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DARBA VISPARIGS RAKSTUROJUMS
Temas aktualitate

Aviacijas dzin€ju un avionikas sistému tehniska stavokla monitoringa eso$as sisteémas atrodas augsta
tehniska Itmeni un liela meéra automatizetas. Tehniska stavokla monitoringa sist€émas arT tiek veiksmigi
izmantotas helikopteru zobratu parvadu un varpstu vibraciju kontrolei. Tacu gaisakugu fizelaZu, sparnu un
lidzigo konstrukcijas sastavdalu monitorings ir ierobeZots ar virszemes parbaudém izmantojot tradicionalas
nesagraujosas kontroles metodes. Sada tipa parbaudes prasa lielus cilvéka darba ieguldijumus un sastada
ievérojamu dalu no gaisakuga dzives cikla izmaksam. Saja situacija konstrukciju integréta monitoringa
tehnologijas potenciali lauj samazinat lidaparatu tehniskas apkopes cilvékstundu skaitu un dikstaves laiku.

Novecojoso lidaparatu skaits palielingjies pedgjo gadu laika. ST tendence varétu turpindties ar pieaugo$o
tempu pasreiz&jas pasaules ekonomikas stagnacijas del. Tatad, dro§ibas un ekonomisko ietaupljumu
problémas neizb&gami klist par svarigu jautajumu starp gaisakugu raZotajiem un ekspluatacijas uznémumiem.
Novecojoso lidaparatu aprikosana ar gaisakugu konstrukciju tehniska stavokla monitoringa sisttmam varétu
palidzet pazeminat lidaparatu dzives cikla izmaksas, vienlaikus saglabajot atbilstoSu droSuma Itmeni.

Darba mérkis

S1 darba mérkis ir avidcijas plansienu konstrukciju noguruma plaisas bojajumu integrétas kontroles
problému pétisana. Bojajumu kontrolei tiek izmantotas ultraskanas aktivas kontroles metodes ar konstrukcija
integrétiem pjezoelektriskiem sensoriem. Tiek pielietotas ultraskanas virsmas Lemba vilni (Lamb waves) un
pjezoelektrisko sensoru elektromehaniskas impedances 1pasiba.

Pétijjuma uzdevumi

e novertdt ultraskanas Lemba vilpu tehnologijas lietojamibu noguruma plaisu noteikSanai aluminija
sakausgjumu plansienu konstrukciju elementos;

e novertét pjezoelektrisko sensoru elektromehaniskas impedances tehnologijas lietojamibu sensora lokala
stinguma variaciju noteikSanai;

e Lemba vilnu parametru un plaisas izméra kopsakaribas noteikSana dazadas konfiguracijas aluminija
sakausgjuma 2024-T3 plaksnu paraugiem;

e ultraskanas signalu apstrade un informativo parametru izvéle;

e caisakuga konstrukciju sastavdalu ekspluatacijas spriegumu analize, kas nepiecieSama sensoru
instalacijas konfiguracijas izvelei;

¢ tehniska stavokla monitoringa sisteémas sastavdalu petiSana: pjezoelektriskie sensori un to integracija
konstrukcija, ultraskanas vilnu generacija, datu savakS$ana un sensoru komutacija;

® monitoringa sist€mas elementu darbibas parbaude uz aviacijas konstrukcijas sastavdalam.

Pétijumu metodes

Analitiskas metodes

e Elastigo vilnu teorija;

e FElastibas teorija un plansienu konstrukciju biivmehanika;
e Matematiskas statistikas metodes.

Eksperimentalas metodes

e Ultraskanas elastigo vilnu eksperimentalas metodes;

e Materialu un konstrukciju noguruma izmgginajumu metodes;

e Spriegumstavok]a eksperimentalas noteikSanas metodes (elektriska tenzometrija).



Darba aizstavamas tézes

e Ultraskanas Lemba vilgu lietojamiba noguruma plaisu noteikSanai;
Pjezoelektrisko sensoru elektromehaniskas impedances analitiskais modelis lokala stinguma variaciju
noteikSanai;

e Lemba vilpu parametru un noguruma plaisas izméra korelacija dazadas konfiguracijas aluminija
sakausgjuma plaksnu paraugiem;

e Ultraskanas signalu informativo parametru salidzinasana un izvéle;

e Gaisakuga konstrukcijas komponentu p&tisana un analize sensoru instalacijas konfiguracijas izvélei;

e Monitoringa sist€mas elementu darbibas parbaude aviacijas konstrukcijas sastavdalu noguruma
bojajumu noteiksanai.

Darba zinatniska novitate

e Paradits, ka Lemba vilpu tehnologijas realizacija izmantojot pjezoelektriskos sensorus ir piemérota
aviacijas plansienu konstrukciju noguruma bojajumu integrétai kontrolei;

e Piedavata plaisas tipa defektu simulacijas metode (pseido defekts), kas tiek realizéts ar plansienu
elementa lokala stinguma palielinaSanu;

e Paradits, ka pseido defekta izmantoSana dod iesp&ju eksperimentali pétit ultraskanas Lemba vilpu
integrétas defektu kontroles metodes uz plansienu konstrukcijam bez to sagrausanas;

e Fksperimentali noteiktas dazada tipa plansienu elementu bojajumu ietekmes likumsakaribas uz
pjezoelektriska sensora elektromehaniskas impedances raksturlielumu;

e Izveidots viendimensijas pjezoelektriska sensora un plansienu konstrukcijas sistémas modelis, kas lauj
analiz€t geometrisko un elastibas parametru ietekmi uz sensora elektromehaniskas impedances
raksturlielumu;

e FEksperimentali noteikta pjezoelektriska sensora elektromehaniskas impedances saistiba ar sensora
lokala stinguma izmainam un paradits, ka So efektu var pielietot bultskriives savienojuma pievilkSanas
speka zuduma kontrolei.

Darba praktiska vertiba

Darba rezultatus var izmantot sekojoSu tehniska stavokla integréta monitoringa problému risinasanai:
aviacijas konstrukciju elementu, bojajumu tipu un to atraSanas vietu analizg;
pjezoelektrisko sensoru monitoringa metoZu izvel€ un pielietoSana aviacijas plansienu konstrukcijam;
pamata aprikojuma izvel€ un pielietoSana aluminija konstrukciju monitoringam;
pjezoelektrisko sensoru uzstadiSana un aizsardziba;
ultraskanas signalu apstrade un informativo parametru izvelg;
Promocijas darba rezultati tika izmantoti Eiropas savienibas komisijas CORDIS zinatnisko projektu
AISHA un AISHA II istenoSana.

Darba struktira

Pirmaja nodala sniegts literatiras parskats par misdienu gaisakugu konstrukciju tehniska stavokla
monitoringu, nesagraujosas kontroles metodém pielietotam aerokosmiskaja industrija un perspektiviem
konstrukcija integrétiem bojajumu noteikSanas Iidzekliem. Eksperimentalie rezultati, kas veltiti Lemba
virsmas vilpu un bojajumu mijiedarbibas pétiSanai aluminija plansienu konstrukcijas, ir aprakstiti otraja
nodala. TreSaja nodala aprakstiti eksperimentalie pétijumi, kas veltiti pjezoelektrisko sensoru
elektromehaniskas impedances un bojajumu mijiedarbibas noteikSanai aluminija plansienu konstrukcijas.
Monitoringa metoZu pielietoSana realaja aviokonstrukcija ir piedavata ceturtaja nodala. Ta satur helikoptera
Mi-8 astes sijas aprakstu un iesp&jamus bojajumu veidus, helikoptera Mi-8 astes sijas dinamiskas 1pasibas un



sprieguma stavokli. Aprakstiti trTs eksperimenti kas ir saistiti ar tala lauka bojajumu monitoringu, izmantojot
virsmas Lemba vilnu tehnologiju apSuvuma un stringera plaisu kontrolei un tuva lauka bojajumu monitoringu,
izmantojot elektromehaniskas impedances metodi bultskriives savienojuma pievilkSanas spéka zuduma
kontrolei. Visparigie secinajumi ir doti piekta nodala. Tris pielikumi satur papildus informaciju par
helikoptera Mi-8 astes sijas ekspluatacijas sprieguma stavokla analizi, apSuvuma plaisas monitoringa
eksperimenta programmu, ka ar isu sensoru instalacijas tehnologijas aprakstu.

1. NODALA
GAISAKUGA KONSTRUKCIJAS TEHNISKA STAVOKLA MONITORINGA PARSKATS

Pirmaja nodala ir veikta literatliras analize par gaisakugu konstrukcijas tehniska stavokla monitoringa
metodém. Nodala sastav no septinam dalam. Pirmaja dala ir dots parskats par gaisakugu strukturalo bojajumu
tipiem un statistiku. Seit paSa uzmaniba ir veltita noguruma bojajumiem. Otraja dala Tsuma tiek aprakstitas
gaisakugu projektéSanas koncepcijas, kas paslaik tiek izmantotas. Lidmasinu vecuma statistika ir dota treSaja
dala. Ir paradits, ka veco gaisakugu skaits ir vienmerigi palielingjies kop$ 1999. gada. Misdienas civilu un
militaru lidmasinu bojajumu monitoringa sistémas, kas balstas uz ekspluatacijas slodZu vestures registracijas,
tiek aprakstitas ceturtaja dala. Aerokosmiskaja industrija izmantotas nesagraujoSas kontroles metodes, tai
skaitd ultraskanas, virpulstravas, rentgenografijas un citas, ir aprakstitas piektaja dala. Perspektivas
konstrukciju monitoringa metodes, balstitas uz optisko Skiedru sensoriem un pjezoelektriskiem sensoriem, ir
aprakstitas sestaja dala, ka arT sniegta informacija par visbiezak izmantotiem signalu apstrades Iidzekliem.
Nodala noslédzas ar secinajumiem septitaja dala.

2.NODALA
ULTRASKANAS LEMBA VILNU UN BOJAJUMU MIJIEDARBIBAS EKSPERIMENTALA
PETISANA ALUMINIJA SAKAUSEJUMU KNIEDETAS KONSTRUKCIJAS

Uztverto ultraskanas signalu informativo parametru un bojajumu korelacijas noteikSana ir viens no
svarigakiem nosacijumiem integrétas konstrukcijas tehniska stavokla monitoringa sistémas izveidoSanai.

Saja nodala ir aprakstits eksperiments, kas versts uz uztverta ultraskanas signala intensitates parametru
izmainas pétiSanu atkariba no noguruma plaisas izméra. Eksperimenta tiek izmantotas ultraskanas diapazona
virsmas vilni, kas izplatas plansienu konstrukcijas (Lemba vilni).

Ultraskanas Lemba vilnpu un noguruma plaisas mijiedarbibas pétiSana notika dazadu konfiguraciju
aluminija sakausgjuma 2024-T3 Alclad plaksnités ar izmériem 300x80x1mm. Tika pétitas tris dazadu
konfiguraciju plaksnites, kas paraditas 1. att€la. Katrai konfiguracijai bija izgatavoti divi paraugi.

#1 #2 #3

1. att. Paraugu konfiguracijas: Plaksne ar centralo urbumu 4 mm diametra (#1), plaksne
ar knied@to savienojumu un strémeli (#2) un plaksne ar diviem simetriskiem kniedétiem
savienojumiem un uzliku (#3)

Ultraskanas vilpu gener&Sanai un uztverSanai tika izmantoti divi pjezoelektriskie plakanie sensori, kas
izgatavoti no PZT (Lead Zirconate Titanate, sk. kimisku formulu zemak) keramikas un pieliméti uz plaksném
ar epoksida Itmi Hysol EA9309. Tika izmantoti taisnsttra tipa sensori PZT PIC151 (PI Ceramic) ar izmeriem
0.5x10x50mm. Sensoru materials, PIC151, ir modificéts svina cirkonata titanats (Pb[Zr,Ti;,]03,0<x<1). Sis
materials ir standarts pjezoelektrisko izpildmehanismu izgatavoSanai un piemérots mazjaudas ultraskanas
sensoriem un zemas frekvences skanas devgjiem. Pjezoelektrisko sensoru konstrukcija un instalacija uz
plaksném paraditas 2. att€la.
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2. att. PZT plakanie sensori, kuri bija izmantoti eksperimenta. Sensoru struktiira (a), uz
virsmas pieliméts sensors ar pielodétiem vadiem (b), sensoru instalacija (c) un plaksne ar
diviem uzstaditiem sensoriem (d)

Noguruma plaisas tika raditas un audzetas paraugos izmantojot universalo servohidrauliskas test€Sanas
masinu Instron 8800, kas noslogoja paraugus ar harmonisko stiepes ciklu. Plaisu raSanas vietas bija noteiktas
ar sprieguma koncentratoriem, kas pastav katra parauga ka centralais urbums vai knied€ts savienojums.
Plaisas izplatiSanas virziens bija perpendikulars stiepes spekam P. Plaisas izplatiSana tika kontrol€ta vizuali,
izmantojot desmitkartiga palielindjuma mikroskopu. Maksimalais plaisas lielums bija ierobeZots ar 40 mm.
Cikliskas slodzes process tika partraukts plaisai pieaugot par 2 mm un ultraskanas plaisas monitoringa

eksperiments tika veikts, ka aprakstits turpmak teksta. 3.att€la var redz&t paraugu uzstaditu masina Instron un
plaisas L-N liknes.
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3. att. Paraugu slogoSanas konfiguracija (a), paraugs uzstadits Instron 8800 masina (b) un
L-N plaisas Iiknes iegiitas paraugu konfiguracijai #1 (c)

Ultraskanas vilpu generacijal un uztverSsanai tika izmantotas sekojoSas ierices: specializéta ierice
LWDS45 Cedrat Technologies, kas ietver signalu pjezoelektrisko sensoru ierosinasanas generatoru un signalu
uztverSanas moduli. Signalu uztverSanas modulis iek]auj sevi augstfrekvencu filtru un pastiprinataju. Sensora
signalu registracijai tika izmantots oscilografs National Instruments PXI-5105, kas tika savienots ar LVDS45
ierici. lericu darbibu kontrol&ja dators ar programmatiiru. Eksperimenta mériSanas shéma ir dota 4. attéla.
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4. att. Lemba vilnu un noguruma plaisas mijiedarbibas eksperimenta shéma

7



" Par ultraskapas vilpu generéSanas signalu tika izmantota
sinusoidala moduléta pakete ,,Hanning windowed tone burst”, kas
1 ietver 5 ciklus ar maksimalu sprieguma amplitidu 3 volti (S.att.)

/
//\\ { \\ IerosinaSanas signala frekvence tika eksperimentali noteikta ka
/. ! 250kHz, kas atbilst uz plaksnes pieliméta sensora transversalai
L, S — rezonanses frekvencei.
) \\// Ultraskanas Lemba vilpu generéSana un uztverSana tika veikta

sadi. LVDS45 ierice bija iestatita uz automatisku signala generaciju
divas reizes sekund€, kas tika padots uz pirmo pjezoelektrisko
ekt k1 sensoru-izstarotdju ultraskanas vilpu ierosinasanai plaksné. Signala
e genergSanas sakuma bridi LVDS45 ierice nosita ari trigera impulsu
5. att. 250kHz moduléta signala pakete . — . _ v . —
uz oscilogfrafu, lai tas saktu datu savakSanas procesu. Oscilografs
bija konfiguréts, lai ierakstitu 200 mikrosekunzu ilgu datu masivu.
Tika izmantoti divi oscilografa kanali: pirmais kanals bija savienots ar LVDS45 generatoru un registréja
ultraskanas vilnu ierosinasanas signalu (5. att.), bet otrais bija savienots ar LVDS45 signalu uztverSanas dalu
un registréja sensora-uztvergja ultraskanas signalu.
Statistikas noltikiem tika veikti tris m&rfjumi katram plaisas garumam. Sensora-izstarotaja un sensora-
uztvergja registréto signalu piemérs paradits 6. attela.
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6. att. Sensora-izstarotaja (Exc) un sensora-uztveérgja (Rec)
signalu piemers paraugam 1-1

Plaisas izméra novertesanai tika izveleti uztverto signalu intensitates parametri:
* Maksimala signala amplitiida;

» Videgjas kvadratiskas novirzes maksimala vertiba
RMS(t) laika intervala [0,t], kur <7 un T ir uztverta vilpa signala ilgums, tiek noteikta ka

n(r)

s, -5 (1)

RMS (1) == )

kur n(#) ir mérijjumu skaits laika intervala ¢, s; ir i-ta m&rijjuma veértiba un s(f) ir merijjumu videja vertiba
intervala [0,t].

Maksimalo veértibu var atrast ka

RMS(t),,,. = max[RMS(1)]. (2)

te[0,T]

RMS(t) liknes pieméers ir paradits 7 (a). attela.



¢ Nogludinatas funkcijas S(#) maksimums

Funkcija S() laika intervala [r — Ar,z + Ar], kur O0+4r < t < T-At, tiek noteikta ka

kur 4n ir mérjjumu skaits laika intervala 4¢. Maksimala vertiba biis

S(r),.. =max [S(1)]

max
1€[0,T]
S(t) liknes piemers ir dots 7 (b). attela.
Al2024, 1x80x300mm,Hole d=4mm,250kHzN=68500, Al2024, 1mm,Hole d=4mm,250kHz,N=68500,
11=0mm,12=0.9mm 11=0mm,|12=0.9mm
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7. att. Vidgjas kvadratiskas novirzes RMS(t) funkcijas (a) un nogludinatas
funkcijas S(?) (b) grafiki

3)

4

Sanemto signalu normaliz&tie intensitates parametri atkartba no noguruma plaisas garuma ir paraditi 8.

attela.
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8. att. Signala intensitates parametri atkariba no plaisas bojajuma garuma
paraugu konfiguracijam #1, 2
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Var redzét ka uztverta signala intensitate samazinas ar plaisas garuma pieaugumu. Paraugu
konfiguracijam #1 (centralais urbums) un #2 (knied€ts savienojums un strémele) Sis efekts ir gandriz linears.

NODALA 3

PJEZOELEKTRISKO SENSORU ELEKTROMEHANISKAS IMPEDANCES UN BOJAJUMU
MIJIEDARBIBAS EKSPERIMENTALA PETISANA

Konstrukcijas elementa integréta pjezoelektriska

sensora elektriska impedance ir cieSi saistita ar elementa *
—1

lokalo stingumu un ta pavajinaSanas ipaSibam. Tadu
impedanci var devét par elektromehanisku impedanci *

1 mm

(EMI).

Saja nodala piedavati pjezoelektriska sensora EMI
un metala plaksnes tuva lauka bojajumu savstarp&jas L
mijiedarbibas eksperimentalie rezultati. Ari vienas [:]
dimensijas EMI modelis ir aprakstits un salidzinats ar
izm&ginajumu rezultatiem.

Tika veikti divi eksperimenti. Pirmaja eksperimenta
tika pétita sensora lokala stinguma pieauguma ietekme uz

50 mm

80 mm

EMI raksturlikni, iespilgjot virsmas dalu ar diviem metala
stieniem ar spéku F, ka paradits 9(a). attéla. Otraja
eksperimenta tika pétita sensora lokdla stinguma

(@)

9.att. Eksperimenti ar sensora lokala stinguma
palielinasanas (a) un samazinasanas (b) ietekmi uz

(b)

samazinaSanas ietekme uz EMI raksturlikni, izveidojot elektromehaniskas impedances parametriem

spraugu paral€li sensoram ka redzams 9(b). attela.

PI Ceramic PIC151 pjezokeramiskie sensori ar izmériem 0.5x10x50mm bija pieliméti uz Al
sakausgjuma 1x80x80 mm plaksném ar epoksida Itmi. Sensoru impedances raksturliknes tika nonemtas

izmantojot impedances analizatoru. PétiSanas frekvencu diapazons bija izvéléts 20-40 kHz.

IespiléSanas te€rauda stienu izméri 10x6, 15x6, 20x6 mm. Stienu savilkSanas speks F vienads ar SOON.
Spraugas garums tika mainits no 5 1idz 40mm, un tika mérits no sensora centra simetriski uz abam pusém.

Stinguma variacija maina rezonanses frekvences un amplitiidas, ka redzams 10. un 11. attéla. Attelos
paradita pirmas rezonanses josla 32.5-36.5kHz. Minétas joslas rezonanses frekvences atkariba no bojajuma
garuma ir piedavata 12. att€la. Var redzet, ka ir izteikta, gandriz lineara sakariba starp bojajuma lielumu un

rezonanses frekvenci.

700 800

600 700

£ £
£
O 500 5 600
g @
3 2 500
3 ——Intact
3 400 = nitial g e
E g 400 =—10mm cut
¢ 300 =——10x6mm g
£ < 300 = 20mm cut
T 200 20x6mm 3
-3 3 200 30mm cut
E —40x6mm &
. 100 ===40mm cut
0 0
32500 33500 34500 35500 36500 31000 32000 33000 34000 35000 36000
Frequency, Hz Frequency, Hz
10. att. Sensora rezonanse pie lokala 11. att. Sensora rezonanse pie lokala
stinguma palielinaSanas stinguma samazinasanas
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34000
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= Stiffness decrease

40 50

12. att. Lokala stinguma izmainas ietekme uz sensora pirmas
rezonanses frekvences vertibu.



Tika izveidots viendimensijas uz plaknes pieliméta sensora modelis. Sist€émas shematiskais zimgjums ir
paradits 13. attela.

o | Ay 0 1 2
4 le / J  /
5 T_T v ¥ v o
1

< »
<% |

13. att. Pjezokeramiskais sensors 1, strukturalais elements (plakne) 2
un Itmes slanis 0

Diferencialo vienadojumu sist€ma sensora garuma izmainai ir sekojosa:

u,  , b 26,3,

c u —u
o> W axr  (1+v,)54, G,5,D, :)
2 Q)
) 82u2 C1(2)b2 2G,9, (M1_M2)

=c +
ot @92 T (1+v,)8,4, G,6,D,

kur u, p, E;, G; A, b;, J; ir aksialais parvietojums, blivums, elastibas modulis, bides modulis, Skérsgriezuma
laukums un ta platums un biezums katram slanim (i=0,1,2).

Vienadojumu atrisindjumu var atrast divu harmonisku funkciju forma:
ul(x’t):Ul(x)eiwt uz(x’t):Uz(x)eiwl (6)

Zinot U x(x), teorétiska elektromehaniska impedance var bt aprékinata ar formulu

7z :# 1_k§1[1_wJ
oC d, E,

l

(7)

kur k,, ir elektromehaniskas saites koeficients, C ir sensora kapacitate un @ ir lenkiskais atrums.

Elektromehaniskas impedances aprékina rezultati, izmantojot modeli, un eksperimentalie rezultati ir
salidzinati 14. attela.

Constrained PZT: comparison of theory and experiment

1000 +

8
/
7

magnitude,0hms

o

—— Theory
expenment

10000 100000 1000000

frequency Hz

14.att Piezokeramiska sensora impedances raksturliknes :
aprékinata (theory) un eksperimentali iegiita (experiment)

Teorétiskie PZT (Lead Zirconate Titanate) sensora elektromehaniskas impedances rezultati labi atbilst
eksperimenta rezultatam. Sada tipa viendimensijas modeli spiedigam PZT sensoram var izmantot, analizgjot
elastigo un geometrisko konstrukcijas parametru ietekmi uz sensora impedances parametriem, ka arl
konstrukciju tuva lauka bojajumu monitoringam.
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4.NODALA
MONITORINGA METOZU PIELIETOSANA GAISAKUGA METALA KONSTRUKCIJAS

Saja nodala tiek aprakstita iepriek§ mindtu monitoringa metoZu aprobacija uz helikoptera Mi-8 astes
sijas elementiem. Virsmas Lemba vilni tiek izmantoti apSuves un stringera noguruma plaisu monitoringam,
bet elektromehaniskas impedances metode tiek izmantota skriives pievilk§anas zuduma noteikSanai.

(*J/

15 att. Mi-8 hehkoptera astes sija

Tial

16. att. Astes sijas skats no iekSpuses

ol

Astes sijas atrasanas vieta helikoptera ir paradita 15. attela. Tai ir noskelta konusa forma ar garumu
5485mm. Brangu #1 un #17 diametri ir 1000 un 550 mm. Visu galveno sijas elementu materials ir aluminija
sakausgjums D16T Krievijas klasifikacija (2024-T3 International Alloy System) un apSuves biezums 0,8-1,5
mm. Speka nesosais ramis sastav no 17 brangam un 26 stringeriem un ir paradits 16. attgla.

Tala lauka bojajumu monitorings: Lemba vilnu tehnologijas pielietosana apSuves plaisu monitoringam.

Eksperimenta mérkis: Mi-8 helikoptera astes sijas apSuves noguruma plaisu monitorings, izmantojot
integréto pjezoelektrisko sensoru masivu un ultraskanas Lemba vilnus.

Par monitoringa zonu bija izv€l&ts knied€ts savienojums starp diviem stringeriem un apSuvi. Pie stiepes
spriegumiem stringeru un apSuves knied@tie savienojumi klist par spriegumu koncentratoriem. Sis
savienojums tika izveléts noguruma plaisu radiSanai, audzg€Sanai un monitoringam. Sakotn&jie miniattrie
griezumi arT tika veikti, lai nodroSinatu plaisas raSanas.

Izmantotie pjezoelektriskie sensori: PZT PI Ceramcs PIC151 10x50mm, biezums 0.5mm pieliméti pie
apsuves ar epoksida Itmi. Starp apSuvi un katru sensoru tika pieliméti 1mm biezi aluminija parklajumi lai
aizsargatu pjezokeramiku no stiepes spriegumiem, kas var izraisit sensoru keramikas plaisasanu.

Sensoru masivs, kas uzstadinats monitoringa zona ir paradits 17. att€la. Zonas argjais izskats ir paradits
18. attela.

17. att. Monitoringa zona starp 7. un 8. ribam 18. att. Monitoringa zona starp 7. un 8.
un piecu sensoru masivs (skats no iekSpuses) brangam (skats no arpuses)
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Astes sijas cikliskam slogojumam tika projektéts un uzbiivéts test€Sanas stends, kas ir paradits 19.
att€la. Sija ir konsoles veida piestiprinata pie grida iemiirétam te€rauda kolonnam. Mehaniskais centrbédzes
speku vibrators izvietots otraja sijas gala un rada harmonisko vertikalo speku ar nepiecieSamo amplitidu un
frekvenci. Drosai plaisas rasanai un turpmakai audzesanai dinamiskas slodzes reZimam janodrosina maksimali
iespgjamo spriegumu ITmeni izv€leta sijas apSuves zona. No otras puses, slogosanas sist€mai jabiit péc
iesp&jas vienkarsakai un energgetiski efektivai. Acim redzams risinajums Sai problémai ir rezonanses veida
slogoSana viena no sijas paSfrekvencem ta, lai maksimalais sijas izlieckums bitu lokalizéts paredzamo
noguruma bojajumu vieta. Vajadzigie nosactjumi var tikt izpilditi, ja slogoSanas speka frekvence ir vienada ar
sijas otra tipa lieces pasfrekvenci, kas dotai konfiguracijai sastada ap 60Hz. Slogosanas spéka amplitiida bija
noteikta ap 1200N. P&tamas zonas spriegumi tika meriti, izmantojot desmit tenzometriskus dev€jus. Otra tipa
rezonanses frekvences lieces forma ir shematiski paradita 20. attela.

20. att. Astes sijas otra tipa lieces
rezonanses forma

19. att. Helikoptera Mi-8 astes sijas
cikliskas slodzes izméginajumu stends

Slogosanas laika tika sekmigi raditas un audzgtas tr1s plaisas. Garaka izmera plaisa attistijas lidz 50 mm
271600 ciklu laika (sk. 22. att€lu). P&c katriem 20000 cikliem slogosana tika aptur&ta, apsSuve tika parbaudita
ar virpulstravas nesagraujoso kontroli un tika mériti esoso plaisu izméri.

Peéc tam zona tika veikts monitoringa eksperiments ar sensoru masiva palidzibu, péc kartas izstarojot
ultraskanas vilnus no kada sensora, bet pargjiem stradajot uztverSanas rezZima. Katra izstarotaja un pargjo Cetru
uztvergju signali bija pierakstiti datora izmantojot ciparu oscilografu.

Meriekartas, kas bija izmantotas monitoringa eksperimentam:

e Ultraskanas signalu ierice LWDS45 (Cedrat Technology);
e Oscilografs, 8 kanalu, PXI-5105 (National Instruments);
e Dators, programmatiira.

Meriekartu sastavs un sensoru aptaujas procediira bija Iidziga tai, kas aprakstita 2. nodala. Pieci
oscilografa kanali bija izmantoti atbilsto§i masiva elementu skaitam. Sensoru komutacija ar signalu generatoru
un oscilografu tika veikta manuali, tapat ka 2. nodala aprakstita eksperimenta.

Uztverto signalu intensitates parametri tika izmantoti plaisas izméra noverté$anai:
e Signala maksimala amplitiida;
e Vidgjas kvadratiskas novirzes RMS(t) maksimala veértiba;
e Nogludinatas funkcijas S(#) maksimums.

Signala intensitates parametra RMS(t) maksimala vertiba atkariba no plaisas bojajuma garuma
uztveérgjam B3 ir dota 21. attela. Dotaja gadijuma, plaisas garumam palielinoties, tiek blokéts vilnu
izplatiSanas cels starp izstarotaju un uztvergju, tadgjadi samazinot uztverta signala intensitati. Att€ls parada
gandriz linearu uztverta signala intensitates samazinasanos. Tomer citas ,,izstarotajs - uztveéréjs” kombinacijas
var paradit ne tik labi izteiktu korelaciju vilpu nelabvéligas interferences, atstaroSanas un knied&tu
savienojumu izraisitas vilnu izkliedes dél.
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21. att. Uztvergja B3 signala intensitates 22. att. Plaisa #2 p& 271600
atkarba no #3 plaisas garuma cikliem

Tala lauka bojajumu monitorings: Lemba vilnu izmantosana stringera plaisas noteiksanai.

Saja nodala ir aprakstits helikoptera Mi-8 astes sijas stringera bojajumu monitoringa eksperiments.

Tiek izskatits tikai viens potencialais stringera defekts: Sk&rsvirziena plaisa. Ming&tais defekts tiek
kontrol&ts ar ultraskanas Lemba vilpiem, ko izstaro uz objekta virsmas pieliméti plakanie pjezoelektriskie
sensori. Tiek izmantotas divas monitoringa metodes: atbalss (echo) un caurejoSa (pitch-catch). Minétas
monitoringa metodes stringera viendimensijas gadijuma lauj novertet defekta lielumu un koordinates.

Svarigs moments eksperimenta ir tas, ka realais defekts netiek ieviests objekta. Ta vieta tiek izmantots
ta sauktais ,,pseido defekts". Tas nozimé to, ka mainot objekta lokalas mehaniskas 1pasibas var bt realizeta
realam defektam lidziga ietekme uz ultraskanas vilpu izplati§anas uzvedibu. Sada pieeja lauj imitét defektu
vairakas pétama objekta vietas, nesagraujot ta struktiru.

Pseido defekta metode ir balstita uz vietéja stinguma palielinaSanu objekta vajadzigaja vieta. Sada
stinguma izmainas rezultata dala ultraskanas vilnu energijas tiek atstarota un atlikusT dala izplatas aiz defekta.
Sads efekts ir lidzigs vilnu izplatiSanas uzvedibai redlas plaisas gadijuma.

Stringera izméri: Skérsgriezums 15x15 mm, sieninu biezums 2 mm, garums 1.8 m. Stringers ir
piestiprinats pie apSuvi ar kniedem un punktmetinaSanu un ir izgatavots no aluminija sakaus€juma D16T
(2024-T3). Objekts ir paradits 23. un 24. attela.

Tr1s PZT pjezokeramikas plakanie sensori InSensor Pz27 6,35 x 6,35 x 1 mm pielim&ti uz stringera
virsmas ar elektrovadoSu epoksida Iimi EPO-TEK EE129-4. Sensoru vietas objekta ir shematiski paraditas 24.
att€la (a, b). Sensors T1, kas pieliméts pie stringera, ir paradits 23.att€la. Var redzet, ka sarkanais vads ir
pielod&ts pie sensora elektroda, bet melnais savienots ar stringeri, kas ir elektrovado$s. Tadgjadi, visiem trim
sensoriem ir kopgjs zemgjums.

(a)

A\ 4

A \/\ Stringers 5 50
d
X <

Sensors (b) 2 (©)
- »
T 12 3 x
23. att. Sensors Tl pieliméts ar 24. att. P&ttjuma objekts un trTs sensori T1,
elektrovadosu ITmi T2, T3 (a), sensoru koordinates (b) un divu

stringeru savienojums (c)

14



Viet&ja stinguma palielinaSana tiek realiz&ta, izmantojot spiles, ar kuriem divi puléti 10x6mm terauda
stieni tiek savilkti kopa pret stringera sieninu ar pastavigu
speku. Lai kontrol&tu pievilkSanas spéku, skava ir aprikota ar

tenzometrisko dev&ju, kas ir savienota ar portativo N "ol Plakanie
merinstrumentu. Tas Jauj pielikt vienadu spiedes speku, katru ‘ \ terauda stieni
reizi pseido defekts tiek imitéts. Spiedes sp€ka variacijas

~

stringera izsauc atbalss un parraidita signala intensitates
izmainas. Pietiekama spiedes spgka vertiba 600N tika noteikta
eksperimentali. Uz stringera sieninas uzstaditas spiles ir
paraditas 25. attela.

Eksperimenta izmantota aparatira ieklauj elektrisko
signalu generatoru sensoru ierosinaSanai un oscilografu
signalu registracijai. Lai noverstu zemas frekvences vibracijas
troksni 5 kHz augstfrekvencu aktivais filtrs tika uzstadits
starp uztverSanas sensoru un oscilografu. Aktivais filtrs arT = 25, att. Pseido defekta realizacija uz stringera
pastiprina sanemto signalu.

Spiles

Eksperimenta izmantota aparatiira:
Agilent 33220A signalu generators;
TiePie HS4 25MHz ¢etru kanalu USB Oscilografs;
Augstfrekvencu Butterworth aktivais 8 kanalu filtrs, f (-3 dB) = 5 kHz, Gain = 2;
Elektroniskais cietvielu relejs;
Dators un programmatiira.

Signali iegiiti ar atbalss (echo) un caurejosu (pitch-catch) metodém ir dalgji uzraditi 27-30. att€los. Tiek
imitetas tris plaisas (sk. 26. att.).

P 5450 mm o
P 1650 mm -
690 mm I
B .
¢ PPI ., PD2 PD3 ., x

PDI1 | PD2 | PD3
X,mm | 345 | 1170 | 1550

26. att. Pseido defekta pieliksanas koordinates

Atbalss monitorings

5450 mm

SO0 1650 mm

690 mm

01 g
o0s |
006 |
00s |
002 |

Volts
°

= 0.02
| 004

=—EchoT1PD1 -0.06 = Echo T1PD2

‘ ——Echo TINO PD

——Echo TLNO PD 008 3
+ 0.1 M

0 200 400 600 800 1000 1200 1400 0 490 400 600 800 4000 4200 1400,

microSec microSec

27. att. Atbalss signali no izstarotaja T1. 28. att. Atbalss signali no izstarotaja 71.
Pirms defekta (sarkans) un péc pseido Pirms defekta (sarkans) un péc pseido
defekta PDI ievieSanas  X=345 mm defekta PD2 ievieSanas X=7//70 mm
(melns) (melns)
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CaurejoSs monitorings

5450 mm

[ ]
“ pp1 "“ ‘ ¥ 4 “ pp " x
0.15 0.06
01 0.04
0.05 0.02
§ 0 é 0
0.05 0.02
01 —— T2NOPD 004 —— T3NOPD
w— T2 PD1 — T3PD2
0.15 -0.06
0 200 400 600 800 1000 1200 1400 0 200 400 600 800 1000 1200 1400
microSec microSec
29. att. Caurejosi signali uztverti ar 30. att. CaurejoSi signali uztverti ar
sensoru 72 (izstarotdjs T1). Pirms sensoru 73 (izstarotdgjs 7T1). Pirms
defekta (sarkans) un péc pseido defekta defekta (sarkans) un péc pseido defekta
PD1 ievieSanas X=345 mm (melns) PD?2 ieviesanas X=1170 mm (melns)

Melnas krasas grafiki 26-29. att€los atbilst uztvertam ultraskanas signalam péc bojajumu simulacijas.
Izstarotaji atziméti ar sarkaniem punktiem, uztvergji ar zaliem, bet pseido defekts ar tumsi zilo krasu. Ka var
redzet, pseido defekta klatbiitne var bt skaidri noteikta gan ar atbalss, gan ar caurejoSo metodi, izmantojot 3
sensorus. Atbalss metode lauj aprékinat bojajuma koordinates un intensitati, bet caurejosa metode lauj
novertet tikai bojajuma intensitati.

Tuva lauka bojajumu monitorings: elektromehaniskas impedances metodes pielietoSana bultskriivju
pievilkSanas spéka kontrolei.

Pjezoelektriska sensora impedances atkaribas no bultskriives pievilkSanas sp€ka zuduma
eksperimentala pétiSana tika veikta helikoptera Mi-8 astes sijas brangas #17 bultskriives savienojumiem. Tris
PZT pjezokeramikas sensori InSensor Pz27 6.35x6.35x1 mm tika pieliméti triju bultskriivju savienojumu
tuvuma, ka paradits 31. att€la. Tika izmantota sudraba saturosSa vaditspgjiga epoksida I[tme EPO-TEK EE129-
4. Sensoru impedances raksturliknes tika registrétas ar impedances analizatoru Cypher C60 pie trim skriivju
pievilkSanas griezes momentiem, proti 60%, 80% un 100%, pievelkot skriivi ar dinamometrisko atslégu.
100% griezes momentam atbilst skriives stiepes spriegums, kas ir vienads 200MPa.

Helikoptera MI-8 astes sijas gala brangu bultskriives stiprindjumi ir zonas, kas prasa paaugstinatu
uzmanibu ekspluatacija. So monolito konstrukcijas elementu materials ir aluminija sakaus&ums D16T.
Brangai #1 ir 52 skriivju savienojumi un brangai #17 ir 18.

Datu apstrades un vizualizacijas metodes ir 1si paskaidrotas zemak.

Sensoru impedances realas dalas relativas izmainas funkcija S(f) attieciba pret sakotngjo vertibu Z, ir
definéta sekojosi:

Z
Zy

S(f)=Re

M
=M—COS((/)—¢0)—1 (8)

0

kur Z un Z, ir impedances veértibas pie X% un 100% pievilkSanas momenta, M, M, ir impedances modula
vertibas pie X% un 100% pievilkSanas momenta, ¢, ¢, ir attiecigas fazes un f ir frekvence.

Paraditas 32. att€la raksturlikngs ir divas kada sensora impedances realas dalas relativas izmainas S(f)
nogludinatas funkcijas, kas atbilst pievilk§anas momenta 80% un 60% vértibam. Vertikalas ass nulles I[Tmenis
atbilst 100% pievilkSanas momentam.

Ka var redzet, maksimalas deviacijas no nulles vertibas ir ap 7.5% un 4% un atrodas 200-400kHz
frekvences diapazona. Pastav stabila izveléta parametra palielinaSanas tendence bultskriives pievilkSanas
spekam samazinoties.
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31. att. Tris pjezoelektriskie sensori pieliméti 32. att. Impedances redlas dalas
uz ribas #17 virsmas bultskriives savienojumu relativis  izmainas nogludinﬁ)tie
pievilkSanas speka zuduma monitoringam grafiki S " divam skriives

pievilkSanas momentu vertibam

5.NODALA
SECINAJUMI

Veikto pétijumu rezultati lauj secinat, ka galvenais $1 darba merkis ir sasniegts. Ir paraditi risinajumi
aviacijas plansienu aluminija konstrukciju tehniska stavokla integrétas kontroles sist€mas elementu
izveidoSanai uz pjezoelektrisko sensoru bazes, pielietojot virsmas ultraskanas Lemba vilpus un
elektromehaniskas impedances metodi dazada tipa defektu noteikSanai un monitoringam.

Galvenie darba secinajumi:

e Lemba vilnu tehnologija ir sp&jiga atklat un lokaliz&t noguruma plaisas knied&tas aluminija sakaus&jumu
plansienu konstrukcijas. Ikviena plaisa sensoru masiva darbibas zona izraisa izstaroto vilpu parametru
izmainas, kas var bt drosi registrétas ar uztvergja sensoriem;

® Visas iesp€jamas uztverta signala formas var bt izskaidrotas ar vilnu teoriju, bet to analitiskais apraksts
sarezgitai konstrukcijai un gadijuma plaisas raSanas vietai ir apgritinats;

® Pjezokeramikas sensori saglabdja savu funkcionalo sp&ju péc intensivas mehanisko vibraciju iedarbibas
noguruma eksperimenta laika;

® Maksligie bojajumi (pseido defekts) tiek skaidri atklati ar p&tamam nesagraujosas kontroles metodém.
Pseido defekts ir efektivs realo defektu simulacijas lidzeklis, kas nav kaitigs konstrukcijas elementiem;

® (Gadijuma, ja integréta monitoringa sistéma izmanto vairakus sensorus, tad defekts var biit atklats ar
vairakam ,.izstarotajs - defekts - uztvergjs” kombinacijam. Tas lauj paaugstinat sist€mas droSumu un
uzlabot defekta lokalizacijas sp&ju;

® Viena un ta pasSa tipa integrétos sensorus var izmantot dazadam monitoringa metodém: atbalss, caurejoSa
metode un elektromehaniska impedance;

® Lemba vilnu un pseido defekta pielietoSana stringera uzraudzibas eksperimenta paradija augstu plaisas
atklasanas izSkirtsp&ju attalumos 11dz diviem un vairak metriem;

® Strukturalo bojajumu, piem&ram plaisu un caurumu, iedarbiba ir saistita ar struktiiras dinamisko pasibu
izmainam, un var tikt efektivi identific€ta ultraskanas frekvences diapazona, izmantojot "sensors-
konstrukcijas elements"” sistemas elektromehaniskas impedances 1pasibu;

® Izstradato viendimensijas modeli var izmantot elastigo un geometrisko parametru, kuri ietekmé
pjezokeramiska sensora impedances 1paSibas, analizei, un konstrukciju tuva lauka bojajumu
monitoringam. Pjezokeramiska sensora viendimensijas modeli var izmantot arT ieprieks saspringta sensora
modifikacijas izveidoSanai, kas pasargata no vides degradacijas un mehaniska noguruma ietekmes;

e Skrives savienojuma pievilkSanas spe€ka zudums var biit drosi noteikts ar tuvuma integréta pjezoelektriska
sensora elektromehaniskas impedances parametru izmainas monitoringu. Pastav statistiska impedances
parametru izkliede, bet ta ir daudz mazaka neka defekta izraisitas parametru izmainas.
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REVIEW OF THESIS
Topicality of thesis

Aircraft are highly complex systems composed of different structural, hydraulic, propulsion, electronic
and avionic elements. Such complex systems require extensive maintenance. A major portion of the
maintenance effort of aircraft structures is related to health and usage monitoring. The other significant
portion of maintenance involves repair or replacement. All of this evolves from the safety criticality aspects
that have to be set either prior to design or during in-service as a result from a changing operational
environment.

The health and usage monitoring for propulsion systems and avionics is highly advanced and
automated. Health and usage monitoring has been also successfully introduced into helicopters, mainly to
monitor vibrations on gears and specifically gear shafts. However, the monitoring of airframes is limited to on
ground inspection using various nondestructive testing (NDT) techniques. Such monitoring approach involves
a lot of man hours thus causing considerable aircraft ground time and life cycle costs.

The number of aged aircraft has increased for the past years. This trend might continue at faster pace
because of the present world economic decline. Consequently, the problem of safety and economic savings
inevitably will become an important issue among aircraft producers and operators. In this situation new
technologies of intensive integrated airframe monitoring without involving of additional man-hours are highly
appreciated. This is the field where Structural Health Monitoring plays a major role and could contribute to
bringing aircraft life cycle costs down while maintaining appropriate safety levels.

Aims of Thesis

This work presents the experimental research of some rudimentary elements of an integrated
Structural Health Monitoring System which is based on piezoelectric sensors and exploits guided Lamb
Waves and Electromechanical Impedance feature as physical phenomenon for damage detection in aluminum
aircraft thin walled structures.

Work Objectives

Research of guided Lamb waves feasibility regarding aluminum structure fatigue damage detection;

e Research of piezoelectric sensor electromechanical impedance feature application for near field
stiffness variation detection, e.g. fatigue crack and joint tightness loss;

e Signal-Damage correlation establishment for guided Lamb waves in thin plate specimens of various
configuration;
Selection of effective methods of ultrasonic signal processing;

e  Study of Structural Health Monitoring system components: piezoelectric sensors and their integration,
ultrasonic wave excitation, data acquisition and interfaces;

e  Applying monitoring techniques on a real aircraft structure.

Research methods

Analytical methods

e Elastic wave theory;

e Theory of elasticity and mechanics of thin-walled structures;
e Mathematical statistics.

Experimental methods

e Ultrasonic nondestructive testing techniques;
e Mechanical tests on fatigue durability;

e Experimental stress analysis.

Scientific novelty of Thesis

e [tis proved that guided Lamb waves technology is applicable for thin walled aircraft aluminium alloy
structure monitoring;
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e  The crack simulation concept (pseudo defect) is proposed which is implemented by local stiffness
increase of a thin walled structural element;

e It is shown that the application of pseudo defect allows successful experimental investigation of Lamb
wave based health monitoring of thin walled aircraft structures without introduction of real damage;

e The physical effect and application of piezoelectric sensor electromechanical impedance (EMI)
method was investigated and ‘EMI-damage’ regularities were established experimentally for different
types of damage in thin walled Al structural elements;

®  One dimensional model of constrained piezoelectric sensor was developed and can be used for
analysis of the elastic and geometrical parameters effect on properties of piezoceramic sensor, and for
structural health monitoring of element with possible damage;

e A simple method of sensor impedance estimation was developed. This method uses the effect of
natural frequency variation as a result of PZT and structural element coupling. The effect of a crack is
approximately estimated as a function of elastic compliance of a plate using the energetic approach of
fracture mechanics.

Practical relevance

The results of research can be used for solving some problems of Structural Health Monitoring system
development for aluminum alloy aircraft structures:
e  Procedure of preliminary design analysis of aircraft structural components, types of possible damage,
their location, available methods of SHM;
e  Selection of basic equipment for SHM of Al alloy structure;
e The technology of sensor installation and protection;
e  Measurement technology, processing of the monitoring signals and informative parameters selection.
Results of the doctoral thesis were used for the implementation of CORDIS 6" and 7" framework
projects AISHA and AISHA IL

STRUCTURE OF THESIS

Chapter 1 provides literature overview of the conventional aircraft structural health monitoring,
aerospace NDE techniques and state of the art in the methods for structure integrated damage detection.
Experimental study of guided Lamb waves and damage interaction in aluminum riveted structures is described
in Chapter 2. In Chapter 3 the experimental studies of piezoelectric sensor electromechanical impedance and
damage relationship in aluminum riveted structures results are presented. Chapter 4 deals with monitoring
techniques application on a real metallic aircraft structure. It contains helicopter Mi-8 tail boom description
and types of damage, helicopter Mi-8 tail boom dynamic properties and stress state, experimental results of
far-field damage monitoring using guided Lamb wave technology for skin and stringer crack detection and
near field damage monitoring using electro-mechanical impedance method application for bolt joint tightening
monitoring. General conclusions are given in Chapter 5. Three appendices contain additional information on
helicopter Mi-8 tail boom stress state analysis, the experiment program of Lamb wave technology application
for skin crack monitoring and technology of sensors installation.

CHAPTER 1
AIRCRAFT STRUCTURAL HEALTH MONITORING OVERVIEW

This chapter presents technical literature review addressing the problem of aircraft structural health
monitoring. The chapter consists of seven parts. The first part contains a review of aircraft structural damage
types and statistics. Fatigue damage is of the main concern here. The second part briefly describes aircraft
design concepts that are in use today. Some statistics on aged aircraft is given it the part three. It is shown that
the number of aged aircraft has soundly increased since 1999. Conventional onboard damage monitoring
based on operational loads monitoring of civil and military aircraft is given in the fourth part. Aerospace NDE
techniques, including ultrasonic NDE, eddy current and radiography are reviewed in the fifth part as they are
the only means of airframe damage inspection nowadays. Perspective structural monitoring techniques based
on fiber optical sensors and piezoelectric sensors is described in the sixth part as well as most often used
signal processing techniques. The Chapter is summarized with conclusions.
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CHAPTER 2
EXPERIMENTAL STUDY OF GUIDED LAMB WAVES AND DAMAGE RELATION IN
ALUMINUM RIVETED STRUCTURES

The establishment of reliable correlation between parameters of damage and a sensor response during
automatic NDT is one of the most important conditions for successful establishment of the SHM system of an
aircraft.

Experimental study of ‘received signal parameters - fatigue crack damage’ correlations for simple
configuration specimens is given in the chapter. The experimental study exploits propagating ultrasonic elastic
surface waves in thin plates, also known as guided Lamb waves.

Investigation of ultrasonic Lamb waves’ interaction with a fatigue crack was performed on plates made
of aluminum alloy 2024-T3 sized 300x80x Imm. Three different specimen configurations numbered #1, 2, and
3 were tested as shown in Figure 1. Two samples of each configuration were prepared.

#1 #2 #3

Figure 1 Three types of test specimens: Plate with a center drilled 4 mm hole #1, plate
with a one point riveted aluminum strip #2 and plate with a two point riveted
symmetrically placed aluminum patch #3

For ultrasonic wave excitation and reception two piezoelectric sensors made of PZT (Lead Zirconate
Titanate) ceramics were bonded onto each specimen with epoxy based glue Hysol EA9309. Sensors used were
PZT PIC151 sized 0.5x10x50mm by PI Ceramic. Sensor material (PIC151) is a modified lead zirconate
titanate (Pb[Zr,Ti;.]Os, 0<x<1) with high permittivity, high coupling factor and high piezoelectric charge
constant. This is standard material for actuators and suitable for low-power ultrasonic sensors and low-
frequency sound transducers. Piezoelectric sensor schematic and installation layout is given in Figure 2.

50 mm
o [N
Electrode
05 [ « PZT i
@ \_ Electrode (b)

/— Object

Soldered wires
I/ Adhesive layer
/1 /
B

(d)

©

Figure 2 PZT wafer type sensors used in the experiment. Sensor schematic (a), bonded
sensor with wires soldered (b), sensor attachment schematic (c) and a plate with two sensors
installed (d)

Fatigue crack damage was initiated and grown in the specimens with the help of the universal servo-
hydraulic testing machine Instron 8800 which was setup to produce harmonic cyclic tensile loading. The
loading configuration and an example of obtained L-N curves are given in Figure 3. The onset position of the
cracks in the specimens was reliably determined by the presence of stress concentrators in the form of a center
hole or rivet joints. Crack propagation direction determined by the stress state was perpendicular to the tensile
loading force P. The crack propagation was controlled visually using a tenfold magnification microscope.
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Maximum crack size was limited with 40 mm. Every 2 mm of crack size increment the loading process was
stopped and the monitoring experiment was performed as described below.
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Figure 3 Test specimens loading configuration (a), a specimen installed in the universal testing
machine Instron 8800 during experiment (b) and L-N curves obtained for a specimen (c)

The measurement setup consisted of a dedicated instrument, LWDS45 built by Cedrat Technologies
(France) which included a signal generator for piezoelectric sensor excitation and a signal conditioning
module for received signals. Signal conditioning module involved a band pass filter and an amplifier. To
acquire sensor signals data an oscilloscope was connected to the LVDS45. Both the LVDS45 and the
oscilloscope were controlled by a computer. A schematic of the experimental measurement setup is given in

Figure 4.
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Figure 4 Lamb wave and fatigue crack interaction experiment
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Figure 5 Hanning-windowed 250 kHz sine

burst of five counts

As an excitation signal a Hanning-windowed tone burst of 5
counts and peak-to-peak voltage of 3 Volts was generated as
presented in Figure 5. The excitation signal tone frequency was
experimentally determined to be 250 kHz which is in the proximity
of the transverse vibration mode resonance frequency of a
constrained sensor i.e. a sensor bonded to a specimen.

Sensor excitation and signal acquisition were conducted as
follows. The LVDS45 device was set to automatically fire excitation
bursts at the rate of 2Hz. At the moment of the burst initiation an
external trigger also fired and was fed to the oscilloscope trigger
input port. The oscilloscope was configured to record 200 uSec of
data. Two oscilloscope channels were configured as follows:
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channel #0 was connected to LVDS45 excitation output and allowed to capture the excitation burst waveform
while channel #1 was connected to LVDS45 signal conditioning module output and allowed to capture
conditioned received signal.

Captured waveforms were written to disk in the form of a text file containing timing data and
received electric signal voltage levels. The acquired actuator and receiver signals example is given in Figure
6.

1.5

1

'0 . L\AAMJ\MA mﬁAMnﬂmvmvmﬂnf\ﬂﬂﬂﬂmvnvAA
5 0005 sooﬂd I 3hotb U\Hf,cv) AR —

-1

-1.5
Figure 6 A 200 uSec snapshot of the excitation burst (Exc)
followed by a received signal (Rec) made for sample 1-1
Received signal intensity parameters were used for crack damage evaluation:
e  Maximum amplitude of the signal (half of the ‘peak-to-peak’).

¢  Maximum of the Root Mean Square RMS(t)

RMS(t) on time interval [0,t], t<T, where T is the duration of a waveform is stated as

n(t)

P
;[si S(t)] 0

n(t)

where n(t) is a total number of samples, s; is the value of sample and s(¢) is a mean value of received
waveform. Then the maximum of RMS(t) can be found as

RMS(t) =

2
RMS (1), = max [RMS (1)] @
An example of RMS(t) is shown in Figure 5[85’5.]
¢ Maximum of the smoothed function S(t)

S(t) on time interval [t —At,t+ At], 0+ At< t<T - At, is defined as follows

n+An

D (s, =5)

i=n—An (3)
2An

where An is number of samples on time interval At. Then the maximum value of S(t) is found as

S pax = S(t
* e [e[gT)]] )

max

An example of S(t) is shown in Figure 7 (b).
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The plots of received signal intensity parameters and crack damage length are represented in Figure 8.

Al2024, 1x80x300mm,Hole d=4mm,250kHz,N=68500, A2024, 1mm,Hole d=4mm,250KkHz,N=68500,
11=0mm,2=0.9mm 11=0mm,2=0.9mm
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Figure 7 Example of The Root Mean Square RMS(t) (a) and Smoothed function
S(t) (b) of areceived waveform
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Figure 8 Received signal intensity parameters for sample types #1, 2, 3

CHAPTER 3
EXPERIMENTAL STUDY OF PIEZOELECTRIC SENSOR ELECTROMECHANICAL
IMPEDANCE (EMI) AND DAMAGE
RELATIONSHIP IN ALUMINUM THIN PLATES

Electromechanical impedance (EMI) of ‘piezoelectric sensor—structural element’ system is closely
related to the local stiffness of a structural element and attenuation properties.

This chapter presents some results obtained during experiments on EMI application for thin plate near-
field damage detection using piezoelectric active wafer sensors. Also a one dimensional EMI model is
presented and verified by experimental results.

Two experiments were carried out. The first one involved local sensor stiffness increase by constraining
the area adjacent to the sensor with two metal bars hold together with the force F as shown in Figure 9 (a).
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Second experiment involved local sensor stiffness
decrease by cutting a slit parallel to the sensor as can be
seen in Figure 9 (b). L

A PICI151 piezoceramic sensor (PI Ceramic) sized
0.5x10x50mm was glued on Al alloy 2024-T3 1x80x80
mm plate. The sensor was bonded to the plate surface with
the aid of epoxy glue Hysol EA9309. The sensor
impedance was measured using Cypher instruments C60
device and harmonic frequency range of 20-40 kHz with
1024 samples recorded.

The dimensions of three pairs of steel bars were
10x6, 15x6, 20x6 mm. Pressure force F was equal to
500N. The slit size started from 5 to 40mm and was cut
from the sensor central axis symmetrically to both sides. (@) (b)

Stiffness variation varies sensor impedance Figure 9 Sensor local stiffness increase (a) and
resonance frequencies and magnitudes as can be seen in decrease (b) effect on EMI experimental investigation
Figure 10 and 11. In the pictures the first resonance band
from 32500 to 36500 Hz is shown. For the chosen band the resonance frequency and the damage length
relationship can be seen in Figure 12.

As can be seen there is a sound correlation between the damage size and sensor resonant frequency.
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The 1-D model of constrained piezoceramic sensor (PZT) was developed. The simplest type of
constrained sensor is shown in Figure 13.
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Figure 13 Piezoceramic sensor 1, structural element 2, and glue layer 0
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System of differential equations for the one-dimensional model of sensor length variation:

’u,  , 0u, Clz(l)b1 2G,9,
2 = Cl(l) 2 (ul _MZ) 5

ot ox?  (1+v,)8,4, G,5,D, S

Duy _ > du, anby 26,6, (
x> (1+v,)8,4, G,0,D,

U _”2)

where u, p;, E, G; A;, b, J; are axial displacement, density, elastic modulus, shear modulus, cross-section
area and its width and thickness for each layer (i=0,1,2).
Solution was accepted in a standard form of two harmonic functions of time:

u,(x,1)=U,(x)e’ u, (x,0)=U,(x)e'™ (0)

When U, 5(x) are known the theoretical electromechanical impedance Z can be estimated with formula

z= .;C{l—kfl[l—wﬂ : (7)

l 3E;

. . . e bl .
where k;, is the electromechanical coupling factor, transverse to electric field, and C =g, - is the
1
capacitance of the piezoceramic sensor, @ is the cyclic frequency.
The electromechanical impedance magnitude calculation and test results for a constrained sensor are

represented in Figure 14.

Constrained PZT: comparison of theory and experiment

1000 1—
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—— Theory
expenment
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frequency,Hz

Figure 14 Comparison of calculated and measured
electromechanical impedance of a constrained sensor

The theoretical prediction of the PZT electromechanical impedance well corresponds to the test result.
This 1-D model of constrained PZT can be used for the analysis of elastic and geometrical parameters
influence on the properties of a piezoceramic sensor and also for structural health monitoring of a structural
element with possible near-field damage.

CHAPTER 4
MONITORING TECHNIQUES APPLICATION FOR A REAL METALLIC AIRCRAFT
STRUCTURE

This chapter presents the application examples of the above described monitoring techniques on the

helicopter Mil Mi-8 tail boom elements. Guided Lamb waves are used for skin and a stringer fatigue crack
monitoring while EM impedance technique is adopted for bolt joint tightening loss detection.
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The location of the tail boom in the structure of the helicopter is illustrated in Figure 15 with green
color. The boom has the shape of the truncated cone with a length of 5485 mm. End frame diameters are 1000
and 550 mm respectively. The material of all main elements of the boom is D16T aluminum alloy in the
Russian classification (2024-T3 in The International Alloy Designation System), with a skin thickness of 0.8 -
2 mm. The largest skin thickness of about 2 mm is found in the trailer part of the boom. The structural
skeleton of the boom consists of 17 frames and 26 stringers and is shown in Figure 16.

Far-field damage monitoring: guided lamb wave technology application for skin crack monitoring

Experiment objective: fatigue damage monitoring of a selected zone of Mi-8 helicopter tail boom skin
using integrated piezoelectric PZT sensor array and guided ultrasonic Lamb waves.

A crack-prone technological rivet-joint between two stringers and the skin was chosen as the
monitoring zone. When stringers are subjected to tensile stress a stress concentration in the skin occurs near
the outer rivets of the two stringers connection. On the other hand, the tail boom second vibration bending
mode generates high tensile stress in this area. This stringer connection therefore was chosen for fatigue crack
initiation and monitoring. Initial cuts were done to ensure reliable crack onset.

Piezoelectric sensors used: PZT piezoceramic PI Ceramic PIC151 10x50mm and thikness of 0.5 mm
bonded with epoxy based glue Hysol EA 9309. Aluminum paddings were placed between the skin and each
sensor to protect the ceramics from detrimental effect of tensile stress which could cause sensor ceramics
cracking.

Developed sensor array and the zone for fatigue crack initiation and growth monitoring is presented in
Figure 17. The zone outer view is given in Figure 18.

Figure 17 Monitored zone between 7" and 8" F;gure 112}? Monitored zone between
frames and five piezoelectric PZT sensors 7" and 8" frames (outer view)
installed (inner view)
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A testing rig for tail boom dynamic loading was designed and built and is shown in Figure 19. The tail
boom is fixed as a cantilever beam. A mechanical centrifugal force vibrator is attached on the free end of the
tail boom able to generate harmonic vertical force of required amplitude and frequency.

The type of dynamic loading should ensure that the maximum possible level of stress is localized in the
chosen zone for reliable crack initiation and further growth. On the other hand, the loading system should be
as simple as possible and energy efficient. The preferable solution of this problem is the choice of a resonant
way of loading at the one of the natural frequencies of the beam so that the maximal curvature of bending axis
occurs in the zone of expected fatigue damage. The required conditions can be met when loading force
frequency equals the second resonant frequency of the tail boom, which is around 60 Hz for the described test
rig configuration. The loading force magnitude was set to 1200 N. The dynamic stress levels were observed
using ten resistive strain gauges. The second tail boom bending mode is schematically shown in Figure 20.

Monitored
zone

= £
T , e

Figure 19 Mi-8 tail boom cyclic loading Figure 20 Tail boom second bending
testing rig mode used in the experiment

Also small initial cuts were introduced in three places near stress concentration rivets.

During the loading three cracks were successfully initiated and grown. The largest crack propagated to
the final size of 50 mm in 271600 cycles. Each 20000 cycles the testing was interrupted the zone was checked
with eddy current NDE and the cracks were measured. Then the zone was monitored with experimental sensor
array consequently generating ultrasonic waves with each sensor-actuator while the others were set to
reception mode for ultrasonic wave sensing and recording with the oscilloscope.

Measurement equipment used for testing consisted of the following components:

e Lamb wave electronics LWDS45 (Cedrat Technology);

¢ Digital oscilloscope 8 channel PXI-5105 (National Instruments).
Measurement setup, interfacing and sensor querying was similar to the one described in Chapter 2. Instead of
two oscilloscope channels five were used equal to the number of sensors in the array. Sensor commutation
with the signal generator and the scope was done manually as in Chapter 2.

Received signal intensity parameters were used for crack damage evaluation:

e Maximum amplitude;

e Maximum of the Root Mean Square RMS(t);

e  Maximum of the smoothed function S(t).

The plots of received signal intensity parameter RMS(t) peak value and crack damage length relation
for a pair of Actuator-Sensor is represented in Figure 21. As the crack size increases and blocks the wave
propagation path in front of receiving sensor the received signal intensity drops. Figure 21 shows almost linear
signal intensity decrease for the particular pair of sensors. However, other Actuator-Receiver pairs may not
show as good correlation as represented in the figure due to the influence of wave interference, reflections and
dispersive obstacles such as rivet joints.
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Figure 21 Sensor B3 signal intensity from Figure 22 The fatigue crack from the
crack #3 length cut #2 after 271600 cycles

Far-field damage monitoring: guided lamb wave technology application for stringer crack detection

An experiment on monitoring of the structural integrity of a stringer (testing object) is described below.

The stringer selected for the experiment is a part of helicopter MIL Mi-8 tail boom. Only one case of
stringer disintegration is considered. This is a transverse crack. The considered defect is controlled with
guided ultrasonic Lamb waves generated by piezoceramic wafer sensors bonded on the object surface.
Monitoring methods used are pulse-echo and pitch-catch. In the case of a stringer the above mentioned
monitoring methods allow assessment of damage size and coordinates.

Important moment is that no real damage is introduced to the object during the experiment. Instead a so
called ‘pseudo defect’ approach is applied. This implies changing the local mechanical properties of the object
and has similar effect on ultrasonic wave propagation as a real damage does. This approach allows testing the
object with multiple damage locations without destroying the structure.

The pseudo damage technique is based on spot stiffness increase at an arbitrary location of an object.
Such stiffness increase leads to ultrasonic wave partial reflection and transmitted wave attenuation that is
similar to the real crack damage effect.

The stringer with cross-section of 15x15 mm, wall thickness of 2 mm and length of 1.8 m is joined to
the skin with rivets and spot welding and is made of aluminum alloy D16T (2024-T3). The object is shown in
Figures 23 and 24.

Three PZT piezoceramic wafer sensors Pz27 6.35 x 6.35 x 1 mm (InSensor) are bonded to the stringer
with electrically conductive epoxy adhesive EPO-TEK EE129-4. Natural sensor frequencies are: length 220
kHz, width 220 kHz, thickness 2012 kHz. Sensor locations on the object are schematically shown in Figure 24
(a, b). A picture of the bonded sensor 7/ is given in Figure 23.

(a)

A
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Sensor (b) Fﬁle‘u (0

T »
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A\ 4

Figure 23 Sensor T1 applied on the
stringer using an electrically conductive
glue

Figure 24 Testing object (stringer) and three
sensors T1, T2, T3 (a), sensor coordinates (b)
and connection of two stringers (c)

It can be seen that the red wire is soldered to the sensor electrode while the black one is a crocodile clip
attached to the stringer which is electro conductive. Thus, all three sensors share the common ground.

Local stiffness increase is done using a clamp. The clamp is used to force two polished 10x6 mm steel
bars against the stringer with a constant pressure. To control the compressive force the clamp is equipped with
a strain gage which is connected to a portable strain gage instrument. This allows applying equal compressive
force each time the pseudo defect is simulated. Variations in compressive pressure to the stringer could lead to
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Clamping force magnitude is 600 N. The clamp fixed to the > b
stringer is presented in Figure 25.
Measurement setup is similar to the earlier described B S - /
, ]
B

A pair of steel

experiments. It consists of a signal generator for sensor
excitation and an oscilloscope for signal registration. To
eliminate low frequency vibration noise a 5 kHz high pass /
filter was implemented between receiver sensors and the Steel clamp
oscilloscope. The filter also amplifies the received signals. frame

:

For signal generation a commercially available arbitrary Stringer

waveform generator is used. A switch is used to disconnect P Dot

a sensor-actuator from the generator after the excitation
burst only leaving the path to the oscilloscope for echo Figure 25 A steel clamp is fixed on the stringer to
signal acquisition. simulate a crack

Measurement setup consists of:
Agilent 33220A arbitrary waveform generator;
TiePie HS4 25MHz 4 channel USB oscilloscope;
High pass Butterworth 3 pole active 8 channel filter, f(-3 dB) = 5 kHz, Gain = 2;
Solid-state switch.

Results for pulse-echo and pitch-catch methods are partly reviewed in Figures 27-30.
Three cracks are simulated one at a time in three points of the stringer. The coordinates of pseudo
defect application are given in Figure 26.
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B — >
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Figure 26 Pseudo defect coordinates

Pulse-Echo and Pitch-Catch monitoring results
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Figure 27 Pulse-echo waveforms received Figure 28 Pulse-echo waveforms received
from actuator 7'/. Intact condition (red) and from actuator T1. Intact condition (red)
pseudo defect PDI present at X=345 mm and pseudo defect PD2 present at X=1170
(black) mm (black)
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As can be seen in Figures 27 and 28 the reflected echo packets caused by the simulated damage can be
reliably identified. Knowing the wave propagation speed this allows calculation of damage coordinates. Also,
as the packets are easily recognized then automatic recognition algorithms could be applied to determine
damage coordinate.

When pseudo defect is situated between an actuator and a receiver then the pronounced signal
attenuation is observed as can be seen in Figures 29 and 30.
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Figure 29 Pitch-catch waveforms received Figure 30 Pitch-catch waveforms received
from sensor 72 (actuator 717). Intact from sensor 73 (actuator 77). Intact
condition (red) and pseudo defect PD1 condition (red) and pseudo defect PD2
present at X=345 mm (black) present at X=1170 mm (black)

Near field damage monitoring: electro-mechanical impedance method application for bolt joint
tightening monitoring

A study of PZT sensor impedance dependence from bolt-joints tightness loss was performed. The
experiment was performed on the three bolt-joints of the Mi-8 helicopter tail boom frame #17.

Three piezoceramic sensors Pz27 6.35x6.35x1 mm (InSensor) were glued near three bolts using silver
epoxy conducting glue EPO-TEK EE129-4 as can be seen in Figure 31. Three bolt preloads of 60%, 80% and
100% were simulated by tightening the bolt-joints to a pre-determined torque with a torque wrench. The 100%
torque was determined in assumption the bolt tensile stress equals 200MPa. The sensors impedance was
measured using Cypher instruments C60 device set to harmonic frequency range of 150-2000 kHz with 1024
samples recorded.

The relative change of sensor impedance real part magnitude at different bolt-joint torque values was
chosen as an informative parameter for tightening loss monitoring.

The smoothed function S(f) of sensor impedance real part relative change is stated as follows:

S(f)=Re[

Z
Z

0

] = MM COS(¢_ ¢0 )_1 (8)

0

where Z and Z, is measured impedance at X% and 100% torque, M, M, are impedance magnitude at X% and
100% torque, ¢, ¢, are the phase and f is frequency.

The curves shown in Figure 32 represent the smoothed function S(f) of impedance real part relative
change for Bolt #1 tightening torques of 60% and 80%. Zero level of S(f) stands for 100% torque while green
and blue are S(f) relative change after tightening was diminished to 80% and 60% respectively.

As can be seen there is stable tendency of selected informative parameter to increase while decreasing
the preload, especially in the 200 — 400 kHz region.

30



I8 helicopter tail bearn Frame 17, Bolt-joint
T T T T T T

60%

Smoaothed real part of (Z/Z0-1)

=
=
=

=
=t

L L L L 1 L I
0 02 04 06 08 1 12 14 18 18 2
frequency Hz i

0

Figure 31 Three sensors on the surface of the Figure 32 The plots of smoothed
frame #17 intended for bolt joint monitoring S(f) as a function of frequency for
using E/M impedance method. Three identical 60% and 80% torque of Bolt #1

joints were monitored.

CHAPTER 5
GENERAL CONCLUSIONS

The results of performed research allow concluding that the main purpose of this work is achieved.

Solutions are proposed for some scientific and technological problems regarding development of Structural
Health Monitoring system for aircraft aluminum thin walled structures, based on piezoelectric sensors and
using surface guided Lamb waves and electromechanical impedance feature as physical phenomenon for
damage detection.

General conclusions are the following:

Guided Lamb waves allow detecting fatigue cracks in riveted aluminum structures. All cracks located
within a monitored zone cause a propagating wave parameters variations which can be reliably registered
by sensors;

All possible received signal shapes can be explained by the wave theory, but their analytical prediction is
difficult in the case of complex structures and arbitrary fatigue crack locations;

Piezoceramic sensors were able to keep their functional ability at intensive mechanical vibrations during
the fatigue test. But investigation of the system own reliability should be continued;

Artificial damage (pseudo-defect PD) can be clearly detected by the integrated piezoceramic sensors. The
PD technology is the efficient way of damage simulation not harmful for structural integrity;

There is possibility of using combined ultrasonic methods to detect various types of damage with
piezoceramic wafer sensors: pulse—echo, pitch—catch and the electromechanical impedance;

Lamb waves and pseudo damage techniques applied during the stringer monitoring experiment revealed
high damage detection resolution at distances of more than 2 meters;

The effect of structural damage such as cracks and holes leads to the variation of dynamic properties of a
structure and can be effectively identified at ultrasonic frequencies using the electromechanical impedance
feature of ‘sensor - structural element’ system;

The developed 1D model of constrained PZT can be used for analysis of the elastic and geometrical
parameters of structure influence on piezoceramic sensor properties, as well as for structural health
monitoring of element with possible damage. The model of constrained piezoceramic sensor can be also
used for the development of a pre-stressed modification, protected from effect of mechanical fatigue and
environmental degradation;

The bolt joint tightness loss can be reliably detected by the monitoring of electromechanical impedance
of a near placed piezoceramic sensor.
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