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414 International Conference and Exhibition

4 V4

Ostrava, Czech Republic - November9-11, 2011

This eventwill be organized by Czech Society for NDT as an international annual meeting and exhibition
in the town Ostrava (North Moravia). The conference is aimed to all topics of non-destructive 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 invited
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

+ Magnetic and inductive methods
Radiography
Surface and optical methods
Tomography
Ultrasonic methods
Leak detection
NDT corrosion damage monitoring
NDT in material and structure testing
Industrial standards and innovations
Functional and operational testing, reliability and safety assurance
Education, standardisation, certification and accreditation

Ostrava

Ostrava is the third biggest town in the Czech Republic; it is an economic and cultural centre of an
important industrial region and an administrative centre of the North Moravian Region. The local well-
developed metallurgy, machine and chemical industries has a big importance for national economy
of the whole country.

Hotel

The accommodation of participants will be reserved at comfort Harmony Club Hotel*** Ostrava.
Harmony Club Hotel is a typical town hotel in a very advantageous position in the proximity of the
town centre. The hotel is easily accesible both by car and by public transport (bus, tram). The hotel has
modern and comfortable furniture. All rooms are equipped with their own sanitary facilities, TV etc.
There is a guarded car-parking.

Preliminary Conference Time Schedule:

Deadline for abstracts submission: June 30, 2011

Limit date for payment of reduced fees: ~ September 15,2011

Deadline for papers delivery: September 15, 2011

Detailed information with program: September 30, 2011
Conference opening: November 09,2011 at 10 a.m.

Conference Language
All technical papers at the conference will be presented in English, Czech or Slovak languages.

More info: www.cndt.cz E-mail: cndt@cndt.cz



International Workshop
of NDT Experts

VI® NDT

In Progress

Prague 2011

Prague, October 10-12, 2011

The International Workshop NDT in Progress 2011 will be the 6" event in a series started in 2001. The
primary aim of these workshops is the meeting of NDT world experts and discussion of the latest state-of-the-
art of the NDT research and development in selected areas. All interested persons are invited to contribute
to discussions by their oral and/or poster presentations. Next to the skilled experts, the workshop is also
intended for young researchers and students who are invited to present their findings as the Workshop is an
exceptional opportunity for dissemination of new experiences and methods in the NDT/NDE field.

Besides the working days you will also have a nice occasion to enjoy Prague - one of the most magical cities
in the Europe.

Mam topics (preliminary):

« Electromagnetic and radiographic methods
Methods based on elastic waves

« Optical methods, image and signal processing
Nonlinear methods and inverse problems
Numerical simulations in NDT

Automated NDT systems and data processing
Acousto-ultrasonic methods

Structural health monitoring

Student presentations and poster section

e e s e s .

Language:
The official language of the Workshop will be English

Conference venue:

The Congress Center Floret is situated in close neighborhood of
the Pruhonice Castle, justa few minutes away from the highway
D1, approximately 15 km from the Prague center. The place
is easy accessible by Prague public transport. The Congress
Center with its unique surrounding gardens provides excellent
possibility for conferences and meetings, and also for recreation.
The accommodation of participants will be assured in comfort
hotel Floret*** (with swimming pool and relax center) which is

a part of the Congress Center.

Basic Time Schedule:

Deadline for abstract submission (max. 500 words): March 31,2011

Limit date for payment of reduced fees: July 31,2011

Deadline for full paper manuscript delivery: September 01,2011
Detailed information with program: September 30,2011
Workshop opening: October 10,2017 at 11 a.m

Local Organizing Committee:
Chairman: Dr. Pavel Mazal, President of CNDT, Brno University of Technology,
Technicka 2, CZ 61669 Brno, Czech Republic, E-mail: cndt@cndt.cz

Workshop Program:
Dr. Zdenek Prevorovsky, IT AS CR,
Dolejskova 5, CZ 182 00 Praha 8, Czech Republic.

Corresponding Address:
Dr. Pavel Mazal, CNDT - NDT in P, 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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Czech Society for Nondestructive Testing
NDE for Safety / DEFEKTOSKOPIE 2010
November 10 - 12, 2010 - Hotel Angelo, Pilsen - Czech Republic

LOW-NOISE VOLTAGE AND CHARGE PREAMPLIFIERS
FOR PIEZOSENSORS

NiZKOSUMOVE NAPETOVE A NABOJOVE PREDZESILOVACE
PRO PIEZOSNIMACE

Josef BAJER, Karel HAJEK
University of Defence Brno, Dpt. of Electrical Engineering
Contact e-mail: josef.bajer@unob.cz

Abstract

The sensitivity of some applications of the piezo-sensors can be limited by noise of preamplifiers
in some cases with low external jamming (acoustic emission, ultrasonic measurements, nonlinear
ultrasound spectroscopy etc.). A customary representation of noise properties of these preamplifiers
hasn’t uniformity and lucidity. Therefore users have problems with comparison of available types.
1t has more reasons. First, there are used two types (voltage and charge preamplifiers), further the
description of the noise of charge preamplifiers is non-uniform and the noise has a frequency
dependence. This paper shows an analysis of this problem and suggestion of the uniform
representation of the noise properties.

Key words: low-noise preamplifier, noise, piezo-sensor, charge amplifier, comparing of noise

Abstrakt

Nékteré aplikace piezosnimacii v pripadech s malym externim rusenim (akusticka emise, ultrazvukova
mefeni, nelinedrni ultrazvukovd spektroskopie a pod.) maji citlivost Ilimitovanou Sumem
predzesilovaci. Obvyklé vyjadieni Sumovych viastnosti téchto predzesilovacii neni jednotné
a prehledné a béZznym uzivateliim neumoziiuje porovnani jednotlivych typi. Diivodem je jednak
pouzivani dvou rozdilnych typi predzesilovac, (napétovy a nabojovy), dile pak nejednotnost pro
vyjadfovdni sumu pro nabojové zesilovace a také kmitoctova zavislost tohoto Sumu. Prispévek
ukazuje jak analyzu této problematiky, tak i navrh jednotného vyjadreni Sumovych viastnosti.

Kli¢ovi slova: nizkosumovy predzesilovac, Sum, piezosenzor, nabojovy zesilovac, porovnani Sumu

1. Uvod

V nékterych aplikacich piezosenzort (akusticka emise, ultrazvukova méfeni, nelinearni
ultrazvukova spektroskopie a pod.) se muze projevovat jen malé externi ruSeni, takze tyto
aplikace maji citlivost limitovanou Sumem piedzesilovacti. Obvyklé vyjadieni Sumovych
vlastnosti téchto piedzesilovacii neni jednotné a piehledné a béznym uzivatelim neumoziuje
porovnani jednotlivych typu. Divodem je jednak pouzivani dvou rozdilnych typi
predzesilovacl, (napétovy a nabojovy), dale pak nejednotnost pro vyjadfovani Sumu pro
nabojové zesilovace a kmitoctova zavislost tohoto Sumu.

Vystupni Sumové napéti predzesilovace zavisi na mnoha parametrech (zesileni A, §ifka
prenaseného pasma B, Sumové parametry predzesilovace, hodnoty prvku a pod). Proto si toto
vyjadfeni Sumu maximalné zjednodusime. Nejjednodussi Sumovy model napétového
ptedzesilovace pripojeného k piezoménici je uveden na obr. 1.

DEFEKTOSKOPIE 2010 3



ZjednoduSeny model samotného piezoméniCe se sklada z ekvivalentniho bezSumového
zdroje signalu Us, z ekvivalentniho sériového odporu R a z ekvivalentni sériové kapacity .
Vstupni odpor ptedzesilovace vyjadiuje rezistor R a predzesilovaé je modelovan idealnim
bezSumovym zesilovatem A, ekvivalentnim zdrojem vstupniho Sumového napéti U,y
a ekvivalentnim zdrojem Sumového proudu 7, Vychozi Sumovy model lze dale zjednodusit
(obr. 1b), kdyZz piezoméni¢ nahradime ekvivalentnim zdrojem tepelného Sumu odporu Rs
a napétovy efekt proudového zdroje Sumu 7, vyjadiime napétovym zdrojem Sumu U,z podle
vztahu

ljn 1z= 1r1 4 » (l)
kde Z je celkova ekvivalentni impedance piipojeni ke vstupu, vyjadiujici paralelni spojeni Ry
s Gs, vliv sériového odporu Rs mizeme zanedbat. Impedanci vyjadfuje vztah

1

I=——"—. )
1/ R+ joCy

Tti sériové spojené napétové zdroje lze seCist do jednoho ekvivalentniho (obr. lc) podle
vztahu

U, = A\ U:Rs + U:IZ + U121V > (3)

takZe vystupni Sumové napéti Upyys j€

Uiyse= Al . 4)

Je ziejmé, Ze namisto Casto pouZzivaného vystupniho Sumu Uy je vyhodnéjsi vyjadiovat
ekvivalentni vstupni Sumové napéti predzesilovace Uiz, protoze to neni zavislé na nastaveném
zesileni A a vystupni Sumové napéti snadno odvodime pro jakékoliv zesileni A podle (4).

piezoménic

Obr. 1: a) Zjednoduseny sumovy model predzesilovace pripojeného k piezomeénici,
b) sumové ndahradni schéma s ekvivalentnimi sumovymi zdroji napéti (U, rs- Sum odporu
zdroje, U, 17— napétovy efekt proudového zdroje Sumu na impedanci pripojené ke vstupu
zesilovace), ¢) sumové nahradni schéma s ekvivalentnim Sumovym zdrojem napéti (U, ).
Fig. 1: a) Simplified noise model of preamplifier for piezo-sensor, b) noise substitution
diagram with equivalent noise voltage sources (U, gs - noise of source resistance, U , 17—
voltage effect of noise current source for connected input impedance, c) noise substitution
diagram with equivalent noise voltage source (Ups ).

Dalsi parametr, ktery komplikuje vyjadfeni Sumovych vlastnosti pfedzesilovace je
pouzita Sitka pfenosového pasma piedzesilovaCe a navic se projevuje i zavislost hodnoty
Sumovych spektralnich slozek na kmitoc¢tu. Proto Sumové napéti Uiy (popt. proud 1)
vyjadiime pomoci napétové (proudové) Sumové spektralni hustoty K.y, kterd odpovida
hodnoté Sumového napéti, které projde na daném kmitoctu filtrem o Sifce pasma 1 Hz.
Typickd zavislost napétové spektralni hustoty pro napétovy Sum U,y predzesilovace je
ukazéana na obr. 2. Vidime, Ze pro kmito¢tové pasmo cca nad 100 Hz se projevuje jen tepelny
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Sum (Fvr) a ma konstantni zavislost. Celkové napéti pro naznacenou §itku pasma B, lze
jednoduse vyjadiit vztahem

lj/)l/:EnVV@ ‘ (5)
Prechodem na Sumovou spektralni hustotu £,y se jednoduse zbavime zavislosti na vlivu
pouzité Sitky pasma a miizeme tak pfedzesilova¢ porovnavat pro riizné aplikace nezavisle na
pouzité Sifce pasma. Pokud se projevi kmitoctova zéavislost 1/f pro nizké kmitocty (v pasmu
By), 1ze jeji projev vypocitat podle vztahu
A
In—& | 6
; (6)

a

Unl/ = EnVle
kde Eyvin, je spektralni hustota pro kmitocet 1 Hz a jeho hodnotu vypocteme podle vztahu
Euwvinz = Ewvfi. Hodnota kmitoctu £ muize byt volena kdekoliv mezi £ a lomovym kmitoctem
£. Podil piispévki pasem B; a B> na celkovém Sumu zalezi na kmito¢tu lomu (a tim i hodnoté
FEnving) a Sifce pasma Bs. Pii velké Siice pasma B, a nizké hodnoté kmito¢tu lomu mizeme
vliv Sumu 1/f zanedbat. Pokud tomu tak neni, je potiebné oba Sumy scitat. Samoziejmé,
pokud po prichodu celym fetézcem zpracovavame tizkopasmovy signal, vyhodnocujeme Sum
pro odpovidajici pasmo.

E., f, fy
VIHz B, > B, ::
1/f |
[log] sum 1/f lom |
(cca 10 -100 Hz) :
E |
T TccainVAHz | bily (tepelny) Sum)!

fl flog] f

Obr. 2 Typicka zavislost napét ové spektralni hustoty pro ekvivalentni napétovy sum
predzesilovace a naznaceni sitek pasma v oblasti bilého sumu a Sumu 1/f.

Fig. 2 Typical dependency of voltage spectral density for equivalent voltage noise of
preamiplifier and indication of bands in area of a white noise and 1/f noise.

Je tedy zfejmé, Ze pfi zjednoduseni, kdy neuvazujeme vliv Sumu 1/f, mizeme vyjadrit
nezavislé Sumové vlastnosti predzesilovace dvéma Cisly, a to napétovou a proudovou
spektralni hustotou Eyy a By v typickych jednotkach [nV/VHz] a [pA/VHz], jinak musime brat
v uvahu i kmitocet lomu Sumu 1/f.

Vyslednou vstupni Sumovou napétovou spektralni hustotu £, dostaneme po vynasobeni
impedance Z zdroje signalu s proudovou spektralni hustotou £, a po souctu s napétovou
spektralni hustotou Ey. Zde je typické, ze pro malou impedanci zdroje signalu prevlada
napétova, pro vekou impedanci (cca pro Z>10 kQ) pievlada obvykle proudova spektralni
hustota. Z této hodnoty a pouzité Sifky pasma pak jednoduSe podle vztahu (5) ziskdme
ekvivalentni vstupni Sumové napéti a vynasobenim hodnotou pouzitého zesileni (4) ziskame
efektivni hodnotu vystupniho Sumového napéti. Tu lze pfevést na hodnotu maximalniho
Spickového napéti (Uppp) vynasobenim konstantou cca 6 [1] .

2. Sum napét'ového a nabojového piedzesilovace piipojeného k piezosenzoru

Pro napétovy zesilova¢ byly vysloveny zékladni uvahy v Givodni ¢asti. Nicméné efekt
kapacitni impedance zdroje signalu (piezosenzoru) je potiebné rozebrat podrobnéji a porovnat
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tyto vlivy na oba typy pfedzesilovacl. Jejich podrobnéjsi ndhradni schéma pii realizaci
s operaénimi zesilova¢i (OZ) je uvedeno na obr. 3 i s odpovidajicimi vztahy pro zesileni
a dolni mezni kmitocet £.

napétovy R nabojovy

zes. w zes.

CKIRIN A=1+R,/R,

1 f =

a fo—— b) c

) ¢ 2nR(Cs+Cy) 2RC,

Obr. 3: Predzesilovace pro zdroje s kapacitnim charakterem vystupni impedance a) zikladni

model napétového zesilovace, b) zikladni model nabojového zesilovace se vztahy pro prenos
A a dolni mezni kmitocet f..

Fig. 3: Premplifiers for sources with capacitive source impedance a) basic model of voltage
amplifier, b) basic model of charge amplifier with relations for gain A and low cut-off
frequency f;.

Jak je zfejmé, ob& zapojeni se chovaji odlisné. Zisk napétového zesilovace je dan
pomérem nezavislych odporll a nezavisi na kapacité (s senzoru. Toto zapojeni je ale vice
citlivé na parazitni kapacitu Cx v ptipadé dlouhého ptivodu k senzoru. Zesileni nabojového
zesilovace je dano pomérem vnitini kapacity senzoru Cs a zpétnovazebni integraéni kapacity
G. Je méné zavislé na parazitni kapacité Cx pfivodniho kabelu. OvSem zpétnovazebni
kapacita musi byt A-krat niz$i nez vnitini kapacita zdroje, coz muze byt technologicky
problém pro hodnoty Cs<30 pF.

Podstatné, je, ze oba zesilova¢e musi pouzit rezistor pro eliminaci svodového proudu.
U napétového zesilovace je to R a u nabojového je to R;. Odpor téchto svodovych rezistort
musi byt niz$i nez urcitd maximalni hodnota aby nedoslo k stejnosmérnému zasaturovani
zesilovace. Vzhledem k minimalnim svodovému proudu CMOS vstupti OZ (cca 100pA)
muize byt tato hodnota cca 100MQ az 1GQ. Tyto rezistory spolu s kapacitou senzoru Cs resp.
zpétnovazebni kapacitou (G vytvareji filtr horni propust, ktery omezuje pienos signald
s nizkymi kmitocty (obr. 4a). Vztahy pro tyto mezni kmitocty £ jsou také uvedeny na obr. 3.
Zde mizeme uvazovat dva piipady, a to:

a) ob¢ zapojeni maji shodny mezni kmitocet £. Pak musi byt &= A Ri.

b) obé¢ zapojeni pouziji stejny maximalni odpor. Pak napétovy zesilova¢ bude mit mezni
kmitocet £ A-krat niz$i neZ nabojovy zesilovac.

2.1. Porovnani Sumovych vlastnosti pii shodném dolnim meznim kmito¢tu £.

Pro porovnani Sumovych vlastnosti vyjdéme z pifedpokladu shodného dolniho mezniho
kmitoctu £ (obr. 4 a) a podminky

RI = A RIN~ (7)

Nyni diskutujme vystupni spektralni hustotu Sumu zpisobenou napétovym Sumem Fuy
operacniho zesilovace (viz obr. 4.b). U napétového zesilovace je to AL,y , u nabojového pak
(A+1)Euy. Ten pak klesa pod meznim kmitoctem £, coz nehraje praktickou roli. Podélime-li
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tyto hodnoty zesilenim A, miZeme tedy uvazovat ekvivalentni vstupni napétovou spektralni
hustotu pfedzesilovace jako £,y resp. Eyv(1+1/A) pro nabojovy.

Nyni diskutujme vliv proudového Sumu OZ podle vztahu (1). Ekvivalentni vstupni
napétovou Sumovou spektralni hustotu tak miizeme pro napétovy zesilovaé vyjadrit vztahem

EnIZ:EnI/Vl/RlzN+wZC§' )]

E.vouta napétovy Sum E
pienos nV/+Hz S _(A+1)E,,
[gg] ABq , napétovy
/— A A, . zes.
~ habojovy
a) b) EnV_ - zZes.
: > ' "
f, f fe '
proudovy Sum |, tepelny Sum R
Bz 4 N AboIOVY E 1
nVv /+Hz “/ nazgéc-)vy nv /JTTz 4 anelow
10 A e
napé&tovy AL rlapefovy
zes. nabojovy sum E"V
Ev b — — — — — — N — - zes. — N — —
c) f N d) RSN r
c l-U ¢ f:R-U

Obr. 4 Viastnosti napétového a nabojového zesilovace z obr. 2: a) zikladni prenos, napétova
spektrdlni hustota b) pro napétovy sum c) pro proudovy sum, d) pro tepelny sum.
Fig. 4: Properties of voltage and charge preamplifiers from Fig. 2: a) basic gain, voltage
spectral density for b) pro voltage noise c) for current noise, d) for thermal noise.

Pro nabojovy zesilova¢ za podminky A>>1 je dominantni impedanci pfipojenou ke vstupu
OZ kapacita zdroje, takze

E,,=E,oCs. )

Ze vztahd (8) a (9) a obr. 4c¢ plyne, ze proudovy Sum vyvolava pro oba typy zesilovaci
prakticky stejnou zavislost ekvivalentni vstupni napétové Sumové spektralni hustoty (obr.
4.c), majici smérnici 1/£ (na rozdil od blikavého Sumu 1/f na obr. 2 zde zpisobené vlivem
kmito¢tové zavislosti impedance kapacity Cs) a protinajici konstantni zavislost ekvivalentniho
vstupniho napét'ového Sumu OZ pro kmitocet £y. Ten lze vyjadtit za urcitych zjednoduseni
vztahem

E
fy=—"T, (10)
E, 27C;
takze vidime, Ze zde hraje dominantni roli krom& hodnoty proudového a napétového Sumu
vnitini kapacita zdroje signalu a muzeme fici, Ze ¢im je vyssi, tim je vliv proudového Sumu
nizsi.
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Poslednim vyznamnym zdrojem Sumu je tepelny Sum odportt Ry resp. Ri. Pro napétovy
zesilovaé lze odvodit pro zavislost ekvivalentni vstupni napétové Sumové spektralni hustoty
tento vztah

E,= %”2 , (11)
1+(RINC5a))

a pro nabojovy zesilova¢

4kTR, 4kTR,,
E,= > = - (12)
\/ 1+(R,C o) \/ Al+(RyC) |

Za vychozich podminek je tedy nabojovy zesilovac z hlediska tepelného Sumu odporu lepsi
umérné odmocning ze zesileni A, jak je zfejmé i z obr. 4d. Stejné jako u proudového Sumu je
dominantni zavislost Sumu 1/f (zde na rozdil od obr. 2 zplisobeno blokovanim tepelného Sumu
kapacitou Cs resp. (G se smérnici 20 dB/dec.) vytvaiejici prisecik pro kmitocet f.u, ktery ma
ovSem vyssi hodnotu pro napétovy zesilova¢ nez pro nabojovy zesilovac. Lze je vyjadfit ve
zjednodusenych vztazich. Pro napétovy zesilovac je to

PR <A (13)
2ﬂCSEnV RIN

a pro bod zlomu nabojového zesilovace pak piiblizné plati

P 1 4kT 1 4kT (14)
o 27CsE, \ R, 27CGE,, | ARy

a je ziejmé, ze lomovy kmitocet &.y a tepelny Sum odporu je v pfipadé nabojového zesilovace
VA-krat nizsi neZ u nap&tového.

Celkova ekvivalentni napétova Sumova spektralni hustota je dana souétem vsech zdroji
Sumu podle vztahu

E :\/E;ER+E§IZ+E§V > (15)

pticemz je ziejmé, ze vysledna zavislost se sklada ze dvou ¢asti, v nichz dominuje vzdy jeden
zdroj Sumu a délicim kmitoétem je K.y nebo fAy. Lze odvodit, Ze tepelny Sum bude
dominovat nad proudovym, pokud

4kT 4kT
R,N<? resp. R, <——. (16)
nl nl

Napft. pro minimalni hodnotu proudového Sumu OZ s unipolarnim vstupem Ey=1fAVHz musi
byt svodovy odpor R <16 GQ (dostatecna rezerva), tudiz je lomovy kmitocet vysledné
zavislosti roven f.y. OvSem pro Castou hodnotu cca £ =10fAVHz jiz vychazi R <160
MQ, coz jiz muze byt piekroceno, a tudiz se jiz mlze podstatné uplatnit proudovy Sum
s odpovidajicim bodem zlomu #.y.
2.2. Porovnani Sumovych vlastnosti pi'i shodnych svodovych rezistorech

Piedchozi vychodisko shodnosti meznich kmito¢td £ a z né&j vyplyvajici podminka (7) je
malo prakticka, obvykle se voli shodny svodovy odpor R a R pro nabojovy i napétovy
zesilovaé, a to maximalné€ mozna hodnota. Disledkem je pak pro stejné zesileni niz$i hodnota
dolniho mezniho kmito¢tu napét'ového zesilovace.

Pfi porovnani Sumovych vlastnosti obou zapojeni pii této podmince (R = Rin) se neméni
Sumové poméry pro napétovy Sum OZ, ale ani pro proudovy, protoze pro n¢j dominuje vliv
Cs. Rozdilny vztah dostaneme pro tepelny Sum odporu pro nabojovy zesilovaé
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4kTH
Ep= | (7
A+ (R Cy/ AF |

kde po zjednoduseni 1ze odvodit kmitocet priseciku s napétovym Sumem

s 1 [4T_ 1 [aT a8)
i 27[CSE;JV RI 2”CSE;1V RIN ’

coz odpovida vztahu pro napétovy zesilovat. V tomto piipadé se tedy tepelné Sumy
napétového a nabojového zesilovace prakticky nelisi a shodné jsou tudiz i kmitocty #.u.

3. Jednotny pristup k hodnoceni Sumovych parametri nabojovych a napétovych
predzesilovaci v praxi.

Z vyse uvedené teorie je ziejmé, ze Sum napétovych a nabojovych predzesilovacu lze pti
znalosti potfebnych parametrd dobfe porovnat a zhodnotit, kterd z moznych variant je pro
danou aplikaci nejvyhodnéjsi. Bohuzel rtzni vyrobci udavaji Sumové parametry rdznym
zpisobem a ne vzdy s dostacujicimi informacemi. B&Zné jsou napf. tyto varianty:

- vystupni Sumové napéti,
- vystupni Sumovy naboj,
- riizné formy vstupni ¢i vystupni ekvivalentni napétové spektralni hustoty.

Pro urceni a porovnani Sumovych vlastnosti pfedzesilovacu je nejvyhodnéjsi a jednoznacna
znalost hodnot napétové spektralni hustoty £y, proudové spektralni hustoty Ky, kapacity
uzivatelem pouzitého zdroje signalu Cs, svodového odporu Ry a zesileni A resp. hodnota R
a (g pro nabojovy zesilovac¢ (G ur¢i zesileni pro pouzité Cs). Hodnota konstantni spektralni
hustoty pro £ £ (viz obr. 2) je tak evidentni z hodnoty £,y (viz odstavec za vztahem (7)
a obr. 4.b). Z ostatnich hodnot lze pak urcit kmitocet lomu jako vyssi z hodnot £y (vztah (10))
a fu (vztah (18)). Pro pouzity senzor je tim dana jednozna¢né kmito¢tova zavislost Sumové
spektralni hustoty ve tvaru podle obr. 2. Vystupni Sum pro zvolené pfenosové pasmo a dané
zesileni vyplyva ze vztahi (4)-(6).

V piipadg, Ze je vyrobcem predzesilovace zadan napt. vystupni Sum a zesileni A, je nutno
vyjma prtipad, kdy se evidentné neprojevuje 1/f Sum (kmitocet lomu # je mensi nez dolni
mezni kmitocet filtrem omezeného a dale propousténého pienosového pasma), zadat i dalsi
parametry pro uréeni kmitoCtu £ v zavislosti na tom, zda jde o napétovy ¢i nabojovy
zesilova¢ (pfi méfeni pouzity Cs, dale R, G, Ey, Ew). Z téchto hodnot pak postupné dojit
podle postupu z piedchoziho odstavce k urovni vystupniho Sumu pro zvolené Cs.

V piipadé¢ zadané hodnoty Sumového naboje (pouzivano u nabojového zesilovace) pti
znalosti kapacity (G prejdeme hodnoty naboje na vystupni napéti podle znamého vztahu
U=QC. Dalsi postup je pak stejny jako v predchozim odstavci.

4. Praktické zavéry k pouZiti a porovnani piedzesilovacii pro piezosnimace
Z rozboru vyplyvaji nasledujici zavery:

- Pouzit senzor sco nejvétsi plochou a kapacitou pii zabezpeceni dostate¢né Sitky
kmito¢tového pasma senzoru. Tim se zajisti maximalni citlivost senzoru, nejmensi
hodnota Sumul/f a také minimdlni citlivost na parazitni kapacity a moznost nejvétsiho
zesileni nabojovym zesilovacem.
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- Napétovy zesilova¢ pouzit pro aplikace s relativné kratkym kabelem mezi senzorem
a predzesilovacem a v piipadé, kdy potiebujeme i co nejnizsi dolni mezni kmitocet
snimaného signalu.

- Nabojovy zesilova¢ je vyhodnéjsi pouzit v pfipadé delsiho pfivodniho kabelu, kdy se
jeho kapacita blizi kapacité snimace.

- Zhlediska porovnani Sumovych vlastnosti riznych piedzesilova¢u je dobré znat
kmito¢tovou zavislost vstupni spektralni napétové hustoty ¢i alespoit hodnotu
ekvivalentni napétové Sumové spektralni hustoty (£,v) a kmitoctu lomu (£). Ovsem
toto srovnani je potiebné provést pro stejnou kapacitu G, pouzitou pii méfeni namisto
senzoru a znat hodnotu zesileni (pro nabojovy zesilova¢ tudiz hodnotu ()

5. Zavér

Piispévek ukazuje analyzu Sumovych vlastnosti predzesilovacd ptipojenych
k piezosenzoru a problematiku jejich porovnani. Porovnava napétové 1 nabojové
predzesilovace a sjednocuje definici jejich Sumovych vlastnosti. Ukazuje, Ze skute¢né Sumové
vlastnosti jsou pro vyssi kmitoctova pasma (nad kmitoctem lomu £) dana pfevazné hodnotou
ekvivalentni Sumové napétové spektralni hustoty samotného ptredzesilovace (nejnizsi hodnoty
cca 1-3 nVVHz). Nicméné pro stiedni a niz$i kmitoSty miZe arovei Sumu podstatné zaviset
na kapacit¢ Cs pouzitého senzoru a pfendSeném kmitoCtovém pasmu, tudiz pro posouzeni
Sumovych vlastnosti pfedzesilovace obvykle nestaci jen vyrobcem udand hodnota vystupniho
Sumového napéti [3] popf. v lepSim piipad¢ vystupni spektralni napétové hustoty [2], ale
rozhodujici je skute¢na hodnota lomového kmito¢tu £ pro pouzity senzor.

Dale zpredlozeného rozboru vyplyvaji moznosti optimalizace z hlediska zlepSovani
citlivosti, a to predevsim z hlediska volby senzoru a jeho kapacity Cs a také vlivu pouzitého
prenosového kmitoc¢tového pasma, kdy jakékoliv Sir§i pasmo nez je potiebné mize
podstatnym zptisobem zvysit uroven Sumu.

Tato prace byla realizovana spodporou Grantové agentury CR pod grantem
¢. 102/09/H074.
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Abstract

Inspection reliability has been studied in the mean of signal amplitude interpretation.
Relationship of flaw size and signal amplitude is analysed using statistical approach.
The data processing is demonstrated on the experimental data.

Keywords: Inspection Reliability, Signal Amplitude, Probability of Detection, Repeatability

Introduction

Increasing quality management provides us with demands on inspection reliability
assessment and process parameter estimation. A probability of detection (PoD) value is
widely used for inspection method description, however the process of signal interpretation
itself can be analysed in several approaches. It may be useful to discuss parameter
relationships for the purpose of correct using of statistical terms and result statement
in appropriate ways.

For the purpose of clear explanation of relations and consequences regarding
to practical application, the mathematic formulation and description are simplified and may
contain some shortcuts. Problem can be studied in more detail using references e.g. [1], [2]
or [3].

Mathematical Approach

In probabilistic analyses, an important term deals with cumulative distribution function:

Fx)= [ Ao)t. (1)
This expression can be used for assessment of probability, that a quantity value will be less
than a given value:

P=F(XS XO). 2
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This function has several features, e.g. it goes from 0 to 1 (from 0% to 100% probability)
in the range of quantity values or over the whole spectrum. A form of this function describes
an occurrence of quantity values.

The expression £{?) is called density of probability and it is a relative count of given
value. The most natural distribution of measured quantity is so called normal distribution:

Gea?
Axu0)=

1 2
e 2, 3
\27mo 3

In this form, a mean value y and variance O exist. A lot of other both symmetrical
and asymmetrical distributions are formulated, e.g. Weibull's, Pearson's or exponential
distribution:
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Figure 2 Density of probability
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Another useful tool for experimental data processing is a logarithmic transformation.
One of interesting properties is a non-linear presentation of a measured quantity. The higher
the quantity value, the smaller the logarithm increasing, see Fig.3. In this manner, evaluation
of low signal amplitudes is provided with high sensitivity:

log(a,)~ log(a, ) = log ™" (5)
2

The logarithmic transformation is used for advance displaying of signal amplitude, processing
of data with exponential nature (e.g. lifetime) etc.
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Figure 3 Logarithmic transformation

Signal Amplitude Analysis

A flaw size detectable by given method can be quantified by statistical analysis
of experimental data. A similar approach is applicable when reliability of reference coupon
inspection is investigated.

Let’s have a system, where flaw of a size generates a signal of & amplitude.
The conditions during inspection have a strong influence on the signal amplitude and the
signal has random errors:

b=u(a)+e. 6)

The measured signal is stochastic quantity with certain density of probability f,(b). The flaw
is positively detected if the signal exceeds a detection threshold. In Fig.4, this threshold value
is designated as . Probability of detection of flaw of the a size can be calculated:

PoD(a) = P(ia) > b)= ]s £, (b)db. @)

According to (6), we can plot a distribution of & values (in the vertical direction in Fig.4) for
given flaw size. The PoD value is represented by that part of distribution, which is above the
detection threshold. For small a sizes, the PoD is small. For a sizes higher then some critical

DEFEKTOSKOPIE 2010 13



region, the PoD is close to the 100% level. Inside the region, which covers transient a sizes,
the PoD is significant, but far to reliable detection. The task of PoD estimation is described in
a lot of references, e.g. summary [4]. Just the question about a signal amplitude is the aim
of this study.

Q7 f(a,b) --—--theoretical
()
E N f(a,b)
g f@b) PoD(ay) ,,-/’
©
E .
> PoD(a1) ‘
= 1 -
n -
,,,,, - PoFD
bp _____’_ e el e
aq az Flaw size -a

Figure 4  Statistical approach to the signal amplitude

In the case of non-linear system, the signal to flaw size can be assumed in the form of:
Inb=f,+p lna+e¢, ®)

where the € is a random error with normal distribution around the mean value. Such PoD can
be expressed as

PoD(a) = P(Ka) > b,) = P(InKa) >Inb,) = F(lnb ”j ©)
where
Inb, —
a= %, =5 , (10)
B
o
G=—"*. (11)
By
Because the PoD estimation is done on the set of experimental data, the confidence level is

included by the 4 parameter:
PoD,(a)= F[lnbifﬂ—/}). (12)
e

The 4 value depends on features of data set (specimen number, variance etc.).

A specific value of PoD is observed for no flaw (a=0, healthy specimen). If the &
distribution for this case produces a real PoD value, this value can be considered as
probability of false indication:

= P(b,p. > b,) - (13)
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A noise background can be another source of the signals. These spurious signals are
described as false detection. Generally, the noise level is expected to decrease with the signal
amplitude, see PoFD (probability of false detection) illustrated in Fig.4. An acceptable level
of false detection is crucial namely in the case of automatic stands, where an effort to achieve
a maximal testing speed (object / probe movement) is important. In lot of cases, the noise has
an upper limit value. It means that above certain signal level there is no noise signal.
However, when equipment setting could be optimized, some portion of false detection may
lead to higher performance of inspection. For example application, see repeated inspections
according to [5].

Experimental Demonstration

The statistical approach is applied in the case of experimental data [6] analysis.
The fatigue cracks in aluminium sheets originated in rivet holes. For non-destructive
inspections, an eddy-current (ET) method was used. The common probe of 4 mm diameter
was positioned manually. The signal amplitude was displayed on the single-frequency
instrument. The crack length was measured visually on the backside and is logged from the
hole edge. As the rivet element was presented in the coupons during ET inspection, a part of
cracks were hidden under the flush heads.

The data analysis is illustrated in Fig.5. The flaw offset given by inspection outside of
rivet head was about 1.9 mm. The signal amplitude is logged as the screen height (SH)
percentage. We can find a band limited by confidence level percentiles, values of 5% and
95% are estimated in this example. If low signal amplitude is sufficient (b—0, it means low
signal-to-noise ratio), the crack size of about 3 mm can be considered as reliably detectable
(P=95%; b=10%) with used inspection techniques.
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»

o

s 60

T i

2

s 40

g 1o o gomood oay  ° experimental data

©  fn0 o X
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n 1° p °°°°°°°°°E ®| ——95% confidence level

0 - : T
1 éu,ns=2.5 50,95=5.0 10
Flaw size -a[ mm]

Figure 5 Analysis of experimental data

The application of analysis like this can be demonstrated on interpretation of measured
signal amplitude. In Fig.5, a distribution can be also described in the horizontal direction.
The distribution of flaw sizes is assumed in the log-normal form for graphical illustration.
It can be estimated empirically or by regression if necessary. For given signal amplitude,
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in this example 5=60% of SH, we can describe the probability density of a sizes. Using
the percentiles of 5% and 95%, the interval estimation of the a value can be evaluated:

P{b=60%:4e(2.55.0)))= P(a<5.0)- Pla<2.5)=095-0.05=09. (14)
Now we can declare, that if a 60% SH signal is indicated, there is a flaw size of
2.5< a4, <5.0],,.,.- (15)

presented in the tested object.

Conclusion

A statistical approach is very useful tool to meet quality demands and prove inspection
parameters. An assessment of influences is one of steps leading to optimised application of
non-destructive testing. Correct interpretation of results is the key for success. It is necessary
to keep in mind, that a stochastic quantity such as measured signal can be interpreted just as
an estimation of the source (flaw size). Moreover, any statement based on a limited set
of experimental data can be done with certain confidence level only.

Analysing signal amplitude in the flaw size domain we saw that there is certain range of
flaw sizes, which produce signals with poor reliability of detection. The variance of measured
signal (6) can be considered as a result of conditions such as crack opening or flaw orientation
with respect to the probe direction. If influences independent of tested object are taken into
account, e.g. vibration of probe, the inspection repeatability can be expressed as a bandwidth
of signals produced by given flaw sizes. Evaluation of the PoD of the single (specific /
reference) object tested with given detection threshold is a different task.

A statistical approach for the scheduling of periodical inspections in service is
investigated in other studies, e.g. [7], [8].
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Abstract

This paper contains a brief description of the current situation in the laboratory for calibration
of acoustic emission sensors by the reciprocity method according to the NDIS 2109 and by
the step function according to ASTM 1106. Most attention is given to the problems with
correct implementation of AE sensor calibration methodology. It describes in detail the
influence of aperture effect on frequency response for surface calibration of the sensor.
Briefly describe the basic principle and design of broadband AE sensor with conical active
element and are given the frequency characteristics of the reference sensors obtained by
reciprocal calibration.

Key words: acoustic emission, reference sensor, calibration

Abstrakt

Prispévek obsahuje kratky popis aktualniho stavu pracovisté pro kalibraci snimact akustické
emise reciproéni metodou dle NDIS 2109 a skokovou funkci dle ASTM 1106. Hlavni
pozornost je vénovana problémim spojenym s kalibraci snimacél AE. Je podrobné popsan
vliv aperturniho jevu na frekvenéni charakteristiku snimace pfi povrchové kalibraci. Stru¢né
Jsou popsany zakladni principy a konstrukéni feSeni Sirokopasmovych snimaci s kuzelovym
aktivnim &lenem a jsou uvedeny frekvencni charakteristiky téchto referenénich snimacéd
ziskané reciprocni kalibraci.

Kli¢ova slova: akusticka emise, referencni snimac, kalibrace

1. Vyvoj a souc€asny stav pracovisté pro kalibraci snimact FEKT VUT v Brné

Cilem pfispévku je informovat o sou€¢asném stavu naseho pracovisté pro kalibraci
snimacl akustické emise a provadénych experimentech a jejich vysledcich.
Problematice kalibrace snimaci se vénujeme se stfidavou intenzitou od roku 1995.
Hlavnim duvodem je orientace naseho pracovisté na vyuziti spojité akustické emise
jako diagnostického signalu a stim souvisejici potfeba pouzivat Sirokopasmové
snimace. Hlavni &ast informace signalu spojité AE je totiz ve spektralni oblasti,
narozdil od impulzni emise, vyuzivané napf. pro detekci a lokalizaci trhlin. Signal
spojité AE jsme vyuZili napf. pro bezdotykové méfeni vzdalenosti zaloZzené na
principu zmény charakteru AE signalu generovaného pfi vytoku média definovanou
Stérbinou, méfeni prutoku jednofazovych a dvoufazovych médii, pfi diagnostice
kvality teplosménnych povrcha, pfi fazovych zménach, pfi tfeni apod. Pfi vSech
uvedenych aplikacich byla kromé energie signalu vyznamnym parametrem
i spektralni vykonova hustota.
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Z dlvodu reprodukovatelnosti experimentt bylo nutné znat a opakované ovérovat
frekvenéni charakteristiky pouzivanych snimacd. Nejprve to byly pokusy se
sekundarni kalibraci snimacld pomoci duralového a ocelového konického
bezodrazového bloku dle ASTM E976, kdy zdrojem byl jiskrovy vyboj, lom tuhy,
plynova tryska, pfipadné piezoelektricky méni€. Vysledky nebyly pfili§ uspokojivé,
a proto byl v roce 2001 pofizen s pomoci Ing. Crhy z Vitkovickych Zelezaren ocelovy
valec o prdméru 900 mm a vySce 430 mm s celkovou vahou 2,5 tuny. Valec byl
ve Zdarskych strojirnach opracovan, byla planparaleingé zabrouSena &ela valce
a povrch Cel byl vyleStén. Timto byl ziskan zakladni prvek pro vybudovani pracovisté
pro primarni kalibraci snimacl v nasi laboratofi.

Jako prvni byla implementovana kalibrace recipro¢ni metodou dle japonského
standardu NDIS 2109, autorem metody je prof. Hatano. Metoda potfebuje ftfi
reverzibilni snimace, které nemusi byt pfedem kalibrovany. Vysledkem je amplituda
i faze frekvenéniho prenosu vSech tfi snimacl. Béhem kalibrace je nutné zméfit tfi
hodnoty napéti a tfi hodnoty proudu pro kazdy kmitocet v pozadovaném frekvenénim
pasmu. Snimace jsou buzeny harmonickym impulsem, jehoz zakladni frekvence se
postupné béhem kalibrace méni v poZzadovaném rozsahu. Pro kalibraci je nutny
rozmérny testovaci blok (rozmér omezuje dolni kmitoCtovy rozsah) a méné bézné
laboratorni vybaveni, napf. citliva proudova sonda.

Pro recipro¢ni kalibraci bylo pouzito tehdy dostupné vybaveni, kde zakladem byl
spektralni analyzator HP89410A a proudova sonda Tektronix P6022. Podrobné je
tehdy realizovana sestava kalibraéniho pracovi§t€é popsana v pfispévku na
Defektoskopii 2001 [1]. Hlavni nevyhodou realizované recipro¢ni kalibrace byla doba
méreni (téméf dvé hodiny) a nutnost trvalé pfitomnosti obsluhy béhem kalibrace.
Proto dalSim logickym krokem byla snaha o automatizaci celého kalibraéniho
procesu. V této oblasti se o pokrok rozhodujici mérou zaslouzil kolega ing. Keprt,
ktery doplnil sestavu pfistrojl o tfikanalovy pfepina¢ s extrémné vysokym potlaéenim
vzajemnych pfeslechl, umoznujici automatické ,cyklovani“ proméfovanych snimacu
a nasledné plné automatizoval cely kalibraéni proces pomoci vytvofeného software
v prostfedi LabVIEW.

Dal$im krokem byla implementace primarni kalibrace skokovou funkci sily dle ASTM
E 1106. Zakladem této kalibracni metody je znalost vychylky povrchu testovaciho
bloku pfi skokovém uvolnéni sily bodové pusobici na povrchu bloku. Vychylka
volného povrchu testovaciho bloku v misté kalibrovaného snimace muaze byt urena
pomoci teorie pruznosti vypoctem nebo dostateéné vérnym méfenim absolutnim
snima¢em vychylky o znamé citlivosti, zaloZzeném na kapacitnim nebo optickém
principu. Skokova funkce sily je aproximovana lomem sklenéné kapilary o priméru
menSim nez 0,2 mm. Pomoci tenzometrového snimace je zmérena velikost sily, pfi
které kapilara pukne.

Kalibraéni pracovisté bylo doplnéno lamacim mechanismem umoznujicim definovany
a opakovatelny lom kapilary a referenéni snimac¢ vychylky — laserinterferometr
Polytec OFV-5000 s optickou hlavou OFV-505 a ultrazvukovym modulem DD-300
s pracovnim rozsahem 75nm ve frekvenénim rozsahu do 20 MHz. Podrobny popis
kalibraéniho pracovisté po doplnéni o kalibraci skokovou funkci byl obsahem naseho
prispévku na Defektoskopii v roce 2006 [2].

V nasledujicich letech bylo provedeno nékolik set kalibraci na zhruba fficeti
snimacich s cilem lokalizovat a minimalizovat mozné zdroje nejistot méfeni pro obé
metody a dosazené vysledky vzajemné porovnat. U kalibrace skokovou funkci byl
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sledovan vliv priméru kapilary, vliv rychlosti nartstu sily potfebné pro lom kapilary
a vliv vzajemné polohy a orientace snimace a mista zdroje. U recipro¢ni kalibrace byl
sledovan vliv typu a mnozstvi vazebniho média, vliv doby potiebné k ,usazeni”
snimace, vzajemné vzdalenosti snimacl a pfitlacné sily. Vzhledem k mnozZstvi
provadénych experimentll se ukazalo jako nezbytné nahradit spektralni analyzator
Agilent podstatné vykonnéjSim digitizérem National Instruments PXI 5122. Tim se
nejen vyrazné zkratila potfebna doba méreni, ale sou€asné se i vyznamné vylepsili
metrologické vlastnosti celého fetézce. Rozhodujici vliv na celkovou nejistotu méfeni
mé totiz kromé vazebniho média také vlastni um méficich pfistrojd. Sum méficiho
kanalu je kriticky zejména na vySSich kmitoCtech, kde dosahuje uziteCny signal
pouze desitek mikrovoltt. Zavéry z provedenych méfeni a experimentl byly uvedeny
na Defektoskopii 2007 [4] a zejména na konferenci EWGAE 2008 v Krakové [5].

2. Hlavni problémy spojené s kalibraci snimacu

V souvislosti s kalibraci snimacu a otazkou dosazitelné presnosti a vérohodnosti je
nutné si uvédomit nékolik zasadnich problémd a omezeni [6]:

1. Okamzita vychylka bodu na povrchu testovaného bloku je tfirozmérny vektor,
ale vystup ze snimace je skalarni povahy. Muzeme méfit pouze hodnotu
elektrického napéti nebo naboje. Casto se proto predpoklada, Ze vystupni
napéti je umérné pouze normalové slozce vychylky povrchu, to ale v nékterych
pfipadech nemusi byt pravda.

2. Snimac zatézuje povrch zkuSebniho télesa a svoji mechanickou impedanci
ovliviiuje vysledek méfeni. Interakce mezi impedanci bloku a snimace uréuje
vychylku méfici plochy snimace. Obé tyto impedance jsou komplexni funkce
zavislé na frekvenci a neexistuje jednoducha metoda, jak je zméfit. Proto se pfi
kalibraci predpoklada, Ze vstupem do snimace je vychylka nezatiZeného
povrchu bloku a interakce snimace a bloku se zanedbava. To je ovSem hrubé
zkresleni redlné situace - snima¢ umistény na bloky vyrobené zrGznych
materiall s riznou akustickou impedanci bude mit r(izné kalibraéni kfivky. Proto
v kalibraCnim protokolu musi byt vzdy uvedeno, na jakém materidlu byla
kalibrace provedena. Na druhou stranu, tvar frekvenéni charakteristiky snimace
sv(j charakter pfili§ neméni, hlavni vliv ma rozdilna impedance snimace
a méfeného povrchu na celkovou citlivost snimace. Snizovani akustické
impedance méfeného povrchu vede ke sniZeni vystupniho signalu ze snimace.

3. Vystupni signal ze senzoru je funkci vychylky méfeného povrchu, ktery je
v kontaktu se snimaCem. Tato funkce neni zavisla pouze na Case, ale i na
velikosti, tvaru a poloze méfici plosky snimace. Tato skuteCnost ovliviiuje
vyraznym zpusobem charakteristiku snimace pfi prdchozi kalibraci. Podrobnéji
je tento problém popsan v nasledujici kapitole.

3. Aperturni efekt

Aperturni efekt zplsobeny konecnou velikosti sty¢né plochy snimaée byva ¢asto
ignorovan. To je ovSem mozné pouze za predpokladu, Ze primér snimaci plosky je
zanedbatelny v porovnani s méfenymi vinovymi délkami, nebo je pohyb vSech bodu
snimaci plosky ve fazi s povrchem snimace. Prvni pfedpoklad je spinén jen pro velmi
malé prdméry aktivni plochy snimade (max. 2-3 mm). Druhy pfedpoklad je splnén
pouze v pfipadé, Zze na snimac pfichazi rovinna vina v ose kolmé na povrch.
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Obecné vSak vystup snimace odpovida vazenému praméru vychylky povrchu pod
snimaci ploSkou. Praktickym dasledkem je, Ze kalibrace snimace se liSi pfi rizném
druhu pfichozi viny (prachozi a povrchova kalibrace) a také s rliznymi rychlostmi
Sifeni téchto vin uvnitf testovaciho bloku.

Vystupni napéti ze snimace Ize vypocitat z nasledujiciho vztahu [6]:
1
v =— jj u(x, 3, 0r(x y)dydx

kde:

S — oblast povrchu o ploSe A, kterou pokryva €elo snimace,
u(x, y, t) — vychylka povrchu,

r(x, y) — lokalni citlivost snimace.

Pro snimac s kruhovou snimaci plochou a konstantni citlivosti v celé ploSce aperturni
efekt pfedpovida pro prochazejici pfimou vinu nulovou citlivost v kofenech Besselovy
funkce [7]:

Jy(ka)=0

kde: k=2xf/c [m™],

f— frekvence [Hz],

¢ — je Rayleighova rychlost v testovacim bloku [m.s™],

a — je polomér snimaci plosky snimace [m].
Na nasledujicich grafech je znazornéna vypocitana zavislost citlivosti snimace na
kmitotu prochazejici pfimé viny pro rdzné priméry celni ploSky snimace
a frekvenéni charakteristika idealniho snimace zkreslena aperturnim efektem.
Na vodorovné ose je vynasena frekvence prochazejici pfimé viny v kHz, Rayleighova
rychlost byla pro vypocet zvolena ¢ = 3000 m/s.
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Obr.1. Viiv aperturniho efektu na citlivost idealniho snimace
Fig.1. Influence of the aperture effect on the sensitivity of an ideal sensor
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Obr.2 Vliv aperturniho efektu na frekvencni charakteristiku idealniho snimace
Fig.2 The influence of the aperture effect on the ideal sensor frequency response

4. Konstrukce Sirokopasmovych snimactu AE

K nejvétsim problémdm pfi povrchové kalibraci tak dnes patfi nedostatecna citlivost
snimacl pro kmito¢ty nad 500 kHz, kde se u béznych snimacu jiz vyrazné projevuje
aperturni jev. To vede na nutnost pouzivat Sirokopasmové snimace s velmi malou
dotykovou ploSkou. V praxi se pouziva nékolik variant provedeni piezoelektrickych

Pinducer (Obr.30br. 3) — komer¢ni Sirokopasmovy snimac¢ s deskovym krystalem
o pruméru 2 mm s navazujicim tlumi¢em o délce 50 mm. Snima¢ ma vyrovnanou
frekvencni charakteristiku v pasmu 0,1 az 2 MHz [8]

NIST laboratorni snima¢ (Obr.4) — s kuzelovitym aktivnim prvkem tvaru komolého
kuzele z piezokeramiky PZT-5A polarizovany ve sméru podélné osy. Tlumeni je
zajisténo masivnim valcovym blokem o praméru asi 40 mm a vySky 25 mm. Snimag
je citlivy pouze na normalovou vychylku testovaného povrchu a je Sirokopasmovy
bez vyraznych rezonanci. Pfenos snimace je dobre teoreticky popsan a vypocitan.
Vice informaci v literatufe [9], [10], [11].

AERE Harwell [12] (Obr.5) — odolnéjSi verze NIST snimace, dovolujici méfeni i mimo
laboratof. Kapkovity mosazny blok zajiStuje Utlum vin z aktivniho prvku. Snimac
obsahuje pruzinu, ktera vytvari staly tlak mezi aktivnim prvkem a povrchem
testovaného télesa. Frekvencni charakteristika je rovna do cca 2 MHz.

Varianty Sirokopasmovych snimacl vychazejicich z kuzelového aktivniho prvku
publikovali dale napf. Koberna [13], Glaser [14], Theobald [15], Lee [16], Sebastian
[17] a mnozi dalSi. Rozdily jsou pfedevsim ve zplUsobu ochrany aktivniho prvku pred
vlivy okoli, zplsobu feseni tlumiciho prvku, pfipadné doplnéni snimace i 0 moznost
buzeni.
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Obr. 3. Sirokopésmovy piezoelektricky snimaé, typ Pinducer [8]
Fig. 3 Broadband AE sensor type Pinducer [8]
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Obr.4. Snimaé NIST Obr.5 snimac¢ AERE Harwell [12]
Fig.4. Sensor NIST Fig.5 Sensor AERE Harwell [12]

5. Prakticka realizace Sirokopasmového snimace

Pro praktickou realizaci Sirokopasmového snimace byla zvolena nejjednodussi
varianta — snima¢ NIST. Kuzelovy prvek z piezoelektrického materialu 432, niklovymi
elektrodami s primérem zakladny 1,5 mm a 4 mm a s vy$kou 2,5 mm byl nalepen
vodivym lepidlem Loctite 3880 na mosazny tlumi¢ v rozmérech dle NIST.

Na obr. 6 je provedeni snimace a zaznam prubé&hu vystupniho napéti ze snimace
ve srovnani s pribéhem vychylky povrchu zaznamenané laserovym interferometrem,
shoda je velmi dobra. Nicméné pro praktické vyuZiti se ukazalo, Ze snimac€ ani
v laboratornich  podminkach neni mozné dlouhodobé pouzivat, méfené
charakteristiky se ménily v zavislosti na ¢ase a opakovatelnost byla rovnéz Spatna.
Divodem je velmi pravdépodobné neurcité definovany mechanicky a predevSim
elektricky kontakt spodni elektrody s povrchem zkuSebniho télesa. Z téchto duvodu
byla vyroba odolng&jSi verze referenéniho snimace domluvena slIng. Veselskym
z firmy Dakel. V realizované verzi je piezoelektricky kuzelik kryty tenkou membranou,
ktera soucasné predstavuje i elektricky kontakt pro spodni elektrodu

Frekvenéni charakteristiky tfi kusi dodanych referenénich snimact DAKEL 281 jsou
na obr.7. Do kmito¢tu cca 400 kHz je frekvenéni charakteristika vyrovnana, pak se jiz
zacina projevovat aperturni jev a zfejmeé i vliv konkrétniho tvaru ochranné membrany
snimace. Opakovatelnost je velmi dobra.
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Obr.6. Snimac¢ NIST (NBS) vlastni vyroby a odezva na lom kapilary ve srovnani
s laserovym interferometrem
Fig.6 Self production sensor NIST (NBS) and time response on capillary break
compare with laser interferometer response
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Obr.7 Frekvencni charakteristiky referencnich snimact DAKEL 281 s kuzelovym
aktivnim prvkem

Fig. 7 Frequency response of reference sensor DAKEL 281 with conical active

element
6. Zavér
Pracovisté pro kalibraci snimacl akustické emise je v rutinnim provozu, povrchova
kalibrace reciproéni metodou i skokovou funkci je pIné implementovana.

Do budoucna planujeme doplnit i méfeni priichozi kalibraci dle metodiky NPL
prezentované na letoSnim EWGAE ve Vidni. Pracovi$té je postupné doplhovano
o dal8i komponenty, v sou¢asné dobé je hlavnim ukolem zjednodu$it a zpfehlednit
kabeldz a snizit mnozstvi pouzivanych komponent a samostatnych pfistroji
vytvorenim kompakini jednotky, ktera bude obsahovat vSechny potfebné napajeci

DEFEKTOSKOPIE 2010 23



zdroje, oddélovaci ¢leny, filtry, zesilovace a prepinace. Stale nevyfeSenym ukolem je
nahrada zdroje skokové sily — lomu kapilary pro kalibraci dle ASTM. Jako vhodna
nahrada se zda byt generator vyuzivajici magnetostrikéni ménic, ktery je schopen
generovat velmi kratké impulzy s vynikajici opakovatelnosti a je tak mozna jesté
vhodnéjsi, nez pro podobné ucely pouzivany laserovy impuls.
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ABSTRACT:

One of the effective method to investigate stress concentration zones in structure specially
in pipes is Magnetic Memory Method (MMM). From the physical point of view stress
concentration areas are predominantly sources of damage of component — where defect like cracks
can propagate. This Non-Destructive Testing method is very sensitive on damage which is coursed
by corrosion and fatigue and also structural changes. It is very usefill to investigate local places of
plastic deformation initial points where fatigue cracks are created. From the practical application
MMM method represent so-called express method, because results ofinspection can be
1mmediately seen on screen of equipment and inspection can be verified. One of the advantage is
that inspected surface of structure does not need special surface treatment (point removal tec.)

M3BeCTHO, YTO OCHOBHBIMM HCTOYHHMKAMH DasBUTHS TIOBPEXACHUH TpPyOOMpPOBOMIOB,
000pyJOBaHUSL U KOHCTPYKLMH SABIISIOTCS 30HBI KOHIEHTpauu Hanpspkenuid (3KH) ot paGounx
Harpy3ok. OTcioja cleqyeT, 4TO KpPUTEpUeM HAaJeKHOCTH OOOpyHOBaHUSI B 3KCILTyaTalUU
SBISIETCS €ro (PaKTUUECKOE HAINpsDKEHHO-Ae)OPMHUPOBAaHHOE COCTOSIHHE. JIiIsi CBOEBPEMEHHOTO
BBISBIICHUS y3JI0B 000PYIOBAHUS, MPEIPACIIONOKECHHBIX K MOBPEXKACHUAM, HEOOXOIMMBI METOBI
TEXHHYECKOH JUarHOCTUKH, UMEIOIIUE KOPPEIALMIO C MEXaHNUECKIMH HATIPSHKCHUSIMH.

DOOQeKTUBHBIM METONOM IIPH OLECHKE HANPsSHKCHHO-IeHOPMUPOBAHHOTO —COCTOSHUS
o0OpyZOBaHUS, KOTOPBI B HACTOSIEE BpeMs IIOJlydaeT Bce Oonbliee pacnpocTpaHEHUE
HAa [IPaKTUKE, SBJISIETCSI METOJl MarHUTHOM namatu Metamia (MIIM).

Ipoueccamy, NPEAMIECTBYIOIMMMH 3KCIUIyaTalMOHHOMY IIOBPEXKICHHIO, SIBIISIOTCS
HU3MEHEHHUs CBOMCTB MeTaiuia (Kopposus, ycranocts) B 3KH u medopmarmit. CoOTBETCTBEHHO,
MIPOMCXOANT HM3MEHEHHE HAMAarHM4YCeHHOCTH MeTallla, OTpaXkaromell (hakTHdeckoe COCTOSHHUE
TpyOONPOBOIOB M 00OPYHOBAHHS.
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MeTox MarHUTHOW NaMATH, OCHOBAHHBIM HAa W3MEPEHHH COOCTBEHHOIO MAarHWTHOI'O OIS
paccesinust (CMIIP) Ha NOBEPXHOCTH KOHTPOJIUPYEMOro 000OpyJOBaHMsI, O3BOJISIET POU3BOIUTH
OLIEHKY €r0o HaNpsHKeHHO-Ae()OPMHUPOBAHHOTO COCTOSIHHS C YYETOM CTPYKTYPHBIX H3MEHEHHMIT.
Ilpu xonTpone wucnoab3yercs 3(PGEeKT MarHUTHOM @aMATH MeTaula K 30HaM JeHCTBUS
MaKCHUMaJIbHBIX pabouNX Harpy3oK.

Meroa MarHMTHOH TaMATH MeTalla JUIIEH HEJOCTAaTKOB, TMPUCYIIUM IPYTMM METOAAM
KOHTPOJIA HANPSDKCHHH U TO3BONAET (MMEIOTCS KpPHUTEPHM) OTIMYaTh OO0JAacTh yIpyroi
JeopMaluy OT TIACTHYECKOH, TTO3BOJSET ONMPEeNITh MUIOMANKN CKOIBKEHHUs CIIOeB MeTallta
Y 30HBI 3apPOXKJECHHS YCTaJOCTHBIX TpemuH. Ecan Tpemuna yxke o6pa3oBanach, METOJ IPOSBIISET
«BETBIICHHE» (HATpaBIICHHE Pa3BUTHS) TPELIMHBI B CTPYKType METalia W MO3BOISIET OTBETUTh
Ha BOIIPOC - Pa3BUBACTCS TPEIIUHA WIIH HET?

[IpoGnema BHE3aNHBIX YCTAIOCTHBIX pa3pyIICHUH OOOPYNOBaHUS C HCIOIb30BAHHEM
TPaJAULMOHHBIX METOJOB HEpa3pyLIAIOMIEro KOHTPOJS HE MOXET OBITh pelleHa, TaK KaK OHU
HalpaBJICHBl Ha IOUCK YXe pa3BUTHIX AedexToB. MIIM-KOHTpONB, OCYLIECTBISSA PaHHIOK
JIMarHOCTUKY 000pYZOBaHuUS, TO3BOJISET PELIMTH ITY 3a/1a4y.

OCHOBHBIE MPEUMYILECTBA HOBOrO METOJA HEpa3pyIIAOIero KOHTPOJSl MO CPaBHEHUIO
C U3BECTHBIMH METOJAMH CIIEYIOIINE:

- He TpeOyeT MpPUMEHEHHs CIENHaIbHBIX HAMAarHHYMBAIOIINX YCTPOWCTB, TaK Kak
UCIIONb3y€eTCsl SIBJIEHWE HAMATHUYMBAHUs TPYO W APYrHX Yy31I0B 0OOpYyIOBaHUS B IpOLECCe
UX paboTEHI;

- MecTa KOHIEHTPALMM HANpsDKeHHH 3apaHee HE M3BECTHBI M ONPENENSAIOTCS B Mpolecce
KOHTPOJIS;

- He TpeOyeT 3aYMCTKM MeTalla U JPYrod Kakoi-mubo MOArOTOBKH KOHTPOIHPYEMOMH
TIOBEPXHOCTH;

- JUIA BBINOJHEHMS KOHTPOJIS MO MNpeAjaraéMoMy METOIy MCIONb3YIOTCS IMPUOOPEI,
UMEIOILHE MaJible FabapuThl, aBBTOHOMHOE MUTaHUE U PETUCTPUPYIOLINE yCTPOHCTBA.

B otnenbHBIX ClIy4dasiX MOKHO BBIITOJIHATH KOHTPOJIb 060py,£[0BaHI/l$l 0e3 CHATHS H30JIALIUH.

ITo TpyHOeMKOCTH KOHTpOJII OH OTHOCHTCS K dKcmpecc-meronam. Crienuanin3upoBaHHbIE
MajiorabapuTHble IPUOOPBI C IKPAHOM U PETUCTPUPYIOLIUM YCTPOWCTBOM TO3BOJISIIOT BBIMOJIHATD
KOHTPOJIb CO ckopocThio 100 M/4 u Gosee.

OcHoBHass 3amaya MIIM-koHTposisi — omnpezaeneHre Ha O00bEKTe KOHTPOJIsS Haubosee
OMacHBIX Y4acTKOB M y3710B, umetomux 3KH. 3arem ¢ ucnons3oBanuem, Harmpumep, Y3/ B 3KH
OIpe/IeNACTCS HAJTMIUe KOHKPETHOTO JedeKTa.

HaubGonee os¢ddexrnBHo wucnonb3oBanue MIIM-koHTpoNs Ui OLUEHKH  pecypca
obopynoBanus. Ha ocHOBe OLEHKH (paKTHUECKOrO HampspKEHHO-Ie()OPMHUPOBAHHOTO COCTOSHHS
KOHCTPYKIIMH  TPEJOCTaBIIsAETC BO3MOXKHOCTH CBOEBPEMEHHO €€ YNPOYHHTh, YAAJIUTh
NOBPEX/ICHHBIN CJION METaJlla UM 3aMEHUTb B HEH U3HOILEHHBIN y3€ll.

B Hactosiiee Bpems B 3HEpreTuke, He(TAHON, ra30BOH, XUMUUECKOW M APYruX OTpacisax
MPOMBIIIIEHHOCTH Poccnu Ha OCHOBE MeTOJAa MAarHMTHOM TNaMsaTH MeTajuia pa3paboTaHo
U IPUMEHSIOTCS Ha mpakTuke Oosee 40 pyKOBOAAIIMX JOKYMEHTOB, COIVIACOBAHHBIX
C TEXHUYECKHM HaJ30POM.

B 2009 rony B Poccun PocrexperynupoBanuem yrepxaeH 'OCT P MCO 9712 «Koutponb
Hepaspyluauui. ATTecTalus U cepTuUKaLUs IePCOHAIA.
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JIaHHBIM CTaHAAPTOM BBOAMTCA B MPAKTHUKY HOBBIH BHI KOHTPOJIS «KOHTPOIb HAMPSKCHUI».
B coorBerctBun ¢ 3tum crangaprom B ceHTsaOpe 2010 roma B PoctexHansope yTBepikKIeHO
«[Tonoxxenne 00 aTrTecTalMu MEpCOHaNa B OOJACTH HEPA3PyLIAIOIIETO KOHTPOJS HaIpsHKEHHO-
nedopmuposantoro cocrosinust (HK HIAC)».

MeToa MarHUTHOW MamsTH MeTalnaa B ykazaHHOM «llonokeHuu» MpejacTaBiieH Kak OJUH
13 3 PEKTUBHBIX METOIOB, PEKOMEHIYEMBII U1l MPUMEHEHHS Ha MPAKTHUKE M, COOTBETCTBEHHO,
IUIS aTTecTalluy U cepTudukanuu nepcoxana B oonactu HK HJIC.

Meron MarHUTHOM mHaMsATH MeETaula, MPEACTaBISIOIMN  NPUHLUIKAIBHO HOBOE
HalpaBJICHHE B TEXHUYECKOH THAarHOCTHKE MPOLIEN MIMPOKYIO MPOMBIIIICHHYIO MPOBEpKy (bonee
20 niet) B Poccum, Iloneiie, Ykpaune, Kurae, Unuguu, CILA, I'epmanun (6onee 30 crpan mupa)
u B HostOpe 2007 roma mo MeToay MPHHAT MeXIyHaponHbld cranmapt 1SO 24497: yacte 1 —
TEPMHUHOJIOTHSL;, YaCTh 2 — 001IMe TPeOOBaHUS U YaCTh 3 — KOHTPOJIb CBAPHBIX COCJMHEHHH.

3a mepuox BpemeHu ¢ 1994 roma mo 2009 rox BeimymeHo 45 noxymentoB MUCa
C TIOJIOXKHUTEBHBIMH PE30TIOLHAMH 110 METOLYy MarHUTHON MaMsTH MeTaslIa.

IpennpustneM  «OHEProAMarHOCTUKa»  pa3pabOTaHbl ¥  CEPHHHO  HM3TOTOBISIOTCS
CIICIMATN3UPOBAHHBIE TPUOOPHI KOHTPOIIS M IPOTPaMMHOE 00eCIICUeHHE K HUM:

- U3MEpUTENb KOHIIEHTPAIUY HaNpshkeHUH MarauToMerpudeckuit MKHM-20IT;
- 2JIeKTPOMAarHUTHBIA HHAKKaTOp TpemuH DMUT-1M, DMUT-2M;

- 3MepuTenu KoHueHtpauuu Hanpspkenuit MIKH-1M-4, HWKH-2M-8, WKH-3M-12,
HKH-4M-16, UKH-5M-32, UKH-6M-8§;

- mporpamMHoe obecniedenue «MMII-Cucremay aisi 00pabOTKH pe3ysIbTATOB KOHTPOJIS 1O
metony MIIM Ha kommbtoTepe st paboTsl B Windows’95-2000/XP/Vista;

- porpaMMHBIi ponykT «MIIM-Pecypey.

IMpubops! ceprrduumpoBansl B DenepaabHOM areHTCTBE 10 TEXHHYECKOMY PeryJInpOBaHHIO
n werposorud. Ceprudukarer: RU.C.34.003.A  Ne22257, RU.C.34.003.A  Ne22258,
RU.C.27.002.A Ne35003.

Metox MarHUTHOHM NMaMsATH M COOTBETCTBYIOIIME MPHOOPEI KOHTPOJIS UCIIONB3YIOTCS Ooiee
gyeMm Ha 1000 npexnpusatusx Poccun. Kpome Poccuu Meron onpo©oBaH U BHEIPEH Ha OTAENIBHBIX
npeanpusaTHax B 29 crpanax mupa: ABcrpanusi, AHrona, AprentuHa, bemapyck, bonrapus,
Benrpus, I'epmanus, WUspauns, Wnnus, Upak, Wpan, Kanama, Kazaxcran, Kuraii, KomymoOus,
JlatBus, JlutBa, Makenonus, MongoBa, Monronus, [lombmia, CepOus, CIIA, VYkpawuna,
Ounansaaans, Yeproropus, Uexus, FOAP, FOxnas Kopest.

B Mockse, HaunmHasg ¢ 1996 roma, AeHCTBYeT POCCHHCKHM M MEXKAYHApOAHBIA LEHTP
MOJrOTOBKH CIIELMAIKCTOB 110 METOYy MarHUTHOM MaMsATH MeTajljia ¢ BblJauell Y10CTOBEPEHUH Ha
I, I u III ypoBeHb — He3aBHCHMBIH opran mo arrtectauuu mnepconana (HOAIT) OOO
«OHeproauarHoctika». B Bapmase u Ilexune padotaroT ¢unuansl 3Toro nexrpa. Ilo cocrosnuio
Ha 2010 rox moxroromieHo 6onee 1600 cmemmanucroB B Poccum, Gonee 350 crenuaancToB
B Kurae, 70 cnietpanuctoB B [osbiie u 6osee 60 CrieLUaaIicTOB B IPYTUX CTPAHAX.

B 1999, 2001, 2003, 2007 u 2009 rogax B MOCKBE COCTOSUIUCH, COOTBETCTBEHHO, MEpBasi,
BTOpAas, TPEThsI, USTBEPTAS U TATas MEXIyHapoIHEIe KOH(epeHIHH «/narnocTrka 000pynoBaHuUs
M KOHCTPYKUHH C HCIOAb30BAHMEM METOJ]a MArHUTHOW MNaMATH MeTaiay. MaTepuanbl
KOH(EpeHIHil pacCMOTPEHbI Ha CIEHHATBHBIX 3aCeIaHHUsAX MEKIYHAPOAHOTO MHCTHTYTA CBApKH
(MUC) (JIuccabon, 22 wurons 1999, Jlrobnsua, 11 urons 2001, Ocaka, 11 urons 2004), u uroru
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KOH(epeHIni 3a(hIKCHPOBAHbI B JIOKyMEHTax MUCa Ne XI-714/99,
Ne V-1196-01, Ne V-1252-03. B d¢espane 2011 roga B MockBe COCTOMTCS IecTas
MexayHaponHas KoHgepeHuus mo meroxy MIIM. Ha koHgepeHumm OyayT mpencTaBieHBI
JIOKJIaZIpl IO CIIEAYIOIUM TeMaM:

- UTOTH Pa3BUTHUS METOJa MaTrHUTHOH mamsatu Metayuia (MIIM) B Poccuu u n1pyrux crpaHax;

- ONBIT WCIOJB30BAHUS METOJA MATHUTHOM MaMSITH METAaUla MPH KOHTPOJE M OLEHKE
pecypca ra3oHe)TenpoBoJOB, O0OPYAOBaHUS JHEPreTHKH, HEPTEXUMHH, KEJIE3HOAOPOIKHOIO
TpaHCIOPTa U APYTHUX OTPACIIeH POMBILLICHHOCTH;

- KPUTEPHUH TIPEIETFHOTO COCTOSHHUS MeTallyia IPU OLIEHKE OCTATOYHOTO pecypca; KOHTPOIIb
HaIpsHKEHHO-1e(OPMUPOBAHHOTO COCTOSIHUSL 000PYIOBaHUS M KOHCTPYKLHIA;

- KOHTPOJb KayecTBa M3JCIMH MAIUMHOCTPOCHUS IO CTPYKTYPHOH HEOIHOPOIAHOCTU
U OCTaTOYHBIM HaINpPsKECHUAM;

- HOBBIE CTaHIApTHl Poccuu M MeXIyHAapoAHBIE CTAHAAPTHI B OOJACTU TEXHHYECKOH
nquarHoctuky; onbiT PHTCO B obmactu craHpapTH3allMM 4epe3 MEXIYHapOXHbIH HMHCTHTYT
CBapKH;

- MOJArOTOBKAa CreuuanuctoB mo Meroay MIIM u B 00iacTd KOHTPOJIS HAMpPSKEHHO-
neopMUPOBAHHOTO ~ COCTOSIHMS M TexHuueckod amarHoctuku B HOAII HK  OOO
«OHEproJMarHoCTHKa;

- ONBIT M TIEPCIEKTHBBl pa3BUTHA OECKOHTAKTHOI'O MAarHUTOMETPHYECKOrO KOHTPOJIS
razoHe()TerpoBOJOB M TPYOOINPOBOJIOB TEIUIOCETH, PACIOJIOKEHHBIX IO CIIOEM TpyHTa
U B TPYAHOJOCTYIHBIX KaHAJIAX;

- ombir HIIC «PUCKOM» B pa3paboTke HOPMATHBHOH IOKYMCHTAallMM B O0JacTH
MIPOMBIIUICHHOH 6€30MaCHOCTHU YNPABIEHUS pPUCKAMU U MOHUTOPUHra 000pyJOBaHUS;

- ombIT paboThl Hay4yHO-TexHHYecKkoro coBeta CPO HIT «Mexperuon I1b».
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Abstract

Principles of contactless ultrasound EMAT, acoustic emission and magnetic poit pole
method.

Theory of mechanical waves induced by magnetic field in ferromagnetics by magnetization
impulses of DOMENA B3 apparatus.

Experimental pick-up and evaluation of mechanical waves. Direction of farther research for
exploitation of effect in non-destructive structuroscopy of ferromagnetics.

Key words: magnetic impulse, Acoustic emission, non-destructive structuroscopy

Abstrakt:

Principy bezkontaktniho ultrazvuku EMAT, akustické emise a metody magnetického
bodového polu. Teorie mechanickych vin vyvolané magnetickym polem ve feromagnetiku
vyvolané magnetizaénimi impulsy pfistroje DOMENA B3.

Experimentalni snimani a vyhodnoceni mechanickych vin. Smér dalsiho vyzkumu k vyuziti
Jjevu v nedestruktivné strukturoskopii feromagnetik.

Klicova slova: magneticky impuls, akusticka emise, nedestruktivni strukturoskopie

1. Uvod

Zatimco klasicka defektoskopie je v dnesni dobé jiz dostate€né prozkoumana a jeji
metody nalezité popsany, oblast nedestruktivni materidlové diagnostiky se neustale
vyviji [1].

Pravé do oblasti strukturoskopie patfi i metoda magnetického bodového pélu
(magnetické skvrny), ktera pracuje na zakladé souvislosti mezi magnetickymi
vlastnostmi a strukturné-mechanického stavu materidlu. Nevyhodou je omezeni
aplikace pouze na feromagnetické materialy. Tato metoda se jiz v mnoha slévarnach
v CR pouziva, a to zejména k méfeni tvrdosti odlitk(l. Nebylo v&ak je$té zkoumano
pouziti této metody jako zdroje akustické emise, zda mechanické viny vznikajici
magnetickymi impulsy mohou dosahovat ultrazvukovych frekvenci. Rovnéz tak
otazka, zda tato metoda mize byt uplatnéna v ultrazvukové defektoskopii, neni
dosud zodpovézena.
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2. EMAT - Elektromagneticky akusticky ménic¢

Jedna se o progresivni metodu bezkontaktniho zkou$eni ultrazvukem bez
akustické vazby s pouZitim sond EMAT.
Tato metoda pracuje jen ve vodivych a feromagnetickych materidlech a oproti
klasickym piezoelektrickym sondam umoznuje fadu aplikaci, které jsou u klasickych
ultrazvukovych metod a metody magnetického bodového p6lu problematické &i velmi
obtizné realizovatelné. Jde v8ak o aplikace specialniho charakteru, metoda obecné
nenahrazuje klasické ultrazvukové zkouseni.
Princip méni¢e EMAT

Sonda je opatfena magnetovaci
civkou, orientovanou rovnobézné
s povrchem vodivého vzorku, ktery je
méren. Celo sondy se pfibliZi k povrchu
vzorku na vzdalenost nékolik desetin
mm az 2 mm, pficemz tato vzdalenost
musi byt pfesné zachovana (obvykle
pomoci mechanického pfipravku
s vodicimi kolecky). Civka
elektromagnetu je napajena proudovymi

Obr. 1-Princip ménice EMAT.
impulsy, jez v materialu vzorku vyvolaji
magnetické pole o indukci B. Casové
proménné magnetické pole indukuje v povrchu vzorku vifivé proudy, které
vybudi ¢asové proménny magneticky tok, jenz plsobi proti proudu tekoucimu civkou.
Magnetické pole plsobi na sondu Lorentzovou silou, ktera ji pfitahuje k povrchu
materialu. Casové proménna Lorentzova sila zplisobi rozkmitani atomi krystalové
mrizky zkouseného materialu a tim se vzbudi ultrazvukova vina, ktera se posléze Sifi
materialem. Typ vybuzené ultrazvukové viny zavisi pfedevSim na orientaci
magnetického pole vzhledem k povrchu vzorku a na konstrukénim provedeni
elektromagnetu sondy EMAT.
Za pfedpokladu nulového vektoru intenzity elektrického pole je vektor Lorentzovy sily
dan vztahem:

F=q(vxB) (1
Na zakladé hustoty vifivych proudl indukovanych magnetickym polem je lepsi
uvazovat vektor Lorentzovy sily ze vztahu

F=jxB. (2)
Odezva ultrazvukové viny se registruje na zakladé napéti indukovaného na snimaci
¢asti magnetovaci civky, pfipadné na samostatné snimaci civce (pokud je sonda
provedena jako dvouménicova). Velikost napéti pak odpovida intenzité budiciho
magnetického pole.

Generatory EMAT
Vzhledem k existenci konstantni mezery mezi ¢elem sondy a povrchem materialu

dochazi ve vzduchu k velmi vyraznym rozptyldm magnetického toku, coz vyznamné
snizuje ucinnost zafizeni a omezuje hloubku vniku vifivych proudd do materialu.
Vifivé proudy se indukuji prakticky jen v podpovrchové vrstvé, zasahuji do hloubky
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kolem 60 um (v zavislosti na velikosti magnetovaciho proudu). Potfebné parametry
jsou nasledujici:

- napéti 900V,

- doba nabézné hrany 6 ns,

- proud 30 A—160 A,

- vystupni pulsni vykon 27 kW az 150 kW,

- pocet vystupnich pulsti 1 az 20.

3. Akusticka emise

Fyzikélni podstata a charakteristika akustické emise:

Akustickéd emise je fyzikalni jev, pfi némz vznikaji v pevnych latkach pfi jejich
namahani vnitfni pruzné napétové viny, uvolnéné dynamickou zménou struktury.
K akustické emisi dochazi ve zdroji akustické emise pfi uvolnéni energie pusobenim
stimulace vnitfnimi nebo vné&j§imi silami. Zdroje akustické emise v molekularnim
méfitku jsou procesy pfi vzniku a zaniku Sifeni poruch, déle dislokace, fazové
transformace, vnitfni tfeni, tvorba a Sifeni trhlin, apod. Zdroji v makromolekularnim
méfitku jsou zejména kavitaCni procesy v hydrodynamickych systémech, turbulence
pfi uniku kapaliny z potrubi.
Energie uvolnéna témito procesy se transformuje na mechanicky napétovy impuls,
jenz se 8ifi materialem jako elasticka napétova podélna ¢i pficna vina.
Jakmile vina dorazi na povrch materialu (tedy na rozhrani materialu se vzduchem),
dochazi ¢aste¢né k jejimu odrazu a Castecné k jeji transformaci na jeden &i vice
maodu. Vina se pak dale Sifi pfevazné Rayleighovou, tedy povrchovou vinou. Kromé
této viny dochazi také ktransformaci napf. na Lambovy, tedy deskové viny.
Jednotlivé typy vin se Sifi materidlem rdznou fazovou rychlosti.

4. Strukturoskopie

Strukturoskopie se zabyva zkoumanim struktury z hlediska fazové analyzy
a krystalické stavby kovU a jejich slitin. Zahrnuje také strukturometrii, ktera slouzi
ke zjistovani chemického sloZzeni materialu.
Lze ji roz€lenit na nasledujici metody:
- akustické metody zkouSeni
- metody vifivych proudi
- magnetické metody.

4.1 Akustické metody zkouseni

Ponévadz struktura a chemické slozeni materialu ma znacény vliv na nékteré
vlastnosti ultrazvuku pfi jeho prichodu danou latkou, vyuzZivd se zmén téchto
vlastnosti k posuzovani stavu struktury, popf. chemického slozeni.

Akustické vlastnosti

Akustické vlastnosti materialu jsou popsany rychlosti Sifeni pruzného pfiéného
¢i podélného kmitani atomu kolem jejich rovnovaznych poloh a dale jejich atlum.
Pro rychlost podélného Sifeni zvuku plati vztah:
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o= [P0 [mis] 3)
pU+u)1-24)

kde: E...je Younglv modul pruznosti
p... mérna hmotnost
p’...Poissonova konstanta
(soucinitel pfiéné kontrakce)

Prostupnost akustickych vin prochazejicich materialem klesa s rostoucim
utlumem a zejména s mnozstvim a velikosti vnitfnich nespoijitosti, ¢ehoz se vyuziva
pfi hodnoceni struktury litin.

U grafitickych litin pfedstavuje grafit ve struktufe vyznamnou vnitfni nespojitost se
znacéné odliSnym vinovym odporem Zg v(ci ocelové matrici Zm. Vinovy odpor Z Ize
obecné vyjadrit jako soucin fazové rychlosti Sifeni a hustoty, tedy:

Z=cp [MPals]. 4)

4.2. Metoda magnetické skvrny

Patfi mezi magnetické strukturoskopické metody, zalozené na vyuziti
souvislosti mezi magnetickymi vlastnostmi a strukturné-mechanickym stavem
materialu. Existuje nékolik zplGsobl, jak tyto magnetické vlastnosti, dané nékterou
z charakteristickych veli¢in, méfit. Jednim ztéchto principd kontroly vyrobkl je
metoda ,bodového polu“. Jde o metodu rychlou, splfujici pozadavky soucasného
vyrobniho provozu. V sou€asné dobé& se k méfeni metodou magnetického bodového
pélu pouZiva pfistrojti fady DOMENA, které navazuji na pfedchozi sérii pfistrojli
REMAG.
Diky stalému vyvoji této metody Ize pomoci pistroji DOMENA maéfit nejen tvrdost
feromagnetickych materiald, ale i pevnost ¢€i hloubku prokaleni.
V porovnani s klasickymi zplsoby méfeni tvrdosti je tato metoda velmi rychla,
nedestruktivni, umozniuje méfeni i na neopracovaném povrchu, jednoducha
na obsluhu a umoziuje méfit tvrdost materialu i pfes povrchovou vrstvu.

4.2.1. Princip méfreni metodou

U zkou$eného objektu (napf. odlitku) se pomoci magnetovaci civky sondy vytvofi na
povrchu objektu magneticka skvrna — tzv. ,bodovy pdl“. Po zaniku proudového pulsu
v magnetovaci civce se citlivymi snimaci méfi remanentni intenzita magnetického
pole v povrchové a podpovrchové vrstvé materialu vzorku.

Snimace, nejcastéji Hallovy, jsou diferencialné zapojeny a méfi gradient normalové
slozky remanentni intenzity. Metoda vyuziva pfimé souvislosti mezi remanentni
intenzitou a strukturné-mechanickym stavem materialu. Se strukturné-mechanickym
stavem materialu lépe koresponduje koercitivni intenzita, ale jeji hodnoty jsou velmi
nizké, proto se pfednostné vyhodnocuje remanentni intenzita magnetického pole.
Feromagnetické latky magneticky tvrdé si po vyjmuti z vnéjSiho magnetického pole
uchovavaji své magnetické vlastnosti (v materidlu pretrvava remanentni indukce).
Prispiva k tomu téz existence poruch krystalové mfizky (dislokaci) a jinych prekazek,
napf. atomy uhliku, ¢astice cementitu, které brani navratu domén do jejich pavodni
orientace a do celkové magneticky neutralniho stavu. Souvislost mezi mechanickou
a magnetickou tvrdosti materialu je dana pfitomnosti magneticky tvrdych strukturnich
slozek (lamely perlitického cementitu, martenzit), které jsou zaroven i mechanicky
tvrde.
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Princip této metody spociva v méfeni intenzity zbytkového magnetického pole
kontrolovaného materialu pod Celem sondy, jejiz hodnota pfimo zavisi na mnozstvi
a disperzi perlitu &i martenzitu ve struktufe.
V polovodiéi o tloustce d. Pro Hallovo napéti Uy na elektrodach plati vztah:
IB
Uy =Ry~ v 5)
Hodnota Hr se posléze zobrazi na displeji pfistroje. Halllv snima¢ registrujici
remanentni intenzitu je polovodiovy prvek, jenz vyuziva vlivu magnetické
indukce na vychylovani nosi¢l nabojl el. Proudu.

4.2.2. Charakteristika a popis pfistroje DOMENA B3.b

& P¥istroj DOMENA B3.b je pfenosny, v tomto
provedeni nezavisly na vnéjSim napdjeni.
odiitek V bé&Zném reZimu je schopen na jedno nabiti
akumulatord provést méfeni minimalné
600krat. DOMENA B3.b je tvofena vlastnim
pFistrojem se zdrojem magnetickych impulst
a pfiloznou sondou. Na <¢&elnim panelu
] pristroje zobrazuje digitalni Uudaj namérené
Zmagnetovana hodnoty, pfepinacfunkci a indikator stavu,
ohlast 5 x o . . sy
coz umoziiuje takové nastaveni, aby digitalni
udaj ukazoval méFenou hodnotu pfimo
v jednotkach, na které je pfistroj kalibrovan.

Obr.2- Schema priloZzné sondy.

Mimoto je moZna kalibrace DOMENY podle etalonli uZivatele, dale vypodet
statistickych Udajli ze zapamatovanych hodnot, kterych mlze byt v paméti az sto.
PFistroj umozZriuje i komunikaci s pocitatem.

Kromé& tvrdosti je mozné pristrojem DOMENA B3.b méfit i pevnost a hloubku
prokaleni. Jedna se o vlastnosti, jez zavisi na mnozstvi a rozloZzeni magneticky
tvrdych strukturnich fazi jako je perlit, cementit nebo martenzit.

Obr. 3 Ukézka méreni tvrdosti strukturometrem DOMENA B3.
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Kondenzatorovy zdroj s jednoduchym vybijenim

U tohoto zdroje se kondenzatorova jednotka, sestavena z jednotlivych
kondenzatorl, nejprve nabiji ze sitového transformatoru s usmérfiovatem
na dané napéti. Po nabiti kondenzatorové jednotky se pomoci spinaciho tyristoru
pfipoji magnetizani okruh, pfes ktery se jednotka ayb vybije. Velikost a Casovy
prabéh vybijeni proudového impulsu zavisi na parametrech celého
magnetizacniho okruhu, tedy na kapacité kondenzatord zdroje a indukénosti
a rezistanci magnetovaci civky [2].

Vybijeni proudu muze probihat dvéma zplsoby, bud aperiodicky nebo
periodicky. Vybijeni aperiodické nastava pfi podmince

R 1
>— 6),
A LC ©

pro néz plati ¢asovy pribéh proudu vyjadieny vztahem:
i(H=-CU, Y% [— en + e, (7)
a =,
R R 1
k - o
de “="9r"Nar T Ic ®)
R R 1

a, = 9)

2L 4L IC
pficemz koeficienty o a oo vyjadfuji vzajemny vztah mezi elektrickymi parametry
magnetovaciho obvodu, U, je nabijeci napéti na kondenzatorech. Casovy priibéh
uréeny rovnici (20) dosahuje v ur€itém ¢ase tmax lokalniho maxima, pfi¢emz tento ¢as
je smérodatny pro dosazeni maximalni magnetické indukce v materidlu. Lze
matematicky odvodit, Ze:

.
In—2
al
Lo = 10
max al 7‘12 ( )
a nasledné maximalni proudovy impuls je dan rovnici
a.a 4% D g,%
I, =-CU—2—|—¢em™ @ pegnn @ (11)
o) -

Pro dosazeni max. proudoveho impulsu je tfeba, aby hodnoty Uo a C byly co nejvétsi
a rezistance R co nejmensi. Tento zplGsob vybijeni se uplatfiiuje u pfistroje DOMENA
B3.b.

V pfipadé platnosti podminky E<L—C by Slo o periodicky proces vybijeni, Cili
proud pfi vybijeni pfechazi k nule tlumenymi kmity. Casovy pribé&h proudu je
vyjadfen vztahem:

R
i(H)=U,w.Ce ' sinot, (12)

1 F’
kde W= E—E . (13)

je uhlova frekvence tlumenych kmitd
Periodickym zplsobem vybijeni nelze namagnetovani materialu vlivem tlumenych
kmit( dosahnout, je vhodny spiSe pro odmagnetovavani.
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Na obrazku 4 nize je uveden €asovy priibéh vybijeni proudového impulsu pro pfistroj
DOMENA B3.b, priibéh plati pro parametry: rezistance R = 1,22 Q, celkova kapacita
kondenzatord C = 22 mF a induk&nost civky L = 0,22 mH. Podle vztahu (23) vychazi
¢as tmax = 0,95 ms, pfislusna maximalni hodnota proudu ¢&ini Imax = 12,75 A. Hodnota
maximalniho proudu byla zjiSténa pro nejvyssi stupen magnetizace.

CASOWY PRUBEH PROUDU V CIWCE |=1(1)

14 T T

proud | [A]

I i I I
o 0.002 0.004 0.008 0.008

i i i i i
0.0 0.012 0.014 0.0me 0.018 0.0z

cast [s]

Obr.4-Prabéh proudu v civce pri aperiodickém vybijeni

4.3. Rozlozeni magnetického pole v materialu u magnetické skvrny

Jak uz bylo dfive zminéno, pfilozna sonda metody magnetického bodového
pélu pomoci magnetovaci civky zmagnetuje lokalni oblast daného materialu.
Vzniklé magnetické pole je vzhledem k pulsnimu magnetovani civkou
nestacionarni. Exaktni vypoc€et rozloZeni magnetického pole ve zmagnetované
oblasti je mimofadné slozita zalezitost, predevS§im kvali proménné hodnoté
pomérné permeability, demagnetizaci vlivem stiniciho faktoru a vifivych proudd,

magnetovaci
civka -

— /)

se material

‘ Y /Bn

Biz) HiZ

z

Obr. 5-Schema situace bodového pélu
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vlivu anizotropie materialu, rozptylu
magn. toku na rdznych heterogenitach
vmateridlu a podobné. Pomérna
permeabilita zavisi na magnetizaci a jeji
hodnotu nelze pfesné urcit, Ize ji bud
zmeéfit nebo pfiblizné odhadnout.

Pro Pro ucely této prace postaci, bude-li
uvazovat rozlozeni magnetické indukce
a intenzity jako jednorozmérné, ve sméru
osy pfilozné sondy. Pro opravdu pfesné

rozloZzeni magnetického pole a vifivych
proudi je tfeba simulace metodami
kone¢nych prvkd, nejlépe v programu
ANSYS. Situaci bodového pélu podle

vySe uvedeného vystihuje obrazek 5.
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Ze zékona o lomu indukénich €ar na rozhrani dvou prostfedi o riznych
permeabilitdch vyplyva, Ze se musi rovnat normalové a tangencialni sloZky intenzity,
tedy: Hin=Hzn ,  Hut=Hz

5. Experiment

Cilem experimentu je pokusit se o snimani akustické emise magnetickych impulst
metody magnetického bodového pélu pro ptistroj typu DOMENA. V pfipadé zdznamu
pritomnosti mechanickych vin v materialu pofidit akusticko-emisni spektrogram
a nakonec zhodnotit moznosti aplikaci a dalSiho vyvoje.

5.1 Vzorky materialu
Pro potfebu snimani mechanickych vin byly zajistény vzorky materialu v podobé
plochych tenkych ty¢i, pficemz dvé tyCe byly litinové a jedna ocelova. Litinové tyCe
jsou vyrobeny ze Sedé litiny tavby A s lupinkovym grafitem, ocelova ty¢ z oceli
12 050.1, normalizaéné zihané. Dale byla k dispozici sada litinovych desti¢ek taveb
€. 1, 2, 3, 4, a 5 zlitiny s kulickovym grafitem. Desti¢ky byly vyfezany z masivnich
blok(i odlitych ve slévarné FOCAM Olomouc s r.o., chemické sloZzeni jednotlivych
taveb téchto desti€ek bude uvedeno v tabulkach dale.
Rozmeéry vzorku jsou nasledujici:

litinova ty¢ 160 x 43 x 3 mm

ocelova ty¢ 200 x 40 x 3 mm.
Sada desti¢ek 40x40 mm o tloustkach v rozmezi 4-12 mm

5.2 Meérici pristroje a pomlcky
Méreni bylo realizovano pomoci magnetického strukturometru DOMENA B3.b, jenz
slouzil jako zdroj magnetovacich impulsii a nasledné ke generovani
mechanickych vin. Vlastni akusticka emise byla snimana pomoci téchto zafizeni:
Piezoelektricky snimag:  miniaturni PZT (prdmér 3 mm)
citlivy na v8echny typy vin
frekvenéni rozsah 30 kHz-1,2 MHz
Pfedzesilovac: frekvenéni rozsah 0-2 MHz
Zobrazovac: DSO LeCroy Waverunner 2350 MHz, 8 bits, 1 GS/s.
PouZité zesileni pfi snimani akustické emise bylo v rozsahu 60 az 80 dB.

5.3 Postup méreni

Po zapnuti magnetického strukturometru Doména B3.b byla nastavena uroven
magnetizace na nejvyssi stupen, tedy na M8. Nasledovalo nastaveni reZzimu dlouhé
magnetizace, pfi némz je do pfislusného materialu vysilano pét po sobé jdoucich
proudovych impulst. Jednotlivé impulsy jsou od sebe oddéleny ¢asovym intervalem
pfiblizné jedna sekunda. Timto byl pfistroj pfipraven k magnetovani.

Poté byl k povrchu méfeného vzorku pfilepen snimaé akustické emise, pficemz
akusticka vazba mezi ¢elem snimace a povrchem materialu byla zajiSténa vazelinou.
Vzajemné rozmisténi pfilozné sondy strukturometru a snimace AE pfi méfeni
dlouhych ty&i ukazuje obr. 6. Nakonec bylo nutné vzajemné propojit snima¢ AE
s pfedzesilovadem a zobrazovacem ve finalni soustavu ke snimani akustické emise.
Nasledné bylo provedeno snimani vSech vzork(.
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Obr. 6-Poloha pfiloZné sondy a snimace AE

5.4 Akusticko-emisni spektrogramy

Ze soubord naméfenych hodnot pofizenych piezoelektrickym snimacem AE byly
pomoci programu Matlab vyhotoveny akusticko-emisni spektrogramy, jez zachycuji
prabéhy emisnich udalosti. — pfiklad na obr.7.
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Obr. 7-Spektrogram dlouhé litinové tyce

6.0 Vyhodnoceni a zavér.

Hodnoceni parametri naméfenych emisnich udalosti. Celkova doba trvani
emisni udalosti ¢ini u véech méfenych vzork(l 20 ms, coz pfesné odpovida periodé
kondenzatorové vybijeného proudového impulsu. Intenzitu emisnich udalosti je
vhodné vyjadfovat formou elektrického napéti, ponévadz energie mechanickych vin
se v piezoelektrickém snimaci AE transformuje na elektrické napéti. Maximalni
amplituda emisnich udalosti ¢ini u v8ech vzorkd 2 mV, pfi¢emz amplituda okolniho
nizkofrekvenéniho Sumu se pohybuje kolem 0,3 mV. Maximalni amplitudy by mélo
byt teoreticky dosazeno v dobé, kdy proud impulsu nabyva max. hodnoty, protoze
max. proud ma smeérodatny vliv na maximum Lorentzovy sily. Zajimavé je, ze
amplituda dosahuje maxima v ¢ase podstatné delSim. U litinové tyCe je tato doba
7 ms, zatimco u ocelové ty¢e 5 ms. Tato skuteGnost mlzZe souviset s moznym
rychlej§im zmagnetovanim oceli oproti litiné v disledku vy$si konduktivity, ovSem
toto tvrzeni neni jisté. V pfipadé destiCek z tvarné litiny s feritickou matrici €ini doba
do dosazeni max. amplitudy 5 ms, u litiny s perlitickou matrici 7 ms. Ferit je
magneticky mékéi nez perlit, maze dochazet k rychlejSimu zmagnetovani.
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Podle frekven&niho spektra pFislusi proudovému impulsu rozsah frekvenci
0-2 450 Hz, pficemz pfevazné vyznamny je do 550 Hz. Okolni nizkofrekvenéni Sum
vykazuje frekvence kolem 100 Hz. Tomuto rozsahu pak odpovida spektrum
frekvenci emisnich udalosti. Jedna se tedy o emisi v pasmu slysitelného zvuku.
Jelikoz emisni udalosti nevykazuji ultrazvukové frekvence, nespliuji proto kriterium
standardni akustické emise. Z tohoto divodu neni mozné oddélit emisni udalosti
od nepfiznivych, rusivych jeva.

Vzhledem k rozsahu vyznamnych frekvenci emisnich udalosti se vinové délky
mechanickych vin pohybuji fadové v metrech, tudiz velmi vysoce pfesahuji velikost
utvar grafitu v litinovych vzorcich. Z toho vyplyva, Ze utlum vin neni vyznamny.
Utlum vin zavisi krom frekvence na tvaru a rozloZeni grafitu v matrici, na obsahu
necistot, vmésku a celkové na heterogenité litiny.

V pribéhu snimani AE se ukazalo, Ze velmi nezadouci vliv na pribéh
emisnich spektrogrami maji vibrace zplsobené stiskem tlacitka na sondé a ru¢nim
pfidrzovanim sondy na povrchu materialu. Tyto vibrace se projevovaly vnasenim
nezadoucich mechanickych kmitl do emisnich udalosti. Podle obr. 36 a 37 odpovida
emisnim udalostem paty az devaty vykmit zleva, ostatni vykmity jsou od vibraci.
Amplitudy jsou mirné proménné, coz je opét zpusobeno vnesenymi vibracemi.
Z tohoto duvodu neni snimani pfili§ objektivni. Pro opravdu pfesné snimani je tfeba
strukturometr vybavit dalkovym ovladanim a polohu sondy na materialu pevné zajistit
mechanickym pfipravkem. Méfeni téz prokazalo, Zze magnetizace Domény B3.b je
pfili§ slaba pro generovani ultrazvuku. Bylo by tfeba dosahnout zakladni frekvence
vin 80-100 kHz, ¢emuz odpovidaji periody proudového impulsu 10 az 12,5 ps. Horni
hranici frekvenci je vhodné omezit na 2 MHz, aby nedochazelo k pfili§ velkému
Utlumu vin. Pro buzeni ultrazvuku na zakladé magnetostrikce je nutné, aby civkou
prochazel co nejvétsi proud, pfi¢emz neni podstatny zplsob, jak se toho dosahne.
Pro dosaZeni proudu nékolika desitek A je tfeba zvysit nabijeci napéti na
kondenzatoru, z 16 na 600 V a snizit odpor magnetovaciho obvodu na fadové
desetiny ohmu. Zména odporu je v3ak silné omezena impedanci magnetovaci civky.
Periodu proudového impulsu Ize snadno ménit zménou kapacity kondenzatoru. Cim
niz8i kapacita, tim kratSi perioda pulsu a rychlejdi vybiti. Z vySe uvedenych
skute€nosti vyplyva, Zze metoda kondenzatorového vybijeni je pruzna, levna,
spolehliva a tedy vhodna k magnetovani materidlu za ucelem generovani
mechanickych vin. Pro dosaZeni ultrazvuku by bylo tfeba sniZit indukénost civky
fadové na pH, coz bohuZel neni prakticky realizovatelné.

Metoda bodového poélu se zatim u nas pouziva k nedestruktivnimu méreni
tvrdosti u odlitkt, v Rusku slouzi ke kontrole ocelovych plechd. Umozriuje méfit také
pevnost &i hloubku prokaleni. Pokud by se podafilo po Upravach dosahnout emise
ultrazvuku, mohla by slouzit v oblasti ultrazvukové defektoskopie. Tuto otazku a dale
optimalizaci obvodu strukturoskopu je vSak nutno podrobit rozsahlému vyzkumu
ve spolupraci s odborniky elektrotechnického a magnetického zaméreni.

Prispévek byl vytvoren za podpory vyzkumného zaméru MSM 4674788501.
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Abstract: We deal with the classification of acoustic emission signals by means of Fuzzy Clus-
tering (FC), Model-Based Clustering (MBC) and Support Vector Machines (SVM). These meth-
ods belong to a different group of classification techniques, e.g. the SVM is searching for optimal
separating hyperplanes between clusters. The signals are compared by means of suitable parame-
ters obtained directly from the signals and from normed frequency spectra such as ¢-divergence
distance measure as the additional attribute. We are concerned with resulting cluster comparisons
and the selection of efficient classification parameters. We realize three experiments in the area
of acoustic emission to test the proposed classification methods by means of laboratory data and
also considering industrial data from the real life.

Key words: Signal classification, ¢-divergences, Fuzzy method, Model-Based method, SVM
method, Real data processing

1 Introduction

We search for the method which allows us sufficiently and successfully classify measured
acoustic emission signals into the clusters corresponding to physical nature of the acoustic
sources. The basic classification task for acoustic sources is to distinguish between the
emissions arising from the real defect developing in a given material and the emissions
resulting from the noisy behavior of the measurement system. Two fundamental require-
ments are important for finding the true type of acoustic sources: to choose appropriate
numerical characteristics (parameters) of measured signals which contain maximum of
compressed information about the separability of the signals and to choose suitable, ro-
bust and efficient classification method. For the classification we can use several methods
coming from the cluster analysis. In this experiment we apply fuzzy method of clas-
sification, Model Based Method and method Support Vector Machines. As the input
characteristic values gained from given signals we use various parameters of signals to-
gether with ¢-divergences which are applied to the normalized spectrums of acoustic
signals under consideration.
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2 Fuzzy classification method (FC)

The fuzzy method belongs to the methods, which are based on optimization of so-called
objective function. Let us consider N individuals xy,...,2zy in the space R" which are
supposed to create ¢ clusters. Then we can minimize the objective function in the form
of weighted sum of quadratic distances between individuals z; and a set of the so-called

prototypes (i.e. the representative samples) vy, vs, ..., v, of clusters
c N
Q= Z Zuikrﬁ(aﬁk, v;),
i=1 k=1
where U = [uy], i =1,2,...,¢, k=1,2,..., N, is a partition matrix, which allocates the

individuals into the clusters. The elements of matrix U are called membership degrees
and they range over the interval (0,1). The degree u;; stands for the probability that
individual z;, belongs to the cluster i. The term d(xy,v;) denotes a distance between
individuals z; and v;.

We employ an iterative fuzzy algorithm to find maximum of the objective function @
under the following conditions

N c
0<d un<N, Y ux=1, i=12...,c, k=12 ,N.

This algorithm is based on stepwise calculation of the prototypes of the clusters and the
partition matrix until certain convergence criterion is satisfied. Then the classification
into the clusters is done according to final membership degrees. More details can be
found in [3].

3 Model based method (MBC)

We suppose that the data belong to a finite mixture of normal densities, where each
component represents one cluster, it means we deal with the finite convex combination
of densities corresponding to the components of the mixture. We consider observations
x = (z1,...,7,), 7; € RY and the densities of z; in k—th component denoted by fi (|6},
i=1,...,n k= ., G, where 0, are parameters of the k—th component. The number
of mixed componontb is denoted by G. The method MBC is based on a general EM
algorithm for finding maximum of the likelihood function under consideration and it
manages to work with uncomplete data sets in the form y; = (w4, z;), which contain the
so-called unobserved data z; = (21, ..., zig) of the binary values

{ 1 if x; belongs to group k ,
-
i 0 otherwise.

We seek the maximum of likelihood function

n G

L(Ok, Tk, zic|x) = H H Tk fre (4]0 ) 7%

i=1 k=1
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where 73 is the probability that an observation belongs to the k—th component with the
restrictions

G
om=1, 7>0 k=1...G.

Since we do not know the data z;, it is necessary to maximize the conditional expec-
tation of log-likelihood

n G

B[Ok, T 2t [%) |08, 7o X] = D> (i) [ 7 fie(l60),

i=1 k=1

where 7(z;) is a posteriori probability that the observation z; belongs to the kth compo-
nent of the mixture and it can be computed from the Bayes theorem. By means of the
EM algorithm we determine values 6}, 77 of the parameters 60y, 7, for which the likelihood
function reaches its maximum. The resulting classification is done according to posteriori
probability v(z;,) and the i—th observation is classified to belong to the k—th component

if it holds that
a Tk — A gk’Tk
jmax y(z; )T = (2
See [1] for more detailed analysis and proofs. We apply this procedure for different modes
of classification in the sense of various numbers of clusters and their miscellaneous shapes
and orientations. The best model is chosen on basis of Bayesian Information Criterion

(BIC), which takes the form
2log p(D|M;) =~ 2log p(D|6;, M;) — v log(n) = BIC,

where D denotes overall data set, v, is the number of independent parameters to be
estimated under the model M;, and O is the estimate of parameter obtained by EM
algorithm. The highest value of BIC corresponds to the most probable model of classifi-
cation.

4 Support Vector Machines (SVM)

The method called Support Vector Machines requires learning process, it means we need
some training data set adjusting the procedure. Let us consider we are endowed by a
training data set

(1:1791)7 te (xmvym) € X x {+17 _1}7

where z; are observations from the set of vectors X and y; are separating labels for
i =1,...,m, m € N. The classification into two clusters is represented by two values
of labels, +1 or —1. The method separates data by means of a hyperplane shown in
Figure 1 while we require the margin along the hyperplane to be as wide as possible. The
method works with a canonical form of the hyperplanes. The pair (w,b) € H xR is called
canonical form of the hyperplane with respect to xi,...,x,, € H if the set is determined
by
{x e H|{w,x) +b=0} and 171{1111 [(w,x;) +b =1,

=1,....,m
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Figure 1: The separating hyperplane with the margin.

where w is a vector orthogonal to the hyperplane and (w, x;) is the standard scalar product
of w and x;. The optimal separating hyperplane is designed by means of optimizing
solution of

i r(w) = min 2w
werper )T werber 2
under the conditions y;((x;, w) +b) > 1, i =1,...,m. The result of this optimization is

a pair (w, b) which determines the separating hyperplane allowing us to classify observed
data in two groups by means of the decision function

f(x) = sgn <Z iy (%, X;) + b) :

i=1

The above mentioned minimizing solution holds on only for a simple classification
problem. Unfortunately, we meet more complicated situations very often:

1. We are not able to separate data linearly. In this case the method uses a mapping
® : z; — x;, which transforms observations into a high-dimensional future space
where the linear separation is available. This procedure requires the computation of
dot product (®(z), ®(x;)) in a high-dimensional space. These extensive calculations
are reduced significantly by using a positive definite kernel & such that

<(I>($)7 q)('rl» = k(l’7 xi)u
leading to the decision function of the form
f(z) =sgn (Z aqyik(, z;) + b) :
i=1

Applying various kernels we can construct variety learning machines (e.g. polyno-
mial classifiers, exponential radial basis function classifiers (erbf), etc.)
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2. A separating hyperplane need not exist. In this case we can tolerate a certain fraction
of outliers and we introduce so-called slack variables & > 0, i = 1,..., m, which are
incorporated into the optimizing problem through

m
i ; 2
9=, (S ey
i 7. ( it &)’

under the conditions y;((x;, w) +b) > 1—¢&, i =1,...,m. The constant C gives
us a compromise between two opposite targets: minimization of the errors and
maximization of the margin width, simultaneously. The emphasis placed on the
maximization of the margin width diminishes with decreasing value of the constant
C and vice-versa.

3. We would like to separate data into three and more groups. A binary decision tree
can be used for the classification into a greater number of groups, the SVM algorith-
mic classification into two groups is processed in each decision node. This method
combine the effectiveness of the binary decision tree and the ability of SVM classifier
to produce efficient classification. See [4] for more details.

5 Classification parameters

All processing laboratory measured acoustic signals were detected through the piezo-
ceramic sensors attached to the thin metal plate of sizes 1,8m x 0,6m x b5mm. Emitted
signals were measured and stored on a computer by means of measuring device DAKEL-
XEDO in 12-bit accuracy and 4 MHz sampling rate. The resolution 12-bit means that the
measuring sampling apparatus was able to distinguish the voltage in the interval [-2048mV,
2048mV |. The acoustic emissions coming from the sensors are continuously monitored.
We generated several versions of acoustic sources in the center of experimental plate.

We perform our cluster analysis with certain parameters computed from the norma-
lized signal spectrums X; found through discrete Fourier transform. The spectrum is
normalized to one in order to obtain the estimate of spectral density of the signal { X, }7_!,
where T stands for digital length of the emiqqion event (in our case T = 6144). The normed
spectrum is given by S(f) = |X;|/ 21, =0 »|X;|. The real signal and its normed spectrum
are shown in Figure 2 as an example. We compute several parameters from the normed
spectrums and signals and then we use these parameters in the methods of classification
mentioned above. We designed the following classification parameters W,, @3, Z
Syt

VVu:drg II]lIl Z‘lij‘l“Xf‘ |Xf”a7 0‘6[1700)7
F
Qs =min{F €[0,T—1]: ) |X;| > 8}, Be€(0,1),

=0
T-1 .
1 if T =—1
7= 36w, o) —{ ogn(rre) = =1 o),

~ 0 otherwise
t=1

S, =max.J, —minJ,, 7€ (0,1),
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Figure 2: Example of acoustic emission signal and related normed spectrum

where | X;| denotes the arithmetic mean | X;| = Z o |X;1/T, and

Jy={j €0,T—1]:|X;| > ymaxsepr—y| Xy}, v €(0,1),
t=minJ,, J.={j€0,T—1]:|r;| > cmaxepr|nl}, ce(0,1).

In this paper we work with the specific classification parameters: Wy (denoted as W),
Qo.33, S1 (denoted as S), Z1 (denoted as Z.).

We also apply our classﬂgcatlon methods to the global spectral parameter called Di-
vergence representing the integral distance measure between normed reference spectrum
and normed ordinary signal spectrum. The newly proposed divergence attribute D,
in discrete form can be expressed as follows

5res(f)
Sn:fcr S S
- Soon (%)

where S™/¢" is a normed reference spectrum S/ (f) = 37 [S%(f)|/m, here m denotes
the number of observations from one sort of acoustic emission signals, S*(f) are individual
realizations of the normed spectrum S (f), and ¢ denotes the divergence function satisfying
the following preconditions: ¢ : (0,00) — R is a convex function in (0, 00), strictly convex
at ¢t = 1 with ¢(1) = 0. In this paper we work especially with Hellinger divergence given
through the divergence generating function

B(t) = =4Vt + 2t +2.

More examples of divergences can be found in [2].
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Figure 3: Parameters for data set TOPS.

‘ Table 1: Classification of the data set TOP5 ‘
Method | Specification of the Method | W, Qo33 | W, Qos3, S | Z¢, Qoss
Fuzzy Classical non-penalized 58,4% 59,9% 75,3%
MBC 5 clusters 53,2% 55,1% 95,3%
SVM C=5, linear 74,3% 74,6% 96,7%
SVM C=5, polynomial, degree 2 | 75,1% 78,1% 97,3%
SVM C=5, erbf degree 1 70,3% 74,8% 95,4%
SVM C=5, erbf degree 10 73,8% 75,7% 95,4%

6 Experiments and Results

In our experiment we measured several types of acoustic emissions and we applied the
parameters and classification methods mentioned above. We present the classification
of 5 types of acoustic emissions, the corresponding data set is denoted by TOP5. The
dependence of parameter W on (Qg.33 for the observations from data set TOP5 is shown
in figure 3a and the relation of parameters Z, versus (o33 is given in figure 3b.

We applied the Fuzzy method, Model Based method (MBC) and the method of Sup-
port Vector Machines (SVM) for the cases of various kernels (linear, polynomial, expo-
nential radial basis function). The successfulness of our classification for carefully selected

Table 2: Classification of the data set TOP7 ‘

Method | Specification of the Method | Qg13, Z. | Qo.33, Ze, HDiv
Fuzzy Classical non-penalized 71, 7% 73, 7%
MBC 7 clusters 90,8% 81,3%
SVM C=5, linear 7% 88,2%
SVM C=5, polynomial, degree 2 | 90,6% 92,3%
SVM C=5, erbf, degree 1 88,6% 88,6%
SVM C=5, erbf, degree 10 88,7% 88,8%
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combinations of parameters {W, Qos3}, {W, Qo33, S}, {Z¢, Qoss} can be seen in table
1. Making account of the combination of parameters Z., Qy 33 in MBC we obtained re-
markable improvement since we achieved the 95,3% reliability of our classification. The
MBC method was very successful during our experiments, but from the table 1 we can
see that the choice of parameter combinations is essential throughout the classification.
The method SVM yields the greatest successfulness for our data sets, particularly the case
of polynomial kernel of the degree 2. In most experiments the method SVM was more
successful than the other two methods used. This fact is due to the training procedure,
which is a part of this method. A lower success of the fuzzy method is caused by the
classification procedure itself, because this method classifies only on the basis of a dis-
tance between the samples and cluster prototypes. In contrast to this strategy, the Model
Based method is based on precise probability model mixing the marginal distributions
and leading to more successful results.

For the illustration purposes, we present slightly more complicated classification of
the data set TOPT7 consisting of 7 types of acoustic emission sources. We created data
set TOP7 by means of adding 2 new types of acoustic emission to set TOP5. Classifi-
cation successfulness of TOP?7 is listed in the table 2 for the combinations of parameters
{Qo33, Z.} and {Qoz3s, Z., HDiv}, where HDiv denotes the spectral Hellinger diver-
gence. In this case, the combination of parameters {Qo3ss3, Z., HDiv} was the most
successful. This fact and our further experiments prove that the divergence spectral mea-
sures can be successfully applied to the area of acoustic emission to obtain variety of new
parameters through the optional divergence generating functions ¢.

7 Real data sets processing

We apply our methods FC, MBC, and SVM with the proposed classification parame-
ters/attributes on the real data set, which contains 5 types of acoustic emission originated
from the measurements handled by DAKEL through the device Xedo-5 at the different
places of interest, i.e.

Datal: Measurement of the CAVITATION
Data2: Experiment with the PLASMATRON
Data3: Process of WELDING

Data4: Pressure test on BOILER VESSEL
Datab: Rigidity test of SAIL PLAIN

Classification successfulness for the real data set is listed in the table 3 for the combina-
tions of parameters {Qo33, Z.} and {Qo33, Z., HDiv}. The combination of parameters
{Qo.33, Zc, HDiv} for the real data set is shown in figure 4. We again achieve the high-
est percentage success by using the method SVM, 90,8%, however, success by using the
method MBC is also remarkable, 89% for parameters {Qq 33, Z., HDiv}. Moreover, it
can be seen from the table 3 that the success is higher when using linear SVM with
parameter H Div added.
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Figure 4: Parameters Qos3, Z. and HDiv for the real data set.

‘ Table 3: Classification of the real data set ‘

Method | Specification of method | Qo 33, Zc | Qo.33, Ze, HDiv
Fuzzy Classical non-penalized 76,5% 76,5%
MBC 5 cluster 88,2% 89%
SVM C=5, linear 51,4% 83,7%
SVM C=5, polynomial degree 2 | 85,6% 83,9%
SVM C=5, erbf degree 1 90,8% 90,8%
SVM C=5, erbf st.10 89,3% 90,8%
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Abstract

Using x-ray diffiaction, we inspected periodically (after each 5000 cycles) the crystal structure of
eight samples of an aluminium alloy during their cyclic loading to failure. It has been found that the
structure of polycrystalline samples cyclicaly subjected to an applied stress develops a preferred
orientation which is changing regularly in course of time and we assume that this eftect could help to
predict a safe operating life more exactly.

Key words: fatigue, x-ray diffaction, preferred orientation
Abstrakt

Cyklicky jsme zatéZovali osm vzorku hlinikové slitiny az do lomu a v priibéhu celé této doby jsme
pomoci rentgenového zdreni periodicky (vZdy po 5000 cyklech) testovali jak se viivem cyklického
zatézovani méni krystalova struktura této slitiny. Zjistili jsme, Ze ve strukture polykrystalickych
vzorki vznika viivem cyklického zatéZovani textura (prednostni orientace), kterd se béhem zatézZovani
meéni s pozoruhodnou pravidelnosti. Predpoklidime, Ze na zikladé tohoto jevu bude mozno zlepsit
presnost odhadu zbytkové Zivotnosti.

Kli¢ovi slova: iinava, rentgenova difiakce, prednostni orientace

1. Uvod

Cyklické zatéZovani vyvolava zivé pfemistovani dislokaci, které v disledku toho spolu
intensivngji interaguji za vzniku imobilnich konfiguraci. To posléze vede
k dichotomisaci mosaikové struktury a ristu vétSich mosaikovych blokl na ukor blokd
mensich [1]. Pfitom se hromadi parakrystalické defekty a roste hustota vnitini
i povrchové energie mosaikovych blokd, coZ posléze vede kjejich rozpadu
a desintegraci mosaikové struktury [2]. Vnitfni struktura materidlu se tedy v priibéhu
(a dasledkem) cyklického namahani cyklicky méni (hrubne — desintegruje - hrubne - ...)
ovSem s periodou, ktera je fadové vétsi nez perioda zatézovani. PFi rekrystalisaci
mosaikové struktury mohou pak vzniknout necelistvosti. Cim vice cykly mosaikova
struktura prosla, tim vétsi je pravdépodobnost nukleace nadkriticke trhliny.

2. Rentgenograficka technika

Pomoci rentgenové difrakce sledujeme (dis)orientaci, tj. smérovou distribuci
mosaikovych blokU (krystalk(), ktera se pfi cyklickém zatézovani materialu periodicky
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méni v rytmu stfidavé destrukce a restituce jeho struktury. Disorientaci mosaikovych
bloku charakterisuje Sitka K (tzv. azimutalniho profilu, tj.) smérové distribuce intensity
difraktovaného zareni podél difrakéni linie (200) hliniku dana vztahem:

K=100-2-k
q

kde p je délka horizontalni Usec¢ky CD, ktera puali useCku AB mezi maximem
distribuce A a bodem B. Bod B je prisecikem vertikaly vedené bodem A s pfimkou r
aproximujici pozadi distribuéni kfivky. Hodnota q (méfitkova korekce) je odlehlost
bodu ,-100“ a ,-90“ na horizontalni ose soufadné, charakterisujici smér, v obrazku
¢.1. Na vertikaIni ose je intensita zéafeni difraktovaného v daném sméru. Kmin je
nejmensi hodnota veli¢iny 100.p/q, kterou jsme nalezli v hodnoceném souboru
difraktogram( daného vzorku [3, 4].

3. Pouzity material a experimentalni technika

Na konferenci Defektoskopie 2009 [4] jsme podali informaci o zménach mozaikové
struktury v disledku Unavového zatéZzovani materialu EN AW-6082/T6. Vysledky
téchto méfeni byly natolik zajimavé, Ze jsme se rozhodli ovéfit jejich platnost na jiné
slitiné zaloZzené na bazi Al. Timto materidlem byla duralova slitina EN AW-2017A.
Polotovar tohoto materialu (plocha ty¢ s prifezem 15x80 mm, délka 1000 mm) byl
vyroben protlaovanim a disledkem byla pomérné zna¢na nehomogenita struktury
(smérovost). Ukazka vzhledu metalografickych vybrusud struktury s vyraznou
smérovosti v jednotlivych smérech a pfiklad lomové plochy vzorku s orientaci TS je
na obr. 1.
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Obr. 1. a) 3D reprezentace vzhledu nehomogenity slitiny Al ve smérech L, S a T, b) pfiklad
unavové lomové plochy vzorku TS orientaci.

Fig. 1. a) 3D representation of non-homogeneity of Al alloy in directions L, S and T, b)
exemple of fatigue fracture surface in specimen with TS orientation
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Tab. I. Chemické slozZeni sledovaného materialu (hm %).
Tab. I. Chemical composition of tested material (wt%)

prvek , ,
. Si Fe Cu Mn | Mg Zn Ni Al
material

EN-AW 2017A 07 | 07 | 40 | 06 | 06 | 0,2 | 0,1 | rest

Obr. 2. Tvar zkuSebniho vzorku (rozméry 12 x 5 x 75 mm)

Fig. 2. Shape of the specimen (dimensions 12 x 5 x 75 mm)

Vzorky byly uUnavové zatéZovany za podminek c&tyfbodového stfidavého ohybu
v rezonan¢nim pulzatoru RUMUL Cractronic 160. Vzdy po cca po 5000 zatéznych
cyklech byly vzorky odeslany k RTG analyze. Sou¢asné byly provedeny analyzy
signalu AE a zmén frekvenci zatézovani na vzorcich zatéZovanych bez pferuseni.
Vysledky téchto experimentd potvrdily obdobné zmény orientace strukturnich
mosaikovych blok(, které byly pozorovany u materialu EN AW-6068/T5.

4. Vysledky méfeni a diskuse

Experimenty na slitiné EN AW-2017A. Smérova distribuce mosaikovych blokl se
béhem cyklického zatéZovani stfidavé rozsifuje a zuzuje (obr. 4 a 5). Zavislost Sitky
K-té smérové distribuce na poctu zatéznych cyklu u &tyfech sledovanych vzorkd TL1,
TL2, TS1 a TS2 (viz obr. 1.) hlinikové slitiny EN AW-2017A (dural: 4%Cu; 0,6%Mg;
0,7%Si) je znazornéna na obr. 4 a 5. Pribéh této zavislosti dokumentuje, jak se
disperse struktury stfidavé zmensSuje (kdyz dochazi ke spojovani mosaikovych blokd
do vétSich celkd, ¢imz se jejich smérova distribuce zuzuje a hodnota K klesd)
azvétSuje (kdyz se velké mosaikové bloky vdlsledku nahromadénych
parakrystalickych distorsi rozpadaji na mensi fragmenty, z nichz kazdy ma ponékud
jinou orientaci, takze hodnota K roste). Grafy dokladuji pravidelnost, periodicitu, ktera
se do strukturnich pfemén vyvolavanych cyklickym zatézovanim — po jakési uvodni
nabéhové ¢i ,panenské“ fazi — prosazuje. Periodicitu, ktera navozuje predstavy
0 mozném vyuziti pfi predikci zbytkové Zivostnosti cyklicky zatézovanych dilc(.
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Obr. 3. Konstrukce hodnoty K, charakterisujici azimutalni profil difrakéni linie (200) hliniku
(dle textu).

Fig. 3. Construction of K value for characterisation of azimuthal diffraction line (200)
of aluminium (according to the text).

Aby méfeni smeérové distribuce mosaikovych blokl, které je principem pouzité
rentgenografické techniky, bylo U¢inné, musi distribuce byt dost selektivni (musi mit
rezonanéni charakter). Jinymi slovy, je tfeba, aby sledovany material jevil (spiSe vice
nez méné) vyraznou texturu a analysovany vybrus byl viéi této textufe vhodné
orientovan. Coz ilustruje srovnani rentgenogramd vzorku TL2 na obrazcich 4 a 5
s rentgenogramy vzorku LS1 na obr. 8. Oba tyto vzorky jsou vyfiznuty z jednoho
a téhoz plechu, ale v rliznych smérech a v dusledku toho je vzorek TL2 pro pouzitou
rentgenografickou techniku (mnohem) vhodnéjsi nez vzorek LS1.
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Obr. 4. Azimutalni profil difrakéni linie (200) hliniku charakterisuje smérovou distribuci
(disorientaci) mosaikovych blokud vzorku TL2 po a) 50.000 zatéznych cyklech, b) 55.000

zatéznych cyklech a c) 60.000 zatéznych cyklech.
Fig. 4. Azimuthal profile of diffraction line (200) of aluminium for characterisation of

disorientation of mosaic blocks of the specimen TL2: a) 50.000 load. cycles, b) 55.000 load.
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cycles and c) 60.000 load. cycles.
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Obr. 5. Azimutalni profil difrakéni linie (200) Al charakterisuje smérovou distribuci
(disorientaci) mosaikovych blokd vzorku TL2: a) po 65.000 cyklech, b) po 70.000 cyklech,
c) zavislost veli¢iny K, charakterisujici smérovou distribuci (disorientaci) mosaikovych bloki,
na poctu zatéznych cykld (tuéné je vyznacen vyvoj (dis)orientace mosaikovych blok(
od 50.000 do 70.000 zatéznych cyklt, dokumentovany azimutalnimi profily na obr.4a, 4b,
4c, 5a, 5b.

Fig. 5. Azimuthal profile of diffraction line (200) of aluminium for characterisation of
disorientation of mosaic blocks of the specimen TL2: a) 65.000 load.cycles, b) 70.000
load.cycles, c) the dependence of K (characterics of the disorientation of mosaic blocks)
on the number of loading cycles (bold line indicates development of (dis)orientation of
mosaic blocks from 50.000 to 70.000 loading cycles, documented by azimuthal profiles
on Fig. 4a, 4b, 4 c, 5a, 5b.
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Obr. 6. Zavislost veli€iny K, charakterisujici smérovou distribuci (disorientaci) mosaikovych

blok, na po¢tu zatéznych cykll: a) vzorku TL1, b) vzorku TL2.
Fig. 6 Dependence of K on the number of loading cycles — a) spec.TL1, b) TL 2.

Faktor K
&

0 25 50 75 100

Podet zatéznych cyklt (.10%)
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Ko

Poéet zatéznych cykla (.10°)
Obr. 7. Zavislost veli¢iny K, charakterisujici smérovou distribuci (disorientaci) mosaikovych

bloki, na po¢tu zatéznych cykll: a) vzorku TL1, b) vzorku TL2.
Fig. 7. Dependence of K on the number of loading cycles — a) spec.TL1, b) TL 2.
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Obr. 8. Azimutalni profil difrakéni linie (200) hliniku charakterisuje smérovou distribuci
(disorientaci) mosaikovych blokd vzorku LS1: a) po 50.000 zatéznych cyklech, b) 55.000
zatéznych cyklech, c) 60.000 zatéznych cyklech.

Fig. 8 Azimuthal profile of diffraction line (200) of aluminium for characterisation of
disorientation of mosaic blocks of the specimen LS1: a) 50.000 load.cycles, b) 55.000
load.cycles and c¢) 60.000 load.cycles.

4. Zavér

Pouzitou rentgenografickou technikou byly dokumentovany zmény, ke kterym
dochazi ve struktufe materialu vlivem jeho cyklického namahani. Zavislost téchto
zmén na poctu zatéznych cykld neni monotonni a ma vyraznou periodickou slozku.

Acknowledgements. This work is a part of the research project MSMT CR - 1M 2560471601 “Eco-
centre for Applied Research of Non-ferrous Metals” financed by the Ministry of Education, Youth and
Sports of the Czech Republic.
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Abstract

The quality of wire connection which appear in electric machines and devices in several industry
branches e.g. household appliances, automotive, etc. may be tested with various destructive methods.

The article is about investigation of wire connection in the CABLEX Group Company. Introduction of
non-destructive connection testing reveals new possibilities and indicates the way of replacing existing
macroscopic investigation methods. Article presents macroscopic and NDT investigation of standard
crimped contacts and IDC (Insulation Displacement Connection) crimped connectors as the basis form
of wire connection testing. Detailed macroscopic photographs of crimp contact slices and criteria for
evaluation of connection quality are explained in the article. Furthermore the article describes NDT
methods of crimp contacts testing, which is exactly the field where intensive research is taking place.

The next part of the article presents some of the NDT methods of crimp contacts testing designed to
cut down the testing time and improve the quality of connection.

Key words: standard crimped contact, IDC (Insulation Displacement Connection) crimped connector,
macroscopic analysis, CT inspection

1. Introduction

The CABLEX Group Company is a high-tech industrial company with modern equipment
and adequate machines for production of cable and harness products mainly for household
appliances and automotive industry. CABLEX Group Company produces over 80 % of
prefabricated ready made cable/wire connection for regular customers all over Europe as well
as beyond its borders. Through cable connection power supply of devices is made easy.
Connections are also indispensable in information transfer from sensor to control unit,
providing better device control while constantly adapting to changing operating conditions.
Pre-fabricated ready made cables are therefore gaining importance in technical development
because faster wiring cuts down manufacturing time and improves product quality. CABLEX
Group offers wide range of wiring combinations with standard crimped contacts and IDC
connectors manufactured with automatic systems based on CAM. The abbreviation IDC
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(Insulation Displacement Connection) means that the connector is fastened together with
insulated wires by the means of cutting through the cable insulation with the connector's ID
contact. CABLEX Group uses standard contacts and connectors of worlds leading
manufacturers for wiring of household appliances.

2. Evaluation of ready-made wire connection quality

CABLEX Group uses the following methods for evaluation of wire connection quality:
checking dimensions of wires, connectors and contacts before entering the production
line;

measuring of height and width of crimp connection;

measuring of force required to pull out the wire from the contact;

strand distribution analysis (cluster of wires in the cable) of the crimp conductor and
analysis of connection form after macroscopic slice of crimp connection;

electrical control of cable strands on layout boards;

measurement of voltage drop across the crimp connection;

- heating measurement of connection under load.

Nowadays thermography is an indispensable non-destructive method for supervision of power
supply devices, machines and premises.

150.0°C
150

a) Digital photography b) Thermograph
Fig. 1 Thermographic analysis of the connector under load [1]

Fig. 1 shows the thermographic analysis of triple connection under load made by the IR
camera. Digital photography of triple cable connection is displayed on Fig. la. Fig. 1b
displays the snapshot of overloaded and overheated connection made by the IR camera.
As the figure reveals, the left connection has significantly higher temperature then the other
two connections, which may lead to premature breakdown or even cause ignition and fire
break out.

Standard crimping procedure performed on automatic production line offers the possibility to
measure and analyse crimping force as one of the criteria for the quality of crimp connection.
Proper position of conductor in crimp connection of IDC crimping procedure may be
achieved with sensors and video cameras.
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3. Investigation of crimped contacts

Contact crimping is the technology of mechanical joining where conductors are crimped with
contacts. Before crimping took place parameters must be set on crimp barrel/insulation grip
tool. Insulation must be peeled off from the end of conductor before conductor strands are
crimped with crimp barrel. Crimp barrel slice and insulation grip slice are used in destructive
investigation of standard crimped contact. Crimping of conductor strands with crimp barrel
requires that insulation of conductor is peeled off. Through reforming contact and conductor
are transformed into inseparable and electrically conductive connection. Electrical
conductivity is established by crimping the contact on the part of conductor with peeled-off
insulation.

crimp barrel insulation stripping

grip length

.

insulated
conductor
conductor strands

Fig. 2 Contact Fig. 3 Insulated conductor

Fig. 2 displays contact with crimp barrel and insulation grip, while Fig. 3 shows insulated
conductor.

For destructive and non-destructive investigation was in CABLEX Group prepared crimped
contact with conductor.

crimp insulation grip
crimped crimp barrel

Fig. 4 Crimped contact with conductor

Fig. 4 shows contact with conductor which was crimped at the insulation grip and crimp
barrel. Arrows show directions for destructive and non-destructive (CT) investigation of
crimped contact.

3.1. Destructive investigation (macroscopic analysis) of crimped contact at the crimp
barrel and insulation grip

Connection slice is firstly treated with rough and fine grinding and afterwards polished and
etched. Inspection continues with optical microscope review and evaluation of strand
distribution. Crimp height and width of the crimp barrel and insulation grip is measured with
calliper gauge or micrometer calliper.
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The snapshot of the crimp connection slice is taken through the optical microscope. Image
quality should be on the adequate level to allow the evaluation of the connection quality with
computer and suitable software. Slices are made at the crimp barrel and insulation grip.

insulation
grip

barrel \ 5 ) W | crimp  crimp

height height
of the ofthe 7 strands

and o bt { |crimp insulation
compressed | barrel  grip conductor
strands — insulation
crimp width of the crimp width of the
crimp barrel insulation grip
™ g | ™ ”
Fig. 5 Crimp contact slice at the crimp Fig. 6 Crimp contact slice at the
barrel 1nsulation grip

Fig. 5 displays the crimp contact slice at the crimp barrel. At the crimp barrel it is possible to
observe the size and distribution of deformed strands in a crimp. Strands should be tightly
compressed with no gaps between them. Connection tightness is a prerequisite for required
operating life under full load. Tightness is namely the best way to prevent oxidation within
the connection and between strands. Therefore the form of the crimp barrel, which must be
symmetrical, within required dimensions and with optimal ratio between crimp height and
width is also very important part of the wire connection quality evaluation.

Fig. 6 displays the crimp contact slice at the insulation grip. It must be taken care that the
form of crimped contact at the insulation grip is symmetrical, meaning that strands must be
symmetrical regarding the centre of the connection. Both shanks of the insulation grip must
lay tightly on the conductor's insulation and the conductor must be firmly fixed at the end of
insulation. Rigidity of the conductor within insulation grip shanks reduces the influence of
mechanic vibrations thus preventing breakage of copper conductor during operation.

3.2. Non-destructive (CT) investigation of crimped contact

German company YXLON International performed for CABLEX Group analysis of crimp
connection with 2D and 3D X-ray Computed Tomography (CT).

Fig. 7 Computed Tomography slices at four locations across the crimped contact.

Fig. 7 displays Computed Tomography slices of crimped contact with conductor at four
locations using the X-ray. Slices serve as the basis for quality evaluation and consecutively it
is possible to establish the state of the crimp connection along its whole length. Snapshots
reveal the number and arrangement of strands at several points.
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Fig. 8 2D CT reconstruction Fig. 93D CT reconstruction

Fig. 8 and Fig. 9 display the newest method of Computed Tomography with 2D and 3D
reconstruction of crimp connection. Evaluation of connection quality and searching for spots
with inadequate quality is the excellent way to eliminate the weaknesses of ready-made cable
technology. Variable connection quality may be partly attributed to poor conductor quality as
well as to inadequate insulation and strands in insulated conductors. The other reason of
quality variation is inadequate crimping preparation. The easiest way to change crimping
parameters is to change the crimping force during pre-forming of wire connection.
Differences in connection quality may be influenced by the quality of the conductor and
contact. Input quality control systems use quality standards for materials of which conductors
and contacts are made. Manufacturer of ready-made crimp connection may prescribe special
or additional demands for conductors in most demanding crimp connection produced with
mechanic pressing or crimping technique.

4. Investigation of IDC crimped connector

CABLEX Group uses destructive methods to investigate ready-made wire connection made
with IDC crimp procedure. IDC crimping is a procedure where conductor is pushed between
notched parts of the contact making an incision in the conductor's insulation.

connector coyer Fig. 10 displays IDC connector consisting
of the following parts: housing with cover,
locks and encoding pins (they ensure
correct mounting). ID terminations are
inserted into the connector housing.
Conductors are pushed between beams.
During crimping process beams make
incisions in the insulation thus establishing
direct contact between strands and ID
Fig. 10 IDC connector contact.

ID termination
connector lock

connector
encoding pin

For destructive and non-destructive investigation was in CABLEX Group prepared IDC
crimped connector, which was crimped with two conductors (Fig. 11).
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4.1. Destructive investigation (macroscopic analysis) of IDC crimped connector

Fig. 11 displays directions of destructive
slices of IDC crimped connector. When
investigation takes place, crimped IDC
connector is put into mould and covered
with synthetic material to ensure fixed
connection. After synthetic material
hardens, connector can be prepared for
macroscopic review of the connection
slice. The next procedures are grinding,
polishing and etching of the IDC connector
Fig. 11 Directions of destructive (between both ID contacts). Image from
slices of IDC crimped connector optical microscope is transferred to display

or computer by the means of CCD camera.

Snapshots of both slices taken from selected parts of the connector can be observed and
evaluated with adequate software. Connection characteristics are analysed on the spots where
ID termination make in incision in the conductor. Furthermore the height/depth of crimp
connection, position of conductor's insulation and strands regarding the incision of the ID
termination as well as evaluation of correct strand distribution symmetry, strand fitting and
widening of the contacts in IDC connector.

Fig. 12 Slice of IDC crimped Fig. 13 Slice of IDC crimped
connector In direction A connector In direction B

Fig. 12 and Fig. 13 display two ID crimped termination slices from IDC crimped connector in
direction A and B prepared by the destructive macroscopic analysis on the optic microscope.
It is possible to determine crimp depth/lower section of IDC crimping from the image.
Furthermore image reveals insulation and strands situated between beams of the ID
termination.

To obtain the required quality of connection, connector manufacturer requires certain crimp
depth (x), which is checked on the optic microscope. Testing sample must therefore be
prepared for the analysis. On the basis of span between upper and lower crimp depth the
average value of crimp depth is determined. It must be within the required range. Deviation
from required crimp depth is prescribed by the manufacturer of connector.

Crimp depth is calculated according to the following formula: x =a + (b — a)/2, where x is the

crimp depth according to the lower section of IDC crimping, a is the lower limit of strands
and b is the upper limit of strands. Allowable variation of crimp depth is determined by the
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manufacturer of IDC connector. Among others it depends on the connector type. One of the
requirements provides that min. 40 % of strands is in direct contact with ID termination and at
least 70 % of strands are in contact with one another.

4.2. Non-destructive (CT) investigation of IDC crimped connector

German company YXLON International performed for CABLEX Group analysis of IDC
crimped connector with 2D and 3D X-ray Computed Tomography.

Fig. 142D CT Fig 153D CT Fig. 16 IDC crimped connector
reconstruction reconstruction with two parallel slices made
by 3D CT

Fig. 14 displays 2D CT and Fig. 15 3D CT reconstruction of IDC crimped connector, while
Fig. 16 displays crimp termination with two parallel slices of IDC crimped connector.

Fig. 17 CT inspection of IDC crimped connector

Fig. 17 displays CT inspection of IDC crimped connector. All images are helpful
in evaluation of the crimp connection quality.

5. Conclusion

For the CABLEX Group Company the quality of wire connection is of outmost importance.
Senior employees of CABLEX Group therefore constantly keep up with new development in
the field of cable connection and manufacturing processes. It is no exaggeration to state that
quality control is the highest priority of the company. Renowned international companies
such as BSH (Bosch und Siemens Hausgerdte), Miele and Electrolux buy their ready-made
cables at CABLEX Group thus proving their quality. Reliability of cable bundles is tightly
connected with the quality of cable connection. CABLEX Group uses various tests e.g.
measurement of crimp height and width, measurement of pull-out force and analysis of crimp
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connection slices to ensure the quality of its products. At the end the electrical control
of cable bundles on special layout tables took place and furthermore the evaluations of
connection quality through measurement of the voltage drop across crimp connection as well
as analysis of the connection temperature under load. Additional procedures required in cable
bundle measurement depend on type and complexity of the cable connection. Automatic
production lines for standard crimping and conductor cutting are furnished with crimping
force measurement system. However the product quality in automatic machines for wire
cutting and crimping IDC connectors largely depends on the conductor position (they should
be parallel) in crimp termination of IDC connectors. Therefore the position is controlled with
sensors or video surveillance system. The company management request is to implement
automatic measuring and evaluation processes which would enable quality control of crimp
connection with non-destructive methods. They are searching for the quality control method
which would be fast enough and sufficiently reliable. Nowadays there are not only destructive
but also several non-destructive methods for crimp connection testing. The goal of cable
bundle testing is to find replacement for destructive investigation method. Non-destructive
methods are normally much faster, but they should retain the same or have even better
connection evaluation reliability. Therefore the company plans to initiate research project for
testing all types of cable bundles with X-ray Computed Tomography. Non-destructive
investigation is based on microfocus and nanofocus X-ray technique, enabling 3D image
reconstruction of adequate quality as well as direct analysis of crimp connection. IDC
crimped connectors are already furnished with system responsible for checking the horizontal
position of wires but it could be supplemented with system checking vertical position of wires
and terminations in the IDC connector housing. Furthermore the quality of the wire bundle
connection may be controlled with thermography. Overloading with current exceeding
nominal current (testing phase only) causes overheating of week points in wire connection
where temperature differences can be measured with IR camera.
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Abstract

The paper presents the results of acoustic emission investigations into the degradation of two self-
compacted concretes damp to a different degree and two ordinary concretes fouled with mineral oil.
The levels of crack initiation stress o; and critical stress o, were determined. The test results were
used to calculate the fatigue strength of the concretes. It was shown that the nonmechanical service
conditions have an effect on the stress failure of the concretes and on their fatigue strength.

Key words: acoustic emission, concrete, failure, fatigue strength

1. Introduction

Structures made of concrete are subject not only to different loads, but also to various
nonmechanical service factors such as damp and oil fouling [1-3]. Therefore the question
arises: what effect do the above factors have on the degradation of concrete. The answer can
be both illuminating and useful for predicting the behaviour of concrete under cyclic loads,
particularly in structures such as bridge deck slabs, industrial floors, concrete carriageways
and machine foundations. It seems to be worthwhile to investigate the degradation of such
concretes to determine the levels of crack initiation stress o; and critical stress o, which de-
marcate the different stages in this process and then to calculate the fatigue strength. It should
be noted that the proof of the dependence between the fatigue strength of concrete and the
levels of crack initiation stress o7 and critical stress o, can be found in the literature on the
subject [4].

Considering the above, the degradation of two self-compacted concretes damp to a differ-
ent degree and two ordinary concretes fouled with mineral oil was investigated by the acous-
tic emission method. The results were used to calculate the fatigue strength of the tested con-
cretes.

2. Description of tests

Two concrete self-compacting concrete mixes (denoted by the letters A and B) differing in
their aggregate grading were designed to investigate the effect of damp on the degradation of
concrete. The compositions of the concrete mixes are presented in table 1. The maximum ag-
gregate size was 16 mm and 8 mm in respectively mix A and B. The compositions of the
mixes had been experimentally determined using the recommendations given in [2,5,6].
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Two ordinary concretes (denoted by the letters D and F) differing in their round aggregate
grading were selected to investigate the effect of oil fouling on the degradation of concrete
[7]. The maximum aggregate size in the mixes was 20 mm. The compositions of the concrete
mixes are shown in table 1.

The concrete samples made from the designed mixes were divided into series:

- series A and B samples were kept in a climatic chamber at an air temperature of +18°C
(£1°C) and an air relative humidity of 95% (£5%) for 86 days and then dried at a tempera-
ture of 105°C to a constant weight (dry condition),

- series Ax and By samples were kept in a climatic chamber at an air temperature of +18°C
(£1°C) and an air relative humidity of 95% (+5%) for 90 days (maximum sorptive humid-
ity condition),

- series A,, and B,, samples were kept in a climatic chamber at an air temperature of +18°C
(£1°C) and an air relative humidity of 95% (£5%) for 86 days and then they were fully
saturated with water,

- series DL and FL samples (the reference samples) were kept in a climatic chamber at an
air temperature of +18°C (£1°C) and an air relative humidity of 95% (£5%) for 28 days
and then in a laboratory at an air temperature of +18°C (£3°C) and an air relative humidity
of 65% for up to 90 days,

- series DO and FO samples were kept in a climatic chamber at an air temperature of +18°C
(£1°C) and an air relative humidity of 95% (£5%) and then in a laboratory at an air tem-
perature of +18°C (13°C) and an air relative humidity of 65% for up to 90 days. Subse-
quently, the specimens were subjected to fouling with mineral oil Lux10 (commonly used
in the machine-building industry). Oil fouling was done as follows. The samples were
dried at a temperature of 105°C to a constant weight and then in a cuvette with oil were
placed in a partial vacuum chamber inside which the air temperature was 50°C. In the
chamber the samples resided under air pressure reduced to 0.006 MPa for about 24 h.
During this time the oil level in the cuvette was successively increased. Then the oil-
fouled samples were transferred to a laboratory and placed in a vessel with oil in which
they resided until test time, i.e. for about 270 days.

Table 1. Compositions of designed concrete mixes and average compressive strengths fzy, for
concretes made of the mixes.

Compositions of concrete mixes [kg/m’] Water- Sand | Average com-
Concrete . pressive
. cement ratio | content
mix sym- W strength £,
bol Coarse Fly i after 90 days of
agaregate Sand | Cement ash Water | Superplasticizer C+P [%] curing [MPa]
A 1064 581 355 143 164 4.18 0.34 353 59.22
B 896 747 325 109 195 4.25 0.45 455 41.82
D 1185 711 321 - 179 - 0.55 375 42.30
F 697 1045 350 - 194 - 0.55 60.0 41.90

The degradation process was investigated during the temporary compression of the con-
crete samples and the recorded acoustic emission descriptors were (among others) events rate
Ny and counts sum Y N. The descriptors were used to determine the levels of crack initiation
stress oy and critical stress oy, in accordance with the criteria defined in [7,8].
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3. Test results and their analysis

In order to demonstrate the effect of damp on the degradation of concrete, the Ay, As, Ay
and By, Bs, By, series samples made of concretes A and B (characterized by a different degree
of dampness at the time of testing) were subjected to the axial compression test and investi-
gated by the acoustic emission method.

Figures 1 and 2 show acoustic emission events rate NV, versus compression time for the
tested concrete series and also diagrams of relative compressive stress o./7; versus failure time
t, with marked levels of crack initiation stress o; and critical stress o, determined in accor-
dance with the criteria given in [8].

The tests showed that moisture in self-compacted concrete significantly affects the level
of crack initiation stress o;. The effect of damp is particularly evident in the case of the con-
crete fully saturated with water. As regards stress o, full saturation of the concrete with wa-
ter resulted in only slight increase in this stress. It was also found that drying up the concrete
has a similar effect on the levels of initiation and critical stress as saturating the concrete with
water.

In order to demonstrate the effect of oil fouling on concrete degradation, the samples
made of concrete DL, DO, FL and FO were tested.

Figures 3 and 4 show diagrams of AE counts sum versus relative compressive stress o,/7;
for the tested concrete series DL, DO, FL and FO, with marked levels of crack initiation stress
oyjand critical stress oy, determined in accordance with the criteria given in [7].
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Fig. 1. Recording of AE events rate N., during failure of concrete: a) A, b) Ay, ¢) Ay,
with diagram of relative value of compressive stress o/t versus time
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Fig. 2. Recording of AE events rate N,, during failure of concrete: a) Bs, b) By, c) By,
with diagram of relative value of compressive stress o./1; versus time

The results presented in figures 3 and 4 show that fouling the concrete with oil affects
both the level of initiation stress o; and that of critical stress o.. The level of stress o; went
down in all the tested series of oil-fouled concretes relative to the level of this stress in the
unfouled reference series concretes. A similar trend was observed for critical stress o, a re-
sult of fouling the concretes with oil the level of this stress also went down.
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Fig. 3. AE counts increment rate versus relative stress value increment
for concrete DL and DO [7]

68 DEFEKTOSKOPIE 2010



5 04
=]
-
x
o
E
=03
Z
0,2
O_i o-cr
0,1 1 M
0 ¢
0,0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1,0
g
-} [_]
f

Fig. 4. AE counts increment rate versus relative stress value increment

for concrete FL and FO [7]

The relative and absolute values of crack initiation stress oy and critical stress o, for all
the tested concretes are shown in table 2.

Table 2. Relative and absolute values of crack initiation stress o; and critical stress o In

tested concretes, determined by acoustic emission method.

Stress level values
Concrete series symbol o; Ocr

[-] MPa [-] MPa
A 031 1836 091 5391
Ay 038 2251 092 5450
Ay 026 1481 093 5297
B, 030 1195 087 3465
By 032 1275 090 3585
By 029 961 091 3015
DL 045 1903 080 3384
DO 040 1772 075 3322
FL 050 2095 080 3352
FO 040 1756 076 3336

The tests showed that both damp and fouling with mineral oil affect the stress failure of

concrete. The test results were used to calculate the fatigue strength of the concretes.

4. Calculation of fatigue strength of tested concretes

According to [4], the levels of crack initiating stress o; and critical stress oy, in concrete
have a bearing on the life and operational safety of the structures made of the concrete which

are subjected to dynamic loads.

On the basis of [4] and experimentally determined levels of crack initiating stress o; and
critical stress o, the following relation for calculating the fatigue strength of self-compacting
concrete under compression was adopted:

DEFEKTOSKOPIE 2010

69



£ £=CN 1+ Bp "log N)C,, )
where:
C— a ratio of dynamic to static strength at a one-time load (in accordance with [4], it was
assumed to be equal to 1.16),
p/ — a stress ratio,

o™ —a minimum cycle stress,

c
max

o™ —a maximum cycle stress,

Cr— a coefficient expressing the effect of the frequency of load changes on fatigue
strength,

A, B— coefficients representing concrete structure condition through their dependence on
stress o;and o,

Stress ratio p'is expressed as:

pf:0:1in /0:13)( , (2)
Coefficient Crcan be expressed as:
C,=1+0.07(1- p"log £, 3)

where £is a load change frequency [Hz] and coefficients A and B can be calculated from rela-
tions (4) and (5)

A=0.008-0.118log(c,/ £), )
B=0.118(c /o, -1). (5)

Figures 5 and 6 show fatigue strength versus number of load cycles for the tested self-
compacted concretes. The fatigue strength was calculated using the values of the stress o; and
o levels presented in table 2. Similar diagrams for the tested ordinary DO and FO series
concretes fouled with oil against those of the reference concretes of series DL and F are
shown in figs 7 and 8. The calculations were done assuming stress ratio p” = 0 and load
change frequency £ =1 Hz.
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Fig. 5. Calculated fatigue strength of concretes As, Ay and A
versus stress cycles at p’ = 0 and =1 Hz.
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Fig. 7. Calculated fatigue strength of concretes DL and DO
versus stress cycles at p' = 0 and f=1 Hz.
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Fig. 8 Calculated fatigue strength of concretes FL and FO
versus stress cycles at pf: Oand f=1Hz
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It is apparent from figures 5-8 that damp and fouling concrete with oil have a significant
effect on its fatigue strength. As a result of drying up, damp and oil fouling this strength sig-
nificantly decreases, which was observed for all the tested concretes. This has significant im-
plications for building practice. For example, a bridge deck slab may be damaged when its
water insulation is broken and the slab’s self-compacted concrete becomes strongly damp as a
result. In the case of ordinary concrete this may happen to, for example, a concrete foundation
under an industrial machine from which mineral oil has been leaking and fouling the concrete
for a longer period of time.

5. Conclusion

The acoustic emission tests showed that nonmechanical service factors may contribute to
degradation of concrete under compressive load. Drying up, damp and oil fouling resulted in
lower experimental values of crack initiation stress o;and critical stress o

The analyses showed that the tested concretes markedly differed in their fatigue strength
calculated on the basis of the determined levels of stress o;and o, The normally ageing con-
cretes were characterized by higher strength than the concretes fully saturated with water or
the dried up ones. Also the unfouled concretes showed higher strength in comparison with the
ones fouled with mineral oil. This means that damp or oil-fouled structural concrete elements
may fail after a fewer number of stress cycles.
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Abstract

The paper deals with design of permanently mounted PZT actuator/sensor array for corrosion
damage detection, localization and size evaluation on an Aluminum alloy aircraft fuselage panel.
Properties of commercially available PZT actuators are studied in the first part. In particular,
frequency tuning capability of the PZTs is especially analyzed. The aim of the analysis is to
provide required data for selection of appropriate sensor type for a particular application. As part
of the analysis several test measurements were completed. Results of the measurements are
presented and discussed in the paper as well. Finally, configuration of the sensor array
including sensor array position, type of sensor, and Lamb wave excitation parameters is
discussed and proposed.

Key words: fuselage panel, corrosion, Lamb waves, PZT actuator, phased array, optimization

1. Introduction

Ultrasound has been proven as a powerful tool for Non-Destructive Testing (NDT) in
many branches of industry [1]. In particular, ultrasonic Lamb waves have been shown
as effective means for monitoring structural integrity of plate like structures [2]. Lamb
waves are guided elastic waves that can travel in a solid plate with free boundaries at
their top and bottom surfaces. During their propagation through the solid plate structure,
they form several symmetric and antisymmetric modes related to the plate thickness
and acoustic frequency of the waves. The phase velocity of these modes is dependent
on frequency and described graphically by a set of dispersion curves. An advantage of
Lamb waves is that they can propagate for long distances in plate structures. Moreover,
in contrast to the conventional method where inspection of the structure is made point
by point, a line is inspected at each position of the transducer. Therefore, Lamb waves
provide significant time savings and can form the basis of an approach to actively
monitor a plate structures without moving the transducer.

The paper aims at design of PZT actuator/sensor array for in-situ monitoring
of corrosion damage on an Aluminum alloy aircraft fuselage panel. Schematic drawing
of the panel is depicted in Figure 1. It is a part of L-410 UVP-E airplane which is all-
metal high-wing monoplane powered by two turboprop engines. The airplane is certified
in the commuter category in accordance with FAR 23 requirements. The panel cut was
taken from the rear part of the aircraft fuselage in the area of toilet. The location is
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Figure 1 Drawing of the test specimen - L-410 UVP-E fuselage panel (dimensions
in millimeters).

exposed to adverse corrosive environment due to leakage of corrosive liquids from the
toilet. Moreover, the location is hard to reach for visual or other types of NDT inspection.
A series of preliminary tests was conducted separately on the skin plate and stringer
under various corrosion conditions to analyze corrosion behavior of basic materials and
panel surface protection. It was found that we can expect emergence of corrosion
mainly in the contact between fuselage skin and stringers, with the most critical location
for emergence of corrosion damage given by the position of the tacking rivets.

2. Frequency Tuning of PZT Sensor/Actuator

Recent development in Structure Health Monitoring (SHM) revealed advantages
of small, low weight, and low cost PZT actuators, which can be permanently fixed,
integrated, or embedded into the monitored structure [3]. The PZT actuators
permanently installed on the structure or even integrated into structure during its
fabrication allow periodical or continuous monitoring of critical structural elements which
are hard to reach for common inspection NDT techniques. Moreover, the PZT actuators,
in contrast to common ultrasonic transducers, can be frequency-tuned to achieve
optimal detection conditions for particular structure and defect type [4].

There are specific requirements for use of PZT actuators arising from particular
applications. 1. actuator dimensions should be small enough to allow formation
of phased arrays; 2. actuator should operate in appropriate frequency range to allow
frequency tuning for particular material type and thickness (100-700kHz); 3. cost of the
actuator should be reasonable enough for use in phased arrays with large number
of elements without possibility of reuse after array installation. Based on these criteria,
Noliac’s shear plate PZT actuators were selected for the experiments. The actuator
properties are summarized in Table 1. These actuators are more efficient in generation

Table 1 Parameters of used Noliac’s PZT actuators.

Type Length Width | Height | Maximum Free stroke | Capacitance
[mm] [mm] | [mm] | voltage [V] [um] [PF]
CSAPO1 2 2 0.5 +/- 320 1.5 133
CSAP02 5 5 0.5 +/- 320 1.5 830
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of S modes of Lamb waves than A modes. S modes are appropriate for detection of
through-the-thickness defects whereas A modes are better for detection of surface
defects. Further, SO mode is less dispersive in required frequency range and it
propagates at higher velocity than A0 mode so that mode separation in time domain can
be utilized.

A model of the Lamb waves tuning mechanism with PZT transducers is described in [4].
The principle of the PZT’s frequency tuning is based on the fact that maximum coupling
between transducer and investigated structure is achieved when the active PZT's
dimension length equals the half wavelength of a particular Lamb wave mode. Since
Lamb wave modes wavelengths vary with frequency, the tuning of certain modes at
certain frequencies can thus be achieved. Results of the modeling for CSAPO1 and
CSAPO02 actuators on Aluminum plate with 0.8 mm thickness are presented in Figure 2.
The theoretical results were experimentally verified. Comparison of predicted and
experimental amplitudes for SO and A0 modes generated by CSAP02 actuator on 0.8
mm Al plate is shown in Figure 3. Differences between prediction and experimental data
are caused by some assumptions in model design (e.g. ideal bonding between actuator
and plate), measuring equipment, and/or measurement assessment. The locations of
minima and maxima of the curves are more significant than the exact shape, which are
reproduced well in the experimental results.
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Figure 2 Predicted Lamb wave response of a 0.8 mm aluminum plate under CSAPO02 excitation:
strain response.
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Figure 3 Comparison of theoretical tuning (normalized strain) and experimental data
(normalized Volts) for CSAP02, 0.8 mm Aluminum plate.

3. Optimization of Phased Array Sensor

Utilization of phased arrays allows application of advanced digital signal processing
algorithms for ultrasonic beam steering and focusing. For our purpose we use Synthetic
Aperture Focusing Technique (SAFT) and/or Embedded Ultrasonic Structure radar
(EUSR) that are both based on well known delay-and-sum approach [5]. Utilization of
the phased array together with the advanced signal processing improves signal/noise
ratio and spatial resolution of the defect detection system.

The spatial resolution of the ultrasonic defect detection system based on Lamb waves
and digital ultrasonic beam steering/focusing using delay-and-sum approach can de
expressed by means of the imaging system Point Spread Function (PSF). The PSF can
be obtained either experimentally or using a mathematical model. A mathematical
model for the PSF estimation which accounts for position variability can be found in [6].
Using the model the position variable PSF is defined as

I(r, )= jMdr (1)

2 s
AI‘—IE)‘

Z s

u=%04—4—4—r0\) (2)

where x(u) is ultrasound pulse envelope, A is transducer aperture, f ultrasound pulse
frequency, ¢ ultrasound velocity for investigated material, r is position variable for the
PSF evaluation, ry is position vector of the center of the position variable PSF and rs
represents position vector of single transducer elements. Based on the mathematical
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Figure 4 Dispersion curves for Aluminum 2024-T4 (thickness 0.8 mm): a) detail of AO and SO
modes; b) variability of AO and SO modes wavelength with wave frequency.

model, we can say that the PSF is given by wavelength of the Lamb wave in the
interrogated material, and geometrical configuration of the phased array sensor
elements. Generally, higher ultrasonic pulse frequency and closer elements in the array
result in better spatial resolution. However, due to dispersion properties of Lamb waves
the situation is a little bit complicated. The wave velocity of Lamb waves vary with its
frequency. The relationship is given by so called dispersion curves, which describe the
dependence of the ultrasonic wave velocity on the wave frequency-plate thickness
product for individual Lamb wave modes. An example of dispersion curves for AO and
S0 modes for Aluminum 2024-T4 plate of 0.8 mm thickness is shown in the Figure 4a).
For every wave frequency at least two (A0 and S0) modes are excited and with
increasing wave frequency number of modes increases. For particular mode there are
areas which are less or more dispersive. Figure 4b) shows variability of wave
wavelength with wave frequency for the modes.

Excitation pulse main frequency, ultrasonic pulse wavelength and actuator spacing
should be taken into account to control the spatial resolution. The shear plate actuators
we are using for the Lamb wave generation produce dominant S modes. Therefore,
properties of S modes were considered for determination of the above mentioned
parameters. In particular, SO mode was used in our application. First, pitch between
individual actuators was limited by their geometrical dimensions, which are 2 x 2 mm for
SCAPO1, and 5 x 5 mm for CSAP02. Regarding that, it was reasonable to define
minimal pitch equal to 5 mm for CSAP01, and 10 mm for CSAPO02, respectively. By
contrast, the pitch should be smaller than one half of the ultrasonic pulse wavelength to
prevent emergence of false artifacts in resulting ultrasonic image. This requirement
gave minimal value of the wavelength for particular sensor pitch, which was 10 mm for 5
mm pitch and 20 mm for 10 mm pitch, respectively. Using dispersion curve for SO mode
(Figure 4b) maximal mean frequency of excitation pulse was defined for both the values
of inter-element pitch. The limiting frequency was 550 kHz for 5 mm pitch, and 280 kHz
for 10 mm pitch. Finally, the pulse excitation frequency was adjusted with regard to
Lamb wave response as a function of the pulse frequency, which is shown in Figure 2,
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Table 2 Selected combinations of parameters for Lamb wave excitation.

Actuator Pitch [mm] | Wavelength [mm] Frequency [kHz]
CSAPO1 5 >10 <550 (450 or 250 optimal)
CSAPO1 10 >20 <280 (250 optimal)
CSAP02 10 >20 <280 (280 optimal)

or possibly Figure 3 including experimental results. Selected excitation pulse frequency
was a trade-off between maximal response for SO mode and maximal separation of SO
and A0 modes, i.e. maximal SO0/A0 amplitudes ratio. Applicable combinations of
actuator type, inter-element pitch, ultrasonic pulse wavelength, and excitation pulse
frequency are summarized in Table 2.

The last aspect which needed to be set was spatial distribution of the individual
actuators in the phased array. The issue was thoroughly analyzed in [7]. For this work,
a 2D arrangement of the actuators in square array of 5 x 5 actuators was selected.
Such an array arrangement should provide good beam steering capability with
reasonable number of actuators, thereby with acceptable number of signals for the
following digital processing.

Results of modeling of the PSF for measurement configurations from Table 2 are shown
in Figure 5. The spatial distribution of the PSF size is represented as full width at half
maximum (FWHM). Asterisks (') in the figures indicate locations at which the PSFs are
calculated, i.e. centers of the PSFs.

4. Results and Conclusions

Phased sensor array configuration for monitoring of aircraft fuselage panel was
designed in the paper. The paper deals with selection of the individual sensor/actuator
type, draft of optimal parameters of the actuator excitation pulse, and geometrical
arrangement of the sensor/actuators in the array.

Analysis of properties of a single sensor PZT element was performed in the first part of
the paper. A mathematical model was used for modeling of the sensor efficiency in
generation of A0 and SO Lamb wave modes in dependence on the excitation pulse main
frequency. Results provided by the theoretical model were verified by experimental
measurements on a simple plate. The model allowed identification of excitation
frequency for particular sensor and material of the monitored panel which is optimal
from the point of view of separation of individual Lamb wave modes. Excitation of the
sensor using the optimal frequency results in generation of just one dominant Lamb
wave mode which is beneficial for further advanced processing of the ultrasound signal.
Further, appropriate sensor/actuator layout was proposed with regard to the actuator
excitation frequency identified in the previous step. Several layouts were proposed and
resulting PSF describing process of ultrasound image formation by means of delay-and-
sum approach was mathematically modeled.
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Figure 5 Spatial distribution of the PSF: a) pitch = 10mm, pulse frequency = 250kHz, 1x5
phased array; b) pitch = 10mm, pulse frequency = 250kHz, 5x5 phased array; c) pitch =
5mm, pulse frequency = 250kHz, 1x5 phased array; d) pitch = 5mm, pulse frequency =
250kHz, 5x5 phased array; e) pitch = 5mm, pulse frequency = 450kHz, 1x5 phased
array; d) pitch = 5mm, pulse frequency = 450kHz, 5x5 phased array.
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Results of the modeling are shown in the Figure 5. The presented results demonstrate
shortcomings of the 1D sensors arrangement in comparison to 2D sensor layout. First, it
is not possible to recognize whether defect is located in front of or behind the sensor
array. Second, focusing capability of 1D sensor array quickly deteriorates with steering
angle diverging from the sensor array main axis. Interplay between sensor spacing,
pulse excitation frequency, and spatial resolution of the processed ultrasound image
can be observed as well. It is obvious that configuration with 5 mm inter-element pitch
(fig 5 ¢ and d) provides worse steering/focusing capability than the configuration with 10
mm inter-element pitch (fig 5 a and b) at the same pulse frequency. The worsening is
due to smaller aperture of the phased array when the same number of the
sensors/actuators is used as in the case of the larger pitch. Finally, the same 5 mm
pitch was used but with higher excitation pulse frequency, i.e. shorter wavelength. We
can conclude that this arrangement provides similar spatial resolution in the radial
direction to the ultrasonic beam propagation as the one with 10 mm pitch. However,
improvement in the spatial resolution in the axial direction — direction parallel to the
beam propagation — can be observed.
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NONDESTRUCTIVE TESTS OF DAMP MASONRY WALLS
IN BUILDINGS OF NEW RESIDENTIAL COMPLEX
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ABSTRACT

For several years now there has been a sharp increase in demand for new small residential
buildings, particularly ones located on the outskirts of cities or at a small distance fiom city
limits. The demand is being satistied by various building firms, but many of the houses are
of poor quality and often built not in accordance with good building practice. As a result, they
have many defects which become apparent usually after the houses have been accepted for
service.

This paper presents a case study of one of such defects, i.e. excessive dampness of ce-
ramic masonry walls in a newly built residential complex. The defect became apparent two
years after the buildings had been put into service. As the first step towards solving the prob-
lem the damp walls were nondestructively tested.

The results of the nondestructive tests of the damp ground floor walls in the investigated
complex of residential buildings were used to calculate the amount of water accumulated
in the masonry in order to select a proper method of drying (in this case, microwave drying)
the walls and design effective damp insulation.

Key words: nondestructive tests, buildings, brick walls, dampness, moisture content

1. INTRODUCTION

For several years now there has been a sharp increase in demand for new small residential
buildings, particularly ones located on the outskirts of cities or at a small distance from city
limits. The demand is being satisfied by various building firms, but many of the houses are
of poor quality and often built not in accordance with good building practice. As a result, they
have many defects which become apparent usually after the houses have been accepted for
service.

This paper presents a case study of one of such defects, i.e. excessive dampness of ce-
ramic masonry walls in a newly built residential complex. The defect became apparent two
years after the buildings had been put into service. As the first step towards solving the prob-
lem the damp walls were nondestructively tested.
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2. BRIEF DESCRIPTION OF TESTED OBJECT

The object of the tests were the damp masonry walls of a complex of new slab-on-grade
semi-detached residential buildings which had been put into service two years before. The
location plan of the housing development is shown in fig. 1.

Fig. 1. Location plan of residential buildings with view of one of them.

It was mainly the ground storey walls near the concrete floor topping which were exces-
sively damp. The walls were made from 24 cm thick hollow brick units and externally ther-
mally insulated with a 10 cm thick Styrofoam layer. The foundation walls situated below
were made from 38 cm thick concrete masonry units and rested on concrete strip footings.
In all the investigated buildings the concrete floor topping is 10-30 cm above the ground
which surrounds the building.

A close inspection of the buildings and test pits showed similar defects in the ground
floor walls near the floor topping. The defects were as follows:

o the external and internal masonry walls in the near-floor topping zone of the ground floor
were affected by damp (fig. 2). Damp extended to about 50 m above the floor topping.
Signs of damp were most visible in a 15 cm high zone contiguous with the floor and less
visible above it. In many sections of the walls at the wet/dry surface boundary (30-50 cm
above the floor topping) crystallized salts were visible (fig. 2);

e mildew and fungi grew on the damp masonry walls in many of the ground floor rooms (fig. 3);

Fig. 2. Exemplary view of damp external walls.
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Fig. 3. Exemplary view of damp and infested with rot ground floor walls.

e test pits showed that there was practically no vertical damp-proofing of the foundation
walls. The surface of the foundation walls was merely brushed with a liquid agent strongly
diluted with solvent (fig. 4);

o the ground floor walls had no horizontal damp-proofing;

o the groundwater table in the surrounding terrain is merely 40 cm below the ground level.

Fig. 4. Test pit revealing damp insulation coating.

Considering the high groundwater level, it is amazing that the buildings had not been
damp-proofed horizontally and that vertical damp-proofing in the form of a coating had been
applied.

The ground floor walls in all the buildings were damp tested. The aim of the tests was
to determine the moisture content by wt of the ceramic masonry along the perimeter of the
walls up to the height of visible damp. This was needed to estimate the amount of moisture
in the masonry, adopt the proper method of drying the walls and design and apply effective
damp insulation.
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3. TESTS AND THEIR RESULTS

The dielectric method was used to nondestructively test the damp walls [3]. For this
purpose a UNI 1 meter with an active ball probe (fig. 5) was employed.

Masonry samples were taken randomly from the walls of all the buildings and dried at
a temperature of 105°C to a constant weight. The weigher-dryer shown in fig. 5 was used to
dry the samples. The correlation between dielectric meter indication X and moisture content
by wt U, of the tested walls was determined.

The masonry moisture content by wt was calculated from this formula:
mW - mS

x100%
s (1)

U,=

where: m, - the weight of the damp sample [g],
m, — the weight of the dry sample [g].

iromette UNI 2

Fig. 5. Test equipment: a) dielectric meter UNI 1 with active ball probe B50, b) weigher-
dryer.

The correlation, determined by the least squares method, has the form:

U,=0.13x X—2.35 )
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Then the damp walls in all the buildings were nondestructively tested by means of the
dielectric meter and the above correlation was used to calculate moisture content by wt U, for
the particular measuring points (there were several hundred of them). Since the results were
similar for all the tested buildings, they are presented for one building in figs 6 and 7.

In the Polish literature on the subject [1, 2] wall damp with regard to moisture content
by wt Uy, is classified as follows:

- Un=0+3 % - walls with allowable moisture content,
- Un=3+5 % - walls with elevated moisture content,
- Un=5+ 8% - medium damp walls,
- Un=8+12 % - highly damp walls,
- Upn> 12 % - wet walls.
The tests showed that the moisture content by wt of the ground floor walls in the near-

floor topping zone in all the buildings exceeded the allowable level specified in the literature.
In many places the walls were highly damp and wet.
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Uy, in masonry in ground floor walls of one of tested residen-

Fig. 6. Moisture content by wt

tial buildings, determined by nondestructive method at height of 5 cm above floor topping.
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Fig. 7. Typical distributions of moisture content by wt in masonry in ground floor walls at
height of 0+50 above floor topping level.

6. CONCLUSIONS

1. Evident damp and infestation with fungi of the walls near the floor topping on the
ground floor was found in the complex of new slab-on-grade semi-detached residen-
tial buildings. The damp occurred along the whole perimeter of the walls up to about
50 cm above the floor topping. In many walls, sections of the walls were infested with
fungi. The main cause of the excessive damp was found to be the lack of horizontal
damp insulation and the improper material used for the vertical damp insulation.

2. The nondestructive testing by the dielectric method showed that the moisture content
by wt in the ceramic masonry from which the walls of all the buildings were made
ranged from 5 to 15%. The highest moisture content occurred in the 15 cm wide near-
floor topping zone of the walls. This means that the allowable moisture content by wt
level specified in the literature on the subject was exceeded and the walls were classi-
fied as wet and highly damp.

3. The results of the nondestructive tests of the damp ground floor walls in the investi-
gated complex of residential buildings were used to calculate the amount of water ac-
cumulated in the masonry in order to select a proper method of drying (in this case,
microwave drying) the walls and design effective damp insulation.
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ABSTRACT

In the civil engineering industry before floor toppings are accepted for service the semi-
nondestructive pull-off method is usually used for testing and detecting any areas in which
delamination occurs. In the authors’ opinion for the precise location of floor topping areas in
which delamination occurred at the fopping/concrete substrate interface it is recommended to
use the combination of two modern nondestructive acoustic fest methods, i.e. the impulse-
response method and the impact-echo method. In the following article a procedure for the
nondestructive detection and identification of delaminations in concrete floor toppings with
a large surface area by means of the combined impulse-response and impact-echo methods
has been proposed.

1. INTRODUCTION

The durability of a concrete floor topping is to a large degree determined by its adhe-
sion to the concrete substrate. Therefore before floor toppings (particularly large and heavily
loaded ones) are accepted for service they are tested to detect any areas in which delamination
occurs. The seminondestructive pull-off method is usually used for this purpose. The method
consists in drilling a grid of ¢ 50 mm boreholes in the floor topping and then pulling them off
from the substrate [1, 2]. If the measured pull-off force is equal to zero, this indicates delami-
nation in the tested place.

The effectiveness of the pull-off method in such tests significantly depends on the
number of boreholes. In order to precisely determine the size of the defective area and its
boundaries for repair planning purposes, the number of boreholes (test points) should be in-
creased. But this results in higher costs of testing. Moreover, the places where boreholes were
drilled need to be repaired. The drawbacks are particularly evident when floor toppings with

a large surface area (in the order of thousands of square meters) are tested.
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In the authors’ opinion it is worth employing nondestructive methods to test floor top-
pings, particularly the ones covering a large surface area. For the precise location of floor top-
ping areas in which delamination occurred at the topping/concrete substrate interface it is rec-
ommended to use the combination of two modern nondestructive acoustic test methods, i.e.
the impulse-response method and the impact-echo method [3-5].

The impulse-response method involves exciting an elastic wave in the tested element
by striking it with a calibrated rubber-ended hammer [6]. The signal of the elastic wave
propagating in the element is registered graphically by a geophone and simultaneously ampli-
fied by an amplifier. The registered signals are then processed using a dedicated software in-
stalled on a laptop (fig. 1a).

The impact-echo method involves exciting an elastic wave in the tested element by
means of a special excitor in the shape of a ball. The test kit includes measuring heads with
exciters in the form a set of balls differing in their diameter and a laptop with a dedicated
software enabling the graphical recording of the image of the elastic wave propagating in the

tested element [7].
;.ﬁf 3 X .‘:- =

Fig. 1. Modern acoustic methods: a) impulse-response test kit, b) impact-echo test kit.

On the basis of their experience the authors can say that the nondestructive impulse-
response method and the impact-echo method complement each other and when used jointly
are highly suitable for detecting and identifying delaminations, particularly in floor toppings
with a large surface area [8].

Considering the above, a procedure for the nondestructive detection and identification
of delaminations in concrete floor toppings with a large surface area by means of the com-

bined impulse-response and impact-echo methods is proposed.
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2. PROCEDURE FOR NONDESTRUCTIVE IDENTIFICATION OF

DELAMINATIONS

The procedure for the nondestructive identification of delaminations in concrete floor
toppings with a large surface area by means of the combined acoustic impulse-response and
impact-echo methods is presented graphically and described in figs 2 and 3.

The nondestructive identification of delaminations is done in two stages.

In the first stage (shown in fig. 2) the floor topping areas with no adhesion at the top-
ping/substrate interface are approximately identified. This is done using the impulse-response
method. For this purpose a grid of measuring points spaced at every 1000 mm (keeping
a minimum distance of 500 mm from the edge) is marked on the floor topping to be tested.
If the latter’s surface area is considerable, a larger spacing of measuring points should be
adopted The test can be automated by mounting the equipment on a special scanner.

Then an elastic wave is excited in each point of the grid by means of the calibrated
hammer and after each excitation the value of force F excited by the hammer, the diagram of
elastic wave velocity wand the diagram of mobility N are analyzed.

If the results are satisfactory, they need to be processed by the dedicated software.
As a result, the values of the characteristic parameters: average mobility N,,, stiffness Ky
mobility slope M, mobility times mobility slope N, M, and voids index w are obtained
for each point of the grid. The parameter values are used to draw maps of their distribution
on the surface. By closely examining the maps one can approximately indentify areas
in which delamination takes place.

In the second stage of the test, the defective area (its boundaries) is precisely identified
(fig. 3). This is done using the impact-echo method. First a grid of measuring points with a
spacing 100 x 100 mm is marked on the area approximately identified in stage 1. Then in each
of the points an elastic wave is excited by means of the exciter and the amplitude-time spec-
trum is registered. Subsequently, the spectrum is converted into an amplitude-frequency spec-
trum by means of the dedicated software using a fast Fourier transform algorithm. Finally, the
amplitude-frequency spectrum obtained for each measuring point is examined to determine

whether a delamination is present.
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Mark grid of measuring points on floor topping

h 4
Register elastic wave signal after striking floor topping in each .
grid point with calibrated hammer

L

After each hammer strike analyze results:
- diagram of elastic force F excited by hammer,
- diagram of elastic wave velocity w,
- diagram of mobility N.

¥

NO

Are the results
satisfactory?

YES

RESPONSE METHOD

Analyze maps of distributions of characteristic parameters:
- average mobility N,

- stiffness K, and possibly,

- mobility slope M,

- mobility times mobility slope N,,-M, ,

- voids index w,

TEST STAGE 1 — APPROXIMATE DETERMINATION OF
EXTENT OF DELAMINATION AREAS BY IMPULSE-

s there delamination in

NO floor topping?

YES
l

Mark areas on floor topping
in which it is suspected that
there is no cohesion at
topping/substrate interface,

Fig. 2. Procedure for identifying delaminations in concrete floor topping by acoustic

methods: impulse-response method and impact-echo method — stage 1.
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Mark grid of measuring points on floor
topping in defective area

h 4
Excite elastic wave in each grid point by
means of exciter

Y
After each excitation analyze amplitude-time
spectrum

x NO

Are results
satisfactory?

YES
Y

Convert amplitude-time spectrum into
amplitude-frequency spectrum. Analyze
amplitude-frequency spectrum

h 4
Precisely determine
delamination
boundaries

TEST STAGE 2 — PRECISE LOCATION OF DELAMINATION
AREA BOUNDARIES BY IMPACT-ECHO METHOD

Experimentally verify
test results by pull-off]
method

h 4
Take decision about
repair

End of test

Fig. 3. Procedure for nondestructive identification of delamination in concrete floor

topping by impulse response method and impact echo method — stage 2.

3. CONCLUSION

A procedure for the nondestructive identification of delaminations in concrete floor top-
ping with a large surface by means of combined acoustic methods, i.e. the impulse-response
method and the impact-echo method has been presented.

The procedure consists of two stages. In stage 1 the floor topping is tested by the impulse-
response method to approximately identify the area where delaminations occur. In stage 2 the
floor topping is tested by the impact-echo method to precisely identify the boundaries of the

area with delaminations.
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Abstract

This contribution presents basic information about the experiment focused on identification of damage
of the automobile gearbox (Skoda Fabia) with usage of acoustic emission method. The experiment
was implemented in the test room of Institute of Machine and Industrial Design of BUT. It consisted
of measuring of signal of an intact and a damaged gearbox during different functional conditions.
In the gearbox the needle bearing and tooth wheel in fifih speed gear was artificially damaged.
The goal of this experiment was to compare the records of measurement of noise emission with
acoustic emission signal and level of vibration. Simultaneously the temperature of gear housing was
measured. In article the first measurements that show the suitability of the chosen methodology for
testing are presented.

Key words: acoustic emission, gearbox, noise emission, vibration

Abstrakt

V prispévku je poddna zikladni informace o pribéhu experimentu zaméieného na identifikacr
poskozeni automobilové prevodovky Skody Fabia s vyuzitim metody akustické emise. Experiment
probihal v laboratori Ustavu konstruovini VUT v Bmé a spocival v méfeni signdlu z neposkozené
a poskozené prevodovky za riiznych provoznich podminek. Na prevodovce bylo uméle poskozeno
ozubené kolo na 5 rychlostnim stupni a jehlové loZisko volnobéhu. Cilem experimentu bylo porovnat
vysledky méreni hlukové emise prevodovky se ziznamem signalu akustické emise a hladinou vibraci.
Soucasné byla mérena teplota na skiini. V clianku jsou prezentovany prvni vysledky meéreni, které
ukazwyi na vhodnost zvolené metodiky zkouseni.

Kli¢ovi slova: akustickd emise, prevodovka, hlukova emise, vibrace

1) Uvod do problematiky

Pojem akustické emise (AE) a jeji aplikace je rozSifen jiz do mnoha védnich obort
a praimyslovych aplikaci. Citlivost této metody je vyuzivana pii odhalovani pocatkd
poskozeni materialovych struktur, mimo jiné také pii vysokocyklovych zkouskach unavy
materidlu. Zde jsou jeji moznosti podrobeny zkoumani, zda je schopna odhalit pfitomnost
nevratnych d&ju, které se v materialu odehravaji pti jeho cyklickém namahani. To mohou byt
procesy jako: pohyb dislokaci, zména struktur v materidlu, Sifeni mikrotrhlin apod. [1].
Akustickd emise a jeji moznosti jsou zkoumany také v oblasti vné&jsiho poskozovani
materialu, zde se jedna zejména o detekci pocatku vzniku tnavovych poskozeni jako je
pitting, spalling, ¢i tfeni povrchti [2].

Detekce poskozeni na pievodovych tstrojich je velice komplikovana tloha a jeji obtiznost
roste s poc¢tem prvkd, jez jsou v pievodovém ustroji obsazeny. Kazdy prvek (rozuméjme:
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kolo, pastorek, lozisko, ...) si ssebou nese vlastni kinematické frekvence, jejich nasobky
améni celkovou tuhost soustavy a jeji odezvu na poskozeni. Za G¢elem detekovani rozsahu
poskozeni prevodovych Ustroji se pouzivaji rizné metodické pristupy a mereni. Mohou jimi
byt napiiklad méfeni: hlukové emise mikrofonem, hladiny vibraci, pouziti metody AE, ¢i
méfeni teploty oleje (na vhodné ¢asti skiing) pouzitim pyrometru. Albers a kol. [3] se
zabyvali porovnanim signalt ziskanych snimac¢i AE a laserovym vibrometrem. Poznatkem
experimentu bylo zji$téni, ze spolecna frekvencni pasma ziskand z méfeni je mozné vzhledem
ke stalosti citlivosti jednotlivych metod porovnavat pouze v uzkém pasmu, priblizné (20 — 60)
kHz. Dalsi autofi [4] se ve svém ¢lanku zabyvali monitorovanim poskozeni pfevodového
ustroji na modelové ¢elni pifevodovce nasledujicimi metodami. Métenim vibraéni hladiny
signalu, méfenim AE v podobé r.m.s, energie signalu a soucasné také zaznamendvanim
hodnoty teploty. Autofi piedeslych praci konstatovali vhodnost pouziti vice metod pii snimani
a vyhodnocovani poskozeni pfevodového ustroji, ackoli se jejich vzajemné porovnani
vét§inou odehrava pouze v malych mezich vyhodnocenych dat.

Analyzami pievodovych ustroji se stale zabyva mnoho odbornikll a ve vétsiné piipadu je
problematika soustfedéna pouze na jednodussi prevodové skiin€é sjednim prevodovym
stupném a celnim typem ozubeni kola a pastorku. Na téchto modelech byva jednodussi
umisténi snimacii AE do blizsi oblasti vytvoreného poskozeni zubl soukoli. Slozit&jsi je
problematika méfeni na klasické automobilové prevodové skiini, kde lze snimace umistit
pouze na téleso skiiné.

2) Experimentalni zaFizeni a metodika zkouSek

Experimentalni zatizeni

Testovaci stanice (obr.1) je vybavena panelem pro kompletni obsluhu vSech jejich ¢asti.
Panel urcuje vstupni otacky prevodovky pohdnéné elektrickym motorem, dale fidi vifivy
dynamometr, ktery slouzi jako brzda a také stanovuje zatézujici moment pievody. Pro
testovani byla vybrana standardni pievodovd automobilova skiifi znadky Skoda Fabia
s typovym oznacenim MQ200 — EYX 03060. Predmétem zkoumani bylo poskozeni
evolventniho kola se Sikmymi zuby. Pfevodovy olej o objemu 1,8 1 nesl oznaceni Gyrol 75W.
Na obr. €. 1 je vidét Cast sestavy béhem zkouseni, pfevodova skiin je umisténa v pravé ¢asti,
motor je umistén za pievodovkou, mezi pfevodovkou a motorem je absorpéni piepazka
a vlevo na obrazku je umistén dynamometr.

Obr. 1 Mechanicka ¢ast zkusebni stanice pro zkouseni prevodovek
Fig. 1 Mechanical part of test stand for gear boxes testing.
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Pouzitd méfici aparatura

Snimani hlukové emise probihalo mikrofonem umisténym na stativu ve vzdalenosti 1 m
od pfevodovky. Hladina vibraci byla snimana piezoelektrickym snimacem umisténym na
vrchni strané skiingé. Teplota byla zaznamenavana pyrometrem zaméfenym na stfed
plechového vika 5. Prevodového stupné. Hluk, vibrace a teplotu zaznamenaval analyzator
Dewetron s nasledujicimi parametry: mikrofon (1 V/10 kHz), vibrace (0 .. 250 m/s%; 10 kHz
ateplotu (1 V/10 Hz). Pro méfeni signalu AE bylo vyuzito analyzatoru Dakel XEDO se
Ctyfmi kanaly. Snimace AE mély oznaceni MIDI a jejich frekvencni charakteristika je
dostupna na webovych strankach spole¢nosti DAKEL, soucasné byly pouzity i piedzesilovace
od stejné firmy. Snimace AE byly rovnomérné rozmistény radialné po obvodu skiiné
v jeji predni ¢asti, kde se nachazi 5. pfevodovy stupeti, viz obr. 2.

Softwarové vybaveni analyzatoru XEDO pro méfeni signdlu AE umoziiuje zaznamenavat
kromé& RMS. az 16 energetickych hladin signalu — Counts (pocet ptrekmitii pies nastavené
prahové urovng), coz umoziuje jedno nastaveni citlivosti méfeni pro ruzna stadia zkousky
(zabéh — znacné vykyvy v signalu, nasledné uklidnéni signalu a jeho nardst az do vytvoreného
poskozeni). Software DaeShow umoziuje vyhodnocovat parametry Counts, Trends, Events
a RMS... Dale je mozné tfidéni navzorkovanych udalosti a dle velikosti jejich amplitudy,
délky udalosti a hodnoty RiseTime. Software umoziuje vyhodnocovat udalosti ve frekvenéni
oblasti a také exportovat ziskan4 data pro zpracovani v jinych software (Matlab).

Obr. 2. Sledovana prevodovka se snimaci vibraci a AE
Fig. 2. Tested gear box with sensors (vibrations and AE)

Metodika zkou$eni

Cilem uvodniho méfeni bylo zjistit, zda je mozné detekovat odezvu na poskozeni redlné
pfevodovky nékterou jiz diive zminénou metodou a ovéfit vhodnost typu poSkozeni pro
experimentalni zkousky. Experiment byl situovan do tfech jednotlivych etap. Prvni etapou
bylo naméteni experimentalnich dat nepoSkozené pievodovky (v délce méfeni pfiblizné
45 minut). V této fazi byly pozorovany provozni vlivy soustavy na odezvu signalli méficich
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aparatur, tedy zmény vstupnich otacek, nebo zatazeni neutralu (zastavené soukoli — rotujici
jehlové lozisko). Druha etapa méfeni spocivala v naméfeni dat poskozené prevodovky, kde
vytvofenym poskozenim bylo odbrouseni jednoho zubu kola 5. pfevodového stupné.
Soucasné bylo vytvofeno umélé poskozeni jehlového loziska téhoz stupné, které spocivalo
v odbrouseni ¢asti jedné jehly loziska o velikost cca 0,1 mm, viz obr. 4. TFeti etapa méfeni
probihala s rozsahlej$im poskozenim stejného kola, kde doSlo k odbrouseni dalsiho
sousedniho zubu kola, viz obr. 3.

p " 1

Obr. 3. Detail poskozeného ozubeni Obr. 4. Testované jehlové lozisko
Fig. 3. Detail of damaged gear Fig. 4. Tested needle bearing

3) Experimentalni vysledky AE

Prvni etapa zkousky:

Jak jiz bylo zminéno vySe, prvni etapa zkousky spocivala v naméfeni signalu nepoSkozené
prevodovky. Pocateéni podminky byly nasledujici: vstupni otacky 3000 min™, vystupni
otatky 952 min™', momentové zatizeni cca 50 Nm. Mé&feni AE probihalo kontinualng b&hem
celé zkousky. Nastaveni citlivosti jednotlivych (¢tyf) kanali bylo 17 dB pro kanal 1 a 2
a 12 dB pro kandl 3 a 4 (kandl je v grafu oznaCeny jako slot). Ackoli byly snimace AE
rozmistény radidln¢ v riznych mistech po obvodu skiing, signdl AE z jednotlivych snimaci
vykazoval v podobé Countll pfiblizné identicky pribeh, proto jsou nasledujici vysledky
vybrany pouze ze slotu 1.

Zaznam prvni etapy méfeni (obr. 5) byl spustén po cca 30 minutdch od spusténi prevodovky,
aby se dosahlo ustalen¢ho stavu (zahfani oleje). Pfi spusténi zkousky byla teplota oleje 39 °C,
postupné dochédzelo k pozvolnému naristu teploty, nejvy$si hodnota byla zaznamenéana
ve 37. minuté zkousky (59 °C), viz obr. 10. V grafu je patrny mirny nériist intenzity signdlu AE
do 29 minuty zkousky, ktera je soubézna se zvysujici se teplotou oleje. Nasledné byly snizeny
otatky z 3000 min" na 2500 min, pii tomto sniZeni je patrny velky pokles intenzity signalu
AE. Pfi zvySovani otacek se signal opét zvysSuje. Ve 36. minuté doslo k zastaveni prevodovky,
piefazeni na neutral a najeti na ptivodnich 3000 min™. Tento stav trval az do ukon¢eni méfeni
(43. minuty), pficemz stanice byla vypnuta jiz o minutu dfive. V poslednich 6 minutach chodu
prevodovky na neutral dochazelo k pozvolnému utlumu signalu AE, pticemz divod tohoto
utlumu zatim neni autorim pfesné znam, nicméné zde existuje hypotéza o vlivu nedostatku
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mazaciho oleje v lozisku a i tento jev bude pfedmétem zkoumani v dal§ich naplanovanych
méfenich.

SRt | prevodovka 200710 12:47 nepoSkozend slotl 13:22 13:26 3500 I}t_-:lm!n na
tes 2500 ot/min na 3'3:3‘3 ot/min )
3500 ot/min zafazen neutral
4 sgazrs_ 12:17 2000 ot/min na
47 ) m
/ , 25000t/min \
3 -~

Pt 1 I
: ' | |
a 3 & 8 1z 15 18

a

(5]

21 4 ZET7T 30 33 38 33 min

Obr. 5. Zaznam signalu AE z prvni etapa méteni — Counts
Fig. 5. Plot of AE signal from first part of measurement — Counts

Druha etapa zkousky:

Vysledky zaznamu signalu AE (opét v podobé Counttl) jsou zobrazeny na obr. 6. Oproti prvni
etapé zde bylo méteni spusténo zaroven s ptevodovkou. Jak je z tohoto grafu patrné, v prvni
¢asti doslo k vyraznému nardstu hluénosti pfevodovky (4. minuta), poté doslo k rychlému
uklidnéni hluénosti (5,5 minuta) a pozvolnému uklidnéni do 12 minuty. Nasledovaly zmény
provoznich otacek pii zatazeném neutralu (13. - 25. minuta). Poté byla stanice vypnuta a po
zafazeni 5. stupn& doglo ke spudténi se zvySenymi otackami (3500 min™). Intenzita signalu
(Countl) druhé etapy méfeni se po uklidnéni (od 5. minuty) jevila srovnatelna
s neposkozenou pievodovkou ve zvysenych i snizenych otackach.

SR | preyodovka 200710 14:41 poSkozena iehla a odbrouSeny jeden zub slot1
:22

log - 1 15:27
. 2 15:02 5. stupen - L
14.55{2 utral 3500 ot/mime 3500 ot/min /3.:,3.:, ot/min
15:00 i
4 2500 ot/min 15:08
3000 ot/min

{ A i

15:13/

2500 ot/min

(5]

e

o+ - + + *
z4 =) 32 38 40 44 48 min

4 =] 1z

Obr. 6. Zaznam signalu AE (Counts) ve druhé etapé méfeni
Fig. 6. AE signal plot (Counts) from second part of experiment

Vyrazny vykyv ve 4. minuté je pfisuzovan procesim probihajicim pfi styku poskozeného
zubu s neposkozenymi zuby spoluzabirajiciho soukoli. Odezva téchto procest, pii kterych
pravdépodobné dochazi k naslednému otupeni hrany poskozeného boku zubu, byla v signalu
vSech pouzitych aparatur detekovana. Poskozeni jehly loziska na patém prevodovém stupni se
mobhlo projevit pfi zafazeném neutralu (cca 13. az 25. minuta), avSak signal vykazuje podobny
pribéh jako u neposkozeného loziska a nebyla zde detekovana zadna vyrazna zména.

Treti etapa méfeni:

Ve tieti etapé zkousky kdy bylo poskozeni rozsiteno o dalsi sousedni zub, nebyly v signalu
AE pozorovany zadné vyrazné odchylky od prvniho typu poskozeni. Zmény ve stupnich
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otackach se projevily stejné jako v predeslych pfedstavenych etapach méteni. Soucasné je ze
vSech tfi etap méfeni pozorovano, ze snizeni ota¢ek ma za nasledek snizeni signalu AE hladin
snejvyssi citlivosti, ale zarovei mirny nartst hladin snizsi citlivosti. SniZenim otacek
dochazi k tbytku udalosti s malou amplitudou a naopak k mirnému zvyseni poctu udalosti
s vyss§i amplitudou a délkou. Tento poznatek je patrny také z grafu na obr. 7, kde je zobrazeno
rozlozeni velikosti délky udalosti, podobny pribéh je zaznamenany i v rozlozeni udalosti
v zavislosti na jejich amplitudé. Tento poznatek ovSem nevypovidd patrné nic o detekci
poskozeni, ale spiSe o rozkmitani nékterych ¢asti prevodovky na jejich vlastnich frekvencich.

evn

Prevodovka 200710 14:41 poZkozena jehla a odbrougeny jeden zub slot1
THT délka ud.: A=0 - 1500, B= 1500 - 2500, C=2500 - MAX

= 15:22
1502 3500 ot/min 15:27
3500 ot/min g 2000 ot/min
| 5. stupen 7
|
1 . - 15:18
1 14:56 neutral 15.08 2500 ot/min
\ 1500 2000 ot/min
2500 ot/min /
I D N AN ) 11 1 1
o 4 & 1z 1 =20 24 2B 3% 3§ 40 44 48 min

Obr. 7. Druhé etapa méfeni — délka udalosti AE
Fig. 7. Second part of the test — duration of AE events

4) Experimentalni vysledky vibraci a hlukové emise

Meéfeni hlukové emise a vibraci je zndzornéno obr. 8 a 9. Graf na obrazku 8 zobrazuje
akusticky tlak, vibrace a celkovy hluk ve vsech tfech etapach méfeni. Pti provedené analyze
byla zjiSténa nejvyraznéj$i zmeéna hlukové emise v Uzkém pasmu zubového kmitoctu
(2400 Hz pfi 3000 min™"). Proto jsou akusticky tlak a vibrace na obr. 8 vztazeny k tomuto
zubovému kmito¢tu. Tietim zobrazenym parametrem je celkovy hluk, ktery jak je vidét
z grafu nevykazuje pfiliSné zmény. Ve druhé etapé méfeni je vidét extrémni nartist hodnot
akustického tlaku, coz je porovnatelné se zaznamem AE a teplotou, viz obr. 10. Zaznam
na obrazku 9 obsahuje stejnd data, jako zdznam na obrazku 8, ale x-ové ose je pfifazen Cas
v minutach.

Hluk a vibrace v pribéhu testu
300

250
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150

100

50

%

%
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BOX.002
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BOX.004
BOX.005
BOX.006
BOX.007

zub ubrousen
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BOX.012
BOX.013
BOX.014
BOX.016
BOX.017

2. zub ubrousen
BOX2.001
BOX2.002
BOX2.003
BOX2.004

O akusticky tlak na z1 [mPa] O vibrace na z1 [m/s2] @ celkovy hluk [dB]

Obr. 8. Vibrace a hluk — jednotlivé etapy
Fig. 8. Vibrations and noise — different stages
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Obr. 9. Vibrace a hluk — ¢asova osa
Fig. 9. Vibrations and noise — time axis

5) Experimentalni vysledky méFeni teploty

Zaznam teploty celé zkousky je v grafu na obrazku 10 rozdélen do tfech etap méfeni. V prvni
etap¢ je vidét pozvolny rist az do zafazeni neutralu, kdy zacala teplota klesat. Ve druhé etapé
po provedeném poskozeni se projevil extrémné rychly narust teploty z 35 °C az na 54 °C za 9
minut od zacatku zkousky, teplota byla méfena na viku patého stupné. Skutecna teplota na
soukoli musela v tomto okamziku dosahovat nékolikandsobn¢ vysSich hodnot. I tento moment
koresponduje s extrémnimi hodnotami AE a akustickym tlakem. Ve tfeti etapé se dalsi
poskozeni kola v signalu AE jiz neodrazilo a ani teplota nezaznamenala néjaky vyrazny
posun. V grafu je také patrnd reakce na snizeni otaCek zastavenim riistu teploty.
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Obr. 10. Zaznam teploty v prib&hu zkousky
Fig. 10. Record of temperature during the test
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6) Zavér

Cilem prace bylo experimentaln¢ ovéfit metodiku méfeni signalu akustické emise, hlukové
emise a vibraci na detekci poskozeni bézného automobilové pfevodovky. Pro experiment byla
pouzita prevodovka z vozidla Skoda Fabia. Méfeni probihala ve tfech etapach, pfi¢emz prvni
etapa méfeni byla vénovana neposkozené pievodovce, druhd etapa méteni obsahovala
poskozené evolventni ozubené kolo a poskozené jehlové lozisko. Ve tieti etapé bylo méfeno
roz§itené poskozeni ozubeného kola. Experimentalni zkouSky probéhly pii ridznych
provoznich podminkdch a to vpodobé zmén vstupnich otaéek na hnacim hiideli pii
zatazeném patém rychlostnim stupni a neutralu.

Vysledky dosazené pouzitymi metodami, samoziejmé v zavislosti na jejich citlivosti, shodné
reagovaly na vytvofené poSkozeni ve druhé etapé¢ méteni, pricemz metoda AE prokéazala
vysokou citlivost i na zmény provoznich podminek. Poskozeni ozubeného kola mélo
za nasledek nartst signdld hlukové emise i vibraci, v pfipadé¢ metody AE az k extrémnim
hodnotdm. U hlukové emise byla pozorovdna zna¢nd zména akustického tlaku v Gzkém
pasmu zubového kmitoctu. Dal§im parametrem potvrzujicim vhodnost zvolené metodiky
méfeni je teplota, ktera dokazala dobie reagovat na procesy probihajici uvnité prevodovky
a zmény provoznich podminek.

Tento Clanek je vénovany predstaveni pouze prvnich vysledkii tvodniho méteni poskozeného
pfevodového Ustroji. Z tohoto méfeni vyvstaly nékteré otazky, tykajici se naptiklad procest
probihajicich pfi zabéru poskozeného zubu kola. Tyto otdzky bude nutno objasnit pfed
dalsimi zkouSkami s podobnym typem poskozeni. Zajimavou oblasti mize byt i méfeni
signalu AE pfi pfefazeni rychlostniho stupné na neutrdl, které tivodni zkouska nevénovala
pfiliSnou pozornost. Soucasti pfiprav na piiSti experimentalni zkousky bude rozbor dalSich
moznych typu poskozeni ptevodového ustroji a detailni dokumentace neposkozenych Easti
pred zkouskou a poskozenych ¢asti po provedené zkousce.

Prdce, predstavené v tomto pfispévku vznikly v rdmci feseni projektu MPO CR FRR-TI1/371
Integrovany systém monitorovdni vybranych strojnich cdsti” a ¢dstecné projektu FSI VUT v Brné FS —
S-10-30 Akusticka diagnostika mechanické prevodovky.
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Abstract

Laser cutting and resistance spot welding are fiequently used techniques in automotive
industry and production of white goods. The paper describes possibilities to monitor process
quality of laser cutting and resistance spot welding based on measured AE signals. The results
of AE signals measured during and after laser cutting are shown. The measured results
confirm that laser cut quality based on measured AE signals could be predicted. Also
continuous AE signals during current flow in RSW are analyzed. Selected welding parameters
often cause excessive energy input, that assure better reliability of fully penetrating welds
even in the case of process deviations. Excessive energy inputs lead to excessive heating of
welded material that can cause unwanted expulsions and electrode tips damages. This is way
users want different sensors systems fo monitor and control the welding process fo attain
optimal conditions. In the paper continuous AE signal during current flow were analyzed
1n time and fiequency domain.

Key words: Acoustic emission, PZT sensor, dross, laser cutting, RSW
1. Introduction

The use of laser cutting may provide high velocities of plate cutting, assuring good quality of
the surface cut. Input parameters of laser cutting may be chosen from a wide range of cutting
speeds and powers. For economic reasons, higher cutting speeds or lower output laser-beam
powers are desired. A reduction of energy input to the cutting front, however, may result in
lower laser-cut quality. For easier achievement of high cut quality, including cost-
effectiveness of cutting, various system of process supervision and control have been
developed. They are mainly based on measuring electromagnetic waves [1-2] and acoustic
emission [3-5], which freely propagate from the cutting front in the course of cutting. They
can be sensed at different locations. From the signals obtained the process in the cutting front
may be assessed. Process assessment may often permit, on the basis of certain criteria,
to predict optimum cutting conditions.

Similarly acoustic emission is a promising technique for monitoring resistance spot welding
(RSW) process. RSW is a method which has been widely used in automotive industry for
decades for the welding of metal thin sheets. In terms of use and control, it is a relatively
direct production process. Numerous researches can be found in literature which were carried
out with the purpose of monitoring and controlling this process in order to achieve adequate
weld quality. They were based on destructive and non-destructive methods; the established
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methods of the former are the peel and the chisel tests, while the latter includes visual
inspection, thermal conductivity measurement, and ultrasonic testing. The main techniques
of control and monitoring of RSW are [6-7]: Electrical Parameter Limits, Dynamic Electrical
Parameter monitoring, Ultrasonic testing of welded joints, Nugget expansion, and Acoustic
Emission. Almost all welding processes involve dynamic phenomena which have different
characteristic sound sources. As a result, numerous researchers were soon attracted to the field
of acoustic emission to evaluate the process of resistance spot welding. According
to documented sources, researches have been performed on all characteristic phases
of welding: during the welding process itself, immediately after welding, and during the
loading of the weld [8-10]. The basic aim of monitoring the AE during the process
of welding, during the cooling process, or during the testing of the welds is to obtain useful
information on the quality of the weld and the adequacy of the selected welding parameters.
Acoustic Emission is a passive technique for detecting signals occurring in the material
exposed to thermal changes and mechanical strain. The key benefit of the AE technique is that
the AE signal is transmitted through the material to remote areas where the sensors are safely
protected from the effects of cutting and welding.

2. AE During laser cutting

During the laser cutting process a turbulent flow of the cutting gas produces continuous AE
signals. When cutting is stopped, acoustic emission in the form of bursts with appertaining
signal duration can still be captured. In a continuous signal changes of the signal amplitude
value and frequency can be detected. In case of cutting with an optimal power and speed,
signals with a relatively uniform amplitude value in the continuous signal can be measured.
A lower energy input at the interaction zone with increased cutting speed will result in a lower
melt temperature and, consequently, in increased melt viscosity. Under these conditions the
portion of the oxidized melt will decrease as well. When the forces due to gas flow cannot
exceed the adhesion forces of the melt to the sheet surface, the melt leftover will solidify
quickly in the form of droplets at the lower edge of the cutting front, and, consequently, dross
will form. The solidification of the molten material persisting at the lower edge of the cut and
cracking of the oxide film will produce AE bursts in the continuous signal.

2.1 Continuous acoustic emission during laser cutting

Research results indicate that the amplitude value of an AE signal is a very suitable parameter
for the evaluation of the laser-cut quality. For the evaluation of the captured AE signals, an
average myu of the amplitude values of a series of 20 subsequent continuous AE signals with
the individual laser-cutting condition was taken. An analysis of the laser-cutting process
showed that the continuous signals with a defined time interval of signal duration, i.e. 0.1 s,
were suitable for its control. The assumptions on the influence of the individual factors on the
variable analysed were confirmed with a factorial design. A method of orthogonal
polynomials was used to determine an approximation polynomial. Fig. 1a shows a contoured
representation of response surface for the signal amplitude average with the approximation
polynomial.

In a similar way, intensity average m; of a series of 20 subsequent continuous AE signals
captured with the individual laser-cutting condition was treated. Signal intensity
is proportional to signal energy [11] and it is defined by an integral of signal square,

L, =I:\V(t)\2dt )]
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Fig. 1 Contoured representation of response surface for signal a) amplitude average my and
b) intensity average my

From a comparison of the response surface for the AE signal amplitude average ma and of the
signal intensity average my (Fig.1), it can be inferred that an increase in AE signal amplitude
is followed by an increase in the AE signal intensity.

2.2. AE bursts after laser cutting

The presence of dross at the lower cut edge is well shown by the AE bursts after the
termination of laser cutting. Fig. 2 shows a distribution of the amplitude values of AE burst
signals immediately after the termination of cutting of the flat DC04 steel sheet in the duration
of 30 s. The number of the bursts exceeding the chosen signal amplitude level Aagy, i.e.
40 dB, 50 dB, ..., 90 dB, is marked Naag. Measurements show that increased energy input to
the cutting front results in a lower AE activity with lower amplitude values of voltage signals,
which is a result of less or even no dross presence, which, in turn, results in better laser-cut
quality. It was found that the relation of the number of bursts Naag and the signal amplitude
levels Aagn can be described with an exponential function. A greater distance of an
exponential regression line from the origin of the coordinate system in the diagrams shows
a greater AE activity.

Fig. 3 shows the distribution of the amplitude values in a period of 30 s after the termination
of laser cutting of the flat sheet of X5CrNil8-10 steel. In cutting with different parameters
different qualities of the cut will be obtained. Similarly as with unalloyed steel, poorer cut
quality will show in a larger number of bursts after the termination of cutting.

The laser cuts obtained at austenitic stainless steel differ from those obtained at unalloyed
steels, which is mainly a consequence of increased chromium content in the steel.
The formation of a chromium-oxide film in the cutting zone during laser cutting ob austenitic
stainless steel hinders further oxidation in the melt depth. In spite of tearing of the chromium-
oxide film, quite a lot of melt in the cutting zone remains unoxidised. The unoxidised melt
shows good adhesion to the cut surface, which hinders complete blowing-out of the melt from
the laser cut with an oxygen jet. This results in a re-solidified melt holding to the laser cut
surface and the presence of dross at the lower edge of the cut. Larger amounts of the solidified
oxides and of the base material at the cut surface and in the form of dross at the lower edge of
the cut in comparison with unalloyed steel were confirmed also by the results of the analysis
of the AE bursts after the termination of cutting.
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Fig. 2 a) Images of dross at lower cut edge at cutting with different cutting speeds and power
P =430 W and b) number of AE bursts NA g above various amplitude levels of AE signals
Augn Immediately after termination of laser cutting of sheet DCO4 with power P =430 W.
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Fig. 3 a) Images of dross at lower cut edge at cutting with different cutting speeds and power
P =430 W and b) number of AE bursts NA g above selected amplitude levels of AE signals
Augn iImmediately afier termination of laser cutting of sheet X5CrNil18-10 with power P =
430 W.

In laser cutting of the austenitic stainless steel sheet under the cutting conditions chosen and
within a wide range of energy inputs, the occurrence of dross at the lower edge could not be
avoided. The difference in dross size in laser cutting of the X5CrNil18-10 stainless steel with
different parameters is less distinct than in cutting of the unalloyed DC04 steel, which was
confirmed also in a parallel analysis of the AE bursts.
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3. AE during resistance spot welding

The resistance spot welding process consists of the following phases: the set-down of the
electrodes, the squeeze, the current flow, the hold time or forging, and the lift off. During each
of these phases, various types of acoustic emission signals are produced as a consequence of
different physical phenomena occurring in various RSW phases. Individual signal elements
may differ significantly or they can be completely excluded from the welding process
in which various materials, thicknesses and welding parameters are applied.

During the current flow, continuous acoustic emission signals can be measured. During
resistance spot welding without expulsion, relatively uniform voltage and current values are
obtained. The frequency spectrum of the AE signal indicates strong lower frequencies
of approximately 100 kHz. These are followed by frequencies of approximately 430 kHz.
During the current flow, plastic deformation, friction, nugget expansion, melting and
expulsions produce AE signals. The signals occurring during the expulsion of the material are
usually of a higher amplitude and can be clearly distinguished from the signals produced by
other factors during the current flow through the weld piece.
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Fig. 4 Acoustic emission signal waveform with welding current (blue), voltage (red) and
resistance (green) at, t, = 200 ms.

We would want to avoid the expulsion of the material as it removes the base of the material
from the welding spot and spatters the welding sheet and the electrodes Expulsions are
connected to over heating of material, higher consumption of electrical energy, lower strength
and lower corrosion resistance of welded joint. Nevertheless, when using systems without
feedback control, expulsion is tolerated for production-oriented reasons. With a used welding
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device, expulsion was reduced by regulating the voltage (Fig.4) to compensate reduction
in electrical resistance. Expulsion corresponds to a rapid increase in acoustic emission and
a strong decrease in the measured voltage and electrical resistance. However, the expulsion
of the material need not entail a strong voltage decrease (Fig. 4b). In the experiments
conducted, acoustic emission measurement proved to be the most reliable indicator
of expulsion during the RSW process.

Continuous AE signal during RSW can be divided into tree time periods:
- time period before expulsion

- expulsion of the material

- time period after expulsion

In a time period before expulsion a trend of increasing of mean and standard deviation and
very unsteady values of kurtosis can be noticed. A trend of increasing of mean and standard
deviation is approximately 20 ms before expulsion changed into trend of decreasing.
Decreasing of mean and standard deviation is connected with decreasing of kurtosis of the
signal that offers to predict the expulsion of the molten material during RSW.
The characteristic values are very unsteady during the time period of expulsion, which is
marked with a pattern on Fig. 5. After the expulsion the characteristic values becomes lower
and more steady. Mean, standard deviation and kurtosis of the voltage signal of AE offers
insight into RSW process state and prediction of expulsion of the material during RSW.
The accuracy of the prediction can be improved with simultaneous consideration of additional
characteristics of AE signal like FFT.
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Fig. 5 Characteristic values of continuous AE signal during current flow, I, = 7,5 kA, t, =
200 ms.

4. Conclusions

The investigation conducted on laser cutting showed that a good agreement between the
quality of a laser cut and the captured acoustic emission signals exist. Continuous acoustic
emission gives us an insight into laser cut quality during cutting and burst acoustic emission
after termination of laser cutting. Factorial analysis of experimental results shows significant
influence of used laser cutting conditions on amplitude average and intensity average of AE
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signals. Exponential relationship between the number of bursts in defined time interval and
the signal amplitude levels after termination of laser cutting was found. Measurements show
that increased energy input to the cutting front results in a lower AE activity with lower
amplitude values of voltage signals, which is a result of less or even no dross presence.

The results of the research on the acoustic emission during the resistance spot welding process
of DCO1 uncovered the possibilities of optimising the welding parameters and predicting the
quality of the weld. The analysis of the acoustic emission signal during current flow provides
useful information on nugget formation. With simultaneous calculation of signal frequency
spectrum and other mentioned characteristic values of AE signal the expulsion of the material
can be predicted in a very short time interval before its occurrence.

Capturing of acoustic emission with a contact PZT sensor enables monitoring of important
events directly in the product material during the laser cutting and resistance spot welding and
is a promising technique for optimising these processes.

References

1. Olsen F., Andersen K., Raben N., Thomassen F.: Investigations in methods for Adaptive
Control of Laser Cutting; Proceedings of LAMP, maj, 1987, pp. 405 —420.

2. LiL., Hibberd R., Steen W.: In-Process Laser Power Monitoring and Feedback Control;
Proceedings of 4th International Conference on Lasers in Manufacturing, 1987, pp. 165 —
176.

3. Chryssolouris G., Sheng P., von Alvensleben F.: Process Control of Laser Grooving
Using Acoustic Sensing; Transactions of the ASME, Vol. 113, avgust 1991, pp. 268 —
275.

4. El-Kurdi Z.: Monitoring and Control of CO, Laser Cutting Process; Dissertation,

Phd Thesis, The University of New South Wales, 2005, www.library.unsw.edu.au

5. Grad L., Grum J., Polajnar 1., Slabe J.M.: Feasibility study of acoustic signals for on-line
monitoring in short circuit gas metal arc welding, International journal of machine tools
& manufacture, Vol. 44, No. 5, 2004, pp. 555 — 561.

6. Cullen J.D., Athi N., Al-Jader M., Johnson P., Al-Shamma'a A.l., Shaw A., El-Rasheed
A.M.A.: Multisensor fusion for on line monitoring of the quality of spot welding
in automotive industry, Measurement 41, 2008, 412-423.

7. Dennison A.V., Toncich D.J,, Masood S.: Control and process-based optimization of spot-
welding in manufacturing systems, International journal of Advanced Manufacturing
Technology, Vol. 13, 1997, pp. 256-263.

8. Moore P. O., Miller R. K., Hill R. K. (eds): Nondestructive Testing Handbook,
3t Edition, Volume 6, Acoustic Emission Testing, American Society for Nondestructive
Testing, INC., 2005, pp. 232 — 242.

9. Lopez-Cortez V.H., Reyes-Valdez F.A.: Understanding resistance spot welding
of advanced high-strength steels; Welding Journal, Vol. 87/12, 2008, pp. 36-40.

10. Polajnar 1., Esmail E.A.: Sources of acoustic emission in resistance spot welding; Journal
of mechanical engineering, Vol. 45/4, 1999, pp. 147-153.

11. Wadley H.N.G., Microscopic origins of AE in: P. O. Moore (Ed.), Nondestructive Testing
Handbook, 3th Edition, Acoustic Emission Testing, Volume 6, 2005, pp. 69-78.

DEFEKTOSKOPIE 2010 109



110 DEFEKTOSKOPIE 2010



Czech Society for Nondestructive Testing
NDE for Safety / DEFEKTOSKOPIE 2010
November 10 - 12, 2010 - Hotel Angelo, Pilsen - Czech Republic

MAGNETIC FIELD CAMERA

ZOBRAZOVAC MAGNETICKEHO POLE
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Abstract

The Magnetic Field Camera MagCam contains a patented sensor chip with an integrated
two-dimensional array of Hall magnetic field sensors. Each sensor independently measures
the local magnetic field, resulting in a quantitative 3D magnetic field map with high spatial
resolution, measured at high speed. The fully digital and compact measurement system
simply connects to the computer via a single USB cable. The MagCam maps are analyzed
in real time by the MagScope measurement & analysis software. The MagCam system
opens up a new dimension in R&D and quality control for magnet producers and suppliers,
sensor manufacturers, motor and generator constructors and NDT labs.

Key words: magnetic field, Hall sensor, field map, quality control.

Abstrakt

Zobrazovac¢ magnetického pole MagCam obsahuje patentovany cip, ktery ma integrovanou
matici Hallovych snimaci. Kazdy ze snimacu nezavisle méri lokalni magnetické pole.
Vysledkem je velmi rychle zmérfena trojrozmérnéd mapa magnetického pole s vysokym
prostorovym rozlisenim. PIné digitalni a kompaktni senzor se jednoduse pfipoji k pocitaci
USB kabelem. Mapy pole ze zobrazovace MagCam Ize analyzovat v redlném case méricim
a vyhodnocovacim programem MagScope. Zobrazovaé MagCam otevira nové moznosti
ve vyzkumu a kontrole kvality vyrobcim a dodavatelim magneti a magnetickych senzord,
konstruktérim motort a generator(i a NDT laboratorim.

Kli¢ova slova: magnetické pole, Halliv snimac, mapa pole, kontrola kvality.
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1. Uvod

Potfeba zobrazovat indukéni ¢ary magnetického pole je ve vyzkumné a technické
praxi ¢asta. Pro elementarni geometrie magnetickych obvodu je tvar indukénich ¢ar
znamy, pro slozZité tvary magnetickych obvodl se prubéh indukénich ¢&ar da
vypocitat. Otazkou vSak vzdy zUstava skute¢né rozloZeni magnetického pole pfi
realizaci magnetického obvodu. To je totiz ovlivnéno realnymi vlastnostmi material(,
které se mohou liSit od pfedpokladanych jak velikosti, tak homogenitou. A to je duvod
pro podrobné studium pribéhu indukénich ¢ar magnetického pole konkrétniho
magnetického obvodu.

Pomineme-li nejjednodussi zplsob zobrazeni indukénich €ar pomoci magnetickych
suspenzi, zGstavaji pro zkoumani rozloZeni magnetického pole elektronické senzory.
ProtoZe vétSina senzord magnetického pole jsou senzory vektorové, je mozné jejich
pomoci stanovit pribéh indukénich &ar. Naprosta vétSina pouzivanych senzor(
magnetického pole je zalozena na Hallové sondé&. Jeji vyhodné parametry
pro obvyklou technickou praxi jsou dostateény pracovni rozsah magnetické indukce,
frekvence magnetického pole a teploty prostfedi. DalSi vyhodou je jeji relativné
snadna moznost integrace a miniaturizace. Jeji nevyhody, zejména offset a teplotni
zavislost, je mozné dobfe kompenzovat navazujicimi elektronickymi obvody.

Mame-li k dispozici senzor magnetického pole rozmérové pfiméfeny geometrii
magnetického obvodu, mizeme jeho pomoci zkoumat rozlozeni pole v mistech,
ktera jsou pro spravnou funkci tohoto obvodu dulezitd. Dosavadni praxe vychazela
z pouziti vhodného manipulatoru, bud ploSného nebo prostorového, kterym se pfi
pouZziti senzoru magnetického pole stanovila mapa magnetického pole daného
magnetického obvodu. Toto feSeni je technicky narocné a vySetfovani prubéhu
induk&nich &ar pole je zdlouhavé.

Pro vyzkumnou i technickou praxi je zajimavy novy zobrazova¢ magnetického pole,
ktery je zalozeny na ploSném senzoru.

2. Zobrazova¢ MagCam

Zobrazova¢ magnetického pole MagCam je zaloZeny na technologii vyvinuté v centru
nano-elektronickych technologii IMEC. Zakladem zobrazovate je patentovany
senzorovy Cip, ktery obsahuje dvourozmérné pole integrovanych mikroskopickych
Hallovych sond. Pfi rozliSeni 128 x 128 je pocet sond 16384. Jednotlivé sondy maiji
rozmér 100 x 100 uym, celkovy rozmér aktivni ¢asti senzoru je 13 x 13 mm. Kazda
jednotliva Hallova sonda nezavisle méfi lokalni magnetické pole. Vysledkem je
trojrozmérna mapa rozlozeni magnetického pole s vysokym prostorovym rozlisenim,
zméfena vysokou rychlosti.

Realizace zobrazovace magnetického pole MagCam je patrna z obr. 1. Méfici rozsah

senzoru je £+0,1mT az +7T, rychlost méfeni je az 50 snimk( za sekundu.
Zobrazovac je napajeny pfes USB rozhrani, pfes které se také prenasi naméfena
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data pro dalSi zpracovani. Senzorovy Ccip je kryty ochrannou vrstvou proti
mechanickému poskozeni a je zapustény 0,25 mm pod povrch pouzdra
zobrazovace. Rozméry zobrazova¢e MagCam jsou 94 x 71 x 23 mm a jeho hmotnost
je230g.

Obr. 1 Zobrazova¢ magnetického pole MagCam.

Fig. 1 Magnetic field camera MagCam

3. Program MagScope

Pro snimani, zobrazovani a podrobnou analyzu dat ze zobrazovate MagCam slouzi
programové vybaveni MagScope. Zakladni vlastnosti programu MagScope je
interpolované kvantitativni barevné zobrazeni magnetického pole s vysokym
rozliSenim. Pfitom je mozné provadét analyzu pole v jednotlivych Fezech
v kartézskych nebo valcovych soufadnicich, pokud je znama absolutni poloha
méfeného magnetického obvodu. Také je mozné méfit hodnoty magnetického pole
v zadanych bodech a urovat vzdalenosti a Uhly mezi nimi. Program umozfuje pouzit
rizné metody zpracovani obrazu pole, naméfené hodnoty Ize zpracovat statisticky
a data je mozné exportovat do externich aplikaci.

Pro pokrocilejSi zpracovani naméfenych dat je k dispozici volitelny modul programu
MagScope. Ten umoznuje provadét komplexni kontrolu konkrétnich magnetickych
obvodu. Nejcastéji sledovanymi parametry jsou velikost a smér vektoru magnetizace
a homogenita magnetického pole.

Ptiklad vzhledu programu MagScope je na obr. 2, kde je zobrazeno magnetické pole
malého permanentniho magnetu.

DEFEKTOSKOPIE 2010 113



WO E e p 8 e e o mTesla Original mTesla carmera orizntation
i S by e

‘ 400 g
i i # I O meen Caneratemperatie = 223°C
-
el L 400 1 -0 Iostmeasured Camera temperature x 231 T
i - am x magcam
’ ko
a0
T S
‘‘‘‘‘‘ dio
m Gesls Avsiaging izwas
3 al] [
100 . Ao Avgsop 32 —
T Ihevac
0
100 mTesl

H H B 0
H | 00~
| 400 ]
1 Tl 200+ OFFSET
| 500 400

5 | o sl 500,
T T I T T TR R o SV S o O S
o 1 2 3 & 5 & 7 &8 s W N @ PO TR S T S T T T T T 3
T acton— s e mm
Mox 528 miesla VI-5AN V27325 AV-188mm OV Cw2 VI=5400  2=7325 A VelS5 mm
Min.  -544 mTesla H1=8350 HZ=0000 &H=-8350mm |[SiHiCihe | 2143387 72 --43136 A 2+-86533 mTesla
Diag=8563 mm W= 43500 K2 -430.00 & h-96500 mTests

Obr. 2 Mérici a analyticky program MagScope

Fig.2 Measurement and analysis software MagScope

4. Aplikaéni moznosti

Hlavni vyuZiti zobrazovate MagCam a programu MagScope je pfi kontrole
permanentnich magnetd. Nejcastéjsi je kontrola malych magnetl pro rizné snimace,
zejména vyuzivané v automobilovém primyslu. DalSi ¢astou aplikaci je kontrola
vétSich magnetickych obvodl pfi ovéfovani vlastnosti elektrickych motord

a generatoru.

DalSi vyuziti nachazi zobrazova¢ MagCam pfi materidlovém vyzkumu magnetickych
materidll a pfi vyvoji svafovacich metod. Na obr. 3 je schematicky znazornéna
situace kontroly bodovych svarll. Zobrazova¢ MagCam zde snima rozptylové
magnetické pole.

spot weld S
N

Electromagnet

V///////, ;[ /7//////4
11/1//1/11/1//////4

Yk

Obr. 3 Kontrola bodového svaru pomoci MagCam

Fig. 3 MagCam spot weld testing
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Z dvourozmérného zobrazeni tohoto pole programem MagScope |ze ziskat fezem
pres stfed svaru typicky pribéh o é&tyfech vrcholech, jak je patrné z obr. 4. Podle
vyvinuté metodiky lze ze vzdalenosti mezi jednotlivymi vrcholy ziskat informace
o struktufe materialu uvnitf svaru. Obdobné je mozné analyzovat laserové svary.
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Obr. 4 Zobrazeni bodového svaru pomoci MagScope

Fig. 4 MagScope image of spot weld

5. Zaveér

Zobrazova¢ magnetického pole MagCam spolu s programem MagScope pfinasi
zcela nové moznosti do vyzkumu a vyvoje magnetickych obvodd tim, Ze umoznuje
kvantitativni digitalni mapovéani magnetického pole. VySetfovanymi magnetickymi
obvody mohou byt permanentni magnety a jejich sestavy, rotory a statory
elektrickych motord nebo generatorli a také svary magnetickych materialG.

Vyhodou zobrazovate MagCam je vysoka rychlost méfeni a vysoké prostorové
rozliSeni. PFfednosti je absence pohyblivych ¢asti a jeho velka kompaktnost.
Jednoduché pfipojeni zobrazovade k pocitaci s programem MagScope zjednodusSuje
jeho nasazeni.

V soucasné dobé je zobrazovaé MagCam pouzivany pfevazné pro vyzkumné
a vyvojové aplikace, ale neni daleko doba, kdy bude vyuzity ve vyrobni kontrole jako
soucast automatického nedestruktivniho zkuSebniho systému.

6. Literatura

[1] Magnetic Field Camera. Firemni literatura MagCam NV, 2010.
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METODOU PHASED ARRAY
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Abstrakt

V prispévku jsou prezentovany vysledky praktické zkouSky provedené ultrazvukovou
metodou Phased Array na obvodovém heterogennim svaru hrdla DN 250 tlakové nadoby.
ZkouSka byla provedena za Gcelem ovéreni schopnosti detekce a presnosti vyhodnoceni
rozmérd defektl. Ultrazvukové zkouSeni tohoto svaru je pomérné obtizné z duvodu
omezeného pfistupu, a tak je mozné zkouSku provést pouze z austenitické strany svaru,
ktera je kuZelovitého tvaru. Pro ovéreni pouZité metody zkousSeni bylo vyuZito zkuSebni
téleso, které odpovidalo skutecné inspekcni oblasti a obsahovalo umélé necelistvosti.
TrebaZe byla pro zkouSku pouZita pouze jednoduché& sonda priénych vin ve spojeni
s manualnim provedenim skenu, ziskané vysledky potvrdily, Ze metoda Phased Array
poskytuje dulezité udaje z hlediska urceni rozmér(i defekt( iniciovanych z vnitfniho povrhu,
Jejich pozice a orientace.

Klicova slova: ultrazvuk, Phased Array, heterogenni svar, pficné viny

Abstract

In the contribution results of Phased Array practical trial are being presented for the
ultrasonic inspection of circumferential thick-walled dissimilar nozzle weld DN 250 of a
pressure vessel. The test was carried-out to find detection ability and the accuracy of defects
sizing. Ultrasonic testing of this type of welded joint is relatively difficult, because the access
to the inspection area is limited so that ultrasonic scan is possible only from the austenitic
conical side. For the inspection method verification was used a test block which was
consistent with the real inspection area and contained artificial defects. Although only a
single probe of transversal wave and manual inspection were used, gained results confirmed
the Phased Array method as a useful examination providing important data about defects
initiated from the inside surface especially defects sizing, position and orientation.

Key words: ultrasound, Phased Array, dissimilar weld, transversal waves
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1. Uvod

Ultrazvukova metoda Phased Array se v CEZ, a.s. pouziva standardné od roku 2008
zejména za uCelem provadéni nedestruktivnich periodickych provoznich kontrol
jadernych elektraren a ovéfovani indikaci detekovanych konvenéni impulsni
odrazovou metodou. Na zakladé ziskanych zkuSenosti mizeme konstatovat, Ze
pouziti této metody je vyhodné pro zkouSeni pfedmétl s komplikovanymi tvary nebo
vyrobkli s omezenou pfistupnosti k oblasti zajmu. Takovym pfipadem je také
heterogenni svar hrdla DN 250 tlakové nadoby jaderné elektrarny typu VVER 440.
Tento svar je pravidelné podrobovan periodickym provoznim prohlidkam konvenéni
ultrazvukovou metodou, provadénou mechanizovanym zpUsobem. Pokud by byly
v tomto svaru nalezeny indikace k hodnoceni, je tfeba disponovat dalsi technikou
zkou$eni, ktera by byla schopna nalezené indikace potvrdit a ziskat dal$i podplrné
informace o aktualnim stavu za uéelem vyhodnoceni zbytkové Zivotnosti.

2. Popis inspekéni oblasti

Pfedmétem zkousky byl heterogenni obvodovy svar natrubku s maximalnim ¢ 370
mm a max. tloustkou stény 55 mm. Dispozi¢ni uspofadani v technologii elektrarny
vS§ak umoznuje provedeni zkouSky pouze z jedné strany, a to ze strany s kuzelovitym
tvarem, kde dochazi v axialnim sméru ke zménam priimeéru a tloustky stény natrubku
viz obr. 2.1. Tato kuZelova &ast je vyrobena z austenitické korozivzdorné oceli
08Ch18N10T, kde je mozné ocekavat problémy zplsobené utlumem ultrazvuku.

@ 370
@ 260
I

@ 236

Obr.2.1 Profil svarového spoje
Fig.2.1 Welded joint profile
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Ovéreni spolehlivé detekce a spravného uréeni rozmérd a polohy nebezpeénych
necelistvosti, bylo provedeno na umélych necelistvostech zkuSebniho télesa
reprezentujiciho rozmérové a materidlové skute¢nou inspekéni oblast. ZkuSebni
téleso obsahovalo prfedevsim umélé defekty predstavujici podélné (obvodové) trhliny
iniciované z vnitfniho povrchu svarového spoje nebo vnitfniho povrchu navaru jak o
vétSich rozmérech, které jsou kritické pro dalSi provoz zafizeni, tak i mensich
rozmérd, které bylo mozné vyuzit pro stanoveni hranice detekce aplikované metody
zkouseni a zjisténi odchylky v ur€eni rozmér( necelistvosti. Za Gcelem zjisténi
schopnosti detekce zkuSebni téleso obsahovalo umélé vady typu studeného spoje na
svarovém Ukosu, které jsou obtizné zjistitelné, obzvlasté pfi zkouSeni jen z jedné
strany svaru.

3. Parametry zkousky

Pro kontrolu metodou Phased Array bylo pouzito stavajici vybaveni. Jednalo se o
ultrazvukovy pfistroj OMNISCAN PA, sondu typu A3 s 16-ti elementy a frekvenci 3,5
MHz. Tato sonda byla osazena klinem SA3-N45S, ktery umoznuje pouziti pficnych
vin s rozsahem uhli 40° — 60°. Pro odecitani polohy a stanoveni délky pfipadnych
defektd byl pouzit mini encoder OMNI-A-ENC1. Vyhodnoceni zaznamu bylo
provedeno pomoci softwaru TomoView 2.7R10.

Vzhledem ke zménam tloustky stény a priméru v axialnim sméru potrubi bylo
pfistoupeno ke kontrole s konstantni vzdalenosti sondy od osy svaru, tzn., ze vlastni
sken byl proveden pouze v obvodovém sméru. S ohledem na rozsah vyuzitelnych
uhld ultrazvukového svazku bylo pro detekci vSech necelistvosti ve zkuSebnim télese
provedeno snimani dat pfi poloze sondy na pridméru 300 mm. Za Ucelem presné
interpretace nalez(i bylo hodnoceni dat provadéno pfi souéasném zobrazeni profilu
inspekéni oblasti na obrazovce.

4. Vyhodnoceni vysledkt véetné vizualizace dat

Provedeni zkousky a jeji hodnoceni odpovidalo bézné praxi a probéhlo za
obdobnych podminek jako pfipadé skuteéného zkouSeni v elektrarné.

Vizualizace hodnocenych defektl v sektorovém S zobrazeni je uvedeno v tabulce
4.1.

Méfenim bylo prokazano, Ze pokud necelistvosti komunikuji s vnitfnim povrchem
potrubi (hrdla), neni problém je detekovat a spolehlivé urcit rozméry, a to i v pfipadé,
Ze se nachazi v nepfiznivé pozici.

Dale Ize konstatovat, ze defekty typu studenych spojli na svarové ukosové ploSe jsou
také zjistitelné. Pokud se tyto typy vad nachazely na blizSi strané k sondé, byl
detekovan jejich horni a spodni okraj. V pfipadé jejich umisténi na vzdalenéjsi strané
od sondy, byly identifikovany prostym odrazem od hlavni roviny necelistvosti.
Problém vSak nastava v pfipadé studenych spojd umisténych na rozhrani mezi
dvouvrstvym navarem a zakladnim materidlem viz tab. 4.1, defekt ¢. 12, 13 a 14.
Tyto typy vad nelze za stavajicich podminek spolehlivé detekovat, protoze odstup
uzite€ného signalu od Sumu se pohyboval v rozmezi 3 — 5 dB.

Koneéné vyhodnoceni a dosazené vysledky jsou uvedeny v tab. 4.2.
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Tab. 4.1 S-zobrazeni defekt(i / Tab. 4.1 S-scan of defects

Defect 1 — EDM notch PISC typ A(h=5,8 mm, 1=21,3 m

m)

h

.0}

Defect 2 — EDM notch PISC typ A (h = 12,0 mm, | = 35,0 mm)
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Defect 5 — EDM notch PISC typ A (h = 6,1 mm, | = 21,8 mm)

E

N
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Defect 9 — EDM notch LOF type (h =12,0 mm, | = 30,0 mm)
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Defect 10 — EDM notch LOF type (h = 6,0 mm, | = 15,0 mm)
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Defect 11 — EDM notch LOF type (h = 12,0 mm, | = 30,0 mm)
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Defect 12 — EDM notch LOF type (h = 6,0 mm, | = 15,0 mm)

—c

| _“i\\\;
[ N N N . —
*w

' N

122 DEFEKTOSKOPIE 2010



NN
NN AN _

1
AY
p

AN NN
AN,

\

NN\
NNN

DEFEKTOSKOPIE 2010

123




Tab. 4.2 Kone¢né vyhodnoceni / Tab. 4.2 Final evaluation

Defekt Vyska defektu h [mm] Délka defektu | [mm]
C. Defects height [mm] Defects length | [mm]
Defekt | gkutegna | Mérena Reélna Méfena
No. Real Measured Ah Real Measured Al
1 5,8 59 0,1 21,3 31,0 9,7
2 12,0 11,8 -0,2 35,0 45,0 10,0
3 6,2 54 -0,8 21,5 26,0 4,5
4 12,1 9,4 -2,7 35,0 37,0 2,0
5 6,1 6,4 0,3 21,8 24,0 2,2
6 12,0 9,3 -2,7 35,2 32,0 -3,2
7 15,2 10,2 -5,0 45,2 32,0 -13,2
8 6,0 6,7 0,7 15,0 16,0 1,0
9 12,0 8,4 -3,6 30,0 34,0 4,0
10 6,0 5,1 -0,9 15,0 16,0 1,0
11 12,0 7.1 -4,9 30,0 23,0 -7,0
12* 6,0 55 -0,5 15,0 16,0 1,0
13* 12,0 7,5 -4,5 30,0 11,0 -19,0
14* 15,0 6,9 -8,1 45,0 42,0 -3,0
15 12,0 10,3 -1,7 30,0 36,0 6,0

*) omezena schopnosti detekce z divodu nizkého poméru signal/Sum
limited detection ability caused by the low signal/noise ratio

5. Zaveéry a doporuceni

Na zakladé vysledkl provedenych zkouSek Ize konstatovat, Ze metoda Phased Array
poskytuje dostatecné pfesné udaje pro stanoveni rozmérd necelistvosti otevienych
na vnitini povrch. Pfinosem je také zjisténi, Ze nepfiznivé orientované vady typu
studeného spoje na svarovém ukosu |ze dobfe identifikovat a vyhodnotit i pfi zkouSce
pfimym ultrazvukovym svazkem.

V pfipadé studenych spoji na rozhrani mezi dvouvrstvym navarem a zakladnim
materidlem dochazi k vyznamnému podhodnoceni jejich rozméru, zpisobené nizkou
amplitudou signalu. Tato skute¢nost vS8ak nema zasadni vliv na pfipadné vyuziti této
metody zkouSeni i za stavajicich parametri, protoze kontroly provozovaného
zafizeni jsou provadény za uUcCelem detekce vad zpUsobenych provoznim
namahanim. Vada typu studeného spoje je prakticky vylou¢ena na zakladé kontrol
provadénych v priibéhu vyroby.

Pro ziskani dalSich vysledkd je mozné doporugit provedeni opakované zkousky se
sondou shodného typu, ale o frekvenci 1,5 MHz. Dal$i zlepSeni schopnosti detekce
defektu €. 12, 13 a 14 by pak mohlo pfinést pouziti podélnych vin.

Vysledky zkousky metodou Phased Array budou, po ukoncéeni vSech testd,
porovnany s hodnotami dosazenymi impulsni odrazovou metodou, ktera je
v sou€asné dobé vyuzivana pro periodické provozni kontroly.
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Abstract

Contribution to the appraisal of the terminology terms used in Czech and English literature and

standards CSN, EN, ISO, etc., used in the naming of indications that we get fiom testing (defect,

inhomogenity, discontinuity, irregularity, imperfection, etc.). The decision on the correct terminology

(naming) should be for each NDT method physical basis method, which diagnoses the character of the

finding. Following an overview and explanation of terms used in non-destructive festing with

ultrasound, with variations according to the applicable symbol detection for all types of non-

destructive testing.

Key words :  non-destructive testing, therms, reflector, inhomogenity, discontiunity, irregularity,
Imprefection, defect, ultrasonic testing

Abstrakt

Prispévek k tivaze nad terminologickymi pojmy, pouZivanymi v Ceské a anglické odborné literature

anormach CSN,EN,ISO aj., uzZivanych k pojmenovani indikaci, které dostivime ze zkouseni

(vada,nestejnorodost, diskontinuita,nepravidelnost, necelistvost aj.). Zikladem pro rozhodnuti

o spravné terminologii (pojmenovani) by mél byt u kazdé NDT metody fyzikalni ziklad metody, ktery

diagnostikuje znak zjisténi. Prehled ndvaznosti a vysvétleni uzivanych terminii pii nedestruktivnim

zkouseni ultrazvukem, pouZitelny s obménami dle znaku zjisténi pro vsechny druhy nedestruktivniho

zkousen.

Klicovi slova : nedestruktivni zkousent, terminologie, reflektor, nestejnorodost, diskontinuita,

nepravidelnost, necelistvost, vada, zkouseni ultrazvukem

V soutasné dob& je vydana celd fada CSN, které uvadgji definice termint “vada”
a ekvivalentnich souvisejicich terminti a vysvétleni k tomuto pojmu (viz. Tabulka 1). Nékteré
tyto normy byly vydany v sedmdesatych létech minulého stoleti a zohlednovaly tehde;jsi stav
zjistitelnosti riznymi, piedevdim destruktivnimi zkouskami. Rada z nich neuvazovala
zjistitelnost nedestruktivnim zkouSenim, vzhledem k tomu, ze moznosti souc¢asnych metod
nedestruktivniho zkouseni nebyly v této dob¢ znamy. Postupnym pievadénim a prekladanim
norem ISO a EN do cestiny byly Ceské terminy téchto, na tehdejsi dobu kvalitnich norem
pfejimany vice ¢i méné do terminologickych norem oboru nedestruktivniho zkouseni, které
v soucasné dob¢ existuji s malymi vyjimkami pro vSechny obory nedestruktivniho zkouseni
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(viz. Tabulka 2). Ceské ekvivalenty v fadé piipadii nejsou srovnatelné s anglickymi
ekvivalenty jak v normach ISO, EN, véetné s anglicky psanou odbornou literaturou z oboru
NDT.

Nechci polemizovat, zda ¢eské ekvivalenty ptekladii terminologickych norem z oboru NDT
jsou adekvatni anglickym vyraziim. Setrvacnost (vZitost) v pouzivani pojmu “vada” se urcité
na piekladech anglickych termint do CeStiny projevila. Rlizné pojmy termint “vada” a jejich
ekvivalentii se objevuji v odbornych publikaci NDT jak v anglické, tak v némecké psané
literatute z celého oboru NDT [ 1 ], [ 2 ], [ 3 ]. Nejednotnost uziti téchto terminll se rovnéz
vyskytuje jak v ¢eskych normach tak v normach ISO a EN, véetné narodnich norem (BS,
DIN, aj.). Pfehled nékterych ekvivalentnich pojmi s pokusem ve zjednodusené formé
navaznosti termind o systemizaci pfedkladam pro diskuzi (meditaci) v Tabulce ¢. 3. Jsem toho
nazoru, ze terminologie musi vychazet z fyzikalnich principi NDT.

Zakladem pro rozhodnuti o spravné terminologii (pojmenovani) by mél byt u kazdé NDT
metody fyzikalni zéklad metody, ktery diagnostikuje znak zjisténi. VSechny metody NDT
jsou metodami nepiimymi, tj. zjiSténi je provadéno diagnostickym znakem, ktery je u kazdé
metody jiny.

Piedkladany piehled v Tabulce ¢.3 vychazi ztoho, Zze ultrazvukové zkouSeni materidlu
je zalozeno na fyzikdlnim zdkonu, ktery definuje, ze vysokofrekvencéni zvukové viny
se odrdzeji na rozhrani médii s riznymi akustickymi impedancemi. Pfedklddany vyklad
riznych termint a jejich synonym vysvétluje, jednak riizné nejednotné pouzivané terminy
v norméch a respektuje terminy riizné€ pouzivané v odborné literatufe oboru NDT [4], [5], [6].

Zavér

Meli bychom v kazdém oboru hovotit ve stejnych pojmech a pod konkrétnim pojmem si
predstavit stejny obsah, obor NDT nevyjimaje. Pfedpokladam, ze postupnym sjednocovanim
nazvu zjisténych znakl zkouSenim a hodnocenim dojdeme v celém oboru NDT a v oborech
vyuzivajicich NDT ke konsensu.
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Tabulka 1
PREHLED CESKS'{CH TERMINOLOGICKYCH NOREM Z OBORU
HUTNICH VYROBKU, ODLITKU A SVARU
CZECH SURVEY FIELD TERMINOLOGY STANDARDS FOR
METALLURGICAL PRODUCTS, CASTING AND WELDS
CSN 42124 : 1964  Vady odlitkél. Nazvoslovi a tiidéni vad

CSN 42 0015 : 1968 Vady tvaenych ocelovych hutnich v§robki. Nazvoslovi a t¥idéni vad
CSN 42 0060 : 1992 Vady hutnich predvyrobkii a vyrobki z neZeleznych kovii a jejich

slitin. Nazvoslovi a tfidéni vad

CSN 42 0062 : 1994 Vady vykovki z nezeleznych kovi a jejich slitin. Nazvoslovi a tiidéni
vad

CSN EN ISO 6520-1: 2008 (05 0005) Svafovani a piibuzné procesy — Klasifikace
geometrickych vad kovovych matrialéi — Cést 1 : Tavné svafovani
CSN EN IS0 6520-2: 2003 (05 0005) Svafovani a piibuzné procesy — Klasifikace

geometrickych vad kovovych matrialti — Cést 2 : Tlakové svatovani
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Tabulka 2

PREHLED CESKYCH TERMINOLOGI?KS’(CH NOREM Z OBORU
NEDESTRUKTIVNIHO ZKOUSENI MATERIALU

OVERVIEW OF CZECH TERMINOLOGY STANDARDS IN THE
FIELD OF NDT OF MATERIALS

CSN EN 1330-1 (01 5005) Nedestruktivni zkougeni — Terminologie — Cést 1:

Vseobecné terminy

CSN EN 1330-2 (01 5005) Nedestruktivni zkouseni — Terminologie - Cést 2: Spoleéné

terminy pro metody nedestruktivniho zkouseni

CSN EN 1330-3 (01 5005) Nedestruktivni zkouSeni — Terminologie - Terminy

pouzivané v prumyslové radiografii

CSN EN 1330-4 (01 5005) Nedestruktivni zkouSeni — Terminologie — Terminy

pouzivané pii zkouSeni ultrazvukem

CSN EN ISO 12718 (01 5005) Nedestruktivni zkouseni — Terminologie - Zkougeni

vifivymi proudy

CSN EN ISO 12706 (01 5005)  Nedestruktivni zkoueni — Terminologie - Terminy

pouzivané pii zkouseni kapilarni metodou

CSN EN 1330-7 (01 5005) Nedestruktivni zkouSeni — Terminologie - Terminy
pouzivané pii zkouseni magnetickou metodou praskovou
CSN EN 1330-8 (01 5005) Nedestruktivni zkouSeni — Terminologie - Terminy

pouzivané pii zkouseni té€snosti

CSN EN 1330-9 (01 5005) Nedestruktivni zkouseni — Terminologie - Terminy

pouzivané pti zkouseni akustickou emisi

CSN EN 1330-10 (01 5005) Nedestruktivni zkouSeni — Terminologie - Terminy

pouzivané pii vizudlni kontrole

CSN EN 1330-11 (01 5005) Nedestruktivni zkouSeni — Terminologie - Terminy
pouzivané pii rentgenové difrakci polykrystalickych

a amorfnich materiala

CSN EN 16018 (01 5005) Nedestruktivni zkouSeni — Terminologie — Terminy

pouzivané pii phased arrays (v pfiprave)
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DETEKCE A HODNOCENI
ZJISTENI PRI NEDESTRUKTIVNIM ZKOUSENI ULTRAZVUKEM
DETECTION AND EVALUATION IN NDT ULTRASONIC

Tabulka 3 — ¢ast 1

REFLECTOR ( ECHO, INDICATION )
REFLEKTOR, ODRAZEC, ECHO, OZVENA, INDIKACE

Jsou veskeré kontaktni povrchy odraZejici ultrazvuk, zptisobujici indikaci na obrazovce

perlitu, vycezeniny legur
na hranicich zrn, stupent
prokovani, grafit v liting,
nestejnoroda struktura,
povrchova Uprava aj.

defektoskopu.
Reflektory od: Reflektory od Reflektory Reflektory
trhlin, prasklin, struktury materiilu: zpiisobené kotvnstruk’;nlho
Senim: a tvarového typu:
vlogek, vméstktli, pord, | - velké zrno, hranice zrn, zkousenim: ) e
bublin, staZenin, fedin, | fadkovita struktura, - $patna hrf?y’ zmeny
pielozek aj. mezilameldrni vzdalenost | akusticka prifezi, zaoblené

vazba, bubliny
a nedistoty pii
immerznim
zkouSeni,
elektronicky
Sum,
rozliSovaci
schopnost
sondy, linearita
zesilovace,
bludna echa aj.

¢asti, vetsi drsnost
povrchu aj.
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Tabulka 3 — ¢ast 2

Jsou veskeré reflektory ze zkouSeného vyrobku, které je nutno identifikovat.

INHOMOGENITY
NESTEJNORODOST, NEHOMOGENITA

DISKONTINUITY IRREGULARITY

DISKONTINUITA NEPRAVIDELNOST
STRUKTURY

Reflektory od: Reflektory od

trhlin, prasklin,
vloc¢ek, vmeéstkt, pora,
bublin, stazenin, fedin,
ptelozek aj.

struktury materialu:

- velké zrno, hranice zrn,
fadkovita struktura,
mezilamelarni vzdalenost
perlitu, vycezeniny legur
na hranicich zrn, stupent
prokovani, grafit v liting,
nestejnoroda struktura,
povrchova uprava aj.
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Tabulka 3 — ¢ast 3

IMPERFECTION
NECELISTVOST, (NEDOKONALOST), (ODCHYLKA)
Jsou veskeré reflektory ze zkouseného vyroku, které mohou mit vliv na pouZitelnost

( exploataci ) vyrobku a musi byt zii§tény a musi byt identifikovan druh.

DISKONTINUITY IRREGULARITY

DISKONTINUITA NEPRAVIDELNOST
STRUKTURY

Reflektory od: Reflektory od

trhlin, prasklin, vlo¢ek, vmé&stki,
pord, bublin, stazenin, fedin,
prelozek aj.

struktury materialu:

- velké zrno, hranice zrn, fadkovita
struktura, mezilamelarni vzdalenost

perlitu, vycezeniny legur na
hranicich zrn, stupen prokovani,
grafit v litin€, nestejnoroda
struktura, povrchova Gprava aj.

Necelistvosti
nepripustné pro
uziti vyrobkii.

Necelistvosti
pFipustné pro
pouZiti
vyrobki.

Nepravidelnosti
nepripustné pro
uZziti vyrobku.

Nepravidelnosti
pFipustné pro
uZziti vyrobku
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Tabulka 3 — ¢ast 4

DEFECT, FLAW, (FAULT), (NON-CONFIRMANCE)
VADA (NESHODA)

Vada ma takové vlastnosti, které nespliiuji kriteria pripustnosti.

DISKONTINUITY IRREGULARITY

DISKONTINUITA NEPRAVIDELNOST
STRUKTURY

Reflektory od: Reflektory od

trhlin, prasklin, vlo¢ek, vméstkd,
p6rt, bublin, staZenin, fedin,
pielozek aj.

struktury materidlu:

- velké zrno, hranice zrn, fadkovita
struktura, mezilamelarni vzdalenost
perlitu, vycezeniny legur na
hranicich zrn, stupei prokovani,
grafit v litin€, nestejnoroda
struktura, povrchova uprava aj.

Vady jsou veskeré necelistvosti
indikované jako diskontinuity, které
jsou nepripustné pro jeho uZiti
a nesplituji Kritéria pripustnosti.

Vady jsou veskeré indikované
nepravidelnosti  struktury, které
jsou nepfFipustné pro jeho uZiti
a nespliiuji kritéria pripustnosti.
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Abstract

Specimens manufactured from concrete mixes differing from each other in the content of the aerating
agent were studied in our experiments. The acoustic emission method has been applied to studying
acoustic phenomena arising in the material under test as a concomitant to the generation of micro-
defects, which in turn result from the application of an external load. Both intact specimens and
specimens which had been subjected to two different freeze-thaw degradation cycles were tested.
The frequency of the acoustic emission overshoots, as recorded in the course of the measurements, has
been processed using the cumulative curve method. Moreover, the Kaiser effect and the Felicity eftect
have been analyzed and evaluated. Analyses of our experiments furnish evidence for the acoustic
emission signals to be able to reflect quite truly the degradation-induced crack generation and
development processes.

To verify the existence of correlation, if any, between the acoustic emission parameter changes
and the specimen structure integrity deterioration, additional methods have been applied to the test
specimens, both non-destructive (changes in the ultrasonic impulse propagation velocity, changes in
the dynamic modulus magnitude) and destructive (change in the flexural tensile strength, change in the
compression strength). Our check-out measurements furnish evidence for the structure integrity
deterioration to result from mechanical and thermal stressing and confirm the acoustic emission
parameters to correlate with the material structure defect occurrence.

Key words: Acoustic emission, concrete, thermal stressing, structure integrity deterioration, Felicity
ratio

1. Introduction

The durability of construction materials and the life-time of building structures depend on
many factors, from the design and realization up to the exploitation conditions and the
construction work maintenance. One of the sources of building structure failures consists in
incorrectly formulated construction work exploitation specifications and in changes of the
conditions of use in the course of their service life. The condition of concrete and reinforced
concrete constructions, which had been put into service in the past century, became quite
a problem. For the assessment of the actual condition of the construction, non-destructive
methods are being looked for which would be able to identify the building structure defects in
their early stage of development, clear them away in time and minimize their consequences
[1]. The absence of applicable diagnostic methods appears to be ponderous in the cases
of building structure breakdowns.

Acoustic methods appear to be very promising in the field building element and structures
[5-9]. The acoustic emission method belongs to the acoustic method family. This method is in
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a large extent used for the defectoscopy of homogeneous materials and simple-shaped bodies.
It has however not been elaborated enough to cope with diagnosing highly inhomogeneous
materials, which is just the case of concrete. Our research focused on studying the effect that
the concrete mix composition has on the acoustic emission behaviour. Final material
properties of the concrete result from a multitude of mutually dependent variables entering
into this process in the course of concrete production and ageing [2]. Our research included
also a subsequent intentional degradation of the specimen and its effect on the acoustic
emission response. As a degradation process most frequently met in the building industry
practice, low-temperature cyclic stressing (- 20 °C) was chosen [3]. Based on the studies
carried out thus far, best suited acoustic emission parameters have been selected, the acoustic
emission signal analysis has been carried out and the most efficient criterion for evaluating
concrete specimen structure has been selected.

2. Experiment part
2.1. Experiment setup

Concrete joists of dimensions 100 mm x 100 mm x 400 mm, prepared in compliance with the
CSN EN 12390-2 standard, were measured in our experiments. Depending on the concrete
mix composition, all specimens were dividend into two groups of 10 specimens each.
The first group specimens were manufactured from a concrete mix containing no additive
agents (the air content amounted to V, < 2% by volume). The second group mix contained an
air-entraining agent (the air content amounted to V, > 4% by volume). Ten specimens of each
group were further distributed into three subgroups. The first of them, containing 4 reference
specimens, was kept in laboratory environment conditions. The second subgroup
(3 specimens) underwent 25 freeze-thaw cycles and the third one (3 specimens), 50 freeze-
thaw cycles.

The concrete joists were subjected to flexural bending tensile load. Mechanical load tests
comprised four loading cycles each, with maximum load forces amounting to: 3 kN, 6 kN,
10 kN, which were followed by a final cycle during which the force increased until the
specimen destruction. The acoustic emission method, as well as the measuring apparatus has
been described in detail, for example, in [4]. We are, therefore, going to present here only the
recorded signal parameters, evaluated in the framework of this research:

= Cyclic loading induced acoustic emission overshoots

= Kaiser effect, Felicity effect and Felicity ratio

= Correlation between the acoustic emission parameters and the specimen
structure condition

= Verification measurements.

The AE overshoot counts resulting from the loading cycles were picked up by six sensors
and analyzed by means of a measuring setup containing a LOCAN 320 analyzer.
Simultaneously, the growing load force magnitude versus time plot was recorded.

2.2. Measurement results

The measurement results have been processed and evaluated graphically in the Figures that
follow.

2.2.1. A group specimens

The first series of diagrams corresponds to the measurement results of the reference
specimens, represented by specimen denoted A2. Cumulative overshoot count number versus
the load force plot was analyzed, see Fig. 1. Kaiser effect and Felicity effect between the
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different load cycles were evaluated, too. It follows from Fig. 1 that Kaiser effect was
operative between the first two load cycles. Felicity effect was operative also between the
third and the fourth load cycles, with the respective felicity ratio FP; =0.81. Microcracks have
most probably arisen in consequence of the load force growth during the fourth load cycle,
which is evidenced by an abrupt growth in the overshoot count, see Fig. 1. The diagram
makes it possible to determine the load force F,,, attained at the specimen destruction. For the
reference specimen, A2, it was Fp,=16,2 kN.
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Fig. 1 Cumulative overshoot number versus load force plot, reference specimen A2
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The diagram of Fig. 2 illustrates the behaviour of the subgroup of specimens which were
subjected to 25 freeze-thaw cycles. This subgroup is represented by specimen denoted A9.
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Fig. 2 Specimen A9 having been subjected to 25 freeze-thaw cycles
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The Felicity effect is partly operative also in the cumulative overshoot count curve between
the first and second load cycle. The respective Felicity ratio is FP; =0,86. The Felicity ratio
amounts to FP, =0.61 and FP; =0,26 between the second and the third load cycle, and the
third and fourth cycle, respectively. The load force that brought about the specimen
destruction amounted to Fp,y = 14.4 kKN. Comparison with Fig. 1 shows that the overshoot
relative counts are reaching higher values, particularly in the third load cycle.

The specimen subgroup which was subjected to fifty freeze-thaw cycles is represented by
the measurement results of specimen AS, as shown in Fig. 3. Felecity effect is evident among
all load cycles in case of this specimen. The FP; ratio between the first and the second cycle
reaches the same value as that pertaining to the specimen A9 having been subjected to 25
freeze-thaw cycles. The value of the Felicity ratio occurring between the second and third
cycle is lower, FP, =0.54, being preceded by a higher growth of the overshoot count during
the second load cycle. The values of FP3 are also comparable between the third and fourth
cycles. The specimen destruction took place at the load force Fp, =11.9 kN.

—
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relative cumulative overshoot number

0 5 10 15
load force (kM)

Fig. 3 Specimen AS having been subjected to 50 freeze-thaw cycles

Verification experiments

In order to verify the results, additional physical quantities characterizing the specimen
structure have been evaluated. Following quantities have been determined for the specimens
under test: ultrasonic wave propagation velocity vz, dynamic modulus of elasticity Epy,
flexural tensile strength £ modulus of elasticity Ep, and, finally, the compressive strength £
(on specimen fragments). Mean values of the measured physical quantities are shown in
Table 1. When comparing the different subgroups it appears that the specimens, which
underwent 25 freeze-thaw cycles, show a drop in the flexural tensile strength £rand in the
mean modulus of elasticity Eg by 7.1% and 1.3%, respectively. The specimens which were
subjected to 50 freeze-thaw cycles show the flexural tensile strength £rand the mean modulus
of elasticity Epto drop by 23.9% and 5.7%., respectively. The drop in the mentioned
quantities correlates with the degradation degree growth.
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maximum ﬂrélfjgl mean mean
Specimen | Specimen force at tensile compressive | modulus of
designation type destruction strength strength elasticity
F (kN) £, (MPa) f. (MPa) Eg (GPa)

Al 15

A2

A3 reference ig’z 7,1 64,2 40,3

A4 15,8

A8 25 14,3

A9 freeze-thaw 14,4 6,6 60,3 39,8

A10 cycles 15,5

A5 50 11,9

A6 freeze-thaw 12 5,4 49,1 38,0

A7 cycles 12,1

Table No. 1  Flexural tensile strength, compressive strength and modulus of elasticity
A specimen group

Fig. 4 shows a graphical comparison of AE parameter and selected verification quantities
for the mentioned three specimens.

120

100

A2 - reference spacimen A9 — after 25 cycles A5 — after 50 cycles
1 Felicity ratio FP1 (%) 2 Felicity ratio FP2 (%) 3 Felicity ratio FP3 (%)
4 flexural tensil strength fs(MPa®10) 5 modulus of elasticity Ep(GFa)

Fig. 4 Comparison of AE parameters and verification quantities as determined in the
verification experiments — A specimen group
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The measurement results obtained for the specimen cyclic loading show that the damaged
structure of the degraded specimens really exercises influence on the the AE emission
parameters. In the cumulative frequency plots, it becomes evident in both the higher number
of events recorded at lower loads and the Felicity effect occurrence already between the initial
load cycles. The load forces, which triggered the first Felicity effect, were as follows:
specimen A2 - 55% of Fax, specimen A9 - 29% of Finay, specimen AS - 26% of Fruax.
The values of this force are decreasing with the degradation cycle number. All of them fall
into the deformation stage of the microcracks generation [10]. The FP values showed
a decrease resulting from the freeze-thaw cycle number growth. The physical quantities
characterizing the quality of concrete that have been measured in the framework
of the verification experiments prove the deterioration of the structure integrity to be
the consequence of the degradation cycle application, too.

2.2.2 B group specimens

The specimens of this group, B, have been manufactured from a mix containing the air
entraining agent. The air content in the concrete mix amounted to V, > 4% by volume.
The distribution of the specimens into three subgroups, the measurement method and the
parameters under investigation were the same as in the A specimen group. The measurement
results of this specimen group are shown in a diagram, see Fig. 5, where a graphical
comparison of the AE parameters and other physical quantity values, which were obtained
in the verification experiments, is carried out.

120

B3 - reference specimen B9 — after 25 cycles B5 — after 50 cycles
1 Felicity ratio FP1 (%) 2 Felicity ratio FP2 (%) 3 Felicity ratio FP3 (%)
4 flexural tensil strength s (MPa®™10) 5 modulus of elasticity Eg(GPa)

Fig. 5 Comparison of AE parameters and verification quantities as determined in the
verification experiments — B specimen group
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Our results of the B specimen group measurement furnish evidence of the correlation
between the AE parameter changes and the damaged structure integrity of the specimen that
have been subjected to degradation cycles. In the cumulative frequency plots, it has become
evident in both the higher number of events recorded at lower loads and the Felicity effect
occurrence already between the initial load cycles. The load forces, which triggered the first
Felicity effect, were as follows: specimen B3 - 65% of F.x, specimen B9 - 33% of Fux,
specimen BS5 - 25% of Fj,.x. The FP values showed a decrease resulting from the freeze-thaw
cycle number growth, too. However, the absolute values of FP are higher as compared with
those of the A subgroup, which may be indicative of the fact that the freeze-thaw-cycle-
application-induced structure integrity deterioration is lower in the specimens containing the
air-entraining agent. The physical quantities that have been measured in the framework of the
verification experiments prove the deterioration of the structure integrity to be the
consequence of the degradation cycles, too. However, if these results are compared with those
obtained from the A specimen group it becomes evident that the air-entraining agent
containing specimens show lower decrease in the specified quantity values. After 50 load
cycles, the loss in value of the compressive strength f.r amounted to 21.5% and that of the
modulus of elasticity Eg, 5.6%, thus confirming the air-entraining agent containing specimens
to be less damaged by the freeze-thaw cycles.

3. Conclusions

Concrete specimens were subjected to flexural bending load in cycles in compliance with
CSN EN 12390-5 Czech Standard. Acoustic emission signal were recorded throughout the
measurement. Vyhodnocovan byla kumulativni ¢etnosti impulsa.

Felicity effect, carrying information on irreversible structural defects, was studied.
The extent of the structure integrity deterioration amount was quantified by means of the
Felicity ratio whose magnitude drops with the structure integrity deterioration. The Felicity
ratio values were lower in the case of the specimens which had been degraded by freeze-thaw
cycles. The amount of this decrease proved to correlate with the number of the degradation
cycles applied.

The subgroups of specimens containing the air-entraining agent showed a lower drop in the
Felicity ratio than the specimens with no air-entraining agent, which corresponds to the lower
freeze-thaw-cycle-application-induced structure integrity deterioration in the specimens
containing the air-entraining agent.

The relative values of the load force corresponding to the first occurrence of the Felicity
effect are in all cases found in the deformation stage of the microcracks generation during the
mechanical loading of concrete as defined in accordance with the current concepts of fracture
physics.

Our verification measurements furnish evidence for the structure integrity deterioration
resulting from mechanical and thermal stressing and confirm the acoustic emission signal
parameters to correlate with the material structure defect occurrence.

Acknowledgments

The research described in this contribution is being solved within framework of the project
No. 103/09/1499 by the Grant Agency of the Czech Republic and of the research project
of the Ministry of Education of the Czech Republic under contract No. MSM 0021630519.

DEFEKTOSKOPIE 2010 139



References

[1] P. H. Emmons, R. Drochytka, Z. Jefdbek: Sanace a udrzba betonu v ilustracich,
Akademické nakladatelstvi CERM, s.r.o. Brno, 1999.

[2] Pytlik P.: Technologie betonu, Nakladatelstvi VUTIUM, Brno, 2000, ISBN 80-214-1647-
5.

[3] Weber, Z.: Studium chovdni stavebnich ldtek za extrémné nizlych teplot metfodou
akustické emise, Kniznice odbornych a védeckych spisi VUT Brno, 1983, B 94, pp. 63 — 68.

[4] P. Vyroubal, M. Korenska: Effect of Concrete Specimen Material Structure on Acoustic
Emission Signal Parameters. The 39™ International Conference Defektoskopie 2009,
4 — 6 November 2009, Prague, Czech Republic, pp. 249 — 256, ISBN 978-214-3973-3.

[5] Ohtsu M., Sakimoto T., Kacai Y., Yuji S.: Evaluation of Concrete Structure Deterioration
via AE Observation of Core Tests, Journal of Acoustic Emission. 7, 1988, pp. 167-172.

[6] Colombo S., Forde M.C., Main 1.G., Shigeishi M. 2005. Predicting the Ultimate Bending
Capacity of Concrete Beams from the ‘‘Relaxation Ratio’’ Analysis of AE Signals.
Construction and Building Materials. 19, 2005, pp. 746 - 754.

[7]1 M. Korenska, L. Pazdera, K. Pospisil, J. Stryk, P. Vyroubal: Detection of the
Reinforcement Corrosion in Prestressed Concrete Girders, The 8" International
Conference of the Slovenian Society for Non-destructive Testing, 1 — 3 September 2005,
Portoroz, Slovenia, pp. 317 — 322, ISBN 961-90610-5-5.

[8] M. Korenska, L. Pazdera, L. Ritickova: Study of correlation between acoustic emission
and damaging of reinforced concrete, The 6™ International Conference of the Slovenian
Society for Non-destructive Testing, 13-15 September 2001, Portoroz, Slovenia,
pp. 181 — 184, ISBN 961-90610-1-3.

[9] Kotenska M., Weber Z., Smutny J., Pazdera L.: Aplikace modernich metod frekvencni
analyzy na signdl akustické emise {Application of Modern Time-Frequency Analysis
on Acoustic Emission Signal}, Medzinarodna vedecka konferencia, 60. vyrocie Stavebnej
fakulty STU v Bratislave, Sekcia: Matematika a fyzika, Bratislava, Slovakia, November
18-20, 1998, pp. 33-36, ISBN 80-227-1135-7.

[10]Weber Z., Acoustic Emission of Concrete and Concrete Structures. In: Proc. of RILEM,
Brno 1987, 14 s.

140 DEFEKTOSKOPIE 2010



Czech Society for Nondestructive Testing
NDE for Safety / DEFEKTOSKOPIE 2010
November 10 - 12, 2010 - Hotel Angelo, Pilsen - Czech Republic

NON-CONTACT THERMOGRAPHY IN EQUIPMENT
STATUS DIAGNOSTICS

NEKONTAKTNiTERMOGRA!:IE V DIAGNOSTICE
STAVU ZARIZENI

Milan KOSTELECKY, Miloslav PROCHAZKA
TEDIKO, s.r.o.
Contact e-mail: inffo@tediko.cz

Abstract

Non-contact thermography - infrared (IR) thermography is one of thermodiagnostic branches.
We know it under the name ,thermovision‘in our region. People often join non-contact
thermography with searching of persons by means of police or military helicopters, or with
building industry and thermal state of buildings and as an auxiliary instrument for searching
for electro-equipment failures. Much less known is the utilization of non-contact
thermography principles in military — technique, armor and people masking (tracing
of moving objects such as airplanes, rockets and missiles guidance against the target
included), in agriculture — research and stock affection, in health service — general condition
of human body (e.g. airports), location of inflammation in body efc., in environment sphere —
dumping grounds, car industry — tyres, engines, aircraft applications, fires, heat distribution,
power lines. The industry is another extensive sphere of measuring by means of non-contact
thermography. We will concentrate on pipes, valves, furnaces and boilers diagnostics by
means of the most common IR equipments in this article. This diagnostics is used for
detection of failures, equipment condition investigation and monitoring, prediction and
generally contributes to service life assessment.

Key words: non-contact thermography, infrared (IR) thermography, equipment diagnostics,
diagnostics in chemical industry and refineries, furnaces, tubes, equipment service life

Abstrakt

Nekontaktni termografie - infradervena (IC) termografie patii mezi obory termodiagnostiky.
U nés je znameéjsi pojem .termovize”. Nekontaktni termografii maji lidé casto spojenou
s vyhledavani osob pomoci policejnich nebo vojenskych vrtulnikd, popf. ve spojeni se
stavebnim primyslem a s tepelnym chovanim budov a jako pomocnik pfi hledani zavad
na elektro zafizenich . Méné je vefejnosti znamé uplatnéni principl nekontaktni termografie
ve vojenstvi — v oblasti maskovani techniky, lidi, apod. (véetné vyuZziti ve sledovani
pohybujicich se objektu jako letadel, raket a navadéni strel na cil), v zemédélstvi — vyzkum
a onemocnéni dobytka, ve zdravotnictvi — diagnostice celkového zdravotnického stavu
¢lovéka (na letistich), lokalizace zanétu v téle apod., v oblasti Zivotni prostredi — skladky,
automobilovy pramysl — pneumatiky, motory, letecké aplikace, pozZary, rozvody tepla,
elektricka vedeni. Dal$i rozSifenou oblasti méreni pomoci nekontaktni termografie je vyrobni
prumysl. V tomto pfispévku se zaméfime na diagnostiku potrubi, armatur, peci a kotli
pomoci nejmodernéjSich IR zarizeni. Tato diagnostika slouzi k odhalovani poruch, zjistovani
a sledovani stavu zafrizeni, predikci a celkové pfispiva i k uréeni Zivotnosti zafizeni.

Klidovd slova: nekontakini termografie - infradervené (IC) termografie, diagnostika zafizeni,
diagnostika v chemickém pramysl a rafinériich, pece, trubky, Zivotnost zafizeni
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1. Uvod

IC termografie zobrazuje tepelné pole na povrchu snimaného télesa pomoci energie
a hustoty fotont emitovanych z povrchu snimaného télesa a zabyva se jeho
kvantifikaci — vyhodnocenim.

Zafizeni uréena pro infraervena termograficka méfeni pracuji jako transformacni
zafizeni, kterd umi zobrazit pro &lovéka neviditelné infragervené (dale IC) zareni
vyzafované z povrchu téles a to v zavislosti na jejich tepelném stavu. Zobrazovaci
termograficka zafizeni, ktera umi tuto transformaci, jsou nazyvana infrakamery nebo
také termokamery. Vyslednym produktem ziskanym z infrakamery je termogram —
tedy zobrazeni teplotniho pole na povrchu méfeného objektu.

V pov&domi vefejnosti je IC termografie spojena predev&im se zpravodajstvim,
ve zpravach obcas zazni informace, ze policie patra po pohfeSované osobé pomoci
IC kamer na vrtulniku. Zajemci o letectvi zase znaji pojem FLIR nikoliv jako jméno
Spickového vyrobce termovizni techniky ale jako zkratku pro Forward Looking Infra
Red v navigacnich a stfeleckych systémech vojenskych letadel, coz je infraCerveny
pohled s vysokym rozliSenim, ktery je prevadén na obrazovku pred pilotem.
Koneckoncu vojenska vyroba je u FLIRu nejspiSe dominantni.

Aplikace u rozvodu elektrické energie jsou také znamnéjsi aplikaci. Pomoci relativné
jednodusSich a levnéjsich systému Ize zjistit, kde se jaka €ast, napf. kontakt, relé,
pojistka, motor atd. pfehfivaji a Ize tedy napf. zjistit misto s velkym prechodovym
odporem, zkratované misto atd.

Stejné tak aplikace ve stavebnictvi jsou asi pomérné jasné. Hovofivalo se
o tepelnych auditech v programech zateplovani budov. Jsou-li realizovany &i ne
a jakym zplsobem — to nechme radéji stranou, zatepluje kazdy a vSechno a nejspiSe
bez znalosti stavu. Faktem ale je, Zze IC termografie odhaluje pozoruhodné véci.
Obzvlasté pozoruhodné a ¢asto az neuvéfitelné u panelovych doma.

Nechme ale aplikace ve stavebnictvi tam, kde jsou, vtomto ¢lanku se budeme
vénovat aplikacim zcela jinym.

2. Pro¢ pouzivat v ve vyrobnim pramyslu bezkontaktni termografii

Nabizi se hned nékolik odpovédi. Nejvétsi vyhodou pro IC méfeni je to, Ze mé&Feni
muze probihat za plného provozu. Zavady lze zaméfovat rychle a bez pferusovani
vyrobnich procesd nebo omezovani pfikonu elektrické energie. Zadavatel si
dokonce mulze nasimulovat rdznou provozni zatéz a my mizeme v redlném Case
sledovat, jak se dané zafizeni chova. Tento postup se uplatriuje u novych zafizeni,
ktera jsou nové dana do provozu a maji zaruéni dobu. Mizeme s pfedstihem stanovit
neplanované vypadky nebo odstavky méfenych technologii. DalSi vyhodou je, Ze
ze zméfeni existuje zaznam — termogram. Tento zaznam je i pro laika Citelny (tedy
i laik odliSi od sebe mista rdzné tepla, samoziejmé ale tézko bude provadét
vyhodnocovani, které v sobé zahrnuje mnozstvi dalSich aspektl). Protoze se jedna
o bezkontaktni metodu méreni, mize meéreni probihat z bezpe¢né vzdalenosti, ktera
chrani zdravi obsluhy, napf. proti popaleni. IC termografie sama je pro zdravi &lovéka
zcela bezpecna, stejné tak pro Zivotni prostfedi — nevytvafi ani zareni, ani odpadni
produkty.
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Kromé vySe uvedeného mohou informace z méfeni, pokud je spravné pfipraveno
a zrealizovano, slouZit také k ohodnoceni stavu zafizeni a to dokonce az jako
pomocné a dulezité informace pro vypocet zivotnosti zafizeni.

Méfeni ve vyrobnich zavodech jako napf. chemickém prdmyslu, rafinériich, ve vyrobé
elektfiny a tepla apod. je realizovano za nasledujicim ucelem :

- zjisténi kritickych mist z hlediska probihajicich procesli — napf. pfiliSny ohfev
néjaké casti zafizeni a jeho vysoka teplota, ktera bude degradovat jeho
mechanické vlastnosti a vyCerpavat jeho Zivotnost podstatné rychleji nez bylo
predpokladano, tedy vlastné i ziskani informace o mistech, kde je vysoka
pravdépodobnost poruchy a moznost ji pfedejit pfijetim napravnych opatieni

- za provozu vytipovani mist, ktera je vhodné v odstavce zafizeni zkontrolovat
nékterou z metod nedestruktivniho zkouseni, resp. kde je tfeba odebrat vzorky
materialu pro provedeni materialovych rozbor(

- zjisténi mist, ktera se nechovaji podle prfedpokladl — napf. vyménik nechladi
¢i naopak neohfiva jak mél, armatury se nedaji UpIné zavfit a podtékaji atd.

- pfimo zjisténi poruch — prasklé vyzdivky, chybéjici izolace, mokré izolace,
uniky média (nékdy pro lidské oko neviditelného)

Samozfejmé asi bychom nalezli podstatné vice G¢eld a aplikaci ale pro zakladni
predstavu je to dostatecné.

PFfi méfenich je dobré pofizovat nejenom termogram ale i fotografii v normalnim
spektru a to ze stejného C&i téméF stejného mista. Je nutné mit na paméti, ze
termogram pfeci jenom vypada trochu jinak nez ,nas" a tedy i fotograficky pohled
na méfené zafizeni a to, co na misté pfi méfeni bylo jasné a samoziejmé, nemusi
byt pfi vyhodnocovani v klidu kancelare jasné vibec.

Na nasledujicich dvou obrazcich je jeden z pfiklad méfeni tlakového zafizeni :

301.9 °C
300

Obr. 1 Termogram kritického mista Obr. 2 Totéz misto na fotografii
Fig. 1 Critical area thermogram Fig. 2 Photo of the same area

3. Méfeni armatur pomoci IC termografie

Déle se budeme zabyvat konkrétnimi piiklady. Castym IC mé&Fenim v elektrarnach je
méfeni podchazeni armatur. Tato zafizeni se vétSinou nachazeji ve velmi teplém
prostfedi a navic médium, které proudi uvnitf armatury presahuje 100°C. Dochazi
k astému poruSeni té€snéni nebo dosedacich ploch uvnitf armatur a tim
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ke zbyte€nym ztratam. Pomoci termovizni techniky jsme schopni rozpoznat tento
problém a v¢as nahlasit zavadu provozovateli, ktery muze provést rychlou napravu.
U armatury na obrazku €. 3 je zcela zfetelné viditelné rozlozeni teploty po celém jejim
povrchu, coz je dikazem, Ze tato armatura potfebuje opravu, protoze netésni.
Opacnym pfikladem je armatura na nasledujicim obrazku, kde teplota nejvétsi
teplota se nachazi ve spodni Casti (svétle Cervena oblast) a tim je zaruCena jeji
tésnost.

Obr.3 Podchazejici armatura
Fig. 3 Leaky valve

Obr.4 Nepodchazejici armatura
Fig. 4 Tight valve
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4. Méfreni izolaci a vyzdivek koufovodu
Dulezitou souéasti vyrobnich technologii v chemickém a petrochemickém pramyslu
jsou vyzdivky ptedevs§im peci a koufovodu. Zde dochazi béhem provozu k praskani
anasledné az vypadavani ¢asti vyzdivek, coz ma za nasledek poSkozovani
materialu plasté téchto zafizeni. Pfi provozu takto zatizeného zafizeni muze dojit
k odstaveni celé technologie nebo v horSim pfipadé i k 4jmé& na zdravi osob
pohybujicich se v bezprostfedni blizkosti tohoto zafizeni.

Jeden z pfikladl je na obrazcich 1 a 2. Na nasledujicim obrazku &. 5 je dalsi pfiklad -
¢ast koufovodu, kde doSlo k po&ateCnimu naruSeni vyzdivky. Teplota zatim
neprekrodila 109,6°C, av8ak teplota na koufovodu, kde neni poruSena vyzdivka,
neprekrodila 37°C.

112.6 °C

r 100
r 80

r 60
1:ma>< 109.6 [ 40

a F20
> A
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Obr. 5 Termogram koufovodu Obr. 6 TotéZ misto na fotografii
Fig. 5 Flue gas ducting thermogram Fig. 6 Photo of the same area

5. Méreni skrz plameny nebo koufové plyny

za provozu, kamera je vystavena relativné vysokym teplotam a proto je chranéna
specialnim Stitem. Navic kamera musi byt schopna provadét méfeni ,skrz“ plameny,
coz bude popsano dale. Toto méfeni nelze v Zadném piipadé realizovat b&Zznymi
termoviznimi kamerami pouzZivanymi napf. v oblasti stavebnictvi, elektrickych
rozvodu atd. Takovato specializovana méfici zafizeni jsou velmi draha a cenové az
ofad vy3si nez ,obydejné“ kamery. V Ceské republice se zabyva timto druhem
méfenim spole€nost nase spolecnost.

Pro méfeni ,skrz“ plameny musi byt pouzita infrakamera s vysoky teplotnim
rozsahem a filtrem, ktery umi odfiltrovat plamen, ktery se pohybuje ve vinové délce
3,7 um az 3,9 uym. Diky této specialni technice mizeme méfit teplotu na povrchu
trubek — vlasenek uvnitf pece nebo kotle s pfesnosti 2% na 100°C . Citlivost pfistroje
se pohybuje <25mK. Samotné méfeni probiha z prGzoru, které se nachazeji vné
technologie. Uvnitf technologie se pohybuje teplota od cca. 450°C do 900°C. Méfeni
v tomto uzavieném prostfedi vyZzaduje velkou zkuSenost operatora infrakamery.
Nastaveni parametrll do softwaru IC kamery musi byt pfesné. Jedna se predevsim
o emisivitu, odrazenou teplotu, propustnost optiky, teplotu a vlhkost okoli. PFi
$patném nebo nelplném zadani parametri dojde ke zkresleni méfené hodnoty, tudiz
k velké chybé méreni. DalSim dulezitym faktorem jsou vyhodnocovaci software napf.
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Report 8.3. Tento software umi s velkou presnosti vyhodnotit pfenesena data
z infrakamery do PC pomoci USB karty. Pomoci ného mizeme urcit teplotu bodu,
oblasti nebo si urcit graficky teploty oblasti pomoci kfivky atd. Velmi zajimavym
prvkem je ,obraz v obraze® tj. kombinace fotky a termogramu v jednom obrazu.

Jak jsme si nastinili, méfeni vlasenek uvnitf peci nebo kotll probiha z prizoru
z vnéjsi strany zafizeni na protilehly prizor, kde je umistén etalon pro upfesnéni
parametr(l, které se zadavaji do softwaru IC kamery. Etalony jsou vlastné vyfezy
o stejné materidlové kvalité jako jsou méfené viasenky. Na zadni ¢asti jsou
pfipevnény termoclanky, které jsou propojeny se ¢teci jednotkou. Tyto etalony jsou
kalibrovany v odpovidajici laboratofi a jsou opatfeny kalibracnimi listy.
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Obr.7 Snizeny prutok viasenkou
Fig. 7 Tight valve
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Podstatou IC méfeni vlasenek peci a kotll je ta, Ze kontrolujeme stav uvnitf
technologie (vyzdivky, uchyty vlasenek, hofeni horakd apod.). Nejvétsi duiraz se klade
na pratok média uvnitf viasenek. PFi Spatném pratoku (sniZzeni svétlosti viasenky
zplsobené usazeninami) dochazi k otepleni mista zGzeni (viz obr.7), kde teplota
dosahla 614°C oproti vlasenkam s béznym pratokem s teplotou cca.469°C az 539°C.

Na dalSim obrazku je ukazana situace, kdy dochazi k velkému mistnimu otepleni
povrchu vlasenek diky Spatnému nastaveni hofaku. Teplota oblasti v dobé& méreni
dosahla 608,4°C. Vlasenky mimo méfenou oblast vSak dosahovaly teploty kolem
500°C. To zanmena, Ze rozdil byl az 100 stuprit Celsia.

890,3°C

1:101,455,3°C

L104: 4%6%’:

102; 4754°C LI07: 500,4°C
L103: 484,0°C / L106: 513,5°C

Obr.8 Spatné nastaveny horak
Fig. 8 Badly adjusted burner

6. Zaver

Musime si uvédomit, Zze termografie je véda postavena na Sifeni infraCerveného
zafeni, principl prenosu tepla, atmosférickych vliva, principl radiometrie, znalosti
pfislusnych zafizeni atd. Neni to tedy v zadném pfipadé jednoducha zalezitost.
Pouzivana zafizeni jsou cenové dokonce v rozsahu 1-2 fadu ! Od desitek tisic po
miliony korun. LiSi se samozifejmé vyrazné technicky, svym vybavenim, softwarem
atd. Z vySe uvedeného je zfejmé, Ze prestoze se vSechna zafizeni nazyvaji stejné
termoviznimi kamerami, je to z tohoto Uhlu pohledu stejné obecny pojem jako to, co
si v8e mUzeme predstavit pod pojmem automobil.

Tim, Ze se termograficka zafizeni stavaji dostupnéjsi pro Sirokou verejnost vzriista
zaroven riziko, ze se tyto pfistroje dostavaji do rukou osob, které ac jsou neznalé
problému, nazyvaji se odbornikem termografie. Teplotu téla si mize zméfit témér
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kazdy, ale pfipadnou lécbu musi urcit odborny lIékaf. Stejné tak ultrazvukare
ultrazvukafem neudéla zakoupeni pfistroje a rentgenafe rentgenarem vlastnictvi
izotopu. Tim naznacuji, Ze bez potfebnych znalosti termovizni kamera ze svého
majitele odbornika na termografii neudéla, stejné jako stetoskop neucini ze svého
vlastnika doktora.

Praxe i teoretické znalosti jsou dulezité. Proto musi mit operator termografického
zafizeni nejméné 3 roky praxe v oboru, musi byt certifikovan dle CSN ISO/ICE 17024
— Technik diagnostik termografie a dale musi znat provoz méreného zafrizeni.
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Abstract

Nondestructive diagnostics of concrete materials and non-cement-based materials is the
subject of current research for developed methods of testing building materials. Behavior
of concrete components in the early stages of solidification also gives information about
future product qualities of concrete. Common methods include monitoring the volume change
components, thermal characteristics and approaches to the study of electrical properties.
Our comprehensive measurements carried out continuously and at 28 days. The values
of electrical quantities of material during solidification and possible association with stress
in the material are correlated. Electrical parameters are evaluated: in particular, capacity,
resistance and loss factor at frequency of alternating electric field. During hardening of the
concrete panel is an internal tension, which is trying to describe by mentioned electric
quantities.

Key words: impedance spectroscopy, dielectric losses, loss factor, conductivity losses,
polarization losses

Abstrakt

Nedestruktivni diagnostika betonovych materiali na cementové i bezcementové bazi je
predmétem soucasného vyzkumu v oblasti rozvijenych testovacich metod stavebnich
materialt. Chovani betonového dilce v prvnich fazich tuhnuti davé informace také
o budoucich kvalitach betonového vyrobku. Mezi béZné metody patfi sledovani objemovych
zmén dilce, teplotnich charakteristik a pfistupuje se ke zkoumani elektrickych vlastnosti
materidlu. NaSe komplexni méreni probihaji kontinualné az v délce 28 dni a dale.
Do vzajemnych souvislosti jsou poloZzeny hodnoty elektrickych veli¢in materialu v prubehu
tuhnuti a mozna souvislost s napétim v materialu. Vyhodnocovanymi elektrickymi veli¢inami
Jjsou zejména kapacita, rezistence a ztratovy cinitel pri stfidavé frekvenci elektrického pole.
Béhem tuhnuti betonového dilce dochazi k vnitfnimu pnuti, které se snazZime postihnout
pravé zminénymi elektrickymi velicinami.

Klicova slova: impedancni spektroskopie, dielektrické ztraty, ztratovy Cinitel, vodivostni
ztraty, polarizacni ztraty
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1. Uvod

Kvalita betonu zavisi na tuhnuti a tvrdnuti. Sledovani tohoto déje je mozné nékterymi
metodami nedestruktivniho testovani. Metodou impedancni spektroskopie, ktera patfi
do skupiny metod Nedestruktivniho testovani, byly charakterizovany vzorky betonu
a sledovany zmény ve spektru pfi jeho hydrataci. Byly pozorovany rozdily ve spektru
tan 6(f) a C(t), resp. R(T) u vzork( a popsana kvalita pomoci druhu ztrat dominujicich
v materialu.

Zména elektrickych veli¢in je zptsobena chemickym procesem a s tim spojenymi
aspekty jako je napfiklad pnuti v materialu nebo tvorba poérovité struktury. Pfitomnost
zamésové vody pfi tvorbé betonové smési ovliviiuje jakost materialu v podobé
vysledné tahové a tlakové pevnosti, ovliviiuje porovitost.

Pravé pory a jejich tvorba poskytuji zdroj informaci o mnohych vlastnostech latky [1].
Informuji o deformacich struktury, stupni mechanickych napéti a o technologickych
disledcich pérovité latky (pevnost, vodotésnost, mrazuvzdornost, smrsténi aj.).

Pérovitost cementového kamene je slozena z pérd jednak vzniklych v erstvém
betonu (a které zlstaly i ve ztvrdlém betonu), a jednak z port vzniklych pfFi hydrataci
cementu. Pory lze rozdélit na makropéry (primér d > 1 pum, technologické Pr
a provzdusiiovaci Pp) a na mikrop6ry s primérem do 1 uym (néktefi autofi uvadi az
10 pm), které jsou dale rozdéleny na gelové Pg, hydrata¢ni Py a kapilarni Pk.
Celkova pérovitost cementového kamene Pck je souctem [1]:

Py =(P+P)+(P,+ P+ P) (1

2, Popis méreného materialu a elektrod

Elektrody (Fig. 1) byly vyrobeny dvojiho typu. Prvni z mosazného plechu tloustky
1 mm a ploSnych rozmérech 25x40 mm. Druhé z hlazené oceli o prdméru 6 mm
adélce 75mm (zapusténa délka 65 mm). Zapusténé elektrody (Fig.2) jsou
zapusténé za pomoci teflonové desky, ktera zaruuje meziosovou vzdalenost
elektrod 3 cm a jejich rovnobé&znost.

Obr. 1 Typy elektrod zapousténych do betonu
Fig. 1 Type of electrodes sunk into concrete
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Receptura betonu 1m’ |Mechanické
vlastnosti
Vodni soucinitel 0,33 |Zpracovatelnost F4
CEM 142,5 R Mokra 420 |fo [MPa] 48,4
Metakaolin Mefisto KOS5 35 E, [GPa] 29,0
Voda 150 |feo [MPa] 60,5
Superplastifikator 7,5 E im-9s [GPa] -
Pisek 0/4 Kinsky 625 | Esm=60 [GPa] 30,4
Drt’ 4/8 Litice 245 | fes [MPa] 105,1
Drt’ 8/16 Litice 975 | Easrm=9s [GPa] 40,5
Eas,m-60 [GPa] 37,3

Tab. 1 Receptura betonu a jeho mechanické vlastnosti
Tab. 1 Recipe of concrete and its mechanical properties

g

Obr. 2 Zobrazeni pracovisté (betonové vzorky, pfistroje a
zapusténé elektrody). Vzorek vpravo oznacen éislo 1, vzorek
vlevo oznacen Cislo 2 a v pribéhu experimentu obalen
smrstovaci folii
Fig. 2 Display of work place (concrete samples, devices and
embedded electrodes). Sample No. 1 is labeled on the right, left
sample is labeled number 2 during the experiment wrapped in
shrink foil

Beton byl michan v laboratorni micha¢ce v mnozstvi 35 |. Pro méfeni pevnosti v tlaku
fo byly zhotoveny krychle o hrané 150 mm a pro méfeni metodou impedanéni
spektroskopie a pro méreni statickych modult pruznosti E hranoly o rozmérech
100x100x400 mm. Prvni hodnoty pevnosti a modulll pruznosti byly méfeny ve stafi
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24-26 hodin, dalSi ve stafi 2 dny a 28 dni, oboji na vzorcich ulozenych ve vihkém
uloZeni (r.h. 95 %) a na vzduchu v laboratofi (r.h. 60 %).

Elektrody byly do méfené smési vlozeny za cca 15 minut od namichani, pfi¢emz
vlastni méfeni zapocalo po 1,5 hodiné.

U této smési s vodnim soucinitelem 0.33 je patrné, Ze statické moduly pruznosti
a pevnosti v tlaku se se stafim zvySuji. Svoji roli zde patrné hraje voda ve strukture
a utvareni vySe zminéné pérovité struktury.

3. Vysledky

Realizovana kontinualni méfeni v rozsahu az 1080 hodin poskytla fadu ¢asovych
zavislosti elektrickych veli€in. K analyze byly zvoleny niZe prezentované zavislosti.

Graf na obrazku 3 srovnava elektrickou kapacitu vzorku v oblasti elekirod pfi
frekvenci elektrického pole 1 kHz. Kapacita se mirné li§i pro plo$né elektrody
a trubi¢kové elektrody. Je to zplsobeno tvarem elektrod, jejich plochou, vzdalenosti
elektrod a vlivem orientace elektrod vzhledem ke kovové formé pro vyrobu
experimentalniho vzorku. Neni na8im zamérem srovnavat absolutni hodnoty
elektrické kapacity mezi rozdilnymi elektrodami.

e - = 1 plain
o— —o 2 cilindrical

1000

R/Q

- 100
= - = 1 plain
o o — 2 cilindrical o} —& Ssosm y
10 i T e & - -+ 8 -0-os0

01 1 10 100 1000 0.1 1 10 100 1000

t/ hour t/hour

Obr. 3 Kapacita vzorku za pouZiti dvou  Obr. 4 Elektricky odpor vzorku za pouZiti

typl elektrod, f=1 kHz dvou typu elektrod, f=1 kHz
Fig. 3 El. capacity of sample for two Fig. 4 El. rezistance of sample for two
different type of electrodes, f=1 kHz different type of electrodes, f=1 kHz

V obrazku 3 pozorujeme v prvnich hodiné minimaini nartst kapacity u obou
pouZzitych elektrod, po prvni hodiné od zapoceti méfeni, coz odpovida pfiblizné
1,5 hodiny od namichani, dochazi k poklesu kapacity o jeden fad. Kratce pfed
10 hodinou pozorujeme u ploSnych elektrod narGst kapacity, ktery muaze byt
zpusoben pfechodem mezi méficimi rozsahy pouzittho RLCG mostu, ale také
moznou manipulaci se vzorkem pfi aplikaci ¢idel metody akustické emise. Podstatny
je v8ak narlst hodnot kapacity u ploSnych elektrod po 10 hoding, u hodnot kapacity
valcovych elektrod k narGstu nedochazi, pouze se zvolfiuje klesani hodnoty kapacity.
Zamésova voda dosud zaplfiuje prostor mezi Casticemi smési, vzorek je dosud
plasticky a napéti ve vzorku je minimalni, je kompenzovano transportem vody
azménou polohy nékterych Castic. Voda se stale vice vaze na Castice pojiva.
Porovitost roste.
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Po 15 hodiné vS8ak kapacita vzorku u ploSnych elektrod opét klesa. Po 23,5 hodiné
nastava u obou kfivek vyraznéjsi pokles, kfivka vS8ak navaze na plvodni trend
poklesu ve 35. hodiné. Zbyvajici zamésova voda pfipominajici nyni spiSe elektrolyt
s permitivitou vyS8Si nez permitivita vzduchu se navazuje na pojivo a mizi
z makroport. V materidlu klesa permitivita a tim elektrickd kapacita. Lze se
domnivat, Ze ve vzorku narlsta vyrazné pnuti, vzorek prestava byt plasticky, roste
Cetnost mikrotrhlin.

Po pfiblizné 100 hodinach méfeni nabyvaji hodnoty kapacit srovnatelnych hodnot
apo zbytek doby =zrani betonu se hodnoty vyrazné neliS§i. Tvar kfivek
v logaritmickych soufadnicich na obou osach v &ase od 10. hodiny neni
v celém intervalu pfimkovy, nelze pouzit aproximaci logC=k*logT + q, kde k a q jsou
koeficienty, proto zmény elektrické kapacity neprobihaji exponencialné v celé zbylé
¢asti intervalu.

V grafu logaritmické zavislosti elektrického odporu na logaritmu €asu log R(log t)
srovnavame elektricky odpor pfi frekvenci budiciho elektrického pole 1 kHz obou
typl pouzitych elektrod. Opét nelze porovnavat hodnoty méfené veliciny, pouze
zmény ve spektru a trendy. Opét pozorujeme srovnatelny tvar spektra u obou typu
elektrod do doby 8 hodin. Nasleduje narlst a na nékolik hodin pokles u kfivky
elektrického odporu uréeného pomoci valcovych elektrod, zatimco hodnoty odporu
u druhé kfivky neklesaji. Napéti v betonovém dilci je malé, je kompenzovano
plasti¢nosti materialu. Od 10 hodiny drZi obé& kfivky stejny trend. Roste elektricky
odpor, roste pérovitost a napéti v materialu. Po 13 hodiné az do doby 100 hodin jsou
hodnoty elektrického odporu srovnatelné. Hodnoty elektrického odporu méfeného
deskovymi elektrodami rostou vice prudce nez u valcovych elektrod. V zavéru
intervalu pozorujeme hodnoty 6000 Q a 3500 Q.

Pfi pohledu na cela spektra opét nelze nahradit prGbéh zmén elektrického odporu pfi
hydrataci presné exponencialni zavislosti, mizZeme zatim fici, Ze nejblize
k exponencialnimu priibéhu je kfivka odporu betonu u valcovych elektrod od
8. hodiny. P¥i hledani trendu u této kiivky dochazime k tvaru pomysiné obélky kfivky
v podobé&: logR = +0.832log T +0.971. po odlogaritmovani: R=9.4*(T*0.8).
Nejpodstatnéjsi je parametr exponentu 0.8, ktery se ukazuje velmi podobny i u jinych
cementovych smési.

V grafu na obrazku 4 pozorujeme od pfiblizné paté hodiny hydratace exponenciaini
narust elektrického odporu vzorku. Pfedpoklada se uzka souvislost s narlistem
pérovitosti, ke kterému dochazi pfitomnosti gelovych poérd, hydrataénich port
a kapilarni poérovitosti. Za vyuziti Fagerlundova empirického vztahu pro stupen
hydratace cementu bude hledan podil druhG porGd na celkové porovitosti a jeji
zavislost na Case hydratace.

Velmi zajimavymi a komplexnimi jsou spektra ztratového &initele tan 6 na frekvenci
pro celé obdobi hydratace. Na obrazcich 5 a 6 jsou znazornéna spektra u véalcovych
elektrod.
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Obr. 5 Ztratovy Cinitel v ¢ase - vzorek ¢.1, Obr. 6 Ztratovy Cinitel v ¢ase - vzorek ¢.1,
méfeno valcovymi elektrodami, pohled 1 méreno valcovymi elektrodami, pohled 2

Fig. 5 Dielectric loss factor at time Fig. 6 Dielectric loss factor at time
dependency - sample no.1, cylindrical dependency - sample no.1, cylindrical
electrodes measured, face 1 electrodes measured, face 2

Po desaté hodiné se hodnoty zvySuji, to odpovida narlstu pevnosti v tlaku, napéti
ve vzorku narostlo. Odtud se objevené maximum plochy pfesunuje s ¢asem k niz&im
¢astem spektra a jeho absolutni hodnota klesa. Pfitomnost obloukového tvaru kfivky
svéd¢i o dominujicich polarizanich ztratach pfed vodivostnimi.

tandelta
1000 £

=
=

-
s 3
© 5

Obr. 7 Ztratovy Einitel v Ease - vzorek ¢.1, Obr. 8 Ztratovy Cinitel v case - vzorek ¢&.1,
méfeno ploSnymi elektrodami, pohled 1 méfeno ploSnymi elektrodami, pohled 2

Fig. 7 Dielectric loss factor at time Fig. 8 Dielectric loss factor at time
dependency - sample no.1, planar dependency - sample no.1, planar
electrodes measured, face 1 electrodes measured, face 2

Na obrazcich 7 a 8 vidime opét spektra ztratového Cinitele v ploSném grafu pro
méfeni pomoci deskovych elekirod, velmi podobného prabéhu i hodnotami
predchozimu pfipadu. Velmi znepokojivymi jsou pfitomnosti uzkych extrému. Prvni
se nachazi pfi prvni fazi tuhnuti pouze u nejvysSich frekvenci elektrického pole, které
vSak pouze wukazuji na vliv tvaru elekirod na vysledek méfeni. Daleko
komplikovanéjsi se jevi pfitomnost uzkého valu kolem 10 hodiny, ktery vSak zac¢ina
dfive u nizSich frekvenci a kon&i pozdéji u vySSich frekvenci. Koresponduje
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s pozorovanou anomalii u zavislosti elektrické kapacity na ¢ase ve stejném intervalu
tuhnuti, stejné jako s poklesem elektrické vodivosti v uvedeném intervalu.
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Obr. 9 Ztratovy Cinitel v Ease - vzorek ¢.2,  Obr. 10 Ztratovy Cinitel v ¢ase - vzorek

meérfeno valcovymi elektrodami, pohled 1 €.2, méreno valcovymi elektrodami,
Fig. 9 Dielectric loss factor at time pohled 2
dependency - sample no.2, cilindrical Fig. 10 Dielectric loss factor at time
electrodes measured, face 1 dependency - sample no.2, cylindrical

electrodes measured, face 2

tandelta 2

Obr. 11 Ztratovy cCinitel v ¢ase - vzorek Obr. 12 Ztratovy cinitel v ¢ase - vzorek

¢.2, méreno plosnymi elektrodami, ¢.2, méreno plosnymi elektrodami,
pohled 1 pohled 2
Fig. 11 Dielectric loss factor at time Fig. 12 Dielectric loss factor at time
dependency - sample no.2, planar dependency - sample no.2, planar
electrodes measured, face 1 electrodes measured, face 2

V grafech na obrazcich 9 a 10 jsou vyjadfena spektra ztratového Cinitele méfeného
za pouziti valcovych elektrod, pro hydrataci vzorku &.2, ktery byl v po cely ¢as
experimentu obalen. Spektra maji opét hladkou navaznost, maximalni hodnota, které
dosahnou je 166, ktera je srovnatelna s hodnotou u neobaleného vzorku €.1, ktera
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byla 140. U neobaleného vzorku (€.1) pozorujeme v prvnich 10 hodinach hydratace
pfi nejvysSich pouzitych frekvencich vy$$i hodnoty ztratového Cinitele a na konci
mérfeni(doba t~1000h) je vidét rychlejSi pfesun maxima kfivek k niz§im frekvencim,
nez u spekter pro obaleny vzorek (v grafu to znac&i uzsi oblast jediné barvy).

U obaleného vzorku dochazi pouze kautogennimu smrstovani, zatimco
u neobaleného vzorku se projevi plastické smrsténi a smrsténi vysychanim. Kazdé
smrsténi je disledkem mimo jiné zmén kapilarniho tlaku. Lze se domnivat, Ze vysoké
hodnoty ztratového Cinitele u neobaleného vzorku, pfi pouziti ploSnych elektrod
k realizaci méreni, jsou projevem vice druhGi smrstovani a vy$Siho pnuti, kdezto u
obaleného vzorku neni dosahovano tak vysokych hodnot ztratového cinitele a pnuti
ve vzorku je nizsi.

4, Zavér

V prabéhu 45 dni byla sledovana hydratace a tuhnuti betonu uvedeného slozeni,
pomoci dvou typl elektrod. Ziskané ¢asové a frekvenéni zavislosti ukazaly nékteré
rozdily ve spektrech elektrickych veli€in zavislé na typu elektrod. BEhem hydratace
betonového vzorku nedochazelo v prvnich hodinach k vyraznym 2zménam
v méfenych elektrickych veli€inach, ke zménam dochazi v intervalu 4 az 50 hodin
(pfiblizné). Zména elektrického odporu a kapacity vzorku znadi zmény napéti
ve vzorku, které dosahuji vy$Si intenzity rdzné rychle. Odformovani vzorku nemélo
zasadni vliv na prabéh hydratace.

5. Podékovani

Tento ptispévek vznikl za podpory projektt GACR Project No. 104/10/P012
“Impedance spectroscopy of concrete featuring various capillary porosity levels”
a 103/09/P263 “Concrete impedance spectroscopy model design and its
interpretation”. Autofi pfispévku za tuto podporu dékuji.
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Abstract

Behavior of concrete component in the early stages of solidification also gives information
about future product qualities of concrete. Common methods include monitoring the
volume change components, thermal characteristics and approaches to the study of
electrical properties. Nondestructive diagnostics of concrete materials and non-cement-
based materials is the subject of research for developed methods of testing building
materials. Common standard methods take in durability testing of concrete specimens at
28 days. Electrical parameters are evaluated: in particular, capacity, resistance and loss
factor at frequency of alternating electric field.

Key words: impedance spectroscopy, two electrodes measurement system, loss factor,
capacity, resistivity

Abstrakt

Chovéni betonového dilce v prvnich fazich tuhnuti dava informace také o budoucich
kvalitach betonového vyrobku. Mezi béZné metody patfi sledovéni objemovych zmén dilce,
teplotnich charakteristik a pristupuje se ke zkoumani jeho elektrickych vlastnosti.
Nedestruktivni diagnostika betonovych materiali na cementové bazi je predmétem
rozvijenych testovacich metod stavebnich materidli. Bézné normové metody zahrnuji
prubézné testovani pevnosti betonovych dilcti do doby 28 dni. Do vzajemnych souvislosti
Jsou poloZeny hodnoty elektrickych veli¢in materidlu v prabéhu tuhnuti a mozna souvislost
s napétim v materidlu. Vlyhodnocovanymi elektrickymi velicinami jsou kapacita, odpor
a ztratovy Cinitel pfi stfidavé frekvenci elektrického pole.

Klicova slova: impedanéni spektroskopie, dvouelektrodovy systém, ztratovy Ccinitel,
elektricka kapacita, elektricky odpor

1. Introduction

The concrete quolity depends on the composition and on the environment conditions
too. The monitoring of external conditions and mechanical properties during concrete
hardening are compared with electric properties measured during hardening, but
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comparing are not easy. Mechanical measuring are not realised in sufficient quantity,
which can be statisticaly significant. There will be described only the trend.

2. Work place and Concrete proportion

158

Obr. 1 Zobrazeni pracovisté (betonové vzorky, pfistroje a zapusténé
elektrody). Vzorek vpravo oznacen ¢islo 1, vzorek vlevo oznacen
Cislo 2 a v prubéhu experimentu obalen smrstovaci folii

Fig. 1 Display of work place (concrete samples, devices and mbedded
electrodes). Sample No. 1 is labeled on the right, left sample is
labeled number 2 during the experiment wrapped in shrink foil

Concrete receip 1 m® | Mechanical
properties
w/c 0,33 | workability F4
CEM 42,5 R Mokra 420 |f.1 [MPa] 48,4
Metakaolin Mefisto 35 E, [GPa] 29,0
K05
water 150 |fe2 [MPa] 60,5
Superplastifikator 7,5 |E2m=95 [GPa] -
sand 0/4 Kinsky 625 |Ezm-e0 [GPa] 30,4
stone 4/8 Litice 245 |fos [MPa] 105,1
stone 8/16 Litice 975 |Easm=-95 [GPa] 40,5
E28,rh=60 [GPa] 37,3

Tab. 1 Receptura betonu a jeho mechanické vlastnosti
Tab. 1 Recipe of concrete and its mechanical properties
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3. Discussion

One of importatnt concrete electric properties dependency is dielectric loss factor
curve versus electric field frequency range for broad time spectra at concrete
hardening.

Obr. 2 Ztratovy Cinitel (osa Y) v éase  Obr. 3 Ztratovy Cinitel (osa Y) v ¢ase (osa

(osa x), osa z-frekvenéni spektrum) - x), osa z-frekvencni spektrum - vzorek
vzorek ¢.1, méfeno ploSnymi elektrodami ¢.2, méreno plosnymi elektrodami
Fig. 2 Dielectric loss factor (Y axis) at Fig.3 Dielectric loss factor (Y-axis) at

time dependency (X-axis), Z-axis-is the  time dependency (X-axis), Z-axis-is the
frequency range - sample no.1, planar frequency range - sample no.2, planar
electrodes measured electrodes measured

Y
166,7

o
Lo
=

T

Obr. 4 Ztratovy ¢initel (osa Y) v ¢ase(osa x),0sa z-frekvenéni spektrum) - vzorek ¢€.2, méfeno
valcovymi elektrodami, pohled 1

Fig. 4 Dielectric loss factor (Y axis) at time dependency(X-axis),Z-axis-is the frequency range -
sample no.2, cylindrical electrodes measured
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In Figures 2 and 3, we see again the spectrum dissipation factor generalized chart for
measurements using planar electrodes, very similar values as the previous case.
Very alarming is the presence of narrow extremes. The first is located at the first
stage of solidification only at the highest frequency electric field, but only to show the
influence of electrode shape on the measurement result. Much more complicated, it
appears the presence of a narrow mound about 10 hours, but starts earlier at lower
frequencies and ends later at higher frequencies.

In figure 4 there is described dielectric loss factor spectra, obtained by using
cylindrical electrodes, for sample no.2 hydration, which was for all experimenting time
covered by plastic foil. Spectra is again smooth continuity, the maximum value that
reach is 166. The spectra is more continuous than previous spectras, which was
more sensitively for unmoulding.

4. Conclusion

We tested hydration and hardening of the concrete composition, using two types of
electrodes, during 45 days. Obtained time and frequency dependences showed
some differences in the spectra of electrical parameters depend on the type of
electrodes. Changes of electrical resistance and capacity of the sample indicates the
strength changes in the sample to reach higher intensities varied rapidly.
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Abstract

We continuously work on optimization of machining parts in relation fo the customer requirements
and the consecutive ultrasonic testing. Our project objective was the cost reduction and process
efficiency improvement by selection of a most suitable ceramic insert (in terms of its shape, lifetime,
price, machining velocity and stock removal) that would be used before ultrasonic testing with respect
to the limitations on the surface condition (i.e. roughness) set by ultrasonic testing. From various
forging materials, our project concentrated on the Inconel 718 parts that represent the largest amount
of our production. We selected a CNGX120716 ceramic insert type and performed several machining
test cycles using the above inserts produced by difterent suppliers. Testing parameters diftfered in
surface speed and amount of stock removal. Resulting surface condition was evaluated using both
profilometer (whether it conforms to customer drawing requirements), and UT inspection (whether
surface condition enables detection of the searched flaws from depth 2.5mm (0.1%) with diftferent
parameter settings). Resulting surface was acceptable for flaws larger than 0.5mm. We selected
several parts and machined them using the optimized process. We identified several shapes that are not
surtable for the machining. The rest of parts successtfully passed both machining and ultrasonic
inspection processes. Therefore, we demonstrated suitability of selected insert in the machining
process that resulted in saving of machining time as well as cost reduction of exchangeable inserts.

Key words: ultrasonic inspection, surface roughness, technical-economic analysis, inconel 718,
CNGX12076

Abstrakt

Neustdle pracujeme na optimalizaci obrabéni dilii s ohledem na pozadavky zdkaznika a na ndslednou
ultrazvukovou kontrolou. V tomto pripadé se hledaly moznosti uspor a zefektivnéni procesu volbou
nejvhodnéjsiho keramického plitku (vzhledem kjeho tvaru, Zivotnosti, cené, rychlosti obrabéni
a velikosti 1ibéru) pouZitého pro obrabéni pred ultrazvukovou kontrolou vzhledem k omezenim, kterd na
stav (drsnost) povrchu klade providena ultrazvukova kontrola. Z riiznych materialii obrabénych dilii
Jsme se zaméiili na dily z Inconelu 718, jeZ tvoii nejvétsi podil nasi produkce. Po vybrini britové
desticky typu CNGX120716 byla provedena rada testi obrabéni, kde byly pouzity desticky tohoto typu
od niznych dodavateli. Parametry jednotlivych testii se lisily obvodovou rychlosti a velikosti iibéru.
Drsnosti pro riizné hodnoty téchto parametrii se merily jednak drsnomérem, zda vyhovuji poZadavku na
vykresu, a jednak se vytvorené povrchy ultrazvukové testovaly, zda stav povrchu umoziiuje pii niznych
parametrech nastaveni detekovat hledané vady jiz v hloubce 2,5mm pod povrchem dilu. Pro velikosti
hledanych vad nad 0,5mm jiZ vznikly povrch vyhovoval. Bylo vybrino nékolik dilii, kter¢ byly obrobeny
navrhovanym platkem optimalizovanym procesem. Bylo zjisténo, Ze nékteré tvary dilii nejsou pro toto
obrabéni vhodné. Zbylé tvary prosly uspésné obrabénim i ultrazvukovou kontrolou. Tim se potvrdila
vhodnost nasazeni zvoleného plitku do procesu obrdbeni. Vysledkem je zkrdceni casu obribeéni
vybranych dilii a redukce nakladii na vyménitelné britové desticky.

Kliéovi slova: ultrazvukova kontrola, drsnost povrchu, technicko-ekonomicka analyza, inconel 718,
CNGX120716

DEFEKTOSKOPIE 2010 161



V ramci procesu snizovani nakladi jsme testovali pouziti novych vymeénitelnych btitovych
desti¢ek (VBD) namisto dosud pouzivanych karbidovych vymeénitelnych bfitovych desti¢ek.
Nové desticky by nam mély umoznit rychlejsi obrabéni at’ uz diky vét§imu tbéru materialu
nebo diky vetsi rychlosti otaceni dilu pii obrabéni. P¥inosem by byla i jejich delsi Zivotnost.
Hlavnimi omezujicimi faktory byla drsnost vysledného povrchu a nédkladnost bfitovych
desticek. Drsnost povrchu musi jednak umoziovat ultrazvukovou kontrolu (nevhodny tvar
povrchu po obrobeni se projevi rozSifenim vstupni echa, coz znemozni hledani vad
v pozadované blizkosti pod vstupnim povrchem) a jednak musi namétena drsnost odpovidat
pozadavkim na vykresu. Obrabime dily do leteckych motord a pozadavky na stav povrchu
jsou obecné velmi vysoké. Proto jsme pro ucely testovani novych desticek pii riznych
parametrech obrabéni stanovili maximalni pfijatelnou hodnotu drsnosti Ra = 1um.

Obrabime té¢zkoobrobitelné materialy, které 1ze rozd¢lit do tfi skupin: specialni oceli, niklové
slitiny a titanové slitiny. Pro kazdou z téchto skupin jsou vhodné jiné parametry obrabéni.

Obrabéni titanu je velice ndkladna zélezitost. Provadi se karbidovymi biitovymi desti¢kami,
které jsou drahé a jejich spotieba pii obrabéni titanu je vysoka. Pii obrabéni karbidy jsou vsak
fezné parametry o mnoho niz§i nez pii obrabéni keramikou, coz prodluzuje celkovy Cas
obrabéni. V pfipadé obrabéni titanu keramikou by se musely vytvofit vhodné podminky, které
by dokazaly zajistit dostateCnou tuhost a chlazeni béhem obrabéni. Titan ma Spatné tieci
vlastnosti, zadird se a obrobitelnost je horsi nez u ostatnich kovi. Je kiehky vlivem dusiku
a kysliku a v podobé¢ tfisek mé nizky bod vzplanuti. Jeho nizka tepelnd vodivost zapficiiuje
nalepovani na bfit a jeho rychlejsi otupovani.

Obrabéni niklovych slitin, napf. inconelu, se provadi pfedevS§im keramickymi desti¢kami.
Niklové slitiny, jako napf. inconel, jsou velice houzevnaté, odolné vici trhlindm,
vysokopevnostni, zaruvzdorné a korozivzdorné.

Trvanlivost karbidovych a keramickych desti¢ek je znacné zavisla na slozeni jednotlivych
obrabénych titanovych a niklovych slitin. Zalezi i na slozeni, jakosti, velikosti a tvaru
btitovych desticek. Pii programovani je vhodné zohlednit vysledovanou trvanlivost
pozadované destiCky pro urcity material a zptisob obrabéni. Je tedy ucelné rozdélit tiisky do
stejn¢ velkych ¢asovych intervalil, aby bylo vyuZiti desticky maximalni. Trvanlivost desti¢ek
také ovliviluje typ stroje, jeho celkova tuhost, rozsah otacek, pfesnost chodu vietena a zptisob
upnuti obrobku. Zavisi i na tvaru upinaného obrobku, jeho velikosti a celkovych proporcich.
Dulezitym faktorem je i zpisob uchycovani nastroji ve stroji, jejich samotna stavba, tuhost
a zpusob uchyceni desticek na nastroji. Pii nevhodném zptisobu obrabéni, Spatném zvoleni
tloustky tfisky nebo feznych parametrii se vyrazn¢ zkracuje doba do opotfebeni biitové
destic¢ky. Pfi soucasném puisobeni vSech negativnich vlivii dojde k prasknuti desticky, coz ma
za nasledek vytvofeni vrypu do obrobku. Pokud je vryp pfili§ hluboky, pak se obrobek jiz
neobrabi z divodu prekroCeni povolenych toleranci findlnich rozmérti obrobku. Obrobky,
ve kterych je vryp, nelze pro tyto ucely navafovat. Stavaji se tedy Srotem, ktery musi byt
ptetaven. Ceny obrobki jsou velice vysoké, a proto je potieba se vzniku vrypl pokud mozno
vyvarovat a pii obrabéni titanu a niklovych slitin brat v potaz vSechny vlivy urcujici
opotiebeni desticky.

Vzhledem ke slozitosti problematiky neni mozné provést optimalizaci pro vSechny materialy,
tvary a rozméry obrobkil i faze procesu obrabéni. Museli jsme si tedy zvolit néktery z nami
obrabénych materiald, zakladni tvar a materidl vymeénitelnych bfitovych destiek a pak
v ramci takto ziZzeného vybéru najit pro dané pouziti nejlepsi druh desticek.

Rozhodli jsme se zaméfit na obrdbéni dil zniklovych slitin, které tvoii cca 40% nasi
produkce. Obrabéni vykovkl do tvaru pro ultrazvukové zkouSeni probihd v nékolika krocich,
obvykle péti:
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1. faze - obrabéni tvrdé kliry vykovku

obecné: Obrabéni se provadi pomoci kruhovych britovych desticek RNGN, které jsou
negativni. Tyto desticky maji oproti jinym tvarim dvé zakladni vyhody, vétsi pevnost
a celkovy pocet hran (ekonomiénost btitové desticky). Jejich velikost se voli s ohledem na
vykon a tuhost stroje, jelikoz prifez tiisky se s velikosti poloméru zaobleni $picky VBD
zvétSuje, a vznikaji tak vEtsi sily pii obrabéni a s tim i nebezpeci vibraci. praxi vypozorovana
doporuceni: Omezit pocet vstupnich ez do tvrdé kiry vykovku. Najizdét do jiz obrobenych
ploch v ptipadé dalsiho obrabéni kiry. Timto se eliminuji vznikajici razy pii najizdéni do fezu
nepravidelného tvaru vykovku a rapidné se zvySuje jeji trvanlivost a zaroven je VBD
ochranéna pted moznym zni¢enim. Na obrobeni kiry se zvlasté osvédcila whiskerova
keramika, ktera je zpevnéna SiC a ma vétsi odolnost proti vylamovani. V posledni dob& vsak
nové sorty sialonovych keramickych bfitovych desticek nahradily drahou whiskerovou
keramiku.

2. faze — obrabéni vétsich diléich celkd obrobku po obrobeni kiry

obecné: I pro tuto fazi obrabéni je vhodné provadét pomoci kruhovych bfitovych desticek
RNGN, které jsou negativni a maji veétsi pevnost. Jejich velikost se voli stejna jako
v pfedchozi fazi s ohledem na celkovy pocet nastrojii a na celkové snizeni nakladnosti
procesu obrabéni. Zde je vhodné eliminovat pfedevs§im vstup nastroje do materialu, pti kterém
dochazi k nejvétsimu opotiebeni bfitové destiCky o otfepy, které vznikaji napiiklad po
predchozim odebrani materialu pfedevsim na vnéjsich rozich. Témto vlivim je vS§ak mozno
predejit a prodlouzit trvanlivost bfitové desticky v fezu. Dulezité je zohlednit i upravu
kone¢né drahy k primérim anebo k ¢elim obrobku, a to s ohledem na smér obrabéni.
V mistech kone¢né drahy nartsta prifez téisky a zaroven dochazi k nahlému vyjeti z fezu, coz
ma za nasledek zvySené opotiebeni bfitové desticky. Uvedeny problém lze optimalizovat
radiusovymi vyjezdy nebo hrubovanim do kuzelu. Pro obrabéni v Cistém materialu se rovnéz
osvédcila keramika sialon.

3. faze — dohrubovéni radiusti po kruhovych keramickych bfitovych destiCkach RNGN

obecné: Zbylé radiusy R 9,525mm je nutno upravit na pozadovany radius max.R 2,5mm.
To je provedeno pomoci karbidu, ktery ma vyssi odolnost proti lomu pii obrabéni do rohu a to
hlavné tam, kde jsou pfedepsany mensi radiusy.

4. faze — obrabéni piednacisto

Vyznamnym zptisobem se podili na celkovém ¢asu obrobeni dilu. Existuje mnoho moznosti
jak dosdhnout kvalitniho povrchu, ale vétsina z nich je velmi ¢asové naroéna a neekonomicka.
Obrabéni piednacisto vyznamné ovlivituje obrabéni nacisto a velice zde zalezi na velikosti
obrabénych dild. Vzhledem k tomu, Ze drsnost povrchu po obrobeni nacisto ma byt Ra=1 um
(pfedepsano zakaznikem), je nutné, aby nami zvoleny vysledny ptidavek byl pro danou
plochu nejlépe konstantni. Toho 1ze vSak dosahnout jen karbidy nebo vhodnou keramickou
btitovou desti¢kou s minimalnim odporem a dobrou odolnosti proti opotiebeni VB na hibetu.
Takovych biitovych desticek neni mnoho. Jejich cena je vysokd, vétSinou maji snizenou
houzevnatost a odolnost proti lomu.

5. faze — obrabéni nacisto
obecné: Je to posledni faze obrabéni a dosahujeme v ni pozadovanou integritu povrchu.
Vyznamnym zpusobem se podili na celkovém &asu obrobeni dilu. Vétsinou je provadéna

Obrabéni s nimi je v8ak velice pomalé a s pribyvajici velikosti dili ¢asové rozdily dale
nardstaji.
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Dale jsme se tedy zaobirali predev$im obrabénim prednacisto a nacisto. Hledali jsme
optimalni bfitovou desti¢ku, ktera by umoziiovala vyznamnéji urychlit faze 3, 4 a 5, nebo jen
nékterou z nich. Zohlednovat je tfeba i cenu desticky a pocet jejich hran. Vybrany tvar VBD
se podrobi experimentu na zkuSebnim dilu z materialu Inconel 718.

Nasledovala volba materialu a tvaru desticky. Podminky vybéru byly néasledujici:

dostacujici pevnost, univerzalnost pro pokryti fazi obrabéni 3, 4, 5, rddius maximalné
re = 2,5mm (viz popis 3. faze obrabéni), pevné upnuti proti vytazeni z lizka ndstroje,
zejména pfi dojizdéni do roht.

.0‘---

STRENGTH INCREASES

Obr. 1 : Pevnost britovych desticek s ohledem na jejich tvar.
Zdroj: NTK (http://www.ntkcuttingtools.com/)

Zvolena byla keramicka desticka CNGX 120716 s polomérem zaobleni $pi¢ky re = 1,6 mm.

Obr.2 : Zvoleny typ vymeénitelné britové desticky CNGX120716.
Zdroj: NTK (http://www.ntkcuttingtools.com/)

Vyrobci u tohoto typu desti¢ek nabizeji vice velikosti re, ale vybér byl proveden zejména
za Gcelem mensiho rizika prasknuti pfi zabéru vétsi hloubky fezu a, ¢i pfi dojizdéni do rohu,
oproti mens$im velikostem re. Nevyhodou muze byt vétsi nachylnost k vibracim pfi
nedostatecné tuhém stroji a malé hloubce fezu a, kterd miize zpUsobit horsi zafiznuti
desticky. Vybrana VBD je navic opatiena ukosovym ltizkem, které zamezuje jejimu vyjmuti
z nastroje pii dojizdéni do rohu. Tato desti¢ka je velmi robustni: v poméru délky strany
12 mm dosahuje tloustky 7 mm. Je proto velmi pevna.

Tento typ desticky se vnabidkach od riznych dodavateld lisil slozenim (rdzné druhy
keramiky) a provedenim fezné hrany. Pro experimenty jsme ziskali celkem 6 odliSnych
desti¢ek: CSN100, SX9, WG600, KY1540-E, KY 1540, CW3020(=K'Y4300).

164 DEFEKTOSKOPIE 2010



Tabulka 1: Chemické sloZeni (v procentech) a zdkladni viastnosti slitiny Inconel 718

Ni’ 70,0 min. Al 0,40 - 1,00 Si 0,50 max.
Cr 14,0 -17,0 Nb® 0,70 - 1,20 S 0,01 max.
Fe 5.0-9,0 C 0,08 max. Cu 0,50 max.
Ti 2,25-2,75 Mn 1,00 max. Co® 1,00 max.
 plus Co Y plus Ta ¢ jestlize uréen
Tvpické fyzikalni vlastnosti Typické mechanické viastnosti
) (precipitacné vytvrzenv)
Hustota 8 280kg m™
Koeficient tepelné roztaznosti Pevnost do lomu (1 000 hod)
(pfi 21-93 °C) 12,6 pm m™'°C’!
Teplota taveni 1390 -1430 °C 595 °C 630 MPa
Specifické teplo 431 Jkg'°C! 650 °C 470 MPa
Tepelna vodivost 12,0 W m™ °C™ 705 °C 260 MPa
Curie teplota =125 °C+ 815 2C 110 MPa
Elektricka rezistivita 1,22 uQ m!

Zdroj: www.bibus.cz

Pro experimentalni obrabéni byl zvolen dil z niklov¢é slitiny, konkrétné z materialu Inconel
718. Nasledovalo obrabéni pokusného dilu destickami vSech Sesti druhd. Sledovali jsme miru
opotiebeni desticek VB [mm] a stav povrchu pfi riznych parametrech nastaveni. Hloubka
fezu a, byla neménnd a, = 0,15mm. Tato hodnota je nutnd pro posledni fazi pfedsonického
obrabéni, aby bylo dosazeno pozadované drsnosti povrchu. I rychlost byla pro prvni sadu
experimentti konstantni, v = 195 m/min. Posuv £ byl postupné nastavovan na hodnoty
0,15 mm/ot, 0,25 mm/ot a 0,35 mm/ot.

Opotiebeni desticek se méfilo pod mikroskopem, vzdy po obrobeni stejné plochy. Drsnost
vysledného povrchu Ra se métila drsnomérem.

Pii téchto parametrech bylo opotiebeni VBg nejnizsi pro desticky CW3020 a WG-600.
Pozadavky na drsnost ovSem splnily jen 4 desticky CSN100, SX9, CW3020 a WG600.
Dvé sorty desticek tedy byly z dalsiho posuzovani vyfazeny.

Nasledovalo posouzeni desti¢ek zhlediska ceny a vyrobcem deklarovanych vlastnosti.
Pro dalsi pokusy (riizné rychlosti a rizné hloubky fezu) byla zvolena sialonova desticka SX9,
ktera se méla vyznacovat vysokou otéruvzdornosti a lomovou houzevnatosti.

Povrchy ziskané pii téchto pokusnych obrabénich destickou SX9 jiz byly vyhodnocovany
nejen drsnomérem, ale i ultrazvukové, z hlediska dosazeni pozadovaného rozliSeni blizko
povrchu. Pro ultrazvuk nezéaleZi jen na velikosti drsnosti Ra, ale i na tvaru (profilu) nerovnosti
povrchu. V pfipadé nevhodného tvaru nerovnosti povrchu miZze dochazet k tzv.
gramofonovani, které znemozinuje ultrazvukové zkouseni.

Pozadované rozliseni blizko povrchu zalezi na pozadavku zakaznika pro konkrétni dil.
Obvykle se pohybuje v rozmezi 0,1« - 0,2° (2,5 - 5 mm). Velikost hledané vady se pohybuje
od 1,27 mm po 0,45 mm. Vétsinou je velikost hledané vady mensi nez 0,635 mm.

Velikosti hledanych vad byly rozdéleny do 4 skupin:

Skupina 1: velikost hledané vady 0,635mm.

Skupina 2: velikost hledané vady 0,566mm.

Skupina 3: velikost hledané vady 0,50mm.

Skupina 4: velikost hledané vady 0,45mm.

Pro vSechny 3 skupiny byly vady hledany v hloubce 0,1 (2,5mm) pod povrchem dilu.
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Pouzité zafizeni: imerzni tank, pifistroj ScanMaster USC 100 sn. 01080104, zobrazeni typu A-
sken, sondy TLC IX0519PC sn.W90702, frekvence 5,5MHz, primér ménice 0,75, fokus 6.

Pro skupiny 1, 2 a 3 byl povrch soucasti pro ultrazvukovou kontrolu vyhovujici. Pro skupinu
4 drsnost povrchu branila provedeni ultrazvukové kontroly od piedepsané hloubky zkouSeni
2,5 mm.

Z provedeného ultrazvukového testovani lze usuzovat, Ze kvalita povrchu dovoluje pii
nastavenych citlivostech obrabét skupiny 1, 2 a 3. Pro skupinu 4 jiz kvalita povrchu
nedosahovala pozadovanych hodnot pro provedeni ultrazvukové kontroly, ackoli hodnota Ra
namefend drsnomérem byla mensi nez 1pm. Vhodnost pouziti navrzené¢ho zptsobu obrabéni
testovanym platkem a to pfedevSim pro skupiny 1, 2 a 3 jsme tedy jeSt¢ museli ovéfit pro
rizné tvary dili ve skute¢ném procesu obrabéni.

Zavér

Bylo vybrano ngkolik dila, které byly obrobeny navrhovanym platkem optimalizovanym
procesem. Bylo zjisténo, ze nékteré tvary dild ¢i Casti dilt (zvlasté vnitini priméry) nejsou
pro toto obrabéni vhodné. Zbylé tvary prosly uspésné obrabénim i ultrazvukovou kontrolou.
Tim se potvrdila vhodnost nasazeni zvoleného platku do procesu obrabéni. Vysledkem je
zkraceni ¢asu obrabéni vybranych dilli a redukce nakladi na vymeénitelné biitové desticky.
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Abstract

New methods of nonlinear ultrasonic spectroscopy have been applied to the non-destructive
testing. The non-linear ultrasonic spectroscopy methods are based on the wave propagation
related non-linear effects and higher harmonic signal generation in the vicinity of defects.
Due to the defects being present in the structure, the atom potential energy ceases to be
exactly harmonic and, consequently, second and third harmonic frequency components
arise. The present paper deals with the application potential of these methods to evaluating
the structural integrity of sandwiches made of Hurdis ceiling slabs. Based on extensive
measurements, analyses and results verifications for small-sized ceramic products by means
of these methods, a methodology has been designed for measuring both separate Hurdis
slabs and sandwiches made of these slabs. Two measurement methods have been applied,
namely, using a single and two excitation signals. Both methods proved to be highly sensitive
to the presence of crack-type defects in the sandwich specimens under test. Based on thus
obtained results, we are justified to expect the non-linear ultrasonic spectroscopy,
continuously utilizing advanced research developments, to become an important part
of diagnosing the condition of building elements and structures.

Key words: Nonlinear ultrasonic spectroscopy, elastic waves, structure integrity, defect,
nonlinear effect

1. Introduction

Prefabricated ceiling structures made of Hurdis slabs have a long tradition in this
country. They are popular because of their easy assembly, in which no heavy-duty
hoisting mechanisms are necessary, for example, in small-sized constructed facility,
such as family homes. However, breakdowns of ceiling structures made of these
slabs, which started occurring in the past decade, have attracted much attention of
both professional and general public. The above-mentioned ceiling structure
breakdowns used to occur during a period of approximately half a year to six or even
more years after the structure completion. Following phenomena are common for all
of these Hurdis slab ceiling failures: severing of the slab lower part from the slab rest
(together with the plaster which had been applied to the slab from below); the
fracture surfaces are passing through the ribs, the destruction onset being abrupt in
most cases (following a short-time crackling sounds). No warning visual or acoustic
effects, indicating a large-scale failure to be threatening, may necessarily occur prior
to the breakdown. Both footing supported and rolled-beam flange supported slabs
experience breakdowns. It has turned out that some of the Hurdis slabs, which were
built-in into the ceiling structures, had contained cracks prior to being built-in.
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The fact that the first symptoms of the ceiling failure may appear quite a long time
after the structure completion makes another source of complication as the user of
the real estate in question has meanwhile surely lost any knowledge of the ceiling
assembly method having been used. In spite of that, it may be seen that even now, in
the period of a rush development of new building technologies, the general standard
of our knowledge of the ceramics’ mechanical and physical-chemical properties,
particularly when in combination with other materials, proves to be insufficient in
some cases. Given the Czech Republic brick plants’ yearly output in HOURDIS slabs
amounting to 5 to 6 Mio units, a total of several ten thousand constructed facilities
with these ceiling slabs have been erected since the early nineties. The mentioned
failures may therefore be expected to recur in the years to come. This is why
a search for methods to examine the jeopardized ceiling structures and assess their
static reliability is still of importance.

For the time being, following diagnostic methods have been tested and proved to
be applicable in the laboratory as well as the jeopardized structure environment:
acoustic methods (listening, acoustic emission, ultrasonic methods), visual checks,
long-term monitoring of the crack evolution by means of a data logger, miniature
movie camera inspection, endoscope/fibroscope inspection, specimen drilling-out,
impulse shock and dilatometric methods. The results obtained by the mentioned
method application show that only some of the methods are really field-applicable.
The simplest method to apply is the tracking ball tapping (the structure response may
reveal dangerous defects). A micro-camera or endoscope inspection is very likely to
detect a crack (there is a problem of a large number of boreholes in the ceiling
structure). Ultrasonic examination being applied after the plaster coat is removed
from the wall surface has proved to be quite a reliable method [1].

Another piece of information resulting from the above measurements shows that it
is essential to discriminate between the ceiling structure damage types which are
related to the concrete or body volume variations and the defects which are induced
by other causes. It has turned out that some of the HOURDIS slabs, which were
built-in into the ceiling structures, had contained cracks prior to being built-in. These
cracks are due to technology faults taking place during the manufacturing process.
Defective slabs can be discarded in the course of the output check.

Acoustic methods are based on the generation and propagation of elastic waves in
the objects under test. Numerous elastic wave interactions with different interfaces in
the bulk are resulting in the wave dispersion, attenuation and non-linear behaviour,
which may be employed to pursue the material structure changes and detect
structure defects. Recently, a great attention has been paid to the study of dynamical
non-linearities, which constitute the basis of new defectoscopic methods.

2. Nonlinear ultrasonic spectroscopy

Nonlinear ultrasonic spectroscopy is based on a non-linear behaviour of common
defects and inhomogeneities affecting the elastic wave propagation [2]. It employs
both the non-linear effects in the wave propagation process and the higher harmonic
signal generation in the vicinity of the defects. Due to the defects being present in the
structure, the atom potential energy ceases to be exactly harmonic. Second and third
harmonic frequencies arise. Unlike the acoustic emission method, allowing to localize
the currently emerging cracks and defects only, the non-linear ultrasonic
defectoscopy is all-defect-sensitive, thus constituting a method applicable to the
characterization of material quality and reliability. Nonlinear ultrasonic spectroscopy
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methods were investigated from their usage point view for structure defects
detection in ceramics materials.

3. Experiment part

Based on extensive measurements, analyses and results verifications for small-sized
ceramic products by means of these methods, a methodology has been designed for
measuring both separate Hurdis slabs and sandwiches made of these slabs [5-7].
The sandwiches (Fig. 1) were made of two types of slabs (with flat and chamfered
front faces) showing no visible cracks. The concrete layer thickens amounted to
2 cm, 3cm and 4 cm. Separate slabs destined for fabricating the sandwiches as well
as completed sandwiches were tested.

Fig. 1 Sample sandwiches

The sandwiches were measured at two time intervals, namely, 7 days and 28 days.
To provide for easy and well reproducible attachment of the sensing and transmitting
elements, steel shims were cemented to the specimens. Probes can be pasted to
and removed from these shims without damaging the concrete specimen surface.
Magnetic interface sensors provided good result reproducibility, too. The
measurements aimed at checking the quality of the ceramic ceiling slab to concrete
layer junction. Two measurement methods were applied while testing the
sandwiches: the first using a single exciting signal and the other using two exciting
signals. Both methods, together with the respective measurement setups are
described in [3,4]. This is why we are showing here only a photograph of the double-
exciting signal measurement setup (Fig. 2).
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Fig. 2 Double-ultrasonic signal excitation experiment setup

3.1. Measurement results

Our measurement results are shown in following diagrams. Figures 3 and 4
represent our measurement results for a separate ceiling slab prior to assembling
a sandwich. Fig. 3 shows a transfer function versus frequency diagram for an exciting
frequency of 23 kHz, as picked up from a slab labelled H1. The frequency spectrum
contains — in amplitude descending order — frequency components up to the 6th
harmonic. The diagram shows clearly the amplitude decrease with the growing
component order.
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Fig. 3 Frequency spectrum of an intact ceiling slab

The next Fig. 4 shows the results of our measurement of a H1 slab to which two
ultrasonic signals f; =23 kHz, f, = 19 kHz have been applied. A difference component
of a frequency f, = 4 kHz was looked for.
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Fig. 4 Frequency spectrum of H1 Hurdis slab

It is clear from the diagram that no inter-modulation of the two ultrasonic signals
takes place, which gives evidence of the structure integrity of the slab under test
being intact.

Testing of sandwiches manufactured from undamaged slabs is illustrated in
Figures 5, 6 showing the results obtained from SH1 sandwich consisting of H1 slab.
The transfer function of Fig. 5 corresponds to the exciting signal of a frequency of
23 kHz. Higher harmonic frequencies do not show any progressive drop
in amplitudes as was the case of the H1 separate slab (Fig. 3). The odd-numbered
harmonic amplitudes (H3, H5) exceed in values those of the even-numbered ones
(H2, H4).
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Fig. 5 Frequency spectrum of SH1 sandwich
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When the double-exciting-signal method was applied, the exciting signal frequencies
were close to each other, namely 19 kHz and 23 kHz. No exciting frequency
difference components occurred in the frequency spectrum of the separate slab H1
(Fig. 4). In the case of the SH1 sandwich (Fig.6), inter-modulation of the two exciting
frequencies took place in consequence of visible cracks which had arisen in the
ceiling slab web. The frequency spectrum (Fig. 6) is dominated by the amplitude of
the first difference component (f-f1 = 4 kHz) and its second harmonic (8 kHz).
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Fig. 6 Frequency spectrum of SH1 sandwich in the case of double ultrasonic signal
excitation

4. Conclusion

Single-exciting-signal method:

Separate undamaged ceiling slabs: Higher harmonic component amplitudes appear
to decrease progressively with the serial number growth. In the transfer functions
corresponding to the sandwiches made up from these slabs there appear non-
linearities, which are due to the cracks that have arisen in the slab webs.
The amplitudes of odd-numbered harmonic frequencies, the third and the fifth,
exceed in values those of the even-numbered ones, the second and the fourth.

For the results obtained from the specified specimens to be interpreted correctly,
special attention is to be paid to the exciter-to-specimen and specimen-to-sensor
acoustic coupling. This is the only way to eliminate poor contact-induced-distortion
being attributed to specimen structure defects.

Double-exciting-signal method:

The sandwich measurements have confirmed the existence of inter-modulation of the
two exciting frequencies. In our experiment setup using mutually close exciting
frequencies, the first difference component was detected immediately, its second
harmonic component being highlighted in the frequency spectrum.

Our experiments have proved both of the above mentioned methods to be highly
sensitive to the presence of crack-type defects and non-linear phenomena to
correlate with these defects. They have confirmed the cracks to have arisen in the
ceiling slabs during 7 days after the concrete layers had been fabricated. Structural
integrity was damaged in all of thus manufactured sandwiches.
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Abstract

Nonlinear ultrasonic spectroscopy methods belong to rank of highly promising methods to
identify the structure defects in a wide range of materials. These methods are employing the
fact that a crack-induced nonlinearity makes an extremely sensitive material impairment
indicator. The paper deals with the research of nonlinear ultrasonic spectroscopy method
from the viewpoint of its applicability in civil engineering — study nonlinear interaction
between elastic wave and structural defects in concrete materials. The nonlinear effect
analysis was carried out for both intact specimens and specimens, which had been exposed
to mechanical loading.

Key words: nonlinear ultrasonic spectroscopy, cracks, concrete, structure defects

1. INTRODUCTION

On the basis of non-linear effect studies, new diagnostic and defectoscopic methods
have been designed, which are based on the elastic wave non-linear spectroscopy
(Van den Abeele et al. 2000, Zaitsev et al. 2006). The non-linear acoustic
spectroscopy brings new prospects into the acoustic non-destructive testing
of material degradation. Poor material homogeneity and, in some cases, shape
complexity of some units used in the building industry, are heavily restricting the
applicability of "classical" ultrasonic methods. These linear acoustic methods focus
on the energy of waves, which are reflected by structural defects, variations of the
wave propagation velocity or changes in the wave amplitude. However, none
of these "linear" wave characteristics is as sensitive to the structure defects as the
specimen non-linear response (Nagy, 1998; Van den Abeele et al. 2001; Van den
Abeele et al. 2009). In this way, non-linear methods thus open new horizons in non-
destructive ultrasonic testing, providing undreamed-of sensitivities, application
speeds and easy interpretation. One of the fields in which a wide application range
of non-linear acoustic spectroscopy methods can be expected is civil engineering.
Itis predicted that these advanced techniques can contribute a great deal to the
improvement and refinement of the defectoscopic and testing methods in the building
industry practice.
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2. NON-LINEAR ULTRASONIC SPECTROSCOPY

On the basis of non-linear effect studies, new diagnostic and defectoscopic methods
have been designed, which are based on the elastic wave non-linear spectroscopy.
Existing linear acoustic methods focus on the energy of waves reflected at structural
defects, analyzing the reflected wave energy, wave velocity or amplitude variations.
It is to be emphasized, however, that none of these linear wave characteristics is as
sensitive to the structural defect occurrence as the non-linear response of the
material.

Recently, various papers are being published on the theoretical or experimental
verification of different methods in some application areas. One may state that, on
the one hand, and, regarding the topic complexity, the requirements for newly
developed special instrumentation and a high potential application diversity, the
research and development of the respective methods, the required instrumentation
and, last but not least, practical applications of these methods, is still in its infancy.
On the other hand, most published papers as well as our experience show these
methods to be highly promising for both the defectoscopy and the material testing
purposes in the near future.

One of the fields in which a wide application range of non-linear acoustic
spectroscopy methods may be expected to take place is civil engineering. Poor
homogeneity of materials and in some cases also intricate shape of the specimens,
restrict heavily the applicability of the classical ultrasonic methods. Precisely these
non-linear acoustic defectoscopy methods are less susceptible to the mentioned
restrictions and one may expect them to contribute a great deal to further
improvement of the defectoscopy and material testing in civil engineering.

2.1 Non-Linear Spectroscopic Methods
Non-resonance methods are used to study suppressed resonance specimens. These
methods analyse the effect of non-linearities on acoustic signals propagating through
them. These methods can again be split into two groups (Korenska & Manychova,
2008; Hajek & Sikula, 2008, Sikula et al. 2008):
e measurements using a single harmonic ultrasonic signal (a single frequency
f1),
e measurements using multiple harmonic ultrasonic signals (usually, two
frequencies f1, f2).
We pay attention to single harmonic ultrasonic signal measurement method which
was used in experimental part. In this case, where a single exciting frequency f; is
used (Fig. 1), the non-linearity gives rise to other harmonic signals, whose
frequencies f, obey the Fourier series formulas:

f,=nf |n=012..= (1)
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Fig. 1: Frequency spectrum of a non-linear medium response

In general, these frequency component amplitudes are falling when the harmonic
order natural number, n, is increasing. If the non-linearity effect is not entirely
symmetrical, there can arise low-amplitude second and higher even-numbered
harmonic components, whose amplitudes may be much lower than those of the odd-
numbered ones. Among these emerging components, the third harmonic is the most
distinctive one. Therefore, its amplitude is being evaluated most frequently.

2.2 Measuring Apparatus
o o e e e e e mmm oy, Sensor

Signal Level Poweer Output
source ™ control ™ amplifier [ LP filter f<f,

Intact metal
Specimen

R Transmitting section - - - - - - — - -

Receiving and measuring section

Low naise Amplifier HandyScopes je-
™ preamplifier [®  with BPfiters [ ™ TPHS3-25 [ ™

l o __________--——ZZ —

Fig. 2: Block diagram of the measuring apparatus

The transmitting unit consists of four functional blocks: a controlled-output-level
harmonic signal generator, a low-distortion 100 W power amplifier, an output low-
pass filter to suppress higher harmonic components and ensure high purity
of the exciting harmonic signal and a piezo-ceramic transmitter (actuator) to ensure
the ultrasonic excitation.
Receiving section consists of piezoceramics sensor, low noise preamplifier with
classical or differential input connector, amplifier with band - pass filters. These
output signal are used for final evaluating. The starting measures were realized
by normal spectral analyser in our case oscilloscope HandyScope3 TPHS3-25.
For the recorded data to be interpreted properly, each of the measuring instruments
must meet following criteria (Prevorovsky and Abeele 2004):

e High linearity of all instruments (generators, amplifiers, sensor, transmitter,...).

¢ High resolution in the frequency domain.

e High dynamic range (90 to 130 dB).
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e Highly efficient filtration of detected signals (fundamental frequency
suppression).

e Frequency range 10 kHz to 10 MHz.

e Optimized sensor and transmitter location.

A program package to control the measuring process and the data processing and
evaluation makes an indispensable tool.

3. Experiment

Concrete specimens of dimensions 100 mm x 100 mm x 400 mm which had been
filled with polymer fibres were tested. In the first stage of the experiment, we tried to
find out whether the high inhomogeneity of the material gives rise or does not give
rise to non-linear phenomena. In subsequent stage were the specimens examined
for flexural tensile strength in a two-weigh pressing machine. The load test was
terminated as soon as visible cracks appeared. These cracks closed again after the
strain had been taken off. In the case of TP7 specimen a visible crack remained after
the specimen had been relieved. The transmitter and sensor configuration is shown
in Fig. 3.

Sensor Transmitter

Fig. 3: Location of the exciter and the sensor on the specimen under test

3.1 Measurement Results

Pre-test measurements of TP7 specimen are shown in Fig. 4. The shape of the
frequency spectrum corresponds to that of intact specimen and higher harmonic
amplitudes are decreasing with their serial number. Fig. 5 shows the frequency
spectrum of the same specimen after load test has been carried out in the pressing
machine. When compared with Fig. 4, the response function shows the higher
harmonic frequencies to have lower amplitudes. The fifth harmonic has disappeared
entirely which is probably due to the structure-degradation-induced higher
attenuation. Another change consists in emphasizing the second harmonic’s
amplitude with respect to the first harmonic as well as the third and fourth harmonic.
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Fig. 4: Pre-test frequency spectrum Fig. 5: Frequency spectrum of TP7
of TP7 specimen specimen after load test

4 Conclusion

This paper presents our first results of concrete specimen structure testing by means
of non-linear ultrasonic spectroscopy using a single exciting harmonic frequency.

To interpret properly the measuring results, the transfer function of the whole
measuring set-up must be determined and all measuring instruments must comply
with high quality standards. It is therefore essential to minimize any harmonic
distortion in the signal pick-up and amplification path by eliminating any spurious
signals (3 f1 parasitic signal, noise) from the measuring apparatus stages. It is to be
noted that a perfect mechanical coupling must be ensured between the exciter and
the specimen and, further, between the specimen and the pick-up element during the
experiment setup process.

Our measurements show that the effect of a material inhomogeneity is very low in the
case of non-linear ultrasonic spectroscopy, its non-linear effect being substantially
lower than in the case of common defects.

Furthermore, it has been proved that structure defects, which are due to mechanical
load, give rise to non-linear effects.

In conclusion, it is to be emphasized that a perfect mechanical coupling must be
ensured between the exciter and the specimen and, further, between the specimen
and the pick-up element during the experiment setup process.
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Abstract

Concrete is possible to term as the most significant building material. Their properties
depend mainly on mixture but also on early age process. It is clear that fissuring is mainly
during early age. Their following is not easy however some nondestructive testing methods
can indicate interesting results. Acoustic Emission Method and Nonlinear Spectroscopy have
applied there.

Key words: concrete, acoustic emission, nondestructive testing, ultrasound, hardening
Abstrakt

Beton Ize oznaCit za nejvyznamnéjsi stavebni material. Jeho viastnosti zavisi zejména
na sloZeni, ale také na prabéhu tuhnuti a tvrdnuti. Je ziejmé, Ze v raném stadiu také vznikaji
trhliny. Jejich sledovani je komplikované, avsak nékteré metody nedestruktivniho testovani
mohou ukéazat zajimavé vysledky. Metoda akustické emise a nelinearni ultrazvukové
spektroskopie byly zde pouZity.

Kli¢ova slova: beton, akusticka emise, nedestruktivni testovani, ultrazvuk, tuhnuti

1. Introduction

The setting and hardening process of concrete can be considered as the most critical
time period during the life of a concrete structure. To assure high quality and avoid
problems in performance throughout the life of the material, it is essential to have
reliable information about the early age properties of the concrete. [Popovics, 1971]
The properties of concrete are solely determined by the composition of its ingredients
and the conditions during the setting and hardening process. [Ozturk et all, 1999]
There are many techniques to determine concrete properties. Therefore their
application during early age is very complicated or impossible. [Struble et all, 2000]
Sonic or ultrasonic method can be interesting for following concrete structure during
lifetime. [Rapoport et all, 2000]

We have applied acoustic emission method, nonlinear (ultra)sonic method and
impedance spectroscopy for description concrete setting and hardening.
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2. Acoustic Emission

The Acoustic Emission Method is one of the Nondestructive Testing techniques.
Contra most such techniques it detects active defects inside and on the material
(Fig. 1). When the structure is not loaded the acoustic emission can not detect any
discontinuity - the acoustic emission does not exist. [Pazdera et all, 2010]
Consequently, it does not detect geometrical inaccuracy. Acoustic emission sensors
collect the burst type of signals (hits). There are two basic ways of hit descriptions.
Hit description by parameters is easier and does not need so many recorded values.
Time recording of hit amplitude contains more information about acoustic emission
phenomena, but the number of recorded values is higher then by the parameter's
description. [Mazal et all, 2006] The Acoustic Emission Method is very promising
method to detect active defects into tested structure. Including modern mathematical
methods to the Acoustic Emission Method is acquired as a very useful tool to analyse
physical (technical) phenomena of tested loaded structure. [Korenska et all, 2007]

source of acoustic emission

/ P
sensor 7 s e e oL
| po
RS, spherical wave

VSN - 44 —F— spread

surface wave

Figure 1 Theoretical spreading of acoustic emission wave

It is necessary to say that acoustic emission signal analysis is not easy. [Smutny J et
all, 2000] There are many methods to evaluate acoustic emission signal or hits
[Pazdera & Smutny, 1998]

Very popular is analysis by help of Fourier transform S(f)
S(t) = [ s(0)-exp2-7- £-0)- dt (1)

where s(f) is hit history, t time, f frequency. [Smutny & Pazdera, 2004]
Wavelet transformation W4y is now very popular, too

W, (z,m) = \nﬁj;ﬁ(%j- s(0)- dt )

where 7 is time shift and m is scale. [Smutny, 2004]
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3. Nonlinear Ultrasonic Spectroscopy

Regarding their assumedly higher sensitivity and more accurate quality and reliability
characterization capacity, the nonlinear ultrasonic spectroscopy methods are ranking
among the most promising material quality and reliability characterization tools.
Detailed studies of dynamic nonlinearity and hysteresis in inhomogeneous media
have shown that the occurrence of mesoscopic elements in the material structure
gives rise to strongly nonlinear dynamic phenomena accompanying the elastic wave
propagation. These nonlinear effects are observed in the course of the degradation
process much sooner than any degradation-induced variations of linear parameters
(propagation velocity, attenuation, elastic moduli, rigidity etc.). Nonlinear parameters
have proved to be very sensitive to the presence of any inhomogeneities and
progressing degradation of the material structure. [Korenska et all, 2006].

One of the measurement set up is shown in Fig. 2.

Sensor
Signal Level Power Output Tested
source [™ control [ amplifier  [® LP filter f<f, element
Ty
Transmitter  crack
Low noise Amplifier Tr;inosric?grt pe
preamplifier with BP fiters [ o990 ™ e

Figure 1 Block diagram of measure experiment of nonlinear spectroscopy [Korenska

et all, 2006]

S.(f)

[+]

1

sf, f

Figure 2 Theory of result at nonlinear spectroscopy [Hajek et all, 2003]
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The nonlinearity gives rise to additional signals featuring different frequencies
according to Fourier expansion (see Fig. 3). In general, the amplitudes of these
additional components (f,) decrease with the natural number n by [Hajek et all, 2003]

f=nf (1)

where f; is exciting frequency. Nevertheless, among the emerged signals, the third
harmonic appears to be most pronounced,

4. Impedance Spectroscopy

Impedance spectroscopy is a nondestructive testing method ranking in the electrical
engineering measuring method group. It outputs data providing information on
material electric and dielectric properties. Microscopically inhomogeneous materials
are frequently used in the building industry. Unfortunately, the impedance
spectroscopy results and their characterization on the basis of this method are not
unambiguous. [Lunak et all, 2008]

5. Experimental set up

Concrete sample was made from mixture wrote in Tab. 1.

Component Weight
[kgl
Cement 450
Water 225
Plasticizer 4
Sand 0/4 1350

Table 1 Tested mixture

A S

Figure 3 Experimental set up of nonlinear spectroscopy (G — excitor, S — sensor)
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Nonlinear spectroscopy was measured with two sensors placed according to Fig. 3.

Acoustic emission system put three acoustic emission sensors placed on surface
(see Fig. 4).

Figure 4 Placing acoustic emission sensors on sample.

6. Results
300
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200 .
150
150
/ 100
100
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o 0

8 10 12 14 16 18 20 22 24 26 28

10 15 20 25 30 35 40 45 50
t [days]

t [days]
Figure 5 Time history of acoustic emission activity till 46 days and zoom from 7 day
to 28 day

Acoustic emission activity of tested samples during 46 days is shown in Fig. 5. First
30 days acoustic emission activity increase fast and then it is not so high. We expect
that hardening process is finished after these 30 days. Therefore, it is not any time
without creating or growing micocracks during whole experiment. However acoustic
emission activity is very small from 10 days to 14 days after making mixture.
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Figure 6 Nonlinear ultrasonic testing sample up to 28 days
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Figure 7 Nonlinear ultrasonic testing sample - 3" harmonics

Nonlinear ultrasonic method was applied for monitoring the sample structure during
first 28 days. 31 kHz frequency exciter was used here. Time t frequency f spectrum s
shows interesting changes on 3™ harmonic frequency in Fig. 6. Major structural
changes are expected from 8 day to 28 day according to Fig. 7, when spectrum 3™
harmonic contained change of curve course.

According to acoustic emission activity (Fig. 5 right) important change could be
around 18 day.
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7. Conclusion

Early age is very important time for forming basic concrete structure. Properties can
dependent on this time. Acoustic emission, Nonlinear (ultrasonic) spectroscopy or
Impedance spectroscopy are suitable tools for monitoring concrete structure over its
lifetime.

Nevertheless, evaluations of results from these methods are not so easy. Their
application is possible in laboratory quite well, but in production it could be difficult.
Using these methods simultaneously brings better evaluation of micro changes into
concrete structure from its making.
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Abstract

Because concrete is most popular civil engineering material and their properties are changed
during life time it is suitable to followed it by help of non destructive techniques. Acoustic
Emission Method seems to be very powerful tool for this evaluation. Chosen analyses have
been used to assessment of recorded acoustic emission signals.

Key words: concrete, acoustic emission, hardening, time frequency spectra

Abstrakt

Jelikoz beton je vyznamnym stavebnim materialem a jeho viastnosti se méni v pribéhu jeho
Zivotniho cyklu, je uZite¢né je sledovat s pomoci nedestruktivnich metod. Metoda akustické
emise se jevi byt velmi vykonnym nastrojem pro hodnoceni. Vybrané metody casové
frekvenéni analyzy byly uZity pro vyhodnoceni zaznamenanych signalti akustické emise.

Klicova slova: beton, akusticka emise, tuhnuti, Easové frekvencni spektra

1. Introduction

Concrete is a construction material composed of cement (commonly Portland
cement) and other cementitious materials such as fly ash and slag cement,
aggregate (generally a coarse aggregate made of gravels or crushed rocks such as
limestone, or granite, plus a fine aggregate such as sand), water, and chemical
admixtures. [Kosmatka et all 1988] Concrete is used more than any other man-made
material in the world. [Lamborg 2006] The strength and durability of concrete
structures are enhanced significantly by proper moist curing of early-age concrete,
where improper moist curing conditions can affect significantly the concrete strength
development. [Mindess et all 2003]

A sound understanding of the early-age cracking problem is important because it
may lead to ingress of moisture and salt, reinforcement corrosion, concrete spalling
and, ultimately, to a reduced inservice performance of the concrete structure.
[Lachemi et all 1997]

Thus following concrete life time is most important for constructions properties. One
of the more promising non destructive evaluation techniques for detecting and
monitoring, in real-time, the strain energy release and corresponding stress-wave
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propagation produced by actively growing flaws and defects in composite materials is
acoustic emission. [El Gueflounia et all 2001]. Acoustic emission is a nondestructive
testing technique that is applied frequently to materials like metals or compounds.
Due to the complicated structure of the material, its application to concrete is not yet
well established. [Bradshaw et all 2002]

Therefore acoustic emission method can help to describe cracks during concrete
lifetime.

Two different approaches to record and acoustic emission analyze signals are
typically distinguished: the classical and the quantitative or signal-based acoustic
emission technique. Classical technique records a set of parameters evaluated
acoustic emission events, but the signal itself is not stored. Quantitative acoustic
emission technique, as many signals as possible are recorded and stored along with
their waveforms converted from analogue-to-digital. [Grosse et all 2002] But analysis
this signal is too ambitious on computing power. One solution is the division of the
time series into smaller units and the sequential application of Fourier transform
techniques. This procedure is called Short Time Fourier Transform or Windowed
Fourier Transform [Gabor 1991]

Next possibility of long time acoustic emission testing is recording only hits. Their
frequency analysis is jointed with time, but no constant time step of recording hits can
be set.

Each hit could be analyzed by Fourier, wavelet, Choi-Wiliams or other
transformation. [Choi et all 1989, Mallat 1998, Zhao et all 2000]

2. Time frequency spectra of acoustic emission hit
Fourier analysis FT is basic frequency analysis appear from [Pazdera et all 2007]

FT(£) = [ s(t)-exp(~i-2- 7+ £-0)-dt (1)

where s(f) is analysed signal, fis frequency, t is time. Because acoustic emission hits
are time limited burst signals recorded in given time, their spectra are easy
computed. Then each hit limited length can be transformed into own frequency
spectrum. Consequently [Cooley et all 1969]

N-1
F,((tm):Zrn(tm)-exp[—ivzvrkl—li]j for k=01, N-2,N—1 @)
n=0

where t, is time, when the hit was recorded, r, are N measured hit values with
constant time step At, and k means k" frequency component of spectra.

Note, that series t, (m=1,2,...,M) is not recorded with constant time differences.
Commonly ¢ —¢., #¢,, —t. In this case, it is not possible to use classical Short Time

Fourier transform [Giurgiutiu & Yu 2003]
STFHf',t):J.S(t) wt—7)-exp(-i-2-7-7- f)-dr 3)

because it needs “continuous” signal, not only burst hits as acoustic emission has.
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3. Experimental acoustic emission system
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Figure 1 Calibration characteristic of sensor IDK-9
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Figure 2 Calibration characteristic of preamplifier

Acoustic emission measuring has been applied by system XEDO. This acoustic
emission system is made as modular. One communication card and up to fifteen
input cards can be located in a metal box. Communication between cards within a ox
is realized by hi-speed bus. Each box is connected to control computer via Ethernet.
Configuration of all units is automatically recognized after system switching (plug
& lay). Time bases of all input units in system are synchronized via Ethernet and hi-
speed bus with 1 ps accuracy. All parameters of input cards can be set from
computer and central reset for all boxes can be transmitted. [Chmelik et all 2004]
Acoustic emission parameters are evaluated by unit XEDO-AE. Allows sampling of
signal from one sensor (speed up to 8 MHz), enumerates standard acoustic emission
parameters, process emission events parameters for possible emission source
localization. [Varner & Varner 2008]
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Acoustic emission sensors IDK-09 (diameter 9 mm, height 10.5 mm) have glued by
sweep wax on surface. Their frequency characteristic is in Fig. 1. [Mazal et all 2005

Preamplifiers with gain 35 dB (see Fig. 2) are produced using hybrid technology -
surface mounting and thin film components on ceramic substrate, dimensions 7 mm
by 7 mm. Very good is temperature range -20°C to +85°C, too. [Malcharczikova et

all 2006]

4. Experimental set up

There was made a mortar sample 100 m x 100 m x 400 mm with mixture in Tab. 1.

Composition Mﬁig]ht
Ordinary Portland Cement 450
Water 225
Sand 0/4 mm 1350
Plasticizer 4

Table 1 Mortar mixture

Figure 3 Experimental set up — sensor placing

Three sensors were fixed on sample surface and one out of sample for guarding
noise hits. Second day sample was unmoulded (Fig. 4).
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Figure 4 Sensor placing after getting out mould.

5. Results

Cumulative number of acoustic counts in Fig. 5 for low N;s and high N;g threshold
demonstrate decreasing acoustic emission activity during concrete setting. Similar
result is shown in Fig. 6 where events amplitude A decreasing with time and more
number of events is in early time.

1500

1000

500

tldays] tldays]

Figure 5 Time history of acoustic Figure 6 Time history of events
emission counts amplitudes

Time distribution of frequencies (see Fig. 8) eventually events distribution
frequencies (see Fig. 7) contained interest frequency range from 200 kHz to 350 kHz.
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6. Conclusion

Application of acoustic emission method during setting concrete and its analysis by
help of time frequency analysis will be presented. These experiments show
advantages of using time frequency analysis at acoustic emission method application
here.
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Abstract

The paper presents some issues of our experimental study of ceramic cladding element frost
resistance, special attention being paid to the application of the impact echo method.
Different sets of ceramic tiles made by various manufacturers have been studied. The
ceramic tiles under investigation have been subjected to freeze-thaw-cycle-based
degradation. To verify the rightness of the impact echo method results, additional physical
parameters of the ceramic tiles under test have been measured. It has been demonstrated
that impact echo method is a sensitive indicant of the structure condition and can be applied
to the ceramic cladding element frost resistance.

Key words: Impact echo, Freeze-thaw cycles, Ceramic tiles, Frost resistence

Abstrakt

V prispévku jsou prezentovany vysledky experimentalni analyzy zaméfené na vyuZiti metody
impact echo k posouzeni mrazuvzdornosti keramickych obkladovych prvk{. Analyzovany
byly soubory keramickych dlazdic riznych vyrobcl. Testované keramické dlazdice byly
podrobeny zmrazovacim cyklim. Pro verifikaci vysledkt metody impact echo byly uréeny
l alsi fyzikalni vlastnosti testovanych keramickych dlazdic. Bylo ovéfeno, Ze akusticka
metoda impact echo je citlivym indikatorem stavu struktury a je mozno ji aplikovat
k posuzovani mrazuvzdornosti keramickych obkladovych prvkd.

Kli¢ova slova: impact echo, zmrazovaci cykly, keramické dlazdice, mrazuvzdornost
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1. Introduction

The analysis was applied to a three sets (A, B, C) of ceramic tiles, form square 33 cm
x 33 cm, thickness 0.9 cm (set A), form square 33 cm x 33 cm and thickness 0.8 cm
(sets B and C), which had been fabricated in year 2002.

To assess the frost resistance, the ceramic tiles were subject to freezing - thawing
tests to CSN EN ISO 10545-12.

Prior to the tests, the ceramic tiles were immersed into a vessel containing water
whose temperature was t; = 5°C. After having been pulled out from water,
the pecimen was wiped with a wet rag. Immediately after the removal from water,
the eramic tiles were placed in a refrigerating chamber. The tiles being frozen,
the efrigerating chamber temperature was maintained at t, = -5°C for 15 minutes.

The freezing cycle being completed, the tiles were immersed into water for 1 to 2
hours in order to thaw out. The ceramic tiles were left lying in water till the test
continuation.

A check measurement was carried out prior to stress cycle start and, subsequently,
after the completion of 50, 100 and 150 cycles.

A metal hammer, which was hinged in a fixture ensuring a constant release level,
was used to hit the tile.

The tile response to the exciting impulse was picked up by means of a piezoelectric
sensor, whose operating frequencies range from 100 Hz to 50 kHz. The sensor was
fitted to the tile surface at a point of coordinates x = 18 cm, y = 16.5 cm, i.e., in the
maximum amplitude region.

The response voltage was fed into the input of a digital oscilloscope and further
processed by means of a special signal-analysis software package.

2. Experiment results and discussion

Fig. No. 1 shows a recording of No. 105 specimen (set A) response as picked up at
the tile centre prior to the expected low-temperature-induced degradation. Being
placed at that point, the sensor picked up the response bending vibration amplitude
for the most part. The response impulse duration was 36 milliseconds. The
attenuation ratio was found to equal 4 = 105 s™. Fig. 2 shows the power spectral
density (in relative units) versus frequency plot for specimen No.105. A dominant
frequency fo = 7416 Hz may be observed. Fig. 3 shows a recording of No. 105
specimen response as picked up at the tile centre after the completion of 150
freezing and thawing cycles. The response impulse duration was 29 milliseconds.
The attenuation ratio was found to equal A= 127 s™'. Fig. 4 shows the power spectral
density (in relative units) versus frequency plot for specimen No.105 after the
completion of 150 freezing and thawing cycles. A dominant frequency f, = 8180 Hz
may be observed. Fig. 5 illustrates the dominant frequency shift versus degradation
test stages for specimen No.105 and higher frequency resolution. 0 cycle is the pre-
degradation-test status, 150 cycle, the after-150-degradation-test-cycle status.
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Fig.1 Time-domain response record for
a ceramic tile No.105 before degradation.
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Fig.3 Time-domain response record for a
ceramic tile No.105 after the completion
of 150 freezing and thawing cycles.
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Fig.5 Shift of dominant frequency versus degradation test stages for sample No.105.

Figures 6 through 8 show the dominant frequency occurrence regions and mean
values, ®, versus the number of freeze-thaw cycles applied. Mean values of
complete sets are presented here for each of the tile types (Fig. 6: set A, Fig. 7: set
B, Fig. 8: set C).

SetA
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Fig.6 Dominant frequency occurrence regions and mean values, [ versus
the number of freeze-thaw cycles for set A
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Fig.8 Dominant frequency occurrence regions and mean values, [ versus the

number of freeze-thaw cycles for set C

The changes that were observed in the tile may be taken as an indication of certain
structure impairment having taken place during the period between the 100 and 150
freezing and thawing cycle completion. The structure impairment appeared to be

reflected in a change of the resonance frequency distribution.

With the exception of a single ceramic tile, only insignificant resonance frequency
changes took place in the frequency interval from A= 67 Hz to 764 Hz, average value
A= 406 Hz by set A, A=49 Hz to 1057 Hz by set B and A= 80 Hz to 799 Hz by set C
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in the course of the freezing and thawing cycles. This gives evidence of a very good
quality as well as frost resistance of these ceramic tiles types, from which a long
service life may therefore be predicted.

3. Conclusion

The analysis was applied to a three sets (A, B, C) of ceramic tiles a set of ceramic
tiles, of a plain tile type, which had been fabricated in 2002. To assess the frost
resistance, the ceramic tiles were subject to freezing - thawing tests.

With the exception of a ceramic tile, only insignificant resonance frequency changes
took place in the course of the freezing and thawing cycles. This gives evidence
of ery good quality as well as frost resistance of this ceramic tile type, from which
a ong service life may therefore be predicted.

From the results we can also see that the frequency inspection method is a useful
non-destructive testing method being applicable to the evaluation of the ceramic tile
structure condition and allowing predicting the frost resistance and service life
of hese products.
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Abstract

Manual ultrasonic inspection has its own specifics. Therefore it is not able to perform
inspection which would be efficient enough in some cases. There are places which are not
accessible for inspection without additional costs. There are applications which required
collecting and recording of the huge amount of data and accurate measuring probe leading,
e.g. phased array or TOFD applications. It is not only suitable but essential to use handling
equipment in these cases which can be very expensive and sophisticated equipment on one
hand but it can be also much more simple and efficient equipment on the other hand. This
small mechanisation makes possible to perform the remote inspection, accurate volumetrical,
surface and in line testing, it saves meausuring probes, very significantly saves time and
also additional costs in some cases.

Key words : ultrasonic inspection, manipulator, phased array, wall thickness measuring,
crawler, immersion coupling

Abstrakt

Ruéni zkou$eni ultrazvukem ma sva specifika, ktera neumoZznuji v nékterych pfipadech
provedeni dostatecné efektivni kontroly. Jsou mista, ktera jsou bez vynaloZzeni dodateénych
nékladu kontrole nepfistupna. Jsou aplikace, které vyZaduji sbér a zaznam velkého mnoZstvi
dat a precizni vedeni mérici sondy, jako napfiklad u aplikaci phased array ¢ TOFD. V téchto
pfipadech je nejen vhodné ale asto pfimo nezbytné pouzivat manipulacni prostfedky, coz
na jedné strané mohou byt velmi draha a sloZita zafizeni ale na druhé strané také
i Jjednodussi“ efektivni zafizeni. Tato mald mechanizace umoZriuje vzdalené zkouSeni,
presné objemové, plosné i liniové zkouSeni, Setfi méfici sondy, vyznamné Setfi Cas
a v nékterych pripadech i vedlejsi naklady.

Klicova slova: zkouS$eni ultrazvukem, manipulator, phased array, méreni tlousték, $plhadlo,
imerzni vazba

1. Uvod

ZkouSeni ultrazvukem je i neni jednoducha zalezitost. Z nedestruktivnich metod patfi
ultrazvuk urcité kté€m sloZit&jSim metoddm vyvolavajicim v mnoha pracovnicich
nedestruktivniho zkouseni pocit ménécennosti vitézstvi hmoty nad duchem. Proto je
ur¢ité podstatné méné ,ultrazvukarl” nez ,rentgenard”“ a to ve vSech kategoriich
schopnosti. Ultrazvuk ma, anebo spiSe mél, jednu vyhodu — nezbyval po ném zadny
hmatatelny d0kaz. Obrazovku vétSinou vidél jenom ten jeden konkrétni
,defektoskopec” a co fekl, to platilo. Nikdo to bez dalSi kontroly nemohl zpochybnit,
koneckonctd $amanum nebyva radno odporovat, coz pfirodni narody dobfe vi. Dnes
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je v8ak situace trochu jina, Ize zaznamenat kde co, dokonce Ize vyhodnocovat v klidu
pracovny, technologie sestoupily z nadoblaénych vySin k prostému lidu, a hle —
najednou se ukazuje, Zze chceme-li mit vysledky, které budou korespondovat
s pouzitou technologii, nelze tuto technologii pouzivat tak, jak je &i bylo zvykem.
Pfredstava, Ze pouzijeme nenastartovanou motorovou pilu ke Stipani dfeva na Spalku
misto sekery (tedy budeme pilou s pofadnym rozmachem busit do Spalku, co sila da)
je jisté absurdni stejné jako, Ze zaroven s pfefiznutim kmene zaryjeme fetéz do
betonu, na kterém jsme si ten kmen chytfe polozili, az jiskry Iétaji. Pfesto tak mnoho
véci bézné délame a absurdni nam to vibec nepfijde.

2. Pro¢ mechanizace zkouseni a jesté k tomu mala

Nabizi se hned otazka, co to je mala, jisté tedy existuje i velka. Z naSeho pojeti je to
podobny rozdil jako mezi zemédélskym kombajnem a zahradni sekackou. Obé
zafizeni jezdi, posekaji porost, ... maji mnoho znak( podobnych. Ale kombajn vam
zahradku poseCe na jeden zabér listy a to véetné stromkd a zahradniho domku
z nejmenovaného Bau.... a zahradni sekackou to pole budete sekat hodné&, hodné
dlouho, a podobné jako v pohadce — sekali a sekali a pokud se jim nerozbila
sekacka, tak sekaji dodnes.

V pfednasce ,Priklady nékterych aplikaci metody Phased Array“, prezentované na
konferenci pfed rokem, byly diskutovany zplsoby méfeni touto metodou. Nezbyva
nez zopakovat, Ze pokud je nasSim zajmem pofizovat zaznam, ktery budeme moci
analyzovat az po méfeni a to zaznam ploch, linii atd., potom nevystacime s ru¢nim
vedenim ultrazvukové sondy bez jakychkoliv pomocnych prostfedkll umoznujicich
plynulé a nepfetrzité vedeni sondy. Samozifejmé nemluvime o zaznamu jednotlivych
statickych obrazk(, jak umi vétSina dnes prodavanych pfistroju.

Avsak kromé vySe uvedené metody se mechanizace &i automatizace hodi &i je
vhodna i pfi méfeni TOFD nebo dokonce pofizovani B-Scant. MGzeme ale klidné
mluvit i o jiz presentovanych kontrolach kolejnic, plechl atd.

Dalsi aplikaci je méFeni v nepfistupnych mistech, mysSleno mistech, kam je mozné se
dostat pouze postavenim leSeni, horolezeckymi technikami apod. Jednou
z moznosti, ale velmi nepravdépodobnou je naucit se létat jako kolibfik. PFikladem
takovéto aplikace je tedy napf. méfeni ultrazvukem pomoci dalkové ovladanych
$plhacd.

Takze, co myslime malou mechanizaci. Mechanizované, poloautomatizované C&i
automatizované zkouSeni je samozfejmé pouzivano, ale vétSinou se jedna o velké,
slozité a pfedevSim nakladné systémy. VétSinou jsou to systémy ucelové (napf. pro
kontroly nadob jadernych reaktori, trubek parogeneratord, svarovych spoju
produktovodl atd.) nebo sice ¢aste¢né univerzalni ale viceméné jen pro urcitou
skupinu uloh (produkty prodavané vyrobci zafizeni). V mnoha pfipadech je vSak
potfeba jiné, v podstaté ucelové, feSeni. OvSem c¢innost, ktera se ma provadét, je
napf. jednorazova, ¢asové omezena, neni na ni vyhrazeny takovy finanéni objem,
aby bylo pokryto nakladné zafizeni atd.

Moznosti feSeni je bud zafizeni od nékteré z renomovanych firem, tzn. zafizeni
s polohovadly a enkodéry nebo postaveni zafizeni vlastniho, i¢elového, ale zaroven
i efektivniho. To ma tu vyhodu, Ze takovéto zafizeni je Sité pfimo na miru a vétSinou
tedy spliiuje kladené naroky a lze ho pfizplsobovat situaci. Zakoupeny ucéelovy
manipulator bude vétSinou tézké prizplsobit jiné Uloze — je to pfeci jen zasah do
zafizeni, s kterym se nepodcitalo pfi jeho konstrukci, pfipadna uprava puvodnich dild
vede ke ztraté uzitné hodnoty.

206 DEFEKTOSKOPIE 2010



3. Rychlost nebo smysluplna data pfi manualnim zkouseni

Rychlost zkouSeni a pfitom pofizovani dat, kterd jsou pouzitelna pro dalsi
zpracovani, jsou dvé na sobé& velmi zavislé véci — s vySSi rychlosti zkouSeni se
zvysuji i naroky na vedeni sond(y).

Dva zcela jednoduché pfiklady z obou koncl spektra zkouseni :

1) ,obyc¢ejné* méfeni B-Scanl — zkuste si, jak dlouho a jakou drahu jste schopni
stejnpomérné, rovné tahnout sondu, kterou drzite v prstech, bez toho, aby se
vam kyvala, aby méla stalou, natoz konstantni vazbu, kolikrat za sebou jste to
schopni zopakovat, o praci za nizSich teplot nemluvé

2) sondy Phased Array jsou Casto velké ve srovnani s oby&ejnymi sondami pro
ultrazvuk, maji mnoho ménica, které vSechny potfebuji mit vazbu, kabely jsou
masivni a relativné tuhé. Del$i ruéni méfeni predstavuje docela péknou
fyzickou zatéz, nemluvé o méfeni za nizSich teplot a ve vynucenych polohach.
O zajisténi kvalitni nepfetrzité vazby nemluvé. Pokud chcete navic vyuzit
vyhod skladani jednotlivych skend pomoci softwarové volby a uSetfit ¢as pfi
zpracovani vysledkl, 100 % ruéni praci je Iépe ponechat stranou....

Z vySe uvedeného vyplyva, Ze jestlize neni snimani dat jednoduché pfi malych
rozsazich méreni, tak jist¢ nebude jednodusSsi pfi velkych rozsazich, vétSich
rychlostech.

4, Zakladni pfiklady mozného pouziti

Dale uvedené aplikace ukazuji praktické pfiklady zkouSeni. Na nasledujicim obrazku
je ukazano relativné velmi jednoduché feSeni vedeni sondy se zajiSténim nepretrzité
vazby.

Obr. 1 Jednoduchy rucni manipulatorek primarné pouZzivany pro rucni
porizovani B a C- skenli
Fig. 1 Simple manual UT manipulator used primary for B and C-Scans
Tento v podstaté primitivni manipulatorek umozruje pouziti dvojitych sond, thlovych
sond i sond Phased Array, zajiStuje konstantni imerzni vazbu, ¢astecné chrani sondu
proti poSkozeni otérem, udrZuje smér a navic také diky magnetim ,drzi* na
feromagnetickych materialech.
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umoznujici 3D modelovani. Vétdina podobného softwaru umoznuje jak zhotoveni
pfesné dokumentace tak i modelovani €innosti. Vyhodou je velmi rychla simulace
a vyrazna redukce zplsobu konstrukce metodou ,pokus-omyl“. Na nasledujicich
obrazcich je ukadzka moznosti konstrukce jednoramenného manipulatoru.

Obr. 2 SW konstrukéni model Obr.3 SW prostorovy 3D model
Fig. 2 SW constructional model Fig.3 SW spatial 3-dimensional model

Pro skenovani vétSich ploch je vhodné pouzivat zafizeni umoznujici vedeni sond(y)
ve dvou na sebe kolmych osach. Nemusi to byt zrovna pfimo dvouosy manipulator
osazeny enkodery, lze wvyuzit rlznych ramovych konstrukci apod. Podobné
samoziejme to je i s kontrolou napf. sice jen jednoho pruhu zato vSak ve vétsi délce.

Obr. 4 Priklad kontrolované plochy rozdélené na jednotlivé skeny
Fig. 4 Example of inspected area divided into individual scans

VySe uvedeny obrazek byl jiz pouZit v €lanku, ktery se tykal aplikaci Phased Array, je
vSak vysoce nazorny, protoZze ukazuje, kolikrat je nutné opakovat stejnym zptsobem
méfeni. Méfit ruéné podobnou plochu — tady 16 pruhG — a udrzovat celou dobu
konstantni pfitlak, rychlost, smér je velmi obtiZzné. V pfipadé&, Ze dojde ke ztraté
vazby, nebo se se sondou zajede mimo vyznacenou drahu ¢&i rychlost pfilis kolisa, je
nutné méfeni opakovat. Pro takovéto méfeni také neni pfilis vhodna vazba natfenym
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médiem, dochazi totiz k jeho hrnuti sondou, zasychani. Proto je k vytvofeni stabilni
vazby vhodnéjSi pouzivani oby€ejné vody.

Oba dva vys$e uvedené zplsoby feSeni skenovani v jejich praktické realizaci jsou
ukazany na nasledujicich obrazcich. Je nutné poznamenat, ze se v zadném pfipadé
nejedna o tak jednoduchou zalezitost, jak to vypada. Kontrolovana zafizeni jsou
rlizna, kazdé ma své specifikum a proto je nutné téméf neustale rizné komponenty
pfizpUsobovat, pfipadné vyrabét nové, odpovidajici Uloze. Zcela univerzalni zafizeni
ve skute€nosti neexistuje. Ani zafizeni dodavana na trhu nejsou ve skute¢nosti zcela
univerzalni. Vzdy jsou maximaln& pro urditou skupinu Uuloh a jinak musi byt
pfizplisobena — tedy dokoupeny dal$i komponenty ¢&i vyrobeny na zakazku. Nase
skute€nost je takova, Zze pokud chceme ,pokryt* zadani, témeéf vzdy je nutné néco
zmeénit, doplnit, pfedélat.

Obr. 5 Skenovaci ram Obr. 6 Motorizovany X-Y skener
Fig. 5 Scanning frame Fig. 6 Mechanized X-Y scanner

VySe prezentované pfiklady ukazuji zafizeni, ktera zajiStuji pfedevSim nasledujici
funkce :
- definuji zkouSenou plochu (oblast) a to v jedné &i ve dvou osach a pozici
sondy ¢i sond
- zajistuji definovany pohyb méfici sondy — tzn. vétSinou pfimoc€ary posuv
sondy po dané draze, pfipadné zvolenou rychlosti
- zajistuji rovnomérnost pohybu a tedy i rovnomérné snimani dat
- zajistuji pfitlak sondy k povrchu, dodrzovani konstantni vzdalenosti, zarover
i astené chrani méfici sondu pfed poskozenim &i pfiliSnym opotfebenim
- zajistuji pfisun média pro akustickou vazbu
Kromé toho také wurychluji samotné provadéni prace, podstatné zvysuji
reprodukovatelnost (opakovatelnost) méfeni, snizuji vliv obsluhy (napf. vliv
jednotlivych inspektor(l, ktefi se pfi praci stfidaji, na data pofizovana pfi méreni tim,
jak rychle, pravidelng, stejnomérné atd. pohybuji sondou).
Kromé zatim uvadéného je ale jeSté dalSi oblast zkouseni, kde pouziti mechanizace
otevird nové mozZnosti. Jedna se o kontrolu v mistech, kam se neni mozné
jednoduse dostat. Pristup k témto mistim je obtizny z dlvodl pravé chybéjiciho
pfimého pfistupu (neni u zemé, chybi leSeni, lavky atd.), kvdli riskantnimu prostfedi,
nebo také kvdli prostorové omezenym moznostech apod.
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Zajisténi pfistupu k témto mistim je vétSinou nakladna zalezitost - je nutné postavit
leSeni, nékdy nebezpe€na zalezitost — moznost padu z vySky, prostfedi, kde by
mohlo dojit k vyskytu pro ¢lovéka nebezpeénych latek. A pfesto je nutné takovato
mista kontrolovat, provadét diagnostiku a vyjadfovat se k jejich stavu, zZivotnosti atd.
Typickym pfikladem mu(ze byt zkou$eni potrubi ve vyskach, zkou$eni nadob,
zkouSeni nadrzi atd. Tedy ,remote/vzdalené” zkouseni.

Na nasledujicim obrazku je ukazka Splhace/crawleru umoziujiciho méfeni tlousték
stén ve vySkach vétSich nez 10 m nad zemi.

Obr. 7 Splhaé v akci®
Fig. 7 Crawler ,in-action”

VSechny prostfedky malé mechanizace maiji dvé spole¢né véci — je tfeba je udrzet na
zkouseném materialu a je tfeba zajistit akustickou vazbu. ZpUsoby feseni jsou rizné.
V pfipadé riznych ramu je bézné mechanické uchyceni (viz obrazky vyse), pfipadné
pouziti magnetl. Pouziti magnetd vrizné formé je u pohyblivych ¢asteéné
autonomnich zafizeni nutnosti — samoziejmé ale jen v pfipadé zkouseni
magnetickych materiall, u austenitu to napfiklad logicky nepuljde. Dopravu vody na
misto Ize fesit také rlznym zpUsobem, je ale nutné mit na paméti, do jaké vysky
potfebujeme vodu dostat.

5. Zavér

Tento ¢lanek si nekladl za sv(j cil ukazat na néjaké prevratné novinky ve zkouseni
ultrazvukem. Jeho smyslem bylo ukazat na nékteré askepty zkous$eni ultrazvukem
jinym zpusobem nez ruc¢né. Kazdy zplUsob zkouSeni, kazda uloha chce ,svoje”.
Méreni, ktera zde byla ukazana, vyzaduji odliSny pfistup nez ruéni zkouseni
ultrazvukem. Bez pouziti této ,malé mechanizace” by zkouseni bud nebylo vibec
mozné nebo by nedosahovalo potfebnych vysledkl(. Pravé metody Phased Array
a TOFD vyzaduji vice nez Casto tento pfistup. ZkuSenosti ze zkousSeni jsou po
prekonani pocatecnich problému (které jsou ostatné vzdy pfi zahajeni jakéhokoliv
vyvoje) jednoznacné pozitivni. Zkratil se ¢as kontroly i hodnoceni, zlepSila se kvalita
vysledk(, snizila namahavost pro obsluhu a také bylo mozné kontrolovat mista, ktera
dfive nebyla jednodu$e kontrolovatelna.
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Abstract

Dynamic shear moduli in plane with LR and LT surfaces of 22 rectangular clear samples
at nominal dimensions of 20*20*360 mm R*T*L of Beech wood (Fagus Orientalis) were
evaluated in “free flexural vibration of a free-free bar” method with and without presence of
drilled holes on tangential surface. The drilling was induced exactly at the middle of the bar,
on the node of the 2" mode of vibration. Stepwise hole enlarging from zero to three, five,
eight and ten millimeters, visible on two opposite tangential surfaces were used. After
measuring the dimensions and calculating the density (p) of the specimens, for both radial
and tangential impacts of hammer in which the beam was vibrated in LT and LR plane,
respectively, two shear moduli (G r and G.7) were evaluated according to Timoshenko beam
theory, considering the three initial modes of vibration. When the bar was excited from its
tangential surface by a percussion (vibrated in LR plane), stepwise drilling, raised the
estimated value for shear modulus in LR plane (G,gr). However in LT vibrations the G,r
remained statistically constant. It is clear that the shear moduli as material property are not
affected by artificial manipulation but the responses of the bars would be affected.
The results have been discussed due to neutral axis related to the hole localization. This
finding suggest that in future approaches, the vibration in LR plane, considering the shear
moduli changes, maybe used as indicator for recognition of a hidden hole, perpendicular to
the growth rings.

Key words: Beech; Dynamic; Shear; Timoshenko; Vibration

1. Introduction

The most important mechanical parameters of any materials are the modulus
of elasticity and the shear modulus. In an orthotropic material, different values of
shear modulus depending on the plane of surface exist. E.g. the case of wood, this
parameter varies in each orthotropic plane of LT, LR and RT corresponding to radial,
tangential and cross section, respectively. Several hypotheses related to the elastic
symmetry of wood were developed (Bucur 2003). It is noted that triclinic symmetry is
the most complex which allows the determination of 21 constants (Bucur 2003).

Vibration techniques have been applied in some non-destructive evaluation
applications to determine the shear modulus (Bodig 1982, Brancheriau 2002, Cho
2007 and Divos 2005). There are certain advantages of using the vibration approach

DEFEKTOSKOPIE 2010 211



to determine modulus over the static methods. The time for a vibration test is shorter
than that of alternative static test (Chui 1989). Flexural free-free beam vibration
technique has been widely used for estimating shear modulus of wood and modern
instrumentation enables this method to be applied easily (Cho 2007).

Static and dynamic shear modulus determinations are compared by several
investigators (Perstorper 1994; Divos 2005; Liang 2007; Nzokou et al. 2006;
Cho 2007; Yang et al. 2002) who found good correlations between them.

A beam may be vibrated parallel to LR and LT planes resembling the flexural,
transverse vibration and using related theories, both longitudinal modulus and the
shear modulus can be reached from modal frequencies, both, almost equal to each
other (Roohnia 2010). In flexural vibration test, equations of modulus of elasticity
evaluation are applied to clear sound woods. However, when a defect reduces the
homogeneity, this equality may be diminished.

The impact of defects in wood was frequently investigated in recent years. Caddemi
(2006) detected the cracks in elastic beams by static measurements. Beal (2000)
tried the subsurface sensing of wood and wood-based materials. This method has
been defined as a technique to acquire properties of the materials in a non-invasive
manner and therefore will be considered similar to nondestructive evaluations.
Brancheriau (2002) in a theoretical review examined the natural vibration analysis
of clear wooden beams. In another research, Brancheriau (2003) highlighted the
possibility of developing a high performance grading process based on the analysis
of acoustic vibrations in the frequency domain. The uniqueness of the introduced
method was the direct use of the spectrum as predictive variables to estimate
modulus of elasticity and modulus of rupture. Divos (2001) presented an investigation
concerning the suitability of a special amplitude-technique for wood. The study
include the examination of the acoustic coupling between the wood and the signal
generator, the damping of the signal in wood, the effect of sloping grain and the
equipment’s capacity in detecting artificial defects (sawn notches). The results
revealed that a uniform wave-front develops at a distance of 60 cm from the signal
source and its amplitude decays exponentially with distance. The amplitude is
a considerably more sensitive defect indicator, than propagation velocity.
Meinlschmidt (2005) used a thermo-graphic camera in detection of defects in wood
and wood-based materials. Vatul'yan (2004) described a method for determining the
type and size of a defect at the boundary of two elastic bodies. The proposed method
was based on the difference in the character of the stressed deformed state inside
a body in the near vicinity of a defect depending on the type of the defect and its
presence. The method relied on the solution of a number of direct boundary-value
problems (by the method of finite elements) and inverse problems (by the method of
boundary integral equations). Roohnia et al. (2010) studied the effects of end
longitudinal cracks on elastic parameters of poplar wooden rectangular bars. Their
case study revealed that if longitudinal specific modulus of elasticity evaluated from
both LR and LT flexural vibrations were almost equal and G r was slightly larger than
G, the user could be confident enough to consider the specimen without any severe
longitudinal cracks. Continuing the above mentioned researches, carried out on wood
defects recognition using nondestructive tests, the effect of the drilled hole as the
artificial defect on the longitudinal modulus of elasticity evaluations, accessible from
two flexural vibrations in plane with LR and LT surfaces has been subjected in this
approach.
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2. Materials and Methods

Fagus Orientalis timbers used in this research were sellected from two commercial
logs. Following ISO 3129 international standard (1975), 30 rectangular and visually
clear bars were obtained. The specimens were cut to their final nominal dimensions
of 20*20*360 mm, R*T*L, and kept in a conditioning chamber at 21°C and 65
percents relative humidity for two weeks until their moisture content was stabilized.
At the center point of the length, a hole with a diameter of three millimeters was
drilled on the tangential surface in radial direction and its diameter was enlarged step
by step to 5, 8 and 10 millimeters. All applied artificial drilled holes were visible with
a similar appearance on opposite tangential surfaces (Fig. 1).

Fig.1 Drilling a hole on thé tangential surface in radial direction (dimensions are
exaggerated)

Free flexural vibration on free-free bars, rested on soft thin elastic rubber, was
generated for all specimens before and after presence of artificial holes, taking to
account the mass reduction of the bars due to the drill dust. Individual impacts either
on radial or tangential surface excited the bar to vibrate in LT and LR planes,
respectively (Fig. 2). The impacts and the recording microphone device were located
over the two opposite free ends. Vibrations were recorded as audio files at project
rate of 44100 Hz. Every selected and saved acquisition sound file contained 14000 to
18000 points depending on the attenuation through the time that was less than
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a second. After reading the audio files at the same project rates, the three initial
modes of vibration were obtained from magnitude of Fourier Transform spectrum in
MATLAB v.7.1 (Fig. 3). Two shear moduli, G.r and Gr, values were evaluated
through Timoshenko beam theory (Bordonne 1989, Brancheriau 2003 and Roohnia
2010) and ensuring the specimen clarity, trends of Timoshenko beam theory with the
highest correlation coefficients were accepted and selected before presence of drilled
holes.

The scatter plots of shear modulus values out of LR and LT flexural vibrations were
developed and the correlation coefficients of their proper trend line were calculated.
Then the observed correlations were certified through statistical methods of Pearson
bivariate correlation test for the significance of correlation, analysis of variances test
for the effect of stepwise drilling and widening a hole on the obtained shear modulus
values followed by Duncan test for categorizing the values to the homogeneous

subsets.
10 } \\ \\ m/ \‘m
1 M \\”‘VVNW"\((\ W\WWW{WM ”\me WM‘MW ‘\MM

2 I I I
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Fig. 3 Three initial modes of vibration shown in magnitude of a Fourier Transform.
Y axis corresponding to amplitude in dB and X axis the frequency in Hz

3. Results and analyses

Free flexural vibration on a free-free bar was performed to evaluate the shear
modulus values in 30 clear sound samples. Based on Timoshenko theory,
considering the most efficient evaluations using three initial modal frequencies,
22 samples out of 30 were accepted as the clearest and the most homogeneous
ones and taken into the account for drilling artificial holes and further experiments.
Stepwise drilling didn't present any significant effect on the efficiency of the
applications of Timoshenko beam theory until the end of the third step of enlarging
the holes (5 mm). After the fourth (8 mm) and the fifth step (10 mm) the related
correlation coefficients both in LR and LT vibrations reduced significantly but similar
manner. Though, these evaluations in defected beams were not as strong as that
of clear specimens, nevertheless, the comparison between results of LR and LT
vibrations, even after the fourth step, was admitted to remain valid.

Table 1. ANOVA for effect of hole enlarging on the radial and tangential shear moduli

df F sig.

GLT (Pa) Between Groups 4 0.844 0.500
Within Groups 105
Total 109

GLR (Pa) Between Groups 4 5054 0.001
Within Groups 105
Total 109
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Table 2. Duncan GLR (Pa)
Subset for alpha = 0.05

Drilling step N 1 2
1 22 890448977
2 22 903260966
3 22 977135753
4 22 1138341545 1138341545
5 22 1381173859

Means for groups in homogeneous subsets are displayed.
a Uses Harmonic Mean Sample Size = 22.000.

Sound wood 3mm hole diameter

1,800 1800
© ©
o
= s
5 &
o o

y = 1.25x y =1.27x

R? = 0.45 R? = 0.69

400 ‘ 400 T
400 GLT, MPa 1,800 400 GLT, MPa 1,800

Fig. 5 Shear moduli values of clear sound Fig. 6 Shear moduli of specimens

specimens containing a 3mm wide drilled hole

on their tangential surface
Figure 5 shows the correlation of the shear moduli values obtained in LR and LT
vibration tests. At larger holes, the shear moduli values out of LR vibration raised
step by step while that of LT vibration test remained almost constant (figures 6 to 9).
The observed effect of stepwise widening of drilled holes on LR vibration to evaluate
the shear modulus was certified in analyses of variances followed by Duncan multiple
comparison statistical tests. There was no clear and significant effect on obtained
results of LT vibration (tables 1 and 2).
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Fig. 8 Shear moduli values of specimens
containing a 8mm wide drilled hole
on their tangential surface

Fig. 7 Shear moduli values of specimens
containing a 5mm wide drilled hole
on their tangential surface
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Fig. 9 Shear moduli values of specimens containing a 10mm wide drilled hole on
their tangential surface

4. Conclusion and discussion

The current approach was followed to find out the effect of drilling on evaluation
of shear modulus. Shear modulus is a material property that the property itself does
not change after artificial manipulations of the bar but in this study this property has
been specifically defined as the response of a bar, although the response of the bar
would be affected. At the first look it seems that the mass loss in the drilled beams
must affect the calculations not the response of the bar, but this assumption is
rejected. The mass reduction must affect both the LR and LT vibrations, whereas
only the LR vibration was changed. Meanwhile the mass reduction was not
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statistically significant. So the main effect would be definitely brought from the
artificial holes.

Stepwise hole enlarging affects the LR vibration in evaluation of the shear modulus,
while that of LT vibration remains constant. It is clear and simply justifiable.
The reason is found in the concept of neutral axis of bending. When the beam
vibrates transversely, temporarily the bending occurs. There is no bending stress on
the neutral axis so there would not be any important effect from this axis to the
flexural vibration properties. As the bar is vibrated in LT plane, the artificial drilled
hole mostly lies on the neutral axis. However it is predicted that in greater diameters
of holes, even the LT vibration may be affected. Overhand, in LR vibration the drilled
hole elongated across the height of the bended bar. It means that some parts of the
defined artificial defect are located in some distances from the neutral axis that can
influence the bending stress and flexural vibration properties.

It was verified that there is a difference between two series of evaluations of shear
modulus through LT and LR vibrations in clear beams. So the introduced differences
might be an indicator of defect. The greater differences between shear modulus
evaluations of a proper bar may indicate the greater defect, i.e. hole.
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Abstract

The method of the metal magnetic memory testing 1s a passive method of non-destructive ftesting
based on the residual magnetic field (RMF) of a component. It allows the localization of stress
concentration zones in the objects under examination. The defects in welded joints are places of stress
concentration. Also, due to the geometric notch effect and thermal deformations after welding,
the welded joint is a stress concentrator. Therefore, not all indications obtained in the method of the
MMM testing are defects in the common, standard meaning. Additionally, in the weld seams
of austenitic steels, the non-uniformity of delta ferrite in the joint results in changes in the RMF
distribution and gives rise to indications. The paper presents the ways of examination and assessment
of welded joints by means of the method of the MMM testing. The presented research methodology is
the outcome of a synthesis of own experience and the provisions of standards 1SO 24497-1, 2, 3: 2007.
The results obtained in the MMM testing were compared to the results of the radiographic testing
(RT). It was found that the MMM testing allowed the detection of imperfections, including defects,
in welded joints at the production stage. Knowing the potential of the method of the MMM testing it
seems well justified that 1t should be used in the examination of welded joints at the operation stage.
These joints, after non-destructive testing at the production stage, are not free from defects. The
defects, together with imperfections at the micro-level, concentrate stresses from working loads. Wear
processes and the development of micro- and macro-cracks proceed in them the fastest. By finding the
stress concentration zones, the areas of potential cracks can be found. The development of reliable
procedures of examination and assessment of welded joints with the use of the method of the metal
magnetic memory testing still needs a lot of research.

Key words: metal magnetic memory; welded joints

1. Introduction

The method of metal magnetic memory testing is a passive magnetic method of non-
destructive testing which makes use of the strength of the residual magnetic field (RMF)
of the component as a diagnostic signal [1, 2]. The physical basis of the method consists
in: the magnetomechanical effect [3, 4, 5], the effect of the leakage of external magnetic fields
caused by discontinuity or structural non-uniformity of the material, and the processes
of mutual interaction of magnetic fields with dislocations and their accumulation. The method
allows the localization of stress concentration zones in the component [1, 2]. The introduction
of standards ISO 24497-1, 2, 3: 2007 [6] concerning the method of the MMM testing became
a great stimulus for its development and promotion. It confirmed and strengthened its
presence in the field of the methods of non-destructive testing by propagating the basic
notions used in it and by describing its potential and limitations.
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The presented methodology for testing welded joints is the outcome of a synthesis of own
experience and the provisions of these standards.

The defects in welded joints are potential stress concentrators. But stress concentration in
a welded joint does not have to be the result of only the occurrence of defects. Looking more
broadly at the problem of stress concentration, the welded joint, due to the notch effect and
thermal deformations after welding, is a stress concentrator itself. Therefore, not all
indications obtained in the MMM testing are defects in the common, standard meaning. Some
of the indications of the method of the MMM testing of welded joints can result from the
occurrence of a non-uniform distribution of stress after welding [7].

On the other hand, a question arises whether all defects of welded joints which can be
detected by means of standard methods of non-destructive testing yield indications in the
MMM testing. To answer this question, research based on the comparison of the results of
the RT method to those obtained in the method of the MMM testing was undertaken.
The study was conducted on weld seams of both ferritic and austenitic steels. The programme
of the MMM testing comprised the testing of weld seams from the side of the face and back
of the weld at the production stage and after static loads applied to selected joints.

2. Methodology of MMM testing of welded joints
2.1. Testing conditions

Welded joints do not require, compared to other methods of non-destructive testing, any
preparation of the surface to be examined. At the production stage, it is required that the
surface should be cleaned after welding. At the operation stage, the removal of loose deposits
from the surface of the joint is required. The impact of the thickness of the corroded layer or
other coatings of the joint on the examination results should be taken into consideration, and
sensitivity tests of the detection of indications should be conducted. A substantial limitation
on the application and reliability of the indications of the method are the sources of external
magnetic fields such as magnetization during magneto-powder testing, or the passage
of current in the vicinity of the examined component during welding.

2.2. Testing procedure

The testing is conducted through scanning the surface of the welded joint both along
and perpendicularly to the axis of the weld seam so as to embrace both the weld seam and the
heat effect zone.

2.3. Assessment of indications

As an immediate result of the testing, the values of the RMF components measured on the
surface of the welded joint are obtained. In order to quantify the level of concentration
of residual stress, the gradient of the RMF components, referred to as Kj, is determined.
The area of maximum concentration of stress corresponds to the maximum value of the
gradient of the RMF components — the maximum value of coefficient K.y Additionally,
the average values of the RMF components — Kjeqs i» — are determined. The ratio of the
maximum value of the gradient to its average value is determined by what is, according
to standard PN-ISO 24497-1, referred to as magnetic index m. According to standard ISO
24497-3, it is assumed that 71, is contained within the range from 1.05 to 3 and more,
depending on the quality of the welded joint. If coefficient m exceeds the boundary value
my, what we have to do with is the stress concentration zone. The determined stress
concentration zones have to be put to standard non-destructive and/or metallographic testing.
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3. Testing results

The presented testing results are representative of the whole research that was conducted.
Radiographic testing of welded joints was made according to standard EN 1435.
The assessment was carried out according to the provisions of standard EN ISO 5817.
The measurements of the RMF were made with a scanning increment of lmm along lines
parallel to the axis of the weld seam and separated from each other by a constant value
(for individual joints). The area under examination included both the weld seam and the heat
effect zone.

The magnetometer TSC-1M-4 with the measuring sensor TSC-2M supplied by
Energodiagnostika Co. Ltd. Moscow was used for the measurements. The instrument was
calibrated in the magnetic field of the Earth, whose value was assumed as 40A/m.
The measurements gave the values of three RMF components:

o Hix—tangential component measured in the direction perpendicular to the axis of the weld
seam,

o Hgy—tangential component measured in the direction parallel to the axis of the weld seam,

o H,—normal component.

For the purposes related to the assessment of the joint, they were used to determine
the values of the gradients of the RMF components. Dividing the local values of gradients by
the average value for a joint, the values of what is referred to as magnetic index — m for each
point were obtained. The areas of the largest values of the index are stress concentration zones
(SCZ's), i.e. the indications of the testing method. For editorial reasons, the paper presents
only selected magnetograms (distributions of magnetic index m for individual RMF
components) which allow a justification of the drawn conclusions.

3.1. Welded joint A [8]

Ferritic steel S235JR, one-sided MIG welding, testing at the production stage.

The indications of the method of the MMM testing occur in the vicinity of defects, but the
largest values of the relative derivative m were obtained in defect-free areas according to
the RT method.

20 40 60 80 100 120 140 160 180
Fig. 1. Radiogram of joint A, welding incompatibility 30 + 60 mm — bubble cluster (2013); 140
+ 160 mm — bubble cluster (2013).
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Fig. 2. Magnetogram m — H,, of joint A, indications: 30 + 50 mm — SCZ coincides with the
location of the occurrence of the defects of the weld seam; 120 + 150 mm — SCZ partly
coincides with the location of the occurrence of the defects of the weld seam, the area of the
largest values of m are probably the place of arc reignition, which may also suggest
the occurrence of imperfections 517 or 601 according to standard EN ISO 5817; 160 ~ 180 mm
-Scz.
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Fig. 3. Magnetogram m — H,, of joint A, indications: 90 ~ 120 mm — SCZ, 140 + 170 mm —
SCZ coincides with the location of the occurrence of the defects of the weld seam.

3.2. Welded joint B

Ferritic steel S235JR, one-sided MIG welding, testing at the production stage and after static
load. Despite the defect found by means of the RT method (Fig. 4) no indications were
obtained in the MMM testing at the stage of production (Fig. 5). After static load was applied
to the joint, which induced stresses of 100 MPa, indications occurred — Fig. 6.

0 10 20 30 40 50 60 70 80
Fig. 4. Radiogram of joint B, welding incompatibility 35 < 35 mm — lack of side fusion (4011).
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Fig. 5. Magnetogram m — H, , of joint B at the production stage, no indications.
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Fig. 6. Magnetogram m — H, , of joint B after the load of 50 MPa, indications.: 20 + 50 mm —
upper part of the radiogram — SCZ, which coincides with the location of the occurrence of the
defects of the weld seam, 30 ~ 70 mm — SCZ.

3.3. Welded joint P8

Austenitic steel X15CrNiSi20-12 with a thickness of 6 mm, two-sided TIG welding, testing
at the production stage.

The analysis of the Schaeffler and Delong diagrams shows that the weld seam in steel
X15CrNiSi20-12 welded with Thermanit C Si (W 25 20 Mn) should not contain delta ferrite.
However, in real conditions of weld solidification, because of fast heat dissipation and related
to it fast cooling of melted metal and limited diffusion conditions, a tiny amount of ferrite can
be present in the structure [9]. In the test samples both in the parent material and in the weld
seam, as well as in the heat effect zone, a distinct presence of delta ferrite was found.
The structure of the parent material contains austenite grains elongated in the direction
of plastic working with narrow strips of delta ferrite distributed mainly in the form of a grid
on the boundaries of austenite grains. The tested weld seams have an austenitic structure with
the presence of a varied amount of delta ferrite which occurs mainly as interdendritic areas.
The heat effect zone (HEZ) is characterized by transitory structures in which delta ferrite also
appears locally in a lamellar configuration (Fig.2) [9].

Magnetogram m — Hx (Fig. 9) gives a clear indication (SCZ) in the place of the defect
occurrence. In the magnetograms of the other components the defect gave no indications.
There are indications in them, with values even higher than in magnetogram m — H;x, which
do not coincide with the location of the defect.
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Fig. 7. Structure of the cross section of the
Joint with visible HEZ. The austenitic
structure of the parent material with areas
of ferrite elongated in the direction of plastic
working which passes into the HEZ and
aweld seam with areas of interdendritic
and partially lamellar ferrite, etched with
ferric chloride, magnification: 200x

0 25 50 75 100 125 150 175 200 225 250
Fig. 8 Radiogram of sample P8, welding incompatibility: 115 + 135, single bubbles (2011)
and a root concavity (513).

20 40 60 80 100 120 140 160 180 200 220

Fig. 9. Magnetogram m — H, of joint PS, indications: 1250 ~ 145 mm — SCZ coincides with
the location of the occurrence of the defects of the weld seam.

3.4. Welded joint P12

Austenitic steel X15CrNiSi20-12 with a thickness of 6 mm, two-sided TIG welding, testing
at the production stage.

An indication in the defect area occurs in magnetogram m — H;y (Fig. 12). In magnetogram
m — Hix one half of the length of the joint is characterized by large values of the magnetic
index while in the other half the values are distinctly smaller. Metallographic testing of the
structure was conducted in two sections of this joint. In the 50 mm section a significant
amount of largely elongated delta ferrite was found in an interdendritic configuration
(Fig 13.). This indicates a considerable overheating of the weld metal during welding and
a relatively high cooling rate of the material after welding. The area of the weld seam of the
150 mm section (Fig. 14) shows an austenitic structure with narrow areas of interdendritic
ferrite characterized by smaller elongation than for the 50 mm section, and the share of ferrite
in the weld seam is smaller, too [9].
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Fig. 10. Radiogram of sample P12, welding incompatibility: 80 +~ 90 mm — single bubble
(2011), 80 + 115 mm — lack of side fusion (4011).
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Fig. 11. Magnetogram m — H,, of joint P12, indications: 20 ~ 110 mm — SCZ in the area of
the weld seam coincides partly with the location of the occurrence of defects
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Fig. 12. Magnetogram m — H,, of joint P12, indications: 50 + 120 mm — indication in the area
of the weld seam coincides with the location of the occurrence of defects
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Fig.13. Joint P12 — 50 mm section —
structure of the weld seam.
Austenitic  structure with a significant
amount of interdendritic ferrite, etched with

ferric chioride, magnification: 200x
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Fig.14. Joint P12 — 150 mm section —
structure of the weld seam.
Austenitic structure with narrow areas of
interdendritic ferrite, etched with ferric

chloride, magnification: 200x
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4. Discussion

4.1.  Ambiguity and lack of indications of existing defects of the weld seam in the
method of the MMM testing.

The imperfections of the weld seams visible in the radiograms did not always give
unequivocal and clear indications in the method of the MMM testing. It was not established
which of the RMF components was best suited as a diagnostic signal. For the welded joints
under examination, a clear indication of a defect, if there was any, usually occurred in the
image of only one component; for other components the indications were none or barely
visible. The problem is additionally complicated by the fact that, for different joints, they
were different components. It is also difficult to define the values of magnetic index my;, for
individual RMF components. It is puzzling that the same defects, located at the same depth
in the joint, in some cases give indications (both when measured from the face and back of the
weld) while in others they do not, cf. joint A. It is probably decided by the level of postweld
stresses at the location of defect occurrence. The test was made on fragments of steel plates
which could deform freely after welding. For this reason postweld stresses occurring in them
were smaller than those in rigidly fixed joints of welded structures. This may be the reason for
the ambiguity and lack of indications.

4.2. Indications of the method of the MMM testing in places where defects were not
found by means of the RT method

Many indications were obtained in places where defects were not found by means of the RT
method. The reasons for this were partly explained in the introduction to this paper.
The indication in the method of the MMM testing, i.e. the stress concentration zone, can be
aresult of a non-uniform distribution of stresses due to postweld thermal deformations
[7, 10]. In the search for volumetric geometrical defects of the weld seam such indications are
erroneous. But the information is very valuable if an assessment of the quality of postweld
thermal treatment of the weld seam was to be made. A comparison of the magnetic images of
the weld seam before and after thermal treatment can be the basis for the assessment of its
efficiency. Another reason for obtaining phantom indications is the fact that neither the face
nor the back of the weld seam forms a uniform smooth surface. The irregularities occurring in
them, and affecting the sensor lift-off, cause further disturbances in the diagnostic signal of
the method [11]. This results in rapid local changes in the measured values of the RMF
components, and — consequently — in the formation of areas with a large RMF gradient in the
obtained image of magnetization. The reasons for the appearance of additional indications
which are not defect-related, for weld seams of austenitic steels, were discussed in Point 4.4.

4.3. Due to working load the probability of defect detection in weld seams
by means of the method of the MMM testing is higher.

Welded joints, after non-destructive testing at the production stage, are not free from
imperfections. They can have acceptable defects and those which were not detected. These
defects, together with imperfections at the micro-level, concentrate stresses from working
loads [1, 2]. In stress concentration zones, wear processes and the development of micro- and
macro-cracks, proceed the fastest. By finding stress concentration zones, the areas of potential
or existing cracks can be found. An example of stress concentration in the defect area are
the results obtained for joint B — Point 3.2. At the production stage, no indications of lack
of fusion were found by means of the method of the MMM testing. After static load was
applied to the joint, an indication was obtained in the place of the defect occurrence.
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4.4. Weld seams of austenitic steels — more problems but also more potential for
the application of the method of the MMM testing

Austenitic weldable steels are often materials which ensure a formation of a certain amount
of delta ferrite in the weld seam — usually 5-10% — which prevents cracks and improves the
mechanical properties of the material. On the other hand, the presence of delta ferrite
adversely affects creep strength. Delta ferrite is formed as single areas on the grain
boundaries, but when heating exceeds 1340°C, a certain amount of it also occurs inside
austenite grains. With a very fast solidification of the weld seam, ferrite can also occur in the
form of a grid blocked in interdendritic areas. The amount of delta ferrite in the weld seam
depends also on the phenomenon of the liquid material of the weld metal mixing with the
liquid metal of the components being welded. With higher contents of ferrite above 4%,
it usually takes the shape of a continuous grid on the boundaries of austenite grains. Weld
seams working at temperatures of 600 — 850°C cannot contain a higher content of delta ferrite
because in these conditions a formation of a very brittle sigma phase occurs in it together
with formations of carbides and austenite. This kind of phase can also appear as a result of the
stress-relieving thermal treatment, and even as a consequence of the heat effect in multilayer
welding [7].

The presence of delta ferrite in a weld seam of the austenitic steel allows the application
of the method of the MMM testing. The values of the strength of the RMF for austenitic steel
weld seams are much lower than those for weld seams of ferritic steels. Therefore external
disturbances (sources of the magnetic field, closely located ferromagnetic objects) can easily
and substantially distort the measurement results. The magnetic image of the joint is decided
by the amount and distribution of delta ferrite. The higher the amount of it, and the more
uniform its distribution in the weld seam, the higher the probability that disturbances caused
by the occurrence of defects will be seen in the image of the RMF. If the distribution of delta
ferrite happens to be non-uniform, the distribution of the RMF is more often an image of this
non-uniformity rather than the result of the occurrence of defects. This is clearly visible in the
presented P12 joint — Point 3.4.

5. Conclusion

The paper presents selected results of the MMM testing of weld seams which were
compared to the results obtained by means of the RT method. Welded joints in austenitic and
ferritic steels were examined. The main aim of the research was to define the effectiveness
of the application of the method of the MMM testing as a defect detection method.
The obtained results show that at the present stage of development the method of the MMM
testing does not guarantee the same effectiveness of defect detection as the RT method used
as the reference method. This applies particularly to the testing of weld seams at the
production stage. In the detection of defects of weld seams already in service, the method
of the MMM testing works much better. The imperfections which occur in weld seams, by
concentrating stresses from working loads, create favourable conditions for the development
of cracks. At the same time, due to the magnetomechanical effect [3, 4, 5] they result
in indications of the method of the MMM testing. By finding stress concentration zones,
the areas of potential or existing cracks can be found. It was found that the method of the
MMM testing, apart from being applied to defect detection in weld seams, could be used
to assess the level of residual stress, the quality of the thermal treatment after welding and to
define the amount of delta ferrite in weld seams of austenitic steel. The analysis of the
changes in the RMF can also be used to assess the residual lifetime of weld seams [12, 13,
14]. Each of these applications requires an analysis of signals (the RMF components) with
a view to developing criteria. The best way to develop such criteria is a combination of the
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results of experimental research and the results of the modelling of the RMF distributions
[7, 15].
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Abstract

The method of metal magnetic memory (MMM) testing is a passive magnetic method which makes
use of the residual magnetic field (RMF) of the element under examination. According to standards
1SO 24497 - 1, 2, 3 : 2007 the assessment of the level of stress concentration is carried out with the use
of the values of the RMF component gradients. For the assessment of the state of the component
material, the maximum value of the gradient is referred to the average value in the area under
examination. The assessment results fiom examination and it decides about its quality. The aim of the
research was to examine the uniqueness of the determination of the stress concentration level and the
material state in the method of metal magnetic memory testing. An attempt was also made to analyze
the dependencies used in the assessment of the level of stress concentration and the state of the
material. The impact of the mechanical load of the sample, of the value of the external magnetic field
or of the location of the sample in the magnetic field of the Earth on the values of the RMF component
gradients was examined and analyzed. The results of the research made it possible to formulate
the following conclusions. The maximum values of gradients occur in the areas of stress concentration.
The load and the values of the external magnetic field affect the maximum values of gradients, but the
area of their occurrence remains unchanged. Quantifying the level of stress concentration, the value
of stress, or the assessment of the state of the material at the present stage of the development of the
method of MMM testing is a disputable and doubt-raising issue. Metal magnetic memory testing is
a non-destructive testing method with a great potential to use, especially in cases where non-standard
methods of non-destructive testing do not give satisfactory results. In each case, however, its
application for a specific component calls for the development of a research methodology which takes
into consideration the load state of the component during the examination, the values of the external
magnetic field at the place where the examination is being carried out, as well as the location of the
component.

Key words: Metal magnetic memory, residual stress, lifetime

1. Introduction

The method of metal magnetic memory testing (MMM) is a passive magnetic method
which makes use of the residual magnetic field (RMF) of the component under examination
[1, 2]. It is applied mainly when standard non-destructive testing methods, due to various
reasons (e.g. the geometry of the component, the state of the surface, the costs), do not give
satisfactory results [3].

In the year 2007 the international standards concerning the metal magnetic memory
(MMM) method were issued [4]. Standard ISO 24497-1 introduces a system of concepts used
in the method; Standard ISO 24497-2 describes the general requirements for the method to be
applied, and Standard ISO 24497-3 — the testing of welded joints with the use of MMM
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testing. According to these standards, the assessment of the level of stress concentration is
carried out with the use of the values of the gradients of the components of the residual
magnetic field (RMF). For the assessment of the state of the component material, the
maximum value of the gradient is referred to the average value in the area under examination.
The assessment results from examination and it decides about its quality.

2, Objective and details of research

The aim of the research was to examine the uniqueness of the determination of the stress
concentration level and of the material state in the metal magnetic memory testing as
stipulated by standards ISO 24497-1, 2, and 3, and by reference literature [5, 6, and 7].
An attempt was also made to analyze the dependences used in the assessment of the level
of stress concentration and the state of the material. This objective was realized through
examination and analysis of the effect of:

o the mechanical load of the sample,
o the value of the outer magnetic field or the location of the sample in the magnetic field
of the Earth,
on the gradients of the components of the RMF. The maximum values of the gradients at the
place of change in the section of the sample (the area of stress concentration) and average
values for the sample were analyzed. The samples were flat steels with a locally decreased
section. The measurements were made along the measurement line — Fig. 1. The places of
section change are areas of the notch effect, where the largest values of the gradients of the
RMEF components should occur.
On the samples, for each load level, 4 measurements were made:
e "load" — measurement in the testing machine under load,

"machine" — measurement in the testing machine after unloading,

e '"perpendicular" — measurement in the magnetic field of the Earth, perpendicular location
of the sample,

e "horizon" — measurement in the magnetic field of the Earth, horizontal location of the
sample.

LOAD LOAD

Fig. 1. Experimental sample

3. Research results and discussion

The gradients of the changes in the RMF components were determined through a segmental
approximation of the measurement results with third-degree spline functions. In further
consideration absolute values of the gradients occur.

Figures 2-4 present the values of the maximum gradients of individual components in the
area of the notch effect depending on the stresses in the smaller section of the sample.
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The points denote average values of 6 measurements; the height of the error bars is equal
to standard deviation. Additionally, the dependences were approximated with a polynomial.

Within the range of elastic strain the values of the gradients vary slightly. A distinct rise
in the value is visible after the yield point is exceeded. The maximum values of the gradients
obtained from the measurements under load occur near the ultimate strength. However,
the maximum values of gradients, measured after unloading, occur for a specific level
of plastic strain.

3.1. Assessment of stress concentration
3.1.1. MMM testing methodology

1. According to standard ISO 24497-2, the gradient of the RMF components is used in the
method of MMM testing to quantify the level of concentration of residual stress.
But this "quantitative" assessment comes down to the statement that the area
of maximum concentration of stress corresponds to the maximum value of the gradient
of the RMF components.

2. The way to determine the values of stress in the area of stress concentration is presented
in [5]. The maximum stress in the area can be determined from dependence

K,
o X |/ xg 1
max K m ( )

ave

where: K —the maximum value of the gradient of the RMF components in the area

max
of stress concentration.
K,,. —the average value of the gradient of the RMF components in the area

under examination,
o, —according to [5], this is the ultimate strength R; according to [6], this is

the average stress in the area under examination.

3.1.2. Discussion

Ref. 1. Indeed, the maximum values of gradients occur in the areas of stress concentration —
the areas of the notch effect [9, 10, and 11]. The impact of the load and of the value of the
outer magnetic field or the location of the sample in the magnetic field of the Earth on the
values of the gradients is significant. However, the area of the occurrence of the maximum
values does not change.

Ref. 2. No analytical derivation of Dependence (1) was found in the reference literature. It is
probably a dependence obtained on the grounds of research results, but there is no literature to
justify it clearly enough.

In [9], no effect of a different number of form factor o of the notch on the maximum values
of the RMF gradients was found. This is the reason why Dependence (1) and the obtained
stress value should be treated as just approximated. More doubts concern the problem of what
kind of stress can be determined from Dependence (1) — whether it is the maximum residual
stress (according to [4]) or the maximum working stress (according to [5]), and what stress
values should be assumed as o, . It is also unclear the gradient values of which RMF
components should be taken into consideration.

The values of Kax/Kave for individual components are presented in Fig. 5-7. For components
Hs x and Hnz, the dependence of Kpax/Kave 1 @ constant function, which means according
to Dependence (1) that the maximum stress in the notch area, in the whole range of the
changes in stresses, is a constant multiple of stress. The course of dependence Kpax/Kave for
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component Hg y, which is characterized by a rise in the value after the yield point is exceeded,
justifies the statement that value Kax/Kave for component Hry is related to residual stresses
and dislocation density.

By using for the analyses relative values understood as the local value referred to the
average value, the impact of outer magnetic fields or the load is removed. In addition,
the influence of the distance of the sensor from the surface of the component and of other
systematic measurement errors is diminished.

3.2. Assessment of the state of the material
3.2.1. MMM testing methodology

1. The ratio of the maximum value of gradient K. to average value Kay. is determined
by what is referred to according to standard ISO 24497-1 as magnetic index m of the
deformation capability of the material.

K
m= max 2
e @

ave
2. The ratio between maximum, boundary value of the RMF gradient — K, which
corresponds to ultimate strength Ry, and average value Kyere, Which corresponds to

yield stress R., defines the boundary value myy, of that index. In [S5] there is
a dependence which relates m;i, with the values of yield stress R, and Ry,

2
K, R
My, = (] 3)

ave,Re

3. If coefficient m exceeds boundary value 1, the state of the material is forecast in the
period before its destruction.

16 — 7T | T T T T T T T T T T T
dH; /dx
[(A/m)/mm]
12 © MACHINE -
L @ PERPENDICULAR
| 4 HORIZON
¢ LOAD
8 = -
4 o T
B = =) L]
0 L L L L 1 L L L L L L 1 L L L L
0 100 200 300 400 o [MPa] 500

Fig. 2. Dependence between stress and maximum gradients of tangential component
perpendicular to load direction Hr x
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Fig. 3. Dependence between stress and maximum gradients of tangential component
perpendicular to load direction Hry
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Fig. 4. Dependence between stress and maximum gradients of normal component Hy, 7

4. [8] presents the dependence to determine boundary time of operation Tiim
of a component which until testing was operated for time T.

T = T @)
m
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3.2.2. Discussion

Ref. 1. It turns out from an analysis, that for the samples under examination the notion
of magnetic index m of the deformation capability of the material makes sense only in the
case of component Hry — Fig. 5. For the other components its value is practically constant in
the course of loading the sample until its destruction.

Ref. 2. During the test, value Ky was not measured at the point of neck formation. But it can
be assumed, as cracks take place in the neck — a narrowing, that it is at least equal to the
maximum values in the area of the notch effect, where cracks do not occur. Table 1 presents
computational data and calculation results for "horizon" measurements.

Table 1. Calculations of boundary value my, of the index of the deformation capability of the
material.

Hrx | Hry | Hnz
Knax | 3.5 | 13.0| 8.0 R. | 280
Kavere | 0.2 | 04 | 0.6 R, | 480
my, | 17.532.5| 13.3 my, | 2.94

For each RMF component a different value of my, was obtained. Value my, determined on
the grounds of material properties is by an order of magnitude smaller than those established
on the grounds of the values of the RMF components. The only way to account for this is to
state that either a mistake was made in the research or the methodology of the method is not
fully understood, or the methodology itself is wrong.

12— I I
dHy fdx
] © MACHINE
L @ PERPENDICULAR
» HORIZON
o LOAD
8 - -
]
-}
i ]
lg 54
4 .
0 " " " " 1 " " " " 1 " " " " 1 " " " " 1
0 100 200 300 400 5 [MPa 500
Fig. 5. Dependence between stress and relative gradients Kmax/Kave of tangential component

H]:y

Assuming that at any point the value of the measured magnetic field is a resultant of the effect
of magnetization of the whole component, it can be said that it is difficult to define criterion
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factors for the material. It may be possible, however, for a component with a given geometry,
made of a specific material, and with specific values of the outer magnetic field.

Ref. 3, 4. It could make sense in the case of a correctly determined value mjm, but on the
grounds of the presented examination results it is difficult to conclude.

4. Summary

e The maximum values of gradients occur in the areas of stress concentration. The load and
the values of the external magnetic field affect the maximum values of gradients, but the
area of their occurrence remains unchanged.

e Quantifying the level of stress concentration or the value of stress at the present stage
of the development of the method of MMM testing is a disputable and doubt-raising issue.

e The assessment of the state of the material is also doubt-raising. The notion of magnetic
index m of the deformation capability of the material makes sense only in the case of one
RMF component.

e The values of criterion factor my, determined on the grounds of material properties and
those established on the grounds of the values of the RMF components differ by an order
of magnitude.

e It is difficult, if not impossible, to define criterion factors for a specific material. It is
probably possible for a component with a given geometry, made of a specific material, and
with specific values of the outer magnetic field.

e The method of metal magnetic memory testing is a non-destructive testing method with
a great potential. In each case, however, its application for a specific component calls for
the development of a research methodology which takes into consideration the load state
of the component during the examination, the values of the external magnetic field at the
place where the examination is being carried out, as well as the location of the component.
Taking into consideration the elements mentioned above it is possible to determine, for
particular components, the criterion factors.
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ABSTRACT

Measurement techniques are developing to enable the monitoring of the vibrations transferred to
the surroundings in course of geotechnical works, thus making it possible to carry out those works in
a safer manner. With the new available techniques, when the amplitudes of vibrations go beyond the
levels defined as safe in the code of practice, or when the vibrations become exceedingly perceptible
by the humans, it is possible to correct the technology of the works' execution.

A separate problem is posed when dealing with historic buildings, which may potentially come
within the impact of vibrations. Intensive construction works carried out in the neighbourhood of not
infrequently old and valuable structures may threaten the historic housing, hence their safety aspect
should be thoroughly considered. That concern for the existing buildings of historical value stimulated
the development also of the new research area, namely the impact of deep foundations on the structure
of the existing buildings.

The research conducted at the Department of Civil Engineering at Wroclaw University
of Technology aim at defining the influence of ongoing geotechnical works on the surroundings, as
well as at preparing the guidelines on the selection and calibration of the technology. The experience
gained so far is sufficient to offer services for geotechnical companies. Those services are supposed to
both: help with the calibration of the technology, as well as to protect the contractors from unjustitied
claims from the neighbours of the construction site. At the same time, the stored database of the
surveys may, after being systematized, play a significant role in the non-destructive diagnostic testing
of buildings.

This work presents selected aspects of the active designing, using the investigation of the impact
of vibrations that occur during the soil improvement and piling works, on adjacent engineering
structures.

1. INTRODUCTION

Measurement techniques are developing to enable the monitoring of the vibrations
transferred to the surroundings in course of geotechnical works, thus making it possible to
carry out those works in a safer manner [4], [S]. With the new available techniques, when the
amplitudes of vibrations go beyond the levels defined as safe in the code of practice, or when
the vibrations become exceedingly perceptible by the humans, it is possible to correct the
technology of the works' execution.

A separate problem is posed when dealing with historic buildings, which may potentially
come within the impact of vibrations [6]. Intensive construction works carried out in the
neighbourhood of not infrequently old and valuable structures may threaten the historic
housing, hence their safety aspect should be thoroughly considered. That concern for the
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existing buildings of historical value stimulated the development also of the new research
area, namely the impact of deep foundations on the structure of the existing buildings.
Inappropriate selection of technology for particular development conditions may lead to such
problems as cracking of the adjacent structures or their settlement for unknown reasons. That
negative impact can be reduced or even avoided when the vibration is investigated before
(in order to get the picture of the so called ,,environment background”) and at the time when
the construction works are initiated. Then, in carrying out construction works, the range
of permissible vibration velocities and frequencies should be taken into account. As the old
proverb says, necessity is the mother of invention; and so, on the market appeared a lot of
firms offering a wide array of geotechnical technologies.

The research conducted at the Department of Civil Engineering at Wroclaw University
of Technology aim at defining the influence of ongoing geotechnical works on the
surroundings, as well as at preparing the guidelines on the selection and calibration of the
technology. The experience gained so far is sufficient to offer services for geotechnical
companies. Those services are supposed to both: help with the calibration of the technology,
as well as to protect the contractors from unjustified claims from the neighbours of the
construction site. At the same time, the stored database of the surveys may, after being
systematized, play a significant role in the non-destructive diagnostic testing of buildings.

This work presents selected aspects of the active designing, using the investigation
of the impact of vibrations that occur during the soil improvement and piling works, on
adjacent engineering structures.

2. LEGAL BASIS FOR VIBRATION IMPACT ASSESSMENT

Social thresholds of the acceptable vibrations are definitely lower than the technical ones
and depend mainly on the duration of the investment’s execution works. Residents become
anxious if only the “glasses rattle in the cupboard”, whereas vibrations of such frequency
do not pose threat of any kind for the building’s structure. Much more dangerous are the
vibrations that are not sensed by humans, and which cause the structural or finish elements
to resonate.

In order to select an appropriate foundation technology, from the point of view of both,
technology and economy, one has to possess not only technical knowledge, but also
the ability to assess the correctness of the foundation works execution. Frequently the
decedents have very little knowledge on monitoring and works supervision methods, which
results in the choice of the cheapest, but not always best of them. A separate problem is lack
of consciousness of the real dangers on the part of the residents living in direct neighbourhood
of the investment. A properly organized information campaign costs money, and it should be
taken into account as an economic element of the planned budget.

From the point of view of technology, it may be assumed that the vibrations are a function
of frequencies, velocity and acceleration amplitudes, as well as of the time in which the
interactions are registered. Largest amplitudes may be observed when the source of vibrations
is near the monitored structure, and the working frequency is approximating the structure’s
natural vibration. That is when in the structural parts of the building resonance may occur.
The simplest solution is to move the source of vibration away from the responsive structure;
however, such solution is not always possible.

The basis for the result analysis and the assessment of safe vibration levels is typically
constituted by the following codes of practice: DIN 4150 ,Erschutterungen im Bauwesen,
Einwirkungen auf bauliche Anlagen” [2], Eurocode 3. Part 5 [3] and (in Poland) PN-85/B-
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02170 ,Ocena szkodliwo$ci drgan przekazywanych przez podloze na budynki”
(“The Assessment of Harmful Impact Transmitted from the Subsoil to Buildings™) [1]. These
documents define the allowable short-term and long-term dynamic impact on cubature
buildings with considerable weight, their equipment (machines and appliances) and residents.
In accordance with the graph from DIN 4150 presented below, 3 categories may
be distinguished:

e category L1: especially responsive structures that may be divided into two further
categories of the structures under conservator’s protection and the objects equipped
with electronic or mechanical appliances

e category L2: residential houses

e category L3: industrial facilities and similar
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Fig. 1. Scales for the assessment of vibration impact on the basis of velocity amplitudes (DIN [2])

Tab. 1. Scales for the assessment of the impact of vibrations on the basis of velocity amplitudes [3]

Peak particle velocity [mm/s]
Type of property
Continuous vibration Transient vibrations
Ruins, buildings of architectural merit 2 4
Residential 5 10
Light commercial 10 20
Heavy industrial 15 30
Buried services 25 40

The above table (in line with EC3 [3]) presents the allowable values of continuous and
transient vibration velocity (peak particle velocity) in relation to different building structures.
The aim of the investigation is to compare the level of dynamic impact of on-going works
(connected with vibrating and/or driving sheet piles, piling or ground improvement) with the
values defined as safe for a given structure in the DIN or EC3 codes of practice. Some
examples will be shown below.
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3. BRIDGE FOUNDATION IN THE TOWN OF KOZLE [10]

In the investment described below, the object of investigation was the influence of
foundation works consisting in a dynamic ground replacement (Fig 5). The examination was
carried out on August 2009. The monitored structures were: a building made in traditional
technology (Fig 3.) and the foundation of a bridge abutment under construction. The VIBRA
sensors (from the Dutch Profound company) - were located as presented in the photographs
below (Fig 2. and Fig 4.).

Fig 2. Sensor on the residential house.

Fig 3. Monitored residential house.
. L]

Fig 4. Sensor on the bridge abutment.

Fig 5. Dynamic soil replacement.
The investigation did not reveal any symptoms of sensible negative impact of the

vibrations on neighbouring structures. The maximum level of vibrations (peak particle
velocity) observed and recorded on both structures, at the final stage of each of the stone
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columns formation, varied between 0.9 and 1.5 mm/s and did not exceed the limit of 5.0 mm/s
defined by the code of practice [4.] as safe for structures. In the authors’ opinion the reason
behind those results was the considerable distance between the monitored structures and the
source of vibrations.

g [mm/s] 5 Or[mm/s\

05

time:

- 00 +
9.00 10.00 11.00 12.00 13.00 1400 15.00 16.00 10.00 11.00 12.00 13.00 14.00 15.00

0.0-

Fig 6. Time—Velocity graph (residential house). Fig 7. Time—Velocity graph (bridge abutment).

Regardless of the influence on the existing structures, it was considered if the construction
works (cementation of the bridge abutment) could be continued in the conditions of dynamic
impact occurring in the surroundings. If there was the risk of damages, the geotechnical works
were expected to stop, or the technology could be changed into vibro-replacement in the
direct neighbourhood of the abutment. The measured level of vibration velocity was,
however, considered not harmful.

4. BRIDGE FOUNDATION IN THE TOWN OF ZAMBROW [10]

In the investment described below, the object of investigation was the influence of pile
driving (Fig 8) on the technical condition of a residential house in the vicinity of the pile
works. When the test piles were being driven (for the sake of load tests), the background was
measured and recorded; the same was done in the case of the vibrations generated with
different heights of the drop of the pile driver's hammer. The goal of the analysis of the
vibrations was to select such pile driving parameters so that — keeping the driving efficiency —
the dynamic impact on the surroundings would be reduced to minimum. The measurement of
the vibrations was supplemented with the measurement of the noise generated by the pile
works in the zone of residential housing. The examination was carried out in July 2010.
The structure was a building made in traditional technology. The sensors were located
as presented below (Fig 9.).

DEFEKTOSKOPIE 2010 241



Fig 9. Sensor on the residential house.

Fig 10. Sensor on the residential house

Sample results of the continuous observation of particle velocity in function of time,
as well as the values of the particle velocity in function of frequency, at the test post on the
building, have been presented on the test report below (Fig. 11). The diagrams show the

increments of the peak particle velocity at the prospective test post for further static load tests,
in course of the driving of 5 pre-cast concrete piles.
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Fig 11. Observation report (noise and vibration) — the piles in the 2B bridge support.

The measurements carried out before the geotechnical works were initiated and during the
breaks (background measurements) made it possible to observe what was the impact
(vibrations and noise) of the on-going construction works on the surroundings. The works
generated the vibrations with the velocity at ranging from 0.30-0.40 mm/s. Temporarily
(machines passing by, unloading of the materials) the peak particle velocities reach and
exceed 1.00 mm/s (an isolated impulse reached about 1.99 mm/s). Peak particle velocities
recorded at 15-second intervals during a 6-hour measurement and recording of vibrations
have been shown in Table 2.

Tab. 2. Peak particle velocities (velocity amplitudes) in accordance with DIN, recorded during

the survey.
Time Activity Drop Peak particle velocities [mm/s]
height
[em]

11:56-13:52 | Background 0.30-0.40 (continuous)
measurement 1.99 (impulse)

13:55:14:20 | Pile no. 75 in the 1B 10-60 1.35
abutment

14:20-14:55 | Pile no. 30 in the 1A 10-60 1.93 (sustained)
abutment

15:13-16:25 | Pile no. 29 in the 2A 10-60 1.25
abutment

16:25-18:15 | Piles in the 2B abutment | 10-80 1.26
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The on-going pile works caused significant inconvenience due to noise intensity and
perceptible long-lasting vibrations. The recorded level of the observed vibrations did not,
however, exceed the values which the DIN code of practice describes as safe for a building
structure (including even historic buildings). No negative impact of the vibrations on the
technical condition of the building was observed.

The recorded peak particle velocities amounted to 1.10-130 mm/s. Only in the case of the
building situated at the shortest distance from the pile no. 30 in the 1A abutment, when the
hammer dropped from the height of 60 cm, the peak particle velocities reached 2.00 mm/s.
Such value is technically acceptable, but it caused a great inconvenience for the people
residing in the house. Therefore, the decision was made to limit the drop height to 40 cm
while driving piles under the 1A bridge abutment.

In teh effect of the conducted survey, no technical contraindications for further pile works
were found. Bearing in mind that no significant impact had been observed during the whole
day of te works it was possible to give up further survey (continuous observation of the level
of vibrations in course of future pile driving, provided that the hammer's mass and drop height
were kept at the comparable level as during test pile driving (6-7 t from the height of 60 cm,
with the exception of the 1A abutment). However, it was recommended to continue the
survey, due to the risk of a slightly larger propagation of vibrations in the subsoil thickening
with the progress of the pile works.

5. FINAL REMARKS

The above presented case studies showed the situations in which only after the technology
was selected and the works — begun, the investigation was carried out in order to determine
whether the technology may be further applied or whether it should be switched to some other
one. This standstill and costs of potential technology changes result from the passive attitude
on the part of investors and contractors, while — with a small cost of the survey, both might be
saved: time and money.

Modern impact hammers make it possible to change hammer drop height for some part or
the whole of the works. Such policy was applied during the installation of piles at he
construction site in Zambrow and made it possible to reduce considerably the amplitudes of
vibrations observed on the adjacent structures. However, it must be remembered that the
“switching” of the hammer may limit the efficiency of pile driving and prolong the time of
works or even limit pile-drivability reduce pile capacity.

The analysis of vibrations of the background that permanently influences the monitored
structures makes it possible to determine precisely the permissible frequency of vibrations and
thus to take into account lower efficiency of works in calculating overall costs. Although the
monitoring programs may be in practice diversified, complex and perfectly adjusted to even
very demanding construction technologies, the difficulty lies in the assessment of the
proportions between the real needs, the proper monitoring scope and the financial resources of
the investor, who, in the end, pays for such investigation. It is however worth emphasizing
that the costs of such examination are much lower than the potential damages that may be
thus avoided.
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ABSTRACT

This paper presents the research carried out by the Institute of Geotechnics and Hydrotechnics
at Wroclaw University of Technology, in cooperation with the Institute of Civil Engineering, aim at
preparing a database that would be helpful for non-destructive tests, when the acoustic wave velocity
needs to be defined for different classes of concrete and for different time elapsed from the initial pile
cementation (from 5" to 28" day).

Standard procedures of pile length and continuity tests require that the pile head should be
appropriately prepared and that the pile should attain certain level of strength. However, the pressure
exerted frequently by the contractors results in bringing the tests forward. That, in turn, necessitates
each single time the calibration of the acoustic wave velocity for a pile made of a given concrete type.
The survey presented in this work form a basis for the estimation, in the field conditions, of the
acoustic wave velocity in the B25 concrete at the stage of setting between the 5" and the 12" day after
cementation.

The tests carried out made it possible to determine empirical relations between the acoustic wave
velocity and the time elapsed fiom cementation in the piles under survey, whose composition was
similar. The obtained results prove that even minor differences in the composition of concrete types
may be the reason behind making a considerable mistake in the non-destructive assessment of the piles
under test, when one uses correlation curves determined for some other, ,,similar” concrete types.
Hence, it is recommended to determine accurate correlation dependencies for each of the concrete
types, and, if possible, for each piling technology.

1. INTRODUCTION

Owing to the development of testing technologies that permit to control the quality
of concrete and ferro-concrete elements, it is possible to check in detail such elements as
concrete columns formed in the ground and the foundation piles, which cannot be accessed
otherwise than from the pile head. Such techniques as PIT, SIT or Impulse Response provide
non-destructive diagnostic testing of the above-mentioned concrete elements' length and
continuity (including potential narrowing). There is extensive literature that presents
theoretical basis of the methods and a broad spectrum of their application [1-7,10,12-14].
It may be stated, however, that it is the compatibility of the conditions at the construction site
with the applied theoretical model that decide whether the control test may be carried out
correctly. Another problem to be dealt with is the necessity to prepare the pile head for testing
(it should be levelled, smoothed, cleaned and dried) and the pile quality tests should be
carried out before the next stage of the foundation works (the pile head needs to remain
accessible for the tests). For that reason, in order to speed up foundation works, the acoustic
tests are often made before the process of concrete setting in the newly formed pile finishes,
and thus the acoustic wave velocity needs to be estimated in the above described concrete.
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It should be stressed that analogical problems with the testing time refer to static and dynamic
tests of pile load capacity, where the risk of a faulty estimation of the load capacity is
additionally linked with the changing conditions of the soil properties around the pile.

The research carried out by the Institute of Geotechnics and Hydrotechnics at Wroclaw
University of Technology, in cooperation with the Institute of Civil Engineering, aim at
preparing a database that would be helpful for non-destructive tests, when the acoustic wave
velocity needs to be defined for different classes of concrete and for different time elapsed
from the initial pile cementation (from 5™ to 28™ day).

2. DESCRIPTION OF PILE TESTS

Field tests of the length and continuity of the IR concrete columns with the diameter of
630 mm (the CFA concrete piles) were carried out at the construction site of a large retail-
service establishment in the South of Poland. Altogether 131 columns were tested;
the columns were made of the B25 class concrete and were located in the subsoil where the
designed structure was to be erected.

In the dynamic tests the Low-Strain method (a low-energy method) was used to examine
the length and continuity of concrete piles and columns. It is a control test ordered by the
contractor, in order to check if the execution is consistent with the design as well as to get
some insight into the foundation works quality.

Fig 1. The equipment.

For the measurements, in accordance with [17, 18], the equipment and software from the
PDI (Pile Dynamics Inc.) company were used (Fig 1.). The measuring unit consists of
a digital device that records the electric signal from the acceleration sensor (accelerometer).

The examination of a column's continuity is based on the analysis of the velocity of wave
propagation and its reflection in a continuous medium. When the wave reaches the pile's end,
narrowing or fracture, it is reflected and returns to the surface of the pile head. That process is
recorded by the receiver. Afterwards, the test results are obtained by means of a computer
programme. The only problem that occurs during the interpretation of the test results is the
selection of the assumed wave velocity for a pile. It is assumed that the velocity of a wave
propagation in reinforced concrete piles amounts to about 4000 m/s (3960 m/s in accordance
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with [18]) when the concrete has reached its full strength. Depending on the thickness of the
concrete, it is possible to assume, for example, ¢; = 4044 m/s for y=24 kN/m’ and ¢; = 4340
m/s for y=25 kN/m®. It may be concluded from the author's experience that the wave velocity
in pre-cast concrete piles, made of the B50 concrete, amounts to circa ¢, = 4550 m/s before
they are driven. The velocity of the IR piles (concrete columns) with the diameter $630 mm
before the 14™ day after they were cemented may be much lower and it typically ranges from
3200 to 3600 m/s, due to the unfinished concrete setting time and suitably for the liquid state
as well as slightly larger porosity of the concrete.

The tests were accelerated because of the current stage of the construction works progress
(bare and levelled pile heads, ready for the subsequent earthworks). The tests were, therefore,
carried out before the time required for the pile's concrete to set and reach its complete
strength. In the interpretation of the results (after the analysis of the obtained signals and
reports from the automatic recording of the pile formation process), the velocity of the wave
in the concrete was assumed at a level depending on the column's age (5-12 days) and it
varied from 3200-3600 n/s. For each of the examined columns, 1 series of signal recording
was carried out (6 hammer blows). The accelerometer was attached to the previously prepared
pile head of each column under survey.

The signal was recorded on the ,,flash” memory card and then transferred to a computer
for further processing. The signals selected for processing were the ones that guaranteed
»gentle” course of the acoustic wave in time, i.e. without abrupt refractions caused, for
example, by hitting the chipped concrete or a grain sticking out of the aggregate.

3. OBTAINED RESULTS

The selection of columns to be analysed was random, as all the accessible ones were tested.
This work shows the results of the analysis of the recorded acoustic wave velocity in function of
time. In the investigation, on the basis of the conducted analysis of the records from the piling
reports, wave velocity was assumed to range from 3200 to 3600 m/s. For each pile under test,
the signal was amplified tenfold in the lower part of the pile, which made it possible to unify the
criteria of the assessment of all of the piles under survey. The analysis, however, demanded that
the assumed wave velocity should be diversified, and thus for the 6-day-old piles the assumed
wave velocity was 3300 m/s, and for the 10-day-old piles — 3500 m/s. The tests results for
selected piles has been shown on diagrams below (Fig. 2 and 3).

cm/s 4:#7 MA: 12.00

o W

] — e

|
1 é 3 4 5 6m

Fig 2. The diagram of the acoustic wave velocity for pile no. 284 (6 days elapsed since cementation)
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cm/s 2:#24 MA: 10.00

Fig 3. The diagram of the acoustic wave velocity for pile no. 286 (10 days elapsed since cementation)

The examination of the IR concrete columns showed the lengths approximate to the ones
given in the piling reports The inconsistencies, which were random (when the tests revealed
slightly larger or smaller lengths than the ones declared by the contractor), might have
resulted from the accuracy of the estimation of wave velocity in the concrete and from
the level to which the pile head had been crushed. The columns, however, did not exhibit any
discontinuities or significant narrowing.

4. ANALYSIS OF TEST RESULTS

In order to estimate the changes in the wave velocity in time such velocities of the elastic
waves were searched for which the test result would precisely match the declared pile length
in accordance with the piling report. The 131 thus obtained result pairs of the dependence of
acoustic wave velocity and time was shown in Fig 4. That dependence has been described by
means of the equation 1:

c,=2974.1 +51.1t [m/s] (€))]
4000 0 1]
3900
3800
o 3700 H hd s
£ 3600 : T —
2 3500 .2 7Y
= * - Py
8 3400 - ¢ s ‘/i/;' 2
° * ] .
> 3300 : . *
*
3200 ; $ . i
3100 $ . 3
3000 d ; ; ; ; ; : : :
4 5 6 7 8 9 10 1 12 13
time [days]

Fig. 4. The diagram of the dependence of the acoustic wave velocity in function of time

The reason behind the choice of the linear approximation was the simplicity of the solution.
The use of the logarithmic or multinomial function did not improve the approximation
significantly. It should be noticed that the estimated velocities are characterised by dispersion,
which might have resulted, among others, from:
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heterogeneity of the material

forming of the piles in different time (several day's span)
varying level of the pile head's crushing

inaccuracies of the information in the piling reports.

On the basis of the conducted field tests a trend may be observed that shows the increment
of the acoustic wave velocity with the increase of time in the process of concrete setting. This
fact was also noticed in course of laboratory tests carried out on 12 concrete types, the results
of which have been shown in [19]. The tests prove that the acoustic wave velocity changes
most significantly until the 15 day after the cementation. A sample diagram for three basic
concrete types are shown in Figure 5.
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Fig. 5. The alteration of the acoustic wave ¢, in function of time.

It is noteworthy that the above-presented laboratory tests gave results that differed
significantly (larger wave velocity values) from the filed test observations. A simple transfer
of laboratory test results onto the field tests may be, therefore, the source of inaccuracies and
mistakes. That confirms the authors' intuition that the parameters for the field tests should be
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estimated on the basis of the observations from previously made tests for a possibly large
sample of:

e concrete classes,
e piling technology,
e time elapsed from cementation.

When observing the distribution of the acoustic wave velocity determined for separate
results, it may be noticed that the range of the fluctuation is not large and it does not exceed
10% of the average value. Figure 6 presents the values of the acoustic wave velocity for the
piles tested on the 5™ and 12" day after cementation. Relatively numerous data populations
from the time span under survey (5-12 days) were selected for the presentation.

4000
3900
3800
3700
3600 4
3500
3400
3300
3200

ol pt LI

123456 7 8 91011121314 151617 181920 21 22 23 24 25 26 27 28 29
29 sample piles (5 days)

velocity [m/s]

4000 -
3900
3800 4
3700 4
3600
3500 4
3400
3300 4
3200
3100 4
3000 -

velocity [m/s]

1.2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19
19 sample piles (12 days)

Fig. 6. Determined wave velocities for: a) 29 piles tested on the 5th day after cementation,
b) 19 piles tested on the 12th day after cementation

The observed distribution of determined velocities in the subsequent days after cementation
are approximate to normal distribution (although such thesis would probably have to be
confirmed on a larger statistic sample).

In Fig. 7, presenting the histograms of wave velocities for 5 and 12-day-old piles (the
amount of piles for which the wave velocity was calculated in the intervals of 100 m/s within
the range of 3000-4000 m/s), also the similarity to normal distribution may be found.
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Fig. 7. Histogram of wave velocities for the piles tested on the 5™ and the 12™ day after cementation.

If we treat the acoustic wave velocity in the piles on subsequent days as a random
variable, then it is possible to calculate average values, standard deviations and coefficients of
variation — the latter giving a meaningful description of the estimation's accuracy. Table 1
presents the juxtaposition of the acoustic wave velocities for varying time elapsed from the
pile cementation on the subsequent days after the pile formation. It seems noteworthy that the
dispersion of the results (coefficient of variation) for the piles in the range from the 5™ to 12"
day after cementation is not large and it amounts to about 5%. Therefore, if the pile length is
estimated when taking into account the varying wave velocity there is no risk of a significant
mistake.

Table 1. Juxtaposition of the acoustic wave velocities for varying time elapsed from the pile's
cementation
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Time Population Mean value Standard Coefficient of
deviation variation

[days] [pes] [m/s] [m/s] [%]

5 29 3226.45 100.25 3.1%

[ 19 3275.79 129.08 3.9%

7 13 3298.54 136.38 4.1%

8 19 3405.79 153.24 4.5%

10 16 3542.63 151.74 4.3%

11 16 3523.06 191.16 5.4%

12 19 3559.58 181.31 5.1%
5. CONCLUSIONS

Standard procedures of pile length and continuity tests require that the pile head should
be appropriately prepared and that the pile should attain certain level of strength. However,
the pressure exerted frequently by the contractors results in bringing the tests forward.
That, in turn, necessitates each single time the calibration of the acoustic wave velocity for
a pile made of a given concrete type. The survey presented in this work form a basis for the
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estimation, in the field conditions, of the acoustic wave velocity in the B25 concrete at the
stage of setting between the 5™ and the 12™ day after cementation.

The tests carried out made it possible to determine empirical relations between
the acoustic wave velocity and the time elapsed from cementation in the piles under survey,
whose composition was similar. The obtained results prove that even minor differences in the
composition of concrete types may be the reason behind making a considerable mistake in the
non-destructive assessment of the piles under test, when one uses correlation curves
determined for some other, ,,similar” concrete types. Hence, it is recommended to determine
accurate correlation dependencies for each of the concrete types, and, if possible, for each
piling technology.
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Abstract

This paper presents empirical relations between compressive strength and the parameters measured by
the ultrasonic method, the sclerometric method and the pull-out method for several concretes with
similar composition on different days of its maturing. It is shown that even slight differences in the
composition of such concretes may be the cause of significant errors in nondestructive strength
estimations when an empirical relation determined for another “similar” concrete is used. Therefore it
1s recommended to determine exact correlations for each of such concretes. The results can be
particularly usefill for all kinds of nondestructive tests used in engineering practice.

Key words: concrete, nondestructive methods, ultrasonic method, sclerometric method, pull-out

1. Introduction

The compressive strength of concrete can be checked and estimated by nondestructive
methods in laboratory conditions and in concrete structures in situ. For this purpose one needs
to know the correlations between compressive strength and the parameters measured by the
particular nondestructive methods. In the case of many nondestructive methods, particularly
acoustic methods, it is essential to determine the ultrasonic wave velocity in concretes (being
in different stages of maturing) which have not reached their full compressive strength yet.
This applies, for example, to the nondestructive testing of different concrete elements and
structures, such as floors, walls and foundation piles when there is a need to determine the
temporary strength of concrete which has not reached the specified ultimate parameters yet.

Exact empirical relations between compressive strength and the parameters measured
by the ultrasonic method, the sclerometric method and the pull-out method for several
concretes with similar composition are determined in this paper. It is shown that even slight
differences in the composition of such concretes may be the cause of significant errors
in nondestructive strength estimations when an empirical relation determined for another
“similar” concrete is used.

2. Data set

A data set for twelve concretes, denoted with letters from A to L, was created from
laboratory test results.
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The basic data on the tested concretes are shown in table 1, from which it appears that
the compressive strength of the concretes varies widely: from 24 to 105 MPa.

The set is made up of twelve subsets of parameters determined using 150x150x150 mm
samples of concretes A-L after 3, 7, 14, 28 and 90 days of curing, by the ultrasonic method,
the sclerometric method and the semi-nondestructive pull-out method (in the literature
classified as nondestructive). The above methods were selected since they have been
legitimized by standards and are most often recommended for estimating the compressive
strength of concrete [1, 5-11]. The parameters are: longitudinal ultrasonic wave velocity ¢,
rebound number Z, imbedded in concrete steel anchor pull-out force N and nondestructively
determined concrete compressive strength 7.

The test results were statistically processed. The minimum required number of samples
were checked. Ten samples for each test period were used. Nondestructive tests were carried
out in five measuring points on each sample. In total, 250 test results were obtained for each
concrete. Calculations showed that the adopted number of samples was quite sufficient for

assumed tolerance ¢=0.05 and significance level o= 0.05.

Table 1. Basic data on concretes A-L [2-4].

Type of| Symbol of Concrete mix compositions [kg/m’] Type of aggregat W/C | Compressive
concrete | concrete cement | water |aggregate | superplastic| fly silica Max. strength
(class) zer ash fumes grading fom [MPa]
1 2 3 4 5 6 7 8 9 10 11
ocC 375 rounded
A 35) 150 1931 0 0 0 20 mm 0,400 24
450 rounded
%\ B (5) 150 2092 0 0 0 20 mm 0,333 32
k<) 400 crushed basal
& C (40) 160 2048 0 0 0 16 mm 0,400 45
FAC 264 rounded
D (32.5) 174 1823 1,32 0 0 16 mm 0,660 25
o > 264 rounded
§ =7 E (32.5) 182 1713 1,32 80 0 16 mm 0,660 27
264 rounded
F (32,5) 177 1798 1,32 20 0 16 mm 0,660 28
Neo 343 rounded
G (42.5) 241 1585 6,67 113 0 > mm 0,528 28
325 rounded
=1
kS H “2.5) 195 1643 3,25 109 0 8 mm 0,449 31
é 335 rounded
o g 1 (42,5) 164 1645 3,15 143 0 mm 0,343 35
Q
|2
HPC 450 crushed basal
J (42,5) 180 2029 0 0 0 16 mm 0,400 71
450 crushed basal
3 K “2,5) 146 2084 9,00 0 0 16 mm 0,324 85
;:I::o g E 450 crushed basalt
£52 L (425) | 140 | 2069 13,50 0 31,50 lemm | 0291 105
B 9
o
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Figure 1 shows the strength tester and the NDT equipment used and the idea how the
parameters are measured by the particular nondestructive methods. A fragment of the data set
created for concrete 1 is shown in table 2. The increase in compressive strength over time for
concretes J, K and L is illustrated in fig. 2.
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Fig. 1. Testing equipment and idea of measurement: a) strength tester, b) ultrasonic device for
measuring longitudinal ultrasonic wave velocity ¢, ¢) Schmidt sclerometer for measuring rebound
number Z, d) device for measuring embedded in concrete steel anchor pull-out force M.
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Table 2. Experimental test results for concrete L.
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No. |Concrete| Density Ultrasonic wave Rebound |Pull-out force| Compressive
age velocity number strength
13 P cr L N £
[days] [kg/m’] [km/s] [-] [kN] [MPa]
1 2 3 4 5 6 7
1 3 2,488 4,060 38,0 48,8 59,10
2 3 2,490 4,155 36,0 50,2 60,30
3 3 2,516 4,133 39,0 49,1 63,60
51 7 2,519 4,217 39,0 62,0 68,60
52 7 2,538 4,247 41,0 65,2 72,90
53 7 2,536 4,295 39,0 64,7 71,30
101 14 2,539 4,255 43,0 64,5 73,30
102 14 2,520 4,225 43,0 63,3 70,00
103 14 2,530 4,231 42,0 63,6 71,30
151 28 2,543 4,322 46,0 76,0 86,50
152 28 2,545 4,322 45,0 78,1 87,20
153 28 2,560 4,356 45,0 79,6 88,40
248 90 2,580 4,370 50,0 90,7 99,90
249 90 2,589 4,348 52,0 91,7 100,20
250 90 2,591 4,376 51,0 93,4 101,90
105
L .
95 N~ — —
L
85 -
g 7 /- =
65 / LS.
55 - at
;
’
45 +— : - : : - : : -
0 10 20 30 40 50 60 70 80 90 100
ty[days]

Fig. 2. Increase in strength over time for concretes J, K and L.




3. Empirical relations

In order to accurately determine the empirical relations between the compressive strength
of the concretes and the parameters measured by the ultrasonic method, the sclerometric
method and the pull-out method, calibration was performed in accordance with the principles
and requirements contained in [5, 6]. The calibration results for concretes A-C and J-L are
shown in table 3 and figure 3.

Figure 4 shows changes in nondestructively determined parameter values over time for
respectively: longitudinal ultrasonic wave velocity ¢z, rebound number L, embedded in
concrete steel anchor pull-out force N for concretes J, K and L, determined by respectively
the ultrasonic method, the sclerometric method and the pull-out method.

Table 3. Empirical relations for estimating compressive strength of concretes tested
by respectively ultrasonic method, sclerometric method and pull-out method.

Concrete Empirical relation Accuracy parameters
symbol coefficient of coefficient of coefticient of
variation vy determination R° | correlation 7,
1 2 3 4 5

A (=2%10° ¢, "7 V= 6,4 R’=0,757 Ner= 0,870

£=0,0004 L > R =0,873 o= 0,934

B £=0,0042 ¢, > Ve=2,7 R’=0817 o= 0,904

£=0,026 L% R°=0,843 Noe=0918

C £=7%107 ¢, %% Ve=71,8 R°=0,803 Nere= 0,896

£=0,0014 L>¥12 R’ =0,824 M= 0,908

J £=0,0178 ¢, > Ve=18 R’ =0,926 Ner= 0,962

£=0,0724 L' R=0,966 o= 0,983

£=2,3606 N R’=0,953 = 0,976

K £,=0,0034 ¢, ™% ve=13 R'=0,926 Nere= 0,962

£=0,517 L1307 R’=0957 Noe= 0,978

£=3,5902 N*7'76 R=0,972 Nvie= 0,986

L £=0,0011 ¢, "% V=14 R=0,930 Nore= 0,964

£=0,0701 L% R=0,953 o= 0,976

£=2296 N* R’=0972 = 0,986
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Fig. 3. Empirical relations for estimating compressive strength of concretes J, K and L tested
by: a) ultrasonic method, b) sclerometric method, ¢) pull-out method.
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Fig. 4. Longitudinal ultrasonic wave velocity ¢;, rebound number L and embedded in concrete

steel anchor pull-out force N versus time, determined by: a) ultrasonic method,
b) sclerometric method and c¢) pull-out method for concretes J, K and L.
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4. Conclusion

As a result of the investigations empirical relations between the compressive strength
of the twelve tested concretes with similar compositions and the parameters determined by the
ultrasonic method, the sclerometric method and the pull-out method have been established.
The obtained results show that even slight differences between the compositions of the
concretes may lead to significant errors in nondestructive strength estimations when one uses
correlation curves determined for other “similar” concretes. Therefore it is recommended
to determine exact correlations for each of such concretes.

Also longitudinal ultrasonic wave velocity ¢;, rebound number Z, embedded in concrete
steel anchor pull-out force N versus time, determined by respectively the ultrasonic method,
the sclerometric method and the pull-out method in nondestructive laboratory tests have been
presented. The results can be particularly useful for all kinds of nondestructive tests used
in engineering practice. The aim of such tests is usually to determine the characteristics of
concrete which has not reached its full compressive strength yet. Typically floors,
formworked monolithic walls (when one needs to find out if the formwork can be already
removed) and foundation piles (whose current mechanical parameters, e.g. strength, cross-
sectional homogeneity and length, need to be nondestructively determined before the pile can
be subjected to loading) are tested in this way.

REFERENCES

1. ASTM C 900-87, Standard test method for pullout strength of hardened concrete.
American Society for Testing and Materials, 1916 Race Street, Philadelphia, PA 19103,
USA.

2. Gorzelanczyk T., Hota J., Assessment of the failure of compressed self-compacting
concretes by acoustic methods (in Polish), 34th National Conference on Nondestructive
Tests, Zakopane, 2005.

3. Hota J., Gorzelanczyk T., Schabowicz K., “The empirical dependences of the self-
compacting concrete strength estimated by nondestructive techniques”. 32 Krajowa
Konferencja Badan Nieniszczacych, Migdzyzdroje, 2003.

4. Hota J., Kapelko A., Schabowicz K., “Nondestructive assessment of the strength of self-
compacting concrete”. 4" International Conference Techsta, Prague, 2004, pp. 38.

5. Manual for the use of the ultrasonic method in the nondestructive control of the quality
of concrete in structures (in Polish), ITB, Warsaw, 1977.

6. Manual for the use of Schmidt hammers in the nondestructive control of the quality
of concrete in structures (in Polish), ITB, Warsaw, 1977.

7. Jamrozy Z., Concrete and its technologies (in Polish), PWN, Warsaw, 2000.

Neville A.M., Property of concrete. Polski Cement, Krakow, 2000.

9. PN-EN 12504-2:2002 Testing concrete in structures Part 2. Non-destructive testing.
Determination of rebound number.

10. PN-EN 12504-3:2006 Testing concrete in structures Part 3: Determination of pull-out
force.

11. PN-EN 12504-4:2005 Testing concrete. Determination of ultrasonic pulse velocity.

*®

262 DEFEKTOSKOPIE 2010



Czech Society for Nondestructive Testing
NDE for Safety / DEFEKTOSKOPIE 2010
November 10 - 12, 2010 - Hotel Angelo, Pilsen - Czech Republic

ULTRASONIC ANGLE BEAM TRANSDUCERS WITH STABIL
PROPERTIES IN LARGE TEMPERATURE RANGE

UHLOVE DVOJITE ULTRAZVUKOVE SONDY SE STABILNiMI
VLASTNOSTMI V SIROKEM ROZSAHU TEPLOT

Syasko V., Sevastyanov V.
NDT1 Kraft s.r.o., Praha

Abstrakt

Referdt je vénovdn otizkim vyvoje a pouZiti termostabilnich ihlovych
piezoelektrickych sond s ithlem vstupu 70° v pripojitelnych a mobilnich prostredcich souvisié
ultrazvukové kontroly Zeleznicnich koleji.

Ve velké ¢asti evropského uzemi se ultrazvukova kontrola provadi v riznych sezonné-
klimatickych podminkach, pficemz teplota vzduchu, pfedmétu kontroly i sond se miize ménit
v §irokém rozmezi dokonce béhem jednoho pracovniho dne. Tak naptiklad mechanizovana
a automatizovana ultrazvukova kontrola koleji se provadi jak v zimé, pfi teploté do —40 °C
(Skandinavské zemé a Rusko), tak i v 1ét&, kdy se koleje na slunci zahtivaji az do +60 i vice
stupiiti Celsia.

Je znamé, ze zména teploty tradi¢ni Uhlové (prizmatické) sondy (dale PES) je
provazena zménou uhlu vstupu svazku a do kontrolovaného objektu (v dusledku zmény
rychlosti podélné viny v materidlu optického hranolu) a citlivosti (v disledku zmény
koeficientu tlumeni podélné viny v materidlu optického hranolu). K analogickym jevim
dochazi také v kontrolovaném objektu, nicméné jsou zanedbatelné malé ve srovnani s jevy
v optickém hranolu sondy.

Vypocet podle Snellova zdkona napiiklad ukazuje, Ze pro PES s nominalnim uhlem
vstupu 70° zména rychlosti zvuku v optickém hranolu z plexiskla vede ke zméné thlu vstupu
v rozmezi 65° ... 75° v rozsahu teplot —30 °C ... +50 °C.

Co to muze zpusobit? Napiiklad pii kontrole koleji na trati je nezbytné odhalovat
nebezpedné vady — vertikalné orientované pii¢né trhliny v hlavé kolejnice. Pro tuto kontrolu
se mimo jiné pouziva zrcadlova metoda, jejiz schéma je uvedeno na obr. 1.
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PES s frekvenci 2,5 MHz | L

s nominalnim uhlem vstupu 70° jsou
umistény v predem vypocitaném useku L. P/l Z/]

Nominalniho Ghlu vstupu se dosahuje pfi

teploté t = 20 °C. Pfi tom se v ptipadé
vyskytu vady fixuje zrcadlové odraZzeny
signal, tak jak je uvedeno na obr. 1.a. Pokud
se v disledku zmény teploty zménil uhel

vstupu PES, dochazi k naruseni schématu

kontroly, jak je uvedeno na obr. 1.b.
Pti vyskytu vady zrcadlové odrazeny signal

nedosahuje pfijimaci PES a dochazi

k vynechani vady. P Z

Celkové se klade diraz na dva D\%_‘
zpusoby feseni:

- pouziti souboru tradi¢nich PES,

znichz kazda zajistuje pozadovany uhel a)
vstupu v tzkém rozsahu teplot (tj. PES pro
chladné, normalni a parné pracovni
podminky);

- vyvoj PES na zéklad¢ optickych
hranoli z nového materialu, zajistujiciho
termostabilitu ~ (hlu  vstupu  paprsku
a vyrazn¢ vyssi odolnost viéi opotiebeni ve
srovnani s plexisklem (PES s optickym
hranolem =z plexiskla je nezbytné meénit
kazdych 200-300 km zkontrolovanych
koleji zelezniéni trati). b B

Obr. 1. Schéma vyhledavani trhlin v hlave kolejnice:
a) zjisténi vady pii dodrzeni zadaného wihlu vstupu, t =
20 °C;

b) vynechani vady pfi poruseni Ghlu vstupu, t =0 °C
a t=40°C

o]
/] Drj;;a+i\6aékuA ‘

Draha svazku
pfi0C

Druhd varianta vyzaduje pouziti specialnich materiali optického hranolu, pro néz je
mozné zformulovat nasledujici pozadavky:
e stalost mechanickych vlastnosti materialu v rozsahu —50 °C ... +100 °C (minimaln¢);
nizka zavislost rychlosti zvuku na teploté;
nizka zavislost koeficientu tltumeni zvukovych vin na teploté;
nizky koeficient teplotni roztaznosti, blizky koeficientu pro piezokeramickou destic¢ku;
nizka hodnota koeficientu tfeni proti oceli.

Zformulovali jsme pozadavky a vybrali jsme odpovidajici material, pfedstavujici
sklem vyztuzenou polyéterovou plastickou hmotu (dale polyéter). Provedena zkouméani
prokazala, Ze pro vyrobu optickych hranold thlovych PES s termostabilnimi vlastnostmi se
vice hodi ty¢e vyrobené metodou extruze.

Zkoumali jsme zavislost rychlosti zvuku v plexiskle a polyéteru na teploté okolniho
prostiedi, kontrolovaného ptedmétu a samotné sondy (obr. 2). U polyéteru dochazi k mensi
zméné rychlosti zvuku v daném rozsahu teplot.
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Obr. 2. Zavislost rychlosti §ifeni ultrazvukovych vin na teploté

30

prostiedi u plexiskla a polyéteru

Studovali jsme mikrostrukturu polyéteru, jez
ma, jak je zobrazeno nize, principalni vyznam pro jeho
vlastnosti. K tomu byly vyrobeny vzorky materialu,
predstavujici fragmenty extrudované tyce. Jeden
ze vzorku je zobrazen na obr. 3. Vzorek ma podélné
a pticné brousené fezy.

Mikrostruktura materidlu  byla zkoumana
pomoci elektronového mikroskopu s Sestisetnasobnym
zvétSenim. Mikrostruktura fezli polyéteru a jejich
schematické znazornéni jsou uvedeny na obr. 4.

40 50
Teplota, C

Obr. 3. Vzorek polyéteru

a)

b)
Obr. 4. Mikrofotografie fezl polyéteru a ,,vysvétlujici* schematické nacrty:
a) podélného fezu; b) pticného fezu

U podélného fezu tyCe jsou jasné viditelné nité sklovlakna, probihajici ve sméru

extruze (obr. 4.a).

Na pii¢ném fezu ty€e (obr. 4.b) jsou vidét svétlé body — Celni fezy sklovlaken. Silngjsi
vlakna se soustfed’uji v jadru tye a mnozstvi tenéich vlaken je vytésiiovano k jeji sténé, coz
je vidét na fotografii jako svétla vrstva pobliz stény. Tlumeni zvuku je v této vrstvé podstatné

vyssi nez ve stiedové ¢asti tyce.
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Vzhledem k danym  zvlastnostem
materidlu byl zkonstruovan opticky hranol
isamotnda PES a také vytvofen komplet
konstrukéni dokumentace. Na obr. 5 je
zobrazena konstrukce PES s timto optickym
hranolem.

Na obr. 5.b jsou vyznaceny: 1 — opticky
hranol, 2 — piezoelement, 3 — zvukoizola¢ni
vrstva, 4 — vodice, 5 — lici izolant, 6 — kostra, 7 —
elektrické kontakty Obr. 5. Konstrukce PES 70TS

Priimér vychozi ty¢e musi byt roven primeru optického hranolu. Zachovani povrchové
vrstvy s vysokou koncentraci sklovlakna zlepSuje charakteristiku reverbera¢nich ech PES.

Tento jev je zndzornén diagramy na obr. 6. Pro tfi PES, vyrobené riiznymi zptlsoby,
jsou uvedeny A-skeny, obsahujici echo od cilindrického otvoru o priméru 2 mm v hloubce
3 mm v ocelovém vzorku.

| i : NG — : IS
it ‘ : I AT H 1 BT
\ Echo od boénicho otvoru &2 mm v hloubce 3 mm

f
; & J\ : 1B
R 0 W,

[CErE—— T e t——1+——Woer ¢ — : s
5 - i - i -

k I Ruseni v optickém hranolu pfi absenci signalu od odrazece
‘ tl ﬁ L

.,jJ L\/\ B \U'kw .A,‘n[(-“v,«‘”\/“‘v;f\.h 5 Kﬁ‘\f\ I‘»‘N\U..

UV \

CH1= 500U/ 5.000us/ || 20.0M5a/s CH1= Se8nU/ 5.000us/ | 20.0M5a/s CH1= 506mU/ 5.606us/ || 20.0MSa/s

a) b) <)
Obr.6. A-zobrazeni pro sondy vyrobené riznymi zpiisoby:
a) s optickym hranolem z polyéteru se zachovanim povrchové vrstvy;
b) s optickym hranolem z polyéteru pfi odstranéné povrchové vrstve; ¢) s optickym hranolem z plexiskla

Opticky hranol vyrobeny z extrudované tycese zachovanim povrchové vrstvy
(obr. 6.a) zajistuje pomér signal/Sum 20 dB. Pfi odfezani povrchové vrstvy se v optickém
hranolu objevuji reverberaéni Sumy velké amplitudy a délky (obr. 6.b), zaroven se pomér
signal/Ssum sniZzuje do 10 dB. Na obr. 6.c je uvedeno A-zobrazeni pro sondy s optickym
hranolem z plexiskla (pomér signal/Sum ¢ini 12 dB).

V souladu s konstrukéni dokumentaci byly vyrobeny zkusebni exemplaie PES,
provedeny piedbézné a schvalovaci zkousky zkusebni sériec PES 70TS. S pouzitim
kryotermostatu byla zkoumadna teplotni zavislost thlu vstupu a citlivosti. Je zobrazena
na obr. 7. Pro srovnani jsou uvedeny analogické parametry s optickym hranolem z plexiskla.
Naobr. 7.a se uhel vstupu urcoval podle standardniho vzorku. Na obr. 7.b se citlivost
charakterizovala amplitudou echa od vydutého povrchu vzorku, pficemz jako podminéna
hladina 0 dB byla pfijata amplituda signalu pii 10 °C (je shodna pro PES s optickym hranolem
z plexiskla a polyéteru). Pro vyvinuté PES 70TS s optickym hranolem z polyéteru zména
pulzniho koeficientu sondy ¢ini pouze 2 dB a zména tihlu vstupu £2°.
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a) b)
Obr. 7. Zavislost vlastnosti PES na teploté: a) uhlu vstupu; b) citlivosti

Jako ptiklad jsou na obr. 8 uvedeny defektogramy svarového spoje obsahujiciho
pfirozeny neprovar. Uvedené defektogramy jsou ziskany koncem zafi. Réno, kdy teplota
kolejnice a PES ¢inila +5 °C, byla vada spolehlivé zjisténa jak tradi¢ni, tak i nové vyvinutou
PES (defektogramy na obr. 8.a). OvSem pfi sluneném pocasi v poledne, kdy se vzduch
ohtival do +17 °C a kolejnice a PES do +27 °C, se u tradi¢ni PES zvétSoval thel vstupu, coz
vedlo k vynechani vady. Sonda s optickym hranolem z polyéteru rovnéz spolehlivé odhalila
vadu (defektogramy na obr. 8.b).

Béhem funkénich zkousek, pii nichz v jednom kanalu defektoskopu byly instalovany
tradi¢ni PES 70 a v druhém PES 70TS, byla potvrzena jesté jedna vlastnost — vyznamné lepsi
odolnost vi¢i opotiebeni. Po pouziti sond na 200 km kolejové trati, primérné opotiebeni
¢inilo 1,5 mm u PES s optickymi hranoly z plexiskla a 0,2 mm u PES 70TS. Zkousky
ukazaly, ze sondy umoziiuji zkontrolovat vice nez 1300 km trati do opotiebeni piezoelementu.
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Obr. 8. Defektogramy svarového spoje kolejnic: a) rano, +5 °C; b) poledne, +27 °C

Diky blizkym koeficientlim teplotni roztaznosti optického hranolu, piezoelementu
a lictho izolantu sondy dobie snaseji poklesy teplot a mohou byt pouzity ihned po pfechodu
z teplé mistnosti do mrazivého prostiedi.

Zavér

Vyvinuté s termostabilnimi vlastnostmi PES 70TS zarucené odhaluji vady stanovené
metodikou kontroly v rozsahu teplot —40 °C ... +50 °C a maji nésledujici prednosti
ve srovnani s optickymi hranoly z plexiskla:

e zména pulzniho koeficientu sondy ¢ini +2 dB;

e odchylka tihlu vstupu od nominalni hodnoty maximalné £2°;

e 0 10 dB mensi hladina reverberacnich ech v optickém hranolu PES;
e 5x vétsi doba provozu z hlediska opotiebeni.

Vyrobni cena PES 70TS je vyss§i nez vyrobni cena PES o 50 % pfi soutasném
zajisténi podstatné dels§i doby pouziti a garantované spolehlivosti kontroly.

Uvedené faktory dovoluji doporucit PES 70TS k pouziti v pfipojitelnych a mobilnich
prostfedcich souvislé kontroly koleji v rozsahu teplot okolniho prostiedi od -40 °C do +50 °C
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INFLUENCE OF PARAMETERS OF PARTICLE IMPACT ON SHAPE
OF ACOUSTIC EMISSION SIGNAL
VLIV PARAMETRU NARAZU CASTICE NA TVAR SPEKTRA
SIGNALU AKUSTICKE EMISE

Miroslav UHER, Petr BENES
Vysoké uc€eni technické v Brné, FEKT-UAMT
Contact e-mails: xuherm02@stud.feec.vutbr.cz, benesp@feec.vutbr.cz

Abstract

One of the possible methods for generation of AE signal for non-destructive testing is an
application of striking particles on device under test. Impacting particles generate an impulse
AE, which is spreading by material of device. The state of the material is evaluated by
sensing of AE signal at different locations on verified subject. For defectoscopic analysis it is
useful to have the opportunity to influence the generated signal. The theory of impact implies
that changes of the signal may be achieved by changing the parameters of impact (particle
size and velocity, specific mass of the materials, elastic modulus and Poisson's constant
of materials). The paper is therefore aimed at assessing the practical research of the
influence of the impact parameters on the frequency spectrum of AE signal. Furthermore,
comparison to theoretical knowledge was performed. The research was focused on the study
of composition of the mixture created from particles of two different granularities. It also deals
with the predictability of the shape of the spectrum AE signal and finding appropriate
statistical parameters of AE, which are associated with parameters of impact and which can
be used for this prediction. The present results show that it is possible to successfully
determinate set of statistical parameters, linked to the impact parameters.

Key words: acoustic emission, frequency spectrum, theory of impact, particle size.

Abstrakt

Jednou z mozZnych metod generovani signalu akustické emise uréeného pro defektoskopické
metody je plsobeni dopadajicich éastic na zkoumany pfedmét. Castice pfi svém dopadu
generuji impulsni AE, ktera se $ifi materialem. Snimanim signélu AE na riznych mistech je
vyhodnocovan stav materidlu zkoumaného predmétu. Pro defektoskopickou analyzu je
vhodné mit moznost generovany signal ovliviiovat. Teoreticky je podloZzeno, Ze zmény
signalu Ize dosahnout pomoci zmény parametrii narazu (velikost ¢astic a jejich rychlost,
hustota materialt, modul pruznosti a Poissonova konstanta materiéli). Clanek je proto
zaméfen na zhodnoceni praktického vyzkumu vlivu parametri narazu na frekvencni
spektrum signalu AE a jeho srovnanim s teoretickymi poznatky, pfi¢emz hlavni pozornost
byla vénovana studiu odliSeni smési castic o dvou ruznych zrnitostech. Zabyva se také
moznostmi predikce tvaru spektra AE a jeho cilem je nalézt vhodné statistické parametry
spektra AE, které jsou s parametry nérazu spjaty a mohou byt pro tuto predikci vyuZity.
Z dosavadnich vysledku vyplyva, Ze je mozZné tyto statistické parametry provazané
S parametry narazu castice uspésné stanovit.

Klicova slova: akusticka emise, frekvencéni spektrum, teorie razu, velikost éastic.
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1. Uvod

Signal akustické emise pro defektoskopickou analyzu v praxi vznika obvykle pfi
mechanickém namahani zkoumaného materidlu. Méné obvyklym zpusobem je
generovani signalu s vyuzitim rdzu dopadajicich ¢astic na testovany material. B€hem
kazdého razu ¢astice dochazi k deformaci povrchu ¢astice a zkoumaného materialu,
pfi kterém se generuje impulsni akusticka emise. Pocatecni podminky, se kterymi
télesa do razu vstupuji, mdzeme s jistou davkou abstrakce nazvat parametry narazu.
Tyto parametry pak definovanym zplsobem ur€uji nejenom vlastnosti razu ale
rovnéz prubéh generovaného signalu AE. Pro potfeby defektoskopické analyzy je
vhodné znat teoreticky vztah mezi parametry razu a generovanym signalem, tato
znalost totiz umoznuje opaCny pfistup: tedy pfizpusobeni parametril narazu
pozadovanému tvaru signdlu AE. Pokud v uvazovaném pfipadé na zkoumany
material dopadaji ¢astice nahodné, Ize signal AE popsat dostupnymi statistickymi
parametry. Pfedlozeny ¢lanek se tedy vénuje zkoumani problematiky vlivu parametr(
narazu Castic na signal AE a ovéfeni vlivu zvolenych parametril na statistické
parametry signalu AE.

2. Teorie razu v literature

Raz télesa a jeho vliv na signal AE je znamy a na jeho principu je napfiklad zaloZzeno
mnoho méficich metod vyuzivajicich AE. PFi pouziti v defektoskopii zkoumané téleso
slouzi jako uméla pfekazka padajicim €asticim, na které tyto Castice narazeji. Situaci
ukazuje Obr. 1. Jak jiz bylo FeCeno, razy castic generuji akustickou emisi, kterou
snimame. Vznik akustické emise Ize vhodné popsat pomoci Hertzovy teorie razu [4].
Hertzova teorie v limitnim pfipadé definuje vztahy pro dobu trvani razu T a maximaini
velikost sily béhem razu Fpax. pro naraz sférického télesa na rovinnou desku. Tyto
dvé veliCiny maji zasadni vliv na tvar signalu akustické emise, Fnax je spjata
s velikosti generovaného signalu, T pak s casovym prabéhem signalu AE.
Aproximacni vztahy ve vhodném tvaru (1) az (4) ziskané z Hertzovy teorie vyjadfuje
Bene$ a Zehnula [1]. Uvedené vztahy vyjadfuji zavislost na parametrech narazu,
které definuje Hertzova teorie. Kazdy z téchto parametr( se pak podili na ovlivnéni
tvaru signalu AE.

\,/ Tx (o +a, )" p"v™r 1)

0o
[}
°°°O

AE sensor

Fux =l +a) " p"V2r @)

max

kde:
T je doba trvani razu,

Fmax je maximalni hodnota sily pfi razu,

Obr. 1 Vznik AE dopadem &astic. p je hustota materialu sférického télesa
Fig 1 AE generation by colliding v je rychlost narazejiciho télesa a
particles. r je polomér sférického télesa.
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kde:
M1 a M2 jsou Poissonovy konstanty materialt ¢astice a narazové desky a

Gy a G2 jsou moduly pruznosti obou materiall ¢astice a desky ve smyku.

V literatufe se samostatné tato problematika nevyskytuje. Z hlediska studia vlivu
narazu na signal AE vSak studovanou problematiku nalézame u autort, ktefi se
vénuji pratoku pevnych &astic. Vétsina autord, ktefi se zabyvali méfenim parametrd
pratoku pevnych ¢astic pomoci signalu AE, se vSak omezilo pouze na méfeni stfedni
hodnoty velikosti ¢astic. Cao a kol. [3] analyzoval signdl AE pomoci vinkové
transformace a mimo stfedni velikost Castic zjiStoval ve své studii také energii AE
a hmotnostni pritok ¢astic. Méfenim stfedni velikosti ¢astic ve fluidni vrstvé se ve
své praci vénuje Hou a kol [5], mj. se zabyva také predikci nezadoucich shluku.
Méreni stfedni hodnoty praméru Castic se velmi Casto objevuje pfi granulaénich
procesech, které se nejCastéji uzivaji ve farmaceutickém primyslu. Na velikosti
vytvofenych granuli totiz zavisi mnozstvi U¢€inné latky obsazené ve vyrobenych
granulich. Akusticka emise se zde vhodné uplatiuje pfi hledani tzv. koncového bodu
granulace, tedy bodu, kdy vznika nejvétsi mnozstvi granuli o pozZadovanych
vlastnostech (velikost ¢astic, obsah vlhkosti apod.). V této oblasti bylo provedeno jiz
nékolik studii a metoda AE je vtéto oblasti nasazovana i do praxe. Analyze
pramérné velikosti granuli a predikci obsahu vlhkosti granuli se ve svych pracich
vénuji Matero a kol. [6] a. Tsujimoto a kol. [7]. Kone¢né Briens a kol. [2] se ve své
praci zabyva nalezenim koncového bodu granulace v Uzké souvislosti s velikosti
¢astic a studuje vliv umisténi senzoru AE.

Cilem tohoto ¢lanku je experimentalni ovéreni vlivu parametrd narazu na signal AE.
V ¢lanku budou prezentovany vysledky prvnich provedenych méfeni v této oblasti,
ve kterych byly sledovany parametry velikost &astic a jejich rychlost.

3. Experimentalni pracovisté

Schéma meéficiho systému pro provadéné experimenty je zachyceno na Obr. 2, jeho
realna podoba pak na Obr.3. MéFici aparatura se skladala ze zasobniku,
umisténého nad zachytnou nadobou. Zasobnik byl ovladan ventilem. Jako méfeny
material byly vyuzity keramzitové granule, pouzivané ve stavebnictvi. Mezi
zasobnikem a nadobou byla pak vioZzena prfekazka tak, aby na ni dopadaly
protékajici pevné Castice. Jako prekazka byl pouzit duralovy Uhelnik, ktery slouzil
zaroven jako vinovod pro pfenos ultrazvukovych vin AE ke snimaci AE. Jako snimac
AE byl pouzit piezoelektricky snima¢ AURA SV 416. Signal ze snimace byl bez
dalSich uprav pfiveden pfimo na vstup méfici karty NI PXI 5922. Tato karta obsahuje
24bitovy vysokorychlostni A/D pfevodnik. Naméreny signal byl zpracovan pomoci NI
LabVIEW 8.5. Pro zpracovani dat byla sestavena vhodna méfici aplikace. Tato
aplikace umoznila pfimy vypocet vykonového spektra z naméfenych dat pomoci
FFT. Aplikace zaroveh provadéla zadznam vypocitaného spekira na pevny disk
pocitace. Ze zaznamu spektra byly pro nasledujici analyzu vypoditany primérné
hodnoty spektralnich ¢ar. Primér byl ziskan ze souboru 1000 po sobé jdoucich
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spekter, které byly ziskany v dobé, kdy na prekazku dopadaly granule. Signal AE byl
na méfici karté méfen pfi zvoleném rozsahu 10 V. Pro vypocet vykonového spektra
pomoci FFT bylo pouzito 1024 vzork(l se zvolenou Hanningovou oknovaci funkci.
Zaznamova rychlost karty byla nastavena 256 kS/s.

il

NI PXI 5922

AE transducer

Ll =

Obr. 2 Schéma pracovisté. ‘ . . s
Obr. 3 Realné usporadani pracovisté.
Fig 1 Scheme of workplace. ,

Fig 3 Real arrangement of workplace.

4. Vysledky a diskuse

Pfed vlastnimi experimenty byl proméfen vlastni Sum piezoelektrického snimace AE
AURA SV 416 a byla provedena zkuSebni méfeni s keramzitovymi granulemi.
Pomoci téchto méfeni bylo uréeno vhodné frekvenéni pasmo, ve kterém je zména
amplitud spektra nejvyraznéjSi a ma je proto smysl analyzovat. Toto pasmo bylo
uréeno jako 0-128 kHz, ¢emuz odpovida zvoleny pocet vzorki a vzorkovaci
frekvence. Naméfené vykonové spektrum Sumu snimace je uvedeno v grafu na
Obr. 4.
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Obr. 4 Vykonové spektrum pouzitého snimace AE ve zvoleném frekvencnim pasmu.

Fig 4 Power spectrum of noise of used AE transducer in selected frequency range.

272 DEFEKTOSKOPIE 2010



Prvni ¢asti provedenych méfeni bylo experimentalni ovéfeni vlivu parametru velikosti
Castic. Z uvedené Hertzovy teorie razu vyplyva, Zze doba razu ¢astic T a maximalni
sila plsobici b&€hem razu Fpax ovliviiuje velikost amplitudy spektralnich ¢ar. Mélo by
tedy platit, Ze mensi Castice by mély vykazovat nizsi amplitudy spektralnich ¢ar na
nizSich frekvencich, kdezto na vyssich frekvencich by mély mit spektralni ¢ary vyssi
amplitudy. Naopak u vétSich granuli by mélo platit, Ze vysSi amplitudy spektralnich
¢ar by se mély nachazet na nizSich frekvencich, zatimco na frekvencich vysSich by
pak meély mit spektralni ¢ary nizsi amplitudu.

Pro zjisténi platnosti vySe uvedeného pfedpokladu byl zvolen nasledujici experiment.
K dispozici byly dvé frakce keramzitovych granuli s velikosti ¢astic 4-8mm a 8-16mm.
Obé frakce byly pomoci méfici aparatury sypany ze stejné vysky (15 cm) a byla
zméfena vykonova spektra takto vzniklého signalu AE. V dalsi fazi bylo vytvofeno pét
hmotnostnich smési téchto frakci. Tyto smési byly michany v poméru malé
granule/celkova hmotnost jako smési 2/8, 3/8, 4/8, 5/8 a 6/8. Pro uvedené smési byla
rovnéZz nameéfena vykonova spektra (vySka, ze které castice dopadaly, byla opét
15cm). Pro zakladni statistické zpracovani signalu a prikaznéj$i porovnani
ziskanych spekter mezi sebou bylo zvoleno zpracovani naméfenych amplitud
v pasmech frekvenci se stejnym krokem. Krok jednotlivych frekvenénich intervald byl
zvolen 8 kHz, v téchto frekvencnich pasmech byly vypocitany priamérné hodnoty
amplitud spekter a tyto hodnoty byly zakresleny do grafu uvedeného na Obr. 5.

-48 : ‘ : : : :
&0 B0 100 f[kHz] 120

—4— 8-16mm

—m—2/8

—&—3/8

—+—2a/8
—4=—5/8

—e—6/8

-63
= §.BmMM

-6d

-73

U [dB rms ref 1]

-78

Obr. 5 Analyzovana data pro vytvorené smési frakci ¢astic (malé castice/celek).

Fig 5 Analyzed data for mixtures (the fractions expressed part of smaller particles).
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Z grafu uvedeného na Obr. 5 je vidét, Ze analyzovana spektra ziskana pro obé frakce
granuli (jsou v grafu vyznaceny jako limitni kfivky pferuSovanou €arou) a jejich
hmotnostni smési velmi dobfe odpovidaji teoretickym pfedpokladiim. Smési castic
s vy$§im obsahem menSich ¢&astic maji vétsSi amplitudy na vySSich frekvencich
a smési s prevahou vétSich €astic maji maxima amplitud spektralnich ¢ar umisténa
na nizSich frekvencich, které odpovidaji delSi dobé razu. Pfehledné jsou velikosti
amplitud vykonovych spekter uvedeny v grafech na Obr. 6 (pro nizSi frekvence
v pasmu 8-16 kHz) a na Obr. 7 (pro vysSi frekvence v pasmu 104-112 kHz). Z téchto
graf lze jasné vidét, ze drobnou odchylku od teoretického prabéhu amplitud
muzeme pozorovat pouze u smési 2/8 (pro mensi granule) na nizSich frekvencich.
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Obr. 6 Primérné amplitudy spektrainich ¢ar jednotlivych smési, pasmo 8-16 kHz.

Fig 6 Average amplitudes of spectral lines of mixtures in frequency range 8-16 kHz.
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Obr. 7 Pramérné amplitudy spektralnich ¢ar jednotlivych smési, pasmo 102-114 kHz.

Fig 7 Average amplitudes of spectral lines of mixtures in range 102-114 kHz.
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Ve druhé ¢&asti provedenych méfeni byla experimentdlné ovéfena zavislost tvaru
spektra na rychlosti dopadajicich €astic. Pro experiment byla zvolena pouze jedna
frakce keramzitovych granuli o velikosti ¢astic 4-5 mm. Zména rychlosti dopadajicich
¢astic byla realizovana v tomto méfeni velmi trivialn& pomoci zmény vysky, ze které
¢astice na hlinikovy uhelnik dopadaly. VySka se b&hem experimentu ménila po
konstantnim kroku 5 cm. Samotné méfeni se pak neliSilo od méreni vlivu velikosti
Castic, vypoclet spekter probihal se stejnymi parametry a stejna byla také nasledna
analyza prumérovanim amplitud spekter ve zvolenych frekvenénich krocich. Ziskana
analyzovana data jsou zobrazena v grafu na Obr. 8.
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Obr. 8 Analyzovana data pro &astice 4-5 mm s rdznou rychlosti (vy$kou dopadu).
Fig 8 Analyzed data for particles (fraction 4-5 mm) with different velocities (the

change of impacting particles velocities was made by the change of height).

Z uvedeného grafu na Obr. 8 vyplyva, Ze zména rychlosti ¢astic ma vliv na celou
kfivku spektra v analyzované oblasti. Pfi zméné parametru rychlosti tedy zjevné
nedochazi ke zménam amplitud spektralnich ¢ar rozdilné v urcitych pasmech, jako
tomu bylo v pfipadé parametru velikosti ¢astic, ani nedochazi ke kfizeni mezi
jednotlivymi spektry. Se zvySujici se rychlosti ¢astic dochazi pouze k posunu celého
spektra smérem k vy$Sim amplitudam spektralnich €ar. PFi€inu téchto skute€nosti Ize
hledat v teoretické zavislosti parametrd meéreného signalu AE na vstupnich
parametrech, které se méni. Vratime-li se ke vztahim (1) a (2), vidime, Zze zména
maxima sily béhem rdzu Fnax Se méni v zavislosti na rychlosti s mocninou v,
kdezto doba rdzu se méni se zménou rychlosti mnohem méné a navic opacnym
smérem s mocninou v2. Posun amplitud spektralnich &ar se proto na frekvenéni ose
v uvedené analyze téméf neprojevuje, zatimco zména amplitudy spektralnich &ar je
vyrazna. Naproti tomu ve spektrech ziskanych pro smési ¢astic s rGznymi velikostmi
se jasné projevuje vliv velkych vah r' pro dobu razu a r? pro velikost amplitudy sily
béhem razu.
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5. Zavér

Clanek shrnuje provedené experimenty a naslednou analyzu signalu AE pfi
ovéfovani vlivu parametrd narazu na tvar spektra tohoto signalu. Z prvnich
provedenych méfeni vyplyva, Ze tvar spektra je mozné pro potfeby defektoskopické
analyzy ovliviiovat. Praktické vysledky potvrzuji pfedpoklady ziskané z Hertzovy
teorie razu. Prakticky byl proméfen vliv velikosti ¢astic a jejich rychlosti na tvar
spektra signadlu AE. Bylo potvrzeno, Ze zménou velikosti Castic Ize ovliviiovat
pomyslnou smérnici sklonu naméfeného vykonového spektra signalu. Pfi méfeni
vlivu zmény rychlosti ¢astic bylo ovéfeno, Ze se tato zména projevi nejvice v posunu
tvaru vykonového spektra v ose amplitud spektralnich Car. Zjisténé poznatky mohou
slouzit k vhodnému nastaveni velikosti a rychlosti dopadajicich Eastic na zkoumany
objekt pro ziskani generovaného signalu AE o vhodnych parametrech, napfiklad pro
pfizpisobeni generovaného signalu zvolenému snimaci AE. Rovnéz bylo ovéreno,
Ze pomoci vhodné statistické analyzy signalu je mozné spektra kvantitativné
srovnavat z hlediska vstupnich parametr(i a je mozné ¢aste¢né zpétné predikovat,
jaké bude rozlozeni téchto parametrl na zakladé znalosti vstupnich parametrd
narazu. Studium této problematiky na nasem pracovisti dale pokracuje hledanim
vztahl mezi statistickymi parametry spektra a parametry narazu dopadajicich ¢astic.
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Abstract

The acoustic emission (AE) method has been used to monitor fermentation process in
Destila micro-brewery. In the pilot phase of the research, 3 piezoelectric sensors have been
placed on the outside of the cylindroconical fermentation tank assembly and acoustic signals
have been measured continuously for the entire fermentation period. The sensors' purpose
was to "hear" carbon dioxide bubbles emerging inside of the fermentation tank and to pass
signals to the AE analyzer/laptop PC for further processing. As the fermentation tank is made
from Cr/Ni stainless steel, several issues have been registered including sound wave
propagation modes within the tank body.

Keywords: beer, fermentation, tank, cylindroconical fermenter, acoustic emission
Abstrakt

KvaSeni mladiny v mikropivovaru Destila bylo sledovano pomoci akustické emise (AE).
V pilotni fazi vyzkumu byly na cylindrokonicky kvasny tank upevnény 3 piezoelektrické
snimade AE a signaly AE byly méfeny po celou dobu kvaseni. Ukolem snimaét bylo zachytit
tvorbu a vyvoj bublinek CO2 vznikajicich pfi kvasnych procesech v mladiné. Tim by bylo
mozné charakterizovat intenzitu kvaseni v tanku. PFi méfeni byly zjistény problémy
s pfenosem akustického signalu, pravdépodobné i diky sloZzeni materialu tanku, kterym je
chromniklova nerezavéjici ocel.

Kli¢ova slova: pivo, kvaSeni, tank, cylindrokonicky kvasny tank, akusticka emise

Introduction

Beer fermentation has been monitored using acoustic emission (AE) method that is
able to ,hear” small acoustic impulses or noise inside of objects or vessels. The aim
of the experiment was to determine whether AE can reliably distinguish fermentation
process properties for various beer types. As the temperature of the tank content has
been monitored on a continuous basis by an automated system, the AE was
expected to provide another parameter of the process.
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The technique is unique for its simple concept. No immerse devices are required, no
special environment specifications need to be taken into account. If sufficient results
are available, automatic fermentation-control devices might be developed including
AE monitoring sensors. Similar systems could be used to control vine fermentation
process in the future.

Beer Fermentation Basics

Fermentation is the process by which fermentable carbohydrates are converted by
yeast into alcohol, carbon dioxide, and numerous other byproducts. It is these
byproducts that have a considerable effect on the taste, aroma, and other properties
that characterize the style of beer. [1]

Cylindroconical fermenters are the most commonly used fermentation systems used
today to produce both lagers and ales. As the name implies, the enclosed vessels
are vertical cylinders with a conical base and, normally, a dished top. This design
allows for easy yeast collection and CIP cleaning. They range in size between 100
and 7,000 hl, have from a 1:5 to a 3:1 ratio of height to diameter, and work under
pressures of from 1 to 1.3 bars above atmospheric pressure. In fermentation vessels
with a ratio greater than 3:1, there is a tendency for increased production of higher
alcohols at the expense of esters. Vessel geometry plays an important role in
fermentation. As the height-to-diameter ratio increases, so does the mixing of yeast
and wort, as well as the fermentation rate. [1]

Acoustic Emission Method

Acoustic emissions are the stress waves produced by the sudden internal stress
redistribution of the materials caused by the changes in the internal structure.
Possible causes of the internal-structure changes are crack initiation and growth,
crack opening and closure, dislocation movement, twinning, and phase
transformation in monolithic materials and fiber breakage and fiber-matrix debonding
in composites. Most of the sources of AEs are damage-related; thus, the detection
and monitoring of these emissions are commonly used to predict material failure.
In technical diagnostics, AE method has been used to monitor rotational part status
(friction and cavitation of bearings/gears), detection of micro-cracks, pressure vessel
defects, tubing system defects, aircraft structure evaluation/testing, and bridge status
diagnostics. AE technique has proven useful in fatigue testing and destruction
experiments. Major advantages of AE include continuous monitoring of the object,
time savings, and forecast abilities of the concept. On the other hand, AE wave
source is not always obvious, as the emitted energy may result from several
phenomena inside of the part. Further variable factors include shape of the object,
surface area, material structure, and homogeneity level. [2]

Destila Micro-Brewery

In Mendel University, there is a Destila micro-brewery in the food production
laboratory of the Department of Agriculture, Food and Environmental Engineering.
The Destila system serves for model and/or analysis purposes. It allows for amount
modifications of malt, hops, yeasts, and other ingredients. The temperature can be
streamlined within the actual brewing process as well. The variable configuration
features make the micro-brewery an ideal ground for various research projects.
Figure 1 shows the fermentation section of the micro-brewery.
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The Destila micro-brewery consists of the following main components: mash tun,
cooling system, open fermentation tank, storage tank, cylindroconical fermenter,
filtration/racking tank, and accessory (electric, boiler, cooling system, and filtration).

In this experiment, beer fermentation process in cylindroconical fermenter tank has
been subject to AE monitoring. This device allows for combined and streamlined
fermentation process as opposed to primary fermentation in open fermentation tank
and secondary fermentation in storage tank. The cylindroconical fermenter is made
from Cr/Ni stainless steel.

=
Y S

3

Figure 1: Fermentation part of Destila micro-brewery facility. The cylindroconical
fermenter is in the foreground. Photo by D. Varner

Experimental Setup

Three piezoelectric sensors have been glued to the tank body and accessory
(SENSOR1, SENSOR2, and SENSOR3). Each sensor featured a different position
with relation to the hopped wort inside the tank. The objective of sensor positioning
was to establish the closest possible acoustic contact with the actual hopped wort
inthe tank vessel. However, this has become quite complicated as the body
of fermenter features a two-layer welded structure. Reason for this is a convenient
glycol-based cooling system that helps to maintain standard conditions for the
fermentation process. The concept of sensor engagement was to capture
development of carbon dioxide bubbles inside the tank and occasionally register their
destruction on the surface of the hopped wort in a way of sound wave.

SENSOR1 has been placed on the bolt head of the temperature gauge fixture. This
position is on the side of the fermenter. As the bolt head is directly attached to the
gauge rod immerged in the tank contents, SENSOR1 was supposed to get closest
possible contact with the hopped wort (see Figure 2).
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Figure 2: Position of SENSOR1 on the temperature gauge. Photo by D. Varner

SENSOR2 has been placed on bottom side of the carbon dioxide outlet valve
assembly (see Figure 3). This part of the device serves as a secondary source
of fermentation intensity level. A gauge shows pressure of carbon dioxide in the tank
above the hopped wort level. Obviously, the more bubbles emerge from the piping,
the more intensive the internal process is. Placing SENSOR?2 in the outlet body of the
valve was the only way of visual relationship between signal and actual fermentation
intensity. Thus, this sensor was initially meant just for support purpose. The actual
AE was probably caused by mechanical motion of internal valve components rather
than by actual hopped wort fermentation processes.

Figure 3: Position of SENSORZ2 on the bottom of the carbon dioxide outlet valve
assembly. Photo by D. Varner
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SENSORS3 has been glued to the top of the tank. This position has been chosen due
to direct contact with the inside atmosphere of the tank. As opposed to side walls,
the top wall of the tank is a single sheet metal plate. As a result, SENSOR3 was
expected to easily register the bubbles above the hopped wort level.

The signals from all three sensors was pre-amplified and later processed by the
Dakel XEDO AE analyzer. An Ethernet-connected laptop PC with Dakel DaeMon
software was used for continuous viewing and storage of the AE data. The data from
AE monitoring has been evaluated using Dakel DaeShow software to provide visual
representation and statistics. The AE was monitored continuously for the entire
fermentation period (see Duration section below).

Additional Parameters of the Brewing Procedure

Temperature — In the beginning of the fermentation, the temperature hopped wort
was 7 degrees Celsius. During the first 24 hours of fermentation, the temperature
increased to 10 degrees Celsius. Then the control system performed an automatic
cooling-based reduction of 1 degree Celsius per day. Thus, at the end
of the experiment, the hopped had temperature of approximately 2 degrees Celsius.

Hopped Wort Composition — In this particular brew, the following ingredients have
been used: malt 18kg (Czech sort 9kg, Bavarian sort 9kg), Premium granulated hop
(100g), water.

Duration — The fermentation lasted from afternoon of April 21st 2010 till morning
of April 30th 2010. For all this time, the AE system was active and data was recorded
on the laptop PC.

Presumptions of Acoustic Emission Existence

In general, the fermentation itself was supposed to represent a noise-type signal
environment. However, AE events might have been registered as well, mainly
in connection with destruction of individual carbon dioxide bubbles.

Results and Discussion

Despite expectations, the results of AE monitoring have not produced satisfactory
results. The individual sensors provided ambiguous and hard-to-read data that did
not correspond to the common fermentation theory (ascending trend, intensive
activity, descending trend in the end of the fermentation).

SENSOR1 - produced flat RMS curve with very rare AE events (supposedly bursts
of the bubbles). No trends have been visible in the graphs.

SENSOR?2 - produced some usable results featuring steep rise of AE events and
correlating RMS. However, while RMS shows descending trend towards the end
of experiment, the AE events for some reason keep on higher count level.
As SENSOR2 measured secondary activity of valve components, this data DO NOT
represent actual fermentation-related carbon dioxide development. On the other
hand, the quantity of CO2 bubbles going through the valve might proportionally
correspond to the fermentation process intensity. A chart with cumulative AE event
count versus RMS trend is shown in Figure 4. The extreme rise of RMS at the very
end of experiment timeline has been caused by the brewery personnel. Clearly, they
have been touching the tank and performing some rich-sound-emitting activities,
such as pumping or rinsing.
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Figure 4: Data acquired from of SENSOR?2. Note the green curve of cumulative AE
event count and blue curve of signal RMS values. Plot generated by the Dakel
DaeShow software.

As far as the PSD function of SENSOR2 data is concerned, typical spectral
distribution in the signal is shown in Figure 5. However, as stated above, this is not
arelevant process-related data plot, but rather a secondary process property
(probably a mechanical motion of the valve mechanism).
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Figure 5: PSD data acquired from of SENSOR?2. Plots generated by the Dakel
DaeShow software.

SENSORS3 - produced flat RMS curve with very rare AE events. No trends have
been visible in the charts. Recorded data has been similar to SENSOR1 data set.
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Conclusions

Acoustic emission method has been used in a micro-brewery facility to observe
possibility of AE being able to monitor the process of hopped wort fermentation.
Three sensors have been used, but no satisfactory results have been obtained.
The only reasonable AE data come from secondary process (carbon dioxide outlet
valve). Possible reasons for the failure might be as follows:

e Lack of knowledge concerning AE behavior in Cr-Ni steel and signal
attenuation.

e Complex layout of the fermenter making proper positioning of AE sensors
complicated.

e Unavailable data concerning the inside conditions in the fermenter.

For future research, we strongly recommend performing a detailed study of fermenter
structure and extensive calibration/verification of the sensors' functionality.
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Abstract

The importance of automated non-destructive testing of WWER reactor pressure
vessels (RPVs) is growing again at the present time. Main reasons are the power
increase of operated nuclear power plant (NPP) units, prolongation of intervals
between inspections, shortening of outages and intended operation of NPP units for
longer time than was initially postulated by the design (long term operation — LTO).
Ultrasonic testing is absolutely dominant among other volumetric NDT methods
of RPV testing. The paper gives an overview of present status and compares
possibilities of application of mostly used automated ultrasonic testing techniques,
namely pulse echo, TOFD diffraction and phased array probes.

Keywords: ultrasonic testing, WWER reactor pressure vessel, pulse echo technique,
time of flight diffraction (TOFD) technique, phased array technique

Abstrakt

Vyznam automatizovaného nedestruktivniho zkouSeni tlakovych nadob reaktort
(TNR) typu VVER v soucasné dobé opét nardsta. Hlavnimi divody jsou zvySovani
vykonu provozovanych blok( jadernych elektraren (JE), prodluzovani interval(
provoznich prohlidek, zkracovani odstavek a zamysleny provoz blokt JE po dobu
del$i, nez puvodné predpokladal projekt (LTO). Zcela dominantni misto pfi zkouSeni
TNR zaujiméa mezi objemovymi metodami NDT zkouSeni ultrazvukem. Prispévek
mapuje soucCasny stav a porovnava moznosti aplikaci nejpouzivanéjsich technik
automatizovaného ultrazvukového zkousSeni; ato odrazové, difrakéni TOFD
a techniky mozaikovych PA sond.

Klicova slova: ultrazvukové zkouseni, tlakova nadoba reaktoru typu VVER,

odrazova technika, difrakéni technika TOFD, technika mozaikovych
PA sond
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1. UvoD

Vyznam automatizovaného nedestruktivniho zkous$eni tlakovych nadob reaktor
(TNR) typu VVER v sou¢asné dobé opét nartsta. Hlavnimi divody jsou zvySovani
vykonu provozovanych blokd jadernych elektraren (JE), prodluzovani intervalQ
provoznich prohlidek, zkracovani délky planovanych odstavek a zamySleny provoz
blokl JE po dobu del$i, nez pdvodné pfedpokladal projekt (LTO).

2. KVALIFIKACE PROVOZNICH PROHLIDEK

Dne 01.07.1997 vstoupil v Ceské republice v platnost zakon &. 18/1997 Sb. ,Atomovy
zakon®, ktery kazdému drziteli povoleni k provozu jaderného zafizeni uklada
povinnost sledovat, méfit, hodnotit, ovéfovat a zaznamenavat veli€iny, parametry
a skutec¢nosti dulezité z hlediska jaderné bezpec¢nosti a radia¢ni ochrany v rozsahu
stanovenym provadécimi pfedpisy. Takovymi veliCinami a skute¢nostmi jsou rovnéz
vysledky nedestruktivnich zkousek, které jsou jednim ze vstupnich adaju
pro hodnoceni zivotnosti (integrity) komponent a systémui. Vyplynula proto potfeba
zavést v Ceské republice evropskou praxi v oblasti kvalifikace provoznich prohlidek
vybranych bezpeénostné vyznamnych komponent.

Pokud drzitel povoleni (JE) postupuje v souladu s ,Metodikou kvalifikace provoznich
prohlidek hlavnich komponent primarnich okruhG jadernych elektraren typu
VVER®[1], potom SUJB povaZuje pfislusnou &ast bezpednostni dokumentace
za vyhovuijici a pozadavky pravnich predpisu za spinéné.

PFi kvalifikovaném zkouSeni metodami (technikami) NDT jsou pfi provoznich
(pfedprovoznich) kontrolach TNR typu VVER v sou€asnosti obecné definovany &tyfi
nasledujici cile:
e Detekce.
Zjisténi pfitomnosti necelistvosti a uréeni jejich zakladnich parametrt podle
pouzité metody (techniky) NDT.

o Lokalizace.
Ur€eni polohy (soufadnice) necelistvosti.

« Kilasifikace.
Stanoveni typu, tvaru a orientace necelistvosti.

e Sizing.
Stanoveni pravdépodobnych (skuteénych) rozmérl necelistvosti, véetné jejiho
ligamentu, tj. nejkratS§i vzdalenosti mezi okrajem necelistvosti a povrchem
TNR.

Prvni dva cile jsou zcela bé&Zné pfi nedestruktivnim zkousSeni, zbyvajici dva lze
povazovat za urdity ,nadstandard vyplyvajici z pozadavkd kvalifikaci provoznich
prohlidek.

vyska, tj. rozmér ve sméru tloustky stény TNR. Neni-li pro jeji stanoveni pouzita
difrakéni technika TOFD, technika mozaikovych PA sond nebo metoda vifivych
proudll (pouze pro povrchové necelistvosti), uréuje se zvysledkl zkou$eni
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ultrazvukem odrazovou technikou nebo tzv. kvalifikovanym odhadem (nutna znalost
technologie vyroby a typu necelistvosti).

V pfipadé, Ze pro stanoveni pravdépodobnych (skuteénych) rozmérd necelistvosti
bude pouzita metoda (technika) NDT, jejiz citlivost neumozZiuje urcit tyto rozméry,
pak lze za pravdépodobné (skute¢né) rozméry necelistvosti povazovat minimalni
rozméry, které je dana metoda (technika) NDT schopna urcit.

Pro dalSi postup se necelistvosti schematizuji bud' jako rovinné plochy orientované
rovnobézné (laminarni necelistvosti) nebo kolmo ke zkuSebnimu povrchu TNR
(planarni necelistvosti).

Stanovené schematizované rozméry necelistvosti se porovnavaji s kritérii
pfipustnosti, které obsahuji tabulky v pfiloze XI dokumentu A.S.l. sekce IV [2].
Necelistvosti, pfipustné podle tohoto dokumentu, se oznacuji jako ,vyhovuijici®,
ostatni jsou zafazeny do kategorie ,k posouzeni®. Zde jsou zafazeny i necelistvosti,
pro které zadna kritéria zatim neexistuji.

Hodnoceni pfipustnosti necelistvosti ,k posouzeni se provadi porovnanim
s vysledky jiz dfive provedenych posouzeni nebo vypracovanim tzv. posouzeni
vyznamnosti indikaci necelistvosti, které mimo jiné obsahuje vSechny potfebné
vypoéty. Cely postup musi byt v souladu s pravidly schvalenymi SUJB.

V souCasné dobé stdle neexistuje zavazny metodicky postup pro uréovani
pravdépodobnych  (skuteénych) rozmérG necelistvosti. Kazdy z dodavatelli
provoznich (pfedprovoznich) kontrol TNR pouZiva vlastni zpUsob, ktery byva v CR
provéfen kvalifikacemi podle metodiky SUJB [1], navodu IAEA [3] a novelizované
metodiky ENIQ [4].

3. ODRAZOVA TECHNIKA

Mnozstvi zaznamenavanych dat z jednotlivych zkouSenych oblasti (skenl) uz neni
limitovano prostfedky pro jejich ukladani, pfenos a zalohovani. Dfive byly zasadnim
omezenim kapacitni moznosti disket (FDD), ZIP mechanik ¢ magneto-optickych
diskl (MOD). Dnes se vyuzivaji zejména externi (pfenosné) USB disky a Flash
disky; do uvahy pfipadaji i CD-RW nebo DVD-RW.

Velikost souborl ovliviiuje zpusob zaznamu ultrazvukovych dat, respektive citlivost
zkou$eni. Obvykle si mizeme vybrat ze tfi moznosti:

e Zaznam vSech ultrazvukovych signall (ech) v pfedem nastaveném casovém
rozsahu (brané) pfi prekroGeni pevné stanovené urovné, ktera se lisi
od registracni urovné poklesem napf. o — 12 dB.

e Zaznam vSech ech, které presahuji zvolenou uroveri Sumu v zadané brané.
e Zaznam kompletniho A-zobrazeni vSech ultrazvukovych signalli (ech).
Kazdy zuvedenych zpusobd ma své vyhody i nevyhody. Na nasem pracovisti

pouzivdme v sou€asnosti prostfedni variantu s interni podminkou, aby velikost
standardnich datovych soubord nepfesahla cca 250 MB. Tato velikost je dana pouze
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pozadavkem na moznost zpracovani dat a vyhodnocovani vysledkd na béznych
osobnich PC (napf. notebookéch Latitude fady D 510).

Odrazova technika umoznuje s dostate€nou presnosti uréovat pravdépodobnou
(skute€nou) délku ¢&i Sifku necelistvosti. PFi urCovani pravdépodobné vysky
necelistvosti (TWE) tato technika v fadé pfipadt nespliiuje kritéria pro kvalifikaci
provoznich prohlidek.

Na Obrazku 1 jsou znazornéna neupravena data z prozvucovani kvalifikacniho bloku
KB 140 z povrchu ochranného austenitického navaru dvojitou Uhlovou sondou typu
70°SEL (jmenovita frekvence 2,0 MHz) ve sméru, ktery odpovida obvodovému
sméru u TNR typu VVER. Umélé realistické necelistvosti typu podnavarovych trhlin
jsou detekovany zcela jednoznacéné. Na prvni pohled jsou zietelné rizné délky téchto
indikaci necelistvosti a velmi problematické odliSeni jejich vysky (TWE).
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Fig. 1: Pulse echo technique
Obr. 1: Odrazova technika

4. DIFRAKCNi TECHNIKA TOFD

Difrakéni technika TOFD pfinasi zcela nové moznosti ultrazvukového zkouseni.
Umoziuje spolehlivé detekovat necelistvosti kolmé ke zkuSebnimu povrchu vélcové
¢asti TNR a urCovat jejich pravdépodobné rozméry. Jsou-li detekovany oba okraje
necelistvosti, potom Ize jeji vysku urcit teoreticky s pfesnosti £ A /2, kde X je vinova
délka podélné ultrazvukové viny. U valcové Casti TNR typu VVER tato hodnota
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obvykle ¢ini fadové cca + 1 mm. Vysledky dosud ukon&enych technickych kvalifikaci
ve spoleénosti SKODA JS a.s. prilkazné potvrzuji, e dosaZitelna presnost urgovani
pravdépodobnych rozmeérd (vysky) necelistvosti je £ 2 mm na kvalifikanich blocich
(KB 140 a KB 190) s umelymi realistickymi defekty (podélné a pfiéné kofenové
trhliny, studené spoje, podélné trhliny pod navarem a podnavarové trhliny).

Difrakéni technice TOFD je vénovana v souasné dobé znacna pozornost, o ¢emz
sveédcCi nasledujici normy, které se objevily v lofiském roce.

« CGSN EN 583-6: 2009 [5]
« CGSN EN 15617: 2009 [6]

Na Obrazku 2 je pfiklad detekce tfi umélych realistickych necelistvosti typu podélné
trhliny pod navarem pfi neparalelnim zpusobu skenovani sondami s jmenovitym
uhlem lomu 60°L a s jmenovitou frekvenci 5,0 MHz.

Po povrchu kvalifikacniho bloku KB 140 se v tomto pfipadé neSifila lateralni vina
(LaW), ale podélna vina na rozhrani ochranného austenitického navaru a zakladniho
materialu (IW), proto jsou podélné trhliny pod navarem zobrazeny jako povrchové
necelistvosti. Vyrazné je detekovan vzdy jejich spodni okraj, horni okraje splyvaji
s rozhranim ochranného austenitického navaru a zakladniho materialu.
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Fig. 2: TOFD technique
Obr. 2: Difrakéni technika TOFD
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5. TECHNIKA MOZAIKOVYCH PA SOND

Valcova ¢ast TNR typu VVER se obvykle zkousi technikou mozaikovych PA sond
vrezimu tzv. ,Multiple Group®. PA sonda je nadefinovana (vyuzita) jako nékolik
virtualnich sond, které mohou byt riznych typu a rdznych jmenovitych ahld. Tim jsou
vzdy jednou mozaikovou PA sondou nahrazeny vSechny konvenéni ultrazvukové
sondy pro zkouSeni odrazovou technikou v jednom sméru prozvu€ovani. Soucasti
mozaikové PA sondy muze byt i méni¢ pro zkouseni odrazovou technikou. Prikladem
je typ GSK150ET1,5V15C70EL1,5, kterou vyrabi firma AREVA intelligeNDT. Sondy
se pouzivaji napfiklad pfi provoznich kontrolach valcové &asti adna TNR typu
VVER 440 i VVER 1000 na Rovenské JE (Ukrajina). Jedna se o mozaikovou PA
sondu (15 elementd) s vertikdlni zménou Uhlu prozvucovani (pficné viny)
kombinovanou s konvenénim méni¢em pro vybuzeni podélné viny s jmenovitym
Uhlem lomu 70°L a s jmenovitou frekvenci 1,5 MHz.

Sektorové skenovani (S-skeny) se v tomto pfipadé pouziva pouze pfi analyze nebo
ur¢ovani pravdépodobnych (skuteénych) rozmérll vybranych indikaci necelistvosti.

Technika mozaikovych PA sond dava velice dobré vysledky pfi urovani
pravdépodobné (skutecné) vysky necelistvosti v pfipadech; jsou-li detekovany oba
okraje necelistvosti, potom pfesnost ur¢ovani rozmérl ve sméru tloustky stény je
zcela srovnatelna s difrakéni technikou TOFD. Pokud je detekovan pouze jeden okraj
necelistvosti, je nutné pouzit pro ur€eni rozméru necelistvosti ve sméru tloustky
obdobnych postupu jako u odrazové techniky.

Pro spravné vyhodnocovani vysledkl je nezbytné pouzivat podpurné programy,
které uméji vykreslit profil svarového spoje nebo geometrii zkouSené &asti nebo
oblasti. Obvykle se vyuzivaji standardni kreslici programy — napf. Auto CAD.

ASME Code, Section V, Article 4, Edition 2007 [7], v€etné nejnovéjSich dodatkl
(Addenda z roku 2009), fesi problematiku zkouSeni technikou mozaikovych PA sond
zcela okrajové. Tato skute€nost je prekvapujici ve srovnani s pozornosti, ktera je zde
vénovana difrakéni technice TOFD.

Dosud vlastné neexistuje Zzadna norma, ktera by FeSila problematiku zkouSeni
technikou mozaikovych PA sond.

Na Obrazku 3 je vysledek ru¢niho ovéfovani umélé realistické necelistvosti, ktera
simuluje podélnou trhlinu v kofeni svarového spoje kvalifika¢niho bloku KB 140.
ZkousSeni bylo provedeno z povrchu ochranného austenitického navaru mozaikovou
PA sondou typu 2.25-L-16-12x12-A1-P-2.5-OM (16 elementl, jmenovita frekvence
2,25 MHz, rozsah uhlG 45°T + 70°T) a ultrazvukovym pfistrojem OMNISCAN MX
(Olympus). Za namérfeni dat a jejich nezistné poskytnuti autofi dékuji kolegovi
Ing. Janu KOLAROVI z CEZ-ETE.
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Fig. 3: Phased array technique
Obr. 3: Technika mozaikovych PA sond
6. ZAVER

ZkuSenosti z kvalifikaci provoznich prohlidek TNR typu VVER potvrzuji skute¢nost,
e pozadavky na uréovani pravdépodobnych (skuteénych) rozmér( necelistvosti
nelze ve vSech pfipadech splnit pfizkouSeni ultrazvukem pouze odrazovou
technikou. Vyhodné a nékdy izcela nezbytné je kombinovat odrazovou techniku
se zkouSenim difrakéni technikou TOFD nebo technikou mozaikovych PA sond.
PFi vhodné kombinaci zkuSebnich technik Ize v maximalni mife vyuZivat jejich
pfednosti a naopak minimalizovat jejich nevyhody.

Autofi se omlouvaji za pomérné malé a Cernobilé obrazky. Pfi prezentaci budou
na konferenci pfedvedeny barevné a v dostate¢né velikosti.
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Abstract

Industrial safety is the state of security of human and society's vital interests from
failure of hazardous industrial objects. Thus, notion about fracture of loaded materials is the
physical basis of the industrial safety. There are two main approaches to this notion.

Mechanical approach is traditional. It considers fracture as force act which comes
after the tensile stress is exceeded. Implementation of this approach leads to non-destructive
testing (NDT). At this problems with definition of dangerous defect and service life
prolongation arise. Manufacture stops are needed and hydraulic (pneumatic) tests are
carried out.

It was shown in 1950s that notion about force fracture is wrong. New approach has
appeared — Kinetic theory which considers fracture at stresses lower than the tensile stress
as time process of the thermally activated disintegration of meta-stable state. Meta-stable
state of the solid body is caused by the loading. In this aspect industrial safety is in the
determination of the remaining life as function of the force-temperature influence, defects,
corrosion, efc.

Fracture process in kinetic theory contains two stages: delocalized accumulation of
stable micro-damages and macro-crack growth. The shift of stages (macro-crack formation)
is chosen as the limit state for the determination of the remaining life. In spite of the
survivability of the constructional materials exploitation of the industrial objects with growing
macro-cracks should be stopped in purpose of the industrial safety ensuring.

Criterions of macro-crack formation have been established — concentration criterion
which allows to perform long-term prognosis and P-criterion which allows to determine the
moment of growing macro-crack formation.

We use acoustic emission (AE) method for the registration of damages, but other
methods are also allowable.

These criterions have been verified in laboratory conditions on specimens with
welding joints during cyclic bend and tubular specimens during statically loading with inner
pressure at high temperatures.

We have developed method for the service life prolongation of hazardous industrial
objects on the basis of the given above principles. We have been applying it for boiler, gas
and chemical equipment in Russia for more than 15 years.

Keywords: industrial safety, fracture, accident, acoustic emission, macro-crack, remaining
life.
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1. Introduction

Industrial safety is the state of security of human and society's vital interests
from accidents. Accident is the fracture of constructions and (or) technical devices
(vessels, pipelines, boilers, cranes, etc.) [1]. Hence it follows, that the notion about
fracture (loss of strength) of materials is the key for the industrial safety ensuring.

Humanity had to resolve the problem of strength during whole history of its
existence. No one construction should break down during its exploitation. However,
in spite of all efforts the science about strength is behind other disciplines, which
seem at first sight to be more difficult and effective. The internal structure of atoms
and stars seems to be more clear nowadays than the processes, taking place in the
loaded solid body and leading to its fracture.

Frequent accidents on pipelines, for example, starting from gas mains and up
to endless fractures of municipal heating mains, show the unsatisfactory state of the
used notions for the industrial safety ensuring. Accidents lead to people death and
cause huge social, ecological and economical damage.

There two main existing notions about the fracture: force (mechanical
approach) and thermo-kinetic (kinetic conception of strength). We will compare these
two notions.

2. Mechanical approach

Since Leonardo da Vinci (21500) and Galileo (=1638) and till nowadays
fracture is considered as an instantaneous event caused by the critical force (called
the tensile strength o), which overcame the material resistance (cohesion of atomic
bonds). Such notion seems to be evident for us from the childhood: we interpret
fracture (of the cap, glass, etc) as a result of impact, excess of the tensile strength.

It was proved in 1950’s by academician S.N.Zhurkov in Leningrad Physical-
Technical Institution that the notion about force fracture is wrong and the thermo-
kinetic nature of fracture was established.

3. Thermo-kinetic nature of fracture

The energy of thermal atomic oscillations (phonons) and its fluctuations plays
the defining role in the solid bodies fracture. Critical thermal fluctuations absorb
excess phonons (born by the loading) and evolve into the stable breaks of the
material continuity — germ of cracks - defects.

The waiting time of critical fluctuations and damages accumulation destroys,
but not the force.

The fracture can take place at every stress ¢ depending on the loading time t
and temperature T:

U, -kThh—
To
O =
Y
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The initial strength value can decrease considerably after the long time of
exploitation, especially for composites and rocks.

Existing system of the industrial safety is based on the force approach and
needs to be reviewed from the modern positions of the thermo-kinetic approach.

4. Existing system of the industrial safety ensuring.
It is based on the force notion about fracture and stands on “three pillars”:

4.1. Safety margin, allowable stress.

o)
The stresses o< —%4 = [G] are allowed. The value n >1 is called safety
n

margin and [G] — allowable stress. Stresses, which are lower than the allowable, are
considered to be safe, not able to cause the fracture. The values of the safety margin
are regulated by the normative documents. So, for steel vessels n = 2.4.
The allowable stress determines the minimal value of the wall thickness for the
DP

vessel with inner diameter D and operating pressure P: Sp =—F.
2[c]-P

4.2. Non-destructive testing (defects detection).

Huge attention is paid to defects detection in the object material by various
physical methods. New branch of scientific-technical investigations has arisen - non-
destructive testing. It is considered, that defects decrease the safety margin.
However, the influence of the detected defects on the possibility for exploitation
prolongation is defined only by the normative documents without sufficient
substantiation.

4.3. Overloading tests.

The overloading test (hydraulic, pneumatic, etc) for strength is obligatory for all
industrial objects. The object is “overloaded” by pressure P, = 1,25[(‘5].

The logic of the overloading test consists in the following: if the object stood
the pressure P, > [G], than the operating pressure P < [G] <0, is safe.

5. Estimation of the existing system of the industrial safety ensuring.

1. The more the safety margin the higher the safety. The more the safety margin the
more the wall thickness and the higher energy and material inputs, that is not
economically. How to choose an optimum?

2. Where is the border between the allowable and dangerous defects? When the
exploitation can be prolonged and when the repair or the replacement of the object
should be done?
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3. Carrying out of the overloading test (in chemical, gas industry, etc) often causes
considerable losses by the manufacture stop, emptying, degassing, etc. Cases of the
fracture during overloading test or soon after it are known. As a result the overloading
test is not carried out usually. Is it possible to exclude the overloading test from the
object testing?

4. How often the industrial safety expertise should be carried out? What is the object
remaining life? Own life-time of the loaded material is not taken into consideration.
Time limitations are put through the external influences: corrosion-erosion wear,
cyclic loadings, which role is overstated.

There are no argumentative answers on these fundamental questions in the
force approach to the fracture notion that shows the inadequacy of the existing
system of the industrial safety ensuring. Its elements are uneconomical, energy-
intensive, unfeasible and unreliable.

The modernization of the industrial safety ensuring system should consist in
the refusal from the force approach and consideration of the thermo-kinetic nature of
the fracture.

6. Modernization elements of the industrial safety ensuring system
1. Dependence of the remaining life from the safety margin

Force approach supposes indestructibility at the safety margin n > 1. Thermo-
kinetic nature of the fracture limits the life-time of the loaded material at every safety
margin value, leading to the notion of the remaining life T. This is own time of life
(without corrosion-erosion influences).

The dependence t(n) for carbon steels established by us is given at fig. 1.

3
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As it can be seen, the remaining life for vessels is almost infinite at normative
value n = 2.4 and room temperature, but at the temperature 400 °C the remaining
life is just 10 years. Thus, the safety margin choice is dictated by the temperature
and the exploitation period.

2. Allowable damages and dangerous cracks

According to the new conception, loading increases free energy of the body
F=H-TS, which decreases during the heat usage (thermal activation) by plastic
deformation (increase of the entropy S) and the generation of the continuity breaks
(decrease of the energy H in the form of acoustic, thermal and electromagnetic
emissions). The loaded body doesn't resist to the fracture, it aims to break down and
to drop the load. The continuity breaks are stable due to the generation mechanism
and heterogeneous structure of the bodies. The accumulation of the continuity
breaks is divided on two stages.

sE-ses=s==—===fll-=—======_—===
| e
=E=- = e ==

Fig. 2. Two-stage model of stable continuity breaks accumulation.

Damages appear chaotically on the first stage. As a result of it spontaneous
clustering leading to the growing clusters of damages formation (second stage) takes
place. Generation of damages on the first stage is allowable. The transition to the
second stage is dangerous.

Registration of acoustic emission at damaging is informative during the
exploitation without overloading tests.

K- and P- criterions for the stages shift are established.
7. References

1. Federal law No. 116-FZ of July 21, 1997 on industrial safety of hazardous
industrial objects (with the Amendments and Additions of August 7, 2000).
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Abstract

Cultivation and processing of wood represent a significant branch of industry. One great advantage
of this sector is the recoverability of sources of raw materials. In this paper we present a brief
overview of works devoted to the problems of application of acoustic emissions method in the area
of plant cultivation and processing of wood. There are also some examples of the results achieved
1n joint experiments implemented at Brno University of Technology and Mendel University in Brno

Key words: acoustic emission, wood, plants

Abstrakt

Péstovani a zpracovani dieva tvori vyznamné priimyslové odvétvi. Velkou vyhodou tohoto odvétvi je
obnovitelnost zdrojii surovin. 'V prispévku je podin strucny prehled praci, které se veénovaly
problematice aplikace metody akustické emise v oblasti péstovani rostlin a zpracovani dreva. Jsou zde
prezentovany ukdzky vysledkii dosazenych pii spolecnych experimentech realizovanych pracovisti
VUT FSI v Brné a Mendlovy univerzity Brno.

Klicovi slova: akustické emise, drevo, stromy

1. Uvod

Dftevni hmota je jednim z nejvyznamnéj$ich materiald, které lidska populace vyuziva
prakticky po celou dobu své existence. Zdrojem tohoto materialu je stile predev§im les.
Funkce lesa je vSak pro ¢lovéka vysoce interdisciplinarni a do popfedi naseho zajmu se
dostavaji i jeho dalsi funkce. Nenahraditelnd je naptiklad krajinotvorna funkce lesa.
V souvislosti se zaplavami v poslednich letech se stale vice vyzdvihuje funkce
vodohospodaiska. Pripomenout je nutné zdravotni funkce lesa (vazba na biologii,
zdravovédu) a to, Ze centrem zajmu ¢lovéka, tedy spotiebitele je dfevo a vyrobky ze dieva.
Jako domaci, stale se obnovujici energeticky zdroj a surovina, kterd ma mnohostranné vyuziti,
jiz neni dfevo chapano pouze jako obycejnd surovina, ale stava se surovinou strategickou.
Jako latka je dfevo oblasti vyzkumu pro fyziky (vlastnosti dfeva), pfi¢emz geografie mize
zdliraznit prostorové rozdily v rozsiteni lesti i vzhledem ke kvalité dieva (fyziky zajima napf.
tvrdost, hmotnost, opracovatelnost apod.). Dievo ma Siroké uplatnéni ve vyrobé umélych
hmot — napt. celuldéza (vazba na chemii). Vazbu na historii lze nalézt ve vyvoji uziti
dievénych vyrobkl az po soucasné nahrazovani dieva umélymi hmotami, pozorovani zmén
v jeho tézbé, ve vyuzivani moderni techniky a napiiklad v piipadé odlestiovani krajiny. Vazbu
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na biologii lze sledovat u zakladni myslenky lesa jako prostfedi pro zivot ¢lovéka a rtizné
druhy zvifat. Spojitost s ochranou Zivotniho prostiedi lze najit i pii sledovani nebezpeci
lesnich pozarQ, drancovani lesa, jejich neimérného kaceni ve svéte apod.

2. Diagnostika stavu lesniho porostu a ditfeva

Je samoziejmé, Zze vyznam lesa se odrazi i v pozornosti, kterou mu vénuji vyzkumnici
zmnoha obord. Stav lesa zavisi na fadé parametrd, jakymi jsou napf. pidni poméry,
hydrogeologické a klimatické poméry, znecisténi prostiedi, pfipadné i struktura a stav

Podobné jako v klasické NDT diagnostice je i v této oblasti zakladem vizualni hodnoceni,
avsak timto zpisobem mnohdy neni mozné spolehlivé posoudit nékteré z defektd, natoz
stanovit jejich vliv na hodnocenou rostlinu. V minulych dekadach se dostalo do popiedi
fyzikdlni hodnoceni stavu nosnych ¢asti kmene a kofenového systému. Vyuziti
diagnostickych pfistroji je nejnovéj$im krokem pii posuzovani miry rizika, kterym je
existence defektnich stromti na hodnocené plose. Pfikladem sofistikovanéjsiho studia kvality
drevin jsou mechanické testy, které pfimo zkousi defektni ¢asti kmene ¢i odebrané vzorky
dfevni ¢asti, hodnocenim pomoci Presslerova nebozezu (ptiristoméru), nebo fraktometru,
ktery je zalozen na principu méfeni pevnostnich parametri dieva z radialnich a tangencialnich
vyvrti. Timto zpisobem lze zméfit pevnost dieva v tlaku kolmo na smér vlaken radialné
a tangencialn€, ohybovou pevnost (radidlni) a smykovou pevnost. Do oblasti mechanickych
zkousek lze zatadit 1 penetrometry, které méti vysledky penetrace elastické jehly, definované
smérem priniku, vlhkosti a mechanickymi vlastnostmi dfeva.

Dalsi oblasti hodnoceni dfevin jsou piistroje zalozené na principu rychlosti Sifeni
zvuku, které zjist'uji stav dfevniho valce uvniti kmene pomoci vyhodnoceni rychlosti Sifeni
zvukovych vin dfevem. Zvukové viny se Sifi nejkratSi cestou pies intaktni bunétné stény
dieva. Je tak odhalena existence dutin, trhlin nebo ptfitomnost dieva infikovaného
dievokaznymi houbami, které nuti zvukové viny tato mista ,,obchazet”, coz je nasledné
mozné zjistit srovnanim namefenych rychlosti Sifeni s rychlostmi referen¢nimi.

K ovéfeni vlastnosti dfevni hmoty jsou vyuzivany samoziejmé dalsi fyzikalni
ielektrické metody, napf. metody -elektrofyziologie. M¢tici zafizeni ukaze v podobé
elektrické veli¢iny koncentraci iontl ve zkoumané ¢asti pletiva. Vyjadreni tzv. vitality dfevin
je zalozeno na objevu fytoelektrickych proudd, které vznikaji mezi rostoucimi stromy a jejich
zivotnim prostiedim. Tyto fytoelektrické proudy souvisi se zdravotnim stavem sledovaného
organismu a vytvari tak spolehlivy znak vitality stromil. Fytoelektrické proudy se méii mezi
uzemnénim a rostoucimi stromy pomoci zemnici a snimaci sondy a elektrického méficiho
pfistroje. Zemnici sonda se umistuje do vlhké pidy. Snimaci sonda se zavadi vpichem
do pletiva v ptizemni ¢asti rostouciho stromu.

Pomérné novou metodou, kterd umoznuje posouzeni uvedenych postupi, je metoda
verifikace vitality stromd metodou vypocetni tomografie. Ta je zaloZzena na méfeni absorpce
paprsktl gama v Gzké vrstvé pri¢ného fezu kmenem rostouciho stromu, kde jsou rozhodujicimi
Ciniteli hustota dfeva a rozlozeni vlhkostniho obsahu. Tomografické zobrazeni vyssi vlhkosti
v §irsi bélové vrstveé je znakem zdravého stromu, je-li vSak tomograficky zobrazena snizend
vlhkost a zuzena béla, svéd¢i to o naruSeném vodnim transportu, resp. o ovlivnéni
transpiracniho proudu. Pro stanoveni aktualniho objemu tohoto tzv. sap flow jsou aplikovany
techniky zakladnich fyzikalnich metodik z oblasti elektrickych zakont, nukledrnich poznatkii
nebo pravé z oblasti tomografie ¢i magnetické rezonance, priniku radioaktivnich izotopt ¢i
magnetohydrodynamického efektu. Za prioritni v§ak v soucasné dob¢ 1ze povazovat metodu,
ktera je zalozena na termodynamickém chovani sledovaného objektu. Z metod, u kterych je
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aplikovan termodynamicky princip, 1ze uvést ptiklady jako: metoda tepelného pulsu, disipacni
metoda, metoda tepelné bilance kmene nebo metoda deformace tepelného pole v kmeni.

Projev intenzity transpira¢niho toku (proudu) a jeho =zavislost na uvedenych
evaporacnich podminkach, které ziejmé zplsobuji kolisani pravé velikosti a dynamiky
pratoku v kapilarach xylému, je zakladni myslenkou aplikace méfeni jeho akustické odezvy
z pohledu akustické emise (AE). S ohledem na velikost diskontinuity tlakovych pomért
v xylému lze s ohledem na citlivost piezoelektrickych sond pfedpokladat moznost sledovani
transpiracniho toku bélou. Tézistém uvadéné metodiky méfeni toku metodou AE je urceni jiz
uvedené diskontinuity transpira¢niho proudéni, pfip. zjisténi razantnosti prerusujiciho se
objemu toku, nebo jeho znovunastoleni, tj. obnoveni pritoku. Cetnost emisnich udalosti na
vybranych hladindch a energetickd hodnota signald, resp. tvar signali a jejich frekvencni
struktura, to je pfisti vyvoj v oblasti aplikace AE v této oblasti, jez v sobé obsahuje zvladnuti
metodiky sniméni, urceni nejaktivnéjsich frekvencnich oblasti jednotlivych udélosti a jejich
detailni matematickou analyzu. VSechny tyto oblasti jsou mimofadné naro¢né s ohledem na
jiz uvedenou interdisciplindrnost problematiky méteni, kterd v sobé zahrnuje oblast
akustickou, elektrickou i biologickou, navic s tizkou vazbou na meteorologické podminky.

Metoda akustické emise se mimo uvedenou oblast hodnoceni ristovych parametrii
dfevin, vyuziva zejména pro oblast vyuziti dfeva jako konstrukéniho materidlu. Mimo prace
citované v naSem prispévku na lonské konferenci Defektoskopie [1] byly v roce 2010
publikovany nové vysledky postupti hodnoticich mechanické parametry. Zde se jedna
0 obdobu postupti jiz standardné pouzivanych v oblasti kovovych, piipadné¢ kompozitnich
materidl. V této souvislosti jsou dale propracovavany postupy, které také na zékladé Sifeni
vin hodnoti kvalitu (pfip. napadeni) dfeva [2]. S hodnocenim kvality materidlu velmi uzce
souvisi vyuziti metody AE pro sledovani procesu suseni dfeva [3]. Pomérné netradi¢ni bylo
vyuziti metody AE pro popis a hodnoceni procesu vyroby tepelné¢ upravené¢ho dieva tzv.
thermowood [4].

3. Metodika experimentii

Ve spolupréci s Ustavem lesnické botaniky, dendrologie a geobiocenologie Mendlovy
univerzity v Brné, kde se kolektiv odbornikii pod vedenim prof. Cerméka zabyva méfenim
hodnoty transpira¢niho proudu metodou deformace tepelného pole, bylo provedeno méteni
zmény signalu akustické emise v prib&éhu nékolika dnt. V tomto ptipadé byly objektem
mefeni borovice Douglaska a lipa srdCitd. Vysledky ziskané zminénymi postupy by
po vzajemném porovnani a detailni analyze mély slouzit k rozvoji obou metod, prohloubeni
obou méficich metodik a jejich vyssi objektivnosti a verifikovatelnosti. Méfeni navazovala
na pfedchozi experimenty na borovici, topolu a javoru. Prvni ukézky vysledk byly
prezentovany jiz na lofiské konferenci NDE for Safety/Defektoskopie 2009 v Praze [1]. Cilem
letoSnich experimentli bylo pfedevSim ovéfeni moznosti zmény technologie sniméani signalu
AE.

V ptedchozich experimentech byly do kmene stromu zarazeny tenké Cepele
z nerezového plechu, na néz byly umistény snimace AE — viz obr. 1 a obr. 3. V souasné
etapé jsme se pokusili tyto ¢epele nahradit, dle naseho nazoru méné invazivnimi, ocelovymi
vlnovody o priméru 4 mm, s bfitem na konci, které byly opét zarazeny do hloubky cca 2 cm
do kmene stromu. Na rozSifené ¢asti vlnovodu byl umistén piezoelektricky snima¢ AE
s magnetickym upindnim (obr. 1). S ohledem na moznosti vyroby byly pouzity vinovody
s konickou tpravou ptechodu [6]. Vyhodnégjsi tvar rotacniho hyperboloidu by do méfeni
vstoupil pfipadné az po verifikaci novych vysledki a jejich porovnéni s ptivodnimi vysledky,
které byly ziskany pomoci vlnovodi ve tvaru Cepele i s vysledky ziskanymi z méteni metodou
deformace tepelného pole. Pro vyrobu vinovodi (obrazek) byla pouzita feriticka nerezavéjici
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ocel, u které lze vyuzit magnetické snimaci sondy pro dokonalejsi dosednuti sondy na ¢elo
jemné brouseného vinovodu (Ra 0,4).

Q

s

b) magnet.
snimac s
Inovodem

Obr. 1 Vzhled ocelové ¢epele a magnetického snimace se Obr. 2 Snimaci a zdznamové zatizeni
snimatelnym vinovodem pouzité pti experimentech

Obr. 3 Ukazka ptipevnéni snimacti AE pti zkouskach na Obr. 4 Usporadani experimentt na
lipé borovici a lipé.

Vlastni metodika méfeni byla v podstaté shodnad s meéfenim z pfedchoziho roku [1].
Do borovice i lipy byly zarazeny ocelové Cepele i valcové vinovody. Nasledné byly
ptipevnény piezoelektrické snimate AE — na Cepelich standardni pomoci mechanickych
uchytil a na valcovych vlnovodech snimace magnetické. Snimani signalu probihalo soub&zné
na analyzatorech Dakel Xedo — obr. 2. Vzhledem k dostupnému poctu snimacich kanal byly
dvé dvojice snimaci upevnény na lipé€ a kontrolni dvojice na borovici.

4. Priklady experimentalnich vysledki

V pribéhu nekolika cca tydennich méfeni byly ziskany rozsahlé datové souboru — v jarnim
i letnim obdobi, pfi riznych klimatickych podminkéch, za boufek i v relativné suchém obdobi.
Soubory se stale jesté zpracovavaji, nicméné priklady vysledki jsou uvedeny na obr. 5 a 6.

Na obr. 5 jsou ukazky zaznami zmén signalu AE v pribéhu cca 5ti denni zkousky na lipé
srd¢ité z obdobi 3. - 8. ¢ervna 2010. Zaznamy jednak potvrzuji uréitou periodicitu v intenzité
signalu AE s maximy ve veCernich a rannich hodinach. Zejména se vSak potvrdilo, Ze
zaznamy ziskané na valcovych vinovodech (dolni zaznam — slot 2) jsou plné srovnatelné se
zaznamy z ocelovych cCepeli (horni zaznam — slot 1). Zaznamy a) jsou vysledkem
vicehladinové analyzy (cca 6 hladin), zaznamy b) pak klasické analyzy dvojhladinové se
zobrazenim RMS. Na obrazku 6 je piiklad pokrocilejsiho zpracovani signalu AE — rozlozeni
frekvenci v ramci hodinovych méfeni realizovanych v riznych dennich dobach.
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Obr. 5. Srovnani zdznamt signalu AE v pribéhu cca 5ti denni zkousky na lipé srdéité. Nahote je signal
sniman pomoci standardnich snimacti na ocelové ¢epeli. Dole jsou zdznam snimacti na vinovodech.

Zaznamy a) jsou vysledkem vicehladinové analyzy (cca 6 hladin), zaznamy b) pak klasické
dvojhladinové se zobrazenim RMS.
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Obr. 6 a) piiklady zaznamu frekvence vs. intenzita signalu z hodinovych méteni na lipé v riznych
dennich obdobich (cca v 18 hodin, 6 hodin a ve 24 hodin), b) totéz jako obr. a ve 3D zobrazeni — casové

vyjadfeni frekvenéniho spektra.
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5. Zavér

V tomto pfispévku je popsdna ¢ast zdznaml snimdani signalu AE, jejichZ zmény by mohly
odpovidat proméndm Zivotnich projevii nékterych dfevin v pribé¢hu denniho cyklu.
vysledkim, naméfenym na borovici douglasce, javoru a topolu. I v tomto ptipadé dochazelo
k periodickym zménam snimaného signalu akustické emise s maximy ve vecernich a ¢asnych
rannich hodinach. Zde se pfimo nabizi souvislost s pferuSovanim a opétovnym zahajovanim
toku zivin kmenem stromu tzv. sap flow. Svoji roli samoziejmé mohou hrat i teplotni zmény
a tim dilatace dfevni hmoty, pfipadné vitr apod. V nékterych zaznamech byly zaznamenany
ptimé vlivy aktudlnich povétrnostnich podminek — napt. bouiky.

Hlavnim cilem méfeni vSak bylo dalsi propracovani technologie a parametri sniméani signalu
s pomoci tenkych valcovych vlnovodi, které pfedstavuji mensi zasah do kmene stromt oproti
diive pouzivanym cepelim. MozZnost vyuziti této technologie snimdni byla potvrzena
a vysledky maji naprosto shodny charakter.

V nynéjsi etapé budou namétfené vysledky dale analyzovany a korelovany s méfenimi prof.
Cermaka s cilem nalezeni piiginy periodickych zmén signalu AE, piip. na potvrzeni vlivu
velikosti transpiracniho proudu a jeho zavislosti na teplot¢ a radia¢nich podminkach. Ziskané
vysledky méfeni budou dile objasfiovany z hlediska klimatologického, hydrologického
i materialového. Aplikaci vysledkll vSech typll méfeni lze vyuzit pro optimalizaci porostni
struktury, zhodnoceni vitality a funkéni stability porostli z hlediska novych, ale zcela
zasadnich navrhl v zivotné dilezitych procesech.

Pod&kovani: price predstavené v tomto piispévku vznikly diky pochopeni prof. Cermaka a jeho
spolupracovniki z Ustavu lesnické botaniky, dendrologie a geobiocenologie Mendlovy univerzity
v Brn¢ a vramci projektu MPO TIP ¢. FRR-T11/371 ,,Integrated system of monitoring of selected
machine parts”.
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Abstract: We deal with a simple method of construction of ¢-divergences using a normaliza-
tion of convex or concave functions. First we mention the well-known divergences (Kullback,
Hellinger, X%, Power, ...) and then we introduce several of its modifications. As an ezample, we
present generalized LeCam and Hellinger divergences. These new families of divergences open
new research possibilities in the area of statistical treatment of acoustic emission sources. Fur-
ther, we deal with the classification of acoustic emission signals by means of distribution miztures
(DM). The acoustic signals are separated by means of suitable parameters obtained directly from
the signals and from the normed frequency spectra. The very ¢-divergence distance measure is
employed as the additional signal spectrum attribute. We are concerned with the efficient set of
classification parameters and we test the proposed classification method for the case of laboratory
data and also for the experimental design of steel material 16530.

Key words: ¢-divergences, EM-algorithm, signal classification, real data processing

1. Standard ¢-divergences

Let (X,A) be a measurable space and let P be the set of all probability measures on
(X, A). If P € P is dominated by a o—finite measure p on (X,.A), p = dP/du denotes
the Radon-Nikodym derivative of P with respect to p.

Definition 1. Let pu be a o—finite measure on (X, A). Let P,Q € P, {P,Q} < p,
p=dP/dp and ¢ = dQ/du. ¢—Divergence of P and @ is a function Dy : P x P — [0, 0]

defined by
Dy(P,Q) = /qué (g) du,

where ¢ : (0,00) = R, ¢(1) = 0, ¢(¢) is convex on (0,00) and strictly convex at ¢ = 1.
We put gé(p/q) = q¢(0) if p = 0 and q¢(p/q) = pd(c0)/o0 if ¢ = 0, where ¢(0) :=
lim; o, ¢(t) and ¢(o00)/c0 := limy_. 4(t)/t with the convention “0 - co = 0”. Generating
functions ¢ with the properties stated in this definition are called ¢—divergence functions
or simply ¢—functions.
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It is known that D, are all reflexive (i.e. Dy(P, P) = 0), ¢(0) + ¢(o0)/0c0 > 0 and the
range of Dy(P, Q) is

0< Dy(P,@Q) < ¢(0) + ¢(0)/o0,  P,QEP,

where the upper bound is achieved if P,@Q are two singular measures. The value of
Dy(P,Q) does not depend on the choice of dominating measure p, we can take e.g.
i = (P+ Q)/2. Further, Dy(P, Q) are all invariant with respect to the linear transform
of the form ¢(t) = ¢(t) — ¢ (1)(t—1),t € (0,00), where ¢/, (1) denotes derivatives of ¢ at
t = 1 from the right. Thus every ¢-function has its nonnegative version ¢~5 with the same
¢—divergence and ¢/, (1) = 0. The widely used examples of ¢-divergences are summarized
in the following Table 1.

(t) (t) Dy(P, Q)
Kullback (1) —Int —Int+t—1 Q. P)= [ qln dp
Shannon (1) tint tint —t+1 I(P,Q) = [pntdp
Variation (V) | |t — 1| 2=2t, i<l | y(p Q)= Jlp—qldp
0, t>1
Pearson (x2) |2 -1 (t—1)? X(PQ) = [ ap
Neyman (x*) | (1-1)/t | (t— 1?2/t Q. P) = [ T qy
1—t t—1)2
Le Cam (LC?) |2 -1 LC*(P,Q) = [ T2 du

14t t41
Hellinger (H?) | 2(1 — ) | (vVE—1)? HX(P,Q) = [ (yp—+va)’ du

Vajda (x*) [t—1] X4 P,Q) = [¢"%p—q|*du

Matusita (M,) | — [t2 — 1|V/a M, (P,Q) = [ [p* — ¢°|= dp
to—1 o a(t—1)—

Power (I,,) a1 L ;((at_ll)) 1 I,(P,Q) = @ (fpiq'—*dp—1)

Table 1: Standard examples of ¢-divergences

Note that, in the case of I,-divergence, it holds I%(P., Q) = ZM’%(P7 Q) = 2H*(P,Q),
L(P,Q) = x*(P,Q)/2, I1(P,Q) = x*(Q, P)/2 and the limits of I, at a = 1 and a = 0
provided us with the Shannon information divergence Io(P, Q) = I(P, Q) and the reversed
Kullback-Leibler divergence I1 (P, Q) = I(Q, P). For advanced theory of ¢-divergences see
Vajda (1989).
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2. Generalized ¢-divergences with examples

A divergence function ¢ is said to be fully normalized if ¢(t) is twice differentiable at
t=1,¢(1) =0 (ie. ¢ is nonnegative), and ¢”(1) = 1. Now, let 1) : (0,00) — R be a
convex or concave function on (0, 00), with the property of being twice differentiable at
t =1 with ¢"(1) # 0. Then

2o V) =) () (E-1)
t) = t € (0,00), 1
() o L te0x) 1)
is a fully normalized divergence function. Table 2 ilustrates how some divergences in
Table 1 arise from very simple ¢)—functions via construction (1).

Kullback (1) Pearson(x?) Neyman (x?) | Le Cam (LC?)

h(t) Int t? % %ﬂ
)2 2
()| —mireo1 (t—1)2)2 b “ :1)
Hellinger (H?) Power (1,) Tuned (D,)
P(t) NG % a#0,1 tlatD/2 g £ 41

a+1

t*—a(t—1)—1 4t2 —(a+D)(t-1)/2-1

- e
¢ | 2(vi-1) ala—1) (et D(a—1)

Table 2: 1-functions for standard ¢-divergences

Example 1 (Generalized Le Cam divergence). Motivated by Le Cam distance LC?
(see Table 2) we introduce generalized Le Cam divergence LCs(P, Q) by means of strictly
convex 1—function

1
t) = —, t € (0,00), > 0.
h(t) =7 T (0,00), a
Applying construction (1) we get

- b+1(1—1)2
¢b(t):%(b+t)’

t>0, b>0.

Corresponding divergences D3, (P, Q) are closely related to the so—called blended divergen-
ces which can be found in the recent literature. Indeed, if we denote 8 =1/(b+1) € [0,1],
then we obtain

— 01 (t—1)?
¢ﬁ(t)—§m7 t>0, gel0,1],
d
" LCf(PQ)-fo(PQ)fl/ﬂd PQeP
R I (TR
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The special cases are Pearson’s x*(P,Q)/2 for 3 = 0(b — 00), Neyman’s x*(Q, P)/2 for
B =1(b =0), and Le Cam’s distance LC?*(P,Q) for = 1/2(b = 1). Further, ¢4(t)
is strictly convex on (0,00) for all 3 € [0,1]. Consequently, LCs(P, Q) are unbounded
divergences for the limit values § = 0 and § = 1, but they are bounded for all g € (0,1).

Lindsay (1994) found exactly the same divergences by the modification of weights
inside the integral expression of Pearson’s y?-divergence. Due to this connection, the
parameter ( of this type is called blending parameter.

It is easy to verify that 5;@) = ¢,_4(t), B € [0,1], so that LCs(P, Q) satisfies the
skew symmetry about 3 = 1/2, LCs(P,Q) = LC1_3(Q, P), P,Q € P. This provides
the only one symmetric divergence LC% (P,Q) = LC?(P,Q) in the class of generalized
Le Cam divergences.

Example 2 (Generalized Hellinger divergence). The presented method of con-
struction (1) can be combined with standard tranformation techniques preserving con-
vexity of transformed functions. Let start, for all b6 > 0, with the ¥—function

B 1_t2a
bt

a (1) b>0, a#0,1.

We employ the convex transformation f(y) = y? to obtain wzb(t) Since 1,4 is not
nonnegative on (0, 00) then the transformation f(y) = 32 need not preserve convexity nor
concavity and it have to be treated separately. Let us consider only the special case for
a = 1/2. Then the function

A(t) =1 (t) = (bt\%) . te(0,00),

is convex for all b > 0 and construction (1) provides us with the fully normalized divergence
function ¢,(t) = (b + 1)?¢y(t)/2. The blending parameter 3 = 1/(1 + b) € [0, 1] leads to

_ 1 1—t 2
ds(t) = 3 (W) ) t€(0,00), Be€]0,1],

with the corresponding generalized Hellinger divergence

_1 (r—a)? ,
Q) =3 [ G+ a-pyE e Peer

The particular cases are Pearson’s x2(P,Q)/2 for 3 =0 (b — o), Neyman’s x*(Q, P)/2
for # =1 (b = 0), and Hellinger’s 2H*(P,Q) for 3 = 1/2 (b = 1). The function ¢g(t)
is strictly convex on (0,00) for all 8 € [0,1] and all the blended divergences Hg(P, Q)
for 8 € (0,1) are bounded. Similarly as in Example 1, 5;(75) = ¢, 4(t), B € [0,1].
Consequently, the skew symmetry about § = 1/2 takes place, Hg(P,Q) = Hi_4(Q, P),
P, € P, which provides the only symmetric divergence H 1 (P,Q) = 2H?*(P,Q) in this
class.
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3. Clustering via the distribution mixtures

We denote the distribution mizture to be any convex combination
M M
p(z|®©) = Zajpj(x‘oj)v Zaj =1, a; 20,
j=1 j=1

where p;(z]6;) are probability density functions on R”, a; are the weight factors, z € RP,
and M is number of the components. Further, we consider only mixtures of the normal
densities in the present paper, thus 6; € R® stands for the vector of mean and covariance
matrix of the j-th mixture component. Now, let x = (z1,...,zy) be a sequence of
i.i.d. observations of a random variable X under the density p(z|©). We expect M data
clusters according to the components of the mixture. We detect to which component of
the mixture the observation z; belongs through the vector ¢;

() = anpr(wdOr) /Zampm(aﬁl\ﬂm) ke(l,...,M).

m=1

The k-th component of ¢; evaluates the probability of x; belonging to the k-th component
of the mixture. If we prefer only a scalar indicator, we define ¢; simply by

t; = arg max aypy (| y).

The best normal mixture fit will be done through the maximum likelihood principle.
More rigorously, the experimentally measured characteristics of the signals are considered
to be an independently drawn sequence x = (z1,...,zx) from the density p(z|©), © =
(a1, ..., ap-1,01,...,0)). The best estimate ©* € A of the real valued vector parameter
governing the distribution of the data is yielded by maximizing the log-likelihood function
[(©]x) = Inp(x|©) with respect to all possible choices of the argument ©

N M
[(©]x) = Inp(x|©) = lan z;|©) = Zana]-pj(x,;wj).
-1 =1

The maximum likelihood method within the distribution mixture may bear some spe-
cific issues:

o The mizture is not identifiable. The identifiability property means that for every
distinct ©1,0, € A, p(z|©1) # p(z|©2) a.s. Since the identifiability property does
not hold for the distribution mixture in general, the sequence of ML estimators does
not have to be consistent. Some identifiability problems can be resolved easily, e.g.
the component permutation invariance can be solved by component sorting. In [4],
McLachlan presents example of the estimator which is stuck within a connected
subset of A, where the Fisher’s information matrix is singular.

o The loglikelihood function is not bounded even for the simplest mixture since every
observation z; leads to a singularity of the loglikelihood function. This seemingly
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unwelcome behavior of the mixture implies that one component fits to a single
observation, i.e. that one component becomes the delta function. These over-
fitted solutions are called “spurious clusters” and they are disregarded because they
inevitably reject any other data set besides x.

e The analytical work with the loglikelihood function proves to be difficult. Fortunately,
there exists a simple iterative algorithm which provides the local maximizers of the
likelihood function called the Ezpectation Mazximization algorithm.

4. EM algorithm

Now we introduce the missing information principle. Let the random variable Z = (i,()
be given, where X be an observable random variable connected to the own experiment
and Y be an unobservable random variable that provides the information from which
mixture component the observed X was drawn. We refer Z to be the complete data with
the observed data X and the missing data Y. Let x = (z1,...,2x) be i.i.d. random
sequence drawn from X, which was observed, and sequence y = (y1,...,yn) from Y
which is missing. We denote z = ((11, )T, (2w, yN)T)7 the complete data. Further,
we denote the conditional expectation of the complete data loglikelihood function as

4(6,) = E[1.(0]z)|x, 9.

The k-th interation of the EM algorithm consists of two steps, the Expectation and the
Maximization step:

E-step: Calculate ¢(©, ©%).

M-step: Maximize ¢(0, ©F) with respect to the first argument O,

k1 _ k
" = argrélgi(q(@, or).

The iteration steps of the EM algorithm are repeated until specific convergence rule is
fulfilled. It can be proved [6] that the iteration of the EM algorithm either increases the
value of the loglikelihood function I(6*|x) or ©F is already a stationary point © of I(©]x),
albeit it does not have to be a local minimum. The advantage of the EM algorithm is
that for a few distributions, among which belongs the mixture of normal components, the
iteration steps of the EM algorithm can be solved analytically. The formula calculating
©**! was derived in the closed form and can be found in [5]. We now list the most
important properties of the EM algorithm:

1. EM algorithm always converges to a stationary point © of the loglikelihood I(6]x).

2. EM algorithm naturally surpresses superfluous components by forcing their weights
close to zero.

3. The local maximum found by the iterative EM algorithm strongly depends on the
initial point ©° since the EM algorithm cannot escape away from once reached
stationary point. We usually initialize the EM algorithm either randomly or through
some traditional cluster analysis solution while runing the EM algorithm several
times repeatedly.
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4. We stop the iterations once [(©%+1|x)/I(©*|x) — 1 descends under certain £ > 0.

The derivation of the closed form solution of EM algorithm requires the number of
components of the mixture M to be known. There exists a variety of methods dealing
with estimation of the optimal number of components of the mixture. In the following
experiments, we used the normal mixture ICL criterion [7].

5. Experiments and results

The practical results are the main focus of this section, where we combine both the main
approaches described above, i.e. the generalized ¢-divergences and the distribution mix-
ture method. Consequently, we verify this proposed acoustic signal classification method
on both laboratory and experimental data sets. The advantage of the combined method
is that it is able to assess the number of clusters of the signals and simultaneously it is
robust in the sense that it ignores sparse outliers that would distort either the standard
statistical estimates or classical nonstatistical approach.

180 = = 920 T T :
+  Type 1 +  Type 1
Type 2 . . - Type 2
<>; :::ype 3 e K mer - S lypei
. ype * F ype
160 - *  Type 5[] 80%‘1’% }:‘2‘6 - *  Type 5[]
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Fragts o= SN
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-+ nate. otk
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+
60 . . . 30 . . .
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Figure 1: Parameter separation by means of Z. and Qo.33-

All processing laboratory measured acoustic signals were detected through the piezo-
ceramic sensors attached to the thin metal plate of sizes 1,8m x 0,6m x 3mm. Emitted
signals were measured and stored on a computer by means of measuring device DAKEL-
XEDO in 12-bit accuracy and 4 MHz sampling rate. The resolution 12-bit means that the
measuring sampling apparatus was able to distinguish the voltage in the interval [-2048mV,
2048mV |. The acoustic emissions coming from the sensors are continuously monitored.
We generated several versions of acoustic sources in the central part of experimental plate.

We perform our cluster analysis with certain parameters computed also from the nor-
malized signal spectrums X; found through discrete Fourier transform. The spectrum
is normalized to one in order to obtain the estimate of spectral density of the signal

DEFEKTOSKOPIE 2010 313



{X ! where T stands for digital length of the emission event (in our case T' = 6144).
The normed spectrum is given by S(f) = |X;|/ Z o |X;|. We compute several pa-
rameters from the normed spectrums and signals and then we use these parameters in
the methods of classification mentioned above. We designed the following classification
parameters or attributes W,, Qg, Z., Dy:

T—

W, = arg IIllIl] L= f1 [1Xs] = 1X4]|", €1, 00),
£=0

F
Qs =min{F € [0, T —1]: Y _|X;| > 8}, Be€(0,1),
f=0

-1 .
1 ifs =-1
25 x), O(xy) = { if sgn(@@ir) , ¢c€(0,1),

,_‘

0 otherwise

where |X;| denotes the arithmetic mean |X;| = Z o5/,
Jy={i €0, =1]: |X;] = ymaxsepr—yXsl}, 7€ (0,1),

and S"¢/*" is a normed reference spectrum, S™/"(f) = S | [Si(f)|/m. Here m denotes
the number of observations from one sort of acoustic emission signals, S?(f) are individual
realizations of the normed spectrum S N.

In this paper we work with the specific classification parameters: Wy (denoted as W),
Qo33, 2 s (denoted as Z.), Dy discrete form of the generalized Hellinger divergence of the

Example 2 with blending parameter 3 = 0.5 (denoted as Hp).

Laboratory data. We measured five types of acoustic emission signals in a laboratory
environment. The signals were excited approximately in the central part of metal plate
and then digitalized via the Dakel-Xedo acoustic measurement system. Then the above
mentioned spectral attributes were computed for each signal. The separation by means of
proposed attributes can be seen in Figure 1. Here, in the case of our laboratory data set,
the newly introduced parameter Z,. separates the signal clusters very well, five distinct
sets of Z, values are apparently present. The other signal attributes separate the clusters
to some extent, but some signal types remained overlapped. To be able to perform a
tradeoff analysis of the classification success rate and the model complexity, we applied
the normal mixture independently on different sets of classification attributes. We present
interesting results in the table below:

Parameters | Qos3, W | Z¢, Qoss | Ze, Qoss, Hp
Success rate 49% 83% 85%
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Experiment 16530. Experiment 16530 consisted of destructive testing of the steel
plate material No.16530 which was exposed to strong pressure of a very hard ball. The
experiment proceeds till the destruction of the steel material emerged, i.e. the ball passed
through the plate so that the material was no longer disposable for any reasonable ap-
plications in the industry. Very similar overstrain processes can be found in our real
life, when repeated load of pressure is caused by any sharp and hard object ending in a
complete damage of the industrial device under consideration. The main task of acoustic
emission is to distinguish the level of material degradation and prevent us against the
critical accident or emergency affair in transportation, chemical or energetic industry.

0.4
0.35 |

0.3 x

0.2
0.15

0.1

0.05 !
400

50 100 150 200 250 300

W Q.33

Figure 2: EM-algorithm based on attributes W, Qo33 and Hp for experimental data set.

In this experiment 16530 we tried to separate detected signals of the first period of the
experiment when the steel material has not been too damaged yet, from the last period
of the experiment, when the plate was close to destruction just before the failure. We had
at disposal overall 587 acoustic signals, which were divided into three groups:

e initial phase (without apparent damage) — the first 100 signals considered,

e middle phase of the experiment — the signals from 101 to 350,

e terminal phase (extensively damaged steel) — the signals from 351 to 587.
We used the EM algorithm classification method combined with the generalized Hellinger
¢-divergence Dy to obtain the reliable separation of the initial, middle and terminal
stage of the 16530 experiment. The results are shown in Figures 2 and 3 for two different
sets of classification attributes. The successes were the following: the method is able to

distinguish between all the three phases of experiment in 63 percents. Moreover, if
we seek for the separation of the only initial (safe) period against the terminal (critical
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Figure 3: EM-algorithm clustering parameters W, Qo.ss for the experimental data set.

dangerous) period, we achieve about 81 percents of successful signal separation, which is
quite satisfactory result in general. In addition to that promising percentage separation,
we yield these results without any signal preprocessing and without any expert based
purification of the data set. We only proceed to restrict ourselves to middle part of the
signals detected, it means we worked with the cutout part of the signal ranged from 500
to 500+1536 digitally sampled values for each acoustic signal. By our observations, the
successful separation was achieved mainly due to the classification attribute Qg.33 which
was quite powerful in detection of the overall mass concentration changes in frequency
domain of the signals depending on the level of destruction of 16530 material.
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Abstract

The localization of acoustic emission (AE) sources by procedures using artificial neural
networks (ANN) represents today highly effective alternative approach to classical
triangulation algorithms. Nevertheless, the application possibilities of ANN are limited due to
several reasons. The main problems are in the collecting sufficiently extensive training and
testing data sets together with the non portability of particular trained network to any other
object. Recently, the ANN based AE source location method has been improved by using so-
called signal arrival time profiles to overcome both limitations. This way of signal arrival time
characterization enables ANN training on numerical models and allows the application of
learned ANN on real structures of various scales and materials. In this paper, the method is
upgraded and localization results are illustrated on experimental data obtained during pen-
tests on a model roof I-beam and an aircraft structure part. General application possibilities
of the method variations for different sensor configurations are also discussed.

Key words: acoustic emission, arrival time profiles, source localization, artificial neural
networks.

Abstrakt

Lokalizace zdroju akustické emise (AE) procedurami vyuZivajicimi umélé neuronové sité
(ANN) je vysoce efektivni alternativou ke klasickym triangulacnim algoritmum. MoZnosti
aplikace ANN v8ak mohou byt z riznych divodu omezené. Mezi hlavni problémy patfi
pfedevsim  sbér  dostateCcného  mnoZstvi  reprezentativnich  tréninkovych  dat
a neprenositelnost konkrétni naucené sité na jiné ulohy. Jako feSeni obou problémi se
v posledni dobé osvédcila metoda na bazi ANN, vyuZivajici tzv. éasové profily. Tento zptisob
charakterizace Cast prichodl( signali k jednotlivym snimacum umozriuje uceni ANN na
numerickych modelech s naslednou aplikaci na realné konstrukce riznych méritek
a materiali. V pfispévku je tato metoda déle zdokonalena a demonstrovana
na experimentalnich datech, ziskanych pfi pen-testech na modelovém stfe$nim nosniku
a soucasti letecké konstrukce. Diskutovany jsou rovnéZz obecné moznosti aplikace
Jjednotlivych variant metody pro riizné konfigurace snimacu.

Klicova slova: akusticka emise, ¢asové profily, lokalizace zdroji, umélé neuronové sité.
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1. Uvod

Pro charakterizaci mechanismu poskozeni materialovych konstrukci na zakladé
analyzy signalt akustické emise (AE) je v prvni fadé nezbytné co nejpfesnéji urcit
polohu emisniho zdroje. Nej¢astgji aplikovany triangulacni algoritmus vychazi pfi
analytickém vypoctu soufadnic zdroje AE z ¢asovych diferenci pfichodl signald
k jednotlivym snimaclm a rychlosti Sifeni elastické viny [1]. Analytické vzorce jsou
v8ak znamé jen pro pfipad isotropnich desek. Algoritmus rovnéz pfedpoklada
geometrickou spoijitost oblasti lokalizace. Moznosti jeho praktického uplatnéni jsou

Problém Ize Fesit matematickym modelem Sifeni napétovych vin. Pro realné potfeby
lokalizace zdrojli AE je tento postup ale pfili§ komplexni a vypocetné velmi narocny.
Budeme-li pfedpokladat, Ze nejrychlejsi typ viny se v konstrukci Sifi po geometricky
nejkratSich cestach, je mozné vypocet redukovat na hledani nejpfiméjsi trasy mezi
snimacem AE a mistem emisniho zdroje, napf. pomoci geodetickych kfivek [2]. | tato
metoda je v8ak v praxi pomérné komplikovana. Predpoklada rozdéleni materialu
na Casti, jejichz tvar Ize parametricky popsat. VyZaduje feSeni soustav diferencialnich
rovnic a znalost rychlosti Sifeni elastické viny. Hranice mezi sousednimi &astmi
télesa jsou pouze diskretizovany tzv. uzlovymi body, které zprostfedkovavaji prachod
viny. Vysledky této metody Ize interpretovat jako tabulku typickych &asovych
diferenci, odpovidajicich dostate€nému poctu zvolenych lokalizaci emisnich zdroji.
Redlné casové diference jsou pak s témito ,tabulkovymi“ hodnotami srovnavany
a hledany nejlépe vyhovujici, pfesnégji FeCeno nejbliz8i podle vhodné zvolené miry.

Nové zavedeny pfistup k lokalizaci zdroja AE pomoci ¢asovych profilli [3] umoziiuje
podstatné zjednodusSeni vySe uvedené metodologie. Vyuziva interpolaéni schopnosti
umélych neuronovych siti ve vicerozmérnych parametrickych prostorech. Vyhodnym
pfedzpracovanim naméfenych ¢&asl pfichodu signalu k jednotlivym snimacum
zaruCuje navic univerzalnost konkrétni naucené neuronové sité, tj. nezavislost
na zméné materialu a méfitka. Novou metodu Ize ilustrativné uvazovat jako pfevod
vySe zmifovanych tabulek typickych ¢asovych diferenci na hodnoty zobecnénych
gasovych profilli, pomoci kterych jsou neuronové sité¢ nasledn& udeny. Casové
profily, zohledfiujici chronologii pfichodd signalu k jednotlivym senzoriim mohou byt
pfitom pocitany rovnéz na zakladé nejkratSich vzdalenosti od zdroje ke snimacum.
Tyto vzdalenosti ale nemuseji byt odvozeny pouze pomoci geodetickych kfivek.
V pfipadé jednoduchych tvard materidlu postaéi eukleidovska vzdalenost
zdroj-snimac.

Huygensovym principem Sifeni vin. Aproximuje geodetickou vzdalenost v diskrétné
zadanych télesech, tj. 2D nebo 3D rastrovych obrazcich. Obchazi tak nutnost
parametrického popisu slozitych konstrukci, které Ize pro potieby 2D lokalizace
jednodu$e zadat pomoci digitalni fotografie. NejkratSi vzdalenost je aproximovana
lomenou ¢&arou, kterd svymi vrcholy i rovnymi useky prochazi jednotlivymi ,pixly“
reprezentujicimi diskretizaci material, pfi¢emz maximalni vzdalenost mezi vrcholy je
omezena predem danou hodnotou, pfedstavujici Fad (aroveri) metody. V zakladnich
urovnich postup pfipomina znamé algoritmy planovani cest na mfiZzce jako napf.
zaplavové vypliiovani potencialového pole nebo Dijkstriv algortimus pro hledani
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nejkratSi cesty v grafu. Navrzenou metodou Ize postihnout rovnéz anizotropii
materidlu. Spolu s expertnim algoritmem odhadu zacatku signalu [4], ¢asovymi
profily [3] a umélymi neuronovymi sitémi tak pfedstavuje efektivni aparat umoznujici
velmi pfesnou lokalizaci zdroji AE.

2. Profily €ast prichodu signalu

Vyuziti informace o ¢&asech pfFichodl signall k jednotlivym snimaddm pomoci
Casovych profilll je inspirovano pfedbéznou expertni analyzou polohy emisniho
zdroje, pfi niz je sledovana konstrukce rozdélena na zény podle prvniho pfichodu
signalu k jednotlivym snimacdm. Na obr.1 jsou rlznymi odstiny Sedi vybarveny zény
na ukazkové slozitéjSi konstrukci. Zény odpovidajici lokalizacim emisnich zdroj,
jejichz signaly detekuje pfislusny senzor jako prvni. Jinymi slovy, v oblasti oznatené
jako N lezi body, které jsou nejblize ke snimaci Sy.

Obr.1 llustrativni rozdéleni sloZité konstrukce na zény podle prvniho pfichodu signalu
AE k jednotlivym snimacum
Fig.1 lllustrative splitting of a complex structure into zones by first AE signal arrival to
each sensor

Z obr.1 je patrné, Zze sama informace o prvnim pfichodu signalu poskytuje dobré
vychodisko pro dalSi zpfesnéni lokalizace emisniho zdroje, zvlasté v pfipadech
malych vzdalenosti mezi senzory. Kazdou zénu ,prvniho pfichodu® Ize dale délit na
podoblasti podle specifické chronologie detekce elastické viny zbylymi snimadi.
Timto zpisobem mohou byt zdroje AE zbézné lokalizovany pomoci tabulky vSech
moznych posloupnosti pfichodl signalu AE k jednotlivym senzortim.

Pro presnéjsi postizeni chronologie detekce signall byly v [3] zavedeny tzv. ¢asové
profily. Pfedpokladejme konfiguraci N snima¢d AE umisténych na rovinném télese.
Oznaéme T; dobu $ifeni elastické viny od zdroje ke snimaci S;. Casovy profil (ATP -
Arrival Time P+rofile) je vektor s nasledovné definovanymi slozkami p; :

N
NT,-2.T,
pi= = (1)

DEFEKTOSKOPIE 2010 319



Je zfejmé, ze pomoci béznych analyzatorli AE neni mozné tyto ¢asové intervaly T;
ur¢it bez znalosti polohy emisniho zdroje. K dispozici jsou pouze ¢asy pfichodu
signalu k jednotlivym snimaétim. Nicméné, oznacéime-li t; ¢as inicializace zdroje AE,
je snadné upravit plivodni vzorec (1) pomoci vztahu T; =t;- ts:

N(t,~ a)—Z(r,—rS) N, —Zr

Pi= 5 = (2)

N

1 < 1

L=t — o2 (t,- 1) N 3
/; k Nj:l J s /; k Nj:l J
Oznacme dale d; vzdalenost mezi zdrojem AE a snima¢em S;. Dosazenim vztahu
Ti=d;/vdo (1) Ize dale odvodit

N— —~ Z— Nd,— ). d,

Je tedy ziejmé, Ze Casové profily Ize poditat z ¢asli pfichodl t; nebo vzdalenosti d;
podle pfislusnych modifikaci definiéniho vzorce (1). Ze vztahu (3) navic plyne
nezavislost na zméné rychlosti v elastické viny. Obdobné se vykrati jakykoliv
nasobek vzdalenosti d;, tedy zména méfitka télesa stejného tvaru. Ve smyslu této
Luniverzality® mohou byt neuronové sité uceny napf. numericky generovanymi daty,
odvozenymi ze vzdalenosti naméfenych na proporcionalnim modelu uvaZované
konstrukce nebo jeji fotografii s vyuZitim algoritmu na hledani nejkratSich cest.
Ve fazi vybavovani, kdy jsou na vstupy sité pfedkladana neznama data, je mozné
zpracovavat ¢asové profily pocitané jiz ze skuteénych ¢asu prichodu.

VySe uvedené vlastnosti ¢asovych profill znacné rozsifuji aplikaéni moznosti
neuronovych siti. V prvni fadé feSi problémy pfi ziskavani dostate€ného poctu
tréninkovych a testovacich dat, coz muaze byt jinak v praxi velmi narocné
a v mnohych pfipadech i nemozné. Zejména z divodu vysokych hladin Sumu nebo
velkych méficich chyb mohou byt experimentalné ziskana ucici data nejednoznacnéa
a tudiz nepouzitelna. V takovych pfipadech nelze zaruc€it dostatecné jemné pokryti
vstupniho prostoru vhodnymi tréninkovymi daty. Problém nepfenositelnosti konkrétni
nau¢ené sité¢ na jinou uUlohu je Casovymi profily rovnéZz vyfeSen diky jejich
nezavislosti na zméné rychlosti elastické viny v materialu nebo méfitka télesa.

b= - N (3)
2.

k=1

dk_—

J

<|\

=
e _ 1
Vv N7 =

3. Lokalizace pen-testll na stfe$nim nosniku

Aspekty lokalizacni metody na zakladé ¢asovych profild a neuronovych siti ilustrujme
nasledujicim experimentem. Ukolem je urdeni polohy tfi sad pen-testd
na modelovém stfesnim nosniku, svafeném ze dvou dild 100mm I-profilG. Pro danou
konfiguraci ¢tyf snimacl (viz obr.2) je tfeba vypoditat tréninkova data, na nichz se
neuronova sit naudi lokalizovat emisni udalosti z oblasti kolem svaru. Tvar télesa
definuje pdvodni digitalni fotografie nosniku pfevedena do dvou barev, kdy Seda
znamena material a bila barva predstavuje prostfedi, v némz se elastické viny nesifi
(viz obr.2). Pro vypocet typickych ¢asovych profili byly zvoleny body pokryvajici
kritickou oblast, na obr.2 vyznacené kFizky. Vzdalenosti téchto virtualnich zdrojl
ke véem snimac¢um odhadla metoda hledajici nejkratsi cesty v obrazku. Nasledoval
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vypocet profild ¢asu pfichodu podle vzorce (3) a u€eni neuronové sité na aproximaci
plvodni soufadnice virtualniho zdroje. Pfesnost vysledkl natrénované neuronové
sité Ize posoudit ze zpétné projekce ucicich bodl predloZzenych na jeji vstupy
a zobrazenych pfimo do plvodniho obrazku (viz obr.3). Vyznamnéjsi nepresnosti
jsou patrné pouze na hranicich tréninkové oblasti, zejména v blizkosti snimace ¢.2.
Jedna se o pfipad, kdy velmi blizké ¢asové profily odpovidaji rozdilnym lokalizacim
a neuronova sit nema kapacitu aproximovat lokalné velmi strmou zavislost.

O

s: B
s

Obr.2 Umisténi virtualnich tréninkovych zdroju na testovaném télese
Fig.2 The placement of virtual training sources on tested body

Obr.3 Projekce tréninkovych bodd nauc¢enou neuronovou siti
Fig.3 Projection of training points by learned neural network

Obr.4 Vysledky lokalizace pen-testt
Fig.4 Results of pen-tests localization
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Na obr.4 jsou uvedeny vysledky lokalizace tfi sad 25-ti pen-testll provedenych
v mistech vyznacenych prUseciky ¢arkovanych ¢ar. Rozptyl vyslednych bodu je
prevaznou mérou zplsoben chybou pfi uréeni zacatkl signalu, odhadovanych
automatickou metodou [4]. RozSifeni tréninkové oblasti je mozné pouze
za pfedpokladu zmény konfigurace snimaci AE. MnoZina virtualnich ugicich zdroja
by neméla obsahovat body, které maji t¢émér shodné vzdalenosti ke vSem snimacim,
¢imz ve vzorci (3) dochazi k déleni velmi malymi Cisly. Metoda se tak stavéa
numericky nestabilni a neuronové sité jsou nuceny aproximovat pfFili§ strmé
zavislosti, na coz pfi rozumném mnozZstvi neuronll nemaji kapacitu. Vysledky
projekce virtualnich tréninkovych zdrojd pro dvé rizné konfigurace snimact mizeme
porovnat na levé a pravé ¢asti obr.5:

s
/ i

£t

s

Obr.5 Projekce virtualnich tréninkovych zdroju pro dvé riizné konfigurace snimacu
Fig.5 Projection of virtual training sources for two different sensor configurations

4. Lokalizace emisnich signalu pfi zatézovani letecké soucasti

VySe popisovana metoda byla puvodné vyvijena pro zpfesnéni lokalizace zdroju AE
na soucasti pfedniho podvozku letounu L-410, zvané "Steering Actuator Bracket"
(SAB), ktera je spolu se snimaci AE ilustrovana na obr.6. Jelikoz méfeni rychlosti
elastické viny na této soucastce vykazuje pfili§ velky rozptyl, klasicka triangulace se
pro lokalizaci emisnich zdroju neosvédcila a bylo nutné hledat alternativni metody.

SAB byl cyklicky tahové namahan jednoosym zatézovacim strojem Instron-Schenck
100kN. Akustickou emisi b&éhem cyklovani monitoroval a zaznamenaval AE systém
DAKEL XEDO. Na soucasti zarovef probihala expertni opticka kontrola mozné
iniciace trhlin v materialu.

Pro lokalizaci zdrojii AE byla aplikovana obdobna metodologie jako v pfipadé
stfeSniho nosniku. Vypocet tréninkovych dat vychazel z fotografie soucastky,
ve které metoda pro hledani nejkratSich cest odhadla pFislusné vzdalenosti
virtualnich zdroju ke snima¢im. Nasledovala aplikace vzorce (3) a u¢eni neuronové
sité na aproximaci plvodnich soufadnic zdroju. Nejlepsi vysledky byly dosazeny
pomoci neuronovych siti specializovanych na oblasti vymezené jen &tyfmi snimadi.
VzdalengjSi senzory jsou spiSe zdrojem vétSi chyby pfi urCovani zacatku, nez
zpfesnénim metody.

V prubéhu dosavadniho namahani (béhem 290 tisic zatéZovacich cykll) byly
detekovany emisni zdroje pouze od stén otvorll pro upeviiovaci S$rouby, od
nekvalitné pfilepenych snimacli a poskozenych tenzometrli. Typickym ptikladem je
otvor na levé strané soucasti (viz obr.7), v jehoz spodni levé &tvrtiné se kumuluji
lokalizace detekovanych emisnich udalosti z pfislusné poloviny soucastky.
Z detailniho zabéru v pravé ¢asti obr.7 je patrné silné opotfebeni stény otvoru vlivem
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tfeni o Sroub, coz je nejpravdépodobné;jSi vysvétleni mechanismu emisniho zdroje.
Na obr.6 jsou pro ilustraci ploSného vyvoje aproximacni chyby zobrazeny tréninkové
body zpétné promitnuté neuronovou siti do pavodni uéici oblasti.

Obr.6 Projekce virtualnich tréninkovych zdroju nauéenou neuronovou siti
Fig.6 Projection of virtual training sources by learned neural network

Obr.7 Vysledky lokalizace skute¢ného emisniho zdroje
Fig.7 Results of real emission source localization
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5. Zavery

V prispévku je testovana metoda lokalizace zdroji AE na bazi umélych neuronovych
siti vyuzivajicich nové definované ¢&asové profily. Tento zpusob relativizace
chronologie pfichodu signalu AE k jednotlivym snimaclm umoznuje vyznamné
roz$ifeni aplikaénich moznosti ANN. Popisovana je metodologie lokalizace zdroju AE
na modelovém stfeSnim nosniku a soucasti pfedniho podvozku letounu. Hlavni
prednosti algoritmu mohou byt shrnuty do nasledujicich bodu:

¢ Metoda je inspirovana zbé&znou expertni analyzou lokalizace emisnich zdroju,
zohlednujici chronologii detekce signalu AE jednotlivymi snimagi.

o Nové zavedené Casové profily umozriuji numerické generovani dostate€ného
poctu pfesnych ucicich dat bez méficich chyb. K jejich vypottu Ize pouZit
vzdalenosti emisnich zdrojii ke snimactim, odhadnuté algoritmem pro hledani
nejkratSich cest v materialu na rastrovém obrazku konstrukce.

o Casové profily jsou nezavislé na zmé&n& méfitka a rychlosti elastické viny
v materialu. Nau¢ené neuronové sité mohou byt tedy aplikovany na vSechny
proporcionalné shodné konstrukce z jakéhokoliv izotropniho materialu.

e Pro zaru€eni numerické stability metoda paradoxné vyzaduje nesymetrické
konfigurace snimacu AE.

e NejvétSim zdrojem lokalizanich chyb je nepfesné urceni zacatku signall
a nikoli aproximacni chyba nau¢ené neuronové sité.

e Metoda cCasovych profill se ukazala jako pfenosny, robustni a snadno
aplikovatelny algoritmus pro lokalizaci zdroju AE.
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Abstract

Nondestructive evaluation of materials using nonlinear ultrasonic spectroscopy
(NEWS) was performed on flat samples of Mg alloys. Initial state of variously
prepared alloys specimens was tested by two-frequency NEWS method - Nonlinear
Wave Modulation Spectroscopy (NWMS). Three piezoelectric transducers were
aftached to a specimen. Two of them transmitted harmonic signals of different
frequencies and the remaining sensor acted as signal receiver. Amplitude of one
emitted signal was increased in defined steps so as to observe nonlinear effects.
Consequently, spectral analysis of received signals was carried out, and harmonic or
intermodulation spectral components were evaluated. Derived nonlinear parameters
of tested samples were compared with results of visual inspection and metallographic
analysis.

Key words: nonlinear wave modulation spectroscopy, Mg alloys, Nondestructive
Evaluation of Materials (NDE).

Abstrakt

Na plochych zkuSebnich télesech z hor¢ikovych slitin byl metodou nelineéarni
ultrazvukové spektroskopie (NEWS) testovan vychozi stav rizné pripravenych
vzorku. K nedestruktivnimu hodnoceni byla pouZita dvou-frekvenéni NEWS metoda -
nelinearni vinové modulacni spektroskopie (NWMS). Na zkuSebni télesa byly
pfipevnény 3 piezoelektrické ménice, z nichZ dva vysilaly harmonické signaly
o rozdilnych frekvencich a zbyly méni¢ zaznamenaval odezvu na buzeni. Amplituda
jednoho z vysilanych harmonickych signal(l byla postupné zvySovana tak, aby se
projevily nelinearni  efekty. Nasledné byla provedena spektralni analyza
zaznamenanych signalt s vyhodnocenim harmonickych a intermodulacnich sloZek.
Na zakladé spekter byly vyhodnocovany nelinearni parametry. Ziskané spektralni
charakteristiky byly porovnavany s vysledky vizualniho pozorovani zkusebnich téles
na vyskyt defektl a s vysledky metalografické analyzy.

Klicova slova: nelinearni vinové modulaéni spektroskopie, Mg slitiny, nedestruktivni
hodnoceni materialu.
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Uvod

Podil nasazeni slitin hof¢iku v pramyslovych aplikacich se stale zvySuje. Slitiny
hof¢iku disponuji vyhodnym pomérem pevnosti a hustoty. Jednou z nejCastéji
pouzivanych slitin je slitina AZ91, ktera obsahuje legujici prvky hlinik a zinek.
Pouziva se pro liti pfesnych konstrukénich dild i na vyrobu valcovanych
a protlatovanych profild. Vyhodné mechanické vlastnosti AZ91 (pevnost,
houzevnatost a odolnost vici vysokocyklické unavé) jsou do jisté miry podminény
vlastnostmi struktury materialu. Obecnou nevyhodou hofcikovych slitin je jejich
citlivost na pfitomnost koncentrator( napéti (napf. konstrukénich vrubd a pfedevsim
trhlin) [1-3]. Uvedené skute¢nosti poukazuji na potfebu vyuziti metod
nedestruktivniho hodnoceni materiadlu. V tomto ¢lanku jsou demonstrovany moznosti
pouZziti metody nelinearni vinové modulaéni spektroskopie na vzorcich z valcované
slitiny AZ91 obsahujicich defekty.

Material

ZkouSena byla Ctyfi plocha valcovana télesa z horCikové slitiny AZ91. Rozméry
zku$ebnich téles byly shodné 120 x 15 x 1,5 mm. Slitina AZ91 je bézné pouzivana
pro tlakové liti a na vyrobu plechli valcovanych za tepla. Hlavnimi legujicimi prvky
jsou Al (9 hm. %), Mn (0,13 hm. %) a Zn (0,7 hm. %). Mangan se do slitiny pfidava
za ucelem zjemnéni zrna, zinek a hlinik pro zvySeni pevnosti [4].

Na zkuSebnich télesech byla provedena kvalitativni EDX analyza, ktera odhalila
vyraznéjSi zastoupeni dalSich prvka, predevSim C a O. Jejich obsah byl ale
na sledovanych vzorcich srovnatelny. Mikrostruktura materialu je tvofena zrny
tuhého roztoku Mg a Zn, casticemi intermetalické faze Mgq7Ali2 a kulovitymi
Casticemi Mn.

Obr. 1: Rozdily v mikrostruktufe materialu v roviné valcovani.
a) mikrostruktura vzorku 11
b) mikrostruktura vzorku 15
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Struktura analyzovanych vzorkd vykazuje vyraznou texturu danou valcovanim a je
znaéné nehomogenni. Metalografickd analyza odhalila vyznamné rozdily
v mikrostruktufe jednotlivych vzorkd (viz obr. 1). Pro strukturu materialu vzorku 11
jsou typické oddélené oblasti jemnych rovnoosych zrn s vyskytem jemnych kulovitych
¢astic precipitatu Mg17Al12 na hranicich zrn. Misty dochazi ke koalescenci precipitatd
do hrubS$ich &astic orientovanych do sméru valcovani. Struktura materialu vzorku 15
vykazuje CastéjSi vyskyt hrubych &astic precipitatu. Tyto Castice ale nejsou spojeny
do vétsSich celkd jako u struktury materidlu vzorku 22. Metalograficka analyza vzorku
23 nebyla provedena.

ZkuSebni télesa byla také pozorovana pod stereomikroskopem pfi relativné malych
zvétSenich. Na sténach téles, které byly kolmé k roviné valcovani, byly pozorovany
podélné trhliny. Trhliny lezely pfevazné v roviné valcovani a zpravidla se nachazely
blizko pod povrchem télesa (viz Obr.2a). Nejvice trhlin bylo zaznamenano na vzorku
15. Vzorek obsahoval trhlinu sahajici od konce az ke stfedu télesa (tj. cca 6 cm
dlouha trhlina obr. 2b) a nékolik menSich trhlin o rozmérech nepfesahujicich 1 cm.
U vzorkd 11 a 23 bylo zaznamenano stejné mnozstvi trhlin rozméry nepfesahujici
1 cm. Na vzorku 22 nebyly zadné podpovrchové trhliny objeveny. Drobné trhlinky
ale byly pozorovany na metalografickém vybrusu.

6339 25KV %20 1mm HD44

Obr. 2: Poskozeni vzorku 15: a) svételna mikroskopie, b) SEM.
Metodika NWMS

Pro hodnoceni vad ve vzorcich byla pouzita metoda nelinearni vinové modulaéni
spektroskopie (NWMS) [5,6]. Metoda vyzaduje pouziti nejméné tfi ultrazvukovych
ménicu. Dva z nich vysilaji budici harmonické signaly o rozdilnych frekvencich f; a f.
Odezva na buzeni je sou€asné zaznamenavana prostfednictvim zbylych snimaci.
Obecné schéma experimentalniho usporfadani je na obr. 3. Konkrétni hodnoty
budicich frekvenci f; a f, jsou voleny s ohledem na vlastnosti pouzitych budic¢i a na
geometrii a mechanické (modalni) vlastnosti zkouSeného télesa. Obecné maiji byt
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budici frekvence voleny mimo rezonanéni frekvence zkouSeného télesa i budicu.
Frekvence f; je volena alespon tfikrat nizSi nez frekvence f,, ale nesmi byt jejim
celoCiselnym nasobkem. Déle je vhodné, aby typicky interval mezi harmonickymi
frekvencemi a intermodulaénimi frekvencemi A (1) byl co nejvétSi. Potom bude
zaruceno dobré rozlieni jednotlivych spektralnich slozek méfeného signalu.

A= |70und f—i)-ﬁ —f,| 1)

Méreni probiha tak, ze zkouSené téleso je sou€asné buzeno harmonickymi signaly
o frekvencich f; a f,. Amplituda signalu s frekvenci £, se béhem méfeni neméni
a amplituda signalu s frekvenci f; je postupné zvySovana v nékolika krocich.
Pro kazdy krok je zaznamenana odezva zkouSeného télesa. Nasledné je provedena
spektralni analyza zaznamenanych signald a vyhodnoceny harmonické slozky f;
a intermodulaéni produkty (postranni pasma okolo frekvence f, a jejich harmockych)

f1 cana f
»[7| Zkousené le— generator
PC | osciloskop L téleso g

predzesilovac¢

Obr. 3: Schéma konfigurace experimentu

A

Defekty ve zkouSeném télese se projevi nelinearnim ristem harmonickych
a intermodulaénich slozek spektra odezvy. Informace o po$kozeni pfichazi z objemu
télesa pfiblizné vymezeného polohou budi¢ll a pfijimact. Pfi pouziti rlznych
konfiguraci polohy budi¢t a pfijimaci metoda umozriuje vymezeni defektnich oblasti.
Ur&eni rozsahu pos8kozeni je mozné pouze komparativné.

Vysledky méreni a diskuse

Vzorky Mg slitiny byly upevnény do méficiho pfipravku. Budi¢e harmonickych signald
byly umistény naproti sobé ve svérkach. Akusticka vazba byla tvofena pres
silikonovou vazelinu. Pfijima¢ odezvy byl kyanoakrylatovym lepidlem pfitmelen
na druhém konci télesa (viz obr. 4). Aby se vylougily vlivy experimentalniho
uspofadani na vysledky méfeni, byla provedena série méfeni pfi rdznych
konfiguracich poloh budic¢l a pfijimace. Bylo prokazano, ze vysledky méfeni pfi
riznych konfiguracich jsou srovnatelné.

Pfi méfeni byly piezoelektrické ménice buzeny signaly o frekvencich f; = 138 kHz
a f, = 399 kHz. Budici amplituda signalu s frekvenci f; byla zvySovana v 17 stejnych
krocich vrozmezi 2 — 10 V. Amplituda signalu s frekvenci f, byla 5 V a nebyla
ménéna. Odezva zaznamenana pfijimatem byla vedena pFes predzesilovaé se
zesilenim 20 dB. Soucasti pfedzesilovace byl i filtr typu horni propusts mezni
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frekvenci 20 kHz. Signaly odezvy byly zaznamenavany do PC pomoci USB
osciloskopu a cely prubéh méfeni byl fizen z programového prostfedi MATLAB.
Signaly odezvy byly vzorkovany frekvenci 25 MHz (14 bit ADC) s délkou zaznamu
128 kslov.

odezva

Obr. 4: Experimentalni usporadani zkousek vzorku Mg slitiny.

Ze zaznamu byla vyhodnocovana frekvenéni spektra signalt a z nich byly odecéteny
amplitudy sloZzek odpovidajici harmonickym frekvencim od f1 a f2 a intermodula¢nim
produktim (f1£f2, f1x2f2, 2f1£f2 apod.). Amplitudy zkoumanych slozek byly
vyhodnoceny tak, Ze byla odec¢tena vySka odpovidajiciho maxima od lokalni stfedni
hladiny Sumu (viz obr.5b)

f kHZ]
a) b)

Obr. 5: a) Vyrfez z naméfeného spektra v semilog. soufadnicich s vyznacenymi
harmonickymi (te¢kovanou ¢&arou) a intermodulacnimi frekvencemi (Earkovanou
Carou). b) Ukazka odectu hodnoty maxima ze spektra v linearnich souradnicich

Odectené hodnoty amplitud byly normovany amplitudou slozky o frekvenci fi. Timto
zpusobem bylo mozné hodnotit nelinearni chovani analyzovanych slozek spektra.
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Jako nejvhodnéjsi ukazatel nelinearity se u vSech vzork( jevil intermodulaéni produkt
f, + 2f;. Pfi pouziti metody NWMS se zpravidla hodnoti postranni pasma okolo dané
frekvence spolecné, ale pfi dané volbé budicich frekvenci je produkt f, - 2f; vyraznéji
ovlivnén blizkosti f;. Zavislost amplitudy slozky f, + 2f;, normované amplitudou fj,
na amplitudé budiciho signalu s frekvenci fi je na obr. 6a. Jako souhrnny parametr
nelinearity Ize vyhodnotit smérnici uvedené zavislosti. Jeji hodnoty pro jednotliva
télesa jsou vynesena do grafu na obr. 6b.

Hodnoty ziskanych nelinearnich parametr(i jsou v dobrém souhlasu s informacemi
zjisténymi o vzorcich vizualnim pozorovanim a podrobnou metalografickou analyzou.
Nejvétsi nelinearitu vykazuje vzorek 15, na kterém bylo nalezeno nejvice drobnych
trhlin, zplGsobenych pfipravou vzorku. Nelinearni odezva vzorkl 11 a 23 je
srovnatelna, coz odpovida rozsahu poskozeni pozorovanému vizualné. V pfipadé
nelinearity vzorku 22 jde pravdépodobné o spolupusobeni odezvy od drobnych trhlin
a vlastnosti struktury materidlu (velikost a deformace zrn), ktera je vyrazné odliSna
od ostatnich vzork(.

Bylo experimentalné zjist€no, ze pro uskuteénéna méfeni jsou vysledky pouzité
metody nezavislé na konfiguraci polohy budi¢l a pfijimace a na volbé budicich
frekvenci. Hlavnim kritériem pro porovnatelnost jednotlivych méfeni je pfiblizna
shoda amplitud signélové odezvy na dané buzeni.

x10° <

—— w11
—4—\z15
25 —— 222 ,
—6— 223

21+, M5 (1)

0.5F

b)

Obr. 6: a) Zavislost amplitudy intermodulacni slozky f, + 2f; na amplitudé budiciho
signalu pro sledované vzorky
b) porovnani smérnic regresnich pfimek proloZzenych zavislostmi ad a)
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Zavéry

Na vzorcich Mg slitiny AZ91 byly zkoumany moznosti detekce vad ve vzorku pomoci
nelinearni ultrazvukové spektroskopie (NEWS). Aplikaci NEWS metody dvou-
frekvenéniho smésovani (NWMS) bylo porovnanim vysledkd s metalografickou
analyzou zjisténo, Ze metoda neni zavisla na konkrétnim experimentalnim
usporadani a volbé budicich frekvenci. Hlavnim kritériem porovnatelnosti vysledk
meéfeni na vice télesech je srovnatelna velikost amplitudy odezvy na dané buzeni.
Spektralni rozborem ziskané nelinearni parametry dobfe koreluji s materialovymi
defekty zjisténymi jinymi metodami. UroveR nelinearity ve zkuSebnich t&lesech,
charakterizovana amplitudou intermodulaéniho produktu f, + 2f; je pravdépodobné
urCovana jak pritomnosti defektll v télese, tak lokalnimi vlastnostmi struktury
vySetfovaného materialu. Vysledky méfeni ukazuji, Ze metodika NEWS mize byt
vhodna nejen pro detekci vad v konstrukci (vyskyt trhlin, koroze, apod.), ale i pro
nedestruktivni hodnoceni struktury materialu.
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Abstract

In this text we summarize the current procedures of steam pipeline inspections in nuclear
powerplant Bohunice. A method of acoustic emission was used for localization of areas with
an intensive FAC process. A STV parameter that correlates with the FAC process intensity
has been derived and a STV analyzer has been developed. The STV analyzer allows
a simple measurement of the STV parameter in the operational conditions and a quick
evaluation of the measured data. The term “Flow-Accelerated Corrosion (FAC) process”
in this text covers the following three degradation mechanisms: cavitation degradation, liquid
droplet impingement erosion and flow-accelerated corrosion.

Key words: FAC process, flow-accelerated corrosion, erosion, cavitation, acoustic emission
Abstrakt

V prispévku jsou shrnuty soucasné postupy kontroly parnich potrubi v jaderné elektrarné
Bohunice. Pro lokalizaci mist s intenzivnim procesem FAC byla pouzita metoda akustické
emise. Byl odvozen parametr STV korelujici s intenzitou procesu FAC a vyvinut analyzator
STV umoznujici jednoduché mérfeni v provoznich podminkach a rychlé vyhodnoceni
mérfenych dat. Pod pojmem Flow-Accelerated Corrosion proces (FAC) jsou v tomto
pfispévku chapany tri degradacni mechanismy: kavitacni po$kozovani, eroze vodnimi
kapkami a koroze urychlovana proudénim.

Kli¢ova slova: proces FAC, koroze urychlena proudénim, eroze, kavitace, akusticka emise
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Problematice pusobeni degradacnich mechanizmG na potrubni systémy
sekundarniho okruhu vénuji provozovatelé jadernych elektraren v poslednim obdobi
velkou pozornost. V dlsledku provoznich udalosti na nékterych elektrarnach byly
rozpracovany programy fizeni starnuti potrubnich systému a jsou implementovany
v provoznich podminkach. Na elektrarné Bohunice byly v roce 1992 na potrubnich
systémech zejména odbérl pary na 4. bloku zjistény ubytky tloustky stén a v roce
1993 byla realizovana rozsahla vyména komponent nékolika zejména parnich
odbérovych potrubi TG. V ramci feSeni této problematiky byly pro potfeby elektrarny
v letech 1993 — 5 provedeny vypoétové analyzy vybranych potrubnich systém( SO
EBO V-2, jejichZ cilem bylo zjisténi pravdépodobného technického stavu jednotlivych
komponent z hlediska pusobeni korozné-erozniho procesu.

Vysledkem analyzy bylo stanoveni rychlosti koroze, zbytkové Zivotnosti
a terminy kontroly, resp. vymeény jednotlivych komponent. Podle doporu¢eného roku
kontroly jsou pak v pribéhu GO provadéna UZ méreni tloustky stén. Prvni méreni
provedené v r. 1992 je vzhledem k chybéjicim Udajim z doby montaZe povazované
za nulté méfeni. Na zakladé téchto UZ méfeni se po kazdé kampani vyhodnocuje
aktualni technicky stav sledovanych komponent.

Presto mohou nastat pfipady intenzivniho procesu FAC, které nemohou
vypocetni metody predikovat z divodd neznalosti okrajovych podminek. Jedna se
napf. o svary potrubi, kde mlze existovat mozné pfesazeni, nebo svar na vnitfnim
povrchu pfesahuje a vytvafi tak prekazku, za kterou mohou v nékterych pfipadech
vznikat intenzivni turbulence, umozniujici intenzivni erozné-korozni poskozovani, viz
napf. schema na obr. 1. V obr. 3 je pak naznaeno zeslabeni stén segmentového
kolena, vyfiznutého z potrubi 6. odbéru TG32 EBO.

V souCasné dobé vSak chybi diagnostické metody, umoziujici tyto procesy
detekovat (viz konference FAC 2010, Lyon, kvéten 2010). Vzhledem k tomu, Ze
procesy FAC generuji spojity signal akustické emise, nabizi se moznost aplikace
metody AE v kombinaci s metodami analyzy Sumu.

Signal AE byl vzorkovan aparaturou DAKEL-IPL, frekvenci 2 MHz. Z obr. 2 je
zfejmy spojity charakter AE a pro zpracovani navzorkovaného signalu v prvni fazi
byla pouzita metoda prdmeérovanych frekvenénich spekter. Z kazdych 2048 vzork{
byl proveden vypocet frekvenéniho spektra a tato spektra byla primérovana v ¢ase
1 sec. Byly tak ziskany spektrogramy, viz obr. 4, kde na ose X jsou frekvence, na ose
Y Cas a na ose Zamplituda frekvencéniho spektra na kazdé frekvenci (s krokem
1 kHz), prezentovana barevnou (zde ¢ernobilou) Skalou.

Spektrogramy v obr. 4 jsou ze dvou identickych potrubi @219 mm na dnes jiz
odstaveném bloku &. 2 elektrarny V-1 Jaslovské Bohunice. Na jednom z téchto
potrubi UZ méfeni prokazalo ostfe vymezenou oblast zeslabeni stény procesem
FAC, viz spektrogram v obr. 4 vlevo. V obr. 4 vpravo je pak spektrogram potrubi bez
vady. Byla prokazana reprodukovatelnost téchto spektrogrami. Po analyze byl
definovan parametr STV, souvisejici s rozptylem amplitudy frekvenénich spekter
na vybranych frekvencich. Ukazuje se, Ze detekce procesu FAC nesouvisi s tvarem
vlastniho frekvenéniho spektra (ten zavisi na geometrii potrubi, vinovodu a pouzitého
snimace), ale s fluktuaci amplitudy spektra na vyznamnych frekvencich v zavislosti
na ¢ase.
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Zavéry
1) Detekce procesu FAC na parnich potrubich metodou akustické emise
v provoznich podminkach jadernych elektraren je mozna

2) Byl zkonstruovan prototyp analyzatoru AE DAKEL-STV, ktery umozriuje
méfeni a vyhodnoceni parameteru STV v podminkach jaderné elektrarny

3) Jsou pfipravovany experimenty pro ovéfeni dosahu detekce v provoznich
podminkach a mozné separace jednotlivych mechanism( porusSovani
metodou AE
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Prezentovand metodika testovani a analyzator DAKEL- STV byly vyvinuty
s podporou:

Uloha RVT & 4600003655 ,Vyvoj a implementacia systému detekcie procesu
poskodzovania potrubia pésobenim prudiaceho média v podmienkach prevadzky
elektrarne EBO V2*
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monitorovani vybranych strojnich uzld a technologickych procest s vyuzitim

akustické emise”
4

——

—_— =
——

—_— e

% \$

L A

Obr. 1: Vznik mozného zdroje turbulenci - Genesis of tubulency source
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Obr. 2: Signal spojité¢ AE - Continuous Acoustic emission signal
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Obr. 4: Srovnani spektrogramli s procesem FAC a bez ného
Spectrograms with active FAC process and without FAC
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CONJUNCTION OF TWO ULTRASONIC NDT METHODS IN SHM
SYSTEM

KOMBINACE DVOU ULTRAZVUKOV\:(CH NDT METOD
PRI TVORBE SHM SYSTEMU

Zdenék PREVOROVSKY
Institute of Thermomechanics AS CR, v.v.i.
Zp@it.cas.cz

Abstract

Structural health monitoring (SHM) has become an important research area in the recent past.
SHM system for instantaneous physical state assessment and residual life prediction of
a structure is defined as a system with the ability to detect and interpret adverse changes
in a structure in order to improve reliability and safety, and reduce life cycle costs.
Such systems are today successively integrated into aerospace, and also into civil structures.
The main goal of SHM is to prevent failures and limiting states of the structure, which can be
achieved by periodic maintenance and repairs supported by proper diagnostics and early
warning of limit states. Material and structural changes, resulting from aging and extreme
events, can be reliably recognized by conjunction of various NDT/NDE methods. Selection
of suitable methods is influenced as by technical parameters and economical indicators as
well. Necessary conditions are also demands on full automation, including data transfer,
processing, storage, and evaluation. Possibilities of two ultrasonic NDT methods
combination, considered as a part of SHM systems are discussed in this paper. The first
method is acoustic emission (AE), which enables real-time localization of structural damage
initiation under operational stimulation conditions. The second method is Nonlinear Elastic
Wave Spectroscopy (NEWS), which can be used without structure stimulation. The common
employment of both methods is very effective as they both utilize the same piezoelectric
transducers, cables, amplifiers, and signal recording and data evaluation devices. Additional
signal generator with power amplifier is necessary in NEWS methods, although they can be
also used for AE calibration. The utilization of common devices reduces necessary expenses
for SHM system creation. A good correspondence of defective zones revealed by both
methods is illustrated on fatigue damage of an aircraft part.

Keywords: SHM, NDT, acoustic emission, nonlinear ultrasonic spectroscopy, defect
location.

Abstrakt

Systém pro monitorovani okamzitého fyzikalniho stavu konstrukce (SHM - Structural Health
Monitoring) je definovan jako systém schopny detekovat a interpretovat nezadouci zmény
v monitorované konstrukci, s cilem zvysit jeji spolehlivost a bezpe¢nost a snizit naklady,
vynalozené b&hem Zivotnosti této konstrukce. SHM systémy jsou proto dnes postupné
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integrovany do leteckych ale nezfidka i napf. do stavebnich konstrukci. Hlavnim tkolem
SHM je predchazet porusovani resp. vzniku mezniho stavu konstrukce jak pravidelnou
udrzbou a opravami, tak zejména diagnostikou spojenou s véasnym varovanim bliziciho se
mezniho stavu. Materidlové a konstrukéni zmény vlivem starnuti a dalSich extrémnich
udalosti 1ze spolehlivé diagnostikovat pomoci kombinace rtiznych NDT/NDE metod, pfi
jejichZ vybéru je tieba kromé technické narocnosti uvazovat také ekonomické ukazatele, ale
imoznosti plné automatizace vcetné prenosu, zpracovani, ukladani a vyhodnoceni dat.
V ptispévku jsou diskutovany moznosti kombinace dvou ultrazvukovych NDT metod,
uvazovanych jako souc¢ast SHM systémi pro letecké i stavebni konstrukce. Prvni z nich je
akusticka emise (AE), umoznujici lokalizaci rozvijejicich se poruch pfi provozni stimulaci
konstrukce v redlném case, a druhd je nelinearni ultrazvukova spektroskopie (NEWS),
vyuzitelnd pro lokalizaci defektnich zén i bez stimulujicich zatézi. Soucasné nasazeni obou
téchto NDT metod je i z ekonomickych hledisek velmi vyhodné, nebot’ v obou ptipadech jsou
pouzity tytéz piezoelektrické snimace, kabelaz i zesilovae a zafizeni pro registraci
a vyhodnocovani vystupnich signalii. Pro metodu NEWS je oproti AE navic zapotiebi
pfepina¢ kanalt a signalovy generator s budicim vykonovym zesilovacem, ale ty lze soucasné
vyuzit i pii kalibraci AE. Spole¢né vyuziti vétSiny pristrojového vybaveni obéma metodami
podstatné snizuje naklady nezbytné na tvorbu SHM systému. Vzijemna korespondence
defektnich oblasti, vymezenych obéma metodami je ilustrovana na piikladu tnavové
namahané letecké soucasti.

Klicova slova: SHM, NDT, akustick4 emise, nelinedrni ultrazvukovi spektroskopie,
lokalizace defektii

Pod&kovani: Prace vznikla za podpory grantt MPO CR ¢. FR-TI1/274 a FR-TI1/198
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POROVNANI ULTRAZVUKOVE KONTROLY TRUBEK S APLIKACI
METODY MAGNETICKE PAMETI MATERIALU

Richard Regazzo, Vaclav Svoboda

Abstrakt :

Uvedeny ptispévek se zabyva porovnanim dvou defektoskopickych metod a to metody
ultrazvukové a magnetické paméti materidlu aplikované na vzorcich trubek kotlovych stén.
Jsou porovnany ziskané vysledky ztrubek bez defekti a trubek s defekty vytvofenymi
po dlouhodobém provozu.

Ukazuje se dobra shoda obou metod z hlediska vyskytu defektti a dale pfi jejich lokalizaci
na povrchu trubky.

Metoda magnetické paméti materidlu navic nevyzaduje specidlni Upravu povrchu
pro provadéni inspekce. Nedava informaci o velikosti defektu , ale urCuje mista se zvySenou
koncentraci naméahani kde je potencidlni nebezpeci vzniku trhlin (zejména unavovych).
Na zakladé vysledki lze podle specialniho programu uréovat zbytkovou zivotnost zafizeni
po dlouhodobém provozu.

Z hlediska rychlosti provadénych inspekci 1ze tuto metodu povazovat za expresni.
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BARKHAUSEN NOISE TESTING OF SURFACE DECARBURIZATION
OF STEEL

TESTOVANI ODUHLICENE VRSTVY OCELI METODOU
BARKHAUSENOVA SUMU

Oleksandr STUPAKOV *, Ivan TOMAS *, B¥etislav SKRBEK **

* Fyzikalni ustav AV CR, v.v.i., Na Slovance 2, 18221 Praha 8, Ceska republika
** Technicka univerzita v Liberci, Studenska 2, 46117 Liberec 1, Ceska republika
Contact e-mail: stupak@fzu.cz, Web: www.fzu.cz/~stupak

Industrially unfavorable process of surface decarburization of EN 54SiCr6 (CSN 414260)
spring steel was simulated by annealing in air at 800°C with different time lags. Three sample
series with different surface treatments were prepared: (i) no treatment after the annealing
(with iron oxides at the surface), (ii) acid pickling and (iii) sand blasting. The obtained
decarburized layers of 0.1-0.35 mm depth were examined by an optical microscope, by
a wave dispersive spectrometer, and by a surface X-ray diffraction method.

Magnetic Barkhausen noise technique was tested for applicability of non-destructive
characterization of the decarburized layer depth. A newly introduced parameter, Barkhausen
noise coercivity, was proposed for practical use due to its sensitivity to the tested
decarburization and its stability to the measurement conditions (see Fig.1a). It was determined
similarly to its hysteresis analogue as a field intersection point of the time integral of the
envelope voltage of Barkhausen noise [1,2].

The sample surface field was measured directly by a vertical array of three Hall sensors. Their
readings were extrapolated to the sample face to obtain the real subsurface sample field [1,2].
Other magnetic parameters, e.g. number of Barkhausen noise counts, were found to be
sensitive to the residual compressive stresses for instance those introduced by the sand
blasting (see Fig.1b).

The authors are very grateful to Prof. J. Svejcar and Dr. N. Ganev for the performed wave
dispersive and X-ray diffraction measurements, respectively. This work was supported by the
Czech Science Foundation (GACR) under the project No. 101/09/1323.

Primyslové nezadouci proces oduhli¢eni povrchové vrstvy b&zné pruzinové oceli CSN
414260 (EN 54SiCr6) byl simulovan zihanim na vzduchu pfi teplot&€ 800°C s rliznym Gasem
vydrze v peci. Byly pfipraveny tfi série vzorkd sruzné oSetienym povrchem: (i) bez
povrchové Upravy (s okujemi oxidl zeleza), (ii) s mofenim v kyseliné chlorovodikové a (iii)
s povrchem otryskanym piskem. Ziskané povrchové oduhli¢ené vrstvy s tloustkou v rozmezi
0,1-0,35 mm byly zkoumany optickym mikroskopem, vinovym disperznim spektrometrem
a metodou povrchové rentgenové difrakce.

340 DEFEKTOSKOPIE 2010



L29H , kA/m 1204 Counts, x10°
c —=— Barkhausen Hc ’

— *— Hysteresis Hc 1004

b)

—=— No surface treatment
—— Sand blasted surface

80

60
40
3
204
0.0+ T T T T T T T 0 T T T T T T T
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
Decarburized layer depth, um Decarburized layer depth, um

Obr. 1 (a) Zdvislosti Barkhausenovy a hysterezni koercitivity na hloubce oduhlicené vrstvy
pro sérii vzorku bez upravy povrchil. (b) Zdvislosti poctu impulsti Barkhausenova Sumu
na hloubce oduhlicené vrstvy pro série vzorki bez tipravy povrchii a oSetfené otryskanim
piskem.

Fig.1 (a) Dependencies of the Barkhausen noise coercivity and the hysteresis coercive force
on the decarburized layer depth for the sample series with no surface treatment. (b) Similar
dependencies of number of the Barkhausen noise counts for the sample series with no surface
treatment and with the sand-blasted surface.

Studovali jsme zda je mozno pouzit metodu magnetického Barkhausenova Sumu pro
nedestruktivni testovani hloubky oduhli¢ené vrstvy. Definovali jsme novy parametr,
Barkhausenovu koercitivitu, kterd je vhodna pro praktické testovani hloubky oduhliceni
pro svoji citlivost 1 svou stabilitu vii¢i podminkdm méfeni (viz Obr.1a). Tento parametr byl
ur¢en podobné jako tradi¢ni magnetickd hysterezni koercitivita jako prisecik casového
integralu obalky napéti Barkhausenova Sumu s osou magnetického pole [1,2].

Povrchové pole vzorkl bylo méteno piimo s pomoci vertikalni sady tii Hallovych sond. Jejich
udaje byly extrapolovany k povrchu vzorku aby bylo mozno ziskat skute¢né podpovrchové
pole ve vzorku [1,2]. Bylo také zjisténo, ze dalsi magnetické parametry, napt. pocet impulsi
Barkhausenova Sumu, jsou citlivé na zbytkové tlakové napéti na povrchu vzorku, které mize
vniknout napf. po otryskani piskem (viz Obr.1b).

[1] O. Stupakov, J. Pal'a, T. Takagi, T. Uchimoto: Governing conditions of repeatable
Barkhausen noise response, J. Magn. Magn. Mater. 321 (2009), p. 2956-62.

[2] O. Stupakov, O. Perevertov, V. Stoyka, R. Wood: Correlation between hysteresis and
Barkhausen noise parameters of electrical steels, /EEE Trans. Magn. 46 (2010), p. 517-20.
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DEVELOPMENT AND APPLICATION OF MAGNETOSTRICTIVE
NDE TECHNIQUE FOR THE INTEGRITY ASSESSMENT OF THE
STEEL STRAND EMBEDDED IN THE CONCRETE GROUT

Zhong-soo Lim, Taek-ryong Seong, Kyu-sik Park
RIST, Pohang, Rep. of Korea

Abstract:

The bridge is subject to a harsh environmental conditions for corrosion and breaking under
varying stress. The assessment of the integrity of the prestressed multi wire steel strands
embedded in the concrete grout is not an easy job until now and no particular method has
been successfully developed. The magnetostrictive sensor can be used to generate
the guided wave into the multi-core steel strand traveling along the axial direction. But the
spatial restriction at the end section of the embedded concrete structure for multi strands
layout makes it difficult to apply the magnetostrictive sensor technology therefore it has
been restricted only to the stayed cable section. And the background noise from
the embedded concrete structure makes it difficult to identify the flaw from the noise.
We are focusing on the possibility of the application of the magnetostrictive sensor
technology for the nondestructive inspection of the prestressed multi strands with multi core
steel cable based on our self-developed electronics and custom software. The conventional
heavy magnet is replaced by Ni-based strip using the remanent magnetic force as the bias
magnetic field. The spatial restriction from the multi strand layout can be overcome
by using the strip method which was developed for the pipe inspection. We has wrapped the
multi-core steel strand with Ni-strip band which has been wound with Cu coil. And the
band can be tightly fixed on the steel strand by a proper method. The electronics for the
magnetostrictive sensor can be easily driven for the frequency scan and the frequency
spectrogram is used for the defect asessment. The conventional rf waveform is susceptible
to the noise from the embedded structure and a diversity of signal processing techniques has
been developed to enhance the signal to noise ration. We can see directly the defect feature
from the frequency spectrogram. But since the noise is still prominent we need further study
to identify the defect information from the measurements. In this paper we will report
the possibility of the magnetostrictive sensor technology for the defect assessment of the
prestressed multi-core steel strand embedded in the concrete deck.

Key words: magnetostrictive sensor, multi wire steel strand bridge cable, frequency
spectrogram, prestressed concrete deck

342 DEFEKTOSKOPIE 2010



Czech Society for Nondestructive Testing
NDE for Safety / DEFEKTOSKOPIE 2010
November 10 - 12, 2010 - Hotel Angelo, Pilsen - Czech Republic

ULTRASOUND FOR NON-DESTRUCTIVE TESTING
OF COMPOSITE MATERIALS

ULTRAZVUK PRO NEDESTRUKTIVNi ZKOUSENI
KOMPOZITOVYCH MATERIALU

Petr Dobs§ak,
Olympus Czech Group, s.r.o., Evropska 176/16, 160 41, Praha 6

V uplynulych dvaceti letech doSlo kvyraznému rozvoji technologie vyroby
kompozitovych materidlll a kjejich nebyvalému rozsSifeni v technické praxi.
V sou¢asné dobé nejsou tyto materidly zdaleka omezeny pouze na leteckou vyrobu,
ale prosazuji se ve stale vétSi mife i do fady jinych prdmyslovych odvétvi.
Nedestruktivni zkou$eni ultrazvukem se ukazalo jako efektivni metoda pro kontrolu
kvality vyroby, ale i pro indikaci a hodnoceni pfipadnych provoznich poSkozeni.
Prestoze proces nedestruktivniho zkouSeni kompozitd ultrazvukem je v zasadé
velice podobny zkou$eni kovu, pfesto vykazuje urcita specifika, diky kterym byly
kromé& univerzalnich zafizeni vyvinuty i pfistroje které nenajdou uplatnéni pro
zkouseni jinych material( nez kompozitovych.

Méreni tloustky materialu je zakladnim parametrem ktery je tfeba hodnotit a ktery Ize
méfit i na téchto materidlech ultrazvukem v rozsahu od desetiny po nékolik desitek
milimetrd. Z téchto tlouStkoméra je odvozen zakladni defektoskop 35RDC navrzeny
pouze pro praci na kompozitech. Slouzi k detekovani delaminaci a poskozeni
kompozicovych desek a nosnikl bez presného definovani rozsahu a typu defektu.
Je uren piedevsim pro provozni kontrolu, je velice operativni, snadny na obsluhu,
lehky a mobilni. Funguje na principu srovnavani vysky a tvaru echa a jeho pozice
na ¢asové zakladné. Vysledkem je informace o tom, zda je v daném misté material
zdravy, ¢i defektni. V pfipadé pozitivniho nalezu je oznacené misto obvykle
analyzovano podrobnéji pfistroji pro konvenéni ultrazvuk, (napfiklad nékterym
z typové fady Epoch), pfipadné PA (OmniScan MX).

Pro uhlikové kompozitové materidly, ale i pro kompozity s velkym utlumem jako
mohou byt napfiklad materidly vyztuZené skelnymi vlakny, pfipadné sendviCové
konstrukce je uren pfistroj BondMaster, ktery je opét navrzen pfedevsSim pro praci
na kompozitech. Vyuzivd nizkych frekvenci vrozsahu 250Hz az 1,5MHz
a v zavislosti na typu materialu Ize zvolit techniku zkouseni ,Pitch-Catch* kdy jeden
kontaktni trn v sondé je vysila¢ a druhy pfijimac. Druhou technikou je metoda ,MIA®
kterou se zjiStuje mira zmény tuhosti materidlu ve zkouSeném misté.
Je vyhodnocovana jak amplituda tak i fAze zaznamenaného signalu. Obé zmifiované
metody jsou provadény bez pfitomnosti akusticky vazebného prostfedku. Treti
metodou, ktera jiz vyzaduje vyuziti vazby o nizké viskozité je metoda rezonanéni,
kde je opét soucasné hodnocena amplituda signalu i faze, ale vyuziva se vysSich
frekvenci ve srovnani s pfedchozimi dvéma technikami.
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Technologie PhasedArray je nejvhodnéjsi pro uhlikové kompozity, a to pfedevsim
nosniky a platy vétSich tlousték, kde je vyzadovano ziskani co nejpodrobnéjsi
a presné informace o struktufe v objemu materialu. Tato metoda muze byt vyuzita
opét pro vyrobni i provozni zkouseni a to jak pro zkouSeni v imerzi, tak i pro zkouseni
kontaktni, napfiklad pristrojem OmniScan MX. Pro zkouseni kompozitd byly vyvinuty
specialni sondy s tzv. ,hluchymi“ okraji sondy zmenSenymi na minimum, coz je jen
1,5mm od okraje sondy, a dale pak tvarové sondy pro zkou$eni kritickych mist
v radiusech tvarovanych nosnikd. ZkouSeni lze provadét na vnéjSich polomérech
pfed ohniskem, pfipadné pfi vyuZiti pfedsadek po prlichodu svazku ohniskem.
NejCastéji vyuzivané frekvence jsou 5MHz a 3,5MHz, sondy jsou konstruovany
s poétem elementd od 10-ti az do 128-mi vimerznim i kontaktnim provedeni
s pfedsadkami. Obvykly postup je ten, Ze se provede manudalné nebo automaticky
jednoosy, pfipadné plo$ny (dvouosy) sken pfi¢emz hodnoceni mlze probihat on-line
v prubéhu skenovani. Po ukonéeni skenu je uloZen datovy zaznam ktery Ize poté
podrobné a snadno analyzovat. Podrobnéjsi informace Vam v pfipadé Vaseho zajmu
radi poskytneme.
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