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1. INTRODUCTION AND ACKNOWLEDGMENT

The present review, prepared for the purpose of3dtb ICAF conference to be held in
Helsinki (Israel), on 1-2 June 2015, summariseskevggerformed in France in the field of
aeronautical fatigue and structure integrity, derperiod May 2013-April 2015.

Topics are arranged from basic investigations upltescale fatigue tests.
References, when available, are mentioned at tti@®eeach topic.

Correspondents who helped to collect the infornmatieeded for this review in their own
organisations are :

= Bertrand Journet for Airbus Group Innovations
= Alain Santgerma and Alexis Falga for Airbus France
= Frédéric Desbordes for Dassault Aviation
= Vincent Bonnand for ONERA
= Etienne Deshaies for DGA Techniques aéronautiques.
They will be the right point of contact for any tiuer information on the presented topics.

Many thanks to all of them for their contribution.

2. FATIGUE LIFE PREDICTION STUDIES AND FRACTURE MECHAN ICS

2.1. AN EXPERIMENTAL AND NUMERICAL INVESTIGATION OF THER MAL
GRADIENT MECHANICAL FATIGUE IN THE CONTEXT OF COOLE D
TURBINE BLADE (ONERA)

A Thermal Gradient Mechanical Fatigue test (TGMELility was developed for
nickel-based single crystal superalloy tubular speos [1]. The objective was to reach a
high thermal gradient in the 1Imm wall thicknesstlté specimen to reproduce the stress
state of a cooled high pressure turbine blade. miakmgradient of the tubular hollow
specimen is obtained by induction heating and apcessed air circuit for tube cooling
including a thermal mass flow meter. Special attentvas paid on the internal temperature
measurement and its estimation. It was performeld avi3D Finite Element Method (FEM)
based on a weak coupling between two ONERA codes tescalculate thermal field of the
specimen. Thermal solid conduction problem is stbhth the Zset suite and aero thermal
turbulent calculation is conducted with CEDRE sa@iite:

DGA does not accept responsibility for partial omplete distribution of this technical note Page 5
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2.2.

The analyses were carried out in several stepseasorg the complexity of
thermomechanical loading, ranging from a consta@tnbal gradient up to a realistic engine
mission, and also of the geometry of the specimeonssidering a smooth specimen
including or not a network of cooling holes. Depiigdof the studied configuration, thermal
gradient is estimated 40°C/mm with a smooth surtaoe nearly 120°C/mm with a rough
surface. Complex thermomechanical tests are sigdildor validate the constitutive
equations based on crystal viscoplasticity. Findlte results given by the life prediction
model, integrated stress gradient and size effesiecto the holes are in good agreement
with experiments, except when necking phenomenaroed because of the high applied
stress.
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Figure 1. Thermal/Solid/Fluid coupled calculation: smooth specimen (left) and
perforated specimen (right). Temperature contours and the convective heat transfer
coefficient h governed by the fluid velocity

[1] R. Degeilh, Développement expérimental et ntisdon d'un essai de fatigue avec
gradient thermique de paroi pour application aubdudbine monocristalline, Thése de Doctorat,
ENS Cachan, 2013.

FATIGUE LIFE MODELLING OF A POWDER METALLURGY DISK
SUPERALLOY WITH MICROSTRUCTURE EFFECTS (ONERA)

Polycrystalliney/y nickel-based wrought superalloys are commonlyd use the last
high-pressure compressor (HPC) stages and footheuhd high-pressure turbine (LPT and
HPT) disks. Generally, lifetime assessment tools siach metallic structures involves a
calculation of the structure by the finite elemenethod or simplified approaches to
determine the mechanical fields at any point indb@ponent. Then the number of cycles to
failure is computed using a fatigue damage modwets€ two steps are critical and require a
high degree of consistency with each other. In otdg@ropose a detailed description of the
fatigue behaviour of a polycrystalline superallgly, a precipitation model [1] was
improved to predict the evolution of the size ahd volume fraction of secondary and
tertiary precipitates as a function of the therhiatory. The model was calibrated on fqur
particle distributions obtained through various doarse grain size superalloy N18. A

Page 6 DGA does not accept responsibility for phaaii complete distribution of this technical note ‘
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specific viscoplastic behaviour model is finallyoposed for which the plastic threshold
depends on the/ precipitate distributions. The proposed model f2pvided a good
description of the cyclic behaviour of the obtaimfierenty' particle distributions as shown
in figure 1. Analysis of fracture surfaces of therfprmed fatigue tests indicated, as
expected for the coarse grain N18, that cracketriat large crystallographic facets and not
at pores or ceramic inclusions. Moreover, the éftéthe microstructure on the mean stress
appears to play a role in the fatigue life. The SY&flgue criterion is finally extended and
allows computing the number of cycles to failurethe disk (figure 2) from the strain and
stress amplitudes and the mean stress at theistabitycle depending on the applied
cooling paths and/or aging treatments. This proghdisetime assessment tool enables at the
end the optimisation of heat treatment on diskgrafto improve the fatigue life of a disk.
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Figure 1: Influence of the precipitate distributiom the cyclic behaviour of coarse grain size salfmr N18 -

Comparison of the model and the experimental resp¢on the first and stabilised cycle)
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a) Plastic threshold stress in a disk after cooling b) Fatigue life (90s triangular cycle between 5@ 27500 rpm)

Figure 2: Maps of the different steps of disk ckltion from the heat treatment to fatigue life 804C

(half cross-section, the rotation axis on the left)

[1] J. Park, D. Nelson - Evaluation of an energgdd approach and a critical plane
approach for predicting constant amplitude mulabXatigue life, Int. J. Fatigue 22, pp. 23 — 39,
2000.

by

[2] G. Boittin - Expérimentation numérique pour itla a la spécification de la
microstructure et des propriétés mécaniques d’persilliage base Ni pour des applications moteurs,
PhD Ecole Nationale Supérieure des Mines de P201s]
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2.3.

2.4.

AST \ 1 Groue

FATIGUE WITH RESIDUAL STRESSES (AIRBUS GROUP INNOVA TIONS)

The activity has just started. It deals with faégiesting of technological coupons
made out of a 7XXX aluminium alloy. Some of the pons are pre-strained in order to
simulate residual stresses. The purpose is to epresentative tests of a new application
case of Airbus Commercial Airplane where conceattgblastic strain might occur under
some severe service loads and thus leaves tessittual stresses. Technological coupons
geometries have been defined with a stress comtiemirarea. Finite element calculations
have been run in order to simulate the pre-strgimmhthe coupons in order to set-up a
representative profile of residual stresses instiness concentration area. Spectrum fatigue
tests are under way. Crack initiation is monitansthg a remote controlled camera.

FRETTING FATIGUE (AIRBUS GROUP INNOVATIONS)

In the frame of French public funded project COMETT) and partnering with
Airbus Helicopters, a titanium Ti-6-4 matrix comgeswith titanium carbide particles has
been developed for rotor application. The frettfaigue behavior of the MMC has been
evaluated using a laboratory test set-up. A flagte specimen is clamped at its center by
two fretting pads. The application of the fatigwwmad on the fatigue specimen induces
fretting wear between the pads and the centereo$plecimen where failure ultimately takes
place. The fretting fatigue performance of the MMQust above that of a standard plain Ti-
6-4 alloy. Modelling work to predict the fatiguedis is under way.

fretting fatigue

oTi-6-4

©® Ti-6-4 MMC

400 il ‘ 0‘ F 2 =g
200 il “ﬁ

1.E+03 1.E+04 1.E+05 1.E+06 1.E+07 1.E+08

Uk DA U number of cycles to failure

SANS PATINS. AVEC PATINS,

Fretting fatigue specimen set-up and test results.

(*) the funding of the French National Research ge is acknowledged. Partners in
COMETTi are: Airbus Group Innovations (coordinatofjrbus Helicopters, SMS Materials and
Structures Science department of Saint-Etienne @aidviines, LTDS Tribology and Dynamics of
Systems department of Ecole Central de Lyon, LMIltivhaterials and Interfaces department of
University of Lyon 1, Mecachrome, HBP.
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2.5.

2.6.

FATIGUE CRACK GROWTH UNDER SERVICE APPLICATION (AIR BUS
GROUP INNOVATIONS)

In the frame of French public funded project PREMI$*), a martensitic stainless
steel 15-5PH is evaluated in damage tolerance yilanpapplication. The main issue deals
with ageing due to long exposure to temperature&6fto 400°C. The fatigue crack growth
(FCG) rate at 300°C of the non-aged steel is img@acompared to that of ambient
temperature. Ageing 5000 hours at 375°C does ntetr ahe FCG rates at ambient
temperature, except for the end of the curve becabtis lower fracture toughness of the
aged alloy. During ageing, spinodal decompositiérthe steel has been monitored and
observed to be closely related to the evolutiothefmechanical properties.

The PREFFAS methodology has been applied eithén@non-aged material tested at
room temperature and 300°C and on the aged matesitd at RT. The figure shows the
experimental behaviour under pylon flight spectioading in each case and the predictions
of crack growth made with PREFFAS model. The testaghon is a CT specimen.

15-5PH 1200MPa
A321pylon pylon spectrum

o
[=]

50 . | 7 +
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.
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=]
|
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Fatigue crack growth on 15-5PH under pylon flightatrum loading and PREFFAS calculations.
Non-aged material tested at RT and 300°C, 5000R(3@@ed material tested at RT.

(**) the funding of the French National ResearcheAgy is acknowledged. Partners in
PREVISIA are: Airbus Group Innovations (coordinatoAirbus Commercial Airplanes,
SIMaP Materials and Processing Science and Engnteetepartment of the National
Polytechnic Institute of Grenoble, CIRIMAT MategalResearch and Engineering
department of the National Polytechnic InstituteTolulouse, PPRIME Materials Physics
and Mechanics department of ENSMA, LMT Mechanicsl drechnology laboratory of
Ecole Normale Supérieure of Cachan, Aubert & Duval.

This application case is part of next topic.

FATIGUE CRACK GROWTH PREDICTION USING PREFFAS MODEL (AIRBUS
GROUP INNOVATIONS)

The certification of structures within the damagaertance philosophy needs
predictions of fatigue crack growth under specttaading. For this purpose, Airbus Group

DGA does not accept responsibility for partial omplete distribution of this technical note ‘ Page 9
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2.7.

has developed a model called PREFFAS. Since &t dievelopment in the early eighties
within the former Aerospatiale organization, the d®lo has always been tested and
implemented to deal with various load spectra actfire mechanics features. It is the
purpose of this paper to present some of the rklatse studies that led to develop
additional schemes or to adapt the methodologyrdoup to the service application. The
paper first recalls the basics of the model and rttethodology to apply in order to
determine the model parameters. Then several sigdes dealing with flight spectrum
including compressive loads or residual stressegjealing with isothermal temperature
superimposed to the load spectrum will be preseriféé model is based on the crack
closure concept to account for the fatigue crackvijn behavior and for the load spectrum
effects. With compressive loads, the crack retavdagffect is reduced. The analysis has
been reworked dealing directly with stresses indlosure computation. Residual stresses
due to welding may affect the fatigue crack growtavior. In that case the load spectrum
has been reworked with equivalent remote residwets to have the model implement its
original scheme. With temperature and/or ageingogffthe methodology to identify the
model parameters is adapted to the case (PREVIS&énple as above). The concerned
materials in the presented case studies are almmahloys and steels.

One of the cases deals with representative stalcapplication such as stiffened
panels made out of aluminum alloys and weldedgdns After validation of the modelling
scheme, the model is used to compare and asseaspriospective manner, the damage
tolerance behavior of different panel technologveish welded or integral stringers).

As conclusion, the work performed recalls the fesgof the model together with the
applications cases and its limitations. The idetmyt@nd apply the original scheme as much
as possible has allowed not to increase the nuwibmodelling parameters. The presented
works have been undertaken by Airbus Group Innowatthrough internal or public funded
projects.

RANDOM VIBRATIONS FATIGUE ANALYSIS AND TESTS (DGA
AERONAUTICAL SYSTEMS)

DGA is in charge of qualification aspects and awmid airworthiness for military
aircrafts. In this context, DGA have to performtsefor the qualification of equipment in
vibrations environment. But tests are expensiveaandtake a long time to do, relatively to
operational issues. The objective of this studyasto replace all the tests by calculations —
many data can only be obtained by test for now, pllaghfor example — but to be able to
anticipate a test in order to reduce hazard of predhcted failures or to extend a structural
qualification from a vibrations environment subsiaied by test to another one lightly
different. Moreover, some subjects are raised alwpatk initiations which cannot be
explained by “classical” fatigue models, especiddly rotorcrafts, because of the type of
excitation: vibrations. So, with this study, DGAutd also improve its knowledge about
vibration fatigue in order to explain and to brisgjutions to technical facts relative to this
particular subject.

Indeed, vibrations environments are characterized Idw stress levels, high
frequencies (many fatigue cycles) and sometimedarmanspectra. These characteristics lead
to some analysis difficulties: to get an initiatiarith low stress levels and to be able to

Page 10 | DGA does not accept responsibility foriplast complete distribution of this technical note
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count cycles for random spectra. The aim of thiglyptwas to improve DGA knowledge
about random vibrations fatigue by evaluating s@pecific models from literature. They
were assessed by two different approaches: nurhemchexperimental on coupons. The
objective was to answer to some questions suds #& model accurate? Is it conservative?
How many parameters are needed? Another part®sthdy was about the ability of using
this model for real structure.

Damage calculations for random vibrations environinare based on “classical”
damage calculations. The main difference and dificis the way to “count” cycles,
because cycles don’t exist anymore. So, it is mddeestimate a probability density
function of stress from the power spectral densitthe excitation.

E[ D] :jSC.E[P].fS(S).ds

- f4(S)represents the probability density function of imngvextracted from the signal
an elementary cycle with an amplitude S.

- E[P] is the average number of peaks of the signal pgofitime.

b
- irepresents the damage of an S amplitude cycle WieBasquin model is used

to approximate the Wohler's curve.

The different models from literature give differgarobability density functions. The
first one, the Narrow band model, is purely thdoettand well none but, as its names
suggests, it isn’'t adapted to wide band signal. dther models are split in two types. The
first ones are based on the Narrow band model: dldelya corrective factor, which is often
empirical, to correct and improve the Narrow banddel. The second ones are direct
models.

The numerical assessment of these models was nyadeniparison with “classical”
damage calculations. More than 600 power spectnasites were generated at random on
the [0 ; 100] Hz band.

For each one, many corresponding temporal signak veéso generated then the
damage was calculated for each signal by “classicethod (Rainflow counting and
Miner's rule were used). The average of all theakeuations (for each power spectral
density) was the reference. The damage was alsolatdd directly from the power spectral
densities with the different previous models. A pamson of the results led to assess their
accuracy, scattering and conservatism.

DGA does not accept responsibility for partial omplete distribution of this technical note Page 11
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2.8.

The aim of the second part of the study was tosast#eese models by confronting
them to test results: some tests were made withrating pot on two types of coupons. To
be able to assess properly the models, the coupadsto be “wide band”. Indeed, the
standards for aircraft and rotorcraft, which wenadyg in the frame of this work, present
generally random vibrations on a wide band and soype&al frequencies excitations
corresponding to rotor or blades speed. In fagtide band response for “simple” coupons
was quite difficult to obtain, that is why they wedesigned to obtain a transfer function
with two natural mechanical frequencies. The fitlssign of coupon was found in literature
and has only one critical point. The second one‘lvame-made” by DGA: the design was
optimized to obtain two different critical pointsyo resonance frequencies and a fixed
predicted test duration.

First design of coupon

~

Second design of coupon

This optimization and the random excitation defomntwere made thanks to finite
elements modelling (FEM) of the coupons and dameaeulations with the different
previous models. Finally, the first coupons testalded to adjust the complete model (FEM
and damage calculation) and the second ones enbtEmmpare the models and to assess
the possibility to make this type of damage preairct

DAMAGE TOLERANCE APPROACH ON RECURRENT DAMAGES OF L YNX
HELICOPTERS (DGA AERONAUTICAL SYSTEMS)

The Lynx fleet of French Navy is ageing and showsrpavailability. This is partly
due to the findings of recurrent damage on someéctsiral parts of the airframe. Two
different zones can especially be pointed out b&ea&ombining high damage rates and long
repair times: the first one is the frame which fistle junction between tail boom and
fuselage. The existing inspection program is neebdeaon a damage tolerance approach and
the study could maximize the inspection intervéihe second zone is the lateral panels of
the helicopter. Currently, Lynx helicopters are alddwed to flight with damages on panels.

Page 12 DGA does not accept responsibility foriplast complete distribution of this technical note
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Zoning of recurrent damages observed on Lynx helicopters

The establishment of a damage tolerance approacthese specific areas could
extend the fleet availability. A study was thenrlelned which aims at defining:

- By zone, an acceptable size of damage which esdblkeep the aircraft in service
- An inspection program to be triggered in casdarhage.

This enables, in some cases, to postpone the repaietected damages until next
adapted scheduled maintenance. In addition, aiortevhich authorizes a single ferry flight
is also defined.

In both cases, to be able to assess residual gtrehghe considered damages, flight
and ground loads of affected zones have to be sexteBor this purpose, two flight tests
campaigns were conducted on the Naval Air Base\afrés (France). The tested airframe
was equipped with strain gauges and numerous meecseand landing were performed.
Then, limit loads for each studied area was derivesh these flight tests. Finite Elements
Models were also used in order to extend the resiiithe measurement to damaged zones.
Finally, a limit load and ultimate load have bedpritified for each zone without altering
flight safety.

The methodology to determine acceptable damage sizéhe frame joining the tail
section with the remaining Lynx helicopter (fram853A) airframe was the following.
Fatigue cracks locations on the frame (Aluminiunli£d6) were identified both from
maintenance reports and from most loaded areanité felement models. Due to complex
loading, flight tests required 36 strain gaugeacedl all around the frame. The most loading
flight manoeuvres were confirmed: yawing manoeuars deck-landings. Seven damages
locations were studied. Finite elements model exsatadl obtain local stresses.

N EEEEE

a) The seven studied areas b) Smplified model of crack propagation

DGA does not accept responsibility for partial omplete distribution of this technical note Page 13




TECHNICAL NOTE
N° 15-DGATA-ST-870001-1 F-A

DGA Aeronautical Systems

These results were introduced in Afgrow softwarapdified model (double through
crack) in order to estimate the critical crack siae each zone of the field. Then crack
propagation calculation with relevant safety fastgives the inspection interval for each
studied zone, which depends on the damage detsizid

Lateral panels are made of sandwich structure afmidium 2024 skin and Nomex
honeycomb with thin skins. Two kinds of damagesenebserved: disbonds and indents
damages. Currently, no criterion allows Lynx heghitgys to flight with these damages. For
this zone, around 30 strain gauges were placedchenrateral panels of the tested Lynx
helicopter: inner and outer sides. Shear and cossme stress were studied. Thanks to
flight tests, limit load of each studied laterahpbwas determined.

As no robust method exists to determine residuasstwhich those kinds of damaged
structure, test campaigns were launch to assessalle values. The design of the
specimens depends on the tests: a 400*400 mm cesipnespecimens and 700*700 mm
shear specimens were used. Five sizes of damagemwestigated, from 50 mm to 150 mm
diameter in static but also in fatigue to verif tho-growth.

a) Shear mechanical test b) Compression mechanical test

Although mainly based on test results, finite elatse models complete the
investigation on lateral panels to better undestailure modes and scattering on results.
First results give a good behaviour of damaged Ipaki¢hatever kinds of damage, all tested
specimens have a failure after ultimate load. Eieife mode is a kind of general buckling:
crimping mode. Moreover, no-growth of damage iseobsd on fatigue specimens. For each
zone, an operationally acceptable damage sizdireedgdepending on kind of damages).

Damage tolerance approach could be applied to koties. Once accepted by
airworthiness authorities, it will enable conseduerprove in fleet availability.
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2.9. RAFALE FIGHTER - FATIGUE AND DAMAGE TOLERANCE TEST S
(DASSAULT AVIATION & DGA AERONAUTICAL SYSTEMS)

In order to improve aircraft durability and to paep life extension programme, a
study has been launched to assess specific desaurds, locations or loading conditions.
Elementary coupons and technological specimenshailtested at the DGA Aeronautical
Systems premises to enhance the accuracy of fatiglmilations for particular cases
encountered on Rafale fighter :

« Effect of the thickness plate on the Damage THwiee : typical parts are main
frames. Residual strength capability versus Iduakness is assessed.

* Propagation under complex spectrum : typicalsaera fuselage section areas loaded
in flight but also during deck-landing and catamgt

* Crack initiation with spectrum including high kv compression cycles : the
compression cycles are mainly due to deck-landmijcatapulting load cases

* Crack initiation on dissymmetrical junctions pigal joints between thin skin and
thick frame flange.

* Crack initiation of Titane bolts : topic proposddllowing some previous test
findings.

3. DEMONSTRATION OF COMPLIANCE TO AIRWORTHINESS REGULA TION

3.1. STATUS ON FAR 26 COMPLIANCE (AIRBUS)

The FAR 826.21 introduced the requirement to estatd Limit Of Validity (LOV)
for each A/C models, and to demonstrate that WigespFatigue Damage (WFD) will be
precluded up to the LOV.

Three AIRBUS families had to show compliance withR=826.21 in January 2015:
the A300/310, A330/340, and A320 families.

The targeted LOV have been set as a compromiseebatithe expected fleet usage
and the achievable value based on the means alawadgble.

The A320 family took full benefit of the New Fulle8le Fatigue Tests performed (see
paper in previous ICAF), whereas the original Fdhle Fatigue tests supported the
evaluation of A300/310 and A330/340. The test tsswiere complemented and supported
by theoretical analyses. In-service experience alss taken into account to establish the
service actions required to preclude WFD.
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Consistency in the justification approach was essiny the application of a common
WFD Stress Policy. This WFD Stress Policy was baile011, and deeply reviewed with
FAA and EASA. It was eventually agreed betweenpaltties end 2012 for application to

AIRBUS models.

The FAR 826.21 compliance demonstration requestledga engineering work over
the last 3 years. Dedicated Plateau was put ineptgthering together Core team and
Fuselage stress teams to ensure full consistertty iapplication.

All the compliance data have been provided to tAé and EASA on 14 January
2015, which was the compliance date. AIRBUS is haoking forward for the Approval of
the revised maintenance programs. Implementatiahesfe new maintenance programs by
the airlines will start from 14 January 2016. Fesak/ approval from FAA/EASA is
pending for the fleet mentioned.

Next steps are now the compliance for next modéts thve following schedule :

* January 2016: A320 NEO and A320 Sharklet (workrogpess).

e January 2019: A380 (work starts now, EF tear-dotiirs progress)

e After 2020: A350 (EF test in progress)

Page 16
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4. FULL-SCALE FATIGUE TESTS, LIFE EXTENSION, FLEET MON ITORING &
MANAGEMENT

4.1. FATIGUE CRACK GROWTH APPROACH FOR FLEET MONITORING (DGA
AERONAUTICAL SYSTEMS)

Military aircraft are subject to unpredictable \adnlie amplitude loadings. Fighter
aircraft structures are essentially sized by opmrat loads, which vary widely according to
the missions flown by the aircraft. For safety mes it is necessary to be able to estimate
each aircraft's actual fatigue "consumption” reatio its potential. For this purpose, most
French military aircraft are equipped with load morng systems (flight parameter
recorder or g-counters). These systems give direicidirect access to the service loads.

The data is processed for each aircraft throughsuifetime. The cumulative fatigue
damage is calculated at various points of the &tragointed out as being critical, notably
during full-scale fatigue tests. This informationables the Armed Forces to optimize the
fleet management in terms of structure potentigdoAfor fleet life-extension purposes and
usage predictions, the use of more precise damagjerack growth prediction models is a
major concern.

However, the fatigue consumption is up to now aalgd by initiation models while
during the fatigue life test and the operationt@ later, fatigue cracks are usually detected.
The initiation models are yet insufficient to coviee entire lifetime.

Studies are conducted concerning the use of bdthtion and propagation models to
control the fatigue consumption. For the aircrafaipped with g-counters with no temporal
data, only initiation models can be used to continel crack propagation. The prediction
qualities of this method are analyzed. Furthermprepagation models are investigated for
the fleet providing temporal data.

Experiments are carried out on standardized comigasile specimens CT40 B18
made of 2024A-T351 aluminum alloy.

Complex spectrum are applied to test the modelesé@tkinds of spectrum are the
well-known FALSTAFF SC, miniTWIST SC, or more sdeciALPHAJET inspired from
the full-scale fatigue test or a combination of ogeleration inspired from real M2000
flights.

For each load listed above, three results are ruddai
- The damage calculation at a critical point for esgtuence,;

- A theoretical crack propagation curve calculatedhwhe PREFASS
model;

- A real crack propagation curve given by the testhenCT sample.

The damage calculation is the basis of the creatfahe fatigue index (FI) which is
used to control the fatigue life. Fl is calculatedfollow:
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- E x 100
"~ Safety_Factor

Where E is the classical cumulative damage vallmulkeded at a critical point. The
value is found with a rainflow cycle counting mplied by an elementary damage matrix
obtained from Wohler’s curve.

Table 2 : PREFASS parameters for 2024A T351, 18 mm thickness.
a b Czprimm fovele) m

0.398 0.602 1.46E-7 341

In practice, the crack propagation is masteredheyuise of a propagation index (Pl),
which represents the severity of the aircraft usaeference load is defined and crack
propagation is calculated with the propagation rhodleen, when the temporal data are
available, the crack propagation is calculated wita “real” load and compared to the
reference curve. Pl is calculated as follow :

100 % AN x Safety_Factor
Pl = —
ANz gm

Where

- 4Nz is the critical number of flights correspondingthe crack critical size
minus the detectable crack size;

- &N is the current number of flights read on the mfee curve so that

a_current = a_referent
- In this study, the reference curve is the &alile fatigue test Alphajet.

The treatment of these values enables to drawrdphg below:

Page 18 DGA does not accept responsibility foriplast complete distribution of this technical note

70 Fi
— B0
£ -
= £
50
% 40 B
3 3
= M Falstaff sc =
® 30 g
g M2000 =)
£ 20 3 24
= [=] B
o X M2000_severe =
s
“ 1 AT TOISE sc 18
0 T & 1
0 50 100 150 200 250 300 350 400 20 0 20 40 ] 80 100 120
Fl Pl
Figure 1: Experimental crack length versus FI Figure 2: Model crack length versus PI




TECHNICAL NOTE

DGA Aeronautical Systems
N° 15-DGATA-ST-870001-1 F-A

4.2.
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Figure 3: Experimental crack length versus associad Pl

The use of a fatigue index is essential to follbw structure damaging of a military
aircraft by analyzing the real loading spectrumt ibus shown at figure 1 that it is not
necessary relevant to predict the propagation éinteto define frequency of inspections.

The figure 2 shows the way the propagation indedeftned leads a unique curve: all
the curves are projected on the reference curvbajép.

As a consequence, by defining an associated propagadex so that flight numbers
simulated with the reference curves are the saméhe@sones simulated with the real
complex spectrum, the figure 3 shows it is possiblereate an indicator on which it is
possible to build a maintenance scheme. The impédhe reference curve and the
propagation model predictions on the quality o$ thidex still have to be analyzed.

The issue still exists concerning the fleet withteamporal data. Therefore, the main
goal is to build an equivalent IP to control thaatr propagation process. The next step will
be to propose something for the fleet with no terapdata, but only g-counter and regular
computations. To build an equivalent PI, and thuitor the crack propagation process,
the approach will be to make regular computatiothvpartial exceedance numbers. The
right period will be determined as a compromiseween not too long period to have
temporal data but long enough to minimize the mflce of extrapolation and spectrum
closure.

THE A400M USAGE MONITORING FUNCTION (AIRBUS)

The A400M is a versatile military transport air¢rafhich is expected to cover very
different types of usages during its service lifiehas been designed, certified, and a
maintenance programme has been established usmix &f different types of fatigue
missions. Once the aircraft will be in service, sage Monitoring Function will be used as a
mean among others to estimate the fatigue damaggematated by each aircraft according
to its actual usage.
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4.3.

This Usage Monitoring Function includes 3 completagn capabilities: Indirect
Measurement Function, is based on the recordingasdmeters by the Systems of the
Aircraft, which are then used to rebuild loads aickss histories at typical structure
locations and to estimate fatigue and crack gradetmage. The Statistical Usage provides
statistics on fatigue driving parameters deriveaimfrthe actual usage of each individual
aircraft. Direct Measurement Function, installedyoon some aircraft, includes strain
sensors allowing Operational Loads monitoring ara$s-checking of estimated loads and
stress histories.

Dedicated method and algorithm have been develapedtimate damage as part of
Indirect Measurement Function. Validation of outpegults has been performed comparing
estimated loads and stress histories with actuasarements Flight Tests and Full-Scale
test.

The Usage Monitoring Function will be used in thanie of A400M Continued
Airworthiness, as a mean among others to help amgstructure integrity all along aircraft
life thanks to inspection periodicities appropritdethe actual usage of each aircraft and to
help the Air Forces to manage their fleet costaiifely by judicious use of operations.

MIRAGE 2000 FIGHTER DAMAGE TOLERANCE TEST (DASSAULT AVIATION)

Following an in-service event, a fatigue test omp fhselage lug of the Wing to
Fuselage Secondary Attachment has been carriedinodhe Dassault Aviation Test
Laboratory.

Artificial damages have been created at the mastairlocations of the lug. These
damages were representative of pitting corrosidanéed damage.
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During the test, these damages have been followedy NDT (US and Eddy
Current): more than 10 fatigue lives of 7500 FH dnadveen applied, without any
propagation.

Very good Damage Tolerance of this structural elgme thus demonstrated as no
inspection is needed in addition to the ones requin the framework of the scheduled
maintenance.

4.4. AIRBUS FULL-SCALE FATIGUE TESTING (AIRBUS AND DGA
AERONAUTICAL SYSTEMS)

A350 fatigue test consists in 3 different testrairies called EF1 (forward section),
EF2 (mid section) and EF3 (aft section). DGA Aenttiaal Systems was selected by Airbus
to perform the EF1fatigue test. Test started int&aper 2013 for 3DSG.

As an hybrid structure, thermal tests was perforteedssess thermal stresses in the
areas of composite-aluminium joints.
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Fatigue test is still running.

4.5. A400M MAIN LANDING GEAR FATIGUE TEST (MESSIER BUGAT TI DOWTY
AND DGA AERONAUTICAL SYSTEMS)

DGA TA is currently performing the A400M Main Lamdj Gear Fatigue Test on a
specimen representative of the series production.
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The aim is to simulate 50,000 cycles (SF) to vaédi,000 Flight Cycles (FC) which
is the design goal. Load spectrum includes theiegapin of combination of flights grouped
in blocks of 200 flights. Load spectrum at the endh line with the typical aircraft usage
(mission mix) defined by a breakdown between faasi® missions. Typical ground loads,
kneeling actuator loads and extraction retracti@u$ are simulated.

The loading is achieved using twenty four indep@andead channels (eight per leg),
each fitted with spherical bearings at both endklo&d transducers are located as near as
possible of the load introduction point to havead value recorded by the transducer very
close to the real load introduced into the specimen
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4.6. A400M PYLON FATIGUE TEST (AIRBUS AND DGA AERONAUTIC AL
SYSTEMS)

In the frame of A400M certification, DGA TA is periming the fatigue test of the
A400M pylon. This fatigue test re-uses a test rigolr was the one developed and used for
the A400 pylon static test. The test installatiocludes 16 hydraulic jacks. Specimen
behaviour is followed by 26 displacement transdsicand by a maximum of 450 strain
gages.
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Design goal is 10,000 Flight Cycles with a scaftator of 3, leading to simulate
30,000 cycles (SF). Load spectrum includes blodktights built on 120 different loading

cases.

The test programme is divided into several phasdading a fatigue phase of 2 DSG,
a damage tolerance phase of 1 DSG, a fail-safeedloéd® inspection intervals duration) and

residual static tests.

Current phase is the fail-safe phase.
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