNT 0,2 % rostla k maximu, u koncentrace 0,3 % nastal
pokles a nasledny mirny narlst pro CNT 0,4 %.

Fig. 5 Values of relative permittivity and impedance components of the reference
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Obr. 5 Hodnoty relativni permitivity a slozky impedance pro referencni frekvenci 1 kHz

frequency of 1 kHz

Hodnoty obou slozek impedance véetné velikosti absolutni hodnoty impedance
impedance vykazuji s rostouci koncentraci pokles, coz lze ocekavat, avSak pro
koncentrace 0,3 a 0,4 % doslo k mirnému zvyseni vzhledem k bodu CNT 0,2 %.

& -] Re Z [kQ] Im Z [kQ] 1Z| [k C [pF]
REF 2655 311,539 188,459 364,106 228
0,1% CNT | 3327 276,723 185,487 333,138 286
0,2% CNT | 5189 168,162 115,939 204,255 446
03 % CNT | 3996 201,519 120,798 234,951 343
04 % CNT | 4674 177,982 108,904 208,657 401

Tabulka 2. Electrical parameters of specimens, measured with reference frequency of 1 kHz
Table 2. Electrical parameters of specimens, Measured with a reference frequency of 1 kHz
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5. Zavér

Na zakladé pozorovanych necekanych abnormalit v trendech kfivek se muzeme
domnivat, ze pfi michani CNT vlaken do smési geopolymeru dosSlo u vys$Sich
koncentraci k rozlamani vlaken, které nebyly dostatecné souvislé k vytvofeni vodivych
cest a vzorky vykazovaly horSi vodivost, nez byla oekavana. Absolutni hodnota
impedance nicméné klesa s pfibyvajicim mnozstvim CNT vlaken a relativni permitivita
vykazuje v komplexnim pohledu narust.
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Abstract

Concrete shielding is used in nuclear power stations to increase in radiation safety. Concrete
structures ageing, cracks, pores and delamination, can affect nuclear power stations lifetime
protraction negatively. Inspections of concrete shielding are necessary from the point of view
of possible structure integrity degradation during its working life. Non-destructive method
application is usually difficult for limited access to concrete shielding. The paper deals with
study of use possibility of Impact-echo method for the given configuration of excited impulse
and response sensor. Measurement results showed that the information about concrete
structure quality cannot be obtained from response signal for the given configuration.

Key words: nuclear power station, concrete shielding, non-destructive testing, structure
integrity, impact-echo method, mechanical impulse, response signal

1. Introduction

Safety is basic and primary requirement during nuclear power station operation.
Incipient radioactive material and radiating must not get into environment and
threaten power station staff. Radioactive shielding systems belong to the basic safety
precaution and their aim is restraining infiltration of contaminating material to
environment during operation and in the case of nuclear disaster too. A multiple
barrier system, which consists of line of interactive independent barriers, is used
usually for the shielding. In case of one barrier failure, remaining barriers prevent
possible radioactive leakage. The containment, which creates last barrier, consists of
concrete protective cover with steel hermetic lining which rounds reactor and main
equipment of primary circuit. It prevents infiliration of radioactive material to
environment in case of disaster.

However, the absence of an acceptable, relatively fast and cheap monitoring
method, which would be capable of detecting concrete structure faults at an early
stage remains a problem [1]. Therefore, development of new and simple
defectoscopic methods, capable of detecting the integrity of these problematic
structures is high importance. It is also essential to develop and/or refine the
methods designed to estimate the reliability and the lifetime of the concrete structure.
Acoustic methods (e. g. acoustic emission, impact echo method, nonlinear ultrasonic
spectroscopy) are promising for structural constructions diagnostics [2-5]. It is also
essential to add that the possibilities of concrete structure integrity monitoring are
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limited by difficult admission to the concrete cover. Presented work deals with
possibility of impact echo method use for monitoring of concrete protective cover
integrity for given configuration of exciting impulse and sensor of response recording.
This method is used for non-destructive quality evaluation of building elements and
concrete and masonry structures, for example [6-10].

2. Experimental part

An experiment object was containment cutout with defined measuring points (exciting
impulse and sensor positions) for monitoring of concrete shielding in situ (see Fig. 1).

Fig. 1 Exciting impulse Imp and sensor S1, S2 location

Mechanical impulse was realized inside the pipe embedded in concrete (one and
only practicable access in situ) and on the concrete surface for confrontation
reasons. Two sensors were used for recording response. In the first stage, one
sensor S1 was mounted inside the pipe, in the vicinity of exciting impulse, and the
second sensor S2 was mounted on the steel lining for confrontation response
signals. Recorded response signals were analyzed with the use of FFT. The
measurement results are represented in the form of frequency spectra.

The first measurement was focused on the verification of the measurement result
reproducibility. Mechanical impulse was repeated with different intensity. In this case,
the frequency spectra were analysed from nonlinearity point of view as structural
failure demonstration too. The structural integrity failure produces shift of dominant
frequency during the higher intensity of exciting signal. In the Fig. 2, it can be seen
that no nonlinear effects in the signal propagations are due to the structural integrity
failure of this object.

74 DEFEKTOSKOPIE 2015



ch1 ch2

10° 10*
f[Hz]

ch2

FFT [dB]
FFT [dB]

-120
-140

f[Hz]

Fig. 2 Response frequency spectra of three mechanical impulses; sensor S1(chl)
mounted inside the pipe (left), sensor S2(ch2) mounted on the steel lining (right)

Response spectrum from sensor S1 mounted inside the pipe differs from the
response spectrum from sensor S2 mounted on the steel lining, see Fig. 3. The
upper graphs correspond to the sensor S1 mounted inside the pipe; the lower graphs
correspond to the sensor S2 mounted on the steel lining. The higher attenuation in
case of sensor S1 (inside the pipe) in comparison with sensor S2 (on the steel lining)
can be seen in this Figure. Dominant frequencies of response from sensor S1 occur
in the frequency range from 3 kHz to 10 kHz. In the case of the response frequency
spectrum from sensor S2, frequency range from 1 kHz to 3 kHz, which is related to
signal propagation through the lift concrete and its connection with the steel lining, is
emphasized.
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Fig. 3 Time plot and response frequency spectrum during realization of exciting
impulse inside the pipe; graphs correspond to sensor S1(chl1) — above, graphs
correspond to sensor S2(ch2) — below

The mechanical impulse was realized on the upper concrete surface in the second
measurement stage, see Fig. 4.

Fig. 4 Exciting impulse Imp and sensor S1, S2 location
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The frequency components related with signal propagation through the concrete
lift appeared partly also in frequency spectrum of response signal recorded by sensor
S1 (mounted inside the pipe) as it is visible in Fig. 5.
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Fig. 5 Time plots and response frequency spectra during realization of exciting
impulse on concrete upper surface; graphs correspond to sensor S1(chl) - above,
graphs correspond to sensor S2(ch2) - lower

Both sensors S1, S2 were mounted inside the pipe in the third measurement
stage. Exciting signal was realized in the pipe between sensors, see Fig. 6.
Measurement results from this configuration are presented in Fig. 7. It is evidently
from both graphs in Fig. 7 that frequency components do not occur in range from 1
kHz to 3 kHz which is related to signal propagation through concrete structure in
case of both sensors.
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Fig. 6 Exciting impulse Imp and location of sensors S1, S2 inside the pipe
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Fig. 7 Time plots and response frequency spectra during realization of exciting
impulse in the pipe and location of both sensors inside the pipe; graphs
correspond to sensor S1(chl) - above, graphs correspond to sensor S2(ch2) -

lower
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3. Conclusion

The analysis of measurement results proved that structural defects in concrete
shielding do not reliably detect requested configuration of the exciting impulse and
sensor location inside the pipe.

Frequency components related to concrete shielding are fully suppressed in
response frequency spectra in case of sensors located inside the pipe.
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Abstrakt

Béznou soucasti bezobsluznych nepretrzitych provozu jsou rizné pneumatické prvky. Tato
zarizeni s pohyblivymi dilci maji omezenou Zivotnost, coZ negativné ovlivriuje chod celych
vyrobnich linek. V soucasné dobé je diagnostika cinnosti pneumatickych systémi zaloZzena
predevsim na sledovani vibraci, na principu ultrazvuku, pripadné je testovanym postupem
hlukova analyza &innosti zafizeni. MoZnosti téchto metod se vSak ukazuji jako nedostatecné,
malo citlivé a znaéné nespolehlivé.

Metoda AE zatim neni v oblasti identifikace poruch pneumatickych zarizeni mechanismi
prakticky nasazovana. Akusticka emise vSak ma velky potencial byt uzitecnym doplrikem
béznych metod diagnostiky i v této oblasti uplatnéni. Dosavadni vysledky experimenti
realizovanych v oblasti diagnostiky poSkozeni pneumatickych valci na VUT v Brné jsou
sumarizovany v pfispévku.

Kli¢ova slova: akusticka emise, pneumaticky valec, poskozeni

Abstract

A normal part of unattended continuous operations are different pneumatic elements. These
devices with moving parts have a limited lifespan and their failure will adversely affect the
operation of the whole production lines. Currently, the diagnosis of the pneumatic systems
are mainly based on vibration monitoring, on the principle of ultrasound and on the analysis
of the noise of the equipment. The capabilities of these methods, however, have proved
insufficient, less sensitive and highly unreliable.

The method of AE is not yet in the area of identification of disorders of the pneumatic device
mechanisms practically deployed. Acoustic emissions, however, has great potential to be
a useful complement to the conventional methods of diagnosis in this area of application.
The results of experiments in the field of diagnosis of damage of pneumatic cylinders at Brno
University of Technology are summarized in the paper.

Key words: acoustic emission, pneumatic cylinder, damage
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1. Uvod

Metoda akustické emise (AE) jiz proSla dlouhodobym vyvojem a to konkrétné
v oblasti pfistroju. Moderni analyzatory umoziuji sofistikované méreni signald na
povrchu testovanych objektd. Ponékud obtiznéjSi je samotna identifikace zdroje
signalu AE. Tato metoda je vSak bézné uzivana k diagnostice tlakovych ventill,
nadrzi, potrubi a energetickych zafizeni.

Prvnim vyzkumem vyuziti AE jako metody pro detekci defektll v pneumatickych
obvodech se zabyvali Dickey, Dimmick a Moore [1]. V jejich vyzkumu je popsan
vzajemny vztah mezi amplitudou signalu AE a velikosti Uniku vzduchu z ventilu.
Obdobna studie je popsana v ¢lanku [2], kde byl popsan vztah signalu AE a velikosti
uniku v ¢asové frekvenci. V téchto dvou studiich byl v§ak pouze naznacen potencial
vyuziti AE jako metody pro detekci vad v pneumatickych obvodech, ale vysledky zde
nevedou k vytvoreni konkrétni metodiky s moznosti vyuziti v praimyslu.

Vyvoj vyuziti metody AE v pneumatickych obvodech opétovné pokracoval
v poslednich desetiletich. Hlavnim cilem vyvoje metodiky AE je analyza unik( na
specifickych ¢astech pneumatického obvodu, jako jsou pisty a valce. V publikaci [3]
je popsano vyuziti AE pro diagnostiku pneumatickych systému elektraren. V této
studii byla provedena detekce unikl tfemi metodami, jako je AE, hlukova a vibraéni
analyza. V publikacich [4] a [5] bylo vyuzito méfeni AE k detekci Unikd ve ventilech
s cilem vyvinuti univerzalni metody pro popis charakteru uUniku. Vyzkum [4]
prezentuje vysledky vlivu velikosti uniku na hodnoty RMS signalu AE, kde byly
pouzity senzory AE. Dale byl testovan vliv rozdilnych vnitfnich tlak( na signal AE.
Vysledky experimentu zde prokazuji, ze velikost hodnot RMS signalu AE roste spolu
s rostouci velikosti Unikl nebo s vy$Si velikosti tlaku uvnitf ventilu.

Ve studii [5] byla detekce velikosti unikii FfeSena analytickou metodou. Byl zde
analyzovan efekt odliSnych velikosti ventild na signal AE, ze kterého pak byla
determinovana hodnota amplitudy. Signal byl zde analyzovan za pomoci Fourierovy
transformace. Mimo jiné byl v této studii navrzen postup metodiky pro determinaci
velikosti Uniku na zakladé signalu AE. Tato metoda je zaloZena na parametrech
zahrnujicich vliv geometrie ventilu a vnitiniho tlaku. Konkrétni hodnota uniku je
obdrzena aplikaci téchto parametrl pfi zpracovani signalu AE. AvSak experimenty
této studie byly provadény v laboratofich za predem stanovenych podminek. Z tohoto
divodu nelze navrzeny postup zcela aplikovat jako metodu diagnostiky v pramysiu
pfi nahodnych provoznich podminkach.

Laboratof Ustavu konstruovani na Vysokém ugeni technickém v Brné se jiz
dlouhodobé zabyva vyvojem akustické emise v oblasti nedestruktvniho testovani a to
pro cyklicky zatézované materidly a strojni soucasti (Unava materiald, kontaktni
Unava, loziska atd.). Kromé téchto tradi€nich aplikaci byl vyzkumnou skupinou
podpofen vyzkum pro vyuziti tohoto zplsobu nedestruktivniho testovani k dal$im
specifickym analyzam [6, 7, 8].

2. Experiment

Vyzkum metody AE pro diagnostiku casti pneumatickych systému byl zahajen i na
védeckém pracovisti Ustavu konstruovani VUT v Brné. Vyzkum je pfevazné zaméren
na diagnostiku pneumotord a je podporovan projektem ve spolupraci se spole¢nosti
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Poli¢ské strojirny a.s. Cilem vyzkumu je vytvofit metodu diagnostiky poruch na
konkrétnich typech pneumatickych valcu.

Pro testovani chodu pistl byla sestrojena experimentalni stanice, ktera umoznuje
detekci poSkozeni valcl béhem chodu. Méfici Fetézec stanice, slouzici pro analyzu
poskozeni pistl, se sklada ze: tfi ¢i &tyf snimacl AE, linearniho polohového
potenciometru a 4-kanalového IPL analyzatoru (obr. 1). Pro méfeni a nasledné
zpracovani signalu byl pouzit systém spole¢nosti DAKEL. Chod stanice byl regulovan
pneumatickym kontrolnim systémem, jehoz schéma je uvedeno na obr. 2.

—

e Y

= 2| P
+rd Position sensors Y
\ Sy

Obr. 1 Sestava mérici aparatury
Fig. 1 Assembly of experimental equipment

| IPL Analyzér |<—| Senzor AE | |Rozvod vzduchu
Linearni Pneumaticky >l Ridici systém
potenciometr pist < pneu. obvodu

Obr. 2 Schéma zapojeni experimentalni stanice pneu valc
Fig. 2 Schema of the experimental stand for testing of pneumatic cylinders

Nejprve byly méfeny valce bez poSkozeni, jejichz signal AE byl porovnan a pouzit
jako vzor spravného chodu vélce. Posléze byly vytvofeny vady na jednotlivych
valcich. Celkem bylo pouzito 14 valc, kazdy s odliSnym typem vady (obr. 3). Nejprve
byly valce méreny senzory AE za ucelem detekce vad, které je mozno metodou AE
analyzovat. Dale byly snimace umistény ve tfech pozicich na télesu, ¢imz byla
uréena nejvhodnéj$i pozice pro méfeni. Linearni polohovy potenciometr byl pouzit
pro méfeni pozice pistnice béhem jeho chodu.
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Obr. 3 Typy testovanych pneumatickych valct
Fig. 3 Types of tested pneumatic cylinders

3. Vysledky experimentu

Pro analyzu dat se osvédCila jako nejvhodné&jSi metoda zalozena na spektralni
analyze. Aplikaci této metody bylo mozné identifikovat konkrétni frekvence a odlisit
signaly ziskané od neposkozenych a poskozenych valcl. Dale také pro zpracovani
signalu byla vyuzita obalkova metoda, avSak zde nebylo dosazeno tak pfesnych
vysledku jako u pfedchozi metody. Prezentované vysledky byly ziskany na valcich
s oznacenim PB 6040C (Poli¢skeé strojirny), jejichz struktura je zobrazena na obr. 4.

Obr. 4 Schéma pneumatického valce PB 6040C
Fig. 4 Scheme of the pneumatic cylinder PB 6040C

pistnice 6 O-krouzek 11 matice
predni viko 7 tésnéni pistu 12 téleso vélce
Sroub 8 magnet 13 zadni viko

tésnéni pistnice 9 pist
vedeni pistnice 10 O-krouzek

a H» 0N =

Pasmo mérenych frekvenci je definovano parametry senzorll AE a jeho velikost se
pohybuje pfiblizné v rozsahu od 50kHz do 400kHz. V ziskaném signalu AE
dochédzelo k uUbytku &i narGstu nékterych dominantnich frekvenci a to dle typu
poskozeni valce.
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Na obr. 5a je znazornén kratky Usek zaznamu signalu snimace AE, ktery byl umistén
ve stfedni ¢asti t€la neposkozeného valce. Bila pole mezi jednotlivymi cykly oznacuji
min. a max. vysunuti pistnice, z ¢ehoz vyplyva, Ze senzor detekuje signaly pouze
béhem faze vysouvani a zasouvani. Ze zaznamu jdou také vyc&ist okamziky zahajeni
pul-cyklt kratkodobymi impulzy v $ir§im rozsahu frekvenci (oznaceno Sipkami). Pfi
max. vysunuti tésné pfed zahajenim zasouvani byly navic nalezeny signaly
s dominantnimi frekvencemi kolem 120 a 140 kHz, které maji zfejmé spojitost
s vlastni funkci valce (oznaceno kruhy). Méfeni na zbytku nepo$kozenych valcich
stejného typu mélo velmi podobny charakter.

Dale bylo provedeno méfeni s poSkozenymi valci. Zde byly pouZity stejné valce jako
u pfedchoziho méfeni, avsak jiz s vytvofenymi vadami. Konkrétné na uvedeném
méreni na obr. 5b se jedna o nafiznuti O-krouzku (pozice 10 na obr. 4). Na zaznamu
je také zakreslen pohyb pistnice z potenciometru (¢ernou barvou v pravé ¢asti grafu).
Vysledky ukazuji obdobné chovani jako u nepoSkozeného valce, avSak s tim
rozdilem, Ze tento defekt zpusobuje potlaceni nékterych nizSich frekvenci
a zvyraznéni frekvenci reflektujici dané poskozeni. Tyto frekvence se opakuji pro
kazdy cyklus pohybu pistu.
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Obr. 5 Frekvenéni spektrum v ¢ase (1 vterina) neposkozeného (a) a poskozeného (b)
valce PB s prestfizenym O-krouZzkem na pistu
Fig. 5 Spectral analysis in particular time - differences between signal spectrums
obtained from signals of the cylinder without defect (a) and with defect (b)
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Zminované frekvence jsou lépe viditelné na dalSich grafech, které porovnavaji
frekvencni spektra pfi vysouvani a zasouvani pistnice v pfipadé neposkozeného
(obr. 6a, b) a poSkozeného valce (obr. 6¢, d). Na prvni pohled se jevi rozdily velké,
ale po detailngjSim rozboru jsou obé faze podobné. V ¢em se vSak neposkozeny
a poSkozeny valec liSi, jsou pfenasené frekvence. Zatimco pro neposkozeny jsou
typické tfi az Ctyfi hlavni frekvence do 100 kHz, poskozeny ma daleko vys$si
amplitudy zejména v oblasti nad 100 kHz (ozna&eno Sipkami).
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Obr. 6 Frekvencni spektrum neposkozeného valce PB pfi vysunuti (a) a zasunuti
pistnice (b) a poskozeného pfi vysunuti (c) a zasunuti (d) pistnice
Fig. 6 Spectral analysis of the cylinder without defect at ejected (a) and inserted
position (b) and with defect at ejected (c) and inserted position (d)
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Jako porovnani chovani valce s nafiznutym O-krouzkem, je na obr. 7a,b
prezentovano srovnani valce neposkozeného s nékolika malo cykly a po najeti vice
nez 12 tis. cykll. Také zde byly nalezeny obdobné jevy jako v pfipadé
neposkozeného z obr. 5a, avSak opotfebeni je zde vice zfetelné posunem hlavnich
frekvenci k vy$Sich hodnotdm a zachovanim pfiblizné stejnych amplitud na rozdil
od valce poskozeného defektem. U ,nového* dominuji opét tfi az Ctyfi frekvence
do 100 kHz. Valec s 12 273 cykly se projevuje vyraznym pasem frekvenci od cca 115
do 160 kHz (zndzornénym na obr. 7b ¢ernymi vertikalnimi ¢arami).
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Obr. 7 Frekvencéni spektrum v ¢ase (1 vtefina) nepoSkozeného valce (a) a valce
po 12 273 cyklech (b)

Fig. 7 Spectral analysis in particular time - differences between signal spectrums
obtained from signals of the cylinder without defect (a) and after 12 273 cycles (b)
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Opét tyto frekvence jsou lépe viditelné na obr. 8. Amplitudy obou valcu jsou pfiblizné
na stejné drovni, ale nosné frekvence u valce s najetymi cykly jsou posunuty smérem
k vy§§im hodnotam.

Ve ¢lanku je porovnavan pouze jeden typ vady z mnoha definovanych vyrobcem
a valce s najetim vice nez 12 tis. cykll. Z vy$e prezentovanych vysledku je zfejmé,
Ze metodou AE a frekvenéni analyzou je mozné identifikovat rozdily mezi
neposkozenymi a poskozenymi valci s rdznym rozsahem zavaznosti. Bude vSak
zapotiebi se vice zaméfit na detailni analyzu frekvencnich spekter a analyzu Sumu
a po predem stanovenych etapach opakovat méreni celé série valcl s poskozenim
za cilem ovéfit vahu opakovatelnosti méfeni a monitorovat vyvoj chovani daného
defektu po ujeti urcitého poctu cykld. Dalsi etapou pak bude méfeni se zatézi, které
bude simulovat provozni podminky pneumatickych valcu.

Averaged Spectra - TACR-Brno-MalyValec11-Gbar (automatic) Averaged Spectra - TACR-Brno-MalyValec11-Gbar (automatic)
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Obr. 8 Frekvencéni spektrum neposkozeného valce PB pfi vysunuti (a) a zasunuti pistnice (b)
a stejného valce po 12 273 cyklech po vysunuti (c) a zasunuti (d) pistnice

Fig. 8 Spectral analysis of the cylinder without defect at ejected (a) and inserted position (b)
and after 12 273 cycles at ejected (c) and inserted position (d)

88 DEFEKTOSKOPIE 2015



4. Zavér

Ve vySe uvedené Casti tohoto ¢lanku byly prezentovany prvotni vysledky vyzkumu
moznosti diagnostiky pneumatickych valci metodou akustické emise. Touto metodou
byl ovéfen predpoklad, ze valce stejného typu maiji priblizné stejnou charakteristiku
signalu AE, ktera maze byt pouZita jako srovnavaci vzor se signaly ziskanych z valcu
s defekty. Vyhodnocovani vlivi odliSnych vad pistu na signal AE je ve stadiu
probihajiciho vyzkumu. Nicméné jiz nyni se potvrzuje puvodni predpoklad, Ze
diagnostické zafizeni vyvinuté na zakladé metody akustické emise bude mozné
vyuzit jednak v ramci vystupni kontroly na vyrobni lince pneumatickych prvku
a predpokladame i vyuziti pro externi kontroly funkénosti téchto prvka u uzivateld.

Podékovani

Vysledky predstavené v tomto pfispévku souvisi s FeSenim projektu Technologické
agentury Ceské republiky &isloTA04011374" Novy system nedestruktivni diagnostiky
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Abstrakt

Diagnostika a monitorovani stavu valivych loZisek patfi v sou¢asné dobé ke standardnim
sluzbam. Pokud zname aktualni provozni podminky valivych loZisek, jsme schopni
predikovat jejich Zivotnost. Monitorovani loZisek v provozu pfinasi jejich vyrobciim také
neocenitelné informace, které by $lo pomoci experiment( jen téZko ziskat, nebo za
vynaloZeni enormnich nakladi. Pro monitorovani stavu se v praxi vyuZiva nékolik metod.
Nejcastéji  vibrodiagnostika,  pripadné  kombinovana, v zavislosti na  aplikaci,
s tribodiagnostikou a termografii. U pomalobézZnych lozZisek nachazi uplatnéni i metoda
akustické emise, ktera je schopna detekovat pulsy s mensi energii. Toho Ize vyuZit také pro
detekci zmény rezimu mazani a pfipadné kontaminace maziva.

Klicova slova: akusticka emise, kontaktni Gnava, pitting, zkou$ky trvanlivosti

Abstract

Diagnostics and condition monitoring of rolling bearings is currently one of the standard
services. If you know the current operating condition of rolling bearings, we are able to
predict their life. Monitoring of bearings during operation give their manufacturers invaluable
information, that would be difficult to obtain through experiments, or by incurring enormous
costs. In practice the several methods is used for the condition monitoring, Most often
vibrodiagnostics or combined, depending on the application, with tribodiagnostics and
thermography. The acoustic emission method is applied for slow-speed bearing, because it
is able to detect pulses with less energy. This can be also used to detect changes in friction
regimes and lubricant contamination.

Key words: acoustic emission, rolling contact fatigue, pitting, durability test

1. Uvod

Pocatky aplikace metody akustické emise (AE) pro monitorovani lozisek nebo
valivého kontaktu se datuji do 70. let 20. stoleti. Mezi prvnimi se touto problematikou
zabyval Catlin [1], ktery studoval odezvu vysokofrekvenéniho signalu AE na defekty
valivych lozisek. Pozoroval, Ze signal AE nejlépe reagoval na poskozeni valivych
drah vzhledem k ostatnim chybam uloZeni — uvolnéni loZiska, ohyb hfidele.

Yoshioka a Fujiwara [2] provedli sérii experimentl na zafizeni pro zkousky plochého
vzorku. Vzorek materialu byl axialné zatézovan kontaktnim tlakem 4 759 MPa pres ffi
kulicky vedené v kleci. Nékteré prezentované experimenty probéhly i pfi zatizeni
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5700 MPa. Experimentalni zafizeni bylo pohanéno elektromotorem s konstantnimi
otaékami 660 min™ a mazano minerainim olejem.

Na ty to experimenty navazali pozdéji Elforjani a Mba [3], ktefi na zafizeni pro
zkousky plochého vzorku provadéli experimenty pfi nizkych otagkach 72 min™
a porovnavali parametry AE se zrychlenim vibraci. Experimenty byly cileny na
identifikaci vzniku a nasledného Sifeni podpovrchovych mikrotrhlin vedoucich ke
vzniku povrchovych defektd v misté kontaktu. Detekce se zaméfila zejména na
praskavy signal emitovany sparingem na povrchu vzorku. Nejlépe korelovala
s defektem informacni entropie a Skalogram spojité vinkové transformace.

Rahman et al. [4] se zabyval identifikaci pocate¢ni faze kontaktniho poskozeni
materialu a jeho lokalizaci vyuzZitim metody akustické emise. Pro experiment bylo
vyuzito zkuSebni zafizeni sestavajici se ze dvou radidlné zatizenych kotoucu.
Zkouska probihala pfi konstantni rychlosti otd€eni a neproménném zatiZeni.
Z vysledku je usuzovano, Ze podstatnym parametrem pro vyhodnoceni kontaktniho
poskozeni je Casova Cetnost udalosti.

2. Metodika

Pro experimentalni studium vzniku kontaktni Unavy byla pouzita modifikovana
zkuSebni stanice uréena pro zkousky plochych vzorkd materialu AXMAT Il (Obr. 1)
sestavajici se zramu, pohonné a zatéZovaci jednotky, fidiciho systému a méfici
aparatury pro snimani vibraci, teploty a signalu akustické emise. Toto experimentalni
zafizeni bylo navrzeno pfedevS§im za UCelem ovéfovani kvality materidlu a jeho
tepelného zpracovani. Dale umozriuje provadét vyzkum vlivu maziv na trvanlivost
valivych kontaktd, zkouSky trvanlivosti za vySSi nebo snizené teploty, zkouSky
trvanlivosti axialnich lozisek apod.

Zat¢zovaci pika

Elektromotor

,,,,,,,,,,

Akeelerometr
Snimad AE (1)

Podpurné
! lozisko

Obr. 1 ZkuSebni zafizeni AXMAT II [8]
Fig. 1 Layout of test-rig AXMAT Il [8]
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3. Vysledky

Na obr. 2 je zobrazen prabéh parametrd AE (tfi hladiny ¢asové Getnosti prekmitd,
RMS), rychlosti vibraci a teploty. Jsou zde patrné tfi fdze zkouSky. V prvnich cca
20 min. zkouSky dochazi k zabé&hu, vytvofeni valivé drahy, coz se odrazi ve
zvySenych parametrech. Nasleduje ustaleny stav a v zavéru je detekovan vznik

pettingu a rozvoj do finalniho poskozeni (spallingu).

Pritomnost defektu se projevuje kromé zvySenych parametrli AE i modulaci signalu

AE chybovou frekvenci defektu na povrchu vzorku.

Vznik a §ifeni pittingu
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Obr. 2 Zkouska vzorku oceli 100Cr6 [8]
Fig. 2 Test of specimen of steel 100Cr6 [8]

Na obr. 3 jsou znazornény vysledky zkou$ek trvanlivosti loZiskové oceli
a porovnani hodnot trvanlivosti stanovené na zakladé detekce pFitomnosti
vibracemi a metodou akustické emise. V priméru byla pfitomnost defektu

detekovana cca o 20 % dfrive.

Porovnani vysledki trvanlivosti
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Obr. 3 Weibulltv graf zkousky trvanlivosti oceli 100Cr6 [8]
Fig. 3 Weibull graph of duration test of steel 100Cr6 [8]
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4. Zavér

Byly zde prezentovany vysledky ze zkou$Sek loZiskové oceli 100Cr6 mazanych
kontaktniho poSkozeni proti tradi¢ni vibrodiagnostice. Prfitomnost defektu Ize
identifikovat ve spektru demodulovaného signalu AE pomoci obalky ziskané
Hilbertovou transformaci. Vzhledem Kk citlivosti metody Ize predpokladat jeji vyuziti
pro detekci kontaminace maziva nebo zhorSeni podminek mazani. Metoda akustické
emise pfinasi dalsi informace o valivém kontaktu a doplrfiuje tak bézn& monitorované
veli¢iny jako vibrace a teplota.

Podékovani
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Abstract

This paper deals with the results of the measured signal in the Zbrasov cave in the Czech Republic.
Here we present a description of the measurement and try to find and identify the electromagnetic
emission (EME) signals from noise. The article shows maximum values and RMS! of the measured
signal during one day.

We found out and presented the spectra at different times of the day, and examples of different types of
impulses of the measured signal and presented evaluation of the measured signal. Several harmonical
signals were found at different frequencies in spectra of the measured signal, their differences and
similarities were shown. Evaluation of different impulses is based on our subjective experience, and
the experimental data obtained by measuring the EME signals from solid samples whose experimental
destructions were carred out in the laboratory (these studies were published in earlier articles).

Key words: Data analysis, signal processing, electromagnetic emission, measurement

1. Introduction

The measurements data in this article were provided by a group of researchers from Brno
University of Technology (BUT) with the Natural History Museum Vienna (NHM), the
Institute of Rock Structure and Mechanics (IRMS) and Academy of Sciences of the Czech
Republic [1]. These organizations focus on the study of electromagnetic emission (EME) in
rocks and in caves. The phenomenon of EME from solids is based on the generation of an
electromagnetic field accompanying the mechanical excitation of the solids [2]. EME depends
on seismic activity, cracks generation and exists due to processes occurring in the rocks. Also
researches of EME carry out in the laboratories. More information about it can be found in the
articles [2], [3] and [4].

We aim at diagnosing the processes which occur in the rocks, such as the cracks generation.
Measurements were carried out in the Zbrasov aragonite cave — the first site in the project.
They were taken by the special antenna created by the scientific team. Central resonant
frequency of the antenna is 30 kHz. The cumulative increase in the measuring channel is 47
dB. The sampling frequency of the signal was 500 kHz. The signal was recorded in a cave for
a few days. The data are stored on hard disks. This article provides some results of signal
processing in Matlab program.

' RMS algorithm calculate the root-mean-square (RMS) of the input data.
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2. Signal processing

The measurements whose purpose was to test the efficiency of the equipment were carried out
for two weeks.

Different sources of noise are possible in the cave. These include lamps supplied by the
electricity, CO; sensors, etc.

The method of RMS is commonly used to analyze this kind of long time signals. Figure 1 is
an example of the RMS signal measured within a day. RMS signal during the remaining days
of the measurement has a similar character. It is shown that increasing the RMS in all cases
occurs during the working day from about 5 a.m. to 6 p.m. RMS reduction occurs from about
6 pm. to 5 am. It can be assumed that signal impulses in the measured signal are of
anthropogenic origin, not related to the processes occurring in rocks.

6
12% 10

\ T
10F |

L__

Amplituda (V)

T
——-L__
1

1 \
9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Time (hours)
Fig.1 Schedule of RMS during one day
Figure 2 shows the maximum signal value during the day. One point on the graph corresponds
to the maximum value of 107 counts in the measured signal.
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Fig.2 Schedule of maximum values during one day
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Fig.4 Comparison of the spectra of 2 p.m. (gray) and 9 p.m. (black).

Figures 2 and 3 compare the spectra of signals at night and in the daytime. Figure 2 shows the
spectra at 3 a.m. and at 11 a.m. Figure 3 shows the spectra at 2 p.m. and at 9 p.m. The spectra
were constructed for the segment length 100 s ( 5-107 dots). In both figures the signal
spectrum was considerably increased in the frequency range from 12.5-10" to 15-10* Hz.
There is likely to appear on the spectrum a periodic pulsed signal produced by some electrical
device. The increase in the signal level at night can be explained by a decrease in the load on
the electricity and increasing the power input to the device. And, therefore, it may be a cause
of the spectrum increasing. At all other frequencies the spectral components in the daytime
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exceed the night range or have a similar range. A strong difference of spectra during the day
is seen in the band from 3-10* to 5-10* Hz while differences in night spectra are virtually

absent.
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Figures 5-12 show a few types of pulses. These pulses are shown as examples. Impulses on
figures 5 and 7 can be attributed to the EME. The impulse shape corresponds to the process of
occurrence of EME impulse, that is, while crack generating on the opposing ends of it there
arise electric charges which correspond to a sharp increase in the amplitude of the impulse.
Then there goes a fast or slow process of this discharge which corresponds to the fall of the
impulse amplitude. Impulse in Figure 11 may also be EME. Impulse in Figure 9 has a very
strange shape. It is difficult to imagine a process in the rocks which could be a source of this
type of impulse.

3. Conclusion

In this paper were shown RMS and maximum values during one day, the spectra at different
times of the day, and examples of different types of impulses of the measured signal. Several
harmonical signals were found at different frequencies in spectra of the measured signal, their
differences and similarities were shown. Consideration of the individual types of impulses
shows that it is impossible to determine whether any single impulse is a result of noise or a
result of EME. It is noteworthy that the detection of EME could be difficult without a
complete determination of the background. The main way to detect the EME is using of the
RMS. We can judge about its presence indirectly by the increase of the amplitude of the
RMS, that is, due to change in the statistical characteristics of the signal.

Any anomaly or earthquake, which we could detected, didn't happen during two weeks of
measurement.

This measurement method is intended for parallel measurement of EME and for detection of
the processes in the rocks.

We will be able to detect EME in the case of appearance of active processes in rocks, and
therefore further measurements are required.
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Abstract

The article describes the use of an ultrasound scanner to locate the place on the border
between water and air (mediums of different density in the concrete element). For clarity, the
article presents the most important issues related to the propagation of mechanical waves. A
non-destructive testing with use of ultrasonic tomography, which were used to locate the
boundaries of different density and thus confirmed the possibility to find such a location using
ultrasonic tomography.

Key words: concrete, nondestructive evaluation, ultfrasonic tomography

1. Introduction

In engineering practice, we often need to determine the geometry of the existing
building structures and locations of utilities placed in them. The task is difficult, if
access to the structure is one-sided and there is no documentation of the structure,
and most of time it is the case. For example it may be needed to determine the
location of PVC wires embedded in concrete slab or concrete floor. You can do an
opening, but it would increase the repair costs, and closure of the premises for the
duration of the works. Useful for this purpose moght be, however, the non-destructive
methods [1]-[3]. With their help, without interfering with concrete structure, we can
determine the location of plumbing, water supply, tendons, etc. which are embedded
in concrete slab or concrete floor. In the case of duct obstruction, as shown in Figure
1, the non-destructive localization of the border between mediums of different density
may also make it a much easier solution. Almost all methods of NDT use the
excitation of a longitudinal wave in the test subject [2]-[3]. Recent methods allow the
use of transverse wave, which, compared to the longitudinal wave has a lower
scattering during the propagation through the concrete element [6]. One such method
is an ultrasonic tomography. The article presents the possibility to locate a border
between the mediums of different density, which are placed in a concrete using
ultrasound tomography by the transverse wave excitation.
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Unilaterally accessible o )
. Pipe filled with water concrete elment Pipe filled with air

Fig. 1 lllustration of obstruction - a place on the border of different density mediums
located in the concrete element.

2. The method of ultrasonic wave propagation in solids

In order to locate the place on the border between the mediums of different density it
was proposed to use the ultrasonic waves. The theory of propagation of these waves
in solids centers has already been repeatedly described [6], [7]. For clarity it is worth
mentioning that an ultrasonic wave is a disturbance of the medium that is spreading
through the vibrations of molecules [6], [7]. There are three types of mechanical
waves: longitudinal waves (Fig. 2a), transverse wave (Fig. 2b) and surface wave (Fig.
2c).

When the transverse wave is propagating perpendicularly to the border of the fixed
medium (Fig. 2d), and encounters the fluid at the boundary medium (eg. water, air), it
will reflect completely, due to the lack of propagation of vibrations in such form in
liquid and gas mediums [7]. In the case of longitudinal waves, which comes across
the solid - liquid medium border (Fig. 2e), part of the energy will be transferred to
molecules of the second center, in the form of longitudinal wave excitation, and the
remaining value will remain in the former medium, in the form of a wave traveling
towards of the reflection. The intensity of the wave reflection will depend on the value
of wave impedance of the mediums [7].

Accordingly, causing a longitudinal wave propagating through a medium
perpendicularly to its border results is a different intensity of the wave reflection,
depending on whether the opposite side contains water or air. We do not receive
such a distinction for similar transverse wave.

In the case of transverse wave propagation in the fixed medium at an angle to its
border a reflection will occur, the intensity of which will depend on the angle at which
wave is directed, and on the wave impedance of the mediums. On this basis, it is
theoretically possible to determine whether at the medium border the transverse
wave encounters water or air.
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Fig. 2 Types of waves occurring in solid mediums.

3. Laboratory tests

In order to confirm the feasibility of location the border between different density
mediums which are embedded in concrete element by ultrasonic transverse wave, a
non-destructive testing using ultrasonic tomography was performed. View of the
ultrasonic tomograph is shown in Figure 3 [3].

b)

a)

Fig. 3. Ultrasonic tomography: a) view of device b) the method of operation

Tests were carried out on the concrete element (size of it is 500 x 500 x 1000
mm), which had embedded three PVC pipe (diameter of them is 80, 155 and 458 mm)
(Fig. 4a). On the upper surface of the sample the grid of 100 x 100 mm was drawn.
The location of pipes was checked in the first step, using access only to the upper
surface of the element. Result of this is a tomographic image which allows to locate

pipes (Fig. 4b).

DEFEKTOSKOPIE 2015 103



Fig. 4. a) The concrete element used for testing b) tomographic image.

Then in five sections by the of central pipe tomographic images were created during
its filling with water and air. The results obtained in the form of a single tomographic
images is presented in Figure 5. In each of the sections signal reflection from the
upper surface from the boundaries is visible. In any case give a difference between
the pipe filled with water and pipe filled with air.

Secrion A Section B S.ection C Section D Section E

Pipe
filled
with air

Pipe
filled
with
water

Fig. 5. The results of the tests carried out on a sample of concrete with the pipe filled
by water and air.
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4. Summary

The article presents the possibility to locate the place on the border between
mediums of different density in the concrete element using ultrasonic tomograph.
Theoretical basis of phenomena was presented. A concrete component was testing.
Results showed the convergence of computer simulation - in both cases, localization
the place on the border between mediums of different density in the concrete
element using ultrasonic tomography was possible.
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Abstrakt

SKODA JS a.s. provadi automatizované zkouseni tlakovych nadob jadernych reaktorii od roku
1982. Pozadavky na kvalitu a rychlost tohoto zkouSeni se neustéle stupriuji a tak je nutné
po urcité dobé obmeériovat pouZivana zafizeni. Pro zkouSeni tlakovych nadob reaktord
z vnitfniho povrchu bylo ve spoleénosti SKODA JS a.s. vyvinuto a v kvétnu 2015 prvné pouzito
zafizeni MKS.

Prvni navrh nového zafizeni MKS, které nahradi zafizeni SKIN pouZivané k provoznim
kontrolam tlakovych nadob z vnitfniho povrchu od roku 1992, byl rozpracovan v roce 2010.
Od roku 2012 probihal vyvoj a navrh zafizeni s finanéni podporou TACR v rémci projektu
¢. TE01020455 — Centrum pokrocilych jadernych technologii (CANUT). Koncem roku 2012 byla
zahélena vyroba jednotlivych komponent manipulatoru, v nasledujicim roce bylo nakoupeno
vybaveni pro nedestruktivni zkouSeni a probéhla montaz a kompletace celého zarizeni. V roce
2014 probéhly funkéni a komplexni zkouSky. Po nich mély probéhnout praktické kvalifikacni
testy na blocich s umélymi necelistvostmi a zafizeni mélo byt pouZzito k provozni kontrole
1. bloku JE Temelin v srpnu 2014. Pfi komplexnich zkouSkach byly zjistény zavady a tak
nemohly probéhnout kvalifikacni testy a zafizeni nemohlo byt pouzito na jaderné elektrarné.
Po odstranéni zavad probéhly uspésné opakované zkousky a zafizeni MKS bylo prvné pouzito
pri provozni kontrole 2. bloku JE Temelin v kvétnu 2015. Toto prvni nasazeni na jaderné
elektrarné prokazalo prinosy nového zarizeni, ale projevily se i dalsi problémy, které bude nutné
resit.

Klicova slova: tlakovéa nadoba reaktoru, provozni kontroly, nedestruktivni zkouSeni,
automatizované zkouseni

Abstract

SKODA JS a.s. has been performing the automated testing of nuclear reactor pressure vessels
since 1982. Demands on quality and speed of this testing are increasing and so it is necessary
to change the used device. SKODA JS a.s. has developed and in May 2015 used for the first
time MKS — device for the testing of reactor pressure vessels from the inner surface.
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First concept of a new device MKS, which shall substitute SKIN used for the in-service
inspections of reactor pressure vessels form the inner surface since 1992, was prepared in
2010. The development and design of a new device started in 2012 and was financially
supported by TACR in the frame of project TE01020455 — Center of Advanced Nuclear
Technologies (CANUT). The manufacture of manipulator components started before the end
of 2012, the NDT equipment was bought and the assembly and completion of the whole device
were performed in the next year. Functional and overall test were done in 2014. Practical
qualification trials on samples with artificial flaws should be done afterwards and the device
should be used for the in-service inspection of NPP Temelin Unit 1 in August 2014. Some
malfunctions were discovered during the overall tests and so the qualification trials could not be
performed and the device could not be used on the NPP. The repeated tests and qualification
trials were done successfully after the repair of malfunctions and the MKS device was used for
the first time for the in-service inspection of NPP Temelin Unit 2 in May 2015. This first
deployment on a NPP proved the benefits of the new device but some new problems occurred,
which must be solved.

Key words: reactor pressure vessel, nuclear power plant, ultrasonic testing, automated testing

1. Uvod

Od roku 1982, kdy zahajila automatizované zkousSeni tlakovych nadob reaktori (TNR), az
do roku 2014 pouzivala spoleénost SKODA JS a.s. ke kontrolam z vnitfniho povrchu dvé
zafizeni. Prvni z nich, Reactortest TRC [1], bylo pouzivano od roku 1982 do roku 1992, kdy bylo
nahrazeno zafizenim SKIN [2]. Jeho hlavnimi ¢&astmi jsou manipulator, Fidici Cast
a defektoskopické pfistroje. Zatimco mechanické ¢asti manipulatoru nebylo dosud nutné
upravovat, pro$la fidici ¢ast a defektoskopické pfistroje dvéma modernizacemi, které zajistily
kvalitu zkouseni, pozadovanou pracovniky jadernych elektraren [3]. Bylo vSak zfejmé, Ze po
témér dvaceti létech provozu bude nutné pfistoupit i k nahradé manipulatoru. K tomuto
rozhodnuti pfispél i pozadavek jadernych elektraren na zkraceni ¢ast na kritické cesté odstavky
a tedy i na zkraceni doby nedestruktivniho zkou$eni tlakové nadoby. V roce 2007 byla proto
zpracovana studie [4], ktera méla rozhodnout, zda modernizovat manipulator SKIN, nebo
vyvinout manipulator novy. Vysledkem bylo doporuceni vyvinout nové zafizeni, pro které bylo
zvoleno oznaceni MKS (modularni kontrolni systém).

2. Navrh zarizeni

V roce 2010 byl vypracovan prvni navrh manipulatoru [5]. PFfi navrhu nového zafizeni byly
stanoveny nasledujici pozadavky:

Zkratit a zjednodusit montaz a demontaz.

Omezit potfebu pouziti polarniho jefabu.

Zkratit Casy mezioperacnich montazi.

Zkratit dobu zkouseni.

Pouzivat pro zkou$eni tlakovych nadob reaktord VVER 440, VVER 100, MIR 1200,
AP 1000 a EPR 1600.

e Moznost nést opravné moduly.
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Navrh celého zafizeni byl dale rozpracovan a dokoncen v roce 2012, jiz za finan¢ni podpory
TACR v ramci projektu ¢. TE01020455 — Centrum pokrocilych jadernych technologii (CANUT).
Vysledkem navrhu bylo zafizeni MKS [6], [7], které ma nasledujici hlavni ¢asti:

e Manipulator.
e Velin s Fidicim pultem.
e NDT pfistroje a sondy.

Te

THe®
il

Obr. 1 Navrh manipulatoru MKS
Fig. 1 Draft of MKS manipulator
Manipulator MKS je navrzen k manipulaci s moduly pro provadéni nedestruktivnich kontrol

uvnitf TNR. Je optimalizovan pro podminky pracovisté (prostupy, prostory, zdvih jefabu) bézné
na reaktorovém sale pfi odstavce reaktoru a pro snadnou dekontaminaci.

Hlavni komponenty manipulatoru MKS jsou:

e Portal.
e Sloup.
e P¥itna draha.
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Portal je zakladem MKS. Pomoci 3 nosnych konzol je uchycen do zavitovych hnizd v pfirubé
TNR, tvofi vedeni sloupu a zajiStuje jeho otaceni. Nese rozvodné skiiné elektroinstalace
a vyhodnocovaciho zafizeni, pohonnou jednotku otaéeni sloupu a kruhovou drahu kabelového
fetézu s ploSinou pro montaz sloupu.

Sloup slouzi k neseni pfi¢né drahy a jejimu pohybu po vysce TNR. Zdvih sloupu je 10,8 m.
Sloup je usporadan teleskopicky, se dvéma pohyblivymi dily. Profil dili je trojuhelnikovy,
pro dosazeni dostatecné tuhosti pfi plném vysunuti. Ve spodni €asti sloupu je umistén rozvodny
box (pneumaticky rozvod pro pretlak a pohony, elektrorozvody, koncové snimace, osvétleni,
kamery, UT a ET trasy). V horni ¢asti je umistén zavés pro manipulaci se sloupem nebo s celym
MKS.

Pficna draha slouzi k pohybu dvou vozikl, které nesou rotacni moduly se zku$ebnimi
hlavicemi. Voziky se pohybuji v radialnim sméru vaéi TNR. Délka vedeni je 2600 mm, pracovni
vyuziti 2300 mm. Podél vedeni jsou na vnéjSich stranach zlaby pro kabelové fetézy a svazky
kabell k jednotlivym modultim a sondam.

Tato koncepce umozniuje pohyb zkuSebnich sond ve valcovych soufadnicich po celém vnitfnim
povrchu TNR.

Manipulator je navrZen tak, Ze Casti zasahujici pod HDR, tj. sloup, rozvodny box, pfi¢na draha,
kabelové rozvody a kontrolni moduly, jsou pfizplisobeny pro praci ve vodé. Cast nad dUrovni
HDR je upravena pro snadnou dekontaminaci ostfikem. Celkova hmotnost MKS je cca 5000 kg.

Na manipulator bude mozné uchytit sou¢asné az ¢tyfi rizné koncové moduly (Obr. 2), ¢imz
dojde ke zkraceni mezioperacnich montazi. Niz8i hmotnost ¢asti manipulatoru pouzivanych
pfi zkouseni umozni zvySit rychlost zkouSeni a tak zkratit dobu zkouseni. Podle odhadu by tak
meél byt ¢as nutny pro zkou$eni tlakové nadoby reaktoru VVER zkracen z jedenacti na osm dna.

Velin je uréen pro obsluhu pfi praci MKS. Obsahuje:

Ovladaci a napéjeci pult s obrazovkou fidiciho PC a HD monitory — (Obr. 3).
Jednotku klimatizace (vné, uklada se na stfechu, napajena a ovladana je z velina).
Skfifi pneumatickych rozvodu.

Sit Ethernet.

Elektrické rozvody a osvétleni.

NDT vybaveni je uréeno pro zkous$eni ultrazvukem mnoha kanalovou odrazovou technikou
a difrakéni technikou TOFD, zkouSeni vifivymi proudy a dalkovou vizualni prohlidku televiznimi
kamerami.

Ultrazvukovy pfistroj zafizeni MKS je slozeny ze Sesti vzajemné propojenych ultrazvukovych
pfistrojd MICROPLUS Il dB-POD ulozenych v jednom pouzdfe (Obr. 4). Kazdy MICROPLUS II
dB-POD obsahuje 8 ultrazvukovych kanall. Cely komplet tedy disponuje 48 kanaly vyuzitelnymi
jako vysilate nebo pfijimace. Vysila¢ generuje zaporny obdélnikovy impuls o napéti od -30 V
do -270 V s sitkou od 15 ns do 1000 ns. Kazdy ultrazvukovy kanal ma svuj linearni zesilovac
s pasmem od 0,5 kHz do 40,0 MHz a zesilenim od -4 dB do +110 dB nastavitelnym po 0,5 dB.
V rozsahu od -4 dB do 110 dB Ize provadét kompenzaci vlivu vzdalenosti.
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Obr. 2 Manipulator MKS muze nést &tyfi zkuSebni hlavice sou¢asné
Fig. 2 MKS manipulator can carry four testing heads simultaneously
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Obr. 3 Ovladaci pult zatizeni MKS

Fig. 3 Control console of MKS device
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PFistroj dale digitalizuje signal a detekuje Spicky ultrazvukového signalu. Digitalizace se provadi
s volitelnou frekvenci 10, 20, 40, 80 nebo 160 MHz s rozliSenim 8 bitl. Detektor Spicek
umozfiuje zaznamenavat az 16 vadovych ech, pfesahujicich nastavenou prahovou uUrover
v nastavené brané, s rozli§enim 8 bitl. Je k dispozici sada dolnopropustnych filtrt (0,6; 1,0; 2,0;
3,5; 7,0; 13,0 a 23,0 MHz) a hornopropustnych filtrd (0,2; 0,4; 0,7; 1,3; 2,5; 4,3; 8,0 a 15,0 MHz).

| IA

Obr. 4 Ultrazvukovy pfistroj zafizeni MKS

Fig. 4 Ultrasonic instrument used with MKS device

PFistroj MICROPLUS Il dB-POD je umistény v rozvadéci na portalu manipulatoru MKS, takze
neni trvale ponofeny pod hladinou vody v TNR. S konektorovym polem v podvodnim boxu je
propojeny pomoci triaxialnich ultrazvukovych tras o celkové délce 30 m. S fidicim osobnim
pocitatem ve velinu je propojeny sitovym (Ethernetovym) kabelem délky 50 m. Externi
integralni Sirokopasmovy zesilova¢ pro difrakéni techniku TOFD lIze pfipojit k libovolnému
ultrazvukovému kanalu.

Ultrazvukové sondy jsou k pfistroji pfipojeny triaxialnimi kabely o impedanci 50 Q, priméru
42mm a délky 36 m. Ztéto délky je celkem 30m pevné zabudovano jako tzv. trasy
v manipulatoru MKS. Zbyvajicich 6 m jsou triaxialni kabely, které jsou integralni soucasti
ultrazvukovych sond.

Citlivost ultrazvukového zkouSeni odrazovou metodou se nastavuje pomoci etalond vyrobenych
z identickych materialt jako TNR, na vyvrtech s plochym dnem o priméru 4 mm a valcovych
vyvrtech o praméru 3,2 mm, které byly pouzivany pro zafizeni SKIN.

Osobni pocita¢ v provedeni laptop / notebook obsahuje pfislusné programové vybaveni
pro zaznam a zpracovani dat pfi mnohakanalovém zkous$eni odrazovou technikou a difrakéni
technikou TOFD.
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Pristroj vifivych proudi MS 5800 a ET sondy — MS 5800 je multifrekvencni vicesondovy
pfistroj vifivych proudl s digitalnim vystupem. Zadznam a zpracovani namérenych dat se provadi
na spolupracujicim pocitaci, ktery je s pfistrojem spojen pomoci sité Ethernet. Méfici systém
umoznuje méfit a zaznamenavat signal az ze 16 kanall, tedy ze ¢&tyf sond buzenych &tyfmi
nezavislymi frekvencemi. PFi kontrole navaru valcové ¢asti tlakové nadoby reaktoru i pfi kontrole
navaru radiusoveé Casti i valcové Casti hrdel DN 500 se pouzivaji soucasné dvé sondy, jedna
pro zjiStovani necelistvosti orientovanych kolmo na smér pohybu a druha pro zjiStovani
necelistvosti rovnobéznych se smérem pohybu. Obé sondy jsou zabudovany do jednoho
pouzdra. Pouzdro s ET sondami se umistuje do hlavice spole¢né s UT sondami, tzn., ze UT
a ET se provadi sou¢asné.

Citlivost pfistroje vifivych proudl se nastavuje pomoci etalont vyrobenych z identickych
materialt jako TNR na umélych necelistvostech ve tvaru drazek o Sifce 0,2+0,4 mm, délky
10 mm a hloubky od 1 mm do 5 mm, stejné jako u zafizeni SKIN.

Pro vizualni zkouseni slouzi HDTV souprava. Na MKS jde pfipojit az 4 HD kamery, jejichz
signal je veden do pultu ve velinu, kde je umistén titulkovac¢, do kterého pres sériovou linku
RS485 Fidici systém predava informace o poloze a nazvu bloku. Dale je pak signal zpracovavan
a ukladan v PC. Ke kazdé kamere Ize pfipojit az dvé svétla (kazdé LED, max. 10 W) ovladana
z ovladaciho pultu. Polohovani kamer je zajisténo pomoci 4 dvouosych polohovadel, ktera jsou
ovladana z fidiciho systému pres sériovou sbérnici RS485.

3. Prvni zkousky

Zacatkem roku 2014 byly po dokonceni vyroby a kompletace manipulatoru MKS zahajeny jeho
funkéni zkousky podle programu pro pfedkomplexni vyzkouseni (PKV) [8].

PKV zafizeni MKS ma dva hlavni cile. Prvnim cilem PKV je dosazeni stavu, pfi kterém
manipulator vykonava vsechny potfebné pohyby ve stanoveném rozsahu poloh a rychlosti
pfi pozadované presnosti odecitani polohy jednotlivych pohyblivych &asti vzhledem k poloze
kontrolovanych mist na tlakové nadobé reaktoru. Tato c&ast PKV se tedy vztahuje
na manipulator, Fidici a napajeci obvody, odecitani polohy a koncové spinace.

Druhym cilem je ovéfeni soucasné funkce celého zafizeni, tj. manipulatoru, fizeni, pfistrojl
asond pro zkous$eni ultrazvukem, pfistroju a sond pro zkouseni vifivymi proudy, HDTV
soupravy, snimani, ukladani a zpracovani dat, tedy provérka pfipravenosti zafizeni MKS
k provedeni provozni kontroly télesa tlakové nadoby reaktoru.

Bylo tedy tfeba zajistit:

e Provéfeni bezproblémového chodu vSech pohybovych jednotek MKS.

e Zjisténi a odstranéni pfipadnych zavad na jednotlivych pohybovych jednotkach MKS.

e Potvrzeni parametri pohybovych jednotek, uvedenych v technickych podminkach
a v projektu.

e Provéfeni soucinnosti zafizeni MKS s fizenim a NDT pfistroji, véetné TV kamer.

e Provéfeni schopnosti sbéru dat v pozadované minimalni kvalite.

Nasledovaly zatézové zkousky na tzv. zkracené tlakové nadobé typu VVER 440 v reaktorové
hale v Plzni. Rozsah zatézovych zkou$ek odpovidal rozsahu provozni kontroly na jaderné
elektrarné; zkousky probihaly od bfezna az do kvétna 2014, protoze byly pferuSeny odjezdem
pracovniki na planovanou odstavku 2. bloku EDU. Po skonceni zatéZzovych zkouSek byly
v8echny jednotky a ¢asti zafizeni MKS demontovany a nasledovala dikladna kontrola stavu
vSech komponent. Ta odhalila zavazny problém — izolace kabell v kabelovém fetézu portalu
byla poSkozena a nebylo mozné zarudit funkci kabell po celou dobu planované provozni
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kontroly. Bylo proto rozhodnuto zafizeni MKS k provozni kontrole ETE 1 nepouzit, zménit
provedeni kabelového fetézu a kabelovy svazek vymeénit.

Kabelovy fetéz v novém provedeni byl dodan kabelovym svazkem osazen az koncem roku
2014. Zavére€nou montaz kontroloval a jeji spravnost potvrdil i zastupce dodavatele kabelového
fetézu.

4. Opakované zkousky

Zacatkem roku 2015 probéhlo druhé kolo funkénich zkouSek manipulatoru MKS. Probéhly
uspésné a ihned na né navazovaly opakované zatézové zkoudky po delSi dobu, nez pred
rokem. Po jejich ukonceni a provérce stavu kabelového fetézu portalu a ostatnich soucasti
manipulatoru nasledovalo ovéfovani zpusobilosti pro provadéni NDT (validace zafizeni).

Ovérovani zpusobilosti MKS pro provadéni NDT lIze zjednoduSené charakterizovat jako
zopakovani ¢asti kvalifikace metod a zafizeni pro nedestruktivni zkouSeni. Dosazené vysledky
byly v naprosté vétSiné stejné nebo lepSi nez v pfipadé zafizeni SKIN, a to jak pro metodu
vifivych proudl (ET), tak i pro metodu ultrazvukovou (UT) — vysledky obsahuji vyzkumné zpravy
[9] a [10]. Prvnimu nasazeni MKS na jaderné elektrarné jiz nic nebranilo.

5. Prvni provozni kontrola

K prvnimu nasazeni zafizeni MKS doSlo pfi provozni kontrole tlakové nadoby reaktoru
z vnitfniho  povrchu béhem planované odstavky 2.bloku ETE vkvétnu 2015. Snimek
zkuSebniho zafizeni MKS z jeho prvniho nasazeni je na Obr. 5. Zkou$eni zafizenim MKS
probéhlo v plném planovaném rozsahu a v jeho pribéhu se ukazalo, jak se podafilo splnit
stanovené pozadavky.

Prvni a treti z pozadavkl, zkratit a zjednoduSit montaz a demontdz a zkratit casy
mezioperacnich montazi, byl splnén. Pfi stejném rozsahu zkouseni byly pfi pouziti MKS
potfebné dvé montaze, jejichz ¢as byl krat$i nez ¢as ¢tyf montazi pfi pouziti zafizeni SKIN. Také
omezeni potfeby zdvih(i polarniho jefabu oproti star§imu zafizeni SKIN se pln& potvrdilo. Cista
doba zkou$eni byla také zkracena, i kdyZ na celkové dobé& se negativné projevily problémy
s komunikaci mezi UT pfistrojem a fizenim manipulatoru, které vedly k opakovanému zkouSeni
nékterych &asti.

Vysledky provozni kontroly NDT tlakové nadoby reaktoru byly velmi dobré; metoda vifivych
proudtd (ET) plné potvrdila vysledky minulé provozni kontroly a ultrazvukova metoda (UT)
dosahla lepsich vysledkt nez pfi predchozi kontrole zafizenim SKIN v roce 2009. Moznosti
systému vizualniho zkouseni (VT) jsou vyrazné lepSi nez u zafizeni SKIN. TV souprava pracuje
v kvalité HD, rozdil je vidét i laickym pohledem na obrazovky TV soupravy ve velinu.

Na uspédném provedeni kontroly se podilela i servisni sména sloZzena z programatora Fidiciho
software, konstruktéri a zkuSenych pracovnikd, ktera umozriovala operativni feSeni problému.

Prvni kontrola pomoci MKS na ETE probéhla sice Uspésné, ale nebyla bez problému. Nejvétsi
dopad mélo pred¢asné ukonceni UT zkous$eni jedné ¢asti bez ulozeni dat jako disledek chybné
komunikace mezi ultrazvukovym pfistrojem a fidicim software. Dal§im vaznym problémem pak
bylo ruSeni UT signalu polarnim jefabem pfi zkousSeni difrakéni technikou TOFD. Po navratu
z provozni kontroly ETE bylo proto zafizeni MKS instalovano na pracovisti v Plzni a probéhly
intenzivni prace na odstrafovani zjisténych problému a také na pfipravé provozni kontroly TNR
1. bloku EDU. Ta byla zahajena v zafi 2015 a pfinese dalSi zkuSenosti z provozu MKS.

114 DEFEKTOSKOPIE 2015



Obr. 5 Manipulator MKS pfi provozni kontrole TNR v JE Temelin

Fig. 5 MKS manipulator at in-service inspection of RPV in NPP Temelin
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6. Zaveér

Zafizeni MKS pro zkous$eni tlakové nadoby reaktoru z vnitfniho povrchu, vyvinuté a vyrobené
spoleénosti SKODA JS a.s., bylo poprvé pouzito k provozni kontrole 2. Bloku JE Temelin
v kvétnu 2015. Kontrola probéhla uspésSné a potvrdila, Ze hlavni pozadavky stanovené
na konstrukci zafizeni MKS byly splnény. Projevily se vSak také problémy, které nebyly
odhaleny pfi zkouskach na zkracené tlakové nadobé ani pfi ovéfovani zplsobilosti MKS
na blocich s umeélymi necelistvostmi. Po kratké udrzbé spojené s odstrafiovanim zjisténych
problémU bylo zafizeni MKS nasazeno v zafi 2015 pfi provozni kontrole 1. bloku JE Dukovany.
Toto nasazeni pfinese dalSi zkuSenosti, doufejme, ze kladné.
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Anotace:

Metoda Magnetické paméti materialu je NDT metoda zaloZend na méreni a analyze rozlozeni
zbytkovych magnetickych poli v kovovych materidlech odrazejicich technologickou historii materidlu.
Vyuziva se pro urceni SCZ (Stress Concentration Zones), poruch a heterogenity v mikrostrukture
materialu a svarovych spojii. Magneticka pamét materialu reprezentuje jev, ktery nastava v materidalu
ve formé zbytkové magnetizace vlivem procesu vyroby, tepelného zpracovani, ochlazovani, tvareni,
ohybani, tvarovani, lisovani, svareni apod. v prostiedi zemského magnetického pole a vlivem
provozniho zatizeni.

Abstract:

Method of Metal Magnetic Memory is method of a nondestructive inspection based on registration and
analysis of distribution of self-magnetic leakage fields (SMLF) arising on products and equipment in
stress concentration zones (SCZ) and metal defects. At that, SMLF reflect irreversible change of
a magnetization in a direction of maximal stresses action from working loads. Also SMLF reflect
structural and technological heredity of products and welded joints after their manufacturing and
cooling in a weak magnetic field.

MPM je zalozena na méfeni naruseni magnetického pole Zemé, v diisledku zmén magnetizace kovovych
trubek v oblasti koncentrace napéti (SCZ) a v oblastech rozvoje koroze a tunavového poskozeni.
Charakteristické oblasti zmén (frekvence, amplituda) vzhledem k deformaci potrubi, vznikaji v disledku
fady faktord: vlivem procesu vyroby, tepelného zpracovani, ochlazovani, tvafeni, ohybani, tvarovani,
lisovani, svareni apod. v prostfedi zemského magnetického pole a vlivem provozniho zatizeni,
za kolisani teploty venkovniho vzduchu a vliv zivotniho prostiedi (ptida, voda, atd.).

Principem metody je scanovani intenzity magnetického pole Hp tésné nad povrchem materialu
pomoci scanovaciho zafizeni, viz obrazek 1.1 — je to vozicek, na kterém jsou upevnény snimaci sondy,
opatifeny kolecky pro snimani vzdalenosti Lx a ptislusnou elektronikou pro zesileni a digitalizaci
signalti ze sond za pouziti ovéfenych kritérii a softwaru, kterym jsou data zpracovavana.

Pro vlastni méfeni neni tieba specialni uprava povrchu nebo odstranovani kryci natérové vrstvy.
Cetnost snimani dat ve vztahu k méfené vzdalenosti je mozno volit ve vlastnim méficim programu.
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Obrazek 1.1 — Méfici ptistroj MPM se scanovaci sondou

Obecné je aplikace MPM vyuzitelna ke sledovani zmén koncentraci namahani od samého pocatku
uvedeni konstrukci do provozu a dale pak v periodickych ¢asovych intervalech stanovenych pro danou
konstrukei. V nasledujicim schématu je znazornéna moznost vyuziti této metody pro diagnostiku
konstrukei.
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Obr. 2.1 — Schéma aplikace metody MPM pro diagnostiku konstrukei
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Na obrazku 3.1 je ptiklad méfeni nizkych gradientl na potrubi. Z hlediska urovné amplitud se jedna

o téleso bez vyskytu defekti a trhlin.
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Obr. 3.1 — Nizké hodnoty zon koncentraci namahani

Naproti tomu obrazek ¢. 4.1 reprezentuje lokalizaci mista zvySené koncentrace namahani v konstrukci
vyvolané vznikem a $ifenim unavové trhliny. Ptislusné amplitudy gradientti fadové presahuji zakladni

aroven viucéi materialu bez defektu.

Trhlina detekovana vysokou zénou koncentrace namahani
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Obr. 4.1 — Zaznam reflektujici existenci inavové trhliny
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Na obrazku 5.1 je detail zjisténé trhliny metalograficky. Je vidét, Ze ostra koncentrace namahani
odpovida z hlediska lokalizace mistu, ve kterém se trhlina nachazi.

Detail trhliny

Obr. 5.1 — Reélna trhlina

Priklady vyuziti MMM metody
¢ Elektrarny, plynovody, naftovody
=

Kovové konstrukce, doprava, letectvi

@ Lodé, zdvihaci stroje, strojni soucasti

. Metalurgie, védecka vyzkumna

¢innost
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Diagnostika potrubi uloZenych v zemi

Bezkontaktni magnetometricka diagnostika — BDM

Timto zptisobem lze kontrolovat plynovedy, ropovedy, teplovody, vodovody, obecné:
produktovody.

Snimani intenzity magnetického pole:

- vertikalni (osa Y)

- axialni, vodorovna podél osy trubice (osa X)

- kolmo k ose trubky (osa Z);

- gradient dH/dx po délce dX trubka pro vSechny vyse uvedené slozky magnetického pole.

Obr. 6.1 — Znazornéni méteni ve tiech osach

1 - silni¢ni kolo, a 2 — systém méfici vzdalenost, 3 - drzak skeneru
Typ 11/12, 4 - snima¢ typu 11/12, 5 - rukojet: 6 - drzdk méficiho
zafizeni, 7 - skladaci stojan, 8 - univerzalni hlavy.

Obr. 7.1 — Méfici kolo s métici sondou
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Na obrazku 8.1 jsou znazornéna mista zvysené koncentrace namahani, ktera po odkryti potrubi
reprezentovala korozni poskozeni materialu na vnéj§im povrchu.

dH/dx, (A/m) /a2

BRE8REEBRBR I

550

0 200 400 600 600 1000 1200 1400 1600 1600 2000 2200 2400 2600 2600 3000 3200 3400 3600 3800 4000 4200 4400 4500 4500 000 5200 5400 5600 5800 6000 6200 6400
Lx, e

Obr. 8.1 — Vysledky méfeni bezkontaktni diagnostikou (BDM)

Na obrazku 9.1 je zdznam magnetogramu a gradientli pro oblast napojeni potrubi DN 300 na hlavni
potrubi DN 1200.

Vysledky scanovani MMM kontaktni metodou na potrubi D 1020 mm piipojka D 300 mm.

1 - rozlozeni magnetického pole Hp a jeho gradient dH/dx podél koutového svaru.
2 - zatez az 3 mm v rohu svaru, ktery se shoduje se zonou maximalni koncentrace napéti SCZ.
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Obr. 9.1 — Zaznam magnetogramu a gradientl
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Prakticky postup provadéni inspekce BDM je na obrazku ¢. 10.1.

Obr. 10.1 — Inspekce pomoci BDM Obr. 11.1 — Vyznacené potrubi

V misté vyrazné anomalie bylo provedeno odkryti potrubi a detailni diagnostika, jejiz vysledky jsou
na obrazku 13.1.
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Obr. 12.1 — Typicky zdznam signdlu v zavislosti na vzdalenosti s vyznamnymi anomaliemi
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Na obrazku 13.1 byl detailni diagnostikou zjistén defekt typu vnéjsi trhlina, jejiz velikost a hloubka
byla ovérena ultrazvukem. Dany Usek potrubi byl vyfiznut a nahrazen novou c¢asti potrubi.
Na vyfiznutém Useku potrubi s defektem byla provedena tlakova destrukéni zkouska.

Obr. 13.1 — Detail zjisténého defektu

Zavér
Mezi hlavni vyhody této metody patfi:
O rychlost méfeni
O opakovatelnost méfeni
O neni tfeba Giprava povrchu méfeného materialu

O inspekce je mozna za provozu
O vcasna diagnostika unavového poskozeni

O vibrace nemaji vliv na méteni

Metoda magnetické paméti materialu (MPM) ma Siroké oblasti pouziti, ale i dil¢i omezeni, vlivem
vysoké citlivosti.

K limitujicim faktorm patii: nemagnetické materialy, uméle zmagnetované kovy, pfitomnost cizich
magnetickych materialii v t€sné blizkosti kontrolovaného objektu, pfitomnost externiho magnetického
pole nebo elektrického svafovani do vzdalenosti 1 m.
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Abstract

This paper reports the results of measurements by Impact-echo method on two applications
in civil engineering. The results are obtained in the laboratory during the hardening process
in quasi-brittle materials such as alkali-activated slag mortars and the degradation of
composite materials based on cement by high-temperature (in the temperatures range from
200°C to 1200°C). The results of non-destructive testing of such samples by acoustic
methods confirmed the differences in the structure of mortar specimens. A significant
decrease of the absorbed frequencies was observed depending on the temperature. A shift
of the dominant frequency to a lower value is a key indication of the presence of the flaw.

Key words: High—temperature, impact, mortar, specimens, frequencies.

1. Introduction

In civil engineering, efficient non-destructive quality control plays an important role
in the optimization of resources for manufacturing, maintenance and safety.
The impact-echo method is useful a non-destructive technique for flaw detection
in concrete. It is based on monitoring the surface motion resulting from a short-time
mechanical impulse. This method overcomes many of the barriers associated
with flaw detection in concrete, which occur at ultrasonic methods. One of the key
features of this method is the transformation of the recorded time domain waveform
of the surface motion into the frequency domain. The impact gives rise to modes
of vibration and the frequency of these modes is related to the geometry of the tested
object and the presence of flaws."

A short-time mechanical impulse, generated by tapping a hammer against
the surface of a concrete structure, produces low-frequency stress waves which
propagate into the structure.> 4 Thus generated waves propagate through
the specimen structure and reflect from the defects located in the volume
of specimen or in the surface. Surface displacements caused by the reflected waves
are recorded by a transducer located adjacent to the impact.5 The signal is digitized
by an analogue/digital data system and transmitted to a computer memory. This
signal describes transient local vibrations, which are caused by the mechanical wave
multiple reflections inside the structure. The dominant frequencies of these vibrations
give an account of the condition of the structure, which the waves pass through.® 7
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The signal analysis from the impact-echo method is the most frequently performed by
frequency spectra obtained from the fast Fourier transform. Fourier analysis converts
time to frequency and vice versa. A fast Fourier transform (FFT) is an algorithm to
compute the discrete Fourier transform (DFT) and it is inverse.

2. Experimental

Materials. Material for hardening process of alkali-activated slag mortars:

The mixture consisted of 450 g of fine-grained granulated blast furnace slag
Stramberk 380 (specific surface area 380 m2kg-1), 180 g of sodium silicate (water
glass) with modulus 1.6, 1350 g of silica sand (maximum grain size of 2.5 mm) and
95 ml of water. The amount of admixtures was 0.1 wt.% with respect to the slag.
CNTs were added in the form of well-dispersed aqueous dispersion containing
1 wt.% of multi-walled carbon nanotubes (Graphistrengths CW 2-45). Since CNTs
are commonly not water-soluble, the dispersion contained also carboxymethyl
cellulose (68 g/L) as a dispersing agent.® The slurry was poured into steel moulds
(40%x40%x160 mm) to set. The samples were demoulded after 24 h and one set was
tested (marked 0d) and second set was immersed in water for another 28 days
before testing (marked 28d).

Specimens intended to be subjected in heating proces:

Mortars (of dimensions 40x40x160 mm) were produced using a type CEM |1 42.5 R
Portland cement (Ceskomoravsky Cement-Heidelberg Cement Group) and water
to cement ratio (w/c = 0.46) and quartz sand from Filtraéni pisky, s.r.o.
for preparation mixture test mortar, in a ratio of 1 to 3. In compliance with CSsyN
721200 standard. The specimens were left in the moulds for 24 hours, then cured
in water for 27 days and finally air-cured for 31 days at laboratory temperature
(25%2 °C) a relative humidity of 5315 %.

After initial curing, the specimens were dried at a temperature of 60 °C for two days.
Subsequently, the specimens were subjected to gradual heating in a furnace
at 200 °C, 400 °C, 600 °C, 800 °C, 1000 °C and 1200 °C. The temperature increase
rate was 5 °C/min. A dwell of 60 minutes at each temperature was provided, in other
to find out the effect to temperature on the specimens. After heat treatment,
the specimens were left to cool down spontaneously at laboratory conditions.

Test. In order to generate the acoustic signal, a hammer of 12 g mass, originally
suspended from(Ja hanger, was released to fall down on the specimen from a height
of 4 cm. The impulse is reflected by the surface but also by micro-cracks and defects
of the specimen under investigation. The response was picked up by an MIDI type
piezoelectric sensor. Its output voltage was fed into a TiePie engineering
Handyscope HS3, which is a two-channel, digital, 16 bits oscilloscope.
The piezoelectric sensor was placed at the end of the beam at the center
of transverse side and the hammer hit was carried out on the opposite side
in the direction of the longitudinal axis. The sensor was attached to the surface
of the sample by beeswax. Subsequently, the fast Fourier transform technique was
used to transform the recorded waveform into the frequency domain for each
of the output signals.
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3. Results and discusion

The experiment was employed to determine micro structural changes during
hardening process of alkali-activated slag composite with different admixtures.
Changes in density of the material due to the process of hardening as well as
the creation of micro cracks due to a time of curing are reflected in the shift
of dominant frequencies. Fig. 1 shows the shift of the resonance frequency during
14 days after demoulding without curing. The frequency of the reference specimen
(AAS) increased about 37 % during the first 48 hours from the measurement start
and then decreased to the steady value around 18% from initial value. The dominant
frequency of AAS+CNT (AAS+HPMC) specimen started 21% (15%) above the initial
dominant frequency of reference specimen (AAS). The dominant frequency
of AAS+CNT (AAS+HPMC) increased about 35 % (30 %) from initial value during
the first 24 hours and then decreased to the steady value around 23% (25%) from
initial value. The process of hardening and the formation of a hard and dense
structure cause the initial increase of dominant frequencies. At a later time,
the frequencies are again slightly shifted towards lower values. This phenomenon
is probably associated with the drying process, which is followed by shrinkage
of the AAS matrix and formation of microcracks.
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Fig. 1 Change of relative dominant frequencies over time - without curing

Fig. 2 shows the shift of the resonance frequency during 14 days after 28 days
of curing. The dominant frequency decreased for all measurement time to stable
value. For AAS specimen was stable value about 70% from initial value.
For AAS+CNT (AAS+HPMC) was the decline about 25% (20%) from initial value.
This decline is mainly associated with the drying process, which is followed by
shrinkage of the AAS matrix and probably formation of microcracks. Whereas that
dominant frequency obtained for specimens with admixtures were higher than for
reference sample, then both admixtures have a positive effect on the formation
of structure of alkali-activated slag composite. Both cellulose derivatives, which were
added to mixture, are able to retain water. These admixtures prevent the material
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from rapid drying and subsequent formation of the microcracks caused by drying
shrinkage, which generally occurs during hardening of samples. Carbon nanotubes
employed in one set of samples can act as micro reinforcement, it participates on the
improvement of the mechanical properties.
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Fig. 2 Change of relative dominant frequencies over time —after 28 days of curing

The mortar specimens of the compositions were exposed to the temperatures
of 200 °C, 400 °C, 600 °C, 800 °C, 1000 °C and 1200 °C. Fig. 3 presents the change
of dominant frequency versus temperature at which the specimens of mortar
compositions were subjected (arrangement UO-SO; longitudinal waves). For this
measurement, the sensor was placed at the specimen's end at its centre line
direction, while the specimen was hit at the opposite end at the centre line direction-
arrangement UO-S0. Longitudinal waves, which propagate within the sample
ataspeed of about 5100 m/s, can affect the mortar element oscillations.
The exposure at elevated temperatures causes a decrease of dominant frequency,
leading to the conclusion that the material’s elastic modulus for each composition
also decreases. Predominant frequencies are shifting towards to the lower frequency
range in the course of the degradation. The change is more rapid at the temperature
range of 400 °C - 600 °C, where are intense impurities changed. It is seen that
the predominant frequencies shifted down towards the lower frequency region.
For the specimen which underwent a thermal stress by a temperature of 1200 °C
is seen that the predominant frequencies shifted upwards towards the higher
frequency region. It is evident that a structural change, accompanied with
the creation of new crystal phases, takes place in the specimen at temperatures
of about 1200 °C.
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Fig. 4: Shift of dominant frequency induced by degradation at elevated temperatures
(Arrangement U1-S1).

Fig. 4 shows the change of dominant frequency versus temperature when
the arrangement was the U1-S1 one. In this case, transverse waves (gradual waves)
are predominantly spread through the specimens. The difference between U0-SO
and U1- S1 arrangements is that in the latter the measurement took place with
the sensor being placed at the mid-point and perpendicular to the specimen.
The specimen was hit at the mid-point opposite to the sensor. The dependence
of frequency on temperature was similar to that observed when U0-SO arrangement
was used, however frequency values were lower in the case of U1-S1 arrangement.
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Similarly as in the case of UO-SO arrangement (Fig. 3). The comparison
of Figs. 3 and 4 indicates that the frequency change is slower when arrangement
U1-S1 is applied. In general, acoustic methods illustrated the physical changes
in the structure of all tested materials. The reduction of predominant frequency
values was observed. Moreover, it was also observed in every case of elevated
temperature. The heating up to 110 °C resulted in loss of capillary water
and reduction of cohesive forces (weakening of bonds) due to moisture evaporation.
At about 170 °C decomposition of gypsum occurred, resulting in expansive spalling.
Between 250 - 300 °C the hydrated cement phases were decomposed, while above
300 °C resulted in Ca(OH)2 decomposition. Further temperature increase up
to 300 or 400 °C intensified cement paste thermal decomposition and degradation.
All mentioned changes resulted in embrittlement and hardening of the tested
materials. Thus, the observed reduction of frequency values was assumed to be due
to the formation of microcracks.

4. Conclusions

The paper deals with the results of measurements by Impact-echo method on two
applications in civil engineering. The aim of this paper was study the application of
the impact-echo method for detection of flaws in composite materials during different
stress situation (setting and hardening on air and exposing to elevated temperature).
It is known that the impact response signal of a specimen is composed of
frequencies corresponding to the modes of vibration of the specimen. A shift of the
dominant frequency to a lower value is a key indication of the presence of the flaw.
From the results obtained in the framework of our research and the results
demonstrated in this paper it can be summarized that the frequency inspection
carried out by means of the Impact-echo method makes a convenient tool to assess
the quality and life of these composite materials when exposed to stress situation.

Acknowledgement

This paper has been worked out under the project No. LO1408 "AdMaS UP -
Advanced Materials, Structures and Technologies", supported by Ministry of
Education, Youth and Sports under the ,National Sustainability Programme [" and
under the projectof specific research program at Brno University of Technology,
project No. FAST-J-15-2580.

REFERENCES

[1] N. J.Carino: Structures Congress and Exposition 2001. Proceedings. American
Society of Civil Engineers. May 21-23, 2001, Washington, DC, Chang, P. C.,
Editor(s), 1-18 pp, 2001.

[2] B. Kucharczykovda, P. Misak, T. Vymazal, Russian Journalof Nondestructive
Testing, 46(3)(2010)226 — 233,doi:10.1134/S1061830910030113

[3] T. Vymazal, N. Zizkova, P. Misak, Ceramics-Silikaty, 53(3)(2009) 216 — 445,
ISSN 0862-5468.

130 DEFEKTOSKOPIE 2015



[4] 1. PISkova, M. Matysik, Z. Chobola: Evaluation of ceramic tiles frost resistance
using Impact Echo Method, In 10th International Conference of the Slovenian
Society for Non-Destructive Testing: Application of Contemporary Non-
Destructive Testing in Engineering, Ljubljana, 2009, 333 — 340, ISBN 978-961-
90610-7-7.

[5] M. Matysik, M. Kofenska, I. PISkova: NDT of freeze-thaw damaged concrete
specimens by nonlinear acoustic spectroscopy method, In 10th International
Conference of the Slovenian Society for Non-Destructive Testing: Application of
Contemporary Non-Destructive Testing in Engineering, Ljubljana, 2009, 317 —
323, ISBN 978-961-90610-7-7.

[6] M. T. Liang, P. J. Su, Cement & Concrete Research, 31 (2001) 1427-1436,
doi:10.1016/S0008-8846(01)00569-5.

[7] E. Birgham,Fast Fourier Transform and lts Applications, 1st ed., Prentice Hall,
New Jersey 1988, 448, ISBN-13: 978-0133075052.

[8] L. Topolaf, H. Simonova, P. Rovnanik, P. Schmid: The Effect of the Carbon
Nanotubes on the Mechanical Fracture Properties of Alkali Activated Slag
Mortars, In Dynamic of Civil Engineering and Transport Structures and Wind
Engineering, Applied Mechanics and Materials, Donovaly, 2014, 243 — 246,
doi:10.4028/www.scientific.net/AMM.617.243.

DEFEKTOSKOPIE 2015 131



132 DEFEKTOSKOPIE 2015



Czech Society for Nondestructive Testing
NDE for Safety / DEFEKTOSKOPIE 2015
November 3 - 5, 2015 - Brno - Czech Republic

THE MONITORING OF DEGRADATION OF REINFORCED
CONCRETE CONSTRUCTIONS BY NON-DESTRUCTIVE

METHODS OF TESTING
Kristyna TIMCAKOVA*, Michal MATYSIK*
*Brno University of Technology, Faculty of Civil Engineering, Veveri 331/95, 602 00
Brno, Czech Republic
Contact e-mail: timcakova. k@fce.vutbr.cz

Abstract

The corrosion of steel elements in reinforced concrete can cause considerable damage to
civil engineering structures. Early detection of rust is therefore very important. The aim of this
paper is to evaluate the possibility of using the impact-echo method for monitoring corrosion
of concrete-covered steel.

For research we manufactured concrete beams, which were reinforced with one standard
reinforcing steel bar passing through the centre of the beam. After concrete curing and
drying, the samples were exposed to 20% carbon dioxide atmosphere. After concrete pH
decreased below 9.6 throughout the sample volume, samples were immersing into a 5 %
water solution of NaCl and subsequently placing into a drying oven. The measurement was
carried out before carbonation of concrete, after it, and then after every 20 cycles of
accelerated degradation by chlorides.

Impact-echo method uses a short-time mechanical impulse applied to the surface of the test
sample which produces elastic waves. These waves spread throughout the sample and is
reflected from the surface but also from micro-cracks and unobservable defects inside the
sample.

To verify the correctness of the NUS and impact-echo method results, additional
measurements were carried out (confocal scanning microscope).

It has been proved that this method can be used for monitoring corrosion of concrete-
covered steel.

Key words: impact-echo, reinforced concrete, steel corrosion, confocal microscopy

1. Introduction

Steel reinforced concrete parts can be threatened by corrosion. The corrosion of
steel elements in concrete decreased a lifetime of affected constructions and
negatively changes their properties. Steel in concrete is usually in a noncorroding,
passive condition. But if chloride moves into the concrete, it violates the passive layer
protecting the steel, causing it to rust. Another reason of steel corrosion in concrete is
carbonation. Alkaline environment in concrete protects steel from corrosion. A
problem causes the action of carbon dioxide which has the effect of lowering the
concrete pH. Under these conditions the steel is not passive and can corrode. [1]
This article describes the monitoring of corrosion which is caused by carbonation of
the concrete and supported by action of chlorides by using impact-echo method. The
paper presents results obtained on the reinforced concrete samples with one steel
rod passing through the centre.
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Impact-echo method is based on the acoustic properties of the material which are
dependent on its condition. A short-time mechanical impulse usually caused by a hit
of a hammer or falling steel ball spreads throughout the sample in the form of elastic
waves. These waves are reflected from the surface of sample but also from micro-
cracks and unobservable defects inside the sample and they are thus transformed.
On another location on the sample surface the piezoelectric sensors subsequently
detects these transformed waves as the response signal.6-8 The signal analysis from
the impact-echo method is the most frequently performed by frequency spectra
obtained from the fast Fourier transform. Usually we monitor changes in dominant
frequency depending on the damage of material structure. This method has a wide
application in mechanical engineering, power engineering and in many industries as
well as in civil engineering for its simplicity and quick to use. [2-5]

In addition, the sample surface was observed using a confocal microscope. In
conventional microscopy, not only is the plane of focus illuminated, but much of the
specimen above and below this point is also illuminated resulting in out-of-focus blur
from these areas. This out-of-focus light leads to a reduction in image contrast and a
decrease in resolution. In the confocal microscope all out-of-focus structures are
suppressed at image formation. The detection pinhole does not permit rays of light
from out-of-focus points to pass through it. The wavelength of light, the numerical
aperture of the objective and the diameter of the diaphragm (wider detection pinhole
reduces the confocal effect) affect the depth of the focal plane. To obtain a full image,
the point of light is moved across the specimen by scanning mirrors. The
emitted/reflected light passing through the detector pinhole is transformed into
electrical signals and processed by the computer.

2. Experimental section

For the research, the beams of dimensions 50 x 50 x 330 mm were made. They were
reinforced with one standard reinforcing bar of 10 mm diameter and of 400 mm
length, which passing through the centre of the sample. For the production of
concrete was used a mixture composed of 300 kg cement CEM 1I/B — S 32.5, 1350
kg of sand with fraction of aggregate 0 — 4 mm and 225 | of water. The concrete had
high water-cement ratio for ease penetration of degradation agents into the concrete
structure. After 24 hours, when these samples were in the form, they cured in water
for next 27 days and then they were dried on natural humidity at room temperature.
Thus prepared samples were exposed to 20% carbon dioxide at 80% humidity and
temperature 26 °C. The carbonation lasted for 60 days and the pH decreased below
the value 9.6 throughout the sample volume. Then the samples were undergo to
accelerated degradation by chlorides, when they were immersed into a 5 % water
solution of NaCl for 16 hours, to be subsequently placed into a drying oven with
temperature of air 40 °C, for 8 hours. The measurement was carried out before
carbonation of concrete, after carbonation and after every 20 cycles of accelerated
degradation by chlorides. We performed a total of 100 degradation cycles.

We constructed a measuring apparatus for impact-echo method. In this case the
hanging hammer weighing 12 g was used and the hit was carried out from a
predetermined height, which was the same for all measurements. The piezoelectric
sensor MIDI took the signal response, which was fed to the input of the two-channel
oscilloscope (TiePie engineering Handyscope HS3). Sensor was placed on surface
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of concrete and hit was carried out on uncovered reinforcement. [6-9] Scheme of
impact-echo method is shown in Fig. 1
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Fig.1 Impact-echo method scheme

Olympus LEXT 3100 laser confocal scanning microscope was used to study the
surface and cracks of specimens. The microscope uses the Ar laser blue-green
spectral line of the wavelength 488 nm, which makes it possible to gain a very high
precision 3D imaging and measurement. The microscope resolution power is:
superficial, 120 nm; sectional, 40 nm.

3. Results and Discussion

All the measurement results of individual methods are represented by sample 256
and sample 259. The dominant frequency of frequency spectrum obtained by the
impact-echo method for sample 256 before degradation by carbon dioxide was at
position 10869 Hz. After carbonation of concrete, this frequency moved to 10 172 Hz
and after 100 cycles of accelerated degradation by chlorides the value of this
dominant frequency was 9 950 Hz. These frequency shifts during the degradation is
shown in the graph in Fig. 2.
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Fig.2 Frequency shifts during the degradation of specimen 256 (obtained by impact-
echo method)
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Fig.3 Frequency shifts during the degradation of specimen 259 (obtained by impact-
echo method)

Using confocal microscope LEXT 3100, we monitored the state of the surface and
cracks of concrete samples during degradation. We always scanned the same place
on the surface. We are particularly interested in the growth of cracks. In the Fig. 4-6
(for sample 256) and 7-9 (for sample 259) we can see the gradual expansion of
cracks during the degradation process.

Fig.4. Crack in the specimen 256 after 40  Fig.5: Crack in the specimen 256 after 60
cycles of accelerated degradation by cycles of accelerated degradation by
chlorides chlorides
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F|g6 Crack in the Specimen 256 after F|g7 Crack in the SpeC\Imen 259 after 40

100 cycles of accelerated degradation by~ cycles of accelerated degradation by
chlorides chlorides

Fig.8. Crack in the specimen 259 after 60 Fig.8 Crack in the specimen 259 after 100

cycles of accelerated degradation by cycles of accelerated degradation by
chlorides chlorides

4. Conclusions

This paper presents our results of concrete-covered steel corrosion monitoring by
means of impact-echo method. The results of impact-echo method proved that this
method is very sensitive to damage of the concrete structure by carbonation and
corrosion. The shifts of the dominant frequencies obtained by using fast Fourier
transform from the response signal correspond with changes of the structure during
degradation. It has been shown that the deteriorating state of the structure has an
effect on the reduction of dominant frequencies.

Growth of the cracks was also proved by confocal microscopy. Based on this we can
say, that method is very promising for steel corrosion monitoring in concrete.
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Abstrakt

Beton je zakladni stavebnim prvkem ve stavebnictvi. V prabéhu tuhnuti, tvrdnuti prip. zrani
probihaji v betonu fyzikalni a chemické déje, pfi kterych beton ziskava chemickou stabilitu
a mechanické viastnosti. Obdobi tuhnuti a tvrdnuti je tedy velmi ddlezité. Tvrdnuti a tuhnuti
betonu jsou velmi komplikované a dilezité procesy, které vyznamné rozhoduji o celkovych
vlastnostech betonu. Prfispévek se zabyva sledovanim vlastnosti alkalicky aktivovanych
betond v tomto dulezitém stadiu. Alkalicky aktivované stavebni materiadly maji velky potencial
pro Siroké pouziti v praxi. Pro analyzu a hodnoceni se pouzilo méreni teplot uvniti vzorkt
a sledovani aktivity akustické emise. Metoda akustické emise sleduje aktivni zdroje (napr.
poruchy) vznikajici uvniti sledované struktury. Tedy muize identifikovat zdroje pri tuhnuti
a tvrdnuti. Vysledky ziskané v laboratofi jsou uZite¢né k pochopeni riznych fazi vzniku
mikrotrhlin béhem tuhnuti a tvrdnuti alkalicky aktivovanych beton(i a mize pomoct k jejich
rozS$ifeni v praxi.

Klicova slova: alkalicky aktivovany beton, mikrotrhliny, akusticka emise, teplota, tuhnuti,
tvrdnuti

Abstract

Concrete is the basic building material in the building industry. While concrete setting
eventually there are some physical and chemical processes in progress that helps to get the
chemical stability and mechanical quality. That is why the period of concrete setting and
hardening is so important. Concrete setting and hardening are very complicated and important
processes that influence the overall concrete quality. The article describes the observation of
the alkali-activated concrete quality during this important stage. Alkali activated concrete is
a material having a great potential to be used in practice. The temperature measuring inside
the specimen and observing of the acoustic emission’s activity were used for the analysis and
evaluation. The method of the acoustic emission observes the active source (for example the
defects) that occur inside the monitored structure. The results obtained in the laboratory are
useful to understand the various stages of micro-cracking activity during the hardening
process in alkali activated slag concrete and extend them for field applications.

Key words: Alkali-activated concrete, microcracks, acoustic emission, temperature, setting,
hardening
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1. Uvod

A Metody nedestruktivni defektoskopie jsou diagnostické metody, které tvofi nedilnou
¢ast kontroly vyrobku, struktury i konstrukce jak ve vyzkumné, vyvojové, pfedvyrobni
a vyrobni etapé tak i v provozu. Bez defektoskopie by nebyla zajiSténa
bezporuchovost, spolehlivost a bezpe¢nost v mnoha oblastech jako napf. v letectvi,
v jaderné energetice, v chemickém pruamyslu, ale i v bezpecnosti mostu, prehrad apod.
Obecné se nedestruktivni defektoskopie zabyva testovanim struktury kovovych
i nekovovych materiald a vnitfnich nebo povrchovych vad objektt bez zasahu do jejich
celistvosti. Za vadu materidlu nebo vyrobku povazujeme nespravné chemické slozZeni,
vady struktury, odchylky od pozadovanych mechanickych a fyzikalnich vlastnosti,
necelistvosti (trhliny, praskliny), dutiny (bubliny, péry, srazeniny, Fediny), vmeéstky
(struskovitost, nekovové a kovové vmésky), tvarové vady, koroze, opotfebeni aj. [1].

Neexistuje zadna univerzalni defektoskopicka metoda, ktera by byla jednoznacné
pouzitelna k pokryti vSech pozadavkl kontroly a vSech okolnosti, kterym muze byt
vyrobek, struktura ¢i konstrukce vystavena at’ uz se jedna o klimatické podminky nebo
lidsky faktor. Pfi volbé defektoskopické metody je nutné vychazet z fady faktor(
(mechanické dle pouzité metody také elektromagnetické viastnosti testovaného materialu,
rozméry objektu, okolni prostfedi, umisténi objektu z hlediska pfistupnosti aj). Soucasnym
trendem defektoskopickych metod je kromé zjisténi vady také stanoveni typu a rozmérd
této vady a jeji lokalizace v objektu. V pfipadé zjisténi vady je nutné rozhodnout o jeji
zavaznosti z hlediska predpokladaného pouziti vyrobku. Defektoskopické metody také
mohou slouzit k popisu chovani technickych struktur [1, 2].

L 4

méfici system
senzor

vina
=D> =\ =
stimulace '.{I@]\} ! stimulace
‘QZ \\\Q\»:_,,J/f;’) <ﬂ:

@ zdroj akustické emise

Obr. 1 Vznik a Sifeni viny pfi udalosti akustické emise [1]
Fig. 1 Scheme of the paper pages

Metoda akustické emise patfi k technikdm nedestruktivniho zkouSeni. Na rozdil
od jinych nedestruktivnich technik je metoda akustické emise pasivni kontrolni
metodou, kterd muzZe provérovat celou objemovou strukturu konstrukce. Vyhodou
akustické emise oproti jinym defektoskopickym metodam je kontinualni monitorovani
objektu a Uspora €asu v porovnani s postupnym testovanim jinymi metodami. Avsak
metoda akustické emise detekuje pouze aktivni poruchy. K akustické emisi dochazi
ve zdroji akustické emise pfi uvolnéni energie vlivem stimulace vnitfnim nebo vné&jSim
napétim viz Obr. 1 [1,2].
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Metoda akustické emise na rozdil od vétSiny ostatnich postupt nedestruktivniho
testovani sleduje aktivni defekty probihajici uvnitf sledované struktury. Tyto poruchy
mohou vzniknout pouze pfi zatiZzeni sledované struktury. Pasivni defekty i tvar
struktury nema na lokalizaci akustické emise zasadni vliv.

Udalost akustické emise je emitovana nevratnymi dislokacénimi a degradacnimi
procesy v mikrostruktufe a makrostruktufe materialu. Uvolnéna energie se
transformuje na mechanicky napétovy impuls Sifici se materidlem jako elasticka
podélna nebo pfi¢na vina. Jakmile vina dopadne na povrch materialu, ¢aste¢né se
odrazi a ¢aste¢né dochazi k jeji transformaci na jeden nebo vice médu. U deskovych
struktur se vina Sifi pfevazné Rayleghovou, tj. povrchovou vinou. Kromé& povrchové
viny dochazi také k transformaci napf. na Lambovy, tj. deskové viny. Kazda z téchto
vin se Sifi rGznou rychlosti. Signal detekovany na snimaci akustické emise
a prevedeny na elektricky se oznacuje jako signal akustické emise [3].

Alkalicky aktivovany beton je material, ktery nepotfebuje cement jako pojivo. Misto
cementu se pouzije material bohaty na kiemik a hlinik (popilek, vysokopecni struska
apod.). Tento material se aktivuje pomoci zasaditého cinidla, kdy nejcastéjSi je
kombinace kfemicitanu sodného nebo draselného a hydroxidu sodného nebo
draselného. K vyrobé alkalicky aktivovaného betonu se vyuziva stejnych technologii
jako pfi vyrobé bézného (cementového) betonu, podobné jako v béznych betonech
plnivo zabira nejvétsi objem (75-85 %).

Hydroxid sodny (louh sodny, E524). V soucasné dobé se hydroxid sodny vyrabi
elektrolytickym rozkladem roztoku chloridu sodného (solanky), pfi€emz vedlejSim
produktem elektrolyzy je plynny chlér.

2 NaCl+2 H,0 =2 NaOH +Cl+H, (1)

PFi rozpousténi ve vodé se uvolfiuje velké mnozstvi tepla. Proto se vzdy pfidava
hydroxid sodny do vody a ne voda do hydroxidu sodného. Voda, do které se hydroxid
pridava, musi byt vlazna (30-40 °C), nikdy by neméla byt horka nebo studena [4].
Hydroxid draselny se vyuziva méné nez hydroxid sodny. Primyslové se vyrabi bud
elektrolyzou vodného roztoku chloridu draselného, nebo varem uhliitanu draselného
s hydroxidem vapenatym [5].

Existuje mnoho zplsobl pro ureni vlastnosti betonu. Jejich aplikace v rannych
stadiich je velmi sloZita, nebo dokonce nemozné [6]. A v takovych situacich je vhodné
pouzit akusticky vinovod (Obr. 2). Jedna se o mechanické zafizeni slouzici
k zjednoduSeni a zpfesnéni méfeni pfi pfenosu akustickych vin ve vzorku z pasty,
malty nebo betonu. Vinovod umoziuje jednoduché umisténi snimacl pfip. generovani
mechanickych impulzG. Tedy provadéné experimenty maji podobnou statistickou
chybu, ktera se neliSi od pfimého umisténi na vzorku. Pouziva se napf. pro méfeni
chovani betonovych smési v ¢ase — v uvedeném pfipadé i méfeni aktivity akustické
emise.
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Obr. 2 Umisténi snimace na vinovodu
Fig. 2 Location of sensor on the waveguide

2. Experiment

Vzorky tvofi betonové kvadry o rozmérech 10 cm x 10 cm x 40 cm. Odliti se provadi
do betonovych forem, jejichZz delSi sténa je odkryta. Nasledné po odliti a do vibrovani
(pokud je nutné) jsou do formy umisténa Ccidla teploty. Méfeni pomoci metody
akusticka emise bylo provedeno na zafizeni DAKEL XEDO s pouzitim vhodnych
snimacut a vinovodu. Snimace akustické emise byly pfipevnény na vinovod (Obr. 2),
ktery byl zapustén do Cerstvé smési. Pro vyhodnoceni vzniku mikrotrhlin jsme se
zaméfili na aktivitu akustické emise, resp. nejCastéji pouzivany parametr pocet
prekmitl pfes nastavenou uroven. Teplotni cidla jsou odporové NTC termistory
s negativnim souginitelem odporu a, tj. s rostouci teplotou jejich odpor klesa. Cidla
jsou umisténa uvniti vzorku.

3. Vysledky

Z grafu (Obr. 3) je patrné, Ze u smeési s vodnim sklem a KOH je rychlej$i nastup
udalosti akustické emise béhem prvnich 200 hodin od zacatku méfeni. Oproti tomu je
pocet udalosti u smési s vodnim sklem a NaOH béhem méreného Useku vetsi. U obou
vzork(i byla méfena i teplota béhem tvrdnuti (Obr. 4), kterd m(Ze napomoci pfi
vysvétlovani predchazejicich srovnavacich grafa. Velky narlst pocétu udalosti
akustické emise na pocatku méreni u smési s vodnim sklem a KOH je zplisoben
rychlym narlstem i poklesem teploty béhem prvnich étyfiadvaceti hodin. Naproti tomu
smés s vodnim sklem a NaOH méla po znovu zahajeni méreni vysSi teplotu a tim si
vysvétlujeme celkové vétsi poCet udalosti akustické emise v celém méreni. Obecné je
patrny trend niz§iho poctu akustickych udalosti pro beton s KOH a to i pfesto, zZe pfi
jeho tuhnuti doslo k vyraznéj$imu rlistu teploty a pevnosti byly podstatné vyssi.
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Obr. 3 Srovnani zavislosti kumulativni ¢etnosti na case
Fig. 3 Time history of acoustic emission cumulative counts
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Obr. 4 Srovnani prubéht teplot v obou smésich
(méreni bylo preruseno mezi 87 — 160 h)
Fig. 4 Time history of temperature in specimens
(measurement was interrupted between 87 — 160 h)
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4. Zavér

Metoda akustické emise se jevi jako zajimava doplnujici metoda pro méfeni chovani
stavebnich konstrukci, struktur ¢i novych materidld pfi jejich zatéZovani. Pfispévek
ukazuje moznosti pouziti této metody pro sledovani chovani alkalicky aktivovaného
betonu na zadatku jeho Zivota. Casteéné ukazuje zmény v oblasti mikrostruktury
sledovanych vzorkl, v tomto pfipadé vlivem pfirozeného procesu tuhnuti, tvrdnuti
a zrani betonu. MUzeme usuzovat, ze zmény mikrostruktury v priibéhu prvnich 8 dnl
jsou pod vlivem odliSného hydratacniho tepla. Prabéh teplot ukazuje jak klasicky
pribéh, tak i anomalie, které jednotlivé smési mohou vykazovat. Zmény v dal§im
obdobi budou pravdépodobné vyvolany raznym alkalickym aktivatorem. Uvedené
metody ukazuji, Ze jejich pouziti pomaha k popisu tuhnuti, tvrdnuti a zrani alkalicky
aktivovaného betonu v laboratornich podminkach.
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stavebni materialy, konstrukce a technologie" podporovaného Ministerstvem Skolstvi,
mladeze a télovychovy v ramci ucelové podpory programu ,Narodni program
udrzitelnosti I" a projektu specifického vyzkumu na Vysokém uceni technickém v Brnég,
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OPPORTUNITIES FOR THE REDUCTION OF SUBSTANCES
AND EQUIPMENT IMPACT ON PERSONNEL IN
PENETRANT AND MAGNETIC PARTICLES TESTING

Yuriy YAREMENKO
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Abstract

Penetrant testing (PT) and magnetic particles inspection (MPI) are widespread methods of
non-destructive testing which are not required a lot of investments for manual application and
are simple in terms of discontinuous interpretation. On the other hand, work with chemicals
requires special precautions, safety instructions and disposal limitations. Growing demand
among customers to decrease impact of consumables and equipment on personnel and
environment, shift producers’ priorities to develop new, safer solutions.

This work offers to consider some results of MR Chemie company in development of free of
dangerous components consumables for PT and MPI and to look closer at aspects of
ultraviolet irradiation, as part of fluorescent PT and MPI methods, which affect on personnel
safety.

Key words: penetrant testing, magnetic-particles inspection, UV irradiation, personnel
safety, test media hazards

1.1. TEST MEDIA PERFORMANCE AND HAZARD CONSEQUENCES

When we consider parameters which influence the probability of discontinues
detection by Penetrant testing (PT) and Magnetic particles inspection (MPI), besides
process variables and conditional variables, professionals stress the importance of
test media properties. Chemical composition of the test media brings on the top of
tests’ performance such qualitative parameters as wetting ability, which is
responsible for parts coverage by test media in PT and MPI; viscosity, which links to
magnetic particles mobility during magnetization in MPI; washing ability — parameter
affecting on background during interpretation in PT, etc.

From the beginning of PT and MPI methods invention, consumers and producers of
test media were focused on achieving highest qualitative parameters of the test
media. In that times kerosene, naphtha and AZO dye pigments were widely used in
test media production, as they were the simplest and easiest way to maximize test
media’s performance. On the other hand, these substances were (and are) distinct
risk factors, initiating such serious diseases like skin cancer, genetic damage and
other fatal impacts, as well as they were subject of disposal limitations.
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1.2. REACH REGULATION

In order to ensure a high level of protection of human health and the environment
from the risks that can be posed by chemicals, so called REACh regulation by
European Chemical Agency (ECHA) was found. Since 2007, the regulation has been
regularly updated, bringing more restrictions for the chemicals circulation and better
transparency in dangerous substances identification for the end user.

Upcoming version of REACh, which is awaited for release at the end of 2015, is
bringing more changes (below are listed some of these changes):

=) Candidates list of carcinogen, mutagenic and toxic substances continues to
expand and draw up 161 substances (on Dec 2014)

=) Threshold concentrations, when substance counted as hazard, are being
decreased for a lot of products

=) Health and other hazard phrases are being rephrased with greater emphasis
on the danger impact

= Hazard pictograms graphical conversion to GHS (Globally Harmonized
System of Classification and Labeling of Chemicals)

As result, much more substances should be declared by producers as dangerous
and labeled accordingly.

1.3. ACHIEVEMENTS AND APPLICATION CHANGES

MR Chemie company were eager to meet this challenge and alongside with our
standard products (which do not have AZO-dye pigments, and most of them counted
as bio-degradable) to develop line of consumables which are recognized as free of
dangerous components according to the upcoming new version of REACh regulation.
These products are labeled as ECO LINE and have additionally such properties as:

=) Not hazard (even not irritant)
Not flammable
Do not contain volatile organic compounds (VOC)

Have optimal removability and wetting ability

O 000

Have no foaming effect and have high particles mobility
=) Have increased fluorescence brightness

It is worth mentioning, that development of such properties ought to change recipes
substantially, which result in several changes in application of the test media.
Products, which are in aerosol cans supplied, have narrower and not homogeneous
spraying pattern; for application of aqueous developer and white contrast paint
pneumatic spray guns are necessary, also increased application and dryness time
should be taken into account; Pre-cleaning procedures before water-based test
media application should be handled thoroughly. Nevertheless, more and more
customers adapt these changes in favor of safer operation.

2.1. ULTRAVIOULET IRRADIATION AS PART OF INTERPRETATION PROCESS

Ultraviolet (UV) irradiation is a part of interpretation process in fluorescent sub-
methods of PT and MPI. Therefore exposure to UV and its hazard consequences
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should be considered by Health and Safety Executives inherently with test media
hazards.

UV filtered spectacles, masks and clothing which covers exposed parts of the body
are essential part of protective measures for operators. Alongside with the operator,
the risk of exposure for surrounding personnel is always existent. Therefore,
comprehensive approach to protective measures is needed, and UV basics, UV
harmful impact and types of artificial sources should be studied more thoroughly.

UV light is electromagnetic radiation with a wavelength shorter than visible light, but
longer than X-rays. Whole UV spectrum lies in the range of 100 — 400 nm and
typically cannot be seen by human eye. Basically, UV is classified in 3 wavelength
bands. Short wavelength UV-C [100...280nm], middle wavelength UV-B
[280...315nm] and long — UV-A [315...400nm]. In non-destructive testing, there is
UV-A spectrum permissible with a peak at 365 + 5 nm. According to EN ISO 3059,
particular requirements to the UV spectrum profile are prescribed as well. Such strict
approach to approved UV wavelength is caused by the fact that different UV
wavelength bands have different influence on human. Let us look at these main
differences.

2.2. ULTRAVIOULET HAZARD ASPECTS

Parts of human body affected by UV are eyes and skin. The lens of the eyeball is
more sensitive to UV-A and part of UV-B bands. Starting from 300 nm this and higher
wavelength of the UV are absorbed by lens and cause protein changes. On the other
hand, the layer of the skin called epidermis is more sensitive to UV-B irradiation,
whereas UV-A is passing by to deeper layer, i.e. the dermis. UV-B spectrum plays a
key role in DNA changes in epidermis cells, and both UV-B and UV-A contribute to
skin aging (photoaging). It is worth mentioning that alongside with UV spectrum,
there is another harmful light band belonging to visual spectrum, namely violet light
[400 ... 490 nm]. This light band affects the back wall of the eyeball and its element
called macula.

Typical diagnoses caused by each band of wavelength are: conjunctivitis and
cataract for the eyes affected by UV-A and UV-B; Macula degeneration for the eyes
affected by violet light emission; erytherma, elastosis (photoaging) and skin cancer
for the skin — mainly by UV-B.

After the overview of causes leading to the most harmful consequences to the human
health, it is important to consider the relationship between the wavelength of the light
emitted and power of its effects.

2.3. WAVELENGTH AND THE POWER OF EXPOSURE CORRELATION

European Directive 2006/25/EC set requirements regarding personnel protection
exposed by the artificial optical radiation to the eyes and to the skin. UV exposure
limits values for 8 hours shift draw up: 30 J/m? for the general UV spectrum (180-400
nm) and 10* J/m?for UV-A band only.

These values shows that biophysical impact of the UV-B and UV-C spectrum dose is
seen as a lot more harmful than UV-A. Graphical interpretation, as shown in Figure 1,
describes detailed relationship between biophysical impact of different UV bands,
using Action spectrum Index, S(A).
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Figure 1: Biophysical impact of UV irradiation as a function of wavelength. Graphical
interpretation of the data obtained from 2006/25/EC Directive

When we impose on this graphic Xenon, Mercury or other type of conventional UV
source (Figure 2) and compare the overlay with the spectrum of UV Light Emitted
Diodes (LEDs) (Figure 3), it clearly shows that conventional UV sources have much
more intensive effects on operator than UV based on LED source. Taking into
account logarithmic scale of action spectrum index S(A), the harmful influence
becomes sizable even at UV spectrum with low intensity.
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Figure 2: Selective example of Xenon UV Lamp spectrum with built-in UV filter
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Moreover, in course of time, UV filter age and the borders of intercepted spectrum
expand, and unwished UV wavelengths (which emitted unfiltered conventional UV
source) are amplified. On the other hand, LEDs produce narrower UVA spectrum and
do not irradiate UVB spectrum at all, no matter whether these irradiations are filtered
additionally or not.

Besides UV spectrum, Health and Safety executives need to pay attention to violet
light band, whose harmful spectrum sometimes underestimated. Figure 4 shows
difference in action of Violet light spectrum in association with Macula degeneration
diagnosis.
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Figure 4: Photochemical impact of Violet light spectrum. Graphical interpretation of
the data obtained from 2006/25/EC Directive

Alongside with the conventional UV sources, UV Lamps with any kind of UV source,
which produce spectrum of visible light in wavelength 400 — 490 nm should be
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avoided. Furthermore, violet background is typically registered on inspected surface,
during its exposure under permissible 365 nm UV. The higher the concentration of
UV beam, the more intense the violet light emissions back to the operator.

3. SUMMARY

Thus, there are a list of preventive measures, which have to be taken into account for
the impact reduction of consumables and UV equipment when perform PT or MPI.

For consumables:

=) Pay attention to symbols and hazard phrases labeled on product AND
mentioned in Safety Data Sheets (SDS)

=) Avoid products with carcinogenic, mutagenic, toxic and other serious harmful
effects

= Consider products free of hazard symbols

For UV equipment:

= Use protective equipment against UV irradiation

=) Avoid UV sources with any portion of UVB spectrum

] For conventional UV sources, as mercury, xenon, etc., replace UV filter
regularly

=) Avoid any UV sources with violet light irradiation [400...490 nm]
= Consider UV sources based on LED technology
=) Avoid UV sources with high intensity and concentrated UV beams
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BUZENYM ULTRAZVUKEM
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Abstrakt

V prispévku je predstavena technika zkouseni uhlikovych kompozitit pomoci laserem buzeného
ultrazvuku. Je demonstrovano vyssi rozliSeni a vyssi citlivost. V prispevku je diskutovano
srovnani techniky phased array s laserem buzenym ultrazvukem, dale je diskutovan budouci
vyvoj techniky laserem buzeného ultrazvuku.

Kli¢ova slova: uhlikovy kompozit, ultrazvuk

Abstract

The technology of Contact Laser-Ultrasonic Evaluation of fiber reinforced composites
is presented. Enhanced resolution and sensitivity is demonstrated. The comparison of phase-
array and contact laser-ultrasonic evaluation investigation of composites is discussed.

The prospects of contact laser-ultrasonic evaluation are discussed.

Key words: carbon-fibre reinforced composite, ultrasound
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ZKOUSKA TESNOSTI MERENiIM PRUTOKOMEREM ATC Inc.
LEAK TESTING BY MICROFLOW METER ATC Inc.

David NOVAK
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Abstrakt

Prispévek se zabyva celosvétové patentovanym zplsobem zkouSeni tésnosti s pouZitim
velmi presného pritokoméru spolecnosti ATC Inc. Prispévek porovnava bézné metody
mérfeni tésnosti pouZivané v praxi v sériové vyrobé i jinych aplikacich. Prispévek zmiriuje
zakladni princip a posloupnost méreni a uvadi nékolik prikladi z pramyslové praxe.

Klicova slova: zkouska tésnosti, méreni pratoku, sériova vyroba

Abstract

The article deals with worldwide patented way of leak testing by using highly precise
flowmeter manufactured by ATC Inc. The article compares usual methods of measuring of
leak measurements used in serial production and other applications. The article mentions
basic principles and sequence of measurement and denotes several examples of industrial
applications.

Key words: leak testing, flow measurement, serial production
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3-D NONLINEAR SUB-HARMONIC IMAGING
TO VISUALIZE CLOSED CRACK PROFILE

Choon-su PARK
Korea Research Institute of Standards and Science in South Korea.
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Abstract

Ultrasound phased array (PA) imaging for industrial nondestructive inspection usually used
to show where flaws are in 2-D plane by using a linear measurement array. As a commonly
used nondestructive internal flaw imaging method, there has been increasingly needed to see
the flaw in three-dimension like as medical imaging has been doing. The major reason for the
increase in the use of 3-D imaging is associated with the limitation of planar section viewing
of 3-D flaw. The limitation that asks for improvement of 2-D imaging algorithm as well as
transducer fabrication has long been investigated, but some technical deficiencies still remain
for practical use. In particular, nonlinear sub-harmonic phased array imaging also has been
proved to be a method to show closed crack in 2-D plane from linearly aligned measurement.
Closed cracks such as SCC (stress corrosion crack) often complicatedly propagate through
elastic solid. Here, a 3-D sub-harmonic imaging is presented, and 2-D beamforming to form
3-D images is numerically simulated. In addition, it is experimentally demonstrated that 3-D
sub-harmonic imaging with CT specimen after cyclic load clearly shows closed crack profile
with a scanning laser Doppler vibrometer.

Key words: nonlinear sub-harmonic imaging, closed crack, 3-D imaging, phased imaging
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PRIPRAVA NOVE LEGISLATIVY V RADIACNI OCHRANE

Zuzana PASKOVA
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Abstrakt

Statni urad pro jadernou bezpecnost pripravuje od roku 2011 novelu ,,atomového zakona*.
Divodii ke zménam je nekolik: technologicky vyvoj, zkuSenosti z predchozich uprav, nové
Doporuceni ICRP a nové Direktivy Evropské komise v oblasti radiacni ochrany, zména
legislativné technickych pozadavkii a priprava nového jaderného zdroje.

Podle nového doporuceni ICRP se do praxe zavadéji tzv. ,,expozicni situace* — planovand,
existujici a nehodovda a k nim budou vztahoviny pozZadavky na zajisténi radiacni ochrany.
Vyznamnou zménou je zména hodnoty rocniho limitu pro radiacni pracovniky na 20 mSv
pro efektivni davku a snizent limitu ekvivalentni davky na ocni cocku na 50 mSv za rok.

Pro oblast vyuzivani zdrojii k primyslovym aplikacim jsou stanoveny podrobnéjsi pozadavky
pro praci s nimi, predevSim pro prechodnd pracovisté, ktera jsou z hlediska vzniku
nestandardnich situaci nejvice rizikova. Soucasné bude vyssi diiraz kladen na zabezpeceni
zdroju z hlediska jejich mozného zneuZiti (security). Vyhlaska o radiacni ochrané obsahuje
podrobné pozadavky na zabezpeceni zdrojii vzhledem k jejich kategorii rizika, které byla
prevzaty z doporuceni Mezinarodni agentury pro atomovou energii.

V soucasné dobé je pripraveno paragrafové znéni novely atomového zdakona a dokoncuje se
paragrafové znéni vyhlasek. Predpokladana ucinnost novych predpisii je od 1. 1. 2017.

Kli¢ova slova: jaderna bezpecnost, novela, atomovy zdakon
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OHLEDNUTI ZA KONFERENCI 11. ECNDT 2014
A POKROKY V NDT METODACH

HINDSIGHT TO THE 11™ ECNDT 2014 CONFERENCE
AND THE PROGRESS IN NDT METHODS

Zdenék PREVOROVSKY
Ustav termomechaniky AV CR, Praha
Zp@it.cas.cz

Abstrakt

V loriském roce porédala CNDT dosud nejvétsi mezinarodni akci ve své historii —
11. Evropskou konferenci o NDT, ktera se zaradila jak Gcasti (byli zde Gcastnici ze 62 zemi
v8ech kontinentu), tak poctem odbornych referati a vystavovatelli mezi nejvyznamnéjsi
svétové udalosti v tomto oboru. V pFispévku jsou shrnuty nékteré zavéry a vysledKky vyplyvajici
z této konference a jeji srovnani s predchozimi evropskymi a svétovymi konferencemi
za poslednich 15 let. Prehled témat, obsazenych ve vice nez 4000 odbornych pfispévki
na 4 evropskych a 4 svétovych konferencich ukazuje, Ze nejcastéji se tykaji predevsim
tradi¢nich ultrazvukovych a radiografickych metod, u kterych jsou nicméné rovnéz patrné
vyrazné kvalitativni zmény. Tyto zmény spolu se zavadénim zcela novych metod a postupl
vedou jak ke zvyseni spolehlivosti defektoskopickych zavéri, tak k automatizaci kontrol
s vylou¢enim lidského faktoru a k postupnému zavadéni kontinualniho monitorovani. Zajimava
Jjsou srovnani poctu prispévku z rGznych oblasti NDT cinnosti, naznacujici vyvojové trendy
a pokroky v jednotlivych NDT metodach a aplikacich, z nichZ je mozné vyvodit i progndzy,
jakym smérem se budou NDT techniky ubirat v nejblizsich letech. Pro &leny CNDT byla tato
konference vyznamna jak z hlediska mezinarodni prestize tohoto spolku i tim, Ze prokazala
vysokou troveri defektoskopie v CR, srovnatelnou s nejvyspélej§imi zemémi svéta a oteviela
dalsi pfilezitosti pro uplatnéni ¢eskych NDT firem na zahranicnich trzich.

Abstract

In the last year, the Czech Society for NDT organized up to now the biggest international
action in its history — 11" European Conference on NDT “ECNDT 2014”. With attendance of
participants from 62 countries around the world and large number technical contributions and
exhibitors, ECNDT 2014 can be ranked among the most considerable events in this domain.
Some conclusions and results following from 11th ECNDT are presented in this contribution,
along with its comparison with previous European and World NDT conferences during the
last 15 years. A survey of topics handled in more than 4000 papers presented at 4 European
and 4 World conferences shows that they are mostly dealing with traditional ultrasonic and
radiographic methods undergoing pronounced qualitative changes. These changes along
with implementing new methods and techniques are leading as to enhancement of defects
detection reliability as control automation with human factors elimination. Remarkable are
also gradual installations of continuous Structural Health Monitoring systems. Interesting is
a comparison of numbers of papers concerning various NDT areas, which imply evolution
trends and progress of different NDT methods and applications. It allows also prognoses of
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NDT directions in near future. 11t ECNDT 2014 conference was highly important for
members of the Czech NDT Society as it shown international prestige of the Society and
high level of NDT in the Czech Republic, comparable with the most advanced world
countries. The conference also opened new opportunities for exertion of the Czech NDT
firms and experts abroad.
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MAGNETIZACE NESTANDARDNICH DiLU MAGNETICKOU
PRASKOVOU METODOU
MAGNETIZATION OF SPECIAL PARTS BY MEANS OF
MAGNETIC PARTICLE METHOD

Miroslav ROXER
ATG s.r.o.
Contact e-mail: roxer@atg.cz

Abstrakt

Prispévek se zabyva zpusobem magnetizace feromagnetickych dili nestandardnich tvard
pro ucel zkouSky magnetickym praskem. Naznacuje limity standardnich magnetizacnich
technik pro dané aplikace. Tyto limity vychéazeji jednak z poZadavki norem a zakaznikd,
druhak z realnych moznosti magnetizér(. Prispévek dale ve dvou pripadech srovnava
numericky model magnetizace s naslednym fyzickym experimentem. Konkrétnimi objekty,
kterymi se prispévek zabyva, jsou brzdové kotouce pro letecky primysl a motocyklova
hridel.

Klicova slova: magneticka praskova metoda, numericky model, MT klikové hridele,
MT brzdovych kotouci

Abstract

The article deals with way of magnetization of ferromagnetic parts of special shapes for the
purpose of magnetic particle test. It denotes limits of standard magnetization techniques for
given applications. These limits rise from the requirements of standards and customers as
well as real capabilities of magnetizers. In two cases the article also compares numerical
model with following real experiment. The article deals with aircraft brake wheel and
motorbike crankshatt.

Key words: magnetic particle method, numerical model, physical experiment, MT of
crankshafts, MT of break wheels
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DIAGNOSTIKA DEFEKTOV SOLARNYCH CLANKOV
ZA POUZITIA INFRACERVENEJ TERMOGRAFIE
A SUMOVEJ SPEKTROSKOPIE
DIAGNOSTICS OF SOLAR CELLS DEFECTS
USING INFRARED THERMOGRAPHY
AND NOISE SPECTROSCOPY

) Lubomir SKVARENINA
Ustav fyziky, Fakulta elektrotechniky a komunikaénych technolégii VUT
Contact e-mail: xksvar01@stud.feec.vutbr.cz

Abstrakt

Tento ¢lanok sa zaobera nedeStruktivnou diagnostikou monokrystalickych kremikovych
solarnych c¢lankov. Defekty solarnych &lankov ovplyviuju elektrické parametre a nasledne
maju znacné dbsledky na ich ucinnost’ ¢i spolahlivost. Z tohto dévodu je potrebna analyza
a lokalizacia defektov pre zabranenie, pripadne minimalizovanie ich pritomnosti
v naslednych technologickych procesoch vyroby. Sumové spektroskopia je metéda, ktora je
velmi citlivda na detekciu réznych defektov a nehomogenit. Diagnostika vychadza
z predpokladu, ze PN prechod solarneho ¢lanku je v zavernom smere. PN prechod je
namahany a lokalne pretazeny silnym elektrickym polom, ktoré spdsobuje silné fluktuacie
prudu nasledované generaciou Sumu. Narast zaverného prudu taktiez spésobuje zvySovanie
lokélnej prudovej hustoty v defektnych oblastiach sprevadzanych lokalnym prehrievanim.
Tieto miestne prehriatia su nasledne lokalizované pouzitim infracervenej termokamery
v kombinécii s makro objektivmi.

Kracové slova: solarny ¢lanok, nedestruktivna diagnostika, Sum, termografia, spektroskopia

Abstract

This article deals with non-destructive diagnostics of single-crystalline silicon solar cells.
Solar cells defects affect electrical parameters and subsequently have major consequences
for their efficiency and reliability. Therefore it is necessary to analyse and locate defects to
prevent or minimize their presence in further technological processes of production. The
noise spectroscopy is a method which is very sensitive for detection of various defects and
inhomogeneities. Diagnosis is based on the assumption that a PN junction of solar cell is
reverse-biased. The PN junction is stressed and locally overloaded by strong electric field
which causes a strong current fluctuations followed by generation of noise. The growth of
the reverse current also causes an increase of local current density in defective area
accompanied by local overheating. This local overheating is then localized using an infrared
thermal imager in combination with a macro lenses.

Key words: solar cell, non-destructive diagnostics, noise, thermography, spectroscopy
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MOZNOSTI VYUZITi IRNDT PRO DETEKCI KOROZNIHO
POSKOZENI VNITRNi STRANY OCELOVYCH STEN

POSSIBILITIES OF IRNDT FOR CORROSION DAMAGE
DETECTION ON STEEL WALLS INNER SIDE

Michal SVANTNER
ZapadocCeska univerzita v Plzni
msvantne@ntc.zcu.cz

Abstrakt

V' prispévku je predstavena metoda infraerveného nedestruktivniho testovani
(IRNDT). Jsou popsany zakladni vlastnosti metody a postupy méreni. Jsou uvedeny
vysledky méfeni na testovacim ocelovém vzorku, kde jsou demonstrovany mozZnosti
plosného a hloubkového rozliseni metody. Je uveden pfiklad vyuZiti metody pro

detekci korozniho poskozeni vnitini strany ocelovych stén.

Klicova slova: infracervené nedestruktivni cestovani, ocelova sténa

Abstract

The infrared non-destructive testing method (IRNDT) is presented in the contribution.
The method basic properties and measurement procedures are described. Results
of an inspection of a steel test sample are presented. The results are used for
demonstration of the spatial and depth resolution of the method. An example

of detection of corrosion damage on a steel wall inner side is presented..

Key words: infrared non-destructive testing method, steel wall
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PIEZOELEKTRICKE BALKOVE, KOMPOZITNi A FOLIOVE
SNIMACE PRO AE DEFEKTOSKOPII ROZBOR VNITRNI
STRUKTURY, SROVNAVACI MERENI A APLIKACNI LIMITY

PIEZOELECTRIC BALK, COMPOSITE AND FOIL AE
SENSORS FOR NON-DESTRUCTIVE ANALYSIS OF
INTERNAL STRUCTURE, COMPARATIVE MEASUREMENT
AND APPLICATION LIMITS!

Miroslav VESELSKY
DAKEL — ZD Rpety
e-mail: veselsky@dakel.cz

Abstrakt

Ve c¢lanku je popsano konstrukéni uspofadani nékolika vybranych konstrukénich
variant snimacu AE s elementy z PZT piezokeramiky s analyzou vzajemnych vztaht
zakladnich parametr(. Srovnavany jsou hodnoty finalnich parametrd snimacd
s balkovou keramikou, piezokompozitem typu 3-1 a tenkou piezokeramickou folii.
V grafickych prehledech jsou uvedena srovnavaci méreni frekvencnich charakteristik
zastupcl jednotlivych typt snimacd vpasmu 10 kHz az 800 kHz, vcetné
dynamickych odezev na pulzni zdroj.

Klicova slova: snimacCe akustické emise, piezokompozitni materialy, tenké
piezokeramické folie, frekvencni charakteristika

Abstract

The present paper describe the inner arrangement of the several types of the AE
sensors with the active PZT piezoelectric ceramic elements with the structural
modification — bulk ceramic unit, piezocomposite class 3-1 unit and thin PZT foil unit.
The task was focused on the comparison measuring of the frequency characteristic
of the AE sensors and the dynamic behaviour under Hsu-Nielsen source excitation.

Key words: acoustic emission (AE) sensor, frequency characteristic, PZT
piezoelectric ceramic, PZT thin foil, piezocomposite

1 Strojovy pieklad sluzbou Google

DEFEKTOSKOPIE 2015 161



Czech Society for Nondestructive Testing
NDE for Safety / DEFEKTOSKOPIE 2015
November 3 - 5, 2015 - Brno - Czech Republic

ZAJISTOVANI KVALITY PROCESU PERSONALNI
KVALIFIKACE A CERTIFIKACE V NDT

ENSURING QUALITY OF NDT PERSONNEL
QUALIFICATION AND CERTIFICATION PROCESS

Tomas ZAVADIL
ATG (Advanced Technology Group), s.r.o.
Contact email: zavadilt@atg.cz

Abstrakt

Proces kvalifikace personalu je dulezita souc¢ast procesu nedestruktivniho testovani. Existuji
ruzné kvalifikacni systémy, které Ize obecné rozdélit do dvou skupin (nezavisla
a zaméstnavatelska), lisicich se delegaci odpovédnosti za kvalifikacni proces. Oba typy
kvalifikaénich systém( maji své vyhody a nevyhody a jejich rozdily vyZaduji od Skolicich
a zkuSebnich stredisek zcela rozdilny pfistup. ATG nabizi obé alternativy jiz 24 let s rostouci
zakladou zékazniku. Pristup ATG reflektuje potfeby zakazniku, stejné tak jako i trhu celkové
a v ramci této prezentace bude vysvétlen.

Klicova slova: Skoleni, zkou$eni, kvalifikace, certifikace, hodnoceni vykonnosti

Abstract

Qualification process is an important part of the NDT process. There are various qualification
systems involved, divided generally into two groups (independent and employer) based on
the delegation of responsibility for the qualification process. Both qualification system types
have their advantages and disadvantages and their differences require from training and
examination centers different approach. ATG provides both alternatives already for 24 years
with growing base of customers. The ATG way is reflecting both needs of customers as well
as needs of the market as a whole and in this presentation it will be explained.

Key words: training, examination, qualification, certification, performance evaluation
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ZKOUSENi ZPUSOBILOSTI JAKO NASTROJ PRO
HODNOCENI A POROVNAVANi DODAVATELU PROCESU
NDT
PROFICIENCY TESTING AS A TOOL TO EVALUATE AND
COMPARE NDT PROCESS SUPPLIERS

Zbynék ZAVADIL, Tomas ZAVADIL, Vaclav JANDURA, Jifi PITTER
ATG (Advanced Technology Group), s.r.o
Contact email: zavadil@atg.cz, zavadilt@atg.cz, pitteri@atg.cz

Abstrakt

Investori a spolecnosti zajistujici NDT proces externimi zdroji od nezavislych organizaci
potrebuji pravidelné hodnotit své dodavatele a vzajemné je porovnavat, aby byli schopni
vybrat vhodného dodavatele procesu NDT. To mize byt zajisténo svymi auditory, nebo miize
byt vyuzito Proficiency Testing (Zkouseni ZpUsobilosti). Princip mezilaboratorniho systému
ILAC dle ISO/IEC 17043 poskytuje nezavisly nastroj k ovérfeni zpusobilosti mozZnych
soucasnych ¢&i budoucich dodavatelt NDT procesu, ovéfit jejich shodu s implementovanym
systémem fizeni kvality dle ISO 17025 a motivovat portfolio dodavatelt k celkovému
zvysovani jejich vykonnosti.

Klicova slova: zkou$eni zpusobilosti, ISO 17043, ISO 17025, proces NDT

Abstract

Investors and companies outsourcing NDT process from secondary organizations need to
evaluate their contractors on regular basis and compare them to choose the appropriate NDT
services supplier. It can be provided by own auditors and approval staff or can be exploited
Proficiency Testing tool. ILAC according to ISO/IEC 17043 provides an independent tool for
validation of professional competence of possible or current NDT suppliers, assess their
conformity with implementation of quality management system according to ISO 17025 and
motivate its portfolio of suppliers to increase their overall performance.

Key words: proficiency testing, ISO 17043, ISO 17025, NDT process
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46t International Conference and Exhibition

NDE for Safety / Defektoskopie 2016
November 8-10, 2016, SPA Luhacovice, Czech Republic

This event will be organized by Czech Society for NDT as an international annual meeting and
exhibition in the Spa Luhacovice (Moravia). The konference is aimed to all topics of non-destruc-
tive testing and evaluation of materials and structures in all areas of technical activities.

It is an opportunity to meet together all people interested in research, development, as well as in
practice, standardization and application of NDT/NDE methods. All interested persons are invi-
ted to participate at the conference, and to contribute by papers in both oral and poster sections.
Manufacturers and suppliers of NDT instruments, software, literature and service providers are
invited to present their products and innovations.

Main Conference Topics:

* Acoustic emission * NDT corrosion damage monitoring

* Magnetic and inductive methods * NDT in material and structure testing

* Radiography * Industrial standards and innovations

* Surface and optical methods ¢ Functional and operational testing, reliability
* Tomography and safety assurance

¢ Ultrasonic methods ¢ Education, standardisation, certification

* Leak detection and accreditation

Spa Luhacovice is the fourth largest and one of the most beautiful spas in the Czech Republic.
Luhacovice differs from other spas in the strength of natural healing springs and the beauty of its
surroundings. The singular architecture of the city completes the unique atmosphere of spa
Luhacovice. Many spa buildings in Luhacovice were constructed in the style of Dusan Jurkovic, a
Slovak folk Art Nouveau architect. Unique natural healing springs rank Luhacovice among the top
healing spas in Europe.

Corresponding Address:
Dr. Pavel Mazal
CNDT - NDE for Safety, Brno University of Technology, Technicka 2,
CZ 616 69 Brno, Czech Republic E-mail: cndt@cndt.cz

More info: www.cndt.cz
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