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1. INTRODUCTION

This review givesthe summary of work performed in Poland in the area of aeronautical
fatigue during the period fromday 2011 to March2013.

The various contributions to this review come from the following sources:
Air Forcelnstitute of Technology, Warsaw;
Warsaw Universityf Technology, Warsaw;
Military University of Technology, Warsaw;
Rzeszow University of Technology, Rzeszow;
AGH University of Science and Technology, Krakow
PZL bMielec;
Institute of Aviation, Warsaw;

The names of the principal investigators and thibiragions are presentenh brackets at the
end of eaclthapter

Full addresses of contributors are available through the author of this review at:

Antoni NIEPOKILCZYCKI
Institute of Aviation

Al. Krakowska 110/114
02-256 Warsaw, POLAND

Phone: (+482) 846 08 01 ext. 546
Mobile: +48695905 440
Fax: (+4822) 84675 36

E-mail: antekn@ilot.edu.pl




2. AIRPLANE STRUCTURES AND MATERIALS TESTING

2.1 Full Scale Fatigue Tesbf New Undercarriage for Commuter Aircraft

In order to establish the service life of the new main landing gear for the PZL M28 aircratft,
the Full Scale Fatigue Test was performed at the test laboratory of Polskaelyaktnicze
Sp. z 0.0. in MielecThe landing gear (see Fig. 1) was designed for operation on prepared and
unprepared airfields. Maximum tal#f and landing weight of the PZL M28, which is
certified in commuter category, is 7500 kg (16535 Ibs.). The undercarriage is of a fixed,
tricycle type.

Fig. 1. The new main landing gear of
PZL M28 aircraft

The main landing gear is of an
articulating type with a braked wheel. It
is mounted at the ends of the main
' landing gear beam, which is part of the
—~_" fuselage structure. The main partsthod

landing gear are:
- legbsee Fig.2;
- oleo-pneumatic shock absorbBsee Fig. 3;
- wheel axle;
- wheel with a brake.

The leg and shock absorber structure is
made of high tensile strength low alloy steel
4330VDsee Table 1 for chemical composition
and Tabé 2 for mechanical properties. The leg
consists of three parts welded using the
electron beam welding method.

_spoina A_
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Fig. 2. The leg of the new landing gear
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‘ ‘ . Fig. 3. The oleo-pneumatic shock
( )' il . | ( ) absorber of the new landing gear

Table 1. Chemical composition of 4330V steel

Cl[%] | Si[%] | Mn[%] | Pma[%] | Smax[%] | Cr[%] | Ni[%] V [%]

0.30+0.34|0.15+0.35]0.75+1.00| 0.025 0.010 ]0.75+1.00 | 1.65+2.00 | 0.05+0.10

Table 2. Heat treatment conditions and tensile properties of 4330V steel

Ultimate tensile strength
Heat treatment conditions Ftu [MPa]

[. Normalize at 871+927°C, air cool.
II. Austenitize at 843+871°C, oil quench. 1517+1655
I11. Tempering at 260+371°C.

Note: For longitudinal direction, for Ftu = 1559 MPa, 0.2% vyield strength is 1297 MPa,
elongation 13.0%, and cross section reduction 58.3%.

The main landing gear fatigue test was performed at the structural tests laboratory of
Polskie Zakady Lotnicze Sp. z 0.0. The righaind gear leg was attached to the rig as in the
aircraft b see Fig.4. The wheel axle was loaded through the wheel bearingsrakieg
moment was applied to the wheel axle as a pair of forces, which can be seen in Fig.4. The
applied loads were:

- vertical force,

- side force,

- fore and aft force,

- braking moment.

The following loads have been taken into account in the test program: loads resulting from
taxiing on prepared and unprepared airfields, maneuvering (side force), braking and landing,
as required by the MHA-8866C norm. The load spectrum (vertical loadis¢ to taxiing on
an unprepared airfield was measured during the taxiing tests on the emergency strip of the
Mielec airfield.



Fig. 4. The main landing gear on a stand during fatigue testing (front-side view). The test is
performed in the structural tests laboratory of Polskie Zak'ady Lotnicze Sp. 7 o.0.. The test
program was adapted from that prepared by the Institute of Aviation in Warsaw for the
previous main landing gear

Fig. 5. A typical plot of vertical force during one flight in the new main gear fatigue test

The test was performed anflight-by-flight manner One flight contained about 50 cycles
see Fig. 5 for vertical force variation in a sample flight. Because there were 6 applied taxiing
load levels and 10 landing load levels, there viidréoad combinations defining the particular
flights. The full spectrum of flights was performed in 1000 flights.

The loading system was the MTS Aeral9D with four loading channels.

Twelve strain gauges were installed on the leg in order to monitstrtietural integrity in
the most heavily loaded places and to check the calculated stress levels. Initially, two sections
of the leg were recognized as critical:
- section below the upper weld region with maximum calculated stress level of 498
MPa (sectiorA-A in Fig.2),
- section above the lug for mounting the shablsorber with maximum calculated
stress level of 473 MPa (sectiorBBin Fig.2).
The shock absorber was omitted.



During the test a crack occured in the shabkorber cylindeb see Fig. 6. Ta FEM
analysis of the damaged area showed a local stress concentration due to a small radius of the
undercut at the end of the thread for mounting &sae Fig. 7.

. [ i
Fig. 6. The new landing gear shock absorber with a visible crack
at the bottom end of the cylinder

MSC.Patran 2006 14-Sep-10 10:06:55 2.47+002
Fringe: DEFAULT.SC1, A2:Static Subcase, Sii#&s Tensor, , Z Compone@,m.l

2.014+002
1.78+002
1.54+002
1.31+002
1.08+002

B 58.484001
6.15+001
3.83+001
1.51+001

-8.114000
|

-3.13+001
-5.454001

-7.78+001
-1.01+002

Y
¢ default_Fringe :
; Max 2.47+002 @Nd 16624
Min -1.01+002 @Nd 20985

Fig. 7. A stress map of the loaded shock absorber cylinder inner surface as a FEM analysis
result.
The cylinder is loaded by internal oil pressure and the force acting on the nut

It was determined to continue the test for the landing gear with a-ampskock absorber,
in order to gain time to develop and introduce design changes to the shock absorber. The

modified shock absorber was tested at a separa@seg Fig. 8. Only onwading channel
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was requiredThe axial force spectrum from the Full Scale Fatigue Test was afiptied
Fig. 9.

Fig. 8. The modified shock absorber on a stand during fatigue testing
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Fig. 9. The axial force spectrum applied in the shock absorber fatigue test

Ten strain gauges were installed on the cylinder in order to check the calculated stress
levels and monitor the structural integrity at the most heavily loaded places.

During the Full Scale Fatigue Test of the new main landing gear and theefédst of the
modified shock absorber, cracks in other parts were observed. However, it is relatively easy to
replace these parts during airplane operation.



The test results for the leg have been satisfactory so far. The test of the modified shock
absorler is going on and will be accomplished soon.

To sum up, le fatigue tests of the new main landing gear for PZL M28 aircraft showed
significantly longer fatigue life compared with the previous structure (more than 3 times). It is
worthy to emphasizing #t:

(1) the new landing gear is fully interchangeable with the previous structure, and the same

wheel, brake and wheel axle were used;

(2) the total main landing gear weight increase was below 6 percent.

(Research supervised by J—zefdek Polskie ZakadyLotnicze Sp. z 0.0., Mielec

2.2 Airworthiness Tests of the UAV Structure- Fatigue Issues

A significant increase in the applications of UAVs has been observed in the last two
decade®mostly in the military domain. At the same time the economiqacs have raised
interest in the application of UAVs also for civilian purposes. The potential possibilities of
such applications include: terrain monitoring during disasters, monitoring of forests and
crops, monitoring of communication tracks, mediamergy transfer lines etc. Undoubtedly,
the use of UVAs would be cheaper than that of GA aircraft. The main obstacle here is the lack
of law requirements concerning the use of air space by UAV aircraft. It is a challenge for the
scientific community to makeUAVs available for civilian purposes. Preliminary
investigations related to strength and fatigue safety of the UAV structures were performed.
Those investigations were carried out under the UAVs development program conducted at
Warsaw University of Techihagy. The object of investigations was SAMONIT®hAn UAV
destined for fromair monitoring missions. The basic data of this aircraft are displayed in
Fig.1.

Fig. 1. SAMONIT 1 and its
technical data

SAMONIT can be
controlled either in a manual
way (by a RC device) or in an
automatic waypby a MicroPilot
L-2128 (Fig. 2). Attention was
focused on the load spectrum
induced by both ways of the
UAV control. Knowledge about
load spectrum is necessary to
define fatigue durability
requirements of the UAV
structure to be included in the UAV airworthiness regulations.




Fig. 2. SAMONIT 1 — control channels

Besides its main function of controlling the
aircraft, the autopilot has anther useful
feature of acquiring flight data (the total of
52 channels). Thoseath are of great
importance for flight dynamics analysis
including load spectrum derivations.
Figure 3 shows a screshot of the
MicroPilot software for datéog viewing.
The upper window contains some selected
signals: airspeed, altitude and accelerationhe z-axis direction (i.e. perpendicular to the
wing-plane), while the lower window contains the Gie&k. The analysis focused on the
acceleration signal because it may be easily recalculated into the loadnfeactoa ratio of
aJ/g, whereg is Earth's gravity.

mp2128°

Fig. 3. Data-log Viewer — screen-
shot of MicroPilot software

As a tool for load signal analysis
there were used Transfer and Half
Cycles arrays. The transfer arrays (T
arrays) contain information regarding
number of signal transfers from each
particular level to another level. The
signal range in MicroPilot datfag is
divided into 128 levels, however, for
the purposes of the present investigations, the number of signal levels was reduced to 32 per
range. Thanks to this simplification it was possible to apply the software tools previously used
by the author in invewgations of composite gliders' load spectra. There was also applied a
standard correlation betweapand load levelL, i.e.LL= 3 for maximum design value of the
n;, andLL=31 for minimum design value of timg
To be able to count signal transfers allsggnal should be first reduced to the form of a local
extremes chain. Subsequently, either the algorithm shown in Fig. 4 or the Rainflow counting
algorithm shown in Fig. 5 should be applied. The result obtained in the second case is a
specific transfermay called a haltycle array (HGarray). The important feature of aafray
and HCarrays is a sacalled operational zone (Fig. 4), i.e. a square envelope of all cells
having nonzero values. This envelope defines the range of signal variability aratkgdnon
the T- and HGarrays as a darker square. Operational zones of #weay and HGarray
derived from the same signal have equal dimensions, but onkartd§s can be used in
fatigue damage calculations because in a basigdy does not registene resulting changes
of signal levels after several transfers.
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arrays it is possible to
create an incremental form of load spectra (Fig.6). A basic form of load spectrum presentation
in the past, today an incremental form of load spectra has is of limited value for fatigue
calculations, but 8t can be used for comparative analysis of different load spectra.

As an example there are shown incremental load spectra derived fromathey Tand the
HC-array obtained from the dalag. The flight considered was named Flight No.1 and is
presentedn Fig. 7. In this flight the UAV was controlled partly in an automatic and partly in

a manual mode. The track length was about 41 km and the flight duration was about 950 s.

11



Input-data

-‘MM:W iiixILlAlli\;i ;..‘ 3 “7‘_1_4
S Cumuiston Y 1100 110 R
of ¢ s e d 7 W
Load Levels Scaling s hywes
“m L N TS LA 341' 2
b @ B 3 5 P edl B e
l OEE DOEF O L k- E E R
J: ~ .: ;!9
Chain of Local Extremes O K CEEE B, 0 AT HC-array
. Lo TS & FarS L e Sk v
! B ‘::' % A :/ﬁ
;/s/- LA T e J‘;,_‘
A AL AL AAL AN A
N e » a D P . P
Rainflow Courfing ..,'ﬁ/ 43 R
Am .- “ M AN a4 A’ N R .- o 4 K|
; )'/.iuf P XX .
| S AT 1 Comueton
HC-anay — SRR}
) 4 « v R " o-uij--.-
X ” aaddsasdd st desadlass
m 10000TNC ~ curmulates numbar of sppesancas |
of apperances R I I O O
¥$ panmicula load Increments 1000 :\: I
I 100 T 3 T ! Incremental LS
Incremertal A A
s C:> R U A A
10 R SR A
Pl g
1 : ' v : H % :
' . -
hof2 dy e s s rﬁ:\‘\‘ | ALL |
' 2 1
o 05 10 15 20 25 30 35 |Ap |
z

Fig. 6. The procedure of incremental load spectrum derivation

Fig. 7. Track of Flight No. 1

As it can be seen in Fig. 8, the maximum value
of load increment is much lower in the case of
applying the basic -Rrray algorithm that makes the reason why the Rainflow Algorithm is so
important in fatigue calculations.
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Fig. 8. T-array versus HC-array derived from the same signal

The presented tools were used for comparison of load spectra derived from the logs of two
subsequent flights of SAMONIT 1: Flight No. 2 was made in a manual mode, while Flight
No. 3 was mainly conblled by the autopilot. Both flights were made at the same airfield in
similar weather conditions (Fig. 9). The times of flights were: 22 (Flight No. 2) and 17
minutes (Flight No. 3).

The HGarray from Flight No. 2 is shown in Fig. 10. The operatiamle is larger
here, and, interestingly, it contains the signal transfer betwéeantb27#' LL (i.e. betweem,
=-1.71 andn, = 3.75). It is a significant variation, bearing in mind the fact that the UAV did
not make any aerobatic evolutions.
In the cae of Flight No. 3D controlled by the autopilob the operational zone was much
smaller (see Fig. 11). Those observations are consistent with the incremental load spectra
shown in Fig. 12. The interesting feature of both curves is a similarity in the oéhd|<7.

IS The experiment leads to the
conclusion that the autopilot mode
produces a softer load spectrum than
the manual mode of control does, but
the number of flights being analyzed
was too low to make any general
conclusions.

Fig. 9. Tracks of flights No. 2 & No.3
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Generally, to be able to determine effectively the UAV load spectrum it is necessary to
increase the number of analyzed flights taking into considerdifitement scenarios, different
weather and terrain conditions,, different pilots, etc. This would permit statistical analysis of
occurrences of particular load increments. In the upper part of Fig. 13 there are two curves:
the mean values and the valsésted up by 3 standard deviations. The latter curve takes int
accountpossible dispersion of load increments occurrences (i.e. the number of appearances in
relation to the flight times). On this basis it is possiblelétermine among other valuibe
coefficients that should be applied for multiplication of the values existing it @warray
compound from all analyzed flights in order to obtain more generalized results.
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Fig. 13. Algorithm of data processing for model-load spectra — general case

Fatigue tests

This part describes selected strength or fatigue tests for which load spectrum is of crucial
importance. The first test concerns the spar of the {FMONIT1's wing (Fig. 14) made
from CFRP composites.

Fig. 14. CFRP-wing structure of
SAMONITI

The main part of the wing structure is a
wing spar. It can be tested together with the




whole wing. For economic reasons, however, a simplified composite torsion tube is quite
often used in testing instead of the real wing skins. An important agpetdatigue
investigations is frequent control of fatigue damage propagation by means of the NDT
devices (Fig. 15).

f’.:;'fc'ffpf.'"& i Fig. 15. Fatigue and NDT

torsion tube) - testing of SAMONIT 1's
s > ' wing spar

CFRP wing spar of |
SAMONIT 1

Another element, which needs to be tested, is the tail bespacially the joints between the
beam and the aircraft structure (Fig. 16).

Fig. 16. Tail
beam of
SAMONIT 1
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Fig. 17. Test-stand of UAV
tail beam

Coil of amplitude |
i
feedback

Couling
ventilators

Another crucial element of the UAV is the landing gear (Fig. 18). In comparison with GA

aircraft this element is much more exposed to the damage risk because the UAV systems are

not able to compensate for lack of the information normally accessible fpildhseating in
the cockpit.

Fig. 18. Landing gear of SAMONIT 1
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Fig. 19. Test-stand of UAV landing gear

To sum up:

¥ Determination of UAVs load spectra has a crucial importance for the process of elaborating
airworthiness requirements for ttdategory of aircraft.

¥ It was found that significant differences in load spectra could be observed between a manual
and an automatic control mode of the UAV. Those differences may have strong influence on
the fatigue life of the UAV structure.

¥ In order to @termine airworthiness requirements for fatigue safety of the UAV structure it is
necessary to increase the number of analyzed flights taking into consideration different flight
scenarios, different weather and terrain conditions, different pilots, etc.

¥ Waell-estimated load spectra and reliable fatigue tests are necessary to prove technical safety of
UAVSs.

(Research supervised by Mifass RodzewicaVarsaw University of Technology, Wargaw
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2.3Recent Progress in Full Scale Fatigue Test &zI-130 "Orlik" TC -II Structure

In 2009 the Polish Ministry of Defence contracted a modernization program fol BZL
Orlik aircraft to convert it to the T@ version. Themodernization is accompanidty a
research program to establishnew maintenancerinciple. The research program is called
OSEWSTGBystem Eksploatacji Wed) Stanu Technicznegdrhe program consists of many
different tasks but its main objectives concerning the service life assessment include flight
tests, Full Scale Fatigue Test @S, determination of Non Destructive Inspection
technology routine and Teardown Inspection (TI).

The FSFT is currently being carried out at VZLU Praha in Czech Republic. The test article
is a structure consisting of a retired fuselage after some monifisaind a brand new wing,
characteristic for the T@ version, assembled by EADS PADkecie. The structure is loaded
in a specially designed test rig by means of 20 actuators. Before the beginning of the test a
calibration procedure was performed. Caliimn results were compared and validated against
the flight testresults.

An intensiveNDI program is planed to support the FSFT. There are three distinguishable
levels of inspection accuracy. In the paper, brief information about the planned NDI astivity
given including a description of each inspection level. The main deliverables of the project,
the AFITOsvork results and staff contribution the projectis highlighted in the following
chapters.

Development of Load Spectrum

According to the SEWSprogram assumptions, the load block for the test was developed
based on the flight loads measured during experimental flights, which were designed to
represent the pilot training program for the PE20 airplane. This assured that the obtained
loads were ansistent with the mean flight profile for the RZBO "Orlik" TC-II in Polish
Armed Forces (PAF). Measurements were carried out with an array of foil strain gauges
described in

According to the program assumptions thad blockwas to represent four nmaflight
components: taxing, flight, landing and buffeting. Flight and buffeting loads were developed
directly using strain data gathered during flights. Since landings performed during the
experimental flight program were, untypically, very smooth, tleeision was made to
develop landing loads separately according to the literature sources and the previously
performed drop tests. Similarly, taxing loads showed very low amplitudes and, due to
limitations in the number of load lines within the load blodiscussed in the following
paragraph, couldn't be introduced directly. Instead, three types of artificial taxing loads were
developed: full stop, left and right turn; and were randomly placed within the load block. The
level of loads was chosen based amadltual loads measured during experimental flights.

Time schedule ofhe FSFT and technical capabilities of the loading system imposed some
limitations for the load block. Preliminary estimations showed that a ratio of about 120 load
lines per flight houfwhich gives 24 000 load lines in one block for planned 200 SFH) had to
be achieved in order to finish the test on schedule. Since the sampling frequency of measured
data was in the order of 100 Hz (400 Hz for buffeting loads), the amount of collecadadat
tremendous. In order to achieve the estimated ratio the gathered data had to be filtered.

The level of filtration was chosen using interactive methods. Based on the preliminary
assumptions resulting from the flight profile defined by the Polish Arnk®rces,
representing 194 flights within the load block, flights were filtered and put together to achieve
the number of lines close to the estimat8ohce a further reduction was planned and it was
necessaryto increase the loading frequency for bufigtiloads when only empennage
actuators operate, the preliminary load block consisted of about 30 000 load lines.
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The load block contained 194 flights with each flight involvihg following components:
taxing, flight with or without buffeting, landing anfihal taxing. The components were
filtered and prepared separately and this is why it was necessary to verify load sequences after
assembly in order to eliminate the load lines for which load levels for all 20 actuators differed
by less than 5% or for wth three subsequent loads for all actuators were either ascending or
descending.

Since the test specimen was not fully constrained within the test rig it was necessary to
assure that for all load lines the resultant forces would be in static balanceoralyi, loads
acting on the structure were checked along with thé&abdtor to make sure that the resultant
mass of the aircraft was within a reasonable range (empty airplane and with fuel). After
performing all the above steps, the final load block sted of about 26 000 load lines,
which was acceptable due to the possibility of the simulation of buffeting loads.

Introduction of Fatigue Markers

SinceTeardownlnspection is planed after the completion of thatiguetesing it would
be most beneficial to be able to determine the growth rate of expected cracks by means of
Quantitative Fractography.There are several known techniques of introducing fatigue
markers e.g. adding under/overloads or reordering loads within a loekl Blince the main
objective of the preparation of the load block was its correspondence to the actual PAF flight
profile, introducing any artificial loads could change the block leading to false outcomes of
the whole test.

The prepared load block, shovim Fig. 1a, exhibits local maxima due to significantly
different severity of individual flights, which is consistent with the actual flight profile where
aircraft is used both in training and display flying. Hence individual flights could be
rearranged isuch a manner that highly maneuverable flights were gathered in several groups
of different lengths (Fig.1b) resulting in distinguishable markers on the crack surface (Fig.2).

The influence of original and modified load blocks were tested using specially
prepared Wedge Opening Load samples Fig. 3, manufactured frorilr 3Cdminum alloy
identical with the material used in PZL30 "Orlik" TC-11.

Fig. 1. Tested load blocks: a) before reordering, b) after reordering
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Fig. 2. Visible markers on the crack surface Fig. 3. Wedge Opening Load sample used in tests

Full ScaleFatigue Test Startup

The Full Scale Fatigue Testf PZL-130 "Orlik" TC-1l is being conducted atyzkumny a
Zkusebn’ Leteck ostav. A PZL-130 "Orlik" TC-I aircraft was specially selected for the test
purposes and modified according to bulletins to thellT@ersion. The modernization
consisted of overhauling the fuselage and assembling a new set of wings. The completed
specimen consists of the fuselage, wings, landing gear and the engine mount. It was
instrumented with the identical set of strain gaugedhasspecimen used previously by the
AFIT during Operational Load Monitoring. The measuring system has two main objectives:
validation of loads prepared for the purposes of fatigue testing and monitoring strain levels of
crucial structural elements throughdiie whole test.

Fig. 4. Strain gauges installed on the test specimen

Prior tothe commencement of the tdbe strain gauge
array was calibrated ia twostageprocess. Firstly, loads
| usedduring the prdlight calibration were used in order to
verify the correlation between two installatior&condly,
actual load linegaken outfrom the prepared loaBlock
were tested in order to check the strain levels and stability of
. the specimen wheextreme loads are applied.
o Since the load block consists of over 24 000 lines that
- were directly calculated from flight loads, it was not

possible to test all of them during calibration. Hence the first

= | full load block was carried out at 30% of the towhge in
order to verify the stability of the specimen throughout the whole sequence.

After some minor modifications, e.g. caused by of some actuators reaching the end of the
range, the setup was approved and the test was ready to start.
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Fig. 5. Completion of loading system Fig. 6. Test specimen mounted in test rig

Non-Destructive Investigation Program

During the whole test the structure will be monitored using various methods from simple
visual inspection to eddy current or ultrasonic testikagording to the tripartite consultations
betweerEADS, AFIT andvZLU the NonDestructive Tests will be divided into three levels.

Level lis based on simple NDI techniques and will be carried out M@0 + 50 SFH
This inspection will be executed MZLU in accordance with theDI instructionsdelivered
by AFIT. Estimated time for inspection is about 2mmours. No modifications to the test
specimen or the test rig will be necessary.

Level 2- inspection will require using advanced NDI equipment,additional access to
the structure will be needed. This level will necessitate a removal of clamps to grant access to
aircraft structure. The inspection will be conducted every 5000 + 1500 SFH for between 0 and
30000 SFH and the time interval will baostened to 3000 SFH + 1500 SFH for 30000 O
36000 SFH. VZLU will also conduct this level of inspection in accordance with the NDI
instructions delivered by the AFIT although first inspections will be conducted in presence of
the AFIT qualified personneEstimated time fothis inspectionis 2 working days.

Level 3- detailedNDI inspectionincluding dismounting thevings andthe fuselage Four
major inspectionare planned throughout the tesery 10 000 + 2500 SFH:

¥ 12 000 SFH + 2000 SFH;

¥ 20000 SFH + 20D SFH;

¥ 26 000 SFH + 2000 SFH;

¥ 33000 SFH + 2000 SFH.

The AFIT will be responsible for this level of inspection. Estimated time for inspectibn is
working days.

A reporting routine valid for all levels of inspection has been developed. It includes
detailed documentation of detected damage including photographic documentation and
detailed definition of damage location as well as methods used to find and verify it. It will
allow for a precise identification of damage and its location and enable trackinguigthout
the test to verifyts severity with relation to structural integrity. Reports will be developed by
VZLU and delivered to the AFIT for interpretation and storage.
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Fig. 7 General schedule of Non Destructive Inspections throughout the test

Troubleshooting and conclusions

In the preliminary stage of the test some minor problems occurred which were indentified
by alarming noises. In the first case there was a clear sound of the upper wing skinOs buckling.
After detailed examination it was decided that since this phenomenon appeared only for high
levels of N the test will be carried out as planned but with gdecare taken during
inspection of the wingOs upper skin. The latter case was identified in the main landing gear
region. In this case it appeared that the noise was caused by friction between the landing gear
and the wing structure due to lack of grebsewveen these two components. After supplying
additional grease the alarming noise stopped.

The test is scheduled for 36 000 SFH. During the first three level 1 inspections, after 1000,
2000 and 3000 SFH, no damage in the structure was fdDadclusions fom these
investigationsalong with further conduct of the fatigue test will be presented.

(Research supervised by Andrzej Le&kiForce Institute of Technology, Warsaw

2.4Preliminary Verification of Selected Solutions for Crack Detection

Currenty, a big numberof modernand innovative crack detection solutioase being
developed Unfortunately there islack of verified data from reliable, autonomous R&D
centers, confirming efficiency of those approachésr that reason, special preliminary
laboratory studies were conducted to vetifgtwo selectedneasurement systems.

Laboratory tests wergerformed to explorehe reliability and sensitivity othe DMI SR2
optical systemalong with theresistive laddesensaos for crack detection. For this purpose
appropriate specimens were prepared and examined under varialdeuhtibch visible
fatiguecrackoccurred.

Optical Strain Measurement using Polymer Gages

An initial verification of the DMI SR2 system wasarried out. The system, whiéh an
optical solution fordeterminingdeformation also calledirect strain measuremems similar
to the digitalimagecorrelation methodThe capturel imagesof a specified specimen ar@a
the urloaded and loadestatg are used to define the extentddformation fora shortline
segmenvisible on the specimenOs pattern
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Fig. 1. Components of optical strain measurement system

The DMI SR2 systemutilizes a very unique pattern, whiotonsistsof a polymer gage
permanently bonded to the specimenOs suifheee is a prcise geometrical pattern on each
of the gags, which is used to determine strain, and also forideiftification purpose within
the rest of the system. Tlyageis fitted to the structure usinpe same method that is used
for foil strain gagesThe view of the gage is shown in Figure 2.

Gage Gage Ceupen

Pi

Ni

Fig. 2. Polymer gage coupb)z and characteristic edges

The plymer gage has 8 characteristic nodes (4 i, Ni, Oi, Pi, and 4 outeB Mo,
No, Oo, Po), which gives 8 independent measurement line compon&atgedeformation is
determined separately for each line element, using a sensor with a digital camera connected to

a PC equipped with dedicated software. Bynparing strairvalues at differeneédgesof the
sensor ¢n the parallel, opposindine segmentgit is possible tadetectcracksand determine

thedirectionof crack propagation.
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Fig. 3. Non-uniform strain with equations

The gage measures directipiform (similarly to the 9C° rosette foil frain gage)or non
uniform deformatios. Non-uniform or differentialdeformation of the opposing sides of the
gage indicates neaniform plastic strain (fatigue) or a cracklThe ®ftware algorithm
calculates strain inStrusingequationsn Figure 3.
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The Conduct of Testing and Test Results

Preliminary tests wereonducted oriwo types of specimens using a fatigue test system
The first onewas aflat, rectangulaspecimenwith a small, 3 mm fastendrole The second
specimenwas aflat elementwith an "omega"type stiffener, interconnectedvith the rivet
seam Both specimens were made of PA7 aluminum, with dimensions H160xW50xT2 mm.
The load was applied at a frequency ofH0 Measurements were conducted under two load
values for each polymer gage. elhesults were illustrated in the graphs, separately for the
inner and outer components of the gage.
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Fig. 4. Test results for a flat specimen with a fastener hole under 5 kN and 9 kN axial load

OMI SR2 nol2 OUTER SkN DAV S22 no12 INNER SkN
ruco 10000
000 . -~
o0
-] t o
] B — €000 AN
T =y “
“ «
3“‘” -ts 3 «
SO00
s a “
a0 - g
& 1000 & -— & ro00 > » 1
; P— webes | 1000] —
= s ——— + S — 2 p — :.-«2-1:0:
- . | w— -— . - - - -
2200 ooo
OMI SR2 nol2 OUTER 10kN OMI SA2 no12 INNER 106N
L2000 L8000
> 16000
10000 -—
4 ) L4000
2000 | 1
T 4 000
7 %a - v _“.‘,:.):na: e
- -ls -t?
‘E' o =7 -2 £ |
5: 2000 — —_— % “§ 099 oty —AB
H x = vyvies e fa300C] 4800
— e — & ——ea 2000] —— ’
cychos ma [« 1000] 1
2000 :
- — - b g

000 2200

Fig. 5. Test results for a flat specimen with a riveted joint under 5 kN and 10 kN axial load

Test resultsaare quite promising for both types of specimens. At the first stage of the test,
strain values for opposingdges of the polymer gage are similar. Black regés in the
charts mark the initial state imhich the gages sense any anomalies around the fastener hole.
A difference betweestain valuegrowsbecause o& crack developing only on one side of
the hole. The inner edges of the gage respond faster than the outer ones due to a closer
location to te hole. This fact confirms the possibility of detecting fatigue fracturdbe
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structure anddetermining theidirection. On the other hand, accuracy and stability ofadat
increaseaas thdoad applied to the specimgnows.

Crack Detection usingResistive Ladder Sensor
Preliminary studiesf electrical resistivéaddersensorsverealsoconductedThe sensorOs
structureis similar tothat offoil strain gaugesDifferencesin shape othe measuringyrid,
designed as parallel connection of thinanductivepaths, can be noticedThe nethod of
integratng thesensor withthe structure is identicab the one usefbr foil strain gauges.
When a crack opensunderthe sensora local deformationoccursandthe foil with the
pathsis graduallytorn apart This progressivelystogs electric conductionThe sgnal from the
sensor changes in accordance to OhmOs LEsywhy, by fitting such asensitiveelementin
a locationsuspected o$urfacecracksand measuringts resistancethe possibility todetect
andquantifyfatigue fracturarisesIn the investigation, two sensor types were compared.
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Fig. 6. Resistance characteristics of two types of resistive ladder sensor

To be able tgperform measurements withe resistiveladder sensors, it wassential to
developa special electronic circuit. As a data recorder, an appropriatet ¥\gD converter
card was useaonnected ta PC computer.

Sensor with Signal
voltage divider S H
] | AP converter | {(qcic'eeorer
T (gain, and display)
Power unit with filtering)
voltage stabilization

Fig. 7. Resistive ladder sensor measurement system components

The Conduct of Testing andlrestResults

Preliminary tests wereonducted orilat rectangular specimsnwith little notches on one
edge using a fatigue test system. Specimens were made of PA7 aluminum, with dimensions
H160xW50xT2 mm. The applied axial loags in the range of-I2kN, at the freqency of
10 Hz. The results were depicted in the graphs, separately for both types of ladder sensors (A
and B), for two test runs.
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Fig. 8. Test results for type A and type B ladder sensor for two identical specimens

Test results cdirmed that it § possible to detect and quantify fatigue cracks with both
types of laddersensos. Some modifications irthe signal conditioning unit are required,
especially in gain and filtering, tocrease voltage resolution and range well as to purify
measuremds from unwanted peaks and valleys. Stability and sensitivity of the sensor was
satisfactoryand themethod issuitable for reatime measurements.

Conclusions

In this work, preliminaryerification of two crack detection methodssperformed. Both
methals are capable of detecting fatigue cracks in the structure, although their principles of
operation differ substantially. Further experimeate essential to confirm repeatability,
reliability and accuracy of measurements on more congfeture areas

Along with the collecteddata,the presenpreliminary verificationstudy provided some
practical knowledge not only about potential future applicatiand typs of measuring
approachegin-situ or real time), but alsaboutlaborintensity of data pogtrocessing as well
as the fieldof fracture detection. Tablé summarizes #%e obsevations and compardbe
two presented crack detection solutions.
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TABLE 1. Comparison of presented crack detection solutions

Optical polymer gageolution Resistive ladder solution
1. | permanently integrated withestructure | permanently integrated withe structure
2. | no wires, no power supply to the sensg needs additional wires for data and powe
3. | no additional measurement circuit need signal conditioning and A/D convert
4. | operator is needed for measurements | no operator is needed for measurements
5. | access to a gage is essential access only during installation
6. | in-sity, off-line measurements reattime, orline measurements
7. | needfor baseline measure no needor baseline measure
8. | detects cracks and fatigue plastic straif] deteds crackandquantifiesits lengh
9. | detection irthearea neato thesensor detection of cracks under sensor
10. | labourconsuming posprocessing easy posprocessing
11.| Accuracy depends onthe operatorQ] accuracy depends on excitation Vvoltg
experience stability and electronic circuit quality

(Research supervised by Artur KurnyAdr, Force Institute of Technology, Warsaw

2.5Introduction of Fatigue Markers in Full Scale Fatigue Test of an Aircraft Structure

Air Force Institute of Technology participates in thevier life assessment programme
SEWST. The aim of this programme, funded by the Polish Ministry of Defense, mditym
the operation system of PZL30 "Orlik" TC-lI turbo propelled trainer aircraft. The structural
part of the programme is focused on the Full Scale Fatigue Test of the whole airframe.

At the end of the Full Scale Fatigue Test a teardown inspectidansqa during which it
would be most beneficial to be able to determine crack propagation rate by means of a crack
surface inspection. Markers are usually visible on most fatigue crack surfaces, however they
occur randomly therefore it is almost imposstisleonclude anything about the crack history.

Obcigtonia
™

THR s  Fig. 1. A variant of load spectra for use during fatigue
‘w0 - . fests

Since the preliminary load block consisted of
separate flights (flight loads together with landing and
taxing loads) showing significantly d#rent levels of
severity, the easiest way to modify the load block was
to change the order of flights within the block. Hence a pilot programme was started at the
AFIT which was focused on the determination of the influence of flight sequence on crack
appearance. Several load blocks were determined using various techniques of rearranging the
order of flights within the preliminary load spectrum.

Since the overall intensity of the applied load spectrum and the consistency with the
measured actual flight piite are crucial, the most favorable method of introducing fatigue
markers is reordering flights within a load spectrum so that flights exhibiting the highest
structural loads are cumulated in one or more groups, preferably of unequal length, in order to
differentiate them during inspection, which will allow researchers to distinguish markers on
the fatigue crack surface and analyze fatigue behavior of the tested structure and material.

numer bloky
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This approach ensured the preservation of
. the initial severity of theload block and
simultaneously enabled a significant increase
in the probability of the markers occurrence
introducing neither artificial underloads nor
overloads that would most probably affect the
crack propagation rate.

Fig. 2. Markers visible on the crack
surface

Fatigue crack surfaces were inspected using
Scanning Electron Microscopds a result of the investigatisma series of images were
obtained showindhe specimen microstructumth visible markers arranged the desired
sequences. Baseanh the obtained picturethe most promising load block arrangements were
chosen for the Full Scale Fatigue Test.

(Research supervised by Andrzej LeakiForce Institute of Technology, Warsaw

2.6 Numerical Simulation of Fatigue Fracture of theTurbine Disc

The work was focusedn the crack propagation analysis of an aircraft engine turbine disc.
In the first part of the work the finite element method was used for calculation of the stress
state and the stress intensity factor (SIF,K&factor) in the turbine disc with an embedded
guarterelliptical corner crack, subjected to lawcle thermemechanical fatigue. To refine
the K-factor calculation, specially degenerated finite elements were used. These elements
provide stress singularity suitabfor the lineaielastic material of the disc. The performed
calculations yielded the stress intensity factpfdf different crack sizesSubsequently!, K
parametewas determined as a difference of thevilues calculated for the turbineOs speeds
equal to 6373 and4200 RPM.Based orthe ParisErdogan equation anithe obtained! K
values, the fatigue crack growth plfiir the turbine disc subjected to complex thermo
mechanical load&as determined

In the first part of the wik, a detailed geometricatodel ofthe 1/89 turbine segment was
created. The border surfacesté disc used duringhe parametric 3D modelefinition are
presented in Fig. 1&he cyclic symmetry option witthe appropriate boundaiconditions
enabled modelingnly asmall part othedisc with one blade.

The finite eement program MS®atranwas used to create both the geometry and discrete
models ofthe disc segment anthe blade. The finite element medof turbine presented in
Fig 1b consists ofabout 23608 sdid elements. To modehe mechanical interface oie
adjacensurfaces of the disc and the blathe @MasterslaveO type of contaeith thefriction
coefficient of 0.1 was defined.

29



a) b)
Fig. 1. Border surfaces used to create of the geometrical model of the disc (a) and the
discrete model of the turbine segment used in computations (b)

A rotating hot section component in a turbine engine is in general subjected to a
combination of surface (aerodynai centifugal and thermal loads. ufface loads are
as®ciated with aerodynamic forcessulting mainly fronmthe impingement of hot gases on
the blade surfacesThe centrifugal loads arising from the mass of the rotated dis¢chand
blades are usually the critical loads acting on ttheine disc. This load was determined
through finite element calculation after defining the axis of symmetry, the rotatiotoal
speedand also thelisc andheblade material density. In this dysis, the operational turbine
speed ofl4 200 RPM(rotation per minute) was applietvVhile the engine works, a non
uniform temperature field arises in the turbine disc and the blade. The thermal load used in the
computations is presented in Fig. 2a.

Fig. 2. The thermal field defined for the models of the disc and the blade in the dovetail-rim
region (Celsius scale) (a) and the maximum principal (" ;) stress distribution in the turbine
disc subjected to thermo-mechanical loads (b)

Fig. 2b shows that the area of the maximum principal str&881MPa) is located on
the corner of the 3rd loweslot of the disc. The maximum principal stress is particularly
interesting from the point of view of fatigue strength because it is tensile stresses that
contribute the most to the fatigue fracture.
To refine the K-factor calculation (according to lineaastic fracture mechanics),
specialy degenerated finite elemem®re usedFig. 3).
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a) b)
Fig. 3. Typical (a) and degenerated HEX-20 finite element

As a result of FEM calculations the stress fields for the disc with cracks were obfsned.
a resultof nonlinear computations, the stress intensity factqy {& the quarter elliptical
cracks was obtained Based on! K values computed using FEM and tRarisErdogan
solution, the crack growth curves were obtained for the disc with the rotation speed oscillating
between 63789142M RPM

The estimation of the factor and crack growth in the turbine disc subjected to thermo
mechanical fatigue is an origihresearch work from the point of view of fracture mechanics
and fundamental sciencesgeneral. The results of similar analyses are not widely described
in literature because of the complexity of the problémormation about crack growthak
great pratical significance and can heseful to determinethe periodsbetween technical
inspections ofthe engire. During these inspectionsrack should be detected before its
growth to the critical size. This kind of operation, known in literature as Odamage toleranceO
is used for the aircraft artdrbineenginesThe procedurgdamage tolerance) can be used not
only in aviation but also in amy other branches, for different parts working in variable loads
conditions.
(Research supervised by Lucjan Witekeszow University of Technology, Rze}zow
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3. NON-DESTRUCTIVE TESTS AND STRUCTURAL HEALTH MONITORING

3.1 Damage Detection and SizQuantification of FML with the Use of NDE
Introduction

Composite materials are now widely applied in aerospace structures. A new generation of
structural composite materials for advanced aircraft is Fibre Metal Laminates (FML). The
often used metal forML is aluminum, and the fibers are glass, Kevlar or carbon. FML with
glass fibers is calleGLARE (GLassAluminum REinforced), with Kevlar fibers is called
ARALL (ARamidfibre-reinforced polymerAluminumLaminates) and with carbon fibers is
called CARAL (CArbon Reinforced Aluminum Laminates). Composite FML have been
selected for application in aircraft structures because they have both low weight and good
mechanical properties (high damage tolerance: fatigue and impact characteristics, corrosion
and fire esistance). FML composites can be either in the form of laminar structures or
sandwich structures.

Composition FML - sanwich structure

Composition of GLARE

Fig. 1. Types of FML structures

An FML layered structure is particularly susceptible to the detachment of the layers. Also,
delamination and cracls the aluminum layers may occur as a result of stress.

Quality control of materials and structures in aircraft is an important issue, also for FML
laminates. For FML parts, a 100% ndestructive internal quality inspection during the
manufacturing procesis required. In the case of FML composites, the most relevant defects
that should be detected by ndestructive testing are porosity and delamination as well as
cracks in the aluminum layer.

For the purpose of monitoring the integrity of an FML streestia combination of
multiple NDT methods is commonly used:

- Visual (especially for inspections of fasteners and curved panels e.g. C & D checks of

aircraft);

- Eddy Current (this technique is the best for crack detection in paramagnetic materials

such asaluminum alloy);

- Ultrasonic (capable of detecting the following types of damage: disbonds,

delamination, foreign object inclusions and impact damage);

- Thermography (capable of detectitige following damages: disbonds, delamination,

foreign object inclusins and impact damage).

Results and Discussion

The nondestructive FML testing was made for the GLARE structures. For the sample no.1
in the aluminum layer and for the sample no. 2 in the laminate layer, the circle shape defects
of different diameters wemaade. Fig. 2 shows the results of thedan inspection of a single
Ultrasonic sensor, Phased Array, Eddy Current and Pulsed Thermography.
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Fig. 2. NDT results of Fibre Metal Laminate inspection

Analysis of the results enabled to determine the detection of defects by various NDT
methods and to determine the accuracy of these methods. Fig. 3 shows defect size estimation
determined by various NDT methods for the prepared specimens.
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Fig. 3. Defect sizes determined by various NDT methods
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The discrepancy between the size of the defect made in the specimen before the inspection
and the size detected by the inspection with use of the ultrasonic method is due to the
transmitter diameter and the beam divergence as well as the level of detitigetshold
gates.

The sizes obtained using the eddy current method are also different from the actual sizes
because of the stalled Oedge effectO characteristic for this method.

Pulsed thermography method gave results in size estimation simila tesigned but it
was not possible to detect all existing defects.

The samples were examined by the ultrasound method and then evaluated independently by
five experts. The results were used to determine the PoD curve (Fig. 4).

Fig. 4. PoD curve for ultrasonic method

Where:

D bdiameter of the damage;

PoD bProbability of Damage Detection;

95% p.u. confidence interval for PoD curve;
PoD 0.95 95% level of the damage detection.

In the first step, the linear regression model was tailored:

loga =/ logg +" # €))
whered; equals the estimated size of the dame4:zthe real size of the dama¢é:, rancbm
measurement error. The use of least square method yielded the following model parameters

estimators:
a=1.095+0.033, L =-0.16+0.14. 2)

The probability of the delamination detection of the damage size of the determined D size is
given in the equation:
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logT - (Jtlogﬂ(B)2 -p
PoD(a)=P(a>T) =¢ 2

; 3)

where T is the selected threshold Ie\-’.l,standard deviation of the measurement 7. r(-’
cumulative function of the standard normal distribution. Based on the confidence intervals or

the parameter & B it is possible to determine the 95% confidence interval for the given

above PoD(8) value. Moreover, the valugs, for which PoD(a,s)=0.95 was given
based on:
logT-p o

log(a,,s) = 4 + o Uy o5, 4)

where %05 means 95% quintile ahe standard normal distribution. Estimated diameter size
of the damage with 95% detectability equals:
Dy, o5 =2.58 mm.

Summary

The work highlights the inspection issues for the diagnostics of FML structures with the
nondestruction methoddased on the GLARE specimens. The use of NDT methods
(ultrasonic, eddy current, thermography) gives the possibility to detect damage in FML
composites. Ultrasound and pulsed thermography methods allow for the detection of defects
in the entire volume of th material (detecting defects in the layers of aluminum and glass
fibers).

Eddy current method can only be used to detect defects in the aluminum layers. The results
of ultrasonic testing were used to create the PoD curve, which estimates the detection of
defects possibility in FML for a 95% confidence interval. This approach enables to determine
the accuracy of NDT methods.

(Research supervised by Krzysztof DragsinForce Institute of Technology, Warsaw
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3.2 The MMM Expert System: From a Reference Signal to the Method Validation

Magnetemechanical effect§MME) are increasinglyused to diagnge critical structural
elementsthat are made of ferromagnetic and paramagnetic materials. hdestmictive
testing (NDT) and systems to mitor early fatigue symptoms (structural health monitoring,
SHM, prognosis health management, PH¥gfollowing processes are used

¥ reversible paraprocesses (JouleQa effect, Villari effect and derivative phenomena),
¥ irreversible paraprocessesH effect, Metal Magnetic Memory NIMM), which is an
equivalent olNatural Remanent Magnetization (NRM) in geophysics).

Diagnostic information not onlytaut the level of the dislocatiaroncentation (1st phase of
fatigue) and cacks but also about changesiierral stresses and the history of maximal
material effort can be obtained by means of non contact measutingrodgnetization level
and distribution, Figl. These features are the bamehe Metal Magnetic Memorynethod

The interpretation of the ressilto be used ithe MMM method (research without artificial
magnetzation of metal) is difficult. The ain problems are as follows:

% natural magnetization signal D the EarthOs magnetic fiels weak its intengty and
components are dependamta place antime of performed research;

% magnetization of thepolycrystalline structure with different defects b shortage of
systematized knowledge on magnetic features of constructional steel, simplified models
of magnetization without periodit components ahnoise of th&earthOs magnetic field;

< reference signalbdifferential measurements applied in geophysical researdlsome
MMM applications(increasing sensitivity of measurementspy not be applicabls
theinteriors with strong ferromagnetic obje¢i®. a palisade othe compressor/turbine
blade).

« | Reversal stress magnetization AB=f(c)
r (piezomagnetic sensor, EMAT, MsS, ET)
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Fig. 1. Detection of stress prehistory: a) reversible and irreversible process of stress
magnetization; b) identification of blade fatigue risk (H, =f(blade number))

The numerical verified models @core Berust @and Byisturbance EarthOdields have been
proposed to generatagh-quality reference signalfor the MMM expert system@or NDT,
SHM and PHM applicationsand identify newdiagnostic symptoms, as well as fahe
systematic/periodic calibration of the magnetic field sensors, taking the time of the testing and
the location of the monitoring object into consideratiderified models ofthe EarthOs
magnetism enablebtairing an accurate reference sigBa|_rer= Bm 5 nT.

In order to precisely determine thyisturbance COMponent formonitoring objects of
significance located in Polan@pplications of SHM and PHM with the use of the MMM
method) thefollowing data are anticipated tme used:
¥ referencadata from groundbased observatories
¥ correction data (RTK) from theystem of groundbased rierence observatories ASG

EUPOS,
¥ converted data from SWPC NOAA.

Expected effects dhe use of external reliable sources of data in MMM expert systems are

as folows:

¥ an improvement in reliability and resolution of tBg . referene signal for a randomly
choserlocation for the monitored object;

¥ a capability to diagnose and predict regular and irregular geomagnetic phenomena in the
vicinity of the monitored olgjct.

(Research supervised by Mitaw Wita, Air Force Institute of Technology, Warsaw
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3.3 X-ray Diffraction Measurements for Riveted Joints- the Application of a Novel
Methodology

The X-ray diffraction method is the best, widely available, «estructive measurement
method used to determine the residual and load stresses in crystalline materials. This method
can be applied without any limitations to flat specimens. Depending oredgh@ment
geometry, the type of material and geometry of the specimen, there are many limitations,
restrictions and recommendations which have to be fulfilled to obtain reliable results. This
was the reason for working out a methodology fera}( diffracion stress measurements for
riveted specimens.

The first case to analyze is the necessity of choosing -aay Xube suitable for the
specimen material which will give the diffraction peaks in the rangé oéngles between
120° and180°. Afterwards it is crucial to make the best selection of BraggOs2mdie the
vast majority of cases the best selection is the possibly big@eshgle because of the best
accuracy of the measurement. However, for example for aluminum alloysCifor
radiation), this choice is not so obvious. It is much more convenient to perform measurements
not for the highest diffraction angle. The best selection in this cas& +s139!3°, and not
1"#1" . Other selections which are necessary to be made before remaasts are the
collimator diameter, time of exposute tilts ande oscillations. The proper selection of these

parameters is crucial for the fast and efficient performing of measurements and for obtaining
reliable results.

Before performing the measurent, especially in the case of the specimen with
complicated geometry (for example in the case of riveted specimens made of aluminum
alloys), it is necessary to analyze the results obtained paying special attention to the
possibility of the appearing of ¢hrivet head/driven rivet head shadow during the
measurement. The wofkcusedon differences between the-pay stress measurement results
obtained without any interference and the results received after eliminating the selected
diffraction peaks for whiclthe shadow of rivet head/driven rivet head has appeared.

The neasurements prograne performed under the Eurekd MPERJA projectwas
concluded with the following observations:

" a wellrounded methodology is necessary to perform reliable and effectnay X
stress measurements,
stress values in two directions (radial and tangential), in the riveted specimen, were
obtained during the worRthe obtained values are good introduction to stricter stress
gradient measurements,
it can be seen that stress measurementthe side of the driven rivet head are much
more complicated than those on the side of the manufactured rivet head because of the
shadow problenbcareful analysis is necessary to introduce suitable corrections.

(Research supervised byzEieta Gadaliska,Institute of Aviation, Warsaw
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4. JOINTS
4.1 Investigations into the Durability of Epoxy-Bonded Joints

Bonded jointdulfill a significant role in the development of new technolggiadicularly
in the aerospace industwherethey give newpossibilities of connectingtructural elements
With the adhesive connectigribe constructiorsize can beeduced anthe airframe structure
can be simplified.The bonded joints allowor reducing the aircraft operations costs by
performing repairs of @maged parts insteaof exchanging themThe Composite Patch
Bonded Repair (CPBR) israethod that can be used for repairthg metallic and composite
structures.The CPBR method includes the following steps: surface prepargtimm to
bonding, the imposition of @npositePatch a cure cycle of the composite (prepreg) tred
adhesive filmandthefinal treatment

The most common techniques used for the surface preparation are Forest Product
LaboratoryOs (FPL) technique and Phosphmid Anodizing (PAA). Both methods ensure
very good adhesion but they have some disadvantages. They require the application of toxic
and aggressive acids, dangerous for the operator. Also, the use of acids for cleaning the
surfaces can cause corrosion.

The sandblasting treatment of metal surfaces ensures quite good adhesion. This technique
requires neither specialist equipment nor the use of toxic substances. Recommended by the
Royal Australian Air Force (RAAF) the technique is also used by the Air Hostiéute of
Technology.

Sol Gel is a new product developed for the treatment of metal surfaces before bonding. It is
not hazardous for the operator and it does not cause corrosion due to its specific chemical
composition.

The properties of theadhesive ifm depend on the cure cycle parameters. The best
mechanical properties are achieved when the cure cycle is performed inaacewrith the
material data sheetHowever, the CPBR cure cycl# the recoverypackageb the film
adhesive anthe prepreg shauld be performed in one operation. It is unacceptable to shorten
the prepreg heating tinte make it correspontb the cure cycle of the adhesive lay@nce
unhardened resin doesnOt hd@siredmechanical propertiest is necessary to plang the
adhesve film cure cycle and perform it in accordance with the recommendations of the
prepreg data sheet (Fig. 1).

CURE CYCLES Adhesive film cure cycle

— — Prepreg cure cycle

Temperature [°C)
@ ® 9
.
-

0 50 100 150 200

Time [min]

Fig. 1. Matching the cure cycle of the bonded layer to the prepreg required cure cycle
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In order to determine:
¥ the influence of thereparation of the composite specimenQOs surface for bpnding
and
¥ the effect of prolonged cure cycle time on the mechanical properties of the epoxy
bonded layer
on the mechanical properties of the epoxy bonded layer, some tests were performed at the Air
Force Institute of Technology.

Cure Cycle Time

The metal surfacewvas covered withan alhesive filmand with another piece of metal
sheet. Two panelwere made:the first was subjected ta cure cycle accordingp adhesive
film data sheeb heatirg in 121;C for 60minutes, thesecond was subjected &oprdonged
cure cycle accordingo the repair prepreg data sheeteatirg in 121;jC for 105 minutes.
Subsequentlythe samplefor testing were cut from thegpanels.

Both specimens have been testedi@terminethe forces separating thmnded joint and
shear strength dheepoxy bonded layer.

e f - / Fig. 2. Specimen during the wedge test

A -

The wedge tests werenpemed usingheMTS 810.23 testing
machine in accodance with ASTM D376®3 (Fig. 9 at a
constandisplacemenspeed of 10 mm/min.

The presented research showed that the cure cycle time had
little influence on shear strength and valoé separating force,
, hencethe adhesive film cure cyclaay be extended and adapted
| to the prepreg ae cycleso that the cure cycles of prepreg and of
{ the adhesive film can be carried out in one operation. allug/s
for performingdamage repair using the Composite Path Bonded
Repair method.

Preparation for Bonding

The preparation of the composite sipeenOs surface for bonding consists of its thorough
cleansing and, optionally, increasing the contact surface by roughening. After a layer of the
adhesive film has been applied and subjected to a heating cycle (cure cycle), there occurs
diffusion of the dhesive into the composite along with the polymerization of the adhesive
film molecules as well as the bonded composite and the adhesive.

The comparative environmental investigations into the influence of low temperature and
high humidity on the durabilitpf bonded joints made using the standard surface preparation
method including sandblasting, and the Sol Gel preparation meteyd performed
according to the ASTM D3762 - 03(2010) Standard Test Method for AdhesB@nded
Surface Durability of AluminumWedge Test)O.

The tests showed thétte bonded joint manufactured after surface preparation wits8lol
exhibits better durability in the Wedge Test. The average gain in durability is ~7%. Use of
better adhesive films for the Sol Gekhniquels likely to furtherimprove the durability of
the bonded joint.

(Research supervised by Migt&daciniski, Air Force Institute of Technology, Warsaw
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4.2 The Influence of the Degree of the Rivet Hole Sizing on the Fatigue Life

Rivet holes may be subjected to treatmethtat enhance their resistance to fatigue
cracking. The most important operations include reaming and sizing. Reaming results in less
diameter scatter and smoetlnoles. Compressive stresses are insertedhetaner layers of
the material by sizing. These stresses hinder the formation of thedwface fatigue cracks.

Sizing of the holes can be made using special burnishing heads. This technology cannot be
usedfor sizing the holes with diameters smaller than 3 mm. These holes caedlysising
a mandrel withan appropriate diameter. The resulting degree of deformation of thés hole
surface depends on the difference between the diameter of the drileecrlthe sizing
mandrel diameter.

The aim of thisvork was to analyse the coursetbkrivet hole sizing process using sizing
mandrels and to evaluate the impact of the rivet hole sizing degrée @atigue life. The
researchperformedconcerned improement ofthe fatigue life of riveted joints as a result of
local strain hardening of the rivet hole by the sizing process, which also results in improving
the hole surface smoothness.

Experimental analyses of the sizing process and numerical simulefitims sizingwere
performedusing ABAQUS FEM software. The analyses werterdedby the statistical
analyse®f the experimental results.

Sizing and fatigue tests were performed in the Department Laboratory for Research on
Materials andStructures (certified by the Polish Centre for AccreditaBldCA AB 372) of
the Faculty of Mechanical Engineering at the University of Technology and Life Sciences in
Bydgoszcz, using the testing machine INSTRON 8501.

Samples for tests were made of 12m thick nonclad plates of aluminium grade
2024 T3. Rivet holes were prepared assuming that they shall be usednfion Bominal
diameter snap head solid rivets for @iaa-related purposes-inished holes for such rivets
should be of 3..Inm diameter wh positive tolerance of +0yhm. Holes of sucla diameter
were obtainedby two operations. The first one was drilling the hole and the secon® one
sizing the hole to the diameter of 3nn. Samples with holes madethre conventional way
(drilling or drilling and reaming) were also prepared for comparison purposes.

The samples with holes of different sizing degree were subject to fatigue tests. The tests
were performed under zetension cycle conditions (cycle asymmetry fad®s0) with load
frequency of 5Hz. The tests were performed for three levela wfaximum load of the cycle
Snax= 150, 175 and 200 MPa (three samples for each load level).

Fatigue life of riveted joints improves thanks to additional preparatory operations
performed prior to riveting, such as hole sizing. Results obtained in this research tbafirm
positive effect of hole sizing on fatigue life. Cold work and polishindhefholes surface by
the sizing mandrel hinders initiation of miecoacks. It should be emphasized that a number
of factors influence fatigue life of the sample with riveted &ole

The results of this workndicate that just the hole suate polishing by reaming or low

degree sizing improves fatigue life. The optimal value of sizing degltee BO5%- higher
value of sizing degree effectives in increase of the statistical dispersion of fatigue life.

(Research supervised by Adam Lipskiniversity of Technology and Life Sciences
Bydgoszoz
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4.3 Numerical Analysis of Material and Manufacturing Factors in Riveted Joints under
the IMPERJA Project

The aim of the project was to improve fatigue performance of riveted joints in airframes.
Fatigue strength of a joint depends on structural, material and manufacturing factors. The
project involvednumerical and experimental analysis of material factors and manufacturing
imperfections.

The aim of the investigation was to evaluate the matpragerties of 2024T3 aluminium
alloy subjected to various treatments (i.e. cladding, rolling direction). The strength of cladded
sheets is about 7% lower than that of the bare ones (it is strictly joint with cladding layer
thickness). The influence of thielling direction on yield and limit stresses is abotf% in
the case of bare sheets (specimens loaded in the rolling direction are stronger), whereas for
cladded material the difference is lower than 2%.

The strain fields were detected with the Aramsystem. It is an optical system for non
contact measurement of 3D deformations and strains in materials and structures during
loading. The area of maximum/high plastic deformations, which was placed in the angle of
60; to the specimen axis, moved along gpecimen and material separation occurred in this
area.

The analysisof 2024T3 alloy structure was performed. In the elastic area, the regular
crystals and frequent inclusions (i.e. iron inclusion phases) were observed. During the tensile
loading the crgtals were also stretched. Then a micro crack may be initiated at the inclusion
particles and then voids grow around it.

The effect of a material model on the results of the numerical simulation of a tensile loaded
sample with a hole was investigated. The application of GursonOs material model (with void
nucleation) allows for determination of the sheet rupture as the mevhentconstraint force
decreases to zero (material separation occurs), whereas for standarplatdstonaterial the
criterion of failure can be defined as either strain (plastic strain) or stress dependent. Gradual
material separation during loadingnche observed using strain fields as well as principal
stress fields.

Additionally, necking of the sheet cross section can be correctly determined only if
GursonOs model is applied. Otherwise (for standard -glastic material), the cross section
decreaes to zero.

(Research supervised by:hieta SzymczyWjilitary University of Technology, Warsaw
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4.4 Riveted Lap Joints in Aircraft Fuselage. Design, Analysis and Properties
Springer, 2012

Andrzej Skorupa, Mgorzata Skorup@AGH University of Sciene and Technology,
Krakow)

The major topic of the present book is fatigue of riveted lap joints representative for the
pressurized aircraft fuselage. The book comprises 332 pages and addresses 232 references
which include reports, papers and doctoral ése3he material presented is richly illustrated
with 269 figures. An index including 230 entries facilitates tracking down of specific issues
covered in the book.

The book is divided into 10 chapters and the most important issues of each chapter are
recgitulated in the last section. Chaptergives basic information omstructural design
solutions for fuselage skin joingsdthe loading conditions. Although the stress distribution
in a fuselage lap joint is of a complex character, a great majority @friegntal studies
reported in the literature were carried out in laboratory conditions on simple small lap joint
specimens under uniaxial tension. The relevance of such results to riveted joints in a real
structure is considered in Chapter 2. The fatipebavior of riveted lap joints shows a
considerable dependency on factors associated with the production process. In Chapter 3, the
following production variables are taken into account: sheet material, rivet type and material,
as well as the manufacturingrocess, including the riveting technique, rivet hole
imperfections, surface treatment of the sheets and the squeeze force. The latter is a major
factor that influences the fatiguehaviorof riveted joints. In Chapter 4, the dependence of
the joint fatgue performance on various design parameters is addressed. Specifically, the
effects of the number of rivet rows, rivet row spacing, rivet pitch in a row, rivet pattern, and
sheet thickness ar@ccountedfor. An analytical solution and experimental results on load
transmission in lap joints with mechanical fasteners are considered in Chapter 5. Special
attention is paid to the experimental and theoretical determination of fastener flexibility and to
friction between the faying sheets in view of their importance for load transfer. Eccentricities
occurring in the overlap region of a joint induce thecalbed secondary bending. Estimates of
secondary bending by means of simple analytical models, FE coropataand
measurements are presented in Chapter 6. Also, implications of secondary bending for the
joint fatigue performance are considered. The nucleation and shape development of fatigue
cracks in longitudinal lap joints is covered in Chapter 7. Issuepedial attention are the
influence of the squeeze force on the mode of failure and the significance of fretting for
fatigue crack initiation. A characteristic and very dangerous form of fatigue damage in
longitudinal riveted lap joints is the walled muti-site damage (MSD). In Chapter 8,
passenger aircraft catastrophic accidents due to MSD are described first. Next, an overview of
experimental investigations into MSD performed on full scale fuselage panels and riveted lap
joint specimens is offered. Obier 9 is devoted to fatigue crack growth and fatigue life
prediction methodology for riveted lap joints including the MSD situation. Models and codes
most commonly used for that purpose are outlined and stress intensity factor solutions
appropriate for @cks at rivet holes are presented. A particular consideration is given to the
equivalent initial flaw size concept due to its significance for the prediction quality. Residual
strength predictions for riveted lap joints in a fuselage structure are adbmes3eapter 10.
Failure criteria and crack growth directional criteria are thoroughly considered. Various
computational approaches to estimate residual strength of flat and curved panels with riveted
connections are presented and reported comparisongdrefvedictions and experimental
results are reviewed. Structural risk analysis methodology suitable to account for MSD crack
growth in lap joints with mechanical fasteners is also addressed.
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Recently, afavorablereview of the book was produced in thdemmational Journal of
Fatigue by Prof. Jaap Schijvhtifp://dx.doi.org/10.1016/}.ijffatigue.2013.02.00&ho writes:
OWhenever fatigue of lap joints must be considered for designing agéuselanalyzing
fatigue in lap joints of existing aircraft, this book should be consulted. There is no comparable
book with such a comprehensive and explanatory description of fatigue of riveted lap joint.O

4.5 Experimental and Numerical Analysis of theRivet Installation Process
Bulletin of the Military Technical Academy (Biuletyn WAT), 2013, in print (in Polish)
A. Korbel, E. Szymczyk, A. Skorupa

Installation a 5 mm djaround head rivet from the AD material to connect two 1.9 mm
thick sheets from the D16 Al alloy was investigated experimentally and numerically
employing the FE method.

The dependency of the rivet driven head dimensions and of radial expansion oéthe riv
hole on the rivet squeeze force level was determined experimentally. The hole expansion
measurements indicated that increasing the rivet squeeze force yielded larger hole expansion,
Fig. 1. Hole expansion was observed to vary along the thickness g@itheshowing the
smallest value on the faying surface of the sheets and the largest value under the rivet driven
head.

The FE analyses were carried out using the MSC Marc software capable of accounting for
strongly nonrlinear material behaviour due tordge displacements and plastic strains. The
components of the joint were described using 3D models, Fig. 2. Two different isotropic
elastieplastic characteristics of the rivet material and of the sheet material were considered in
the FE analyses, namelystepwise linear curve that fits experimentally obtained true stress
true strain data (2 model) and the Johnsdbook equation (€ model). Comparisons
between the computed and observed effect of the squeeze force on the rivet driven head
dimensions and ro hole expansion revealed that though thd. @odel correlates the
measured constitutive behaviour, th€ dnodel leads to a better agreement between the FE
and experimental results, Fig. 1. This implies that in order to adequately reflect in numerical
andyses the influence of the riveting process, an appropriate adjusting of the material
constitutive response may be needed.

In addition, numerical results on the effect of the squeeze force on residual stresses in the
rivet hole vicinity have been produce&or a high squeeze force value, compressive
circumferential stresses occur along the whole thickness of the joint, whilst for a low squeeze
force, such stresses are generated only in the sheet next to the rivet driven head. Further, the
analyses indicat¢hat compressive radial residual stresses at the rivet hole and their area
increase with increase with the squeeze force value.
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4.6 Fatigue Crack Location and fatigue life for riveted lap joints inaircraft fuselage

Int J Fatigue (2013)ttp://dx.doi.org/10.1016/.ijfatigue.2013.01.01

A. Skorupa, M. Skorupa, T. Machniewicz, A. Korbel

and

4.7 An Experimental Investigation on Crack Pahs and Fatigue Behaviour of Riveted

Lap Joints in Aircraft Fuselage

Proc. of the 4h International Conference on Crack Paths (CP 2012), Gaeta, Italy, Sept. 2012
A. Skorupa, M. Skorupa, T. Machniewicz, A. Korbel

Effects of variables related to design gmrdduction of riveted lap joints representative of
longitudinal sheet connections for a pressurized transport aircraft fuselage were
experimentally investigated. Threew riveted lap joint specimens were used for fatigue tests.
The rivet row spacing andhe rivet pitch in row were equal to 5d { rivet diameter), as
typical for fuselage skin connections. The rivet holes were drilled according to the process
specification of the Polish aircraft industrjfhe sheet material was the D16CzATW
aluminium alloywhich is a Russian equivalent of the western 2024Alclad alloy. The
sheets of three different thicknesses (1.9, 1.2 and 0.8 mm) were assembled using two types of
protruding head rivets differing in the manufactured head geometry, namely with a round
heal andwith a so-called compensatpFig. 1. The compensator, which is a small protrusion
on the mushroom rivet head, yields increased rivet hole expansion in the adjacent sheet. The
rivet material was the P24 Al alloy equivalent to the western -ABlihateial used for the
AD rivets. The rivets were installed under load control to produce ratios of the rivet driven
head diameter to the rivet shank diamel®d) ranging between 1.3 and 1.6. Such a range is
typical for the aircraft industry practice.

The rivet installation causes rivet hole expansion, which generates compressive residual
tangential stresses in the hole vicinity. The higher the squeeze force level, the larger the
compressive tangential stress area, which affects the initiation location #ndf fatigue
cracks at rivet holes and the joint fatigue life. Increasing squeeze force yields also a higher
residual clamping between the sheets beneath the rivet heads. This leads to transmitting a
portion of the applied load by friction, which agaimadafluence a mode of joint failure.
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Fig. 1. Rivet types used in the experiments: (a) round head rivet; (b) rivet with the
compensator
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In order to investigate the effect of squeeze force on the lap joint fatigue performance
measurements of hole expamsiand load transfer were performédole expansion was
defined ashe=[(de" do)/d)100%, whered, andd, are the rivet hole diameter prior to riveting
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and the expanded rivet hole diameter respectively. A new technique ofexudasion
measurements was developed. Both rivet heads were first cut away. Then for either sheet a
0.1 to 0.2 mm thick layer of the material was removed by milling. The machined area was
subsequently polished to facilitate observations of the rivetimledary and thd. diameter
was determined as the average from diameter measurements in several directions. The milling
and polishing operation was then repeated for either sheet to dp&ira location of mid
thickness of the sheet. Only connectioristtie 1.9 mm and 1.2 mm thick sheets were
considered. For the round head rivets hole expansion was always larger in the sheet adjacent
to the rivet driven head, contrary to the rivets with compensator for which expansion was
larger in the outer sheet.

Also load transfer measurements using strain gauges were carried out for the joints from
1.9 mm thick sheets and round head rivets. Digratios, namely of 1.3 and 1.5 were taken
into account. The results are shown in Fig. 2. It is seen that for the lquesze forcel¥/d
=1.3) a norsymmetrical load transmission by the outer rows occurred and load transmission
by the middle row is considerably lower than by the outer rows. For the larger squeeze force
load transmission by all rivet rows is more unifornmieh leads to a lower bearing load in the
critical outer rows.

Rz e
S IMMIMIMIIUIUIUIMINN

1 2 3
Rivet row

Fig. 2. Effect of a squeeze force on load transmission for joints from 1.9 mm thick
sheets and round head rivets

All riveted specimens were tested under constant amplitude loading atentggpf about
20 Hz with the stress ratio of 0.1. Three maximum stress vaygs 120, 100 and 90 MPa,
were applied. The loading conditions simulated hoop stress variations due to cabin
pressurizationFractography indicated that in all specimens faigtacks alwaysitiated in
one of the end rivet rows (in few cases in both rows) on the faying surface of the loaded
sheets, wher@a combination of tensile stresses contributed by the axial forces and by the
secondary bending moments obtains its maximDore to stress concentration the cracks
nucleated at or close to the rivet holes. Usually multiple site damage occurred. Crack
initiation and growth prior to the occurrence of a visible crack consumed the major part of the
fatigue life. The period from ar§t crack linkup to failure typically took only a few percent
of the total joint endurance.

The effect of the squeeze force value on the crack initiation location, crack shape and crack
trajectory was strongly dependent on a specific combination cfhibet thickness and rivet
type. For joints from the thicker sheets (1.9 and 1.2 mm) all observed trends could be
rationalized by considering interactions between applied loading and effects of the riveting
process, represented by the hole expansion balragsitd load transfer distribution. In the
case of thin sheets, riveting imperfections could have a profound influence on the joint fatigue
performance.
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For joints with the round head rivets increasing the rivet squeeze force yielded always a
longer fatige life of a joint, as shown in Fig. 3. This figure also indicates that a trend of
increase in the joint fatigue life with reducing sheet thickness, expected from secondary
bending arguments, was not fully systematic dueviting imperfectionsnherent n riveted
joints from thin sheets.
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Fig. 3. Effect of a squeeze force and sheet thickness on fatigue life of joints with
round head rivets

Application of the rivets with compensator was beneficial only in the case of lap joints
from thicker sheets (1.8nd 1.2 mm). For a giveld/d ratio, fatigue lives of specimens from
1.9 mm thick sheets assembled using the rivets of this type obser@gg=it20 and 100
MPa were higher by 40 to 90% than in the case when the round head rivets were used.
Applying the rvetswith compensator to connect thin sheets brought no benefits compared to
the round head rivets because, due to a specific shape of the manufactured head bottom
surface, significant local imperfections of the sheet beneath that rivet head precipitated
failure
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4.8 Analysis of the QuasiStatic Riveting Process for 90; Countersunk Rivet

Squeezing forcanda rivet type influence directly stress and strain fields around the rivets
generated during the rivetinGompressive stresses prevent cragkleation which extend
fatigue life of joints. Determination of stress astdain patterraround the rivet for various
rivet types and riveting parameters waaimportant part of the IMPERJA project, which was
devoted to improvement of fatigue life o¥eted joints inaircraft structures. Thigork was
devoted texperimental and numerical investigationt® thestress and strain state during the
riveting process. This state has crucial influence on the fatigue performance of riveted joints.
The analgesand FEM calculationsvere performed for countersunk solid rivets with strain
gaugesFive characteristic moents of the riveting process watestinguished.The reversal
strain signal durig the riveting process wascorded in the measurements. Thhemomeno
was notobserved in numerical calculations. The working hypothess assumed that
between the rivet and sheets cold welding joints were formed and destroyed during the
riveting process, whh reailted in reversal strain signal. This phenomenaoms not
represented in the calculations. The numerical analysis of contact normal stressesthetween
rivet and sheetshowedthatin some regionstresses exceedthe level necessary for joint
formation of this type. Further research is necessary tiireothe existence of cold welding
joints as a result of the riveting process.

(Research supervised by Wojciech Wrorlieztitute of Aviation, Warsaw

49



5. IMPORTANT PUBLICATIONS
@ Springer springer.com

haderey Skarups
Malgoerata Skanoe

Riveted Lap Joints ORiveted Lap Joints in Aircraft FuselageO
NG GIEN I Design, Analysis anBroperties

Design, Analysts and Propersies

Andrzej Skorupa and Mgorzata Skorupa,
AGH University of Science and Technology, Krakow, Poland

» Provides help in rational planning of experiments on riveted lap joints in aircraft fuselage
P Provides essential information for safesigrvice operation of aircrafts
» Includes 200 figures

Fatigue of the pressurized fuselages of transport aircraft is a significant problem all
builders and users of aircraft have to cope with for reasons afsbavith assuring a
sufficient lifetime and safety, and formulating adequate inspection procedures. These aspects
are all addressed in various formal protocols for creating and maintaining airworthiness,
including damage tolerance considerations. In nrastsport aircraft, fatigue occurs in lap
joints, sometimes leading to circumstances that threaten safety in critical ways. The problem
of fatigue of lap joints has been considerably enlarged by the goal of extending aircraft
lifetimes. Fatigue of rivetedap joints between aluminum alloy sheets, typical of the
pressurized aircraft fuselage, is the major topic of the present book. The richly illustrated
tructural design solutions and loading conditions for fuselage skin joints; relevance of
laboratory testesults for simple lap joint specimens to riveted joints in a real structure; effect
of various production and design related variables on the riveted joint fatigue behavior;
analytical and experimental results on load transmission in mechanically faktprjethts;
theoretical and experimental analysis of secondary bending and its implications for riveted
joint fatigue performance; nucleation and shape development of fatigue cracks in riveted
longitudinal lap joints; overview of experimental investigasionto the multsite damage for
full scale fuselage panels and riveted lap joint specimens; fatigue crack growth and fatigue
life prediction methodology for riveted lap joints; residual strength predictions for riveted lap
joints in a fuselage structur&@he major issues of each chapter are recapitulated in the last
section.
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OGood Practice for Fatigue Crack Growth Curves DescriptionO

S]ylwester KysZz' and Andrzej LesKi

[T Air Force Institute of Technology, Warsaw, PolamdiUniversity of Warmia andazury,
Olsztyn, Poland

2 Air Force Institute of Technology, Warsaw, Poland
http://www.intechopen.com/books/appli&dcturemechanics/googracticefor-fatigue
crackgrowth-curvesdescription
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R ]

APPLIED FRACTURE l in OApplied Fracture MechanicsO

Edited byAlexander BeloviISBN 97895351-08979, Hard cover, 378
pages, Publisher: InTech, Chapters published December 12, 2012
underCC BY 3.0 licensBOl: 10.5772/2823

OFatigue of Aircraft StructuresO

Antoni Niepok—IczycKEditor)
Institute ofAviation, Warsaw, Poland

http://versita.com/fasms/

Once a year, this repogives information on recent works from the areaatigue of
aircraft structures.
The publication focuses on problems of aeronautatdjdie and structural integrity. The
preferred topics include:
full-scale fatigue testing of aircraft and aircraft structural components,
fatigue of materials and structures,
advanced materials and innovative structural concepts,
damageolerant design of aircraft structure,
life extension and management of ageing fleets,
structural health monitoring and loads,
fatigue crack growth and life prediction methods,
NDT inspections,
airworthiness considerations.

K K K K K K K K K

51



