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The investigations of the new fatigue sensor theg warried out at the wide range of cyclic
loads conditions show the ability of the indicatmpplication in Structural Health Monitoring
systems of planes, bridges, vessels, and othectstas. Accumulated fatigue damage may by
estimated by the intensity of deformation relief, by its extrusion/intrusion and persistent slip
bands structures on the indicator surface.
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Poszenanymo pezynomamu 0ocniodcenns H08020 iHOUKAMOPA 6MOMU, NPOBEOEHUX 8 UUUPOKOMY
0lanasomi pelcumis YUKIIYHO20 HABAHMAXCYB8aHHS. TIOKA3aHO MONICTUBICIb 3ACMOCY8AHHSL THOUKAMOPA 6
cucmemax KOHMPOA MEXHIYH020 CMAHy Jimaxie, Mocmis, Kopabnie ma IHWUX KOHCMPYKYI.
Haxonuuene emomHe NOwKoOMCEHHA BU3HAYEHO 3a IHMeHCU8HOcmi Oeghopmayiiinoco penveqhy
NOBEPXHI, AKUU hopmyrOmsb eKCcmpy3ii, iInmpy3ii i cmani cmyau KO83aHHA HA NOBEPXHI IHOUKAmMopd.

KimouoBi ciioBa: Broma, nedopmartiiiauii penbed, iHIMKATOp BTOMH, IUIAKOBAHWM aTIOMiHIEBHI
CILIaB.

I ntroduction Evolution of thealuminium

Metal fatigue is still one of the main reasons extrusion/intrusion structure under fatigue

of unforeseen crashes of planes, vessels, bridgedNew indicator of fatigue damage is based on

and many others engineering structures. the researches of the extrusion/intrusion and
Components that fail by fatigue undergdpersi_st_ent slip bands structures on the surface of
three stages of damage: aluminium under fatigue.
a) fatigue crack initiation: At the initial stage of our research and
b) fatigue crack propagation; development the single-crystal fatigue damage

indicator was created at the National Aviation
gﬂniversity in cooperation with Ukrainian Physic

etal Institute [1-3].

The diagnostic parameter of the single-
rystal sensor is the density of slip lines on the
ensor's surface. The evolution of slip lines
8nsity on the single-crystal sensor surface was
estigated under the regular cyclic loading

c) sudden final failure.

It is obvious that the quicker one can reve
the initial stage of fatigue the less probability o
disastrous failure is.

A set of diagnostic methods use fatigu
sensors, mounted on the surface of the object
be inspected. The sensors subjected to t

spectrum of operating cyclic loads, change thelf,q some regimes of the program loading. In all

state or may be even destroyed and in suchy@ses the relationship between density of slip
way indicate the degree of damage in the testgfas and number of cycles of loading and level
structural element. ~ of strain was observed. Moreover, it was shown,

Our investigations show that quantitativghat single-crystal sensors can be applied for the
estimation of accumulated fatigue damage majsessment of the damage both under cyclic and
effectively be conducted by the computer-aidegtatic loading.

optical analysis of the surface state of the metal Currently, the surface deformation relief of
fatigue indicator, attached to the investigatethe alclad aluminium alloys under fatigue has
units. been investigated by the computer-aided light
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microscopy, scan and transmission electron As it is seen from the fig. 1 the same objects
microscopy. reveal new features at different angles of the

As far as the presented cycle of researchgbservation. The specimen presented on the
was aimed at the development of the aircrafily. 1, 2 was tested under the maximum stress

fatigue monitoring system, aluminium alloySevel 231,1 MPa, stress ratio R = 0 and
D16AT, V95, 2024T3 and 7075T6 have beeﬂ'equency 11Hz.

chosen for the experiments. These materials areThe number of cycles applied to the
widely used for modern aircraft skingpecimenis N = 10
manufacturing in  Ukrainian, Russian and The fig. 2 reveals typical structural

Western aircraft industry. _ components of the deformation relief, namely:
Flat specimens with a hole in the center weigrsions, intrusions, persistent slip bands.

used in fatigue test procedure. Such stress|mages of cyclically loaded specimen

concentrator indicates the point for surface Stale taces have been processed by special

investigation. The specimen is 1,5 mm and t .
diameter of the hole is 4 mm. All investigationr;é%fstgsir"et'y Ttr;e g::;erlr?l?ne g zLosantrgtivgell\;es thtge

of the surface have been conducted close to thg i
stress concentrator, where stress level mage parameter D. Such parameter is equal to

maximum. the area of specimen surface occupied by

Special computer-aided optical equipmerﬂefor_mat'on marks divided by the total
has been designed for deformation surface relig¢nsidered surface [4]. _ .
monitoring. The main objective was to use ne researches have been carried out within
standardized systems of mass production witR€ wide range of stress conditions, including
stable characteristics and relatively low in cos@xial tension and bending at different stress
The present investigation of deformation reliefatio. A set of experimental curves that show the
and the quantitative estimation of the&lependence of accumulated damage parameter
accumulated fatigue damage have bednon the number of cycles have been obtained.
conducted with the system containingdll curves and those presented below have been
metallographic light microscope with theobtained by the approximation with log
enlargement from 150 to 350, digital camerfunction.
and portable PC. As an example the result of fatigue test of

The three-dimensional character of observapll6AT specimens and damage monitoring
pattern and its correspondence to the knowmder axial tension with the maximum stress of
scheme of intrusions and extrusions formatiops 9 MPa: 81,7 MPa: 96,2 MPa: 105,8 MPa:
(fig.1, 2) have been confirmed by means of154 MPa; 129,8 MPa, 134,6 MPa and stress

Scanning  Electron  Microscopy  (SEM)ratio R = 0 and frequency are presented.
investigation by using microscope Zeiss DSM950.

Fig. 1. Deformation relief at the investigation

at different angles of observation and different Fig. 2. Structural components
enlargements: of the deformation relief:
a—x 2020; a — persistent slip bands;

b —x 5000 b — extrusions and intrusions
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It expresses the relationship between th 7

damage parameter D and current number ¢ g !
cycles N (fig. 3). 05 * ,
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Fig. 4. Evolution of damage parameterduring
‘ ‘ asymmetrical loading process under stress ratio:

0 100000 200000 300000 400000 1—-R=0;
Ni, cycles 2-R=0,42;
_ , 3-R=0,5;
Fig. 3. Evolution of damage parameter Djy_Rr=06

on the surface of alclad aluminum alloy D16AT

under cyclic loading: The search of the additional quantitative

;“’mwf;i*g mza: criteria for deformation relief has led to fractal

3:gma>‘:96’2 MPZj geometry [5], which is wildly used nowadays at

4_G$§1125’4 MP;‘; solving the material'sci.ence problems. It was

5—6,,=134,6 MPa proved that the application of fractal geometry
improves the method of optical diagnostic of

The tests were stopped after the nucleation §fface state and prediction of residual fatigue

1,0 mm fatigue crack as it has been considergf? of structural units made of alclad aluminium

as the critical state condition. alloy [6]. .
The investigation of deformation relief The fractal geometry uses several kinds of
fractal dimensions as the quantitative

evolution under different maximum stresses . . .
shows the sensitivity of damage parameter arameters for the descrlptlon qflr(egular object
%ape. After system investigation of the

the value_ of the maximum stress level. ... deformation relief fractality, the fractal
The aim of the following test was to justifygimension Dp/s has been chosen. Such

estimation of accumulated fatigue damage Ronsideration the ratio of the deformation relief
damage parameter D under loadings WwitHuster perimeters and area.

different stress ratio. The fractal dimension Dp/s appears to be
Specimens of aluminium alloys D16AT havenost informative parameter of the surface relief

been loaded by bending under the wide range péditterns shape. Typical plot illustrating

stresses ratio at frequency 25 Hz. relationship between the fractal dimension Dp/s
Fig. 4 shows the evolutions of damag@&nd number of cycles presented on fig. 5.

parameter D under the loading process of conceptual design

specimens, tested by bending under the of the new fatigueindicator

maximum stress of the cyctgx= 234,5 MPa The above described approach to the

and the different stress ratio R. g . o .
aluminium fatigue monitoring can be applied

Thg _results presented on fig. 4. prove thﬁ)r direct diagnostic of structural material state
sensitivity of parameters of deformation relief tQnd for the fatigue monitoring by the indicators

the stress ratio. made of correspondent metal.
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The experience of the previous applications
of the fatigue damage specimen-witness in
aviation was used for the definition the place
and the method of the indicator installation.

The specimen-witness on airplanes can be
placed at the rear wing spar of the wing.

The quality of the sensor surface is reached
0 200000 400000 600000 800000 1000000 1200000 DY the Mechanic and electrolytic polishing. It is

Ni, cycles necessary for the light microscopic analysis of
deformation relief, which is formed on the

Fig. 5. Relationship between the fractal surface of sensor.
dimension Dp/s and number of cyclesunder  The application of finite element analysis

Dp/s

it[eRS_Sor?‘t'“ permits to solve a problem of the sensor’s
5_R= 0’,42; geometry optimization for required sensitivity.

3-R=0,5; Among the main stages of simulation is the
4-R=0,6 simulation of team-work of the alclad layer and

N o structural alloy. It is very significant problem
The structurally sensitive damage indicator igecause the materials of alclad layer and basic

made of alclad aluminum alloy D16AT. Suchyoy have essentially different mechanical
choice is caused by the next reasons: fcharacteristics

— the possibility of quantitative estimation o The attachment of the indicator to the

accumulated fatigue damage by the parametesrgecimen (fig. 6) for fatigue tests and their

of deformation relief, which is formed on the K und lic loading has b |
surface of alclad layer under cyclic loading ha@am-wor under cyclic loading has been aiso

been proved: simulated.

— aluminum alloy D16AT is the basic C\
structural material, that is why it defines K
phenomenological community with the fracture
processes in the sensor and in the most part
structural material of the aircraft.

Taking into account the wide spectrum o
loading condition, it is obvious that a problenr
of the indicator sensitivity optimization in
accordance with the actual loading of the
elements, arises.

In the developed indicator the necessary ris o)
of sensitivity is achieved by the redistribution of @ @
stress due to the corresponding distribution c.
stiffness along the length of indicator.

The local stress rise in the test portion of the
indicator is defined by the relationship between
the width of test portion and the overall )
dimensions. The test portion of the indicator /" the mentioned tests the sensors were
does not contact with the surface of structuriistalled on each side of structural components.
element. At the same time fatigue sensor mukbereby such scheme helps to provide the

be fixed in the available design holes of theymmetrical loading of the sensors and to
construction. receive more information about their damage.

Fig. 6. 3D image of the sensor attachment
to the specimen for fatigue test
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Theresults of theindicator Conclusions

surface state monitoring The presented results have shown the ability
The conducted fatigue tests conformed thef the fatigue indicator application for the
ability of the fatigue indicators application forestimation of fatigue damage of metal
the fatigue damage monitoring of aviatiorptructures.
components. The system of the extrusion/intrusion and

Deformation relief which is formed on thePersistent slip bands on the sensor’s surface is
surface of the indicator in the test portiorgzon&dered as the indicator of accumulated

actually is the system of the extrusiondatigue damage. o .
intrusions, persistence slip bands, i.e. tfle The indicator sensitivity is defined by the
evolution of the sensor surface state is similar BCr?tlr ”st:jesbs thmump“(rlﬁtltcrm ]??d tlt rrtr)a%/ btﬁ
the processes, previously investigated on tlﬁé’ olied by the geometry of test portion wi

- . e help of finite element analysis.
surface of alclad aluminium ajloys specimens ", oresented indicator may be adapted for
near the stress concentrators (fig. 7).

planes, bridges, vessels and others engineering
structures.

%?? References

m 8 .5 d “y%““: . .

>, - AT Qi 1. Karuskevich, M.V.; Zasimchuk, E.E,;
) %;g Radchenko, A.1.1992. Single-crystals as an

i
A indicator of fatigue damage. Fatigue Fract. Eng.

[
Fig. 7. Optical image of the deformation relief g/lzagiilzsgguct. — Great Britain. Vol.15; 12:

on the sensor’s surface. N=20000 cycles, stress 2. Karuskevich, M.V.. Zasimchuk, E.E.:

In the sensor's working areg,= 234,5; R =0 Gordienko, Yu.G.1995.The critical state of

: ) deformed crystal by analysis of smart defect

de1!(t)rr\;1VZtSionShr%\?ilgf Ic?anp%peerc?es[gr’ibg]d tg atsgr'sstructure. Fractal characteristics and percolation
o y Gitical indexes. — Proceedingd the Seventh

guantitative parameters, namely: dama

: . ~Conference on Sensors and their Applications,
parameter D, fractal dimensions of deformat|0p|e|d in Dublin. Ireland

relief clusters Dp/s. , 3. Karuskevich, M.V.; Alonso, J.
The strong relationship between the selecteghgimchuk, E.E.; Gordienko, Yu.GSingle
parameters and number of cycles has begRstal “smart” sensors of fatigue damage.
revealed. Summary on the results of the scientific project
Taking into account that the both parametergyTAS-AIRBUS-1547-99. Of INTAS
namely D and Dp/s indicate the accumulateghonitoring conference, Katsiveli, Ukraine.

fatigue damage it was proposed to use multipeptember 2002: 30-40.
regression model for the residual life prediction: 4. Ignatovich, S. R.; Karuskevich, M. V;
Nres.= A + B log D + C log Dp/s Karuskevich, O. M 2004.Method of residual
res: ; resource assessment for structural components by
where Nes.— number of cycles to the fracture; the state of the deformation relief of claddingelay

A, B, C — constants; surface. Declarative Patent of Ukraine 3470.
D — damage parameter; 5. Feder J.1988. Fractal. New York: Plenum
Dp/s — fractal dimension. Press.

The test conducted under the different 6. Karuskevich, M.V.; Korchuk, E.Yu,;
loading conditions has shown that the accurad{akushenko, A.S.; Maslak, TZ008. Estimation
of above mentioned multiple regression mod&f the accumulated fatigue damage by saturation
can be expressed by the coefficient and fractal dime_nsion of the deformation relief.
determination Rin the range from 0,75 to 0, 95.Strength of material&/ol. 40. N 6: 693-698.

Received 8 June 2011.



